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SUMMARY

Sesamum spp. (sesame) are known to accumulate a variety of lignans in a lineage-specific manner. In

cultivated sesame (Sesamum indicum), (+)-sesamin, (+)-sesamolin and (+)-sesaminol triglucoside are the

three major lignans found richly in the seeds. A recent study demonstrated that SiCYP92B14 is a pivotal

enzyme that allocates the substrate (+)-sesamin to two products, (+)-sesamolin and (+)-sesaminol, through

multiple reaction schemes including oxidative rearrangement of a-oxy-substituted aryl groups (ORA). In con-

trast, it remains unclear whether (+)-sesamin in wild sesame undergoes oxidation reactions as in S. indicum

and how, if at all, the ratio of the co-products is tailored at the molecular level. Here, we functionally charac-

terised SrCYP92B14 as a SiCYP92B14 orthologue from a wild sesame, Sesamum radiatum, in which we

revealed accumulation of the (+)-sesaminol derivatives (+)-sesangolin and its novel structural isomer (+)-7´-
episesantalin. Intriguingly, SrCYP92B14 predominantly produced (+)-sesaminol either through ORA or direct

oxidation on the aromatic ring, while a relatively low but detectable level of (+)-sesamolin was produced.

Amino acid substitution analysis suggested that residues in the putative distal helix and the neighbouring

heme propionate of CYP92B14 affect the ratios of its co-products. These data collectively show that the

bimodal oxidation mechanism of (+)-sesamin might be widespread across Sesamum spp., and that

CYP92B14 is likely to be a key enzyme in shaping the ratio of (+)-sesaminol- and (+)-sesamolin-derived lig-

nans from the biochemical and evolutionary perspectives.

Keywords: Sesamum radiatum, Sesamum indicum, lignan, CYP92B14, (+)-7´-episesantalin, (+)-sesangolin,
(+)-sesamin, (+)-sesamolin, (+)-sesaminol, oxidative rearrangement of a-oxy-substituted aryl groups (ORA).

INTRODUCTION

Lignans are a class of specialised metabolites that are

derived from a central precursor, pinoresinol, which is pro-

duced by the oxidative coupling of two coniferyl alcohol

molecules (Davin et al., 1997; Umezawa, 2003; Suzuki and

Umezawa, 2007). Lignans are widespread across the plant

kingdom, and occur in the seeds of Sesamum indicum

(sesame), Olea europaea (olive), Carthamus tinctorius (saf-

flower), Linum usitatissimum (flaxseed) and various other

oil crops (Gunstone, 2011). While lignans have been

regarded as potent phytochemicals used in the defense

against microorganisms or allelochemicals that inhibit the

growth of neighbouring plants (Yamauchi et al., 2015), as

yet, the molecular basis for the biological significance of

lignans in plants has not been fully elucidated. Moreover,

lignans are also known to exhibit various health-promoting

activities (Dar and Arumugam, 2013). For example, (+)-
sesamin, (+)-sesamolin and (+)-sesaminol interfere in

arachidonic acid biosynthesis by inhibiting delta 5-desat-

urase, therefore reducing the formation of pro-inflamma-

tory mediators (Shimizu et al., 1991). In addition, (+)-
sesamolin, sesamol and (+)-sesamolinol were observed to

inhibit lipid peroxidation in rat liver and kidney (Kang

et al., 1998). (+)-Sesamin, sesamol and other lignans have

also been shown to have radical scavenging activity

in vitro (Suja et al., 2004). Moreover, (+)-sesamin has been

identified as a phytoestrogen, a precursor of the
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mammalian lignans enterolactone and enterodiol, and to

exhibit protective activity against breast and prostate can-

cers. It is also known to interfere with the NF-jB, STAT3,
JNK, ERK1/2 and p53 signalling pathways (Majdalawieh

et al., 2017).

Major lignans that accumulate in seeds of S. indicum,

cultivated sesame, include (+)-sesamin, (+)-sesamolin and

(+)-sesaminol triglucosides (Beroza and Kinman, 1955;

Fukuda et al., 1988; Kamal-Eldin and Appelqvist, 1994;

Bedigian, 2003, 2010a; Moazzami and Kamal-Eldin, 2006;

Figure S1). The enzymes involved in the biosynthesis of

lignans have been well characterised in S. indicum (Fig-

ure 1). (+)-Pinoresinol is subjected to sequential oxygena-

tion reactions to be converted to (+)-sesamin by the

piperitol/sesamin synthase SiCYP81Q1, a cytochrome P450

monooxygenase (CYP) that forms two methylenedioxy

bridges (MDBs) (Ono et al., 2006). Likewise, SrCYP81Q2

was identified from a wild sesame, Sesamum radiatum, as

an orthologue of SiCYP81Q1 and shown to oxygenate (+)-
pinoresinol in the production of (+)-sesamin (Ono et al.,

2006). However, SaCYP81Q3 from another wild sesame

species Sesamum alatum was recently shown to oxy-

genate (+)-epipinoresinol and catalyse MDB formation to

produce (+)-pluviatilol, a putative intermediate of (+)-alatu-
min and (+)-2-episesalatin (Ono et al., 2006, 2018). In S.

indicum, (+)-sesamin is further oxygenated via two distinct

mechanisms by another CYP, SiCYP92B14, to co-generate

(+)-sesamolin and (+)-sesaminol. (+)-Sesamolin is gener-

ated through a scheme designated as oxidative rearrange-

ment of a-oxy-substituted aryl groups (ORA), which

involves oxygenation at the C1 position, followed by rear-

rangement of the aromatic ring system. (+)-Sesaminol,

however, is generated either through ORA or by direct oxi-

dation at the C6 position of the aromatic ring (Figure 1;

Murata et al., 2017). Lastly, (+)-sesaminol is glucosylated

sequentially through reactions catalysed by the UDP-gluco-

syltransferases (UGT) UGT71A9, UGT94D1, UGT94AA2 and

UGT94AG1, thereby accumulating as a water-soluble sesa-

minol triglucoside (STG; Noguchi et al., 2008; Ono et al.,

2020).

