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Perception of microbe-associated molecular patterns (MAMPs)
through pattern recognition receptors (PRRs) triggers various de-
fense responses in plants. This MAMP-triggered immunity plays
a major role in the plant resistance against various pathogens. To
clarify the molecular basis of the specific recognition of chitin
oligosaccharides by the rice PRR, CEBiP (chitin-elicitor binding
protein), as well as the formation and activation of the receptor
complex, biochemical, NMR spectroscopic, and computational stud-
ies were performed. Deletion and domain-swapping experiments
showed that the central lysine motif in the ectodomain of CEBiP
is essential for the binding of chitin oligosaccharides. Epitope
mapping by NMR spectroscopy indicated the preferential binding
of longer-chain chitin oligosaccharides, such as heptamer-octamer,
to CEBiP, and also the importance of N-acetyl groups for the bind-
ing. Molecular modeling/docking studies clarified the molecular
interaction between CEBiP and chitin oligosaccharides and indi-
cated the importance of Ile122 in the central lysine motif region
for ligand binding, a notion supported by site-directed mutagen-
esis. Based on these results, it was indicated that two CEBiP mol-
ecules simultaneously bind to one chitin oligosaccharide from the
opposite side, resulting in the dimerization of CEBiP. The model
was further supported by the observations that the addition of
(GlcNAc)8 induced dimerization of the ectodomain of CEBiP in
vitro, and the dimerization and (GlcNAc)8-induced reactive oxygen
generation were also inhibited by a unique oligosaccharide,
(GlcNβ1,4GlcNAc)4, which is supposed to have N-acetyl groups only
on one side of the molecule. Based on these observations, we
proposed a hypothetical model for the ligand-induced activation
of a receptor complex, involving both CEBiP and Oryza sativa chitin-
elicitor receptor kinase-1.

plant immunity | MTI/PTI | chitin signaling | receptor–ligand interaction |
LysM-receptor

Plants have the ability to detect potential pathogens through
the recognition of microbe-associated molecular patterns

(MAMPs; also known as pathogen-associated molecular pat-
terns), such as flagellin, elongation factor Tu (EF-Tu), pepti-
doglycan, LPS, chitin, and β-glucan, which are typical molecular
signatures for whole classes of microbes (1, 2). MAMP-triggered
defense is the first barrier to prevent the invasion of pathogens
and plays a major role in the basal resistance of plants against
various pathogens. It is also well known that this defense system
is strikingly similar to the innate immunity of animals (1, 3, 4).
Leucine-rich repeat receptor-like kinases, flagellin-sensetive 2

(FLS2), and EF-Tu receptor, have been shown to recognize
bacterial flagellin and EF-Tu, respectively, and serve as receptors
for these MAMPs (5). On the other hand, two types of lysin
motif (LysM) proteins, CEBiP (chitin-elicitor binding protein)
and CERK1 (chitin-elicitor receptor kinase-1), were identified as

the cell-surface receptor for chitin, a representative fungal mo-
lecular pattern (6–8). Knockout/-down experiments of these
genes showed that both of these LysM proteins are required for
chitin perception and signaling in rice, whereas CEBiP-type
molecules are not involved in chitin signaling in Arabidopsis,
indicating the difference between the chitin receptor systems in
these model plants (8). Additionally, another LysM receptor-like
kinase, LYK4, was also indicated to contribute to chitin signaling
in Arabidopsis (9). In the case of rice, it was also shown that
CEBiP and Oryza sativa (Os)CERK1 form a heterooligomeric
receptor complex ligand dependently (10).
Both CEBiP and OsCERK1 have LysMs, which have been

known to bind peptidoglycan and chitin (11), in their ectodo-
mains. In Arabidopsis, CERK1 was shown to bind chitin and
trigger immune responses as a kind of “all-in-one” receptor. On
the other hand, CEBiP seems to play a major role in the per-
ception of chitin in rice, as the knockdown of CEBiP almost
abolished the binding of a radio-labeled chitin oligosaccharide to
the plasma membrane, whereas OsCERK1 was shown not to
bind chitin (6, 12). Liu et al. recently reported that two other
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CEBiP homologs, OsLYP4 and -6, also bind chitin and con-
tribute to chitin responses and disease resistance in rice (13),
although it is not clear to what extent these proteins contribute
as the cell surface receptor for chitin oligosaccharides.
It was also shown that the perception of peptidoglycan in

Arabidopsis requires CEBiP-like molecules (14). Arabidopsis
homologs of CEBiP, LYM1 and LYM3, play a major role for the
binding of peptidoglycan and activation of downstream defense
responses through the receptor kinase, CERK1. These results
showed that the receptor kinase CERK1 is required for both
chitin and peptidoglycan signaling, at least in Arabidopsis. The
peptidoglycan receptor system in Arabidopsis seems similar to
the rice chitin receptor for the requirement of a binding protein
and a receptor kinase, although the receptor complex formation
by these two proteins was not confirmed.
Thus, the detailed analysis of ligand recognition by these

CEBiP-like molecules and succeeding formation and activation
of receptor complex is critically important to understand the
molecular mechanisms leading to the activation of downstream
defense responses triggered by these MAMPs. Such information
would also contribute to the design of novel receptor molecules
suitable for future biotechnological application. We show herein
the results obtained by biochemical studies on the binding site of
CEBiP, epitope mapping of chitin oligosaccharides by saturation
transfer difference (STD) NMR spectroscopy, and molecular
modeling/docking studies combined with site-directed mutagen-
esis of the ectodomain of CEBiP. These results clearly indicated
that two CEBiP molecules simultaneously bind to one N-ace-
tylchitoheptaose/octaose, (GlcNAc)7/8, through a binding site located
in the central LysM region of the ectodomain, resulting in the
dimerization of CEBiP. Based on these observations, we pro-
posed a hypothetical model for the ligand-induced activation of
a receptor complex, involving both CEBiP and OsCERK1.

