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Abstract Analysis of over 200,000 expressed sequence
tags from a range of Medicago truncatula cDNA libraries
resulted in the identification of over 150 different family 1
glycosyltransferase (UGT) genes. Of these, 63 were rep-
resented by full length clones in an EST library collection.
Among these, 19 gave soluble proteins when expressed in
E. coli, and these were screened for catalytic activity
against a range of flavonoid and isoflavonoid substrates
using a high-throughput HPLC assay method. Eight UGTs
were identified with activity against isoflavones, flavones,
flavonols or anthocyanidins, and several showed high cat-
alytic specificity for more than one class of (iso)flavonoid
substrate. All tested UGTs preferred UDP-glucose as sugar
donor. Phylogenetic analysis indicated that the Medicago
(iso)flavonoid glycosyltransferase gene sequences fell into
a number of different clades, and several clustered with
UGTs annotated as glycosylating non-flavonoid substrates.
Quantitative RT-PCR and DNA microarray analysis re-
vealed unique transcript expression patterns for each of the
eight UGTs in Medicago organs and cell suspension cul-
tures, and comparison of these patterns with known phy-
tochemical profiles suggested in vivo functions for several
of the enzymes.
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Introduction

Members of the flavonoid class of plant natural products
have broad activities in plant defense, symbiosis, devel-
opment and pollination (Stafford 1997; Shirley 1998;
Aoki et al. 2000; Forkmann and Martens 2001). They
also exhibit a wide range of beneficial effects on human
health, including protection against cardiovascular dis-
ease and certain forms of cancer (Formica and Regelson
1995; Kanadaswami et al. 2005). Various flavonoids
possess antimicrobial (Farmakalidis and Murphy 1984;
Kape et al. 1991), antioxidant (Borek 2006), antiviral
(Kaul et al. 1985), and antiallergic/antinflammatory (Gil
et al. 1994) activities. The isoflavonoids are also estro-
genic (Bingham et al. 1998; Dixon 2004), and constitute
a major class of pre-formed and inducible antimicrobial
defense compounds in the Leguminosae (Dixon and
Sumner 2003).

Flavonoids and isoflavonoids are commonly found in
nature as glycoconjugates in which the glycosyl residue
can be crucial for bioactivity. A better understanding of
this relationship may lead to development of new and more
active and/or effective glycodrugs (Kren and Martinkova
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2001). For example, the flavonol quercetin, one of the
major health-beneficial antioxidants derived from plant
sources (Formica and Regelson 1995; Kanadaswami et al.
2005) (Fig. 1, 20), is usually found glycosylated on one or
more of its five hydroxyl groups to increase its solubility
and stability. The position of conjugation has a significant
impact on its biological activity and bioavailability, and
therefore on its potential health benefits for humans (Day
et al. 2000, 2003). Glycosides are generally more water-
soluble than their corresponding aglycones, and this influ-
ences the pharmacokinetic properties of the compound.

Thus, absorption of quercetin glucosides occurs in the
small intestine at higher efficiency than that of the agly-
cone (Manach et al. 2004).

Family 1 uridine diphosphate (UDP) glycosyltransfe-
rases (UGTs) are inverting glycosyltransferases that
transfer UDP-activated sugar moieties to specific acceptor
molecules. Plants contain very large UGT gene families,
and over 100 putative UGT genes have been identified in
Arabidopsis thaliana (Ross et al. 2001). Plant UGTs can be
divided into three distinct clades (Paquette et al. 2003).
The members of the plant-specific clade are characterized
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by a highly conserved consensus signature motif denoted as
the PSPG (Putative Secondary Plant Glycosyltransferase)
motif (Hughes and Hughes 1994; Paquette et al. 2003).
Many of these plant UGTs are involved in glycosylation of
natural products (Vogt and Jones 2000; Dangl and Jones
2001).

The relationship between primary sequence and sub-
strate specificity of plant UGTs is not yet clear. For
example, among 11 Arabidopsis UGTs that catalyzed
glycosylation at the 3-hydroxyl of quercetin, identity at the
amino acid level ranged from only 20% to 72%. Betanidin
(a betalain) 6-O- and 5-O-glucosyltransferases from
Dorotheanthus bellidiformis share only 19% amino acid
sequence identity (Vogt 2002). Thus, there are currently no
reliable methods to identify the substrate specificity or
regio-selectivity of a plant small molecule glycosyltrans-
ferase from sequence information alone.

Collectively, legumes accumulate a wide variety of
glycosylated natural products (Dixon and Sumner 2003). In
the model legume Medicago truncatula, these are primarily
flavonoids (flavones, anthocyanins), isoflavonoids (isof-
lavones, pterocarpans) and triterpene saponins (Huhman
and Sumner 2002; Dixon and Sumner 2003), suggesting
the presence of a range of UGTs specific for the biosyn-
thesis of these compounds in this species.

We here describe a genomics approach, coupled with
high throughput activity screening, to identify a range of
Medicago UGTs with activity against various flavonoid
and isoflavonoid natural products, including quercetin.
Interestingly, these Medicago (iso)flavonoid UGT genes,
although encoding proteins with overlapping specificities
for certain acceptor substrates, fall into several phyloge-
netically distinct clades, and are differentially expressed in
various tissues of the plant. Most of the enzymes exhibit
multiple activities in vitro, and could be developed as
useful reagents for the enzymatic synthesis of various
bioactive (iso)flavonoid glucosides. Their in vivo activities
were predicted based upon comparisons of transcript and
metabolite profiles in different tissues.

Materials and methods
Plant materials

M. truncatula plants were grown in Turface MVP™ (Pro-
file Products, Buffalo Grove, IL) under controlled condi-
tions in the greenhouse (28°C, 40% relative humidity, 16 h
daylength). Roots, leaves, flowers, stems, and buds were
collected from 8 week-old to 9 week-old plants, frozen in
liquid nitrogen, and stored at —80°C until use. For infection
studies, leaves of 8 week-old to 9 week-old M. truncatula
plants were wounded by running a tracing wheel across the

adaxial surface of the leaf, and inoculated with a spore
suspension (6 x 10° spores/ml) of Phoma medicaginis in
0.1% Tween 20. The plants were bagged and maintained in
a growth chamber as described (Deavours and Dixon 2005).
Leaves and stems were harvested 72 h post-inoculation,
frozen in liquid nitrogen, and stored at —80°C until use. M.
truncatula cell suspension cultures were grown and treated
with yeast elicitor (YE) or methyl jasmonate (MeJA) as
described previously (Suzuki et al. 2005).

Chemicals

UDP-[glucose-(U)14C] (300 mCi/mmol) was purchased
from American Radiolabeled Chemicals, Inc. (St. Louis,
MO, USA). Benzoic acid, biochanin A, caffeic acid,
catechin, frans-cinnamic acid, coniferyl alcohol, trans
p-coumaric acid, coumestrol, dihydroquercetin, epicate-
chin, esculetin, ferulic acid, p-hydroxybenzoic acid,
kaempferol, luteolin, quercetin, salicylic acid, scopoletin,
and vanillin from Sigma-Aldrich (St. Louis, MO, USA);
dihydrokaempferol from Apin (Abingdon, Oxon, UK);
apigenin, chrysoeriol, cyanidin, daidzein, delphinidin,
formononetin, genistein, isoliquiritigenin, liquiritigenin,
myricetin, naringenin, pelargonidin, and prunetin from
Indofine (Hillsborough, NJ, USA); and afromosin from
Chromadex (Santa Ana, CA, USA). Tricin was kindly
provided by Dr. Tom Mabry (University of Texas at
Austin).

