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Background: Glycosylation regulates the activities of plant metabolites and is mediated by glycosyltransferases (GT),

glycoside hydrolases (GH), and transglycosidases (TG).

Results: The vacuolar TG Os9BGlu31 transfers glucose between phenolic acid esters and other compounds.
Conclusion: Os9BGlu31 equilibrates phenolic acids, phytohormones, and their glucosyl conjugates.
Significance: Os9BGlu31 and similar TG can broaden glycoconjugate diversity in planta.

Glycosylation is an important mechanism of controlling the
reactivities and bioactivities of plant secondary metabolites and
phytohormones. Rice (Oryza sativa) Os9BGlu31 is a glycoside
hydrolase family GH1 transglycosidase that acts to transfer glu-
cose between phenolic acids, phytohormones, and flavonoids.
The highest activity was observed with the donors feruloyl-glu-
cose, 4-coumaroyl-glucose, and sinapoyl-glucose, which are
known to serve as donors in acyl and glucosyl transfer reactions
in the vacuole, where Os9BGlu31 is localized. The free acids of
these compounds also served as the best acceptors, suggesting
that Os9BGlu31 may equilibrate the levels of phenolic acids and
carboxylated phytohormones and their glucoconjugates. The
0Os9BGlu31 gene is most highly expressed in senescing flag leaf
and developing seed and is induced in rice seedlings in response
to drought stress and treatment with phytohormones, including
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abscisic acid, ethephon, methyljasmonate, 2,4-dichlorophe-
noxyacetic acid, and kinetin. Although site-directed mutagene-
sis of Os9BGlu31 indicated a function for the putative catalytic
acid/base (Glu'®®), catalytic nucleophile residues (Glu®**”), and
His®®*¢, the wild type enzyme displays an unusual lack of inhibi-
tion by mechanism-based inhibitors of GH1 B-glucosidases that
utilize a double displacement retaining mechanism.

Glycosylation is a ubiquitous mechanism by which plants
regulate or establish the functionality of various compounds.
Aside from oligo- and polysaccharides, glycoconjugates consist
primarily of O-glycosides, glycosyl esters, S-glycosides, glyco-
sylamines, and C-glycosyl compounds (1). These glycoconju-
gates may serve as active compounds themselves; as reversibly
inactivated forms of phytohormones, defense compounds,
monolignols, and volatiles; or as donors for acyl and glycosyl
transfer reactions. The glycosyl moiety can serve as a blocking
group to prevent undesirable reactions during metabolism, a
tag to allow transport to a membranous organelle, such as a
vacuole, and a polar group to increase water solubility and pre-
vent diffusion across membranes, thereby allowing sequestra-
tion of otherwise lipid-soluble molecules.

The creation and breakage of the glycosyl linkages of these
conjugates is mediated by glycosyltransferases (GTs),® glyco-

® The abbreviations used are: GT, glycosyltransferase; 2,4-D, 2,4-dichlorophe-
noxyacetic acid; 2,4dNP2FG, 2,4-dinitrophenyl-B-p-2-deoxy-2-fluoro-glu-
copyranoside; 4HB, 4-hydroxybenzoic acid; 4HBG, 1-O-(4-hydroxyben-
zoyl)-B-p-glucose; 4NP, 4-nitrophenol; 4NPGIc, 4-nitrophenyl-B-p-glucoside;
ABA, abscisic acid; CV, column volume; DAF, days after flowering; FG, 1-O-
feruloyl-B-p-glucose; GA,-GE, 1-O-gibberellin GA,-B-p-glucose ester; GH, gly-
coside hydrolase; HIUH, purine hydrolase hydroxyisourate hydrolase;
OsUBQS5, rice ubiquitin 5; TG, transglycosidase; GH1, GH family 1.
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side hydrolases (GHs), and transglycosidases (TGs) (2). GHs
and GTs have been grouped in families by sequence similarity,
and these families were joined into clans by structural and
mechanistic similarities (3-5), as catalogued at the Carbohy-
drate Active eZYme online resource (CAZy) (6). The TGs that
have been described to date fall within the GH families.

The creation of glycoconjugates is primarily catalyzed by
GTs, which are enzymes that transfer a sugar from a nucleotide
phosphate sugar or phospholipid sugar donor to an acceptor to
form a glycosidic or ester linkage (2, 7). For synthesis of most
glucosides and 1-O-acyl glucosyl esters in plants, these enzymes
use uridine diphosphate a-D-glucoside as the donor. Although
the vast majority of glycosylation reactions in plants are cata-
lyzed by GTs (1), TGs also play a role. TGs are enzymes that
transfer a sugar from a donor other than a nucleotide phosphate
or phospholipid phosphate to an acceptor to form a new glyco-
sidic linkage (2). Although many GHs have TG activities under
conditions of high donor and acceptor substrate concentra-
tions, TGs catalyze mainly transglycosylation with little hydrol-
ysis, such as in the transfer of xyloglucan linkages between
strands by xyloglucan endotransferases (xyloglucan:xylogluco-
syl transferases; EC 2.4.1.207) (8).

Transfer and hydrolysis of glycosyl moieties on glycoconju-
gates can occur with either retention or inversion of the stere-
ochemistry at the anomeric carbon at the glycosidic bond that is
broken in the process (2, 9). The inverting mechanism of both
GH and GT is thought to occur through a single displacement
Sn2 mechanism, in which the glycosidic bond is broken while
the acceptor (water in the case of hydrolysis) attacks from the
opposite face of the sugar. In GH, the retaining mechanism is
thought to occur via a double displacement mechanism, which
occurs in two Sy;2 steps: glycosylation and deglycosylation. In
the glycosylation step, the catalytic acid/base protonates the
leaving group aglycon, and the catalytic nucleophile (usually a
nucleophilic amino acid residue side chain) attacks the ano-
meric carbon of the sugar to form a glycosyl-enzyme interme-
diate (10). In the deglycosylation step, water or another nucleo-
phile displaces the enzyme from the sugar with basic assistance
from the catalytic acid/base. Transglycosylation can occur by
the same mechanism in GH and TG (11). In principle, retaining
GT could use this mechanism, but it was recently demonstrated
that trehalose phosphate synthase uses a front end attack Syi-
type mechanism instead (12). Thus, glycon transfer can occur
through multiple mechanisms.

Although most small glucoconjugates in plants, including
those of phytohormones, defense compounds, monolignols,
and pigments, are thought to be formed by a branch of GT
family 1 (1), they are primarily hydrolyzed by GH family 1
(GH1) B-glycosidases (13). Plant GH1 hydrolases have a wide
range of activities, including B-p-glucosidases (EC 3.2.1.21),
B-p-mannosidases (EC 3.2.1.25), B-disaccharidases, thiogluco-
sidases (myrosinases; EC 3.2.1.147), and even the purine hydro-
lase hydroxyisourate hydrolase (HIUH; EC 3.5.2.17), which is
not a glycosidase at all (13, 14). The GH1 B-p-glycosidases also
have a range of specificities for aglycon or saccharide leaving
groups, with substrates including oligosaccharides, cyanogenic
glucosides, phytohormone glycoconjugates, flavonoid and iso-
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flavonoid glycosides, the monoterpenoid indole alkaloid pre-
cursor strictosidine, and benzoxanoids.

In addition to hydrolases, GH1 has recently been found to
include TGs (15, 16). The chloroplastic galactolipid:galacto-
lipid galactosyltransferase was found to correspond to the GH1
enzyme SFR2 (sensitive to freezing 2), which is necessary for
freezing tolerance in Arabidopsis (Arabidopsis thaliana) (16).
Galactolipid:galactolipid galactosyltransferase disproportion-
ates the galactosyl residues to produce diacyl glycerol and
B-linked oligogalactosyl diacyl glyceride from monogalactosyl
diacyl glycerides. GH1 enzymes were also found to act as 1-O-
acyl-B-p-glucose-dependent anthocyanin glucosyltransferases
that transfer glucose from aromatic acid esters to the five or
seven hydroxyls of anthocyanin-3-glucoside to make the 3,5-
diglucoside in carnation (Dianthus caryophyllus) and the 3,7-
diglucoside in delphinium (Delphinium grandiflorum) (15).
Interestingly, 1-O-acyl B-D-glucose esters can also serve as acyl
donors for the vacuolar serine carboxypeptidase-like acyltrans-
ferases (17, 18) and for intracellular feruloylation of arabinoxy-
lans (19).

