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Introduction

Pueraria candollei var. mirifica (hereafter shortened as P. mirifica) has been well known for a long time, especially for treating or preventing various diseases in Thai traditional medicine [START_REF] Malaivijitnond | Medical applications of phytoestrogens from the Thai herb Pueraria mirifica[END_REF]. There is considerable scientific evidence supporting this plant's biological activities, showing that it is highly beneficial to human health as a source of phytoestrogens [START_REF] Wang | A comprehensive review on Pueraria: Insights on its chemistry and medicinal value[END_REF]. Isoflavones and chromenes are promising as the main phytoestrogen classes identified in P. mirifica (Chansakaow et al., 2000b[START_REF] Ingham | Role of a chalcone isomerase-like protein in flavonoid biosynthesis in Arabidopsis thaliana[END_REF][START_REF] Cherdshewasart | Major isoflavonoid contents of the 1-yearcultivated phytoestrogen-rich herb, Pueraria mirifica[END_REF], Cherdshewasart et al., 2007[START_REF] Cho | Flavonoids from Pueraria mirifica roots and quantitative analysis using HPLC[END_REF][START_REF] Mirhom | Pueraria mirifica, the rejuvenating herb and its unique phytoestrogenic constituents Miroestrol, its isomers and derivatives[END_REF]. More specifically, miroestrol, deoxymiroestrol, and 7-O-methylisomiroestrol are the major chromenes that accumulate in the tuberous cortex of P. mirifica [START_REF] Yusakul | Comparative analysis of the chemical constituents of two varieties of Pueraria candollei[END_REF][START_REF] Yusakul | +)-7-O-Methylisomiroestrol, a new chromene phytoestrogen from the Pueraria candollei var. mirifica root[END_REF]. Miroestrol and its precursor deoxymiroestrol have the highest estrogenic activity among the phytoestrogens isolated from P. mirifica (Chansakaow et al., 2000b, Chansakaow et al., 2000a), despite their low abundance in this plant [START_REF] Yusakul | Comparative analysis of the chemical constituents of two varieties of Pueraria candollei[END_REF][START_REF] Lee | Determination of miroestrol and isomiroestrol from Pueraria mirifica (White Kwao Krua) in dietary supplements by LC-MS-MS and LC-Q-Orbitrap/MS[END_REF][START_REF] Masada | Miroestrol quantification in <i>Pueraria mirifica</i> crude drugs and products by single-reference UPLC/PDA/MS using relative molar sensitivities to kwakhurin[END_REF]. Interestingly, the pathway of chromene biosynthesis in P. mirifica remains unknown. Therefore, we previously constructed a de novo transcriptome dataset of P. mirifica and proposed a pathway for miroestrol biosynthesis [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF]. Accordingly, miroestrol potentially shares a common pathway with the isoflavonoid biosynthesis route through hydroxylation of the isoflavone daidzein. It is likely catalyzed by cytochrome P450 enzyme(s) as an early step, followed by the action of several other enzymes to obtain deoxymiroestrol and miroestrol, respectively (Fig. 1). Cytochrome P450s (P450s) are a group of heme-thiolate proteins discovered and defined as hemoproteins over 60 years ago [START_REF] Klingenberg | Pigments of rat liver microsomes[END_REF]. This huge protein superfamily plays a key role in the biosynthesis of numerous primary and secondary metabolites in a wide range of organisms, including plants [START_REF] Werck-Reichhart | Cytochromes P450: a success story[END_REF]. Plant P450s usually catalyze the regiospecific and stereospecific oxidation of non-activated hydrocarbons. Their catalytic activity requires a redox partner, i.e., NADPH-dependent P450 oxidoreductase (CPR), to transfer electrons from NADPH to the P450 heme [START_REF] Urlacher | Cytochrome P450 monooxygenases: an update on perspectives for synthetic application[END_REF]. Although genome and transcriptome analyses have revealed many plant P450 genes, most of the functions of P450s remain unknown. To the best of our knowledge, two P450s are involved in the isoflavone biosynthetic pathway, i.e., isoflavone synthase (IFS, also termed 2-hydroxyisoflavanone synthase, CYP93C) and isoflavone hydroxylase (CYP81E). IFS catalyzes the production of 2-hydroxyisoflavanone, a precursor of isoflavone, from flavanone via aryl migration. This enzyme has been extensively studied in many leguminous plants [START_REF] Ayabe | Cytochrome P450s in flavonoid metabolism[END_REF]. In a previous study, we successfully identified and functionally characterized PmIFS [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF]. Regarding CYP81Es, several reports revealed the isoflavone hydroxylase function of the members of this subfamily, which adds one oxygen atom to the C-2′ and -3′ positions on the B-ring, forming hydroxyisoflavone [START_REF] Akashi | CYP81E1, a cytochrome P450 cDNA of licorice (Glycyrrhiza echinata L.), encodes isoflavone 2′-hydroxylase[END_REF][START_REF] Overkamp | Cloning and characterization of eight cytochrome P450 cDNAs from chickpea (Cicer arietinum L.) cell suspension cultures[END_REF][START_REF] Shimada | Induction of isoflavonoid pathway in the model legume Lotus japonicus: molecular characterization of enzymes involved in phytoalexin biosynthesis[END_REF][START_REF] Liu | Regiospecific hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago truncatula[END_REF]. Although daidzein has not been reported as the preferred substrate of those reported hydroxyisoflavone-forming CYP81E enzymes, they may still be involved in daidzein hydroxylation in the proposed miroestrol biosynthetic pathway in P. mirifica (Fig. 1).

Fig. 1 Isoflavonoid and proposed miroestrol biosynthetic pathways in P. mirifica. In this study, CYP81E63 was functionally characterized as isoflavone 2′-hydroxylase. The 2′-hydroxydaidzein may be 5′-hydroxylated by an unknown P450, to produce an intermediate that will enter subsequent steps of the miroestrol biosynthetic pathway.

Enzyme abbreviations: PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, coumarate-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; IFS, isoflavone synthase; HID, 2-hydroxyisoflavanone dehydratase; C-UGT, C-glycosyltransferase; O-UGT, O-glycosyltransferase; CYP, cytochrome P450; IFR, isoflavone reductase; PT, prenyltransferase. The asterisks indicate unidentified enzymes that are required to complete the biosynthesis of miroestrol.

Generally, a plant P450 forms an enzyme complex with its membrane-bound redox partner and cytosolic enzymes of the biosynthetic pathways [START_REF] Jørgensen | Metabolon formation and metabolic channeling in the biosynthesis of plant natural products[END_REF]. Its formation has been discovered in many pathways, including the isoflavonoids [START_REF] Møller | Dynamic Metabolons[END_REF][START_REF] Rajniak | A new cyanogenic metabolite in Arabidopsis required for inducible pathogen defence[END_REF][START_REF] Zhang | Multifaceted Regulations of Gateway Enzyme Phenylalanine Ammonia-Lyase in the Biosynthesis of Phenylpropanoids[END_REF][START_REF] Dang | Dual Catalytic Activity of a Cytochrome P450 Controls Bifurcation at a Metabolic Branch Point of Alkaloid Biosynthesis in Rauwolfia serpentina[END_REF]. Recently, a few reports suggested that upstream isoflavone biosynthetic enzymes, i.e., chalcone synthase (CHS), chalcone reductase (CHR), chalcone isomerase (CHI), and IFR form a metabolon [START_REF] Dastmalchi | Twin anchors of the soybean isoflavonoid metabolon: evidence for tethering of the complex to the endoplasmic reticulum by IFS and C4H[END_REF][START_REF] Waki | Identification of protein-protein interactions of isoflavonoid biosynthetic enzymes with 2-hydroxyisoflavanone synthase in soybean (Glycine max (L.) Merr.)[END_REF]. This phenomenon is thought to prevent the leakage of labile or toxic metabolic intermediates, increasing the production of downstream products. Therefore, an intensive investigation of protein-protein interactions is relevant to reveal additional information for P450 functional validation.

