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Abstract

Soybean (Glycine max L. Merr.) mutants lacking the ability to produce the lectin normally found in soybean seeds
(SBL) are designated Le�. A protein of higher molecular weight that cross-reacts with antibodies raised to SBL
was found at nearly equivalent levels in roots, hypocotyls, and leaves, and at lower levels in cotyledons and dry
seeds of both Le+ and Le� soybean cultivars. Earlier work suggested that this protein was a novel lectin. Clones
isolated from a Le� soybean root cDNA library produced a cross-reacting protein of the same size in Escherichia
coli. Sequence analysis of these clones revealed a high degree of similarity to the ribosomal protein P0. The
cross-reacting protein co-purified with ribosomes, and a monoclonal antibody raised to purified brine shrimp P0
cross-reacted to the same protein. The protein showed no lectin activity in a hemagglutination assay, nor did it bind
to an N-acetyl-D-galactosamine affinity column. On the basis of this evidence, we conclude that the SBL-cross-
reacting protein is not a lectin but a homologue of the ribosomal protein P0. Consequently, Le� soybeans must
produce a lectin that is dissimilar to SBL at both the DNA and amino acid levels and we suggest that it is this lectin
which is involved in nodulation.

Introduction

The ability of legumes to associate in nitrogen-fixing
symbiosis with soil bacteria of the family Rhizobi-
aceae, thus freeing them from dependence on soil
nitrogen, has long been of interest. How the legume-
Rhizobium symbiosis is initiated remains a key ques-
tion. The interaction between the plant and bacteria
exhibits a high degree of specificity; for example,
Rhizobium meliloti nodulates alfalfa and not soybean,
whereas Bradyrhizobium japonicum infects soybean
and not alfalfa. Rhizobial Nod factors, substituted lipo-
oligosaccharides produced by the bacteria in response
to plant signals, are one major determinant of spe-
cificity (see reviews [9, 25]). Although Nod factor eli-
cits both hair deformation and the beginnings of nodule

The nucleotide sequence data reported will appear in the EMBL,
GenBank and DDBJ Nucleotide Sequence Databases under the
accession number L46848.

formation, rhizobia must physically contact the plant
cell wall for normal infection threads to be formed (see
references in [19]).

When rhizobia contact their host, they attach to sus-
ceptible (emerging) root hairs [3]. Polysaccharides and
perhaps oligosaccharides are thought to facilitate this
attachment. Interestingly, there is a strong correlation
between the inoculation specificity of rhizobial species
on their legume hosts, and the ability of host-produced
lectins to bind to Rhizobium cells. The lectin recogni-
tion hypothesis, formulated more than 20 years ago,
[4, 6, 18], proposed that lectin-mediated binding of the
homologous rhizobial strain to the root hair surface is
an essential step in the determination of host-symbiont
specificity (see references in [21]).Heterologous rhizo-
bia do not carry the appropriate carbohydrate ligands,
and thus will not bind in a way that initiates nodule
formation.
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Perhaps the most persuasive evidence in favor of the
lectin-recognition hypothesis comes from the work of
Dı́az et al. [10] who introduced a cloned pea seed lectin
gene into white clover (Trifolium repens). The trans-
genic clover roots were nodulated by R. leguminosar-
um bv. viciae, which normally nodulates pea or
vetch and not clover. Site-directed mutagenesis of
the carbohydrate-binding domain of the lectin demon-
strated that the activity of this region was responsible
for the change in host specificity [40]. The close rela-
tionship between the two rhizobial biovars that nodu-
late pea and clover makes it difficult, however, to draw
broad conclusions that might apply to other legume-
Rhizobium interactions.

Lectin is present in young soybean roots and is most
abundant in the region of developing root hairs, where
infection takes place [13]. The most compelling evi-
dence that soybean seed lectin (SBL) or a related root
lectin has a stimulatory effect on the infection process
comes from work by Halverson and Stacey [15, 16
17], who studied a B. japonicum mutant that shows
a delayed nodulation phenotype on its soybean host.
Pretreatment of the mutant or low inoculum densit-
ies of wild-type B. japonicum with either SBL, root
exudates, or affinity-purified root lectin reversed the
delayed nodulation phenotype. This reversal is inhib-
ited specifically by D-galactose, a known SBL ligand.

A soybean root lectin, isolated from soybean root
exudates [13] is similar, but not identical, to the well-
characterized SBL. Whereas the SBL monomer has an
apparent molecular weight of 28 to 30 kDa on SDS-
PAGE, the root-specific lectin is 32 to 33 kDa. Hemag-
glutinating activity of this lectin was inhibited best by
N-acetyl-D-galactosamine and EPS from B. japonic-
um, but not by EPS from R. phaseoli [13].

Soybean mutants lacking SBL (Le�) nodulate
quite normally [14, 30], an observation that would
seem to contradict the lectin recognition hypothesis.
However, in addition to the D-galactose/N -acetyl-D-
galactosamine-specific SBL, soybean seeds contain a
45 kDa lectin specific for 4-O-methylglucuronic acid
[31]. Southern hybridization and S1 protection exper-
iments have failed to identify any other active lectin
genes in soybean besides SBL and the 45 kDa lectin
[29]. However, Vodkin and Raikhel [42] detected a
33 kDa protein in the roots of both Le+ and Le� soy-
beans that cross-reacted with polyclonal anti-SBL anti-
bodies raised to denatured SBL. Spilatro et al. [36, 37]
identified 33 and 28 kDa polypeptides from a Le+ soy-
bean using the same antibody and showed that the N-
terminus of each polypeptide had 62% identity to SBL.

