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h i g h l i g h t s

� b-Amyrin and cycloartenol synthases
in the medicinal plant A.
membranaceus were characterized.

� They contribute to the biosynthesis of
medicinally important astragalosides
and soyasaponins in Huang-Qi.

� Conserved motifs VFM/VFN are
critical for the function of b-amyrin
and cycloartenol synthases.
g r a p h i c a l a b s t r a c t

Oxidosqualene cyclases AmOSC2 and AmOSC3 participated in the biosynthesis of medicinally important
soyasaponins and astragalosides in A. membranaceus. Conserved motifs VFM/VFN were found as func-
tional signatures and yield determinants for b-amyrin/cycloartenol synthases.
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Introduction: Triterpenoids and saponins have a broad range of pharmacological activities. Unlike most
legumes which contain mainly oleanane-type scaffold, Astragalus membranaceus contains not only
oleanane-type but also cycloartane-type saponins, for which the biosynthetic pathways are unknown.
Objectives: This work aims to study the function and catalytic mechanism of oxidosqualene cyclases
(OSCs), one of the most important enzymes in triterpenoid biosynthesis, in A. membranaceus.
Methods: Two OSC genes, AmOSC2 and AmOSC3, were cloned from A. membranaceus. Their functions were
studied by heterologous expression in tobacco and yeast, together with in vivo transient expression and
virus-induced gene silencing. Site-directed mutagenesis and molecular docking were used to explain the
catalytic mechanism for the conserved motif.
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Cycloartenol
Biosynthesis
Conserved motif
Results: AmOSC2 is a b-amyrin synthase which showed higher expression levels in underground parts. It
is associated with the production of b-amyrin and soyasaponins (oleanane-type) in vivo. AmOSC3 is a
cycloartenol synthase expressed in both aerial and underground parts. It is related to the synthesis of
astragalosides (cycloartane-type) in the roots, and to the synthesis of cycloartenol as a plant sterol pre-
cursor. From AmOSC2/3, conserved triad motifs VFM/VFN were discovered for b-amyrin/cycloartenol
synthases, respectively. The motif is a critical determinant of yield as proved by 10 variants from different
OSCs, where the variant containing the conserved motif increased the yield by up to 12.8-fold. Molecular
docking and mutagenesis revealed that Val, Phe and Met residues acted together to stabilize the sub-
strate, and the cation-p interactions from Phe played the major role.
Conclusion: The study provides insights into the biogenic origin of oleanane-type and cycloartane-type
triterpenoids in Astragalus membranaceus. The conserved motif offers new opportunities for OSC
engineering.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Triterpenes are one of the largest and most structurally diverse
classes of plant natural products. They protect plants from patho-
gens, and determine agronomically important traits such as flavor
[1,2]. They also have a broad range of pharmacological activities.
Notably, many plant-derived triterpenes and saponins (glycosy-
lated triterpenes) are used as medicines or dietary supplements.
Examples include glycyrrhizin from Glycyrrhiza uralensis for hep-
atoprotection, anti-cancer ginsenosides from Panax ginseng, and
the vaccine adjuvant QS-21 from Quillaja Saponaria [3,4,5]. More
than 20,000 triterpenes have been reported [2]. These compounds
can be categorized according to their structural backbones, the
most common being b-amyrin.

Legumes (members of the Fabaceae family) produce various
triterpenoids, most of which have the pentacyclic b-amyrin back-
bone [6,7]. For example, the major triterpenoids found in barrel
clover (Medicago truncatula), licorice (Glycyrrhiza glabra), and soy-
bean (Glycine max) are derived from the b-amyrin-based scaffolds
medicagenic acid, glycyrrhetinic acid, and soyasapogenol B, respec-
tively (Fig. S1) [3,8]. For the genus Astragalus, besides b-amyrin
backbones, there are a lot of triterpenoids based on the tetracyclic
skeleton, cycloartenol. Cycloartenol is well known as a precursor
for the biosynthesis of essential plant sterols [9], as well as for ster-
oidal alkaloids such as tomatine [10]. It could also serve as a pre-
cursor of specialized triterpenes from genus Astragalus (Fabaceae)
and Cimicifuga (Ranunculaceae) [11,12]. The roots of Astragalus
membranaceus and A. membranaceus var. mongholicus are used as
a tonic herb Huang-Qi in traditional Chinese medicine. Triter-
penoids are the major effective constituents [13]. In total 77 triter-
penoids have been purified from these two plants, including 51
cycloartane-type and 24 oleanane-type [14]. Representative com-
pounds such as astragaloside IV and soyasaponin I, has been
reported for cardiovascular protective effects and anti-
inflammatory activities, respectively [14,15].

