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Affinity cross-linking of the plasma membrane fraction to an 125I-labeled chitin oligosaccharide led to the identification and
characterization of an 85-kD, chitin binding protein in plasma membrane-enriched fractions from both suspension-cultured
soybean cells and root tissue. Inhibition analysis indicated a binding preference for larger (i.e. degrees of polymerization 5
8) N-acetylated chitin molecules with a 50% inhibition of initial activity value of approximately 50 nm. N-Acetyl-glucosamine
and chitobiose showed no inhibitory effects at concentrations as high as 250 mm. It is noteworthy that the major lipo-chitin
oligosaccharide Nod signal produced by Bradyrhizobium japonicum was also shown to be a competitive inhibitor of ligand
binding. However, the binding site appeared to recognize the chitin portion of the Nod signal, and it is unlikely that this
binding activity represents a specific Nod signal receptor. Chitooligosaccharide specificity for induction of medium
alkalinization and the generation of reactive oxygen in suspension-cultured cells paralleled the binding activity. Taken
together, the presence of the chitin binding protein in the plasma membrane fraction and the specificity and induction of a
biological response upon ligand binding suggest a role for the protein as an initial response mechanism for chitin perception
in soybean (Glycine max).

Cell signaling and the perception of small phyto-
active compounds comprise the basis for communi-
cation between plants and microbes in a number of
widely studied systems. Small, diffusible compounds
from both plants and microbes can initiate a wide
range of biological responses in their respective
counterpart. Chitin perception by plants in response
to microbial invasion plays an integral role in cell
signaling during pathogenesis (Wagner, 1994; Stacey
and Shibuya, 1997). Modified chitin oligosaccharides,
similarly, play a central role in the establishment of a
host-specific symbiosis between legumes and their
rhizobial symbionts (for review, see Cohn et al.,
1998). Although much has been done to elucidate the
numerous responses evoked upon ligand recogni-
tion, relatively little is known about how these sig-
nals are perceived by the host plant. However, it is
apparent that chitin perception by diverse plant spe-
cies shows some similarities (Stacey and Shibuya,
1997). For example, tomato, soybean (Glycine max),
carrot, and rice have been shown to respond to the

application of chitin oligosaccharides (De Jong et al.,
1993; Ito et al., 1997; Felix et al., 1998). These re-
sponses include the induction of mRNA expression
in soybean (Minami et al., 1996a), the depolarization
of the rice plasma membrane (Kuchitsu et al., 1993),
as well as an effect on carrot embryogenesis and
re-initiation of meristematic cell division (De Jong et
al., 1993). Thus, it is likely that most plants possess a
common chitin recognition system.

Nodule formation in legumes involves the recog-
nition of substituted lipo-chitin molecules produced
by the invading rhizobium. Modified in a host-
specific manner, these signal molecules, Nod signals,
induce a number of physiological responses in the
developing root of the legume host (Denarie et al.,
1992; Long, 1996). In previous work (Minami et al.,
1996a, 1996b), we examined the structure/function
relationships of various chitin and lipo-chitin mole-
cules on the expression of two soybean, early nodulin
genes, ENOD40 and ENOD2, as a measure of chitin/
lipo-chitin activity. It was surprising that our results
showed that ENOD40 expression could be induced
by chitopentaose. However, this expression appeared
transient and was localized to the pericycle of the
root stele (Minami et al., 1996a). In contrast, treat-
ment of roots with the major lipo-chitin Nod signal
produced by Bradyrhizobium japonicum, the soybean
symbiont, resulted in sustained ENOD40 expression
localized to both the pericycle and the developing
nodule primordia. Minami et al. (1996b) subse-
quently showed that the induction of ENOD2 expres-

1 This work was supported by the Department of Energy (grant
no. DE–FG02–97ER–20260 to G.S.) and by a research grant from
Bio-oriented Technology Research Advancement Institute (PRO-
BRAIN to N.S.).

2 Present address: National Institute of Agrobiological Re-
sources, Department of Biotechnology, Laboratory of Glycobiol-
ogy, 2–1–2 Kannondai, Tsukuba, Ibaraki 305– 8602, Japan.

* Corresponding author; e-mail gstacey@utk.edu; fax 865–
974 – 4007.

1162 Plant Physiology, July 2001, Vol. 126, pp. 1162–1173, www.plantphysiol.org © 2001 American Society of Plant Biologists



sion required the cooperative action of at least two
structurally distinct signals, one of which had to be
an active lipo-chitin molecule, but the other could be
a chitin oligosaccharide. Taken together, these results
argued for the involvement of two signal recognition
events. One, somewhat non-specific, could recognize
chitin oligomers resulting in the transient expression
of ENOD40. However, the second recognition event
required the specific B. japonicum lipo-chitin Nod
signal. When both recognition systems were acti-
vated, their cooperative effect was evidenced by the
induction of ENOD2 expression. Results from other
laboratories, using different plants and experimental
systems, support the idea of two chitin-signaling
events involved in nodule initiation (Ardourel et al.,
1994; Geurts and Franssen, 1996; Felle et al., 2000).

The impetus for the study described here was the
identification of a chitin recognition site that could
mediate the first response described above. Using an
affinity cross-linking method, we identified an 85-kD
protein in plasma membrane-enriched fractions from
both soybean suspension-cultured cells and root tis-
sue. The selectivity of chitin oligomer binding to mem-
brane fractions mimicked that previously seen in rice
(Shibuya et al., 1996) as well as the previously identi-
fied chitin binding site in tomato (Baureithel et al.,
1994). The specificity of induction of medium alkalin-
ization and the generation of reactive oxygen (ROX)
paralleled chitin binding at the soybean plasma mem-
brane surface. Therefore, the soybean chitin binding
site may represent a member of a conserved family of
chitin binding proteins responsible for the onset of
certain plant-microbe interaction responses in plants.
The common thread that unites all of the above-
mentioned responses is that in each plant system,
whether leguminous or non-leguminous, there ap-
pears to be a common perception mechanism for
chitin oligosaccharides.