Herein, we identified three P450 candidates from our previous de novo annotated transcriptome library of P. mirifica [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF], based on the alignment of peptide sequences and molecular evolution, and the expression patterns of the candidate genes across the four tissues of P. mirifica (young leaves, mature leaves, cortex-excised tubers, and tuberous cortices). To confirm their functions, these candidates were then functionally characterized in vitro and in planta. Furthermore, an in silico analysis identified the residues involved in substrate binding and catalysis. The free energy of binding partially explained the substrate specificity. Finally, we proposed a metabolon scenario for CYP81E63, one of the three P450 candidates, and isoflavone biosynthetic enzymes based on the molecular ability for protein-protein interaction.

Results

Transcriptome-wide analysis for the identification of cytochrome P450s involved in isoflavone hydroxylation and leading to miroestrol biosynthesis

Based on protein functional annotation compared with public protein databases, we isolated a total of 123 putative genes predicted as cytochrome P450 genes from the four P. mirifica transcriptome libraries. The amino acid sequences of these putative P450 genes were aligned with 105 cytochrome P450s from 41 plants, listed in Table S1.

This alignment was then used for constructing a phylogenetic tree, representing a total of 17 clades of families (Fig. 2). Similar to most plants, the largest proportion of P. mirifica P450 genes (28 unigenes) belonged to family 71, followed by families ranked according to the number of clustering unigenes; i.e., family 72 (14 unigenes), family 76 (11 unigenes), family 86 (10 unigenes), and family 75 (9 unigenes). Interestingly, only three members of family 81 (subfamily 81E, in particular) had been identified and reported as isoflavone hydroxylases (both 2′ and 3′ hydroxylases) from various leguminous plants, including Cicer arietinum, Glycyrrhiza echinata, Lotus japonicus, and Medicago truncatula [START_REF] Akashi | CYP81E1, a cytochrome P450 cDNA of licorice (Glycyrrhiza echinata L.), encodes isoflavone 2′-hydroxylase[END_REF][START_REF] Overkamp | Cloning and characterization of eight cytochrome P450 cDNAs from chickpea (Cicer arietinum L.) cell suspension cultures[END_REF][START_REF] Shimada | Induction of isoflavonoid pathway in the model legume Lotus japonicus: molecular characterization of enzymes involved in phytoalexin biosynthesis[END_REF][START_REF] Liu | Regiospecific hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago truncatula[END_REF]. These leguminous CYP81Es were grouped with three putative P. mirifica P450s, indicated by red letters in Figure 2.

Subsequently, these three P. mirifica CYP81s were officially termed CYP81E63, CYP81E62, and CYP81T12, respectively. Heterologous expression, enzymatic activity, and substrate specificity of the three PmCYP81 candidates in yeast microsomes PmCYP81T12, PmCYP81E62, and PmCYP81E63 were separately co-expressed with a leguminous redox partner, Lotus japonicus cytochrome P450 reductase (LjCPR1), in yeast. Differential carbon monoxide spectra confirmed the expression of 106 nmoles g -1 of microsomes for CYP81T12 and 249 nmoles g -1 of microsomes for CYP81E63 (Fig. 3a); however, no differential absorbance was detected when the expressions of CYP81E62 was compared with β-glucuronidase (GUS, negative control), thereby suggesting that CYP81E62 had no or relatively low levels of expression in yeast microsomes. Therefore, we prioritized our research on recombinant yeast microsomes harboring PmCYP81T12 and PmCYP81E63 and analyzed the enzymatic activity in the presence of various isoflavone aglycones, i.e., daidzein, 2′-hydroxydaidzein, 3′-hydroxydaidzein, genistein, afromonin, formononetin, tectorigenin, and biochanin A. PmCYP81E63 specifically showed hydroxylating activity toward daidzein and genistein (Fig. 3b). However, there was no observable activity for PmCYP81T12 in the presence of the tested isoflavones. In the presence of an excess of substrate, the enzymatic activity of PmCYP81E63 on daidzein was significantly higher (~2.5-fold) than that of genistein. Accordingly, PmCYP81E63 exhibited hydroxylating activity toward both the 2′ and 3′ positions of daidzein, with a preference for 2′-hydroxylation (Fig. 3c), and putatively toward the 2′ position of genistein (Fig. 3d). However, the peaks of hydroxylated products were noticeably low compared with the peak of the substrate supplied, even after a longer incubation period (Fig. 3c-d).

Therefore, the enzymatic reaction of PmCYP81E63 did not correlate well with the incubation time, which precluded the determination of the enzyme kinetics. Enzymatic activity of PmCYP81E63 toward daidzein was observed in the presence of a daidzein-rich crude extract of P. mirifica tuberous cortices (Fig. S1), suggesting its specific recognition and catalysis toward isoflavone aglycones. and hydroxylation pattern of daidzein, the product peak was identified as 2′-hydroxygenistein (peak no. 4).

Transient (co)-expression of PmCYP81s and isoflavone biosynthetic genes in Nicotiana benthamiana

Recently, N. benthamiana has been used as a great and easy platform for the functional characterization of various plant proteins/enzymes [START_REF] Sainsbury | Transient expressions of synthetic biology in plants[END_REF]. This plant is unable to produce isoflavones because it lacks IFS. Therefore, we performed transient co-expression of each CYP81 in N. benthamiana leaves with a set of isoflavone biosynthetic genes from P. mirifica; i.e., the CHS (PmCHS), CHR (PmCHR), IFS (PmIFS), and 2-hydroxyisoflavanone dehydratase (PmHID) genes (Fig. 1). To increase isoflavone production, this set of isoflavone biosynthetic genes was co-expressed with the Arabidopsis R2R3 MYB12 transcription factor (AtMYB12), which enhances the expression of flavonoid biosynthetic genes [START_REF] Pandey | Co-expression of Arabidopsis transcription factor, AtMYB12, and soybean isoflavone synthase, GmIFS1, genes in tobacco leads to enhanced biosynthesis of isoflavones and flavonols resulting in osteoprotective activity[END_REF]. However, the co-expression of those isoflavone biosynthetic genes and AtMYB12 led to the production of genistein and genistin, but not daidzein and daidzin, as shown using LC-MS/MS (Fig. 4c). Subsequently, this construct was employed for co-expression with each of the three P450s (Fig. 4d-f). As expected, PmCYP81E63 exhibited enzymatic activity toward genistein heterologously produced in N. benthamiana leaves (Fig. 4f). The peak of hydroxygenistein in those leaves was validated by comparison with the enzymatic product formed by the activity of PmCYP81E63 expressed in yeast microsomes in the presence of genistein, in terms of retention time, molecular mass, and fragment ion pattern (Fig. S2). However, genistin was uncatalyzed by PmCYP81E63, suggesting a high specificity to isoflavone aglycones.

Conversely, no enzymatic activity was observable for PmCYP81T12 and PmCYP81E62 in the genistein/genistinproducing N. benthamiana leaves. 

Prediction of the conserved motifs and catalytic residues of PmCYP81E63

We determined the conserved motifs of P. mirifica CYP81s by aligning their amino sequences with those of characterized CYP81Es from Lotus japonicus, Glycyrrhiza echinata, Cicer arietinum, and Medicago truncatula.

Accordingly, 10 motifs were found in PmCYP81E63 and P450s from other leguminous plants of interest. However, one conserved motif of unknown function was missing from the sequence of PmCYP81T12 and CYP81E62 (Fig. 5), suggesting a possible different function for those P450s. All CYP81s shared key conserved motifs characteristic of P450s, including the proton transfer groove on the distal side of the heme (motif 2 in Fig. 5), the heme-binding loop, including a cysteine residue coordinated to heme ion (motif 5 in Fig. 5), and the Glu-X-X-Arg motif required to stabilize the core structure (motif 7 in Fig. 5, see Fig. S3 for the full sequence alignment). sequences are underlined and highlighted in yellow: the proton transfer groove on the distal side of the heme in motif 2; the heme-binding loop including a cysteine coordinated to heme ion, in which the catalytic cysteine is magnified in red bold lettering in motif 5; and the Glu-X-X-Arg motif, which is required to stabilize the core structure in motif 7.

