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Tripterygium regelii is a rich source of triterpenoids, containing many types of triterpenes with high
chemical diversity and interesting pharmacological properties. The cDNA of the multifunctional
oxidosqualene cyclase (TrOSC, GenBank accession number: MH161182), consisting of a 2289 bp open
reading frame and coding for 762 amino acids, was cloned from the stems and roots of Tripterygium
regelii. Phylogenetic analysis using OSC genes from other plants suggested that TrOSC might be
a mixed-amyrin synthase. The coding sequence was cloned into the expression vector pYES2 and
transformed into the yeast Saccharomyces cerevisiae. The resulting products were analysed by GC-MS.
Surprisingly, although it showed 76% sequence identity to lupeol synthase from Ricinus communis,
TrOSC was found to be a multifunctional triterpene synthase producing both a- and B-amyrin, the
precursors of ursane and oleanane type triterpenes, respectively. gRT-PCR analysis revealed that the
transcript of TrOSC accumulated mainly in roots and stems. Taken together, our findings contribute to
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Introduction

Tripterygium regelii is one of the most commonly used tradi-
tional chinese medicinal herbs. It is native to Korea and Japan*
and is also distributed throughout northeast China. The plants
in the Tripterygium genus of the family Celastraceae, such as
Tripterygium regelii and Tripterygium wilfordii, are well known as
a rich source of triterpenoids.” An analysis of the phylogenetic
relationships within the Tripterygium genus showed that Trip-
terygium wilfordii and Tripterygium hypoglaucum cluster
together, while Tripterygium regelii represents a separate
cluster,® indicating that there are some unique aspects to Trip-
terygium regelii, with potential values meriting further study.
Many triterpenes isolated from Tripterygium regelii showed
various pharmacological activities, such as anti-cancer activity* and
potential SARS-CoV 3CLpro inhibitory effects.” In addition, celas-
trol, a special pentacyclic triterpene, is a promising agent for the
pharmacological treatment of obesity.® Pentacyclic triterpenes are
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the knowledge of key genes in the pentacyclic triterpene biosynthesis pathway.

C30 terpenes consisting of six isoprene units” and the therapeutic
utility of pentacyclic triterpenoids as multifunctional adjuvants in
cancer chemotherapy is highlighted.® Alpha- and B-amyrin, as well
as lupeol are the most common pentacyclic triterpenoid precur-
sors in plants, which can be further converted into ursane, ole-
anane and lupane-type pentacyclic triterpenoids, respectively.” For
example, an oxidosqualene cyclase gene encoding a B-amyrin
synthase from P. tenuifolia catalyses the first committed step in the
biosynthesis of oleanane-type triterpene saponins, such as onji-
saponins and polygalasaponins.’ Numerous studies indicated
that oleanane- and ursane-triterpenoids exert anti-inflammatory
and anti-tumour activities.""*> Moreover, ursane-type triterpe-
noids are potential candidates for the design of multi-target
bioactive compounds, with focus on their anti-cancer effects."
Furthermore, 3-O-B-chacotriosyl oleanane-type triterpenes have
been evaluated as H5N1 entry inhibitors."* However, new functions
of triterpenes need further exploration. A study on triterpene
synthesis in oats revealed a role for B-amyrin in determining root
epidermal cell patterning.”* Nine triterpene synthase genes
(WTTPSs) from Vitis vinifera cultivars were found to play differen-
tial roles in the plant's responses to environmental stress factors.*

