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|dentification of oxidosqualene cyclases from the medicinal
legume tree Bauhinia forficata: a step toward discovering pre-
ponderant a-amyrin-producing activity
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o Triterpenoids are widely distributed among plants of the legume family. However, most
studies have focused on triterpenoids and their biosynthetic enzymes in model legumes.

e We evaluated the triterpenoid aglycones profile of the medicinal legume tree Bauhinia
forficata by gas chromatography—mass spectrometry. Through transcriptome analyses,
homology-based cloning, and heterologous expression, we discovered four oxidosqualene
cyclases (OSCs) which are responsible for the diversity of triterpenols in B. forficata. We also
investigated the effects of the unique motif TLCYCR on a-amyrin synthase activity.

e B.forficata highly accumulated a-amyrin. We discovered an OSC with a preponderant a-
amyrin-producing activity, which accounted for at least 95% of the total triterpenols. We also
discovered three other functional OSCs (BfOSC1, BfOSC2, and BfOSC4) that produce B-
amyrin, germanicol, and cycloartenol. Furthermore, by replacing the unique motif TLCYCR
from BfOSC3 with the MWCYCR motif, we altered the function of BfOSC3 such that it no
longer produced a-amyrin.

e Our results provide new insights into OSC cyclization, which is responsible for the diversity
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Introduction

Triterpenoids are one of the largest and most structurally diverse
classes of natural specialized metabolites, and they have a variety
of biological and ecological properties. Over 20 000 triterpenoids
exist in nature, and they are widely used in medicine, industry
and agriculture (Francis eral., 2002; Xu et al., 2004; Gonzalez-
Coloma etal, 2011; Forestier etal, 2019). Nonetheless, their
low abundance and structural complexity limit the commercial
applications of these compounds (Sawai & Saito, 2011; Moses
etal., 2013b). Triterpenoids can also be produced in a heterolo-
gous host by synthetic pathway manipulation (Moses ezal.,
2013a; Reed ez al., 2017; Yu et al., 2018), which requires identifi-
cation of the enzymes involved in triterpenoid biosynthesis.
Triterpenoids and sterols are derived from the common linear
precursor 2,3-oxidosqualene and are produced through two dis-
tinct pathways: the plastidial 2-C-methyl-d-erythritol 4-phos-
phate (MEP) and cytosolic mevalonate (MVA) pathways
(Vranovd eral., 2013). The first committed step in triterpenoid
biosynthesis is the cyclization of 2,3-oxidosqualene to various
triterpenol scaffolds by oxidosqualene cyclase (OSC; Xu ezal.,
2004). This is a complex series of reactions that leads to the
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of triterpenoid metabolites in B. forficata, a non-model legume plant.

formation of polycyclic molecules. This cyclization stage is the
branch-off point of the sterol and triterpenoid biosynthetic path-
ways; the branch taken depends on the type of OSC (Xue eral.,
2012; Thimmappa eral, 2014). The cyclization of 2,3-oxi-
dosqualene in the chair-boat-chair conformation forms the pro-
tosteryl cation intermediate (Fig. 1), which is a sterol precursor in
plants (Suzuki eral, 2006). By contrast, the chair-chair-chair
conformation produces the dammarenyl carbocation intermedi-
ate, which is modified to generate diverse triterpenol scaffolds
(Fig. 1). Most triterpenols are further modified by oxidation and
glycosylation to form triterpenoid glycosides, also known as
saponins (Augustin ez al., 2011; Moses ez al., 2014; Thimmappa
etal., 2014; Seki et al., 2015).

The ursane-, oleanane-, and lupane-type triterpenoids, derived
from o-amyrin, B-amyrin, and lupeol, respectively, are the most
widely distributed pentacyclic triterpenoids in the plant kingdom
(Moses ez al., 2014). They are created via the dammarenyl carbo-
cation intermediate by a rearrangement cascade of methyl and
proton shifts (Phillips ez al., 2006). OSCs that catalyze the forma-
tion of B-amyrin or lupeol as a single product have been reported
(Hayashi ezal., 2001; Zhang et al., 2003; Kajikawa et al., 2005;
Sawai etal., 2006), but there has been no report of o-amyrin
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Fig. 1 Proposed sterol and triterpenoid J
biosynthetic pathways in Bauhinia forficata.
Triterpenoids and sterols are synthesized
from the common precursor 2,3-
oxidosqualene, produced via the mevalonate
pathway. The oxidosqualene cyclases (OSCs)
reported in this study (BfOSCs) are shown in
gray. DMAPP, dimethylallyl pyrophosphate;
IPP, isopentenyl pyrophosphate; FPP,
farnesyl pyrophosphate; C-C-C, chair-chair-
chair; C-B-C, chair-boat-chair; FPS, farnesyl
pyrophosphate synthase; SQS, squalene
synthase; SQE, squalene epoxidase.
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formed as a single product. All multifunctional OSCs reportedly
involved in ai-amyrin production generate a combination of other
triterpenols, including B-amyrin and lupeol, in various propor-
tions (Brendolise ezal, 2011; Huang eral., 2012). Many OSCs
from various plant species, including those of the Fabaceae fam-
ily, have been cloned and characterized. Triterpenoid saponins
are produced by plants of the Fabaceae (Leguminosae) family
(Dixon & Sumner, 2003). However, most studies have focused
on economically important and/or model legumes such as
Glycine max and Medicago truncatula, which are of the Papil-
ionoideae subfamily. Moreover, there is limited information on
triterpenoids and their biosynthetic enzymes in legume plants
other than the Papilionoideae clade.