RESULTS

Preparation of Radiolabeled Chitin
Oligosaccharide Ligands

An aminophenyl group was conjugated to both
N-acetylchito-pentaose and N-acetylchito-octaose by
reductive amination with 2-(4-aminophenyl) ethyl-
amine (APEA) according to the method of Ito et al.
(1997). The structure of the synthesized ligands is
shown in Figure 1. The ligands, 1-(2-(4-aminophenyl)
ethyl) amino-1-(tetra-N-acetylchitotetraosyl)-N-ace-
tyldeoxyglucosaminitol (GN5-APEA), and 1-(2-(4-
aminophenyl) ethyl) amino-1-(hepta-N-acetylchito-
heptaosyl)-N-acetyldeoxyglucosaminitol (GN8-APEA),
were purified by gel-filtration, cation-exchange chro-
matography, and reverse-phase HPLC as previously
described (Ito et al., 1997; data not shown).

Identification of a Chitin Binding Site in the Soybean
Plasma Membrane

The perception and response of soybean to purified
nodulation signals produced by B. japonicum, as well
as to purified chitin oligosaccharides have been well
documented (Carlson et al., 1993; Stokkermans et al.,
1995; Minami et al., 1996a, 1996b). To further define
the structural requirements of chitin recognition in
soybean, we investigated the binding affinities of a
number of chitin oligosaccharides for a high-affinity
binding site localized in the soybean plasma mem-
brane. We used two different modified chitin oligo-
saccharides, GN5-APEA and GN8-APEA. Binding of
the APEA-ligands was monitored using plasma
membrane enriched fractions from both suspension-
cultured cells, as well as 5-d root tissue. As can be
seen in Figure 2A, specific binding of GN8-APEA to
plasma membrane-enriched fractions isolated from
suspension-cultured soybean cells was saturable at a
ligand concentration of approximately 100 nm. Li-
gand binding to plasma membrane purified from 5-d
root tissue showed a similar pattern of saturation
(data not shown). Saturation of ligand binding was
determined in the presence (Fig. 2A, non-specific
binding) and absence (Fig. 2A, total binding) of an
unlabeled, competitive inhibitor, (GlcNAc)7, to deter-
mine non-specific and total binding, respectively.
Specific binding was calculated as the difference in
these two values. Binding of GN5-APEA to plasma
membrane enriched fractions from both suspension-
cultured cells and root tissue showed a similar pat-
tern of saturable binding to that obtained with the
GN8-APEA ligand (data not shown). To ensure that
hydrolysis of the APEA-ligands had not occurred
during the binding reactions, thin-layer chromatog-
raphy of the ligands was performed following incu-
bation with plasma membrane. Based on the relative
mobility of the extracted ligands when compared with
125I-labeled APEA ligands that were not incubated

Figure 1. Structure of ligands used in saturation kinetic analysis,
inhibition analysis, and affinity cross-linking studies. A, b-1,4-Linked
N-acetylchitooligosaccharide. B, Chitin-APEA ligand. APEA-ligands
were synthesized using either (GlcNAc)5 or (GlcNAc)8 as substrates
for reductive amination. Iodination of the APEA-ligand was per-
formed with carrier-free [Na1]-125I, using Iodogen as a solid phase
catalyst.

Chitin Binding Site in Soybean

Plant Physiol. Vol. 126, 2001 1163



with membrane fractions, we can concluded that sig-
nificant hydrolysis (.1%) did not occur during the
binding reaction (data not shown).

Scatchard and Hill Plot Analysis

Scatchard analysis (Scatchard, 1949) of [125I]-GN5-
APEA and [125I]-GN8-APEA binding to the plasma
membrane preparations from both suspension-
cultured cells, as well as root tissue, indicated the
presence of a specific binding site for chitin oligosac-
charides. Data obtained using [125I]-GN8-APEA
yielded a Kd (dissociation constant) of 35 nm and a
Bmax of 12.2 fmol mg21 protein for suspension-
cultured cells (Fig. 2B, I). Binding of GN8-APEA to
plasma membrane preparations from root tissue in-
dicated a Kd of 47 nm and a Bmax of 7.6 fmol mg21

protein (Fig. 2B, II). In both cases, the data identify a
high-affinity binding site for chitin at the plasma
membrane surface. The slight difference in the Kd
value may be due to differences in homogeneity of
the preparations and, therefore, is not evidence for
the presence of two distinct sites. The Hill coefficient
for all Scatchard data, with an average value of ap-
proximately 0.93 (data not shown), indicated an ab-
sence of cooperative binding (Hill, 1913). Similar
analysis of GN5-APEA binding to plasma membrane
suspension-cultured cells yielded a Kd of 58 nm and
a Bmax of 9.2 fmol mg21 protein (data not shown).
Using plasma membrane from root tissue, these val-

ues were 75 nm and 11.3 fmol mg21 protein for Kd
and Bmax, respectively (data not shown).