Results
Functional Dissection of the Ectodomain of CEBiP. As described
previously, CEBiP has two LysMs in the region of Y85-P131 (LysM1)
and Y149 to P192 (LysM2) of the ectodomain (Fig. 1A) (6). To
evaluate the contribution of these LysMs for chitin binding, de-
letion mutants for these LysMs were constructed and expressed
in tobacco BY-2 cells (Fig. 1B, a). Expression of these mutant
genes in the corresponding tobacco BY-2 cell lines was con-
firmed by RT-PCR (Fig. 1B, b). Binding of these mutant proteins
to chitin oligosaccharides were examined by using affinity la-
beling with biotinylated (GlcNAc)8 (GN8-Bio) (15).
Although the mutant protein with LysM1 deleted (CEBiPΔL1)

was detected in the microsome from the BY-2 cells with an anti-
CEBiP antibody, the other two mutant proteins, deletion of the
LysM2 (CEBiPΔL2) or deletion of both LysM1 and LysM2
(CEBiPΔL1-2), could not be detected, indicating the deletion of
LysM2 affected the expression of mutant proteins, probably
because of the instability of the expressed proteins (Fig. 1B, c).
Affinity-labeling experiments with the microsomal membranes
isolated from two independent BY-2 cell lines expressing
CEBiPΔL1 showed that the CEBiPΔL1 protein did not bind
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Fig. 1. Functional analysis of LysM regions in the ectodomain of CEBiP by
deletion experiments. (A) Amino acid sequence of CEBiP. Sp, signal peptide;
L0, LysM0; L1, LysM1; L2, LysM2; Ct, C-terminal region. LysM0 and LysM2
were divided into four parts, from L0a to L0d and L2a to L2d, for deletion
experiments. The C-terminal region was also divided into four parts for
similar experiments (black diamonds indicate the border of each segment).
(B) Effect of the deletion of LysM regions in CEBiP on GN8-Bio binding. (a)
Constructs for the deletion experiments; (b and c) Expression of the deletion

mutants in the tobacco BY-2 cells was analyzed by RT-PCR or Western
blotting with an anti-CEBiP antibody (α-CEBiP); (d) Affinity cross-linking of
GN8-Bio to the microsomal fractions (MF) from the tobacco BY-2 cells
expressing deletion mutants. GN8-Bio (0.4 μM) was mixed with the MF in the
presence (+) or absence (−) of excess (40 μM) unlabeled (GlcNAc)8 as a com-
petitor. Cross-linking with EGS and the detection with anti-biotin antibody
(α-Biotin) were performed as described in Materials and Methods. (C) Effect
of the partial deletion of LysM0 and LysM2 on GN8-Bio binding. (a) Con-
structs for the deletion experiments; (b) affinity cross-linking of GN8-Bio to
the MF from the transgenic N. benthamiana leaves expressing the deletion
mutants.
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GN8-Bio, although the mutant protein itself was highly expressed
in these cell lines (Fig.1B, d). The result suggested the importance
of LysM1 for the chitin binding activity of CEBiP.
To further characterize the contribution of these LysMs for

chitin binding, we examined their interchangeability in the
ectodomain of CEBiP. We designed the chimeric constructs such
as CEBiPL2→L1 (LysM2 was replaced with LysM1) and CEBiPL1→L2
(LysM1 was replaced with LysM2), and expressed with a tran-
sient expression system of Nicotiana benthamiana (SI Appendix,
Fig. S1A, a). The expression of these chimeric genes in the
transfected leaves was confirmed by RT-PCR (SI Appendix, Fig.
S1A, b). Although the presence of CEBiPL1→L2 protein was
detected by the anti-CEBiP antibody, CEBiPL2→L1 protein could
not be detected, again indicating the importance of LysM2 re-
gion for the expression of these proteins (SI Appendix, Fig. S1A, c).
Replacement of LysM1 with LysM2 in CEBiPL1→L2 abolished
the detection by affinity labeling with GN8-Bio, further sup-
porting the importance of LysM1 for chitin binding (SI Appendix,
Fig. S1A, d).
In addition to LysM1 and LysM2, the analysis of the hidden

Markov model (HMM) in this study evidenced the presence of
third LysM domain at the N-terminal side of the LysM1, al-
though not identified as LysM by domain prediction algorithms
(PFAM, www.sanger.ac.uk) (16). Actually, this region was de-
scribed as a further LysM in CEBiP in a recent report by
Fliegmann et al. (17). Thus, we designated this region as LysM0
and examined its contribution to chitin binding. Unfortunately,
the deletion mutant that lacked whole LysM0 could not be
expressed in N. benthamiana. We then divided LysM0 into four
parts (designated as L0a to L0d) (Fig. 1A and SI Appendix, Fig.
S1B, a) and deleted each of them from CEBiP. The construct
lacking L0d (CEBiPΔL0d) resulted in the failure of the expression
of mutant protein (SI Appendix, Fig. S1B). On the other hand,
mutant proteins with the deletion of L0a, L0b, and L0c (CEBiPΔL0a,
CEBiPΔL0b, and CEBiPΔL0c) were successfully expressed and
shown to bind GN8-Bio (SI Appendix, Fig. S1B). CEBiPΔL0c
especially showed the highest binding activity (Fig. 1C, b and SI
Appendix, Fig. S1B, d). Similarly, a deletion mutant lacking a
portion of LysM2 (CEBiPΔL2b-c) was successfully expressed and
shown to bind GN8-Bio (Fig. 1C, b). Finally, a deletion mutant in
which both of these regions were deleted (CEBiPΔL0c+ΔL2b-c)
showed the binding to GN8-Bio, again indicating the cen-
tral role of LysM1 in the recognition of chitin oligosaccha-
rides (Fig. 1C, b).
We also analyzed the function of each LysM in CEBiP by

replacing them with the corresponding regions of an Arabidopsis
CEBiP homolog, which does not bind chitin. Among the three
Arabidopsis CEBiP homologs, it was shown previously that LYM2
(AtCEBiP) binds chitin oligosaccharides, whereas LYM1 and
LYM3 bind peptidoglycan but do not bind chitin (Fig. 2A) (12, 14).
Chimeric constructs, in which a LysM motif of CEBiP was

replaced by the corresponding region of LYM1 or LYM2, were
generated and expressed in N. benthamiana. Chimeric proteins
with the replacement of LysM0 or LysM2 with the corresponding
region of LYM1 bound GN8-Bio as similar to the wild-type
CEBiP, whereas the chimeric CEBiP protein replaced for the
LysM1 with the part of LYM1 completely lost the binding ac-
tivity (Fig. 2 B–D). On the other hand, all of the constructs in
which each LysM of CEBiP was replaced with the chitin-binding
homolog of Arabidopsis, LYM2 (AtCEBiP), retained their ability
to bind GN8-Bio. These results clearly demonstrated that LysM1
plays a critical role for the chitin recognition, supporting the
results obtained by the deletion experiments.
In addition to the analysis of LysM domains, we also evaluated

the possible contribution of an extended C-terminal region in the
CEBiP ectodomain, which possesses 136 amino acid residues
with high cysteine content, for chitin binding. We divided the
region between H207 to T286 into four parts [deleted region; G267

to T286 (ΔC-20), P247 to T286 (ΔC-40), C227 to T286, (ΔC-60),
H207 to T286 (ΔC-80)] (Fig. 1A and SI Appendix, Fig. S1C, a) and
expressed the corresponding deletion mutants in N. benthamiana.
All deletion mutants completely retained the chitin binding ac-
tivity (SI Appendix, Fig. S1C, b), indicating that this C-terminal
region of CEBiP ectodomain does not affect chitin binding
activity significantly.

