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Abstract

Key message A novel isoflavone 7-0O-glucosyltransfer-
ase PIUGT1 was isolated from Pueraria lobata. PIUGT1
could convert daidzein to daidzin, genistein to genistin
as well as formononetin to ononin.

Abstract Pueraria lobata roots are traditionally con-
sumed as a rich source of isoflavone glycosides that have
various human health benefits. However, to date, the genes
encoding isoflavone UDP-glycosyltransferases (UGTs)
have only been isolated from the roots of soybean seedlings
(GmIF7GT), soybean seeds (UGT73F2) and Glycyrrhiza
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echinata cell suspension cultures (GelF7GT). To investi-
gate the isoflavone metabolism in P. lobata, 40 types of
partial UGT cDNAs were isolated from P. lobata, and
seven full-length UGT candidates with preferential
expression in roots were identified. Functional assays in
yeast (Saccharomyces cerevisiae) revealed that one of
these UGT candidates, designated PIUGT1 (official UGT
designation UGT88E12), efficiently glycosylated isoflav-
one aglycones at the 7-hydroxy group. Recombinant
PIUGT1 purified from Escherichia coli cells was charac-
terized and shown to be relatively specific for isoflavone
aglycones, while flavonoid substrates were poorly accep-
ted. The biochemical results suggested that PIUGT1 was an
isoflavone 7-O-glucosyltransferase. The deduced amino
acid sequence of PIUGT1 shared only 26 % identity with
GelF7GT, 27 % with UGT73F2 and 63 % with GmIF7GT.
The PIUGTI gene was highly expressed in P. lobata roots
relative to other organs and strongly induced by methyl
jasmonate signal in P. lobata cell suspension culture. The
transcript abundance of PIUGTI was correlated with the
accumulation pattern of isoflavone glycosides such as
daidzin in P. lobata plants or in cell suspension culture.
The biochemical properties and gene expression profile
supported the idea that PIUGT1 could play a role in iso-
flavone glycosylation in P. lobata.

Keywords Glucosyltransferase - Isoflavone - Methyl
jasmonate - Pueraria lobata

Abbreviations

cDNAs Complementary DNAs

HID Trihydroxyisoflavanone dehydratase
HPLC High-performance liquid chromatography

IFS Isoflavone synthase
IPTG Isopropyl-D-thiogalactopyranoside
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LC-MS Liquid chromatography—mass spectrometry
MelJA Methyl jasmonate
MS Murashige and Skoog

NAA Naphthalene acetic acid

PSPG Putative secondary plant glycosyltransferase
gRT-PCR  Quantitative RT-PCR

RACE Rapid-amplification of cDNA ends

UGTs UDP-glycosyltransferases

Introduction

The glycosylation of flavonoids contributes to the chemical
diversity and medicinal importance of flavonoid glycosides
due to differences in glycosylation positions, various
numbers of the glycosyl moiety, glycosidic structures and
the nature of glycosidic bonds (carbon—carbon or oxygen—
carbon). Being a flavonoid branch, isoflavonoids are pre-
dominantly biosynthesized in legumes, and over 50 kinds
of glycoconjugated isoflavones have been identified (Na-
gashima et al. 2004). Some of the isoflavonoid malonyl-
glycosides function as key signaling molecules in the
formation of the nitrogen-fixing nodules on leguminous
plant roots (Dakora et al. 1993). In addition, isoflavonoid
glycosides exhibit a number of pharmacological and nu-
traceutical properties that are beneficial to human health
(Alekel et al. 2000; Lamartiniere 2000; Merz-Demlow
et al. 2000). Therefore, it is important to understand the
glycosylation of isoflavonoids and to engineer these com-
pounds for plant and human benefit.

Although the formation of the isoflavonoid skeleton has
been extensively characterized (Akashi et al. 1999, 2005;
Jung et al. 2000; Steele et al. 1999), the sequential modi-
fications of isoflavonoid metabolism, such as glycosylation,
O-methylation and prenylation, remain relatively unex-
plored. Glycosylation is mainly catalyzed by UDP-glyco-
syltransferases (UGTSs) that transfer the glycosyl group
from an activated donor sugar onto low-molecular weight
acceptors. A large number of glycosyltransferase families
have been reported, and the glycosyltransferases involved
in secondary metabolism are categorized into family 1
(Bowles et al. 2005; Sawada et al. 2005). Complementary
DNAs (cDNAs) encoding isoflavone 7-O-glucosyltransfe-
rases have so far only been identified from Glycyrrhiza
echinata cell suspension cultures (Nagashima et al. 2004),
the roots of soybean (Glycine max) seedlings (Noguchi
et al. 2007) and soybean seeds (Dhaubhadel et al. 2008). At
the protein level, relatively pure isoflavone 7-O-glucosyl-
transferase has been isolated from soybean seedlings
(Noguchi et al. 2007) and chickpea (Cicer arietinum L.)
(Koster and Barz 1981).
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Pueraria lobata is a leguminous plant, and its roots have
been ascribed a number of pharmacological properties,
including chemoprevention of migraine, hypertension and
alcoholism (Keung et al. 1996; Thiem 2003); antioxidants
associated with the reduced cardiovascular disorder (Lee
2004) and other medicinal effects (Boue et al. 2003). Most
pharmacological activities of P. lobata extracts are due to
the presence of isoflavone C- and O-glycosides, such as
daidzin (Boue et al. 2003; Keung and Vallee 1998), puer-
arin (Lin et al. 1996; Wu et al. 2009; Zhang et al. 2004),
genistin (Jin et al. 2012; Yasuda et al. 2005; Zhao et al.
2011) and possibly ononin (Auyeung et al. 2012; Li et al.
2010).

