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Mogrosides, the major bioactive components isolated from
the fruits of Siraitia grosvenorii, are a family of cucurbitane-
type tetracyclic triterpenoid saponins that are used world-
wide as high-potency sweeteners and possess a variety of
notable pharmacological activities. Mogrosides are synthe-
sized from 2,3-oxidosqualene via a series of reactions cata-
lyzed by cucurbitadienol synthase (CbQ), Cyt P450s (P450s)
and UDP glycosyltransferases (UGTs) in vivo. However, the
relevant genes have not been characterized to date. In this
study, we report successful identification of SgCbQ and
UGT74AC1, which were previously predicted via RNA-
sequencing (RNA-seq) and digital gene expression (DGE)
profile analysis of the fruits of S. grosvenorii. SgCbQ was
functionally characterized by expression in the lanosterol
synthase-deficient yeast strain GIL77 and was found to
accumulate cucurbitadienol as the sole product.
UGT74AC1 was heterologously expressed in Escherichia coli
as a His-tag protein and it showed specificity for mogrol by
transfer of a glucose moiety to the C-3 hydroxyl to form
mogroside IE by in vitro enzymatic activity assays. This
study reports the identification of CbQ and glycosyltransfer-
ase from S. grosvenorii for the first time. The results also
suggest that RNA-seq, combined with DGE profile analysis,
is a promising approach for discovery of candidate genes
involved in biosynthesis of triterpene saponins.

Keywords: Cucurbitadienol e Cucurbitadienol synthase e
Glycosyltransferase o Mogrosides e Siraitia grosvenorii.

Abbreviations: CbQ, cucurbitadienol synthase; DAF, days
after floweringg DGE, digital gene expression; GC-MS, gas
chromatography—mass spectrometry; LC-ESI-MS, liquid chro-
matography—electrospray  ionisation-mass  spectrometry;
NGS, next-generation sequencing; NMR, nuclear magnetic
resonance; OSC, oxidosqualene cyclase; P450s, Cyt P450s;
RNA-seq, RNA-sequencing SQE, squalene epoxidase; SS,
squalene synthase; UGT, UDP glycosyltransferases.

Introduction l

Siraitia grosvenorii is a traditional Chinese medicinal plant that
is principally cultivated in Guangxi Province of China
(Chaturvedula and Prakash 2011). Fruits of S. grosvenorii

have been used for thousands of years as a natural sweetener,
and as folk medicine for treating lung congestion, colds,
pharyngitis, constipation and acute bronchitis in the Chinese
Pharmacopoeia (Prakash and Chaturvedula 2014). Mogrosides,
the major active constituents of S. grosvenorii, are a mixture of
cucurbitane-type triterpenoid glycosides that have been proven
to be powerful and zero-caloric sweeteners and can hence be
used as a sucrose substitute for diabetic and obese patients (Xia
et al. 2008). In recent years, a considerable number of studies
have also reported that mogrosides possess various remarkable
pharmacological characteristics, including antioxidative, anti-
inflammatory, anticancer, antiviral and antidiabetic properties
(Jin and Lee 2012).

Despite the fact that there have been numerous studies on
the chemical structure and pharmacological properties of
mogrosides, genes involved in the biosynthetic pathway of
mogrosides in S. grosvenorii or other plants that produce
mogrosides have not been characterized. The initial step in
the biosynthesis of cucurbitane-type mogrosides is cyclization
of 2,3-oxidosqualene to form the triterpenoid skeleton of
cucurbitadienol (Fig. 1), which is catalyzed by cucurbitadienol
synthase (CbQ) that belongs to a family of oxidosqualene
cyclases (OSCs). To date, CbQ has been functionally character-
ized from Cucurbita pepo (Shibuya et al. 2004), Citrullus colo-
cynthis (Davidovich-Rikanati et al. 2015) and Cucumis sativus
(Shang et al. 2014). Judging from the structure of mogrosides
and research results for other triterpene saponins, cucurbita-
dienol can be converted to mogrol by a series of hydroxylation
reactions by specific Cyt P450s (P450s) at positions C-11, C-24
and C-25. The C-3 and C-24 hydroxyl groups of the mogrol
aglycone can be glycosylated by UDP glycosyltransferases
(UGTs) to form the corresponding 3- or 24-monodesmosides
and 3, 24-bidesmoside. Further glycosylation at C-2" and C-6'
of 3-O-glucose and 24-0O-glucose produces a mixture of mono-,
di-, tri-, tetra-, penta- and hexaglycosides. However, the exact
order of the intermediate products remains unknown.