STD NMR Epitope Mapping of Chitin Oligosaccharides in the Presence
of the Ectodomain of CEBiP. STD NMR spectroscopy (18–21) was
used to map interacting epitopes of chitin oligosaccharides and
to reveal the molecular mechanism of interaction with the LysM
domains of CEBiP. In detail, we acquired a series of STD NMR
spectra using, as ligands, chitin fragments of different length,
starting from tri- to octasaccharides, with the aim to determine
the best oligosaccharide length in the interaction with the LysM
domains. Because the previous experiments indicated that
LysM1 is important for chitin binding and LysM2 contributes to
stable expression, we decided to use the LysM1-LysM2 region of
CEBiP for STD NMR studies. We recombinantly produced
LysM1-LysM2 domains (LysM1-2, residues 85–192) as fused to
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a carrier protein, thioredoxin (Trx-tag), because STD NMR is
highly successful for high molecular weight systems. Before
NMR experiments, we analyzed the conformational state of
LysM1-2 once Trx had been cleaved using far-UV CD spectra
(SI Appendix, Fig. S2). Spectra are typical of proteins with a high
content of β-sheets, with a minimum at 204 nm. Consistent with
the typical LysM fold, CD signal at 222 nm also evidences the
existence of an α-helix (SI Appendix, Fig. S2B). Because thio-
redoxin has been used as a stabilizing partner of LysM1-2, we
optimized the STD conditions to perform saturation transfer
double-difference (STDD) NMR experiments useful to over-
come strong background signals and to subtract possible artifacts
because of contingent unspecific interactions between ligands
and the stabilizing partner (22–24). The STDD NMR requires
the acquisition of an additional STD spectrum of the receptor in
absence of ligands, which is then subtracted from the STD
spectrum acquired in the presence of ligands. In our case, STDD
spectra were obtained by the subtraction between the regular
STD NMR spectrum and those performed on the ligand in the
presence of thioredoxin alone.
Although a qualitative analysis of the STDD spectra using

N-acetylchitotri-, tetra-, and hexaose, (GlcNAc)3,4, or 6, as ligands
demonstrated their binding with the LysM domains (SI Appen-
dix, Fig. S3), a deeper look at the spectra showed a clear de-
pendency of binding ability on ligand size. In detail, low STD
effects were observed on the tri- and tetrasaccharides (SI Appendix,
Fig. S3 B and C), and higher signals were obtained using the
hexasaccharide (SI Appendix, Fig. S3D). Although the analysis
was only qualitative, it could be inferred that STD enhancements
belonged to all of the protons of the sugar units.
Based on the above findings, we focused our attention on

studying chitin oligosaccharides with higher molecular weight:
that is hepta- and octasaccharides. The STDD NMR spectrum of
the heptasaccharide bound to the protein is reported in Fig. 3A
[see SI Appendix for NMR assignment (SI Appendix, Table S1)].
To precisely map ligand epitopes in close contact with the pro-
tein, we acquired STD build up curves by collecting spectra at
different saturation times (25–28) and fitting experimental data
with the monoexponential equation: STD = STDmax[1 – exp
(−ksat t)] (see Materials and Methods, NMR Spectroscopic
Analysis for complete details). This method avoids artifacts in the
epitope definition, which are consequences of differences in ability
to accumulate saturation in the free state, allowing to obtain the
real STD effect of each proton, independently of T1 bias, and to
prevent any misinterpretation of STD enhancements.
Thus, the binding epitope of the heptasaccharide is shown in

Fig. 3B (SI Appendix, Table S2). The most prominent STD effect
belonged to the acetyl group thus contributing primarily to the
binding process; additionally, different STD enhancements were
observed for all of the protons of internal residues of GlcNAc.
From these results, it was inferred that the acetyl group was in

close contact and pivotal in the interaction with the protein and,
according to the qualitative analysis, protons H2m, H3m, and
H5m of middle residues were strongly involved in the binding
with LysM domain as well.
These STD studies were then complemented with the analysis

of trNOESY experiments both free in solution and in the pres-
ence of the LysM1-2 domain to assess oligosaccharide confor-
mational changes upon binding (27, 29–31). Thus, trNOESY
experiments were carried out at a 7:1 molar ratio with different
NMR mixing times; negative NOEs were observed for both the
free and bound states, and detailed analysis of interresidue cross-
peaks in the trNOESY spectrum allowed the deduction of the
bioactive conformation of the oligosaccharide product when
bound to the protein. Remarkably, key NOE distances obtained
in both the free and bound states showed only minor changes,
thus suggesting that the bioactive conformation of chitin hepta-
saccharide resembled the most populated conformational state

of the free ligand (SI Appendix, Table S3). The NOE data were
used to obtain a conformational model of the oligosaccharide by
molecular mechanics and molecular dynamics simulations. A
molecular snapshot of a representative conformer is depicted in
Fig. 3B, with the STD-derived epitope mapping on the molecular
envelope of heptasaccharide with color coding from the highest
(Fig. 3B, red) to lowest (Fig. 3B, yellow) observed STD effect.
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Fig. 3. STD NMR-derived epitope mapping on (GlcNAc)7 and (GlcNAc)8
bound to Trx-LysM1-2. (A) Reference 1H NMR spectrum (a) and STDD NMR
spectrum (b) of mixture Trx-LysM1-2: (GlcNAc)7 (1:100). (c) Chemical structure
and epitope for binding of (GlcNAc)7 to Trx-LysM1-2; relative STD intensities
are color coded according to the scale and refers to the relative STD effects
as shown in SI Appendix, Table S2. (B and C) STD quantitative analysis-derived
epitope mapping on the molecular envelope of (GlcNAc)7 and (GlcNAc)8 with
color coding from the highest (red) to lowest (yellow) observed STD effect.
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By using the same strategy, the interaction of CEBiP with
(GlcNAc)8 was evaluated and the corresponding epitope map
was obtained using a qualitative analysis because of scarce sol-
ubility of the substrate, (Fig. 3C and SI Appendix, Fig. S4). The
corresponding results were in good agreement with collected
data on the heptasaccharide; the acetyl group gave rise to the
highest STD effect, indicating that this moiety was fundamental
in the binding process with LysM1-2 of CEBiP, and once again
protons H2m, H3m, and H5m also significantly contributed to the
interaction. Furthermore, both oligosaccharide ends showed in
all cases the lowest interaction with the LysM1-2 domains.
Therefore, the binding epitope as derived by NMR analysis

provided clear support that CEBiP, with its LysM domains,
recognized and bound chitin oligosaccharides and showed a
strong preference for longer chain substrates, especially hepta-
and octasaccharides.

