ABSTRACT
YUE, ZHU. Biosynthesis of Flavanol and Oligomeric Flavonoids and Their Medicinal Values
(Under the direction of Dr. De-Yu Xie).
Proanthocyanidin (PA) and flavan-3-ol (flavanol) are two groups of main plant flavonoids. PAs
are oligomeric or polymeric flavan-3-ols. These two groups play multiple roles in the defense of
plants against biotic and abiotic stresses. They also have multiple health benefits for humans. To
date, although flavan-3-ols have gained appropriate studies in their pathway elucidation and
genetic regulation, the biogenesis of their stereo configurations remains unclear. This stereo
configuration is important, given that this knowledge is essential to understand the biosynthesis
of PAs. Furthermore, how plants polymerize flavan-3-ols to PAs remains unknown. To enhance
addressing these questions, my dissertation research focused on cloning and functional
characterization of genes associated with PA and flavan-3-ol biosynthesis.

My dissertation includes one chapter reporting the current research progresses of PAs and
flavan-3-ols and four chapters reporting research data to provide evidence showing roles of
flavan-3-ols involved in the biosynthesis of PAs and a novel group of plant flavonoids as well as
medicinal values. Chapter 1 reviewed the current understanding of flavan-3-ols and PAs
biosynthesis as well as their medicinal values. Chapter II reported cloning and functional
analysis of a 4-dihydroflavonol reductase gene from Vitis bellula (VbDFR), a key gene involved
in the formation of stereo configurations of flavan-3-ols and the biosynthesis of PA. VbDFR
catalyzed three dihydroflavonols to their corresponding leucoanthocyanidins in vitro. The
overexpression o of VbDFR increased anthocyanin production in flowers and produced new
tobacco anthocyanidins, precursors of flavan-3-ols. Chapter III reported a gene encoding a novel

flavanol polymerase (FP) in red 6R cells engineered from red PAP1 tobacco plants. FP catalyzed
flavanols, such as epicatechin and catechin as substrates, to produce dimeric, trimeric, and higher
degree oligomeric compounds. Chemical, physic, and MS/MS analyses characterized that these
compounds were novel flavonoids. NMR experiments elucidated that these compounds consisted
of flavanols such as epicatechin as a starter unit and flav-2-en-3-ol as extension units. Herein, we
name these compounds papanridins, a novel group of plant flavonoids. Further metabolic
profiling of plants and phylogenetic analysis revealed that papanridin is prevalent in the plant
kingdom. Chapter IV reported medicinal activities of dimeric PAs and flavanols in inhibiting the
main protease (Mpro) of SARS-Cov-2. Docking simulation was performed to screen flavan-3-ols
and dimeric PAs. The resulting simulation showed positive results that all these simulated
compounds could bind to the catalytic dyad of M pro. In vitro assays demonstrated that five
compounds inhibited the activity of Mpro. Furthermore, a screening of flavan-3-ols and PA-rich
foods showed that extracts of green tea, muscadine grape, cacao, and dark chocolate products
promisingly inhibited the activity of Mpro, suggesting potential pharmaceutical values in
interfering COVID-19. Chapter V reported medicinal values of flavonols and dihydroflavonols
in interfering COVID-19 caused by SARS-COV-2 and flu caused by human coronavirus 229E
(hCov 229E). As completed in Chapter IV, docking simulation showed that flavonols and
dihydroflavonols could bind to the catalytic dyad of Mpro of SARS-COV-2. In vitro assays
showed that flavonols and dihydroflavonols promisingly inhibited the activity of M pro. Infection
assays of Huh-7 cells with hCov 229E and the resulting TCID50 data showed that flavanol
gallates, B-type dimeric PA, flavonols, and dihydroflavonols inhibited the replication of hCov
229E in host cells. These findings indicate that these compounds are candidates with promising
values in the therapy of COVID-19 and hCov 229E-infected flu.
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CHAPTER 1
Flavan-3-ol, Proanthocyanidin, and Their Medicinal Values

Abstract
Proanthocyanidin (PA) and flavan-3-ol (flavanol) are two groups of plant flavonoids. They play
multiple roles in plant’s defense against biotic and abiotic stresses. They also have multiple
health benefits for humans. In the past decades, flavan-3-ols and PAs have gained a systematic
investigation in chemistry, biochemistry, genetics, and evolution. Herein, I review the current
understanding of flavan-3-ol and PA biosynthesis as well as their medicinal applications. In
addition, several key questions are discussed to enhance the elucidation of the biosynthesis of
PAs in the future.

2
1. Introduction

Flavan-3-ols and proanthocyanidins (PAs) are two groups of plant flavonoids. PAs, also named
as condensed tannins, are oligomers or polymers of flavan-3-ols and prevalent in plants [1, 2].
These two groups are prevalent in the plant kingdom. They are biosynthesized in leaves, stems,
roots, seeds, or/and fruits. In general, the two groups of compounds provide plant protection
against UV-irradiation caused damage, insects, pathogens, and herbivores [1, 2]. Flavan-3-ols
and PAs are powerful antioxidants. The uptake of flavan-3-ols and PAs gives multiple health
benefits to humans. They can inhibit cancer, prevent from cardiovascular diseases, decrease the
oxidation of cholesterol linoleate in LDL, inhibit virus infection, and inhibit SARS-Cov-2
replication [3-6]. Herein I reviewed and discussed the progresses in natural resource, analytic
methods, biosynthetic pathway, and medicinal benefits of flavan-3-ols and PAs. Questions
related to the unknown steps of the PA biosynthesis are discussed to provide information for
future researches.

2. Flavan-3-ols and PAs in common food and diet products

PAs and flavan-3-ols exist in daily diets such as tea, grape, cacao, and apple. Due to their potent
nutritional values, numerous studies were completed to quantify their contents in different food
and diet products. Green tea is a major source of flavan-3-ols and oligomeric PAs [7-9]. The
major flavan-3-ols in green tea are flavan-3-ol (flavanol) gallates such as epigallocaechin-3-Ogallate (EGCG), the most abundant catechins in tea, though research data might be variable from
different tea cultivars. One study showed that the EGCG contents young leave of green tea were
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approximately 20% (dry weight, DW) [10]. Other flavanols include epicatechin,
epigallocatechin, catechin, gallocatechin, and epicatechin-3-O-gallate. In addition, B-type and Atype PA oligomers as well as PA gallates exist in tea leaves [5]. Grape berries are rich in flavan3-ols and PAs. Although cultivars, climates, development of berries, and agricultural practices
affect the formation of PAs and flavan-3-ols [11-13], the total contents of flavan-3-ols and PAs
can reach approximately 1.2 g/kg (fresh weight, FW) and PAs 4g/kg (FW), respectively. In wine
industry, PAs and flavan-3-ols are main compounds associated with the high quality of red wine
products. They react with red anthocyanidin pigments via condensation and oxidation reactions
to stabilize red color and provide the astringent and bitter tastes of high valuable red wines [14].
Cacao and apple are abundant in flavanols and PAs. Crude cacao powder contains approximately
3.5 to 4.5 mg/g (DW) flavan-3-ols and 30 to 50 mg/g PAs (DW) [15-17]. Green and unripe
apples were reported to contain 0.82 mg/g FW flavan-3-ols and 15.1 mg/g FW PAs, although
the contents of two decreased to 0.43 mg/g FW and 4.5 mg/g FW after fully ripe, respectively
[18, 19]. In addition, flavan-3-ols and PAs commonly exist in strawberry, blue berry, cranberry,
raspberry, and numerous other fruits.

3. Structures of flavan-3-ols and proanthocyanidins

Flavan-3-ols consist of two benzo rings (A and B-ring) and one heterocyclic ring (C-ring). In
common flavan-3-ols, the A ring contains two hydroxyl groups at C5 and C7 positions and the C
ring contains one hydroxyl group at C3 position. The hydroxyl groups numbers on the B-ring
classify flavan-3-ols to three common categories. One hydroxyl group at C4’ position define
structures to be afzelechin or epiafzelechin. Two hydroxyl groups at C4’ and C5’ positions
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classify structures to be catechin and epicatechin. Three hydroxyl groups at C3’, C4’, and C5’
positions term structures to be gallocatechin or epigallocatechin [1, 2] (Fig. 1). Flavan-3-ols are
featured with two chiral structures at C2 and C3 positions, which creates four diastereoisomers,
2R, 3S-trans-, 2S, 3R-trans-, 2R, 3R-cis-, and 2S, 3S-cis flavan-3-ols. Of these, 2,3-trans-2R, 3S
(e.g. (+)-catechin) and 2,3-cis-2R, 3R (e.g. (-)-epicatechin) are more common than 2, 3- trans2S, 3R (e.g. (-)-catechin) and 2,3-cis-2S, 3S (e.g. (+)-epicatechin) in plants [20, 21].

5

Figure 1 Structures of flavan-3-ol examples and their derivatives.

Flavan-3-ols are diversified by different modifications at the side groups. One common
modification is acylation occurred at the –OH group at C3. Gallic acid and monosaccharides are
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the main donors to form ethyl structures. In tea plants, the galloylation of EGC and EC form (-)epigallocatechin 3-O-gallate (EGCG) and ECG [8, 22]. Other gallate derivatives reported in
green tea include (+)-gallocatechin-3-O-gallate (GCG), and (+)-catechin-3-O-gallate (CAG) [8,
23]. The acylation of flavan-3-ols is also a common modification in other crops, such as (-)epicatechin-3-O-gallate in bunch grape [24] and EGCG in muscadine grape [25]. In addition to –
OH at C3 position, the –OH group at C5 is another acylation location. Two example compounds
are epicatechin-3, 5-O-digallate and epigallocatechin-3,5-O-digallate reported in tea plants [26].
Glycosylation of flavan-3-ols is common in plants. Flavan-3-ol glycosides isolated from plants
include epicatechin-3-O-glucoside [27-30], catechin 5-O-glucoside, and catechin-3-glycoside
[31-33], and catechin 7-glucoside [27].

PAs are oligomers or polymers of flavan-3-ols. Based on the number of linkage between two
flavan-3-ol units, PAs are classified into two different types: B-type and A-type. B-type is
characterized by one interflavan bond linkage between the C4 position of an upper unit of
extension unit and the C8 or C6 position of a lower unit or the start unit (Figure 2). A-type PAs
are featured with an interflavan bond and an ether linkage between the C2 position of an upper
unit and the hydroxyl group at the C7 position of a lower unit. PAs are further classified into
different groups based on the number of hydroxyl groups on the B-ring, procyanidin,
propelargonidin, and prodelphinidin, which are composed of catechin and/or epicatechin with
two hydroxyl groups at C’3 and C’4, afzelechin and/or epiafzelechin with one hydroxyl group at
C’4, and gallocatechin and/or epigallocatechin with three hydroxyl groups at C’3, C’4 and C’5,
respectively. Based on PA structures identified, B-type procyanidins are dominant in the plant
kingdom. In PAs, a number of dimeric ones are important nutrients in diets. Four common
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nutritional dimeric procyanidins include procyanidin B1, B2, B3 and B4, which consist of
catechin and epicatechin with a linkage between C4 to C8. Four other dimeric procyanidins are
B5, B6, B7 and B8 consisting of catechin and epicatechin with a linkage between C4 to C6 [1,
2]. Two common dimeric A-types are procyanidin A1 and A2 (Fig. 2), which are abundant in
cranberry [34, 35].

Figure 2 Structures of dimeric procyanidin B1-B8, and procyanidin A1 and A2.
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4. Methodology for analysis of flavan-3-ols and PAs

Hot acidic alcohol cleavage is a classic approach to analyze PAs. This method uses acidic
alcohol to boil PAs [36]. To date, this method has been modified to use 5% HCl in butanol to
boil PAs [37, 38]. After boiling, PAs release anthocyanidins. This was the reason that PAs were
considered as precursors of anthocyanidins until the discovery of ANR, which was reported
anthocyanidins to be the precursors of flavan-3-ols and PAs [39]. In addition, given that the
acidic boiling released three types of anthocyanidins, cyanidin, pelargonidin, and delphinidin,
PAs were termed as procyanidin, propelargonidin, and prodelphinidin [38]. The chemical
mechanism behind this method is still unclear. One hypothesis is that the extension units of PAs
are released in the acidic alcohol as a carbocation form, which is further oxidized to
anthocyanidin. An indirect evidence is that oligomeric PAs in red wine spontaneously release
their extension units that form flavan-3-ol carbocation. Unfortunately, no evidence shows that
the direct oxidation of flavan-3-ol carbocation produces anthocyanidins in this condition.

Acid based catalytic degradation of B-type PAs is an approach to characterize extension units
and polymerization degrees. The mechanism is that PAs release their extension units as flavan-3ols carbocation in acidic alcohol. When nucleophilic compounds, such as phloroglucinol or
cysteine, are added to the reaction, they attack carbocation to form flavan-3-ol conjugates. This
method is not applicable for A-type PAs [40, 41].

Vanillin-HCl reaction is a method to visualize the presence of PAs and flavan-3-ols. Vanillin
reacts with these compounds to generate red pigments. This method is used to examine of PAs
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and flavan-3-ols on thin layer chromatography (TLC) plates and in plant tissues [42]. However,
the disadvantage of this method is that vanillin can react with other compounds, which lead to
false positive results.

Dimethylaminocinnamaldehyde (DMACA) based bluish coloration is an effective approach for
visualization and estimation of total PAs and flavan-3-ols [43-45]. DMACA reacts with PAs and
flavan-3-ols to generate bluish coloration in the reactions. It is an effective approach to detect
PAs and flavanols on TLC plates and in plant tissues [39, 46, 47]. The bluish compounds formed
between DMACA and flavan-3-ols and PAs have a specific absorption at 640 nm for
quantification of these compounds [48]. In addition, these bluish compounds are useful to
analyze PAs and flavan-3-ols with HPLC.

Column chromatography (CC) is a common method to purify flavan-3-ols and PAs. Two types
of CCs are commonly used, silica gel and LH-20 Sephadex gel. The separation of compounds on
silica gel is based on their polarity. Two separation methods with silica gel regular CC and
HPLC. LH-20 gel is used for size CC. Compounds with different molecular weights can be
effectively separate with LH-20 CC. These methods are normally combined to purify flavan-3ols and PAs extracted from plants.

HPLC, HPLC-MS, and LC-qTOF-MS/MS are effective approaches to identify known and
annotate unknown PAs and flavan-3-ols. HPLC and HPLC-MS are effective for both
identification and quantification of known flavan-3ols and PAs. LC-qTOF-MS/MS is efficient to
annotate unknown compounds. Our laboratory recently developed protocols to annotate flavan-
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3-ols and PAs [25]. The protocols include ionization modes, voltage, and collision induced
dissociation (CID) for metabolic profiling. MS fragmentation patterns of flavan-3-ols and PAs
provide useful information to analyze flavan-3-ols and PAs. Unique tandem mass fragmentations
of PAs and flavan-3-ols were characterized by four types of structural fission patterns,
heterocyclic ring fission (HRF), quinone methide (QM), Retro-Diels-Alder (RDA), and
interflavan bond fission (IBF) [25]. These patterns can allow to annotate skeletons of flavan-3ols and PAs. In addition, Public databases, such as SpactraBase (https://spectrabase.com/),
Human Metabolome Database (HMDB) (https://hmdb.ca/), and MassBank of North America
(MoNA) (https://mona.fiehnlab.ucdavis.edu/) provide useful MS references for predicting
potential new flavan-3-ols and PAs in plant extracts.

5. Biosynthesis of flavan-3-ols and PAs

The biosynthesis of flavan-3-ols and PAs has been studied for decades. Herein, I summarize
main biosynthetic steps that have been elucidated biochemically, genetically, and molecularly.
Most steps are shared with the biosynthesis of anthocyanins and in general, the entire pathway is
classified into three main sections, beginning, early, and late steps [49].

The beginning steps are shared with lignin and other phenylpropanoids starting from
phenylalanine or tyrosine to 4-coumaroyl-CoA. Phenylalanine is converted to cinnamic acid by
phenylalanine ammonia-lyase (PAL) [50, 51], followed by the conversion of cinnamic acid to 4coumaric acid catalyzed by cinnamate 4-hydroxylase (C4H), a cytochrome P450 enzyme [5254]. The steps from tyrosine is a side pathway, in which a tyrosine ammonia-lyase (TAL)
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catalyzes L-tyrosine to 4-coumaric acid [54, 55]. A 4-coumarate: CoA ligase links CoA to 4coumaric acid’s side chain to form 4-coumaroyl-CoA, from which which the pathway switches
to different branches to biosynthesize different polyphenols, such as lignan, lignin, and other
phenylpropanoids [56, 57].

The early steps start with 4-coumaroyl-CoA. Three malonyl-CoA molecules are condensed to
4-courmaroyl-CoA to form chalcone catalyzed by a chalcone synthase, a member of type III
polyketide synthase [58, 59]. Next, chalcone isomerase (CHI) converts chalcone to naringenin
[60], a key flavonone, from which three branches are separated to flavones, isoflavonoids, and
dihydroflavonols. Toward flavan-3-ols and PAs, flavonone-3-hydroxylase (F3H), a P450
member, hydroxylates flavonone at C-3 to a dihydroflavonol (DHK) molecule,
dihydrokaempferol [61, 62], which is further hydroxylated on the B-ring to form
dihydroquercetin (DHQ) and dihydromyricetin (DHM) by flavoid-3’-hydrosylase and flavonoid3’5’-hydroxylase [63-67]. In brief, F3’H and F3’5’H hydroxylate B-ring at C3’ to form DHQ
(taxifolin) and C3’ and C5’ positions to form DHM, respectively. Then, followed are two
branches, one to flavonols catalyzed by flavonol synthase (FLS) [68, 69] and the other to the late
steps of anthocyanins, PAs, and flavan-3-ols described in the following.

The late steps include two crossing braches. One is from dihydroflavonols to three stereo types
of flavan-3-ols and PAs via leucoanthocyanidins and anthocyanidins. The other is from
dihydroflavonols to one stereo type of flavan-3-ol and PAs via leucoanthocyanidins. Enzymes
that catalyze the first one include dihydroflavonol reductase (DFR), anthocyanidin
synthase/leucoanthocyanidin dioxygenase (ANS/LDOX), and anthocyanidin reductase (ANR)
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[39, 70, 71]. DFR reduces the carbonyl group of dihydroflavonols to hydroxyl group in the
presence of NADPH or NADH to form leucoanthocyanidins [72]. ANS/LDOX dehydroxylates
leucoanthocyanidins to anthocyanins [73]. ANR reduces anthocyanidins to three stereo types,
2R, 3R-cis, 2S,4R-trans, and 2S, 3S-cis flavan-3-ols [39, 48, 71, 74-76]. All steps in the first
branch have been demonstrated by integrated studies of biochemistry, genetics, molecular
biology, and metabolic engineering. Enzymes that catalyzes the second one include DFR and
leucoanthocyanidin reductase (LAR) [70, 77]. LAR reduces leucoanthocyanidins to 2R, 3Strans-flavan-3-ols. However, the genetic and transgenic evidence for LAR is still lacking.
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Figure 3 The biosynthetic pathway from phenylalanine or tyrosine to flavan-3-ols and PAs.
PAL: phenylalanine ammonia-lyase. TAL: tyrosine ammonia-lyase. C4H: cinnamate 4hydroxylase. 4CL: 4-coumaroyl: CoA-ligase. CHS: chalcone synthase. CHI: chalcone isomerase.
F3’H: flavonoid 3’-hydroxylase. F3H: flavanone 3-hydroxylase. F3’5’H: flavonoid 3’5’hydroxylase. FLS: flavonols synthase. DFR: dihydroflavonols 4-reductase. LAR:
leucoanthocyanidin reductase. ANS: anthocyanidin synthase. ANR: anthocyanidin reductase.
(+)-taxifolin: (+)-2R,3R-trans-taxifolin. (+)-DHK: (+)-2R,3R-trans-dihydrokaempferol. (+)DHM: (+)-2R,3R-trans-dihydromyricetin.
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Recently, the steps from leucoanthocyanidins to flavan-3-ols were interestingly revised due to
unexpected functions of LAR and LDOX as well as a dual function of ANR. LAR was found to
catalyze cysteine-epicatechin to epicatechin, which was proposed to associate with the nonextractable PA biosynthesis in Medicago truncatula [78]. LDOX was demonstrated to use 2R,
3S-trans-flavan-3-ols (e.g. (+)-catechin) as substrate to produce anthocyanidins in M. truncatula
[79]. Flav-2-en-3-ol was proposed to be an intermediate during the catalysis of anthocyanidins to
flavan-3-ols by ANR [80]. Recent findings demonstrated this hypothesis [81, 82]. Furthermore,
a dual function of ANR is that it also reduces anthocyanidins to 2, 3-cis-leucoanthocyanidins,
which are proposed to be precursors of PA extension units [81]. These new progresses provide
insights to appropriately understand the biosynthesis of PAs.

6. Biogenesis of chiral configurations of flavan-3-ols

Flavan-3-ols have four different chiral configurations at C2 and C3 positions. These include
2R,3R-2,3-cis-(e.g. (-)-epicatechin), 2R,3S-2,3-trans-(e.g. (+)-catechin), 2S, 3R-2,3-trans-(e.g.
(-)-catechin), and 2S, 3S-2,3-cis- (e.g. (+)-epicatechin), which are introduced by either ANR or
LAR. Anthocyanidins have a double bond between C2 and C3, which has no chiral
configurations. When ANR reduces anthocyanidins, one hydrogen is introduced at C2 from
either alpha or beta phase to form 2S or 2R and the other is introduced at C3 from alpha or beta
phase to form 3S or 3R. As a result, 2R, 3R-2, 3-cis-, 2S, 3R-2, 3-trans-, and 2S, 3S-2, 3-cisflavan-3-ol isomers have been reported from different ANR assays [39, 80, 83]. Of these three,
the 2R, 3R-2, 3-cis- configuration commonly exists in different plants. In comparison, 2S, 3S-2,
3-cis-flavan-3-ol is uncommon in plants. The biogenesis of 2R,3S-2,3-trans- flavan-3-ol formed
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by the LAR catalysis starts with the conversion of naringenin-chalcone to naringenin, (2S)4’,5,7-trihydroxyflavan-4-one), which introduces a 2S (equivalent to 2R in flavan-3-ols) chirality
at C2 position. In the next step, F3H introduces the second chirality at C3 position, leading to
form a (+)-2R, 3R-trans configuration (e.g. (+)-taxifolin), the dominant configuration of
dihydroflavonols. The catalysis of DFR prefers to (+)-2R, 3R-trans configuration and maintain
this to leucoanthocyanidins. In addition, DFR adds the third chirality at C4 position. As a result,
leucoanthocyanidins have two main chiral configurations characterized by chemical syntheses,
(+)-2,3-trans-3,4-cis (2R,3S,4S-cis) and (+)-2,3-trans-3,4-trans (2R,3S,4R-trans). LAR has been
demonstrated to prefer to reduce C4 of (+)-2,3-trans-3,4-cis-leucoanthocyanidins to 2,3-transflavan-3-ols, such as (+)-catechin. Besides, LAR has a strict stereo preference. For example, a
recombinant LAR from grape was shown to accept (+)-2,3-trans-3,4-cis-leucocyanidin as the
only substrate to produce (+)-catechin [84]. In comparison, ANS has a relative flexibility to
catalyze substrate. For example, ANS homologs from Arabidopsis can use Both (+)-2,3-trans3,4-cis-leucocyanidin and (+)-2,3-trans-3,4-trans (2R,3S,4R-trans) as substrates. On the one
hand, ANS was shown to convert (+)-2,3-trans-3,4-cis-leucocyanidin to quercetin [85]. On the
other hand, ANS uses (+)-2,3-trans-3,4-trans-leucocyanidin as substrate to produce cyanidin in
vitro [86]. The two chiral configurations of leucocyanidin were observed in their precursors,
dihydroflavonol and derivatives, which were extracted from plants. (-)-2S, 3S-transdihydroquercetin-3’-O-D-glucopyranoside was isolated from Pinus densiflora [87], (-)-2S, 3Strans-taxifolin-3-O-D-glucopyranoside were identified from root-sprouts of Agrimonia pilosa
[88]. (+)-2S, 3R-cis-taxifolin and (-)-2R,3S-cis-taxifolin 3-O-D-xylopyranosides were isolated
from leaf extracts of Thujopsis dolabrata [89].
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7. Role of flavan-3-ol carbocation in the formation of PAs

How plants polymerize flavan-3-ols to PAs is still a mystery. One main problem unsolved is that
although it is clear that the start units of PAs are flavan-3-ols, the origin of extension units
remain unknown. To address this problem, a few hypotheses were proposed in the past. Unstable
flavan-3-ol carbocation was proposed to be the key intermediate to form the extension units of
PAs [90]. To date, this carbocation is the key to form hypotheses to interpret the biosynthesis of
PAs. One hypothesis is that flavan-3-ol carbocation is attacked by nucleophilic flavan-3-ols, the
result of which is the formation of an interflavan bond between C4 of an upper unit and C8 of a
bottom unit. The first evidence for this hypothesis resulted from a chemical synthesis that used
(+)-leucocyanidin and (+)-catechin to produce dimeric catechin-catechin. In a 0.1N HCl
methanol solvent, (+)-leucocyanidin was converted to (+)-catechin carbocation. When (+)catechin was added to the mixture, a dimeric procyanidin consisting of catechin-catechin was
produced [90]. A mechanism proposed for this chemical synthesis was that leucoanthocyanidins
was converted to 4-quinone methide, followed by a spontaneous proton shift to form flavan-3-ol
carbocation (Figure 4). Although no biochemical and genetic experiments proved this
mechanism, (-)-epicatechin carbocation was recently trapped from plant tissues. This datum
demonstrated the presence of flavan-3-ol carbocation in seeds of Arabidopsis thaliana and
CsANR transgenic tobacco [82].
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Figure 4 A scheme showing the formation of flavan-3-ol carbocation proposed from
different substrates.
LAR: leucoanthocyanidin reductase. ANS: anthocyanidin synthase. ANR: anthocyanidin
reductase. PPO: polyphenol oxidase. NE: non-enzymatic reaction.
Although the success of chemical synthesis of dimeric PAs proposes that leucoanthocyanidins be
precursors of flavan-3-ol carbocations, this hypothesis cannot explain the origin of the 2R,3R-cis
configuration that dominates in extension units of PAs. In addition, the biosynthesis of PAs in
Arabidopsis does not support this hypothesis. On the one hand, Arabidopsis only produces (-)-
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epicatechin with the 2R,3R-cis configuration and PAs in this model plant consist of (-)epicatechin (e.g. procyanidin B2) only. On the other hand, Arabidopsis ANS was shown to only
use 2R, 3S-trans leucoanthocyanidin as substrate [91]. This observation suggests that 2R, 2R-2,
3-cis-flavan-3-ol carbocation must result from other flavonoids [92]. In 2005, Xie et al proposed
a new model to interpret the biogenesis of flavan-3-ol carbocation in the plants. Flavan-3-ols and
anthocyanidins could be two precursors of flavan-3-ol carbocation. Polyphenol oxidase, laccase,
or peroxidase oxidizes flavan-3-ols and anthocyanidins to form semiquinone and quinone
methides, which are spontaneously converted to flavan-3-ol carbocation via flav-3-en-3-ols. To
date, on the one hand, the evidence of flavan-3-ol carbocation has been obtained from
biochemical and chemical experiments and transgenic plants. Trapping experiments detected
flavan-3-ol carbocation in ANR reactions, acidic degradation of PB, and plant tissues. On the
other hand, enzymes with the proposed function have not been found from plants [1, 2]. This
unknown mechanism indicates that, continuous efforts are necessary to understand the
polymerization mechanism of PAs.

Flavan-3-ol carbocation was recently trapped in the ANR catalysis in vitro and ANR transgenic
plants for the first time. Flavan-3-ol carbocation was proposed to exist in the reduction of
anthocyanidins catalyzed by ANR [80]. A recent study reported the trapping of flavan-3-ol
carbocation with nucleophilic cysteine [82]. When cysteine was added into the enzymatic
incubation of cyanidin and ANR, 4-cystainyl-(-)-epicatechin was formed. In addition, when an
extraction buffer supplemented with cysteine was used to extract samples of ANR transgenic
tobacco, in addition to (-)-epicatechin and PAs, a new 4-cystainyl-(-)-epicatechin was extracted
from samples [82]. These trapping experiments provided evidence that (-)-epicatechin
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carbocation formed in vitro and in vivo. Another recent experiment showed a dual activity of
ANR that it reduced flav-3-en-3,4-diol to 2,3-cis-3,4-cis-leucoanthocyanidin. Then 2,3-cis-3,4cis-leucoanthocyanidin lose the –OH at C4 to form flavan-3-ol carbocation, which was proposed
to form extension units of PAs [81]. Moreover, Flavan-3-ol-4-cysteine was observed in a lar
mutant of M. truncatula. The mutation of LAR led to the increase of flavan-3-ols but the
reduction of non-extractable PAs. Enzymatic assays demonstrated that LAR reduced flavan-3-ol4-cysteine to flavan-3-ol likely via its flavan-3-ol carbocation [93].

8. Health benefits of flavan-3-ols and PAs

Flavan-3-ols and PAs are two main top groups of flavonoids that have gained a large number of
pharmaceutical and nutritional studies to understand their benefits to human health. The main
rationale is that two groups are strong antioxidants existing in daily diets . In addition to
numerous compliments in evaluating their antioxidative activity, a large number of studies have
been completed to understand their functions in anti-cardiovascular, anti-cancer, anti-diabetes,
and antiviral diseases.

The potential application for preventing against cardiovascular diseases is of significance to
human health [94]. A few problems, such as excessive free radicals, oxidative stress, high blood
cholesterol levels, and high LDL levels, are associated with different cardiovascular diseases [94,
95]. Any improvements of these problems can reduce the risk of cardiovascular diseases, such as
high blood pressure and atherosclerosis. The past studies demonstrated that flavan-3-ols and PAs
effectively removed free radicals such as superoxide and nitric oxide in plasma [96], lowered
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down the levels of total cholesterol, inhibited LDL oxidation [97-99], and inhibited angiotensin I
converting enzyme (ACE) to improve high blood pressure [100].

Flavan-3-ols and PAs have been shown to possess promising anti-cancer activities. In vitro
studies showed that PAs and flavan-3-ols from grape and cranberry inhibited the proliferation of
H460 human large cell lung carcinoma and K562 chronic myelogenous leukemia cell [101-103].
Mechanistic studies reported that two groups of compounds induced apoptosis of cancerous cells
[103]. Molecular studies showed PAs and flavan-3-ols increased the expression of Bax and
Caspase-3, two proteins required for DNA fragmentation and apoptosis of Hela cells [104].
PAs and flavan-3-ols are potential pharmaceuticals to help improve type 2 diabetes.
Improvement of blood sugar concentrations is an important treatment of diabetes. PAs and
flavan-3-ols extracted from persimmon were shown to not only reduce high blood sugar
concentration but also improve hyperlipidemia of mice with type 2 diabetes [105]. PA and
flavan-3-ol extracts from grape seeds were demonstrated to significantly reduce glycation end
products, blood urea nitrogen, and creatinine in diabetic rats [106, 107]. Another study showed
crude PAs and flavan-3-ols extracts from longan flowers decreased the systolic blood pressure
and enhanced the expression of several insulin-signaling related proteins in insulin-resistant rats
[108].