Inhibition Analysis of Chitin Binding

The biological action of the lipo-chitin Nod signal
in the legume-rhizobium symbiosis exhibits a strict
specificity with regard to the chemical structure of
the signal molecule. To determine if chitin perception
at the soybean plasma membrane surface demon-
strated this same preference, we performed a analy-
sis of chitin binding in the presence of competing
chitin oligomers (degrees of polymerization [d.p.] 5
1–8). As can be seen in Figure 3A, inhibition of chitin
binding proceeded in a size-dependent fashion. The
larger chitin oligosaccharides were better inhibitors
of ligand binding to plasma membrane isolated from
suspension-cultured soybean cells (Fig. 3A). In all
cases, the N-acetylchitooctaose showed complete in-
hibition of ligand binding at a concentration of 25 mm
(ID50 approximately 50 nm), indicating a high degree
of preference for the chitooctaose. Figure 3B shows
the result of [125I]-GN5-APEA inhibition analysis us-
ing soybean suspension cell plasma membrane.
Again, inhibition of chitin binding was size-
dependent with chitooctaose (ID50 approximately 80
nm) being the best inhibitor of ligand binding. In
addition, GlcNAc and N-acetylchitobiose were
shown to have no inhibitory effect on ligand binding
at concentrations as high as 250 mm (data not shown),

Figure 2. Binding of 125I-(GlcNAc)8-APEA ligand to purified plasma membrane is saturable and of high affinity. A, Plasma
membrane (approximately 20 mg of total protein) was incubated with an increasing amount of [125I]-(GlcNAc)8-APEA ligand
in the presence (E, non-specific) or absence (l, total binding, 4–5,000 cpm in each experiment) of unlabeled competitor,
(GlcNAc)7. Specific binding (f) was calculated as the difference between total and non-specific binding. For each
concentration, the data are presented as the percentage of total binding (without unlabeled competitor) measured at
saturation (i.e. 100 nM ligand). Similar data were obtained using [125I]-(GlcNAc)5-APEA as the ligand (data not shown). B,
Scatchard analysis. Data obtained using plasma membrane from suspension-cultured soybean cells (I) or 5-d-old root tissue
(II). r, Amount of bound ligand; c, concentration of free ligand.
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thereby, suggesting that there is a size minimum for
binding inhibition. In addition to assessing the inhib-
itory effect of chitin binding by various chitin oligo-
saccharides, de-acetylated chitin oligosaccharides
(chitosan) at concentrations as high as 250 mm were
also tested for their ability to inhibit ligand binding.
None of the chitosan oligomers (d.p. 5 2–8) had an
inhibitory effect on ligand binding (data not shown).

The Major Lipo-Chitin Nod Signal from B. japonicum
Inhibits [125I]-GN5-APEA Binding to the Plasma
Membrane of Soybean

The structural requirements for inhibition of chitin
binding to the soybean plasma membrane suggest
that Nod signals may also inhibit binding. Therefore,
we tested the ability of the major B. japonicum Nod
signal [i.e. NodBjV(C18:1D11, Me-Fuc)] to inhibit
chitin binding to soybean plasma membrane. Figure
4A shows the pattern of inhibition of [125I]-GN5-

APEA binding to root plasma membrane in the pres-
ence of unmodified chitin oligosaccharides. This pat-
tern of inhibition was similar to that described in
Figure 3 with oligosaccharides of a greater degree of
polymerization (i.e. d.p. 5 8) being better inhibitors
of ligand binding. As shown in Figure 4B, inhibi-
tion of [125I]-GN5-APEA binding to soybean root
plasma membrane was also observed using the Nod
signal. However, the level of inhibition was less than
that of the structurally similar N-chitopentaose. With
an IC50 value of approximately 10 mm, the major Nod
signal produced by B. japonicum was similar to chi-
totetraose in its ability to inhibit chitin binding to the
plasma membrane of soybean.

Figure 3. Inhibition of chitin oligosaccharide binding to a plasma
membrane-enriched fraction from soybean proceeds in a size-
dependent manner. Ten picomoles of [125I]-(GlcNAc)8-APEA ligand
(A) or [125I]-(GlcNAc)5-APEA (B) were incubated with plasma mem-
brane (approximately 20 mg of total protein) isolated from soybean
suspension-cultured cells in the presence of increasing amounts of
inhibitor chitin oligosaccharide. l, Octamer; f, heptamer; Œ, hex-
amer; 3, pentamer; E, tetramer; F, trimer. Data from a single ex-
periment (in triplicate) are shown (SD 6 5%). Numerous replicates
gave identical results.

Figure 4. Inhibition of [125I]-(GlcNAc)5-APEA binding by the major
lipo-chitin Nod signal produced by B. japonicum. Ten picomoles of
[125I]-GN5-APEA was incubated with 5-d-old root plasma membrane
(20 mg of total protein) in the presence of increasing amounts of
chitin oligosaccharides or Nod signal, NodBjV(C18:1D11, Me-Fuc).
A, Inhibition analysis of [125I]-GN5-APEA binding to plasma mem-
brane isolated from 5-d-old G. soja roots. l, Octamer; f, heptamer;
Œ, hexamer; 3, pentamer; E, tetramer; F, trimer. Data from a single
experiment (in triplicate) are shown (SD 6 5%). Numerous replicates
gave identical results. B, Inhibition of [125I]-GN5-APEA binding by
the major lipo-chitin Nod signal produced by B. japonicum strain
USDA110. l, Octamer; 3, pentamer; F, trimer; ‚, Nod signal. Data
from a single experiment (in triplicate) are shown (SD 6 5%). Nu-
merous replicates gave identical results.
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Affinity Cross-Linking of GN8-APEA to Plasma
Membrane-Enriched Fractions from Soybean

To identify the high-affinity chitin binding site, an
affinity cross-linking method was used (Ito et al.,
1997). SDS-PAGE analysis showed the presence of a
major band of approximately 85 kD with minor bands
at approximately 14 and approximately 150 kD (Fig.
5A). The major band at 85 kD is similar in size to a
chitin binding protein previously described in rice (Ito
et al., 1997). The largest band, 150 kD, may represent a
dimer of the 85-kD protein. The smaller band may be
a proteolytic fragment of the major band. In the pres-
ence of a 250-fold molar excess (25 mm) of competitive
(GlcNAc)7 inhibitor, no signal was detected, indicat-
ing saturation of the binding site.

