Involvement of a Soybean ATP-Binding Cassette-Type
Transporter in the Secretion of Genistein, a Signal
Flavonoid in Legume-Rhizobium Symbiosis’

Akifumi Sugiyama, Nobukazu Shitan, and Kazufumi Yazaki*

Laboratory of Plant Gene Expression, Research Institute for Sustainable Humanosphere, Kyoto University,
Gokasho, Uji 611-0011, Japan

Legume plants have an ability to fix atmospheric nitrogen into nutrients via symbiosis with soil microbes. As the initial event
of the symbiosis, legume plants secrete flavonoids into the rhizosphere to attract rhizobia. Secretion of flavonoids is indispens-
able for the establishment of symbiotic nitrogen fixation, but almost nothing is known about the membrane transport mech-
anism of flavonoid secretion from legume root cells. In this study, we performed biochemical analyses to characterize the transport
mechanism of flavonoid secretion using soybean (Glycine max) in which genistein is a signal flavonoid. Plasma membrane ves-
icles prepared from soybean roots showed clear transport activity of genistein in an ATP-dependent manner. This transport
activity was inhibited by sodium orthovanadate, a typical inhibitor of ATP-binding cassette (ABC) transporters, but was hardly
affected by various ionophores, such as gramicidin D, nigericin, or valinomycin, suggesting involvement of an ABC trans-
porter in the secretion of flavonoids from soybean roots. The K, and V__ values of this transport were calculated to be 158 um
and 322 pmol mg protein ' min~!, respectively. Competition experiments using various flavonoids of both aglycone and
glucoside varieties suggested that this ABC-type transporter recognizes genistein and daidzein, another signaling compound
in soybean root exudates, as well as other isoflavonoid aglycones as its substrates. Transport activity was constitutive regard-
less of the availability of nitrogen nutrition. This is, to our knowledge, the first biochemical characterization of the membrane

transport of flavonoid secretion from roots.

Plant root exudates secreted into the soil mediate
complex interactions between soil-born microorgan-
isms and plants. These interactions occur in the small
region around the plant roots, which is called the rhi-
zosphere, where plants protect root tissues from attack
by bacteria and fungi and symbiotic interactions with
rhizobia and arbuscular mycorrhiza are also involved
in a cooperative context. Examples of root exudates re-
sponsible for the protective actions include cyclic hy-
droxamic acids, such as 2,4-dihydroxy-7-methoxy-1,
4-benzoxazin-3-one and the naphthoquinone-derivative
shikonin [5,8-dihydroxy-2-(1-hydroxy-4-methylpent-
3-en-1-yl)-1,4-naphthoquinone], which were reported
in wheat (Triticum aestivum) and Lithospermum erythro-
rhizon, respectively (Niemeyer, 1988; Brigham et al,,
1999). The well-known phenomenon called allelopa-
thy, in which organic compounds in the root exudates
or secondary metabolites produced in the aerial part of
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the plant cause deleterious effects on neighboring plants,
thus suppressing the growth of other plants, is an ex-
ample of interactions between plants in the rhizosphere
(Weir et al., 2004). In contrast to the negative interac-
tions between plants and other organisms, positive
interactions between plants and microbes also occur
in the rhizosphere. Flavonoids in root exudates of le-
gume plants activate nod gene expression of rhizobia
(Peters et al., 1986) and strigolactones secreted from
various plants induce the hyphal branching of arbus-
cular mycorrhizal fungi (Akiyama et al., 2005). These
two events are not simply advantageous, but indis-
pensable for the establishment of symbiosis to assim-
ilate nitrogen and phosphorus, respectively.

Among rhizosphere interactions, legume-Rhizobium
symbiosis is of particular importance in agriculture
because, by forming the symbiosis, atmospheric nitro-
gen can be used to sustain the growth of legume crops,
such as soybean (Glycine max), pea (Pisum sativum), and
bean (Phaseolus vulgaris), which occupy 12% to 15% of
the arable land throughout the world (Graham and
Vance, 2003). Moreover, legume-Rhizobium symbiosis
is also important for environmental reasons because
fixed atmospheric nitrogen can replace nitrogen fertil-
izers that are used in large quantities, but consume sub-
stantial amounts of energy and raw materials in their
production, and can result in potential environmental
pollution when used on a large scale.

