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Soybeans (Glycine max (L.) Merr.) and certain other legumes
excrete isoflavones from their roots, which participate in plant-
microbe interactions such as symbiosis and as a defense against
infections by pathogens. In G. max, the release of free isofla-
vones from their conjugates, the latent forms, is mediated by an
isoflavone conjugate-hydrolyzing �-glucosidase. Here we
report on the purification and cDNA cloning of this important
�-glucosidase from the roots of G. max seedlings as well as
related phylogenetic and cellular localization studies. The puri-
fied enzyme, isoflavone conjugate-hydrolyzing �-glucosidase
from roots of G. max seedling (GmICHG), is a homodimeric
glycoprotein with a subunit molecular mass of 58 kDa and is
capable of directly hydrolyzing genistein 7-O-(6�-O-malonyl-�-
D-glucoside) to produce free genistein (kcat, 98 s�1;Km, 25 �M at
30 °C, pH 7.0).GmICHG cDNAwas isolated based on the amino
acid sequence of the purified enzyme. GmICHG cDNA was
abundantly expressed in the roots of G. max seedlings but only
negligibly in the hypocotyl and cotyledon. An immunocyto-
chemical analysis using anti-GmICHG antibodies, along with
green fluorescent protein imaging analyses of Arabidopsis cul-
tured cells transformed by the GmICHG:GFP fusion gene,
revealed that the enzyme is exclusively localized in the cell wall
and intercellular space of seedling roots, particularly in the cell
wall of root hairs. A phylogenetic analysis revealed that
GmICHG is amember of glycosidehydrolase family 1 and canbe
co-clustered with many other leguminous �-glucosidases, the
majority of which may also be involved in flavonoid-mediated
interactions of legumes with microbes.

The roots of legumes excrete large amounts of flavonoids,
which play very important roles in the interactions of these
plants with microorganisms (1). The major flavonoids secreted
from soybean (Glycine max (L.) Merr.) roots, for example, are

isoflavones (2), a class of flavonoids with a 3-phenylchromone
structure. The isoflavones genistein and daidzein (see Fig. 1) in
root exudates serve as chemoattractants (3) for specific symbi-
onts, Bradyrhizobium japonicum and Sinorhizobium fredii, as
well as genetic inducers of nodulation (4). Moreover, these fla-
vonoids have been proposed to play important roles in defen-
sive mechanisms against infections by pathogens (5–9).
Isoflavones are synthesized from flavanones (liquiritigenin or

naringenin) by aryl migration, which is catalyzed by 2-hydroxy-
flavanone synthase (10, 11). In G. max cells, the resulting free
isoflavones are then 7-O-glucosylated and 6�-O-malonylated by
the combined actions of UDP-glucose:isoflavone 7-O-glucosyl-
transferase (IF7GT)2 and malonyl-CoA:isoflavone 7-O-gluco-
side 6�-O-malonyltransferase (IF7MaT), respectively (5). These
conjugates (i.e. 7-O-�-D-glucosides and 7-O-(6�-O-malonyl-�-
D-glucosides) of isoflavones) are more water-soluble than the
aglycons and accumulate in large amounts in vacuoles (5).
These isoflavone conjugates are considered to be latent forms
of isoflavonoids and must ultimately be converted to aglycons
for interactions with symbiotic or pathogenic microorganisms
(5, 7, 12). Moreover, the enzyme(s) involved in this conversion
must be spatially separated from those of IF7GT and IF7MaT
and the vacuolar conjugate pools (5). The release of aglycons in
the chickpea (Cicer arietinum) has been proposed to involve a
two-step hydrolysis of the isoflavone conjugates, where the
isoflavone 7-O-(6�-O-malonyl-�-D-glucosides) undergoes ester
hydrolysis by a malonylesterase followed by hydrolysis of the
�-glucosidic linkage by a�-glucosidase (5). InG.max, however,
the release of isoflavone aglycons from their conjugates appears
to be mediated by a single enzyme, an isoflavone conjugate-
hydrolyzing �-glucosidase (GmICHG) (12) (Fig. 1), which
appears to play a critical role in the turnover of conjugates for
plant-microbe interactions. However, the cDNA encoding this
important �-glucosidase has not been identified to date, and
hence, the primary structure and phylogenetics of the enzyme
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remain unclear. In addition, the cellular localization of the
enzyme remains to be conclusively established.
In this study, GmICHG was purified 4200-fold from roots of

G. max seedlings, and its molecular properties were estab-
lished. This achievement permitted the identification of the
GmICHG cDNA and phylogenetic as well as cellular localiza-
tion studies of the enzyme. The results obtained in these studies
provide important information concerning the biochemical
mechanism that controls the release of free isoflavones in theG.
max root exudates regarding interactions of the G. max plant
with microorganisms.

EXPERIMENTAL PROCEDURES

Plant Materials and Chemicals

Soybean seeds (G. max (L.) Merr. cv. Wase-Hakucho; Takii,
Kyoto, Japan) were pretreated with running tap water for 10
min and then germinated at 20–23 °C in the dark on an agar
medium consisting of 10 mM potassium Pi, pH 7.0, 1% (w/v)
sucrose, and 0.5% (w/v) agar. Roots of 5–7-day-old seedlings
were washed with tap water to remove the medium and then
frozen at�80 °C until used. Genistein, Gen7G, Gen7MG, daid-
zein, daidzein 7-O-�-D-glucoside, and daidzein 7-O-(6�-O-ma-
lonyl-�-D-glucoside) were products of Fujicco (Kobe, Japan).
Other flavonoids, including anthocyanins, were obtained as
described previously (13). All other chemicals were of analytical
grade.