The binding affinity of [125I]-GN5-APEA was fur-
ther evaluated by examining the concentration-
dependence of affinity cross-linking to the 85-kD
binding site. As shown in Figure 5B, binding of the
radiolabeled ligand was reduced in the presence of
decreasing ligand concentrations. Quantification of
the relative intensities of the labeled ligands was
performed by autoradiography using a phosphor
screen, and further analyzed using image analysis
software. Computer analysis indicated that the li-
gand concentration required for a half-maximal bind-
ing (approximately 33 nm) was in rough agreement
with the Kd value obtained by Scatchard analysis
(Kd 5 47 nm; Fig. 2B) and the IC50 values shown in
Figure 3. Therefore, this 85-kD protein may be re-
sponsible for the chitin binding activity measured in
the soybean plasma membrane-enriched fractions.

Generation of ROX in Suspension-Cultured Soybean
Cells by N-Acetylchitooligosaccharides

To correlate the presence of a chitin binding site
with a biological response, the generation of ROX in
response to chitin elicitation was monitored by the
luminol-chemiluminescence assay (Anderson et al.,
1991). As can be seen in Figure 6, ROX was generated
in suspension-cultured soybean cells upon treatment
with purified chitin oligosaccharides. The generation
of ROX was directly dependent on the degree of
polymerization of the chitin oligomers. The pattern
of the response to chitin oligomers shown in Figure 6
is similar to the specificity of the chitin binding site in
the plasma membrane (Fig. 3A) in that, in both cases,
the larger chitin oligosaccharides (i.e. [GlcNAc]8)
were preferred. Furthermore, (GlcNAc) and (Glc-
NAc)2, which lacked the ability to inhibit [125I]-GN8-
APEA binding to plasma membrane preparations,
were also incapable of eliciting production of ROX
(Fig. 6). However, unlike the binding assays, the ROX
response to (GlcNAc)4, (GlcNAc)5, and (GlcNAc)6
did not differ significantly. Differences in the ROX
response to (GlcNAc)7 and (GlcNAc)8 was also not
significant. These data suggest that a specific thresh-
old must be exceeded for a ROX response and this
differs depending on the chitin oligomer used. The
levels of ROX production shown in Figure 6 are
similar to the levels previously reported using rice
suspension-cultured cells in response to chitin elici-
tation (Kuchitsu et al., 1993; Minami et al., 1996c;
Shibuya et al., 1996).

Figure 5. Affinity cross-linking of 125I-(GlcNAc)-APEA ligand to the plasma membrane-localized 85-kD-binding protein. A,
Plasma membrane was incubated in the presence of 10 pmol of 125I-(GlcNAc)8-ligand in the presence (1Inhib) or absence
(2Inhib) of chitin oligosaccharide inhibitor (GlcNAc)7, (250 molar excess). Cross-linking was performed using 2% (v/v)
glutaraldehyde/NaCNBH3 as the cross-linking agent. Fractions were separated on a 12% (v/v) SDS gel and visualized using
a phosphor-imaging system. B, Ligand concentration dependence of affinity cross-linking. Plasma membrane (20 mg of total
protein) from 5-d-old soybean roots was incubated in the presence of increasing concentrations of [125I]-GN5-APEA (1–10
pmol/100 mL). The membranes were subjected to a cross-linking reaction as described in A and the solubilized proteins were
analyzed by SDS-PAGE. No labeling of the 85-kD binding site was observed when unlabeled competitive inhibitor was
included as described in A (data not shown).
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N-Acetylchitooligosaccharides Induce Alkalinization of
Culture Medium of Soybean Suspension Cells in a
Size-Dependent Manner

Alkalinization of the culture medium of suspension-
cultured plant cells has been reported as an early
response to microbial infection (He et al., 1998), as
well as to the perception of purified chitin-
oligosaccharide elicitors (Kuchitsu et al., 1993; Bau-
reithel et al., 1994; Minami et al., 1996c). To determine
if perception of chitin oligosaccharides by soybean
suspension cells induces a rapid alkalinization of the
culture medium, chitin oligosaccharides of varied
degrees of polymerization were tested for their abil-
ity to induce a change in pH (DpH) of the medium
upon elicitor treatment. As seen in Figure 7B,
N-acetylchitooligosaccharides induced the alkalin-
ization of the culture medium of soybean suspension
cells in a size-dependent manner. To ensure a direct
comparison of the different measurements, only the
change in pH is given. Treatment of soybean cells
with chitin oligosaccharides of a greater degree of
polymerization (i.e. [GlcNAc]8) induced a greater
DpH, as compared with N-acetylchitooligosaccha-
rides of a lesser degree of polymerization (i.e. [Glc-
NAc]1). Further supporting the specificity of the
chitin binding site, treatment of suspension cells with
equal molar amounts of chitosan, the de-acetylated
chitin oligosaccharide, resulted in no measurable DpH
of the culture medium ([GlcNH2]7, Fig. 7B).

To determine if the major lipo-chitin Nod signal, a
modified chitin pentamer, produced by B. japonicum
was capable of inducing a rapid alkalinization of
suspension-culture medium similar to that of chitin
oligosaccharides, cells were treated with 5 mm of
purified Nod signal. Treatment of soybean suspen-
sion cells with Nod signal resulted in rapid medium-
alkalinization similar in degree (e.g. DpH) to that
when cells were treated with (GlcNAc)4 or (GlcNAc)5

(Fig. 7A). These results suggest that chitin perception
by the plasma membrane-localized chitin binding
protein and the resultant alkalinization of the culture
medium is dependent upon the degree of polymer-
ization of the chitin backbone, and modifications to
the oligosaccharide (e.g. fucosylation and acylation)
do not appear to influence the specificity in terms of
both binding (Fig. 4B) and the induction of a biolog-
ical response (Fig. 7A).