Docking Model of Chitin Oligosaccharide with LysM1 Domain of
CEBiP. The data so obtained enabled the rational modeling of
oligosaccharides into the CEBiP binding site on the LysM1 re-
gion. To this aim, we determined the homology model structure
of CEBiP, after consensus-based sequence alignment. The en-
tire extracellular region of CEBiP was built using the program
MODELER and the structure of CERK1 from Arabidopsis thaliana
(32) as a template (Fig. 4A).
The combination of STD NMR epitope mapping data with

knowledge of the bound conformation of ligands, obtained by
trNOESY experiments, is a powerful method to build up models
of protein–ligand interaction. Using the bioactive conformation
observed by NMR, we modeled oligosaccharide binding to the
LysM1 domain of CEBiP. As shown in Fig. 4B, four GlcNAc
moieties can be accommodated in the binding cleft of LysM1
domain. Because STD NMR data show that external sugar
moieties of oligosaccharides barely contribute to binding, it can
be suggested that the smallest oligosaccharide, which saturates
the four binding subsites on LysM1, is (GlcNAc)6. In this in-
teraction model of the hexasaccharide, main interactions involve
the three sugars from GlcNAc-2 to GlcNAc-4 (numbered from
the nonreducing end) and weaker interactions characterize
GlcNAc-5, whereas GlcNAc-1 and GlcNAc-6 do not interact
with LysM1. Consistent with STD NMR results, the acetyl
moieties of (GlcNAc)6 provide a crucial contribution to binding.
Both GlcNAc-2 and GlcNAc-4 sugar moieties are involved in
hydrophobic interactions (with Leu93 and Val87, respectively)
and in hydrogen bonds with backbone nitrogen atoms (of Leu93
and Gln90, respectively) (SI Appendix, Fig. S5). Apart from hy-
drogen bonds mediated by the acetyl moieties, (GlcNAc)6 binding
is mainly stabilized by hydrophobic interactions involving sugar
ring carbons, a finding which well agrees with our STD NMR
results (Fig. 3). Our interaction model also explains the low STD
effects observed upon binding of tri- and tetrasaccharides (SI
Appendix, Fig. S3 B and C), compared with hexasaccharide or
larger substrates (SI Appendix, Fig. S3D).

Assessing Key Residues Involved in Chitin Binding. Modeling of
binding of chitin oligosaccharides to the LysM1 domain of
CEBiP identified possible residues involved in binding (Fig. 4B).
The predicted binding site is composed of hydrophobic residues
like Pro119, Ile122, and Val124. Among these residues, Ile122 is
located in the central part of the putative binding cleft, a finding
which suggested us that this residue may be critical for oligo-
saccharide binding (Fig. 4B).
To corroborate this hypothesis, Ile122 was mutated to Ala. The

mutated protein, LysM1-2 I122A, was first checked by CD spec-
troscopy to exclude that the mutation could have altered its
structural integrity (SI Appendix, Fig. S2) and then analyzed for its
interaction with chitin oligosaccharides by STDD NMR experi-
ments under the same conditions used for wild type LysM1-2.

NMR results with the heptasaccharide unequivocally showed
that the mutant protein LysM1-2 I122A was not able to bind the
heptasaccharide at all. Indeed, no STD signals were observed
(SI Appendix, Fig. S6). The inability of the mutant to interact
with heptasaccharide definitively identifies Ile122 as a key amino
acid in the recognition process of chitin oligosaccharides by
CEBiP LysM1.
Mutant CEBiP proteins containing mutation for each of Leu93,

Tyr107, Pro119, Ile122, and Val124, which were suggested to have
close contact with the heptasaccharide in modeling studies, were
also expressed in N. benthamiana and tested for their ability
to bind chitin oligosaccharides by using affinity labeling. The

Val124

Ile122

Pro119

α-Biotin

α-CEBiP

CEBiP L93A I122A mockP119AY107A V124A

(GlcNAc)8

A

B

C

Fig. 4. Structural basis of chitin oligosaccharides binding. (A) Ribbon and
surface representation of the homology model of CEBiP ectodomain. LysM0,
LysM1, and LysM2 are drawn in orange, blue, and magenta, respectively.
Other regions are colored gray. (B) Modeling of binding of N-acetylchitoo-
ligosaccharides to the LysM1domain of CEBiP. (C) Binding of GN8-Bio to
mutant CEBiP proteins. CEBiP proteins containing the mutation for the in-
dicated amino acid residues were expressed in N. benthamiana, from which
MF for affinity labeling was prepared.
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microsomal membrane prepared from N. benthamiana leaves
expressing the I122A mutant showed the presence of mutant
protein but did not show the binding to GN8-Bio, whereas the
membrane preparation for the other four mutants showed the
binding to GN8-Bio, supporting the conclusion on the critical
importance of Ile122 for chitin binding (Fig. 4C). In line with this
notion, alignment of amino acid sequences of CEBiP homologs
indicated that the chitin binding homologs such as LYM2
(AtCEBiP) and MtLYM2 carried Ile at the position corre-
sponding to Ile122 of CEBiP. On the other hand, peptidoglycan
binding homologs, AtLYM1 and AtLYM3, carried Leu instead
of Ile. OsLYP4 and -6, which were reported to bind both chitin
and peptidoglycan, carried Val and Leu, respectively (SI Ap-
pendix, Table S4).
To further analyze the contribution of aliphatic side chain of

Ile122 in chitin binding, we substituted Ile122 with Val or Leu and
analyzed the binding of GN8-Bio to the mutant protein by af-
finity labeling. As shown in SI Appendix, Fig. S7, substitution of
Ile122 with Leu retained similar or even higher affinity to GN8-
Bio but the substitution with Val significantly decreased the af-
finity. These results indicated that the length of the aliphatic side
chains of these amino acid residues is a critical factor for the
interaction with chitin oligosaccharides. These results well agree
with our modeling studies, which show interactions of the bound
oligosaccharide with the side chain of the hydrophobic residue at
position 122. These results and the presence of Leu/Val in the
corresponding positions of peptidoglycan binding homologs may
suggest that these residues are also involved in the interaction
with the glycan portion of peptidoglycan, although the epitopes
involved in the interaction with these proteins are not yet clear
(13, 14).

