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Abstract

Main conclusion The THSG biosynthetic pathway in F. multiflora was characterized, and enzymatic activities respon-
sible for the resveratrol synthesis, hydroxylation, and glycosylation reactions involved in THSG biosynthesis were
confirmed in vitro.

The biosynthetic origin of 2,3,5,4'-tetrahydroxystilbene-2-0O-p-p-glucopyranoside (THSG) and the enzymes involved in
THSG biosynthesis in Fallopia multiflora were studied using stable isotope labeling and biocatalytic methods. UPLC-MS-
based analyses were used to unravel the isotopologue composition of the biosynthetic intermediates and products, as well as
to detect the products of the enzyme assay experiments. In this study, '*C-labeled L-phenylalanine (L-PHE), sodium pyruvate
(SP), and sodium bicarbonate (SB) were used as putative precursors in the feeding experiment. Labeling of polydatin (PD)
and THSG using [13C9]L—PHE and [13C1]L—PHE confirmed that the p-coumaric moiety of PD and THSG was derived from
PHE. The results of the feeding experiments with ['*C] SB and [2, 3-'3C,] SP suggested that PD and THSG were derivatives
of resveratrol that were synthesized by glycosylation and hydroxylation. We developed methods using total crude protein
extracts (soluble and microsomal) for comprehensive and simultaneous analysis of resveratrol synthase, glycosyltransferase,
and hydroxylase activities in various tissue types of wild F. multiflora and callus cultures. The activity of each tested enzyme
was confirmed in one or more tissue types or cell cultures in vitro. The results of the enzyme activity experiments and the
distributions of PD and THSG were used to determine the main site and pathway of THSG biosynthesis in F. multiflora.
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Introduction

Fallopia multiflora (F. multiflora, also known as Polygo-
num multiflorum, common name Chinese Knotweed) is a
popular traditional Chinese medicine and an ingredient in
numerous prescriptions. Stilbenes are the main character-
istic components of F. multiflora. Lin’s review (Lin et al.
2015) mentioned a total of 21 stilbenes and stilbene deriv-
atives in F. multiflora, including a variety of 2,3,5,4'-tet-
rahydroxystilbene glucosides, resveratrol, polydatin and
polygonumosides. 2,3,5,4'-Tetrahydroxystilbene-2-0-f3-
p-glucopyranoside (THSG, structure shown in Fig. 1),
the major bioactive and best-studied stilbene glycoside in
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F. multiflora, was first isolated and identified in 1976 (Li-
Shuang et al. 2006). In vitro and in vivo pharmacological
studies have demonstrated that THSG contributes to the anti-
oxidant activity of F. multiflora (Han et al. 2009; Lv et al.
2007). Stilbenes are a small group of phenylpropanoids char-
acterized by a 1,2-diphenylethylene backbone. Resveratrol
(3,5,4'-trihydroxystilbene) (Fig. 1), a phytoalexin, possesses
valuable biological activities and is the best-researched stil-
bene (Cullen et al. 2007; Olas et al. 2002; Yang et al. 2008).
Resveratrol is formed via the well-characterized phenyla-
lanine/polymalonate biosynthetic pathway. The final step
in resveratrol biosynthesis involves the condensation of
one molecule of p-coumaroyl-CoA and three molecules of
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malonyl-CoA in a reaction catalyzed by resveratrol synthase
(RS) (Lanz et al. 1990).

The pathway and enzymes involved in resveratrol bio-
synthesis have been well characterized, and much work has
been performed with the goal of producing resveratrol in
microbes and plants by metabolic engineering (Delaunois
et al. 2009; Jeong et al. 2016). The feasibility of microbial
resveratrol production was demonstrated by translating some
or all of the genes in the resveratrol biosynthetic pathway
into Escherichia coli and Saccharomyces cerevisiae (Lim
et al. 2011; Shin et al. 2011). Resveratrol can also be pro-
duced by non-stilbene plants by translating the resveratrol
synthase gene into these plants (Ma et al. 2009).

Resveratrol biosynthesis and resveratrol synthase are
relatively well understood, but little research has been per-
formed on the modification of resveratrol to synthesize stil-
bene derivatives.

Human and bacterial CYP450s were shown on an ana-
lytical scale to be capable of regioselective hydroxylation
of resveratrol (Furuya and Kino 2014; Le et al. 2017), but
there are no reports regarding functional identification of the
CYP450s responsible for resveratrol hydroxylation in plants.
With regard to glycosylation, preliminary studies with res-
veratrol glycosyltransferase have been performed using
crude extracts obtained from Gamay Freaux grape cell sus-
pension cultures (Krasnow and Murphy 2004). In addition,
a study described the biochemical purification, molecular
cloning and functional characterization of a novel bi-func-
tional glucosyltransferase from Vitis labrusca cv. Concord
that produces glucosides of stilbenes and glucose esters of
hydroxycinnamic acids in vitro (Hall and De Luca 2007).