Triterpene scaffolds such as b-amyrin and cycloartenol are
formed by cyclization of the linear precursor 2,3-oxidosqualene,
a process that is catalyzed by enzymes known as oxidosqualene
cyclases (OSCs). Different OSCs generate different triterpene back-
bones through a cascade mechanism involving substrate folding,
protonation, cyclization/rearrangement, and deprotonation/water
capture [2,16,17]. Plant OSCs share several conserved motives
including DCTAE, MXCXCR, and QXXXXXW, which contribute to
reaction initiating, substrate binding, product specificity, and car-
bon cation stabilization [16]. Around 170 plant OSCs have now
been characterized, collectively synthesizing more than 60 differ-
ent types of triterpene backbones [16]. Most legume species inves-
tigated so far each have multiple OSCs, primarily b-amyrin
synthases (bASs), cycloartenol synthases (CASs), and lupeol syn-
thases [2,16,18,19]. In order to explore the biosynthesis of
248
oleanane-type and cycloartane-type triterpenoids in Astragalus
species, especially why unlike other legumes, Astragalus species
produce both cycloartane-type and oleanane-type triterpenoids,
it is necessary to firstly investigate the nature and functions of
their OSCs.

In this study, we discovered two OSCs in A. membranaceus. Their
functions were characterized by heterologous expression in N. ben-
thamiana and yeast, and by in vivo experiments including transient
expression, virus-induced gene silencing, and RNA interference.
We show that AmOSC2 and AmOSC3 make primarily the triter-
penoid scaffolds b-amyrin and cycloartenol, and contribute to the
biosynthesis of oleanane-type and cycloartane-type triterpenoids
in vivo, respectively. We also discovered that most bAS and CAS
have a conserved amino acid motif VFM/VFN. This motif is not con-
served in AmOSC2 and led to a lower yield of b-amyrin. Mutagen-
esis and molecular docking are carried out to verify the role of this
conservative region. Our results provide insights into triterpene
biosynthesis in A. membranaceus, and also a conserved motif to
improve the yield for OSCs.
Material and methods

Plant material and triterpenoid reference standards

Seeds were purchased from Anguo FengHua Seed Station
(Hebei, China) and identified as Astragalus membranaceus based
on psbA-trnH fragments [20]. The seeds were sown in mixotrophic
soil and cultivated in 25 �C (16 h/8 h-light/dark). These plants were
used for chemical analysis (3-month-old), transient expression and
VIGS (2-month-old). For gene cloning, expression analysis and
RNAi (2-week-old), the seedlings were sterilized and germinated
as described in Supporting Information. In addition, a 3-year-old
A. membranaceus plant was collected from Daxing’anling (Hei-
longjiang, China). Reference standards were purchased or purified
in our group [21] as described in the Supporting Information.
Transcriptome and phylogenetic analysis

Four transcriptome datasets (NCBI SRA database numbers
SRR923811, ERR706814, SRR5343992 and SRR5343993, Table S1)
were used in this study. The data were assembled using Trinity
software. Candidate OSC genes were identified using tBLASTn
searches with GgbAS1 (Genbank AB037203) [22] and GgCAS1
(Genbank AB025968) [23] as templates. For phylogenetic analysis
of OSCs, a total of 98 amino acid sequences, including b-amyrin
synthase, cycloartenol synthase, and other functional OSCs were
used (Table S2). Sequences were aligned using ClustalW and evolu-
tionary distances computed through MEGA6 using the Maximum
Likelihoodmethod with default parameters while bootstrap = 1000

http://creativecommons.org/licenses/by-nc-nd/4.0/
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[24,25]. All positions containing gaps and missing data were
eliminated.

Molecular cloning and construct generation

Total RNA was extracted from roots of 2-week-old A. mem-
branaceus plants and the cDNA was synthesized (Supporting Infor-
mation). PCR was performed using Phusion High Fidelity DNA
polymerase (New England BioLabs, US) or TransScript KD Plus
DNA polymerases (Transgen Biotech, CN). The coding regions of
AmOSC2 and AmOSC3 were amplified using primers in Table S3,
and were then cloned into pDONR207 vectors following the Gate-
way Technology manual (Invitrogen). After verification of the
sequences, the genes were transferred into pEAQ-HT vectors [26]
using for transient expression in N. benthamiana and A.
membranaceus.

For heterologous expression in yeast, genes were amplified
using primers shown in Table S4. The PCR products were inserted
into pYES2 vector (Invitrogen) using Quick-Change method [27].
Other known OSC genes (TcOSC1, TkOSC6, GuOSC, PgPNY1, PgPNY2,
PgPNX1, LjOSC3, AtPEN1) were constructed into pYES2 vectors
using the same method (Table S4 and Table S5). Plasmids for
site-directed mutagenesis of OSCs were constructed using Fast
Mutagensis System kit (TransGen Biotech, CN) using the primers
in Table S6. All plasmids were confirmed by sequencing and then
transformed into the GIL77 yeast strain [28] using Frozen-EZ Yeast
Transformation II Kit (Zymoresearch, US) for expression.

For VIGS and RNAi experiment, specific fragments were cloned
from AmOSC2 and AmOSC3 with primers shown in Table S7 and
Table S8, respectively. The fragments were then inserted into the
pTRV2 vector using pEASY-Uni Seamless Cloning and Assembly
Kit (TransGen Biotech, CN) for VIGS, or inserted into pDONR207
and pK7WGIGW2R vectors using Gateway Technology [29].