UGT genes are a supergene family in all living organisms. In
plants, UGTs catalyze the transfer of activated sugars, such as
UDP-glucose, to hydrophobic aglycones during biosynthesis of
a wide variety of natural products (Vogt and Jones 2000).
Glycosylation helps to stabilize, detoxify, store, transport and
solubilize secondary metabolites, and is often the last step in
their biosynthetic pathways. Since no reliable method currently
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Fig. 1 Proposed biosynthetic pathway of mogrosides in S. grosvenorii. SE, squalene epoxidase; SgCbQ, cucurbitadienol synthase; P450s, Cyt P450s;
UGTs, uridine diphosphate glycosyltransferases. Dark solid arrows represent one step; dark dotted arrows represent multiple steps.

exists to identify the catalytical function and substrate specifi-
city of plant UGTs by sequence similarity analysis, the study of
the functions of UGTs has lagged far behind other biosynthetic
steps involved in biosynthesis of triterpene saponins (Modolo
et al. 2007). To date, only a few UGTs with specificity for
different triterpenoid aglycones have been functionally charac-
terized from several plants, including Medicago truncatula
(Achnine et al. 2005, Naoumkina et al. 2010), Saponaria
vaccaria (Meesapyodsuk et al. 2007), Barbarea vulgaris
(Augustin et al. 2012), Panax ginseng (Jung et al. 2014, Yan
et al. 2014) and Glycine max (Shibuya et al. 2010).

In the past decade, RNA-sequencing (RNA-seq) and digital gene
expression (DGE) profile analysis based on next-generation sequen-
cing (NGS) technology have emerged as powerful tools for identifi-
cation of candidate genes responsible for the biosynthesis of
triterpene saponins in non-model plants (AC't Hoen et al. 2008).
With improvements in sequencing depth and high accuracy of
expression pattern analysis using these tools, a large number of can-
didate genes involved in the biosynthesis of triterpene saponins have
been identified; examples of such genes include ginsenoside biosyn-
thesis in P. ginseng (Subramaniyam et al. 2015), steroidal sapogenin
biosynthesis in Asparagus racemosus (Upadhyay et al. 2014), saiko-
saponin biosynthesis in Bupleurum chinense (Sui et al. 2011) and
mogroside biosynthesis in S. grosvenorii (Tang et al. 2011).
However, a minimal number of studies have been carried out to
validate the specific biosynthetic functions of these target genes.

To elucidate the molecular mechanisms of mogrosides
biosynthesis in S. grosvenorii, we investigated a number of
major candidate genes that had previously been identified via
RNA-seq and DGE profile analysis. First, SgCbQ was expressed in
the lanosterol synthase-deficient yeast strain GIL77 and the
cucurbitadienol level was measured to illustrate its enzymatic
function. Secondly, a number of UGT genes were heterolo-
gously expressed in Escherichia coli as His-tag proteins to evalu-
ate their enzymatic activity towards mogrosides in vitro.

Results I
Functional expression of SgCbQ cDNA in yeast

Cucurbitadienol is the common precursor of cucurbitane-type
mogrosides. A previous DGE profile analysis had shown that the
expression level of SgCbQ in the fruits of S. grosvenorii increased
by 3-fold at 70 days after flowering (DAF) compared with that
at 50 DAF, and 10-fold at 70 DAF compared with that at 3 DAF
(Tang et al. 2011). The expression pattern of SgCbQ was pro-
portional to the accumulation of mogroside V. Thus, SgCbQ was
identified as a cucurbitadienol synthase involved in the biosyn-
thesis of mogrosides.

The full-length cDNA of SgCbQ is 2,800 bp and contains an
open reading frame (ORF) of 2,280 bp that encodes a protein
with 759 amino acids and a predicted molecular mass of
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Fig. 2 Alignment of the deduced amino acid sequence of SgCbQ from S. grosvenorii with other cucurbitadienol synthases. GenBank accession
numbers: SgCbQ (HQ128567), CpCbQ (AB116238), CsCbQ (AIT72030), CcCbQ (KM821405). Motifs are indicated as follows: DCTAE motif, single
underling; QW motif, double underline; MWCHCR motif, dotted underline.