DISCUSSION

The perception of chitin oligosaccharides has been
shown to evoke a wide range of responses in a num-
ber of plant species (Cosio et al., 1988; De Jong et al.,
1993; Minami et al., 1996a, 1996b, 1996c). In soybean,
Minami et al. (1996a) showed that chitin oligomers
could induce the transient expression of the early
nodulin ENOD40. This suggested that a chitin bind-
ing protein could be involved in the nodulation re-
sponse in soybean. We sought to identify such a
binding site using an 125I-labeled chitin ligand. Two
ligands were used, GN5-APEA and GN8-APEA. The
first of these ligands matches in size the most active
chitin oligomer involved in ENOD40 induction in
soybean (Minami et al., 1996a). The second ligand is
identical to that shown to be the most active in the
binding to the rice plasma membrane (Ito et al., 1997).
We analyzed the response of suspension-cultured
cells to chitin since such cells are easily manipulated
and have been widely used for studies of microbial
elicitors. In addition, we analyzed tissue from 5-d-old
roots since it is root tissue that responds to the Nod
signals. In both cases, the binding of the [125I]-chitin
ligands demonstrated relatively high affinities (e.g. Kd
of 35 and 47 nm in suspension cells and root cells,
respectively, using [125I]-GN8-APEA as a ligand).
Binding of [125I]-GN5-APEA to plasma membrane-
enriched fractions from both root tissue and
suspension-cultured soybean cells also demonstrated
a high affinity (i.e. 58–75 nm, data not shown). These
Kd values compare favorably with those reported for
chitin binding to rice (i.e. 29 nm; Shibuya et al., 1996)
and tomato cells (i.e. 28 nm; Baureithel et al., 1994).
These values also compare favorably with the lipo-
chitin binding sites reported from the membrane prep-
arations from Medicago (i.e. NFBS1, 86 nm and NFBS2,
2 nm, respectively; Bono et al., 1995; Gressent et al.,
1999).

In soybean, the cellular responses of the develop-
ing root to modified lipo-chitin oligosaccharides re-
sult in the development of a new organ, the nodule
(for review, see Cohn et al., 1998). Nodule initiation
in legumes is triggered by a specific lipo-chitin Nod
signal produced by the compatible rhizobium. The
size-specificity for Nod signal perception follows a
strict requirement for oligosaccharides with a degree
of polymerization of 3 to 5 b-1,4-linked GlcNAc res-
idues. In addition, chemical modifications to both the

Figure 6. Generation of ROX in suspension-cultured soybean cells
by N-acetylchitooligosaccharides. Suspension-cultured soybean
cells were incubated in the presence or absence (dH2O) of 1 mM

chitooligosaccharides of varied degrees of polymerization and as-
sayed for the generation of ROX species. In the presence of both the
(GlcNAc)7 and (GlcNAc)8 oligomers, a significant production of
H2O2 was observed. The biological response to chitin was size-
dependent with chitin oligomers of a lesser degree of polymerization
being weak activators of an oxidative response. Data represent the
average of three independent trails in triplicate.
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reducing and non-reducing ends of the Nod signal
are important host-specificity determinants of the
legume-Rhizobium interaction (van Rhijn and
Vanderleyden, 1995; Pueppke, 1996). Bono et al.
(1995), and more recently Gressent et al. (1999), used
a 35S-labeled molecule to identify and characterize a
Nod signal-binding activity in membrane fractions
prepared from alfalfa roots. In the case of Nod signal
binding to Medicago suspension-cultured cells, there
appeared to be two distinct binding sites. The first
site, termed NFSB1 (Nod factor binding site 1), ex-
hibited a saturable and reversible binding of Nod
signals, with an affinity (Kd) of 86 nm. The second
site, termed NFSB2, displayed a high degree of spec-
ificity for modified lipo-chitin Nod signals, suggest-
ing that the recognition was determined by the lipid
and oligosaccharide structural elements. It is inter-
esting that the presence of two binding sites, which
exhibit differing affinities for ligand binding is con-
sistent with the presence of two recognition events
involved in nodule initiation (Ardourel et al., 1994;
Minami et al., 1996a, 1996b). In the case of lipo-chitin

perception in Medicago, NFBS1 may represent a non-
specific site present in both legumes and non-
legumes, whereas NFBS2 may be responsible for the
perception of host-specific/modified lipo-chitin Nod
signals.

In soybean, the situation may be different from
alfalfa since Minami et al. (1996a) showed that chitin
oligomers could induce the transient expression of
the early nodulin ENOD40. This suggested that a
chitin binding protein could be involved in the nod-
ulation response in soybean. We sought to identify
such a binding site using [125I]-labeled GN5-APEA
and GN8-APEA ligands. Our data suggest that both
ligands apparently interact with the same binding
site on the soybean plasma membrane. Competition
using chitin oligomers of increasing length indicate
that the soybean chitin binding site prefers larger
chitin oligomers. These results are very similar to
what has been shown for chitin binding to rice mem-
branes (Minami et al., 1996c; Shibuya et al., 1996; He
et al., 1998).