Despite the isoflavone glycosides in P. lobata exhibiting
great benefits to human health, the key genes for isoflavone
glycosylations in this plant have received limited study.
From P. lobata, He et al. (2011) recently used a genetic
approach to identify a glycosyltransferase designated as
GTO04F14 that could catalyze the O-glycosylations of
flavones and isoflavones. Compared to some flavone sub-
strates, the relative activities of GT04F14 toward all the
isoflavones tested in their study were much lower, sug-
gesting that it might not be an isoflavone-specific glyco-
syltransferase. Although there is still no molecular
evidence to elucidate the isoflavone glycosylations in P.
lobata, biochemical experiments (He et al. 2011) and
knowledge of C-glycosylation of flavonoids (Brazier-Hicks
et al. 2009) in cereals indicated that puerarin biosynthesis
might be in competition with daidzin synthesis utilizing the
same substrate 2,7,4’-trihydroxyisoflavanone (Fig. 1). As
part of an attempt to understand the isoflavone glycosyla-
tions at the molecular level, we investigated and report here
on the molecular cloning and functional characterizations
of a novel isoflavone 7-O-glucosyltransferase (denoted
PIUGT1, official UGT designation UGT88E12) from the
roots of P. lobata. These findings will aid understanding of
the isoflavonoid metabolism in P. lobata and provide new
gene resources to facilitate further metabolic engineering
of isoflavone O-glycosides production in other plants and
microbial hosts.

Materials and methods
Plant materials and chemicals

Seeds of P. lobata were collected from Langxi County,
Anhui Province, China. The seeds were sterilized with
10 % hydrogen peroxide, and germinated on the agarized
(0.8 %) Murashige and Skoog (MS) medium (Murashige
and Skoog 1962) at 25 °C in darkness. After germination,
the seedlings were grown at 25 °C with 14/10 h of a light
(150 pmol m—%s~")/dark cycle. The 45-day-old axenic
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seedlings were then used as the plant materials in the current
research. The chemical standards isoliquiritigenin, apigenin
and luteolin were purchased from Shanghai Forever Biotech
Company (Shanghai, China) and other chemical standards
were purchased from Shanghai Source Leaf Biological
Technology Company (Shanghai, China). All organic sol-
vents used for high-performance liquid chromatography
(HPLC) were from Wuhan Analytical Reagent Company
(Wuhan, China). Unless specified otherwise, all enzymes
were from Takara Company (Takara, Dalian, China).

Partial sequence-isolation and spatial expression
analysis of UGT cDNAs

Total RNA was extracted from the roots of P. lobata
seedlings using an EASYspin Plant RNA isolation kit

(Aidlab, Beijing, China). The first-strand cDNA was pre-
pared from 1 pg of the total RNA using Superscript III
reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and
the primer 5-GCTGTCAACGATACGCTACGTAACGG
CATGACAGTGTTTTTTTTTTTTTTTTTT-3'. To isolate
3'-terminus cDNA sequences of family 1 UDP-glycosyl-
transferases from P. lobata, a degenerate oligonucleotide
5'"TGACNCAYTGYGGNTGGAAYWC-3' was designed
based on the highly conserved Putative Secondary Plant
Glycosyltransferase (PSPG) motif found at the C-termini
(Hughes and Hughes 1994; Paquette et al. 2003). Some
partial glycosyltransferase cDNAs were obtained by oligo
(dT)-adaptor primer and degenerate primer designed based
on the PSPG (Nagatoshi et al. 2011; Yu et al. 2011). The
partial transcripts of glycosyltransferase cDNAs were
obtained by reverse transcription PCR (RT-PCR) with the
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degenerate primer 5-TGACNCAYTGYGGNTGGAAY
WC-3’ and the adaptor primer 5-GCTGTCAACGATAC
GCTACGTAACGGCATGACAGTG-3'. The PCR pro-
ducts were cloned into the pMD18-T vector (Takara) and
sequenced.

For gene expression analysis in different organs, total
RNAs were prepared from the roots, stems and leaves of P.
lobata seedlings with an EASYspin Plant RNA isolation kit
and treated with DNase I to remove contaminating geno-
mic DNA. M-MLYV reverse transcriptase (Invitrogen) and
oligo dT primer were used for synthesis of the first-strand
cDNA. Quantitative RT-PCR (qRT-PCR) was performed
on an ABI StepOne Plus Cycler with FastStart Universal
SYBR Green Master (ROX) (Roche, Mannheim, Ger-
many). The thermal cycling conditions were 95 °C for
10 min, followed by 40 cycles of 95 °C for 15 s and then
55 °C for 1 min. All real-time PCRs were performed in
three independent biological and three technical repeats.
Expression was calculated relative to P. lobata actin gene
(GenBank accession no. HO708075) to minimize varia-
tions in cDNA template levels. Two-tailed ¢ test (confi-
dence interval 95 %) was performed using GraphPad Prism
5 software to evaluate the difference in the gene expres-
sions among different organs. All primers used for qRT-
PCR are listed in Table S1.