They were unable, however, to show that these proteins
had lectin activity. Sengupta-Gopalan et al. [35] isol-
ated and subjected mRNA from roots of Le� plants to
in vitro translation, and produced a 32 kDa protein that
cross-reacted with anti-SBL antibodies. However, an
SBL cDNA clone did not hybridize to the mRNA, sug-
gesting that although the protein was immunologically
cross-reactive, the gene sequence was divergent. Thus,
a number of studies pointed to the presence of a nov-
el lectin which was important for nodulation of Le�

soybeans.
Using the same antibody that recognized the cross-

reacting protein from soybean roots [42],we screened a
soybean cv. Sooty (Le�) root cDNA expression library
in an attempt to isolate a root lectin gene. Instead of a
root lectin, however, we found that the cross-reacting
protein was a homolog of the acidic ribosomal protein
P0. This result explains some of the earlier findings
[35, 42] and also has important implications to the
studies of the involvement of lectins in nodulation.

Materials and Methods

Plant growth conditions

Seeds of soybean (Glycine max L. Merr.) cvs. Williams
82 (Le+) and Sooty (Le�) were surface-sterilized by
soaking for 15 min in 30% (v/v) H2O2, and then washed
extensively with sterile, deionized water. Sooty seeds
were scarified by scratching with a scalpel before sur-
face sterilization. To obtain tissue for extracts, seeds
were germinated in a mixture of vermiculite and per-
lite (1:1; v/v) that was moistened with water in plastic
dishpans. Plants were grown at 24 �C, 80% relative
humidity, with 16 h days/8 h nights in a Conviron
growth cabinet. To obtain root exudates, seeds were
germinated on top of 2 layers of cheesecloth draped
over a wire mesh screen suspended above 1 l of sterile
tap water in a plastic dishpan. The dishpan was kept
covered with aluminum foil to maintain the plants in
darkness.

Construction and screening of a cDNA library

One-cm long root tips were excised from 5-day-old
seedlings of cv. Sooty and rapidly frozen in liquid
nitrogen. A method for isolating polysomal RNA yiel-
ded 214 �g of polysomal RNA from 1 g of root tips
[20]. Poly(A)+ RNA was prepared from total polyso-
mal RNA using the polyATract mRNA isolation sys-
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tem (Promega) according to the manufacturer’s pro-
tocol. From 168 �g of polysomal RNA, 1.0 �g of
poly(A)+ mRNA was isolated. First and second strand
cDNAs were made from 1.0 �g of poly(A)+ RNA
using the cDNA Synthesis System Plus (Amersham)
according to the manufacturer’s protocol. The cDNAs
were treated with EcoRI methylase, ligated to EcoRI
linkers, and cut with EcoRI (all from New England Bio-
labs). The linker fragments were removed by passing
the mixture through a column of Sephadex G-50 (Phar-
macia Biotech). One cDNA library was made from
each of two fractions eluted from the column. The
first fraction, consisting of the leading half of the peak
of cDNAs eluted (presumably containing the longest
cDNAs) was used to make the library designated ‘50’.
The second fraction, consisting of the trailing half of
the peak of cDNAs eluted and presumed to contain
shorter cDNAs, was used to make the library des-
ignated ‘150’. The cDNAs were ligated into EcoRI-
cut and dephosphorylated �ZAP II arms (Stratagene).
Ligated lambda DNA was packaged using Gigapack
II Gold Packaging Extract (Stratagene). Total titer of
the two libraries constructed was estimated, by plating
with E. coli strain XL-1 Blue, to be 6:4� 105 fu.

The libraries were screened following a single amp-
lification on E. coli strain SUREr (Stratagene). For
each library, phage were plated with SURE cells onto
five plates at 50 000 pfu per 150 mm plate. Plates were
incubated at 42 �C for 4 h and expression of cDNAs
was induced by overlaying plates with nitrocellulose
filters soaked in 10 mM isopropylthiogalactopyrano-
side (IPTG). Plates were incubated an additional 4 h,
then the filters were removed and replaced with dupli-
cate filters, which were left on the plates overnight at
42 �C. Filters were washed 20 min with TBS+ 0.02%
TWEEN-20 and then incubated 4 h with BLOTTO
(TBS+ 5% non-fat dry milk). They were subsequently
incubated 16 to 24 h at 4 � with BLOTTO containing
1�g ml�1 of an antibody raised against SDS-denatured
soybean lectin (anti-SBL) which was affinity-purified.
The antibody was a gift from L. Vodkin (University of
Illinois, Champagne-Urbana) and its reaction to soy-
bean extracts has been previously reported [41]. After
washing twice with TBS and once with BLOTTO, the
filters were incubated 9 to 16 h with BLOTTO contain-
ing a 1:1000 dilution of alkaline phosphatase-labeled,
affinity-purifiedgoat anti-rabbit IgG antibodies (Sigma
Chemical Co.). The filters were then washed 3 times
with TBS. Positive reactions were detected by incub-
ating filters in a 1� color developing solution (5�
is 500 mM Tris-HCl pH 9, 500 mM NaCl, 25 mM

MgCl2, 0.33 mg ml�1 NBT (nitro-blue tetrazolium
p-toluidine salt), 0.165 mg ml�1 BCIP (5-bromo-4-
chloro-3-indolyl phosphate)). Preliminary dot immun-
oblot experiments showed that this assay could detect
as little as 7.5 pg of soybean lectin, well within the
range of fusion protein expected to be produced by
single �ZAP II plaques.