Enzyme and Protein Assays

GmICHG activity was routinely assayed using Gen7MG as
a substrate. The standard reaction mixture (final volume,
100 �l) consisted of 50 �M Gen7MG, 100 mM potassium Pi,
pH 7.0, and enzyme (final concentrations). The mixture
without enzyme was preincubated at 30 °C for 5 min, and the
reaction was started by the addition of the enzyme. After
incubation at 30 °C for 20 min, the reaction was stopped by
the addition of 200 �l of ice-cold 1.0% (v/v) trifluoroacetic
acid. The isoflavonoids in the reaction mixture were rou-
tinely analyzed by reversed phase HPLC on a J’sphere ODS-
M80 column (4.6 � 150 mm; YMC, Kyoto, Japan) at a flow
rate of 0.7 ml/min. After injection (100 �l) onto the column,
which had been equilibrated with 14% (v/v) CH3CN contain-
ing 0.1% (v/v) trifluoroacetic acid, the column was isocrati-
cally developed for 3 min, followed by a linear gradient of
14–90% (v/v) CH3CN in 0.1% (v/v) trifluoroacetic acid in 15
min, and then isocratically developed for 1 min, followed by
a linear gradient of 90 to 14% (v/v) CH3CN in 0.1% (v/v)

trifluoroacetic acid in 1 min. The
isoflavonoids were detected by UV
absorption at 260 nm using an
SPD-10A VP UV-visible detector
(Shimadzu, Kyoto, Japan). Kinetic
parameters and standard errors
were determined by fitting the ini-
tial velocity data to the Michaelis-
Menten equation by means of a
nonlinear regression analysis (14).
Protein concentrations were de-
termined by the Bradford method

(15) using bovine serum albumin as a standard.

Purification of GmICHG from Roots of G. max Seedlings

All operations were performed at 4 °C.
Step 1, Preparation of Crude Extract—Soybean roots (200 g,

fresh weight; see above) were suspended in 800 ml of 100 mM
potassium Pi, pH 7.0, containing 30 mM 2-mercaptoethanol, 5
mMEDTA, 0.5mMphenylmethylsulfonyl fluoride, and 5% (w/v)
polyvinylpolypyrrolidone and were disrupted for 30 s in aWar-
ing blender, followed by centrifugation. The supernatant was
used for further purification.
Step 2, Ammonium Sulfate Fractionation—The protein frac-

tion that precipitated between 0 and 60% saturation of ammo-
nium sulfate was collected by centrifugation. The pellet was
dissolved in 100 ml of 100 mM potassium Pi, pH 7.0, containing
30 mM 2-mercaptoethanmol, 1 mM EDTA, and 0.1 mM phenyl-
methylsulfonyl fluoride. Polyethyleneimine was then added to
the solution to a final concentration of 0.5% (w/v). After allow-
ing the mixture to stand for 30 min, the precipitate was
removed by centrifugation. The supernatant was extensively
dialyzed against 10mMpotassiumPi, pH 7.0, containing 7.5mM
2-mercaptoetanol (termed buffer A).
Step 3, DEAE-Sepharose 4FF—The enzyme solution was

applied to a DEAE-Sepharose 4FF column (bed volume, 30 ml;
Amersham Biosciences) equilibrated with buffer A at a flow
rate of 2 ml/min using an FPLC system (Amersham Bio-
sciences). The column was washed with the same buffer. The
flow-through fractions that contained enzyme activity were
combined.
Step 4, CM-Sepharose 4FF—The enzyme solution was

applied to a CM-Sepharose 4FF column (bed volume, 20 ml;
Amersham Biosciences) equilibrated with buffer A at a flow
rate of 2.0 ml/min using an FPLC system. The column was
washed with the same buffer. The enzyme was eluted with a
linear gradient of 0–1 M NaCl in buffer B (20 mM potassium Pi,
pH 7.0) in 100 min. The active fractions were combined.
Step 5, Resource PHE—Ammonium sulfate was added to the

enzyme solution to 20% saturation. The enzyme solution was
applied to a Resource PHE column (bed volume, 6 ml; Amer-
sham Biosciences) equilibrated with buffer B containing 20%-
saturated ammonium sulfate at a flow rate of 2ml/min using an
FPLC system. The column was washed with the same buffer.
The enzyme was eluted at a flow rate of 2 ml/min with a linear
gradient between the equilibration buffer and buffer B contain-
ing 50% (v/v) ethylene glycol in 30 min. The active fractions
were combined and concentrated by ultrafiltration to 3.5 ml.