Cloning and phylogenetic analysis of the full-length
cDNAs of UGT candidates

PIUGTI, PIUGTI3, PIUGTIS, PIUGT22, PIUGT3S,
PIUGT39 and PIUGT40 were considered as candidates for
isoflavone biosynthesis in P. lobata. The 5'-ends of
PIUGTI, PIUGTI3, PIUGTIS8 and PIUGT22 cDNAs were
successfully recovered by 5’ rapid-amplification of cDNA
ends (RACE) technique. Based on the RACE sequence
information, the full-length cDNAs of PIUGTI, PIUGTI3,
PIUGTI8 and PIUGT22 were then amplified by standard
RT-PCR. For the other candidates, a BLAST search
showed that the 3’-end transcripts of PIUGT35, PIUGT39
and PIUGT40 displayed extremely high identities with the
previously identified putative glucosyltransferase genes
from P. lobata, GTI9J14 (GenBank accession no.
HQ219051), GTI8P15 (accession no. HQ219050) and
GT21C20 (accession no. HQ219052), respectively. There-
fore, based on the nucleotide sequences of these previously
isolated putative glucosyltransferases, the full-length
cDNAs of PIUGT35, PIUGT39 and PIUGT40 were simply
amplified by RT-PCRs using the P. lobata root cDNA as
the template. All primers for the cDNA 5’-end amplifica-
tions and full-length clones are listed in Table S2 and Table
S3.

For the phylogenetic analysis, the deduced amino acid
sequences of the glucosyltransferases from P. lobata were
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aligned with other members of the family 1 glucos-
yltransferases using the CLUSTAL X Version 2.0 program
(Larkin et al. 2007). The phylogenetic tree was generated
by the neighbor-joining method of the MEGA 6.0 program
(Tamura et al. 2013), using 1,000 bootstrap replications.
The GenBank accession numbers of the sequences used in
the phylogenetic analysis are summarized in Table S4.

In vivo functional analysis of UGT candidates in yeast

The coding regions of PIUGTI, PIUGTI3, PIUGTIS,
PIUGT22, PIUGT35, PIUGT39 and PIUGT40 were cloned
into the pESC-HIS yeast (Saccharomyces cerevisiae)
expression vector (Stratagene, La Jolla, CA) under the
control of a GAL 1 promoter at the multicloning sites. The
primers used for cloning are shown in Table S3. The above
constructs, as well as the empty vector pESC-HIS as a
control, were transformed into S. cerevisiae WAT11 strain
(Pompon et al. 1996) separately using a standard lithium
acetate protocol (Gietz and Woods 2002). In vivo yeast
assays were performed as previously described with minor
modifications (Huang et al. 2012). After growth in syn-
thetic dropout (SD) liquid medium containing 2 % (w/v)
glucose, the transgenic yeast cells were washed three times
with sterile water, and then re-suspended to an ODggg of
0.8 in SD medium containing 2 % (w/v) galactose. The
substrate, daidzein, genistein, formononetin, daidzin or
puerarin, was then added to a final concentration of 50 uM.
After 48 h of galactose induction, the cultures were
extracted with an equal volume of ethyl acetate. The
extracts were air dried at room temperature and re-dis-
solved in methanol for HPLC analysis.

To investigate the roles of the above seven glucosyl-
transferase candidates in puerarin biosynthesis, the primers
5-ATGTTGCTGGAACTTGCAC-3' and 5-TCAAGA
AAGGACTTTAGC-3' were used to get a cDNA encoding
isoflavone synthase (IFS) (GenBank accession no.
KC202929) from P. lobata of Langxi County by RT-PCR
based on the IFS sequences (GenBank accession no.
HQ219053) reported before. The coding region of /FS was
cloned into the yeast expression vector pESC-TRP (Strat-
agene) to give the construct pESC-TRP—IFS and the
construct was transformed into S. cerevisiae WATI11. The
yeast cells expressing the IFS converted liquiritigenin to
daidzein, indicating that the IFS had isoflavone synthase
activity (data not shown). The construct pESC-TRP-IFS
was co-transferred into S. cerevisiae WATI11 cells sepa-
rately with each of the seven glucosyltransferase candi-
dates that were constructed in the yeast expression vector
pESC-HIS. The yeast cells harboring the two empty vec-
tors pESC-HIS and pESC-TRP were used as the control
yeast strain. After 48 h of growth in SD liquid medium
containing 2 % (w/v) glucose, all transgenic yeast cells
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were washed with sterile water and re-cultured in SD liquid
medium containing 2 % galactose. The substrate liquiri-
tigenin at a final concentration of 50 M was added into
the cultures. After 48 h of galactose induction, the extracts
were prepared as above for subsequent HPLC analysis.

In vitro PIUGT1 and PIUGT13 enzyme activity assays

The coding regions of PIUGTI and PIUGTI13 were cloned
into the E. coli expression vector pET28a (Novagen,
Darmstadt, Germany) in frame with the vector sequence
encoding an N-terminal HIS tag. Primers used for the
cloning are listed in Table S3. Protein expressions were
induced in E. coli Rosetta (DE3) cells with 1 mM isopro-
pyl-p-thiogalactopyranoside (IPTG) at 25 °C for 7 h and
purified using Ni Sepharose 6 FAST Flow resin (GE
Healthcare, Piscataway, NJ, USA) following the provided
protocol. The purified polypeptides were analyzed by SDS-
PAGE according to Sambrook and Russell (2001). Proteins
in enzyme preparations were quantified by Bio-Rad protein
assay.

The standard in vitro enzyme assays were conducted
according to the previous studies with some modifications
(He et al. 2011; Noguchi et al. 2007). 200 pl of the reaction
mixture consisted of 2 g of the purified enzyme, 50 mM
trisHCl at pH 8.0, 1 mM UDP-glucose and 100 pM
acceptor substrates (daidzein, genistein, formononetin,
cyanidin, naringenin, liquiritigenin, quercetin, kaempferol,
apigenin and luteolin). Except for the substrate cyanidin,
the reactions were carried out at 30 °C for 3 h—cyanidin
was found to be unstable at 30 °C for 3 h (data not shown),
and so this assay was performed for only 0.5 h. The reac-
tions were stopped with 200 pl of methanol, and 1 pl of the
reaction mixture was directly injected for HPLC analysis.