A total of 35 positive plaques were identified by
the primary screening. Of these, 32 �ZAP II clones
were purified and subjected to in vivo excision using
the E. coli strain SOLR (Stratagene), resulting in the
isolation of 30 cDNAs in the vector pBluescript SK.

SDS-PAGE and western immunoblotting

Plant and E. coli extracts were subjected to SDS-PAGE
[23] on 12.5% polyacrylamide gels and then trans-
ferred to nitrocellulose in an electro-blotting device
(Hoeffer Scientific Products) using standard proced-
ures [32]. Two-dimensional electrophoresis of root
extracts were performed as described previously [28].
Molecular weight markers were obtained from BioRad.
Blots were stained with Ponceau S (Sigma) and
molecular mass markers were outlined with ink. West-
ern blots were probed with the anti-SBL antibodies by
essentially the same protocol as used for screening of
plaques. On some blots, 1% BSA was used as blocking
agent instead of 5% dry milk; there was no difference in
the results. Purified brine shrimp P0 and a monoclonal
antibody against ribosomal P proteins were gifts from
Dr T. Uchiumi (Niigata University School of Medicine,
Niigata, Japan).

Nucleic acid isolation and analysis

DNA was isolated from leaves of 12-day-old seed-
lings of soybean cv. Sooty by a mini-prep method
[8]. Restriction digests and TBE-agarose gel elec-
trophoresis were performed as described [32]. For
genomic Southern blots, 10 �g DNA were loaded
per lane. Total RNA were isolated from soybean tis-
sues using RNA STAT-60 (Tel-Test ‘B’). The RNA
was size-fractionated on formaldehyde agarose gels
[32]; 10 �g RNA was loaded per lane. Nucleic acids
were transferred onto Nytran membranes according to
the manufacturer’s protocol (Schleicher and Schuell).
Blots were hybridized with DNA probes labeled with
�[32P]-dCTP using an Oligo Labeling Kit (Pharma-
cia). Predictions of mismatch allowed under different
stringency conditions were determined by the method
of Bonner et al. [5].
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Mini-preps of cDNA clones for restriction analysis
and sequencing were prepared by the CTAB method
[7]. Sequencing was by the dideoxy chain-termination
method [34]. Sequence analysis was performed on
a VAX/VMS computer using the UWGCG software
package. Databases were searched using the algorithm
of Altschul et al. [1].

Plant tissue extracts, bacterial lysates and ribosome
isolation

Extracts of various tissues of cvs. Sooty and Will-
iams 82 were performed as described [42], except
that fresh-frozen, rather than lyophilized, tissue was
used. Root exudates were prepared by a modification
of the method of Gade et al. [13]. Roots from 5-day-
old seedlings (ca. 10 g) were excised and placed in a
beaker with 150 ml of phosphate-bufferedsaline (PBS;
137 mM NaCl, 1.5 mM KH2PO4, 8 mM Na2HPO4,
3 mM KCl) + 50 mM galactose (enough to cover the
roots). Roots were incubated at room temperature for
7 h, removed from the solution, and the solution was
cleared of debris by centrifugation. Half of the exudate
was lyophilized, resuspended in 7 ml of water and dia-
lyzed extensively against PBS+ 0.02% sodium azide.
Exudates were further concentrated by ultrafiltration
to 200 �l.

Small-scale lysates of E. coli containing cDNA
clones were prepared essentially as described by
Arango et al. [2]. After addition of IPTG, cultures
were incubated for 4 h at 30 �C. Bacteria from 1 ml
of culture were pelleted, resuspended in 80 �l water
and 20 �l 5� SDS sample buffer for SDS-PAGE [32].
Large-scale E. coli lysates were performed essentially
as described by Marston [26]. Protein bodies pelleted
by centrifugation at 12 000 � g were resuspended in
SDS sample buffer. The supernatant was subjected to
precipitation with 50% followed by 80% ammonium
sulfate. Ammonium sulfate precipitates were resuspen-
ded in PBS + 0.02% NaN3, then dialyzed extensively
against PBS + 0.02% NaN3 at 4 �C.

Whole ribosomes were isolated from leaf tissue of
soybean cultivar Sooty and hypocotyls and roots of
cultivar Williams 82 by a modification of the method
of Montesano and Glitz [27]. Fresh tissue was found in
liquid nitrogen to a fine powder and then immediately
suspended in extraction buffer. After initial centrifu-
gation to remove debris, the supernatant was filtered
through MiraCloth (Calbiochem-Novabiochem).Mag-
nesium acetate and Tris-HCl were added and the extract
was centrifuged again. A portion of this supernatant

(designated ‘crude extract’) was reserved and frozen,
while the remainder was layered over a sucrose pad and
centrifuged at 150 000�g for 90 min at 4 �C. The pel-
let (‘ribosomes’) was resuspended in buffer and stored
at�80 �C. An aliquot of the solution above the sucrose
pad (‘post-ribosomal supernatant’) was also saved and
stored at �80 �C.