Bauhinia is the largest genus in the Cercidoideae subfamily,
which is within the clade farthest from the Papilionoideae sub-
family in the Leguminosae family phylogenetic tree (LPWG,
2017). This genus consists of ¢. 300 species, which are widely dis-
tributed in most tropical countries (Sinou ezal, 2009). Their
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aerial parts have been used in folk medicine, particularly for treat-
ing diabetes, infection, and inflammation (Cechinel-Filho,
2009). Bauhinia forficata Link, commonly known as the Brazilian
orchid tree or ‘cow’s foot’ (Supporting Information Fig. S1), is a
medicinal legume tree native to South America. The biological
properties of B. forficata are among the most studied within the
Baubinia genus, due to the widespread use of this species in
Brazilian folk medicine (de Sousa et al, 2004; Cechinel-Filho,
2009; da Cunha eral, 2010). Pre-clinical and clinical studies
have suggested that the B. forficata leaf is a source of pharmaco-
logical flavonoids, which have been investigated as hypoglycemic
agents for the treatment of diabetes, and as a diuretic agent for
treating kidney and urinary disorders (de Sousa ez al., 2004; De
Souza etal., 2017). Although many studies have examined the
properties of pharmacological flavonoids in B. forficata, triter-
penoids from this species have not been studied. To date, there
have been few reports of triterpenoids from plants in the
Bauhinia genus; these have included studies of lupeol and
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glutinol from B. sirindhorniae (Athikomkulchai ez al, 2003) and
B-amyrin and oleanolic acid 3-O-caffeate from B. variegata (Rao
etal., 2008).

In this study, we examine the triterpenoid aglycone profile and
the OSCs involved in triterpenoid scaffold diversification in the
non-model legume B. forficata. We first conducted transcriptome
analyses of leaf samples to identify the genes encoding OSCs.
Next, we conducted 7z vivo functional analyses in heterologous
hosts and discovered an OSC that predominantly produces o-
amyrin. We also discovered three other functional OSCs, which
mainly produce B-amyrin, germanicol, and cycloartenol. Finally,
we performed OSC motif analyses and site-directed mutagenesis
to identify the amino acids involved in o-amyrin production.
Our results provide new insights into the OSC cyclization
responsible for the diversity of triterpenoid metabolites in
B. forficata. Our findings will facilitate the production of benefi-
cial triterpenoids.

Materials and Methods

Plant materials

Bauhinia forficata Link seeds, obtained from the Desert Legume
Program of the University of Arizona, were grown in standard
soil in a glasshouse under controlled conditions (20-25°C, 60%
humidity, 140-300 pmolm™*s™" light intensity, 16 h : 8 h,
light : dark cycle) for 10 months. The flowers, leaves, stems and
roots were harvested and immediately soaked in liquid nitrogen
for triterpenoid analyses and RNA extraction.

Metabolite extraction from B. forficata tissues

B. forficata samples (flowers, leaves, stems and roots) were freeze-
dried and ground to a fine powder. The powder (1 g) was reflux-
extracted with methanol for 4 h at 70°C. The methanol extracts
were evaporated to dryness. Equal volumes of methanol and 4 N
hydrochloric acid were added to the dried methanol extract and
incubated for 2 h at 80°C, followed by hexane extraction. The
organic layer was collected, dried and dissolved in methanol.

Total RNA isolation and cDNA synthesis

Frozen samples were ground in liquid nitrogen into a fine powder
using a mortar and pestle. Total RNA was isolated using TRIzol™
Reagent (Invitrogen), following the manufacturer’s protocol.
Residual DNA was removed using recombinant DNase I
(TaKaRa Bio, Shiga, Japan), followed by phenol/chloroform
extraction. PrimeScript RT Master Mix (TaKaRa Bio) was used
to synthesize complementary DNA (cDNA) from total RNA.

lllumina sequencing, de novo assembly and library con-
struction

Total RNA (10 pg) was used to construct a cDNA library using
the NEBNext Ultra RNA Library Prep Kit according to the manu-
facturer’s protocol (New England Biolabs, Tokyo, Japan). The
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resulting cDNA library was sequenced using the HiSeq 1500
instrument (Illumina, San Diego, CA, USA) with 100 base pair
(bp) paired-end reads in rapid-run mode. The sequence reads were
assembled using CLC GENoMICS WORKBENCH software (v.10.0.1;
CLC Bio, Tokyo, Japan) with a minimum contig length of 300 bp
and the ‘perform scaffolding’ function. The raw RNA-Seq reads
obtained were submitted to the DNA Data Bank of Japan (DDB]J)
Sequence Read Archive under accession no. DRA008057.

Functional annotation of assembled sequences

To obtain a set of putative OSCs, KEGG pathway mapping was
performed using the KEGG Automatic Annotation Server
(hteps:/fwww.genome.jp/kegg/kaas/) with the bi-directional best
hit method against a dataset comprising ‘ath, aly, brp, bna, cit,
gmx, mtr, lja, adu, aip, pop, vvi, sly and osa’, with the default
threshold setting.

Cloning of OSCs

OSC candidates were identified from an in-house B. forficata tran-
scriptome database by BLasT searching based on known OSCs
from legumes and primers specific for legume OSCs. Homology-
based primers designed to target the conserved region of legume
OSCs (Table S1) were used to amplify the core fragment of OSGs
from B. forficara. The fragments obtained by homology-based
PCR and from the in-house transcriptome database were extended
using 3’and 5'rapid amplification of cDNA ends (RACE) PCR.
Total RNA obtained from B. forficata leaves was used to synthesize
first-strand cDNA with a SMARTer RACE ¢cDNA Amplification
Kit (Clontech, Shiga, Japan), according to the manufacturer’s
instructions; the cDNA served as a template for RACE-PCR using
gene-specific primers (Table S1) to amplify the open reading frame
(ORF) end fragment. The full-length ORFs were amplified by
PCR using 5'- and 3'- end gene-specific primers (Table S1), cloned
into either pPDONR-221 or pENTR-D-TOPO (Invitrogen) and
confirmed by sequencing.

Phylogenetic analyses

The OSC protein sequences were retrieved from GenBank and
aligned with the four sequences obtained in this study using the
MuscLE algorithm (Edgar, 2004). A neighbor-joining tree was
constructed using MEGA7 software (Kumar eral, 2016) with
default parameters based on 1000 bootstrap replications.