Symbiosis takes place in nodules, which are specif-
ically developed organs in root tissues of legume plants
following infection by species-specific bacteria, and the
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nodulation process starts with the interrecognition of
signaling molecules between the plant and rhizobia.
Plant roots secrete signaling molecules (e.g. flavonoids,
which lead rhizobia to colonize around root tissues of
a host legume plant), whereas bacteria produce their
own signaling molecules, called Nod factors, which
are lipochitooligosaccharides. Nod factors induce for-
mation of a transient subcellular gradient of inorganic
ions, such as chloride, potassium, and calcium, as well
as a pH gradient in root cells, followed by calcium os-
cillation (Cardenas et al., 2000). Curled root hairs then
entrap rhizobia followed by formation of the infection
thread. Rhizobia may enter plant cells via endocytosis,
resulting in the formation of symbiosomes in cortex
cells, where rhizobia are surrounded by the plasma-
membrane-derived peribacteroid membrane (Verma
and Hong, 1996).

Recent progress in two genome projects of model
legumes, Lotus japonicus and Medicago truncatula, ac-
celerated map-based cloning of the genes responsible
for defects in various mutants, which has enabled iden-
tification of many polypeptides that function in the
recognition of Nod factors and the subsequent signal-
ing pathway leading to the establishment of symbiotic
nitrogen fixation (Stacey et al., 2006). Although it has
been reported very recently that endogenous flavo-
noids, such as genistein and daidzein, are essential for
the establishment of the symbiotic interaction with rhi-
zobia (Subramanian et al., 2006), almost nothing has
been characterized about the membrane transport mech-
anism of these flavonoid molecules secreted from plant
roots, whereas the signal compounds to induce nod
genes were identified more than 20 years ago (Firmin
et al., 1986; Peters et al., 1986; Redmond et al., 1986;
Kosslak et al., 1987). In this article, we used soybean
and genistein, which is secreted into the soybean root
exudate (Smit et al., 1992) and induces nod genes of
Bradyrhizobium japonicum (Kosslak et al., 1987) as a
model system to perform biochemical characterization
of the secretion mechanism of flavonoids from legume
roots.

RESULTS

ATP-Dependent Transport of Genistein by Plasma
Membrane Vesicles

The first event of legume-Rhizobium communication
is the secretion of phytochemicals, such as flavonoids,
from the root tissues of legumes. To clarify the mech-
anism of flavonoid secretion from root cells of legumes,
we used soybean as a model plant because the signal
molecules have been identified as isoflavonoids, such
as genistein, whose secretion from soybean roots as well
as daidzein was confirmed by liquid chromatography-
mass spectrometry analysis of the root exudates (data
not shown), and analyzed the transport activity of ge-
nistein by plasma membrane vesicles of soybean roots.
Plasma membrane vesicles were purified by fractioning
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microsomes of soybean roots on a discontinuous Suc

density gradient. The membrane separation pattern
was monitored by western blot with antibodies against
plasma membrane H'-ATPase of tobacco (Nicotiana
tabacum; W1D), vacuolar pyrophosphatase (Avpl), and
luminal binding protein (Bip) of Arabidopsis (Arabi-
dopsis thaliana), which were used as markers for the
plasma membrane, tonoplast, and endoplasmic retic-
ulum, respectively. Plasma membrane-enriched vesi-
cles were recovered from the interface between the 30%
and 40% Suc layers (Fig. 1A). The plasma membrane
fraction showed clear transport activity of genistein in
an ATP-dependent manner, whereas vesicles recovered
from the 20% to 30% interface where the vacuolar
membrane fraction was mainly localized showed no
significant ATP-dependent transport of genistein (Fig.
1B). The ATP-dependent genistein transport activity
by plasma membrane vesicles of soybean was mea-
sured in a time course experiment (Fig. 2). Genistein
transport, which was clearly dependent on the pres-
ence of MgATP, increased linearly up to 15-min incu-
bation and then reached a plateau at 30 min. The initial
rate of genistein transport was calculated as approx-
imately 80 pmol mg protein ! min ™~ in the presence of
MgATP, and the genistein content in the membrane
vesicles after 60- mm incubation was approximately 1.5
nmol mg protein”'. These findings suggested that the
plasma membrane of soybean root possesses the abil-
ity to secrete genistein in an energy-dependent manner.