Binding of (GlcNAc)8 Dimerizes the Ectodomain of CEBiP. Size-mea-
surement studies of LysM1-2 were carried out to investigate
the effect of (GlcNAc)8 on its oligomerization state. LysM1-2
samples before and after incubation with (GlcNAc)8 were mea-
sured using light-scattering experiments. As shown in Fig. 5A, a,
(GlcNAc)8 induces a significant increase of LysM1-2 size distri-
bution, with an average molecular diameter raising from 6.12 ±
0.55 nm before incubation to 12.45 ± 1.61 nm. Consistently,
weight average molar mass values measured for LysM1-2 be-
fore and after (GlcNAc)8 treatment are 11,680 ± 116.8 Da and
22,610 ± 226.1 Da, corresponding to a monomeric and dimeric
organization of the molecule, respectively (Fig. 5A, a). These re-
sults unambiguously show that LysM1-2 dimerizes in the presence
of (GlcNAc)8. Parallel studies were carried out on LysM1-2 I122A
mutant. Consistent with the observed inability of this mutant
to interact with the sugar, these studies showed that (GlcNAc)8
is unable to induce dimerization (Fig. 5A, b).

A Unique Oligosaccharide, (GlcNβ1,4GlcNAc)4 Acts as an Antagonist
for the Binding of GN8-Bio, (GlcNAc)8-Induced Dimerization and Reactive
Oxygen Species Generation. Chitin, like cellulose, has every sugar
unit flipped by 180° with respect to its neighbors to give a chi-
tobiose repeat segment. Because molecular modeling suggested
a key role of acetyl moieties in LysM1 binding, we further in-
vestigated the binding/dimerization mechanism of CEBiP using
a unique oligosaccharide, (GlcNβ1,4GlcNAc)4, in which sugar
residues are alternately N-acetylated, therefore carrying N-acetyl
moieties only on one side. Using affinity labeling, we observed
that (GlcNβ1,4GlcNAc)4 inhibits binding of GN8-Bio to CEBiP,
indicating the competition of this oligosaccharide with the la-
beled ligand for the chitin binding site (SI Appendix, Fig. S8).
Therefore, we performed light-scattering experiments upon in-
cubation with (GlcNβ1,4GlcNAc)4. Results showed that, unlike
(GlcNAc)8, (GlcNβ1,4GlcNAc)4 does not induce changes in the
average molecular diameter of LysM1-2, proving that this sugar is
unable to induce receptor dimerization (Fig. 5A, c). We also ob-

served that pretreatment of LysM1-2 with (GlcNβ1,4GlcNAc)4
completely inhibited the ability of (GlcNAc)8 to induce receptor
dimerization (Fig. 5A, d). In addition, we evaluated the bi-
ological activity of (GlcNβ1,4GlcNAc)4 using ROS generation in
suspension-cultured rice cells. As shown in Fig. 5B, the oligo-
saccharide did not induce ROS generation by itself but inhibited
the ROS generation induced by (GlcNAc)8, in other words, it
acted as an antagonist. On the other hand, related oligosaccha-
rides, (GlcNβ1,4GlcN)4 or (GlcNAc)4, did not show such in-
hibition of (GlcNAc)8-induced ROS generation (Fig. 5B). Taken
together, these results show that the presence of N-acetyl groups
in the alternating sugar residues of (GlcNβ1,4GlcNAc)4 enables
the sugar to interact with the binding site of CEBiP but fails to
trigger both dimerization and activation processes.

Discussion
CEBiP Binds Chitin Oligosaccharides Using the Binding Site Located in
the Central LysM Domain.As described in Results and also recently
reported by Fliegmann et al. (17), CEBiP carries three LysM
domains, namely LysM0 to LysM2. Biochemical studies with
various deletion mutants, as well as chimeric proteins, clearly
showed that the central LysM domain (LysM1) in the ectodo-
main of CEBiP plays a major role for the perception of chitin
oligosaccharides. Of special note, the fact that the replacement
of only LysM1 with the corresponding region of an Arabidopsis
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Fig. 5. CEBiP dimerization and activation of chitin receptor complex by chitin
oligosaccharides. (A) Molecular size-shift measurements of the effect of
(GlcNAc)8 on the oligomerization state of LysM1-2 (a) and LysM1-2 I122A mu-
tant (b), respectively. (c) Effect of (GlcNβ1,4GlcNAc)4 on molecular size. (d)
Effect of (GlcNAc)8 after pretreatment with an equimolar amount of
(GlcNβ1,4GlcNAc)4. All measurements were conducted by light scattering
using a 100-μM protein concentration and a protein:ligand ratio of 1:2. (B)
Specific inhibition of (GlcNAc)8-induced ROS generation by (GlcNβ1,4GlcNAc)4
in rice cells. Concentration of (GlcNAc)8 was 0.1 nM and the other oligo-
saccharides were 100nM. Competing oligosaccharides, (GlcNβ1,4GlcNAc)4,
(GlcNβ1,4GlcN)4 or (GlcNA)4 were pretreated 10 min before the addition
of (GlcNAc)8.
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CEBiP homolog, which does not bind chitin (LYM1), resulted in
the complete loss of chitin binding, whereas similar substitution
with the region from a chitin-binding homolog (LYM2) main-
tained the ability to bind chitin, strongly supports the conclusion.
Molecular modeling and site-directed mutagenesis studies con-
firmed the presence of the chitin binding site in LysM1. This
conclusion matches the observation on the chitin binding site in
the ectodomain of Arabidopsis CERK1 receptor kinase based on
the crystal structure of CERK1 ectodomain with (GlcNAc)4,
where the chitin oligosaccharide also bound to the central LysM
domain of the ectodomain (32).