Gene expression analysis

Total RNA was extracted from 0-day to 2-week A. mem-
branaceus seedlings, and the cDNA was synthesized following the
Supporting Information. Gene expressions were determined by
real-time qPCR using gene-specific primers (Table S9) and TransS-
tart Green qPCR SuperMix (Transgen Biotech, CN) on an Agilent
MX3005P real-time PCR system (Agilent Technologies, US). All
qPCR data were normalized to a 217-bp fragment of the A. mem-
branaceus 18S RNA [30].

Transient expression in Nicotiana benthamiana and Astragalus
membranaceus

Transient expression was carried out using the pEAQ-HT-DEST1
expression constructs in Agrobacterium tumefaciens strain LBA4404
following our previous report [31]. The A. tumefaciens cell suspen-
sions were infiltrated into the undersides of leaves of 4-week-old
N. benthamiana plants, and the leaves were harvested 5 days after
agro-infiltration and freeze-dried. For transient expression in A.
membranaceus, 2-month-old plants were used, and other steps
were consistent with N. benthamiana. Scaled-up heterologous
expression in N. benthamiana was described in the Supporting
Information.

Virus-induced gene silencing (VIGS)

pTRV1, pTRV2, pTRV2/PDS (phytoene desaturase as a positive
control), pTRV2/AmOSC2793-1101, and pTRV2/AmOSC31553-1893 con-
structs were introduced separately into A. tumefaciens strain
GV3101 by electroporation. A 40-mL culture of each strain was
incubated at 28 �C in LB broth (50 lg/mL kanamycin and 100 lg/
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mL rifampicin) until OD600 = 0.6. After centrifugation, bacteria
were re-suspended with MMA buffer to OD600 = 1. Agrobacterium
cultures containing pTRV1 (encodes proteins for viral replication
and movement) and different pTRV2 (encodes the coat protein
and harbors the sequence used for VIGS) constructs were mixed
in 1:1 ratio and kept in dark at room temperature for 2 h. The mix-
ture was infiltrated into the underside of the leaves of 2-month-old
A. membranaceus plants with a 1-mL syringe [32,33]. After one
week, leaves were harvested for GC/MS analysis.

RNA interference (RNAi)

The recombinant plasmids pK7WGIGW2R containing RNAi
fragments of AmOSCs and an empty vector pK7WG2R-EV as nega-
tive control were transformed into Agrobacterium rhizogenes A4 by
electroporation respectively. Positive transformants were cultured
in LB medium supplemented with spectinomycin (50 mg/L) and
kanamycin (50 mg/L) at 28 �C until OD600 = 0.6. Ten milliliters
of the bacteria were collected and resuspended using 2 mL of ster-
ilized water containing 50 lM acetosyrengone. Two-week-old A.
membranaceus aseptic seedlings were infected with the bacterial
solution. The infected seedlings were co-cultured on B5 solid
media for one week and transferred onto B5 solid media containing
3% sucrose and 500 mg/L cefotaxime (Sangon Biotech, CN) for
about 4 weeks at 25 �C (12 h light/12 h dark). Positive hairy roots
were screened out according to the fluorescence of dsRed protein
(554 nm for exciting and 586 nm for emitting light), and were then
transferred onto a new B5 solid media containing 3% sucrose and
500 mg/L cefotaxime at 25 �C (24 h dark). After 5 weeks, the pos-
itive hairy roots were harvested.

Heterologous expression in yeast

Yeast expression was carried out in strain GIL77 (gal2 hem3-6
erg7 ura3-167) following our previous study [21]. Briefly, pYES2
plasmids containing AmOSC2 and AmOSC3 and an empty pYES2
vector were transformed into GIL77. The yeast strains were grown
at 30 �C in 40 mL cultures in selective medium [SC-URA + 2% (w/v)
glucose + supplements] for 48 h with shaking (200 rpm). The sup-
plements used were as follows: ergosterol 20 lg mL�1; hemin
13 lg mL�1; and Tween 80 5 mg mL�1 (Yuanye Bio-Technology,
CN). Cells were then pelleted (collected by centrifugation at a
speed of 500 g for 5 min) and transferred to 40 mL induction med-
ium [SC-URA + 2% (w/v) galactose + supplements], and incubated
for 24 h at 30 �C. The purification of yeast microsomes was per-
formed following previous reports [34,35] and was described in
the Supporting Information. Scaled-up heterologous expression in
yeast was described in the Supporting Information.

Molecular simulation

For homology modeling of AmOSC2 and its mutant, human
lanosterol synthase (PDB ID: 1W6J) [36] was used as a template.
Simulated protein structures were generated using SWISS-
MODEL (swissmodel.expasy.org). Molecular docking of protein
models and intermediates were carried out by autodock [37]. The
conformation result with the lowest binding energy was used for
further study. Models were visualized by using AutoDocktools
v1.5.6 and Pymol.