To determine whether the effect of ATP on genistein
transport is specific to ATP or not, we used other
nucleotides, including GTP, CTP, and TTP, in place of
ATP. As shown in Table I, ATP was the most effective
nucleotide-triphosphate to drive genistein transport,
whereas GTP, CTP, and TTP also increased transport to
some extent. However, ATP-y-S [adenosine 5’'-O-(3’-thio)
triphosphate], a nonhydrolyzable analog of ATP, AMP,
and CMP, did not produce an increase in genistein
transport, as seen with ATP, suggesting that the mem-
brane transport of genistein required the energy of
ATP hydrolysis, which can be partly substituted by
other nucleotide triphosphates.

We then examined the pH dependency of genistein
transport in the root plasma membrane in which the
assay was performed with Tris-MES buffer ranging
from pH 6.0 to 9.5. The transport activity had an op-
timum pH of about 8.0, but appreciable activity was
observed within the entire pH range tested (Fig. 3).

Effects of Inhibitors on Genistein Transport

The mechanism of genistein transport across the
plasma membrane was further investigated by analyzing
the effects of various transport inhibitors. Bafilomycin
Al, an inhibitor of the V-type ATPases; gramicidin D, a
monovalent-selective ionophore that dissipates both
the pH gradient and membrane potential; nigericin, an
ionophore that dissipates the pH gradient; valinomy-
cin, a potassium-selective ionophore that dissipates
membrane potential, all failed to inhibit the membrane
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Figure 1. Transport of genistein into plasma membrane vesicles. A,
Plasma membrane vesicles were prepared by Suc gradient fractiona-
tion. Plasma membrane H*-ATPase (W1D), V-PPase (Avp1), and BiP
were immunodetected to confirm the purity of the plasma membrane
vesicles. B, Each membrane fraction, as well as a crude microsome
fraction, was incubated with 50 um genistein in the presence (m) or
absence (O) of 5 mm MgATP. Genistein uptake was monitored at 25°C,
as described in ““Materials and Methods.” Data presented are means =+
sp of three replicates.

transport activity of genistein (Fig. 4). Similarly, ammo-
nium chloride, which destroys the pH gradient across
the membrane, hardly inhibited genistein transport
either (Fig. 4). The concentrations of inhibitors we em-
ployed were in the conventional range for the purpose
of the specific functions mentioned above. These re-
sults clearly suggest that pH gradient- or membrane
potential-dependent secondary transport does not play
an important role in genistein transport across the
plasma membrane. In contrast to the negligible effects
of the ionophores, sodium orthovanadate, a typical inhib-
itor of ATP-binding cassette (ABC) transporters acting
as a phosphate analog, strongly inhibited (approxi-
mately 60%) transport activity (Fig. 4), indicating that
an ABC-type transporter is likely to be involved in the
membrane transport of genistein. Verapamil and cy-
closporine A, which are often used as general inhib-
itors of ABCB (P-glycoprotein)-type ABC transporters,
did not influence transport activity (Fig. 4). We also
examined nifedipine and quinidine, which are also in-
hibitors of ABCB-type ABC transporters (Sakai et al.,
2002), but these failed to inhibit genistein transport
(data not shown). To assess the possible involvement
of ABCC (multidrug resistance-associated protein) fam-
ily members in genistein transport, glybenclamide, a
sulfonylurea derivative that acts as an effective inhib-
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itor of several ABC transporters, especially ABCC-type
members, and glutathione, which commonly stimulates
ABCC-mediated transport (Deeley and Cole, 2006),
were tested, but they did not significantly affect the
transport activity in the soybean root membrane assay
(Fig. 4).

Kinetics of Genistein Transport

Genistein transport by soybean plasma membrane
vesicles exhibited Michaelis-Menten-type saturation
kinetics. The K, and V. values were calculated to be
158 um and 322 pmol mg protein” ' min~*, respectively
(Fig. 5, A and B), and the K, value for ATP was cal-
culated to be 1.15 mm (Fig. 5, C and D). These values
are consistent with those observed for other ABC-type
transporters involved in the transport of low-M, or-
ganic compounds (Senior et al., 1995; Klein et al., 2000;
Frangne et al., 2002; Dean and Mills, 2004; Sauna et al.,
2004).