PAs and flavan-3-ols have promising anti-viral activities. These compounds or their extracts
have been tested for activities against influenza, hepatitis, herpes virus, HIV, and SARS. SP-303,
an oligomeric PA extract from Croton lechleri, was shown to inhibit replication of both DNA
and RNA viruses in cell cultures, such as respiratory syncytial virus (RSV), influenza A (FLU-
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A), parainfluenza virus (PIV), herpesvirus (HSV) type 1 and 2, and hepatitis A and B [109].
Further tests with animal models demonstrated that SP-303 inhibited RSV in infected cotton rats
and African green monkeys, PIV-3 in infected mice and pigs, and FLU-A in mice [109].
Mechanistic studies revealed that PAs bound to viral envelope protein and inhibited viral
attachment to the host cell membrane. Another mechanism was shown that A-type PAs inhibited
viral RNA synthesis in host cells. For example, one experiment demonstrated that procyanidin
A2 eliminated canine distemper virus replication in VERO cells by inhibiting its RNAdependent RNA polymerase’s activity [110]. A great number of experiments have demonstrated
that the authentic EGCG is a fundamental pharmaceuticals to prevent or treat virus-infected
diseases. Experimental data revealed that EGCG inhibited Zika virus, herpes virus, FLU-A,
RSV, and HIV [111-114]. Furthermore, EGCG is effective to inhibit SARS [115, 116]. We
recently reported that EGCG, three other flavan-3-ol derivatives, and PB2 effectively inhibited
the main proteinase of SARS-Cov-2 [6]. Furthermore, our new data showed that these
compounds inhibited coronavirus 229E replication in human cells.

9. Questions

The past studies have elucidated all biosynthetic steps from phenylalanine or tyrosine to flavan3-ols and demonstrated that flavan-3-ols are the starter units of PAs. Recent experimental
evidence further showed that the hypothetical flavan-3-ol carbocation existed in the ANR
catalysis and plant cells. All these data greatly enhance understanding the biosynthesis of PAs. In
particular, the demonstration of flavan-3-ol carbocation provides fundamental information to
further elucidate the polymerization of PAs. Meanwhile, all these findings indicate that a few
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important questions need to be addressed to fully elucidate the polymerization mechanism of
PAs in the future.

If leucoanthocyanidins are the precursors of PA extension units, how are their stereo
configurations enzymatically formed by DFR? If DFR can introduce these stereo configurations
in vitro, do chiral configurations of leucoanthocyanidins exist in plant? A condensing synthase
(CS) was proposed to be members of PPOs, lacases, or peroxidases. Which one is CS and how
can it catalyze the polymerization of PAs?

Flava-3-ols, leucoanthocyanidins, and anthocyanidins are proposed to be precursors of PA
extension units. Which groups are the main one, why and how?

Additional questions include how plants biosynthesize non-extractable cell wall-bound PAs and
extractable PAs, how PAs bind to cell wall, and others.

24
REFERENCES
1.

Dixon, R.A., D.Y. Xie, and S.B. Sharma, Proanthocyanidins--a final frontier in flavonoid
research? New Phytol, 2005. 165(1): p. 9-28.

2.

Xie, D.Y. and R.A. Dixon, Proanthocyanidin biosynthesis--still more questions than
answers? Phytochemistry, 2005. 66(18): p. 2127-44.

3.

Bagchi, D., et al., Protective effects of grape seed proanthocyanidins and selected
antioxidants against TPA-induced hepatic and brain lipid peroxidation and DNA
fragmentation, and peritoneal macrophage activation in mice. Gen Pharmacol, 1998.
30(5): p. 771-6.

4.

Renaud, S. and M. de Lorgeril, Wine, alcohol, platelets, and the French paradox for
coronary heart disease. Lancet, 1992. 339(8808): p. 1523-6.

5.

Yamakoshi, J., et al., Proanthocyanidin-rich extract from grape seeds attenuates the
development of aortic atherosclerosis in cholesterol-fed rabbits. Atherosclerosis, 1999.
142(1): p. 139-49.

6.

Zhu, Y. and D.-Y. Xie, Docking characterization and in vitro inhibitory activity of
flavan-3-ols and dimeric proanthocyanidins against the main protease activity of SARSCov-2. Frontiers in Plant Science, 2020. 11(1884).

7.

Molan, A.L., S. De, and L. Meagher, Antioxidant activity and polyphenol content of
green tea flavan-3-ols and oligomeric proanthocyanidins. Int J Food Sci Nutr, 2009.
60(6): p. 497-506.

8.

Jiang, X.L., et al., Tissue-specific, development-dependent phenolic compounds
accumulation profile and gene expression pattern in tea lant Camellia sinensis. Plos One,
2013. 8(4): p. 14.

25
9.

Musial, C., A. Kuban-Jankowska, and M. Gorska-Ponikowska, Beneficial properties of
green tea catechins. International Journal of Molecular Sciences, 2020. 21(5): p. 11.

10.

Hu, J., D. Zhou, and Y. Chen, Preparation and antioxidant activity of green tea extract
enriched in epigallocatechin (EGC) and epigallocatechin gallate (EGCG). J Agric Food
Chem, 2009. 57(4): p. 1349-53.

11.

Poudel, P.R., K. Koyama, and N. Goto-Yamamoto, Evaluating the influence of
temperature on proanthocyanidin biosynthesis in developing grape berries (Vitis vinifera
L.). Mol Biol Rep, 2020. 47(5): p. 3501-3510.

12.

Cortell, J.M., et al., Influence of vine vigor on grape (Vitis vinifera L. Cv. Pinot Noir) and
wine proanthocyanidins. J Agric Food Chem, 2005. 53(14): p. 5798-808.

13.

Rinaldi, A., et al., Metabolic and RNA profiling elucidates proanthocyanidins
accumulation in Aglianico grape. Food Chem, 2017. 233: p. 52-59.

14.

Dallas, C., J. Ricardo-da-Silva, and O. Laureano, Degradation of oligomeric
procyanidins and anthocyanins in a Tinta Roriz red wine during maturation. Vitis, 1995.
34(1): p. 51-56.

15.

Ioannone, F., et al., Flavanols, proanthocyanidins and antioxidant activity changes
during cocoa (Theobroma cacao L.) roasting as affected by temperature and time of
processing. Food chemistry, 2015. 174: p. 256-262.

16.

Natsume, M., et al., Analyses of polyphenols in cacao liquor, cocoa, and chocolate by
normal-phase and reversed-phase HPLC. Bioscience, biotechnology, and biochemistry,
2000. 64(12): p. 2581-2587.

17.

Seigler, D. and R. Lieberei, 3 Proanthocyanidins in Cacao. Natural Antioxidants and
Biocides from Wild Medicinal Plants, 2013: p. 35.

26
18.

Hellstrom, J.K. and P.H. Mattila, HPLC determination of extractable and unextractable
proanthocyanidins in plant materials. Journal of agricultural and food chemistry, 2008.
56(17): p. 7617-7624.

19.

Lister, C.E., et al., Developmental changes in the concentration and composition of
flavonoids in skin of a red and a green apple cultivar. Journal of the Science of Food and
Agriculture, 1994. 64(2): p. 155-161.

20.

Inanami, O., et al., Oral administration of (-) catechin protects against ischemiareperfusion-induced neuronal death in the gerbil. Free radical research, 1998. 29(4): p.
359-365.

21.

Geiss, F., et al., Proanthocyanidins with (+)-epicatechin units from Byrsonima crassifolia
bark. Phytochemistry, 1995. 39(3): p. 635-643.

22.

Liu, Y.J., et al., Purification and Characterization of a Novel Galloyltransferase Involved
in Catechin Galloylation in the Tea Plant (Camellia sinensis). Journal of Biological
Chemistry, 2012. 287(53): p. 44406-44417.

23.

Davis, A.L., et al., 1H and 13C NMR assignments of some green tea polyphenols.
Magnetic resonance in Chemistry, 1996. 34(11): p. 887-890.

24.

Da Silva, J.M.R., et al., Procyanidin dimers and trimers from grape seeds.
Phytochemistry, 1991. 30(4): p. 1259-1264.

25.

Yuzuak, S., J. Ballington, and D.-Y. Xie, HPLC-qTOF-MS/MS-based profiling of flavan3-ols and dimeric proanthocyanidins in berries of two muscadine grape hybrids FLH 1311 and FLH 17-66. Metabolites, 2018. 8(4): p. 57.

27
26.

Kim, J.H., et al., Inhibitory activity of (−)-epicatechin-3, 5-O-digallate on α-glucosidase
and in silico analysis. International journal of biological macromolecules, 2018. 107: p.
1162-1167.

27.

Vihakas, M., et al., Flavonoid metabolites in the hemolymph of european pine sawfly
(Neodiprion sertifer) larvae. Journal of chemical ecology, 2012. 38(5): p. 538-546.

28.

Tang, J.S., et al., Antioxidative Phenylpropanoid-Substituted Epicatechin Glycosides
from Parabarium huaitingii. Planta Medica, 2009. 75(15): p. 1586-1590.

29.

Grabber, J.H., D. Ress, and J. Ralph, Identifying New Lignin Bioengineering Targets:
Impact of Epicatechin, Quercetin Glycoside, and Gallate Derivatives on the Lignification
and Fermentation of Maize Cell Walls. Journal of Agricultural and Food Chemistry,
2012. 60(20): p. 5152-5160.

30.

Cui, C.B., et al., Constitutents of fern, Davallia mariessi Moore. 4. Isolation and
structures of a novel norcarotane sesquiterpene glycoside, a chromone glucuronide, and
two epicatechin glycosides. Chemical & Pharmaceutical Bulletin, 1992. 40(8): p. 20352040.

31.

Nonaka, G.-I., et al., Flavanol glucosides from rhubarb and Rhaphiolepis umbellata.
Phytochemistry, 1983. 22(7): p. 1659-1661.

32.

Hosny, M., et al., (-)-Catechin glycosides from Ulmus davidiana. Archives of Pharmacal
Research, 2014. 37(6): p. 698-705.

33.

Li, Y., et al., A novel phenylpropanoid-substituted catechin glycoside and a new
dihydrochalcone from Sarcandra glabra. Chinese Chemical Letters, 2006. 17(2): p. 207210.

28
34.

Sprygin, V.G. and N.F. Kushnerova, Cranberry: a new source of oligomeric
proanthocyanidins. Pharmaceutical Chemistry Journal, 2004. 38(2): p. 100.

35.

Howell, A.B., et al., A-type cranberry proanthocyanidins and uropathogenic bacterial
anti-adhesion activity. Phytochemistry, 2005. 66(18): p. 2281-2291.

36.

Swain, T. and W. Hillis, The phenolic constituents of Prunus domestica. I.—The
quantitative analysis of phenolic constituents. Journal of the Science of Food and
Agriculture, 1959. 10(1): p. 63-68.

37.

Dalzell, S.A. and G.L. Kerven, A rapid method for the measurement of Leucaena spp
proanthocyanidins by the proanthocyanidin (butanol/HCl) assay. Journal of the Science
of Food and Agriculture, 1998. 78(3): p. 405-416.

38.

Porter, L.J., L.N. Hrstich, and B.G. Chan, The conversion of procyanidins and
prodelphinidins to cyanidin and delphinidin. Phytochemistry, 1985. 25(1): p. 223-230.

39.

Xie, D.-Y., et al., Role of anthocyanidin reductase, encoded by BANYULS in plant
flavonoid biosynthesis. Science, 2003. 299(5605): p. 396-399.

40.

Matthews, S., et al., Method for estimation of proanthocyanidins based on their acid
depolymerization in the presence of nucleophiles. Journal of Agricultural and Food
Chemistry, 1997. 45(4): p. 1195-1201.

41.

Kennedy, J.A. and G.P. Jones, Analysis of proanthocyanidin cleavage products following
acid-catalysis in the presence of excess phloroglucinol. Journal of Agricultural and Food
Chemistry, 2001. 49(4): p. 1740-1746.

42.

Butler, L.G., M.L. Price, and J.E. Brotherton, Vanillin assay for proanthocyanidins
(condensed tannins): modification of the solvent for estimation of the degree of
polymerization. Journal of Agricultural and Food Chemistry, 1982. 30(6): p. 1087-1089.

29
43.

Thies, M. and R. Fischer, New color reactin for microchemical detection and quantitative
determination of catechins. Mikrochim Acta, 1971. 59(1): p. 9-13.

44.

Treutter, D., Chemical reaction detection of catechins and proanthocyanidins with 4dimethylaminocinnamaldehyde. Journal of Chromatography, 1989. 467: p. 185-193.

45.

Nagel, C.W. and Y. Glories, Use of a modified dimethylaminocinnamaldehyde reagent
for analysis of flavanols. Am. J. Enol.Vitic, 1991. 42: p. 364-366.

46.

Xie, D.-Y., et al., Metabolic engineering of proanthocyanidins through co-expression of
anthocyanidin reductase and the PAP1 MYB transcription factor. Plant J, 2006. 45(6): p.
895-907.

47.

Zhu, Y., et al., Molecular cloning and functional characterization of the anthocyanidin
reductase gene from Vitis bellula. Planta, 2014. 240(2): p. 381-398.

48.

Zhu, Y., et al., Molecular cloning and functional characterization of the anthocyanidin
reductase gene from Vitis bellula. Planta, 2014. 240(2): p. 381-398.

49.

Shi, M.-Z. and D.-Y. Xie, Biosynthesis and metabolic engineering of anthocyanins in
Arabidopsis thaliana. Recent Pat Biotechnol, 2014. 8(1): p. 47-60.

50.

Camm, E.L. and G.N. Towers, Phenylalanine ammonia lyase. Phytochemistry, 1973.
12(5): p. 961-973.

51.

Tanaka, Y., et al., Structure and characterization of a cDNA clone for phenylalanine
ammonia-lyase from cut-injured roots of sweet potato. Plant physiology, 1989. 90(4): p.
1403-1407.

52.

Bell-Lelong, D.A., et al., Cinnamate-4-hydroxylase expression in Arabidopsis (regulation
in response to development and the environment). Plant Physiology, 1997. 113(3): p.
729-738.

30
53.

Mizutani, M., D. Ohta, and R. Sato, Isolation of a cDNA and a genomic clone encoding
cinnamate 4-hydroxylase from Arabidopsis and its expression manner in planta. Plant
Physiology, 1997. 113(3): p. 755-763.

54.

Louie, G.V., et al., Structural determinants and modulation of substrate specificity in
phenylalanine-tyrosine ammonia-lyases. Chemistry & biology, 2006. 13(12): p. 13271338.

55.

Schwede, T.F., J. Rétey, and G.E. Schulz, Crystal structure of histidine ammonia-lyase
revealing a novel polypeptide modification as the catalytic electrophile. Biochemistry,
1999. 38(17): p. 5355-5361.

56.

Hu, W.-J., et al., Compartmentalized expression of two structurally and functionally
distinct 4-coumarate: CoA ligase genes in aspen (Populus tremuloides). Proceedings of
the National Academy of Sciences, 1998. 95(9): p. 5407-5412.

57.

Lavhale, S.G., R.M. Kalunke, and A.P. Giri, Structural, functional and evolutionary
diversity of 4-coumarate-CoA ligase in plants. Planta, 2018. 248(5): p. 1063-1078.

58.

Austin, M.B. and J.P. Noel, The chalcone synthase superfamily of type III polyketide
synthases. Natural product reports, 2003. 20(1): p. 79-110.

59.

Napoli, C., C. Lemieux, and R. Jorgensen, Introduction of a chimeric chalcone synthase
gene into petunia results in reversible co-suppression of homologous genes in trans. The
plant cell, 1990. 2(4): p. 279-289.

60.

Jez, J.M., et al., Structure and mechanism of the evolutionarily unique plant enzyme
chalcone isomerase. Nature structural biology, 2000. 7(9): p. 786-791.

31
61.

BRITSCH, L. and H. GRISEBACH, Purification and characterization of (2S)‐flavanone
3‐hydroxylase from Petunia hybrida. European Journal of Biochemistry, 1986. 156(3): p.
569-577.

62.

Pelletier, M.K. and B.W. Shirley, Analysis of flavanone 3-hydroxylase in Arabidopsis
seedlings (Coordinate regulation with chalcone synthase and chalcone isomerase). Plant
physiology, 1996. 111(1): p. 339-345.

63.

Xu, B.-B., et al., Cloning and molecular characterization of a functional flavonoid 3′hydroxylase gene from Brassica napus. Journal of plant physiology, 2007. 164(3): p. 350363.

64.

Schoenbohm, C., et al., Identification of the Arabidopsis thaliana flavonoid 3'hydroxylase gene and functional expression of the encoded P450 enzyme. 2000.

65.

Brugliera, F., et al., Isolation and characterization of a flavonoid 3′‐hydroxylase cDNA
clone corresponding to the Ht1 locus of Petunia hybrida. The Plant Journal, 1999. 19(4):
p. 441-451.

66.

de Vetten, N., et al., A cytochrome b5 is required for full activity of flavonoid 3′, 5′hydroxylase, a cytochrome P450 involved in the formation of blue flower colors.
Proceedings of the National Academy of Sciences, 1999. 96(2): p. 778-783.

67.

Seitz, C., et al., Cloning, functional identification and sequence analysis of flavonoid 3′hydroxylase and flavonoid 3′, 5′-hydroxylase cDNAs reveals independent evolution of
flavonoid 3′, 5′-hydroxylase in the Asteraceae family. Plant molecular biology, 2006.
61(3): p. 365-381.

32
68.

Downey, M.O., J.S. Harvey, and S.P. Robinson, Synthesis of flavonols and expression of
flavonol synthase genes in the developing grape berries of Shiraz and Chardonnay (Vitis
vinifera L.). Australian Journal of Grape and Wine Research, 2003. 9(2): p. 110-121.

69.

Owens, D.K., et al., Functional analysis of a predicted flavonol synthase gene family in
Arabidopsis. Plant physiology, 2008. 147(3): p. 1046-1061.

70.

Xie, D.-Y. and R.A. Dixon, Proanthocyanidin biosynthesis - still more questions than
answers? Phytochemistry, 2005. 66(18): p. 2127-2144.

71.

Peng, Q.Z., et al., An integrated approach to demonstrating the ANR pathway of
proanthocyanidin biosynthesis in plants. Planta, 2012. 236(3): p. 901-18.

72.

Xie, D.-Y., et al., Molecular and biochemical analysis of two cDNA clones encoding
dihydroflavonol-4-reductase from Medicago truncatula. Plant Physiol, 2004. 134(3): p.
979-994.

73.

Saito, K., et al., Direct evidence for anthocyanidin synthase as a 2-oxoglutaratedependent oxygenase: molecular cloning and functional expression of cDNA from a red
forma of Perilla frutescens. The Plant Journal, 1999. 17: p. 181-189.

74.

Zhu, Y., et al., Functional characterization of an anthocyanidin reductase gene from the
fibers of upland cotton (Gossypium hirsutum). Planta, 2015. 241(5): p. 1075-1089.

75.

Xie, D.-Y., S.B. Sharma, and R.A. Dixon, Anthocyanidin reductases from Medicago
truncatula and Arabidopsis thaliana. Archives of Biochemistry and Biophysics, 2004.
422(1): p. 91-102.

76.

Thirugnanasambantham, K., S. Muralidaran, and A.K.A. Mandal, Molecular cloning,
computational and expression analysis of anthocyanidin reductase in tea (Camellia
sinensis). Applied biochemistry and biotechnology, 2014. 174(1): p. 130-145.

33
77.

Tanner, G.J., et al., Proanthocyanidin biosynthesis in plants. Purification of legume
leucoanthocyanidin reductase and molecular cloning of its cDNA. J Biol Chem, 2003.
278: p. 31647-56.

78.

Liu, C.G., et al., A role for leucoanthocyanidin reductase in the extension of
proanthocyanidins. Nat. Plants, 2016. 2(12).

79.

Jun, J.H., et al., Proanthocyanidin subunit composition determined by functionally
diverged dioxygenases. Nature Plants, 2018. 4(12): p. 1034-1043.

80.

Xie, D.-Y., S.B. Sharma, and R.A. Dixon, Anthocyanidin reductases from Medicago
truncatula and Arabidopsis thaliana. Arch Biochem Biophys, 2004. 422(1): p. 91-102.

81.

Jun, J.H., et al., Dual activity of anthocyanidin reductase supports the dominant plant
proanthocyanidin extension unit pathway. Science Advances, 2021. 7(20): p. eabg4682.

82.

Wang, P., et al., Functional demonstration of plant flavonoid carbocations proposed to
be involved in the biosynthesis of proanthocyanidins. The Plant Journal, 2020. 101(1): p.
18-36.

83.

Gargouri, M., et al., Structure and epimerase activity of anthocyanidin reductase from
Vitis vinifera. Acta Crystallogr Sect D-Biol Crystallogr, 2009. 65: p. 989-1000.

84.

Zhang, J.R., et al., Production of 3,4-cis- and 3,4-trans-Leucocyanidin and Their Distinct
MS/MS Fragmentation Patterns. J Agric Food Chem, 2018. 66(1): p. 351-358.

85.

Turnbull, J.J., et al., Are anthocyanidins the immediate products of anthocyanidin
synthase? Chemical Communications, 2000(24): p. 2473-2474.

86.

Turnbull, J.J., et al., The C-4 stereochemistry of leucocyanidin substrates for
anthocyanidin synthase affects product selectivity. Bioorg Med Chem Lett, 2003. 13(21):
p. 3853-7.

34
87.

Sato, M., et al., Flavanonol glucoside and proanthocyanidins: oviposition stimulants for
the cerambycid beetle, Monochamus alternatus. Journal of Pesticide Science, 1999.
24(2): p. 123-129.

88.

Pei, Y., et al., Studies on the structure of a new flavanonol glucoside of the root-sprouts
of Agrimonia pilosa Ledeb. Yao xue xue bao= Acta pharmaceutica Sinica, 1990. 25(4): p.
267-270.

89.

Nonaka, G.-I., et al., Tannins and related compounds. LII. Studies on the constituents of
the leaves of Thujopsis dolabrata Sieb. et Zucc. Chemical and pharmaceutical bulletin,
1987. 35(3): p. 1105-1108.

90.

Creasy, L. and T. Swain, Structure of condensed tannins. Nature, 1965. 208(5006): p.
151-153.

91.

Wilmouth, R.C., et al., Structure and mechanism of anthocyanidin synthase from
Arabidopsis thaliana. Structure (Camb), 2002. 10(1): p. 93-10.

92.

Routaboul, J.-M., et al., Flavonoid diversity and biosynthesis in seed of Arabidopsis
thaliana. Planta, 2006. 224(1): p. 96-107.

93.

Liu, C., et al., A role for leucoanthocyanidin reductase in the extension of
proanthocyanidins. Nature Plants, 2016. 2(12): p. 1-7.

94.

Aron, P.M. and J.A. Kennedy, Flavan‐3‐ols: Nature, occurrence and biological activity.
Molecular nutrition & food research, 2008. 52(1): p. 79-104.

95.

Folts, J.D., Potential health benefits from the flavonoids in grape products on vascular
disease. Flavonoids in cell function, 2002: p. 95-111.

96.

Havsteen, B.H., The biochemistry and medical significance of the flavonoids.
Pharmacology & therapeutics, 2002. 96(2-3): p. 67-202.

35
97.

Bagchi, D., et al., Molecular mechanisms of cardioprotection by a novel grape seed
proanthocyanidin extract. Mutation Research/Fundamental and Molecular Mechanisms
of Mutagenesis, 2003. 523: p. 87-97.

98.

Vitseva, O., et al., Grape seed and skin extracts inhibit platelet function and release of
reactive oxygen intermediates. Journal of cardiovascular pharmacology, 2005. 46(4): p.
445-451.

99.

Grassi, D., et al., Cocoa and cardiovascular health. The sweet heart protection. AGRO
FOOD INDUSTRY HI TECH, 2006. 17(1): p. XIII.

100.

Fernández, K. and J. Labra, Simulated digestion of proanthocyanidins in grape skin and
seed extracts and the effects of digestion on the angiotensin I-converting enzyme (ACE)
inhibitory activity. Food chemistry, 2013. 139(1-4): p. 196-202.

101.

Ye, X., et al., The cytotoxic effects of a novel IH636 grape seed proanthocyanidin extract
on cultured human cancer cells, in Stress adaptation, prophylaxis and treatment. 1999,
Springer. p. 99-108.

102.

Neto, C.C., et al., MALDI‐TOF MS characterization of proanthocyanidins from
cranberry fruit (Vaccinium macrocarpon) that inhibit tumor cell growth and matrix
metalloproteinase expression in vitro. Journal of the Science of Food and Agriculture,
2006. 86(1): p. 18-25.

103.

Suganya, M., et al., Antitumor effect of proanthocyanidin induced apoptosis in human
colorectal cancer (HT-29) cells and its molecular docking studies. BMC chemistry, 2019.
13(1): p. 1-14.

104.

Roy, A.M., et al., Grape seed proanthocyanidins induce apoptosis through p53, Bax, and
caspase 3 pathways. Neoplasia, 2005. 7(1): p. 24-36.

36
105.

Lee, Y.A., et al., Inhibitory activities of proanthocyanidins from persimmon against
oxidative stress and digestive enzymes related to diabetes. Journal of Nutritional Science
and Vitaminology, 2007. 53(3): p. 287-292.

106.

Li, B.Y., et al., Back‐regulation of six oxidative stress proteins with grape seed
proanthocyanidin extracts in rat diabetic nephropathy. Journal of cellular biochemistry,
2008. 104(2): p. 668-679.

107.

Lee, Y.A., et al., Ameliorative effects of proanthocyanidin on oxidative stress and
inflammation in streptozotocin-induced diabetic rats. Journal of agricultural and food
chemistry, 2007. 55(23): p. 9395-9400.

108.

Hu, Y., et al., Tartary buckwheat flavonoids ameliorate high fructose-induced insulin
resistance and oxidative stress associated with the insulin signaling and Nrf2/HO-1
pathways in mice. Food & function, 2017. 8(8): p. 2803-2816.

109.

Ubillas, R., et al., SP-303, an antiviral oligomeric proanthocyanidin from the latex of
Croton lechleri (Sangre de Drago). Phytomedicine, 1994. 1(2): p. 77-106.

110.

Gallina, L., et al., Inhibition of viral RNA synthesis in canine distemper virus infection by
proanthocyanidin A2. Antiviral research, 2011. 92(3): p. 447-452.

111.

Carneiro, B.M., et al., The green tea molecule EGCG inhibits Zika virus entry. Virology,
2016. 496: p. 215-218.

112.

Zhao, M., et al., A proprietary topical preparation containing EGCG-stearate and
glycerin with inhibitory effects on herpes simplex virus: Case study. Inflammation &
Allergy-Drug Targets (Formerly Current Drug Targets-Inflammation &
Allergy)(Discontinued), 2012. 11(5): p. 364-368.

37
113.

Costa, S.S., et al., Flavonoids in the therapy and prophylaxis of flu: a patent review.
Expert opinion on therapeutic patents, 2012. 22(10): p. 1111-1121.

114.

Rrapo, E., et al., Green Tea-EGCG reduces GFAP associated neuronal loss in HIV-1 Tat
transgenic mice. American journal of translational research, 2009. 1(1): p. 72.

115.

Chen, C.N., et al., Inhibition of SARS-CoV 3C-like protease activity by theaflavin-3,3 'digallate (TF3). Evidence-Based Complementary and Alternative Medicine, 2005. 2(2):
p. 209-215.

116.

Singh, S.P. and B.K. Konwar, Molecular docking, DFT and ADME-toxicity studies on
analogues of epigallocatechin gallate as SARS coronavirus 3CL protease inhibitors.
Journal of Bioinformatics and Intelligent Control, 2013. 2(1): p. 1-10.

38
CHAPTER 2
Molecular Cloning and Functional Characterization of a Dihydroflavonol 4-Reductase
from Vitis bellula
Abstract: Vitis bellula is a new grape crop in southern China. Berries of this species are rich in
antioxidative anthocyanins and proanthocyanidins. This study reports cloning and functional
characterization of a cDNA encoding a V. bellula dihydroflavonol reductase (VbDFR) involved
in the biosynthesis of anthocyanins and proanthocyanidins. A cDNA including 1014 bp was
cloned from young leaves and its open reading frame (ORF) was deduced encoding 337 amino
acids, highly similar to V. vinifera DFR (VvDFR). Green florescence protein fusion and confocal
microscopy analysis determined the cytosolic localization of VbDFR in plant cells. A soluble
recombinant VbDFR was induced and purified from E. coli for enzyme assay. In the presence of
NADPH, the recombinant enzyme catalyzed dihydrokaempferol (DHK) and dihydroquercetin
(DHQ) to their corresponding leucoanthocyanidins. The VbDFR cDNA was introduced into
tobacco plants via Agrobacterium-mediated transformation. The overexpression of VbDFR
increased anthocyanin production in flowers. Anthocyanin hydrolysis and chromatographic
analysis revealed that transgenic flowers produced pelargonidin and delphinidin, which were not
detected in control flowers. These data demonstrated that the overexpression of VbDFR
produced new tobacco anthocyanidins. In summary, all data demonstrate that VbDFR is a useful
gene to provide three types of substrates for metabolic engineering of anthocyanins and
proanthocyanidins in grape crops and other crops.
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1. Introduction

Dihydroflavonol 4-reductase (DFR) is a key late enzyme in the plant flavonoid pathway toward
both anthocyanins and proanthocyanidins (Figure 1). It catalyzes the key step from
dihydroflavonols, such as dihydrokaempferol (DHK), dihydroquercetin (DHQ), and
dihydromyricetin (DHM), to leucoanthocyanidins, such as leucopelargonidin, leucocyanidin, and
leucodelphinidin [1]. DFR genes have been cloned from multiple plants and its mutation has
been demonstrated to cause the loss of anthocyanins and proanthocyanidins in plants [2–5]. To
date, DFR is an economically important plant gene, given that anthocyanins and
proanthocyanidins are two groups of antioxidants relating to high nutritional values of crop,
food, and beverage (such as wine and green tea) products [6–9]. Particularly, anthocyanins are
one of the richest plant natural pigments with significant economic values in the horticulture
industry [6,10–13]. Since the first success of Petunia flower color engineering was achieved
using the first DFR cDNA cloned from maize [13], multiple homologs have been cloned to
engineer anthocyanins [1,14,15] and proanthocyanidins [16,17]. DFR also plays a key role in
transcription factor-based anthocyanin engineering. A common metabolic phenotype is that the
activation or enhancement of DFR expression is necessary in MYB transcription factor-based
anthocyanin engineering. For example, the regulatory function of the Production of Anthocyanin
Pigmentation 1 (PAP1, a MYB75) depends upon the expression of DFR [18–24].