Generation of Saccharomyces cerevisiae SY100

The sequence upstream of the ERGY promoter (—1000 to —500)
and of the MET3 promoter (—500 to —1), as well as the partial
ERG7-coding sequence (+1 to +500), were amplified from
S. cerevisiae BY4742 genomic DNA using the primer sets pY425/
pY426, pY427/pY428, and pY429/pY430, respectively
(Table S1). Next, pERG7-pMET3 and pMET3-ERG7 were
joined by PCR. The joined amplicons were cloned into the
pJET1.2 Blunt Cloning Vector (Thermo Scientific, Waltham,
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MA, USA), and pJET-pERG7-pMET3 and pJET-pMET3-
ERG7 were digested with Smal/Bsal and Bsal/ EcoRl, respec-
tively. The DNA fragments were purified and ligated into the
Small EcoRl site of pAUR135 (TaKaRa Bio), resulting in
pAURI135-MET3-ERG7. Next, pAUR135-MET3-ERG7 was
linearized by Xbal digestion and introduced into S. cerevisiae
BY4742, which was cultured on synthetic defined (SD) medium
(Difco, Frankin Lakes, NJ, USA) with methionine dropout sup-
plement (Clontech) agar containing glucose and aureobasidin A.
The transformants with the DNA fragment at the ERGY locus
were streaked on SD medium with methionine dropout supple-
ment (Clontech) agar containing galactose to remove the vector
backbone, which contained an aureobasidin A resistance gene.
We selected yeast clones with replacement of the MET3 pro-
moter at the ERGY locus by genomic PCR using the primers
pY431/pY432; the resulting strain was named SY100.

Functional analyses of BfOSCs

BfOSCs and mutant OSCs were ligated into a yeast expression
vector (pYES-DEST52) by LR reaction (Invitrogen), and trans-
formed into S. cerevisiae SY100. The resulting strains (PSO-PS21,
Table S2) were cultured in 5 ml SD medium (Difco) containing
glucose with uracil dropout (Clontech) for 36 h at 30°C, with
agitation. To induce expression, the cell pellet was resuspended
into 5 ml SD medium containing 2% galactose, 1 mM methion-
ine, and uracil dropout supplement for 48 h at 30°C, with agita-
tion. The cell pellet was harvested and extracted using ethyl
acetate. The experiment was performed in triplicate.

Transient expression in Nicotiana benthamiana leaves

The ORF of BfOSC3 and mutant Arabidopsis thaliana HMGRI1
catalytic domain (AtHMGR1cd-S577A; Robertlee etal., 2017)
were cloned into the pYS_015 binary vector (Methods S1) by LR
reaction (Invitrogen). The RNA-silencing repressor p19 of
tomato bushy stunt virus (NP_062901.1) was cloned into
pRI101-AN-GW (Muangphrom eral, 2016) by LR reaction
(Invitrogen) and transformed into Agrobacterium tumefaciens
strain GV3101 (pMP90). Freshly grown A. rumefaciens cells were
resuspended in infiltration medium (10 mM 2-(N-morpholino)
ethanesulfonic acid, 10 mM MgSOy, and 200 uM acetosy-
ringone; pH 5.6) to an optical density at 600 nm (ODyq) of 0.5.
Equal volumes of A. tumefaciens harboring AtHMGRI1cd-5577A,
BfOSC3, and p19 were combined and infiltrated into the leaves
of 5-wk-old N. benthamiana. The leaves of five plants were har-
vested for triterpenoid analyses 5d post-infiltration. Powdered
freeze-dried samples (100 mg) were extracted with 1 ml chloro-
form : methanol (1:1 v/v). The mixtures were briefly vortexed,
disrupted using a water-bath sonicator for 1 h at room tempera-
ture, and centrifuged at 8000 g for 10 min. The supernatants
were collected, dried, and dissolved in methanol.

Gas chromatography—mass spectrometry analyses

Samples (100 pl) were concentrated under vacuum and deriva-
tized with 50 pl N-methyl-N-(trimethyl-silyl) trifluoroacetamide
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(Sigma-Aldrich) at 80°C for 30 min. The samples were run on an
HP-5MS capillary column (30 m x 0.25 mm inner diameter,
0.25 pm film thickness; J&W Scientific, Santa Clara, CA, USA)
or DB-1MS capillary column (30 m x 0.25 mm inner diameter,
0.10 um film thickness; J&W Scientific) in a gas chromatograph
(7890B; Agilent Technologies, Santa Clara, CA, USA) connected
to a mass spectrometer (5977A; Agilent Technologies). The injec-
tion temperature was 250°C with splitless injection, and the inter-
face temperature was 280°C. The column temperature program
was 80—265°C at a rate of 10°C min ' and a hold at 265°C for
30.5 min; or 80-300°C at a rate of 20°C min ' and a hold at
300°C for 35 min. The carrier gas was helium at a flow rate of
1.0 ml min'. The compounds were identified by comparison
with B-amyrin, o-amyrin, lupeol, cycloartenol, erythrodiol, uvaol,
betulin, oleanolic acid, ursolic acid, soyasapogenol B (Extrasyn-
these, Lyon, France), germanicol and morolic acid (Wuhan
ChemFaces Biochemical, Wuhan, China) authentic standards.

PCR-based site-directed mutagenesis

Entry clones of BfOSCI, BfOSC2, and BfOSC3 were used as tem-
plates for PCR-based site-directed mutagenesis (Table S1) to
substitute the target amino-acid sequence. Mutant OSGCs
were transferred to the expression vectors and confirmed by
sequencing.

Results

a-Amyrin and germanicol are the major triterpenes in
B. forficata

The leaves of B. forficata harbored a greater diversity of triter-
penoids than its flower, stem or root (Tables 1, S3). The major
triterpene detected was o-amyrin; germanicol, P-amyrin and
lupeol were also detected (Figs 2, S2). Interestingly, B. forficata
triterpenoids accumulated as triterpenols such as o-amyrin and
germanicol (Fig. S2), which were unlike the triterpenoid profile
of model legumes. Model legumes such as Medicago truncatula
(barrel medic) and Glycine max (soybean) tend to accumulate oxi-
dized triterpenoids derived from the B-amyrin scaffold such as
soyasapogenol B (a B-amyrin derivative with hydroxyl groups at
C-22 and C-24), erythrodiol (hydroxyl group at C-28), and
oleanolic acid (carboxyl group at C-28) (Pollier eral, 2011;
Krishnamurthy ezal, 2014). Lupeol and its derivatives, such as

Table 1 The major pentacyclic triterpenoid scaffolds detected in Bauhinia
forficata tissues.