GC/MS analysis

An aliquot of 5 mg of dried plant samples were extracted with
0.5 mL of saponification reagent (10% (w/v) KOH in 90% (v/v) etha-
nol, containing 10 lg/mL of coprostanol or 1.5 lg/mL of betulin as
the internal standard), and incubated at 70 �C for 2 h before extrac-

http://swissmodel.expasy.org


Fig. 1. Chemical analysis of A. membranaceus and the proposed biosynthetic pathways for its major saponins. (A) LC/MS analysis of a 3-year-old root. TIC, total ion
chromatogram; EIC, extracted ion chromatogram. In EIC, m/z 913.48 ([AS-I + HCOO]-), m/z 871.47 ([AS-II + HCOO]-), m/z 829.46 ([AS-III + HCOO]-/[AS-IV + HCOO]-), m/z
941.51 ([SS-I-H]-), and m/z 953.47 ([AS-D-H]-) were extracted. (B) GC/MS analysis of a 3-month-old root. In EIC, m/z 218.2 (1), 339.3 (2), 306.3 (SS), and 215.2 (CA) were
extracted. All compounds were identified by comparing with reference standards except for AS-D (identified by HR-MS/MS, Fig. S2A). (C) Proposed biosynthetic pathways of
oleanane-type and cycloartane-type saponins in A. membranaceus. P450, cytochrome P450. GT, glycosyltransferase. AT, acyltransferase. Rha, rhamnose. Gal, galactose. GlcA,
glucuronic acid. Glc, glucose. Xyl, xylose. Ac, acetyl.
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tion with 0.5 mL of ethyl acetate twice. The ethyl acetate extracts
were combined and concentrated to 250 lL using a Speedvac
(Hualida Co., CN). Yeast cells (from 40-mL culture) were extracted
by ultrasonication for 1 h with 10 mL of 20% (w/v) KOH in 50% (v/v)
ethanol, containing the same internal standards above. The mix-
tures were extracted three times with 10 mL hexane and the hex-
ane extracts were concentrated to 1 mL. Aliquots of the plant
extracts (50 lL) or yeast extracts (50 lL) were then dried down
using a water bath at 70 �C and the residues were re-suspended
in 50 lL of Tri-Sil Z reagent (Sigma-Aldrich, USA) or TMS-HT
(TCI, JPN) before incubating at 70 �C for 30 min. An additional
50 lL of ethyl acetate or 200 lL of hexane was added into the
derivative products for plant and yeast respectively. After centrifu-
gation, the supernatant was used for GC/MS detection.

For functional characterization of AmOSC genes, GC/MS analysis
was performed on an Agilent GC–MSD (7890B-5977A) equipped
with a ZebronTM ZB-5HT, GC Cap. Column (30 m � 0.25 mm � 0.1
0 lm, Phenomenex). An 1-lL aliquot was injected into the GC
split/splitless inlet (250 �C) using a pulsed splitless mode (30 psi
pulse pressure). The transfer line temperature was 280 �C. The
oven temperature program was set to 170 �C for 2 min, followed
by a ramp to 300 �C at 20 �C/min and held at 300 �C for 11.5 min
250
to give a final run time of 20 min. MS scan range, m/z 60–800; scan
time, 0.1184 s (per spectrum); inter-scan delay time, 0.0205 s (per
spectrum); solvent delay, 8 min. For chemical analysis, transient
expression, VIGS, and mutagenesis analysis, GC/MS analysis was
performed on an ISQ 7000 Single Quadrupole GC–MS System
(Thermo Scientific) using a similar program (Supporting
Information).

LC/MS analysis

LC/MS analysis was performed on a Vanquish UHPLC system
coupled with a Q-Exactive quadrupole-orbitrap mass spectrometer
(ThermoFisher Scientific, USA) equipped with an Acquity UPLC HSS
T3 column (100 mm � 2.1 mm, 1.8 lm, Waters, USA). Details were
described in the Supporting Information.

Results

Chemical analysis of A. membranaceus

Saponins are major bioactive compounds in the roots of A. mem-
branaceus [13,14]. They mainly belong to cycloartane-type and
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oleanane-type [13,14]. To confirm the chemical composition, the
roots of A. membranaceus were analyzed by LC/MS and GC/MS
respectively. As shown in Fig. 1A, cycloartane-type saponins such
as astragaloside I, II, III, and IV were detected abundantly in 3-
year-old roots. Meanwhile, oleanane-type saponins including soy-
asaponin I and astroolesaponin D were also found. To confirm the
triterpene backbones, 3-month-old roots were extracted using 10%
KOH and analyzed using GC/MS. As shown in Fig. 1B, b-amyrin (1)
and cycloartenol (2), as well as their oxidized products soyasa-
pogenol B (SS) and cycloastragenol (CA), were detected. All com-
pounds above were unambiguously characterized by comparing
with reference standards except for astroolesaponin D, which
was identified by analyzing its high-resolution MS/MS data
(Fig. S2A). The biosynthetic pathway of these saponins was
proposed in Fig. 1C, where OSC genes should be present in
A. membranaceus and dedicated to the biosynthesis of
cycloartane-type and oleanane-type saponins.
Transcriptome mining and phylogenetic analysis

In total four sets of transcriptome data have been published for
A. membranaceus (Table S1), including for hairy roots (Genbank
SRR923811), shoots and roots (ERR706814), taproots
(SRR5343992) and leaves (SRR5343993). Candidate OSC genes
were identified by transcriptome mining of these four databases
by BLASTn (e < 10-140 and alignment greater than 1700 bp), using
the licorice OSCs GgbAS1 [22] and GgCAS1 [23] as probes. Three
OSC genes were found and named as AmOSC1, AmOSC2, and
AmOSC3.