Competitive Inhibition of Genistein Transport

To obtain information about substrate specificity of
genistein transport across the soybean root plasma
membrane, we monitored transport activity in the pres-
ence of other flavonoids of 5-fold excess concentration.
As shown in Table II, genistein transport was strongly
competed by daidzein, another endogenous flavonoid
secreted from soybean roots that also act as a legume-
to-Rhizobium signal (Kosslak et al., 1987; Smit et al.,
1992). Two other isoflavonoid derivatives, biochanin
A, a 4’-O-methyl derivative of genistein, and formo-
nonetin, a 4’-O-methyl derivative of daidzein, also
clearly inhibited genistein transport (Table II). In con-
trast, naringenin (flavanone) and its 7’'-O-glucoside
naringin, as well as kaempferol (flavonol), did not
show such competitive inhibition of transport activity
when added to the assay mixture (Table II). Interest-
ingly, the 7'-O-glucoside of genistein, which is desig-
nated genistin, exhibited an inhibitory effect on the
genistein transport that was weaker than the inhibition
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Figure 2. Time-dependent transport of genistein into plasma mem-
brane vesicles. Plasma membrane vesicles (30%—-40% Suc fraction)
were incubated with 50 um genistein in the presence (W) or absence ()
of 5 mm MgATP. Data presented are means =+ sp of three replicates.
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Table 1. Effects of various nucleotide triphosphates and nucleotide
monophosphates on genistein transport

Plasma membrane vesicles were incubated with 100 um genistein in
the presence of 5 mm of the respective compounds listed in the table.
Values shown are mean = sp of three replicates, and asterisks indicate a
statistically significant difference compared to the —MgATP control.
* P < 0.01; * P< 0.05.

Compound Genistein Uptake
%
—MgATP 21.8 = 1.8
+MgGTP 48.3 = 12.4*
+MgTTP 55.3 £ 7.3*
+MgCTP 50.4 £ 5.9*
+MgATP-v-S 28.5 = 4.2
+MgAMP 242 +29
+MgCMP 20.3 =33
+MgATP (positive control) 100**

observed with isoflavone aglycone, whereas daidzin,
the 7'-O-glucoside of daidzein, did not significantly
inhibit genistein transport (Table II).

Effect of Nitrogen Nutrition on Transport Activity

To assess whether or not genistein secretion of soy-
bean roots is induced under nitrogen starvation con-
ditions in which nodule formation is established, we
prepared membrane vesicles from roots of soybean
grown with supplementary nitrogen in the form of
5 mM KNO; and compared its genistein transport ac-
tivity with soybean roots grown without KNO,. Mem-
brane vesicles prepared from plants under nitrogen
starvation exhibited a slight, albeit not clearly statisti-
cally significant, increase in genistein transport activ-
ity (Fig. 6). These findings suggest that the transport
machinery is functional regardless of the supply of
nitrogen.

DISCUSSION

Plant root exudates play active and important roles
in the rhizosphere in interactions with other organisms,
such as bacteria, fungi, insects, and other plants. Most
of these interactions between plants and other orga-
nisms in the rhizosphere are unfavorable and plants
secrete both water-soluble and lipid-soluble secondary
metabolites from root cells to protect themselves from
continuous attacks. Relatively soluble organic com-
pounds, such as glyceollin of soybean and vestitol of
L. japonicus, which are classified as phytoalexins, are
secreted into the rhizosphere and inhibit the growth
of pathogenic microorganisms (Russell et al., 1978;
Ebel and Grisebach, 1988), whereas water-insoluble
compounds, such as shikonin of L. erythrorhizon, and
prenylflavonoids of Sophora flavescens, synthesized in
the root epidermis and exodermis are not secreted into
the rhizosphere, but accumulate on the surface of the
root cells, forming a protective barrier (Yamamoto
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et al., 1992; Brigham et al., 1999; Yazaki et al., 1999).
Plant roots also secrete organic compounds to protect
their territory from neighboring plants of different
species; for example, cis-dehydromatricaria ester of
Solidago altissima was shown to inhibit the growth of
other plants (Kobayashi et al., 1980).

In contrast to these negative interactions, some root
exudates are also involved in symbiotic interactions be-
tween plants and other organisms. The most commonly
known symbiotic phenomenon is legume-Rhizobium
interactions in symbiotic nitrogen fixation, where root
exudates, such as flavonoids from legume plants, are
used as the initial legume-to-Rhizobium signal. In this
study, we performed a biochemical characterization of
flavonoid secretion from soybean roots and experi-
mentally demonstrated the involvement of an ABC-
type transporter in the energy-dependent secretion of
genistein from soybean roots. Characteristics of the
energy-dependent transport of genistein into soybean
plasma membrane vesicles were similar to those ob-
served for other plant ABC-type transporters (Klein
et al., 1996, 2000, 2001; Dean and Mills, 2004): (1) so-
dium orthovanadate, a phosphate analog commonly
used as an inhibitor of ABC transporters and P-type
ATPases, inhibited genistein transport (Fig. 4); (2) iono-
phores and ammonium ions did not influence genis-
tein transport, excluding the involvement of the pH
gradient or membrane potential as a driving force (Fig.
4); (3) other nucleotide triphosphates partially sub-
stituted ATP as energy sources (Table I). A vacuolar
ATPase inhibitor, bafilomycin A1, did not affect this
transport either. The optimal pH of this ABC-type
transporter (pH 8.0) was slightly higher than cytosolic
pH, which is typically pH 7.2 to 7.5, and similar op-
timum pH (pH 7.5-8.5) was reported in proton-pumping
ATPases, as well as transporters for Arg and berberine
(Leigh and Walker, 1980; Churchill and Sze, 1983;
Ohsumi and Anraku, 1983; Otani et al., 2005).