Compounds Flower Leaves Stem Root
B-amyrin (1) ++ ++ + +

Germanicol (2) ++ ++ ++ Trace
a-amyrin (3) ++ +++ +++ Trace
Lupeol (4) ++ ++ ++ Trace

Compound concentrations indicated by plus signs are as follows: (+), 30—
50 ug g ' DW; (++), 100200 ug g~ ' DW; (+++), 300-500 ug g~ ' DW;
and (trace), <10 ug g~ ' DW.
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Fig. 2 The major pentacyclic triterpenoid scaffolds detected in Bauhinia forficata extracts. The total ion chromatogram of B. forficata leaves extracted on
the DB-1MS column is shown. -amyrin (1), germanicol (2), a-amyrin (3), and lupeol (4). The total ion chromatogram retention times in comparison with

those of authentic standards are shown in Supporting Information Fig. S2.

betulin (a lupeol derivative with a hydroxyl group at C-28) and
betulinic acid (carboxyl group at C-28), accumulate in the eco-
nomically important legume Glycyrrhiza uralensis (licorice;
Hayashi eral., 2005; Tamura eral, 2017). In the Leguminosae
phylogenetic tree, B. forficata is in the same clade as the Cerci-
doideae subfamily, which is the farthest clade from the model
legumes (Papilionoideae subfamily; LPWG, 2017). All of the
model and economically important legumes such as barrel medic,
licorice, and soybean are in the Papilionoideae subfamily, in
which soyasapogenol B is a common metabolite (Dixon & Sum-
ner, 2003; Pollier ezal., 2011; Krishnamurthy ezal, 2014). By
contrast, we did not detect soyasapogenol B in B. forficata extracts
but noted accumulation of germanicol and morolic acid (Figs 2,
S2; Table S3). To the best of our knowledge, these compounds
have not been detected in any model legume. Interestingly,
morolic acid has been detected in heartwood extract of the
legume tree Mora excelsa (Barton & Brooks, 1950) of the subfam-
ily Caesalpinioideae. Despite the dearth of information on triter-
penoid accumulation and biosynthesis in legume trees (other
than the Papilionoideae subfamily), we speculated that these pro-
cesses in legume trees might differ from those in members of the
Papilionoideae subfamily.

Isolation of four candidate OSCs based on B. forficata tran-
scriptomic analyses

From the triterpenoid accumulation pattern in B. forficata, we
assumed that the OSGs responsible for triterpenoid scaffold
cyclization are mainly expressed in leaves. Because neither
genomic nor transcriptomic data for B. forficata are available, we
performed transcriptomic analyses of B. forficata leaves. We
obtained 40 407 566 total reads and assembled them into 45 443
contigs (Table S4). Next, we performed BrLAST analyses to anno-
tate 29 217 of the contigs using the NCBI non-redundant pro-
tein database. To identify genes potentially involved in
triterpenoid biosynthesis, we performed KEGG pathway map-
ping using the KEGG automatic annotation server, resulting in
annotation of 10 contigs as putative OSCs (Table S5). Among
them, the full-length sequence of one was annotated as a putative
cycloartenol synthase; the other nine comprised 300-800
nucleotides (nt). To isolate OSC genes expressed in leaf tissue,
among the 10 contigs annotated as putative OSCs, we selected
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contig00009800, contigd0011765 and contigd0018000 for
cloning due to their length and different annotations. Three pairs
of gene-specific primers were designed to amplify the core frag-
ments of these three candidate OSGCs. In addition, a set of homol-
ogy-based primers designed based on the conserved sequence of
legume B-amyrin synthases were employed to amplify the core
segment of the candidate B-amyrin synthase from B. forficata.
The PCR products obtained were resolved by gel electrophoresis,
resulting in one major band of the expected size (1400 nt). Next,
the core fragments of the candidate OSCs were extended by
RACE-PCR. We identified four full-length sequences of putative
OSGs from B. forficata, which were named BfOSC1 (DDB] acces-
sion no. LC464978), BOSC2 (DDB]J accession no. LC464979),
BfOSC3 (DDB]J accession no. LC464980), and BfOSC4 (DDBJ
accession no. LC464981). The deduced amino-acid sequences of
these four OSCs showed 52—84% similarity (Table S6). All four
B. forficata OSCs possessed the DCTAE motif, which is involved
in substrate binding (Ito ezal, 2013b), and four QW motifs
characteristic of the OSC superfamily (Fig. 3a). The QW motifs
may be involved in stabilizing carbocation during cyclization
(Poralla, 1994; Kushiro ez al., 1998). We constructed a phyloge-
netic tree of B. forficata OSCs and characterized OSCs from other
plant species. BFOSC1 clustered within the clade of previously
characterized B-amyrin synthases; BFOSC2 and BfOSC3 were in
the same clade with previously characterized multifunctional
OSCs; and BfOSC4 clustered with previously characterized
cycloartenol synthases (Fig. 4).

BfOSC1-BfOSC4 are responsible for the triterpenol
diversity in B. forficata

To characterize the putative OSCs from B. forficata, we used a
yeast in vivo expression system. We engineered S. cerevisiae
BY4742 by replacing the native promoter of ERG/ (lanosterol
synthase) with a methionine-repressible promoter to create the
SY100 yeast strain. The full-length ORFs were heterologously
expressed from the high-copy yeast expression vector pYES-
DEST52 in S. cerevisiae SY100 to generate strains PS1-PS4. We
extracted and identified triterpenols by gas chromatography—mass
spectrometry. The chromatogram of the PSO strain, SY100, har-
boring the pYES-DEST52 empty vector, was used as a back-
ground control. We observed an increase in endogenous yeast
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BfOSC2
BfOSC3
BfOSC4

pS-Tubulin

Fig. 3 Deduced amino-acid sequence alignment and gene expression patterns of four OSCs from Bauhinia forficata (BfOSCs). (a) The conserved DCTAE
motif and (M/T)(W/L)CY(C/A)R motif sequences are highlighted in green. Four QW motifs (QXXXGXW) are highlighted in red. Light gray to dark gray
indicates the increasing magnitude of sequence similarity. (b) Gene expression analysis of BfOSCs in different tissues. BfOSC2 and BfOSC3 were expressed
in aerial parts, and BfOSC7 in the root. BfOSC4, which generates cycloartenol, was expressed equally in all tissues tested.