For kinetic analysis of PIUGTI1, a 200 pl reaction
mixture containing 50 mM trisHCI at pH 8.0, 1 mM UDP-
glucose and 0-480 pM of daidzein or genistein was pre-
warmed at 30 °C, and the reaction initiated by adding 1 pg
of the purified PIUGT1. The mixture was then incubated
for 10 min and stopped with 200 pl of methanol prior to
HPLC analysis. Kinetic parameters were determined by
hyperbolic regression analysis using the Prism program
(GraphPad).

Isoflavone glycosides biosynthesis and gene expression
elicited by methyl jasmonate (MeJA)

Callus cultures were induced from the young leaves of P.
lobata seedlings with MS medium supplemented with
1 mg 17" naphthalene acetic acid (NAA), 2 mg 1" ben-
zylaminopurine and 8 g 17" agar. The suspension cell line
was initiated from the callus culture on a B5 liquid medium
containing 1 mg 17" 2, 4-D, 1 mg ™' NAA, 0.5 mg 1!

kinetin and 0.2 % casein acid hydrolysates, and sub-cul-
tured every two weeks on a rotary shaker at 120 rpm at
25 °C. After 6-8 generations of the subculture, the
homogenous cell line was treated with MeJA at a final
concentration of 10 pM on the 4th day after the subculture
(i.e., the time point within the logarithmic growth phase of
the cell line). For the control, the cell culture was treated
with equal volume of ethanol. At 0, 4, 24 and 48 h after the
treatments, the cells were harvested, lyophilized and stored
at —80 °C for investigation of isoflavone production and
gene expression analysis. For the isoflavone extraction,
20 mg of the cells was extracted with 1 ml of methanol for
24 h at room temperature. The clear methanol extracts
were volatilized to dryness, re-dissolved in 2 ml of HPLC
grade methanol and filtered through a 0.22-pm nylon syr-
inge filter prior to HPLC analysis. For the gene expression
analysis, total RNA was extracted from the lyophilized
cells using an EASYspin Plant RNA isolation kit, and the
first-strand cDNA was prepared using Superscript III
reverse transcriptase (Invitrogen) and oligo dT primer.
gRT-PCR was performed to investigate the effects of
MeJA treatment on the expression of the PIUGTI,
PIUGTI3 and GTO4F14 genes (He et al. 2011). All real-
time PCRs were performed in three biological and three
technical repeats. The real-time PCR conditions for
amplifying specific gene transcripts were the same as
described above. The primers used for this part are listed in
Table S1.

HPLC and LC-MS/MS analysis

HPLC analyses were performed on an LC-20AT instru-
ment equipped with a binary pump, an autosampler and a
photodiode array detector (Shimadzu, Kyoto, Japan).
A Shimadzu Inertsil ODS-SP reverse phase column
(250 x 4.6 mm, 5 pm) was used and the column temper-
ature was set at 25 °C. To analyze the products extracted
from the yeast strains co-expressing PIUGTs and IFS,
0.1 % phosphoric acid in Milli-Q water (solvent A) and
HPLC grade acetonitrile (solvent B) were used as mobile
phase and the system was equilibrated at 15 % B, and
samples were separated with a multi-step gradient from 15
to 85 % B (10 min), 85 % B (6 min), 85to 15 % B (6 min)
and 15 % B (4 min) at a flow rate of 0.8 ml min~! and
detected at 260 nm. Other analyses were performed as
follows: the system was equilibrated at 5 % B, and samples
were separated with a multi-step gradient from 5 to 85 % B
(10 min), 85 % B (6 min), 85to 5 % B (6 min) and 5 % B
(4 min) at a flow rate of 0.8 ml min~'. The detection wave
length was set at 260 nm for daidzein, genistein, puerarin
and formononetin; 280 nm for naringenin and liquiritige-
nin; 350 nm for apigenin and luteolin; 370 nm for quer-
cetin and kaempferol; and 520 nm for cyanidin. For
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chemical quantifications, a standard calibration curve was
assembled from a range of concentrations (1-100 pg ml~")
of each chemical standard.

LC-MS/MS analysis was performed using Accela LC
system coupled with TSQ Quantum Access Max mass
spectrometer (Thermo Scientific, USA). The column and
analysis method was same with the HPLC analyses as
described above. Electrospray ionization source (ESI) was
applied and operated in positive ion mode. The MS data
were recorded with ranges of m/z 100-500. Other param-
eter settings are the same as those described previously
(Chen et al. 2013).

Results

Seven full-length putative UGT cDNA candidates were
isolated from P. lobata roots

A UDP-glucosyltransferase (UGT) cDNA library was
constructed from the roots of P. lobata. Through
sequencing 1,005 clones, the sequences representing the 3’-
terminus of 40 different UGT cDNAs were identified and
designated PIUGTI-PIUGT40. The nucleotide sequences
of these cDNA fragments were submitted to the GenBank
database (Accession nos. KC473565-KC473604).