We further evaluated the binding affinity of the isoflavones of interest against PmCYP81E63 using the molecular mechanics/generalized Born surface area (MM/GBSA) method. As shown in Table S2, the binding free energy (ΔGbind) values of all studied ligands against PmCYP81E63 were ranked in order of daidzein (-19.59 kcal/mol) < 2′-hydroxydaidzein (-16.91 kcal/mol) < genistein (-15.79 kcal/mol). Notably, the binding affinity of PmCYP81E63 toward daidzein was higher than that of genistein, which was well consistent with the results of the in vitro enzymatic assay (Fig. 3). The ΔGbind of 2′-hydroxydaidzein was relatively close to that of daidzein, suggesting that they could be a competitive inhibitor of PmCYP81E63. According to the ΔGbind, res calculation (Fig. 6a), we identified five residues (S105, F303, G304, I373, and V477) associated with daidzein binding. In contrast, four residues (Y108, F303, G304, and I373) were involved in genistein recognition, in line with the ΔGbind calculation, as mentioned earlier. According to the hydrogen bond (H-bonds) calculations, S105 and G304 formed H-bonds with all flavonoids, whereas S308 formed H-bonds with daidzein and 2′-hydroxydaidzein, and Y108 residue only formed Hbond with genistein (Fig. 6b). 

PmCYP81E63 localizes to the ER and interacts with IFS, CHR, and HID

Regarding the mechanism of monooxygenation, P450s require two electrons provided by different donor proteins, depending on the organism or subcellular compartment [START_REF] Guengerich | Unusual cytochrome p450 enzymes and reactions[END_REF]. Plant P450s generally require NADPH-dependent cytochrome P450 oxidoreductase (CPR) as an electron donor or redox partner.

Via their respective N-terminal domains, a P450 and its redox CPR partner co-localize on the ER membrane or, in some cases, on the chloroplast envelope [START_REF] Helliwell | A plastid envelope location of Arabidopsis ent-kaurene oxidase links the plastid and endoplasmic reticulum steps of the gibberellin biosynthesis pathway[END_REF][START_REF] Watson | Localization of CYP86B1 in the Outer Envelope of Chloroplasts[END_REF]. Therefore, we investigated the possible subcellular localizations of PmCYP81E63 in the leaf epidermal cells of N. benthamiana. We used the red fluorescent protein (mRFP1) fused with the N-terminal domain of the Arabidopsis thaliana CYP51G1 (consisting of the membrane anchor and the hinge of this P450) as an endoplasmic reticulum marker ( named 51::RFP here (Bassard et al., 2012a, Bassard et al., 2012b). We clearly showed that the GFP signal of a PmCYP81E63::GFP fusion protein displayed a characteristic reticulated pattern, and mostly overlapped with the 51::RFP signal, indicating the localization of the enzyme of interest in the endoplasmic reticulum (Fig. 7).

To assess whether PmCYP81E63 interacts with upstream enzymes in the isoflavone pathway to form a potential enzyme complex, the following protein-protein interactions were evaluated using bimolecular fluorescence complementation (BiFC) assay: PmCYP81E63-PmCHR, PmCYP81E63-PmIFS, and PmCYP81E63-PmHID.

Protein interactions were monitored by confocal microscopy, with fluorescence indicating either close or direct interaction. Accordingly, a GFP signal emitted from all combinations was detected, suggesting an interaction between PmCYP81E63 and each isoflavone biosynthetic enzyme (Fig. 8). Notably, the interaction of all constructs was generally observed in the cytoplasm because of the removal of the peptide responsible for membrane The interaction between CYP81E63 and CHR or CYP81E83 and HID was further confirmed using a yeast two-hybrid assay. Each prey (pGBKT7-53, pGBKT7-PmIFS, and pGBKT7-PmCYP81E63) and bait (pGADT7-T, pGADT7-PmCHR, and pGADT7-PmHID) constructs were mated and grown on SD/-Leu/-Trp medium, suggesting that the recombinant plasmid could be transformed successfully into the host cells. However, smaller colonies were observed for HID constructs (Fig. 9), suggesting possible toxicity to yeast cells in the co-presence of HID and the other proteins. To examine protein-protein interactions, we further cultivated all transformants on a quadruple dropout medium (SD/-Leu/-Trp/-His/-Ade). This experiment revealed that both CYP81E63 and IFS interacted with CHR (Fig. 9), which positively correlated with BiFC results. In contrast, no colonies were visible for the constructs of HID and other proteins. 

Discussion

Isoflavone hydroxylase (PmCYP81E63) potentially plays a role in miroestrol biosynthesis

Recently, we proposed the biosynthetic pathway of miroestrol in P. mirifica. It shared a biosynthetic branch with isoflavones, suggesting a key role for cytochrome P450s in daidzein hydroxylation in the initial branching step [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF]. This study employed several bioinformatics tools to select possible candidates among the hundreds of thousands of putative genes contained in the transcriptome. Moreover, the phylogenetic analysis revealed that most P. mirifica P450 enzymes belonged to CYP71 clade, which is responsible for the regulation of plant growth [START_REF] Bak | Cytochromes P[END_REF]. Only three out of 123 putative genes clustered in the CYP81 family, reportedly as an isoflavone hydroxylase in various leguminous plants (Cicer arietinum, Glycyrrhiza echinata, Lotus japonicus, and Medicago truncatula) [START_REF] Akashi | CYP81E1, a cytochrome P450 cDNA of licorice (Glycyrrhiza echinata L.), encodes isoflavone 2′-hydroxylase[END_REF][START_REF] Overkamp | Cloning and characterization of eight cytochrome P450 cDNAs from chickpea (Cicer arietinum L.) cell suspension cultures[END_REF][START_REF] Shimada | Induction of isoflavonoid pathway in the model legume Lotus japonicus: molecular characterization of enzymes involved in phytoalexin biosynthesis[END_REF][START_REF] Liu | Regiospecific hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago truncatula[END_REF][START_REF] Hinderer | Microsomal isoflavone 2′-and 3′-hydroxylases from chickpea (Cicer arietinum L.) cell suspensions induced for pterocarpan phytoalexin formation[END_REF]. The P. mirifica CYP81 enzymes were officially termed CYP81E63, CYP81E62, and CYP81T12.