There are more than 20 wild relatives of S. indicum

(Bedigian, 2010b). Previous analyses of lignan profiles

demonstrated that wild sesame accumulates lignans with

unique structures that are often lineage-specific (Jones

et al., 1962; Fukuda et al., 1988; Kamal-Eldin and Appelq-

vist, 1994; Moazzami and Kamal-Eldin, 2006; Figures 2c

and S1). For example, S. alatum seeds accumulate (+)-ala-
tumin and (+)-2-episesalatin, both of which have one

instead of two MDBs, as in (+)-sesamin, whereas (+)-sesa-
molin and (+)-sesaminol are undetectable (Kamal-Eldin

and Yousif, 1992; Kamal-Eldin et al., 1994; Ono et al.,

2018). Moreover, another wild sesame, Sesamum ango-

lense, primarily accumulates (+)-sesamin and an O-methy-

lated form of (+)-sesaminol, (+)-sesangolin (Jones et al.,

1962). These reports indicate that the catalytic properties of

lignan biosynthetic enzymes vary widely and contribute to

structurally diverse lignan profiles specialised for each

sesame species.

In contrast to the above-mentioned sesame species, lig-

nan profiles in S. radiatum have been poorly studied; virtu-

ally no information has been available with respect to the

amount of lignans that accumulate in S. radiatum seeds

(Bedigian et al., 1985). Using liquid chromatography-mass

spectrometry (LC-MS), we revealed that S. radiatum seeds

accumulate a considerable level of (+)-sesangolin and its

novel isomer (+)-7´-episesantalin, both of which are (+)-
sesaminol derivatives. Moreover, (+)-sesamin and, to a

much lesser extent, (+)-sesamolin were detected in S.

radiatum seeds. This unique lignan profile of S. radiatum

prompted us to identify and biochemically characterise a

SiCYP92B14 orthologue from S. radiatum (SrCYP92B14),

and uncover the molecular basis for the metabolic diversity

of lignan profiles in S. indicum and S. radiatum.

RESULTS

Sesamum radiatum seeds accumulate (+)-sesamin and

two (+)-sesaminol-derived lignans (+)-sesangolin and (+)-
7´-episesantalin

Previous qualitative analysis of lignans by thin-layer chro-

matography claimed that S. radiatum (Figure 2a) seeds

accumulated (+)-sesamin, whereas no spots corresponding

to (+)-sesamolin were detected (Kamal-Eldin et al., 1994).

However, the data were unclear, as the results not only

showed multiple unassigned bands on the chromato-

graphic assay, but also the author commented later in a

book chapter that Sesamum latifolium was misassigned as

S. radiatum in the original report (Kamal-Eldin et al., 1994;

Kamal-Eldin, 2010). Therefore, to seek further confidence in

the lignan profile of S. radiatum, we thoroughly investi-

gated the seed contents of this species using LC-MS. UV

spectral analysis of the seed extract detected two major

peaks at retention times of 28.9 (peak 1) and 31.0 (peak 3),

and two minor peaks at 29.1 (peak 2) and 31.3 (peak 4; Fig-

ures 2b and S2). MS and co-chromatogram analyses with

lignan standards revealed that peak 1 and the smaller peak

4 corresponded to (+)-sesamin and (+)-sesamolin, respec-

tively, both of which were also generally found in seeds of

S. indicum. Peaks 2 and 3 shared the identical fragment

ion m/z 367.1163 [M+H-H2O]+. Unexpectedly, LC-MS analy-

ses combined with nuclear magnetic resonance (NMR)

experiments identified major peak 3 as (+)-sesangolin,
which is previously found in Sesamum angustifolium

(Kamal-Eldin et al., 1994) and S. angolense (Jones et al.,

1962). Moreover, peak 2 turned out to be a (+)-sesangolin
isomer, (7a,7´b,8a,8´a)-6´-methoxy-3,4:2´,3´-bis(methylene-

dioxy)-7,9´:7´,9-diepoxylignan, and we designated this

novel lignan as (+)-7´-episesantalin (Figure 2c; Table S1).
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Identification of a SiCYP92B14 homologous protein in

Sesamum radiatum

The finding that S. radiatum seeds accumulate (+)-sesami-

nol derivatives (+)-sesangolin and (+)-7´-episesantalin
allowed us to speculate that S. radiatum contains an

enzyme that is functionally similar to but distinct from

SiCYP92B14 (Figure 2d; Murata et al., 2017). Thus, we con-

ducted RNA-Seq analysis of developing S. radiatum seeds

to investigate the presence of expressed sequences with

high similarity to that of SiCYP92B14. A BLAST analysis

identified a sequence that was 91% identical to that of

SiCYP92B14 at the amino acid level, and designated the

gene as SrCYP92B14. During seed development, the

expression of SrCYP92B14 was upregulated at 35 days

after pollination (DAP) and reached its peak at 42 DAP, fol-

lowed by a rapid decrease at 49 DAP. The expression pro-

file of SrCYP92B14 roughly matched that of the piperitol/

sesamin synthase gene SrCYP81Q2 (Ono et al., 2006),

which was also expressed in the latter half of the seed

development and reached its peak at 42 DAP (Figure 3a).