The function of AmOSC1 was not characterized, so we reported
AmOSC2 and AmOSC3 (Genbank Accession Nos. MT080938 and
MT080939) in this study. Phylogenetic analysis of AmOSCs
and 96 previously characterized plant OSCs revealed AmOSC2
and AmOSC3 grouped with other previously characterized
Fig. 2. Functional characterization of AmOSC2 and AmOSC3 in vitro. (A) Transient express
in yeast. (C) Incubation reaction with microsomes from yeast harboring AmOSC genes. (
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b-amyrin synthases and cycloartenol synthases respectively
(Fig. S3). In addition, AmOSCs were more closely related to OSCs
from other legume plants, as expected.
Functional characterization in vitro

Transient expression of AmOSC 2 and 3 in N. benthamiana
resulted in new products, although some peaks were minor
(Fig. S4). When co-expressed with a truncated feedback-
insensitive version of HMG-CoA reductase (tHMGR, KY28473)
[31], new product peaks were clearly detected. AmOSC2 produced
a major product b-amyrin (1) together with a minor product
dammarenediol-II (3), which was an upstream intermediate of b-
amyrin [2,16]. AmOSC3 gave a single major product cycloartenol
(2). Although it could be detected in the control group as a plant
sterol precursor [9], expression of AmOSC3 gave a considerable
increase in the amount of cycloartenol (Fig. 2A).

To confirm the functions of AmOSC 2 and 3, we next expressed
them in the yeast strain GIL77 [28]. AmOSC2 yielded b-amyrin (1)
as a major product as expected, and also a minor product
epoxydammara-3,25-diol (4), which might be derived from
another substrate dioxidosqualene [21]. The yeast strain harboring
AmOSC3 produced cycloartenol (2), which was consistent with its
function in N. benthamiana (Fig. 2B). Additional peaks were also
detected, which may represent yeast-modified metabolites accord-
ing to previous reports [38,39]. Compounds 1, 2, and 4 were puri-
fied and characterized by NMR (Supporting Information).
Compounds 1–4 were identified by comparing the retention times
and mass spectra (Fig. S5) with those of reference standards.

To further clarify their functions, microsomes were extracted
from GIL77 strains harbouring AmOSC2 and AmOSC3 genes [35].
When 2,3-oxidosqualene was added as a substrate, AmOSC2 and
AmOSC3 produced b-amyrin (1) and cycloartenol (2), respectively
ion of AmOSC genes in N. benthamiana. (B) Heterologous expression of AmOSC genes
D) Structures of compounds 1–4.
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(Fig. 2C). Thus the functions of AmOSC 2 and 3 were fully
confirmed.
Expression patterns of AmOSCs

We then determined the expression levels of the two OSC genes
and the concentrations of their products in A. membranaceus seed-
lings. In RT-qPCR analysis, AmOSC2 showed much higher expres-
sion levels in underground parts than aerial parts (Fig. 3B).
b-Amyrin and its downstream oleanane-type saponins (OT sapo-
nins, including soyasaponin I, astroolesaponin D, and robinioside
B) also showed higher content in underground parts (Fig. 3CD,
Fig. S6A). AmOSC3 was expressed in all samples though the expres-
sion level was higher in underground parts. Accordingly, cycloarte-
nol was detected in seeds and seedlings (Fig. 3C). However, the
downstream product cycloartane-type saponins (CT saponins,
namely astragaloside I/II/III/IV) specifically existed in the under-
ground parts (Fig. 3D, Fig. S6B).
Fig. 3. Functional characterization of AmOSC2 and AmOSC3 in vivo. (A-D) AmOSC expre
seedlings of different ages. The upper panel showed complete seedlings while lower show
AmOSC2/3. A, aerial parts; U, underground parts. (C) Contents of b-amyrin and cycloarteno
saponins, including SS-I, AS-D, and RS-B, Fig. S6A) and CT saponins (cycloartane-type sap
identified by comparing with reference standards except for AS-D and RS-B (identified b
Blank, AmOSC2, and AmOSC3 groups were infected with A. tumefaciens strains LBA4404
AstHMGR + pEAQ-HT/AmOSC3 plasmids respectively. (F) VIGS of AmOSC genes in A. mem
strains GV3101 carrying pTRV1 + pTRV2, pTRV1 + pTRV2-AmOSC2793-1101, and pTRV1 + p
and triterpenoid contents. OT saponins, oleanane-type saponins (SS-I, AS-D, RS-B); CT
P < 0.05 and ** P < 0.01.
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Functional characterization in vivo

To study the in vivo function of AmOSC2 and AmOSC3, transient
expression, virus-induced gene silencing (VIGS), and RNA interfer-
ence (RNAi) experiments were carried out. When AmOSC2 and
AmOSC3 were transiently overexpressed in A. membranaceus, the
contents of b-amyrin and cycloartenol significantly increased by
65.7% and 27.1%, respectively (Fig. 3E). Meanwhile, in the VIGS
experiment (Fig. S7), when AmOSC2 and AmOSC3 were suppressed,
the contents of b-amyrin and cycloartenol significantly decreased
by 26.3% and 61.0%, respectively (Fig. 3F). These results indicated
that AmOSC2 and AmOSC3 are associated with the synthesis of b-
amyrin and cycloartenol in A. membranaceus, respectively.