Field grown alfalfa roots as a source of (-)-medicarpin
were extracted in acetone (1:2, w/v). The extracts were
concentrated to the aqueous phase under vacuum, extracted
three times with an equal volume of ethyl acetate, and the
pooled ethyl acetate fractions taken to dryness under vac-
uum. The residues were then resuspended in HPLC grade
methanol (J.T. Baker). Medicarpin was purified by HPLC
following published methods (Kessmann et al. 1990), ex-
cept that 1% H3PO, was replaced by H,O in the gradient
systems. Maackiain was purified from red clover roots as
described previously (VanEtten et al. 1983).

Cloning and expression of UGTs

After obtaining the complete nucleotide sequences of the
full length UGTs in the EST collection, a number were
cloned into Gateway compatible cassettes. The PCR
product was amplified and subsequently introduced using
BP recombination into pDONR201 plasmid (Invitrogen) to
create an Entry clone. The latter served as a substrate for
the LR recombination reaction to transfer the insert into the
destination vector pDEST17 (Invitrogen) for expression in
E. coli. Primers for Gateway cloning were: GT22D, for-
ward primer GGGGACAAGTTTGTACAAAAAAGCA
GGCTTCATGGTATCCCAAGATCCAAAGGT, reverse
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primer GGGGACCACTTTGTACAAGAAAGCTGGGT-
CTCATTTTGAATTGGCATTTCCATG; GT22EQ9, for-
ward GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
ATGAAGGACACTATAGTTCTCTA, reverse GGGGA
CCACTTTGTACAAGAAAGCTGGGTCTCAAGCAAA
AAGAAAGGGGGAATT; GT63G, forward GGGGACA
AGTTTGTACAAAAAAGCAGGCTTCATGGCATCCG
AAGCTTCAATTCA, reverse GGGGACCACTTTGTAC
AAGAAAGCTGGGTCTTAACAACGTTTGTGTTTCTT
AAT.

Cloning of other UGTs was performed using standard
procedures (Sambrook et al. 1989). The M. truncatula EST
clone NFO083F04ST (GTS83F, corresponding to TIGR
TC105632) was PCR amplified from pBluescript II SK+
(Stratagene, La Jolla, CA, USA) with addition of BamHI
and Notl sites (5'-CGGATCCATGTCTACCTTCAAAA-
ATG-3’, upstream primer; 5-TGCGGCCGCACTAGTG-
ACAATTTG-3’, downstream primer). The PCR product
was purified, ligated to pGEMTeasy vector (Promega,
Madison, WI, USA), sequenced, excised and re-cloned
between the BamHI and Notl sites of pET28a(+) (Nov-
agen, Madison, WI, USA) with a hexahistidine tag and a
thrombin cleavage site. E. coli BL21 (DE3) cells harboring
the expression construct were grown to an ODggy of 0.4—
0.5, and expression was initiated by addition of isopropyl
1-thio-f-D-galactopyranoside (IPTG) at a final concentra-
tion of 0.2 mM, with further incubation with shaking
overnight at 16°C.

GTs 29C, 29H, 67A and 99D were expressed and
purified using a similar strategy. In the case of GT29C, the
primers were 5-CGGATCCATGAAGGATACTTTAGT
TCTTTAC-3’ (upstream) and 5-TGCGGCCGCTCAAC
GAAGAAGGAAAGGGGAATT-3" (downstream). For
GT29H, the primers were 5-CGGATCCATGTCTATG
AGTGATATAAACAAG-3’ (upstream) and 5-TGCGGCC
GCTCAGTTGCTTCCTGTAATATCATC-3’ (downstream);
for GT67A, 5-CGGATCCATGGGAAACTTTGCAAACA
GAAAAC-3’ (upstream) and 5-TGCGGCCGCTTAATTT
TGTTTAAGCAACACATC-3" (downstream); for GT99D,
5-CGGATCCATGGAATCCTTTGGTGTGAAAGTT-3’
(upstream) and 5-TGCGGCCGCCTAAGTTACTGATAC
CAATTTCTT-3’ (downstream).

High-throughput screening of putative UGT substrates

Equal amounts of each purified recombinant UGT protein
were incubated with four independent solutions, each
containing eight different compounds that could be base-
line-resolved by HPLC and had clearly distinguishable UV
absorption spectra (Table S1). The mixtures (0.1 mM of
each component) were incubated with 1-5pg of
recombinant protein, 50 mM Tris—HCI, pH 7.0, 14 mM
f-mercaptoethanol and 5 mM UDP-glucose in a final
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volume of 200 pl at 30°C for 1-3 h. Reactions were
stopped by adding trichloroacetic acid (TCA) to a final
concentration of 24 mg/ml, and the reaction mixtures were
extracted with ethyl acetate (500 pl). The organic fractions
were collected, dried, and re-suspended in 50 pl of HPLC
grade methanol. Samples (20 pl) were analyzed by HPLC
(Agilent HP1100 series HPLC fitted with a diode array
detector, quaternary pump, and autosampler). The assays
were monitored at 230, 254, 280, 315, and 530 nm. Solvent
A was 1% phosphoric acid in milli-q water and solvent B
was HPLC grade acetonitrile. The flow rate was 1 ml/min.
The column was either a Metachem Waters Spherisorb 5 u
or a Varian Metasil Basic 5 u 250 x 4.6 mm C18 ODS
reverse phase column with a corresponding pre-column
purchased from Varian (Walnut Creek, CA). The system
was equilibrated at 5% B, and samples eluted with 5% B
for 10 min followed by a multi-step gradient from 5% to
10% B (5 min), 10% to 17% B (15 min), 17% to 23% B
(5 min), 23% to 50% B (35 min), and from 50% to 100% B
(4 min). Isocratic elution with 100% B (acetonitrile) was
then maintained for 10 min with a flow rate of 1 ml/min.

Enzyme assays with individual substrates

Enzyme reactions were performed with 1-15 pg of enzyme
in a total volume of 50 or 200 pl containing 50 mM Tris—
HCI pH 7.0, 1.0-5.0 mM UDP-glucose, UDP-galactose or
UDP-glucuronic acid, and 100-250 uM acceptor substrate
at 30°C. Reactions were stopped with TCA and products
analyzed by HPLC as described above.

For kinetic analysis of GTS83F, purified enzyme
(1.25 pg) was added to reaction mixtures (50 pl final vol-
ume) containing 50 mM Tris—-HCI pH 7.0, 10 puM UDP-
[U—14C]-g1ucose (0.3 Ci/mmol), 490 uM UDP-glucose
(unlabelled), and 0-500 uM acceptor substrate. Reactions
were stopped with TCA after 15 min incubation at 30°C.
Samples were extracted with 250 pl of ethyl acetate, and
200 pl were taken for liquid scintillation counting (Beck-
man LS6500). For kinetic analysis of GT67A, purified
enzyme (8.5 pg) was added to reaction mixtures (50 pl
final volume) containing 50 mM Tris—HCI pH 7.0, 20 uM
UDP-[U-"*C]-glucose (0.3 Ci/mmol), 980 uM UDP-glu-
cose (unlabelled), 5 mM MnCl,, 500 uM ATP, and 0-
500 uM substrate. Reactions were stopped with TCA after
30 min incubation at 30°C. Similar procedures were per-
formed for determination of K,, values for UDP-glucose,
except unlabelled sugar donor was used, and analysis of
product formation was by HPLC as described above. Data
were analyzed using Hyper32 software (http://www.liv.a-
c.uk/~jse/software.html).