These data suggest that SrCYP81Q2 and SrCYP92B14 are

coordinately involved in lignan biosynthesis during seed

development in S. radiatum. Moreover, the expression of

SrCYP98A20-like (a potent p-coumarate 3-hydroxylase),

encoding another P450 monooxygenase with remote func-

tional relevance to lignan biosynthesis, and a cytochrome

P450 reductase gene SrCPR1 (that was also identified in

this study) were constant throughout seed development.

Phylogenetic analysis revealed that SrCYP92B14 exhibited

higher sequence similarity to SiCYP92B14 than

SIN_1021319, which was the closest homologue of

SiCYP92B14 among S. indicum CYP proteins, supporting

the view that SrCYP92B14 was a gene product orthologous

to SiCYP92B14 (Figure 3b).

Next, we performed biochemical characterisation of

SrCYP92B14 using a yeast expression system. The data

showed that SrCYP92B14 catalyses the oxidation of (+)-
sesamin to produce (+)-sesaminol (Figure 3c). Conversely,

in clear contrast to SiCYP92B14, SrCYP92B14 barely gener-

ated (+)-sesamolin from (+)-sesamin. The results were con-

sistent with the finding that S. radiatum seeds

predominantly accumulate the (+)-sesaminol derivative (+)-
sesangolin and, to a lesser extent, (+)-sesamolin (Fig-

ures 2b and S2). An investigation into substrate preference

revealed that, as in the case of SiCYP92B14, SrCYP92B14

was not involved in oxidising structural isomers of (+)-
sesamin (Figure S3). Notably, (+)-2-episesaminol was gen-

erated spontaneously (or non-enzymatically) from (+)-sesa-
minol in our bioassays. Likewise, (+)-samin and sesamol

were also produced from (+)-sesamolin independently of

CYPs in the assay. Taken together, SrCYP92B14 was found

to be a unique sesamin monooxygenase, which preferen-

tially generates (+)-sesaminol as a product.

Comparison of predicted SiCYP92B14 and SrCYP92B14

structures

Because SiCYP92B14 and SrCYP92B14 shared fairly high

sequence similarity at the amino acid level, the key amino

acids responsible for the difference in the catalytic out-

come likely lay within the polymorphic regions. To gain

further insight into the structure�activity relationship of

CYP92B14 proteins, we used homology modelling to build

their structures. As the structures of plant CYPs bound to

ligands with molecular sizes similar to (+)-sesamin have

b
c

path a

(+)-pinoresinol
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Ox.

coniferyl alcohol

(+)-sesamin

SiCYP92B14
(+)-sesamolin

(+)-sesaminol

(+)-sesaminol triglucoside (STG)

≡

direct oxida�on
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SiCYP81Q1
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Figure 1. Lignan biosynthetic pathway in Sesamum indicum.

Identified enzymes are indicated in black boxes. A dashed arrow indicates the possible route catalysed by putative dirigent protein (DIR) and oxide (Ox.).

SiCYP92B14 is a pivotal enzyme that allocates the substrate (+)-sesamin to (+)-sesamolin and (+)-sesaminol through three separate paths via either direct oxida-

tion (path a) or oxidative rearrangement of a-oxy-substituted aryl groups (ORA; paths b and c). I, II and III; intermediate compounds. Atom labels ‘X’ represent

either hydrogen ‘H’ or chemically introduced deuterium ‘D’ as identified in Murata et al. (2017).
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been poorly characterised, we chose human CYP2R1, vita-

min D 25-hydroxylase, as a template (Figure S4). Predicted

CYP92B14 model structures and their secondary structure

information were presented in Figure 4.

The model structures indicated that amino acid residues

polymorphic between SiCYP92B14 and SrCYP92B14 were

located mostly at the protein surface. Notably, the loop

that connects helices, depicted as a yellow box (Block190),

is a region with the lowest similarity between SiCYP92B14

and SrCYP92B14 (Figure 4a). In addition, the model struc-

tures revealed that there were additional polymorphic

amino acid residues around the heme active site.

In CYP and other heme proteins, the heme active site is

sandwiched by two helices, the proximal and the distal

helices, and the structural features of these two helices,

together with the heme active site and ligand surround-

ings, generally define the catalytic properties of the

enzyme (Schuler and Berenbaum, 2013; Poulos, 2014).

Based on these concepts, we selected the following

regions and amino acid residues for amino acid substitu-

tion experiments, and tested whether any of the residues

play crucial roles in the catalytic outcome of CYP92B14

proteins: (i) Block190; (ii) A313, S317 and T318 in

SiCYP92B14, corresponding to S308, A312 and V313 in

SrCYP92B14, respectively, located in the distal helix (Fig-

ure 4b); and (iii) T121 in SiCYP92B14, corresponding to

V120 in SrCYP92B14, a residue adjacent to the heme propi-

onate group constituting the active centre of CYP92B14

proteins (Figure 4b).

(+)-Sesamin oxidation analyses of SiCYP92B14 and

SrCYP92B14 mutant proteins

To test the contribution of the polymorphic amino acid

residues of CYP92B14 proteins to their catalytic preference,

10 15 20 25 30 35
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min

1
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1

5

(+)-sesamin (+)-7′-episesantalin

(+)-sesaminol triglucoside
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5 6
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coniferyl alcohol
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Figure 2. Sesamum radiatum exhibits a unique lignan profile.

(a) Sesamum radiatum flower (left) and capsule (right).

(b) High-performance liquid chromatography (HPLC) chromatograms of S. radiatum and S. indicum seed extracts. UV absorbance was detected at 280 nm.

Numbers next to peaks indicate lignans corresponding to those in (c).

(c) Major lignans that are generated in S. indicum and S. radiatum. Note that (+)-7´-episesantalin is a novel lignan identified from S. radiatum in this study (high-

lighted with a red number).