The three candidates were further characterized by expression in yeast. The yeast microsomes harboring PmCYP81T12 or PmCYP81E62 exhibited no activity toward the isoflavones tested. PmCYP81E63 yielded regiospecific hydroxylation of the 2′ and 3′ positions of the B-ring of daidzein. Regiospecific hydroxylation of isoflavones was first mentioned in the investigation of microsomal isoflavone 2′-and 3′-hydroxylases from a chickpea cell suspension in the context of the hydroxylation of biochanin A and formononetin. However, daidzein and genistein were not significantly hydroxylated [START_REF] Hinderer | Microsomal isoflavone 2′-and 3′-hydroxylases from chickpea (Cicer arietinum L.) cell suspensions induced for pterocarpan phytoalexin formation[END_REF]. In licorice, although CYP81E1 exhibited 2′ hydroxylating activity toward daidzein, it showed a higher specific activity toward formononetin [START_REF] Akashi | CYP81E1, a cytochrome P450 cDNA of licorice (Glycyrrhiza echinata L.), encodes isoflavone 2′-hydroxylase[END_REF]. Another interesting report from M. truncatula revealed that CYP81E7 converted daidzein and genistein to both 2′-and 3′-hydroxylated products, with a preference for 2′ hydroxylation [START_REF] Liu | Regiospecific hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago truncatula[END_REF]. However, CYP81E7 exhibited a much greater preference for biochanin A, to produce 2′-hydroxybiochanin A, compared with daidzein (~5-fold) and genistein (~10-fold) [START_REF] Liu | Regiospecific hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago truncatula[END_REF]. None of those plants might produce daidzein or genistein as major isoflavones. Our research highlighted the novel PmCYP81E63, which primarily uses daidzein as a substrate and mainly produced 2′-hydroxydaidzein and a minute amount of 3′-hydroxydaidzein. Furthermore, PmCYP81E63 also uses genistein as a substrate at much lower activity however compared with daidzein (Fig. 3a). A few studies reported in vitro hydroxylation toward genistein afforded by several plant CYP81s; recombinant yeast microsomes expressing licorice CYP81E1 [START_REF] Akashi | CYP81E1, a cytochrome P450 cDNA of licorice (Glycyrrhiza echinata L.), encodes isoflavone 2′-hydroxylase[END_REF], recombinant yeast microsomes expressing M. truncatula CYP81E7 and CYP81E9 [START_REF] Liu | Regiospecific hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago truncatula[END_REF], and a bacterial cell expressing several soybean CYP81Es [START_REF] Uchida | Functional expression of cytochrome P450 in <i>Escherichia coli</i>: An approach to functional analysis of uncharacterized enzymes for flavonoid biosynthesis[END_REF]. We previously found that puerarin (daidzein 8 C-glucoside) was a major isoflavone that accumulated in the tuberous roots of P. mirifica [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF]. This accumulation implied there was a great proportion of daidzein among the isoflavone aglycones. Notably, the recombinant yeast microsome expressing CYP81E63 specifically catalyzed daidzein in a crude extract from the tuberous roots of P. mirifica (Fig. S1). This observation is consistent with the results of the test of the substrate specificity of the isoflavones (Fig. 3a), suggesting that this CYP81E63 has evolved to prefer daidzein and is involved in the pathway depicted in Figure 1.

In addition, we confirmed the function of these P450 enzymes in planta via transient expression in N. benthamiana. Legume-specific isoflavones and their biosynthetic genes are not naturally found in wild N. benthamiana. Thus, the isoflavone biosynthetic genes identified from the P. mirifica transcriptome library, i.e., PmCHS, PmCHR, PmIFS, and PmHID, were transiently co-expressed with genes of interest in N. benthamiana leaves. Although daidzein was not observed, genistein was successfully produced in N. benthamiana leaves, similarly to several reports in transgenic Arabidopsis [START_REF] Jung | Identification and expression of isoflavone synthase, the key enzyme for biosynthesis of isoflavones in legumes[END_REF] and Nicotiana tabacum [START_REF] Yu | Production of the Isoflavones Genistein and Daidzein in Non-Legume Dicot and Monocot Tissues[END_REF][START_REF] Pandey | Co-expression of Arabidopsis transcription factor, AtMYB12, and soybean isoflavone synthase, GmIFS1, genes in tobacco leads to enhanced biosynthesis of isoflavones and flavonols resulting in osteoprotective activity[END_REF]. We propose the following three possible explanations for the low accumulation of daidzein observed here. First, PmCHR did not incorporate with either PmCHS or N. benthamiana CHS [START_REF] Joung | An overexpression of chalcone reductase of Pueraria montana var. lobata alters biosynthesis of anthocyanin and 5′-deoxyflavonoids in transgenic tobacco[END_REF], or/and functioned improperly in N. benthamiana regarding the synthesis of isoliquiritigenin, which is the key intermediate in the daidzein biosynthetic pathway [START_REF] Joung | An overexpression of chalcone reductase of Pueraria montana var. lobata alters biosynthesis of anthocyanin and 5′-deoxyflavonoids in transgenic tobacco[END_REF]. Second, endogenous N. benthamiana CHS and CHI were highly expressed via the deregulation of the co-infiltrated AtMYB12 [START_REF] Pandey | Co-expression of Arabidopsis transcription factor, AtMYB12, and soybean isoflavone synthase, GmIFS1, genes in tobacco leads to enhanced biosynthesis of isoflavones and flavonols resulting in osteoprotective activity[END_REF], leading to a higher flux of naringenin and therefore abundant genistein accumulation in N. benthamiana leaves. Third, the endogenous CHI in N. benthamiana is a type I CHI that can only isomerize naringenin chalcone [START_REF] Shimada | A Cluster of Genes Encodes the Two Types of Chalcone Isomerase Involved in the Biosynthesis of General Flavonoids and Legume-Specific 5-Deoxy(iso)flavonoids in Lotus japonicus[END_REF], which resulted in no detectable liquiritigenin expression levels in N. benthamiana leaves (see Fig. 1).

However, PmCYP81E63 exhibited hydroxylation activity toward the genistein produced in these N. benthamiana leaves. Without hydroxylated genistein standards, we identified hydroxylated genistein as an annotated 2′hydroxygenistein based on the reports of genistein hydroxylation published elsewhere [START_REF] Akashi | CYP81E1, a cytochrome P450 cDNA of licorice (Glycyrrhiza echinata L.), encodes isoflavone 2′-hydroxylase[END_REF][START_REF] Liu | Regiospecific hydroxylation of isoflavones by cytochrome P450 81E enzymes from Medicago truncatula[END_REF][START_REF] Uchida | Functional expression of cytochrome P450 in <i>Escherichia coli</i>: An approach to functional analysis of uncharacterized enzymes for flavonoid biosynthesis[END_REF] and the hydroxylated pattern of daidzein hydroxylation. In conclusion, PmCYP81E63 is an isoflavone hydroxylase that mainly exhibits 2′-hydroxylating activity toward daidzein in P. mirifica, as shown in Figure 3. Isoflavone 2′-hydroxylation has been reported as the rate-limiting step in elicitor-induced pterocarpan biosynthesis in chickpeas [START_REF] Hinderer | Microsomal isoflavone 2′-and 3′-hydroxylases from chickpea (Cicer arietinum L.) cell suspensions induced for pterocarpan phytoalexin formation[END_REF], indicating its important role in various biosynthetic pathways.

Similarly, we found a positive correlation between a low expression of the PmCYP81E63 gene and a low accumulation of miroestrol in P. mirifica [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF], which supported the potential participation of PmCYP61E63 in the miroestrol biosynthetic pathway.

Molecular docking simulation uncovered enzymatic activity and substrate specificity of P. mirifica P450 enzymes

Although PmCYP81T12 and PmCYP81E62 were grouped in the clade CYP81 family, there was no observable activity on isoflavone. We identified the conserved motifs of the candidate enzymes and wellcharacterized CYP81E from other legumes (Fig. 5). All CYP81Es shared nine conserved motifs, three of which are necessary for the core structure of the general cytochrome P450. Figure 5 represents catalytic cysteine and binding residues. Interestingly, we found that the 10 th motif was missing from both PmCYP81T12 and PmCYP81E62, suggesting its importance for substrate recognition. However, this hypothesis must be tested in additional molecular studies.

As previously mentioned, PmCYP81E63 showed higher specificity to daidzein compared with genistein.

Based on the MM/GBSA calculation, the binding energy of PmCYP81E63/daidzein (-19.59 kcal/mol) was lower than that of PmCYP81E63/genistein (-15.79 kcal/mol), indicating that daidzein would be the desired substrate for PmCYP81E63. This in silico analysis promisingly supports the participation of hydroxydaidzein in the proposed miroestrol biosynthetic pathway. In addition, we observed that the enzymatic products of PmCYP81E63 were produced at extremely low levels compared with the amount of substrate added. Furthermore, the enzymatic reaction was constantly across the whole incubation time, which hampered the determination of the kinetics of PmCYP81E63. This observation could be explained by the finding that the binding energy of PmCYP81E63/2′hydroxydaidzein (-16.91 kcal/mol) was close to the model of PmCYP81E63/daidzein, indicating a putative inhibitor role for 2′-hydroxydaidzein against daidzein. In addition to the low gene expression level [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF] and the low enzymatic rate of PmCYP81E63, the calculated binding energies also potentially support a minimal accumulation of miroestrol in the tuberous roots of P. mirifica (Chansakaow et al., 2000a). These results suggest that the biosynthesis of miroestrol may requires an efficient complex for arranging a scanty intermediate. We, therefore, propose a potential regulation via protein-protein interactions among biosynthetic enzymes generally termed metabolon.