Forty Arabidopsis and thirty-four rice (Oryza sativa) genes
encoding apparently functional GH1 proteins have been iden-
tified in genome sequences, and these genes were grouped into
eight amino acid sequence-based phylogenetic clusters that
contain both Arabidopsis and rice genes, At/Os1-8 (20, 21). In
the current work, we have characterized Os9BGlu31, a member
of the At/Os6 cluster, which also contains HIUH, DcAA5GT,
and DgAA7GT. We show that Os9BGlu3l is a vacuolar TG
with novel mechanistic properties that acts on a number of
natural acceptors and donors, including aromatic acids and
phytohormones and their glucoconjugates, suggesting a
broader role for GH1 TG than previously realized.

EXPERIMENTAL PROCEDURES

Protein Expression—A plasmid construct containing a full-
length cDNA encoding the Os9BGlu31 protein was acquired
from the Rice Genome Resource Center (Tsukuba, Japan;
GenBank™ accession AK121679). The cDNA fragment
encoding mature Os9BGlu31 was amplified with the BGlu31F
and BGIu31R primers (supplemental Table S1) and Pfu DNA
polymerase (Promega). The PCR product was cloned into the
pENTR™/p-TOPO Gateway® system entry vector (Invitro-
gen) and subcloned into the pET32a/DEST expression vector
(21) by LR Clonase (Invitrogen) reaction to make pET32a/
DEST/Os9BGlu31.

Protein Purification—Thioredoxin-Os9BGlu31 fusion pro-
tein expression was induced in Escherichia coli strain Origami B
(DE3) containing the recombinant pET32a/DEST/Os9BGlu31
plasmid with 0.4 mwm isopropyl B-b-thiogalactopyranoside at
20 °C overnight, and the cells were collected and lysed as previ-
ously described (22), except that 0.1 mg/ml soybean trypsin
inhibitor was added to the lysis buffer. The Os9BGlu31 fusion
protein was purified with three steps. First, crude protein was
mixed with CoCl, pre-equilibrated immobilized metal affinity
chromatography resin (GE Healthcare) with equilibration
buffer (150 mm NaCl, 20 mm Tris-HCI, pH 8.0) at 4 °C for 30
min. The resin with crude protein was loaded into a column and
washed sequentially with 10 column volumes (CV) of 5 mm
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imidazole in equilibration buffer and 5 CV each of 10 mm imid-
azole and 20 mM imidazole in equilibration buffer. Os9BGlu31
fusion protein was eluted with elution buffer (250 mMm imida-
zole in equilibration buffer). The fractions with activity were
pooled, and imidazole was removed by dialysis with 50 mm
Tris-HCI, pH 8.0, at 4 °C. Next, the recombinant protein was
loaded onto a Q-Sepharose (GE Healthcare), unbound protein
was washed from the column with 10 CV of 50 mm Tris-HCI,
pH 8.0, and Os9BGlu31 was eluted with a linear gradient of
0-0.5 M NaCl in 50 mm Tris-HCI, pH 8.0. The fractions con-
taining activity were pooled, and the NaCl concentration was
adjusted to 2 M. The protein was loaded onto a phenyl-Sephar-
ose (GE Healthcare) column, and unbound protein was washed
from the column with 10 CV of 2 M NaCl in 50 mm Tris-HCI, pH
8.0. Os9BGlu31 fusion protein was eluted with a linear gradient
of 2 to 0 M NaCl in 50 mm Tris-HCI, pH 8.0, followed by 0-50%
ethylene glycol in 50 mm Tris-HCI, pH 8.0. Finally, the buffer of
the Os9BGlu31-containing fraction pool was changed to 150
mwm NaCl in 20 mm Tris-HCI, pH 8.0, by dialysis.

pH Optimum Determination—The activity of Os9BGlu31
(1.5 pug) was measured with 5 mm 4-nitrophenyl-3-p-glucoside
(4NPGIc) as substrate. Two buffer systems of overlapping pH
buffer (citrate buffer, pH 3.0 -4.0; acetate, pH 4.0 -5.5; MES,
pH 5.5-7.0; Tris-HCI, pH 7.0 -9.0; and sodium phosphate, pH
9.0-12.0) and Mcllvaine buffer (0.1 M citric acid and 0.2 M diso-
dium hydrogen phosphate) were used. In additional, the activ-
ity of enzyme was determined against 5 mm 4NPGlc in
Mcllvaine buffer in the presence of 5 mm azide, acetate, for-
mate, fluoride, or ascorbate or 0.2 mM ferulic acid. The reaction
was incubated at 30 °C for 1 h and stopped by the addition of 2
M sodium carbonate. The 4-nitrophenol (4NP) released was
quantified from the absorbance at 405 nm.

To determine the optimum pH of Os9BGlu3l mutant
enzymes, 3 ug of E169Q, 6 ug of E169A, 4.5 ug of H386T, and
42.5 ng of E387A were assayed with 5 mm 4NPGlc and 0.2 mm
ferulic acid as acceptor in citrate/phosphate buffer, pH 3.0-
10.0. The reactions were incubated at 30 °C for 1 h (E169Q), 2 h
(E169A), 1.5 h (H386T), or 24 h (E387A). 4NP release was mea-
sured spectrophotometrically, as described above, except
release of 4NP by E387A was measured by HPLC (see below).

Enzymatic Characterization of Os9BGIlu31—1-O-Gibberel-
lin GA,-B-p-glucose ester (GA,-GE) was synthesized as
described by Hiraga et al. (23), and the structure was confirmed
by NMR. Production of other 1-O-acyl glucose esters was
described previously (15). To investigate the substrate specific-
ity of Os9BGlu31, 5 mm donor substrates, including various
phenolic glucose esters and glucosides, were assayed with 5 mm
naphthalene acetic acid as acceptor, whereas acceptor sub-
strates for Os9BGlu31 were assayed with 5 mm 4NPGlc as
donor and 5 mm acceptor (see supplemental Table S2 for sub-
strate structures). The reactions containing 1-3 pg enzyme in
50 mM citrate, pH 4.5, was incubated at 30 °C for 1 h. The prod-
ucts and substrates were separated on silica gel F,., TLC with
chloroform:methanol:ammonia (7:2.8:0.2). The developed
plates were observed under UV and then stained with 10%
H,SO, in ethanol and charred at 110 °C.

Preference for glucose donor (see Table 1) was quantified by
incubating 0.5 mm glucose donor with 0.2 mm 4-hydroxyben-
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zoic acid (4HB) as glucose acceptor with 1 ug of Os9BGlu31 in
50 mM citrate, pH 4.5, at 30 °C. For 1-O-(4-hydroxybenzoyl)-3-
D-glucose (4HBG) donor, 0.2 mM ferulic acid was used as accep-
tor instead of 4HB. After 10 min, the reactions were stopped by
adding phosphoric acid to 1% final concentration. Transglyco-
sylation products were detected by HPLC on an Agilent 1100
system with an XDB-C18 HPLC column (Agilent). The sub-
strate and products were separated at 1 ml/min with a linear
gradient from 5 to 12% acetonitrile in 1.5% phosphoric acid for
20 min, followed by 12 to 80% acetonitrile in 1.5% phosphoric
acid in 5 min and detected by absorbance at 254 nm on a diode
array detector.