FIGURE 1. GmICHG-catalyzed hydrolysis of isoflavone conjugates. Names of aglycons are daidzein (R1 � H)
and genistein (R1 � OH). Conjugates are isoflavone 7-O-glucosides (R2 � H) and isoflavone 7-O-(6�-O-malonyl-
�-glucosides) (R2 � malonyl).
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Step 6, Gel Filtration—The enzyme solution was applied to a
HiLoad 26/60 Superdex 200pg column (Amersham Bio-
sciences) equilibrated with buffer B containing 0.15 M NaCl.
The enzymewas eluted at a flow rate of 1ml/min using an FPLC
system. The active fractions were combined and equilibrated
with 10 mM potassium Pi, pH 7.0 (buffer C), by repeated con-
centration and dilution by ultrafiltration.
Step 7, HiTrap Heparin—The enzyme solution (2.5 ml) was

applied to a HiTrap heparin column (1 ml; Amersham Bio-
sciences) that had been equilibrated with buffer C at a flow rate
of 0.5 ml/min using an FPLC system. The column was washed
with buffer C containing 0.15 M NaCl. The enzyme activity was
eluted with buffer C containing 1 M NaCl. The active fractions
were combined, concentrated, equilibrated with buffer C, and
subjected to rechromatography on aHiTrap heparin column in
the same manner as described above.

Sugar Staining

Proteins in the SDS-polyacrylamide gels (16) were trans-
ferred to an Immobilon-Pmembrane (Millipore, Bedford,MA).
The glycoprotein blots were visualized usingmethods reported
previously (17), using a kit (G. P. Sensor, Seikagaku Corp.,
Tokyo, Japan) following the manufacturer’s guidelines.

cDNA Cloning of GmICHG

Based on the amino acid sequences determined (see “Results”),
degenerate oligonucleotide primers were designed as follows:
PepF1, 5�-GGICCIAGYATHTGGGAYAC-3�; PepF2, 5�-TGGG-
AYACITTYACICAYAA-3�; PepR1, 5�-TCCATRTACCAICC-
RTAYTG-3�; PepR2, 5�-CCRTAYTGRAARTCDATIGC-3�,
where I indicates inosine and R, H, and Y indicate degenerate
sites (R, A/G; H, A/C/T; and Y, C/T). The total RNA was iso-
lated from the G. max seedling roots using the RNeasy plant
mini kit (Qiagen, Hilden, Germany). A reverse transcription-
PCR (RT-PCR)was performed usingQiagenOne-step RT-PCR
kit (Qiagen) with the primers, PepF1 and PepR1, and the total
RNA of the G. max seedling roots as a template. An amplified
fragment was further subjected to nested PCR using primers
PepF2 andPepR2. The amplified fragment, whichwas�0.6 kbp
in length, was cloned into pCR2.1-TOPO (Invitrogen) and sub-
jected to sequencing using a dye terminator cycle sequencing
kit (Beckman Coulter, Fullerton, CA) with the CEQ 2000 DNA
analysis system (BeckmanCoulter). Poly(A)�RNAwas isolated
fromG. max seedling roots using a kit (Straight As mRNA Iso-
lation System; Novagen, Madison, WI). A cDNA library of the
G.max seedling roots was constructed using a ZAP-cDNA syn-
thesis kit (Stratagene, La Jolla, CA) and Gigapack III gold clon-
ing kit (Stratagene) following the manufacturer’s guidelines.
The cDNA library, �400,000 plaques, was screened using an
amplified DNA fragment as a probe. The DIG DNA labeling
and detection kit (Roche Diagnostics) was used to label the
amplified fragment and detect cDNA clones, following the
manufacturer’s guidelines. Because the longest cDNA clone
was found to lack a translation initiation codon, the 5�-frag-
ment was obtained using a system for the rapid amplification of
5�-cDNA ends (Invitrogen) with the primers GSP1 (5�-CTTC-
CACCTTCCTTTG-3�), GSP2 (5�-GGCTGAGGATCCAGC-

CCC-3�), GSP3 (5�-GCAGCGTCATGAACAGGCG-3�), and
total RNA of the G. max seedling roots.
The mature form of GmICHG (residues 26–514 of the pre-

cursor; see “Results” and supplemental Fig. 1S) was heterolo-
gously expressed in Escherichia coli Origami cells as an N-ter-
minal fusion protein with a thioredoxin molecule using a pET
Trx Fusion 32a(�) system (Novagen). The expressed product,
71 kDa in size, was purified to homogeneity as described in the
Supplemental Material.

Semi-quantitative RT-PCR

Total RNA was prepared from the individual organs of the
15-day-old G. max seedlings using the RNeasy plant mini kit
(Qiagen, Hilden, Germany). DNA contamination in total RNA
was eliminated by the treatment with DNase I (Takara-bio,
Tokyo, Japan) at 37 °C for 30min. For amplification of a 220-bp
partial cDNA of GmICHG, a pair of gene-specific primers was
designed as follows: GmICHG-S, 5�-CATAAAGGCTGCGAG-
AAGGGC-3�; GmICHG-A, 5�-TGTCGTTGCTTGGAGGGA-
CAC-3�. For amplification of a 260-bp partial cDNA of G. max
ubiquitin, a pair of gene-specific primers was also designed:
GmUBQ-F, 5�-GGGTTTTAAGCTCGTTGT-3�; GmUBQ-R,
5�-GGACACATTGAGTTCAAC-3�. Semi-quantitative RT-
PCR was carried out using mRNA Selective PCR kit (Takara-
bio, Tokyo, Japan) according to the manufacturer’s guidelines.