Assays of reverse catalysis by GT83F were done by
incubating 1.25 ng of protein with 250 uM flavonoid 3-O-
glucosides or 7-O-glucosides in 50 mM Tris—HCl pH
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7.0 with or without 5.0 mM UDP. After 3 h of incubation
at 37°C, samples were extracted with ethyl acetate and
processed as described for the UGT activity measurement.

Phylogenetic analysis

Amino acid sequences were analyzed by the neighbor-
joining method using the distance matrix derived from the
multiple alignment of ClustalW (http://www.align.gen-
ome.jp). The phylogenetic tree was drawn using the soft-
ware PhyloDraw version 0.8 (http://www.pearl.cs.pusan.ac.
kr/phylodraw).

Primer design for real time qRT-PCR experiments

PCR primers (Table S2) were designed using Primer3
software  (http://www.frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). Design criteria were Tm values of
60 = 1°C, PCR amplicon lengths of 60—150 bp, and 18-24
nucleotide primers with GC content of 40-60%. Primer
quality was checked using NetPrimer software (http:/
www.premierbiosoft.com/netprimer/netprlaunch/netpr-
launch.html). The specificity of the primer pair sequences
was checked against the Medicago truncatula transcript
database using nucleotide-nucleotide BLAST (http://
www.ncbi.nlm.nih.gov/BLAST/).

Preparation of RNA

Total RNA was isolated from tissues or cultured cells using
TRIreagent (Molecular Research Center, Inc, Cincinatti,
OH, USA) according to the manufacturer’s instructions.
RNA samples were treated with Turbo DNA-free DNase |
(Ambion) according to the manufacturer’s instructions, and
checked for genomic DNA contamination by PCR using
the primers 5-GTCCTCTAAGGTTTAATGAACCGG-3’
(upstream) and 5-GAAAGACACAGCCAAGTTGCAC-3’
(downstream) designed to amplify an intron sequence of
the M. truncatula ubiquitin gene (TC# 102473), and the
primers 5-ATTGCCTGCCCAAGAGTGTAAG-3" (up-
stream) and 5-CAGCCAAGTTGCACAAAACAAC-3’
(downstream) designed to amplify an intron/exon fragment
of the same gene. RNA integrity was evaluated with an
Agilent 2100 Bioanalyzer using RNA nano chips. RT
reactions were done using the DNase I-treated RNAs and
SuperScript III reverse transcriptase (Invitrogen), accord-
ing to the manufacturer’s instructions.

Real-Time qRT-PCR and DNA microarray analyses
PCR reactions were performed in an optical 384-well plate

with an ABI PRISM 7900 HTsequence detection system
(Applied Biosystems, Foster City, CA, USA), using SYBR

Green to monitor dsSDNA synthesis. Reactions contained
2.5 pl of SYBR Green Master Mix reagent (Applied Bio-
systems), 0.5 pl of cDNA, and 200 nM of each gene-spe-
cific primer in a final volume of 5 pl. PCR reactions were
performed as described elsewhere (Czechowski et al.
2005). Data were analyzed using the SDS 2.2.1 software
(Applied Biosystems). PCR efficiency (E) was estimated
using the LinRegPCR software (Ramakers et al. 2003) and
the transcript levels were determined by relative quantifi-
cation (Pfaffl 2001) using the actin gene (TC# 107326) as a
reference.

DNA microarray analysis was performed utilizing Af-
fymetrix Medicago genome arrays with 61K probe sets
(http://www.affymetrix.com) as described previously
(Deavours et al. 2006).

Results
Selection and expression of Medicago family 1 UGTs

Using both keyword searching (glycosyltransferase,
glucosyltransferase) and the sequence of the PSPG box as
diagnostic features, informatic analysis of the TIGR M.
truncatula EST database (now hosted at the Computational
Laboratory and Functional Genomics Laboratory of the
Dana Farber Cancer Institute at Harvard University, http://
www.compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?
gudb=medicago) revealed 164 distinct tentative consen-
sus sequences (TCs) putatively encoding family 1 UGTs.
Of these, 63 were subsequently shown to be represented
by full length clones in the Noble Foundation’s M.
truncatula EST library collection. The nomenclature of
these clones, the GenBank accession #s of the ESTs, and
their tentative consensus numbers in the TIGR database,
are summarized in Table S2. After obtaining the com-
plete nucleotide sequences of these UGTs, 39 of them
were cloned into Gateway compatible cassettes and
transferred into the pDESTI17 vector (Invitrogen) for
expression in E. coli. A further 12 were subcloned into
E. coli expression vector pET28a by traditional methods.
Twenty seven of the Gateway clones expressed re-
combinant protein, and in 11 cases the protein was
recovered in the soluble fraction. Of the traditionally
cloned constructs, eight gave soluble protein.

The 19 soluble UGTs were expressed as hexa-histidine
N-terminal fusion proteins and purified from cell super-
natants by nickel affinity chromatography. As an example,
Fig. 2 shows SDS-PAGE analysis of E. coli lysates
expressing GT67A and GT83F. The protein was primarily
recovered from the soluble fraction of the cells, and was
obtained in a highly purified form by affinity purification.
The UGTs successfully expressed and purified to
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homogeneity by this approach were GT10A, GTI12E,
GTI13H, GT22D (official UGT designation UGT73CS8,
GenBank Accession # DQ875459), GT22E09 (UGTS8EI,
DQ875460), GT29C (UGT88E2, DQ875461), GT29H
(UGT71G1, AAWS56092), GT43G, GT49F (UGT73K1),
GT54H, GT55D, GT63G (UGT84F1, DQ875462), GT67A
(UGT85H2, DQ875463), GT68E, GT73H, GT83F
(UGT78G1, DQ875464), GT86C, GT99D (UGT73PI,
DQ875465) and GT106F, where the initial numbers refer
to the designation in the Noble Foundation EST collection,
and the numbers in parentheses refer to official UGT des-
ignations for those enzymes subsequently characterized
with regards to substrate specificity, and the GenBank
accession number of the complete open reading frame.