ABC proteins constitute a large family with more
than 120 members each in Arabidopsis and rice (Oryza
sativa; Sanchez-Fernandez et al., 2001; Garcia et al.,
2004). We have recently analyzed the ABC protein
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Figure 3. Effect of pH on ATP-dependent genistein transport. The pH
was adjusted with Tris-MES buffer. Genistein transport was determined
after 10 min of incubation. Data presented are means * sp of three
replicates.
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Figure 4. Effects of various chemicals on ATP-dependent genistein
transport. Plasma membrane vesicles were incubated with 50 um genis-
tein, where vanadate (1 mm), cyclosporine A (5 um), verapamil (5 um),
glybenclamide (150 um), glutathione (1 mm), bafilomycin AT (0.1 um),
gramicidin D (5 uMm), nigericin (2 um), valinomycin (2 um), or NH,Cl
(5 mm) were added prior to the addition of MgATP. Genistein transport
was determined after 10 min of incubation. Data presented are means =
sb of three replicates. Asterisks indicate a statistically significant dif-
ference compared to +ATP control (P < 0.01).

genes in a model legume, L. japonicus, and found at
least 91 members are present in the draft genome se-
quence of L. japonicus (Sugiyama et al., 2006), which rep-
resent almost the same family size as the two model
plants, when allowing for the approximately 70%
coverage of the L. japonicus genome at this time.
ABC proteins can be divided into several subfamilies,
depending on membrane topology and amino acid
sequence similarity. Thus far, the three major subfam-
ilies, ABCB, ABCC, and pleiotropic drug resistance
(PDR), have been reported as functioning in the mem-
brane transport of various organic compounds (Davies
and Coleman, 2000; Sanchez-Fernandez et al., 2001;
Martinoia et al., 2002). Because potent inhibitors of
ABCB-type (verapamil, cyclosporine A, nifedipine,
and quinidine) and of ABCC-type ABC (glybenclamide)
transporters, as well as glutathione, which often stim-
ulates transport by ABCC members, did not strongly
influence genistein transport (Fig. 4), we may specu-
late that the involvement of an ABC transporter of
ABCB or ABCC types in the secretion of flavonoids
from soybean roots is unlikely. PDR-type ABC trans-
porters could be possible candidates for the future
molecular cloning of the transporter involved. In the
soybean EST database at Soybean Gene Index (http://
compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?
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gudb=soybean), we found 168 ABC transporter genes,
among which 58 genes are expressed in roots. When
analyzed in detail, one ABCB-type, one ABCC-type, and
13 PDR-type ABC transporter genes are expressed in
roots. This high abundance of PDR-type ABC transporter
genes in roots suggests that PDR-type transporters
have more extensive functions than other subfamilies
in roots, supporting the probability that PDR-type ABC
transporters may be strong candidates for the genis-
tein transporter in soybean roots.

Competition experiments indicate that transport of
genistein and daidzein through the plasma membrane
is mediated by the same transporter (Table II). This is
in clear agreement with the equivalent physiological
function of these two isoflavones (i.e. both genistein
and daidzein are the major flavonoids in soybean root
exudates that act as legume-to-Rhizobium signal mol-
ecules; Kosslak et al., 1987; Smit et al., 1992). This ABC-
type transporter also seems to be specific to isoflavones
as transport substrates because all isoflavones tested
inhibited genistein transport in the competition assay,
whereas flavanone and flavonol do not seem to be
recognized by the transporter protein (Table II). In
plants, flavonoids often accumulate as the glucoside
forms and the transport of flavonoid glucosides into
vacuoles has also been reported (Mackenbrock et al.,
1992; Klein et al., 1996; Frangne et al., 2002), but the
transport of flavonoid aglycones at the plant plasma
membrane has not been biochemically characterized
thus far, except for this study.
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Figure 5. Effects of genistein concentration on ATP-dependent genis-
tein transport into plasma membrane vesicles. A, Plasma membrane
vesicles were incubated with genistein at the concentrations indicated
and 5 mm MgATP. Data presented are means of three replicates. B,
Hanes-Woolf plot of concentration dependence of genistein transport.
C, Plasma membrane vesicles were incubated with 100 um genistein
and MgATP at the concentrations indicated. D, Hanes-Woolf plot of
concentration dependence of ATP.
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Table Il. Effects of various flavonoids on genistein transport