Red blood cell agglutination

Freshly harvested red blood cells from a New Zealand
White rabbit (from R. Aguilera, UCLA) were washed
and resuspended to 10% (v/v) in sterile PBS + 0.02%
NaN3 (added as a preservative; sodium azide does not
affect agglutination). A 2% (v/v) suspension of eryth-
rocytes in PBS+ 0.02% NaN3 was treated with trypsin
(Sigma, 1 mg ml�1) for 1 h at 37 �C, then washed 5
times with 5 volumes of PBS + 0.02% NaN3. This
treatment has been shown to increase the sensitivity
of rabbit red blood cells to agglutination by soybean
lectin by 200-fold [24]. Cells were suspended in PBS
+ 0.02% NaN3 to give an OD620 = 1.5 (ca. 2% v/v).
Agglutination was carried out in plastic spectrophoto-
meter cuvettes. Purified SBL (Sigma) or tissue extracts
from soybean cv. Sooty diluted in PBS+ 0.02% NaN3

were mixed with an equal volume of cells. The mix-
ture was allowed to stand for 4 h at room temperature
and then gently inverted before measuring absorbance.
Agglutination activity was determined by change in
absorbance at 610 nm.

Enzyme-linked immunosorbent assay (ELISA)

Soybean ribosomes and commercial SBL were dena-
tured by boiling for 3 min in 1% SDS. Aliquots of
50 �l (5 �g ml�1 ribosomes or 80 ng ml�1 SBL)
were loaded into wells of microtiter plates (Immu-
lon IV; Dynatech), which were stored overnight at
4 �C. Unbound antigens were removed and plates were
incubated for 1 h at 25 �C with 100 �l/well block-
ing solution (PBS+ 1% w/v BSA). Blocking solution
was removed and anti-SBL antibody (1 �g ml�1) was
allowed to bind uncompeted, or mixed with ribosomes
(at 5 and 20 �g ml�1) or commercial SBL (at 80 and
320 ng ml�1) in PBS + 1% nonfat dry milk. Plates
containing competitor/antibody mixtures were incub-
ated overnight at 4 �C. Unbound antibody was removed
and the plate washed three times with PBS. Second-
ary antibody solution, consisting of affinity-purified
goat anti-rabbit IgG alkaline phosphatase conjugate
(Sigma) diluted 1:1000 in PBS + 1% BSA was added
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Figure 1. The cross-reacting protein (arrow) and soybean seed lectin (SBL) detected by antibodies to SBL in various soybean tissues. Western
blot of extracts from Sooty and Williams 82 tissues were probed with the anti-SBL antibody. A. Extracts were made from 1-cm root tips,
hypocotyls, cotyledons, entire dry seeds, and leaves of 5-day-old plants. Exudates were from excised 5-day-old roots. A 20 �g portion of protein
was loaded in each lane except for the exudate lanes (15 �g) and Williams 82 cotyledon and seed lanes (0.1 �g). B. Extracts from cotyledons of
5-, 8- and 12-day-old Sooty seedlings. Each lane contains extract from 1.5 mg of cotyledon tissue. Protein per lane: 5 day, 60 �g; 8 day, 25 �g;
12 day, 19.5 �g. Two proteins of 32 and 29 kDa (arrowheads) increase in amount as the cross-reacting protein (arrow) decreases over time.

(50 �l/well) and the plate incubated for 4 to 6 h at
4 �C. The secondary antibody solution was removed
and the plate washed 4 times with TBS. The substrate
solution was then added and the plates were incubated
at 37 �C until a yellow color developed. The substrate
solution consisted of Sigma 104 Phosphatase Substrate
(p-nitrophenyl phosphate, disodium, hexahydrate) at
1 mg ml�1 in 1 M diethanolamine pH 9.8, 0.5 mM
MgCl2. The reaction was stopped by the addition of
100 �l of 1 M NaOH. Absorbance at 405 nm was
assayed on a plate reader.

Results

Tissue specificity of cross-reacting protein

To determine the distribution throughout the plant of
proteins which cross-reacted with anti-SBL, blots of
extracts from tissues of 5-day-old seedlings of cvs.
Williams 82 (Le+) and Sooty (Le�) were probed
with affinity-purified antiserum against SDS-denatured
SBL (Figure 1A). This antibody reacted more intensely
to the cross-reacting protein than antibody raised to nat-

ive SBL [42]. A cross-reacting protein with an appar-
ent molecular mass of 37.5 kDa using our gel system
was seen clearly in root and hypocotyl extracts of both
Williams 82 and Sooty, and in leaf extracts of Sooty
(Williams 82 leaves were not tested). The protein was
also found at significantly lower levels in Sooty cotyle-
don (Figure 1B) and dry seed extracts, along with two
smaller proteins of 32 and 29 kDa (arrowheads). These
smaller proteins were sometimes seen faintly in blots
of hypocotyl and leaf extracts, and they increased in
abundance as the cross-reacting protein decreased in
older cotyledons (Figure 1B).