84.4 kDa. The deduced amino acid sequence of SgCbQ shares
high similarity with that of cucurbitadienol synthases (89% with
CpCbQ from C. pepo, 85% with CcCbQ from C. colocynthis and
84% with CsCbQ from C. sativus). More detailed sequence ana-
lysis (Fig. 2) reveals that SgCbQ contains the DCTAE motif,
which is presumed to be responsible for the initiation of the
cyclization reaction (Abe et al. 1993). SgCbQ also contains six
repeats of QW motifs that can strengthen the structure of the
protein and stabilize the carbocation intermediates during cyc-
lization (Poralla et al. 1994). In addition, SgCbQ has a histidine
residue in the MWCHCR motif, which has been presumed to be

important for stabilization of the protosteryl cation intermedi-
ate (Corey et al. 1997). The protosteryl cation intermediate is
catalyzed by cucurbitadienol synthase, cycloartenol synthase
and lanosterol synthase, and is completely different from
other triterpene synthases (Brendolise et al. 2011).
Phylogenetic analysis based on the Neighbor—Joining
method (Tamura et al. 2013) showed that SgCbQ clustered
with the other three functionally characterized cucurbitadienol
synthases and formed a new subfamily that lies between
the branches of cycloartenol synthase and lanosterol
synthase (Fig. 3). The position of SgCbQ in the tree indicates
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Fig. 3 Non-rooted phylogenetic tree analysis of SgCbQ from S. grosvenorii with previously characterized OSCs from other plants. The tree was
constructed using the Neighbor—Joining method as described in Materials and Methods. The DDBJ/GenBank/EMBL accession numbers of the
sequences used for analysis are as follows: AY095999 (GmbAS, Glycine max), GU072921 (GubAS, Glycyrrhiza uralensis), AB181244 (LjbAS, Lotus
japonicus), AJ430607 (MtbAS, Medicago truncatula), AB034802 (PsbAS, Pisum sativum), EF107623 (PtbAS, Polygala tenuifolia), AB289585 (BgbAS,
Bruguiera gymnorhiza), AB206468 (EtbAS, Euphorbia tirucalli), AB055512 (BpbAS, Betula platyphylla), AB009030 (PgbAS, Panax ginseng),
EU330197 (AabAS, Artemisia annua), F)790411 (GsbAS, Gentiana streminea), At1g78500 (AtPENG, Arabidopsis thaliana), At5g42600 (AtPENS,
Arabidopsis thaliana), At4g15340 (AtPENT, Arabidopsis thaliana), At5g48010 (AtPEN4, Arabidopsis thaliana), AB116228 (GgLUP, Glycyrrhiza
glabra), AB181245 (LjLUP, Lotus japonicus), AB055511 (BpLUP, Betula platyphylla), AB025343 (OeLUP, Olea europaea), At3g45130 (AtLAS1,
Arabidopsis thaliana), AB244671 (LjLAS1, Lotus japonicus), AB116238 (CpCbQ, Cucurbita pepo), HQ128567 (SgCbQ, Siraitia grovenorii),
KM821405 (CcCbQ, Citrullus colocynthis), AlT72030 (CsCbQ, Cucumis sativus), AF216755 (AmCAS, Abies magnifica), AB058507 (CsCAS,
Costus speciosus), Gu253907 (AsCAS, Avena strigosa), AB116237 (CpCAS, Cucurbita pepo), At2g07050 (AtCAS, Arabidopsis thaliana),
AB009029 (PgCAS, Panax ginseng), AB181246 (LjCAS, Lotus japonicus).

a high degree of similarity in reaction mechanisms among To examine the biochemical function of SgCbQ, SgCbQ and
CbQ, cycloartenol synthase and lanosterol synthase. Taken to-  CpCbQ (functionally characterized cucurbitadienol synthase)
gether, all of these data indicate that SgCbQ belongs to the  were codon-optimized (Grote et al. 2005), synthesized and
triterpene synthase superfamily and may be a cucurbitadienol  subcloned into the yeast expression vector pYES2. CpCbQ was
synthase. used as a positive control and as a source of authentic
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Fig. 4 GC-MS chromatograms of yeast cell extracts. (A) Products from the yeast cells expressing the empty vector pYES2. (B) Products from the
yeast cells expressing pYES2-CpCbQ. (C) Products from the yeast cells expressing pYES2-SgCbQ. (D) The mass spectrum for the compound
eluting at 16.42 min from the yeast cells expressing pYES2-CpCbQ. (E) The mass spectrum for the compound eluting at 16.42 min from the yeast

cells expressing pYES2-SgCbQ.