Activities with various glucose acceptors (see Table 2) were
assayed with 0.2 mum glucose acceptor, 5 mM 4NPGlc as glucose
donor, and 2 ug of Os9BGIlu31 in 50 mMm citrate, pH 4.5. The
reactions were incubated at 30 °C for 1 h and then stopped by
adding phosphoric acid to 1% as described above. Because some
of the acceptors have absorbance spectra overlapping that of
4NP, the released 4NP was separated from other reaction com-
ponents by HPLC with an XDB-C18 column and elution with a
linear gradient from 20 to 55% acetonitrile in 1.5% phosphoric
acid for 20 min (1 ml/min) and then from 55 to 80% acetonitrile
in 5 min. Released 4NP was monitored with a diode array detec-
tor and quantified by its absorbance (peak area) at 360 nm. For
the assay of 0.2 mm 4NP as an acceptor, 0.5 mm 1-O-feruloyl
B-p-glucose (FG) was used as the donor instead of 5 mm
4NPGlc, and the relative activity of 4NP was compared with 0.2
mMm 4HB as acceptor with 0.5 mm FG as donor. The 4NPGlc
formed in this reaction was detected by HPLC with the same
solvent system as the glucose donor preference determination.
For those acceptors for which the products were previously
synthesized and verified by MS and NMR (15), the product
elution positions were confirmed to match those of their
respective 1-O-acyl glucosyl esters under the HPLC conditions
described for donor identification. The product peak elution
position from the reaction with 4HB acceptor was compared
with those of 4HBG and 4HB-4-O-fB-p-glucoside. To deter-
mine activities of Os9BGlu31 mutant enzymes with glucosyl
acceptors, 3 ug of E169Q), 20 ug of E169A, 4.5 ng of H386T, and
64 ng of E387A were assayed at the optimum pH. The reactions
were incubated at 30 °C for 1 h (E169Q, E169A, and H386T) or
24 h (E387A).

The relative activity toward 4NP-glycoside donor substrates
was determined by incubating 10 ug of Os9BGlu31 with 0.5 mm
4NP-glycoside and 0.2 mm 4HB in 140 ul of 50 mwm citrate, pH
4.5,at 30 °C for 1 h. The reaction was stopped by adding 100 ul
of 2 M Na,CO,, and the 4NP released was quantified by the
absorbance at 405 nm.

Kinetic Parameter Determination—The apparent K,, and
Vinax Values of 4NPGIc in the presence of various acceptors
were determined by varying the concentration of 4ANPGlIc in the
range 2—30 mm with 0.2 mM glucose acceptor and 1.2—-2.4 ug of
0Os9BGlu31 in 50 mwm citrate, pH 4.5. The apparent K,,and V,
values of the glucose acceptors were determined by varying
their concentrations between 0.02 and 0.5 mM in the presence
of 30 mm 4NPGlc with between 1.2 and 2.4 ug of Os9BGlu31 in
50 mw citrate, pH 4.5. The release of 4NP product was quanti-
fied as described above. The kinetic parameters were deter-
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mined by nonlinear regression of the Michaelis-Menten plots
with the Grafit 5.0 computer program (Erithacus Software,
Horley, UK).

Effect of Metals and Inhibitors—The effects of 1 mm EDTA,
CaCl,, CoCl,, CuSO,, FeCl;, HgCl,, MgCl,, MnCl,, NiSO,, and
ZnSO,, and 7 uM to 5 mM inhibitors on enzyme activity were
determined by preincubating the enzyme with an individual
chemical in 50 mM sodium acetate, pH 4.5, at 30 °C for 10 min
for EDTA and metal ions or 2 h for organic inhibitors. Activity
was then assayed by incubating 2.5 ug of pretreated enzyme
with 5 mM 4NPGlc in 140 ul of 50 mm sodium acetate, pH 4.5, at
30 °C for 15 min. The reactions were stopped with 100 wl of 2 M
Na,CO, and released 4NP measured as described above. The
release of 2,4-dinitrophenylate from 1 mm 2,4-dinitrophenyl-
B-D-2-deoxy-2-fluoro-glucopyranoside (2,4dNP2FG) was assessed in
3-h reactions with 10 ug of Os9BGlu31 in 50 mM citrate buffer,
pH 4.5, with and without 0.2 mm ferulic acid. The reactions
were stopped and detected as with 4NPGlc.

Mutation of Os9BGIu31—Site-directed mutagenesis was per-
formed following the instructions of the QuikChange® site-
directed mutagenesis kit (Stratagene). The pET32a/DEST/
Os9BGlu31 vector was used as template with the E169Qf and
E169Qr primers for the E169Q mutation, the E169Afand E169Ar
primers for the E169A mutation, the E387Af and E387Ar primers
for the E387A mutation, and the H386Tf and H386Tr primers for
the H386T mutation (supplemental Table S1).

Northern Blot Analysis—Rice (O. sativa L. cv. Yukihikari)
seeds were germinated in the dark for 4 days at 27 °C and then
grown in a 12-h light/12-h dark cycle from days 4 to 10 at 28 °C
and moistened with sterile distilled water. Ten-day-old seed-
lings were harvested and dissected into shoot, root, and endo-
sperm. Other seedlings were transferred to soil and grown for
an additional 4—5 weeks to reach the flowering stage. Rice
plants were harvested and separated to flower, stem, root, node,
leaf blade, and leaf sheath.

Ten-day-old rice seedlings were exposed to various abiotic
stresses and plant hormones for an additional 2 days. The abi-
otic conditions were: 1) cold temperature, at 5 °C and 12 °C; 2)
drought, by supplying no water; 3) salt stress, with 0.3 M NaCl
solution; and 4) flooding, by submerging the seedlings in dis-
tilled water. Phytohormone treatments were: 1) 0.1 mm abscisic
acid (ABA); 2) ethylene (10 mm ethephon); 3) 0.1 mMm methyl
jasmonic acid; 4) 0.1 mm gibberellin A; (GA;); 5) 0.1 mM kine-
tin; and 6) 10 mm 2,4-dichlorophenoxyacetic acid (2,4-D). To
further characterize the effect of ethephon, 10-day-old rice
seedlings were treated with ethephon for 2 days, and the
seedlings were dissected into shoot, root, and endosperm.
All of the plant samples were kept at —70 °C for RNA isola-
tion. A gene-specific probe for Os9BGIlu31 was amplified
from rice genomic DNA with the BGIu31-3'UTRf and
BGIu31-3"UTRr primers derived from the 3'-untranslated
region of the gene (supplemental Table S1) and Tag DNA
polymerase (Roche Diagnostics).

Total RNA was isolated from rice tissues by the method of
Bachem et al. (24). Thirty micrograms of total RNA was dena-
tured and electrophoresed on 1.5% formaldehyde-agarose gels
and transferred onto Hybond N™ nylon membrane (GE Health-
care) by standard procedures (25). The Os9BGIu31 probe was

10114 JOURNAL OF BIOLOGICAL CHEMISTRY

labeled by Rediprime IT random priming with [a-*>*P]dCTP (GE
Healthcare) and was hybridized with RNA blots for 16 h at
42 °C. The blots were then washed once in 0.1% SDS, 2X SSC
for 30 min at 65 °C, washed twice in 0.1% SDS, 0.1 X SSC for 15
min at 65 °C, and then exposed to a Fuji film imaging plate for
16 hat 20-25 °C. The positions of radioactive bands were visu-
alized with a Fuji Film BAS 1000 Biolmaging Analyzer (Fuji
Photo Film Co., Ltd, Tokyo, Japan).

Real Time PCR—For quantitative real time PCR, all samples
were collected from greenhouse-grown japonica rice cultivar
Dongjin, as described previously (26 —28). Flag leaves were har-
vested at four different developmental stages, 15 days before
flowering, 15 days after flowering (DAF), 30 DAF, and 40 DAF,
respectively. Total RNA was isolated from harvested samples
with TRIzol reagent (Invitrogen) and reverse-transcribed with
the iScript cDNA synthesis kit (Bio-Rad). The expression level
of the rice ubiquitin 5 (OsUBQS5) gene was used to normalize
the cDNA quantity (29). Gene-specific primers used for quan-
titative real time PCR were the BGlu31RT-f and BGIu31RT-r
primers for Os9BGIlu31 and OsUBQ5RT-f and OsUBQ5RT-r
primers for OsUBQS5 (supplemental Table S1). All of the exper-
iments were conducted in triplicate with the SYBR Premix
Ex Taq (Takara) and an ABI PRISM 7500 sequence detector
(Applied Biosystems) according to the manufacturer’s
instructions, and changes in gene expression were calculated
by the comparative cycle threshold (AAC,) method with
Sequence Detector Systems version 1.2 software (Applied
Biosystems).