Molecular Basis of the Ligand Recognition by CEBiP. Prompted by the
above biological data, a combinatorial approach based on ad-
vanced STD and NOE-based NMR spectroscopic techniques
and molecular dynamics allowed us to get fresh insight into the
binding mechanism between the LysM domain in the ectodo-
main of CEBiP and chitin oligosaccharides. We have provided
a molecular description of binding of the central LysM domain
(LysM1) in the ectodomain of CEBiP to chitin oligosaccharides
by revealing the conformations and epitope patterns of a pleth-
ora of chitin oligosaccharides bound to LysM1-2 domains.
STD NMR experimental data, gathered on chitin fragments,

clearly showed that short-length oligosaccharides only weakly
bound to LysM1, whereas a strong binding was detectable for
(GlcNAc)7 and (GlcNAc)8. Both qualitative and quantitative
analysis, based on the construction of STD build-up curves,
allowed to precisely map ligand epitopes in contact with the
protein. These studies demonstrated that N-acetyl groups of
chitin oligosaccharides are crucial moieties for binding. Likely,
N-acetyl groups are key molecular signatures that allow LysM1
to distinguish chitin from glucose-containing polymers, such as
cellulose. Furthermore, the inner units of the chitin oligo-
saccharides exhibited stronger interaction with LysM motifs,
whereas both the outer residues seemed to be less involved in the
interaction, likely because more exposed to the solvent.
Using all of this information, we used modeling studies to

produce a 3D model of LysM1 interaction with chitin oligo-
saccharides. These studies demonstrate that LysM1 domain of
CEBiP accommodates chitin oligosaccharides in a hydrophobic
cleft that hosts four GlcNAc moieties. Of these, two GlcNAc
moieties mainly interact through hydrogen bonding and hydro-
phobic interactions mediated by their acetyl groups. Because
STD NMR data show that outer ends of oligosaccharides barely
contribute to binding, (GlcNAc)6 is the shortest oligosaccharide
to saturate the four sugar binding subsites in LysM1 cleft. This
finding well explains the significantly stronger binding of hex-
asaccharide or larger substrates and also their biological activi-
ties (15, 33). Our modeling study further indicated that several
amino acid residues are in close contact with the bound chitin

oligosaccharides. The analysis of chitin binding site in compari-
son with that observed in the crystal structure of CERK1 (32)
shows that only two residues involved in sugar binding, Val87 and
Ile122, are conserved (SI Appendix, Fig. S9). Of these residues,
Ile122 is located in the central region of LysM1 binding cleft
and provides a large hydrophobic interaction surface with the
sugar. Consistently, site-directed mutagenesis of Ile122 to alanine
completely hampered (GlcNAc)8 binding (Fig. 4C), indicating
that Ile122 plays an important role in ligand recognition. The
importance of Ile122 in chitin binding was further supported by
the conservation of this residue at the corresponding positions of
chitin binding homologs, LYM2 (AtCEBiP) and MtLYM2 (SI
Appendix, Table S4).

Binding of (GlcNAc)7 or (GlcNAc)8 to LysM1 Domains Dimerizes CEBiP.
Light-scattering studies clearly evidence that (GlcNAc)8 is able
to induce dimerization of LysM1-2 (Fig. 5A, a), whereas it fails to
induce dimerization of the LysM1-2 I122A mutant (Fig. 5A, b),
which is unable to bind (GlcNAc)8 (Fig. 4C). These results, to-
gether with STD NMR experiments and modeling studies, sug-
gested a “sandwich-like” model in which two CEBiP molecules
bind a single (GlcNAc)8 chain. In this model, LysM1 domains of
two CEBiP molecules anchor N-acetyl moieties from opposite
sides to produce a one-sugar staggered dimer (Fig. 6). Therefore,
dimerization requires at least five internal GlcNAc moieties, four
per monomer, with three shared between the two CEBiP mol-
ecules (3, 4, and 5 in Fig. 6A). Given this model, optimal di-
merization can be induced by sugars larger than (GlcNAc)7,
which contain an optimal number of internal GlcNAc moieties
for cross-linking. However, elicitor activities were previously ob-
served for both hexa- and heptamers (34, 35). Likely, the sand-
wich-like dimeric structure in Fig. 6 may assemble also in the
presence of (GlcNAc)6, albeit leading to a less-stable complex.
Consistently, the stronger binding we observe for (GlcNAc)7 and
(GlcNAc)8, compared with (GlcNAc)6, may be ascribed to the
formation of more stable CEBiP sandwich-like dimers.
To corroborate this “sandwich-like” dimerization, we mea-

sured the effect on receptor dimerization and activation of a
unique oligosaccharide, (GlcNβ1,4GlcNAc)4, in which the four
alternated N-acetyl groups are predicted to point only to one
side of the molecule. (GlcNβ1,4GlcNAc)4 was able to bind the
receptor but unable to induce its dimerization. In addition,
a pretreatment of LysM1-2 with (GlcNβ1,4GlcNAc)4 hampered
receptor dimerization in response to (GlcNAc)8 (Fig. 5A, d).
Furthermore, (GlcNβ1,4GlcNAc)4 did not induce ROS genera-
tion in rice cells but inhibited the ROS generation by (GlcNAc)8.
These results are fully consistent with our model, because
(GlcNβ1,4GlcNAc)4 locks CEBiP through its N-acetyl groups
but lacks the set of N-acetyl groups necessary to engage a further
CEBiP molecule to form a CEBiP dimer. Because of this unique
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Fig. 6. Hypothetical model of the activation of
CEBiP-OsCERK1 complex by (GlcNAc)8. (A) Sandwich-
like model of activation of CEBiP-OsCERK1 receptor
complex by (GlcNAc)8. (B) Model of dimerization/
activation inhibition by (GlcNβ1,4GlcNAc)4.
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property, (GlcNβ1,4GlcNAc)4 acts as an antagonist by hamper-
ing receptor dimerization (Fig. 5A, d) and inhibiting ROS gen-
eration (Fig. 5B).
Ligand-induced dimerization of receptors is a critical event in

various receptor systems (36–38), especially as a trigger of
autophosphorylation of receptor kinase as classically reported
for receptor tyrosine kinases. Recently, Liu et al. reported that
(GlcNAc)8-induced dimerization of CERK1 receptor kinase is
mainly based on immunoprecipitation analysis, but the detailed
molecular mechanism leading to the dimerization was not clear
(32). We showed herein the molecular mechanism of ligand-
induced dimerization of CEBiP by combining a large set of chem-
ical and biological techniques.
We recently reported that the chitin receptor systems in rice

and Arabidopsis are significantly different (12). In the case of
Arabidopsis, CERK1 receptor kinase seems to function as a li-
gand-binding protein and as a signaling molecule with the kinase
activity. CEBiP homolog in Arabidopsis, LYM2 (AtCEBiP),
seems not to contribute to chitin signaling, although the protein
binds chitin oligosaccharides with a high affinity (9, 12). In-
terestingly, it was recently reported that LYM2 contributes to
disease resistance of Arabidopsis independent of chitin signaling
by CERK1 (39, 40). Faulkner indicated that the plasmodesmata-
localized LYM2 is involved in chitin-induced plasmodesmata
closure, which seems to be important for chitin-triggerd immu-
nity (39). Thus, the ligand-induced dimerization of CERK1 di-
rectly links to the downstream signaling in Arabidopsis. On the
other hand, both CEBiP and OsCERK1 are required for chitin
signaling in rice. It was also shown that CEBiP binds chitin oli-
gosaccharides with high affinity, whereas OsCERK1 does not.
Moreover, it was shown that CEBiP and OsCERK1 form a het-
erooligomeric receptor complex in the presence of biologically
active chitin oligosaccharide, (GlcNAc)8 (10). These results in-
dicated that in the case of rice and other plant species equipped
with a similar complex receptor system, ligand binding by CEBiP
must lead to the activation of the receptor kinase, OsCERK1.
The simplest hypothesis to link the dimerization of CEBiP to