Figure 7. Alkalinization of soybean suspension cell culture medium in response to chitin oligomers. Seven-hundred
milligrams of suspension-cultured cells was incubated in the presence of 5 mM chitooligosaccharides of various degrees of
polymerization or B. japonicum Nod signal, and the culture medium was monitored for a change in pH (DpH). The
magnitude of DpH was shown to be directly dependent upon the degree of polymerization of the chitin backbone with larger
oligomers (i.e. [GlcNAc]8) inducing the greatest DpH. All data were normalized for cell mass. DpH was calculated based
upon an initial pH (T0) of 5.5. A, Representative tracing of the raw data of selected oligosaccharide and Nod signal treated
cells. Cells were monitored for approximately 30 min following elicitor treatment at 25°C. pH changes were calculated
based on standard pH shifts using K-phosphate buffers of varying pH. B, Normalized expression based on the magnitude of
DpH based on fresh cell weight. Data are presented as the relative pH change compared with (GlcNAc)8, which elicited the
largest DpH compared with all elicitors tested. The results shown are the average of three independent measurements.
Sample SD 6 5%. T0, Time of elicitor treatment.
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Soybeans can be infected with fungal pathogens
and respond with a defense response (e.g. Okinaka
et al., 1995). Therefore, one might expect the pres-
ence of a chitin perception system that would help
mediate such a response. As shown in Figure 6,
chitin does elicit a potent oxidative burst response
in soybean cells. Moreover, the specificity of this
response generally matches the specificity of chitin
binding in that larger chitin oligomers are more
active. It is similar that perception of chitin oligo-
saccharides by suspension-cultured soybean cells
induces a rapid alkalinization of the culture me-
dium in a size-dependent fashion, which more
closely matches the chitin binding (Fig. 7). The cor-
relation between the structural specificity of chitin
binding to the plasma membrane and the biological
responses evoked upon perception of these elicitors
suggests a role for chitin oligosaccharides in an
elicitor-signaling pathway (He et al., 1998). By anal-
ogy to better studied systems in rice and other
plants, the 85-kD chitin binding protein found in the
plasma membrane is an excellent candidate for a
chitin receptor involved in mediating the soybean
response to chitin elicitation.

There have been reports suggesting that an incom-
patible Rhizobium (i.e. inoculated onto a heterologous
host) might induce a defense response that could
inhibit nodulation (Bhagwat et al., 1999). Such a
mechanism could play an important role in deter-
mining the host specificity of rhizobia. Although pre-
ferring the larger oligomers, the plasma membrane
chitin binding protein did recognize smaller chitin
oligomers. Competition experiments using purified
B. japonicum Nod signal as a competitive inhibitor of
both GN5-APEA and GN8-APEA binding to plasma
membrane fractions from soybean suggests that the
B. japonicum Nod signal interacts with the high affin-
ity chitin binding site localized in the plasma mem-
brane of soybean (Fig. 4) and is capable of eliciting a
phytoactive defense response in suspension-cultured
cells (Fig. 7). In both cases, the response elicited by
Nod signal treatment is similar to that elicited by the
structurally similar chitotetraose and chitopentaose
molecules. The ability of both chitin oligosaccharides
and rhizobial Nod signals to interact with the same
binding site suggests that the chitin backbone is the
common element perceived by the soybean chitin
binding protein. Thus, based on the structural simi-
larities between the lipooligosaccharide Nod signals
and chitooligosaccharides, it is theoretically possible
that incompatible Nod signals could induce a defense
response.

Our data indicate that chitin molecules of a lesser
degree of polymerization (i.e. d.p. 5 5) are relatively
poor competitors for ligand binding. The data indi-
cate that the Nod signal has low affinity for the
chitin binding site and, therefore, it is unlikely that
this site is the long sought after Nod signal receptor.
It seems unlikely that the chitin binding protein

found in the soybean plasma membrane mediates a
nodulation-related response to Nod signals. How-
ever, the ability of the major lipo-chitin Nod signal
from B. japonicum to inhibit chitin binding to the
plasma membrane of soybean (Fig. 4), albeit at a
relatively low affinity, suggests that there might be
some structural elements that are common to both
Nod signal and chitin perception. Diaz et al. (2000)
recently reported that both modified rhizobial Nod
signals as well as unmodified chitin oligosaccha-
rides could induce cortical cell divisions in red clo-
ver (Trifolium pratensis) roots transformed with the
Pisum sativum lectin (PSL). This study demonstrated
that the oligochitin backbone was sufficient for the
induction of cortical cell divisions in clover roots,
arguing that Nod signal and chitin perception may
share a common recognition event. It is interesting
that this report also showed that chitin oligosaccha-
rides of a lesser degree of polymerization (e.g. chi-
totriose), as well as de-N-acetylated chitin oligosac-
charides (e.g. chitosan oligosaccharides) were less
active than the larger N-acetylchitooligosaccharides
in inducing cortical cell divisions. Application of
GlcNAc failed to induce cortical cell divisions, sug-
gesting the requirement for a minimum degree of
polymerization of the chitin backbone. These results
compare favorably with our data, which demon-
strate the structural specificity for chitin binding to
the soybean plasma membrane.

The characterization of a plasma membrane-
localized binding site in soybean will provide us with
a foundation from which we can further define the
mode of action of chitin, as well as the perception of
modified lipo-chitin oligosaccharides in soybean. The
specificity of the chitin binding site identified in this
study argues that it most likely does not play a
specific role in lipo-chitin Nod signal recognition.
However, binding specificity did match that of a
chitin-elicited defense response (i.e. generation of
ROX and medium alkalinization). Since these re-
sponses are well accepted as initial steps in a defense
response to pathogen invasion, we propose that the
chitin binding protein identified likely plays a role in
eliciting a defense response against invading fungal
pathogens (compare Cheong and Hahn, 1991;
Cheong et al., 1993).

MATERIALS AND METHODS

Chemicals

Chitin and chitosan oligosaccharides were obtained
from Seikagaku America (Falmouth, MA). Na-125Iodine
was purchased from ICN (Costa Mesa, CA). [14C]Methyl-
ated proteins were purchased from Amersham Life Sci-
ences (Arlington Heights, IL). 2-(4-Aminophenyl) ethyl-
amine (APEA) was purchased from Aldrich Chemicals
(Tokyo). Protease inhibitors, salicylhydroxamic acid, and
phenylmethylsulfonyl flouride were obtained from Sigma
(St. Louis). DNA primers were purchased from Integrated
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DNA Technologies (Coralville, IA). All other reagents were
obtained from Fisher Scientific (Pittsburgh).