Subcellular Localization Assay—The Os9BGIlu31 gene was
amplified by PCR with proofreading DNA polymerase
(SolGent, Daejeon, Korea) and the BGlu31SL-fand BGlu31SL-r
primers (supplemental Table S1). The PCR products were
cloned into the pENTR/D-TOPO vector (Invitrogen) and
sequenced. Validated insert was subcloned into the transient
expression vector p2GWF7 and the binary expression vector
pH7FWG?2 for C-terminal GFP fusion constructs by LR clonase
(Invitrogen) reaction (30). The resulting Os9BGlu31-GFP
fusion was placed under the control of the CaMV35S promoter
and introduced into maize mesophyll protoplasts by polyethylene
glycol-mediated transformation (31). The binary Os9BGlu31-
GFP fusion construct was transformed by Agrobacterium-medi-
ated co-cultivation with rice calli, as described previously (32).
Expression of the fusion constructs in maize protoplasts and rice
calli was monitored using a confocal microscope (LSM 510
META; Carl Zeiss) at various times after transformation.

Sequence Analysis—Plant amino acid sequences of rice GH1
B-glycosidases, TG, and Glycine max HIUH were taken from
the GenBank™ database. Secretory signal sequence prepep-
tides were predicted by SignalP 4.0 (33) and signal sequence
and location with Predotar (INRA) (34). The predicted
N-terminal signal peptides were removed prior to protein
alignment analysis by the MUSCLE program (35). Phyloge-
netic trees were constructed by the neighbor-joining and
minimum evolution methods in MEGA 5.05 (36), which gave
similar branching.

Accession Numbers—The Os9BGIu31 gene was taken from
the Rice Genome Resource Center clone J033069HO08, with the
accession number AK121679 in the GenBank™ database.
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Sequence data for amino acid sequence alignment can be found
in the GenBank™ database under accession numbers Q8L7]2
(Os3BGlu6), U28047 (Os3BGIu7), BAH00605 (Os9BGlu31),
QOJ0G2 (Os9BGlu32), QOJ0G1 (Os9BGlu33), AAL92115
(HIUH), BAJ33501 (Dc AA5GT), and BAJ33502 (Dg AA7GT).

RESULTS

Characterization of Recombinant Os9BGIlu31—The rice
genome project locus Os09g0511600 encodes a GH1 precursor
protein of 523 amino acid residues designated Os9BGlu31,
based on its genomic position and putative activity, and three
full-length mRNA clones (GenBank™ accession numbers
AK121679, AK102869, and AK121935) and several expressed
sequence tags in UniGene accession Os.9105 verify that it is an
active gene (21). Two closely related genes are found at the loci
0s09g0511700, encoding Os9BGIu32, and Os09g0511900,
encoding Os9BGlu33. The three encoded proteins all contain
N-terminal secretory targeting sequences and the sequence
IHENG around the catalytic nucleophile (Glu**” in Os9BGlu31)
instead of the typical ITENG sequence seen in GH1 B-p-gluco-
sidases, which is the same as soybean HIUH and DcAA5GT and
DgAA7GT. We introduced the cDNA encoding Os9BGlu3l,
0s9BGlu32, and Os9BGlu33 into pET32a-derived expression
vectors, but only Os9BGlu31 could be produced as an active
fusion protein with N-terminal thioredoxin and 6X histidine
tags, with best expression in E. coli strain Origami B (DE3).
Attempts to express Os9BGlu32 and Os9BGlu33 from a
secreted system in Pichia pastoris (37) also gave no active
proteins.

The Os9BGlu31 fusion protein was purified by immobilized
metal affinity chromatography, Q-Sepharose anion exchange
chromatography, and phenyl-Sepharose chromatography to
yield protein that was approximately 90% pure on SDS-PAGE
(data not shown). When assayed in acetate buffer, the
0Os9BGlu31 enzyme released 4NP from 4NPGlc, but no glucose
release could be detected from any natural substrate by glu-
cose-oxidase/peroxidase assay. The activity versus pH profile in
a set of different buffers showed that the enzyme had much
higher activity in acetate than citrate or MES buffers at the same
pH (data not shown). Because this was reminiscent of the
behavior of a GH1 acid/base mutant that can be rescued by
transglycosylation, we investigated the reaction product. Upon
inspection of products of the reaction of 4NPGIc catalyzed by
0s9BGlu31 by TLC, no glucose could be detected, but a prod-
uct spot that stained for carbohydrate was detected below the
4NPGIc spot (data not shown). This product appeared to be a
transglycosylation product of acetate with glucose from the
4NPGlc.

When the pH optimum was determined in citrate/phosphate
buffer, in which no transglycosylation product was detected,
the activity of Os9BGlu31 in the absence of an additional
nucleophile was highest at pH 4.5, the activity decreased to
approximately 70% at pH 3.5 and pH 5.0, and there was no
activity at pH 6.5 or higher (data not shown). The release of 4NP
increased approximately 2.9-, 3.3-, and 4.2-fold in the presence
of 5 mm azide, formate, and acetate, respectively, which gave pH
optima in the range of 4—4.5, whereas fluoride and ascorbate
had no effect on enzyme activity (data not shown).
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TABLE 1
Relative activities of 0s9BGlu31 with various donors
Donor Relative activity”
%
Phenol glucose esters and glucosides
1-O-Feruloyl-B-p-glucose 100.0
1-O-(4-Coumaroyl)-B-p-glucose 96.3 + 1.0
1-O-Vanillyl-B-p-glucose 934 *1.9
1-O-Vanillyl-a-p-glucose ND?
1-O-(4-Hydroxybenzoyl)- B-p-glucose 82.0 = 2.1
1-O-Sinapoyl-B-p-glucose 51.4 *+ 0.5
Hormone glucose esters
Gibberellin A,-glucose 12.5 + 0.5
Flavonoid/isoflavone/flavone glucosides
Phloridizin 492+ 1.7
Apigenin 7-glucoside 32.8+0.9
Quercetin 3-B-p-glucoside ND
Naringin ND
Arbutin ND
Gossypin ND
Daidzin Low*
Genistin Low*
Cytokinin glucoside
trans-Zeatin glucoside ND
Nucleoside diphosphate sugar
Uridine 5’-diphosphoglucose ND
Coumarin glucoside
Esculin ND
4NP-glucosides and synthetic glucoside
4NP-B-p-glucoside 3.8 +£0.05
4NP-B-p-fucoside 2.3 = 0.03
4NP-B-p-xyloside 1.8 = 0.03
4NP-B-D-galactoside ND
4NP-B-p-mannoside ND
4NP-a-p-glucoside ND
4NP-a-D-galactoside ND
4NP-B-p-glucosiduronide ND
4NP-a-L-arabinoside ND
4NP-n-acetylglucosaminide ND
2NP-3-p-glucoside ND
4-Methylumbelliferyl B-p-glucoside ND
n-Octyl glucoside ND
n-Heptyl glucoside ND

“ The donor preferences of Os9BGlu31 were determined with 4HB as acceptor or
ferulic acid when 4HBG was donor. The rate on FG was set at 100% and corre-
sponds to 3.9 nanokatals.

“ND, not detected.

¢ Daidzin and genistin products could not be detected under the standard assay
conditions, but small amounts of product were detected by thin layer chroma-
tography when 5 mwm of these glucose donors was incubated in reactions with
enzyme and 4HB overnight. Even under these conditions, there was no activity
with those compounds listed as “ND” above and the monolignol glucosides
4-coumary alcohol glucoside and coniferin, and the cyanogenic glucosides lina-
marin, p-amygdalin, and dhurrin as glucose donors.