Vitis bellula (namely Bellula here) is a relative of V. vinifera (in Vitaceae), which is the main
grape crop for both wine and non-alcoholic beverage products [25–27]. Although the cropping of
V. bellula is limited to southern China [28], this species has become an emerging new grape crop
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to develop potential wine and beverage products due to its high nutritional values. Our recent
studies have revealed that its berry is rich in flavan-3-ols and proanthocyanidins [28,29] (Figure
1). We have demonstrated that the formation of proanthocyanidins and flavan-3-ols in V. bellula
is via two pathways, the anthocyanidin reductase (ANR) and leucoanthocyanidin reductase
(LAR) pathways [28,30]. Metabolic profiling revealed that Bellula’s berries produce two types
of configurations of flavan-3-ols, 2R, 3S-2, 3-trans-flavan-3-ols such as (+)-catechin and (+)gallocatechin and 2R, 3R-2, 3-cis-flavan-3-ols such as (−)-epicatechin (and (−)-epigallocatechin.
Both butanol:HCl cleavage and chromatograph analyses have revealed that the building units of
proanthocyanidins include three types of flavan-3-ols, which are characterized by one –OH, two
–OH, and three –OH groups in the B ring, such as (−)-epifazelechin, (−)-epicatechin, and (−)epigallocatechin (Figure 1). These three types of structures are correspondingly derived from
leucopelargonidin, leucocyanidin, and leucodelphinidin via either the ANR or LAR pathway
(Figure 1).
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Figure 1. Late pathway steps of flavonoids from dihydroflavonol to anthocyanins and
proanthocyanidins. DFR: dihydroflavonol reductase, ANS: anthocyanidin synthase, ANR:
anthocyanidin reductase, LAR: leucoanthocyanidin reductase, and UFGT: UDP-glucose
flavonoid 3-O-glucosyltransferase. UDP: uridine diphosphate.
To date, cDNA(s) encoding DFR has not be cloned from V. bellula. In this article, we report the
cloning and characterization of V. bellula DFR (VbDFR). A DFR cDNA homolog, namely
VbDFR, was cloned from young leaves. Sequence alignment using deduced amino acids showed
that only three amino acids were different between VbDFR and V. vinifera DFR (VvDFR),
demonstrating their high identity. In vitro enzymatic assay, transgenic analysis, and metabolic
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profiling of transgenic plants showed that VbDFR catalyzes the step from dihydroflavonols to
leucoanthocyanidins. Particularly, the overexpression of VbDFR in tobacco flowers led to the
formation of pelargonidin, cyanidin, and delphinidin in plants. These results indicate that VvDFR
is a useful gene to metabolically engineer three types of anthocyanidins and their corresponding
anthocyanins.

2. Results

2.1. Cloning of DFR Gene from Leaf of V. bellula
Based on VvDFR sequence (GenBank: CAA53578.1), we designed a pair of primers, which
contained the start and stop codon nucleotides. RT-PCR was carried out to amplify a DFR cDNA
from a leaf cDNA library of V. bellula. We named it VbDFR. This amplification produced an
approximately 1 kb cDNA fragment (Figure 2a). Sequencing confirmed that this fragment was
composed of 1014 nucleotides including the full length of open reading frame (ORF) from the
start codon to the stop codon, which was deduced to translate 337 amino acids. An unrooted
phylogenetic tree was built using amino acid sequences of 13 DFR homologs. The resulting tree
clustered them into two main clades (Figure 2b). VbDFR, VvDFR, AtDFR, AgDFR, and PlDFR
were clustered in one clade, which VbDFR and VvDFR are directly clustered together,
indicating their close similarity. Further amino acid sequence alignment using 13 DFR homologs
revealed three different amino acids between VbDFR and V. vinifera DFR (VvDFR). In addition,
this alignment showed that the deduced VbDFR amino acid sequence included the conserved
glycine-rich Rossmann NADPH/NADH-binding domain and a substrate specificity domain
(Figure 2c).
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Figure 2. Cloning, amino acid sequence alignment, and an unrooted phylogenetic tree of
DFR obtained from deduced amino acid sequences of 13 DFR homologs.
a, a DFR cDNA fragment was amplified from V. bellula leaf tissue by RT-PCR. M: DNA
marker, 1: DFR cDNA fragment, CT: negative control.
b, an unrooted phylogenetic tree was built from amino acid sequences of 13 DFR homologs.
c, amino acid sequence alignment were develop from 13 DFR homologs; “*”: the same amino
acid in all sequences; “:”: conserved amino acid residues; “.”: half conserved amino acid
residues; “######”: potential NADPH/NADH binding domain; amino acids underlined form a
potential substrate specificity domain of DFR. AtDFR: Arabidopsis thaliana DFR; CmDFR:
Crataegus monogyna DFR; GmDFR1: Glycine max DFR1; GmDFR2: Glycine max DFR2;
LjDFR: Lotus japonicas DFR; MdDFR: Malus domestica DFR; MtDFR: Medicago truncatula
DFR; NgDFR: Nekemias grossedentata DFR; PaDFR: Prunus avium DFR; PpDFR: Pyrus
pyrifolia DFR; PlDFR: Paeonia lactiflora DFR; VvDFR: Vitis vinifera DFR.
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2.2. Recombinant VbDFR Expression and Enzymatic Assay
The ORF was cloned into a pET 28a (+) vector to obtain a recombinant pET 28a (+)-VbDFR
vector. This construct was transformed into BL21 (DE3) plysS strain to induce recombinant
VbDFR protein. The pET 28a (+) empty vector was used as control. After induced with 1.0 mM
IPTG, extraction of E. coli revealed that recombinant VbDFR protein existed on both inclusion
body and buffer (Figure 3a). However, the recombinant protein was not produced from the
empty vector control (Figure 3a). Next, the recombinant protein was purified by using a Ni-NTA
column. SDS-PAGE analysis showed one major recombinant VbDFR band from this purification
(Figure 3b). The purified recombinant VbDFR was stored at −20 °C for further enzymatic
assays. (−)-Taxifolin and (−)-dihydrokaempferol (DHK) are two DFR substrates (Figure 1). We
used these two substrates to examine the enzymatic activity of the recombinant VbDFR. The
enzymatic reaction was carried out in 500 μL volume that included 15 μg substrates, 50 μg
protein, 50 mM citrate buffer at pH 6, and 20 μg NADPH. After reactions were extracted with
ethyl acetate, products were dissolved in methanol for HPLC analysis. HPLC profiles recorded at
280 nm showed that one new peak was observed from reactions using taxifolin (Figure 3c-1) and
DHK (Figure 3d-1), respectively. However, these new peaks were neither observed from control
reactions using denatured protein nor existed in standard samples (Figure 3c-2,d-2). These results
demonstrated that the recombinant VbDFR used these two metabolites as substrates. Although
leucoanthocyanidin standards were not commercially available, based on our previous
elucidation method for DFR’s products [1], these two new peaks from taxifolin and DHK were
annotated to be leucocyanidin and leucopelargonidin, respectively.

46

Figure 3. Recombinant protein expression and enzymatic analysis of VbDFR.
a, a SDS-PAGE image shows recombinant VbDFR protein induced in E. coli BL21 (DE3) plysS
strain. Lane 1: 20 μg crude protein extracts from BL21 (DE3) plysS/pET28a (+) vector control;
lane 2: 20 μg crude protein extracts from BL21 (DE3) plysS/pET28a (+)-VbDFR. Lane 3:
insoluble crude protein extracts from BL21 (DE3) plysS/pET28a (+)-VbDFR. Lane 4: soluble
crude protein extracts from BL21 (DE3) plysS/pET28a (+)-VbDFR. M: protein molecular weight
marker.
b, an image shows recombinant VbDFR purified.
c, HPLC profiles show one product formed from the incubation of taxifolin and recombinant
VbDFR (c-1) but not denatured VbDFR (c-2); c-3, taxifolin standard. (d), HPLC profiles show
one product formed from the incubation of dihydrokaempferol (DHK) and recombinant VbDFR
(d-1) but not denatured recombinant VbDFR (d-2); d-3 DHK standard.
2.3. Subcellular Localization of VbDFR
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After the stop codon was removed, VbDFR was fused to the N-terminus of GFP to obtain a new
plasmid, namely pBI121-VbDFR-GFP (Figure 4a). In addition, one pBI121-GFP plasmid was
used as control. Two plasmids were introduced to onion epidermal cells via a gene gun
transformation. Examination of epidermal cells under confocal microscope revealed that green
fluorescence signal was mainly located in the entire cytosol of epidermal cells transformed with
the pBI121-VbDFR-GFP plasmid (Figure 4a). The same result was observed in epidermal cells
transformed with the pBI121-GFP plasmid (Figure 4b). These results showed the cytosolic
localization of VbDFR.

Figure 4. Transient expression using GFP fusion and confocal microscope images.
a, a cassette showing VbDFR and GFP fusion and a confocal microscopy image showing
subcellular localization of VbDFR-GFP;
b, a cassette showing GFP as positive control and a confocal microscopy image showing
subcellular localization of GFP.
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2.4. Overexpression of VbDFR Tobacco Enhances Production of Anthocyanins
VbDFR was overexpressed in tobacco plants to examine its function in planta. The ORF of
VbDFR was cloned into the pBI121 binary vector under the control of a CaMV35S promoter
(Figure 5a) and transformed to tobacco plants as reported previously [1]. More than 10
kanamycin-resistant plantlets were regenerated from tissue culture, planted in pot soil, and
maintained in the greenhouse to grow up for flowers. In addition, pBI121 vector transgenic and
wild-type plants were grown as control to compare plant growth and flower coloration. PCR
analysis showed that the transgene was integrated into the transgenic plant genome and RT-PCR
analysis demonstrated the ectopic expression of the VbDFR transgene (Figure 5b). Obvious
flower color changes were observed in VbDFR transgenic plants. The red pigmentation of
VbDFR transgenic petals was deeper than that of control petals (Figure 5a). Further
quantification using methanol: HCl extraction was carried out on a UV spectrophotometer.
Absorbance values recorded at 530 nm showed that the contents of anthocyanins are
significantly higher in VbDFR transgenic flowers than in control ones (Figure 5c). These
demonstrated that the overexpression of VbDFR increased anthocyanin biosynthesis in
transgenic flowers.

To further characterize effects of the VbDFR transgene on anthocyanidin profiles in transgenic
flowers, anthocyanin extracts were hydrolyzed using butanol: HCl boiling. The hydrolyzed
products were subject to TLC profiling and HPLC analysis. The resulting TLC profiles showed
that in addition to a strong spot with the same Rf value as cyanidin, red colors were observed in
spots with the same Rf values as pelargonidin and delphinidin (Figure 5d). To further
characterize anthocyanidins corresponding to these spots, HPLC analysis were performed to
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compare them with three authentic standards, cyanidin, pelargonidin, and delphinidin, which
have the maximum absorbance value at 524 nm, 515 nm, and 530 nm, respectively. Based on the
retention time and UV spectrum properties, cyanidin, pelargonidin, and delphinidin were
detected in VbDFR transgenic flower extracts, while only cyanidin was detected from wild-type
control flowers (Figure 5e). Moreover, the peak area of cyanidin from the VbDFR transgenic
flowers were significantly bigger than that from wild type flowers. We noticed that on the TLC
plate, the light pink spot at the same retention time as pelargonidin was obvious, however HPLC
only showed a relatively small shouldered peak (Figure 5e-2). This likely resulted from the
overlapping of an unidentified anthocyanidin and pelargonidin on the TLC plate, two of which
were separated by HPLC. These results further demonstrated that the overexpression of VbDFR
in tobacco not only increased cyanidin contents, but also produced two new tobacco
anthocyanidins.
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Figure 5 Increase of anthocyanins in transgenic tobacco flowers overexpressing VbDFR.
a, cassettes of pBI121 and pBI121-VbDFR vectors show VbDFR controlled by 35S promoter for
overexpression, and red pigmentation was enhanced in flowers of two VbDFR transgenic
tobacco lines (L1 and L2) compared with vector control flower.
b, images show fragments amplified by genomic DNA-based PCR and RT-PCR.
c, absorbance values for anthocyanin extracts were significantly higher from flowers of VbDFR
transgenic tobacco lines (L1 and L2) than from vector control flowers.
d, TLC profiles show anthocyanidins from the butanol:HCl hydrolysis of anthocyanins extracts
from transgenic tobacco line (L1) and vector control plants.
e, HPLC profiles show anthocyanidins from butanol:HCl hydrolysis of anthocyanins extracted
from transgenic tobacco line (e-1) and vector control (e-2) plants. e-3: authorized standards, Del:
delphinidin, Cy: cyanidin, Pel: pelargonidin.
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3. Discussion

The study of more DFR homologs from different Vitis species is necessary in order to
appropriately understand this key gene’s function in the biosynthesis of plant flavonoids for
grape agriculture. Since the VvDFR cDNA sequence was cloned from V. vinifera two decades
ago [31], to our knowledge, no DFR homologs have been characterized from other Vitis species.
To date, VvDFR is the only Vitis DFR homolog that has been appropriately characterized to
understand the step from dihydroflavonols to leucoanthocyanidins in the biosynthetic pathways
of anthocyanins and proanthocyanidins in grape berries [32–36]. Different transcriptional studies
have showed that the expression of VvDFR is regulated by different factors. High temperature
during night time was found to inhibit the expression of VvDFR [34]. Light was found to induce
the activation of the DFR promoter [32]. The synthetic auxin, 2,4-dichlorophynoxyacetic acid,
was found to inhibit the expression of VvDFR in anthocyanin producing cells, which abscisic
acid was shown to upregulate the expression of VvDFR [37]. Other factors such as calcium and
sucrose were also demonstrated to induce the expression of VvDFR [32]. A crystal structural
study has characterized the NADPH-binding Rossmann domain at the N-terminus and substratebinding specificity in the variable C-terminus [36]. The amino acid region from 131–15 has been
characterized to be the substrate binding site. In particular, the Asn or Asp residue at position
133 has been characterized to associate with substrate recognition although the variant N133D
may not be solely specific to recognize the three hydroxylation patterns in the B-ring of
dihydroflavonols (Figure 1) [36]. In summary, on the one hand, these data provide useful
information for understanding the regulation of biosynthesis of anthocyanins and
proanthocyanidins in grape berries in the field. On the other hand, the function of VvDFR in
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planta, such as in transgenic plants, still remains for further investigation. The present study
characterizes the function of VbDFR, a new homolog, to understand the biosynthesis of plant
flavonoids in the Vitis species. It is interesting that VbDFR and VvDFR only have three different
amino acids, revealing the high conservation of sequences. Accordingly, as we expected, an in
vitro assay showed that the recombinant VbDFR used DHK and DHQ as substrates to produce
their corresponding leucopelargonidin and leucocyanidin (Figure 3d,e). Although we couldn’t
find DHM for a substrate assay, VbDFR transgenic but not control tobacco flowers produced
delphinidin, providing evidence that VbDFR uses DHM as substrate. Our confocal analysis
showed the subcellular localization of VbDFR in the cytosol (Figure 4), revealing the in vivo
catalytic localization in cells. To date, the function of VvDFR has not been characterized in
transgenic plants. In our study, we overexpressed VbDFR in tobacco plants to understand this
Vitis DFR’s functions in planta. The ectopic expression of VbDFR increased anthocyanin
production (Figure 5a,d). More importantly, transgenic flowers produced pelargonidin and
delphinidin (Figure 5c,e), which were not produced in control flowers, demonstrating that the
VbDFR produced new tobacco anthocyanidins. Given that anthocyanidins characterized from V.
vinifera mainly include cyanidin and delphinidin and their derivatives such as peonidin,
petunidin, and malvidin [35], while pelargonidin and pelargonins are uncommonly identified
from this crop, our transgenics data provide new information to understand the structural
diversity of anthocyanidins in Bellula grape plants and suggest that studying more grape species
can enhance the discovery of new anthocyanins for wine and non-alcoholic beverage industries.
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4. Materials and Methods

4.1. Cloning of VbDFR from Young Leaves of V. bellula
Fifty milligrams of young leaf sample of V. bellula were collected and ground into fine powder
in liquid nitrogen. Total RNA was extracted using a Plant RNA extract Kit (Sangon, Shanghai,
China) and then digested with 1.0 μg DNase to remove genomic DNA contamination. The
resulting DNA-free RNA sample was used as a template to synthesize the first strand cDNA with
MMLV Reverse transcriptase (Takara, Japan) and oligo (dT)12 primer. All steps followed those
manufacturers’ protocols.

Based on V. vinifera DFR sequences, one pair of primers containing the start and stop codons
was designed to amplify its homolog from V. bellula, namely VbDFR. The forward primer was
5′-ATGGGTTCACAAAGTGAAAC-3′, and the reverse primer was 5′CTAGGTCTTGCCATCTACAG-3′. Two μL of the 1st strand cDNA was used as template for
polymerase chain reaction (PCR) to amplify VbDFR cDNA. Ex-Taq polymerase (Takara, Japan)
was used for PCR following this manufacturer’s protocol. The thermal cycle was composed of
94 °C 5 min, 30 cycles of 94 °C 45 s, 57 °C 45 s, and 72 °C 45 s. The final extension step was 10
min at 72 °C. The amplified cDNA was separated on an agarose gel by electrophoresis and
visualized using EB dye. The band was excised from gel, from which the cDNA fragment was
purified using a Qiagen DNA purification kit by following the manufacturer’s protocol. Next, the
isolated cDNA was cloned into a T-easy vector (Promega, Madison, WI, USA) to obtain a TVbDFR plasmid by following the manufacturer’s protocol. The new plasmid was introduced into
competent cells of E. coli DH5α strain. One single colony was selected for suspension culture.
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The resulting E. coli culture was used to isolate the plasmid with QIAprep Spin Miniprep Kit
(Qiagin, Hilden, Germany). The resulting plasmid was used for sequencing.

4.2. Expression of Recombinant VbDFR in E. coli and Purification
A pair of primers was designed to clone VbDFR to pET28a (+) (Novagen, Madison, WI, USA), a
protein expression vector. The forward primer was 5′-CGGAATTCATGGGTTCACAAAGTG
AAACCG-3′, in which the underlined region is an introduced EcoR I restriction site. The reverse
primer was 5′CCGCTCGAGTTAGTGATGGTGATGATGGTGGGTCTTGCCATCCTACAGG-3′, in which
the underlined CTCGAG region is an introduced Xhol restriction site and the other is an
introduced His-tag encoding site consisting of 18 nucleotides. Approximately 1.0 ng of the TVbDFR plasmid was used as template for PCR, which was carried out using Ex-taq DNA
polymerase (Takara, Japan) as described above. The resulting PCR product was purified as
described above and then digested with Xhol and EcoR I (Takara, Japan) by following the
manufacturer’s protocol. The digested products were purified via gel purification as described
above and then ligated into the pET28a (+) vector, which was also digested by Xhol and EcoR I.
Ligated products were introduced into competent cells of BL21 (DE3) plysS E. coli strain, which
were streaked on agar-solidified LB medium plate containing 200 mg/L ampicillin. Single
positive colonies were selected via PCR-based screening and then used for suspension culture to
isolate the plasmid. The resulting plasmid was used for sequencing to obtain a sequence without
mutations. The empty vector was also introduced to E. coli as a control.
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A positive colony was identified and then inoculated to 10 mL autoclaved liquid LB medium
supplemented with 200 mg/L ampicillin in a 50 mL tube, which was placed on a rotary shaker at
a speed of 250 rpm at 37 °C. After an overnight culture, one mL suspension was inoculated to
100 mL fresh liquid LB containing 200 mg/L ampicillin in a 500 mL Erlenmeyer flask, which
was placed on the same shaker at speed of 120 rpm at 37 °C. When the optical density (OD) of
suspension culture measured at 600 nm reached 0.7, the incubation temperature was reduced to
30 °C and isopropyl-1-thio-β-d-galactopyranoside (IPTG) was added to cell suspension to a final
concentration of 10 mM. Next, cell suspension was continuously cultured 4 h to reach
approximately OD600 1.1. Cells were harvested by centrifugation at 6000 rpm 5 min at 4 °C. The
supernatant was disposed of to a waste container and the remaining pellet was immediately used
for enzyme extraction and purification described below.

Cell pellets were thoroughly suspended in 10.0 mL extraction buffer consisting of pH 8.0 20 mM
Tris-HCl in a 50.0 mL tube. Lysozyme was added into the mixture to a final concentration of
100 µM to treat cells 1 min at room temperature. The mixture was sonicated 30 s on ice. The
resulting sticky mixture was configured at 10,000× g 10 min. The upper supernatant containing
proteins was used for protein purification. The purification of recombinant VbDFR was carried
out using a Ni-NTA agarose column. One mL agarose resin (Qiagen, Hilden, Germany) was
loaded into a 1× 10 cm syringe (diameter × height). After the resin had fully sunk to the bottom,
it was washed with 10 volumes of extraction buffer (20 mM pH 8.0 Tris-HCl, 10 mM
imidazole). Ten mL supernatant cell lysate was loaded onto the top of the resin and flowed
through by gravity. The column was then washed using extraction buffer until no proteins were
detected from elution. Two mL elution buffer (pH 8.0 20 mM Tris-HCl, 250 mM imidazole) was
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added to the column to elute recombinant VbDFR. The protein concentration was estimated by
Bradford protein assay and the quality of protein was examined on a 10% SDS-PAGE.

4.3. Enzymatic Assay
Enzymatic assay was carried out to examine the catalytic activity of the recombinant VbDFR in
a 500 μL reaction volume in a 1.5 mL tube. Two commercially available metabolites, taxifolin
(dihydroquercetin, DHQ) and (−)-dihydrokaempferol (DHK), were used as substrates. NADPH
was used as co-enzyme. Each reaction was composed of 50 mM pH 6 citrate buffer, 20 μg
NADPH, 15 μg substrates, and 50 μg purified recombinant VbDFR. The reaction time and
temperature were 30 min and 45 °C. The reaction was stopped by addition of 1.0 mL ethyl
acetate (EA) and vigorously vortexed. After centrifugation at 10,000 rpm 2 min, the upper EA
phase was transferred into a new tube and evaporated in a speedy vacuum at room temperature.
The remaining residue was dissolved in 50 μL methanol for HPLC analysis.

HPLC analysis of VbDFR products was performed on a Shimadzu LC-20AT instrument
equipped with an SPD-M20A photodiode array detector (Shimadzu, Japan). Metabolites were
separated with a diamonsil C18 reversed phase column and detected at 280 nm. The elution
solvent system consisted of 1% phosphate (solvent A) and methanol (solvent B). For taxifolin
assay, a linear gradient program was developed to elute metabolites, which was composed of
three gradient ratios of B:A, 0–8 min: solvent B from 15% to 60%, 9–15 min: solvent B from
60–15%, and 16–25 min: 15% solvent B at a flow rate 1.5 mL/min. For DHK assay, a different
linear gradient program was developed for metabolite separation, which was composed of three
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gradient ratios of B:A, 0–20 min: solvent B from 15–60%, 21–28 min: solvent B from 60–15%,
and 29–35 min: solvent B 15% at a flow rate of 1 mL/min.

4.4. GFP Fusion and Transient Expression
The construction of VbDFR-GFP fusion in pBI121 binary vector [1] was carried out with
NEBuilder® HiFi DNA Assembly Cloning Kit (NEB, Herts, UK) following the manufacturer’s
protocol. In detail, two primer pairs were designed for PCR to amplify VbDFR and GFP cDNA
sequences. For VbDFR cDNA amplification, the forward primer was 5′-CTATGACCATGATTA
CGCCAATGGGTTCACAAAGTGAAACCG-3′, in which the underlined region was overlapped
with 20 nucleotides in the 5-terminus of Hind III restrict site in pBI121. The reverse primer was
5′-GCTCCTCGCCCTTCGACATGGTCTTGCCATCTACAGG-3′, in which the stop codon of
VbDFR was excluded and the underlined region was overlapped with 19 nucleotides of the 5terminus of the GFP codon sequence. For GFP amplification, the forward primer was 5′CCTGTAGATGGCAAGACCATGTCGAAGGGCGAGGAGC-3′, in which the underlined
region is overlapped with 19 nucleotides in the 3-terminus of VbDFR cDNA without stop codon.
The reverse primer was 5′-CGATCGGGGAAATTCGAGCTCTACTTGTACAGCTCGTC-3′, in
which the underlined region was overlapped with 20 nu0cleotides of the 3-terminus of sac I
restrict site in pBI121. The resulting two DNA fragments were then ligated to Hind III and sac I
sites in digested linear pBI121 using DNA Assembly Cloning Kit. The new binary vector was
named as pBI121-VbDFR-GFP, in which VbDFR-GFP was controlled by a 35 promoter (Figure
4a). In addition, the GFP gene was introduced into pBI121 vector to create pBI121-GFP
construct (Figure 4b) as a positive control.
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These two recombinant vectors were introduced into competent cells of E. coli DH5α strain,
respectively. E. coli cells were spread on agar-solidified LB medium plates supplemented with
50 mg/L kanamycin. One positive clone for each was inoculated to 10 mL liquid LB medium
supplemented with 50 mg/L kanamycin in 50 mL tube, which was placed on a rotary shaker at
speed of 250 rpm at 37 °C overnight. E. coli cultures were harvested by centrifugation of tubes at
4000 rpm 10 min. The resulting E. coli pellets were used to extract plasmids using a QIAprep
Spin Miniprep Kit. Plasmids were coated with gold particles for transient expression as reported
previously [28]. Onion epidermis was pre-cultured on agar-solidified Murashige & Skoog (MS)
medium plates overnight at 25 °C, then were bombarded with plasmid-coated gold particles. All
epidermises bombarded were incubated on MS medium plate overnight at 25 °C, followed by
examination under a confocal laser scanning microscope (Leica TCS SP2, Leica, Germany). The
light wavelength was set at 488 nm to observe GFP signal. Cell images and GFP signal were
photographed to visualize subcellular localization of protein.

4.5. Overexpression of VbDFR in Tobacco
As reported for two M. trucatula DFRs previously [1], the ORF of VbDFR was cloned to the
pBI121 binary vector by replacing GUS. This cloning generated a new recombinant binary
vector, pBI121-VbDFR, in which VbDFR is controlled a 35S promoter. Both pBI121-VbDFR
and pBI121 vectors were introduced into Agrobacterium tumefaciens strain EHA105 for genetic
transformation. MS medium, plant hormones used, and all steps of transformation and selection
of transgenic plants followed our protocols published previously [1]. Leaves of sterile seedling
were used as explants for genetic transformation. VbDFR and vector control transgenic plants
were selected using 50 mg/L kanamycin. Transgenic plantlets and control plants were grown in
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pot soil and placed side by side in green house to develop flowers. Total RNA was isolated from
young leaves of transgenic and control plants as described above. RT-PCR were carried out for
genotyping with a pair of gene specific primers. The forward primer was 5′ATGGGTTCACAAAGTGAAAC-3′, and the reverse primer was 5′CTAGGTCTTGCCATCTACAG-3′. The thermal cycle was composed of 94 °C 5 min, 30 cycles
of 94 °C 45 s, 57 °C 45 s, and 72 °C 45 s. The final extension step was 10 min at 72 °C. In
addition, ACTIN gene was used as the control. Seeds from T0 plants were collected and
germinated on MS medium containing 50 mg/L kanamycin. Resistant T1 seedlings were grown
in greenhouse to develop flowers for anthocyanin analysis.

4.6. Anthocyanin Extraction, Hydrolysis, TLC Assay, and HPLC Analysis
One hundred milligrams of fresh petal tissues were homogenized into fine powder in liquid
nitrogen and transferred into a 1.5 mL tube. One mL extraction buffer (0.5% HCl in methanol:
water, 1:1) was added into the tube. The powder was thoroughly suspended by vortexing. The
tube was placed in the dark 30 min at room temperature, followed by centrifugation at 10,000
rpm 10 min. The supernatant was pipetted into a new tube that contained 0.2 mL chloroform.
The tube was vortexed 30 s, followed by centrifugation at 10,000 rpm 2 min. The chloroform
phase containing non-polar compounds was pipetted to a waste bottle. This step was repeated
once. The resulting upper methanol and water phase was pipetted into a new tube for estimation
of anthocyanins at 530 nm on a UV spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan).
Then, 50 μL anthocyanins extract was mixed with 950 μL butanol:HCl (95:5, v/v) in a 1.5 mL
tube. The mixture was boiled 1 h, cooled to room temperature, and then evaporated in a speed
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vacuum. The remaining anthocyanidin residue was suspended in 50 μL of methanol with 0.1%
HCl for TLC and HPLC analysis described below.

TLC assay for anthocyanidins was described previously [18]. In brief, 10 μL of methanol extract
of anthocyanidins was loaded onto a cellulose F-200 μM plate. Three authentic standards,
pelargonidin chloride, cyanidin chloride, and delphinidin chloride, were also loaded onto TLC
plates as positive controls.

The same HPLC instrument and column described above were used to analyze anthocyanidins.
The elution solvent system was composed of 0.1% acetic acid (solvent A) and acetonitrile
(solvent B). The gradient program composed of different ratios of solvent A to solvent B to elute
anthocyanidins. The program consisted of 90:10 to 83:17 (0–5 min), 83:17 to 77:23 (5–10 min),
77:23 to 71:29 (10–15 min), 71:29 to 68:32 (15–20 min), 68:32 to 65:35 (20–25 min), 60:35
(25–39 min), 65:35 to 50:50 (39–45 min), 50:50 to 70:30 (45–50 min), and 70:30 to 90:10 (50–
55 min), and then followed by 10 min of column washing. The injection volume and flow rate
was 5 μL and 1 mL/min, respectively. Chromatograph was recorded at 530 nm. Three authentic
standards, pelargonidin chloride, cyanidin chloride, and delphinidin chloride, were injected as
positive controls.
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CHAPTER 3
Flavanol Polymerase Catalyzes the Biosynthesis of Novel Oligomeric Plant Flavonoids

Abstract
Flavonoids are a large group of plant secondary metabolites with approximately 13,000
compounds described from the plant kingdom. Based on the structures and biosynthesis,
flavonoids are classified into 13 groups, in which proanthocyanidins are oligomeric or polymeric
flavanols. In this study, we reported a novel group of oligomeric flavonoids and their
biosynthesis. A flavanol polymerase (FP) was discovered in red 6R cells of PAP1 tobacco plants
and a cDNA encoding this enzyme was cloned for functional analysis. Sequence and
biochemical analyses showed that FP was a type III peroxidase. It used flavanols, such as
epicatechin and catechin, as substrate to produce dimeric, trimers and higher degree oligomers.
Chemical, physic, and MS/MS analyses characterized that these compounds were novel
flavonoids. NMR experiments elucidated that these compounds consisted of flavonols such as
epicatechin as a starter unit and flav-2-en-3-ol as extension units. Herein, we name these
compounds papanridin, a novel group of plant flavonoids. Further metabolic profiling of plants
and phylogenetic analysis revealed that papanridin is prevalent in the plant kingdom.
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1. Introduction

Plant secondary metabolites (natural products) (PSM or PNP) play important roles in the
interactions of plant and environment. A great number of PSMs play essential roles for plants to
adapt arid land environment from aquatic conditions [1], given that many of them such as
flavonoids protect plants from UV-irradiation caused damages [2-5]. A large array of PSMs
particularly protect plants against numerous herbivores and pathogens [1, 6-8]. During the
adaptation to all stressful environments, plants have evolved to produce a great number of
different molecular skeletons and diverse PSMs. By 2003, more than 100,000 natural product
structures were estimated to be isolated from the plant kingdom [9-15]. Since the plant biology
entered the post genomics era, the plant kingdom was predicted to be able to produce more than
200,000 PSMs [15]. Shortly later, an statistical estimation showed that approximately 200,000
PSMs were found in the plant kingdom [8, 16-18]. Recently, the plant kingdom was predicted to
produce approximately 1,000,000 [4, 19, 20]. The quick evolution of these PSM numbers
indicates that there is a long way to fully understand the molecular diversity of PSMs in plants.

