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ABSTRACT Syringolides are water-soluble, low-molecu-
lar-weight elicitors that trigger defense responses in soybean
cultivars carrying the Rpg4 disease-resistance gene but not in
rpg4 cultivars. 1?’I-syringolide 1 previously was shown to bind
to a soluble protein(s) in extracts from soybean leaves. A
34-kDa protein that accounted for '*5I-syringolide 1 binding
activity was isolated with a syringolide affinity-gel column.
Partial sequences of internal peptides of the 34-kDa protein
were identical to P34, a previously described soybean seed
allergen. In soybean seeds, P34 is processed from a 46-kDa
precursor protein and was shown to have homology with thiol
proteases. P34 is a moderately abundant protein in soybean
seeds and cotyledons but its level in leaves is low. cDNAs
encoding 46-, 34-, and 32-kDa forms of the soybean protein
were cloned into the baculovirus vector, pVL1392, and ex-
pressed in insect cells. The resulting 32- and 34-kDa proteins,
but not the 46-kDa protein, exhibited ligand-specific 1>°I-
syringolide binding activity. These results suggest that P34
may be the receptor that mediates syringolide signaling.

Plant pathogens carrying particular avirulence (avr) genes are
recognized by plants expressing matching disease-resistance
genes, thereby invoking active plant defense responses (1-3).
The matching genes in plant and pathogen have been collec-
tively called “gene-for-gene” systems. The defense responses
that they mediate have been termed the “hypersensitive re-
sponse,” because of the occurrence of variable degrees of plant
cell necrosis at the site of pathogen invasion. The hypersen-
sitive response generally involves recognition of a pathogen as
foreign followed by the production of chemical agents and/or
structural re-enforcements to arrest pathogen spread. Al-
though a general understanding is emerging as to how this
defense system functions, recognition events occurring soon
after pathogen infection are not well understood (4-6).

The elicitor-receptor hypothesis appears to explain plant
recognition of pathogens in many gene-for-gene systems (1,
7-10). Elicitors are defined as signal molecules produced
directly or indirectly by pathogens that are recognized by
plants and thereby activate defense responses. Two types of
elicitors generally are recognized: nonspecific elicitors, which
do not exhibit differences in cultivar responses within a plant
species, and specific elicitors, which cause specific responses
only in cultivars carrying matching disease-resistance genes.
Nonspecific elicitors include substances associated with basic
pathogen metabolism, such as cell wall glucans, chitin oli-
gomers, and glycopeptides. Specific elicitors are signal mole-
cules, including proteins and peptides encoded by some aviru-
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lence genes, as well as small nonprotein compounds produced
by pathogens under the direction of avirulence-gene encoded
enzymes. There is substantial evidence for the occurrence of
plant receptors to both type of elicitors (10—14), but they have
not been well characterized.

Syringolides are unusual acyl glycosides produced in Esch-
erichia coli or several other Gram-negative bacteria expressing
avirulence gene D (avrD). avrD originally was cloned from
Pseudomonas syringae pv. tomato (15, 16) and occurs in several
P. syringae isolates. The purified syringolides or bacteria
expressing avrD elicit the hypersensitive response specifically
in soybean cultivars carrying the Rpg4 disease resistance gene
(15). The syringolide elicitors are at least 1,000 times more
active in Rpg4 than in rpg4 cultivars. It is possible that this
specificity is determined at the level of a primary syringolide
binding site (receptor). Based on this presumption, we radio-
labeled syringolide 1 with 2T and synthesized several syrin-
golide derivatives with altered biological activities (17, 18). We
demonstrated that the soluble fractions of extracts from both
Rpg4 and rpg4 soybean leaves contain a ligand-specific, satu-
rable binding site(s) for the syringolide elicitor (18). The
observed syringolide binding site(s) showed high ligand selec-
tivity and a strong correlation was observed between compet-
itive binding activity and elicitor activity for all compounds
tested. Therefore, the identified binding site(s) is a candidate
for the physiologically active syringolide receptor. In this study
we report the isolation and characterization of a 34-kDa
soybean protein that binds the syringolide elicitors.