The transcript abundances of the UGTs in different
organs of P. lobata were examined by qRT-PCR. Of the 40
UGTs, 10 showed preferential expression in the roots
(Fig. 2), six (PIUGTS, PIUGTI2, PIUGT28, PIUGT29,
PIUGT34 and PIUGT38) were preferentially expressed in
the stems, five (PIUGT3, PIUGT9, PIUGTI1, PIUGT20
and PIUGT33) in the leaves and others showed similar
expression in the roots, stems or leaves. Given that the
isoflavone glucosides were predominantly biosynthesized
in the roots of P. lobata, the UGTs with higher expression
in the roots were considered as candidates for further study.
Of these UGTs highly expressed in the root, PFTUGT16 and
PIUGT23 were most homologous with a previously
reported P. lobata UGT GTO04F14, which showed a higher
activity toward flavones than isoflavones (He et al. 2011).
The nucleotide sequences of PIUGT14 showed high iden-
tities with another previously identified P. lobata
GTO1KO1, which seemed not to be active with both iso-
flavones and other flavonoids (He et al. 2011) (Table S5).
Taken together, the other seven UGT genes (PIUGTI,
PIUGTI13, PIUGTIS, PIUGT22, PIUGT35, PIUGT39 and
PIUGT40) preferentially transcribed in the roots relative to
other organs were subjected to functional analysis in the
present study.

5’ RACE and standard RT-PCR techniques were applied
to successfully amplify their respective full-length cDNAs,
which were deposited in the NCBI database (www.ncbi.
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nlm.nih.gov) (GenBank accession nos. KC473565—
KC473572). The deduced amino acid sequences of these
UGT candidates showed 19-53 % identity with each other.

A phylogenetic tree was constructed to assess the rela-
tionships of all seven UGT candidates with other UGTs
whose functions have been identified (Fig. 3). PIUGT]I,
PIUGT13 (official UGT designation UGT88H1) and
PIUGT35 were clustered with UGT88 enzymes that
included GmIF7/GT from Glycine max (UGT8S8E3);
UGTS88E1l and UGTS88E2 from Medicago truncatula,
RhGT1 from Rosa hybrida; Am4’CGT (UGT88D3) from
Antirrhinum majus and L4'CGT (UGT88D2) from Linaria
vulgaris The members of the UGT 88 family have been
reported to transfer the glycosyl group onto the 7-hydroxy
group of (iso)flavones (Modolo et al. 2007; Noguchi et al.
2007). With respect to a special interest on isoflavonoid C-
glucosyltransferase, it was informative to include a flavo-
noid C-glucosyltransferase OsCGT from rice (Brazier-
Hicks et al. 2009) in the phylogenetic tree. Of the PIUGTs
cloned in this study, OsCGT exhibits relatively higher
homology to PIUGT1, PIUGT13, and PIUGT35. PIUGT1
was in the same branch as an isoflavone 7-O-glucosyl-
transferase GmIF7GT, which encouraged us to speculate
that PIUGT1 might specifically function in isoflavone
biosynthesis of P. lobata. The deduced amino acid
sequence of PIUGT1 shared 63 % identity with GmIF7GT.
PIUGT39 and PIUGT40 were found within a clade that
included members of family 73 UGTs. A number of family
73 UGTs in this cluster are known to be stress inducible
(Hirotani et al. 2000; Nagashima et al. 2004). Interestingly,
PIUGT39 was in the same branch as another isoflavone-
specific UGT GelF7GT and UGT73F2. This suggested
possible roles for PIUGT39 in isoflavone glycosylations in
response to external stresses. PIUGT18 was in the same
cluster as members of flavonoid 5-O-glucosyltransferases,
while PIUGT22 showed amino acid similarities with both
5-O- and 3-O-glucosyltransferases.

Biochemical assays showed that PIUGT1
was an isoflavone 7-O-glucosyltransferase

For in vivo biochemical assays, the coding regions of all
seven UGT candidates were cloned into a yeast expression
vector pESC-HIS and expressed in WATI11 yeast cells.
The yeast cells transformed with the empty vector pESC-
HIS were used as the control. Functional assays were
performed by testing the ability of yeast cells expressing
the UGT candidates to glycosylate the isoflavone sub-
strates (i.e., daidzein, genistein, formononetin, daidzin and
puerarin). Initial screenings demonstrated that the yeast
cells expressing PIUGT1 could efficiently convert daidz-
ein to daidzin, genistein to genistin as well as formo-
nonetin to ononin (Fig. 4a—c). When fed with genistein,
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calculated from three biological replicates in three technical repli-
cates. Asterisks indicate significant differences. *P < 0.05

Fig. 3 Phylogenetic analysis of <
glucosyltransferases from P. ‘\‘3’
lobata with other 9
glucosyltransferases of known %
function. The deduced amino T
acid sequences were aligned k)
with CLUSTAL X Version 2.0.

The tree was constructed by the
neighbor-joining method of
MEGA 6.0. Numbers indicate
the bootstrap values of 1,000
replicates. The scale bar
represents 0.1 amino acid
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daidzein or formononetin, the yeast cells expressing
PIUGT13 also produced their respective glucosides but at
a low rate (Fig. 4d—f). Yeast cells expressing PIUGT1 and