Flavonoids are a large group of plant-specialized PSMs [14, 21, 22]. To date, approximately
13,000 flavonoids have been reported from the plant kingdom [23]. Based on their structures and
biogenesis from phenylalanine, flavonoids are classified to 13 main groups, chalcone,
flavanones, flavones, aurones, dihydroflavonols, flavonols, flavan-3,4-diols, anthocyanins,
flavanols, proanthocyanidins (PAs), isoflavonoids, bioflavonoids, and neoflavonoids (Fig. 1). Of
these groups, PA is the only oligomeric or polymeric flavonoids that are biosynthesized from
flavanols [22, 24]. Flavonoids play important roles in plant adaptation, pollination, and

71
reproduction during the evolution [2-5]. Anthocyanins are pink, red, purple, violet, or blue
pigments that play key roles to attract pollinators and seed dispensers for reproduction of plants
[25]. Flavanols and PAs protect plants against diseases caused by pathogens and damages caused
by UV-radiation [26]. Moreover, flavonoids are fundamental nutrients that are consumed by
humans daily [27]. In general, they are strong antioxidants and have antiviral, anticardiovascular, anti-cancer, and anti-aging diseases [28-33]. Recently, we reported that flavanolgallates and dimeric PAs had a promising activity to inhibit SARS-Cov-2 and showed a potential
to treat COVID-19 [34]. In summary, hunting for novel flavonoids is still one of main
approaches to discover and innovate new medicines for human health.
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Figure 1 Biosynthesis of flavanols and proanthocyanidins starting with phenylalanine.
Proanthocyanidins are the only group of oligomeric or polymeric flavonoids from flavanols linked
by an interflavan bond. The question mark means whether or not flavanols can form other
oligomers or polymers. Abbreviation, PAL: phenylalanine ammonia-lyase, C4H: coumarate 4hydroyxlase, 4CL: 4 coumarate-CoA ligase, CHS: chalcone synthase, CHI: chalcone isomerase,
F3H: flavonoid 3-hydroxylase, F3’H: flavonone 3’hydroxylase, F3’5’H: flavonone 3’5’
hydroxylase, DFR: dihydroflavonol reductase, LAR: leucoanthocyanidin reductase, ANS:
anthocyanidin synthase, LDOX: leucoanthocyanidin dioxygenase, and ANR: anthocyanidin
reductase.
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The biosynthesis of flavonoids has gained intensive studies over the past three decades. Although
how plants polymerize PAs remains open for studies, pathways to each group have been
biochemically, genetically, and molecularly elucidated (Fig. 1). The main pathway includes
beginning (from phenylalanine to coumaryl-CoA), early (coumaryl-CoA to dihydroflavonols),
and late steps (dihydroflavonols to flavonols, anthocyanins, flavanols, and PAs) [25]. Main
pathway genes include phenylalanine ammonia-lyase (PAL), coumarate 4-hydroyxlase (C4H), 4
coumarate-CoA ligase (4CL) chalcone synthase (CHS), chalcone isomerase (CHI), flavonone 3hydroxylase (F3H), isoflavonoid synthase (IFS), flavone synthase (FNS), flavonoid
3’hydroxylase (F3’H), flavonoid 3’5’ hydroxylase (F3’5’H), dihydroflavonol reductase (DFR),
flavonol synthase (FLS), leucoanthocyanidin reductase (LAR), anthocyanidin synthase (ANS),
leucoanthocyanidin dioxygenase (LDOX), anthocyanidin reductase (ANR) (Fig. 1). [26, 35-38].
All known flavonoids are biosynthesized from the main pathway.

PAs, hydrolysable tannins, and lignin are only three groups of oligomeric or polymeric PSMs.
PAs are oligomers or polymers of flavanols (flavan-3-ols) polymerized via an interflavan bond
formed between the C4 of an upper unit and the C8 of a bottom unit [24] (Fig. 1). PAs and
flavanols protect plants against damages caused by pathogens and UV-radiation [26].
Furthermore, oligomeric PAs and flavonols are potent antioxidants with multiple health benefits,
such as anti-viral, anti-cancer, anti-atherosclerosis, anti-heart, anti-aging diseases, and antiCOVID activities [34, 39-45]. To date, how plants polymerize flavanols to PAs remain open for
investigation. Our previous hypotheses were that polyphenol oxidases, lacases, or peroxidases
might be responsible for the catalysis of this step [24]. We proposed that these enzymes might
oxidize flavanols to quionone methides to form flavanol carbocation, which was attacked by
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flavanols to form PAs (Fig. 1) [24]. On the one hand, unfortunately, no evidence has been
obtained to demonstrate these hypotheses. On the other hand, recent evidence has revealed that
the polymerization of PAs might be more complicated than the previous hypotheses (Fig. 1) [46].
A new function of LAR was found to catalyze beta-cysteinyl epicatechin to epicatechin, which
was a non-oxidoreduction catalysis associating with the formation of non-extractable PAs [47].
LDOX was unexpectedly shown to catalyze catechin to epicatechin via flav-2-en-3-ol [48].
Although ANR was demonstrated to catalyze anthocyanidins to flavonols via proposed flav-2en-3-ol, flav-3-en-3-ol, and flavan-3-one [49, 50], a recent follow up study revealed that ANR
could also convert flav-3-en-3, 4-diol to 2S, 3S, 4S-leucoanthocyanidins [51]. We recently for
the first time demonstrated the presence of flavanol carbocation involved in the formation of PAs
in plant cells [52]. These new discoveries and the multiple roles of flavanols indicate that
additional efforts are necessary to fully understand the polymerization mechanism of PAs.

Although the current understanding of plant flavonoids is relatively comprehensive, there are
still many questions that remain for answers, given that the majority of plants have not been
phytochemically studied. Are there new novel skeletons of flavonoids in the plant kingdom? Are
flavanols, anthocyanins, flavonols, and flavones are end products in each branch? In addition to
PAs, can flavanols be precursors of other unknown flavonoids? How many new flavonoids are
unknown and what are their roles? All these questions remain for massive investigations. Based
on plant taxonomy, although how many plants that the plant kingdom has remains for further
studies, the plant list database recorded 350,699 species [53-55], the majority of which remains
for phytochemical investigation. Although one main necessary approach is to study each plant
one by one, metabolic engineering of plants has shown a power to discover new compounds that
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plants may not produce in natural conditions. For example, Arabidopsis thaliana mainly
produced two anthocyanins [56]. However, our studies showed that the dominant pap1-D
mutants overexpressing PAP1 gene (encoding MYB75, a R2R3-MYB transcription factor) could
produce 27 additional anthocyanins [57]. In addition, we have showed that the overexpression of
PAP1 created new anthocyanins in tobacco plants [58-61]. Therefore, an integration of cuttingedge technologies and phytochemical approaches is important to discover new flavonoids.

In this study, we report to take advantage of our PAP1 and PAP1-BAN (or ANR) tobacco plants
to discover a novel type of flavonoid skeleton and a group of novel oligomeric flavonoids in the
plant kingdom. PAP1 tobacco was created by the overexpression of PAP1 [24]. This novel
genotype highly biosynthesizes anthocyanins in all tissues. BAN encodes ANR that is a key
reductase catalyzing the biosynthesis of three stereo types of flavanols (Fig. 1) [24, 49, 62]. The
cross of PAP1 and ANR tobacco plants has created PAP1-ANR (BAN) genotypes that can
produce flavanols and PAs in leaves and flowers [63]. However, although PAP1-ANR tobacco
produces high contents of anthocyanin and appropriate levels of flavanols, the production of PAs
is relatively low. In addition, our preliminary data of metabolic profiling showed that PAP1ANR plants produced a number of new compounds compared to wild-type ones. Based on these
phytochemical phenotypes, we hypothesized that PAP1 and PAP1-ANR tobacco plants might
express unknown pathways leading to the biosynthesis of new metabolites. In addition, since
PAs are only produced in red cells [49], we further hypothesized that red cells expressed
enzymes toward the biosynthesis of both PAs and unknown metabolites. To test these
hypotheses, we engineered red 6R cell and P3 control cell lines from PAP1 and wild-type
tobacco plants, respectively [59]. Red 6R cells produce high levels of anthocyanins, while P3
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cells do not produce anthocyanins. These cell lines were used to identify enzymes and genes for
functional analysis. A protein was demonstrated to be a flavanol polymerase (FP). A cDNA
encoding this FP was cloned from red cells for further functional characterization. Transgenic,
phytochemical, metabolic profiling, NMR, and chemical data demonstrated that FP catalyzed
flavanols to produce novel dimeric and oligomeric flavonoids. These novel flavonoids are
prevalent in the plant kingdom. Since FP was discovered in red PAP1 cells and novel flavonoids
were formed in PAP1-ANR tobacco plants, we named this novel group of flavonoids as
papanridin.

2. Results

2.1 Isolation of flavanol polymerase from red 6R suspension cells
6R red cells (Supplementary Fig. S1a) were engineered from a novel red PAP1 tobacco variety
(Nicotiana tabacum Xanthi) that was programed to highly produce anthocyanins in all tissues by
the overexpression of PAP1 [59, 63]. In addition, P3, a control cell line, was engineered from
wild-type plant as control. Based on our success of proanthcoyanin (PA) engineering in PAP1
tobacco plants [63], we hypothesized that red cells expressed genes encoding enzymes to
polymerize flavanol to dimeric or oligomeric PAs. red 6R and white P3 cells were used to
develop cell suspension culture (Fig. 1a and Supplementary Fig. 1b). Both suspension cells and
liquid medium were collected to isolate crude proteins (Fig. 1b and supplementary Fig. S2a),
which were tested for a polymerase activity with epicatechin and catechin. As hypothesized, the
crude protein extracts from both cell lines and liquid media converted epicatechin and catechin to
yellowish compounds (Supplementary Fig. 2c and d). In addition, proteins were boiled for 1-10
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min as controls. An unexpected result was that after boiling for 1-3 min, SDS-PAGE analysis
showed the presence of multiple proteins from crude protein extracts of both 6R and P3 cells
(Fig. 1b and Supplementary Fig. 2 a). Further enzyme tests with both catechin and epicatechin
revealed that enzymes boiled for 1-3 min still converted substrates to yellowish compound(s)
(Supplementary Fig. 2c and d) although intensity of yellowish color was reduced compared with
that of unboiled enzymes. Further TLC analysis stained with DMACA showed that unboiled and
1-3 min boiled proteins converted epicatechin and catechin to dimeric PA-like compounds (Fig.
2 c and supplementary Fig. S2e). To understand whether these compounds resulted from a real
catalysis of proteins, crude, boiled, and proteinase K(PK)-digested proteins were separated on
native gels. Then, the gels were placed in the pH7 Tris-HCl buffer supplemented with
epicatechin. In 30 min, those lanes with crude, 3 and 6-min boiled, and PK-digested 6R proteins
showed yellowish to deep yellowish coloration, those lanes with crude, 3-min boiled, and PKdigested P3 proteins showed light yellowish coloration, but two lanes with 6-min digested P3
proteins and BSA did not show any yellowish coloration (Supplementary Fig. 2f). These results
not only demonstrated that crude proteins and 3-6 min boiled 6R proteins contained active
enzymes, but also revealed that red 6R protein extracts had different active enzymes from P3
proteins (Supplementary Fig. S2).
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Figure 2 A flavonol polymerase isolated from red tobacco cell engineered by PAP1.
a, a suspension culture of 6R red cells was developed to produce proteins.
b, a SDS-PAGE gel image shows band profiles of crude protein extracts from red 6R cell. UB:
unboiled protein and 1m, 2m, and 3m: boiled for 1, 2, and 3 min.
c, a TLC image shows dimeric PA-like compounds produced from incubations consisted of
crude proteins and catechin and epicatechin. CA: catechin, EC: epicatechin, B1 and B2:
procyanidin B1 and B2, EC+E (I+II): reactions of epicatechin and two unboiled protein extracts
(I and II), CA+E: reactions of catechin and two unboiled protein extracts (III and IV), EC+BE:
reactions of epicatechin and two 3-min boiled protein extracts (V and VI), CA+BE: reactions of
catechin and two 3-min boiled protein extracts (VII and VIII), E: two enzyme extract controls
(IX and X) without adding substrates.
d, a SDS-PAGE image shows protein bands separated from a DEAE Sephadex A-20-120 column
with elution buffer supplemented with 0.1 M NaCl. N/A: buffer without adding NaCl.
e, a SDS-PAGE image shows protein bands of three fractions (1-3) isolated from a Sephadex G75 column.
f, a SDS-PAGE image shows the purified protein (0 min) and its peptides resulted from the
digestion of proteinase K (PK) for 30 min (30 min).
g, native PAGE images show that the protein purified from the Sephadex G-75 column (f)
catalyzes catechin and epicatechin into yellowish compounds on the gel but PK-digested
products (f) cannot. CA: catechin, EC: epicatechin, E: enzyme, and DE: digested enzyme.
h, total ion chromatograms that the purified enzyme converts epicatechin (E+EC) to two
products (EC-P1 and EC-P2), the purified enzyme converts catechin (CA+E) to two new
products (CA-P1 and CA-P2), but BSA control does not catalyze epicatechin and catechin
(BSA+EC and BSA+CA). CA: catechin, EC: epicatechin, EC-P1 and EC-P2: epicatechin
products 1 and 2, CA-P1 and CA-P2: catechin products 1 and 2.
i, the mass spectra characterized that EP-P1, EP-P2, and CA-P2 had the same the mass to charge
ratio 575 [m/z]-.
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Next, we boiling, ion-exchange column, and Sephadex column to purify one protein (Fig. 2d-e),
which was separated with native gels. In situ reaction on gel showed that the purified protein on
the gels converted catechin and epicatechin to yellowish compounds, while proteinase Kdigested protein did not (Fig. 2f-g and Supplementary Fig. S3). LC-MS analysis detected two
new compounds from the enzymatic reactions, which were not produced from negative control
incubations (Fig. 2h). These compounds from epicatechin and catechin were named as EC-P1,
EC-P2, CA-P1 and CA-P2, which had different retention time. Further MS analysis showed that
compounds had the same 575.23 [m/z] - value. This value indicates that their molecular weight is
576 Dalton, the same as that of procyanidin A1 and A2 but two protons less than dimeric PB1-8,
578 Dalton, suggesting that they are not dimeric B-type PAs. Given that these new yellowing
compounds, like flavan-3-ols and PAs, react with DMACA to form bluish coloration, we named
the purified protein Flavanol Polymerase (FP).

2.2 Gene cloning and functional analysis of FP
We used two steps to clone a cDNA encoding FP. First, the purified FP protein was sequenced to
obtain seven peptides, which were used for blast search at GenBank (Supplementary Fig. S4).
The blasting results showed that all peptides hit one single tobacco protein, annotated to be a
peroxidase (Supplementary Fig. S4). Second, we designed a pair of primers to clone
approximately 1 kb cDNA from red 6R cells. Meanwhile RT-PCR analysis revealed that it was
not expressed in leaves, stems, roots of tobacco plants and white 6W cells (Fig. 3a). A sequence
alignment with deduced amino acids and modeling showed that it belonged to a member of the
class III of the peroxidase family I (Supplementary Fig. S5a), which featured with four
conserved disulphide bridges and two calcium ions [64, 65]. In addition, the N-end has a

81
secretory signal peptide. A C-end fusion of GFP and confocal analysis of transgenic roots
showed the vacuolar localization of FP (Supplementary Fig. S6 a-b). A recombinant FP was
purified from its expression induced in E. coli (Fig. 3b and Supplementary Fig. S7). The
incubation of the purified recombinant FP and epicatechin in an oxygenated buffer produced
yellowish compounds (Fig. 3c), supporting the results from the native FP (Fig. 2). Further in situ
reaction on native gel demonstrated the catalysis of the recombinant FP (Fig. 3d). LC-MS
analysis for the yellowish compounds revealed EC-P1and EC-P2 from epicatechin and CA-P1
and CA-P2 from catechin (Fig. 3e), which supported the results from the native FP analysis (Fig.
2). Binary constructs (Supplementary Fig. S6a) were generated to obtain FP transgenic PAP1BAN tobacco plants (PAP1-BAN-FP) for the overexpression of FP (Fig. 3f-h). LC-MS profiling
was completed to analyze these new compounds and EC in transgenic plants (Fig. 3g and h).
This analysis identified EC-P1 and EC-P2 from the leaf extracts of PAP1-BAN-FP plants, while
only EC-P1 in those of control transgenic PAP1-BAN plants (Fig. 3g). In comparison, the peak
area size of EC-P1 was much bigger in PAP1-BAN-FP extracts than in control ones. Further
estimation showed the significant higher contents of these two compounds in PAP1-BAN-FP
extracts than in control ones (Fig. 3i). In contrast, the contents of EC were significantly lower in
in PAP1-BAN-FP extracts than in control ones (Fig. 3h and j). These data demonstrate that the
transgenic FP convert EC into EC-P1 and EC-P2 compounds in planta. LC-MS analysis also
detected PB2 and quantitative estimation showed a higher content in PAP1-BAN-FP plants than
in control ones (Supplementary Fig. S8a-b). A further butanol-HCl boiling showed the increase
of total PAs in PAP1-BAN-FP plants than in control ones (Supplementary Fig. S8 c).
The in vitro catalysis of FP was further characterized with different reaction conditions. First, it
catalysis is dependent upon the presence of oxygen. Three pH conditions, pH 6, 7 and 8, were
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tested to understand the necessity of oxygen. When the reaction buffer was neither oxygenated
by vortexing strongly or adding H2O2, almost its catalysis was not observed or only a detectable
level (Supplementary Fig. S9a-d). In addition, deoxygenation of buffer via dissolving nitrogen
led to the complete loss of the catalysis of FP. By contrast, in addition to oxygenation via
vortexing buffer described above, an addition of H 2O2 strongly initiated and enhanced the
catalysis of FP in incubations at pH 6 and 7, while the reaction at pH8 was different
(Supplementary Fig. S9 a-d). In the conditions of pH 6 and 7, EC was not converted to yellowish
compounds in the absence of H2O2, while EC was quickly converted to brown-yellowish
compounds in the presence of H2O2 (Supplementary Fig. S9a-d); two negative controls with
BSA did not convert epicatechin to yellowish compounds; TLC analysis could detect PA-like
compounds in the presence of H2O2, but hardly detected those compounds in the absence of
H2O2 (Supplementary Fig. S9b and d); LC-MS analysis showed that FP converted to epicatechin
to EC-P1, EC-P2, and another 861 [m/z]- compound (Supplementary Fig. S9e) and catechin to
CA-P1 and CA-P2 (Supplementary Fig. S10), while BSA controls did not covert epicatechin and
catechin to corresponding compounds. In the pH8 condition (Supplementary Fig. S9a and b), in
the absence of H2O2, epicatechin was converted to yellowish compounds, while the presence of
H2O2, this catalysis was strongly enhanced; in two negative control reactions with BSA,
epicatechin was also converted to slight yellowish compounds; however, TLC analysis could not
or hardly detect PA-like compounds (Supplementary Fig. S9a-b); LC-MS analysis only detected
EC-P1 from EC in the absence of H2O2 (Supplementary Fig. S9f) but could not detect these
compounds from EC in the presence of H2O2 and negative control conditions; LC-MS analysis
could not detect CA-P1 and CA-P2 from catechin in all conditions (Supplementary Fig. S10).
Based on these data, this yellowish coloration at pH8 likely mainly resulted from the degradation
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of EC and CA, the products of which were extremely water soluble but could hardly be extracted
by ethyl acetate for TLC and LC-MS analysis. Second, the velocity of the FP catalysis was linear
during the incubation times from 30-120 min; NADPH, beta-mercaptoethanol, and vitamin C,
were inhibitors of the catalysis of FP; the optimum pH value based on the reduction of substrate
was pH8; and the optimum of temperature was 50ºC (Supplementary Fig. S11 a-d). Third, PB
used catechol as a substrate but did not use phloroglucinol as a substrate (Supplementary Fig.
S12).
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Figure 3 Cloning of gene and functional analysis of recombinant flavanol polymerase (FP).
a, a cDNA of FP was amplified from suspension red 6R cells by RT-PCR, namely FP. M, DNA
ladder, L: leaves, R: roots, S: stems, and 6W: a white cell line engineered together with red 6R
cells from the same explant.
b, a SDS-PAGE gel image shows the recombinant GST-FP-His protein purified.
c, GST-FP-His (E) protein catalyzed epicatechin (EC) to yellowish compounds, but BSA control
did not. The incubation was consisted of FP or BSA and epicatechin in 50 mM pH 7 Tris-HCl
buffer that was oxygenated by strong vortex. 0min, 30min, 1h, 2h, and o/n: reaction 0 and 3o
min, 1 and 2 hrs, and overnight at room temperature.
d, an image shows that the purified GST-FP-His protein on the native-PAGE gel converted
epicatechin to yellowish compound(s), but not the BSA control did not after the gels were
incubated with epicatechin for 30 min. Gels were placed in 50 mM pH 7 Tris-HCl supplemented
with 1.0 µg/µl contained in petri dishes, which were shaken on a rotary shaker.
e, TIC profiles of 30 min-reaction products revealed that GST-FP-His (E) converted epicatechin
into two products (EC-P1 and EC-P2) and catechin into one main product (CA-P2), but BSA
control did not have these activities.
f, PCR and RT-PCR demonstrate the integration and expression of FP transgene in transgenic
PAP1-ANR plants but in PMDC84 vector control transgenic plants (CT).
g, elective ion chromatogram (EIC) analysis detected EC-P1 and EC-P2 from leaf extracts of FP
transgenic PAP1-BAN plants and EC-P2 from PMDC84 transgenic PAP1-BAN plants, but did
not detect these compounds from wild type and PAP1 tobacco plants. Plant picture inserts show
their phenotypes. There were not phenotypic differences in PAP1-BAN-MPDC84 and PAP1BAB-NtFP transgenic plants.
h, EIC analysis detected the reduction of epicatechin (EC) in leaves of FP transgenic PAP1-BAN
plants compared to PMDC84 control transgenic PAP1-BAN plants. EC was not detected from
wild type and PAP1 plants. Plant picture inserts show their phenotypes.
i, the levels of both EC-P1 and EC-P2 were significantly higher in leaves of FP transgenic plants
than in those of PDMC84 transgenic ones. However, these compounds were not detected from
leaves of wild type and PAP1 plants.
j, the content of epicatechin (EC) was significantly lower in leaves of transgenic PAP1-BAN
plants than in those of PDMC84 transgenic ones. However, EC was not detected from leaves of
wild type and PAP1 plants.
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2.3 EC-P1, EC-P2, CA-P1, and CA-P2 are novel dimeric flavonoids
We performed LC-qTOF-MS/MS-based fragmentation, phloroglucinol degradation, and butanolHCl analyses to characterize EC-P1, EC-P2, CA-P1, and CA-P2. First, to annotate their potential
structures, we used PB2 and PA2 as references for MS/MS analysis. Three characteristic
fragmentation types of PB2 include heterocyclic ring fission (HRF), C4 and C8 interflavan bond
fission (IBF), and Retro-Diels-Alder (RDA) fission [66](Fig. 4a-b). Skeleton based-main
fragments of PB2 generated by collision induced dissociation (CID) were 125 and 451 from
HRF, 289 from IBF, and 407 from RDA (Fig. 4a-b). The main fragments derived from the CID
of EC-P1 included 125 and 449 from HRF, 287 and 289 from IBF, and 407 from RDA (Fig. 4c).
Another main fragment 271 was likely derived from the removal of one oxygen from the
fragment of 287. The main fragments from PA2 included 125 and 449 from HRF, 285 (or 286)
and 289 from IBF, and 423 from RDA. These main finger printings indicate that on the one
hand, EC-P1 has some similar structural features as PA2 and PB2, on the other hand, it is
different from these standards. Second, in the condition of methanol-HCl and phloroglucinol,
PB2 and other B-type PAs degradation to produce epicatechin-phloroglucinol (Fig. 4e) or
catechin-phloroglucinol [52]. This degradation was performed for PB2, PA2, and EC-P1. As
expected, the degradation of PB2 produced epicatechin-phloroglucinol, with a 413 [m/z] - (Fig.
4f). However, this reaction did not degrade EC-P1 to produce epicatechin-phloroglucinol (Fig.
4g). In addition, this reaction did not degrade CA-P1 and PA2 (Supplementary Fig. 13). These
results indicate that the acidic methanol and phloroglucinol reaction cannot degrade EC-P1.
Third, all A- and B-type PAs are cleaved to anthocyanidins by butanol-HCl boiling. We
performed this experiment. The results showed that butanol-HCl boiling produced red cyanidin
pigment from PB2 but could not produce any red pigment from EC-P1 (Fig. 4i). This result
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indicates that butanol-HCl could not cleave EC-P1 to anthocyanidins. Moreover, the same results
were obtained from EC-P2, CA-P1, and CA-P2. In conclusion, EC-P1, EC-P2, CA-P1, and CAP2 are novel dimeric flavonoids.
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Figure 4 EC-P1, a new dimeric compound different from PAs
MS, phloroglucinol analysis, and butanol-HCl boiling were completed to compare EC-P1 and
PB2.
a, a scheme characterizes three fragmentation mechanisms of PB2 by collision induced
dissociation (CID), Retro-Diels-Alder (RDA), heterocyclic ring fission (HRF), and interflavan
bond fission (IBF).
b-d, MS/MS profiles show that PB2 (b), EC-P1 (c), and PA2 (d) have the same fragmentation
mechanisms, RDA, HRF, and QM. However, except for the fragment of 125 resulted from HRF,
main fragments from QM and RDA are different. These fragment patterns indicate that on the
one hand, EC-P1 is a different compound from PB2 and PA; on the other hand, they have the
same A and A’ rings.
e-f, phloroglucinol-HCl based degradation of PB2 produces epicatechin (EC) and epicatechinphloroglucinol (EC-Phl). (e), a scheme shows the theory that PB2 is degraded to produce
epicatechin (EC) and epicatechin-phloroglucinol (EC-Phl). (f), the TIC profile detects EC-Phl
with 413 [m/z]- and epicatechin from PB2.
g-h, phloroglucinol-HCl based degradation demonstrates that EC-P1 is not a dimeric PA
compound. (g), a scheme proposes whether EC-P1 can degraded to produce epicatechin (EC)
and epicatechin-phloroglucinol (EC-Phl). (h) a TIC profile shows that there are no EC-Phl and
EC formed from the phloroglucinol-HCl based degradation of EC-P1.
i-j, the butanol-HCl boiling based cleavage shows that EC-P1 is not a PA compound. (i), this
scheme shows the theory that the butanol-HCl boiling of PB2 produces cyanidin and a
hypothesis whether or not that of EC-P1 can produce anthocyanidins. (j), HPLC profiles and
coloration of the boiling show that EC-P1 cannot produce anthocyanidins (left) but PB2 can
produce cyanidin (right) after the butanol-HCl boiling.
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2.4 Structural elucidation by NMR and nomenclature of papanridin
We purified EC-P1 via preparation of TLC and HPLC. HPLC-MS analysis showed that EC-P1
was isolated with one single peak (Supplementary Fig. S14). The purified EC-P1 is yellowish
and has a special absorbance at 388 nm (Supplementary Fig. S14). Like PB2, this compound
could not be crystalized.

NMR analysis was performed to elucidate structures. Experiments performed included ROESY,
HMBC, and thermal shifting. Given that EC-P1 shared features with PB2, we used this standard
as a reference. All parameters were obtained for 30 carbons, all protons, 10 hydroxy groups, and
interflavan bond in PB2 (Supplementary Figure S15 and Figure S16).