MATERIALS AND METHODS

Biological Materials. Soybean (Glycine max L.) cvs. Harosoy
(Rpg4/Rpg4) and Merit (rpg4/rpg4) were grown in soil overlaid
with vermiculite in a growth chamber at 22°C on a 14-hr
photoperiod. Tomato (Lycopersicon esculentum) cv. Rio
Grande 76 (S/R), Arabidopsis thaliana (ecotype Columbia),
and tobacco (Nicotiana tabacum) plants were grown under the
same conditions.

Syringolide Affinity Gel Chromatography. Syringolide 1,
4’-succinyl syringolide 1, 3-O-methyl-syringolide 1, and ?°I-
syringolide 1 were purified and synthesized as previously
described (17, 18). Proteinase K, pepstatin A, leupeptin,
Norit-A charcoal (Sigma), dextran T70 (Pharmacia), and
Affi-Gel 102 (Bio-Rad) were purchased. The following steps
were followed for preparation of the Affi-gel 102 affinity
matrix. Activation of the carboxyl group on 4'-succinyl syrin-
golide 1 and displacement by the nucleophile (R-NH), re-

§To whom reprint requests should be addressed. e-mail: Keen@
ucracl.ucr.edu.



Plant Biology: Ji et al.

leasing EDAC [(1-ethyl-3-(3-dimethyl-aminopropyl) carbodi-
imide HCI] as a soluble urea derivative were carried out as
described by the manufacturer. The activated carboxyl group
on 4'-succinyl syringolide 1 was coupled to the amino group on
the Affi-Gel 102 matrix. The Affi-Gel 102 gel (6 ml) was
transferred to a sintered glass filter (30 wm), washed with 6 ml
of dimethyl sulfoxide (DMSO) three times, and dried under
vacuum. The gel then was suspended in 6 ml of DMSO and
transferred to a 30-ml flask. To the gel suspension, 30 mg of
4'-succinyl syringolide 1 was added. The pH was adjusted
immediately to 5-6 with 1 M HCI. EDAC coupling reagent (5
mg) was added to the gel suspension, and the pH was again
adjusted immediately to 5-6 with 1 M HCL The crosslinking
reaction proceeded for 5 hr at room temperature with gentle
stirring. The resulting syringolide affinity gel was packed into
a 10-ml glass econo-column (Bio-Rad), washed with 15 ml of
DMSO, and kept at 4°C until use.

Preparation of Protein Extracts. Soybean leaves of 2-week-
old plants were harvested and homogenized at 4°C in extrac-
tion buffer [30 mM sodium phosphate, pH 7.2, containing 4
mM DTT, 0.04% (vol/vol) B-mercaptoethanol, 5% glycerol, 1
mM phenylmethylsulfonyl fluroide, 2 pg/ml of pepstatin A,
and 2 ug/ml of leupeptin] in a blender. The homogenate was
filtered through four layers of cheese cloth, and the filtrate was
centrifuged at 100,000 X g for 1.5 hr at 4°C. The resulting
supernatant was dialyzed against the extraction buffer at 4°C
for 12 hr, concentrated on a Centricon-10 device (Amicon) to
10 mg/ml, and stored at —80°C until use. The soluble protein
extracts from imbibed soybean seeds and cotyledons were
prepared according to the methods described previously (19).
Protein content was determined with the Protein Assay Kit
(Bio-Rad) using bovine gamma globulin as a standard.

Purification of the Syringolide Binding Protein(s). The
syringolide affinity-gel column was equilibrated with sodium
phosphate buffer (30 mM, pH 7.2, 50 mM KCI, 4 mM DTT,
0.04% B-mercaptoethanol), and the protein sample (10 mg in
1 ml) was loaded. The column was washed with 4 bed volumes
of the phosphate buffer. A salt gradient of 0 to 1 M NaCl in
sodium phosphate buffer (30 mM, pH 7.2) was applied.
Fractions of 1.5 ml were collected, and the protein content of
each fraction was measured with a spectrophotometer at 280
nm. Each fraction was dialyzed against sodium phosphate
buffer (30 mM, pH 7.2, 4 mM DTT) at 4°C for 6 hr.