Immunocytochemical Analyses

Cut roots (5–10mm in length) of the 7-day-oldG.max seed-
lings were fixed overnight at 4 °C in 20 mM sodium cacodylate,
pH 7.4, containing 4% paraformaldehyde. After the fixed sam-
ples were washed extensively with 0.05 M potassium Pi, pH 7.5,
they were embedded in 5% agar. The root sections (50-�m
thickness) were prepared from the agar-embedded material
with a Vibratome Series 3000 Plus-Tissue Sectioning System
(Technical Products International, Inc.; St. Louis) using a razor
blade. Immunocytochemical labeling of GmICHG was carried
out using a kit (TSA kit 12 with horseradish peroxidase goat
anti-rabbit IgG and AlexaFluor 488 tyramide; Molecular
Probes, Eugene, OR) according to the manufacturer’s guide-
lines. The resulting sections were observed under a laser scan-
ning confocal microscope (Fluoview; Olympus, Tokyo, Japan)
equipped with a filter set (BA5101F-BA550RIF).

Stable Transformation of Arabidopsis Cultured Cells and GFP
Imaging

To construct the 35S-GmICHG:GFP construct, a full-length
GmICHG cDNA fused in-frame with sGFP (S65T) (18), pro-
vided from Dr. Niwa (University of Shizuoka, Japan), was sub-
cloned into the binary vector pBE2113Not (19). Arabidopsis
thaliana T87 cultured cells (20) were transformed by co-culti-
vation with Agrobacterium tumefaciens GV3101(pMP90) car-
rying the resulting construct, as described in the Supplemental
Material.
For GFP imaging, T87 cells expressing GFP-fused GmICHG

were counterstained with a 10 �g/ml solution of propidium
iodide (Sigma). The cells were observed under a BX50 micro-
scope equipped with a confocal scanning system (Fluoview;
Olympus, Tokyo, Japan). Green (sGFP) and red (propidium
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iodide and chlorophyll autofluorescence) emissions were
detected with filters BA510IF-BA550RIF and BA585IF, respec-
tively. The images were then pseudo-colored and combined
into one image.

RESULTS

Purification of GmICHG from the Roots of G. max Seedlings—
Our preliminary studies, as well as previous studies by Hsieh
and Graham (12), showed that roots of the G. max seedling
contain significantly higher (e.g. �50-fold) ICHG activity than
hypocotyls and cotyledons. Thus, we chose the roots of 5–7-
day-old seedlings as the starting materials for the enzyme puri-
fication. The enzyme activity was highly stable throughout the
purification procedures and was recovered in high yields at
each purification step. Finally, a 4200-fold purification was
achieved with an overall activity yield of 30% (Table 1). SDS-
PAGE of the purified enzyme indicated a single major protein
band with an estimated molecular mass of 58 kDa (Fig. 2A),
which stained positive for the presence of sugar (Fig. 2B), indi-
cating that GmICHG is a glycoprotein. The native molecular
mass of the purified GmICHG was estimated to be 100 kDa
by gel filtration chromatography on Superdex 200, indicat-
ing that the enzyme is dimeric. The N-terminal amino acid
sequence (five cycles) of the purified enzyme, determined by
automated Edman degradation, was Asp-Ser-Val-Pro-Leu-
(termed sequence 1; see supplemental Fig. 1S). To obtain the
internal amino acid sequences of the purified protein, it was
digested with a lysylendopeptidase fromAchromobacter lyti-
cus M497-1 (Wako, Tokyo, Japan), and the resulting pep-
tides were separated by reversed phase HPLC as described
previously (21, 22). The amino acid sequences of some of
these peptides were determined to be as follows: Glu-Gly-
Gly-Arg-Gly-Pro-Ser-Ile-Trp-Asp-Thr-Phe-Thr-His-Asn-
(sequence 2) and Ala-Ala-Arg-Arg-Ala-Ile-Asp-Phe-Gln-
Tyr-Gly-Trp-Tyr-Met-Glu-(sequence 3).
cDNA Cloning and Sequencing—We designed the PCR

primers on the basis of the amino acid sequences determined
for the purified GmICHG (sequences 2 and 3, see supplemental
Fig. 1S) and executed a first-round PCR using total RNA of the
G. max seedling roots as a template. The amplified fragment
was further subjected to nested PCR, yielding a PCR product of
�0.6 kbp. Using this fragment as a probe, the cDNA library
(�400,000 plaques) was screened under high stringency condi-
tions to give 23 positive clones. The longest cDNA from these
clones was completely sequenced. The deduced amino acid
sequence of the clone contained all of the partial amino acid
sequences determined from the purified enzyme (see below);
however, it was found to lack the 5�-terminal portion of an open

reading frame. The missing portion (33 bp) was revealed by
means of a rapid amplification of 5�-cDNA ends strategy. The
deduced amino acid sequence of the full-length cDNA encoded
a protein (DDBJ accession number, AB259819; calculated
molecular mass, 58,313 Da) of 514 amino acids (Fig. 1S). The
internal amino acid sequences determined for the purified
enzyme were identified at positions 66–80 and 294–308,
respectively. TheN-terminal amino acid sequences determined
for the purified enzyme were located at positions 26–30 (Fig.
1S), suggesting that the enzyme was initially biosynthesized in
the form of a precursor protein, theN-terminal 25-residue por-
tion of which may encode a signal peptide that is eventually
removed duringmaturation. Themolecularmass of themature
enzyme (without sugar chain(s)) is predicted to be 55,686 Da.
Properties of GmICHG—The GmICHG purified from the

seedling roots (Fig. 2A) efficiently hydrolyzed both the malo-
nylated and nonmalonylated forms of isoflavone 7-O-�-D-
glucosides, with the malonylated form being the preferred
substrate. The kcat and Km values at pH 7.0, 30 °C for
Gen7MG were 98 � 3 s�1 and 25 � 2 �M, respectively, and
those for Gen7G were 13 � 1 s�1 and 32 � 2 �M, respectively
(Table 2); thus, the calculated specificity constant (kcat/Km)
for Gen7MG was �10 times higher than the value for
Gen7G. The 7�-O-(6�-O-�-D-malonyl-�-D-glucoside) and
the 7�-O-�-D-glucoside of daidzein also acted as effective
substrates, the specificity constants for which were 62 and