In higher plants, isoprenoids are derived from the cyto-
plasmic mevalonate (MVA) and the plastidial methylerythritol
phosphate (MEP) pathways.”” The two biosynthetic pathways
have evolved to generate DMAPP and isopentenyl pyrophos-
phate (IPP), the universal terpenoid precursors, and synergy
between the two pathways was demonstrated for isoprene
production in Escherichia coli.*®* However, the relative
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contribution of each pathway to the biosynthesis of isoprenoids
is different, so that C5 units from the MEP pathway are used to
form monoterpenes (C10), phytol side chains (C20) and carot-
enoids (C40), while C5 units from the MVA pathway are used to
form sesquiterpenes (C15), terpenoid aldehydes (C15 and C25)
and steroids/triterpenoids (C30)." The first step in the biosyn-
thesis of all triterpenes is the cyclization of 2,3-oxidosqualene*
(Fig. 1). Subsequently, the chair-boat-chair conformation leads
to a protosteryl cation intermediate, the precursor of the sterols,
which have important functions in membranes and signaling,™
via the formation of cycloartenol or lanosterol in plants.>® The
chair-chair-chair conformation directs the cyclization to yield
the dammarenyl cation, which subsequently forms diverse tri-
terpene skeletons such as ursane, oleanane, and lupane.”
Because of their potential ability to modify the chemical struc-
tures of terpenoids, OSCs (oxidosqualene cyclases) have attrac-
ted the attention of many investigators.”® Many types of OSCs
have been cloned and identified, such as f-amyrin synthase,****
which catalyses the formation of the most popular pentacyclic
triterpene among higher plants,*® cycloartenol synthase,” as
well as multifunctional triterpene synthase.”® In addition,
pathway engineering has been used to produce B-amyrin and
cycloartenol in Escherichia coli.”® Here, we describe the identi-
fication and functional characterization of TrOSC, a mixed-
amyrin synthase from Tripterygium regelii responsible for the
production of a-amyrin and B-amyrin, which will lay the foun-
dation for future research on the biosynthesis pathway of
triterpenoids.
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Fig.1 Biosynthesis pathway of triterpenes catalysed by different types
of oxidosqualene cyclases (OSCs). CYP450s, cytochrome P450s.
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Results and discussion

Sequence analysis of TrOSC

The cDNA contained an ORF of 2289 bp,which was deduced to
code for a 762 amino acid protein (My: 87.842 kDa, pl: 6.09).
The encoded protein was soluble and was predicted to most
probably be located in peroxisome or the nucleus. The amino
acid sequence of TrOSC had 76, 74 and 71% identity to RcLUS
(lupeol synthase; NP_001310684), KcMS (multifunctional tri-
terpene synthase; BAF35580) and EtAS (B-amyrin synthase;
BAE43642), respectively. In addition, five motifs were identified
in the amino acid sequences of TrOSC (Fig. 2), including
a QXXXGXXXW motif, a DCTAE motif and three QXXXGXW
motifs. The QXXXGXW motifs were probable to stabilize car-
bocation intermediates in the process of cyclization of OSCs.**
By contrast, the DCTAE motif might be related to substrate
binding,** since it is a putative initiation site for the poly-
cyclization reaction. In fact, it has been demonstrated that the
acidic carboxyl residue Asp485 of B-amyrin synthase from
Euphorbia tirucalli is responsible for initiating the polycycliza-
tion reaction, while Cys564 plays a role in hydrogen bond
formation.*” The secondary structure of the protein was mainly
composed of alpha helices (40.81%) and random coils (31.50%),
along with extended strands (17.06%) and beta turns (10.63%).
Protein secondary structure prediction can provide vital infor-
mation about the functions and 3D structure prediction of
a given protein.** Studies have shown that secondary structure
of proteins can be changed by pulsed electric field (PEF) treat-
ment, which affects the antioxidant activity of pentapeptides.>*

Phylogenetic analysis

The phylogenetic tree was generated on the basis of the deduced
amino acid sequences of other plant OSCs downloaded from
NCBI (www.ncbi.nlm.nih.Gov/). These OSCs were grouped into
four main branches (Fig. 3): B-amyrin synthase, multifunctional
triterpene synthase/mixed-amyrin synthase, lupeol synthase
and cycloartenol synthase. TrOSC was found to be phylogenet-
ically related to mixed-amyrin synthase from Malus domestica,
which has been reported to produce both a-amyrin and B-
amyrin when expressed in yeast.”® The phylogenetic trees can
encompass a wide variety of triterpene skeletal types, allowing
us to predict the likely functions of uncharacterized OSCs.*
Accordingly, TrOSC was predicted to most likely be a mixed-
amyrin synthase, even if this assertion needed to be verified
experimentally. However, it was also phylogenetically related to
lupeol synthase from Ricinus communis, with which it shares the
highest sequence identity (76%), indicating that the observed
differences of catalytic functions between multifunctional tri-
terpene synthase and lupeol synthase might be caused by small
differences of their respective sequence.