High throughput screening for (iso)flavonoid UGT
activity

A method was devised for high-throughput assay of re-
combinant UGTs against a range of plant-derived phenolic
compounds (see Materials and Methods). E. coli-expressed
recombinant hexa-histidine-tagged enzyme was purified
using Magne-His beads, and equal amounts of each protein
incubated with uridine diphosphate glucose (UDPG) as
sugar donor and mixtures (four in total) of putative
acceptor molecules each containing eight different com-
pounds that could, within each mixture, be baseline-re-
solved by HPLC (Table S1, Fig.3) and had clearly
distinguishable UV absorption spectra. If the recombinant
enzyme showed activity against any one of the eight sub-
strates within a particular mixture, a new peak (glucoside)
appeared on the HPLC trace (Fig. 3A, B) with a UV
spectrum nearly identical to that of one of the eight

1

S
—t

Fig. 2 SDS-PAGE analysis of GT67A (UGT85H2) and GT83F
(UGT78G1) proteins. S, molecular weight standards; 1, insoluble
fraction from E. coli expressing GT67A; 2, soluble fraction
containing GT67A (crude extract); 3, purified GT67A; 4, insoluble
fraction from E. coli expressing GT83F; 5, soluble GT83F (crude
extract); 6, purified GT83F
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aglycones. The enzyme was then tested with that substrate
independently. For example, when GT22E09 was incu-
bated with substrate group II (consisting of caffeic acid,
coniferyl alcohol, benzoic acid, dihydrokaempferol [di-
hydroflavonol], quercetin [flavonol, 20], coumestrol [co-
umestan, 10], medicarpin [pterocarpan, 12] and biochanin
A [isoflavone, 4]), a new peak (labeled k) appeared at a
retention time 45.5 min (Fig. 3B), with a nearly identical
UV spectrum to that of biochanin A (Fig. 3A, peak g). By
the same criteria, additional peaks (h, i, j) represented
glucosides of coumestrol, quercetin and medicarpin,
respectively. Re-assaying the enzyme with biochanin A as
the sole substrate confirmed production of biochanin A-7-
O-glucoside by comparison with an authentic standard
(Fig. S1). Using this screening method, eight out of the 19
UGTs were shown to exhibit activity against at least one
(iso)flavonoid acceptor.

Substrate specificities of Medicago (iso)flavonoid
UGTs

On the basis of preliminary experiments in which kinetic
parameters were measured for two of the UGTs, conditions
were determined for comparative screening of the eight
(iso)flavonoid UGTs against a total of 23 independent
substrates (Fig. 1), which included the (iso)flavonoids
analyzed in the preliminary high throughput screens (Ta-
ble S1), plus the chalcone isoliquiritigenin (16), the flavone
chrysoeriol (14), the flavonol myricetin (21), and the
isoflavones isoformononetin (3), afromosin (1) and irisol-
idone (2). Glucosides of the two latter compounds were
recently identified as important secondary metabolites of
M. truncatula cell suspension cultures (Farag et al. 2007).
The concentration of UDPG was set at 5 mM, and the
acceptor substrate concentration was set at 100 uM for the
assays with the 23 individual substrates. In preliminary
work with GT22D and GT22E09, higher concentrations of
acceptor substrate were shown to be inhibitory. GT22D
exhibited no activity with 1 mM kaempferol, yet had
excellent activity when the concentration was reduced to
100 uM. In contrast, GT22E09 had good activity with
100 uM or 1 mM kaempferol. Initial tests with GT22D and
GT22E09 with positive acceptor substrates (100 pM)
showed linear activity through two hours. For all other
UGTs tested, reactions with 100 pM acceptor substrate
were also linear for at least 2 h. In some cases after
overnight incubations, small amounts of product were
sometimes observed for UGT reactions that did not give
measurable product within 2 h. This activity was regarded
as insignificant and not pursued further.

Table 1 shows the substrate preferences of the eight
UGTs previously shown to have activity with at least one
(iso)flavonoid compound. The data, which should be
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Fig. 3 HPLC analysis of products formed by GT22E09 (UGT88E1)
in the presence of UDPG and group II substrates (Table S1). HPLC
chromatograms of control protein extract from E. coli expressing an
empty vector (A) and GT22E09 (B) incubated with substrate mixture
group II. Peaks labeled are: a, caffeic acid; b, coniferyl alcohol; c,

viewed as semi-quantitative in the absence of detailed ki-
netic measurements for every enzyme, are given as %
conversion of substrate after incubation (in most cases) of
2 pg of pure enzyme with 5 mM UDPG and 100 puM donor
substrate for 2 h. All UGTs had activity with at least three
of the 23 substrates, and some had activity with as many as
19 substrates but with varying conversion rates.

Three of the enzymes (GTs 22D, 22E09 and 29C)
showed an overall preference for isoflavonoids, being able
to glycosylate various isoflavones, including pterocarpan
phytoalexins. Two enzymes (GT63G and GT99D) exhib-
ited weak activity only against certain flavonols; it is
possible that flavonoids are not the natural substrates for
these enzymes. Of the eight enzymes, only GT83F was
able to glycosylate anthocyanidins, although other
(iso)flavonoids were better in vitro substrates.

By comparing the retention times of glycosylated
products with those of authentic standards, it was possible
to determine the preferred positions of glycosylation for
many of the enzyme: substrate combinations. These are
summarized in Table S3. Isoflavonoids were always gly-
cosylated at the 7-position (A-ring), and occasionally at the
4’-position for compounds with no free 7-hydroxyl.
Flavonoids could be glycosylated at multiple positions by
some of the enzymes, with different enzymes showing
preference for the 7, 4, 3, or 3-positions.

Kinetic analysis of GT67A and GT83F

Because of their wide activity profiles against anthocy-
anidins, flavones, flavonols and isoflavones (Table 1,
Table S4), GT67A and GT83F were selected for in-depth
kinetic analysis of substrate specificity. The crystal

45 50 55 60 65

benzoic acid; d, quercetin; e, coumestrol; f, medicarpin; g, biochanin
A; h, coumestrol glucoside; i, quercetin glucoside; j, medicarpin
glucoside; k, biochanin A glucoside. Insets show UV spectra of
compounds marked with arrows

structure and biochemical properties of GT67A are re-
ported elsewhere (Li et al. 2007), and its kinetics are only
briefly summarized here. The K,, for UDP-glucose was
determined as 485 uM. GT67A exhibited similar, very low
K,, values for the isoflavone biochanin A (4.8 uM), the
chalcone isoliquiritigenin (9.9 uM) and the flavonol ka-
empferol (2.9 uM). However, GT67A had higher substrate
preference for flavonol than for isoflavone (K../
K, =179.6 s M~! for kaempferol, and 28.5 for biochanin
A). No glycosylated products were observed when UDP-
galactose or UDP-glucuronic acid were used as sugar do-
nor, except in assays with biochanin A, where a single
glucosylated product was formed at barely detectable lev-
els.