To further study the correlation between AmOSC2/3 and the
saponin contents, RNAi was carried out using the hairy roots of
A. membranaceus (Fig. S8). Regretfully, according to more than 30
lines generated, silencing of the sterol biosynthetic gene AmOSC3
were more likely to be detrimental, and compensational increase
of AmOSC3 expression was observed when AmOSC2 was interfered.
ssion and metabolite accumulation in A. membranaceus seedlings. (A) Pictures of
ed the aerial and underground parts. (B) RT-qPCR analysis of the transcript levels for
l in the seedlings determined by GC/MS. (D) Contents of OT saponins (oleanane-type
onins, including AS-I/II/III/IV, Fig. S6B) determined by LC/MS. All compounds were
y HR-MS/MS, Fig. S2). (E) Transient expression of AmOSC genes in A. membranaceus.
carrying pEAQ-HT/AstHMGR, pEAQ-HT/AstHMGR + pEAQ-HT/AmOSC2, and pEAQ-HT/
branaceus. Blank, AmOSC2, and AmOSC3 groups were infected with A. tumefaciens
TRV2-AmOSC31553-1893, respectively. (G) Correlation between gene expression levels
saponins, cycloartane-type saponins (AS-I/II/III/IV). For all groups in B-F, n = 3. *
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Thus we correlated the gene expression levels with the contents of
triterpenes. As shown in Fig. 3G, the transcript level of AmOSC2was
higher in the roots that accumulating more b-amyrin or more
oleanane-type saponins (soyasaponin I, astroolesaponin D and
robinioside B, Table S10) (Pearson correlation coefficients r = 0.55
and 0.38, respectively). Meanwhile, the transcript level of AmOSC3
was higher in the roots that accumulating more cycloartenol or
more cycloartane-type saponins (astragalosides I, II, III, and IV,
Table S10) (r = 0.54 and 0.64, respectively). These results further
proved that AmOSC2 and AmOSC3 are associated with the synthesis
of oleanane-type and cycloartane-type saponins in the roots of A.
membranaceus, respectively.
Sequence analysis of AmOSCs and other OSC proteins

In a small-scale phylogenetic analysis, AmOSC3 grouped with
legume cycloartenol synthases, while AmOSC2 formed a single
branch from other legume OSCs (Fig. S9). To reveal the specific fea-
ture of AmOSC2, we used sequence alignment to find that AmOSC2
has a mutation on a triad motif. The triad is close to the C-terminus,
and conserved as VFM in 33 out of 38 b-amyrin synthases (Fig. 4,
Fig. S10). Besides AmOSC2 (SIV), exceptions were also found in
TcOSC1 (VYM) (from Taraxacum coreanum) [40] and TkOSC6
(VFK) (from Taraxacum kok-saghyz) [41]. To evaluate the consis-
tency of the triad in other OSCs, 26 cycloartenol synthases includ-
ing AmOSC3 were aligned using the same method. As a result, the
triad motif was conserved as VFN in 24 out of 26 cycloartenol syn-
thases (Fig. S10), except for PgPNX1 (VFD) (from Panax ginseng)
[28] and LcCAS1 (IFN) (from Luffa cylindrica) [42]. These results
suggested that the VFM/VFN triad might be signatures for bASs/
Fig. 4. Sequence alignments of b-amyrin synthases and cycloartenol synthases. Conserv
representing 38 or 26 OSC genes were created using WebLogo (https://weblogo.berkele
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CASs, respectively. This motif has rarely been studied before, and
its function warrants further investigation.
Site-directed mutagenesis of OSCs

To test the functions of the VFM/VFN motif, we carried out site-
directed mutagenesis to replace the triad for different OSCs includ-
ing AmOSC2/3, TcOSC1, TkOSC6 and PgPNX1 mentioned in the last
paragraph (Fig. 5A, Fig. S11). For example, an AmOSC2 mutant was
constructed by replacing SIV with VFM. The AmOSC2SIV727-729VFM
mutant showed a 4.4-fold increase in b-amyrin (1) production
compared to the wild-type when expressed in yeast (Fig. 5B). Sim-
ilar results were observed in N. benthamiana, where the
AmOSC2SIV727-729VFM mutant increased the production of
b-amyrin (1) by 12.8-fold (Fig. S12). Similarly, for b-amyrin syn-
thases TcOSC1 and TkOSC6, the TcOSC1VYM735-737VFM and TkOSC6-
VFK726-728VFM variants could increase the yield of b-amyrin by
34.7% and 50.0%, respectively. For TcOSC1, we also observed the
decreased yield of by-products (Fig. S13). On the contrary, when
the VFM triad was replaced by SIV, the activity of GuOSC (from Gly-
cyrrhiza uralensis) decreased by 4.0-fold, while the activities of
PgPNY1 and PgPNY2 (from P. ginseng) were almost abolished. For
cycloartenol synthases, mutation of VFN diminished the activity
of AmOSC3, while mutation of VFD to VFN increased the activity
of the PgPNX1 by 75.3% (Fig. 5C). These results indicate that the
VFM and VFN motifs are important for the function of b-amyrin
synthases and cycloartenol synthases. The triad motif is also
important for other OSCs, as exemplified by LjOSC3 (lupeol syn-
thase from Lotus japonicus) [18] and AtPEN1 (arabidiol synthase
from Arabidopsis thaliana) [43] (Table S5). Mutation of the corre-
ed motifs VFM and VFN were marked in orange and blue, respectively. The images
y.edu/) and the genes were listed in Fig. S10. *, Genes from legumes.