Substrate Preferences for Donors and Acceptors—Based on
the TLC analysis of the above reactions, Os9BGlu31 acts to
transfer the glucosyl moiety from a donor substrate to an accep-
tor. The glycon (sugar) specificity of Os9BGlu31 was determined
by transfer from 4NP-glycosides to 4HB. Os9BGlu31 transferred
glucose from 4NPGlIc better than B-p-fucose and B-pD-xylose from
their respective 4NP-glycosides (Table 1) and could not use 4NP-
B-p-galactoside, 4NP-B-p-mannoside, 4NP-N-acetyl-$3-p-gluco-
saminide, 4NP-B-p-glucuronide, 4NP-a-D-glucoside, 4NP-a-D-
galactoside, or 4NP-a-l-arabinoside as substrates.

In addition to 4NP-glycosides, Os9BGlu31 used phenolic
1-O-acyl-B-p-glucose esters as donor substrates with highest
activity to FG, 1-O-(4-coumaroyl)-B-p-glucose, 4HBG, 1-O-
sinapoyl-B-D-glucose, and 1-O-vanillyl-B-p-glucose (Table 1
and Fig. 14). Os9BGlu31 also used the flavonoid glucosides,
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FIGURE 1. Transglucosidase activity of Os9BGlu31. A, thin layer chromatogram of Os9BGlu31 transfer of glucose from 1-O-phenolic glucose esters to
1-naphthalene acetic acid acceptor. 4HBG, FG, 1-O-vanillyl-B-d-glucose (VG), 1-O-vanillyl-a-p-glucose (aVG), 1-O-sinapoyl-B-pD-glucose (5G), 1-O-vanillyl-B-b-
galactose (VGAL), 1-O-(4-coumaroyl)-B-p-glucose (4CG), and 4NPGlc were used as donors. The transglycosylation product 1-O-(naphthalene acetic acid)
B-D-glucose ester (NAA-glucose, marked by slanted arrows) released phenolic compounds (marked by horizontal arrows) and glucose (Glc) are indicated. B, thin
layer chromatography analysis of Os9BGlu31 transfer of glucose from 4NPGlc to acceptors. The acceptors 1-naphthalene acetic acid (/lane 1), syringic acid (lane
2), 4-coumaric acid (lane 3), gallic acid (lane 4), 4-hydroxybenzoic acid (lane 5), trans-cinnamic acid (lane 6), caffeic acid (lane 7), and esculetin (lane 8) were
incubated in reactions with (+) and without (—) Os9BGlu31 enzyme. The products from A and B were stained with 10% H,SO,, in ethanol, followed by charring.
C, detection of Os9BGlu31 transglucosidase activity using 4NPGlc as donor and 4HB as acceptor by HPLC. HPLC elution profiles of 4HB-4-O-3-p-glucoside (panel
a) and 1-O-(4-hydroxybenzoyl)-B-D-glucose ester standards (std, panel b), substrate reaction blank (panel ¢), and transglucosidase reaction containing

0s9BGlu31 (panel d).

phloridizin and apigenin 7-O-glucoside, and the GA,-GE as
glucose donors, although with lower efficiency.

The TG activity of Os9BGlu31 determined with a range of
potential acceptors is summarized in Table 2. When transgly-
cosylation reactions of various acceptors with Os9BGlu31 and
4NPGlIc donor were inspected by TLC, spots of 4NP and a sin-
gle transglycosylation product were seen in each case with little
or no glucose detectable (Fig. 1B). The one exception was escu-
letin, which had two transglycosylation products. One esculetin
product migrated to a position similar to esculin (esculetin-6-
O-B-p-glucoside), whereas the other product was located
between esculetin and esculin and a monoglucoside mass peak
at 339.0 m/z, that expected for esculin, and no diglucoside mass
could be detected on LCMS (data not shown), suggesting that
the other product was esculetin-7-O-B3-p-glucoside. The prod-
ucts of the phenolic acids for which 1-O-acyl-B-p-glucose
esters were available (Tables 1 and 2) were confirmed to co-
elute with these 1-O-esters in reverse phase HPLC. To verify
that the glucoside (glucosylation of the hydroxyl group) did not
co-elute, the product with 4HB was compared with both the
ester and glucoside standards, and only product co-eluting with
the 1-O-ester, 4HBG, was detected (Fig. 1C). Similarly, the
product with vanillic acid co-eluted with 1-O-vanillyl B-p-glu-
cose and not 1-O-vanillyl a-p-glucose (data not shown).
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0Os9BGlu31 could glycosylate the auxins indole acetic acid
and naphthalene acetic acid with 43% the relative activity of
ferulic acid and had significant activity toward ABA and GA, as
well. Glucose was also transferred to the carboxylic group of
alkyl organic acids, with increasing relative activity from formic
to butyric acid, and to hydroxyl groups of alcohols, especially
aromatic alcohols like catechin and esculetin, and certain fla-
vonoid alcohols. Glycoside products of methanol, ethanol,
1-butanol, 1,3-butanediol, 4-methyl-2-pentanol, 2-methyl-1-
pentanol, 1-hexanol, 2-hexanol, and 1-octanol could also be
detected on TLC, although the addition of these alcohols did
not increase the release of 4NP from the donor more than the
buffer alone (data not shown).

Quantification of 4NP released from 4NPGlIc in the presence
of different acceptors by HPLC allowed the apparent kinetic
parameters of transglucosylation to be determined, as shown in
Table 3. Although a small amount of hydrolysis may occur in
these reactions, Fig. 1 (A and B) shows that little glucose is
released in the presence of acceptor substrates, and much of
this may be attributed to the breakdown of labile substrates and
products, such as 4HBG. Thus, the apparent kinetic parameters
should primarily reflect the transglycosylation reactions.
Os9BGlu31 had the highest relative activity and apparent k_,,
(1.21 s7") for ferulic acid but had the highest apparent k

cat/ I(m
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TABLE 2
Relative activities of Os9BGlu31 on various acceptors
Relative
Acceptor” activity
%
Citrate buffer alone 9.3 *04
Phenolic compounds
Ferulic acid® 100.0
Vanillic acid” 85.5 + 0.4
4-Hydroxybenzoic acid® 783 2.6
Syringic acid 78321
trans-Cinnamic acid 783 £ 0.4
Caffeic acid 783 £ 1.9
Sinapic acid” 64.1 = 0.04
Benzoic acid 64.1 = 0.7
4-Coumaric acid® 57.0 = 0.1
Isovanillic acid 499 £ 1.1
Dihydroxybenzoic acid 42.7 = 0.3
Scopoletin 28.5 0.2
Vanillin 14.2 £ 0.1
1-Naphthol 14.2 0.3
2-Naphthol ND“
Apocynin 7.1+0.5
Vanillyl alcohol 7.1 £0.02
Dihydroxybenzaldehyde 7.1*0.1
4-Nitrophenol® 2.0 = 0.01
Phytohormones
Napthalene acetic acid 427 £ 1.0
Indole acetic acid 42.7 = 0.6
2,4-Dichlorophenoxyacetic acid 299 + 0.4
Abscisic acid 14.2 = 0.1
Gibberellin A, 7.1 £0.02
Gibberellin A,” 14.2 + 0.1
Coumarin
Esculetin 28.5 = 3.0
Flavonoids/flavonoid glucoside
(—)-Catechin 356 = 0.1
Quercitin 3-glucoside 28.5 1.0
Apigenin 28,5+ 1.7
Kaemferol 214+ 1.2
Nariginin 142 £0.3
Anthocyanidin glucoside/vitamin
glucoside/monolignol glucoside
Pyridoxine 5-glucoside 142 + 0.1

Cyanidin 3-glucoside ND

4-Coumaryl alcohol 4-glucoside 16.9 + 0.3
Alkyl acids and chemical
nuclophiles
Butyric acid 28.5+0.3
Propinoic acid 214+ 0.2
Azide 9.7 = 0.08
Acetate 6.2 + 0.04
Formate 4.2 = 0.04
Thiosulfate ND
Thiocyanate ND
Cyanide ND

“ Acceptor preferences of Os9BGlu31 with 4NPGIc as donor. Relative activity is
shown in comparison with ferulic acid, which is arbitrarily set as 100% and cor-
responds to 1.9 nanokatals. In addition, alcohol glucosides could be observed by
thin layer chromatography in reactions containing 10% (v/v) alcohols (metha-
nol, ethanol, 1-butanol, 1,3-butanediol, 4-methyl-2-pentanol, 2-methyl-1-penta-
nol, 1-hexanol, 2-hexanol, and 1-octanol) as acceptor when they were incubated
at 30 °C overnight.