(d) Possible lignan biosynthetic pathway in S. radiatum. Dashed arrows indicate possible biosynthetic routes of lignans. SrCYP81Q2 responsible for (+)-sesamin

biosynthesis from (+)-pinoresinol (Ono et al., 2006).
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we evaluated the enzymatic properties of mutant

CYP92B14 proteins using the ratio of the products: (i) (+)-
sesaminol through direct oxidation at the C6 position (path

a); (ii) (+)-sesaminol through ORA (path b) at the C1 posi-

tion; and (iii) (+)-sesamolin through ORA (path c) at the C1

position (Figure 1). In the initial set of experiments, we

introduced amino acid substitutions into SiCYP92B14

at the residues mentioned above, and replaced the

residues corresponding to those of SrCYP92B14

(SiCYP92B14_T121V, A313S, S317A and T318V). We also

constructed a set of SrCYP92B14 mutant plasmid con-

structs carrying the reciprocal amino acid substitutions

replacing the residues corresponding to those of

SiCYP92B14 (SrCYP92B14_V120T, S308A, A312S and

V313T). Furthermore, we also constructed chimeric pro-

teins with the residues spanning position 190 exchanged

between SiCYP92B14 and SrCYP92B14 (SiCYP92B14_Block190

and SrCYP92B14_Block190). These mutant proteins were

expressed in yeast cells and subjected to bioassay experi-

ments (Figure S5).

The bioassay experiments demonstrated that the single

amino acid substitutions SiCYP92B14_A313S, S317A and

T318V and replacements in Block190 resulted in a slight

increase in the product ratio of (+)-sesaminol and (+)-2-
episesaminol (Sesaminol Total) over the total amount of

co-products (Product Total). Compared with these mutants,

the amino acid substitution SiCYP92B14_T121V in the

heme active site led to a more apparent increase in the

pYE22m
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+ SiCPR1
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1
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Figure 3. SrCYP92B14 catalyses oxidation of (+)-sesamin with a catalytic outcome distinct from that of SiCYP92B14.

(a) RNA-Seq analysis of SrCYP92B14 during Sesamum radiatum seed development. The expression profiles of SrCYP92B14, SrCYP81Q2, SrCPR1 and

SrCYP98A20-like during S. radiatum seed development were analysed by RNA-Seq. FPKM; fragments per kilobase megareads. DAP, days after pollination.

(b) Phylogenetic analysis of SrCYP92B14 by the neighbour-joining method using MEGA7. Bootstrap values (1000 replicates) are shown next to the branches.

Scale bar represents the rate of substitutions/site.

(c) SrCYP92B14 oxidised (+)-sesamin primarily to (+)-sesaminol. Yeast cells expressing SrCYP92B14 together with SiCPR1 were subjected to bioassays using (+)-sesa-
min as a substrate. Yeast cells harbouring the empty vector pYE22m were used as negative controls. Bioassay products after 48 h incubation were analysed on high-

performance liquid chromatography (HPLC). Numbers next to peaks indicate lignans corresponding to those in Figure 1c. 1: (+)-Sesamin; 4: (+)-sesamolin; 6: (+)-sesa-
minol. Asterisks indicate (+)-2-episesaminol produced regardless of the expressed CYPs in the bioassays.
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T121
A313, S317, T318

A313, S317, T318

T121

90⁰
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distal helix

(a)

(b)

Figure 4. Sequence and structural comparison of SrCYP92B14 and SiCYP92B14.

(a) Sequence comparison between SrCYP92B14 and SiCYP92B14 proteins. Sequences were aligned with GENETYX ver. 12. Red stars and yellow box depict the

exchanged residues in SrCYP92B14 and SiCYP92B14 mutant proteins. The secondary structure of CYP92B14 was defined by DSSP programme (Kabsch and San-

der, 1983). Helical (a, 310 and PI helices) and b sheet structures are represented by blue and green bars, respectively. The proximal and distal helices are repre-

sented by bold blue bars.

(b) Model structures of SrCYP92B14 and SiCYP92B14. The model structures were drawn by PyMOL ver. 2.4.0a0. Ribbon model structures of SrCYP92B14 and

SiCYP92B14 are represented in grey and cyan, respectively. Non-conserved residues and exchanged regions are coloured in red and black, respectively. Heme

and (+)-sesamin are represented by ball and stick models. The substituted residues that were shown as red stars in (a) are represented by sticks. Partial enlarge-

ment view of the heme active site including (+)-sesamin, proximal and distal helices; the substituted residues are shown at the bottom.
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ratio of Sesaminol Total over Product Total (Table S2).

These results suggest that T121 plays an important role in

the biosynthetic catalysis of (+)-sesamolin. To better under-

stand the integral effect of amino acid substitutions in the

distal helix and heme active sites, we prepared mutant pro-

teins carrying multiple amino acid substitutions, SiCYP92-

B14_A313S/S317A/T318V and SiCYP92B14_T121V/A313S/

S317A/T318V. Considering the subtle effect of the replace-

ment of 11 amino acids in Block190 compared with the sin-

gle amino acid substitutions in T121, A313, S317 and T318,

we excluded Block190 from the list of target sites for the

following combined amino acid substitution experiments.

Among other mutant proteins, SiCYP92B14_T121V/

A313S/S317A/T318V showed an approximately 3.3-fold

increase in the ratio of Sesaminol Total over Product Total

compared with that of wild-type SiCYP92B14 (SiCYP92B14

WT) (Table 1). The result demonstrates that there are key

amino acid changes that are responsible for the product

ratio of SiCYP92B14. In contrast, none of the amino acid

substitutions to SrCYP92B14 was successful in modifying

the product ratio, indicating that a more thorough investi-

gation of amino acid substitutions is required to enhance

the sesamolin biosynthetic activity of SrCYP92B14.