The binding activity of **I-syringolide 1 in each fraction was
examined according to methods described previously (18). The
protein/!?I-syringolide 1 complex also was examined by 10%
(wt/vol) PAGE under native conditions (18, 20).

A gel filtration column (1.2 X 60 cm, polyacrylamide P-30,
Bio-Gel) was used for purification of proteins from fractions
after the affinity-gel column. This filtration column was equil-
ibrated with a sodium phosphate buffer (pH 7.0, 30 mM, 0.1
M NaCl) and run with 150 ml of the equilibrium buffer at a
flow rate of 0.15 ml/min. The protein content in each fraction
(30 drops/each) was monitored as described above.

Microsequencing of Internal Tryptic Peptides. Proteins in
the active fractions eluted from the syringolide affinity gel
column were concentrated with a Centricon-10 device (Ami-
con) and separated by 12% SDS/PAGE. The proteins then
were immobilized on a ProBlot membrane (Applied Biosys-
tems) according to the manufacturer’s instructions. After
Coomassie blue R-250 staining, the protein bands were excised
and sent to the Harvard Microchemistry Facility (Harvard
University, Cambridge, MA) for amino acid composition and
sequence analyses. For sequence analysis, proteins were sub-
jected to in situ digestion with trypsin, and the resulting
peptides were separated by reverse-phase HPLC. The peptides
from well-resolved peak fractions were collected and se-
quenced.

Subcloning and Expression of the Cloned P34 Gene. The
P34 cDNA of 1,350 bp was cloned into pBluescript SK(—)
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(Stratagene) (21, 22). The full coding sequence of the 46-kDa
precursor protein and two partial coding sequences corre-
sponding to the 34- and 32-kDa processed protein products
were amplified, respectively, by PCR with the following prim-
ers. M1: 5'-TT TTT TTT CAT ATG GGT TTC CTT GTG
TTG C-3'; M2: 5'-CAG CAA ATC CAT ATG GCC AAC
AAG AAA ATG-3';M3:5'-GG AAA AAA GGT CAT ATG
ACC CAA GTA AAG T-3'. M1 introduced a Ndel site at the
first start codon without altering the nucleotide sequence of
the coding region. M2 and M3 introduced a Ndel site at bp 359
and bp 437, respectively, without altering the nucleotide
sequence of the remaining coding region. The M13/pUC
sequencing primer (5'-GTAAAACGACGGCCAGT-3'),
which is located on the cloning vector was used to facilitate
amplification of the complete 3" end of the gene. The PCR
products of M1, M2, and M3 were designated 46M1, 34M2,
and 32M3. Each of them was digested with Ndel and EcoRI
and cloned into the corresponding sites of MTL22 (23). Insert
fragments then were released with Ndel and Xhol and recloned
into the corresponding sites of pET19b (Novagen). Each of the
constructs was digested with Xbal-Smal and the resulting
fragments containing His-tag fusion sequences finally were
cloned into the corresponding sites of the baculovirus transfer
vector, pVL1392 (Invitrogen). All the above constructs were
confirmed by sequencing. Constructs were expressed in insect
cells and purified by nickel affinity gel chromatography fol-
lowing the manufacturer’s instructions (Novagen).

Antibody Production and Western Blotting. MTL22-P34M3
was digested with BamHI and the resulting 0.6-kb fragment,
designated M25, comprising the carboxy terminal amino acids
of P34 was cloned in-frame as a carboxyl fusion to the lacZ
gene of pUR292 (24). This plasmid, pUR292-M25, was ex-
pressed in E. coli strain RB791, and the fusion protein was
purified on thio-galactoside columns (Sigma). The fusion
protein was used to prepare rabbit polyclonal antiserum
against P34. Antibodies were isolated from sera by using an
ImmunoPure IgG Purification Kit (Pierce) following the man-
ufacturer’s instructions. Western blotting was performed ac-
cording to the manufacturer’s (Bio-Rad) instructions.