cucurbitadienol to serve as a standard. The resulting recombin-
ant plasmids combined with the empty vector pYES2, used as a
negative control, were transformed into the lanosterol syn-
thase-deficient yeast strain GIL77, which accumulates high
endogenous concentrations of 2,3-oxidosqualene that can
serve as a substrate for heterologously expressed OSC genes
(Wang et al. 2010). After induction with galactose, the cells
were collected, saponified and extracted with n-hexane. Gas

chromatography-mass spectrometry (GC-MS) analysis of the
cell extracts showed that all three transformants contained two
common compounds, which were identified as squalene and
ergosterol. Extracts from yeast transformants expressing SgCbQ
or CpCbQ produced only one new peak with the same retention
time of 16.42 min, whereas a signal was not detected in the
negative control yeast harboring the empty vector at the
retention time of 16.42min (Fig. 4). Furthermore, mass
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Fig. 5 Non-rooted phylogenetic tree analysis of UGT74AC1 and UGT72B20 from S. grosvenorii with previously characterized UGTs from other
plants using the Neighbor-Joining method. The tree was constructed as described in the Materials and Methods. Accession numbers, references
and substrate acceptors of the UGTs used for phylogenetic analysis are given in Supplementary Table S2.

spectrometry (MS) fragmentation patterns of SgCbQ and
CpCbQ at 16.42 min (m/z relative intensity: 119 [100], 134
[99], 259 [75], 274 [71], 121 [70], 95 [58], 107 [55], 207 [52],
161 [51], 81 [44], 136 [36], 69 [36], 149 [28], 175 [23], 408 [16],
393 [14], 231 [13], 55 [6], 411 [M-CH3]™ [4], 426 [M]™ [3]) were
identical (Fig. 4). These results clearly indicate that SgCbQ is a
cucurbitadienol synthase that produces cucurbitadienol as the
sole product.

Functional characterization of UGT candidates

In the previous RNA-seq and DGE profile analyses, six UGT
genes with similar expression patterns to the squalene epoxi-
dase gene (SE) and SgCbQ were identified as candidate genes
involved in mogrosides biosynthesis (Tang et al. 2011). Specific
primers (Supplementary Table S1) were designed for amplifi-
cation of these UGT genes, and the candidate UGT genes thus
obtained were expressed in E. coli Rosetta-gami (DE3) cells as N-
terminal Hise-tag fusion proteins. Only two UGT genes, named
UGT74ACT and UGT72B20 by the UGT nomenclature commit-
tee (Mackenzie et al. 1997), were expressed solubly and could
be purified by nickel-affinity chromatography. Coomassie stain-
ing of SDS—polyacrylamide gel analysis showed that the result-
ing molecular weight of the purified recombinant UGT74AC1
was approximately 52kDa, which is consistent with its
predicted size (455 amino acids ); no expression was detected
in the control harboring empty pET-21a. Similar results were

obtained with the recombinant UGT72B20 (Supplementary
Fig. S1).

Phylogenetic analysis based on the Neighbor-Joining
method (Tamura et al. 2013) of UGT74AC1 and UGT72B20
from other biochemically characterized plant UGTs
(Supplementary Table S2) showed that UGT74AC1 and
UGT72B20 clustered together with UGT74 and UGT72 family
members (Fig. 5), respectively. In the UGT74 family, UGT74M1
from S. vaccaria has been shown to glycosylate various olea-
nane triterpenes. Recently, PgUGT74AE2, another UGT74
family member from P. ginseng, was reported to glycosylate
dammarene-type protopanaxadiol and compound K through
O-linkage at position C3 to form ginsenoside Rh, and ginseno-
side F, (Jung et al. 2014). UGT72B20 clustered into the UGT72
family and was closely related to the UGT71 family. In the
UGT71 family, UGT71G1 from M. truncatula showed specificity
for triperpene medicagenic acid, and UGT71A27 from P. ginseng
was found to glycosylate protopanaxadiol to produce ginseno-
side compound K. These findings suggest that UGT74AC1 and
UGT72B20 have roles in triterpene saponin biosynthesis, con-
sidering that S. grosvenorii accumulates considerable amounts
of mogrosides.

Glycosyltransferase activity of purified UGT74AC1 and
UGT72B20 was tested using prepared mogrol, mogroside IE,
mogroside 1A and other purchased mogroside standards
(Supplementary Table S3) as acceptors and UDP-glucose as
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Fig. 6 HPLC analysis of the products by UGT74AC1. (A) The LC chromatogram of the reaction products from mogrol with total proteins with
the empty vector. (B) The LC chromatogram of the reaction products from mogrol with purified UGT74AC1. (C) The LC chromatogram of the
mogroside IE standard. (D) The LC chromatogram of the mogrol standard.