metabolites when heterologous OSCs were expressed in strains (Figs 5, S4). The proportions of triterpenols in PS1 suggested
PS1-PS4 (Fig. S3). The chromatogram of PS1 (expressing that BfOSCI encodes a multifunctional OSC that catalyzes the
BfOSCI) had a major peak corresponding to B-amyrin together ~ production of B-amyrin : o-amyrin : lupeol at a 94: 4 : 2 ratio.
with a smaller peak corresponding to o-amyrin and lupeol =~ The chromatogram of PS2 (expressing BfOSC2) had a peak

© 2019 The Authors New Phytologist (2019) 224: 352-366
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Fig. 4 Phylogenetic tree of plant oxidosqualene cyclases (OSCs), including BfOSCs. B-Amyrin synthases, green; lupeol synthases, black; lanosterol
synthases, red; cycloartenol synthases, blue; multifunctional OSCs, purple. BfFOSC1, BfOSC2, BfOSC3, and BfOSC4 are highlighted in gray. Amino acid
sequences were retrieved from GenBank and aligned using MuscLe. GenBank accession nos. are indicated after the protein name in the phylogenetic tree.
The phylogenetic tree was constructed by Meca7 using the neighbor-joining method with 1000 bootstrap replicates.

corresponding to germanicol together with peaks corresponding
to B-amyrin and lupeol (Figs 5, S4). The product proportions
indicated that BfOSC2 encodes a multifunctional OSC that cat-
alyzes the production of germanicol : B-amyrin : lupeol at a
90:9:1 ratio. The chromatogram of PS3 (expressing BfOSC3)
had a peak corresponding to oi-amyrin; this was replicated in the
extracted ion chromatogram (EIC; m/z=218), suggesting that
BfOSC3 encodes an a-amyrin synthase (Figs 5, S4).

New Phytologist (2019) 224: 352-366
www.newphytologist.com

According to our findings regarding the yeast expression sys-
tem, BfOSC3 appears to produce o-amyrin specifically, but in
low concentrations (Fig. 5). To confirm the function of BFOSC3,
we expressed BfOSC3 in an Escherichia coli in vivo expression sys-
tem, but did not detect triterpenols (data not shown). Therefore,
it was unclear why BfOSC3 has low productivity in a yeast
expression system and no activity in an E. coli expression system
but accumulates  to

o-amyrin a higher concentration in
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Fig. 5 Total ion chromatograms of yeast strains expressing BFOSCs. B-Amyrin (1), germanicol (2), a-amyrin (3), and cycloartenol (5) were detected as
major products in yeasts expressing BFOSC1 (PS1), BFOSC2 (PS2), BfOSC3 (PS3), and BfOSC4 (PS4), respectively. Lupeol (4) was detected as a minor
product in PS1 and PS2. The triterpenol products were identified by comparing their retention times and mass fragmentation patterns with the
corresponding authentic standards (Supporting Information Fig. S4). The yeast SY100 (pYES-DEST52 empty vector, PSO) was used as the background
control. The lower intensity peaks in the chromatograms of PS1 and PS2 are shown magnified fourfold. The EICs of PS3 (m/z =218) and PS4 (m/z = 408)

are shown. Data are representative of at least three biological replicates.

B. forficata (Fig.2, Table 1). We hypothesized that microbial
expression systems might not be suitable for BAOSC3 expression.
Therefore, we used the N. benthamiana transient expression sys-
tem to evaluate the function of BfOSC3. We co-expressed
BfOSC3 with AtHMGR1cd-S577A, which lacks the inactivating
phosphorylation site and has greater activity in wvitro than
AtHMGRI1cd (Robertlee ez al, 2017, 2018). The HMGRI cat-
alytic domain with the S577A mutation enhances the production
of isoprenoids (latex) in dandelion (Plitter etal, 2017). More-
over, co-expression of the HMGR catalytic domain with triter-
penoid biosynthetic genes increases triterpenoid production in an
N. benthamiana transient expression system (Reed ezal., 2017).
Therefore, we applied these strategies to our plant transient
expression system. BfOSC3 and AtHMGRIcd-S577A were cloned
downstream of the CaMV 35S promoter in a binary vector and
transformed individually into A. tumefaciens. We co-infiltrated
A. tumefaciens, harboring the constructs into N. benthamiana
leaves, which were harvested 5 d later and processed for metabo-
lite extraction. Leaves transfected with A. tumefaciens harboring
219 and AtHMGRcd_S577A were used as the background con-
trol. We observed a single major peak in the gas chromatogram
of N. benthamiana leaves transiently expressing BfOSC3 but not
in the background control (Fig. 6). This peak was identified as o-

© 2019 The Authors
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amyrin by comparison of its mass fragmentation pattern with
that of the o-amyrin authentic standard (Fig.S5). We also
detected five minor peaks corresponding to B-amyrin, lupeol,
and three unidentified compounds (Figs 6, S5). The minor peak
at 26.0 min was putatively identified as taraxasterol, based on the
literature (Wang eral., 2011). Catalysis by BfOSC3 resulted in a
total triterpenol profile comprising >95% o-amyrin. We cannot
definitively conclude that BfFOSC3 is a single-product o-amyrin
synthase, but we also cannot exclude the possibility that by-prod-
ucts might be derived from the N. benthamiana background. The
data suggest that plant expression systems are suitable for
BfOSC3, and that BfOSC3 is the main contributor to o-amyrin
production in B. forficata.