The biosynthetic pathway of tetrahydroxystilbene gluco-
sides, especially THSG, has attracted our interest, and our
group has performed significant research aimed at character-
izing the THSG biosynthetic pathway in F. multiflora. In a
previous study, we isolated stilbene synthase gene FmPKS,
a RS, from F. multiflora (Sheng et al. 2010). We constructed
suppression subtractive hybridization (SSH) libraries to
allow us to identify genes involved in THSG biosynthesis
(Zhao et al. 2014b). To obtain more detailed genetic infor-
mation, we performed de novo transcriptome assembly and
digital gene expression (DGE) profiling of F. multiflora
using the [llumina RNA-seq system (Zhao et al. 2014a). We
also rapidly established stable suspension cultures of F. mul-
tiflora cells in Murashige and Skoog medium as a research
model (Shao et al. 2012; Xia et al. 2016). Despite significant
research effort, the biosynthetic pathway of THSG in F. mul-
tiflora is still not well understood.

The A-rings (Fig. 1) of hydroxystilbenes such as dihy-
droxystilbene (pinosylvin), trihydroxystilbene (resvera-
trol) and tetrahydroxystilbene (piceatannol) share the
same structure, which is synthesized by linear tetrake-
tide cyclization via intramolecular aldol condensation

(Austin and Noel 2003). The different structures of the
B-rings of hydroxystilbenes were attributed to accept-
ing different cinnamic acid derivatives as substrates. In
F. multifiora, THSG has a distinct A-ring structure with
three hydroxyl groups on a benzene ring. Based on the
information described above, we propose two hypothetical
THSG biosynthetic pathways: (1) THSG is synthesized by
hydroxylation of resveratrol in the 2C position to form the
corresponding tetrahydroxystilbene, which is then C-glu-
cosylated with a sugar donor; (2) THSG is synthesized
by synthesizing a different linear tetraketide or using a
cyclization mechanism different from that of resveratrol
biosynthesis.

In this study, we developed a method for rapid quanti-
tative analysis of resveratrol, PD and THSG in different
parts of F. multiflora and cell culture (callus) by ultra-
performance liquid chromatography/quadrupole time-of
flight mass spectrometry (UPLC/Q-TOF-MS). We per-
formed feeding experiments on F. multiflora suspension
cultures using '3C-labeled precursors to investigate the
biosynthetic pathway of THSG. We also characterized the
RS, glycosyltransferase (GT), and hydroxylase activities
involved in THSG biosynthesis in various tissue types of
wild F. multiflora and callus cultures.

Experimental
Reagents and chemicals

Methanol and acetonitrile for the UPLC analysis were
obtained from Merck Company (Darmstadt, Germany).
Acetic acid for the UPLC analysis was purchased from
CNW Technologies GmbH (Germany). Leucine-enkephalin
(Sigma, USA) was used as the lock mass. Distilled water
was purchased from Watson’s Food & Beverage Co., Ltd.
(Guangzhou, China). Absolute ethyl alcohol and ethyl ace-
tate (analytical grade) were purchased from Kermel (Tianjin,
China). Precursors [1—13C]—L—phenylalanine (99 atom % 13C),
[13C9]-L-phenylalanine (97-99 atom % 13C), [3C]-sodium
bicarbonate and [2, 3-13C,]-sodium pyruvate (both 99 atom
% '3C) were purchased from Cambridge Isotope Laborato-
ries (Cambridge, MA, USA). THSG, resveratrol, PD and
piceatannol were purchased from the National Institute for
the Control of Pharmaceutical and Biological Products (Bei-
jing, China).

Uridine 5'-diphosphoglucose disodium salt (UDPG),
p-nicotinamide adenine dinucleotide 2'-phosphate
reduced tetrasodium salt (NADPH), malonyl-CoA, and
['*C;]-malonyl-CoA were purchased from Sigma-Aldrich
(St. Louis, MO, USA). p-Coumaroyl-CoA was purchased
from MicroCombiChem e.K. (Germany).
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Plant samples and cell cultures

Fallopia multiflora parts were collected from plants grown
at Yaowang Mountain at the Guangzhou University of
Chinese Medicine. Callus and suspension cultures were
established according to the method of Xia et al. (2016).

Feeding experiments with the 13C-labeled
precursors

Different amounts of PHE, SP, and SB (with or without
a 13C label) were dissolved in distilled water. Preliminary
experiments were performed to optimize the conditions
under which the precursors were added based on biomass
and THSG accumulation. The final concentrations of PHE,
SP, and SB in the medium were 60, 1000, and 100 mg L
respectively, and the feeding times were 4, 10 and 10 days,
respectively (Xia et al. 2016).

To identify the intermediates and final products of the
isotope-labeled compounds used in the feeding experi-
ments, the suspension culture cells were harvested 16 days
after transportation to new Murashige and Skoog medium.
After separating the cells and medium using a sieve and
removing the water with filter paper, the fresh cells were
dried at 55 °C for 12 h and ground into a fine powder,
which was extracted with 60% EtOH. The EtOH extraction
was conducted at room temperature for 12 h. The extracts
from each experiment were next evaporated to dryness in
vacuo, with the resulting residues individually partitioned
between ethyl acetate and water. Three biological repli-
cates were performed in each feeding experiment, and the
values were averaged to minimize systematic errors. All
experimental comparisons were made with the unlabeled
treatment control.