All data demonstrated that EC-P1 had 30 carbons, 13 protons, 10 hydroxy groups, and one
interflavan bond between C4 and C8. Based these assignments, we demonstrated that EC-P1 was
a novel dimeric compound consisting of epicatechin (the bottom unit) and flav-2-en-3-ol (the
upper unit) linked by an interflavan bond between C4 of the upper unit and C8 of the bottom unit
(Fig. 5). Given that this compound is formed from the catalysis of FP from PAP1 cells and
biosynthesized in PAP1-ANR plants, we named this new type of compounds as papanridin.
Subsequently, we named EC-P1 and EC-P2 from epicatechin as papanridin ECII-A and -B, and
CA-P1 and CA-P2 as papanridin CAII-A and –B, in which “II” means dimers.
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Figure 5 Novel dimeric flaven-flavan structures determined by nuclear magnetic resonance
(NMR) analysis.
a, 13C NMR assignments of 30 carbons on PB2 and EC-P1. The black numbers in two compounds
showed the similar PPM values of carbons on PB2 and EC-P1, which demonstrates these carbons
on these two compounds are the same. The red numbers in EC-P1 showed the two carbons are
different from PB2, which indicates an additional double bond in this position.
b, 1H NMR assignments of 15 protons on PB2, 13 protons on EC-P1, and 10 hydroxy groups on
PB2 and EC-P1. The black numbers in two compounds showed the similar PPM values of protons
and hydroxy groups on PB2 and EC-P1, which demonstrates these protons and hydroxy groups on
these two compounds are the same. The red numbers in EC-P1 showed one hydroxy group is
different from PB2, which indicates this position is different from PB2. In addition to hydroxy
group, 2 protons on EC-P1 are not detected, which indicates an additional double bond is formed
on this position.
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2.5 Evidence of polymerization mechanisms and higher oligomeric papanridins
We hypothesized that FP polymerized papanridin via carbocation formed in the reactions. FP
catalyzed epicatechin to flav-2-en-3-ol carbocation, and then epicatechin nucleophilically
attacked the carbocation to form papanridin ECII A and B (Fig. 6 a). We also hypothesized that
the flav-2-en-3-ol carbocation could be nucleophilically trapped by phloroglucinol to form flav2-en-3-ol-phloroglucinol (MW, 412 Dalton) (Fig. 6a). To test these hypotheses, phloroglucinol
was added to the incubation including epicatechin, FP, and H 2O2. TIC showed that a bigger peak
with a 411 [m/z]- overlaid with EC-P1 was formed from the reaction, but it was not observed
from controls (Fig. 6b). Further EIC analysis showed this 411 [m/z] - compound from the
incubations, but did not show this compound in the control incubations with phloroglucinol (Fig.
6c). In addition, papanridin ECII-A and -B and two trimers were produced in reactions with or
without phloroglucinol (Fig. 6c). To characterize this 411 [m/z] - compound, MS/MS analysis
revealed two characteristic fragments, 125 from phloroglucinol and 285 likely from flav-2-en-3ol (Fig. 6d). This feature was substantiated by MS/MS analysis of epicatechin-phloroglucinol as
a positive control, which produced 125 from phloroglucinol and 287 from epicatechin (Fig. 6d).
To further demonstrate the presence of flav-2-en-3-ol carbocation, we used quercetin and
taxifolin as controls, because these two flavonoids with a carbonyl group at C4 and cannot form
carbocation at C4. We incubated FP, quercetin or taxifolin, and phloroglucinol. TIC analysis did
not show the formation of quercetin-phloroglucinol and taxifolin-phloroglucinol from the
reactions (Supplementary Fig. S17). These data demonstrated the presence of flav-2-en-3-ol
carbocation that was formed in the enzymatic reaction of FP. Moreover, we hypothesized that
trimers with a MW 698 could be formed from the phloroglucinol, FP and epicatechin
incubations. EIC analysis revealed five 697 [m/z] - peaks (Supplementary Fig. S18a). MS/MS
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analysis showed that the CID of 697 generated 571, 409, and 287 fragments, which corresponded
to two flav-2-en-3-ol carbocation molecules (574 - 4), flav-2-en-3-olphloroglucinol (411-2),
and flav-2-en-3-ol, respectively (Supplementary Fig. S18b). Therefore, these compounds are
trimeric flav-2-en-3-olflav-2-en-3-olphloroglucinol (Supplementary Fig. s18c). Higher
oligomers were observed in the enzymatic reactions of FP H 2O2, and epicatechin (Supplementary
Figs. S9b and S14a and Fig. 6c). EIC analysis showed that in addition to papanridin ECII-A and
-B, two trimers, two tetramers, and one pentamer were featured with an 861 [m/z] -, an 1147
[m/z]-, and a 1433 [m/z]-, respectively, however, these compounds were not observed from all
control incubations (Supplementary Fig. S19a). MS/MS analysis further showed that these new
compounds were trimeric flav-2-en-3-ol flav-2-en-3-ol epicatechin (MW, 862 Dalton),
tetrameric flav-2-en-3-olflav-2-en-3-olflav-2-en-3-olepicatechin (MW, 1148 Dalton), and
pentameric flav-2-en-3-olflav-2-en-3-ol flav-2-en-3-olflav-2-en-3-olepicatechin (MW,
1434 Dalton) (Supplementary Fig. S19b).
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Figure 6 Evidence for flav-2-en-3-ol carbocation in enzymatic reactions
Enzymatic reactions consisted of enzyme or BSA (control), epicatechin, hydrogen peroxide, and
phloroglucinol added or not added in pH6 buffer.
a, a scheme presents a hypothesis that flav-2-en-3-ol carbocation produced in the enzymatic
reactions; nucleophilic compounds in the reactions can attack the carbocation at C4 to form
dimeric or oligomeric compounds; and two nucleophilic compounds can competitively attack the
carbocation.
b, TIC profiles showed that the incubation of enzyme, epicatechin, hydrogen peroxide, and
phloroglucinol produced EC-P1, EC-P2, and a new compound with 411 [m/z] - (left) overlaid
with EC-P1, but the incubation of BSA, epicatechin, hydrogen peroxide, and phloroglucinol did
not produce these compounds (middle), and the incubation of enzyme, epicatechin, and hydrogen
peroxide produced EC-P1 and EC-P2 but no new compounds with a 411 [m/z] - (right).
d, EIC profiles demonstrated the incubation of enzyme, epicatechin, hydrogen peroxide, and
phloroglucinol produced the new 411[m/z]- compound (left), EC-P1 and EC-P2 with a 575 [m/z] (middle), and two trimers with an 861 [m/z]- value (right).
e, EIC profiles demonstrated that the incubation of enzyme, epicatechin, and hydrogen peroxide
did not produce the new 411[m/z]- compound (left), produced EC-P1 and EC-P2 (middle) and
two trimers (right).
f, the new 411 [m/z]- compound is not epicatechin-phloroglucinol. MS/MS profiles showed the
different main fragments between the 411 [m/z]- compound and epicatechin-phloroglucinol. Both
have the 125.02 fragment, which is corresponding to phloroglucinol. The 411 [m/z] - compound
has a main fragment of 285, while epicatechin-phloroglucinol has a main fragment of 287.
Therefore, 411 was fragmented to 125 and 285 and epicatechin-phloroglucinol was fragmented
to 125 and 287, indicating the presence of a new carbocation rather than epicatechin carbocation
formed in the enzymatic reactions.
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2.5 Reduction of dimeric papanridins in fp mutant of Arabidopsis thaliana
To genetically support the biosynthesis of papanridins in plants, we blasted FP homologs in the
Arabidopsis genome and identified one homolog, namely AtFP here. We further identified one
atfp mutant. On the one hand, LC-MS/MS based profiling detected papanridin ECII-A and –B in
seed extracts of wild-type A. thaliana but not in those of atfp mutants (Fig. 7a and
Supplementary Fig. S20). On the other hand, the level of EC was higher in the mutant than in
wild-type ones (Supplementary Fig. S21a-b). These results demonstrate that the polymerization
pathway of papanridins in plants.
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Figure 7 Prevalence of dimeric flav-2-en-flavan (FF) compounds in PA-producing tissues of
plants. Mature seeds of Arabidopsis thaliana and the mutant atfp, berries of blueberry, cranberry,
strawberry, and tomato, grape seeds, and cacao seeds were analyzed with LC-MS/MS.
a, EIC profiling detected FF1 and FF2 in seeds of Arabidopsis, FF1 and FF3 in blue berry, FF1 in
cranberry and strawberry, FF1, FF2, and FF3 in grape seeds, FF1 and FF2 in cacao seeds, but
could not detect any of these compounds in seeds of atfp mutant and berry of tomato. In addition,
PA2 was detected in cranberry, strawberry, and cacao seeds.
b, an unrooted phylogenetic tree developed from amino acid sequences of FP and 22 homologs
across gymnosperm and angiosperm. The numbers on branches are approximate likelihood ratio
test values that are used to provide statistical support for the branches of the tree.
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2.6 Papanridins in flavan-3-ol-rich plants and phylogenetic analysis
LC-MS/MS profiling was performed to analyze papanridinds in flavan-3-ol and PA-rich plants to
understand if this polymerization pathway is prevalent in the plant kingdom. Plant tissues
analyzed included berries of blueberry, cranberry, and strawberry, muscadine grape seeds, and
cacao seeds. In addition, tomato berry lacking flavan-3-ols was used as a negative control. The
resulting data showed that blueberry produced papanridin ECII-A and CAII-A, cranberry and
strawberry had papanridin ECII-A, muscadine seeds produced papanridin ECII-A and –B, and
CAII-D, and cacao seeds produced papanridin ECII-A and –B. However, tomato did not produce
these compounds (Fig. 7a). Meanwhile, A-type procyanidin A2 was identified in cranberry,
strawberry, and cacao seeds (Fig. 7a). EC was produced in blueberry, cranberry, strawberry,
muscadine seeds, and cacao seeds, CA was produced in blueberry, cranberry, and muscadine
seeds, while two were produced in tomato berry (Supplementary Fig. S21). These data indicate
the polymerization pathway in these flavan-3-ol and PA-rich plants.

We further blasted FP homologs in plant genomes curated in the GenBank at NCBI. This search
obtained 37 homologs across gymnosperms and angiosperms. Included were homologs from A.
thaliana, cacao, bunch grape (V. vinifera), and strawberry, which produces dimeric papanridins.
Due to the unavailability of genomic sequences for blueberry and cranberry, homologs were not
obtained for these two plants. The 37 sequences were used to establish an unrooted phylogenetic
tree (Fig. 7b), which was featured by seven clusters, I-VII. It was interesting that three
gymnosperms were grouped into two clusters. Six monocotyledonous plants were grouped into
one cluster. Dicotyledonous plants were grouped into four clusters. Cacao and grape FPs were
grouped to cluster I. Arabidopsis, tobacco, and strawberry FPs were grouped into cluster III, V,
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and VII. Although other homologs remain for studies, this phylogenetic analysis indicates that
FP is prevalent in the plant kingdom.

3. Discussion

Our findings unearth papanridin, a novel group of oligomeric or polymeric flavonoids in the
plant kingdom. Plant flavonoids are the largest group of plant polyphenols [23, 67-69]. By 2000,
more than 5000 flavonoids were reported to be identified from the plant kingdom [28, 30, 31,
70]. In the past decade, as more plants were investigated, more than 8000 new flavonoids were
discovered from the plant kingdom to increase the total number to be approximately 13000
compounds [23]. Given that all known flavonoids were identified from a limited number of
plants in the past [3-5, 71-73], most of approximately 420,000 plant species [13, 74] are open for
investigations to identify new flavonoids. Based on the structures and biosynthesis, flavonoids
are classified to 13 main groups, chalcone, flavanones, flavones, aurones, dihydroflavonols,
flavonols, flavan-3,4-diols, anthocyanins, flavanols, proanthocyanidins, isoflavonoids,
bioflavonoids, and neoflavonoids [22, 23, 75-78]. Although thousands of new flavonoids were
found from plants in the past 20 years [23, 69], most of them structurally fell in the 13 groups. In
these groups, PAs are the only oligomeric or polymeric flavonoids that are synthesized from
flavanols via an interflavan bond between starter and extension units [24]. Our findings show
that papanridin is a novel group of oligomeric or polymeric flavonoids with these chemical
features. 1) Papanridin is polymerized from flavanols as substrate but structurally characterized
by flavanols as the starter unit and flav-2-en-3-ols extension unit (Figs. 5 and 8). 2) Like PAs, the
bottom and upper units are linked by a interflavan bond formed at C8 and C4. 3) Unlike PAs,
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dimeric papanridin ECII-A and –B, papanridin CAII-A and –B, trimers, and tetramers are
yellowish and have a characteristic spectrum at 388 nm (Supplementary Fig. S14a and d). 4)
Unlike PAs, neither can phloroglucinol in the acidic methanol condition cleave papanridin, nor
can butanol-HCl boiling cleave them to produce anthocyanidins (Fig. 4 g-j). 5) papanridin is
weak soluble in water, unstable, and can be oxidized to quinones. Furthermore, papanridin is
prevalent in flavan-3-ol rich plants (Fig. 7). What functions papanridins have in the plants is
unclear. Based on metabolic profiling of FP transgenic PAP1-BAN plants and atfp mutant
plants, one hypothesis is that papanridin might be associated with PAs (Fig. 8a). As FP was
overexpressed in PAP1-BAN plants, the contents of PB2 and total PAs was significantly
increased (Supplementary Fig. S8), while the content of EC was significantly decreased (Fig. 3h
and j). Since this is the first report, it can be anticipated that a great number of studies are
necessary to understand the functions of papanridin in plants.
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Figure 8 Hypothetic mechanisms proposed for the formation of dimeric and oligomeric
flaven-flavans catalyzed by FP.
a, a pathway is proposed to start with the FP-catalyzed oxidation of epicatechin to form flav-2-en3-ol carbocation and then dimeric FFs. First, FP oxidizes epicatechin to quinone methide, which
undergoes spontaneous proton shit and B-ring re-aromatization to form flav-2-en-3-ol. Second, FP
oxidizes flav-2-en-3-to its quinone methide, which undergoes addition of one H+ from a weak
acidic condition and then B-ring re-aromatization to form flav-2-en-ol carbocation. Then, available
epicatechin molecules attack the C4 of the carbocation to form dimeric flav-2-en-3olepicatechin, which further tautomerizes to flavan-3-oneepicatechin and flav-3-en-3olepicatechin. Although what functions dimeric FFs have is unknown, it can be speculated that
FF might be reduced to produce PAs.
b, a carton is created to show the polymerization mechanism by which in the oxygen condition,
plant cells use FP to biosynthesize trimers and higher degree oligomers. Once one dimeric flavenflavan forms, it can nucleophilically attack flav-2-en-3-ol carbocation to form one trimer. Further
sequential addition of flav-2-en-3-ol carbocation produces higher degree oligomers.
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Our findings demonstrate that FP catalyzes the polymerization of papanridins from flavanols.
Although flavanols are the substrates, the extension units of papanridins are flav-2-en-3-ols
instead of flavanols. The trapping experiments with nucleophilic phloroglucinol demonstrated
the presence of flav-2-en-3-ol carbocation in the catalytic reactions of FP and EC (Fig. 6).
Although the mechanism by which this carbocation is formed from EC in the reactions remains
for investigations, we hypothesize two oxidation steps by which FP oxidizes EC to flav-2-en-3-ol
carbocation (Fig. 8a). The first oxidation step is that in the presence of oxygen, FP oxidizes EC
to quinone methide. The proton at C3 shifts to the B-ring via C2 leading to B-ring rearomatization that forms flav-2-en-3-ol. The second oxidation step is that FP oxidizes flav-2-en3-ol to form flav-3-en-3-ol quinone methide, to which one proton from the acidic condition was
added. This proton addition leads to the second time of B-ring re-aromatization to form flav-2en-3-ol carbocation with a positive charge at C4. The EC then nucleophilically attacks flav-2-en3-ol carbocation leading to a condensation via the formation an interflavan bond. Accordingly, a
new flav-2-en-3-olEC with a MW 576 Dalton is formed. Given that two dimeric compounds
are obtained with the same 576 Dalton, we further hypothesize that like B-type
proanthocyanidins, there are two types of stereo configurations, flav-2-en-3-ol-(4α8)-EC and
flav-2-en-3-ol-(4β8)-EC. To provide evidence that flav-2-ev-3-ol was produced in the
incubations, we used EIC to analyze other potential metabolites from FP catalysis. The resulting
data showed that four from EC and three from CA had a 287 [m/z] - (Supplementary Fig. S22a),
which these compounds were not detected from negative controls. Given that only one substrate,
FP, and H2O2 were used in the reactions, these compounds were formed from substrates
catalyzed by FP. Besides, give that we used negative mode for ionization, the 287 [m/z] - value
must result from non-charged compounds with a MW 288 Dalton, which is the MW of flav-2-en-
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3-ol. Why were more than one 287 [m/z]- peaks from the catalysis? Based our previous report
that flavan-3-one and flav-3-en-3-ol are two tautomers from the spontaneous tautomerization of
flav-2-en-3-ol in the catalytic formation of EC [50, 52], we hypothesize that additional peaks
result from the tautomerization. A comparison among the 287 [m/z] - peaks (Supplementary Fig.
S22a), the peak 2 (P2) were obtained from both EC and CA. This indicates that the same
compound was produced from EC and CA isomers. Based on this fact, P2 does not have a stereo
configuration between C2 and C3. Therefore, the covalent bond between C2 and C3 is double. In
another words, P2 is flav-2-en-3-ol (Supplementary Fig. S22b). In addition, we propose that
three other peaks from EC are 2R-flav-3-en-3-ol, 2S-flav-3-en-3-ol, and 2R-flavan-3-one and
two other peaks from CA are 2S-flavan-3-one and 2S-flav-3-en-3-ol (Supplementary Fig. S22b).
We hypothesize that flav-2-en-3-ol can spontaneously tautomerizes into its tautomers, flavan-3one and flav-3-en-3-ol. The rationale is that these tautomers exists in plants. Ours and other
recent reports demonstrated that flav-2-en-3-ol was involved in the formation of PAs [48, 51,
52]. A flav-2-en-3-O-glycoside was reported to associate with the formation of cyanins in black
soybean [79, 80]. Flav-3-en-3-ol glycosides were also isolated from a medicinal plant [81].
Based on our metabolic profiling of dimeric papanridins in Arabidopsis seeds and five flavanolrich plants and FP homolog analysis (Fig. 7), we propose a model to show the polymerization of
panpanridins (Fig. 8b). In this model, additional flav-2-en-3-ol carbocations are added to the
upper unit of dimeric papanridins to form oligomers and then polymers. The evidence was
trimers, tetramers, and pentamers that were observed in the enzymatic reactions of FP
(Supplementary Fig. S19a).
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4. Materials and methods

4.1 Plant materials and chemical reagents
Red/purple PAP1 transgenic 6R, wild-type P3 cell lines, Nicotiana tabacum var. Xanthi, lightly
red PAP1-ANR (PAP1-BAN) tobacco, Arabidopsis thaliana, blue berries, cranberry, muscadine
grape berries, raspberry, cacao seeds, and tomato fruit were used in this study. Red/purple PAP1
transgenic 6R and wild-type P3 cell lines were established from red PAP1 tobacco and wild-type
tobacco plants, respectively [59]. Red cells constitutively overexpress Arabidopsis PAP1 gene
and produces high production of anthocyanins, while P3 cells do not. PAP1-ANR tobacco is a
homozygous progeny of PAP1 and ANR transgenic plant, which produces anthocyanins,
flavanols, and proanthocyanidins in leaves and flowers [63]. Plants were grown in the
greenhouse supplemented with natural light. Seeds and fruits were purchased from grocery
stores.

Authentic (+)-catechin, (±)-catechin, (-)-epicatechin, (-)-epigallocatechin, procyanidin A2,
procyanidin B2, phloroglucinol, and catechol were purchased from Sigma (St. Luis, USA).
These compounds were dissolved in methanol to make 10 mg/ml stocking solutions, which were
stored in a -20C freezer. Organic solvents used are specified in each different experiment.

4.2 Callus culture and cell suspension culture
The medium, subculture of 6R and P3 cell lines, and tissue culture conditions were as reported
previously [59]. Since 2008, two cell lines have been subcultured for studying anthocyanin
biosynthesis and plant flavonoids. Briefly, the medium was composed of MS medium (pH 5.7)
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containing 0.25 mg L-1 2,4-dichlorophenoxyacetic acid, 0.10 mg L-1 kinetin, 30 g L-1 sucrose and
0.8% (w/v) phytoagar. Calli were aseptically sub-cultured with a 15-day interval in a growth
chamber facilitated with 22 °C and a 16 h/8 h light/dark photoperiod (Supplementary Fig. S1)
Cell suspension cultures were established from 6R and P3 cells. The liquid medium used was
made of the subculture medium by the removal of agar and a 50 ml aliquot was contained in a
250 ml Erlenmeyer flask (Supplementary Fig. S1). Each flask was inoculated with 5 gram calli
and then placed on a rotary shaker with a speed of 100 rpm in a growth chamber with the same
growth condition as described above. After 15 days, suspension cells were filtered with
autoclaved 10 and 50 µm sieves. Cells harvested between the two types of sieves were
subcultured in 50 ml liquid medium. After 3 times of subculture, appropriate cell suspension
cultures were established. Suspension cultures were developed for red 6R and wild-type P3 cells
as comparison. To obtain sufficient amount of cells, 10 g (fresh weight, FW) suspension cells
after filtering were cultured in 1-liter liquid medium contained in a 6-liter E-flask and cultured
for 15 days (Supplementary Fig. S1). Cells were filtered (Supplementary Fig. S1), collected to
liquid nitrogen, and then stored in an 80ºC freezer until the use for the following experiments.
The remaining liquid medium was transferred to 500 ml tubes for 10 min of centrifugation at
8,000 g and 4ºC. The supernatant (Supplementary Fig. S1) was concentrated to then stored in
4ºC for the following experiments.

4.3 Protein Extraction
Frozen 6R and P3 cells were ground into fine powder in liquid nitrogen. The protein extraction
buffer prepared was composed of 0.1 M Tris-Cl (pH 7.0) and 10 mM EDTA. Thirty grams of
powder were suspended in 150 mL of the protein extraction buffer in a 500 ml tube and vortexed
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for one min to mix completely. The mixture was sonicated for 30 min and then shaken on a
rotary shaker at 100 rpm for 20 min at 4 °C. The suspension mixture was centrifuged for 20 min
at 10,000 rpm at 4 °C. The supernatant was transferred to a clean beaker and then filtered
through a Whatman filter paper. The clear protein extraction was pipetted into a Millipore 15 mL
10K filter, which was centrifuged. Accordingly, 150 protein extract was concentrated to obtain
15 ml for SDS-PAGE (10%) and concentration measurement using Coomassie Brilliant Blue,
and then stored at a -20°C freezer for catalytic analysis and protein purification described below.

4.4 In vitro enzymatic assays and thin layer chromatography (TLC) analysis
A screening assay was developed to test the catalysis of crude protein extracts from cells and
liquid medium. Enzymatic reactions were carried out in 15 ml of clean glass tubes containing a 5
ml of reaction reagents. The enzymatic reaction consisted of 15-115 µg of crude proteins (0.75
ml), 0.187 µM CuSO4 (6 µl of 156 µM or 0.025 mg/ml), 250-750 µg catechin or epicatechin
(25-75 µl), and 4.169-4.214 ml of 1 M pH 7 oxygenated phosphate buffer. The oxygenation of
the reaction buffer was performed by strong vortex for 5 min prior to the use. The reaction was
incubated at room temperature for 2-10 min and stopped by addition of 5 ml ethyl acetate (EA)
and strong vortex for 1 min. Tubes were centrifuged for 5 min at 3000 rpm under 4 oC. The
upper EA phase (4.5 ml) was transferred into a clean glass tube. The EA extraction step was
repeated twice and pooled into the same tube. EA was then removed with a nitrogen gas flow
(purchased from Machine & Welding Supply Company) at room temperature. The residue was
dissolved in 450 µl of MS grade methanol for TLC.
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4.5 In vitro enzymatic assays and thin layer chromatography (TLC) analysis for screening native
proteins
Methods were developed to screen native proteins with catalytic activity of crude native proteins.
Substrates screened included (-)-epicatechin, (-)-epigallocatechin, phloroglucinol, catechol, or
(+)-catechin. Crude protein extracts tested include 6R and P3 proteins. Buffers were oxygenated
by strongly vortexing for 5 min at room temperature immediately prior to enzymatic incubations.
Enzymatic reactions in 1.5-ml Eppendorf polyethylene tube were carried out in 500 µl volume,
which was composed of 475 µl of 0.02 M Tris-Cl (pH 7.0 or pH 8.0) buffer, or 0.05 M
phosphate-citric buffer (pH 6.0), 15 µl protein extracts (10 µg) and 5 µl substrate (0.5 mg). Four
types of control reactions were performed, including substrate absence, enzyme absence, BSA as
the substitute of enzyme, and 1-10 min boiled crude protein extracts. All reactions were
incubated for 30 min at room temperature and stopped by adding one ml of ethyl acetate (EA).
The tubes were then vortexed and centrifuged at 5,000 rpm for 5 min. The EA phase was
transferred to new 1.5 ml tube and evaporated in a speed vacuum. The residues were diluted in
200 µl of methanol for TLC and HPLC analyses.

Thin layer chromatography was used to examine enzymatic products. Ten µl of methanol
extraction was loaded onto an aluminum-backed silica Kieselgel 60 F254 TLC sheet (0.2 mm
layer thickness, EM Sciences, USA). Authentic standards of catechin, epicatechin, procyanidin
B1, and procyanidin B2 (0.1- 1 µg) were loaded onto the same TLC sheet as positive control.
Samples were separated by a solvent consisting of formic acid: water: ethyl acetate (1:1:18, v/v).
Compounds were visualized by spraying 0.1 % DMACA dissolved in ethanol: HCl (50%: 3M)
on TLC plates.
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4.6 Native enzyme purification
Based on catalytic screening results, the crude protein extracts from 6R cell line were subjected
to three steps of purifications to isolate the active enzyme. First, based on the screening result
that catalytic proteins were thermally stable, the crude protein extracts were boiled for one min
and then centrifuged at 12,500 rpm for 10 min to remove all thermally instable proteins in the
pellets. The resulting supernatant included active enzymes. Second, the boiled protein mixtures
were subjected to a purification via an anion exchanger chromatography. Column for ionexchange chromatography was prepared by loading 15 ml DEAE Sephadex A-20-120 in 25 ml
syringes, washed with 15 ml ddH2O 5 times, and then equilibrated with 0.02 M pH 7.0 Tris-Cl
buffer. The supernatant was loaded onto the column, which was washed with 0.02 M pH 7.0
Tris-Cl. After three volumes of buffer as that of column, proteins were eluted with three types
three types of elution buffers, 0.02 M pH 7.0 Tris-Cl buffer added with 0 M, 0.1 M, and 0.2 M.
For each buffer, three volumes as the column size were used to elute the protein. Each flowthrough fraction was collected for catalytic test as described above. The most active fractions
were combined for further purification. Third, this step was gel chromatography (size-exclusion)
purification. Columns were prepared by loading 15 ml Sephadex G-75 into a 25-ml syringe and
then washed with 45 ml 0.02 M Tris-Cl pH 7.0 buffer. The active fractions were loaded onto the
G-75 column and then eluted with 0.02 M Tris-Cl pH 7.0 buffer. The flow-through were
collected every 30 seconds to obtain different fractions. All fractions were analyzed by a 10%
SDS-PAGE. All single band fractions with the same size were combined and concentrated to 5
ml via a Millipore 15 mL 10K filter as described above. Each single purified enzyme was
quantified by Bio-Rad Bradford protein assay kit and analyzed via a 10% SDS-PAGE to
examine the relative purity. The bands from SDS-PAGE were cut for the protein sequencing at
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Duke Center for Genomics and Computational Biology (https://genome.duke.edu/cores-andservices/proteomics-and-metabolomics). Sequencing steps followed the center’s protocol.
Finally, all purified proteins were stored at -80 °C for next experiments. Native-polyacrylamide
gel electrophoresis for in Situ assay of enzymatic reaction

Native-polyacrylamide gel electrophoresis (Native-PAGE) was completed to test enzymatic
reactions on gel. Native-PAG (10.0 %) was freshly prepared prior to electrophoresis. Separation
gel was prepared using 2.33 mL of 30% acrylamide/bisacrylamide solvent, 1.75 mL of 4X Tris
(pH 8.8), 2.85 mL of dH2O, 70 uL of 10% (w/v) ammonium persulphate (APS), and 5 uL of
tetramethylethylenediamine (TEMED). Stacking gel was prepared using 500 uL of 30%
acrylamide/bisacrylamide solvent, 375 uL of 4X Tris (pH 6.8), 2.1 mL of ddH 2O, 30 uL of 10%
APS and 4.0 uL of TEMED. The size of comb created 40 μL volume wells for sample loading.
Native-PAGE was prepared using a caster (10 x 8 cm). Native-PAG was then installed in a BioRad Mini Protean® Tetra Cell Electrophoresis apparatus (Bio-Rad, USA). Ten µg of protein
sample was mixed with 10 µL of protein loading buffer, which was composed of 50% glycerol,
0.5 M Tris-Cl (pH:7.0), 0.15 uM bromophenol blue (Bio-Rad), and dH 2O. In addition, the bovine
serum albumin (BSA) and proteinase K digested protein was added as the negative control.

The resulting mixture was gently mixed and then loaded to wells of Native-PAGE. The
polyacrylamide gel and 1-liter of 1 X Tris-Glycine-running buffer including 3.03 g of Tris and 14
g of glycine were placed in an electrophoresis chamber. In addition, 10 μg of Bio-Rad Precision
Plus Protein™ ladder was loaded a molecular weight standard. The electrodes of the
electrophoresis apparatus were wired to a power source. The electrophoresis apparatus was placed
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in a container and surrounded with ice to avoid any protein degradation due to heating. The voltage
of electrophoresis was set at 70 Volt for 30 min and then increased to 120 Volt for 90 min. After
the completion of electrophoresis, the gel was rinsed using dH2O and 0.02 M Tris-Cl buffer
(pH:7.0) and then placed into in a glass tank for incubation with substrate. The gel was suspended
in 0.02 M Tris-Cl buffer pH 7.0 containing 1 mg/ml (+)-catechin or (-)-epicatechin. The incubation
was achieved by shaking the gel smoothly. Color changes on the gel were recorded at 0, 30 and 60
minutes after incubation started. The appearance of a brownish-yellowish color indicated protein
bands with activity. Given that the protein catalyzed the formation of oligomeric compounds,
herein, this enzyme was named to be flavanol polymerase (FP)

4.7 Cloning of FP cDNA from 6R cells
First, the oligomeric peptides obtained from protein sequencing were used to blast against
tobacco sequences curated in the GenBank curated by NCBI. All oligomeric peptides hit one
tobacco peroxidase gene (Supplementary Fig. S4). Based on the sequence, a pair of primers was
designed to clone this gene from our red 6R cells. The forward primer was 5’GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTTTTCGTTTGAGTCA-3’ which
contains attB1 recombinant sequence and ATG start codon. The reverse primer was 5’GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGTGGTGGTGGTGGTGGTGCATAG
AAGCCACAGAGCT-3’ which contains attB2 recombinant sequence, 6-HIS tag encodes
sequence, and TCA stop codon.

Total RNA were extracted from 6R calli using a TRI Reagent™ Solution (ThermoFisher,
Catalog number: AM9738) and treated with DNase to remove genomic DNA as we reported
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recently [61]. One µg of DNA-free RNA was reversely transcribed into the 1 st strand cDNA in a
20 µl reaction volume using High capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA) by following the manufacturer’s protocol. Two µl of the 1st strand cDNA
product was used as the template in PCR to amplify a cDNA. The thermal cycle consisted of
94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 60 °C for 1 min, and 72°C for 30 s. The
final extension step was 10 min at 72 °C. The amplified cDNA was then cloned into the gateway
pDONR221 vector by using the Gateway BP Clonase II Enzyme Mix (Invitrogen, USA)
following the manufacturer’s protocol. The ligated products were introduced into competent E.
coli ccdB Survival 2 T1R strain via a common heating shock transformation. Positive colonies
were selected and inoculated to LB medium to purify the pDONR221-FP construct.

4.8 Expression of recombinant cDNA in E. coli and purification
The recombinant pDONR221-FP plasmid was used as the template to clone sequence to
pDEST15 protein expression vector by using Gateway LR Clonase II Enzyme Mix (Invitrogen,
USA) following the manufacturer’s protocol. The ligation product was introduced into
competent BL21 (DE3) plysS E. coli strain, which was inoculated on LB medium supplemented
with 200 mg/L ampicillin and 34 mg/L chloramphenicol. A positive colony was used to isolate
the positive recombinant pDEST15-FP-His vector, in which a GST tag and a His tag were cloned
to the 5’-end and the 3’-end of the FP cDNA, which could express a fused GST-FP-His protein.

A single positive colony was inoculated to 10 ml of LB broth supplemented with 200 mg/L
ampicillin and 34 mg/L chloramphenicol in a 50 ml tube. The tube was placed in an incubator at
200 rpm 37 °C for 16 hrs at. Then 1 ml of suspension culture was inoculated into 100 ml of fresh
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LB broth medium containing 200 mg/L ampicillin and 34 mg/L chloramphenicol in a 250 ml
Erlenmeyer (E) flask. The E flask was placed on an incubator and shaken at 120 rpm at 37 °C
until the absorbance value measured at 600 nm was 0.7. The culture temperature was reduced to
30 °C and isopropyl-1-thiol-beta-D-galactopyranoside (IPTG) was then added to the cultures to a
final concentration of 1 mM. After 4 h of induction, the suspension cultures were harvested by
centrifuging at 6,000 rpm for 5 min. the remaining pellets were stored at -80°C to purify the
recombinant protein late on.

The E. coli pellets were completely suspended in 10 ml of denaturing extraction buffer (8M urea,
20 mM Tris-Cl pH 8.0, 10 mM imidazole) then lysis by 5 min of supersonic. The lysate mixture
was centrifuged for 20 min at 12,000 rpm. The supernatant containing crude proteins was
transferred to a new tube for protein extraction.

The purification of recombinant protein was carried out on a Ni-NTA column. One ml of NiNTA Sefinose resin (G-Biosciences, USA) was loaded onto a plastic column. After the resin was
stacked tightly, the column was washed three times with ten volumes of denaturing extraction
buffer. Then, 10 ml of crude protein extracts were loaded onto the top of the resin column and
eluted by gravity at a flow rate of 0.5 ml/min. The column was washed three times using four
times the volume of the denature extraction buffer to wash off non-specific column-binding
proteins. Then the column was moved to a cold room and washed by three times ten-volume of
refolding buffer (20 mM Tris-Cl pH 8.0, 10 mM imidazole) to allow the recombinant protein full
refolded on the column. The refolded recombinant protein was then eluted with 3 ml of elution

113
buffer (20 mM Tris-Cl pH8.0, 250 mM imidazole) to obtain GST-NtFP-His recombinant protein.
The purified protein was evaluated by electrophoresis on a 12% SDS-PAGE.

4.9 Enzymatic and kinetic assays using recombinant enzyme
The enzymatic assay of recombinant protein followed the same protocol as described above. In
brief, the enzymatic reaction was composed of 475 µl of 0.02 M Tris-Cl (pH 7.0 or pH8.0)
buffer, or 0.05 M phosphate-citric buffer (pH 6.0), 0.5 mg of substrates, and 10 µg of
recombinant protein in a total volume of 500 µl in 1.5 ml tubes. For hydrogen peroxide tests, 0.5
µl of 30% hydrogen peroxide was added. Also, control reactions without substrates, without
protein, and with BSA were performed. All reactions were incubated for 30 min at 37 °C and
stopped by adding one ml of ethyl acetate (EA). The tubes were then vortexed and centrifuged at
5,000 rpm for 5 min. The EA phase was transferred to new 1.5 ml tubes and drought in a speed
vacuum. The residues were dissolved in 200 µl of methanol for the LC-qTOF-MS/MS analysis.