RESULTS

Identification of a Syringolide Binding Protein. Crude,
soluble extracts from soybean leaves were passed through a
syringolide affinity column, and, after extensive washing,
eluted with a gradient of 0—-1 M NaCl. Several fractions (12
through 18) contained specific syringolide binding activity. Fig.
14 demonstrates the specific binding activity of proteins in
each fraction to 'I-syringolide 1. Maximal binding activity
was observed in the 15th fraction. The binding activity in this
fraction was 1.97 fmol/ug, which was about 50 times greater
than observed in the soluble crude extract (0.04 fmol/ug). The
binding activity in each fraction was further examined with the
native gel binding assay developed previously (Fig. 1B) (18).
Syringolide binding with crude extracts occurred at a position
higher in the native gel (Fig. 1B, lane 1) than with the
affinity-purified fractions (Fig. 1B, lanes 2-10). Proteins cor-
responding to syringolide binding in the native gel were eluted
and examined by SDS/PAGE. Six proteins, including a 34-kDa
protein, were observed (data not shown). This finding suggests
that the syringolide binding protein(s) may be complexed with
other components in the crude extracts.

The active fractions from the affinity column contained
three major proteins, as detected by SDS/PAGE (Fig. 2).
These proteins were ca. 34, 31, and 28 kDa, respectively. After
further purification by gel filtration, the isolated 31-kDa
protein had weak binding activity and the 28-kDa protein had
no detectable syringolide binding activity (Fig. 3B). However,
the 34-kDa protein bound the radioactive probe with a specific
binding activity of 1.84 fmol/ug and accordingly was con-
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FiG. 1. Isolation of syringolide binding protein(s) by affinity
chromatography. (4) Specific binding activity of 2 I-syringolide 1 to
soybean leaf soluble proteins recovered from a syringolide affinity
column. (B) Detection of syringolide binding proteins using the native
gel binding assay as described in Materials and Methods, with specific
bound radioactivity shown by the arrows. CR denotes crude extracts.
Unbound !?*I-syringolide 1 occurs at the bottom of the gel.

cluded to be the major syringolide binding protein in the
affinity fractions.

The three proteins were eluted from SDS gels and submitted
for tryptic digestion and peptide sequencing (Table 1). The N
termini of internal peptides of the 31- and 28-kDa proteins had
100% homology to vegetative storage proteins previously
isolated from soybean leaves (25). The amino acid sequences
of two internal fragments of the 34-kDa protein disclosed
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FiG. 2. 12% SDS acrylamide gel of proteins in fractions from a
syringolide affinity column. Lane 1, protein size markers; lane 2, crude
soybean leaf extract; lane 3, fraction 6; lane 4, fraction 12; lane 5,

fraction 15; lane 6, fraction 16; lane 7, fraction 18. Arrows denote 34-,
31-, and 28-kDa proteins eluted.

Proc. Natl. Acad. Sci. USA 95 (1998)

A

Syringolide binding activity (fmol/ug)

1 2 3 4

Fi1G. 3. Purification of syringolide binding protein. (4) Gel filtra-
tion purified 28-, 31-, and 34-kDa proteins were electrophoresed on a
12% SDS acrylamide gel. Lane 1, fraction 15 from the affinity column
run in Fig. 1; lane 2, 28-kDa protein; lane 3, 31-kDa protein; lane 4,
34-kDa protein. (B) Syringolide binding activity of purified 28-, 31-,
and 34-kDa proteins. Lanes are as in 4.

100% agreement with the published sequence of the P34
protein isolated from soybean seeds (21, 22).

Presence and Processing of the P34 Protein in Soybean
Plants. The P34 protein is a highly processed protein of 379
amino acids and has homology to thiol proteases (21). The
34-kDa protein is produced from a 46-kDa precursor protein
after seed germination. To quantify P34 in soybean leaves, we
produced polyclonal antiP34 antibodies using an internal P34
fragment fused to lacZ (see Materials and Methods). This
antiserum (designated pB-gal/M25) is active at a 1:9,000 dilu-
tion in Western blots of P34 from soluble protein extracts of
soybean cotyledons (data not shown). The 34-kDa protein was
present in leaf soluble extracts from both Harosoy (Rpg4/

Table 1. Partial amino acid sequences of 28-, 31-, and
34-kDa proteins

Proteins Amino acid sequences

28 kDa LAVEAHNIFGFETIPEECVEATK
31 kDa ARTPEVKCASWRLAV

34 kDa 1) ASWDWRKKGVIT

2) LVSLSEQELV
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F1G. 4. Detection of P34 in soluble protein fractions of soybean
seeds, cotyledons, and leaves. Equal amounts of protein (20 pg) were
loaded in each lane.