Preparation of protein extracts for enzyme activity
analyses

All work was done at 4 °C. Fresh tissue samples and callus
cultures of F. multiflora were ground to a fine powder in lig-
uid nitrogen in a chilled mortar and pestle. Three times the
sample volume of Plant Total Protein Lysis Buffer (Sangon
Biotech, Shanghai, China) containing strong protease inhibi-
tors was added to each sample, after which the sample was
homogenized to produce concentrated slurry. The slurries
were incubated on ice for 3—4 h (with 30 s of vibration per
hour) and centrifuged at 1200 rpm for 30 min at 4 °C. The
supernatant was applied to a PD-10 desalting column (GE
Healthcare, Uppsala, Sweden) equilibrated with ultra-pure
water to remove low-molecular-weight compounds. The pro-
tein concentration of the crude extract was determined using
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a Bradford Protein Assay Kit (Sangon Biotech) with BSA
as the standard.

Enzyme activity assays

For the RS assay, 100 pL of crude extract was mixed with
150 pM malonyl-CoA, 280 pM p-coumaroyl CoA, and
130 pL 100 mM (pH = 7.6) potassium phosphate buffer
(PPB) to reach a final reaction volume of 250 pL. The reac-
tion mixture was held at 30 °C for 1 h. For the hydroxylase
assay, 100 pL of the crude extract was mixed with 20 uM
of the substrate (resveratrol and PD), 20 mM NADPH, and
50 mM Tris—HCI (pH 7.5) to reach a final reaction volume of
250 pL. The reaction mixture was held at 30 °C for 3 h. The
optimum conditions for the RS (Ma et al. 2009) and hydrox-
ylase (Uesugi et al. 2017) assays were determined accord-
ing to previous studies. The optimum conditions for the GT
assay were determined in preliminary experiments using the
crude extract of F. multiflora roots (data not shown). For
the GT assay, 50 pL of the crude extract was mixed with
the acceptor substrate (resveratrol and piceatannol), UDPG,
MgCl,, and 50 mM Tris—HCl (pH 7.5) to reach a final reac-
tion volume of 200 pL. The reaction mixture was incubated
at 30 °C for 4 h. We also conducted combined enzyme reac-
tion assays, in which two or three enzymatic reactions were
allowed to proceed in a tube with their substrates and the
crude extract of F. multiflora roots. All reactions were termi-
nated by the addition of 250 pL ethyl acetate. The products
and substrates were extracted four times with 250 puL ethyl
acetate, after which the combined organic phases were dried
using nitrogen. The dried samples were dissolved in 100 pL
MeOH prior to UPLC-MS analysis. All determinations were
run independently in triplicate.

UPLC/Q-TOF-MS analysis

All wild F. multiflora samples and cell culture samples
were collected and ground in liquid nitrogen to a fine pow-
der, which was homogenized in MeOH. The samples were
extracted for 12 h at room temperature and centrifuged at
8000 rpm for 10 min.

The prepared samples were analyzed by an Acquity
U-HPLC system (Waters Co., Waters, MA, USA) coupled
to a Micro-mass Q-Tof micro Mass Spectrometer (Waters
Co.,). U-HPLC separation was achieved with a binary
solvent delivery system, an auto-sampler, and an Acquity
U-HPLC BEH C18 column (2.1 mm X 50 mm, 1.7 pm,
Waters Co.,) at a flow rate of 0.3 mL/min and at room tem-
perature. The mobile phase consisted of (A) water (including
0.04% acetic acid) and (B) acetonitrile. A linear gradient
elution was run as follows: 0 min, 5% B; 5 min, 10% B;
7 min, 20% B; 10 min, 35% B; 12 min, 60% B; 15 min, 75%
B; 19 min, 85% B; and 21 min, 100% B.
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MS analysis was performed on a Micromass Q-Tof micro
Mass Spectrometer (Waters Co.,) equipped with an elec-
trospray ionization (ESI) source operating in negative ion
mode (ESI™). The ESI source conditions were as follows:
full scan data acquisition was performed from m/z 100 to
600; capillary voltage, 3000 V; cone voltage, 25 V; source
temperature, 100 °C; and desolvation temperature, 350 °C.
Nitrogen and argon were used as the cone and collision
gases, respectively. The cone and desolvation gas flow rates
were 50 and 500 L/h, respectively. Leucine-enkephalin was
used as the lock mass ([M-H] m/z 554.2615).

Statistical analysis

Statistical analyses were performed using SPSS version
20.0 (IBM Corporation, Armonk, NY, USA). Statistical
evaluation was performed by one-way analysis of variance
(ANOVA) and Tukey’s honest significant difference (HSD)
test. The confidence level was > 95% (p < 0.05). The results
of the experiments are expressed as mean + SD.