sugar donor. Reaction products were analyzed by HPLC and the
results showed that UGT74AC1 using mogrol as an acceptor
produced a new peak at 36.10 min with the same retention
time as that of authentic mogroside IE, whereas new products
were not observed in the vector control at the retention time of
36.10 min (Fig. 6). Liquid chromatography-electrospray ioniza-
tion—mass spectrometry (LC-ESI-MS) in the negative ion mode

was used to identify further the newly formed product. The MS
fragmentation pattern of the product was identical to that of
authentic mogroside IE with the same m/z ions for 637 [M-H] ",
683 [M—H+HCOOH]~ and 751 [M-H+TFA] ™ (Fig. 7). Products
were not detected when UGT72B20 was incubated with mogrol
or mogroside standards (data not shown), which may be attrib-
uted to the narrow range of tested mogroside standards.
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Fig. 7 MS spectra of the reaction products of UGT74AC1 with mogrol. (A) The mass spectrum for a peak (36.10 min) detected in the reaction
products from UGT74AC1 and mogrol. (B) The MS spectrum of the mogroside IE standard.

Table 1 Kinetic parameters of UGT74AC1 toward mogrol, quer-
cetin and naringenin

Substrate K, (uM) Keae (S71) K< /K (ST'M7T)
Mogrol 414+42 411x10 %+055%x10* 9.94%0.75

Quercetin 582+ 1.4 0.41+0.06 6.88 x 10° +£0.55 x 10°
Naringenin 54.7 +1.8 0.45 + 0.04 823 x 10°+0.41 x 10°

Many plant glycosyltransferases are thought to be promis-
cuous. The potential activity of UGT74AC1 against a range of
acceptors, including different types of triterpenoids, phenolic
compounds and flavonoids (Supplementary Table S4), was
tested using UDP-glucose as sugar donor. Of these substrates,
only quercetin and naringenin were glycosylated by
UGT74ACT, with the molecular masses of the reaction prod-
ucts increased by 162 or 324 Da, respectively, as determined by
LC-ESI-MS analysis (Supplementary Figs. S2, S3).

The kinetic parameters of purified UGT74AC1 for mogrol,
quercetin and naringenin were determined (Table 1). The K,
values of UGT74AC1 for mogrol (41.4 uM), quercetin (58.2 uM)
and naringenin (54.7 LM) were comparable. However, the k.,
value of UGT74AC1 for mogrol (4.11 x 107%S™") was quite low
compared with quercetin (0.415™") and naringenin (0.455™"),
resulting in low catalytic efficiency (9.945~' M~ for mogrol

compared with 6.88x10°S"™'M™" for quercetin and
823 x 10°S™ "M~ for naringenin).
Discussion I

Triterpene saponins are a large group of natural compounds
that exhibit great structural diversity in a considerable number
of plant species. The first step in biosynthesis of triterpenoids is
the cyclization of the common precursor 2,3-oxidosqualene,
which can generate >100 different skeleton types. In this
study, SgCbQ was confirmed as a novel cucurbitadienol
synthase with cucurbitadienol as its sole product. Successful
characterization of SgCbQ not only confirmed its correct iden-
tification based on the DGE profile of S. grosvenorii, but also

indicated that further DGE profile analysis of candidate P450
genes and UGT genes with SgCbQ as the reference gene was
credible. We used degenerate primers designed based on
the highly conserved regions of known OSCs (Shibuya et al.
2004) for further cloning of other CbQ genes from S. grosvenorii.
However, all attempts were unsuccessful (data not shown).
Although functional characterization of all OSCs from S.
grosvenorii is not possible, SgCbQ is the most probable gene
involved in biosynthesis of mogrosides in S. grosvenorii based
on the gene expression pattern with the accumulation of
mogroside V and catalytic products of SgCbQ. To date,
four cucurbitadienol synthases (SgCbQ, CpCbQ, CsCbQ and
CcCbQ) have been functionally characterized from
different plant species. However, key amino acid residues
responsible for formation of cucurbitadienol have not
been identified. Therefore, further studies based on homolo-
gous modeling and site-directed mutagenesis should be carried
out.

Glycosylation is the last step in the biosynthesis of mogro-
sides and is a critical determinant of their taste. However, genes
involved in this step have not been reported to date. In this
study, UGT74AC1 was confirmed to glycosylate mogrol at the
C-3 hydroxyl group to produce mogroside IE. This is the first
reported UGT that shows specificity for cucurbitane-type tri-
terpenoid. Similar to other UGTs, UGT74AC1 showed strong
regioselectivity and stereospecificity with mogrol. UGT74AC1
can only glycosylate mogrol at the C-3 hydroxyl, whereas the C-
24 or C-11 hydroxyls of mogrol cannot be catalyzed.
Furthermore, mogroside IA, which also contains a C-3 hydroxyl
group, cannot serve as an acceptor for UGT74AC1, indicating
that UGT74ACT1 can distinguish the C-24 hydroxyl group of the
acceptor.