As with GT67A, GT83F displayed typical Michaelis-
Menten kinetics for the various acceptor substrates
(Fig. S2, Table 2). A comparison of substrate structure-
activity relationships revealed that the carbonyl group on
ring C of the (iso)flavonoid acceptor is not critical, since
the enzyme glycosylates anthocyanidins, which lack this
group (Tables 1, 2). Substitution of the B-ring hydroxyl
group at C4’ with a methyl group increases the catalytic
specificity (K../K,, ratio) for the substrate when no hy-
droxyl group is present at C5 of the A ring. Thus, GT83F
prefers formononetin (5) to daidzein (7) by about 2-fold.
Although the K,, values for biochanin A (4’-methoxy
genistein, 4) and genistein (8) are different (11.7 and
36.7 uM, respectively), GT83F exhibits similar overall
specificity for these compounds under the experimental
conditions used. Likewise, only slight differences in
specificity were observed between genistein (8) and
daidzein (7), even though the K,, for the former is 23-fold
higher than for the latter.
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Table 2 Kinetic parameters for GT83F (UGT78G1) toward different
vmax

(iso)flavonoids
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The position of the aromatic B ring only slightly affects
substrate binding/turnover (Table 2). Thus, the K_../K,,
ratio for apigenin (a flavone, 11) is 1,534 whereas the K,/
K, ratio is 1,098 for its corresponding isoflavone (geni-
stein, 8). GT83F glycosylates apigenin (11), genistein (8),
biochanin A (4), daidzein (7) and formononetin (5) at the
7-O-position (Table S4). However, the V., of GT83F for
the flavonols kaempferol (19) and quercetin (20), both of
which have OH groups at C7 and C3, is much higher when
compared with that for most of the other substrates, and the
flavonols are glycosylated at the 3-position. However,
anthocyanidins (cyanidin and pelargonidin (22)), which
also possess a 3-OH group, were poor substrates for
GTS83F.

Three different sugar donors (UDP-glucose, -galactose
and -glucuronic acid) were compared in incubations of
GT83F with seven different acceptors (Fig. 4). With fla-
vonol (apigenin), isoflavones (genistein, biochanin A and
formononetin) and anthocyanidins (pelargonidin), UDPG
was the only effective donor. However, significant activity
was observed for the flavonols kaempferol and quercetin
with either UDPG or UDP-galactose (Fig. 4).

GT83F was also analyzed for its ability to operate in the
reverse direction to deglycosylate (iso)flavonoid glucode-
rivatives. The enzyme could convert biochanin A 7-O-
glucoside, genistein 7-O-glucoside, kaempferol 3-O-glu-
coside, and quercetin 3-O-glucoside, but not formononetin
7-0O-glucoside, into the corresponding aglycone (Fig. 5).
Deglycosylation occurred only in the presence of UDP.

Phylogenetic analysis of Medicago UGTs

A phylogenetic tree was constructed to show the relation-
ships of all 63 full-length Medicago UGTs with the com-
plete Arabidopsis UGT superfamily (Fig. S3). The
Medicago sequences clustered with the Arabidopsis se-
quences throughout the cladogram, except for the group of
Medicago UGTs at the bottom of the tree, which appear to
represent members of a clade not present in Arabidopsis
(Fig. S3). Fifty nine out of the 63 M. fruncatula UGTs
clustered within almost all known Arabidopsis UGT major
groups (A through N) as defined by the phylogenetic
analysis of Ross et al. (2001). Arabidopsis phylogenetic
small groups C (UGT90A1, UGT90A2 and UGT90A4) and
K (UGT86A1 and UGT86A2) did not have any corre-
sponding M. truncatula orthologs. Interestingly, GT83F
was the only M. truncatula UGT that clustered within
group F containing Arabidopsis UDP-glucose:flavonol-3-
O-glycoside-7-O-glucosyltransferase UGT78D1  (Jones
et al. 2003).

The sequences of the eight functionally characterized
M. truncatula UGTs were then aligned with those of all
known plant UGTs for which acceptor substrates have

@ Springer

been identified. Strikingly, Medicago UGTSs that share
common in vitro activities against certain flavonoid or
isoflavonoid acceptors were not always closely related
phylogenetically (Fig. 6), or on the basis of overall amino
acid sequence identity (Table S5). For example, GT67A
and GTS83F are distantly related, but both are active with
the isoflavone biochanin A (4), and the flavonols ka-
empferol (19) and quercetin (20). However, whereas the
isoflavone formononetin (5) was the best substrate of
those tested with GT83F, GT67A could not glycosylate
this compound. GT67A clusters with UGT85A1 (Figs S3,
S6), an Arabidopsis UGT that glycosylates cytokinins
(preferred substrate trans-zeatin) (Hou et al. 2004), and a
Stevia rebaudiana UGT that glycosylates diterpenes
(Richman et al. 2005), but GT67A did not glycosylate the
cytokinins Nﬁ—benzyladenine, dihydrozeatin, N,N-dime-
thyladenine, N°-isopentenyladenine, kinetin or frans-zea-
tin (data not shown). GT83F clusters with Arabidopsis
UGTs that glycosylate anthocyanidins and/or flavonoids,
although one of these enzymes uses UDP-rhamnose rather
than UDP-glucose, and anthocyanidins are only poor
substrates for GT83F in vitro when compared with isof-
lavones. These observations highlight our current inability
to predict plant UGT function from sequence information
alone.

Tissue-specific expression patterns of Medicago
(iso)flavonoid UGTs

The in vitro substrate specificity of a UGT does not
necessarily reflect the enzyme’s in vivo function
(Achnine et al. 2005). To address potential in vivo
functions for the eight Medicago UGTs with in vitro
activity against (iso)flavonoids, the expression patterns
of these genes were evaluated by real time quantitative
RT-PCR (qRT-PCR) using primers specific for each
gene (Fig. 7, Table S6). Tissues examined were stem,
flower, root, leaf, and bud, and root-derived cell sus-
pension cultures were also analyzed. Leaves were also
wounded and inoculated with spores of the leaf spot
pathogen Phoma medicaginis, a treatment that induces
accumulation of isoflavonoid aglycones (He and Dixon
2000; Deavours and Dixon 2005). Cell suspension
cultures were treated with YE, an inducer of isofl-
avonoid biosynthesis, or MeJA, an inducer of triterpene
saponin biosynthesis (Achnine et al. 2005; Suzuki et al.
2005). Transcript levels in elicited cell suspension
cultures, and in other plant organs (nodules, petioles,
vegetative shoots and seeds), were also measured by
Affymetrix DNA array hybridization (see Materials and
Methods) (Fig. 8).

Most of the assessed Medicago UGTs were expressed in
all plant organs examined by qRT-PCR, with the exception
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Fig. 4 HPLC analysis of substrates and products from incubations of
(iso)flavonoids with GT83F (UGT78G1) in the presence of different
sugar donors. Reactions containing acceptor substrate (250 pM),
UDP-sugar (2.5 mM), and GT83F (1.25 ng) were incubated for 3 h at
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of GT22E09, which was expressed in stems, buds and,
primarily, roots (Fig. 7). GT22E09 was also expressed in
root-derived cell suspension cultures, where its transcript
levels were weakly induced by YE and repressed by MeJA
(Fig. 7). This expression pattern was confirmed by micro-
array analysis (Fig. 8).

GT63G exhibited low level constitutive expression in all
the tissues analyzed, but was strikingly induced by YE in
cell suspension cultures (25 and 32-fold on the basis of
Affymetrix and qRT-PCR, respectively, Figs. 7, 8). Its
expression was also weakly induced in response to infec-
tion of leaves with P. medicaginis. GT67A was the only
UGT to show no expression in cell suspension cultures,
although GT99D transcripts were only detected in cell
cultures after MeJA elicitation, with higher transcript levels
at 24 h post-elicitation than at 2 h post-elicitation (Fig. 8).
GT67A was preferentially expressed in flowers, whereas
GT99D was most highly expressed in stems, flowers and
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Fig. 5 HPLC analysis of (iso)flavonoid aglycones formed by GT83F
(UGT78G1) operating in the reverse direction in the presence of
UDP. Substrates are: (A) biochanin A 7-O-glucoside; (B) formo-
nonetin 7-0-glucoside; (C) genistein 7-O-glucoside; (D) kaempferol
3-0-glucoside; and (E) quercetin 3-O-glucoside. The peak labelled as
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buds, and its expression in leaves was strongly reduced
following inoculation with P. medicaginis.