Results and discussion

Distribution of PD and THSG in various tissues
and cultured F. multiflora cells

In the process of chromatographic analysis, PD and THSG
are difficult to separate completely because of their similar
structures and polarities. In our previous HPLC analysis,
resveratrol was undetectable, but in other reports, resveratrol
was detected in the roots of F. multiflora (Lin et al. 2015).
In this study, we developed a rapid, convenient, and reli-
able analytical method to investigate the distributions of
PD, resveratrol and THSG in wild plant tissues and cul-
tured F. multiflora cells using a UPLC/Q-TOF-MS system.
THSG, PD and resveratrol were identified by analyzing
their chromatographic characteristics and comparing their
high resolution mass spectrometry (HRMS) profiles with
those of standard substances. The base peak intensity (BPI)
chromatograms showed that the two compounds had insuf-
ficient baseline separation, but they were well separated in
the extracted ion chromatogram (EIC) (Online Resource
1), so the quantification was automatically integrated using
the extracted ion chromatogram (EIC). The amount of each
product was determined using its integrated peak area and
the predetermined calibration curve for each substrate.
THSG accumulated to high concentrations within the
vines (1504.091 + 81.672 pg/g fresh weight) and roots
(1730.719 + 37.807 pg/g fresh weight), whereas it accu-
mulated to very low concentrations within the stem tips,
stems, leaves and callus (Table 1). The THSG contents in
these six samples were basically consistent with the results

Table 1 Distributions of PD and THSG in wild F. multiflora tissues
and cultured cells

Samples Contents (n = 3, mean + SD, ug/g FW?%)
THSG PD

Stem tips 0.57 £ 0.121 ND

Stems 1.11 £ 0.073 ND

Leaves 0.074 £ 0.011 0.093 +0.014

Vines 1504.091 + 81.672 3.144 £ 0.222

Roots 1730.719 + 37.807 1.205 + 0.165

Callus 2.28 +0.208 0.10+0.013

*Fresh weight

from our previous HPLC analysis, in which THSG accu-
mulated to high concentrations within the vines and roots
(42.751 + 3.323 and 24.125 + 3.291 mg/g dry weight,
respectively), to very low concentrations within the callus
(0.022 + 0.008 mg/g dry weight), and was not detected in
the leaves or stems (Xia et al. 2016).

PD was detected in the leaves, vines, roots, and callus
at very low concentrations (Table 1). Resveratrol was not
detected in wild F. multiflora or cultured cells.

The aglycone of THSG, 2,3,5.4'"-tetrahydroxystilbene, has
been speculated to be an intermediate in THSG biosynthesis,
but it has not been identified and was not available commer-
cially at the time of this study. We did not attempt to produce
2,3,5,4'-tetrahydroxystilbene in our laboratory. 2,3,5,4'-Tet-
rahydroxystilbene (m/z = 243.0658) was not detected in F.
multiflora tissue samples or callus.

Feeding experiments

To compare the biosynthetic pathways of the primary tri-
hydroxystilbene glucoside (PD) and tetrahydroxystilbene
glucoside (THSG) in F. multiflora, we performed stable
isotopic tracing experiments together with a high through-
put analytical method based on UPLC-MS to track labeled
PD and THSG.

In this study, 13C-labeled L-PHE, SP, and SB were used
as putative precursors in the feeding experiment to utilize
the general phenylpropanoid pathway (Fig. 1), in which PHE
is converted to p-coumaroyl-CoA, whereas SP and SB are
converted to malonyl-CoA (Jez et al. 2000a). In our previous
feeding experiments with unlabeled precursors and F. multi-
flora suspension cultures, PHE, SP and SB did not increase
the culture biomass or THSG yield, which was inconsistent
with speculation that THSG synthesis might involve phenyl-
propanoid pathways (Xia et al. 2016). Thus, further studies
were carried out here to determine whether PHE, SP and
SB are precursors in PD and THSG biosynthesis, as well as
to study the biosynthetic pathways of PD and THSG in F.
multiflora suspension cultures. In the biosynthetic pathway
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of resveratrol, the p-coumaric moiety was derived from rout-
ing PHE through cinnamic acid (CA), p-coumaric acid, and
p-coumaroyl-CoA.

To investigate the origin of the p-coumaric moieties of PD
and THSG, ['3C,] L-PHE was applied to F. multiflora sus-
pension cultures, followed by detection of PD and THSG by
UPLC/Q-TOF-MS. As expected, ['*Cy] PD (m/z 398.1557,
[M-H + 9]7) and [*C,] THSG (m/z 414.1494, [M-H + 9]7)
were detected, which unambiguously confirmed that all
nine carbon atoms of L-PHE were incorporated into PD and
THSG (Fig. 2). The 13C9 signal was also observed in the
MS spectra of CA and p-coumaric acid, which was consist-
ent with the involvement of PHE in the phenylpropanoid
pathway (data not shown). These findings confirm that PHE
is a precursor of PD and THSG in F. multiflora. In addi-
tion, these results show that, like the p-coumaric moiety of
resveratrol, those of PD and THSG are derived from PHE.