FIGURE 2. PAGE analyses of native GmICHG. A, GmICHG, purified from seed-
ling roots of G. max (lane 2, arrowhead ), and marker proteins (lane 1) were
simultaneously electrophoresed under the conditions of Laemmli (16) and
stained by silver staining. B, glycoprotein staining (GPS ) (17). Proteins in SDS-
polyacrylamide gels were transferred to Immobilon-P membranes by electro-
blotting. In panel GPS, GmICHG in the membrane was stained as described
under “Experimental Procedures,” with ovalbumin and bovine serum albu-
min (BSA) as positive and negative controls, respectively. In panel CBB,
another set of the electrophoresed proteins was stained with Coomassie Bril-
liant Blue.

TABLE 1
Purification of GmICHG from roots of G. max seedlings

Step Total protein Specific activity Purification Recovery
mg nanokatal�protein mg�1 -fold %

1) Crude extract 590 0.16 1 100
2) (NH4)2SO4 fractionation 220 0.45 3 104
3) DEAE-Sepharose 59 1.6 10 98
4) CM-Sepharose 12 7.3 45 93
5) Resource PHE 2.5 34 210 88
6) Superdex 200 0.68 120 720 83
7) Heparin-Sepharose 0.043 660 4199 30
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23% of the value for Gen7MG, respectively. The enzyme had
negligible activity for the following glucosides (relative activ-
ity, less than 0.01% of activity for Gen7MG): cyanidin 3-O-
�-D-glucoside, cyanidin 3-O-(6�-O-malonyl-�-D-glucoside),
quercetin 3-O-�-D-glucoside, quercetin 3-O-(6�-O-malonyl-
�-D-glucoside), p-nitrophenyl �-D-glucoside, p-nitrophenyl
�-D-glucoside, and p-nitrophenyl �-D-galactoside. Thus, the
enzyme was highly specific for isoflavone conjugates.
Other enzymatic properties of the recombinant enzymewere

also examined. The recombinant enzyme was successfully
obtained as a soluble, catalytically active form, only when the
mature form was expressed in E. coli cells as an N-terminal
fusion protein with a thioredoxin molecule. The recombinant
protein, 71 kDa in size, could be purified to homogeneity (Fig.
2S) in an activity yield of 22% (see Supplemental Material for
details). It displayed a strong GmICHG activity that was highly
specific for 7-O-�-D-glucosides and 7-O-(6�-O-malonyl-�-D-
glucosides) of isoflavones, as is the case for the nativeGmICHG.
Unlike the nativeGmICHG, however, the recombinant enzyme
appeared to be unstable during purification anddisplayed lower
kcat values as well as a somewhat altered preference for isofla-
vonoids (see Table 1S). This could be related, at least in part, to
the fact that the recombinant GmICHG was obtained as a
fusion protein with a thioredoxin molecule and lacked sugar
chain(s) in the molecule. The recombinant enzyme was active
over the pH range 4.0–7.5 with a maximum activity at pH 5.5
and was stable at pH 6.5 (at 20 °C for 8 h). The enzyme activity
was inhibited by 0.1mMHg2� ion (residual activity, 11%).Other
0.1 mMmetal ions (Ca2�, Co2�, Cu2�, Mg2�, Mn2�, Ni2�, and
Zn2�) and 0.1 mM EDTA had negligible effects on catalytic
activity (residual activity, in excess of 88%). The recombinant
GmICHG was not inhibited by 0.1 mM glucono-�-lactone,
which has been reported to serve as a weak inhibitor for chick-
pea ICHG (23).
Sequence Comparison Studies—In an extensive search for

sequence similarity in data bases and the literature, the highest
identity was found with noncyanogenic �-glucosidases from
chickpea (C. arietinum) (GenBankTM accession number
CAG14979 (23)) and clover (Trifolium repens) (CAA40058
(24)) (identity, 69% each), prunasin hydrolase fromblack cherry
(Prunas serotina) (AAF34650 (25)) (64%), and dalcochinin
8�-O-�-glucoside �-glucosidase of Thai rosewood (Dalbergia
cochinchinensis) (AAF04007 (26)) (64%), all of which are known
plant members of the glycoside hydrolase (GH) family 1 (see
Refs. 27 and 28). In the predicted amino acid sequence of the
GmICHG precursor, we were consistently able to identify

sequences that are ubiquitously found among the sequences of
�-glycosidases belonging to GH1, such as Asn-Glu-Pro (resi-
dues 208–210) and Ile-Thr-Glu-Asn-Gly (residues 418–422)
motifs (Fig. 1S), whose Glu residues are typical catalytic resi-
dues of GH1 enzymes (29, 30). Sugar-binding amino acid resi-
dues that are highly conserved among all GH1 enzymes (29, 30)
could also be identified in the precursor sequence: Gln-59, His-
163, Asn-208, Glu-209, Glu-420, Trp-469, Glu-476, and Trp-
477. These results show that GmICHG is amember of the GH1
family.
Expression Analysis—The expression ofGmICHG inG. max