SBL was clearly identified in cotyledon and seed
extracts from Williams 82, but not in similar extracts
from Sooty (Figure 1A). Under our electrophores-
is conditions, SBL ran as three bands with apparent
molecular weights between 31.5 and 33.5 kDa. Note
that 200-fold less protein was loaded in Williams 82
cotyledon and seed extract lanes (Figure 1A). SBL
was detected in exudates of Williams 82 roots, but not
in Sooty root exudates. The higher-molecular-weight
cross-reacting protein was not detected in exudates of
either cultivar.
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Figure 2. A western blot of proteins from E. coli lysates and soybean
leaf extract reacting with anti-SBL antibodies. Lane 1, 50–80%
ammonium sulfate cut of soluble lysate of E. coli expressing p50-
13. Lane 2, 50–80% ammonium sulfate cut of soluble lysate of
E. coli expressing pBluescript-II KS (vector control strain). Lane 3,
Sooty leaf extract, 20 �g protein. E. coli lysate lanes contain lysate
from 1 ml of culture.

Isolation and sequencing of cDNA clones

A cDNA library was made using mRNA from root
tips of soybean cv. Sooty because first, any protein
involved in early stages of infection by Bradyrhizobium
japonicum should be present in this region of the root,
and second, Sooty is lectin-minus and thus should not
contain SBL transcripts.

To ensure that all cDNAs would be from translated
mRNAs and that all translated mRNAs would be rep-
resented, two cDNA libraries were constructed using
poly(A)+ mRNA isolated from polysomes. Screen-
ing of the libraries with anti-SBL yielded 35 positive
plaques: ten from library ‘150’ and 25 from library
‘50’. Of these, 30 were purified and excised from the
�ZAP II vector into plasmid clones: eight from library
‘150’ and 22 from library ‘50’.

Clones were analyzed for insert size by EcoRI
digestion and separation on TBE agarose gels. All were
partially sequenced from the 50 end and some from the
30 end. Eight of the cDNAs had inserts of ca. 1350 bp
and nearly identical 50-terminal sequences. One clone,
designated p50-13, was used for all subsequent charac-
terizations. This and the other seven clones produced a
cross-reactive protein of ca 37 500 Da in E. coli, which
was soluble in E. coli lysates and not found in controls
containing vector alone (Figure 2). Also, the protein
was not found in inclusion bodies (data not shown).

Clone p50-13 contained a 1270 bp cDNA (1247
excluding the poly(A) tail) and an ORF encoding a
protein of 320 amino acids (Figure 3).The deduced size
of the encoded protein is 34 158 Da, with an isoelectric
point of 4.97. Alignment of the complete sequence of
clone p50-13 with partial sequences of the other clones
revealed that many of them were cDNAs of nearly the
same sequence, but truncated at the 50 end (Figure 3).
None of the clones hybridized to a fragment containing
the SBL gene Le1 (data not shown).

A search of the databases revealed that p50-13 and
21 of the other cDNAs probably represent soybean
homologues of the acidic ribosomal protein P0. Clone
p50-13 showed the highest similarity (77% identity at
both nucleotide and amino acid level) to a P0 clone
from rice (accession number D21130). Highly signi-
ficant matches were also found with P0 clones from
Chenopodium rubrum (X15206), Arabidopsis thaliana
(Z33760), and several animal and yeast species.

The cDNA clones were classified into one of five
groups based on the degree of sequence similarity to
each other, and to sequences in the databases (data
not shown). Group I clones were all of ca. 1300 nt in
length and were 99–100% identical to p50-13 over their
sequenced length. The Group I clones had numerous
stop codons between lacZ and the cDNA ORF. Group II
clones were all ca. 570 nt long and were 100% identical
to p50-13. The Group II clones were truncated at the 50

end, beginning at between nt 585 and nt 591 (Figure 3);
they were in frame with lacZ. Group III clones were
only 92–96% identical to p50-13 and were slightly
truncated at the 50 end, beginning between nt 51 and
nt 298. Group IV clones showed no similarity to p50-
13 (at the 50 end) but were very similar (63–66% nuc-
leotide sequence identity) to sequences of ribosomal
protein P2 from Drosophila melanogaster (accession
number X05466) and from Parthenium argentatum
(X78213). Three additional clones did not fit any of
the other groups and were placed in Group V.

The deduced amino acid sequence of soybean
ribosomal protein P0 was compared to the sequences of
other known plant P0 proteins (data not shown). The
soybean sequence showed the greatest homology, at
least over the first 122 amino acids, to a sequence from
Arabidopsis. The Chenopodium sequence differed
from that of rice and soybean between amino acids
243 and 293. All four sequences had leucine-zipper
like motifs, with leucines at positions 41, 48, and 55,
and positions 84, 91, and 98. There were also leu-
cines 7 amino acids apart, at positions 207 and 214
and at positions 230 and 237 (in rice P0, position 237
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Figure 3. Nucleotide and deduced amino acid sequence of clone p50-13. Asterisks below the nucleotide sequence indicate the location of stop
codons closest to the 50 and 30 ends of the open reading frame. Marks (>) above the nucleotide sequence indicate the 50 ends of homologous
cDNA clones.

is an isoleucine). Interestingly, all four of the plant
sequences have the amino acid sequence RGD, which
is associated with cell adhesion activity (amino acids
49–51) [11]. However, none of the animal P0s so far
identified have this sequence.