® The products of these reactions were verified to elute from the HPLC at the po-
sitions of the respective 1-O-acyl B-p-glucose esters, which were previously
characterized by MS and NMR (Ref. 15 and data not shown).

€ 4NP was assayed with 0.5 mm feruloyl glucose rather than 5 mm 4NPGlc as a do-
nor, so the comparison is not equitable. However, it is included to show that the
reaction can go in reverse.

4 ND, not detected.

value for 4-coumaric acid (33.3 mm ™~ ' s~ '), because of its low

apparent K, followed by ferulic acid (25.4 mm~' s™') and
sinapic acid (14.2 mm ™' s~ '), respectively.
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Effects of EDTA, Metal Salts, and Inhibitors on Activity—Lit-
tle or no inhibition of Os9BGIlu31 activity was seen with 1 mm
EDTA, Ni**, Zn**, Mg®>", Mn**, Co®", and Ca®>*, whereas 1
mm Fe®" and Cu®" decreased the activity by 25 and 34%,
respectively (data not shown). Hg>* had a greatest effect on
0s9BGlu3l, decreasing activity by approximately 90% at 1 mm.
Surprisingly, Os9BGlu31 was not inhibited when it was prein-
cubated with 1 mM of the covalent inhibitors conduritol B epox-
ide, cyclophellitol, and 2,4dNP2FG and the 3-glucosidase tran-
sition state mimic inhibitors glucono &-lactone at 5 mwm,
1-deoxynojirimycin at 7 um, isofagomine at 1 mm, and phenyl-
ethyl glucoimidazole at 30 um, which completely inhibit most
GH1 B-glucosidases (data not shown) (13, 22, 38). No 2,4-dini-
trophenolate was detectable in 3-h reactions with 1 mwm
2,4dNP2FG, verifying that 2,4dNP2FG was not rapidly turned
over as a substrate.

Effects of Mutations of Glu'®®, His**®, and Glu**” on
Os9BGIu31 Activity—We analyzed the effects of single substi-
tutions of three amino acid residues: the putative catalytic acid/
base, E169Q and E169A; the putative catalytic nucleophile,
E387A; and the residue preceding the putative catalytic nucleo-
phile, H386T, on the activity of mutant enzymes. As shown in
Table 4, the activities of the E169Q, E169A, H386T, and E387A
mutants to transglycosylate ferulic acid using 4NPGlc as donor
were decreased 7.4-,78.5-,2.2-, and 19,000-fold compared with
wild type, respectively. The E169Q, E169A, and H386T
mutants shifted the pH optimum for this transglycosylation
from pH 4.5 in wild type to pH 6.0, 6.5, and 5.5, respectively
(data not shown).

The putative catalytic nucleophile mutant (E387A) was res-
cued by 0.5 M formate, which increased the activity of the
mutant by 20-fold compared with buffer alone with a pH opti-
mum at 4.5, but 0.5 M azide and acetate did not rescue the
activity (data not shown). No difference in 4NP release from
4NPGlIc by the E387A mutant was observed when 0.2 mu feru-
lic acid was added to the reaction with 0.5 mm formate. No
transglycosylation product was observed with formate, sug-
gesting either that it promoted hydrolysis by the E387A mutant
or the that transglycosylation product rapidly degraded.
Enhancement of 4NP release by formate was also observed for
Os9BGlu31 wild type, E169Q, E169A, and H386T mutants in
the absence of other nucleophiles (data not shown). Because
glucose could be detected, but no transglycosylation products
could be detected by TLC or HPLC in reactions with buffer
alone, we expect that the release of 4NP from 4NPGlc in buffer
alone indicates the hydrolysis activity of the enzyme.
0s9BGlu31 wild type had GH activity (without acceptor) that
was approximately 11% of its TG activity to ferulic acid (Table
4). However, when His®**® was replaced with Thr, the residue
most commonly seen in this position in GH1 B-glucosidases, no
increase in hydrolysis activity was seen (hydrolysis was approx-
imately 4.4% the rate of TG to ferulic acid). Replacement of
Glu'®® with Gln and Ala resulted in hydrolysis rates of approx-
imately 19 and 18% relative to the rates of transfer to ferulate,
but activity was decreased variably for all acceptors, including
water. As seen in Table 4, the mutations of the putative catalytic
residues and His**¢ also affected the relative rates of use of
different acceptors.
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TABLE 3
Apparent kinetic parameters of Os9BGlu31with aromatic acid acceptors

Kinetic parameters for acceptor at 30 mm 4NPGlc

Kinetic parameters for 4NPGIc at 0.25 mMm acceptor

Acceptor K, Keae k.o /K,, K, Keae k.o /K,,
mm st mmts! mm s mm L st
Phenolic compounds
Ferulic acid 0.05 * 0.004 1.21 £ 0.06 2542 * 1.52 9.33 + 0.62 121 £0.2 0.13 £ 0.01
Vanillic acid 0.11 = 0.012 0.43 + 0.04 3.82 =04 5.92 = 0.28 0.36 + 0.023 0.06 * 0.005
4-Hydroxybenzoic acid 0.21 = 0.02 0.49 = 0.002 2.31 £0.22 2.88 £0.27 0.33 £ 0.01 0.21 = 0.01
Syringic acid 0.13 = 0.012 0.35 + 0.03 2.70 £ 0.25 1.18 £0.13 0.24 + 0.02 0.20 £ 0.02
trans-Cinnamic acid 0.10 = 0.01 0.32 + 0.02 3.26 = 0.08 1.62 £ 0.17 0.12 * 0.004 0.07 = 0.002
Caffeic acid 0.03 *+ 0.003 0.25 + 0.005 7.62 + 0.6 7.70 = 0.6 0.25 + 0.02 0.03 * 0.0004
Sinapic acid 0.02 * 0.002 0.29 + 0.01 14.15 = 0.4 7.06 * 0.74 0.28 + 0.02 0.05 * 0.001
Benzoic acid 0.12 = 0.014 0.35 + 0.038 2.87 +0.5 2.00 +0.17 0.28 + 0.02 0.14 + 0.04
4-Coumaric acid 0.01 = 0.001 0.34 = 0.03 33.3*39 331 0.3 0.30 = 0.03 0.10 = 0.008
Isovanillic acid 0.042 = 0.003 0.22 + 0.001 513 0.5 191 £0.2 0.17 = 0.02 0.10 = 0.007
Dihydroxybenzoic acid 0.05 *+ 0.004 0.12 = 0.01 2.59 + 0.2 0.64 *+ 0.006 0.12 = 0.01 0.19 + 0.02
Phytohormones
Napthalene acetic acid 0.09 * 0.007 0.12 + 0.003 1.46 + 0.02 0.27 + 0.03 0.11 + 0.001 0.39 * 0.034
Indole acetic acid 0.05 *+ 0.005 0.09 *+ 0.001 2.05 + 0.21 0.33 + 0.02 0.1 = 0.002 0.31 = 0.01

TABLE 4

Relative activities of 0s9BGlu31 wild type and the catalytic acid/base mutants E169Q and E169A, catalytic nucleophile mutant E387A, and H386T
mutant
Os9BGlu31 wild type and mutants were purified with immobilized metal affinity chromatography and Q-Sepharose chromatography, respectively.