Proposed metabolon formation between PmCYP81E63 and isoflavone biosynthetic enzymes

Cytochrome P450s are generally localized on the ER membrane and functions with a redox partner or CPR.

As typical cytochromes P450, PmIFS and PmCYP81E63 localized on the ER membrane, as assessed using in silico prediction and confocal microscopy (Fig. 7). Generally, IFS is known to typically localize in the ER membrane [START_REF] Tian | Engineering isoflavone metabolism with an artificial bifunctional enzyme[END_REF][START_REF] Pičmanová | Functional expression and subcellular localization of pea polymorphic isoflavone synthase CYP93C18[END_REF][START_REF] Waki | Identification of protein-protein interactions of isoflavonoid biosynthetic enzymes with 2-hydroxyisoflavanone synthase in soybean (Glycine max (L.) Merr.)[END_REF][START_REF] Dastmalchi | Twin anchors of the soybean isoflavonoid metabolon: evidence for tethering of the complex to the endoplasmic reticulum by IFS and C4H[END_REF]. In addition, CHS, CHR, CHI, and HID have been reported to localize in the nucleus and cytoplasm [START_REF] Zhou | Pseudomonas syringae Type III Effector HopZ1 Targets a Host Enzyme to Suppress Isoflavone Biosynthesis and Promote Infection in Soybean[END_REF], Jiang et al., 2015[START_REF] Dastmalchi | Soybean chalcone isomerase: evolution of the fold, and the differential expression and localization of the gene family[END_REF][START_REF] Dastmalchi | Twin anchors of the soybean isoflavonoid metabolon: evidence for tethering of the complex to the endoplasmic reticulum by IFS and C4H[END_REF][START_REF] Waki | Identification of protein-protein interactions of isoflavonoid biosynthetic enzymes with 2-hydroxyisoflavanone synthase in soybean (Glycine max (L.) Merr.)[END_REF][START_REF] Sepiol | Genome-Wide Identification of Chalcone Reductase Gene Family in Soybean: Insight into Root-Specific GmCHRs and Phytophthora sojae Resistance[END_REF][START_REF] Mameda | Involvement of chalcone reductase in the soybean isoflavone metabolon: identification of GmCHR5, which interacts with 2hydroxyisoflavanone synthase[END_REF][START_REF] Zhou | Overexpression of Chalcone Isomerase (CHI) Increases Resistance Against Phytophthora sojae in Soybean[END_REF][START_REF] Vadivel | Genome-wide identification and localization of chalcone synthase family in soybean (Glycine max [L]Merr)[END_REF]. However, IFR is known to potentially localize in the cytoplasm [START_REF] Cheng | Overexpression of Soybean Isoflavone Reductase (GmIFR) Enhances Resistance to Phytophthora sojae in Soybean[END_REF]. According to protein-protein interactions measured via the BiFC method (Fig. 8), we determined that PmCYP81E63 interacted with the key isoflavone biosynthetic P450 (PmIFS) and related cytosolic proteins (PmCHR and PmHID). We further confirmed this evidence by yeast two-hybrid assay and found that PmIFS and PmCYP81E63 interacted with PmCHR (Fig. 9). Although the interaction between HID and other proteins was not confirmed because of toxicity to the yeast cells, the absence of protein-protein interactions could not be ruled out. These results suggest the involvement of an organized multienzyme cluster, known as metabolon, in miroestrol biosynthesis. Metabolon formation has been discovered in many biosynthetic pathways, including flavonoids and cyanogenic glucosides [START_REF] Møller | Dynamic Metabolons[END_REF][START_REF] Rajniak | A new cyanogenic metabolite in Arabidopsis required for inducible pathogen defence[END_REF][START_REF] Zhang | Multifaceted Regulations of Gateway Enzyme Phenylalanine Ammonia-Lyase in the Biosynthesis of Phenylpropanoids[END_REF][START_REF] Dang | Dual Catalytic Activity of a Cytochrome P450 Controls Bifurcation at a Metabolic Branch Point of Alkaloid Biosynthesis in Rauwolfia serpentina[END_REF][START_REF] Laursen | Plasticity of specialized metabolism as mediated by dynamic metabolons[END_REF]. Recently, metabolon formation by the upstream isoflavone biosynthetic genes CHS, CHR, CHI, and IFS was reported [START_REF] Dastmalchi | Twin anchors of the soybean isoflavonoid metabolon: evidence for tethering of the complex to the endoplasmic reticulum by IFS and C4H[END_REF][START_REF] Waki | Identification of protein-protein interactions of isoflavonoid biosynthetic enzymes with 2-hydroxyisoflavanone synthase in soybean (Glycine max (L.) Merr.)[END_REF][START_REF] Mameda | Involvement of chalcone reductase in the soybean isoflavone metabolon: identification of GmCHR5, which interacts with 2hydroxyisoflavanone synthase[END_REF]. Metabolon formation is suitable for avoiding negative interference, either by narrowing substrate specificity due to conformational changes upon binding or by preventing unwanted substrates binding into the metabolon partners [START_REF] Jørgensen | Metabolon formation and metabolic channeling in the biosynthesis of plant natural products[END_REF]. These findings led us to propose formation of a metabolon involving PmCYP81E63 and isoflavone biosynthetic enzymes, as illustrated in Figure 10. This enzyme cluster represents an initiation step in the regulation of the biosynthesis of miroestrol in P. mirifica. 

Conclusion

Cytochromes P450 play an important role in secondary metabolism in various plant species, including isoflavone and miroestrol biosynthesis in P. mirifica. Three cytochromes P450 were involved in isoflavone hydroxylation, the initial step in the proposed miroestrol biosynthesis. Among them, PmCYP81E63 regiospecifically exhibited both 2′and 3′-hydroxylation activity toward daidzein, suggesting that it is the main player in the proposed miroestrol biosynthetic pathway. In contrast, the enzymatic reaction of other candidates remains unknown and should be subjected to further investigation. We also proposed possible metabolon formation involving PmCYP81E63 and other biosynthetic enzymes, leading to dynamic regulation and to the production of a desirable intermediate in the biosynthetic pathway of miroestrol. However, in-depth biochemical and biophysical methods are necessary for further investigation of metabolon dynamics and of the remaining genes in the miroestrol biosynthetic pathway.

Knowledge regarding metabolon formation will prompt us to apply suitable metabolic engineering to control the efficient production of valuable compounds.

Materials and Methods

Plant materials, chemicals, and reagents

The leaves and tubers of an approximately 2-year-old P. mirifica cultivar SARDI190 were obtained from a P. mirifica farm at Kasetsart University, Kamphaeng Saen Campus, Nakhonpathom, Thailand (14°1′N, 99°58′E).

The species was confirmed to be P. mirifica by comparison with voucher specimens no. BCU010250 and BCU011045 kept at the Professor Kasin Suvatabhandhu Herbarium, Department of Botany, Faculty of Science, Chulalongkorn University, Thailand. The Department of Thai Traditional and Alternative Medicine, Ministry of Public Health, Thailand, approved the P. mirifica research (DTAM1-2/2561). Seeds of N. benthamiana were germinated on sterilized soil in a culture room at 25°C under a 16/8 h light/dark cycle. After germination for 5 days, N. benthamiana seedlings were watered twice per week until harvest. Hydroxydaidzein standards were obtained from Plantech (Reading, UK) for 2′-hydroxydaidzein and Extrasynthese (Genay, France) for 3′-hydroxydaidzein.