the activation of OsCERK1 is that the dimerization of CEBiP
leads to the dimerization of OsCERK1, which is expected to be
closely associated with CEBiP. Actually, we showed that the
ectodomain of CEBiP could interact with that of OsCERK1 by
using a yeast two-hybrid assay (10). In addition, it was observed
that a part of OsCERK1 was coimmunoprecipitated with CEBiP,
even in the absence of (GlcNAc)8. Although the amount of
coimmunoprecipitated OsCERK1 increased with the addition of
(GlcNAc)8, these results indicated that at least a part of CEBiP
and OsCERK1 interact with each other on the plasma mem-
brane even in the absence of chitin oligosaccharides, probably
through the interaction of their ectodomains. Thus, we surmise
that the dimerization of CEBiP molecules brings their partnering
OsCERK1 in close contact, resulting in the autophosphorylation
of the receptor kinase (Fig. 6). Although the model is still hy-
pothetical, it seems to be a promising scenario and we hope to
examine the validity of this model further in future studies.

Materials and Methods
Elicitors and Plant Material. Chitoheptaose and octaose were kindly supplied
by the Yaizu Suisankagaku Industry and reacetylated before use. N-Ace-
tylchitotetraose was purchased from SEIKAGAKU Co. (GlcNβ1,4GlcNAc)4 was
chemo-enzymatically synthesized through three steps (41). Briefly, a di-N-
acetylchitobiose derivative having an oxazoline skeleton was chemically
synthesized according to a method of Kobayashi et al. (42), and its N-acetyl
group was enzymatically removed by chitin deacetylase from Colletotrichum
lindemuthianum ATCC 56676. The product, 2-methyl-{4-O-(2-amino-2-deoxy-
β-glucopyranosyl)-1,2-dideoxy-α-glucopyrano}(2,1-D)-2-oxazoline was used
as a monomer for the synthesis of (GlcNβ1,4GlcNAc)4 via a ring-opening
polyaddition reaction with the aid of chitinase from Bacillus sp. (SEIKAGAKU).
(GlcNβ1,4GlcNAc)4 was purified using an HPLC column, Asahipak NH2-P50
(Shimadzu) with the eluate, water/acetonitrile 25/75 (flow rate: 1 mL/min).

Elution was monitored by a UV-detector at 210 nm. The fractions corre-
sponding to the product were collected and lyophilized, and the resultant
white powders were stored at room temperature.

Suspension-cultured rice cells (Oryza sativa L. cv. Nipponbare) were
maintained using modified N-6 medium, as described previously (43). Rice
cells were incubated on a rotary shaker at 25 °C and 120 rpm in the dark and
were transferred to fresh medium every week. After every other transfer
to new medium, the cell clusters were filtered through a 20-mesh screen
to generate fine aggregates, and then were used for the next culture.
Cells harvested 4 or 5 d after transfer to the new medium were used in
the experiments.

Construction of Various Types of CEBiP Mutant Genes. The expression vectors
were constructed using the Gateway pENTR/D-TOPO cloning kit (Life Tech-
nologies). pENTR/D-TOPO-CEBiP, pENTR/D-TOPO-AtCEBiP and pENTR/D-TOPO-
LYM1 were subcloned as previously described (6, 12). Binary vectors, pMDC32
destination vector (44) and pEAQ-HT-DEST1 destination vector, were kindly
provided by Mark Curtis (University of Zurich, Zurich, Switzerland) and George
Lomonossoff (John Innes Center, Norwich, United Kingdom), respectively.

Deletion and site-directed mutagenesis of CEBiP were carried out by in-
verse PCR with the corresponding primer sets (SI Appendix, Table S5) using
pENTR/D-TOPO-CEBiP as template. The PCR products were treated with
DpnI (TOYOBO) for cutting template, and then self-ligated using T4 DNA
ligase/T4 polynucleotide kinase (Takara Bio).

For the construction chimeric CEBiP plasmid, amplified LysM DNA frag-
ments were introduced into corresponding LysM deleted pENTR/D-TOPO-
CEBiP by using the In-Fusion cloning kit (Clontech). The DNA fragments
encoding each LysM were amplified from pENTR/D-TOPO-CEBiP, pENTR/D-
TOPO-AtCEBiP and pENTR/D-TOPO-LYM1 using the primer sets (SI Appendix,
Table S5). For the LysM-swapping experiments, LysM deleted pENTR/D-
TOPO-CEBiP was amplified by inverse PCR using the primer sets (SI
Appendix, Table S3) and pENTR/D-TOPO-CEBiP as a template. The ampli-
fied LysM DNA flagments were introduced into the LysM-deleted pENTR/D-
TOPO-CEBiP by using the In-Fusion cloning kit. Both PCR products were treated
with the cloning enhancer (Clontech) before in-fusion cloning reaction.

Plasmids of CEBiP and CEBiP mutants were introduced into pMDC32 or
pEAQ-HT-DEST1 by using the LR reaction (Life Technologies). pMDC32 and
pEAQ-HT-DEST1 were used for the tobacco BY-2 cells and N. benthamiana
expression system, respectively. Before the LR reaction with pEAQ-HT-DEST1,
entry vectors of CEBiP mutants were first digested with EcoRV or NruI to
disable the kanamycin-resistance gene in the vector. The expression vectors
thus obtained were transformed into Agrobacterium tumefaciens C58C1
by electroporation.

Expression of CEBiP and CEBiP Mutants in N. benthamiana and Tobacco BY-2
Cells. N. benthamiana plants were grown for 4–6 wk in a 14-/10-h light/dark
cycle at 20 °C (light) or 22 °C (dark). To express the CEBiP and various types of
CEBiP mutants, transformed A. tumefaciens was pressure-infiltrated into
N. benthamiana leaves as reported by Sainsbury et al. (45). Leaves were
harvested at 6 d after infiltration and used for the preparation of micro-
somal fractions.