To identify the optimum reaction time, each enzymatic reaction was composed of 475 µl of 0.02
M Tris-Cl (pH 7.0) buffer, 0.5 mg (-)-epicatechin, and 10 µg of recombinant protein. The
reactions were stopped at 30 min, 45 min, 60 min, 90 min, 120 min, and 180 min. The EA
extracts of each reaction were detected by LC-qTOF-MS/MS analysis as described above. The
velocity of reactions was calculated with the (-)-epicatechin consumption.

Several different buffer systems were tested to optimize a pH value. Every single reaction was
composed of 475 µl phosphate sodium buffer (0.05 M, pH 6.2 to 8.0), or Tris-Cl buffer (pH 7.0
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to 9.5), 0.5 mg (-)-epicatechin, and 10 µg of recombinant protein. All reactions were performed
at 37 °C for 30 min and products were analyzed by LC-qTOF-MS/MS.

To optimize temperature value, every enzymatic reaction has consisted of 475 µl of 0.02 M TrisCl (pH 7.0) buffer, 0.5 mg (-)-epicatechin, and 10 µg of recombinant protein. The reactions were
performed at 35, 40, 45, 50, 60, 70, and 80 °C for 30 min and analyzed by LC-qTOF-MS/MS.

To calculate kinetic parameters, reactions were composed of 475 µl of 0.02 M Tris-Cl (pH 7.0)
buffer, 10 µg of recombinant protein, and 0.312, 0.5, 0.625, 0.825, 1, 1.2, 1.4, or 1.7 µM of (-)epicatechin. The reactions were performed at 37 °C for 30 min and analyzed by LC-qTOFMS/MS.

4.10 Purification of enzymatic products
The enzymatic product of EP-P1 was purified from large volumes of enzymatic reactions.
Enzymatic reactions were composed 5 mg crude protein extract of 6R cells, 100 mg (-)epicatechin, 500 ml 0.05 M phosphate-citric buffer (pH 6.0), and 0.5 ml 30% hydrogen peroxide.
The reaction was performed at room temperature for 30 min and stopped by added 1 L of EA.
The EA phase was transferred to a new E-flask and drought completely on a rotatory evaporator.
The residue was then dissolved in 2 ml EA and loaded on a TLC silica gel 60 plates (2 mm
thickness, 20 cm × 20 cm, EMD Millipore, USA). The TLC plates were developed in water:
formic acid: ethyl acetate (1:1:18), v/v). After full development, bright yellowish bands were cut
down from the plates. The resulting silica gel pieces containing the yellowish EP-P1 were
grounded to a fine powder and mixed with 10 ml ddH 2O. Then, 25 ml EA was added to the
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mixture and vortexed for 1 min. The mixture was centrifuged at 3,000 rpm for 5 min and the EA
phase was transferred to a new 50 ml tube.

The EA extract was dried with nitrogen gas stream. The remaining residues were dissolved in 1
ml methanol for further purification with HPLC on Shimadzu LCMS-2010 EV instrument. In
brief, compounds were separated on an Advantage 300 C18 column (250 × 10 mm, 5µm,
Thomason Liquid Chromatography, USA). The mobile phase solvents used for elution included
1% acetic acid in water (solvent A, HPLC grade acetic acid, HPLC grade water) and 100%
acetonitrile (solvent B, HPLC grade). A gradient solvent system, which was developed to
separate compounds, was composed of ratios of solvent A to B: 80:20 (0–5 min), 80:20 to 70:30
(5–10 min), 70:30 to 55:45 (10–20 min), 55:45 to 50:50 (20–30 min), 50:50 to 45:55 (30–35
min), 45:55 to 80:20 (35-36 min). After the last gradient step, the column was equilibrated and
washed for 10 min with solvent ratio A: B 80:20. The flow rate was 0.6 ml/min and the injection
volume was 50 µl. Chromatograms were detected and recorded at 280 nm and 380 nm. All elutes
were collected to different tubes labelled with numbers. The same elutes collected from different
separations were combined and extracted by 50 ml of EA. The EA phase was transferred to new
tubes and dried with nitrogen gas stream. The remained residues were dissolved in methanol and
then examined by LC-qTOF-MS/MS.

4.11 Butanol:HCl cleavage of enzymatic products
Butanol: HCl (50:50) boiling is a classic method to cleave and calculate PA. As described
previously [63], we used this method to cleave enzymatic products. In addition, PB2 was used as
a positive control. In brief, 5 µl PB2 (50 µg) or a purified product (50 µg EP-P1 or EP-P2) was
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mixed with 950 µl butanol:HCl in a 1.5 ml tube. The mixture was boiled for 1 hr and then cooled
down to room temperature. The boiled mixture was used to measure absorbance at 550 nm. After
measurement, the samples were evaporated to remove butanol and water in a speed vacuum. The
remaining residue was suspended in 200 µl methanol with 0.1% HCl for LC-qTOF-MS/MS
assay.

4.12 Acid-catalytic degradation and phloroglucinol competition assay
Acid-catalytic and phloroglucinol-based degradation is a classic method to determine extension
units of PAs. The reaction was composed of 450 µl of 0.1 N HCl in methanol, 50 mg/ml
phloroglucinol, 10 mg/ml ascorbic acid, and 50 µl of 1 mg/ml purified products (EP-P1 or CAP1) in a 1.5 ml tube. Then the reaction tubes were incubated at 50 °C for 20 min. After cooled to
to room temperature, the reaction products were examined with LC-qTOF-MS/MS. In addition,
50 µl of 1 mg/ml procyanidin B2 and procyanidin A2 were used as a controls.

4.13 Competition assays between phloroglucinol and epicatechin
The phloroglucinol and epicatechin competition experiment was carried out in a 500 µl volume
in a 1.5 ml tube. The reaction was composed of 475 µl 0.05 phosphate-citric buffer (pH6.0), 1
mg/ml (-)-epicatechin, 1 mg/ml phloroglucinol, 10 µg native protein or BSA, and 0.5 µl 30%
hydrogen peroxide. In addition, taxifolin and quercetin were used to substitute epicatechin as
controls. The tube was incubated at room temperature for 30 min and the reaction was stopped
by added 1 ml of EA. The tubes were then vortexed and centrifuged at 5,000 rpm for 5 min. The
EA phase was transferred to a new 1.5 ml tube and the dried in a speed vacuum. The residues
were dissolved in 200 µl of methanol for HPLC-MS analysis.
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4.14 Overexpression of NtFP in PAP1-ANR tobacco and PA assay
The stop codon of NtFP ORF was removed by PCR. The resulting fragment was cloned to
Pdonr223 vector using Gateway BP Clonase II Enzyme Mix (Invitrogen, USA) by following the
manufacturer’s protocol. This cloning obtained a Pdonr223-NtFP vector. The purified Pdonr223NtFP plasmid was used to clone NtFP into a binary vector PMDC84 with Gateway LR Clonase
II Enzyme Mix (Invitrogen, USA) by following the manufacturer’s protocol. This cloning
generated a recombinant binary vectors, PMBC84-NtFP, in which NtFP was fused to the 5’-end
of GFP and NtPAC-GFP was driven by 35S promoter. Both PMDC84-NtFP and PMDC84
vectors were introduced into Agrobacterium tumefaciens strain GV3101 for genetic
transformation. The PAP1-ANR(BAN) tobacco [63] was used for genetic transformation. MS
medium, plant hormones used, and all steps of transformation and selection of transgenic plants
followed our protocols published previously [63]. The PAP1-BAN-NtFP and vector control
transgenic plants were screened on media supplemented with 50 mg/L hygromycin and further
confirmed with PCR and RT-PCR. Transgenic and control plants were grown in pot soil and
placed side by side in the greenhouse to develop flowers. Seeds were collected from T0 plants
and germinated on MS medium containing 50 mg/L hygromycin. Resistant T1 seedlings were
grown in the greenhouse to develop flowers for flavan-3-ols and PA analysis as described above.

4.15 Subcellular localization of NtFP
The T1 transgenic seeds and vector control seeds were grown on MS medium containing 50
mg/L hygromycin for five days to develop young seedlings. Half of transgenic seedlings were
pretreated with 30% sucrose for 10 min to create plasmolysis of seedlings. In addition, seedlings
pretreated with BCECF fluorescent dye were used as positive control. The protocol followed a
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classic protocol of plasmolysis reported in the literature. Five-day old wild type tobacco
seedlings were placed in perfusion solution (0.2 mM CaCl 2, 50 mM glucose, 3µM BCECF ~AM,
and 10 mM MES buffer, pH 6.0) for 30 min at room temperature, and then washed three times
with 0.1 mM CaCl2. The seedlings were then held on perfusion solution without BCECF~AM
for 1 hour. All seedlings were exanimated under a confocal laser scanning microscope (Leica
TCS SP2, Leica, Germany). The light wavelength was set at 488 nm to observe GFP signal.

4.16 Extraction of proanthocyanidin and flavan-3-ols
Frozen samples were ground into fine powder in liquid nitrogen. Two hundred milligrams of
powder were weighed into a 1.5 ml tube and then suspended in 1 ml 70% acetone. The tube was
vortexed 30 seconds, followed by centrifugation for 5 min at 5,000 rpm. The supernatant was
pipetted into a new 1.5 ml tube. The supernatant was then dried in a speed vacuum until the
small water phase left in the bottom. The remained water phase was added 500 µl water,
followed by addition of 200 µl chloroform. The mixture was then vortexed and centrifuged at
10,000 rpm to gain the upper water and bottom chloroform phases. The chloroform was pipetted
to a dispensable bottle to remove chlorophyll, lipids, and fatty acids. This step was repeated
once. The water phase in the tube was added 1 ml EA and vortexed for 1 min. The tube was
centrifuged at 10,000 rpm for 5 min. The EA phase was then transferred into a new 1.5 ml tube
and dried completely in a speed vacuum. The residues were dissolved in 200 µl of methanol for
HPLC-qTOF-MS/MS assay.
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4.17 TLC assay
TLC was used to separate compounds of EA extracts. 10 µl samples were loaded on aluminumbacked silica Kieselgel 60 F254 TLC sheets (0.2 mm layer thickness; EM Sciences, Busking
Ridge, NJ, USA) which were developed in water: formic acid: ethyl acetate (1:1:18), v/v), and
then sprayed with 0.1% (w/v) dimethylaminocinnamaldehyde (DMACA), which was freshly
prepared in 6 M HCl:ethanol (1:1,v/v), to visualize the monomeric flavan-3-ols and PA
compounds. 10 µl of 1 mg/ml (+)-catechin, (+)-epicatechin, and procyanidin B2 (PB2) were load
to the plates as references.

4.18 LC-qTOF-MS/MS assay
HPLC-qTOF-MS/MS analysis was performed to profile the enzymatic products based on our
previous reports [66]. HPLC-qTOF-MS/MS analysis was carried out by using Agilent
Technologies (Santa Clara, CA, USA) 6520 time-of-ﬂight-MS/MS. The mobile phase solvents
optimized include 1% acetic acid in water (solvent A: 1% HPLC grade acetic acid in LC-MS
grade water) and 100% acetonitrile (solvent B) (LC-MS grade). A gradient elution system is
optimized with the two mobile solvents to separate generate phenolics in an Elipes XDB-C18
analytical column (250 × 4.6 mm, 5 µM, 25 ◦C, Agilent). The gradient solvent system is
composed of ratios of solvent A to B: 95:5 (0–5 min), 95:5 to 90:10 (5–10 min), 90:10 to 85:15
(10–15 min), 85:15 to 45:55 (15–45 min), 45:55 to 25:75 (45–50 min), 25:75 to 95:5 (50–60
min). After the last gradient step, the column is equilibrated and washed for 10 min with solvents
A: B (95:5). The ﬂow rate is 0.4 mL/min. The injection volume of the samples is set up at 5.0 µl.
The drying gas ﬂow and the nebulizer pressure are set at 12 L/min and 50 psi, respectively.
Metabolites are ionized with negative mode. The mass spectra are scanned from 100 to 3000
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m/z. The acquisition rate is three spectra per second. Other MS conditions optimized include
fragmentor: 150 V, skimmer: 65 V, OCT 1 RF Vpp: 750 V, and collision energy: 30. The
authentic (-)-epicatechin, (+)-catechin, procyanidin B2, procyanidin A2 were used as the
references.

4.19 Phylogeny analysis
The 34 homologues of NtFP amino acid sequences were obtained from Genebank by BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). A multiple Alignment were created by online tool
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The multiple alignment was used to
generate a phylogenic tree by using NGphylogeny.fr tool (https://ngphylogeny.fr/).
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Supplemental data

Figure S1 Callus and suspension culture of red and wild-type cells for protein extraction.
a, callus culture of wild-type tobacco (P3) and PAP1 transgenic (6R) tobacco cells grown on the
subculture media; b, suspension culture of 6R tobacco cells growing in liquid medium, c-e, crude
proteins extracted from P3 and 6R cultures, calli (c), suspension cells harvested (left) (d), and
liquid medium (left) (e).
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Figure S2 Crude proteins extracted from 6R and P3 cell suspension cultures and
incubation with substrates.
a, A SDS-PAGE image shows different profiles of crude proteins extracted from 6R (shown in
Figure 2 too) and P3 cell suspension cultures and treated with boiling. L, protein ladder (kDa),
UnB: Un-boiled crude protein extracts, 1-3m, proteins after crude protein extracts were boiled
for 1, 2, and 3 minutes at 100°C.
b-d, Incubation of crude protein extractions with catechin or epicatechin as substrate produce
new yellowish or brownish-yellowish compounds. Crude proteins used here include un-boiled
and boiled (1, 3, and 5 min, labeled as 1m, 3m, and 5m). b, buffer and two substrates in the
buffer are colorless. c; un-boiled and 1 min-boiled P3 crude proteins converted catechin and
epicatechin to yellowish or light brownish compounds. d, un-boiled and 1 and 3 min-boiled 6R
crude proteins converted catechin and epicatechin to yellowish or light brownish compounds.
e, TLC and DMACA staining showed PA-like oligomers from formed from in vitro incubations
of crude protein extractions of 6R and P3 suspension cells with (+)-catechin and (-)-epicatechin.
Both crude 6R protein extracts and 1 min-boiled proteins were tested for catalytic activity.
Bovine Serum Albumin (BSA) was used as protein control. In addition, the negative (-) labelling
denoted that only proteins were used in the incubations without substrates added as controls.
Standards include procyanidin B2 (PB2), (+)-catechin (C) and (-)-epicatechin (EC). Unb; unboiled.
f, Native-PAGE images show the protein band profiles from un-boiled, 3 and 6 min-boiled, and
protease K digested crude proteins of P3 and 6R. Gels were stained with Coomassie blue and
incubated with 100 µM epicatechin. L, protein ladder (kDa), pK, proteinase K digested. The
incubation with epicatechin not only demonstrated that crude proteins converted epicatechin to
yellowish compounds, but also revealed the catalytic differences between P3 and 6R proteins.
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Figure S3 Protein fractions isolated from ion-exchange columns (IECs) and examination of
their activity via an incubation of native-PAGE gels and substrates.
Proteins were eluted through IECs and loaded onto a Native-PAGE with buffer supplemented with
0, 0.1 M, and 0.2 M NaCl. L; protein ladder (kDa). Native PAGE gel images show the dynamics
of yellowing products formed on the gels after incubated with catechin and epicatechin for 0, 30
and 60 min. These data demonstrate the presence of an active enzyme.

Figure S4 Results from peptide sequencing of an active fraction and the blast. The amino acid
sequences of six oligomers highlighted with a yellow background were obtained from proteomics.
The blast search with the six oligomers hit one protein in the GenBank, which were annotated a
peroxidase.
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Figure S5 Amino acid sequence alignment and 3D modeling of FP.
a, an amino acid sequence alignment was developed using FP and 10 homologs.
b, a 3D modeling was developed based on a peanut peroxidase as the template. SP: signal peptide,
H1, H2, H3, and H4: helix. CBS: calcium binding sites including R, H, and N residues.
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Figure S6 Constructs and subcellular localization of NtFP in stably transgenic plants
created using PAP1-BAN (ANR) tobacco.
a, Two T-DNA cassettes were developed for genetic transformation, the T-DNA cassette of the
PMDC84 binary vector and the T-DNA cassette of a recombinant binary vector developed from
PMDC84 by fusing NtFP to the 5’-end of GFP gene for subcellular localization. Two T-DNA
cassettes were transformed into PAP1-ANR plants. PMDC84 was used as a vector control.
b, confocal microscopy images showed the vacuolar localization of the GFP fluorescence signal
of NtFP-GFP in root cells of transgenic tobacco seedling. GFP: GFP control; NtFP: fused NtFPGFP in vacuoles; plasmolysis: fused NtFP-GFP in vacuoles; BCECF staining: positive control of
vacuolar localization.
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Figure S7 Analysis of proanthocyanidins in NtFP transgenic PAP1-BAN plants.
a, EIC profiles show PB2 detected in leaves of both PAP1-BAN-NtFP and PMDC84 empty vector
control transgenic tobacco plants.
b, the PB2 content was significantly higher in leaves of PAP1-BAN-NtFP than in those of
PMDC84 empty vector control transgenic tobacco.
c, the UV absorbance values of boiled extracts in butanol-HCl were measured at 550 nm. The
absorbance values were higher in leaf extracts of PAP1-BAN-NtFP plants than in those of PAP1BAN-PMDC84 plants.
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Figure S8 Effects of pH values and hydrogen peroxide on the formation of yellowish
compounds from (-)-epicatechin
a, effects of pH6 and pH8 as well as hydrogen peroxide on yellow color formation from the in
vitro incubation of native FP with epicatechin. Buffer was not vortexed for oxygenation prior to
adding enzyme and epicatechin. At pH6, only the incubation with enzyme and hydrogen
peroxide converted epicatechin to yellowish compound(s). At pH8, all incubations except for
BSA protein control converted epicatechin to light yellowish to slightly brownish compounds.
These results indicate that in a weak acidic condition, hydrogen peroxide is required for the
catalysis to produce yellowish compounds, while in a weak basic condition, hydrogen peroxide
enhances producing yellowish and brownish compounds.
b, TLC analysis detected PA-like products formed from the incubation of the recombinant FP
and epicatechin at pH6 and hydrogen peroxide but hardly detected these compounds from other
conditions. The incubations were extracted with ethyl acetate, which was evaporated. The
residues were dissolved in methanol for TLC. TLC plates were sprayed with DMACA reagents.
c-d, hydrogen peroxide promoted the formation of yellowing compound in the incubations at
pH7 (c) and TLC analysis detected PA-like compounds formed from the incubation of
recombinant FP and epicatechin but did not detect compounds from two control incubations (d).
e, a, TIC profiles show EC-P1, EC-P2 and other peaks formed from the incubation consisting of
native FP, epicatechin, and hydrogen peroxide (EC+H2O2+E) but not produced from three
incubation controls, native enzyme and epicatechin (EC+E), BSA, epicatechin and hydrogen
peroxide (EC+H2O2+BSA), and 4) BSA and epicatechin (EC+BSA) at pH 6
f, TIC profiles only show EP-P1 formed from the incubation consisting of native NtFP and
epicatechin (EC+E) but not formed in three others types of incubations, NtFP, epicatechin, and
hydrogen peroxide (EC+H2O2+E), (3) BSA, epicatechin, and hydrogen peroxide
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(EC+H2O2+BSA), and BSA and epicatechin (EC+BSA).
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Figure S9 Effects of pH values and hydrogen peroxide on the formation of yellowish products
from the incubation of FP and catechin.
a, TIC profiles show CA-P1 and CA-P2 products formed from the incubation consisting of native
NtFP and catechin and hydrogen peroxide (left: CA+E+H2O2, pH6) but not formed from two
control incubations, native enzyme and catechin (middle: CA+E-pH6) and BSA, catechin, and
hydrogen peroxide (right: CA+H2O2+BSA, pH6) at pH6.
b, TIC profiles show CA-P1 and CA-P2 products formed from the incubation consisting of native
NtFP and catechin and hydrogen peroxide (left: CA+E+H2O2, pH7) but not formed from the
control incubation, enzyme catechin, and hydrogen peroxide (right: CA+BSA+H2O2, pH7) at
pH7.
c, TIC profiles do not show products formed from three incubations at pH 8, native NtFP, catechin,
and hydrogen peroxide (left: CA+E+H2O2, pH8), native NtFP and catechin (middle: CA+E, pH8),
and BSA, catechin, and hydrogen peroxide (right CA+H2O2+BSA, pH8).

141

Figure S10 Effects of reaction time, reducing reagents, pH values, and temperatures on
enzyme activity and sigmoid kinetics.
Recombinant enzyme was used to test these conditions. Due to at least two products formed in the
reactions, the reduction of epicatechin concentrations was used to calculate values of reaction time,
reducing agents, pH and temperature optima, and Km value.
a-d, plots show effects of reaction time (a), reducing reagents (b), pH values (c), and temperature
(d) on the activity of recombinant enzyme.
e, a plot of velocity versus epicatechin contraction shows a sigmoid kinetics of recombinant NtFP
activity.
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Figure S11 Enzyme catalysis of catechol but no enzyme catalysis of phloroglucinol by NtFP
Incubations were composed of catechol or phloroglucinol, enzyme or BSA control, and hydrogen
peroxide in pH 6 buffer. Incubations were extracted with ethyl acetate
a, images showed that the recombinant enzyme converted catechol to yellowish compounds but
BSA control did not; the recombinant enzyme and BSA control did not produce color from the
incubation of phloroglucinol.
b, TIC profiles showed the level of phloroglucinol was not changed between the enzymatic and
BSA control incubations, indicating that NtFP cannot use this compound as a substrate. HPLC
profiles for catechol reaction could not detect substrate and products because catechol was
completely catalyzed into water soluble quinone, which could not be extracted with ethyl acetate.
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Figure S12 No catechin-phloroglucinol and epicatechin-phloroglucinol produced from
hydrochloric acid (HCl)-catalyzed cleavage of CA-P1 and procyanidin A2 (PA2) in presence
of phloroglucinol (support Figure 4)
TIC profiling did not detect catechin-phloroglucinol and epicatechin-phloroglucinol formed from
the methanol HCl-catalyzed cleavage CA-P1 (left) and PA2 (right). These data indicate that HClmethanol does not cleave CA-P1 to catechin and catechin carbocation and PA2 to epicatechin and
epicatechin carbocation, therefore, phloroglucinol cannot nucleophilically attack epicatechin
carbocation to form epicatechin-phloroglucinol and catechin carbocation to form catechinphloroglucinol.

Figure S13 Purification of EC-P1 produced from enzymatic reactions and its features of UV
spectrum and mass spectrum
a-c, TLC preparation (a) and HPLC separation (b) were used to isolate EP-P1. TIC showed EC-P1
purified (c).
d, the UV-spectrum profile shows a featured absorption of EP-P1at 388 nm.
e, the mass spectrum shows an accurate mass-to-charge ratio of EP-P1, 575.22847 [m/z] -.
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Figure S14 NMR ROESY assignments of PB2 and EC-P1
a, ROESY assignments of PB2.
b, ROESY assignments of EC-P1.
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Figure S15 NMR HMBC assignments of PB2 and EC-P1
a, HMBC assignments of PB2.
b, HMBC assignments of EC-P1.
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Figure S16 No formation of the 412 Dalton compound formed from incubations of quercetin
or taxifolin, phloroglucinol, and NtFP
a, a scheme presents a hypothesis whether the incubation with enzyme, quercetin or taxifolin,
phloroglucinol, and hydrogen peroxide produces conjugates in pH 6 buffer.
b, TIC profile showed that no molecular weight 412 Dalton compound (411 [m/z] -) was detected
from the incubations of enzyme or BSA (control), quercetin, phloroglucinol, and hydrogen
peroxide.
c, TIC profiles showed that no molecular weight 412 Dalton compound (411 [m/z] -) was detected
from the incubations of enzyme or BSA (control), taxifolin, phloroglucinol, and hydrogen
peroxide.
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Figure S17 Formation of new trimeric compounds from phloroglucinol added in the
incubation of NtFP and epicatechin.
Extracted-ion chromatogram (EIC) was performed to characterize MS of compounds formed from
the incubation of enzyme, epicatechin, hydrogen peroxide, and phloroglucinol.
a, an EIC profile showed five peaks characterized by a 697 [m/z] - produced from the incubations.
b, MS/MS fragmentation showed main fragments from all 697 [m/z] - compounds, including 571,
516, 409, and 287.
c, a carton scheme presents a mechanism by which the incubation of enzyme, epicatechin,
hydrogen peroxide, and phloroglucinol produces trimeric compounds. Phloroglucinol forms the
starter unit.
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Figure S18 A series of new oligomeric compounds detected from the incubations of enzyme,
and epicatechin.
Extracted ion chromatograms (EIC) were recorded to detect compounds from the incubation of
enzyme, epicatechin, and hydrogen peroxide.
a, EIC showed 575, 861, 1147, and 1433 [m/z] - corresponding to dimers (EC-P1 and EC-P2)
timers, tetramers, and pentemers formed from enzymatic reactions but not from control
incubations.
b, a carton diagram shows a model by which the incubations form oligomers from the enzymatic
reactions of epicatechin.
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Figure S19 A high resolution snapshot showing EC-P1 and EC-P2 in seeds of wild-type plants
but not in seeds of atfp mutants.

Figure S20 Analysis of epicatechin and catechin in tissues of eight plants.
EIC profiling detected epicatechin (EC) in seeds of A. thaliana and atfp mutants and berry of
blueberry, cranberry, strawberry, grape seeds, and cacao seeds. Catechin (CA) was detected from
blueberry, cranberry, and grape seeds. EC and CA were not detected from tomato.
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Figure S21 Detection of five 287 [m/z]- compounds from the incubations of NtFP and
epicatechin and catechin
a, EIC profiles show that four 287 [m/z]- compounds are formed in the incubations of NtFP,
epicatechin (EC), and hydrogen peroxide, but are not formed from the control incubation
consisting of NtFP, BSA and EC.
b, EIC profiles show that three 287 [m/z]- compounds are formed in the incubations of NtFP,
catechin (CA), and hydrogen peroxide, but are not formed from the control incubation consisting
of NtFP, BSA and CA.
c, five structures are predicted to be flav-2-en-3-ol, 2R-flavan-3-one, 2S-flavan-3-one, 2R-flav-3en-3-ol, and 2S-flav-3-en-3-ol.
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CHAPTER 4
Virtual docking characterization and in vitro inhibitory activity of flavan-3-ols and dimeric
proanthocyanidins against the main protease activity of SARS-Cov-2
Abstract
We report to use the main protease (Mpro) of SARS-Cov-2 to screen plant flavan-3-ols and
proanthocyanidins. Twelve compounds, (-)-afzelechin (AF), (-)-epiafzelechin (EAF), (+)catechin (CA), (-)-epicatechin (EC), (+)-gallocatechin (GC), (-)-epigallocatechin (EGC), (+)catechin-3-O-gallate (CAG), (-)-epicatechin-3-O-gallate (ECG), (-)-gallocatechin-3-O-gallate
(GCG), (-)-epigallocatechin-3-O-gallate (EGCG), procyanidin A2 (PA2), and procyanidin B2
(PB2), were selected for virtual docking analysis. The resulting data predicted that all 12
metabolites could bind to Mpro. PA2 and PB2 were predicted to have the best affinity scores, 9.2, followed by ECG, GCG, EGCG and CAG, -8.3 to -8.7, and then six flavan-3-ol aglycones, 7.0 to -7.7. Virtual docking analysis predicted that these compounds bound to three or four
subsites (S1, S1’, S2, and S4) in the binding pocket of M pro via different spatial ways and various
formation of one to four hydrogen bonds. In vitro analysis with 10 available compounds showed
that CAG, ECG, GCG, EGCG, and PB2 inhibited the M pro activity with an IC50 value,
2.98±0.21, 5.21±0.5, 6.38±0.5, 7.51±0.21, and 75.3±1.29 µM, respectively, while CA, EC, EGC,
GC, and PA2 did not have inhibitory activities. To further substantiate the inhibitory activities,
extracts prepared from green tea (GT), two muscadine grapes (MG), cacao, and dark chocolate
(DC), which are rich in CAG, ECG, GAG, EGCG or/and PB2, were used for inhibitive assay.
The resulting data showed that GT, two MG, cacao, and DC extracts inhibited the M pro activity
with an IC50 value, 2.84 ±0.25, 29.54 ±0.41, 29.93±0.83, 153.3±47.3, and 256.39 ±66.3 µg/ml,
respectively. These findings indicate that on the one hand, structural features of flavan-3-ols are
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closely associated with the affinity scores; on the other hand, the galloylation and oligomeric
types of flavan-3-ols are critical in creating the inhibitory activity against the M pro activity.

This work was published in Frontiers in Plant Science, 2020.
Yue Zhu, De-Yu Xie. 2020, Docking Characterization and In vitro Inhibitory Activity of Flavan-3-ols and
Dimeric Proanthocyanidins against the Main Protease Activity of SARS-Cov-2. Frontiers in Plant
Science. 11:601316.
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1. Introduction

SARS-CoV-2 is a novel severe acute respiratory syndrome-related coronavirus strain and highly
contagious to humans (Fig. 1). Its infection on humans was reported in the early December of
2019 in Wuhan, China [1, 2]. On January 30, 2020, The World Health Organization (WHO)
declared the outbreak of the coronavirus disease 2019 (COVID‑19) emergency[3]. On March 11,
2020, WHO announced the COVID-19 pandemic [4]. As of Aug. 19, 2020, it has infected
approximately 22.3 million people and caused approximately 784,107 deaths worldwide (data
source from Johns Hopkins Coronavirus Resource Center). These numbers are continuously
increasing every day. Extremely sadly, the humans do not know when this pandemic will end.
Although hydroxychloroquine, chloroquine, and remdesivir were recommended for treating
COVID-19 [5-7], their therapeutic effects still remain for studies. For example, a new study
showed that chloroquine could not treat COVID-19 [8]. Although 300 trials with different antivirus medicines are being performed [9], such as lopinavir and ritonavir [10], the fact is that no
medicines show therapeutic effectiveness. Although in June 2020, dexamethasone, a steroid, was
publically reported to decrease the death risk of COVID-19 patients [11, 12], more trials need to
be performed to demonstrate its effectiveness. Furthermore, different proteins or genes of SARSCov-2, such as the main protease (Fig. 1), have been targeted to screen medicines, however, no
small molecules have been conclusively shown to be able to treat COVID-19 patients [13, 14].
Currently, the humans are placing a hope on vaccines. However, we do not have one yet and the
effectiveness and potential risks of vaccine remain for continuous investigations. Making matters
worse, more studies have shown the originality and the transmission of this contagious virus are
more complicated than the humans know. Studies have shown that in addition to aerosol
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transmission, this virus can be transmitted through gastrointestinal infection [15, 16] and can
stably stay for three hours in air and 72 hours on plastic and steal surfaces [17]. In addition to
causing lung diseases, this virus has been found to cause other health complications, such as
abdominal pain [16] and neurologic abnormality [18]. To the whole world surprise, one newest
study revealed that SARS-Cov-2 existed in wastewater that had been stored in Barcelona, Spain
since March 2019 [19], the time of which was nine months earlier than the first report from
Wuhan. This finding implies that SARS-Cov-2 might have been transmitted in humans before
the outbreak. In summary, no medicines can treat COVID-19 and no vaccines can prevent this
contagious disease. Therefore, effective treatments and preventions are urgently needed.