In the chromatogram of yeast expressing BfOSC4 (PS4),
cycloartenol was detected (Fig. 5), indicating that BfFOSC4 has
cycloartenol synthase activity. The EIC (m/z=408) contained
unidentified minor peaks (Fig. 5), suggesting that BFOSC4 is a
multifunctional OSC or that its characterization was hindered by
native yeast sterol biosynthesis enzymes. To confirm the function
of BfOSC4, we performed an 77 vivo enzymatic assay in E. coli.
We assembled the mevalonate pathway from S. cerevisiae and
introduced squalene synthase (SQS) and squalene epoxidase
(SQE) from Arabidopsis thaliana to supply 2,3-oxidosqualene as

New Phytologist (2019) 224: 352-366
www.newphytologist.com
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Fig. 6 Total ion chromatogram of Nicotiana benthamiana leaves
transiently expressing BfFOSC3. N. benthamiana transiently expressing p79
and AtHMGRcd_S577A was used as the background control. a-Amyrin (3)
was detected as the major product in the leaf extract. Five minor peaks
were also observed; these corresponded to f-amyrin (1), lupeol (4),
putative taraxasterol (iii), and two unidentified compounds (i, ii). The mass
fragmentation patterns of a-amyrin and the three unidentified (peaks i-iii)
are shown in Supporting Information Fig. S5. Data are representative of
five biological replicates.

an OSC precursor (Methods S2). BfOSC4 was heterologously
expressed from the E. coli expression vector, pDEST17. Gas
chromatography—mass spectrometry analyses showed a single
peak of cycloartenol in both the total ion and extracted ion (EIC
m/z=408) chromatograms (Fig. S6), confirming that BfOSC4
encodes a cycloartenol synthase. Therefore, the minor peaks
detected in PS4 may be derived from the conversion of
cycloartenol by yeast enzyme(s).

Reverse transcription PCR (RT-PCR) was conducted to assess
OSC expression in B. forficata leaf, root, stem, and flower.
BfOSC4, which encodes cycloartenol synthase, was expressed
equally in all tested tissues (Fig.3b). BfOSC2 and BfOSC3
encode multifunctional OSCs that catalyze the production of
mainly germanicol and o-amyrin, respectively; both were highly
expressed in the aerial parts (Fig. 3b). BfOSCI, which encodes a
multifunctional OSC that catalyzes the production of mainly B-
amyrin, was highly expressed in the root (Fig. 3b). Thus, we spec-
ulate that BFOSC2 plays a role in producing B-amyrin in flower,
leaf, and stem. These results are in agreement with triterpenol
accumulation in B. forficata tissues (Table 1), suggesting a role for
these four BfOSCs in triterpenol diversification.

Residues T257 and L258 are important for BfFOSC3 o
amyrin synthase activity and selectivity

We further analyzed the MXCYXR motif sequence, which is a
determinant of the products generated by OSCs (Kushiro ezal.,

New Phytologist (2019) 224: 352-366
www.newphytologist.com
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2000), in BfOSCs and previously characterized OSCs. Amino
acid sequence alignment of the MXCYXR motif (Table 2) showed
that the tryptophan residue of MWCYCR is conserved among f3-
amyrin synthases, while the leucine residue is conserved among
lupeol synthases (Kushiro ezal, 2000). In the multifunctional
OSCs that catalyze the production of o-amyrin, we found varia-
tion in the methionine and tryptophan residues of MXCYXR
(Table 2). Interestingly, BFOSC3, which preponderantly produces
o-amyrin, has a TLCYCR (257-262) sequence. Multifunctional
OSCs that mainly produce o-amyrin from Barbarea vulgaris
(BvLUPSP) also exhibit this motif sequence (Khakimov ezal,
2015). Therefore, we hypothesized that the T257 and L258
residues in the TLCYCR motif play roles in the o-amyrin synthase
activity of BfOSC3. By site-directed mutagenesis we introduced
T257M and L258W mutations individually and also created the
double mutation. The BfOSC3 mutants were heterologously
expressed in SY100 to generate the yeast strains PS5-PS7. The gas
chromatogram of PS5 (expressing BfOSC3_T257M) contained
o-amyrin and had the same product profile as BFOSC3 (Fig. 7a).
The 1258 residue of the MXCYXR motif mediates the lupeol
specificity of OSCs (Kushiro ez al., 2000; Ito ez al., 2017). Unex-
pectedly, the gas chromatogram of PS6 and PS7 (expressing
BfOSC3_L258W and BfOSC3_T257M/L258W) lacked triter-
penol peaks, as did the EIC (m/z=218; Fig. 7a), suggesting that
1258 is important for the catalytic activity of BfOSC3. How-
ever, we cannot exclude the possibility that loss of activity in
the BfOSC3 mutants was caused by protein instability in the
yeast expression system. Therefore, we determined the activity
of the BfOSC3 mutants in the N. benthamiana transient expres-
sion system. As expected, there was no peak corresponding to
pentacyclic  triterpenols in the gas chromatogram of
N. benthamiana leaves transiently expressing BfOSC3_L258W
and BfOSC3_T257M/L258W (Fig. 7b). However, the peak cor-
responding to tetracyclic triterpenols was of greater area
(Figs 7b, S5). The peak at 23.9min was identified as
cycloartenol by comparison with the authentic cycloartenol
standard, and one minor peak at 28.0 min was identified as a
putative damarenediol-II by comparison of its mass fragmenta-
tion pattern with a prior report (Salmon etal, 2016). These
results suggest the importance of both residues for pentacyclic
cyclization by BfOSC3. Similar results have been reported pre-
viously for SADI1 (B-amyrin synthase from Avena strigosa),
which transformed enzyme activity (from mainly producing
pentacyclic products to mainly producing tetracyclic products)
via a single mutation at S728F (Salmon ez al., 2016).

The TLCYCR motif affects the products of BfOSC1 and
BfOSC2

Next, we investigated the effects of the threonine and leucine
residues in the MXCYXR motif of other BFOSCs. We replaced
the MXCYXR motif of BFOSC1 and BfOSC2 with a TLCYCR
motif to generate the yeast strains PS8—PS17. The gas chro-
matogram of PS8-PS10 (BfOSCI mutants) showed a trace
amount of lupeol; B-amyrin and o-amyrin were not detected
(Fig. 8a), suggesting suppression of catalytic activity. These
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Table 2 Amino acid sequence alignment of the M(T)W(L)CYC(T/A)R motif of BFOSCs and other plant oxidosqualene cyclases (OSCs).