PIUGT13 were not able to glycosylate daidzin and puer-
arin. However, none of the other five UGT candidates
showed any activity toward any of the isoflavone
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Fig. 4 Functional characterization of glucosyltransferases in yeast.
HPLC analysis of the activities of PIUGT1 toward daidzein, genistein
and formononetin is shown in a, b and ¢, respectively; the
corresponding activities of PIUGT13 in d, e and f; the extracts from
the transgenic yeast strains fed without any substrates are shown in
g. PIUGT1 converted nearly all daidzein to daidzin (peak 1), genistein
to genistin (peak 2) as well as formononetin to ononin (peak 3); and
PIUGT13 only converted part of daidzein to daidzin (peak 4),

substrates used. It was especially surprising that the iso-
flavone substrates were not accepted by PIUGT39, which
showed the closest relationship to UGT73F1 (an isoflav-
one-specific UGT) in the constructed phylogenetic tree
(Fig. 3). The identities of daidzin, genistin or ononin
produced by yeast cells were confirmed with respective
authentic standards by liquid chromatography—mass
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genistein to genistin (peak 5) as well as formononetin to ononin (peak
6). WAT11 (pESC-HIS), the yeast strain carrying the empty vector
pESC-His as a control; WAT11 (pESC-HIS-PIUGT1), the yeast strain
expressing PIUGT1; WATI11 (pESC-HIS-PIUGT13), the yeast strain
expressing PIUGT13. The comparisons LC-MS data and UV spectra
of peaks 1-6 with corresponding authentic standards are shown in
Fig. S1 and Fig. S2, respectively

spectrometry (LC-MS) (Fig. S1) and UV spectra (Fig.
S2). Also, we have found that the 7-O-isoflavonoid gly-
cosides were eluted at different retention times compared
to the isoflavonoids glycosylated at other positions, e.g.,
the peaks corresponding to sophoricoside and genistin
were observed at different times by HPLC analysis (Fig.
S3). Those confirmed that both PIUGT1 and PIUGT13
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functioned in transferring a glycosyl group onto the
7-hydroxy group of isoflavones.

To verify the enzyme activities in vitro, the open-reading
frames of PIUGTI and PIUGTI3 were inserted into the
vector pET28a for expression in E. coli cells. The recombi-
nant enzymes were purified by immobilized metal affinity
chromatography (Fig. S4) and applied to the in vitro reac-
tions. Consistent with the in vivo assay results, both the
purified PIUGT1 and PIUGT13 recognized daidzein, geni-
stein and formononetin as acceptor substrates—PIUGT1
displayed about 4.1, 3.6 or 1.7 times activity of that of
PIUGT13 when daidzein, genistein or formononetin was
used as an acceptor, respectively. Given the similarity of
PIUGT1 and PIUGT13 to anthocyanidin 5, 3-O-glucosyl-
transferase-like protein (Table S5), the purified PIUGT1 and
PIUGT13 were tested for activities with anthocyanidin—no
products were observed in the assays (data not shown). The
acceptor specificities of PIUGT1 and PIUGT13 were deter-
mined using various types of flavonoid aglycones that are
probably present in P. lobata. Of the isoflavone acceptors,
70-97 % were converted by PIUGT1 in the standard enzyme
assays (Table 1). In contrast, only around 2-7 % of flavo-
noid substrates including liquiritigenin, naringenin and api-
genin were converted by PIUGT1. Except for the 24.8 % of
the chalcone substrate isoliquiritigenin converted, the other
flavonoid substrates were not accepted by PIUGT1. The
purified PIUGT13 exhibited relatively low activity toward
both isoflavone and flavone acceptors, of which around
11-41 % of the substrates were converted. PIUGT 13 showed
no activities with various other substrates. Therefore, our
biochemical assays indicated that PIUGT 1 was an isoflavone
UGT. The kinetic parameters for PIUGT1 with the isoflav-
ones genistein and daidzein were measured using 1 mM
UDP-glucose as the donor. The kinetic parameters for
PIUGT1 are shown in Table 2 and the progress curve of
PIUGT1 with genistein or daidzein is shown in Fig. 5.
PIUGT1 had a slightly higher substrate preference for gen-
istein than for daidzein, and the catalytic efficiency (k../Kn)
of PIUGT1 was about 1.5 times higher for genistein than for
daidzein. These kinetic values are comparable to other UGTs
(Achnine et al. 2005; Dhaubhadel et al. 2008).

Puerarin is a C-glycosylated isoflavone and exhibits
various pharmacological activities. Puerarin might be
produced via the enzymes IFS and UGT utilizing liquiri-
tigenin as the substrate (Fig. 1). To examine the possibility
of puerarin biosynthesis for our isolated seven UGT can-
didates, the P. lobata IFS was isolated and confirmed to be
active with liquiritigenin (data not shown). The yeast
WAT11 cells were transformed for the co-expression of the
P. lobata TFS separately combined with each of the seven
UGT candidates. The transgenic yeast cells were fed with
the substrate liquiritigenin and induced. Puerarin produc-
tion was not observed in any of the transgenic yeast strains.

Table 1 Activities of glucosyltransferases PIUGT1 and PIUGT13
from P. lobata

Substrate® % of substrates converted
PIUGT1 PIUGT13

Anthocyanidin

Cyanidin 0.0 0.0
Chalcone

Isoliquiritigenin 248 £25 0.0
Flavanone

Liquiritigenin 74 +£20 11.1 £ 1.2

Naringenin 1.8 £0.5 158 = 1.8
Flavone

Apigenin 2.1+04 0.0

Luteolin 0.0 0.0
Flavonol

Kaempferol 0.0 0.0

Quercetin 0.0 0.0
Isoflavone

Daidzein 96.7 + 1.7 235+ 1.5

Genistein 97.7 £ 0.2 26.8 £ 0.8

Formononetin 702 £ 2.2 413 £ 23

Data are the mean &+ SD of one experiment with three technical
replicates

? The structure of each substrate is shown in Fig. S8

Table 2 Kinetic parameters for PIUGT1 toward daidzein and
genistein

Substrate kear (s—1) K (M) keaKm (s7'MH
Daidzein 1.1 4+ 0.03 29.9 + 3.8 3.7 x 10*
Genistein 1.1 £ 0.04 204 + 3.4 5.4 x 10*

Data are the mean + SE of three biological experiments with three
technical replicates

However, daidzin was detected from cells expressing IFS/
PIUGT], or IFS/PIUGT13 (Fig. S5).