In general, UGTs exhibited substrate regiospecificity rather
than absolute specificity in vitro. Besides mogrol, UGT74AC1
also showed activity with quercetin and naringenin. Kinetic
data suggested that UGT74AC1 was most efficient with narin-
genin, exhibiting the highest k., value and k./K,, ratio.
Similarly, Medicago triterpene glycosyltransferase UGT71G1
also showed higher catalytic efficiency with quercetin and gen-
istein compared with hederagenin. We could not expect
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UGT74AC1 to be a flavonoid glycosyltransferase in vivo con-
sidering that naringenin and naringenin glycosides have never
been detected in the fruits of S. grosvenorii and that at least four
UGTs active with triterpenes can also glycosylate flavonoids
(Achnine et al. 2005, Naoumkina et al. 2010, Augustin et al.
2012). Typically, plant UGTs belong to the GT-B fold that com-
prises two Rossmann-like domains. The crystal structures of
several plant UGTs, including multifunctional triterpene/
flavonoid UGT71G1 (Shao et al. 2005), multifunctional
(iso)flavonoid UGT85H2 (Li et al. 2007) and UGT78G1 from
M. truncatula (Modolo et al. 2009), anthocyanidin 3-
O-glucosyltransferase  Ct3GT-A  from  Clitoria  ternatea
(Hiromoto et al. 2013) and flavonoid 3-O -glycosyltransferase
VvGT1 from Vitis vinifera (Offen et al. 2006) have been deter-
mined. The conserved His20 of VvGT1 and His22 of UGT71G1
in the acceptor-binding pocket were identified as a general base
for enzyme activity, while Asp119 in VvGT1 and Asp121 in
UGT71G1 formed a hydrogen bond with the histidine to help
deprotonation of acceptor molecules. Sequence alignment ana-
lysis of UGT74AC1 with these five UGTs showed that the two
key amino acid residues in the acceptor-binding pocket were
relatively conserved (Supplementary Fig. S4). Crystallization of
UGT74AC1 will be required for better understanding of the
detailed interactions between catalytical function and substrate
specificity considering the low sequence similarity among plant
UGTs.

The glycosyltransferase superfamily is a large and diverse
group of enzymes. For example, 120 and 165 UGT genes were
reported in the model plant Arabidopsis thaliana (Paquette
et al. 2003) and M. truncatula (Achnine et al. 2005), respect-
ively. Identification of UGTs responsible for the synthesis of
triterpene saponins is difficult because of limited predictability
between biochemical function and primary sequence similarity
among UGTs. However, the expression patterns of the squalene
synthase gene (SS), SE and OSC genes with UGT genes are often
clustered tightly, which can be used for screening of candidate
UGT genes involved in triterpene saponin biosynthesis. In a
previous study, UGT73F3 was identified and found to show
specificity for multiple sapogenins by cluster analysis of UGT
genes with similar expression patterns to that of the B-amyrin
synthase gene in M. truncatula (Naoumkina et al. 2010). Using
a similar method, UGT71G1 and UGT73K1 were screened
from > 300 expressed sequence tags (ESTs) and found to
show activity toward medicagenic acid/hederagenin and soya-
sapongenols B and E/hederagenin, respectively (Achnine et al.
2005). Thus, RNA-seq based on NGS, combined with DGE pro-
file analysis with SS, SE or OSC genes as reference genes may
provide a basic method for identification of candidate UGT
genes in triterpene saponin biosynthesis.

To date, mogroside production has depended completely
on extraction from fruits of S. grosvenorii, and the production of
mogrosides by organic synthesis is not practically possible.
SgCbQ and UGT74ACT identified in this study may potentially
allow improvement in mogroside production by genetic trans-
formation of S. grosvenorii. The pathway from cucurbitadienol
to mogrol is thought to involve a series of hydroxylations by the
P450s, which is critical for mogrosides production. Functional

characterization of candidate P450s responsible for oxidation of
cucurbitadienol will be of particular interest.

Materials and Methods I

Plant materials and chemicals

Fruits of S. grosvenorii were kindly provided by Professor Qinhong Wang at the3
Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences.
UDP-glucose was purchased from Sigma-Aldrich. Oleanolic acid, betulinic
acid, ursolic acid, protopanoxadiol, protopanoxatriol, ferulic acid, p-coumaric
acid, caffeic acid, quercetin and naringenin were purchased from J&K Scientific
Ltd. Chemical standard mogrosides (mogroside IIE, mogroside Ill, mogroside IV,
siamenoside | and mogroside V) were purchased from Chengdu Biopurify
Phytochemicals. Mogroside extract (containing 55% mogroside V) was pur-
chased from Guilin Layn Natural Ingredients. All other chemicals were of com-
mercial reagent grade.