The remaining UGTs were expressed in all tissues
studied by qRT-PCR, but at different relative overall
levels. Expression of GT29H was down-regulated fol-
lowing Phoma infection of both leaf and stem tissue.
Microarray analysis revealed strong expression of GT29H
in petioles and pods (Fig. 8). GT29C was most highly
expressed in roots, and up-regulated by the wounding
process applied as a control for P. medicaginis infection
in leaves, with further transcript accumulation following
fungal inoculation. Consistent with wound induction in
leaves, GT29C expression was up-regulated by the wound
signal MeJA in cell cultures (Fig. 7, 8). In contrast,
GT83F was most strongly expressed in buds, and its
expression was strongly down-regulated by wounding of
leaves, and also by application of MeJA to cell cultures.
The expression level of GT22D was low in cell cultures,

400 4

Absorbance at 254 nm (mAU)
g

B 2 L2

36 3B 40 42 44 46 43 50 52 54
Time (min)

_ 200
g P
= 150

] [
£ ] i
& 100 ;'l
2 S i
SR < 1
g =] | s s s sy oy S—
g | &
2 0 ™
2 1
2 ]

Time (min)

S is the substrate and peak P is the product. Dotted lines, reactions
incubated without enzyme; Solid black lines, reactions incubated in
the presence of GT83F; Dashed lines, reactions incubated in the
presence of both GT83F and UDP
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Fig. 6 Unrooted phylogram comparison of the amino acid sequences
of Medicago truncatula UGTs 83F (UGT78G1), 22D (UGT73CS),
22E09 (UGTS88E1l), 29C (UGTS88E2), 63G (UGTS84F1), 67A
(UGT85H2), 99D (UGT73P1), 29H (UGT71Gl), and 49F
(UGT73K1), with those of other functionally characterized plant
glycosyltransferases. Arabidopsis thaliana: UGT71B6 (substrate:
abscisic acid); UGT72E1 and UGT72E2 (coniferyl and sinapyl
aldehyde); UGT73B2 (flavonoid 3-0); UGT73C6 (flavones/couma-
rins); UGT74B1 (thiohydroximate); UGT74D1 (jasmonic acid);
UGT74F1 and UGT74F2 (anthranilate/salicylic acid); UGT75C1
(anthocyanindin 5-0); UGT76C1, UGT85A1, and UGT76C2 (cyt-
okinins), UGT78D2 (anthocyanidins/flavonoids); UGT84A2 and
UGT84A4 (sinapate); GT84B1 (indole 3-acetic acid); Brassica
napus: BnSGT1 (sinapate); Catharantus roseus: CaUGT2 (curcu-
min); Dianthus caryophyllus: DicGT1 and DicGT3 (flavonoid 3-0);
Crocus sativus: UGTCs2 (crocetin); Eucalyptus perriniana: EpGT-1
(monoterpene); Iris hollandica: Th3GT (anthocyanidins 3-0); Nico-
tiana tabacum: NtGTla, NtGT2, and Togtl (coumarins and/or
flavonols); Rosa hybrida: RhGT1 (anthocyanidins); Stevia rebaudi-
ana: UGT74G1, UGT76G1, and UGT85C2 (diterpenes); Vitis
vinifera: VVGT1 (anthocyanins)

where it was down-regulated by YE and up-regulated by
MelJA (Figs. 7, 8).

(Iso)flavonoids play important roles in nodulation of
legumes (Fisher and Long 1992; Subramanian et al. 2006).
Microarray analysis revealed that, of the eight UGTs
studied here, GTs 22E09, 22D, 29H and 29C were the most
highly expressed in root nodules throughout their devel-
opment. GT29H and GTS83F were the most highly ex-
pressed among the eight UGTs in developing seed (Fig. 8).

Discussion
Identification of Medicago (iso)flavonoid UGTs
To date, plant glycosyltransferases active with flavonoids

or isoflavonoids have been identified by one of two ap-
proaches- activity based purification (sometimes followed

by molecular cloning) (Durren and McIntosh 1999; Fuku-
chi-Mizutani et al. 2003), or sequence-based identification
followed by in vitro expression and assay (Kramer et al.
2003; Ogata et al. 2004; Achnine et al. 2005). In both
cases, actual proof of in vivo function is usually lacking,
and likely hard to determine in view of the redundant and
promiscuous activities among the many members of the
plant UGT superfamily.

The non-biased expression and screening approach uti-
lized in the present work led to the identification of eight
Medicago UGTs that were able to glycosylate flavonoids
and/or isoflavonoids. Each enzyme was effective against
more than one class of (iso)flavonoid, but had a distinct
pattern of substrate preference. The screening method
using pooled acceptor substrates is efficient, but may result
in false negatives if one or more compounds inhibit gly-
cosylation of a bona fide substrate. If the frequency of
activity with (iso)flavonoids (8 out of 19 clones randomly
selected only on the basis of solubility of expressed pro-
tein) were to extend to the whole Medicago UGT family,
well over 50 UGTs would be predicted to show activity
with (iso)flavonoids in vitro.

All (iso)flavonoid UGTs described in this study prefer
UDP-glucose as sugar donor. However, GT83F is able to
transfer galactose, but not glucuronic acid, to kaempferol
and quercetin, but not to other substrates such as isofl-
avonoids. It has been suggested that the preference of plant
UGTs for UDPG or UDP-galactose is determined by the
nature of the last residue in the PSPG signature motif, and
changing this residue from histidine to glutamine in the
Aralia cordata UDP-galactose: anthocyanin galactosyl-
transferase switches the preferred donor from UDP-galac-
tose to UDP-glucose (Kubo et al. 2004). Our data,
indicating dual specificity of GT83F depending upon the
nature of the acceptor, suggest that the molecular basis of
donor preference is more complex than suggested by the
analysis of the A. cordata transferase.

Comparisons of Medicago UGTs to previously
identified (iso)flavonoid UGTSs

UGT73F1 is an isoflavonoid-specific glucosyltransferase
from the legume Glycyrrhiza echinata. G. echinata cell
cultures produce high levels of formononetin 7-O-gluco-
side following exposure to yeast elicitor, and UGT73FI,
which is induced under these conditions, is most effective
against formononetin (5) and daidzein (7) (Nagashima
et al. 2004). However, this enzyme showed weak activity
against quercetin and a range of other flavonoids and re-
lated phenolic compounds. In contrast, five of the eight
Medicago enzymes reported here were likewise active with
formononetin (5) and daidzein (7), but also showed sig-
nificant activity against quercetin (20) and/or kaempferol
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Fig. 7 Transcript levels of (iso)flavonoid UGTs in M. truncatula
tissues and cell cultures quantified by qRT-PCR. Cell cultures were
elicited with yeast elicitor (E) or methyl jasmonate (MeJA) for 2 h
and 8 h, respectively. Roots, leaves and buds were harvested from
unchallenged plants. Leaves were also wounded (C), and then
inoculated (I) with a suspension of Phoma medicaginis for 72 h.