Figure 1 A simplified diagram showing the essential function of the main protease involved
in SARS-Cov-2 replication in infected host cells.
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Flavan-3-ols and proanthocyanidins (PAs) are two groups of plant flavonoids (Fig. 2) [20]. They
commonly exist in fruits, food products, and beverages, such as grape [21-24], strawberry [2527], persimmon [28], cranberry [29, 30], blueberry [31], cacao nuts [32, 33], chocolate [34, 35],
green tea [36-38], and wines [39]. Common flavan-3-ol aglycones in these plant products include
(-)-epicatechin (EC), (+)-catechin (CA), (-)-epigallocatechin (EGC), (+)-gallocatechin (GC), (-)epiafzelechin (EAF), and (+)-afzelechin (AF) (Fig. 1) [20]. Common flavan-3-ol gallates include
(-)-epicatechin-3-O-gallate (ECG), (+)-catechin-3-O-gallate (CAG), (-)-gallatechin-3-O-gallate
(GCG), (-)-epigallocatechin-3-O-galloate (EGCG), which are highly abundant in green tea [38,
40]. PAs are oligomeric or polymeric flavan-3-ols. In PAs, the lowest and upper units are called
as the starter and extension units, which are linked by interflavan bonds formed between the C 8
or C6 of a lower unit and the C4 of an upper unit (Fig. 1). In addition, a second linkage is an ether
C2-O-C7 bond between the starter unit and the extension unit. Based on the linkage numbers,
PAs are classified into two types of structures, the dominant B-type characterized with an
interflavan bond only and the uncommon A-type featured with an interflavan bond and an ether
linkage [20]. Common dimeric B-types in fruits and beverages include procyanidin B1, B2, B3
and B4. Two examples of dimeric A-type PAs are procyanidin A1 and A2 [20]. Flavan-3-ols and
PAs are potent antioxidants with multiple benefits to human health [20]. Multiple compounds
from these two groups, such as CA, EPC, EGC, EGCG, procyanidin B2, and procyanidin A2
(Fig. 2), have been shown to have antiviral function [41, 42], antibacterial activity [43, 44],
anticancer [45, 46], anti-cardiovascular diseases [47-49], and anti-aging diseases [50-52]. All
these features suggest that flavan-3-ols and PAs are appropriate targets for screening potential
anti-SARS-Cov-2 medicines.
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Figure 2 Structures of (+)-afzelechin, (-)-epiafzelechin, (+)-catechin, (-)-epicatechin, (+)gallocatechin, (-)-epigallocatechin, (-)-catechin-3-O-gallate, (-)-epicatechin-3-O-gallate, (-)gallocatechin-3-O-gallate, and (-)-epigallocatechin-3-O-gallate, procyanidin B1 and B2, and
procyanidin A1 and A2.
In this study, we performed virtual studies to screen flavan-3-ol and PA to identify potential
active compounds and characterized virtual binding similarity and difference among different
structures. Next, based on positive virtual screening results, we used the M pro of SARS-Cov-2 as
a key target to perform in vitro inhibitory experiments. Five compounds were identified to have
anti-Mpro activity. Crude extracts from early spring green tea, cacao, and two muscadine grapes,
which are rich in these compounds, also showed inhibitory effects on the M pro activity.
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2. Results

2.1 Virtual compound binding to Mpro
Theoretical compound screening for inhibitors of the SARS-Cov-2 M pro is an effective approach
to identify potential candidates that can be used for trials to test their inhibitory activity against
SARS-Cov-2 [13, 14, 53-55]. To understand whether flavan-3-ol aglycones, their gallates, and
dimeric PAs (Fig. 1) could inhibit the M pro activity, we performed docking analysis via two
publically available software, Dock Prep tool of UCSF-Chimera and AutoDock vina. The
resulting docking data showed that all flavan-3-ol aglycones, flavan-3-ol gallates, and dimeric
procyanidins tested (PA2 and PB2) (Fig. 1) could bind to the same location of M pro, which is
bound by N3 inhibitor (Fig. 3 a-f). In addition, two antiviral control compounds, ebselen and
cinanserin, bound to the same binding pocket (Fig. 3 g and h). In contrast, the antiviral lopinavir
bound to a different location (Fig. 3 i).
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Figure 3 The binding of flavan-3-ols, procyanidin B2, and three potential anti-SARS-Cov-2
drugs to the main protease (Mpro) shown by protein-ligand docking.
a, the 3D surface view of the SARS-Cov-2 Mpro without and with the inhibitor peptide N3. The
red rectangle frame shows the Mpro substrate-binding pocket and the red amino acid residues
show the N3 binding to the Mpro substrate-binding pocket.
b-f, 10 compounds bind to the Mpro substrate-binding pocket, (+)-afzelechin (AF) and (-)epiafzelechin (EAF) (b), (+)-catechin (CA) and (-)-epicatechin (EPC) (c), (+)-gallocatechin (GC)
and (-)-epigallocatechin (EGC) (d), (-)-gallocatechin gallate (GCG) and (-)-epigallocatechin
gallate (EGCG) (e), and procyanidin B2 and A2 (f).
g, ebselen (EBS) and cinanserin (INN) bind to the M pro substrate-binding pocket.
h, lopinavir (LOP) binds to Mpro at a different position.
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The resulting affinity scores were -7.0 to -7.7 for six flavan-3-ol aglycones, -8.3 to -8.7 for four
flavan-3-ol gallates, and -9.2 for two dimeric proanthocyanidins (Table 1). All these score values
were lower than those of ebselen and cinanserin, -6.6 and -5.4. The affinity scores of the dimeric
procyanidins and flavan-3-ol-gallates were lower than -8.0 for lopinavir. These data suggested
that flavan-3-ols, flavan-3-ol gallates, and dimeric PAs were appropriate candidates with
inhibitory effects on the Mpro activity.

Table 1 The affinity scores of AF, EAF, CA, EPC, GC, EGC, GCG, EGCG, PA2 and PB2
and three putative anti-COVID-19 molecules binding to the main protease.
Molecules
Procyanidin B2 (PB2)
Procyanidin A2 (PA2)
(-)-epigallocatechin-3-O-gallate (EGCG)
(-)-gallocatechin-3-O-gallate (GCG)
(-)-epicatechin-3-O-gallate (ECG)
(+)-catechin-3-O-gallate (CAG)
(-)-epigallocatechin (EGC)
(+)-gallocatechin (GC)
(-)-epicatechin (EPC)
(+)-catechin (CA)
(-)-epiafzelechin (EAF)
(-)-afzelechin (AF)
Lopinavir (LOP)
Ebselen (EBS)
Cinanserin (CIN)

Affinity score
(kcal/mol)
-9.2
-9.2
-8.7
-8.7
-8.7
-8.3
-7.7
-7.6
-7.5
-7.5
-7.5
-7.0
-8.0
-6.6
-5.4

2.2 Spatial binding characteristics at different subsites of M pro
The substrate binding pocket of Mpro has four subsites, S1’, S1, S2, and S4 [13]. Substratebinding analysis was completed for ebselen (positive control) and 14 compounds and (Fig. 1).
The results predicted different binding features among ebeslen, six flavan-3-ol aglycones, four
flavan-3-ol-gallates, and two dimeric PAs. The two benzene rings of ebselen were predicted to
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face S1 and S1’ (Fig. 5 a), while the 14 compounds were predicted to face three or four subsites
(Fig. 5 b-e). The A-ring and B-ring of EGC were predicted to face S2/S4 and S1, respectively
(Fig. 5 b). The same patterns were predicted for AF, EAF, CA, EPC, and GC. The A-ring, Bring, and the gallate ester group of EGCG were predicted to face to S2, S1’ and S1, respectively
(Fig. 5 c). The same patterns were obtained for CAG, ECG, and GCG. In PA1 and PA2 binding,
the A-ring and B-ring of the starter unit and the B-ring of the upper unit were predicted to face to
S1, S4, and S1’, respectively (Fig. 5 d). In PB1 and B2 docking modeling, the B-ring of the
starter unit and the A-ring and B-ring of upper unit were predicted to face S1’, S1 and S2,
respectively (Fig. 5 e);

162

Figure 4 Features of ebselen, (-)-epigallocatechin, (-)-epigallocatechin 3-O-gallate (EGCG),
procyanidin A2 (PA2), and procyanidin B2 (PB2) binding to four subsites in M pro predicted
by protein-ligand docking modeling.
a, ebselen binds to S1 and S1’ subsites.
b, (-)-epigallocatechin binds to the Mpro S1, S2/S4 subsites.
c, (-)-epigallocatechin 3-O-gallate binds to the Mpro S1, S1’, and S2 subsites,
d, procyanidin A2 binds to the Mpro S1’, S1, and S4 subsites.
e, procyanidin B2 binds to the Mpro S1, S1’, and S2 subsites.
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2.3 Potential hydrogen bonds between compounds and the binding pocket of M pro
This docking analysis predicted that the binding of these compounds to the substrate pocket was
via the formation of hydrogen bonds. Based on the best affinity score of each compound (Table
1), the modeling analysis could predict the most potential hydrogen bonds formed between each
compound and the binding pocket of Mpro. The resulting data showed different features of the
hydrogen bond number and potential linkage positions between ligand compounds and amino
acids of Mpro (Fig 5 a-j). Three hydrogen bonds were predicted to be formed between AF, EAF,
CA, or EC and Mpro (Fig. 5 a-d). The linkages of those three hydrogen bonds were formed
between AF and Mpro via O1-Glu166, C3-O-Glu166, and C7-O-Leu141 (Fig. 5 a), between EAF and
Mpro via O1-Glu166, C7-O-Leu141, and C4’-O-Gln189 (Fig. 5 b), between CA and Mpro via O1Glu166, C3-O-Glu166, and C4’-O-Leu141 (Fig. 5 c), and between EC and Mpro via O1-Glu166, C7-OThr190, and C4’-O-Gln189 (Fig. 5 d). GC, EGC, and GCG were predicted to form one hydrogen
bond with Mpro via O1-Glu166 (Fig. 5 e-f). EGCG and Mpro were predicted to form four hydrogen
bonds via O1-Glu166, C7-O-Thr190, C5’-O-Phe140, and gallate-3-O-Gly143 (Fig. 5 g). Procyanidin
A1 and Mpro were predicted to form one hydrogen bond via C 3’-O-Gly143. Procyanidin B2 and
Mpro were predicted to form three hydrogen bounds via C 5-O-Gly143 and G5-O-Cys145 on the B
ring of the upper unit and C3-O-Glu166 on the C-ring of the starter unit. Furthermore, all
hydrogen-binding distances were different from 1.833Å between PA2 and M pro (Fig. 5 i) to
2.541Å between EGC and Mpro (Fig. 5 f).

164

Figure 5 Hydrogen bonds formed between Mpro and 10 compounds predicted by ligandprotein modeling. These virtual bond positions and numbers formed between 10 various
metabolites and the binding pocket of Mpro were predicted based on the best affinity scores of
each compound (Table 1).
a-d, (+)-afzelechin (AF) (a), (-)-epiafzelechin (b), (+)-catechin (CA) (c), and (-)-epicatechin (d)
were predicted form three hydrogen bonds with Mpro. The hydrogen patterns were the same
between AF and CA, while those were the same between EAF and EC.
e-g, (+)-gallocatechin (e), (-)-epigallocatechin (f), and (-)-gallocatechin gallate (g) were
predicted to form one hydrogen with Mpro.
h, (-)-epigallocatechin gallate was predicted to form three hydrogen bonds with M pro.
i-j, procyanidin A2 (i) and B2 (j) were predicted to form one and three hydrogen bonds with
Mpro.
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2.4 In vitro inhibitory effects of ten compounds on the M pro activity

To understand the effects of these compounds on the M pro activity, we used CA, EPC, GC, EGC,
CAG, GCG, EGCG, PA2, and PB2 to perform in vitro inhibition assay. The resulting data
showed that CAG, ECG, GCG, EGCG, and PB2 inhibited the M pro activity (Fig. 6). The values
of the half maximal inhibitory concentration (IC 50) for CAG, ECG, GCG, EGCG, and PB2 were
approximately 2.98±0.21, 5.21±0.5, 6.38±0.5, 7.51±0.21, and 75.3±1.29 µM, respectively (Fig. 6
a-e). The resulting data showed when the concentrations of these compounds were increased,
such as 100 µM, the inhibition of PB2 was more effective than that of CAG, GCG, and EGCG
(Fig. 6 f). In contrast, the in vitro analysis did not detect that CA, EPC, GC, EGC, and PA2 in a
range of concentrations from 0-500 µM tested could inhibit the Mpro activity (Fig. 6 f and Fig. 7
a-e).
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Figure 6 Inhibitory effects of four four-3-ol-gallates, four flavan-3-ol aglycones,
procyanidin A2 (PA2), and procyanidin B2 (PB2) on the M pro activity of SARS-COv-2.
a-e, dynamic curves show that (+)-catechin-3-O-gallate (CAG) (a), (-)-epicatechin-3-O-gallate
(ECG) (b), (-)-gallocatechin-3-O-gallate (GCG) (c), (-)-epigallocatechin-3-O-gallate (EGCG)
(d), and PB2 (e) inhibit the activity of Mpro with an IC50 2.98±0.21 μM, IC50 5.21±0.5 μM, IC50
6.38±0.5 μM, IC50 7.51±0.21 μM, and IC50 75.31±1.29 μM, respectively.
f, inhibitory effects of 100 μM (-)-epicatechin (EC), (+)-catechin (CA), EGC, CAG, ECG, GCG,
EGCG, PA2, and PB2 on the activity of Mpro. Compared with the negative control, the activity of
Mpro is inhibited by 40%, 40%, 44.4%, 50%, 81.5%, and 100% by 100 μM CAG, ECG, EGCG,
GCG, PB2, and positive control GC376.
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Figure 7 No inhibitory effects of four flavan-3-ols and procyanidin A2 on the activity of
Mpro. Eight concentrations (0-200 μM) tested for (+)-catechin (a), (-)-epicatechin (b), (-)gallocatechin (c), (-)-epigallocatechin (d), and procyanidin A2 (e) did not show inhibitory effects
on the activity of Mpro.
2.5 In vitro inhibitory effects of plant extracts on the Mpro activity
Green tea [37, 38], muscadine grape berry (including seeds and skin) [24], and dark chocolate
and cacao [56, 57] are rich in flavan-3-ol gallates and dimeric PAs. To understand whether these
plant products could inhibit the Mpro activity of SARS-Cov-2, we extracted numerous samples

168
from these four products and completed in vitro assays. The resulting data showed that the Mpro
activity was inhibited by all extracts of these products (Fig. 8 a-f)). The green tea extracts
showed the highest inhibitory activity with an IC50 2.84±0.25 µg/ml. At 10 µg/ml, the green tea
extract tea completely inhibited the Mpro activity (Fig. 6 a). The high content of EGCG, relatively
high contents of ECG, and appropriate contents of dimeric procyanidin B1, B2, B3, and B4 in
green tea [37, 38, 58] were associated with the inhibitory activity. The extracts of two muscadine
grapes FLH 13-11 and FLH17-66 inhibited the Mpro activity with an IC50 29.54±0.41 µg/ml and
an IC50 29.93±0.83 µg/ml. At 100 µg/ml, the extracts of two muscadine grapes completely
inhibited the Mpro activity (Fig. 6 b, c, and f). EGCG, ECG, and procyanidin B1-B3 and B5-B8
in the extracts [24] were associated with the inhibitory activity. Cacao and dark chocolate
extracts were shown to inhibit the Mpro activity when the extract concentrations tested were
higher than 10 µg/ml and their IC50 values were 153.3 ±47.3 µg/ml and 256.39 ±66.3 µg/ml,
respectively (Fig. 8 d-e). ECG, EGCG, and PB2 in the cacao and dark chocolate extracts [56, 57]
were associated with the inhibitory activity. We further compared the inhibitory activity of all
extracts at 100 µg/ml tested, the results showed that the extracts of green tea and two muscadine
grapes completely inhibited the Mpro activity and the extracts of cacao and dark chocolate
reduced the Mpro activity by 40-50% (Fig. 6 f).
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Figure 8 Inhibitory effects of five extracts on the Mpro activity.
a-e, dynamic curves show inhibitory activities of different concentrations of extracts from green
tea with IC50 2.84 ±0.25 µg/ml (a), FLH13-11 muscadine berry IC50 29.54 ±0.41 µg/ml (b),
FLH17-66 berry with IC50 29.93 ±0.83 µg/ml (c), cacao with IC50 153.3 ±47.3 µg/ml (d), and
dark chocolate IC50 256.39 ±66.3 µg/ml (e).
f, inhibition of the Mpro activity by 100 µg/ml extracts of green tea, cacao, chocolate, FLH13-11
muscadine berry, and FLH17-66 muscadine berry. GC376 (100 µg/ml) and 1% DMSO in water
were used as positive and negative controls. All values are averaged from five replicates.
3. Discussion
Both virtual docking and in vitro assays showed that the stereo configurations, galloylation, and
oligomeric types of flavan-3-ols affected the ligand-protein binding features and inhibitory
activity. Flavan-3-ols and PAs are two groups of plant flavonoids [20]. PAs are oligomeric or
polymeric flavan-3-ols. Flavan-3-ol aglycones have four different stereo configurations at C 2 and
C3 on the C-ring (Fig. 2). For example, (+)-Catechin at C 2 and C3 has a 2R, 3S-2, 3-trans
configuration (Fig. 2 c). Its isomer (-)-epicatechin has a 2R, 3R-2, 3-cis configuration. (-)-
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Catechin and (+)-epicatechin have a 2S, 3R-2, 3-trans and a 2S, 3S-2, 3-cis configuration,
respectively [20]. In addition, the number of hydroxyl groups on the B-ring, such as one on AF,
two on CA, and three on GA (Fig. 2), diversifies structures. We used both virtual docking and in
vitro assay to screen reprehensive flavan-3-ol aglycones, flavan-3-ol gallates, and dimeric PAs.
Six flavan-3-ol aglycones, including AF, EAF, CA, EC, GC, and EGC (Fig. 2), were used for
virtual docking analysis. All were predicted to be able to bind to the binding pocket of M pro (Fig.
3). It was interesting that the affinity scores decreased as the number of hydroxyl groups on the
B-ring of flavan-3-ols increased (Table 1). This datum indicates that more hydroxygroups on the
B-ring increase the binding capacity to Mpro. Furthermore, the docking analysis showed that the
galloylation at C3-OH of CA, EC, GC, and EGC and dimerization of EC decreased the affinity
scores (Table 1), indicating that the galloylation and oligomerization could increase the binding
capacity to Mpro. Based on the virtual docking and affinity scores, we hypothesized that 12
compounds (Fig.1) could have an inhibitory activity against the M pro activity. However, our in
vitro assays only detected the positively inhibitory effects of galloylated flavan-3-ols, including
CAG, ECG, GCG, and EGCG, on the M pro activity (Fig. 6). However, no inhibitory activity was
detected in the assays of CA, EC, GC, and EGC (Fig. 7), although their affinity scores were from
-7.5 to -7.7. These data indicate that positive virtual docking data are useful to screen candidates,
however, in vitro test experiments are necessary to show an activity. Furthermore, these data
show that the galloylation of these flavan-3-ols create the inhibitory activity against M oro. In
addition, it was interesting that although the affinity scores of PA2 and PB2 were the same, -9.2,
PB2 but not PA2 showed an inhibitory activity against M oro (Fig. 6 e and Fig. 7). This datum
indicates that the dimeric PA types are closely associated with the inhibitory activities.
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Although it was difficult to test more flavan-3-ol gallates and dimeric PAs due to the
unavailability of compounds, we could take advantage of natural sources to understand the
inhibitory effects of more flavan-3-ol gallate and dimeric PA diversity on the M pro activity. We
previously reported that green tea (GT) produced not only EGCG and PB2 but also ECG, GCG,
CAG, procyanidin B1 (PB1), PB3, and PB4 [37, 38, 58]. We prepared extracts from GT and
tested their activity. The resulting inhibitory activity was effective and the concentration at 10
µg/ml could completely inhibit the Mpro activity (Fig. 8 a). These data suggest that in addition to
ECG, GCG, CAG, EGCG, and PB2 tested, PB1, PB3, and PB4 may provide additive inhibitory
activity against the Mpro activity. We also reported that the berries (including seeds and peels) of
two muscadine grapes, FLH 13-11 FL and FLH 17-66 FL, produced four ﬂavan-3-ol aglycones,
18 galloylated or glycosylated conjugates, and eight dimeric procyanidins [24]. The extracts of
these two muscadine grapes showed an effective inhibitory activity against the M pro activity (Fig.
8 b and c), indicating that those untested dimeric PAs and flavan-3-ol conjugates might enhance
the inhibitory activity. We recently analyzed cacao nut and DW extracts and identified PB1 and
PB2 in the extracts. These two extracts also showed appropriately inhibitory activity against the
Mpro activity. Based on these flavan-3-ol, flavan-3-ol gallate, and dimeric PA-containing natural
resources, we hypothesize that those flavan-3-ol gallates, dimeric PAs, and oligomeric PAs
untested have inhibitory effects on the Mpro activity. It is valuable that continuous screening of
more flavan-3-ol gallates and other derivatives as well as PAs can enhance identifying effective
compounds for anti-SARS-Cov-2 efforts.
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4. Materials and methods

4.1 Candidates of flavan-3-ols and PAs for virtual analysis
Main flavan-3-ol aglycones include (+)-afzelechin, (-)-epiafzelechin, (+)-catechin (CA), (-)epicatechin (EC), (+)-gallocatechin (GC), and (-)-epigallocatechin (EGC). Galloylated flavan-3ol conjugates include (-)-epicatechin-3-O-gallate (ECG), (-)-catechin-3-O-gallate, (-)gallocatechin-3-O-gallate (GCG), and (-)-epigallocatechin-3-gallate (EGCG). Dimeric
proanthocyanidins include procyanidin A1, A2, B1, and B2. Fourteen structures are listed in
Figure 1. In addition, three known anti-viral medicines, ebselen, cinanserin, and lopinavir, were
used as positive metabolite control.

4.2 Plant materials
Three types of plant products rich in flavan-3-ols and dimeric PAs were used for extraction.
“Xin-Yang-Mao-Jian” is one of famous green tea (Camellia sinensis) products in China. This
product is composed of newly leaves (0.8-1.2 cm in length) of early spring sprouts (harvested
around April 5 every year). This green tea product was produced in 2019. Cacao (Theobroma
cacao) seed powder used were obtained from Ecuador in 2019. Ripen muscadine grape berries of
FLH 13-11 and FLH 17-66 were collected in 2011 and 2012, ground into powder in liquid
nitrogen, freeze dried, and stored in -80ºC freezer [24].

4.3 Mpro docking analysis
To understand whether flavan-3-ol aglycones, gallates, and dimeric PA molecules (Fig. 2) could
have anti-SARS-Cov-2 activity, we used Mpro to perform docking analysis via two publically
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available software, Dock Prep tool of UCSF-Chimera (https://www.cgl.ucsf.edu/chimera/docs)
and AutoDock vina (http://vina.scripps.edu/). In addition, three reported potential anti-COVID19 candidates, ebselen [59], cinanserin [60, 61], and lopinavir [10], were used as positive
controls for virtual docking. We used four steps to complete docking. First, we obtained a SARSCov-2 Mpro (PDB ID: 6LU7) structure curated in the Protein Data Bank (https://www.rcsb.org/),
which consisted of Mpro and an inhibitor N3 (Fig. 2 a-b) [59]. Second, we used the Dock Prep
tool of UCSF-Chimera to perform receptor (Mpro) preparation. During the receptor preparation,
the inhibitor N3 was removed. In addition, hydrogens were added and receptor charge was
optimized, which allowed determining the histidine protonation state. The resulting M pro
structure file was saved in the mol2 format. Third, the 3D structures of flavan-3-ols and other
interesting compounds used in this study were obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) and used as ligands. All ligand structures were then
uploaded to the Minimize structure tool of UCSF-Chimera and minimized, during which charges
and hydrogens were added to each ligand. The resulting ligand files were also saved in the mol2
format. Fourth, both Mpro and ligand files were uploaded to AutoDock vina for docking. During
modelling, the Mpro protein was framed in one box for receptor-ligand docking. The entire box
size was x=50, y=55, and z=50 and the origin center of the box was at x=-27, y=13, and z=58.

4.4 Extraction of flavan-3-ols and PAs from green tea, cacao, and muscadine berry powders
One gram of dry powder was suspended in 10 ml acetone: deionized water (70:30) contained in a
50 ml falcon tube. The tube was strongly vortexed for 5 min and then sonicated in a water bath
for 10 min at the room temperature, followed by centrifugation at 4000 rpm for 20 min. The
resulting supernatant was pipetted to a new 50 ml tube. The remained pellet was extracted once
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with the same steps. Two extractions were pooled together to obtain 20 ml in volume, which was
reduced to 5.0 ml by removing acetone with a nitrogen gas flow at the room temperature. The
tube containing the remained water phase was added 1.0 ml chloroform and then strongly
vortexed for 2.0 min, followed by centrifugation at 4000 rpm for 5 min. The resulting lower
chloroform phase containing non-polar compounds was removed. This step was repeated once.
The tube that contained the remained water phase including flavan-3-ols and PAs was added 5.0
ml ethyl acetate, strongly vortexed for 3.0 min, and then centrifuged at 4000 rpm for 5.0 min.
The resulting upper ethyl acetate phase containing flavan-3-ols and PAs was transferred to a new
50 ml tube. This ethyl acetate extraction step was repeated two times. The three times of ethyl
acetate extractions were pooled together and then dried completely with nitrogen flow at the
room temperature. The remained residue was dissolved in DMSO to obtain 50 mg/ml extracts
and stored in a -20ºC freezer until use.

4.5 In vitro inhibition assay of Mpro activity
CA, EC, GC, EGC, CAG, GAG, ECG, EGCG, PA2, and PB2 were purchased from SigmaAldrich (St. Louis, MO) and dissolved in DMSO to prepare 1.0 mM stock solution. A 3CL
Protease (Mpro) (SARS-CoV-2) Assay Kit (BPS bioscience, https://bpsbioscience.com/) was used
to test the inhibitory activity of the ten compounds. The steps of in vitro assay followed the
manufacturer’s protocol. In brief, each reaction was completed in a 25 µl volume in 96-well
plates. Each reaction solution contains 150 ng recombinant M pro (the final concentration in the
reaction, 6 ng/ µl), 1.0 mM DDT, 50 μM fluorogenic substrate, and CA, EPC, GC, EGC, CAG,
GAG, ECG, EGCG, PA2, PB2 (final concentrations, 0, 0.1, 0.5, 1, 5, 10, 50, 100, 150, and 200
μM) or one plant extract (final concentrations, 0, 1, 10, 100, 1000 µg/ml) in pH 8.0 50 mM Tris-
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HCl and 5.0 μM EDTA buffer. GC376 (50 μM) was used as positive control and Tris-HClEDTA buffer was used as negative control. The reaction mixtures were incubated for 4.0 hours
at the room temperature. The fluorescence intensity of each reaction was measured and recorded
on a microtiter plate-reading fluorimeter (BioTek's Synergy H4 Plate Reader for detect
fluorescent and luminescent signals). The excitation wavelength was 360 nm and the detection
emission wavelength was 460 nm. Each concentration of compounds and extracts was tested five
times. A mean value was calculated using five replicates. One way analysis of variance
(ANOVA) was performed to evaluate the statistical significance. The P-value less than 0.05
means significant differences.
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CHAPTER 5
Flavonols and Dihydroflavonols Inhibit the Main Protease Activity of SARS-CoV-2 and the
Replication of Human Coronavirus 229E
Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) cuases COVID-19. To date,
vaccines are available to prevent the infection of this virus, however, medicines are necessary to
help control COVID-19. Human coronavirus 229E (HCoV-229E) causes the common cold. The
main protease (Mpro) is an essential enzyme required for the multiplication of these two viruses
in the host cells. Herein, we report docking simulation with two M pro enzymes and flavonols and
dihydroflavonols, in vitro inhibition of the SARS-CoV-2 Mpro, and in vitro inhibition of the
HCoV 229E replication. The docking simulation results predicted that (+)-dihydrokaempferol,
(+)-dihydroquercetin, (+)-dihydromyricetin, kaempferol, quercetin, myricentin, isoquercetin, and
rutin could inhibitively bind to at least two subsites (S1, S1’, S2, and S4) in the binding pocket of
SARS-CoV-2 Mpro with affinity scores from -8.8 to -7.4. Likewise, these compounds were
predicted to inhibitively bind to the HCoV-229E M pro with affinity scores from -7.8 to -7.1. In
vitro inhibition assays showed that seven available compounds effectively inhibited the SARSCoV-2 Mpro activity and their IC50 values ranged from 0.125 to 12.9 µM. Five compounds
inhibited the replication of HCoV-229E in Huh-7 cells. These findings indicate that these
antioxidative flavonols and dihydroflavonols are promising candidates for curbing these two
viruses.
This work is under review.
Yue Zhu, Frank Scholle, Samantha C. Kisthardt, De-Yu Xie, 2021 Flavonols and
dihydroflavonols inhibit the main protease activity of SARS-CoV-2 and the replication of human
coronavirus 229E, bioRxiv 2021.07.01.450756; doi: https://doi.org/10.1101/2021.07.01.450756
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1. Introduction

SARS-CoV-2 is the abbreviation of the novel severe acute respiratory syndrome coronavirus 2.
This virus was firstly reported to cause a severe pneumonia in December of 2019 in Wuhan,
China [1-3]. On February 11, 2020, the World Health Organization (WHO) designated this
pneumonia as coronavirus disease 2019 (COVID-19). COVID-19 the rapidly spread different
countries. On March 11, 2020, WHO announced the COVID-19 pandemic [4,5]. This pandemic
has rapidly spread across all over the world. By June 21, 2021, based on the COVID-19
Dashboard by Center for Systems Science and Engineering at Johns Hopkins Coronavirus
Resource Center, 117,553,726 infected cases and 3,867,641 deaths have been reported from
more than 200 countries or regions. No strategy to stop the spread of this virus was available
until January 2021, when several vaccines started to be approved for vaccination in several
countries [6-11]. On one hand, since the start of vaccination, the number of infections has started
to decrease. On the other hand, due to the insufficient vaccine quantities and vaccine hesitancy
even where available, in the first week of February, 2021, the daily infection cases and deaths
were still more than 400,000 and 11,000, respectively. By Feb. 9, the case numbers still
increased by more than 300,000 daily. Meanwhile, the use of vaccines has also indicated that
developing effective medicines is necessary to stop COVID-19. A recent study showed that
mutations in the spike protein of SARS-CoV-2 might cause the escape of new variants from
antibody [12]. The variant B.1.351 found in South Africa was reported to be able to escape
vaccines developed by AstraZeneca, Johnson & Johnson (J&J), and Novavax [13]. Merck & Co
has stopped their race for vaccines due to the lack of effectiveness of their products, instead, they
continue to focus on antiviral drug development [14]. Unfortunately, to date, effective medicines
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are still under screening. Although chloroquine and hydroxychloroquine were reported to be
potentially effective in helping to improve COVID-19 [15], the use of these two anti-malarial
medicines has been arguable in USA because of potential risk concerns [16]. Other potential
candidate medicines are the combination of α-interferon and anti-HIV drugs lopinavir/ritonavir
[17],

and remdesivir [15,18]. Given that the efficacy of all these medicines being repurposed has

not been conclusive, further studies are necessary to apply them for treating COVID-19.