Purification of Plasma Membrane-Enriched
Fractions from Both Suspension-Cultured
Cells and Root Tissue

Soybean (Glycine max cv Essex) seeds were surface ster-
ilized as described previously (Sanjuan et al., 1992) and
germinated in the dark at 28°C for 5 d on moist, sterile
Whatman filter paper. After 5 d, roots were excised, frozen
in liquid nitrogen, and stored at 280°C. Approximately
12,000 roots were collected to yield 200 g (fresh weight) of
plant material. Suspension-cultured soybean cells of G. max
SB-1, derived from G. max (L.) Merr. cv Mandarin root
tissue, were maintained in a modified B5 medium (13 B5
basal salt mixture (Sigma) 1 2% [v/v] Suc, 13 B5 vitamins,
pH 5.5) at 28°C, according to the method of Ho et al. (1988).
Suspension cultured soybean cells of G. max cv Enrei de-
rived from root tissue were maintained in a similar man-
ner. Cells were harvested 10 d after transfer to fresh me-
dium, frozen in liquid nitrogen, and stored at 280°C until
use. Approximately 200 g (fresh weight) of either
suspension-cultured cells or 5-d-old roots were used as
starting material for the isolation of plasma membrane-
enriched fractions. Tissue was homogenized in homogeni-
zation buffer (0.3 m Suc, 50 mm MES [2-(N-morpholino)-
ethanesulfonic acid]-Tris, pH 7.6, 5 mm EDTA, 5 mm
EGTA, 20 mm NaF, 1 mm dithiothreitol, 4 mm salicylhy-
droxamic acid, 2 mm phenylmethylsulfonyl flouride, 2.5
mm Na2S2O5, 0.5% [v/v] bovine serum albumin) on ice for
30 min. After homogenization, cells were lysed at 1,000
p.s.i. in a French pressure cell press (American Instrument
Company, Silver Spring, MD). Following lysis, the homog-
enate was centrifuged at 4,000g for 10 min at 4°C. The
supernatant was then subjected to an additional centrifu-
gation at 4°C for 10 min at 15,000g. The resultant superna-
tant was then centrifuged at 100,000g for 1 h at 4°C in a Ti65
fixed angle rotor (Beckman Instruments, Fullerton, CA).
After ultra-centrifugation, the microsomal fraction was re-
suspended in microsomal fraction buffer (0.25 m Suc 1 10
mm sodium phosphate, pH 7.8) and homogenized using a
hand-held Potter homogenizer. In both cases, plasma
membrane-enriched fractions were prepared by aqueous
two-phase partitioning using dextran T500 and polyethyl-
eneglycol 3,500 according to the method of Shibuya et al.
(1996). Further details on purification and assays for mem-
brane purity can be found in Day et al. (2000). The plasma
membrane-enriched fraction was resuspended in 1 mL of
plasma membrane buffer {0.25 m Suc 1 5 mm HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-bis-
trispropane, pH 7.0 1 0.1 m dithiothreitol}. Typically, 3 to
5 mg of plasma membrane-enriched fractions were ob-
tained from 200 g of cells (fresh weight). Protein concen-
trations were determined using the BCA Protein Assay
(Pierce Chemical, Rockford, IL), using bovine serum albu-
min standards. In all assays, the quantity of plasma mem-
brane is based on protein determination.

Synthesis of [125I]-Labeled Aminophenyl Derivatives of
N-Acetylchitopentaose and N-Acetylchitooctaose

The chitin pentamer (GN5-APEA) and chitin octamer
(GN8-APEA) aminophenyl conjugate ligands used in the
binding assays were prepared and purified as previously
described using a reductive amination reaction. (Ito et al.,
1997). Iodination of the GN5-APEA and GN8-APEA ligands
was performed using Iodogen (Pierce Chemical) as the
oxidizing agent. Two microliters of either GN5-APEA or
GN8-APEA (1-mm stock) and 10 mL of 0.5 m sodium phos-
phate buffer (pH 7.5) were mixed in a glass test tube,
precoated with 50 mg of Iodogen. Five microliters of Na-[125

I] (16.3 3 105 Bq) (ICN Radiochemicals) was added to the
mixture and incubated at room temperature for 1 h. After
incubation, 5 mL of 0.1 m unlabeled NaI were added to the
reaction tube and incubated for 5 min. The mixture was
applied to a Poly Prep AG 1 3 8 column (Bio-Rad Labora-
tories, Hercules, CA) and eluted with distilled water. The
radioactive, unbound fractions were stored at 220°C until
use for affinity cross-linking and binding assays.

GN5-APEA and GN8-APEA were typically radio-
iodinated to a specific activity of 1.8 3 109 Bq mmol21 for
use in binding assays, inhibition analysis, and affinity
cross-linking of the plasma membrane enriched fraction.

Isolation of Lipo-Chitin Nod Signals Produced by
Bradyrhizobium japonicum

The lipo-chitin Nod signal from B. japonicum strain
USDA110 was purified according to the method of Sanjuan
et al. (1992). The identity and purity of the Nod signal
preparations was verified by mass spectrometry (data not
shown). The B. japonicum Nod signal is a chitin pentamer,
acylated at the non-reducing end with vaccenic acid, and
substituted at the reducing end with 2-O-methyl-Fuc [i.e.
BjNodV(C18:1; mefuc)].