(19). They were also active against other isoflavones
(afromosin (1) and irisolidone (2)) the glycosides of which
are present in Medicago cell cultures (Farag et al. 2007).
Several other UGTs have been reported to possess
activity against multiple classes of flavonoid compounds.
Thus, UGT73G1 from onion skins glycosylates a range of
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Stems were sprayed with a solution of 0.1% Tween 20 (C) or
inoculated (I) with a spore suspension of P.medicaginis in Tween 20.
cDNAs obtained from RT-PCR were quantified relative to the
abundance of actin. Insets show transcript levels plotted on a more
sensitive scale in those cases where they were lower that in other
organs in the parent plot

flavones, flavanones, isoflavones and the chalcone isoliq-
uritigenin (16), whereas UGT73J1 from the same source
only appeared to be active with one flavone and the isof-
lavone genistein (8) (Kramer et al. 2003). Arabidopsis
UGT73B2 glycosylates flavonols (preferred, at the 3-O-
position), flavones and flavanones, and similar to GT83F,
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Fig. 8 DNA microarray expression analysis of Medicago (iso)flavo-
noid glycosyltransferase genes. (A) transcript changes in cell
suspension cultures in response to YE or MeJA. The TC number is
from TIGR MtGI v. 8. Numbers represent ratios of treatment versus
control samples; (B—G) transcript levels in different tissues including

glycosylates the 7-O-position if the 3-O-position is not
available (Kim et al. 2006). Three out of 18 UGTs cloned
from the petals of carnation glycosylated various flavo-
noids and anthocyanins at the C-ring 3-O-position, and two
glycosylated chalcone at the 2’-O-position, and other
flavonoids at various positions (Ogata et al. 2004). Thus,

00 g0 e qpe@" ,lmﬁ‘? o8

Seed

seeds at various stages of development and nodules derived from
Rizhobium-inoculated roots. C Root, control roots; I Root, nodule-free
inoculated roots; dpi, days post- inoculation; dpp, days post
pollination

the Medicago enzymes reported here appear quite typical
as regards their broad substrate preferences in vitro.
Substrate specificity comparisons are more informative
if they report K../K,, values, but such analyses can be both
time consuming and prohibitively expensive when com-
paring many potential substrates. In the case of GT83F,
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K../K,, values for quercetin (20) and daidzein (7) are
similar, but the K,, for daidzein is approximately 50-fold
less than for quercetin, which has the higher turnover
number. These considerations may be important when
considering potential in vivo functions of UGTs with
overlapping substrate specificities that are co-expressed in
the same cell types.

UGT substrate preference and regiospecificity

Many plant secondary metabolite UGTs are more regio-
specific than substrate specific (Vogt et al. 1997; Taguchi
et al. 2000; Vogt and Jones 2000; Lim et al. 2002; Vogt
2002; Kramer et al. 2003). However, UGTs from carnation
petals have been shown to glucosylate some flavonoids on
both the 7-O- and 3-O-positions, and other flavonoids on
the 7-O-position alone (Ogata et al. 2004). Similarly,
GTB83F catalyzes glycosylation at the 7-O-position of the
studied (iso)flavonoids, unless these compounds have a
hydroxyl group at C3, in which case this position is
substituted. A comparison of substrate structure-activity
relationships revealed that the carbonyl group on ring C is
not very important for activity of Medicago GT83F, since
this enzyme was able to catalyze the 3-O-glycosylation of
anthocyanidins, which lack this group.

Recently, UGTs from Arabidopsis thaliana were
extensively analyzed both in vitro and in vivo with quer-
cetin as acceptor; from a total of 29 UGTs which exhibited
activity with quercetin, 14 catalyzed glycosylation either
on the C-ring 3-hydroxyl or the A-ring 7-hydroxyl, the
most commonly reported glycosylation positions for
quercetin derivatives isolated from plants. Eleven of the
UGTs produced two products, glycosylating the 7- and 3-
hydroxyls, 7-and 3’-hydroxyls, 7 and 4’-hydroxyls, or 3-
and 4’-hydroxyls. The remaining enzymes produced three
or four monoglucosides substituted on different hydroxyl
groups (Lim et al. 2004). Some of these UGTs also gly-
cosylated additional substrates such as caffeic acid
(UGT71C1) (Lim et al. 2003), indole-3-acetic acid
(UGT84B1) (Jackson etal. 2001) or salicylic acid
(UGT74F1) (Lim etal. 2002). Similarly, GT29H
(UGT71G1) glucosylates triterpenes in addition to quer-
cetin and genistein (Achnine et al. 2005).

As seen by a comparison of the kinetic constants of
GT83F for apigenin (a flavone) and genistein (the corre-
sponding isoflavone), the position of the aromatic ring B
(ie. attached to the 2 or 3 positions of the C ring) in fla-
vonoid derivatives has little effect on regiospecificity or
turnover of this enzyme. Thus, the K.,/K,, ratio for api-
genin is 1,534 whereas the enzyme has a K.,/K,, ratio of
1,098 for the corresponding isoflavone. It should be noted
that the apigenin conjugates found in Medicago are, how-
ever, primarily glucuronides rather than glycosides
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(Deavours and Dixon 2005), and the in vivo significance of
the activity of GT83F with apigenin is therefore not clear.
Although GTS83F generally prefers to catalyze the glyco-
sylation of (iso)flavonoids at the 7-O-position, the V;,,x of
GT83F for kaempferol and quercetin (both of which are
glucosylated on the OH group at C3) is much higher when
compared with the other substrates, except for genistein.
Quercetin glycosides are found in Medicago flowers (Bisby
et al. 1994). However, anthocyanidin floral pigments (cy-
anidin and pelargonidin) were comparatively poor sub-
strates for 3-O-glucosylation by GT83F (UGT 78Gl1)
in vitro. Arabidopsis UGT78D2, which effectively gly-
cosylates both anthocyanins and flavonols at the 3-O-po-
sition, has been implicated in anthocyanin biosynthesis
in vivo on the basis of genetic analysis (Tohge et al. 2005).

The hydroxyl group at C5 of the A-ring is important for
activity of GT67A toward isoflavones, since no activity
was found with daidzein or formononetin, the corre-
sponding C5-deoxy derivatives of genistein and biochanin
A, respectively. The presence of a methoxyl group (-
OCHj3;) at C4’ (ring B) of isoflavones improved substrate
activity for GT67A; thus, the extent of glycosylation of
biochanin A was around 4-fold higher than for genistein.
However, introducing steric hindrance around position C7
by substitution at C6 (eg. irisolidone (2)) prevented activ-
ity. In contrast, both irisolidone and afromosin (with a
methoxyl group at C6) were efficiently glucosylated at the
7-O-position by GTs 22D and 29C.

GT67A appears to be more regioselective for flavonols
with a single hydroxyl group on ring B, since quercetin was
converted to two different glucoderivatives whereas a
single 3-O-glucosylated product was formed with ka-
empferol. Dihydroquercetin, liquiritigenin or naringenin
were not substrates for GT67A, demonstrating the impor-
tance of the double bond in ring C for substrate binding or
conversion. Unlike GT83F, GT67A did not glycosylate
pelargonidin; this could be due to lack of an oxygen
function at C4, or to the residual positive charge on the
anthocyanidin C-ring structure (flavilium cation). How-
ever, presence of C-ring is not essential, since GT67A
acted on the chalcone isoliquiritigenin.