Daidzein and genistein were purchased from CALBIOCHEM (Merck, Germany), and genistin was purchased from Sigma-Aldrich (USA). Afromosin, formononetin, tectorigenin, and biochanin A were isolated from Dalbergia parviflora and identified as described previously [START_REF] Umehara | Flavonoids from the Heartwood of the Thai Medicinal Plant Dalbergia parviflora and Their Effects on Estrogenic-Responsive Human Breast Cancer Cells[END_REF][START_REF] Umehara | Estrogenic constituents of the heartwood of Dalbergia parviflora[END_REF]. All other chemicals were commercially available products of analytical-reagent grade.

Annotation of cytochrome P450 in the P. mirifica transcriptome, phylogenetic analysis, and prediction of conserved motifs

All unigenes in the P. mirifica transcriptome assembly (accession number: SRR6917866) were examined [START_REF] Suntichaikamolkul | Transcriptome analysis of Pueraria candollei var. mirifica for gene discovery in the biosyntheses of isoflavones and miroestrol[END_REF] by searching in protein databases using BLASTx. Subsequently, the number of unigenes annotated from each database was counted. The predicted unigenes were translated to amino acid sequences using the Expasy translate tool. All full-length putative sequences were aligned by ClustalW using default parameters. We applied a maximum likelihood method with 100 bootstrap replicates using the MEGA X software [START_REF] Jones | The rapid generation of mutation data matrices from protein sequences[END_REF][START_REF] Kumar | MEGA X: molecular evolutionary genetics analysis across computing platforms[END_REF][START_REF] Felsenstein | CONFIDENCE LIMITS ON PHYLOGENIES: AN APPROACH USING THE BOOTSTRAP[END_REF] to construct a consensus tree. The MEME program (http://meme-suite.org) was used for the identification of the conserved motifs [START_REF] Bailey | MEME SUITE: tools for motif discovery and searching[END_REF] with the following parameter settings: motif length = 6-100; motif sites = 2-120; the maximum number of motifs = 10; and distribution of one single motif = "any number of repetitions."

Molecular cloning and expression of P. mirifica CYP81s in Saccharomyces cerevisiae

Total RNA from P. mirifica leaves was isolated using an RNeasy plant mini kit (Qiagen, USA) and oncolumn DNA was removed by an RNase-free DNase set (Qiagen, USA). The quality of the total RNA was checked by running the samples on agarose gel electrophoresis, and its quantity was measured using a biospectrometer (Eppendorf, Germany). Per the manufacturer's instructions, the quantified RNA was converted to cDNA using a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific™, USA). P. mirifica cDNA was used for PCR amplification using gene-specific primers, as shown in Table S3, and Phusion High-Fidelity DNA Polymerase (Thermo Scientific™, USA), under the following conditions: 98°C for 3 min; followed by 35 cycles of 98°C for 15 s, 60°C for 30 s, and 72°C for 1.30 min. The PCR products were checked for purity and size accuracy by gel electrophoresis. A single band from a PCR product was transferred into the pDONOR207 vector using gateway recombination cloning technology per the kit's instructions. The inactivated BP solution was then electrotransformed into E. coli, which were grown on a media agar containing gentamycin. The pDONOR207 vector harboring PmCYP81T12, PmCYP81E62, or PmCYP81E63 was used to transfer the recombinant genes into the pYES-DEST52 plasmid using gateway recombination cloning technology according to the kit's instructions. The inactivated LR solutions were electro-transformed into E. coli, which were then grown on a media agar containing ampicillin. The recombinant pYES-DEST52 and pESCLEU-LjCPR1 vectors [START_REF] Seki | Licorice β-amyrin 11-oxidase, a cytochrome P450 with a key role in the biosynthesis of the triterpene sweetener glycyrrhizin[END_REF] were coelectrotransformed into Saccharomyces cerevisiae BJ2168 cells. The transformants were grown on selective plates (SD-Leu-Ura). The positive colonies were identified via the colony PCR technique using gene-specific primers.

Three candidate P450s were officially named according to Nelson's classification [START_REF] Nelson | Cytochrome P450 nomenclature[END_REF].

Preparation, carbon monoxide differential spectrophotometry, and enzymatic assay of a recombinant yeast microsome

The transgenic yeast cells harboring both pYES-DEST52 and pESCLEU-LjCPR1 were grown in SD-Leu-Ura medium. The yeast cells were inoculated into YPG medium supplemented with 5-aminolevulinic acid at a final concentration of 10 µM. The yeast culture was grown at 30°C and 180 rpm for 24 h. The yeast cells were disrupted by glass bead vortexing in microsomal buffer (0.1 M potassium phosphate buffer, pH 7.5, 14 mM 2mercaptoethanol, and 20% glycerol). The yeast solution was centrifuged at 4°C and 9,000 × g for 10 min. The supernatant was ultracentrifuged at 4°C and 160,000 × g for 60 min. The final precipitates or microsomes fraction were homogeneously suspended in 1 mL of microsomal buffer. The protein concentration in the microsomes was measured by Bradford protein assay. The expression of the respective P450 enzymes was checked via differential spectrophotometry [START_REF] Omura | The Carbon Monoxide-binding Pigment of Liver Microsomes: I. EVIDENCE FOR ITS HEMOPROTEIN NATURE[END_REF].

Microsomes protein (1 mg) was mixed with 10 µg of isoflavone and 1 mM NADPH in 0.1 M potassium phosphate buffer (pH 7.5) containing 14 mM 2-mercaptoethanol and 20% glycerol. The reaction mixtures were incubated at 30°C for 1-2 h, followed by the addition of 700 µl of ethyl acetate to the reaction mixture. Next, 400 µl of an ethyl acetate extract of the reaction mixtures was evaporated to dryness and dissolved in 100 µl of absolute methanol. These samples (10 µl) were then analyzed by HPLC.

Molecular cloning and transient expression of P. mirifica isoflavone synthase (PmIFS) in N. benthamiana

The unigene encoding IFS was amplified from the P. mirifica cDNA using the gene-specific primers listed in Table S3. The PCR was carried out in 50 µL of reaction using a high-fidelity DNA polymerase (Phusion ® HF, Finland). Thermocycling involved an initial denaturation at 98°C for 1 min, followed by 35 cycles of 10 s at 98°C, 30 s at 60°C, and 1 min at 72°C, with a final extension at 72°C for 5 min. The PCR products were checked by running on agarose gel electrophoresis. Amplicons with a desirable size were ligated into the pJET1.2 vector (Fermentas, USA) for sequence verification. The verified genes were sub-cloned into pDONOR207 and pEAQ-HT-DEST1 [START_REF] Sainsbury | pEAQ: versatile expression vectors for easy and quick transient expression of heterologous proteins in plants[END_REF], respectively, using the gateway cloning system according to the manufacturer's instructions (Invitrogen, USA). The recombinant pEAQ-HT-DEST1 harboring PmIFS was electro-transformed into Agrobacterium tumefaciens LBA4404 cells. Positive clones were chosen by colony PCR. A single colony of the A. tumefaciens transformant was grown overnight (28°C, 250 rpm) in 5 mL of YEB medium supplemented with 100 µg/mL of rifampicin, 50 µg/mL of kanamycin, and 100 µg/mL of streptomycin. The overnight culture was washed three times with sterilized distilled water. The pellet was resuspended in resuspension solution (10 mM MgCl2, 10 mM MES-K, and 100 μM acetosyringone, pH 5.6). The Agrobacterium solution was adjusted so A600 = ~0.4 and left on the bench at room temperature for 2-3 h before infiltration. The Agrobacterium solution was infiltrated into the third and fourth leaves (from the shoot tip) of approximately 4-week-old N. benthamiana plants.