There is a potential N-glycosylation site at residue
N197 in soybean P0, as there is in the homologous
human and rat proteins. We did not test for glycosyla-
tion of our ribosome preparations, nor has this ques-

tion been addressed in the animal systems. However,
because anti-SBL reacts to the E. coli-produced pro-
tein, it must not be reacting to a plant-produced carbo-
hydrate attached to P0.

Organization and expression of P0 genes in soybean

Genomic Southern analysis suggested that the gene
corresponding to p50-13 is part of a small gene family
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Figure 4. Genomic Southern analysis of soybean cv. Sooty P0 gene
homologues. Genomic DNA (10 �g/lane) was digested to comple-
tion, subjected to electrophoresis on a 1% agarose TBE gel, and
blotted onto Nytran membrane. The probe was a fragment of the
p50-13 cDNA clone that did not include the poly(A) tail. A. Auto-
radiogram of blot washed at medium stringency. B. Autoradiogram
of blot washed at high stringency. H, HindIII; E, EcoRI; B, BamHI;
P, PstI.

(Figure 4). Six to seven hybridizing bands were seen
when genomic DNA was digested with HindIII, BamHI
or EcoRI, and the blot was washed at a stringency that
should allow up to 13% mismatch. When washed at a
stringency that should allow 3% mismatch, then only
one or two bands were seen. Because p50-13 contains
two PstI sites, two bands were expected in this lane (a
third, internal PstI fragment of 200 bp ran off the gel).
The presence of fewer bands,under medium stringency
conditions, in the lane containing PstI-digested DNA
than in the other lanes suggests that some of the genes
are clustered. Some of the bands that were washed
off under high stringency conditions may represent
closely related isoforms, including the genes encoding
the group III clones, which differed by 4 to 8% in
sequence from p50-13.

Transcripts of ca. 1.4 kb corresponding to clone
p50-13 were found in roots, stems, hypocotyls, coty-
ledons and leaves. The transcripts were most abundant
in roots and least abundant in cotyledons based on its
proportion of total RNA and 18S ribosomal RNA (data
not shown).

Figure 5. Association of anti-SBL cross-reacting protein (arrow)
with ribosomes. Ribosomes were isolated from Sooty leaf and Wil-
liams 82 hypocotyl extracts. Twenty �g protein from three fractions
were subjected to SDS-PAGE. A portion of the gel (lanes 1–6) was
blotted onto nitrocellulose and probed with anti-SBL antibodies;
lanes 1–3, Sooty leaf; lanes 4–6, Williams 82 hypocotyl; lanes 1 and
4, crude extract; lanes 2 and 5, post-ribosomal supernatant; lanes 3
and 6, purified ribosomes. Another portion of the gel (lanes 7 and 8)
was stained with Coomassie brilliant blue; lane 7, low-molecular-
weight size standards; lane 8, purified Sooty leaf ribosomes.

The cross-reacting protein is found in ribosomes

To confirm that the cross-reacting protein was a
ribosomal protein homologue, we isolated ribosomes
and subjected them to western blot analysis. We found
that the cross-reacting protein was present in total
Sooty leaf extracts (arrow; Figure 5, lane 1) and in pur-
ified ribosome preparations (lane 3), but not in extracts
from which the ribosomes had been removed by centri-
fugation (lane 2). Identical results were obtained with
ribosomes from Williams 82 roots (data not shown) and
hypocotyls (Figure 5; lanes 4–6). When SDS-PAGE
gels of purified ribosomes are stained with Coomassie
brilliant blue (Figure 5; lane 8), a 37.5 kDa band was
observed.

To verify that the cross-reacting protein was P0,
we used a monoclonal antibody that was raised against
brine shrimp P0. This antibody is specific for the com-
mon amino-terminal ends of the ribosomal proteins
P0, P1, and P2 [38]. When this monoclonal antibody
was utilized, there was cross-reaction to a band in
Sooty root extracts of the same molecular weight as
when the SBL antibody was used (Figure 6; lanes 1,
4). Similar results were found with purified ribosomes
(not shown). Although the anti-SBL also cross-reacted
with the protein expressed in E. coli from clone p50-
13 (Figure 6; lane 2), the anti-P0 monoclonal did not
(lane 5). This suggests that the isoform of P0 cloned
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Figure 6. Western blots probed with anti-SBL and anti-P0 mono-
clonal antibodies. Lanes 1 to 3 were probed with anti-SBL
(1 �g ml�1). Lanes 4 to 6 were probed with anti-P monoclonal
antibody (1:200 dilution). Lanes 1 and 4, Sooty root extract (20 �g
protein). Lanes 2 and 5, p50-13 lysate (250 �l bacterial culture).
Lanes 3 and 6, brine shrimp P0 (0.125 �g).

in p50-13 is not the same isoform that reacted with the
anti-P0 monoclonal. The lack of cross-reactivity of the
anti-SBL to purified brine shrimp P0 indicates that the
two antibodies have different epitope specificities (Fig-
ure 6; lane 3). It is noteworthy that neither antibody
detected bands of the sizes expected for ribosomal pro-
teins P1 and P2 in western blots of soybean extracts
(16 and 19 kDa).