2H-labelled (+)-sesamin oxidation in SiCYP92B14 and

SrCYP92B14 mutant proteins

We previously showed that SiCYP92B14 produces (+)-sesa-
molin through ORA, whereas (+)-sesaminol is produced via

two separate paths, ORA and direct oxidation of the aro-

matic ring (Murata et al., 2017). Because SrCYP92B14 and

its mutant proteins primarily generated (+)-sesaminol and

barely generated (+)-sesamolin (Tables 1 and S2), we spec-

ulated that SrCYP92B14 lacks the ability to catalyse ORA

and therefore possibly generates (+)-sesaminol only by

direct oxidation. To test this hypothesis, the reaction mech-

anism of SrCYP92B14 was analysed in detail using (+)-
2,20-2H2-sesamin as a substrate with the positions of the
2H-labelling in the enzyme assay products assessed by

NMR (Murata et al., 2017). Unexpectedly, the data showed

that SrCYP92B14 generated (+)-sesaminol by both the ORA

(path b) and direct oxidation (path a) schemes (Table 2;

Figure S6). In the case of SiCYP92B14, (+)-sesamin was

oxidised primarily by ORA (93%), followed by direct oxida-

tion (7%). In contrast, SrCYP92B14 oxidised (+)-sesamin at

the C6 position of the aromatic ring by direct oxidation

(71%) and ORA (29%), the latter of which was triggered by

the oxidation of the C1 position of the aromatic ring.

Amino acid substitutions in SiCYP92B14 in Block190

resulted in only a slight increase in the ratio of Sesaminol

Total over Product Total compared with that of

SiCYP92B14 WT, which was explained by the minor

increase in the ratio of (+)-sesaminol both by direct oxida-

tion (from 7% to 11%; path a) and ORA (from 11% to 15%;

path b) simultaneously. In clear contrast, SiCYP92-

B14_A313S/S317A/T318V harbouring the amino acid sub-

stitutions in the distal helix showed a more significant

increase in the ratio of Sesaminol Total over Product Total,

expressing a change in the sum of direct oxidation (path a)

and ORA (path b; from 18% to 44%). As a result, SiCYP92-

B14_A313S/S317A/T318V led to a substantial change (from

13% to 50%) in the ratio of (+)-sesaminol production (path

b) over (+)-sesamolin production (path c) in the context of

ORA. SiCYP92B14_T121V/A313S/S317A/T318V thereby pro-

duced the highest ratio of Sesaminol Total over Product

Total tested in this study, which was facilitated by the syn-

ergistic effect of amino acid substitutions in the distal helix

(A313, S317 and S317) and T121 (Figure S7).

DISCUSSION

Lignans derived from the oxidation of (+)-sesamin can be

categorised into two major groups, sesaminol-type and

sesamolin-type, based on the positions to which the oxy-

gen molecule is attached. In many cases, (+)-sesaminol is

subjected to further modifications, O-methylation and O-

glucosylation (Kamal-Eldin and Appelqvist, 1994; Katsuzaki

et al., 1994; Figure S1). However, because the quantitative

levels of lignans in various Sesamum spp. have been

poorly investigated (Bedigian et al., 1985; Bedigian, 2003;

Kamal-Eldin, 2010), the molar ratio of sesaminol-type over

sesamolin-type lignans in various Sesamum spp. has not

been well understood.

Although a previous study purported to characterise the

lignans in S. radiatum (Kamal-Eldin et al., 1994), the seeds

used in that investigation turned out to be those of S. lati-

folium (Kamal-Eldin, 2010). Here, we show that S. radiatum

seeds predominantly contain (+)-sesangolin and (+)-sesa-
min, with much smaller amounts of (+)-sesamolin and a

(+)-sesangolin isomer (+)-7´-episesantalin. Moreover, we

determined that SrCYP92B14 generated far more (+)-sesami-

nol than (+)-sesamolin from the substrate (+)-sesamin (Fig-

ure 3c; Table 2). This enzymatic property of SrCYP92B14

was in clear contrast to that of SiCYP92B14, which preferen-

tially generated (+)-sesamolin over (+)-sesaminol from (+)-

Table 1 Molar ratios of Sesaminol Total to Product Total in (+)-
sesamin oxidation bioassays

CYP
Sesaminol Total/
Product Total

SiCYP92B14 WT 0.16 � 0.002
SiCYP92B14_Block190 0.22 � 0.016
SiCYP92B14_A313S/S317A/T318V 0.37 � 0.003
SiCYP92B14_T121V 0.30 � 0.018
SiCYP92B14_T121V/A313S/S317A/T318V 0.53 � 0.009

Product Total: sum of Sesaminol Total and Sesamolin Total. Sesa-
minol Total: sum of (+)-sesaminol and (+)-2-episesaminol. Sesa-
molin Total: sum of (+)-sesamolin, (+)-samin and sesamol.
Experiments were performed in triplicate (n = 3).
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sesamin. The differences in the ratio of SiCYP92B14 and

SrCYP92B14 co-products were consistent with the lignan

profiles between S. indicum and S. radiatum (Figures 2b and

S2). From these data, we concluded that the oxygenation of

(+)-sesamin by CYP92B14 proteins is the pivotal branch point

for shaping lignan profiles in S. indicum and S. radiatum. In

turn, the data also suggest that SrCYP92B14 is involved in

(+)-sesangolin biosynthesis by primarily producing (+)-sesa-
minol in S. radiatum (Figure S8).

In this study, (+)-7´-episesantalin was identified from S.

radiatum as a novel structural isomer of (+)-sesangolin.
Because the position of a MDB in the aromatic ring

attached to the C7´ position of the furofuran ring system is

inconsistent to that of (+)-sesamin, we speculate that (+)-7´-
episesantalin is another example, in addition to (+)-sesa-
molin and (+)-sesaminol, of oxidation products produced

via ORA. Future experiments will reveal whether the

biosynthesis of (+)-7´-episesantalin requires epimerisation

at the C7´ position to occur prior to O-methylation or

involves other mechanisms.