Rpg4) and Merit (rpg4 /rpg4) cultivars (Fig. 4). However, a few
additional bands that reacted with B-gal/M25 were observed
in the extracts from seeds and cotyledons. These bands had
apparent molecular masses of 67, 46, 34, and 32 kDa. As shown
in Fig. 4, levels of P34 were low in leaves and higher in seeds
and cotyledons.

Baculovirus Expression of P34 and Syringolide Binding
Activity. The PCR products of 46M1, 34M2, and 32M3 were
cloned into the baculovirus vector pVL1392 as described in
Materials and Methods. The resulting constructs were desig-
nated pVL1392-46M1, pVL1392-34M2, and pVL1392-32M3.
They were expressed in insect cells and purified by Ni affinity
gel chromatography (Fig. 5). When pVL1392-46M1 encoding
the full-length 46-kDa protein was expressed in insect cells, a
Western blot of the cell fraction showed a protein at 46 kDa
as well as several lower weight bands (data not shown). This
finding suggests that processing or random proteolysis might
occur in insect cells, but a protein size of 34 kDa was not
detected. 34M2 and 32M3 led to 34- and 32-kDa proteins of the
expected size in Western blots and after purification (Fig. 5).
The '>I-syringolide binding activity in insect cells expressing
pVL1392 was negligible, but significant binding activities were
observed in cells expressing all three constructs (Table 2). The
purified 46-, 34-, and 32-kDa proteins all were active in the

1234557

— -4— 46 kDa
34 kDa
=3 kpa

2

FiG. 5. Expression of His-tagged 46-, 34-, and 32-kDa soybean
proteins in baculovirus expression vector pVL1392. Lane 1, protein
size markers; lane 2, protein extract from cells expressing pVL1392—
46M1; lane 3, Ni-purified 46-kDa protein; lane 4, protein extract from
cells expressing pVL1392-34M2; lane 5, Ni-purified 34-kDa protein;
lane 6, protein extract from cells expressing pVL1392-32M3; lane 7,
Ni-purified 32-kDa protein.
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native gel '>’I-syringolide binding assay (Fig. 6). However, the
46-kDa protein had reduced specific syringolide binding (Fig.
6B) in the presence of excess unlabeled ligand. The specific
binding activity detected in insect cells infected with pVL1392—
46M1 probably was contributed by proteolytic fragments of the
46-kDa protein. The purified 34- and 32-kDa proteins both
exhibited ligand-specific syringolide binding activity. This find-
ing suggests that neither deletion of the 10 terminal amino
acids of the 34-kDa protein nor the polyhistidine N-terminal
extension significantly affects specific syringolide binding. In
addition, syringolide binding to cotyledon and imbibed seed
protein extracts was higher than that of leaves (Table 2).
Interference was observed in specific syringolide binding to
the protein extracts of cotyledons and imbibed seeds because
of high lipid content (data not shown).