Metabolite extraction from N. benthamiana leaves

The leaf samples were rapidly frozen using liquid nitrogen and lyophilized until completely dry. A 30 mg sample of the dried powder was dissolved in 500 µL of 85% methanol and vigorously shaken using a Mixer Mill MM400 apparatus (Retsch, Germany) at 25 Hz for 7 min. Crude metabolic extracts were filtered through an Acrodisc ® Syringe Filter with a 0.2 µm Supor ® membrane (Pall, USA), then stored at -20°C until analysis.

RP-HPLC analysis

HPLC was performed using a photodiode array detector (Shimadzu SPD-M20A). A reversed-phase Phenomenex Gemini C18 column (50 × 4.6 mm) filled with 5 µM core-shell silica (Phenomenex, USA) was used.

Elution was performed with a linear gradient from 100:0 to 55:45 of 1% acetic (v/v): acetonitrile as the mobile phase at a flow rate of 1 mL/min for 45 min the eluate was monitored at OD254,280. Chromatogram peak area calibration curves of the standard compounds were obtained.

Reversed-phase ultra-performance liquid chromatography coupled with quadrupole-time-of-flight mass spectrometry (UPLC-QTOF-MS/MS) analysis

The instrumental UPLC analysis of 10-fold diluted samples was performed using an Eclipse XDB-C18 column (50 × 4.6 mm, 1.8 µm; Agilent) on an Agilent 1290 Infinity II UPLC system with a binary solvent and sample manager. The column temperature was set at 40°C. The binary gradient elution system consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The UPLC elution conditions were optimized as follows: linear gradient from 2% to 95% B (0-15 min), 100% B (15-17 min), and 2% B (17-20 min). The flow rate was 0.4 mL/min. The sample injection volume was 5.0 µL, and the autosampler temperature was 4°C. The samples were analyzed in three biological replicates.

The UPLC instrument was coupled to the X500R QTOF mass spectrometry platform (SCIEX) with an electrospray ionization (ESI) interface in the positive ion mode. The desolation gas used was N2, and the temperature was 350°C with a flow rate of 500 L/h. MS data were collected for m/z values in the range of 100-1000 Da with a scan time of 0 over an analytical time of 20 min in SWATH mode. The UPLC-MS data of all determined samples were analyzed using the SCIEX OS software.

Subcellular localization

PmCYP81E63 was amplified from P. mirifica cDNA using the primer set listed in Table S3. Per the manual's instructions, the purified PCR product was cloned into pDONR207 using BP clonase II (Invitrogen, USA).

The recombinant pDONR207 was recombined into the pGWB5 vector, which generate a fusion construct with a GFP at the C terminus of the protein of interest, using LR clonase II (Invitrogen, USA), according to the manual's instructions. The recombinant pGWB5 vector was transformed in Agrobacterium tumefaciens LBA4404. N. benthamiana leaves were co-infiltrated with 1:1:1 combinations of A. tumefaciens containing the pGWB5, P19, and endoplasmic reticulum (ER) marker (51..RFP). The ER marker was pCAMBIA3303 and carried a construct coding for N-terminal Arabidopsis CYP51G1 (120 bp encoded membrane anchoring sequence plus hinge linking to globular part) fused to mRFP under the regulation of 35S promoter (Bassard et al., 2012a, Bassard et al., 2012b).

After 3d infiltration, leaf disks were observed under laser scanning confocal microscope (Zeiss LSM780). EGFP and mRFP fluorescence was sequentially recorded using the excitation/emission wavelengths 488/495-555 nm and 561/565-615 nm, respectively.

Bimolecular fluorescence complementation (BiFC) assay

In order to prepare the BiFC constructs, PmCHR, PmIFS, PmCYP81E63, and PmHID were amplified from P. mirifica cDNA using the primer sets listed in Table S3. Purified PCR products were cloned into pDONOR207 using BP clonase II (Invitrogen, USA), per the manual's instructions. The recombinant pDONOR207 vector harboring PmIFS or PmCYP81E63 was recombined into the pNXGW vector [START_REF] Kim | Xanthomonas T3S Effector XopN Suppresses PAMP-Triggered Immunity and Interacts with a Tomato Atypical Receptor-Like Kinase and TFT1[END_REF] and tagged with nYFP at the N terminus using LR clonase II (Invitrogen, USA), as per the manual's instructions. The recombinant pDONOR207 vector harboring PmCHR, PmHID, or PmCYP81E63 was recombined into the pCXGW vector [START_REF] Kim | Xanthomonas T3S Effector XopN Suppresses PAMP-Triggered Immunity and Interacts with a Tomato Atypical Receptor-Like Kinase and TFT1[END_REF], which was tagged which cCFP at the N terminus, using LR clonase II (Invitrogen, USA), as per the manual's instructions. pNXGW or pCXGW vectors harboring the genes of interest were transformed into Agrobacterium tumefaciens LBA4404 cells. N. benthamiana leaves were co-infiltrated with 1:1:2 combinations of A. tumefaciens containing nYFP, cCFP, and P19. Transient expression and GFP fluorescence were assayed 48 h later using confocal microscopy to determine subcellular localization. Each construct was also assayed using an empty vector, to record any background fluorescence resulting from the interaction between a specific gene and GFP fragments.

Yeast two-hybrid assay

We performed a yeast two-hybrid assay per the instruction manual of the Matchmaker Gold Yeast Two-Hybrid System (Takara, Japan). Briefly, PmIFS (with and without a signal peptide) and PmCYP81E63 (with and without a signal peptide) were cloned intact into pGBKT7 via BamHI and EcoRI sites using the In-Fusion enzyme (Clonetech, Japan). The recombinant plasmids were separately transformed into yeast strain Y2HGold using the LiAc method. The transformants were selected on SD/-Trp medium. Similarly, PmCHR and PmHID were cloned into PGAD7, transformed into yeast strain Y187, and selected in SD/-Leu medium. Transformant Y2HGold and Y187 were mated and grown on SD/-Trp/-Lue medium. Positive colonies were inoculated in quadruple dropout medium, i.e., SD/-Trp/-Leu/-Ade/-His, to examine protein-protein interactions.

Molecular modeling

The homology model of PmCYP81E63 was constructed on the SWISS-MODEL server [START_REF] Schwede | SWISS-MODEL: an automated protein homology-modeling server[END_REF] using the crystal structure of CYP76AH1 from Salvia miltiorrhiza (PDB ID: 5YLW) as a template. Note that the ligand-binding site was generated by superimposition with the atomic coordinate of the 4-phenyl-1H-imidazole ligand, taken from the crystal structure of CYP76AH1-4pi from Salvia miltiorrhiza (PDB ID: 5YM3). The PROPKA 3.0 web server [START_REF] Olsson | PROPKA3: Consistent Treatment of Internal and Surface Residues in Empirical pKa Predictions[END_REF] identified the protonation state of all ionizable amino acids at pH 7.5. The starting structures of daidzein (CID: 5281708), genistein (CID: 5280961), and 2′-hydroxydaidzein (CID: 5280520) were taken from the PubChem database [START_REF] Kim | PubChem Substance and Compound databases[END_REF]. The protein-ligand complexes were generated using the FlexX program [START_REF] Rarey | A fast flexible docking method using an incremental construction algorithm[END_REF]. According to standard procedures [START_REF] Mahalapbutr | Binding Hotspot and Activation Mechanism of Maltitol and Lactitol toward the Human Sweet Taste Receptor[END_REF], all the studied ligands were optimized through the HF/6-31G* level of theory using the Gaussian09 program [START_REF] Frisch | Gaussian 09[END_REF]. The optimized ligands' electrostatic potential (ESP) charges were calculated with an HF/6-31G* level of theory. The antechamber module constructed the restrained ESP charges. Subsequently, the docked complexes were subjected to free energy calculations based on the MM/GBSA approach [START_REF] Genheden | The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities[END_REF]. Moreover, a per-residue decomposition free energy (ΔGbind, res) calculation based on MM/GBSA method was employed to identify hotspot residues involved in ligand binding. Only amino acids showing a ΔGbind, res of < -1.0 kcal/mol were considered as critical hot spot. The criteria of ≤3.5 Å for distance and ≥120° for the angle between the hydrogen bond donor (HD) and hydrogen acceptor (HA) were considered for hydrogen bond formation.