https://weblogo.berkeley.edu/
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sponding residues also significantly decreased their activities
(Fig. S14).
Homology modeling and molecular docking for AmOSC2

To further explain the mechanism of function for the triad
motif, we used homology modeling and molecular docking to sim-
ulate the interactions between AmOSC2 and its intermediates. The
structure models of AmOSC2 and AmOSC2SIV727-729VFM mutant
were generated using human lanosterol synthase (PDB ID: 1W6J)
as a template [36]. It showed amino acids sequence identity of
35.15% with AmOSC2. According to the cyclization process of 2,3-
oxidosqualene to form b-amyrin, high-energy intermediates [44]
including lupenyl cation and germanicyl cation were used as
ligands [45,46]. To validate the model, a key amino acid Y259
was discovered as consistent with previous reports [45]. Y259
plays an important role in stabilizing the C-19 germanicyl cation
intermediate through cation-p interaction. This was further proved
by the Y259A mutant, whose function was abolished (Fig. 6B).
These data confirmed the accuracy of the model.

When the SIV residues at 727–729 were replaced by the con-
served VFM, both lupenyl and germanicyl cation could be more
stable due to the emerging cation-p interaction between the phe-
nyl of F728 and the cation intermediate (Fig. 6A). In addition, when
Fig. 5. Site-directed mutagenesis of OSCs. (A) b-amyrin synthases (bAS) and cycloarten
Comparison of b-amyrin (1) yields and GC/MS chromatograms for b-amyrin synth
chromatograms for cycloartenol synthases and their mutants. Mutant of each OSC was la
vector. For all groups, n = 3. * P < 0.05, ** P < 0.01, and *** P < 0.001. Protein sequences

254
V729 was mutated to Met (M), the locations of the intermediates
were altered probably due to steric bulk from the longer side chain
[46]. To further confirm the docking results, single mutants were
constructed for AmOSC2. The I728F mutant significantly increased
the b-amyrin yield, while S727V and V729M mutants slightly
improved the yield (Fig. 6B). These results indicated that V727,
F728 and M729 residues acted together to provide the catalytic
activity, and the cation-p interactions from Phe played the major
role.
Discussion

AmOSC2 is the first b-amyrin synthase characterized from A.
membranaceus. Transient expression or silencing of AmOSC2 in
leaves could increase or decrease the yield of b-amyrin, respec-
tively. In hairy roots, the transcript level of AmOSC2 showed posi-
tive correlations to b-amyrin and to oleanane-type saponins. In A.
membranaceus seedlings, AmOSC2 showed higher expression levels
in underground parts where b-amyrin and its downstream soyas-
aponins were accumulated. These data suggested that AmOSC2 is
associated with the production of b-amyrin and oleanane-type
saponins such as soyasaponin I in vivo. Compared with other bASs,
AmOSC2 lacks of the conserved VFM motif and instead has SIV in
this position. Our results indicated that variation in this motif is
ol synthases (CAS) studied by mutagenesis (accession numbers see Table S5). (B)
ases and their mutants. (C) Comparison of cycloartenol (2) yields and GC/MS
beled as OSC-M, and blank refers to the results from yeast carrying an empty pYES2
alignment for these OSCs were shown in Fig. S11.



Fig. 6. Molecular docking and site-directed mutagenesis of AmOSC2. (A) Molecular docking of AmOSC2 with lupenyl/germanicyl cation (I/III), and AmOSC2SIV727-729VFM

mutant with lupenyl/germanicyl cation (II/IV). (B) Yields of b-amyrin from AmOSC2 and its S727V, I728F, V729M, and Y259A mutants. For all groups, n = 3. * P < 0.05 and **
P < 0.01 compared to the wild-type AmOSC2.
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associated with lower yield of b-amyrin. This difference may affect
the contents of oleanane-type triterpenoids in A. membranaceus.