DISCUSSION

We have demonstrated that the previously reported soybean
allergen P34 (19, 26) is a specific syringolide binding protein.
Although its cellular localization in leaves has not been
investigated, presence of the P34 protein in the soluble fraction
is not surprising because of the amphipathic nature of the
syringolides that allows their diffusion across cell membranes.
The 34-kDa protein is a posttranslationally processed protein
of 379 amino acids. The 122 N-terminal amino acids are
deleted from the preprotein via a single cleavage at the
carboxyl side of an Asn residue, presumably mediated by a thiol
protease present in developing seeds (22). In addition, P34 can
be partially processed further to a 32-kDa protein after seed
germination (Fig. 4; refs. 19, 21, and 22). Interestingly, the level
of P34 is high in soybean seeds and cotyledons but very low in
soybean leaves. This finding mirrors the pattern with legume
lectins, which are produced in large amounts in seeds, appar-
ently as storage proteins, but in very small amounts in vege-
tative tissues. Such lectins have been shown to be important
determinants of recognitional specificity of Rhizobium strains
by plant roots (27). However, P34 may differ from lectins in
terms of posttranslational processing. Why the P34 protein
undergoes processing remains to be determined. It is likely that
the P34 protein has multiple functions such as involvement in
senescence (22) as well as in signal perception (our studies),
and its differential processing may influence its compartmen-
talization and functionality. For example, the 122 terminal
amino acids on the 46-kDa preprotein might play a role in
protein folding and therefore affect syringolide binding spec-
ificity and/or its subsequent function. One intriguing finding,
however, is that both the 34- and 32-kDa proteins possess
syringolide binding activity. The 10 amino acids at the N
terminus of the 34-kDa protein include several basic residues
that are not required for binding activity.

The 34-kDa protein is present in both cultivar Harosoy,
carrying the Rpg4 gene, and cultivar Merit, lacking the Rpg4
gene (Fig. 4). P34 analogs were detected in soybean roots,
stems, suspension cells, and tomato leaves but not in Arabi-

Table 2. Comparison of specific 12°I-syringolide binding activities
of soluble protein extracts from soybean leaves, cotyledons, and
seeds and from insect cells expressing 46-, 34-, and 32-kDa cDNA
fragments (46M1, 34M2, and 32M3, respectively)

Specific binding

Sample activity, fmol/mg
Leaves 37 * 6.1
Cotyledons 72 = 89
Seeds 69 *+113
Insect cells expressing pVL1392 19+ 1.7
pVL1392-46M1 49 =155
pVL1392-34M2 78 *129
pVL1392-32M3 73 =136
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dopsis or tobacco leaves as determined by Western blotting of
soluble extracts (data not shown). P34 does not contain
leucine-rich repeats that are present in many cloned resistance
genes (6). The resistance gene, Pto, is a protein kinase and
appears to interact with elicitor directly but requires a LRR
protein, Prf, for function (12, 13). These observations suggests
that initial elicitor perception may not necessarily be by a
resistance gene protein(s). Similar observations were reported
with the avr9 peptide elicitor in tomato (11). These findings
together are of considerable significance because they indicate
that there is more complexity in elicitor perception than
previously appreciated. Dangl (28) noted similarities between
active defense in higher plants and immune systems in higher
vertebrates, particularly in the major histocompatiblity com-
plex (MHC). One especially interesting feature of the MHC is
antigen presentation to T cells (29, 30). Although it is prema-
ture to speculate about functional analogies between MHC
presentation of antigens and elicitor recognition by plants
expressing particular disease resistance genes, it is nonetheless
likely that elicitor presentation and/or display are important in
plant defense.

The processing requirement for formation of the 34-kDa
protein by a thiol protease and the putative thiol protease
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activity of P34 itself are interesting because of the precedents
for involvement of proteases in processing of signals after
ligand binding, cleavage of transcription factors and prohor-
mones, and in apoptosis (31-33). It will be of interest, for
example, to see whether the putative thiol protease activity of
P34 is important for syringolide binding and induction of the
hypersensitive response, and to know what is the native
substrate of P34.

It is also noteworthy that there were three proteins isolated
from the syringolide affinity gel column (Fig. 2). The 28- and
31-kDa proteins are abundant in vegetative tissues and they
tend to associate with other proteins. Although the 31- and
28-kDa proteins did not have significant syringolide binding
affinity, this does not necessarily rule out their roles in
syringolide-mediated signaling in vivo. For example, it is
possible that they might interact with P34 in the presence of
syringolides. The vegetative storage proteins were reported to
have phosphatase activity (34), and phosphatase activity has
been shown to be involved in elicitor-mediated signal trans-
duction (35, 36). It would be interesting to find out whether the
31- and 28-kDa proteins associate with P34 and whether other
components are present in the native binding complex (Fig.
1B).
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