The incorporation of all carbon atoms of L-PHE into
PD and THSG also indicated that the carbon atom of CO,
formed during stilbene synthase (STS)-catalyzed conden-
sation of p-coumaroyl-CoA and malonyl-CoA was derived
from malonyl-CoA, but not from p-coumaroyl-CoA. To

confirm the origin of the CO, produced during this reac-
tion, additional feeding experiments using ['*C,] L-PHE with
the '3C label at C-1 (using the numbering scheme shown in
Fig. 1) were performed. [13C1]PD and [13C1] THSG were
detected, which was consistent with the results of the [13C,]
L-PHE feeding experiments. These findings confirm that
the carbon atom of the CO, produced during STS-catalyzed
condensation of p-coumaroyl-CoA and malonyl-CoA in F.
multiflora is derived from malonyl-CoA.

SP and SB are involved in malonyl-CoA biosynthesis. In
addition to L-PHE, SP and SB were also shown to be puta-
tive precursors of PD and THSG (Fig. 1). To investigate the
biosynthetic process of the A-rings of PD and THSG, [!*C]
SB and [2, 3—13C2] SP were separately applied to F. multi-
flora suspension cultures.

The high resolution mass spectra of PD and THSG exhib-
ited distinct '*C-labeled signals, which indicated incorpo-
ration of SP into PD and THSG. Malonyl-CoA is derived
from acetyl-CoA and bicarbonate in a reaction catalyzed
by acetyl-CoA carboxylase. Pyruvate undergoes oxidative
decarboxylation, in which it loses its carboxyl group (as
CO,) to form acetyl-CoA (Jez et al. 2000b).
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Fig.2 '3C labeling patterns of PD and THSG from the experiments
with [U-3CJL-PHE and ['3C,] L-PHE. A The mass spectra of unla-
beled and [13C9]THSG (mlz 414.1494, [M-H + 9]7) obtained from F.
multiflora suspension cultures fed with [U-'*C4]L-PHE; B the mass
spectra of unlabeled and [‘3C1]THSG (mlz 406.1218, [M-H + 1]7)
obtained from F. multiflora suspension cultures fed with [*C JL.-PHE;
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a The mass spectra of unlabeled and [*C¢]PD (m/z 398.1557,
[M-H + 9]7) fed with [U—13C9]L—PHE; b The mass spectra of unla-
beled and [13C1]PD (m/z 390.1310, [M-H + 9]7) obtained from F.
multiflora suspension cultures fed with ['*C,]L-PHE; C and ¢ the con-
trols fed with unlabeled L-PHE
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The analysis described above showed that [2,3-13C2] SP
feeding resulted in production of [2,3—13C2] malonyl-CoA
(using the numbering scheme shown in Fig. 1). In addi-
tion, the 1*C, units of malonyl-CoA were incorporated into
the linear tetraketide intermediate, which led to [M + 2],
[M + 4], and [M + 6] incorporation patterns after three con-
densations with malonyl-CoA. The incorporation patterns
of the 13C signal in PD and THSG were determined by the
intramolecular cyclization patterns of the linear tetraketide
intermediate.

Five new ions ([M-H + 1]7, [M-H + 2]7, [M-H + 3],
[M-H + 4], and [M-H + 5]") indicating '*C-labeled PD and
THSG appeared with the same retention time as ['?C]-PD
and ['2C]-THSG in the high resolution mass spectra (Fig. 3)
when [13C,]-SP was administered to F. multiflora suspension
cultures. These results are consistent with intramolecular
C2 — (C7 aldol condensation catalyzed by STS by cyclizing
the tetraketide intermediate. The STS C2 — C7 reaction
requires a thioesterase-like hydrolysis step to cleave the C1

a [M-H]-
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Fig.3 'C labeling patterns of PD and THSG from the experiments
with [2, 3-1*C,]SP. a !3C labeling patterns of THSG ([M-H + 1],
[M-H + 27, [M-H + 317, [M-H + 4], and [M-H + 5]7); ¢ "*C
labeling patterns of PD([M-H + 1], [M-H + 2], [M-H + 3],
[M-H + 4]7, and [M-H + 5]7); b, d the controls fed with unlabeled
SP

thioester linkage to the STS enzyme, as well as decarboxyla-
tive elimination of the resulting C1 carboxylate (Austin et al.
2004). Therefore, when the '3C, unit was incorporated into
the C1 and C2 positions of the linear tetraketide interme-
diate, [M-H + 1]7, [M-H + 3], and [M-H + 5] appeared
because of C1 elimination; otherwise, the [M-H + 2] and
[M-H + 4] ions appeared in the high resolution mass spec-
tra of PD and THSG. The incorporation patterns of PD (a
resveratrol glucoside) in the [2,3-13C,] SP feeding experi-
ments confirmed the resveratrol biosynthetic pathway deter-
mined from previous research. Although not fully conclu-
sive, THSG shares the same incorporation patterns of the
13C label with PD, suggesting that THSG biosynthesis is
achieved through resveratrol hydroxylation and glycosyla-
tion. As expected, [13C] SB was not incorporated into PD
and THSG, in accordance with the results of the PHE feed-
ing experiments, which showed that the CO, produced dur-
ing biosynthesis of PD and THSG was derived from the
carbon atom of malonyl-CoA generated from SB (Fig. 1).