Relative activity

Acceptor Wild type E169Q E169A E387A H386T
nmol of 4NP min~ ' mg~ ! protein

Buffer alone 14.8 £ 0.6 34*+03 0.3 = 0.02 0.008 = 0.0001 2.7 £0.3
Ferulic acid 1334 + 8.3 18+ 11 1.7 £ 0.05 0.007 = 0.0003 61.3 = 0.4
Caffeic acid 100.8 = 0.1 13.6 = 0.9 1.6 = 0.07 0.007 = 0.0004 494 *+51
Sinapic acid 933 £3.2 23.6 £ 1.6 1.8 £0.10 0.012 =+ 0.0003 38.8 £ 1.2
4-Hydroxybenzoic acid 86.4 £ 6.1 11.6 £ 0.5 1.5+ 0.01 0.008 = 0.0004 30.0 £ 0.6
Vanillic acid 81.5 =57 102 £ 1.0 1.6 £ 0.06 0.011 = 0.0004 199 £ 1.5
trans-Cinnamic acid 787 *+76 111 *1.1 1.5 £ 0.02 0.008 = 0.0001 195 2.1
Syringic acid 83.1* 6.4 10.4 = 0.5 1.3 £0.03 0.012 = 0.001 19.0 = 2.0
Benzoic acid 77.8 £7.8 11.0 = 0.1 1.4 *+0.02 0.01 = 0.001 144 = 0.2
4-Coumaric acid 81.1 %73 141+ 1.1 1.6 = 0.03 0.01 = 0.0003 28325
Isovanillic acid 68.3 + 6.8 10.0 = 0.7 1.1 £0.03 NM“ 22.0 = 1.0
Catechin 38.8 =39 4.8 02 0.5+ 0.01 NM ND*

Dihydroxybenzoic acid 50.6 = 5.1 27%0.1 0.8 = 0.01 NM 10.7 £ 1.1
1-Napthalene acetic acid 539 £ 54 25%0.1 1.1 = 0.004 NM 6.8 0.2
Scopoletin 16.8 = 0.5 0.8 = 0.02 0.7 = 0.003 NM 5.0 £0.2
Indole acetic acid 439+ 1.8 51%0.5 0.9 +0.03 NM 49 +0.1
Apigenin 39.6 2.0 112+ 12 0.5 = 0.03 NM 6.9 = 0.4
2,4-Dichlorophenoxyacetic acid 44.8 £3.0 9.7 £0.3 1.1 £0.01 NM 3.8*+0.1

“NM, not measured.
2 ND, not detected.

Expression of Os9BGlu31 in Rice Tissues and in Seedlings in
Response to Environmental Conditions—Initially, Os9BGlu31
expression was analyzed by Northern blotting. The Os9BGlu31
mRNA was detected at a relatively high level in the leaf blade
and at a low level in the stem of mature plants (6 weeks old),
whereas low levels were detected in endosperm, shoot, and
root of 10-day-old seedlings (Fig. 2A4). When rice seed was
germinated, Os9BGIlu31 expression was highest during the
first day (0, 12, and 24 h) and then decreased at day 2 (Fig.
2B). When 10-day-old seedlings were subjected to 2 days of
low temperature (5 or 12 °C), drought, salinity, or flooding,
Os9BGlu31 transcript abundance increased in drought and
increased slightly in NaCl (0.3 M) compared with the control
condition (Fig. 2C). Additionally, treatments with the phy-
tohormones ABA, ethephon (which releases ethylene), and
2,4-D (a synthetic auxin) significantly increased Os9BGIu31
mRNA in rice seedlings, whereas methyljasmonate and kine-
tin induced small increases. Fig. 2D shows that ethephon
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appears to induce the gene in roots of seedlings, but not in
shoot and endosperm.

The spatiotemporal expression pattern of Os9BGlu31 was
further examined by real time PCR throughout rice develop-
ment (Fig. 3). The relative expression levels of Os9BGIu31
normalized to the OsUBQS5 gene were high in young leaf,
root, developing seed at 7—8 DAF (stage S4) and 9—-10 DAF
(S5), and flag leaves (FL1 to FL4) and displayed the highest
expression in samples harvested from senescing flag leaves,
FL3 (30 DAF flag leaf) and FL4 (40 DAF flag leaf), suggesting
that Os9BGI/u31 may have a function in mature and senes-
cent leaf tissues.

Subcellular Localization of Os9BGlu31—Subcellular local-
ization is an important clue to elucidate function. Os9BGlu31
was previously predicted to be targeted by its N-terminal signal
sequence to the secretory pathway (21). The Predotar program
(34) confirmed that Os9BGlu31 has an N-terminal signal pep-
tide of 22 residues: 'MTPARVVFICCVVLLAAAAAAAZ

VOLUME 288+NUMBER 14-APRIL 5, 2013
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FIGURE 2. Northern blot analysis of 0s9BGlu31 gene expression in rice cv.
Yukihikari plants and seedlings. A, blot of RNA extracted from various tis-
sues of 6-week-old mature plants and 10-day-old rice seedlings. B, total RNA
was extracted from whole seeds or seedlings germinated and grown at 27 °C
for the indicated periods of time. C, effects of stresses and phytohormones on
Os9BGlu31 gene expression in 10-day-old rice seedlings. RNA gel blots of
10-day-old rice seedlings treated for an additional 2 days with the indicated
stresses or phytohormones: H,O (control), cold (5 °Cand 12 °C), drought, 0.3 m
NaCl, flooding, 0.1 mm ABA, 10 mm ethephon, 0.1 mm methyljasmonate, 0.1
mwm gibberellin A; (GA;), 10 mm 2,4-D, and 0.1 mm kinetin. D, effects of ethe-
phon on different tissues of 10-day-old rice seedlings. As in C, 10-day-old rice
seedlings were treated an additional 2 days with water (control) or 10 mm
ethephon.

which should direct it to enter the endoplasmic reticulum for
either retention in the endoplasmic reticulum or for export to
the Golgi apparatus, vacuole or secretion. To determine the
subcellular localization of Os9BGlu31, we generated the GFP
fusion construct of Os9BGlu31-GFP under the control of
CaMV35S promoter. The Os9BGlu31-GFP construct gave a
poor signal in maize protoplasts, but the stable expression in
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transgenic rice calli gave clear vacuolar localization (Fig. 4).
This suggests that the Os9BGlu31 protein is most likely to be
localized to the vacuole in the plant, which is consistent with its
low pH optimum of 4.5.

DISCUSSION

Biochemical Function of Os9BGIu31—O0s9BGlu3l shows
more efficient TG than GH activity. It transfers glucosyl groups
from glucose ester and glucoside donors to nucleophilic accep-
tors. This activity is similar to GT activity, but it does not use
nucleoside diphosphate sugar (uridine 5'-diphosphoglucose) as
the glucose donor, which is required in the definition of GT (2,
39, 40). In contrast to previously characterized GH1 TG
enzymes (15, 16), Os9BGlu31 displays a broad specificity and
could glycosylate free phenolic acids, phytohormones, and fla-
vonoids with phenolic 1-O-B-p-glucose esters acting as better
glucose donors than glucosides, whereas the free phenolic acids
of these esters are also excellent acceptor substrates. This sug-
gests that Os9BGlu31 may help equilibrate the free phenolic
acids and phenolic acid conjugate levels in plants.