Enzyme Plant/Enzyme name Accession no. MotifM(T)W(L)CYC(T/A)R

B-AS G. glabra/GgBAS BAA89815 256 W 261
A. annua/AapAS ACA13386 256 W 261
B. platyphylla/BpBPY BAB83088 256 W 261
P. sativum/PsPSY BAA97558 256 W 261
L. japonicus/LjOSC1 BAE53429 256 W 261
B. gymnorhiza/BgPAS BAF80443 256 W 261
M. truncatula/MtBAS AAO33578 256 W 261
N. sativa/NsPAS ACH88049 260 W 265

LUS L. japonicus/LjOSC3 BAE53430 254 L 259
O. europaea/ OeOEW BAA86930 255 L 260
T. officinale/ TOTRW BAA86932 257 L 262
G. glabra/GgLUS1 BAD08587 254 L 259
B. platyphylla/BpBPW BAB83087 254 L 259
B. gymnorhiza/BgLUS BAF80444 256 L 261

MFS A. annua/AaOSC2 AHF22084 256 W 261
A. thaliana/AtLUP2 NP178018 257 L 262
B. vulgaris/BvLUP5P ALR73780 257 L 262
O. basilicum/ObAS2 AFH53506 260 W 264
P. sativum/PsPSM BAA97559 256 L 261
M. domestica/MdOSC1 ACM89977 256 F 261
E. japonical/EjAS AFP95334 256 F 261
O. europaea/OeOEA BAF63702 257 W 262
C. roseus/CrAS AFJ19235 257 W 262
1. asprella/MixedAS1 AlS39739 256 W 261

BfOSC B. forficata/BfOSC1 LC464978 259 W 264
B. forficata/BfOSC2 LC464979 257 W 262
B. forficata/BfOSC3 LC464980 257 L 262
B. forficata/BfOSC4 LC464981 254 W 259

B-AS, B-amyrin synthase; LUS, lupeol synthase; MFS, multifunctional OSC that produces a-amyrin. Shading light gray to dark gray indicates the increasing

magnitude of sequence similarity.

results indicate the importance of M259 and W260 for the cat-
alytic activity and B-amyrin product specificity of BFOSCI.

The chromatogram of PS11 (expressing BfOSC2_1257T) was
identical to that of the BfOSC2 wild-type (PS2; Fig. 8b). The
chromatogram of PS13 (expressing BfOSC2_A261C) showed
germanicol but not B-amyrin or lupeol (Fig. 8b). Interestingly,
the chromatogram of PS15 (expressing BfOSC2_1257T/A261C)
had germanicol as a major product together with B-amyrin and
lupeol, similar to the BfOSC2 wild-type (PS2). These results are
unexpected because the 1257T/A261C (PS15) double mutation
restored the BfOSC2 product profile to that of wild-type. There-
fore, the 1257 and A261 residues are important for the catalytic
activity, but not the product selectivity, of BFOSC2. In the yeast
strains expressing BfOSC2_W258L (PS12), BfOSC2_1257T/
W258L (PS14), and BOSC2_W258L/A261C (PS16), lupeol
was a major product and germanicol was a minor product
(Fig. 8b). These results suggest that these residues are essential for
product selectivity, and that W258 is required for the germanicol
synthase activity of BfOSC2. Moreover, mutation of A261 of
BfOSC2 suppressed triterpenol production (compare PS13 to
PS16). By contrast, mutation of 1257 enhanced triterpenol pro-
duction (compare PS12 to PS14, and PS13 to PS15). Therefore,
A261 may be important for the catalytic activity of BFOSC2. In
the yeast strain expressing BfOSC2_1257T/W258L/A261C

(PS17), germanicol and lupeol were detected in equal

© 2019 The Authors
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concentrations, while B-amyrin was not detected (Fig. 8b).
Therefore, these three sites are determinants of the product pro-
file and the germanicol synthase activity of BFOSC2.

Discussion

We cloned and characterized the OSCs responsible for the diver-
sity of triterpenoids in B. forficata and investigated the role of the
TLCYCR motif in o-amyrin synthase activity. o-Amyrin accu-
mulated in most of the B. forficata tissues tested, unlike all of the
other model legumes. Therefore, we hypothesized that B. forficata
possesses a unique OSC that produces o-amyrin. Transcriptome
analyses and homology-based cloning resulted in identification of
four full-length OSGs.

An in vivo assay in S. cerevisiae confirmed that BfOSC1 cat-
alyzes the conversion of 2,3-oxidosqualene to P-amyrin, o-
amyrin, and lupeol at a 94 : 4 : 2 ratio. In addition, BFOSC2 cat-
alyzes the conversion of 2,3-oxidosqualene to germanicol, -
amyrin, and lupeol ata 90: 9 : 1 ratio. To the best of our knowl-
edge, an OSC in a legume plant that mainly catalyzes the produc-
tion of germanicol has not been reported to date. Therefore,
BfOSC2 is the first legume enzyme reported to produce mainly
germanicol. Multifunctional OSCs that produce germanicol have
been reported in Rhizophora styloza (mangrove; RsM1, produces
germanicol : B-amyrin : lupeol at a 63:33:4 ratio) (Basyuni
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Fig. 7 Gas chromatograms of yeasts
expressing BfOSC3 and its TLCYCR-motif
mutants. (a) EIC (m/z = 218) of yeast
expressing the wild-type (PS3) and mutants
of BfOSC3 (PS5-PS7). In BfOSC3-expressing
yeast (PS3), a-amyrin (3) was detected as a
single product. In yeast expressing
BfOSC3_T257M (PS5), a-amyrin (3) was
detected similarly to PS3. In yeast expressing
BfOSC3_L258W (PS6) and BfOSC3_T257M/
L258W (PS7), no peak corresponding to
triterpenol was detected. The SY100 yeast
strain (pYES-DEST52 empty vector, PSO) was
used as the background control. Data are
representative of at least three biological
replicates. (b) a-Amyrin (3) was detected in
the leaf extract of Nicotiana benthamiana
transiently expressing BfOSC3 and
BfOSC3_T257M but not BfOSC3_L258W
and BfOSC3_T257M/L258W. The peaks
corresponding to cycloartenol (5) and two
minor peaks, putative damarenediol-II (6)
and an unidentified compound (ii), were of
increased area in leaves transiently
expressing either BFOSC3_L258W or
BfOSC3_T257M/L258W. Mass
fragmentation patterns are shown in
Supporting Information Fig. S5. Leaves
transiently expressing p19 and
AtHMGRcd_S577A were used as
background controls. Data are representative
of five biological replicates.