The NMR analysis of the oxygenation products of 2H-la-

belled (+)-sesamin revealed that the proportion of direct

carbon oxidation in the aromatic ring of (+)-sesamin over

ORA was much larger when catalysed by SrCYP92B14

compared with SiCYP92B14 (Figure 5). The increased ratio

of direct oxidation (path a) likely contributed to the pre-

ferred (+)-sesaminol production by SrCYP92B14 compared

with SiCYP92B14 (Table 2). The ratio between (+)-sesamo-

lin and (+)-sesaminol through ORA (paths b and c) depends

on the ratio between C-O and C-C bond formation, respec-

tively, via the common oxonium intermediate II (Figure 1).

Therefore, we postulate that the difference in the overall

catalytic outcome via ORA and direct oxidation between

SiCYP92B14 and SrCYP92B14 lies within various parame-

ters of the active site environment, such as the amino acid

residues surrounding heme and the substrate (+)-sesamin,

hydrogen bond network, charge repulsion, and water

accessibility. This hypothesis is clearly supported by our

data, in which amino acid substitutions in the distal helix

located in heme surroundings in SiCYP92B14 to those of

SrCYP92B14 led to the increase in the product ratio of (+)-
sesaminol over (+)-sesamolin through ORA (Table 2). Alter-

natively, the product ratio of (+)-sesaminol (7%) through

direct oxidation (path a) was decreased in

SiCYP92B14_T121V (4%) compared with SiCYP92B14 WT,

whereas it was increased in SrCYP92B14_V120T (87%)

compared with SrCYP92B14 WT (71%; Tables 1 and 2).

These results were unexpected, as the amino acid substitu-

tion introduced to SiCYP92B14 was designed to mimic the

active site environment of SrCYP92B14, which primarily

oxidises (+)-sesamin by direct oxidation. The results sug-

gest that a hydrophilic group in Thr stabilises hydrogen

bond networks in the heme propionate (Guallar and Olsen,

2006) that shapes the active site environment of

SiCYP92B14 to favour direct oxidation (path a).

CYPs associated with specialised metabolic processes

often catalyse multiple oxygenation reactions, including

hydroxylation, epoxidation, ether formation and ring con-

traction (Mizutani and Sato, 2011; Cochrane and Vederas,

2014). For example, in the case of MycG, which catalyses

both hydroxylation and epoxidation reactions in mycinam-

icin biosynthesis, substrate translocation-coupled

Table 2 Molar ratios of (+)-sesamolin and (+)-sesaminol produced
through paths a, b and c by CYP92B14 proteins using 2H-labelled
(+)-sesamin as a substrate

CYP

Ratio (%)

sesaminol
sesamolin

b/c
Direct
oxidation (a) ORA (b) ORA (c)

SrCYP92B14 WT 71 29 trace –
SiCYP92B14 WT 7 11 82 13
SiCYP92B14_Block190 11 15 74 20
SiCYP92B14_
A313S/S317A/T318V

16 28 56 50

SiCYP92B14_T121V 4 24 72 33
SiCYP92B14_T121V/
A313S/S317A/T318V

8 41 51 80

SrCYP92B14_V120T 87 13 trace –

ORA, Oxidative rearrangement of a-oxy-substituted aryl groups.

Figure 5. Catalytic outcome of SrCYP92B14 compared with SiCYP92B14.

(+)-Sesamolin and (+)-sesaminol are generated by the oxidation of (+)-sesa-
min catalysed by CYP92B14 proteins. The catalytic outcomes of

SrCYP92B14 and SiCYP92B14 defined in Table 2 are represented by the

width of dark grey and light grey arrows that are proportional to the product

ratios.
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movement of F286 is vital for substrate discrimination (Li

et al., 2012). Moreover, catalysis of hydroxylation and ether

formation by AurH in aureothin biosynthesis involves an

induced-fit mechanism triggered by substrate binding, and

adoption of the steric conformation is necessary for the

second oxygenation-heterocyclisation step (Richter et al.,

2012). Thus, changes in steric pressure by amino acid sub-

stitution lead to alterations in oxidation positions (Zocher

et al., 2011). These data show that the orientation move-

ment of the substrate and/or its neighbouring environment

establishes substrate recognition in CYP proteins. These

assumptions might also be applicable to CYP92B14 pro-

teins; the amino acid residues that participate in such

structural perturbation would contribute to the ratio of co-

products in (+)-sesamin oxidation. Alternatively, single

amino acid substitution in A313 or S317, located in the dis-

tal helix of SiCYP92B14, might lead to the movement of

the distal helix toward the active site or changes in the sta-

bility of the helix. To date, very few crystal structures of

plant CYP proteins have been deposited on the public data-

base (Lee et al., 2008; Li et al., 2008; Fujiyama et al., 2019;

Gu et al., 2019). Further studies on the crystal structures of

CYP92B14 or other plant CYPs will provide insights into

the detailed mechanism of substrate recognition and con-

trol of catalytic outcome at the atomic level.