Functional expression of TrOSC in yeast

Two compounds (Fig. 4; peaks 1 and 2) were found in extracts of
cells expressing TrOSC compared with the control group. They
were identified as B-amyrin and a-amyrin, respectively, by
comparing their retention times and mass fragmentation

RSC Adv., 2018, 8, 23516-23521 | 23517
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Fig. 2 Alignment of amino acid sequences of highly conserved
regions in TrOSC and other plant OSCs. The proteins and GenBank
accession numbers are: RcLUS (NP_001310684), KcMS (BAF35580),
BPY (Q8W3Z1), EtAS (BAE43642), BgLUS (A8CDT3), MdOS1
(ACM89977). Three QXXXGXW motifs are shown in red boxes, the
QXXXGXXXW and DCTAE motifs are shown in yellow and blue boxes,
respectively.

patterns with those of authentic standards (Fig. 5), which
confirmed that 7rOSC is indeed a mixed-amyrin synthase. The
enzyme's main product was a-amyrin, with a ratio to f-amyrin
of about 4 : 1.

The product specificity of OSCs is controlled by the key
amino acid residue, which will result in a major change in tri-
terpene cyclization by mutation.*® For example, it has been
shown that mutations of the trp259 residue in the MWCYCR
motif of the B-amyrin synthase (PNY) lead to the production of
lupeol as a major product, whereas mutations of the Leu256
residue in the MLCYCR motif of lupeol synthase (OEW) lead to
almost exclusive B-amyrin production with only minor amount
of lupeol, demonstrating that certain amino acid residues are
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Fig. 3 Phylogenetic tree of TrOSC and other known plant OSCs
(GenBank accession numbers are shown on the tree). The tree was
constructed using MEGA 6.0 software with an evaluation method of
Bootstrap for 1000 times. The bootstrap values were marked with
different colored dots (=40, black; 40-80, yellow; 81-100, red;
EvolView: www.evolgenius.info/evolview).
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Fig. 4 GC chromatograms of yeast extracts and identification of the
relevant metabolic products. Overlay of GC chromatograms of a-
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expressing pYES2-OSC with production of two compounds (peak 1 and
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responsible for product specificity.*® Recently, a study on the
triterpene synthases of Oryza species also revealed that three
key amino acid residues determine the specificity of the chair-
semi(chair)-chair and chair-boat-chair interconversions.*”
These experiments shed light on the mechanism of OSC cycli-
zation and provide a useful strategy to identify key residues that
determine the specificity for a-amyrin and B-amyrin or other
products.

Since the diversity of triterpene skeletons produced by
different oxidosqualene cyclases (OSCs), the biosynthetic
pathway of the large varieties of triterpenes found in plants
need further investigation. Cytochrome P450s (CYP450s) play
critical roles in the production of highly functionalized terpe-
noids.*® After cyclization, these enzymes introduce functional
groups, such as hydroxyl, carbonyl and carboxyl groups, into the
carbon skeletons by a series of oxidation reactions.** For
example, B-amyrin can be converted to oleanolic acid catalysed
by CYP450s.*” Thus, further research on cytochrome P450 genes
involved in the triterpene biosynthetic pathway is necessary for
us to understand the mechanisms of triterpenoid biosynthesis,
which in turn will provide useful molecular tools for synthetic
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Fig. 5 MS spectrum and structure of yeast products. (A) MS spectrum
of an authentic B-amyrin standard and B-amyrin (peak 1) produced by
the pYES2-OSC yeast. (B) MS spectrum of an authentic a-amyrin
standard and a-amyrin (peak 2) produced by the pYES2-OSC yeast.
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Fig. 6 gPCR analysis of TrOSC gene expressing in roots, stems and
leaves of Tripterygium regelii. The transcript levels of the TrOSC gene
were normalized to the expression in the roots (1.0) and the results are
presented as the means + standard error (n = 3).

biology to produce desirable triterpenoids from specific
precursors.