Binding Assays and Inhibition Analysis

Binding assays were performed according to Shibuya et
al. (1996) with slight modifications. In most cases, 20 mg of
plasma membrane (equivalent to 20 mg of protein) was
mixed with 10 pmol of either [125I]-GN5-APEA or [125I]-
GN8-APEA, and the final volume was adjusted to 300 mL
with binding buffer (25 mm Tris-HCl [pH 7.0] 1 1 mm
MgCl2, 1 m NaCl, 2 mm dithiothreitol). For inhibition anal-
ysis, an appropriate amount of unlabeled chitin oligosac-
charide or chitosan oligosaccharide was added to the reac-
tion mixture. The reaction mixture was directly applied to
a Durapore membrane filter (Multiscreen-GV 96-well fil-
tration plate, 0.22 mm, Millipore, Bedford MA). A vacuum
was applied to the membrane, and the samples were
washed twice with 200 mL of wash buffer (25 mm Tris-HCl
[pH 7.0] 1 MgCl2, 2 mm dithiothreitol). Radioactivity re-
tained on the membranes, which corresponds to bound
ligand, was counted on a gamma counter (RiaGamma 1274
system, LKB Wallac Oy, Finland).
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Thin Layer Chromatography of APEA
Ligands following Binding Analysis

To ascertain the structural integrity of the APEA ligands
following the binding assays, the ligands were extracted
from the binding reactions and analyzed by thin-layer
chromatography (TLC). Binding assays were performed as
described above, using either GN5-APEA or GN8-APEA.
The reaction mixture was centrifuged at 41,000 rpm for 30
min (TLA 100.2 fixed-angle rotor, Beckman Instruments).
Following centrifugation, the supernatant was removed to
a sterile Eppendorf tube and stored at room temperature
until TLC analysis. The pellet was washed once with 500
mL of binding buffer and then resuspended in 200 mL
N-butanol. The tube was vortexed vigorously for 20 s and
then centrifuged at 41,000 rpm for an additional 30 min.
After centrifugation, the supernatant was transferred to a
sterile Eppendorf tube and dried under filtered N2 gas. The
dried extract was resuspended in 50 mL of dH2O. Ten
microliters of each extract was spot inoculated onto a
normal-phase silica TLC plate (Sigma). The dried plate was
developed in 100% (v/v) acetonitrile. After chromatogra-
phy, the plate was air-dried and exposed to X-omat AR
x-ray film (Kodak, Rochester, NY) for 7 d.

Affinity Cross-Linking

Affinity cross-linking of the [125I]-GN5-APEA and [125I]-
GN8-APEA ligands to the plasma membrane or the micro-
somal fraction was performed in a manner similar to the
binding assays. After 1-h incubation on ice, the reaction
mixture was centrifuged at 41,000 rpm for 30 min (TLA
100.2 fixed-angle rotor, Beckman Instruments). The pellet
was washed once with 1 mL of binding buffer, followed by
1 mL of distilled water. The pellet was then resuspended in
50 mL of phosphate-buffered saline (pH 7.4). Two-hundred
microliters of 2.5% (v/v) glutaraldehyde, and 50 mL of Na-
CNBH3 (1 mg mL21) were added to the reaction tube. The
reaction was incubated at room temperature (25°C) for 1 h.
After incubation, the mixture was centrifuged at 41,000
rpm for 30 min. The pellet was washed twice with 1 mL of
binding buffer, followed by two washes each with 1 mL of
phosphate-buffered saline. The pellet was re-suspended in
50 mL of SDS sample buffer and analyzed by SDS-PAGE
according to the method of Laemmli (1970) using 12%
(v/v) acrylamide. Dried gels were analyzed by autoradiog-
raphy using a phosphor screen processed on a Storm 840
Optical Scanner (Molecular Dynamics, Sunnyvale, CA).
Images were analyzed using ImageQuant software (Molec-
ular Dynamics). Quantification of the relative intensities of
the labeled bands was done by autoradiography using an
Instant Imager Electronic Autoradiograph (Packard Instru-
ment Company, Meriden, CT).

ROX Detection and Quantification

The generation of ROX species induced by chitin oli-
gomers was monitored as follows: Chitin oligosaccharides
of various degrees of polymerization (d.p. 5 1–8) were
added to suspension-cultured SB-1 soybean cells (Ho et al.,

1988). Fifty milligrams of suspension-cultured soybean
cells was transferred to fresh modified B5 medium (Ho et
al., 1988) and grown at 25°C. After 1 h, various chitin
oligosaccharides were individually added to a final con-
centration of 1 mm. An equal amount of sterile dH2O was
added to a control sample, instead of the chitin oligomers.
The cells were incubated at 25°C for an additional 15 min,
after which time they were transferred to an ice bath to
quench the reaction. The cells were removed by low speed
centrifugation, and the supernatant was used to determine
the presence of ROX species by the luminol-dependent
chemiluminescence assay (Anderson et al., 1991). In brief,
50 mL of the supernatant was added to 50 mL of 1.1 mm
luminol, 100 mL of 14 mm potassium ferricyanide, and 300
mL of 50 mm potassium phosphate buffer (pH 7.9). Samples
were immediately analyzed for chemiluminescence using a
TD-20/20 luminometer (Turner Designs, Sunnyvale, CA).

Alkalinization of Soybean Suspension Cell Medium in
Response to Chitin Oligosaccharides

To avoid wounding suspension-cultured soybean cells
by mechanical stirring and thus preventing a slow but
continuous alkalinization of the culture medium, 700 mg of
cells were sequestered in a 15- 3 50-mm polyester mesh
bag (Kureha Chemical, Tokyo). Mesh bags containing the
suspension cells were placed into Erlenmeyer flasks con-
taining 30 mL of fresh, sterile, B5 medium (Ho et al., 1988),
pH 5.5. After stirring the cells 300 rpm for 30 min at 25°C,
chitin oligosaccharides of various degrees of polymeriza-
tion (d.p. 5 1–8), as well as the major lipo-chitin Nod signal
produced by B. japonicum strain USDA110, were added
individually to a final concentration of 5 mm. A HM-5S pH
meter (TOA Electronics, Tokyo) equipped with a glass pH
electrode (GS-5015C, TOA Electronics) was used to moni-
tor the pH change (DpH) of the medium. After each repli-
cate experiment, the cells were harvested from the mesh
bags, and their fresh weight determined. Data were calcu-
lated as the magnitude of DpH normalized for cell mass
(e.g. 700 mg). Values were expressed as the relative expres-
sion (e.g. DpH) based on the pH change observed when
cells were treated with chitin octamer, GN8.
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