AmOSC3 is the first biochemically characterized cycloartenol
synthase from A. membranaceus. This enzyme is likely to contribute
to both the biosynthesis of essential sterols and cycloartane-type
triterpenes [9,14]. Neither the expression of AmOSC3 nor the distri-
bution of cycloartenol showed tissue-specificity in the seedlings.
However, the downstream product astragalosides I/II/III/IV specif-
ically existed in the underground parts. Transient expression or
silencing of AmOSC3 in A. membranaceus leaves could increase or
decrease the yield of cycloartenol, respectively. In hairy roots, the
transcript level of AmOSC3 also showed positive correlations to
cycloartenol and cycloartane-type saponins (astragalosides). Pre-
sumably, AmOSC3 is related to the synthesis of cycloartenol, which
is synthesized in all tissues as a plant sterol precursor [9] and is
consumed to form astragalosides underground.

Astragalosides I-IV are the major bioactive compounds in Astra-
galus roots (Huang-Qi) with cardiovascular protective effects [14].
They specifically accumulated in the roots of A. membranaceus. The
conversion of cycloartenol to astragaloside is likely to involve sev-
eral enzymes belonging to different families (Fig. 1C). Our recent
work has revealed the glycosyltransferases that catalyzed the
3-/6-/20-O-glycosylation of cycloastragenol [47]. Future work will
focus on the identification of other downstream pathway enzymes
by mining for candidates in root transcriptome, with the ultimate
aim of elucidating and reconstituting the pathway for astragalo-
sides in a heterologous expression system (yeast and/or N.
benthamiana).
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Several conserved motives have been reported for OSCs, includ-
ing DCTAE which initiates the polycyclization cascade, MXCXCR
which influences the product specificity, and the repeated
QXXXXXW motifs which stabilize the carbocations during cycliza-
tion [16]. Here we have discovered the amino acid triads VFM/VFN,
which are proposed as signatures for b-amyrin synthases and
cycloartenol synthases, respectively. Functional analysis suggested
these triad motifs as critical determinants of yield in the 10 OSCs
tested. In the case of TcOSC1, an alteration of product selectivity
has also been observed. Function of this triad has not been
reported except for F728 in EtAS, which was found to be critical
for its activity [48]. Our results showed that the consecutive resi-
dues Val727, Phe728 and Met729 in AmOSC2 acted together to sta-
bilize the substrate intermediate. Improving the enzyme activity
and altering the relative product selectivity open up new opportu-
nities to engineer OSC function in the future.

Catalytic activity of OSCs and their mutants were compared
using the yields of b-amyrin or cycloartenol. The yields were calcu-
lated as mg/L of yeast culture, or mg/g of yeast cells (Fig. 5BC) fol-
lowing general methods in the literature [19,21,49]. Since the
mutation might also alter other features of the target protein, we
studied the protein expression level and protein stability for 4
OSCs (AmOSC2, GuOSC, PgPNX1, AmOSC3) and their mutants (Sup-
porting Information). The OSC protein abundance were determined
in yeast microsome/protein extracts using LC/MS. The expression
levels changed slightly (0.7–1.3 folds) after mutation. The protein
stability was calculated using molecular dynamics. The proteins
showed similar stable states after mutation except for GuOSC.
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More importantly, the changes in protein expression or structural
stability were not correlated with the changes in catalytic activity.
For example, the mutant for PgPNX1 showed an increased activity
of 175.3%, though the protein expression level decreased for 31.0%.
Similarly, the mutant of GuOSC showed higher stability than the
wild-type though its activity decreased by 75.0% (Fig. S15). These
results ruled out the influence of site-directed mutagenesis to pro-
tein expression or protein stability, which further supported the
interaction between the OSC triad motif and the substrate.

Interestingly, A. membranaceus owns a bAS mutated in the triad
motif, and contains both oleanane-type and cycloartane-type sapo-
nins. Compared to other legume plants, Glycyrrhiza uralensis and
Glycinemax has bASs conserved in the triad motif and they contain
mainly oleanane-type saponins [6,7]. Similar phenomenon was
also observed in Taraxacum plants, where TcOSC1 (T. coreanum)
and TkOSC6 (T. kok-saghyz) are mutated in the triad motif, and
the corresponding plants contain both oleanane-type and
taraxarane-type saponins [40,41]. Generally, one plant could con-
tain several different species of OSC genes, but not all of them
could function to synthesize the specialized metabolites [16]. Cor-
relation between mutated bAS and the triterpene backbone diver-
sity in plants still warrants further investigation.
Conclusion

In this study, two OSC genes, AmOSC2 and AmOSC3, were cloned
from A. membranaceus, the original plant of the herb Huang-Qi.
Their functions were investigated through expression in N. ben-
thamiana and yeast, together with transient expression, VIGS, and
gene expression-product content correlation in vivo. AmOSC2/3
are b-amyrin synthase and cycloartenol synthase, respectively,
which contribute to the biosynthesis of medicinally important soy-
asaponins and astragaosides in Huang-Qi, respectively. In addition,
conserved amino acid motifs VFM/VFN were discovered for b-
amyrin/cycloartenol synthases. Site-directed mutagenesis and
molecular docking revealed that the triad could significantly affect
the enzymatic activity by stabilizing the cation intermediates,
mainly via cation-p interaction. The study provides insights for
the biosynthesis of oleanane-type and cycloartane-type triter-
penoids in A. membranaceus, and the newly discovered conserved
motif could contribute to the engineering of OSC enzymes.
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