We showed that (+)-sesamin and (+)-sesangolin are the

major lignans accumulated in S. radiatum seeds. (+)-Sesan-
golin is present in the seed oil of the selected wild sesames

S. angolense and S. angustifolium. It is remarkable that S.

angolense and S. angustifolium seeds contain (+)-sesamin

(3.73 and 0.28%), (+)-sesangolin (3.3 and 2.92%), and a con-

siderable amount of (+)-sesamolin (2.69 and 0.17%) in their

seed oils, respectively (Jones et al., 1962; Kamal-Eldin and

Appelqvist, 1994). As revealed by this study, these lignan

profiles of S. angolense and S. angustifolium differ from

that of S. radiatum in that S. angolense and S. angusti-

folium accumulate both (+)-sesaminol derivatives, and (+)-
sesamolin. These divergent metabolic traits might reflect

the widespread nature of CYP92B14 family proteins in Sesa-

mum spp., which may govern the molar ratio of (+)-sesami-

nol, (+)-sesamolin and (+)-sesamin accumulation by

modulating the ratio of ORA/direct oxygenation.

Metabolic traits that are beneficial to humans, such as col-

our, taste and flavour, have been selected artificially through

domestication and breeding processes. The presence of (+)-
sesamolin together with high levels of triacylglycerol might

be one of these beneficial traits that has arisen in cultivated

sesame plants (Kamal-Eldin et al., 1992; Pathak et al., 2014).

This might relate to the fact that sesamol is a catabolite of

(+)-sesamolin and provides outstanding antioxidative activ-

ity to sesame seed oil (Wan et al., 2015), thereby extending

the storage period of sesame seeds and their extracted oil

products. In this context, ORA through path c to generate (+)-
sesamolin (Figure 1) by SiCYP92B14 might have been

improved during the domestication of sesame, because

SiCYP92B14_T121V/A313S/S317A/T318V catalysed a sub-

stantially low ratio of ORA through path c but an enhanced

ratio of ORA through path b (Table 2; Figure S7). These

notions are supported by the results that SrCYP92B14 exhib-

ited extremely low activity for generating (+)-sesamolin, and

there existed only a trace amount of (+)-sesamolin in the

seeds of S. radiatum. Therefore, promiscuous regio-speci-

ficity for C1 and C6 in the CYP92B14 protein have been the

likely target for the domestication of sesame. The profile for

specialised metabolic processes is generally considered to

result from the combined substrate specificities of the

biosynthetic enzymes involved. However, our results sug-

gest that the metabolic profile can also be influenced by dif-

ferences in the catalytic outcome from biosynthetic enzymes

that share identical substrates.

The diversity of lignan profiles in various Sesamum spp.

indicates that there are distinct sets of metabolic enzymes

in each Sesamum spp. that are involved in hydroxylation,

methylation and glycosylation reactions of lignans. In this

study, we found that the catalytic outcome of SrCYP92B14

is biochemically relevant to the lignan profile of S. radiatum

(Figures 2b and S2; Table 2). It is plausible that the various

UGTs and O-methyltransferases that are required for the

biosynthesis of lignans that have accumulated in respective

Sesamum spp. [e.g. STG in S. indicum and (+)-sesangolin
in S. radiatum] might have evolved based on the molecular

evolution of the catalytic outcome of CYP92B14 (Figure S8).

The RNA-Seq of S. radiatum would pave the platform to

mine other lignan-modifying enzymes coordinately

involved with SrCYP92B14 in specialised lignan metabolism

within this species and its phylogenetic relatives.

Altogether, we have provided lines of molecular evi-

dence as to how SrCYP92B14 from a wild sesame S. radia-

tum oxidises (+)-sesamin. We also identified amino acid

residues that affect the molar ratio of (+)-sesamolin and

(+)-sesaminol, two major classes of (+)-sesamin-derived

lignans in Sesamum spp. Therefore, the chemical diversity

of lignans across Sesamum spp. and other plants might be

explained partly by the catalytic outcome of CYP92B14 pro-

teins. Future identification and biochemical characterisa-

tion of CYP92B14 proteins from other wild sesame species,

as well as various other lignan-containing plants, will bet-

ter highlight the biochemical relevance of CYP92B14 pro-

teins in plant lignan biosynthesis and help to uncover the

biochemical origins of ORA reactions catalysed by

CYP92B14.

EXPERIMENTAL PROCEDURES

Plant materials

Plants of S. indicum cv. Masekin were cultivated in a field in
Osaka. Sesamum radiatum plants were grown in a greenhouse at
the University of Toyama.
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Chemicals

(+)-Sesaminol was purchased from Nagara Science (Japan). (+)-
Sesamin, (+)-sesamolin and (+)-2,2´-2H2-sesamin were prepared
according to previously reported methods (Murata et al., 2017).
The actual 2H-labelling yield of the C2 and C2´ protons of (+)-sesa-
min was 70%, by comparison with the hydrogen intensity of H-
2,2´and H-9a,9a´ in a 1H-NMR experiment (Figure S6).

NMR analyses of stable isotope-labelled compounds

All NMR experiments were performed on an AVANCE III HD 800
system equipped with a 5-mm TCI cryogenic probe and Z-axis gra-
dient (Bruker BioSpin AG, F€allanden, Switzerland) at ambient tem-
perature using 0.4–1 mg samples dissolved in CDCl3. Data
analyses were carried out using Bruker TopSpin 3.2 software (Bru-
ker Biospin AG). The acquisition parameters were as follows:
number of data points 65K; spectral width 16 025 Hz; relaxation
delay 10 sec; number of scans 64; receiver gain 3.2.

Lignan profile analyses

A 50-mg sample of sesame seeds was frozen in liquid nitrogen
and homogenised to a fine powder using a TissueLyser II (Qiagen,
Tokyo, Japan). One millilitre of 80% ethanol was added to the
homogenised samples and the samples were rotated at room tem-
perature for 1 h. The extracted fraction was filtrated after centrifu-
gation. The filtered fraction was analysed using an ion-trap time-
of-flight mass spectrometer (Shimadzu LCMS-IT-TOF, Shimadzu
Corp., Kyoto, Japan) equipped with a photodiode array detector
(Shimadzu, Japan). Each component was separated using a YMC
Triart C18 column (TA12S03-1503WT, 150 mm 9 3 mm, 3 µm i.d.)
with mobile phases A, 0.1% HCO2H-H2O; and B, 0.1% HCO2H-
CH3CN in a linear gradient elution (0-10-32.5-33-40 min and 10-40-
70-10-10% B, respectively) at a flow rate of 0.3 ml min�1.