SARS-CoV-2 is a single stranded RNA virus. Its genomic RNA contains around 30,000
nucleotides and forms a positive sense strand with a 5′ methylated cap and a 3′ polyadenylated
tail that encodes at least six open reading frames (ORF) [19,20]. This feature allows it to be able
to use the ribosomes of the host cells to translate proteins. The longest ORF (ORF1a/b) translates
two polyproteins, which are cleaved by one main protease (M pro, a 3C-like protease, 3CLpro) and
another papain-like protease (PL2pro) into 16 nonstructural proteins (NSPs), which include
RNA-dependent RNA polymerase (RdRp, nsp12), RNA helicase (nsp13), and exoribonuclease
(nsp14). The NSPs subsequently produce structural and accessory proteins. The structural
proteins include an envelope protein, membrane protein, spike (S) protein, and nucleocapsid
protein (Fig.1) [21,22]. The S protein is a type of glycoprotein and plays an essential role in the
attachment and the infection of the host cells [23]. It binds to the human angiotensin converting
enzyme 2 to help the virus enter the human cells [24,25]. Since May 2020, the mutations of amino
acids of the S protein has created a large number of variants, of which the emergence of alpha,
beta, gamma, and delta variants has shown more pathogenic and transmissible, thus caused
potential challenges to use vaccines to completely control the pandemic [26-30].
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Figure 1 A diagram showing the function of the SARS-CoV-2 main protease in the virus
replication in the host cells. Once the virus enters into the host cells. Its positive sense and
single stranded RNA uses the ribosomes to translate open reading frames 1a and 1b to
polyproteins (PP), in which the main protease and papain-like protease cleaves PPs to nonstructural proteins (NSPs). Three NSPs, RNA dependent RNA polymerase (RdRp), RNA
helicase, and exoribonuclease, are involved in the transcription of the positive RNA to negative
sense and single stranded RNA, which is further transcribed to positive sense and single stranded
RNA. Finally, structural proteins and a positive single stranded RNA assembly together to form
a virus progeny.
Human coronavirus 229E (HCoV-229E) is a pathogenic virus in the genus Alphacoronavirus
[31].

It is one of the causative viral agents of the common cold [32,33]. Its genome consists of a

positive sense and single-stranded RNA with 27,317 nucleotides (nt). Its genome size commonly
varies in different clinical isolates. For example, HCoV-229E strains 0349 and J0304 were two
clinical isolates causing the common cold [34]. The entire genome of these two clinical isolates
were reported to be about 27, 240 nt, which included 38.07 % GC content is in 0349 and 38.13
% GC content in J0304. In general, the genome of HCoV-229E is characterized with a gene
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order of 5’-replicase ORF1a/b, spike (S), envelope (E), membrane (M), nucleocapsid (N)-3’ [35],
Like SARS-CoV-2, the spike protein is the determinant of infections to host cells [36]. The
ORF1a/b of HCoV-229E encodes 16 non-structural proteins (NSPs). The NSP5 encodes the Mpro
that is required for the replication in the host cells [34]. Given that HCoV-229E is allowed to be
studied in BSL2 laboratories, this pathogenic virus is an appropriate model to screen therapeutics
for the treatment of both common cold and COVID-19.

Given that the SARS-CoV-2 Mpro not only plays a vital role in the cleavage of polyproteins, and
there is no human homolog, it is an ideal target for anti-SARS-CoV-2 drug screens and
development [37,38]. It belongs to the family of cysteine proteases and has a Cys-His catalytic
dyad, which is an appropriate site to design and screen antiviral drugs [39]. Its high-resolution
crystal structure was elucidated in April 2020 [40]. Based on the crystal structure, screening the
existing antiviral medicines or designed chemicals revealed that cinanserin, ebselen, GC376,
11a, and 11b showed inhibitory effects on the Mpro activity [39-43]. A common feature is that
these molecules deliver their carbonyl group (aldehyde group or ketone group) to the thiol of the
145 cysteine residue to form a covalent linkage, thus inhibit the M pro activity. The potential
application of these molecules is still under studies to evaluate their effectiveness and side
effects. In addition, we recently found that flavan-3-ol gallates, such as (-)-epigallotechin-3gallate, (-)-catechin-3-gallate, and (-)-epicatechin-3-gallate, and dimeric procyanidins
promisingly inhibited the Mpro activity [44]. Docking simulation indicated that their inhibitory
activity likely resulted from the formation of hydrogen bonds between these compounds and
several amino acids in the binding domain of M pro.
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Figure 2 Structures of ebselen and 10 flavonoids. Two flavan-3-ols: (-)-epicatechin and (+)catechin; three dihydroflavonol aglycones: (+)-dihydroquercetin, (+)-dihydrokaempferol, and
(+)-dihydroquercetin; three flavonols aglycones, kaempferol, quercetin, and myricetin; two
glycosylated flavonols: quercetin-3-O-glycoside (isoquercitrin), and rutin.
Flavonols and dihydroflavonols (Fig. 2) are two main groups of plant flavonoids [45,46].
Quercetin, kaempferol, and myricetin are three flavonol molecules widely existing in plants.
Likewise, dihydroquercetin, dihydrokaempferol, and dihydromyricetin are three dihydroflavonol
molecules in plants [47,48]. In general, flavonols and dihydroflavonols are strong antioxidants
with multiple benefits to human health [49-58]. Furthermore, studies have reported that quercetin
and its derivatives have antiviral activity [59-61]. Based on these previous findings, we
hypothesized that flavonols and dihydroflavonols might inhibit the M pro activity of SARS-CoV-2
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and HCoV-229E. In this study, to test this hypothesis, we performed docking simulation for
three dihydroflavonols, three flavonols, and two glycosylated quercetins. Then, we tested these
compound’s inhibition against the recombinant M pro activity of SARS-CoV-2 in vitro. More
importantly, five available compounds were evaluated to determine their inhibitive activity
against the replication of HCoV-229E in Huh-7 cells. The resulting data showed eight
compounds effectively inhibited the Mpro activity of SARS-CoV-2 and five tested compounds
inhibited the replication of HCoV-229E in Huh-7 cells.
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Figure 3 Ligand-receptor docking modeling showing the binding of eleven compounds to
the substrate pocket of the SARS-CoV-2 main protease (Mpro). The first image shows the 3D
surface view of the SARS-CoV-2 Mpro, on which the red rectangular frame indicates the
substrate-binding pocket. Eleven flavonoids and ebselen bind to this pocket. Two flavan-3-ols:
(+)-catechin (CA) and (-)-epicatechin (EC); three dihydroflavonol aglycones: (+)dihydroquercetin (DHQ), (+)-dihydrokaempferol (DHK), and (+)-dihydroquercetin (DHM);
three flavonols aglycones, kaempferol, quercetin, and myricetin; two glycosylated flavonols:
quercetin-3-O-glycoside (isoquercitrin), and rutin.
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2. Results

2.1 Ligand-receptor docking of flavonols and dihydroflavonols to the M pro of SARS-CoV-2
Docking simulation was completed with the UCSF-Chimera and AutoDock Vina software to
evaluate the binding abilities of flavonols and dihydroflavonols to the SARS-CoV-2 Mpro. The
Mpro structure is featured with a substrate-binding pocket (Fig.3). When the 3D structure of the
protein was downloaded from the public database, the peptide inhibitor N3 was shown to bind to
this pocket. During protein preparation, N3 was removed for docking. The simulation results
showed that (+)-DHQ, (+)-DHK, (+)-DHM, quercetin, kaempferol, myricetin, quercetin-3-Oglycoside, rutin, (-)-epicatechin, (+)-catechin, and ebselen bound to the binding pocket (Fig. 3).
The resulting affinity scores for (+)-DHQ, (+)-DHK, (+)-DHM, quercetin, kaempferol,
myricetin, quercetin-3-O-glycoside, and rutin ranged from -8.8 to -7.4, lower and better than the
score of ebselen (-6.6) (Table 1). The scores among the aglycones of (-)-epicatechin, (+)catechin, three dihydroflavonols, and three flavonol aglycones were close, either -7.4 or -7.5.
These data suggested that dihydroflavonols, flavonols, and glycosylated flavonols could
potentially inhibit the Mpro activity.

193
Table 1 Affinity scores of 11 compounds binding to the main proteases of SARS-CoV-2 and
HuCoV-229E
Compounds

Affinity score (SARS-CoV-2)

Affinity score (229E)

Molecular weight (Da)

Rutin

-8.8

-7.8

610.5

Isoquercitrin

-8.7

-7.5

464.1

Kaempferol

-7.7

-7.6

286.2

DHK

-7.6

-7.6

288.2

DHM

-7.5

-7.6

320.2

Myricetin

-7.4

-7.1

318.2

Quercetin

-7.4

-7.7

302.2

(+)-Taxifolin

-7.4

-7.8

304.2

(+)-catechin

-7.5

-7.6

290.2

(-)-epicatechin

-7.5

-7.6

290.2

Ebselen

-6.6

-6.0

274.2
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Figure 4 Orientation features of compounds binding to subsites.
a, a surface image shows the four subsites in the binding pocket.
b-j, images show the binding positions of nine compounds. Two flavan-3-ols: (+)-catechin (CA)
and (-)-epicatechin (EC); three dihydroflavonol aglycones: (+)-dihydroquercetin (DHQ), (+)dihydrokaempferol (DHK), and (+)-dihydroquercetin (DHM); three flavonols aglycones,
kaempferol, quercetin, and myricetin; two glycosylated flavonols: quercetin-3-O-glycoside
(isoquercitrin), and rutin.
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2.2 Docking features at the binding pocket of the SARS-CoV-2 M pro
As we reported recently [44], the Mpro substrate-binding pocket includes four subsites, S1’, S1,
S2, and S4. Cys145 is a critical residue located at the space among subsites S1, S1’, and S2
(Fig.4a) [39,40]. Several studies have reported that the thoil of the Cys145 residue is crucial for
the catalytic activity of Mpro and if a compound binds to this residue, it can inhibit the M pro
activity [21,39,42]. When ebselen was used as our positive compound for simulation, as we
reported recently [44], it bound to this residue featured by three rings facing to the S1 and S1’
subsites (Fig. 4 b). The docking simulation results showed that three dihydroflavonols, three
flavonols aglycones, and two glycosylated flavonols bound to 2 to 4 subsites via the Cys145
residue. In three dihydroflavonols tested, (+)-DHK and (+)-DHQ showed a difference in their
occupation in the binding site. The A and B rings of (+)-DHK and (+)-DHQ dwelled in the S1’
and S2 subsites and their heterocycle C ring resided in the space between the S1 and S2 subsites
(Fig. 4 c-d). The A and B rings of DHM occupied the S1 and S4 subsites and the heterocycle C
ring resided in the space between the S1 and S2 subsites (Fig. 4 e). In three flavonol aglycones
tested, the occupation of kaempferol was different from that of quercetin and myricetin. The Aring, B-ring, and heterocycle C-ring of kaempferol resided in the S1’, S2, and the space between
S1 and S2, respectively (Fig. 4f). The A-ring, B-ring, and the heterocycle C-ring of quercetin and
myricetin dwelled in the S1, S4, and the space between S1 and S2 (Fig. 4 g-h). In comparison,
the residing positions of isoquercitrin and rutin were more complicated. The A-ring, B-ring,
heterocycle C-ring, and 3-glucose of isoquercitrin occupied the S2, S1’, the space between S1
and S2, and S1 (Fig. 2 i). The A-ring, B-ring, heterocycle C-ring, 6-β-glucopyranose, and 1-L-αrhamnopyranose of rutin occupied S4, S1’, the space between S1/S2, S1, and S4 (Fig. 4 j). These
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occupations in the binding sites suggested that these compounds might have an inhibitive activity
against Mpro.

2.3 Ligand-receptor docking of flavonols and dihydroflavonols to the M pro of HCoV-229E

Figure 5 Amino acid sequence alignment of the SARS-CoV-2’s and HCoV-229E’s M pro
homologs and comparison of their three dimensional (3D) models.
a, amino sequence alignment, in which three rectangle frames highlight three conserved domains
forming the substrate binding pocket;
b, a comparison of the 3D models of the SARS-CoV-2’s (bronze color) and HCoV-229E’s (blue
color) Mpro homologs;
c, yellowish, orange, and reddish colors showing the binding pocket formed from three
conserved binding domains highlighted with three rectangle frames in a, in which the reddish
and yellowish spaces include Cys-His catalytic dyad.
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The Mpro of HCoV-229E was also used for docking simulation. A sequence alignment revealed
that the identity of between the two Mpro homologs of HCoV-229E and SARS-CoV-2 was
42.81% (Figure 5 a). The binding domains were highly conserved. Furthermore, a 3D modeling
revealed that the conformation and binding pocket of the HCoV-229E M pro were similar to those
of SARS-CoV-2 Mpro (Fig. 5 b and c). The simulation results were the same as those of the M pro
of SARS-CoV-2 described above. (+)-DHQ, (+)-DHK, (+)-DHM, quercetin, kaempferol,
myricetin, quercetin-3-O-glycoside, rutin, (-)-epicatechin, (+)-catechin, and ebselen could bind to
the binding pocket of the HCoV-229E M pro (Fig. 6). The affinity scores of these compounds
ranged from -7.8 to - 7.1 (Table 1). The scores of rutin and isoquercitrin (two glycosides)
binding to the HCoV-229E Mpro were -7.8 and -7.5, higher than -8,8 and -8.7, the scores of the
two compounds binding to the SARS-CoV-2 M pro (Table 1). This result indicates that compared
with the affinity score of quercetin, these two types of glycosylation reduce the affinity scores
binding to the SARS-CoV-2 Mpro, but do not affect the affinity scores binding to the HCoV-229E
Mpro.
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Figure 6 Ligand-receptor docking modeling showing the binding of eleven compounds to
the substrate pocket of the HCoV-229E main protease. The first image shows the 3D surface
view of the HCoV-229E Mpro, on which the red rectangular frame indicates the substrate-binding
pocket. Eleven flavonoids and ebselen bind to this pocket. Two flavan-3-ols: (+)-catechin (CA)
and (-)-epicatechin (EC); three dihydroflavonol aglycones: (+)-dihydroquercetin (DHQ), (+)dihydrokaempferol (DHK), and (+)-dihydroquercetin (DHM); three flavonols aglycones,
kaempferol, quercetin, and myricetin; two glycosylated flavonols: quercetin-3-O-glycoside
(isoquercitrin), and rutin.
2.4 In vitro inhibitory effects of five flavonols and two dihydroflavonols on the SARS-CoV-2 M pro
activity
(+)-DHQ, (+)-DHM, quercetin, kaempferol, myricetin, isoquercetin (quercetin-3-O-glycoside),
and rutin were used to test their inhibitory effects on the M pro activity. In addition, based on our
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recent report [44], (-)-epicatechin and (+)-catechin were used as negative controls. The resulting
data showed that (+)-DHQ, (+)-DHK, (+)-DHM, quercetin, kaempferol, myricetin, isoquercetin
(quercetin-3-O-glycoside), and rutin inhibited the SARS-CoV-2 M pro activity. The half
maximum inhibitory concentrations (IC50) were 0.125-12.94 µM (Fig. 7). Among the tested
seven compounds, rutin had the lowest IC5 value with the most effectiveness to inhibit the M pro
activity (Fig. 7 g), while (+)-DHQ had the highest IC50 value with the lowest inhibitive activity
(Fig. 7 d). One hundred µM was used to further compare the inhibitive effects of these
compounds on the Mpro activity in a given time. The resulting data showed the most effectiveness
of rutin (Fig. 7 h). In addition, as we reported previously, (+)-catechin and (-)-epicatechin did not
show an inhibitory effect on the Mpro activity in the range of concentrations from 0-200 µM. For
example, the two compounds did not inhibit the catalytic activity of the M pro at 100 µM (Fig. 7
h).
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Figure 7 Inhibitory effects of nine compounds on the Mpro activity of SARS-CoV-2.
a-g, seven plots show the inhibitory curves of seven compounds against the M pro activity. All
dots in each plot are an average value calculated from five replicates. IC50 value for each
compound is inserted in each plot. “95% Cl” means 95% confidence internal. “(value 1, value
2)” means values in the range with 95% Cl.
h, a comparison shows the inhibitory effects of 11 compounds at 100 µM on the M pro activity.
GC376 is an inhibitor used as positive control. (+)-catechin, (-)-epicatechin, and water are used
as negative controls. Two flavan-3-ols: (+)-catechin (Ca) and (-)-epicatechin (Ep); three
dihydroflavonol aglycones: (+)-dihydroquercetin (DHQ), (+)-dihydrokaempferol (DHK), and
(+)-dihydroquercetin (DHM); three flavonols aglycones, kaempferol (Ka), quercetin (Qu), and
myricetin (My); two glycosylated flavonols: quercetin-3-O-glycoside (isoquercitrin, Iso), and
rutin.
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2.5 Inhibitory effects of five compounds on the replication of HCoV-229E in Huh-7 cells

Figure 8 Inhibition of five compounds on the replication of HCoV-229E in Huh-7 cells.
a, plots were built with TCID50/mL versus concentrations of each compound.
b, this plot was built with the inhibition rate (%) versus log [µM] values to estimate the EC50 of
quercetin. “95% Cl” means 95% confidence internal. “(value 1, value 2)” means values in the
range with 95% Cl. Bars labeled with “*” means were significant difference compared with
control without adding compounds (P-value less than 0.05).
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Quercetin, isoquercetin, taxifolin, were tested their inhibitory effects on the replication of HCoV229E in Huh-7 cells. In addition, epigallocatechin gallate (EGCG), and epicatechin two
examples of flavan-3-ols, were tested. The reason was that we recently reported that EGCG
effectively inhibited the SARS-CoV-2 Mpro activity, while epicatechin could not [44], however
whether they could inhibit coronavirus replication in the host cells was untested. It was essential
to test them. The resulting data indicated that all five compounds showed an inhibition against
the replication of HCoV-229E in Huh-7 cells (Figure 8). Based on TCID50/ml values, taxifolin
started to show its inhibition at 2.5 µM and its inhibitory activity increased as its concentration
was increased. Quercetin started to have inhibition at 5 µM. As its concentrations were
increased, its inhibitive activities were more effective. At a concentration tested higher 10 µM,
quercetin could strongly inhibit the replication of the virus. Its EC50 value was estimated to be
4.88 µM (Figure 8 b). Isoquercitrin strongly inhibited the replication starting with 2.5 µM.
EGCG started to show its inhibition against the replication of the virus at 2.5 µM and its
inhibition became stronger as its concentrations were increased. It was interesting that
epicatechin could strongly inhibit the replication starting at 20 µM.

3. Discussion

The development of medicines is necessary to complement the use of vaccines to control
COVID-19. The SARS-CoV-2 Mpro is one of the targets to screen, repurpose, or develop drugs to
treat or prevent SARS-CoV-2 [21,22,39]. One strategy is to inhibit the Mpro activity via delivering
a compound to the Cys145 residue at the space across the region of S1’ and S1 subsites [39].
Ebselen is a small molecule candidate that has been found to inhibit the M pro activity with an
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IC50 0.46 µM [40]. Its structure featured with three rings was revealed to be an effective vessel to
deliver its carbonyl group to the CYS145 residue (Fig. 4 b). We recently reported another
strategy. We have found that epicatechin gallate, epigallocatechin gallate, gallocatechin gallate,
catechin gallate, and procyanidin B2 could effectively inhibited the activity of M pro via the
formation of hydrogen bonds with different amino acids in the binding pocket [44]. Our findings
indicated that the formation of peptide bonds was effective to screen more flavonoids to
intervene COVID-19. Quercetin and other flavonols are common nutraceuticals with antiviral
activities, such as influenza virus, hepatitis B virus, Zika virus, and Ebola viruses [59,81-83]. In
this study, we took advantage of our recent strategy to perform this docking simulation of
flavonols and dihydroflavonols. These two groups of compounds (Figs. 2 and 4) have C4 keto
and 3-OH structures in the heterocycle C-ring. Like flavan-3-ol gallates, the structures of these
two groups might have a potential to reside in the space S1 and S2 subsites. In the present study,
our ligand-docking simulation showed that these two groups of compounds could bind to the
substrate-binding pocket of Mpro and occupied their heterocyclic C ring in the crossing region
between S1 and S2. Furthermore, the docking results predicted the A-ring and B-ring of two,
three, two, and one compounds could bind to S1’ and S2, S1 and S4, S2 and S1’, and S4 and S1’,
respectively (Fig. 4). The docking results further showed that a glycosylation of quercetin
increased the dwelling capacity in the binding site. Rutin was predicted to occupy all four
subsites (Fig. 4 j). The increase of binding subsites was also reflected by the affinity scores of
Mpro-ligands. Rutin and isoquercitrin had the lowest and second lowest score values (Table 1).
These data indicated that not only might these compounds have an inhibitive activity but also a
lower and better affinity score might indicate a strong inhibition against the M pro activity. Further
in vitro assays substantiated the prediction of docking simulation. Seven available compounds
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inhibited the activity of Mpro with IC5 values from 0.125 to 12.9 µM. These data imply that these
compounds might be potential therapeutics.

Given that SARS-CoV-2 can be only handled in the BSL-3 laboratories, we cannot access this
deadly virus to test the effects of these compounds on its replication in host cells. Instead, we
selected the less pathogenic HCoV-229E to test the inhibitory activity of these compounds. We
hypothesized that inhibitory compounds screened against this virus might be appropriate for the
potential therapy of COVID-19. The reason is that like SARS-CoV-2, the replication of HCoV229E also depends on its Mpro activity in human cells and the active site is highly conserved
between HCoV229E and SARS-CoV-2. Accordingly, the resulting data might help design
medicines for the therapy of both COVID-19 and HCoV-229E respiratory diseases. An amino
sequence alignment revealed that the identity of HCoV-229E and SARS-CoV-2 M pro homologs
was approximately 48%. The binding domain of substrates between the two homologs was
conserved. Docking simulation and the resulting affinity scores further indicated that these
compounds could reside in the binding pocket to potentially inhibit the activity of the M pro of
HCoV-229E (Fig. 4 and Table 1). Based on these data, we could test five compounds with
HCoV-229E. In tested concentrations, taxifolin and isoquercitrin starting from 2.5 µM showed a
significant inhibition of HCoV-229E replication in Huh-7 cells. Quercetin could slightly reduce
the replication of HCoV-229E at 2.5 µM and significantly inhibited the replication of this virus
at higher concentrations (Fig. 8 a). These positive results not only supported the docking
simulation results that these compounds bound to the M pro of HCoV-229E (Table 1), but also
substantiated the results of in vitro assays that these compounds effectively inhibited the SARSCoV-2 Mpro activity (Fig. 7). We previously demonstrated that EGCG could effectively inhibit
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the activity of the SARS-CoV-2 Mpro [44]. Herein, we used it as a positive control. The resulting
data showed that EGCG starting with 2.5 µM could significantly inhibit the replication of
HCoV-229E in Huh-7 cells. This positive control result further supported that taxifolin,
isoquercitrin and quercetin inhibited the replication of HCoV-29E via the reduction of the M pro
activity. In addition, we tested epicatechin, which was not shown to have an inhibitive activity
against the SARS-CoV-2 Mpro in our vitro assays. It was interesting that epicatechin starting with
20 µM tested could inhibit the replication of HCoV-229E (Fig. 8 a), which was supported by the
results of the docking simulation and its affinity score (Fig. 6 and Table 1). Accordingly, this
datum indicates the difference between HCoV-229E and SARS-CoV-2. Taken together, these
data indicate that HCoV-229E is appropriate substitute to screen inhibitors of SARS-CoV-2 by
targeting the Mpro of these two viruses.

Quercetin, isoquercitrin and rutin are three common supplements, given that their nutritional
values benefit human health [84-89]. Our data suggest that quercetin, isoquercitrin, and rutin
might be helpful to intervene COVID-19. These compounds are plant natural flavonoids that
their bio-availability, metabolism, and toxicity have been studied extensively [46]. In general,
these compounds are safe nutrients sold as supplements or in food products such as onion and
common dinner table fruits [90-95]. More importantly, quercetin can be absorbed into the human
body from the intestines. A large number of human health studies have reported the presence of
quercetin and its derivatives in the blood plasma and their nutritional benefits after consumption
[96-99].

For example, the quercetin concentration in plasma was reported to reach 5.0±1.0 µM

after the intake of 150 mg in one hour [100,101]. In addition, these compounds are potent
antioxidants [102,103]. The intake of quercetin can inhibit the oxidation of LDL and prevent the
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cardiovascular diseases [101,104] [105]. Moreover, quercetin and its derivatives have strong antiinflammation activity [106-110]. All of these functions can benefit people’s health.

4. Materials and methods

4.1 Dihydroflavonols, flavonols, cell line, and coronavirus
Flavonols used in this study included kaempferol, quercetin, myricetin, quercetin-3-O-glycoside,
and rutin. Dihydroflavonols used were (+)-taxifolin (dihydroquercetin, DHQ), (+)dihydrokaempferol (DHK), and (+)-dihydromyricetin (DHM). Two flavan-3-ols, (-)-epicatechin
and (+)-catechin, were used as compound controls. The ebselen was used as a positive control.
These compounds were purchased from Sigma-Aldrich (https://www.sigmaaldrich.com/)

Huh-7 cells, a human hepatocellular carcinoma cell line, are an appropriate to study the
replication of different viruses [62-66]. This cell line was used for infection and propagation of
virus and for testing antiviral activity of compounds. Human coronavirus 229E (HCoV-229E) is
a positive sense and single-stranded RNA virus that infects the human respiratory system [6771]. HCoV-229E was propagated on Huh-7 cells and tittered by TCID50 assay.

4.2 Docking simulation of the SARS-CoV-2 Mpro
We recently reported the docking simulation of flavan-3-ols, such as epicatechin and catechin
(Fig. 2) [44]. Herein, we used the same steps for docking simulation of flavonols and
dihydroflavonols in this experiment. In brief, three main steps were completed, protein
preparation, ligand preparation, and protein-ligand docking. The first step was protein
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preparation. The SARS-CoV-2 Mpro was used as a receptor to test ligands. Its ID is PDB ID:
6LU7 at Protein Data bank (https://www.rcsb.org/), from which its 3D structure was downloaded
to a desktop computer and then was prepared as a receptor of ligand via the Dock Prep tool of
UCSF-Chimera (https://www.cgl.ucsf.edu/chimera/). Because M pro contains the inhibitor peptide
N3, we removed N3 prior to docking simulation. Hydrogens and charges were added and
optimized to allow determining the histidine protonation state. The second step was ligand
preparation. The 3D structures of compounds (Fig. 2) were obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) and then used as ligands. All structures were minimized by
using the minimize structure tool of UCSF-Chimera. Hydrogens and charges were added to the
ligands, which were then saved as mol2 format for the protein-ligand docking simulation. The
third step was protein-ligand docking. The modeling of protein-ligand docking was performed
via the publically available AutoDock Vina (http://vina.scripps.edu/) software. The protein and
ligand files were loaded to the AutoDock Vina through the UCSF-Chimera surface binding
analysis tools. A working box was created to contain the whole receptor. The box center was set
at x =-27, y = 13, and z = 58. The box size was set as x = 50, y =55, and z = 50, which framed
the entire receptor to allow free position changes and ligand binding to the receptor at any
potential positions.

4.3 Docking simulation of the HCoV-229E M pro
HCoV-229E needs a Mpro (3C-like protease) for its replication in the host cells [72-74]. The M pro
is also a target for screening anti-HCoV-229E medicines [75-77]. The sequence of the HCoV229E Mpro was obtained from the GenBank and then used for an alignment and docking
simulation. The steps of simulation were the same as described above.
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4.4 Inhibition assay of the SARS-CoV-2 Mpro activity
(+)-DHQ, (+)-DHK, (+)-DHM, quercetin, kaempferol, myricetin, quercetin-3-O-glycoside, rutin,
(-)-epicatechin, and (+)-catechin were dissolved in DMSO to prepare a 1.0 M solution. A SARSCoV-2 Assay Kit (BPS bioscience, https://bpsbioscience.com/) was used to test the inhibitory
activity of these compounds. The steps of in vitro assay followed the manufacturer’s protocol as
performed in our recent report [44]. In brief, each reaction was carried out in a 25 µl volume in
384-well plates. Each reaction solution contains 150 ng recombinant M pro (6 ng/µl), 1 mM DDT,
50 µM fluorogenic substrate, and one compound (0, 0.02, 0.05, 0.1, 0.5, 1, 5, 10, 50, 100, 150,
and 200 μM) in pH 8.0 mM Tris-HCl and 5 µM EDTA buffer. GC376 (50 μM) was used as a
positive control, while (-)-epicatechin and (+)-catechin were used as two negative controls. The
reaction mixtures were incubated for 2 hrs at room temperature. The fluorescence intensity of
each reaction was measured and recorded on a microtiter plate-reading fluorimeter (BioTek's
Synergy H4 Plate Reader for detect fluorescent and luminescent signals). The excitation
wavelength was 360 nm and the detection emission wavelength was 460 nm. Each concentration
of every compound was tested five times. A mean value was calculated with five individual
replicates. Plots were built with the percentiles of catalysis versus log [µM] values of
concentrations to show the effect of each compound on the M pro activity. Statistical evolution is
described below.

4.5 Inhibition assay of Human coronavirus 229E
Huh-7 cells were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (10% FBS) and 1% antibiotics. HCoV-229E was propagated on Huh-7
cells. Virus containing supernatants were harvested 72h post infection and stored at -80°C. The
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virus titer was determined by the Median Tissue Culture Infectious Dose 50 (TCID50) assay in
Huh-7 cells.

Then, we performed virus inhibition assays. Huh-7 cells were seeded in 96 well plates at a
density of 25,000 cells/well and incubated overnight. HCoV 229-E was diluted in MEM with 1%
FBS, 1% HEPES buffer, and 1% antibiotic solution (MEM 1+1+1). The cells were inoculated
with HCoV-229E at an MOI of 1 in a total volume of 50 µl. The infected plates were incubated
at 35°C with 5% CO2 for one hour. Phytochemicals dissolved in DMSO were added in cell
culture medium to the following concentrations: 0 µM, 2.5 µM, 5 µM, 10 µM, 20 µM, and 50
µM.

After one hour, virus and medium were removed from the infected cells and washed once with
200ul of PBS. 100 µl of each compound master mix was added to triplicate wells for each
concentration. Virus was allowed to grow in the presence of each compound at 35 °C and 5%
CO2 for 24 hours. Supernatants were harvested and virus titers on Huh-7 cells were determined
by TCID50 assay [78]. Plates were incubated at 37°C and 5% CO2 for 96 hours, inspected
visually for cytopathic effect (CPE) and TCID50/mL was calculated using the SpearmanKaerber method [79,80]. A mean value was calculated using three replicates. Plots were built
with TCID50/mL versus concentrations to show the effect of each compound on the replication
of virus in Huh-7 cells. The minimum level of detection in this assay was 632 TCID50/ml.
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4.6 Statistical evaluation
One-way analysis of variance (ANOVA) was performed to evaluate the statistical significance.
The P-value less than 0.05 means significant differences.
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