Clearly, much is yet to be learned concerning structure-
activity relations in the plant UGT superfamily. To date,
only three crystal structures are available for plant family 1
UGTs (Medicago UGT71G1 (Shao et al. 2005), grape
VWGT1 (Offen et al. 2006) and Medicago GT67A
(UGT85H2) (Li etal. 2007). Molecular docking and
mutagenesis studies are beginning to define aspects of the
active site pocket that control substrate specificity and
regioselectivity (Shao et al. 2005; He et al. 2006), but
primary sequence alone is relatively uninformative. Like-
wise, phylogenetic analysis is not particularly helpful as a
predictor of possible function (or at least in vitro catalytic
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activity), as seen from the observation that Medicago
UGTs with good activity against several flavonoids and
isoflavonoids cluster within several clades of the phylo-
genetic tree, often with enzymes from other species iden-
tified as having activity against non-flavonoid substrates.
However, no independent study has attempted to assay
multiple UGTs against all possible substrates, and such an
analysis might reveal shared catalytic capabilities among
phylogenetically related enzymes from diverse species.
Nevertheless, Medicago GT6T7A clusters with several
Arabidopsis UGTs that glycosylate cytokinins (preferred
substrate trans-zeatin), but this enzyme does not glycosy-
late trans-zeatin or any of five other cytokinins tested.

Reversibility of the UGT reaction

Glaser and Brown described the reversibility of the native
chitin synthetase reaction in one of the first reports of
in vitro GT activity (1957), and it was subsequently
shown that the reaction catalyzed by the parsley UDPG:
flavonol 3-O-glucosyltransferase was freely reversible
(Sutter and Grisebach 1975). Recent work has shown that
reactions catalyzed by both previously uncharacterized
prokaryotic GTs (CalGl and CalG4) and well-studied
GTs (GtfD and GtfE) are also reversible (Zhang et al.
2006). However, to the best of our knowledge, the
reversibility of plant UGT reactions has not been inves-
tigated other than for the parsley flavonol UGT. Our re-
sults show that at least one other plant UGT reaction is
also reversible, at least in vitro. The physiological sig-
nificance of this finding is not clear, particularly since
plants possess a diverse family of f-glucosidases, spe-
cialized for the de-glycosylation of sugar conjugates to
release active aglycones upon physiological need. In the
case of M. truncatula, 45 TCs and over 30 singletons
representing f-glucosidases can be found in the TIGR
database  (http://www.compbio.dfci.harvard.edu/tgi/cgi-
bin/tgi/gimain.pl?gudb = medicago) with members ex-
pressed in almost all plant tissues and under various stress
conditions. The reversibility of the glycosyltransfer reac-
tion may have important practical applications in vitro for
making valuable natural products and for processes such
as the creation of rare NDP-sugars, moving sugars from
one scaffold to another, or substituting one sugar on a
core scaffold for another.

Predicting UGT function based on tissue-specific
expression

It has occasionally been possible to determine the in vivo
biochemical function of a plant UGT by analysis of mu-
tants or transgenic lines in which the enzyme’s expression
has been eliminated or reduced (Jones et al. 2003; Grubb

et al. 2004). However, in many cases this approach does
not work, possibly as a result of the redundancy in substrate
preference among UGT family members (Bowles et al.
2006) as clearly seen in the present work. Knowing which
tissue(s) a UGT is expressed in can provide clues as to
function if the metabolite composition of that tissue and the
in vitro substrate preferences of the enzyme are known.
Recently, a combination of transcriptomic and metabolo-
mic analysis has been used to predict UGTs involved in
anthocyanin glycosylation in Arabidopsis (Tohge et al.
2005).

Glucoconjugates of afromosin (1), biochanin A (4),
isoliquiritigenin (16), formononetin (5), and medicarpin
(12), as well as conjugates of liquiritigenin (17) and tricin
(15), have been detected in roots of M. truncatula (Harri-
son and Dixon 1993; Farag et al. 2007). Among the UGTs
described here, GT22E09 and GT29C were the most highly
expressed in roots, and were active in vitro with formo-
nonetin, medicarpin, afromosin, biochanin A, and isoli-
quiritigenin (16), but not liquitiritigenin (17) or tricin (15).
Thus, GT22E09 and GT29C could function in the glyco-
sylation of endogenous isoflavones in Medicago roots.
Such a role in isoflavone metabolism is less clear from the
results of expression in cell suspension cultures, where
GT22E09 was induced by YE and repressed by MeJA
treatment, whereas GT29C was repressed by YE and in-
duced by MeJA.

M. trucatula flowers accumulate flavonols including
quercetin (20), myricetin (21), and kaempferol (19) (Bisby
et al. 1994). GT67A and GT99D are highly expressed in
flower tissues, and the corresponding proteins have activity
toward flavonols. In the case of GT67A, kaempferol is
preferred over isoflavone (biochanin A) or chalcone
(isoliquiritigenin) (Li et al. 2007). Thus, GT67A and
GT99D could potentially function in the biosynthesis of
floral flavonol glycosides.

GT63G gene expression was markedly up-regulated in
cell suspension cultures within 2 h of exposure to YE. This
response is associated with accumulation of isoflavone
aglycones and glycosides (Suzuki et al. 2005; M. Farag and
L.W. Sumner unpublished results); however, GT63G
showed no activity against isoflavones, being weakly active
against flavones, glycosides of which were not detected in
the cultures. The in vivo substrate of GT63G can not
therefore be predicted at present.

It has been shown that GT29H (UGT71G1) is induced
during the later stages of the response to MeJA in Medi-
cago cell cultures (at times later than those analyzed here),
and that the enzyme has weak, but probably physiologi-
cally significant, activity for the glycosylation of MeJA-
induced triterpenes in spite of its preference for flavonoids
in vitro (Achnine et al. 2005). This enzyme is also active
with isoflavonoids, and its down-regulation in fungally
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infected leaves may represent a mechanism to ensure
accumulation of the antimicrobial isoflavonoid aglycones
coumestrol (10), afromosin (1), and medicarpin (12), rather
than their less active glycosides, at or around the sites of
infection, in view of the high constitutive expression level
of this gene in leaves.

GT99D, which is weakly active with flavonols but
inactive with isoflavones, was most highly expressed in
stems, flowers and buds, and its expression in leaves was
strongly reduced following inoculation with P. medicagi-
nis. GT99D transcripts were induced by MeJA in cell
cultures, suggesting the possibility of involvement in tri-
terpene saponin biosynthesis (Achnine et al. 2005).

Further functional characterization of the present group
of Medicago (iso)flavonoid UGTs will require genetic
analysis using either transgenics (antisense or RNAI lines)
or insertion/deletion mutants that are now available (Tad-
ege et al. 2005; Wang et al. 2006), coupled with detailed
metabolite measurements in the specific organs in which
the UGTs are expressed. The current metabolite data on
which the above tentative functional assignments have
been based are more qualitative than quantitative, and
in vivo activity will likely depend on the relative concen-
trations of potential acceptors within a particular tissue.
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