The results of the ['*C] SB and [2,3-13C,] SP feeding
experiments indicate that PD and THSG are derivatives of
resveratrol, while the CO, produced during the biosynthesis
of PD and THSG is derived from condensation of p-cou-
maroyl-CoA and malonyl-CoA.

Enzyme assays

Based on the '>C-labeled precursor feeding experiments
described above, we concluded that PD and THSG were
likely biosynthesized via hydroxylation and glycosylation
of resveratrol, and that resveratrol was synthesized via the
phenylalanine/polymalonate biosynthetic pathway. There-
fore, we characterized the enzymatic activities responsible
for resveratrol synthesis and the hydroxylation and glyco-
sylation reactions involved in PD and THSG biosynthesis
using crude enzyme extracts, with the goal of understanding
how PD and THSG are synthesized in F. multiflora. Crude
protein was extracted from various tissue samples from wild
F. multiflora and callus cultures (Online Resource 2), after
which the protein samples were desalted twice to remove
most of the contaminating small molecules.

To confirm the capacity of the enzymes responsible for
resveratrol synthesis in F. multiflora cells, p-coumaroyl-CoA
and malonyl-CoA were tested as substrates for biocataly-
sis using crude enzyme extracts from the stem tips, stems,
leaves, vines, roots and callus of F. multiflora. The expected
product, resveratrol, was synthesized only by the vine crude
enzyme extract, which produced 0.105 + 0.003 nmol resver-
atrol in the 250-pL reaction system. Therefore, RS activity
in F. multiflora is confined to the vines. To further assess RS
activity, [1*C5]-malonyl-CoA and p-coumaroyl-CoA were
incubated with crude protein extracts from six types of tis-
sue. Labeled resveratrol (Fig. 4a; [M-H + 5]7, 232.0882)
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Fig.4 Mass spectra of [13C5] resveratrol (a, b) and ['3C5] PD (b) syn-
thesized in the enzyme assay experiments with '*C-labelled malonyl-
CoA as the substrate

was detected only in the mixture with the vine extracts, and
the labeled pattern was consistent with the incorporation
patterns of '°C in PD and THSG in the [2, 3-°C,] SP feeding
experiments. This biocatalysis study confirmed the activity
of RS in F. multiflora vine cells and the involvement of intra-
molecular C2 — C7 aldol condensation with elimination of
the resulting C1 during biosynthesis of PD and THSG.
Glycosyltransferase-catalyzed attachment of sugar moie-
ties to the hydroxystilbene backbone in F. multiflora cells
was investigated by biocatalytic methods in vitro using crude
enzyme extracts. Trihydroxystilbene (resveratrol) and tet-
rahydroxystilbene (piceatannol) were used as aglycons,
while UDPG was used as the donor. Moderate concentra-
tions of the aglycons and donor (40 uM resveratrol and
piceatannol, 500 pM UDPG) were used in the assessment
of GT activity in different parts of F. multiflora and callus.

Four of the sample types (stem tips, stems, leaves, and
callus) showed positive results, which consisted of new low
peaks at m/z = 389.1244 [M-H] or statistically significant
accumulation of PD, whereas the protein extract from the
roots failed to produce a significant change in PD content.
The low concentrations of PD produced by the extracts from
the stem tips, stems, leaves, callus, and vines (Table 2) dem-
onstrated the weakness of GT activity with resveratrol as
the glycosyl acceptor in vitro. In addition, we used a series
of substrate concentrations in the biocatalytic experiments
with extracts from vines to investigate the influence of the
substrate concentration on GT activity. However, no PD was
detected when the resveratrol and UDPG concentrations
were lower than 10 and 200 pM, respectively. In the other
tests with extracts from vines, the PD contents of the control
samples and those incubated with various concentrations of
resveratrol (20 to 100 pM) and UDPG (200 to 1200 pM)
showed no significant differences.

Based on these results, we conclude that the stem tips,
stems, leaves, vines, and callus of F. multiflora have GT
activity. In the production of PD from protein extracts of
these tissues in vitro, resveratrol serves as the acceptor sub-
strate, whereas UDPG serves as the donor substrate. The
concentration of each substrate did not significantly affect
PD production in vitro.