seedlings was analyzed by semi-quantitative RT-PCR. The
GmICHG transcript was present in roots butwas not detectable
in either hypocotyl or cotyledon (Fig. 3). This is in very good
agreement with the spatial distribution of enzyme activity in
seedling (347 picokatal/mg protein in roots, 29 picokatal/mg
protein in hypocotyls, and 16 picokatal/mg protein in
cotyledons).
Localization Studies—To determine the cellular localization

of GmICHG, we first used an immunocytochemical approach
with antibodies (anti-GmICHG IgG) raised against synthetic
peptides that are predicted to serve as epitopes of this enzyme
(see Supplemental Material and Fig. 1S). Because the cotyle-
dons and hypocotyls ofG. max seedlings showed essentially no
GmICHG activity and expressed only negligible levels of the
GmICHG transcript (see above), we focused our analyses on the
roots. A Western blotting analysis of crude extracts of G. max
roots using anti-GmICHG IgG gave a single immunoreactive
band (Fig. 4A), confirming its specificity for GmICHG.
In probing the cross-sections (Fig. 4B) and longitudinal sec-

tions (Fig. 4C) of root tissues of dark-grown G. max seedlings
with anti-GmICHG IgG, immunopositive signals were found to
be heterogeneously located in the peripheries of the cells, which
likely correspond to the cell wall and intercellular space, in the
epidermis, endodermis, and stele tissues of the root. It is note-
worthy that many (but not all) of the cell corners as well as the
middle lamella, which are known to be filled with pectic
polysaccharides, showed strong immunopositive signals (Fig. 4,

TABLE 2
Kinetic parameters of native GmICHG
The abbreviations used are as follows: Dai7G, daidzein 7-O-�-D-glucoside;
Dai7MG, daidzein 7-O-(6�-O-malonyl-�-D-glucoside).

Substrate Relative activitya kcat Km kcat/Km

% s�1 �M s�1��M�1

Gen7MG 100 98 � 3 25 � 2 3.9
Gen7G 9 13 � 1 32 � 2 0.4
Dai7MG 64 46 � 2 19 � 2 2.4
Dai7G 17 22 � 1 25 � 2 0.9

a The % activity was determined under the standard assay conditions (see “Experi-
mental Procedures”), with the value of the substrate exhibiting the highest activity
taken to be 100%.

FIGURE 3. Accumulation of the GmICHG transcripts in various organs of G.
max seedling. Total RNAs prepared from roots, cotyledons, and hypocotyls
of G. max seedlings were subjected to semi-quantitative RT-PCR analysis for
the GmICHG expression levels. Accumulation of the transcript of G. max ubiq-
uitin, GmUBQ, was also analyzed as an internal control of RT-PCR.
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B andC). In addition, GmICHGwas
abundantly expressed in root hairs
(Fig. 4, D and E), in particular in the
cell walls and apexes, although the
expressed product appeared, in
part, to remain in the cytoplasm of
root hairs. Similar localization pat-
terns were observed in root sections
prepared from light-grown seed-
lings (data not shown).
To further confirm the localiza-

tion of GmICHG in the plant cell
wall, we introduced the GmICHG:
GFP fusion gene into the T87 cul-
tured cells of A. thaliana, and we
observed the localization of theGFP
signals in the transformed cells by
means of confocal laser scanning
microscopy. The results showed
that the GFP signals arising from
GmICHG-sGFP appeared to be
mainly localized in the peripheries
of the cells (Fig. 5, top panels),
whereas the expression of sGFP
without the fused GmICHG re-
sulted in the localization of the GFP
signals in the cytoplasm (Fig. 5, bot-
tom panels). When the cells were
counterstained with propidium
iodide, which stains cell walls, the
green fluorescence signals were co-
localized with red fluorescence sig-
nals from the staining agent. More-
over, this pattern was not changed
after plasmolysis of the transformed
cells by treatmentwith 1Mmannitol
(Fig. 5, middle panels), indicating
that the expressed product is local-
ized in the cell walls, and not in cell
membranes, of the transformed
cells. All of these results led us to
conclude that GmICHG is localized
in the cell walls and the intercellular
space of G. max seedling roots.

DISCUSSION

GmICHG was purified from the
roots of G. max seedlings to an
extraordinarily high degree (4200-
fold), and the primary structure,
phylogenetics, and cellular localiza-
tion of the enzymewere established,
along with its molecular properties.
The estimated subunit molecular
mass of GmICHG was 58 kDa, not
in agreement with values (80 and 75
kDa) estimated in a previous report
(12). It is noteworthy that GmICHG

FIGURE 4. Immunocytochemical analyses of the localization of GmICHG in the roots of the G. max seed-
ling. A, SDS-PAGE analysis (lane 1) and Western blotting analysis using anti-GmICHG IgG (rabbit) (lane 2) of
crude extracts of the G. max seedling roots. B–E, microscopic observations of the G. max seedling root, probed
with a primary anti-GmICHG IgG (rabbit) and a secondary anti-rabbit IgG (goat)-peroxidase conjugate. B,
confocal laser microscopic observations of a cross-section of a root. C, fluorescent microscopic observations of
a longitudinal section of a root. D, confocal laser microscopic observations of root hairs. E, fluorescent micro-
scopic observations of root hairs. Negative controls using preimmune antisera showed only negligible levels of
fluorescence signals in the root tissues (not shown).