Homology modelling

The three-dimensional structural analyses were performed using
Discovery Studio 4.0 (BIOVIA, San Diego, CA, USA). The initial
structural models of SiCYP92B14 and SrCYP92B14 were con-
structed using the crystal structure of vitamin D2-bound form of
CYP2R1 as a template (PDB code: 3czh). (+)-Sesamin-bound struc-
tures of SiCYP92B14 and SrCYP92B14 were created by replacing
the substrate from vitamin D2 to (+)-sesamin. The constructed (+)-
sesamin-bound structures of SiCYP92B14 and SrCYP92B14 were
energy-minimised and optimised by molecular dynamics simula-
tion (Figure S4).

RNA-Seq analysis

Total RNA was extracted at six stages during the development of
S. radiatum seeds (14, 21, 28, 35, 42 and 49 DAP) using RNeasy
Plant Kit (Qiagen). The quality of each RNA sample was evaluated
using a BioAnalyzer (Agilent Technologies, Tokyo, Japan) with an
RNA6000 Nano Chip. One microgram of total RNA from each sam-
ple was used to construct cDNA libraries using a TruSeq Stranded
mRNA LT kit (Illumina, San Diego, CA, USA), according to the
manufacturer’s instructions. The resulting cDNA library was vali-
dated using a BioAnalyzer with a DNA1000 Chip and quantified
using a NEBNext Library Quant kit for Illumina (New England Bio-
labs, Tokyo, Japan). Paired-end sequencing (2 9 101 cycles) was
performed using a HiSeq 1500 sequencing system (Illumina) in
Rapid mode. Total reads were extracted using CASAVA v1.8.2
(Illumina), then polymerase chain reaction (PCR) duplicates, adap-
tor sequences and low-quality reads were removed from the

extracted reads. Briefly, reads were judged as PCR duplicates
when: (i) the first 10 bases in multiple reads were identical; and (ii)
the reads showed > 90% overall similarity. Base calling from the 5´
to the 3´ end was performed until the frequency of accurately
called bases dropped to 0.5. The remaining reads were assembled
using Trinity ver. 2.4.0 by normalisation with maximum coverage
to 30. For each sample, the fragments per kilobase megareads
(FPKM) values were calculated for contigs containing cDNA
sequences of SrCYP92B14, SrCYP81Q2 and SrCPR1 using Bowtie.

Molecular cloning of SrCYP92B14, and vector construction

of SiCYP92B14 and SrCYP92B14 mutants

cDNAs of SrCYP92B14 and SrCPR1 amplified with cDNAs derived
from S. radiatum seeds were used as the PCR template. According
to previous methods, amplified fragments of cDNAs from
SrCYP92B14 and SrCPR1 were subcloned in the yeast expression
vectors, pYE22m and pJHXSBP-His, respectively (Ono et al., 2006).
Individual genes cloned in each vector were verified by DNA
sequencing of both strands. Expression vectors for SiCYP92B14
and SrCYP92B14 mutants were generated from the wild-type by
PCR-based mutagenesis, as described previously (Noguchi et al.,
2014; Ono et al., 2018). All primer sets used for PCR are described
in Table S3.

Phylogenetic analysis

Phylogenetic analysis of SrCYP92B14 was performed using the
neighbour-joining method with MEGA7 (Kumar et al., 2016).

Bioassay experiments of (+)-sesamin oxidation in yeast cells

All transformations were carried out using the yeast INVsc strain
(Invitrogen, Japan), according to a conventional method. Transfor-
mants expressing SiCYP92B14 or SrCYP92B14 and SiCPR1 were
grown in Synthetic Defined liquid media at 30°C. A 50-ll sample
of stationary phase culture cells was transferred to 500 ll of fresh
medium in 24-well plates supplemented with 100 µM of (+)-sesa-
min. After 48 h of culture, the cultures were mixed with an equal
volume of acetonitrile (final 50% acetonitrile) and centrifuged. The
filtered supernatant fractions were analysed by high-performance
liquid chromatography (HPLC) equipped with a photodiode array
detector (Waters, Milford, MA, USA). Product ratios were calcu-
lated from the HPLC spectrum at 283 nm absorption, based on the
peak areas of lignan standards.

2H-labelled (+)-sesamin oxidation in yeast cells

For the 2H-labelling studies, 8–10 ml of the overnight cultured
yeast cells expressing CYP92B14 and SiCPR1 was inoculated into
150 ml of liquid medium in a 1-L Erlenmeyer flask. After 2–3 h of
inoculation, 2H-labelled (+)-sesamin was added to a final concen-
tration of 50 µM. A total of 450 ml culture was further incubated
for 3–4 days and extracted twice with an equal volume of ethyl
acetate. The organic layer was dehydrated with magnesium sul-
phate, dried in vacuo to dryness, and reconstituted with 400 µl of
50% acetonitrile. The extract was fractionated by HPLC, and the
fractions containing enzyme reaction products were subjected to
MS and NMR analyses. The hydrogen intensities of C2, C2´ and
C6 protons of (+)-sesaminol or C2 and C2´ protons of (+)-sesamo-
lin were measured to determine the product ratios by NMR.
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SrCYP81Q2, BAE48235; SaCYP81Q3, BAE48236; PlCYP81Q38,

BAP46307; GmCYP93C, SBU44858; AtCYP51G1, NP_172633;
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