If SBL and ribosomal protein P0 share a common
epitope, it might be expected that they would par-
tially compete for binding to the polyclonal anti-SBL
antibody. Solutions of commercial SBL and purified
ribosomes from soybean cv. Sooty were used to coat
separate wells of a microtiter plate. Anti-SBL anti-
bodies were mixed with denatured ribosomes or dena-
tured SBL and allowed to bind to the immobilized anti-
gens. As expected, ribosomes competed for binding of
anti-SBL to immobilized ribosomal proteins, and SBL
competed for binding of anti-SBL to immobilized SBL
(Figure 7). Additionally, ribosomes partially competed
for binding of anti-SBL to immobilized SBL, indicat-
ing that some of the antibodies in the polyclonal anti-
SBL recognized epitopes on both SBL and ribosomes.
However, anti-SBL bound equally well to immobilized
ribosomes in the presence and absence of SBL (Fig-
ure 7). This apparent lack of reciprocal competition
may be due to the fact that SBL itself bound immobil-
ized ribosomes (data not shown). This binding of SBL
to ribosomes was reduced by denaturation of the SBL
and incubation in the presence of 1% non-fat dry milk,
but was not completely eliminated (data not shown).

Two-dimensional gels of Sooty root extracts were
run and subjected to western blot analysis to elimin-

Figure 7. Binding of anti-SBL to ribosomes and SBL. Anti-SBL was
allowed to bind to immobilized ribosomes (left) or to SBL (right)
alone, or in the presence of purified soybean ribosomes at 5 �g ml�1,
or 20 �g ml�1, or SBL at 80 ng ml�1, or 320 ng ml�1.

ate the possibility that Sooty root extracts contained,
in addition to P0, another cross-reacting protein of
the same apparent molecular mass. Only one protein
of ca. 37.5 kDa and potential break-down proteins of
ca. 30 kDa cross-reacted with the antibody (data not
shown). These proteins were found in the acidic por-
tion of the gel, with a pI between 4.0 and 5.0, consistent
with measured pls of P0 proteins of other species. This
is clearly distinct from the pI that has been reported for
a soybean root lectin [13].

To test the possibility that ribosomal protein P0
might have some lectin activity, purified ribosomes
from Sooty leaves were used in a hemagglutination
assay (Table 1). Although commercial SBL com-
pletely agglutinated rabbit red blood cells at a pro-
tein concentration of 0.5 �g ml�1, purified ribosomes
had no agglutinating activity, even when tested at
310 �g ml�1. The cross-reacting protein in root
extracts did not bind to a N -acetyl-D-galactosamine
affinity column, nor did the cross-reacting protein pro-
duced in E. coli containing clone p50-13 (data not
shown).

Discussion

We have presented extensive evidence to show that
a protein present in extracts of soybean roots that
cross-reacts with an antibody made to denatured soy-
bean lectin (anti-SBL) is a homologue of the acidic
ribosomal protein P0. First, anti-SBL reacts to a prom-
inent band of a molecular weight higher than SBL on
western blots of soybean root extracts. The apparent
molecular weight of this protein is the same as that
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Table 1. Agglutination of rabbit erythrocytes by commercial SBL,
ribosomes and post-ribosomal supernatant. Rabbit red blood cells
were mixed with purified soybean lectin, Sooty leaf ribosomes, Sooty
leaf post-ribosomal supernatant, or buffer alone. Agglutination was
measured by the % reduction of absorbance at 620 nm after 4 h incub-
ation.

Sample Protein conc. (�g ml�1) % Reduction of OD620

SBL 2.0 93

SBL 1.0 93

SBL 0.5 91

Ribosomes 310.0 15

Ribosomes 31.0 14

Ribosomes 3.1 16

Supernatant 31.0 31

None – 22

for P0 from other species. Second, cDNA clones isol-
ated using this antibody produce a protein of the same
size in E. coli. Third, these clones are very similar in
sequence to previously cloned plant P0 genes. Fourth,
the protein was present in purified ribosomes, and not
in the supernatant from which the ribosomes had been
removed. Fifth, the pI of the protein, as determined by
2-D western blots of Sooty root extracts, was similar to
that of the acidic P0 of other species. Finally, antibod-
ies raised to purified brine shrimp P0 react to a protein
of the same molecular weight in soybean root extracts
as does the anti-SBL.

As might be expected for a ribosomal protein, P0
was detected in all tissues tested by western blot analys-
is. While its abundance was nearly equivalent in roots,
hypocotyls, and leaves, it was much less abundant
in cotyledons of 5-day-old seedlings. This may reflect
the beginning of senescence in cotyledons at this stage.
The encoding RNA was also detected throughout the
plant, although it was somewhat more abundant in roots
and hypocotyls than in cotyledons or leaves. The pres-
ence of multiple copies in the genome, and divergent
sequences among our cDNAs, raises the possibility that
different isoforms of P0 may be expressed in different
tissues or at different times in development.

It might be expected that a ribosomal protein would
not be detected in root exudates, and this was indeed
the case for the cross-reacting protein. The presence
of SBL in root exudates of Williams 82, despite its
absence in roots (cf. Figure 1), is consistent with the
findings of Gade et al. [13]. These results suggest that
the SBL gene (Le1) is expressed at a low level in roots,
but the product is rapidly secreted and the steady state
level of SBL in roots is simply below the level of detec-

tion of the antibody. Kjemtrup et al. [22] determined
that one of the polypeptides of phytohemagglutinin
(PHA-E), normally a vacuolar protein, is released by
root cells into the culture medium. Thus, if an SBL-
type lectin were present in Le� soybeans, it is likely
that it would also be found in root exudates.