Plasma membrane vesicles were incubated with 50 um genistein and 5 mm MgATP in the absence
(control) or presence of 250 um of the flavonoids indicated. Values shown are mean = sp of three replicates,
and asterisks indicate a statistically significant difference compared to the +MgATP control. **, P< 0.01; *,

P < 0.05.
Compound Substance Class Genistein Uptake
%

Control 100
Daidzein Isoflavone 29.0 * 6.5**
Biochanin A Isoflavone 32.1 & 4.1%*
Formononetin Isoflavone 29.7 £ 6.3*%*
Naringenin Flavanone 88.9 = 13.7
Kaempferol Flavonol 740 £ 7.7
Genistin 7-O-glucoside of genistein 55.9 = 5.4*
Daidzin 7-O-glucoside of daidzein 88.4 * 9.6
Naringin 7-O-glucoside of naringenin 89.5 = 10.7
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In barley (Hordeum vulgare), the uptake of endoge-
nous flavonoid glucosides into the vacuoles is medi-
ated by a proton antiporter (Klein et al., 1996), whereas
the vacuolar transport of the same compounds is
conducted by an ABC-type transporter in Arabidopsis
(Frangne et al., 2002). We also studied the vacuolar
transport of genistin using the vacuolar membrane
vesicles of soybean, but we did not detect any energy-
dependent transport of genistin (data not shown). The
transport of glucosides into vacuoles may not be active
at this stage of development in soybean when flavonoid
aglycones are actively secreted into the rhizosphere.
The substrate specificity of the ABC-type transporter
of soybean roots for flavonoid glucosides was not un-
equivocal: Daidzin and naringin did not inhibit mem-
brane transport of genistein, whereas genistin slightly
inhibited this transport (Table II). Also, no glycosidase
activity was detected in the membrane vesicles used
(data not shown). Although the reason why the dif-
ference in the aglycon structure in either genistin or
daidzin gave distinctive effects on genistein transport

Plant Physiol. Vol. 144, 2007

in the competitive assay is not yet clear, we can at least
conclude that this transporter has an apparent prefer-
ence for isoflavonoid aglycones as substrates. Glyceol-
lin could not be tested due to the unavailability of this
substance.

Legume plants establish a symbiotic relationship
with rhizobia when soil nitrogen is limited, whereas
symbiotic nodulation does not occur when soil nitro-
gen is abundant. It was of interest whether nitrogen
nutrition affects the transport activity of genistein; that
is, is the transport activity induced by nitrogen star-
vation? Thus, we compared the genistein transport
activities of the root membranes of soybean grown with
or without supplementary nitrogen (5 mm KNO;). How-
ever, nitrogen nutrition seems to have only a slight
effect on transport activity, suggesting that membrane
transport activity is not a regulatory factor for flavo-
noid secretion. The biosynthesis of flavonoids may
be the major regulatory factor for flavonoid secretion
in conditions of nitrogen starvation (Cho and Harper,
1991).
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Figure 6. Effects of nitrogen nutrition on ATP-dependent genistein
transport into plasma membrane vesicles. Membrane vesicles prepared
from soybean roots grown with or without supplementary nitrogen
were incubated with 50 um genistein in the presence (W) or absence (0J)
of 5 mm MgATP. Genistein transport was determined after 10 min of
incubation. Data presented are means = sp of three replicates.

In some graminaceous plants, iron-chelating sub-
stances, such as mugineic acid, which facilitates the
uptake of Fe ions, are specifically biosynthesized in
roots and secreted out under iron deficiency condi-
tions (Takagi, 1976). The secretion of mugineic acid is
mediated by an anion channel using the potassium
gradient (Sakaguchi et al., 1999), but this phenomenon
also seems to be regulated at the biosynthetic step of
mugineic acid (Kobayashi et al., 2005), not at the trans-
port process.