PIUGT1 expression was correlated with daidzin
production elicited by MeJA treatment

The P. lobata cell suspension culture was established and
the effect of MeJA treatment on the isoflavone production
in the cell cultures was investigated. By screening different
concentrations of MeJA, our preliminary experiments
showed that 10 uM MeJA was the most efficient inducer
(Fig. S6), and the major isoflavone products in the cell
suspension culture were daidzin and puerarin (data not
shown). Compared to control cells, daidzin production was
significantly elicited at 24 and 48 h after treatment with
10 uM MelJA, (Fig. 6). There was a similar increasing
trend for puerarin biosynthesis (Li et al. 2014). Given the
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Fig. 5 Hyperbolic regression a b
analysis of PIUGT1 with V (1 mol I'min-1) V (1 mol Mmin)
genistein (a) or daidzein 8 - 8 -
(b) using the Prism program
(GraphPad). The best-fit
regression equations of PIUGT1 6 1
reacted with genistein and
daidzein are V = 6.15[S]/ 4
(20.4 + [S]) and V = 6.09[S}/ —
(29.9 + [S]), respectively. V, 2 - genistein ) -e- daidzein
reaction velocity i 7
(pmol lflminfl); [S], substrate
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Fig. 6 Effect of MeJA on daidzin production in P. lobata suspension
cultures. As a control, suspension cultures were treated with equivalent
volumes of 95 % ethanol. Error bars represent the standard errors (SE)
of the means calculated from three biological replicates

biochemical properties of PIUGT1, PIUGT13 and
GTO04F14 (He et al. 2011) from P. lobata in converting
daidzein to daidzin, the effects on the gene expression of
PIUGTI, PIUGTI3 and GTO4F14 were examined. Com-
pared with controls, the gene expression of PIUGTI was
slightly elevated, while the expressions of PIUGTI3 and
GTO04F 14 were inhibited at 4 or 24 h post-treatment with
10 uM MeJA. However, compared to controls, there was a
clear increase (around twofold) in PIUGT] expression level
in cells treated for 48 h (Fig. 7), whereas the transcript
levels of both PIUGTI3 and GTO04F14 were down-regu-
lated (Fig. 7). This observation suggested that the tran-
script abundance of PIUGTI was correlated with daidzin
accumulation in the cell suspension culture.

Discussion

Glycosylation increases the bioavailability of natural drugs
by rendering them more water soluble and less toxic, and

@ Springer

Fig. 7 The gene expression analysis of PIUGTI, PIUGTI3 and
GTO4F14 in P. lobata suspension cultures treated with 10 pM MeJA.
Error bars represent the standard errors (SE) of the means calculated
from three biological replicates. The relative expression value on the
Y-axis represents the ratio of the gene expression in MeJA-treated
plants to those in control plants

thus increasing scientific interest has been paid to molec-
ular characterizations of glycosylation. We undertook
molecular cloning of glucosyltransferase cDNAs from P.
lobata roots due to their being a rich source of highly
valuable C- and O-isoflavone glycosides. This led to the
isolation of seven kinds of glucosyltransferase cDNAs that
showed preferential expression in roots. Heterologous
expression in yeast and E. coli cells showed that the
PIUGT1 and PIUGT13 exhibited enzyme activities to O-
glycosylate isoflavone substrates at the 7-hydroxy group.
PIUGT1 accepted isoflavones as specific substrates,
whereas other flavonoid substrates were poorly glycosyl-
ated. Based on the biochemical properties of the enzymes,
the analysis of the gene expression profiles and the mea-
surements of the enzyme-catalyzed products in the plant, it
would be possible to estimate the in planta roles of
PIUGTL. In P. lobata plants, isoflavone glycosides such as
puerarin and daidzin mainly accumulate in roots (Fig. S7),
which is consistent with the organ-specific expression
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pattern of PIUGTI (Fig. 2). The quantity ratio of puerarin
to daidzin is 2.92 in the roots, 7.02 in the stems and 0.07 in
the leaves (Fig. S7) suggesting the difference in the
enzyme concentration ratio of 7-O-glucosyltransferase to
8-C-glucosyltransferase between different organs. In P.
lobata cell suspension cultures, compared to the controls, a
significant improvement of daidzin production was
observed at 24 and 48 h after the MeJA treatment (Fig. 6),
while the increase of PIUGTI transcription already has
been observed at 4 h after the MeJA elicitation (Fig. 7). It
is natural that the pathway gene expressions are modulated
at earlier time than metabolite production in plant cells in
response to signal molecules. Within the control cells
treated by 95 % ethanol, an obvious increase of daidzin
production was also observed at 48-h post-induction, which
could be caused by the strengthened secondary metabolite
biosynthesis in the culture with limited nutrients during the
late-log phase of cell growth as observed in previous
studies (Boonsnongcheep et al. 2010; Korsangruang et al.
2010). Based on the experiments using the plantlet and cell
suspension systems of P. lobata, we concluded that the
PIUGT! expression correlated with daidzin production in
P. lobata. Combining this with the substrate specificity of
PIUGT1 suggests that PIUGT1 plays a role in the isoflav-
one 7-O-glycosylations in P. lobata. PIUGT1 was judged
to be a novel isoflavone-specific 7-O-glucosyltransferase
(IF7GT) based on the following observations: (1) PIUGT1
shares low amino acid sequence identity with the previ-
ously identified IF7GTs (around 26, 27, and 63 % amino
acid identity to UGT73F1, UGT73F2, GmIF7GT, respec-
tively); (2) Of the previously cloned IFGTs, PIUGT1 is
most homologous to GmIF7GT (Fig. 3); however, the
substrate specificities in their biochemical functions are
different. For instance, GmIF7GT shows good activities
toward the flavonoid substrates including quercetin and
kaempferol (Noguchi et al. 2007) that were not glycosyl-
ated by PIUGT1 at all (Table 1).