Relative expression of TrOSC in different tissues of
Tripterygium regelii

The relative expression levels of TrOSC in roots, stems and
leaves of Tripterygium regelii were determined to investigate
whether there is tissue-specific expression. As shown in Fig. 6,
the expression was highest in roots, followed by stems and
lowest in leaves, showing that the transcript of TrOSC, which
encodes the mixed-amyrin synthase, accumulated mainly in the
roots and stems. Consequently, we chose the roots and stems as
the starting materials to obtain cDNA for cloning. What's more,
a number of studies have reported on the isolation of triterpe-
noids from the roots and stems of Tripterygium regelii but rarely
from leaves. For instance, regelin and regelinol, as well as new
ursane-type triterpenoids with anticancer activity, were isolated
from the roots of Tripterygium regelii,** and new triterpenoids
were also isolated from the stems of this plant.»** Thus, it can
be speculated that roots and stems are important organs of
Tripterygium regelii to obtain triterpenoids.

Experimental introduction
RNA isolation

Plant material was collected from Baijiyao Forest Park in
Tonghua, JiLin, P. R. China (longitude 126.07 degrees E, lati-
tude 41.571 degrees N) and stored at —80 °C. Total RNA was
extracted from the roots and stems of Tripterygium regelii using
the cetyltrimethylammonium bromide (CTAB) method.*

Cloning of ¢cDNA from Tripterygium regelii

Total RNA was used as template to be reverse transcribed into
cDNA using the SMARTer™ RACE cDNA Amplification Kit
(Clontech Laboratories Inc., USA) according to the manufac-
turer's instructions. Specific primers (Table S1) were designed
by Primer Premier 5.0 software according to the selected
sequence. The cDNA served as a template for amplifying the
open reading frame using 2X Phusion HF Master Mix (NEB,
USA) with a procedure of 98 °C for 30 s; followed by 35 cycles of

RSC Aadv., 2018, 8, 23516-23521 | 23519
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98 °C for 10 s, 56 °C for 15 s and 72 °C for 1 min; a final elon-
gation at 72 °C for 7 min and 4 °C hold. PCR products were
purified and ligated into the pEASY-T3 vector (TransGen
Biotech, China) and transformed into E. coli DH5a competent
cells (TransGen Biotech, China). Positive bacterial colonies were
selected on ampicillin plates and confirmed by sequencing.

Bioinformatic analysis of the TrOSC gene sequence

The open reading frame was searched using ORF Finder
(https://www.ncbi.nlm.nih.gov/orffinder/). The nucleotide and
amino acid sequence was blasted against the NCBI database
(http://www.ncbi. NLM.NIH.gov). The theoretical molecular
weight (M,,) and isoelectric point (pI) were determined using the
Compute pI/Mw tool (http://Web.ExPASy.org/compute_pi/).
Prediction of transmembrane helices was conducted using
TRMHMM  server v.2.0 (http://www.cbs.dtu.dk/services/
TMHMMY/). Subcellular localization was predicted by Wolf
psort (http://wolfpsort.org/). Secondary structures were pre-
dicted by PRABI-GERLAND (https://npsa-prabi.ibcp.fr/) and the
3-dimensional structural model was constructed by Swiss-
Model (http://swissmodel.expasy.org/). Multiple sequence
alignments were carried out using DNAMAN software. Phylo-
genetic analysis was performed using MEGA 6.0 software.*