In conclusion, we have shown that flavonoid secre-
tion from soybean roots is mediated by an ABC-type
transporter as an initial event of symbiosis formation,
and thus defined the ABC-type transporter as an
indispensable factor for legume-Rhizobium chemical
communication. Although it has been proposed that
energy-driven transport processes are involved in the
secretion of root exudates (Loyola-Vargas et al., 2007),
our results demonstrated by the transport assays using
plasma membrane vesicles are, to our knowledge, the
first biochemical characterizations of the membrane
transport of endogenous organic signal molecules in
roots at the plasma membrane. The genome sequenc-
ing of soybean as well as global expression analyses
by cDNA arrays will enable us to identify the ABC
protein gene responsible for flavonoid secretion in
soybean, which will provide further breakthroughs to
understand the molecular mechanism of the interac-
tion between organisms in the rhizosphere.

MATERIALS AND METHODS
Plant Materials and Chemicals

Seeds of soybean (Glycine max L. Merr.) ‘Fukujishi’ were purchased from
Takii Seed Co., Ltd. After imbibition for 24 h, seeds were sown on vermiculite
supplemented with one-tenth-strength nitrogen-free medium (Niwa et al.,

2006

2001) and germinated at 25°C under continuous light. After 14 d, roots were
harvested, frozen in liquid nitrogen, and kept at —80°C until the preparation
of membrane vesicles. All chemicals used in this study were purchased from
Wako Pure Chemicals, Nacalai Tesque, or Sigma Chemical Co., unless other-
wise stated. Root exudate analysis was done by microTOF-Q (Bruker Daltonics)
to detect genistein and daidzein with 0.3% formic acid and methanol as the
solvent system, using a Cadenza CD-C18 column (3 um, 2.0 X 250 mm;
Imtact Co.).

Preparation of Plasma Membrane Vesicles

Plasma membrane vesicles were prepared from roots of soybean essen-
tially according to the method of Otani et al. (2005). All procedures were
performed on ice or at 4°C unless otherwise stated. Roots (approximately 80 g)
were homogenized in 160 mL of ice-cold homogenizing buffer containing 10%
(v/v) glycerol, 0.5% (w/v) polyvinylpolypyrrolidone, 5 mm EDTA, 100 mm
Tris-HC1 (pH 8.0), 150 mm KCI, 3.3 mm dithiothreitol (DTT), and 1 mm
phenylmethylsulfonyl fluoride. The homogenate was strained through Mira-
cloth (Merck) and centrifuged at 8,000¢ for 10 min. The supernatant obtained
was centrifuged again at 8,000¢ for 10 min and the subsequent supernatant
then centrifuged at 100,000¢ for 40 min. The pellet was homogenized by 30
strokes of a Dounce homogenizer in a small volume (approximately 3 mL) of
resuspension buffer containing 10% (v/v) glycerol, 1 mm EDTA, and 10 mm
Tris-HCl (pH 7.6). The suspension was layered over a 20%-30%-40% (w/v)
discontinuous Suc gradient in a 13-mL tube that contained, in addition to
Suc, 10 mm Tris-HCl buffer (pH 7.6), 1 mm DTT, and 1 mm EDTA, followed
by centrifugation at 100,000g for 120 min. Each fraction recovered from the
interfaces was resuspended in approximately 35 mL of resuspension buffer to
dilute the Suc, and centrifuged at 100,000¢ for 40 min. Each pellet was
homogenized by 30 strokes of a Dounce homogenizer in a small volume (100-
200 pL) of resuspension buffer supplemented with 10 ug/mL leupeptin,
2 pg/mL aprotinin, 2 ug/mL pepstatin, 1 mm DTT, and 1 mm phenylmethyl-
sulfonyl fluoride, and stored at —80°C until use. Membrane vesicles prepared
with this method are a mixture of inside-out and right-side-out orientation,
whereas only inside-out vesicles can hydrolyze ATP due to the outside
orientation of the catalytic sites of ATPases that drive membrane transport
because ATP cannot permeate the membrane.

Western Blotting

The purity of vesicles was checked by western blotting with antibodies
against plasma membrane H*-ATPase (W1D), vacuolar H*-pyrophosphatase
(Avp), and endoplasmic reticulum luminal BiP (see ““Acknowledgments” for
the sources of antibodies). SDS-PAGE, transfer to polyvinylidene difluoride
membranes and subsequent immunodetection were performed as described
previously (Yazaki et al., 2006).