The catalytic efficiency (k../Ky) of glycosyltransferase
GTO04F14, previously isolated from P. lobata, for genistein
is about 794 times lower than that of PIUGT1; GT04F14
also showed much higher activities to flavonols than iso-
flavones (He et al. 2011). The biochemical properties of
GTO04F14 (He et al. 2011) and its gene expression in
response to MeJA treatment in the present study (Fig. 7)
suggested that GTO4F14 might not be an isoflavone-spe-
cific glycosyltransferase. PIUGT13, showing 50 % amino
acid identity with PIUGTI1, exhibited a relatively low
activity toward isoflavone and other flavonoid acceptors,
providing another example of the overlapping substrate
specificity of these enzymes.

Similar three-dimensional structures have been identi-
fied for the UGT71G1 from M. truncatula and other
glycosyltransferases despite low sequence identities

between them (Shao et al. 2005). This prompted us to
speculate that there might be a similar interaction between
enzymes and isoflavone acceptors for PIUGTI,
GmIF7GT, UGT73F1 and UGT73F2. Crystallographic
study of a multifunctional triterpenoid/flavonoid glyco-
syltransferase UGT71G1 from M. truncatula and a fla-
vonoid glucosyltransferase VvGT1 from Vitis vinifera
demonstrated that the residues (His-22 in UGT71G1 and
His-20 in VwGT1) and (Asp-121 in UGT71GI1 and Asp-
119 in VwGT1) played key roles in its catalysis (Shao
et al. 2005; Offen et al. 2006). In contrast, mutations of
the equivalent sites (His-15 and Asp-125) in GmIF7GT
(an isoflavone 7-O-glucosyltransferase from Glycine max)
revealed that the two residues were not critical for the
GmIF7GT activity (Noguchi et al. 2007) which indicated
that the substrate binding sites for the isoflavone 7-O-GTs
might be different from flavonoid GTs. It would be of
particular interest to determine the key residues critical
for isoflavone glycosylations using structural and muta-
tional investigations.

Puerarin is a C-glycosylated isoflavone from P. lobata
and has a diverse range of health-promoting functions. The
mechanism of forming an 8-C-glycosidic bond during
puerarin biosynthesis is not yet clear. It was hypothesized
that the 8-C-glycosidic group might be introduced at the
trihydroxyisoflavanone stage by a C-glycosyltransferase,
and the resultant 8-C-trihydroxyisoflavanone was then
dehydrated by a trihydroxyisoflavanone dehydratase (HID),
or dehydrated spontaneously in a low pH environment, to
yield puerarin (Fig. 1). The formation of daidzin and
puerarin diverges at the trihydroxyisoflavanone stage, and
in terms of the spontaneous dehydrations in a low pH
environment, the expression levels of the glucosyltransfe-
rases could be the determinants for metabolite channeling
at both branches (Fig. 1). To screen the roles of our iden-
tified glucosyltransferases in puerarin biosynthesis, the IFS
from P. lobata was cloned and co-expressed with the
glucosyltransferase candidates in yeast cells. Using trans-
genic yeast cells fed with the substrate liquiritigenin, we
were unable to identify any of the cloned glucosyltransfe-
rases as active in puerarin biosynthesis, but we detected the
daidzin (peakl and peak3 in Fig. 5S) and daidzein (peak2
and peak4 in Fig. 5S) from the cells expressing IFS/
PIUGT1, or IFS/PIUGTI13. This suggested that, in both
transgenic yeast cells, 2,7,4’-trihydroxyisoflavanone was
probably formed by the IFS using liquiritigenin as the
substrate, spontaneously dehydrated to daidzein, and fur-
ther converted to daidzin by PIUGT1 or PIUGT13. Inter-
estingly, in the plant, the production of puerarin was higher
than that of daidzin in roots (In 45-day-old seedlings of this
study, the quantity ratio of puerarin to daidzin is 2.92),
while in the cell suspension cultures the quantity ratio of
puerarin to daidzin is varied between 0.24 and 1.05 at
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different stages of the cell suspension cultures (Li et al.,
2014). The difference in the enzyme activities for the 7-O-
and 8-C-glucosylations in different cell environments may
eventually direct different carbon fluxes to the biosynthesis
of puerarin and daidzin. Further investigation is necessary
to discover the C-glucosyltransferase from P. lobata.
Nevertheless, our data here suggested that PIUGT1 played
roles in the isoflavone 7-O-glycosylations of P. lobata
in vivo.

Conclusions

In conclusion, the cDNA encoding a novel isoflavone-7-O-
glucosyltransferase (PIUGT1) was isolated from P. lobata.
PIUGT1 is a counterpart in P. lobata responsible for
UGTS8E3 of soybean, and Fabaceae plant may have a
common IF7GT responsible for isoflavone glucosylation.
PIUGT1 shares low amino acid sequence identities with
several previously identified IF7GTs. Our study supplied a
new gene resource for the biosynthesis of isoflavone 7-O-
glucosides in various organisms.
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