Preparation of mogrol, mogroside IE and
mogroside 1A

For preparation of mogrol, mogroside IE and mogroside IA, 300 mg of mogro-
side V purified from mogroside extract was dissolved in 100ml of
sodium acetate buffer (0.1mol I~", pH5.0) adding 10 ml of crude pectinase
from Aspergillus niger (Sigma, P2611). Enzymolysis was performed at 50°C for
48 h, and reaction products were extracted three times using an equal volume
of ethyl acetate (Kim et al. 2006). The organic extracts were concentrated
and evaporated under reduced pressure distillation, then resuspended in ap-
propriate volumes of methanol and purified using an Agilent 1200 preparative
HPLC system coupled with a reverse-phase Ultimate C18 column
(21.2 x 250 mm, 5um particle, Welch) to obtain pure mogrol, mogroside IE
and mogroside IA.

For structure analysis, mogrol and mogroside IE were dissolved in pyridine-
d5 with 1% tetramethylsilane (TMS) as internal standard. 'H- and "*C-nuclear
magnetic resonance (NMR) spectra were obtained using a Bruker DMX-
600 NMR spectrometer operating at 600 MHz (Supplementary Table S5).
Considering that all the products were hydrolyzed from mogroside V, the
minor compound, whose level was too low for NMR analysis, eluted at
38.50 min (analyzed by HPLC with the same conditions as mogroside IE), ex-
hibited the same ions for 637 [M-H] ", 683 [M—H+HCOOH] and 751 [M-
H+HCOOH] ™, and so was speculated to be mogroside IA (mogrol glycosylated
at the C-24 hydroxyl group).

Isolation of RNA and cloning of candidate UGT
genes

Total RNA was isolated from the fruits of S. grosvenorii using the Trizol reagent
according to the manufacturer’s instructions (Invitrogen). The RNA sample was
treated with DNase | (Fermentas) at 37°C for 30 min, then 3 ug of the DNase |-
treated total RNA was used as template for the synthesis of first-strand cDNA
using the Quantscript RT Kit (Tiangen) in a 20 pul reaction with oligo(dT);s
primer following the manufacturer’s recommended protocols. The coding re-
gions of the six UGT genes were PCR amplified using Q5 High-Fidelity DNA
Polymerase (NEB) with specific primers (Supplementary Table S1) and ligated
into the pEASY-Blunt Simple Cloning Vector (TransGen Biotech) for sequen-
cing. The correctly sequenced plasmids were digested with the corresponding
restriction enzymes, and then the resulting DNA fragments were recycled and
cloned into the restriction sites of the pET21a expression vector (Novagen).

Functional characterization of SgCbQ in yeast

SgCbQ (GenBank accession No. HQ128567) and CpCbQ (GenBank accession
No. AB116238) were codon-optimized for synthesis and cloned into the Kpnl/
Xhol sites of the pYES2 yeast expression vector under the control of the GAL1
promoter to construct pYES2-SgCbQ and pYES2-CpCbQ. The two recombin-
ant plasmids and the empty vector pYES2 were transformed into
Saccharomyces cerevisiae GIL77 (gal2 hem3-6 erg7 ura3-167) by the lithium
acetate method (Daniel Gietz and Woods 2002). Yeast expression experiments
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were carried out as described before (Kushiro et al. 1998). After galactose in-
duction, cells were collected, refluxed with 5ml of 20% KOH/50% ethanol and
extracted three times with the same volume of n-hexane. The combined ex-
tracts were dried under reduced pressure distillation and dissolved in 500 pl of
n-hexane for GC-MS analysis as described by Dai et al. (2014).

Heterologous expression and purification of UGTs
in E. coli

Escherichia coli Rosetta-gami (DE3), which is optimized for the expression of
eukaryotic genes, was used as host for protein expression. Transformants were
cultured with Luria—Bertani (LB) medium plus ampicillin (100 g ml™"), kana-
mycin  (15ugml™"), chloramphenicol (34ugml™") and tetracycline
(12,5 ugml~'L) at 37°C until the ODgyo reached 0.6-0.8. The expression was
initiated after addition of isopropyl-B-o-thiogalactopyranoside (IPTG) to a final
concentration of 0.1 mM, after which, the cells were further cultured for 18—
20 h at 16°C.