Measurement of Genistein Transport with Spin Columns

Spin columns for the transport assays were prepared as follows. A small
hole was punctured at the bottom of a 1.5-mL plastic tube with a needle (18 G)
and another small hole was made at the lid with a soldering iron. Siliconized
glass wool was stuffed at the bottom of the prepared tube, which was then
placed into a new plastic tube without holes. Sephadex G-50 fine (1,100 uL; GE
Healthcare) prepared in 50 mm Tris-MES buffer (pH 7.5) was added to the top
tube, followed by centrifugation at 2,000 rpm for 2 min, which resulted in
approximately 500 uL of gel bed of Sephadex G-50 in the top tube.

Transport of genistein by membrane vesicles was measured according to
the method of Otani et al. (2005) with some modifications. The standard
reaction mixture contained, in a total volume of 500 nL, 50 mm Tris-MES buffer
(pH 8.0), 100 mm KCl, 5 mm MgATP, 50 um genistein, and membrane vesicles
equivalent to 100 ug protein, unless otherwise specified. The stock solution
of genistein was prepared at 10 mm in methanol, and 2.5 uL. were added per
500-uL assay mixture. The methanol at this concentration (0.5% v/v) did not
affect transport activity. Reactions were initiated by the addition of MgATF, ex-
cept when studying the specificity of ATP as an energy source, where MgGTP,
MgTTP, MgCTP, MgATP-y-S, MgAMP, or MgCMP was used instead of MgATP.
After incubation at 25°C, 130 uL of the reaction mixture were loaded on a
Sephadex G-50 fine spin column and centrifuged at 2,000 rpm for 2 min at 4°C.
The filtrates were mixed with an equal volume of methanol to extract genistein
from the membrane vesicles and centrifuged at 15,000 rpm for 15 min at 4°C.
To quantitate genistein, aliquots of the supernatants were injected into an
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HPLC apparatus (LC-10A, Shimadzu): column, TSKgel ODS-80Ts 4.6 X
250 mm (TOSO); solvent, acetonitrile:water:formic acid (36:64:0.64); flow
rate, 0.5 mL/min; detection, 262 nm.

Measurement of Optimal pH

Genistein transport was assayed in Tris-MES buffer (50 mm) with different
pH values (from pH 6.0 to 9.5). Reactions were performed at 25°C for 10 min
and transported genistein was measured as described above.

Transport Assays with Inhibitors

Each inhibitor was incubated with the membrane vesicles for 2 min before
the addition of MgATP. As transport inhibitors, the following compounds
were used at the final concentration shown and the solvents used to prepare
the stock solution are given in parentheses; 1 mm vanadate (in water), 5 um
cyclosporine A (in dimethyl sulfoxide [DMSQ]), 5 um verapamil (in DMSO),
150 um glybenclamide (in DMSO), 1 mm glutathione (in water), 0.1 um
bafilomycin Al (in DMSO), 5 uM gramicidin D (in DMSO), 2 uM nigericin
(in DMSO), 2 uMm valinomycin (in DMSO), 50 um nifedipine (in DMSO), 50 um
quinidine (in DMSO), and 5 mm NH,CI (in water). Sodium vanadate was
depolymerized before use according to the method of Goodno (1979). To avoid
unexpected side effects, each inhibitor was used at the concentrations shown
for its specific inhibitory effect on transporters and pumps, or disrupting
membrane potential as well as ApH. To the 500-uL assay mixture, 2.5 to 5 uL.
of each stock solution were added, where the concentration of organic solvent
was less than 1% (v/v). For competitive inhibition, daidzein (in methanol),
biochanin A (in DMSO), formononetin (in DMSO), naringenin (in methanol),
kaempferol (in ethanol), genistin (in DMSO), daidzin (in DMSO), or naringin
(in methanol) was added to the reaction mixture at a concentration of 250 um.
After incubation at 25°C for 10 min, transported genistein was measured as
described above. DMSO, ethanol, and methanol did not affect the genistein
transport at the concentrations used throughout this study. It was also con-
firmed that membrane vesicles have no glucosidase activity, using genistin as
the substrate.

Kinetics of Genistein Transport

The transport assay was performed with different genistein concentrations
(from 25-400 um) and 5 mm MgATP, or with different MgATP concentrations
(from 0.2-5 mm) and 100 um genistein. After incubation at 25°C for 10 min,
transported genistein was measured as described above. Hanes-Woolf plots
were used to calculate the K, and V values.
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