FIGURE 5. Confocal laser microscopic observations of Arabidopsis T87 cultured cells transformed with
the gene encoding an N-terminal fusion of sGFP with GmICHG (GmICHG:GFP). Upper panels, T87 cells
expressing GmICHG:GFP. Granule-like red fluorescent signals represent autofluorescence from chloroplasts.
Middle panels, T87 cells expressing GmICHG:GFP were subjected to plasmolysis by treatment with 1 M mannitol
and then stained with propidium iodide (PI), which is retained in the cell wall and emits a red fluorescence.
Lower panels, T87 cells expressing sGFP were subjected to plasmolysis by treatment with 1 M mannitol and then
stained with propidium iodide. The GFP is targeted to the cytoplasm. The cells were observed by confocal laser
microscopy with filters BA510IF (left columns) and BA585IF (middle columns). The images obtained with each
filter were then pseudo-colored and combined into one image (Merged, right columns). Bars, 20 �m.
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is able to directly hydrolyze the malonylated form of isoflavone
conjugates. Many plant secondary metabolites, including fla-
vonoids, are stored in cells in the form of glycosides with acyl
substituent(s), and it has been proposed that one of the bio-
chemical roles of such an acylation is to confer biochemical
stability on the stored products in plant cells (13), acylation
would prevent the indiscriminate degradation of stored glyco-
sides bymicrobial glycosidases, most of which are unable to act
on acylated glycosides. Thus, GmICHG appears to have the
ability to act exclusively onmalonylated conjugates, thus allow-
ing the host-controlled production of isoflavone aglycons.
The results of immunocytochemical analyses, along with the

GFP imaging analysis ofArabidopsis cells expressingGmICHG:
GFP, conclusively show that GmICHG is localized in the cell
wall and the intercellular space (collectively referred to as the
apoplast) of seedling roots. The fact that the enzyme purified
from the G. max roots is a glycoprotein is consistent with the
known extracellular secretory pathway of proteins via ER-to-
Golgi trafficking, although a PSORT analysis of the primary
structure of the GmICHG precursor could not unambiguously
predict such a sorting pathway. The pI value of themature form
ofGmICHG is predicted to be 8.1, providing the possibility that
this enzyme, a cationic protein, binds to pectic polysaccharides
that are also present in plant cell walls and the intercellular
space. It is noteworthy that GmICHG appeared to be heteroge-
neously distributed in the cell wall. This observation may be
related to the possible heterogeneous distribution of materials
that anchor this enzyme in the cell wall, or alternatively, it may
arise from the restricted localization of secretorymachinery for

the enzyme precursor in root cells,
resulting in the localized accumula-
tion of the secreted enzyme in the
cell wall.
The established apoplastic local-

ization of GmICHG provides evi-
dence for the spatial separation of
GmICHG from isoflavone conju-
gate pools and other enzymes
involved in isoflavonoid biosynthe-
sis (Fig. 6). In G. max cells, isofla-
vone aglycons are formed by the
action of 2-hydroxyflavanone syn-
thase, an ER-localized P450 enzyme
(10, 11). The resulting aglycons
should then undergo 7-O-glycosyla-
tion and subsequent 6�-O-malony-
lation catalyzed by IF7GT and
IF7MaT, respectively, to yield the
conjugated forms (5). The roots of
soybean seedlings also contain
strong activities for these conjugat-
ing enzymes, both of which are pre-
dicted to be cytoplasmic enzymes
(or located on the cytoplasmic sur-
face of the ER).3 The resulting con-
jugates would then be transported
to vacuoles and stored as latent
forms to serve as large isoflavonoid

pools that allow for isoflavone-mediated symbiotic or defensive
mechanisms (5) (Fig. 6).4 When needed, these conjugates
would be mobilized, probably in an exocytotic manner, from
vacuoles to the apoplast, where they can be converted by the
action of GmICHG to produce the biologically active free agly-
cons (Fig. 6). This compartmentation of GmICHG in the root
apoplast is consistent with the role of this enzyme in the pro-
duction of molecules that mediate interactions with soil
microorganisms, because the root apoplast serves as an inter-
face between root cells and the soil environment (1). For sym-
biotic interactions of G. max with rhizobia, free isoflavones,
generated by the action of GmICHG in the root apoplast, need
to be exuded into the rhizosphere, where they serve as specific
chemoattractants for rhizobia to facilitate the establishment of
accurate host-symbiont interactions. Most noticeably, it was
observed that GmICHG was abundantly expressed in the cell
walls of root hairs, ensuring the accumulation of large amounts
of chemoattractants around root hairs. This is consistent with
the fact that rhizobial infections are usually initiated by the
specific adhesion of rhizobial cells to root hairs (1). During the
course of the rhizobial invasion into the root interior, dividing
rhizobial cells are entrapped within the invasion structure,
termed the infection thread, which penetrates into the root cell
layers (1). These processes are provoked by nod factors (4),

3 A. Noguchi, H. Suzuki, and T. Nakayama, manuscripts in preparation.
4 The estimated molar ratio of isoflavonoids extracted from roots of G. max

seedlings was as follows: aglycons (genistein plus daidzein), 4%; 7-O-�-
glucosides, 8%; and 7-O-(6�-O-malonyl-�-D-glucosides), 88%.