Expression of TrOSC in yeast

In order to investigate the function of TrOSC, the yeast expres-
sion system was used. TrOSC was amplified using the 2X Phu-
sion HF Master Mix (NEB, USA), and ligated directly into the
PYES2 expression vector (Invitrogen, USA) using pEASY®-Uni
Seamless Cloning and Assembly Kit (TransGen Biotech, China)
with the designed primers (Table S17) to obtain the recombi-
nant plasmid pYES2-OSC. The resulting plasmid was intro-
duced into the lanosterol synthase-deficient Saccharomyces
cerevisiae (-erg7,-ura; ATCC, USA) using Frozen-EZ Yeast
Transformation II™ kit (ZYMO RESEARCH, USA), along with
the same transformation of empty vector pYES2 as a control.
Positive yeast transformants were incubated in 20 mL SC-U
medium (Ura minus medium 8 g L™'; FunGenome, China)
and glucose (20 g L") at 30 °C with shaking (220 rpm). Two days
later, the cells were collected by centrifugation at low speed
(2000g, 4 min) and resuspended in SC-U without glucose, sup-
plemented with Ura minus medium (8 g L™ ") and galactose (20 g
L") at 30 °C with shaking (220 rpm) for 16 h. After that, the cells
were collected at low speed (2000g, 4 min) and resuspended in
0.1 M potassium phosphate (pH 7.0) with 3% glucose and
cultured under the same conditions for 24 h.

GC-MS analysis

Cells were harvested by centrifugation at 5000g for 4 min and
extracted by ultrasonic extraction in 20% KOH/50% EtOH (10
mL) for 2 h, then extracted 3 times with equal volumes of
hexane. The organic phase was collected, evaporated to dryness,
and re-dissolved in 1.5 mL hexane. After drying under nitrogen
gas, the sample was derivatized with N,O-bis (trimethylsilyl)tri-
fluoroacetamide and pyridine at 70 °C for 2 h. Finally, the
extracts were concentrated under a stream of nitrogen gas and
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dissolved in 1 mL CHCIl;. The analysis was performed on an
Agilent 7890B gas chromatograph with a DB-5ms column (15 m
x 250 um x 0.1 pm). One microliter of the concentrated organic
phase was injected under an He flow rate of 1 mL min " with
a temperature program of 1 min at 50 °C, followed by a gradient
from 50 to 260 °C at 50 °C min ™ *, rising to 272 °C at 1 °C min ",
with a 4 min hold at 272 °C.** The ion trap heating temperature
was 250 °C. The electron energy was 70 eV. Spectra were recor-
ded in the range of 10-550 m/z.

gRT-PCR analysis

Total RNA from roots, stems and leaves was isolated and reverse
transcribed using the Fast King RT Kit (Tiangen, China). qRT-
PCR was carried out using the QuantStudio™ 5 Real-Time
PCR System (Applied Biosystems, USA), in conjunction with
the KAPA SYBR FAST qPCR Master Mix Kit (KAPA Biosystems,
USA). The conditions of real-time PCR were 95 °C for 3 min,
followed by 40 cycles at 95 °C for 3 s and 60 °C for 30 s. The
melting curve conditions were 95 °C for 1 s, 60 °C for 20 s and
95 °C for 1 s. The relative expression value of TrOSC was esti-
mated using the 274 method® with three biological repli-
cates and three technical replicates. The EF-a gene was used as
an endogenous control. The primers are listed in Table S1.}

Conclusions

The multifunctional oxidosqualene cyclase from Tripterygium
regelii (TrOSC) was cloned and characterized by heterologous
expression in yeast. TrOSC was found to be a mixed-amyrin
synthase, whose products were identified as o-amyrin and B-
amyrin, the precursors of ursane and oleanane type triterpenes,
respectively, by GC-MS analysis. And the biochemical results
were in agreement with the phylogenetic analysis. The relative
expression level of TrOSC was higher in roots and stems than in
leaves. This is the first study on oxidosqualene cyclase from
Tripterygium regelii, which will lay a solid foundation for
studying the triterpenoid biosynthesis pathway of this impor-
tant medicinal plant.
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