The phenolic acids and their 1-O-acyl B-p-glucose esters that
were the best substrates for Os9BGlu31 play important roles in
plant metabolism. The 1-O-acyl B-p-glucose esters are trans-
ported into the vacuole, where they serve as transient interme-
diates in the formation of other metabolites (41). In the diploid
oat (Avena strigosa) vacuolar serine carboxypeptidase-like acyl-
transferases use benzoyl and anthraniloyl glucoses as acyl
donors in avenocide synthesis, and genes encoding similar ser-
ine carboxypeptidase-like acyltransferases have been identified
in rice and other grasses (17). Because 1-O-hydroxycinnamoyl
and 1-O-hydroxybenzoyl B-pD-glucoses also appear to act as glu-
cosyl donors for the glycosylation of anthocyanin glucosides in
vacuoles in carnation and delphinium (15), as well as in intra-
cellular ferulation of arabinoxylan in wheat cells (19), the ability
of vacuolar TG like Os9BGlu31 to equilibrate these glucocon-
jugates may provide a means to replenish a glucosyl/acyl donor
that is being rapidly depleted, provided there is a vacuolar sup-
ply of the aglycon and donor glucoconjugates. This activity may
help explain the high diversity of glycoconjugates in plants,
because expression of a single GT could result in production of
1-O-acyl B-p-glucose esters beyond its range of substrate spec-
ificity. In fact, GT's have also been shown to catalyze reversible
reactions, so a vacuolar GT might play a similar role (42). Given
this possibility, care must be taken in interpreting assays of GT
and GH activities in plant extracts.

Recently, Xu et al. (43) demonstrated that a vacuolar B-glu-
cosidase in A. thaliana (BG2) plays a role in osmotic stress
response by hydrolyzing ABA-glucose ester to increase ABA.
Whether Os9BGlu31 and similar vacuolar TG can act to mod-
ulate these responses by transfer of glucose from other 1-O-acyl
B-D-glucose esters remains to be investigated, but its transfer of
glucose to and from the carboxyl groups on the auxins indole
acetic acid, naphthalene aceticacid, and 2,4-D, GA,, and ABA is
intriguing. In fact, AtBGlul0, which falls in the same phyloge-
netic cluster at Os9BGlu31, has recently been suggested to act
in 1-O-ABA glucosyl ester metabolism and as an 1-O-acyl glu-
cose-dependent anthocyanin TG (47, 48). The induction of the
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FIGURE 3. Expression pattern of the Os9BGlu31 gene in rice cv. Dongjin, determined by real time PCR. The relative expression level of Os9BGlu31 was
compared with that of OsUBQ5, and error bars indicate standard deviations from three separate experiments. YL, young leaf; FL, flag leaf; R, root; F, flower; S,
seed; F1, 0-4 cm inflorescence; F2, 4-8 cm inflorescence; F3, 8—12 cm inflorescence; F4, 12-16 cm inflorescence; F5, 16-20 cm inflorescence; F6, >20 cm
inflorescence; S1, 1-2 DAF seeds; 52, 3—4 DAF seeds; S3, 5- 6 DAF seeds; S4, 7- 8 DAF seeds; S5, 9-10 DAF seeds; FL1, 15 days before flowering flag leaf; FL2, 15

DAF flag leaf; FL3, 30 DAF flag leaf; FL4, 40 DAF flag leaf.

Os9BGIu31 gene under the stress conditions of drought, ABA,
ethephon, methyl jasmonate, 2,4-D, and kinetin is at least con-
sistent with Os9BGlu31 involvement in adaptation to changes
in the environment.

Sequence Comparison with Other GHI Enzymes and Roles of
Active Site Amino Acids—When Opassiri et al. (21) analyzed
protein sequences of rice and other plant GH1 enzymes, the
phylogenetic cluster At/Os6 contained rice OslBGlu2,
Os1BGlu3, Os1BGlu5, Os5BGlul9, Os5BGlu21, Os5BGlu22,
Os5BGlu23, 0s9BGlu31, Os9BGlu32, Os9BGIu33, and HIUH
(approximately 44% sequence identity), as shown in supple-
mental Fig. S1. However, Os9BGlu31 has no HIUH activity.”
Carnation DcAA5GT and delphinium DgAA7GT also fall in
the At/Os6 phylogenetic cluster (15) and share approximately
47% amino acid sequence identity with Os9BGlu31. Although
Os9BGlu31l, DcAA5GT, and DgAA7GT have the sequence
IHENG around the catalytic nucleophile like HIUH, unlike
HIUH, they also contain all the conserved glucose binding
amino acid residues at the — 1 subsite, except Tyr**? was found
in place of the conserved Trp at Trp**! in rice Os3BGlu7 (sup-
plemental Fig. S2). The obvious difference of the His in place of
Thr or Ser in the position before the catalytic nucleophile
(IHENG instead of ITENG) does not cause this functional dis-
tinction, because changing His**® to Thr in Os9BGlu31 caused
2—-8-fold decreases in transglycosylation, depending on the
donor, and a 5.5-fold decrease in hydrolysis.

7 A. Raychaudhuri and P. A. Tipton, personal communication.
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In contrast to the glycon-binding site, amino acid residues at
the aglycon-binding subsite are different in Os9BGlu31 com-
pared with GH1 enzymes with known structures. For instance,
the Trp residue corresponding to Trp®*® in Os3BGlu7 is con-
served in all GH1 enzymes with known structures, in which it
serves as a platform for aglycon binding, but it is replaced with
Phe**? in Os9BGlu31 and is not conserved in any of the GH1
cluster At/Os6 sequences.

Although the sequence alignment of Os9BGlu31 and the
other GH1 TG DcAA5GT and DgAA7GT with GH1 B-gluco-
sidases shows that they have conserved glutamates in the posi-
tions of the catalytic acid/base and nucleophile, the roles of
these residues in TG activities was not previously shown.
Because the best substrates for Os9BGlu31 are acids, the mild
decrease in activity when the putative catalytic acid/base was
mutated to Ala and Gln was not unusual, and the shift in the pH
optimum in these mutants is consistent with the acid/base role
(44, 45). This suggests that Os9BGlu33, which has 63% amino
acid sequence identity with Os9BGlu31 but has Gln in this acid/
base position, may in fact be an active TG.

The 19,000-fold decrease in activity when GIu*®” was con-
verted to Ala is consistent with its proposed role as a catalytic
nucleophile, as is its rescue by formate. On the other hand, the
lack of rescue by azide and the lack of inhibition of the wild type
Os9BGlu3l by the putative oxocarbenium ion-like transition
state analogs glucono 6-lactone, isofagomine, 1-deoxynojiri-
mycin, and glucoimidazole, and mechanistic covalent inhibi-
tors 2,4dNP2FG, conduritol B epoxide, and cyclophellitol that
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FIGURE 4. Subcellular localization of Os9BGIlu31-GFP in rice calli. The rice calli were produced by Agrobacterium-mediated transformation with the
0Os9BGlu31-GFP construct and viewed with GFP fluorescence (left column) and light microscopy (center column), and the images are merged in the right column
at low (top panel) and high magnification (bottom panel). The scale bars indicate 10 um.

could inhibit plant GH1 B-glucosidases (13, 22, 38, 46), are
unusual for enzymes following this mechanism.

Although the in vivo role of Os9BGlu3l requires further
investigation, the unique broad activity points to a potential in
vitro application. Broad specificity glycosyltransferases have
been used in glycodiversification of drugs and other com-
pounds (42). Although these GTs can use small glucosyl
donors, they generally require a nucleotide sugar intermediate
before transfer of the glycosyl moiety to another acceptor. The
use of TGs like Os9BGlu31l eliminates this requirement,
thereby providing a less complicated route to synthesis of gly-
coconjugates, such as the 1-O-acyl-glucosyl esters and gluco-
sides produced in this work.

In conclusion, we have shown that the vacuolar Os9BGlu31
transglucosidase acts to transfer glucose between a broad range
of phenolic acids and their 1-O-acyl B-p-glucose esters. As
such, Os9BGlu31 and similar TGs provide a means to equili-
brate these plant secondary metabolites. Os9BGlu31 and the
two closely related isoenzymes, Os9BGlu32 and Os9BGlu33,
may play similar roles in rice, whereas the activity of other GH1
cluster At/Os6 is yet to be determined. These enzymes may also
be applied to in vitro glycodiversification without the need for a
nucleotide sugar intermediate (42). Os9BGlu31 contains the
conserved acid/base and nucleophile residues found in GH1

APRIL 5,2013+VOLUME 288-NUMBER 14

B-glucosidases, but the acid/base does not have a critical role
because of the acidic nature of its substrates, and although
Glu*® is essential to catalysis, its exact role remains to be
shown.
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