For protein purification, cell pellets containing the recombinant fusion
protein were harvested by centrifugation at 4,000 x g for 10 min and resus-
pended in lysis buffer (50 mM Tris—HCl, 150 mM NaCl, 25mM imidazole,
pH 7.2). After disruption by sonication, the homogenate was centrifuged at
10,000 x g for 30 min at 4°C. The supernatant soluble protein was purified
using an Ni-NTA agarose affinity column (GE Healthcare) according to the
manufacturer’s protocols. The purity and molecular mass of the UGTs were
determined by SDS-PAGE. Protein concentration was measured by the
Bradford method with bovine serum albumin (BSA) as standard.

In vitro enzyme assays of UGTs

Triterpene UGT activity assay (500 pul) was conducted with 50 pg of purified
protein, 50mM Tris—-HCl (pH7.2), 5mM MgCl,, TmM UDP-glucose and
200 uM of different triterpene substrates. The reaction mixture was incubated
at 30°C for 4 h, then samples were extracted three times with the same volume
of ethyl acetate. Then, the ethyl acetate phase was collected and evaporated
under a stream of nitrogen gas, and the residue was re-diluted in 200 pl of
methanol for LC-ESI-MS analysis.

To test the activity of UGTs towards flavonoids and phenolic compounds,
the assay mixture (200 pl) contained 10 ug of purified recombinant protein,
1 mM of UDP-glucose in 50 mM Tris—HCI (pH 7.2), 5 mM MgCl, and 200 uM of
variant flavonoids and phenolic compounds. The reactions were carried out at
30°C for 30 min and stopped by adding an equal volume of methanol. After
centrifugation at 10,000 x g for 10 min, the reaction mixture was filtered with a
0.22 pm filter prior to analysis by LC-MS.

Kinetic studies for mogrol were carried out in 400 Ll volumes with 100 pg of
purified recombinant protein, 50 mM Tris—HCI (pH 7.2), 5mM MgCl,, 1T mM
UDP-glucose and mogrol (6.25-120 uM). Mixtures were incubated at 30°C for
1h and stopped by adding an equal volume of ethyl acetate. All subsequent
steps were conducted as described above. Kinetic studies for quercetin and
naringenin were performed in enzyme assays with 3 g of purified recombinant
protein, quercetin and naringenin concentrations of 10-200 M and a reaction
time of 10 min. Kinetic parameters were determined from Lineweaver—Burk
plots from triplicate experiments. The k., values were calculated using the
predicted molecular mass of 51,274 g mol ™" for UGT74AC1.

LC-ESI-MS analysis

An Agilent 1260 HPLC system coupled to a Bruker-micrOTOF-Il mass spectrom-
eter with an electrospray ionization (ESI) probe was used for LC-ESI-MS analysis.
Glycosylated products of triterpene were subjected to a reverse-phase Ultimate
C18 column (4.6 x 250 mm, 5um particle, Welch, Shanghai, China) with a flow
rate of TmImin~" and UV wavelength of 210 nm. The column was eluted with
solvent A (H,O) and solvent B (100% CHsCN) using the following gradients:
0-20 min, 23% acetonitrile; 20-40 min, 23-50%; 40-60 min, 50% B. ESI param-
eters were optimized as follows: the scan range was 100-1,000 m/z in negative ion
mode, spray voltage was 4,500 V, capillary temperature was 400°C, dry gas was
6mlmin~", dry temperature was 180°C and nebulizer pressure was 1 bar.

For analysis of products formed by glycosylation of flavonoids, the same
column was eluted with a linear gradient of 20-85% acetonitrile in H,O

(all containing 0.1% formic acid) at 1.0 ml min~" over 25min and detected

with a wavelength of 254 nm. ESI parameters were set as described above but
the spectrometer was operated in positive ion mode.

Phylogenetic tree construction

Sequence alignments analyses of SgCbQ (Suppplementary Fig. S5) with OSCs,
and of UGT74AC1 with UGTs (Suppplementary Fig. S6) were carried out with
ClustalW using the respective amino acid sequences. The non-rooted phylo-
genetic tree was constructed by the Neighbor—Joining method using the
MEGAG6 program (Tamura et al. 2013) with the following parameters: boot-
strap method (1,000 replicates), p-distance model, uniform rates and complete
deletion. In the phylogenetic tree, the scale bar indicates 0.1 amino acid sub-
stitution per site, and numbers at the nodes indicate the percentage of boot-
strap values.

Supplementary data I

Supplementary data are available at PCP online.
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