The acidic ribosomal protein P0 is thought to be
the eukaryotic homologue of the E. coli protein L10.
It forms a pentameric complex with two molecules
each of P1 and P2 [39]. This pentamer forms the stalk
of the 60 S ribosomal subunit, and plays an essential
role in the elongation step of protein synthesis [33].
We have explored the possibility that in soybean an
isoform of P0 may also have lectin activity. It is not
unprecedented for proteins normally associated with
ribosomes to have functions unrelated to protein syn-
thesis. For example, a protein with vitronectin-like
activity that cross-reacted with vitronectin antibodies
was recently identified as an isoform of EF1-� in high-
er plants [44]. In Dictyostelium, an actin-binding pro-
tein has also been identified as EF1-� [43]. We were
unable to demonstrate any lectin-like activity associ-
ated with the soybean P0: ribosome preparations did
not agglutinate rabbit reticulocytes, nor did the protein
bind to a N-acetyl-D-galactosamine affinity column.
Vodkin and Raikhel [42] were also unsuccessful in
isolating the cross-reacting protein on a D-galactose
affinity column. This does not, of course, exclude the
possibility that soybean P0 has lectin activity. Not
all lectins agglutinate rabbit red blood cells, either
because those cells do not carry the appropriate car-
bohydrate ligand, or because the lectin is monovalent.
Likewise, a lectin specific for any carbohydrate oth-
er than galactose or N -acetyl-D-galactosamine would
not bind to either column. What can be concluded
from these data is that the cross-reacting protein found
in Le� roots, which we have identified as a homo-
logue of P0, is clearly distinct from the root lectins
identified by Gade et al. [13] and by Halverson and
Stacey [15], which did have hemagglutination activity.
The deduced amino acid sequence also clearly distin-
guishes this protein from the vegetative soybean lectin
identified by Spilatro et al. [37].

We conclude that both the 32 kDa translation
product which cross-reacted with anti-SBL but was
encoded by a gene sequence different than Le1 [35] and
the cross-reacting material (CRM) detected in soybean
previously using the same antibody [42] are likely to
be the protein we have identified as a P0 homologue.
There are two possible explanations for the reaction
of anti-SBL antibodies with ribosomal protein P0. The
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first is that a subset of the antibodies react with both
proteins due to the presence of a common epitope.
The competition ELISA results are consistent with
this explanation. Alternatively, the antiserum from the
rabbit used in these experiments may contain two non-
overlapping sets of antibody specificities.This could be
due to contamination by P0 of the SBL preparation that
was used as both immunogen and affinity material for
antibody purification. This seems unlikely, however,
because the SBL was prepared from seeds, a tissue
already low in P0 (see Figure 1 and [42]), and was
chromatographically pure (L. Vodkin, pers. comm.).

It would appear then that SBL and ribosomal pro-
tein P0 have some common epitopes(s) recognized
by the anti-SBL antibodies. The common epitope
would need to reside in the carboxyl-terminal half
of the protein, because clones in Group II are miss-
ing all the sequence before amino acid 155. A direct
sequence comparison between SBL and ribosomal pro-
tein P0 revealed no extensive amino acid identities.The
longest contiguous common amino acid sequences are
LDLT (207–210 of P0; 274–277 of SBL) and VAVE
(254–257 of P0; 153–156 of SBL). These short animo
acid sequences may represent antigenic epitopes on
both proteins. An extensive deletion analysis would
be required to determine which, if either, of these
sequences represent the common epitope. Complete
sequencing of the P2 homologue clones may provide a
clue. P2 sequences in plants have not previously been
reported, but in animals virtually the only common
sequence between P0 and P2 is the carboxyl-terminal
20 to 30 amino acids.

The ability of root exudates from a Le� seed line
(T102) to reverse the delayed nodulation phenotype of
B. japonicum strain HS111 in the same way as SBL
strongly suggests that soybean has another, genetically
distinct lectin [15, 16, 17]. If so, its mRNA is neither
complementary to the Le1 or Le2 genes [42], nor does
it react with antibodies raised to SBL (this report). It is
likely that the root lectin identified by Gade et al. [13]
is a product of the Le1 gene because this protein shares
nearly identical properties with SBL and moreover, it
was isolated from a Le+ cultivar. Similarly, the lectin-
related protein described by Spilatro et al. [37] is also
likely to be a product of a Le1-like gene as the amino
acid sequence of the N-terminus is very similar to that
of SBL.

Recently, Etzler and Murphy [12] have described a
lectin from Dolichos biflorus, DB46, which does not
share any significant homology with the other plant
or animal lectin sequences that have been isolated so

far. Of the various ligands tested for their ability to
inhibit the specific binding of carbohydrates by DB46,
the strongest inhibition came from Nod factors puri-
fied from B. japonicum USDA 110, which nodulates
soybean as well as Dolichos. Thus, it seems likely
that cv. Sooty, like Dolichos, will have an additional
vegetative lectin which is very different from the well
characterized seed lectin.
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