We also investigated the GT activity of the crude pro-
tein extracts with tetrahydroxystilbene piceatannol as the
acceptor substrate. Although piceatannol and the aglycon
of THSG are both tetrahydroxystilbenes, their hydroxyl
group positions differ (Fig. 1). Unfortunately, the aglycon
of THSG, 2,3,5,4'-tetrahydroxystilbene, has not been identi-
fied and cannot be obtained commercially or produced by
our laboratory. Thus, we used piceatannol as a substrate to
test the GT activity responsible for tetrahydroxystilbene gly-
cosylation. The new peak at m/z = 405.1197 ((M-H]") with
a retention time at 1.96 min appeared to be an isomer of
THSG, which was consistent with the addition of a glycosyl
group to piceatannol (Online Resource 5). Thus, this new
peak was speculated to be the glycosylated product of a reac-
tion catalyzed by a GT from F. multiflora with piceatannol as

Table 2 Products and yields of resveratrol synthesis and the hydroxylation and glycosylation reactions catalyzed by crude enzyme extracts from

wild plant tissues and cultured F. multiflora cells

Reactions Substrates Yields of different extracts (n mol)
Stem tips Stems Leaves Vines Roots Callus
RSR? pC-CoAY, M-CoA°® - - - 0.105 +0.003 - -
GTR® Resveratrol, UDPG 0.033 £0.004  0.005 £0.001  0.066 +£0.007  0.009 +0.001 - -
Piceatannol, UDPG 0.018 £0.002 - 0.004 £0.001  0.276 +£0.037  1.695+0.035 -
HLR® Resveratrol, NADPH - - - 0.381 £0.031  0.606 +0.027 -
PD,NADPH 0.258 £0.017  0.366 +0.012 - 3.926 + 0.487 8.60 £ 0.766  0.009 = 0.002

aResveratrol synthesis reactions, ®glycosylation reactions, hydroxylation reactions, “p-coumaroyl-coa, °malonyl-CoA
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the substrate. The crude protein extracts from the stems and
callus did not show the ability to glycosylate piceatannol,
but the extracts from the stem tips, leaves, vines, and roots
showed the ability to glycosylate piceatannol with varying
effectiveness (Table 2).

The yield of the glycosylation reaction using piceatannol
as its substrate was calculated using THSG as the reference
substance (Table 2). The tetrahydroxystilbene (piceatannol)
GT activity of the roots and vines was much greater than
their trihydroxystilbene (resveratrol) GT activity. Similar to
the results of the assessment of GT activity using resvera-
trol as the substrate, the extracts of the stem tips and leaves
showed weak GT activity with piceatannol as a glycosyl
acceptor in vitro.

The effects of the substrate concentration on the picea-
tannol GT activity of the crude enzyme extract from the
roots are shown in Online Resource 3 and Online Resource
4. The optimal concentration of UDPG was 1.5 mM when
the concentration of piceatannol was 40 pM. The optimal
concentration of piceatannol was 100 pM when the concen-
tration of UDPG was 500 pM.

The hydroxylase activity involved in THSG biosynthesis
was investigated using resveratrol and PD as substrates by
incubating them with crude enzyme extracts in the pres-
ence of NADPH. When resveratrol was the substrate, only
incubation with the extract from the vines led to a new peak
at m/z = 243.0658 ([M-H]™), which was consistent with the
addition of a hydroxyl group. This peak was absent in the
spectrum of a control sample that did not contain any sub-
strate and had a retention time (2.35 min) different from
that of piceatannol (Online Resource 5). The LC-MS results
indicated that this peak was an isomer of piceatannol. There-
fore, this new peak was speculated to be the hydroxylated
product of the reaction catalyzed by resveratrol hydroxylase
from the vines of F. multiflora.

In contrast, when PD was used as the substrate, we found
much greater hydroxylase activity in comparison with that
achieved with resveratrol as the substrate. PD possesses a
glycosyl group at position 3, whereas THSG possesses a gly-
cosyl group at position 2. The new peak at m/z = 405.1197
[M-H]~ with a retention time at 2.59 min appeared to be an

isomer of THSG, which was consistent with the addition of
a hydroxyl group to PD. Therefore, this new peak was specu-
lated to be the hydroxylated product of a reaction catalyzed
by a hydroxylase from F. multiflora with PD as the substrate.
PD hydroxylase activity was found in the stem tips, stems,
vines, roots, and callus (Table 2).

We also used piceatannol and THSG as reference sub-
stances to calculate the yield of the hydroxylation reac-
tions using resveratrol and PD as substrates (Table 2). The
high yield of the tetrahydroxystilbene glucoside when the
substrates were incubated with the extracts from the vines
and roots suggests that hydroxylase activity was markedly
increased when PD was the substrate.

The results of the biocatalysis study demonstrate the
complexity of the THSG biosynthetic pathway in various F.
multiflora tissue types and callus. The in vitro biocatalysis
reactions confirm that RS, GT and hydroxylase reactions
occur in F. multiflora cells. The high tetrahydroxystilbene
GT activity and PD hydroxylase activity in the vines and
roots were consistent with the high accumulation of their
reaction products in these tissues. All enzyme assays were
conducted in vitro, so the results of these experiments might
not be representative of the actual reaction pathways in vivo.