Table S2. ΔGbind and its energy components (kcal/mol) of PmCYP81E63 in complex with each of the isoflavones understudy, as calculated using the molecular mechanics/generalized Born surface area (MM/GBSA) method. 

Energy

Fig. 2

 2 Fig. 2 Bootstrap consensus tree of the 123 putative genes annotated as cytochrome P450 in the P. mirifica transcriptome, clustering with well-characterized 105 cytochrome P450s from 41 plant species (black dot symbol).The statistical values of the consensus tree (80% cutoff) were calculated from 100 bootstrap replicates using the maximum likelihood method and are indicated above the branch. The number on the clade tentatively indicates an annotated family of cytochromes P450. The three candidate P450s identified in this study are highlighted in bold red lettering.
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 3 Fig. 3 Carbon monoxide (CO)-difference spectra and enzymatic activity of recombinant yeast microsomes. (a) The reduced CO-difference spectra of the microsomal fraction of yeast harboring the β-glucuronidase (GUS), PmCYP81T12, PmCYP81E62, and PmCYP81E63 expression plasmids. (b) Substrate specificity of the recombinant yeast microsomes containing CYP81E63 toward various isoflavones, as analyzed by HPLC. The bars represent relative peak area of the major product (2′-hydroxyisoflavone) in the presence of each isoflavone substrate (the molecular structures are shown above each bar). The error bars represent standard deviations calculated from three replicates (n = 3). The abbreviation "n.d." indicates undetectable products. The asterisk (*) placed above the bars indicates a significant activity toward daidzein compared with genistein (P < 0.05). The retention time of the standards 2′-, 3′-hydroxydaidzein, and putative hydroxygenistein are shown in Fig. S4. (c) Mass scanning of enzymatic reactions of the recombinant yeast microsomes containing CYP81E63 (red line) and native yeast microsomes (black line) in the presence of daidzein (peak no. 3), as detected by LC-QTOF-MS/MS in negative mode. The product peaks of 3′-hydroxydaidzein (peak no. 1) and 2′-hydroxydaidzein (peak no. 2) are escalated in the box. (d) Mass scanning of enzymatic reactions of the recombinant yeast microsomes containing CYP81E63 (red line) and native yeast microsome (black line) in the presence of genistein (peak no. 5), as detected by LC-QTOF-MS/MS in negative mode. The fragmentation ion of the product peak is shown in Fig. S4. Based on the mass profile

Fig. 4

 4 Fig. 4 Extracted ion chromatogram of the isoflavones produced in Nicotiana benthamiana expressing the gene set from Pueraria mirifica. The gene set used for co-infiltration is written on each chromatogram. Gene abbreviations: GFP, green fluorescent protein; AtMYB12, Arabidopsis MYB transcription factor; PmCHS, P. mirifica chalcone synthase; PmCHR, P. mirifica chalcone reductase; PmIFS, P. mirifica isoflavone synthase; PmHID, P. mirifica 2hydroxyisoflavanone dehydratase; PmCYP81T12, P. mirifica cytochrome P450 CYP81T12; PmCYP81E62, P. mirifica cytochrome P450 CYP81E62; and PmCYP81E63, P. mirifica cytochrome P450 CYP81E63. The number above each peak indicates a specific isoflavone: genistin (1), hydroxygenistein (2), and genistein (3). The metabolic extracts of N. benthamiana leaves were analyzed by LC-QTOF-MS/MS in the negative mode.
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 5 Fig. 5 Annotation of motif consensus and catalytic residues in PmCYP81E63. The conserved motifs of aligned CYP81 from P. mirifica and other legumes are represented by different color bars. Species abbreviations: Lj, Lotus japonicus; Ge, Glycyrrhiza echinata; Ca, Cicer arietinum; and Mt, Medicago truncatula. The key conserved
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 6 Fig. 6 (a) ΔGbind, res (kcal/mol) of each isoflavonoid in complex with PmCYP81E63. The representative 3D structures showing the ligand orientation in PmCYP81E63 were colored based on their ΔGbind, res values. The highest and lowest ΔGbind, res values are shaded from blue to blue magenta, respectively. (b) Intermolecular H-bond occupations of the PmCYP81E63 residues contributing to daidzein, 2′-hydroxydaidzein, and genistein hydroxylation. The yellow dashed line indicates H-bond formation.

  attachment. No signals were detected among combinations of proteins of interest and the free soluble GFP fragments(data not shown). Low GFP signal between PmIFS and PmCYP81E63 may be attributable to low expression levels of proteins or protein aggregations.

Fig. 7

 7 Fig. 7 Subcellular localization of PmCYP81E63 visualized by confocal microscopy. (a) GFP-fused PmCYP81E63. (b) RFP-fused Arabidopsis CYP51G1 N-terminus anchor (51::RFP) as an ER marker. (c) Merged picture of the bright field view images of (a) and (b). Overlapped signals are marked in yellow. Scale bars, 10 µm.

Fig. 8

 8 Fig. 8 Interaction of P450 and soluble isoflavonoid biosynthetic enzymes in N. benthamiana, as analyzed using the BiFC method. The GFP signal indicates protein-protein interactions between YN/YC fusions in each protein combination. Scale bar, 40 µm.

Fig. 9

 9 Fig.9Yeast two-hybrid assay on double and quadruple dropout media. Mating yeast cultures were selected on double dropout media and assayed on quadruple dropout media with a cultivated starter of ~1.5 × 10 6 cells (OD600, ~0.1) and 10-fold serial dilutions. The image of the yeast colonies was acquired after 4-day incubation. The recombinant yeast containing both pGBKT-53 and pGADT7-T was used as a positive control.

Fig. 10

 10 Fig. 10 Proposed scenario of metabolon formation on the endoplasmic reticulum membrane of a P. mirifica cell. The arrows indicate the direction of intermediates through the channel of the enzyme complex. Enzyme abbreviations: CHS, chalcone synthase; CHI, chalcone isomerase; CHR, chalcone reductase; IFS, isoflavone synthase; HID, 2-hydroxyisoflavanone dehydratase; CYP81E63, cytochrome P450 CYP81E63; CYP, cytochrome P450; CPR, NADPH-dependent cytochrome P450 oxidoreductase; IFR, isoflavone reductase.

Fig. S1

 S1 Fig. S1 Ion-extracted chromatogram of the enzymatic activity of yeast microsomes harboring

Fig. S2

 S2 Fig. S2 Ion-extracted chromatogram of the annotated 2′-hydroxygenistein of (a) an N.

Fig. S3

 S3 Fig. S3 Amino acid alignment of the three putative P. mirifica CYP81s and characterized

Fig. S4

 S4 Fig. S4 Identification of enzymatic products of CYP81E63. (a) HPLC chromatogram of the

  

Table S3 .

 S3 List of the DNA primers used for full-length gene cloning

	Genes	Accession No.	5′→3′ primer sequence (bp)
	PmCYP81T12			
				2´-
	(kcal/mol)	Daidzein	hydroxydaidzein	Genistein
		∆Evdw	-27.67	-29.61	-26.55
		∆Eele	-17.55	-18.58	-25.58
	∆Gnonpol,solv	-3.68	-3.90	-3.95
		∆Gpol,solv	29.32	35.19	40.29
		∆EMM	-45.22	-48.20	-52.13
		∆Gsolv	25.63	31.28	36.34
		∆Gbind	-19.59	-16.91	-15.79
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