etal., 2007) and Malus domestica (apple; MdOSC4, produces
germanicol : B-amyrin : lupeol at an 82:14:4 ratio) (Andre
eral., 2016). Although BfOSC3 catalyzed the conversion of 2,3-
oxidosqualene to only o-amyrin, we were puzzled by the incon-
sistency between the accumulation of o-amyrin in B. forficata and
the low productivity of BfOSC3 in yeast. An attempt to charac-
terize BFOSC3 using an in vivo E. coli expression system failed to
detect triterpenol products. However, using an N. benthamiana
transient expression system, we found that the product profile of
BfOSC3 comprised >95% o-amyrin. Therefore, the catalytic
activity of BfOSC3 is suitable for plant expression systems.
Codon optimization might enhance the o-amyrin—generating
activity of BfOSC3 in yeast or other microbial expression sys-
tems.

Several OSCs that produce B-amyrin or lupeol as a single pro-
duct have been reported (Hayashi ez al., 2001; Zhang ez al., 2003;
Kajikawa ez al., 2005); however, no OSC that produces o-amyrin
as a single product has been found (Andre ezal, 2016; Yu etal.,
2018), and may not exist in nature (Saimaru ezal, 2007). To
date, MdOSC1  from M. domestica, CrAS from
Catharanthus roseus, and 1aAS1 from Ilax asprella have a product
profile comprising >80% o-amyrin (Brendolise eral, 2011;
Huang ez al., 2012; Zheng ez al., 2015). The biosynthesis of o-
amyrin and B-amyrin diverges after formation of the oleanyl
cation (Ito eral, 2013a). B-Amyrin is formed after the hydride
arrangement from C-18 to C-12, whereas the methyl group at

only
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the C-29 position shifts to C-19 and is subsequently subjected to
hydride arrangement, resulting in the generation of o-amyrin
(Fig. S7; Ito eral., 2013a). Homology modeling, domain swap-
ping and site-directed mutagenesis using yeast expression systems
have been conducted to assess the function and cyclization mech-
anism of OSCs (Kushiro ezal, 1999, 2000; Segura ez al., 2003;
Chang etal., 2013; Ito eral., 2013a, 2014, 2017). However, the
branch point and the amino acids essential for f-amyrin and o-
amyrin biosynthesis are unknown.

To identify the amino acids essential for the o-amyrin synthase
activity of BfOSC3, we performed site-directed mutagenesis of
the MXCYXR motif, a determinant of the product selectivity of
OSCs (Kushiro ez al., 2000). We found that 1.258 residue on the
TLCYCR motif was crucial for BFOSC3 ai-amyrin synthase activ-
ity. We further performed homology-based structural modeling
and molecular docking analyses (Methods S3) to investigate the
cyclization mechanism. In our model, the TLCYCR motif was
located near the catalytic pocket, but we could not observe its
direct interaction with o-amyrin (Fig. S8). Therefore, we could
not assess the cyclization mechanism, most likely because the
model was based on the human lanosterol synthase (HsLAS,
1'W6K), which only has 34% similarity to BFOSC3.

Our findings provide insights into triterpenoid metabolites in
the non-model legume B. forficata. In addition, using a suitable
heterologous expression platform, we discovered four OSCs and
identified the amino acid residues involved in the o-amyrin
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Fig. 8 Total ion chromatograms of heterologous host expressing BFOSC1, BfOSC2, and mutants thereof in the MXCYXR motif. (a) In the chromatogram of
BfOSC1-expressing yeast (PS1), B-amyrin (1) was detected as the major product, and a-amyrin (3) and lupeol (4) were detected in trace amounts. In the
chromatograms of yeasts expressing the BFOSC1 mutants (PS8-PS10), BFOSC1_M259T (PS8), BFOSC1_W260L (PS9), and BfOSC1_M259T/W260L
(PS10), B-amyrin (1) and a-amyrin (3) were not detected, and lupeol (4) was detected at a low concentration. Data are representative of at least three
biological replicates. (b) In the chromatogram of BfOSC2-expressing yeast (PS2), germanicol (2) was detected as the major product, and p-amyrin (1) and
lupeol (4) as minor products. The product profiles of the yeasts expressing BFOSC2_1257T (PS11) and BfOSC2_1257T/A261C (PS15) were identical to that
of PS2. In the chromatogram of yeast expressing BFOSC2_W258L (PS12), lupeol (4) was detected as the major product and germanicol (2) as a minor
product. In the chromatogram of yeast expressing BFOSC2_A261C (PS13), a trace amount of germanicol (2) was detected, whereas g-amyrin (1) and
lupeol (4) were not detected. In the chromatograms of yeasts expressing BfFOSC2_1257T/W258L (PS14) and BfOSC2_W258L/A261C (PS16), lupeol (4)
was detected as the major product and germanicol (2) as a minor product. In the chromatogram of yeast expressing BfOSC2_1257T/W258L/A261C
(PS17), germanicol (2) and lupeol (4) were detected at equal concentrations and B-amyrin (1) was not detected. Data are representative of at least three

biological replicates.

synthase activity of a newly discovered OSC (BfOSC3).
Although the mechanism of o-amyrin formation remains
unclear, our results will facilitate the engineering of OSCs with
the desired product profile. In addition, an understanding of the
product selectivity of OSCs will enable the design of efficient
OSCs for commercial applications.
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