FIGURE 6. Proposed enzymatic regulation of isoflavone conjugate pools in G. max. Dotted arrows indicate
possible routes of translocation of isoflavonoids from the cytoplasm, via the vacuole, to the apoplast. Names of
compounds are as follows: 1, flavanones; 2, isoflavone aglycons (R � H, daidzein; R � OH, genistein); 3, isofla-
vone 7-O-glucosides; and 4, isoflavone 7-O-(6�-O-malonyl-�-glucosides). IFS, 2-hydroxyflavanone synthase. A
dimeric GmICHG molecule is shown in red. 2-Hydroxyflavanone synthase is a microsomal P450 enzyme (10, 11),
whereas GmIF7GT and GmIF7MaT are predicted to be cytoplasmic enzymes.3 The isoflavone conjugates, 3 and
4, are considered to accumulate in vacuoles (5). GmICHG has been established to be an apoplastic enzyme (this
study).
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which are lipo-oligosaccharides synthesized by rhizobia. The bac-
terial synthesis of nod factors is strongly induced by free isofla-
vones (4). Thus, it is plausible that the GmICHG-catalyzed pro-
duction of free isoflavones in the apoplast of root endodermis
tissues facilitates an inward growth of infection threads as well as
subsequent nodule morphogenesis in the root interior.
Sequence comparison studies revealed thatGmICHG is related

to theGH1 family, which includes�-glycosidases that play diverse
and important roles in prokaryotes, Archaea, and eukaryotes. In
higher plants, it has been proposed that GH1 �-glucosidases are
involved in chemical defense against herbivores and pathogens
(31), lignification (32), cell wall degradation (33), and regulation of
the biological activity of phytohormones andother growth regula-
tors by the hydrolysis of their inactive glucoside conjugates (34). A
previousphylogenetic analysisof theseplantGH1members shows
that enzymes sharing similarity in a specificity or biochemical role
maybe clusteredwith eachother (35). Thepresent analysis (Fig. 7)
shows that GmICHG is closely related to �-glucosidases of

legumes, such asMedicago,Cicer,Trifolium, andDalbergia, many
(but not all) of which appear to be categorized in a cluster that is
separated fromother plant�-glucosidases. Among these phyloge-
netically related leguminous�-glucosidases, dalcochinin�-gluco-
sidase ofD. cochinchinensis is the only enzyme that has been char-
acterized biochemically (26), which hydrolyzes the �-glucosidic
linkage of glucosides of an isoflavonoid (12-dihydromorphigenin),
thus being similar to GmICHG in its substrate preference. It
appears likely thatmembers of thisGmICHG-related cluster pref-
erentially catalyze the degradation of flavonoid conjugates.More-
over, because the roots of legume plants are known to excrete
flavonoidaglycons, themajorityof themembersof thisclustermay
also be involved in flavonoid-mediated symbiotic or defensive
mechanisms, as in the case of GmICHG.

Acknowledgments—We thank Prof. Shin-ichi Ayabe, Nihon Univer-
sity, for fruitful discussions.

FIGURE 7. Molecular phylogenetic tree of the amino acid sequences of the plant members of glycoside hydrolase family 1. The tree was constructed by
the neighbor-joining method. Numbers indicate bootstrap values greater than 800. Leguminous �-glucosidases are shown in red. Clusters shown in color are
those of GmICHG-related leguminous �-glucosidases (yellow; this study), disaccharide-specific �-glucosidases (light blue (35)), and thioglucosidases (gray (36)),
respectively. Enzymes used for alignment are as follows: GmICHG, AB259819; dalcochinin �-glucosidase (D. cochinchinensis), AAF04007; �-glucosidase (C.
arietinum), CAG14979; noncyanogenic �-glucosidase (T. repens), CAA40058; �-glucosidase (A. thaliana), BAC42451; �-primeverosidase (Camellia sinensis),
AB088027; furcatin hydrolase (Viburnum furcatum), AB122081; prunasin hydrolase (P. serotina), AAF34650; amygdalin hydrolase (P. serotina), AAA93234;
furostanol glycoside 26-O-�-glucosidase (Costus speciosus), BAA11831; linamarase (Manihot esculenta), AAB22162; cardenolide 16-O-glucohydrolase (Digitalis
lanata), CAB38854; thioglucosidase (A. thaliana), CAA55787; myrosinase (Sinapis alba), CAA42534; myrosinase (Raphanus sativus), BAB17226; myrosinase
(Brassica napus), CAA42775; �-glucosidase (Cucurbita pepo), AAG25897; �-glucosidase (Avena sativa), AAD02839; �-glucosidase (Secale cereale), AAG00614;
�-glucosidase (Zea mays), CAA52293; dhurrinase (Sorghum bicolor), AAC49177; �-glucosidase (Hordeum vulgare), AAA87339; �-glucosidase (Pinus contorta),
AAC69619; raucaffricine-O-�-glucosidase (Rauvolfia serpentina), AAF03675; and strictosidine-O-�-D-glucosidase (Rauvolfia serpentina), CAC83098. GenBankTM

accession numbers ABE79403, ABE83886, ABE85993, ABE85996, ABE86373, ABE86378, and ABE90582 are those of family 1 glycoside hydrolases of Medicago
truncatula.
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