Combinatorial biocatalysis

The enzyme reactions responsible for resveratrol synthesis,
hydroxylation, and glycosylation in the THSG biosynthe-
sis pathway in F. multiflora cells and callus are shown in
Table 2. However, these results were not sufficient to allow
us to draw conclusions regarding the biosynthetic pathway
of THSG in different tissues and cell cultures of F. mul-
tiflora. Therefore, we conducted experiments in which we
incubated the crude enzyme extracts with substrates of more
than one reaction step in the biosynthetic pathway of THSG.

When NADPH was incubated with the crude enzyme
extracts from the vines, p-coumaroyl-CoA, and malonyl-
CoA, a tetrahydroxystilbene product was produced, which
was consistent with the results of incubating NADPH
and resveratrol (Table 3). Moreover, when non-labeled
malonyl-CoA was replaced by '*C-labeled malonyl-CoA,

Table 3 Products of the combinatorial biocatalysis experiments from p-coumaroyl-CoA and malonyl-CoA using the crude enzyme extracts from

vines

Reactions Substrates Products
RSR? + GTR® pC-CoAY, M-CoA®, UDPG Resveratrol
pC-CoA, °C -M-CoA, UDPG 13C,- Resveratrol
RSR + HLR® pC-CoA, M-CoA, NADPH Resveratrol, tetrahydroxystilbene

pC-CoA, 13C -M-CoA, NADPH
pC-CoA, '3C -M-CoA,NADPH, UDPG

RSR + GTR + HLR

13C,- Resveratrol, *C;- tetrahydroxystilbene
13C,- Resveratrol, *C;- tetrahydroxystilbene

aResveratrol synthesis reactions,’glycosylation reactions, “hydroxylation reactions, “p-coumaroyl-CoA, *malonyl-CoA
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Table 4 Products of the

. o . Extract samples Substrates Products

combinatorial biocatalysis

experiments from resveratrol PD Hydroxyresveratrol THSG

using the crude enzyme extracts

from wild plant tissues and Stem tips Resveratrol, NADPH, UDPG - - _

cultured F. multiflora cells Stems 0.011 + 0.002 _ _
Leaves 0.028 + 0.002 - -
Vines 0.014 + 0.003 1.712 + 0.117 -
Roots 0.003 + 0.001 0.510 + 0.032 -
callus 0.153 + 0.004 - -

13C-labeled resveratrol and hydroxyresveratrol were gener-
ated (Fig. 4b, c). These results confirm the RS activity of
F. multiflora vines and indicate that resveratrol synthesis
and hydroxylation can be achieved in a single incubation
mixture by two sequential steps.

When we added UDPG and MgCl, to the incubated
mixture of the crude enzyme extract from the vines,
p-coumaroyl-CoA and malonyl-CoA, only resveratrol
was produced (Table 3). Incubation of the crude extract
from the vines with '*C-labeled malonyl-CoA gener-
ated '*C-labeled resveratrol. These results confirm the
RS activity of the vines of F. multiflora. The lack of PD
production was attributed to the low concentration of
resveratrol synthesized from p-coumaroyl-CoA and mal-
onyl-CoA, which indicated that resveratrol synthesis and
glycosylation could not be achieved in a single incubation
by two sequential steps.

The products produced when we used all of the substrates
(p-coumaroyl-CoA, *C-labeled malonyl-CoA, NADPH and
UDPGQG) required for each enzymatic reaction in the THSG
biosynthetic pathway in a single incubation are shown in
Table 3. No labeled THSG was produced, which suggested
that the three enzymatic reactions in the THSG biosyn-
thetic pathway could not be achieved in a single incubation
in vitro.

The products produced when resveratrol, NADPH,
UDPG, and MgCl, were co-incubated with extracts from
five tissues and callus of F. multiflora are shown in Table 4.
PD formation was observed when the extracts from the
stems, leaves, vines and callus were incubated, which was
consistent with the results of the resveratrol GT activity
assay. However, PD was detected in the mixture incubated
with the extract from the roots, but not in that incubated with
the extract from the stem tips, which was inconsistent with
the results of the resveratrol GT activity assay. Tetrahydrox-
ystilbene formation was observed when the extracts from
the vines and roots were incubated, which was consistent
with the results of the resveratrol hydroxylase activity assay.

The results of the combinatorial biocatalysis experiments
indicate that only the hydroxylation reactions in the THSG
biosynthetic pathway can proceed following the resveratrol
synthesis reaction in a single incubation in vitro. No THSG
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was produced, which indicated that these three reactions
cannot proceed sequentially in vitro in a single incubation.

Conclusion

This study characterized the THSG biosynthetic pathway in
F. multiflora. We conclude that THSG is synthesized via gly-
cosylation and hydroxylation of resveratrol in F. multiflora.
The enzymatic activities responsible for the resveratrol syn-
thesis, hydroxylation, and glycosylation reactions involved
in THSG biosynthesis were confirmed in vitro. The findings
of this study provide information regarding the manner in
which resveratrol is modified by enzymes in F. multiflora.
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