Suspension-cultured tobacco BY-2 cells were maintained in LSD medium.
To generate BY-2 cells expressing LysM-deleted CEBiP, tobacco BY-2 cells
were cocultivated with the transformed A. tumefaciens. After 2 d of co-
cultivation, transformed BY-2 cell lines were selected on LSD agar medium
containing 50 mg/L hygromycin and 12.5 mg/L Meropenem for 2–3 wk. Se-
lected cell lines were transferred into LSD liquid medium and used for the
preparation of microsomal fractions.

Expression levels of CEBiP and CEBiP mutants were analyzed by Western
blotting. Microsomal membrane fractions were prepared from the BY-2 cells
harvested 6–7 d after transfer to the new medium or N. benthamiana leaves
harvested 6 d after infiltration (46). After SDS/PAGE, Western blotting was
performed using an Immun-Blot PVDF Membrane (Bio-Rad). Detection of
CEBiP and CEBiP mutants were performed by using rabbit antisera against
CEBiP as a primary antibody (6) and horseradish peroxidase-conjugated goat
anti-rabbit IgG (MP Biomedicals) as a secondary antibody. Proteins were
detected by the chemiluminescence with Immobilon Western Detection
reagents (Millipore) and recorded by LAS4000 camera system (GE Healthcare).

The expression level of each gene was measured by RT-PCR. Total RNAwas
isolated from the BY-2 cells or N. benthamiana leaves using an RNeasy Plant
Mini kit (Qiagen) and first-strand cDNA synthesis was performed using a
QuantiTect Reverse Transcription Kit (Qiagen). RT-PCR was performed with
Takara Ex Taq (Takara Bio) using gene-specific primers described in SI Ap-
pendix, Table S5.
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Affinity Labeling with Biotinylated-GN8. Affinity labeling of GN8-Bio, the
conjugate of biocytin hydrazide and (GlcNAc)8, was performed as described
previously (15). Microsomal membrane preparation was mixed with 0.04
or 0.4 μM of GN8-Bio with or without competing sugars and adjusted to
30 μL with binding buffer. After incubation for 1 h on ice, 3 μL of 3% EGS
(ethylene glycol bis[succinimidylsuccinate], wt/vol) solution was added to the
mixture and left to stand for 30 min. The reaction was stopped by the ad-
dition of 1 M Tris, mixed with SDS/PAGE sample buffer, boiled for 5 min, and
used for SDS/PAGE. After the blotting onto PVDF membrane, detection of
biotinylated proteins was performed by using a rabbit antibody against bi-
otin (Rockland or Bethyl) as a primary antibody and horseradish peroxidase-
conjugated goat anti-rabbit IgG (MP Biomedicals) as a secondary antibody.

Analysis of Chitin-Induced ROS Generation in Rice Cells. The accumulation of
ROS in the medium of suspension-cultured rice cells by elicitor treatment was
measured by the luminol assay (47) using the microtiter plate-based method
(48). Briefly, 40 mg of cultured cells were transferred to 1 mL of fresh me-
dium in a 2-mL centrifuge tube and preincubated for 30 min at 25 °C on
a thermomixer shaken at 750 rpm. For the competition assay with various
oligosaccharides, each 100 nM of (GlcNβ1,4GlcNAc)4, (GlcNβ1,4GlcN)4, or
(GlcNAc)4 was added to the reaction mixtures 10 min before the addition of
0.1 nM (GlcNAc)8. Ten-microliter aliquots of the medium were then trans-
ferred to 96-well microtiter plates at various time points and immediately
supplemented with 50 μL of 1.1 mM luminol and 100 μL of 14 mM potassium
hexacyanoferrate solution using a programmable injector attached to the
luminometer. Chemiluminescence was measured by a microplate lumin-
ometer model TR717 (Berthold Technologies). The amount of ROS was es-
timated by using a standard curve for hydrogen peroxide.

Homology Modeling of LysM Domains and Mutant Design. Based on the PFAM
database (16), CEBiP comprises a signal peptide region, two LysM domains
and a C-terminal transmembrane region (SI Appendix, Fig. S2). Because we
were interested in the understanding of molecular mechanisms that regu-
late chitin oligosaccharides elicitation, we focused on LysM regions. The best
template was identified using profile HMMs and the program HMMer. Once
the best template was identified, the model of CEBiP extracellular region
was generated by MODELER 9V9. Stereo chemical quality of predicted
models was improved by energy minimization using GROMACS. Modeling
of chitin binding was performed based on the recent structure of CERK1
from A. thaliana, which shares a sequence identity of 24.9% with the ex-
tracellular region of CEBiP (residues 9–192). The model of this complex was
energy minimized using GROMACS (49). Based on this model, important
residues for binding were identified.

NMR Spectroscopic Analysis. All NMR experiments were performed on a
Bruker 600-MHz DRX equipped with a cryo probe at 298 k. All of the sam-
ples were dissolved in deuterated phosphate buffer with 0.005% CHAPS
and 10 mM DTT (pH 7.4) and spectra were calibrated with internal
[D4](trimethylsilyl)propionic acid sodium salt (TSP, 10 μM).

All free ligand proton resonances were assigned by using COSY, TOCSY,
NOESY, ROESY, and heteronuclear single quantum coherence (HSQC)
experiments. 1H-NMR spectra were recorded with 32 k and 64 k datapoints.
Double quantum-filtered phase-sensitive COSY spectra were performed by
using data sets of 4,096 × 512 (t1 × t2) points; TOCSY spectra were per-
formed with a spin lock time of 100 ms, by using datasets of 4,096 × 256
points. NOESY and ROESY spectra were measured by using datasets of
4,096 × 256 points; mixing times between 100 and 400 ms were used. In all
homonuclear spectra the data matrix was zero-filled in the F1 dimension to
give a matrix of 4,096 × 2,048 points and resolution was enhanced in both
dimensions by a cosine-bell function before Fourier transformation. HSQC
experiments were measured in the 1H-detected mode via single quantum
coherence with proton decoupling in the 13C domain, by using data sets of
2,048 × 256 points. Experiments were carried out in the phase-sensitive
mode according to the method of States et al. (50).

All STD NMR experiments were recorded with 16- or 32-k datapoints; the
original FID was zero-filled to 32 or 64 k and Fourier transformation was
applied. To increase the S/N ratio, the FIDs were multiplied with an expo-
nential function (lb = 1–2 Hz). For the STD spectra acquired on the bound
ligands the pseudo 2D pulse program stddiff.3 was used and the unwanted
broad resonance signals of the protein were avoided by using a spin lock
pulse of 50 ms. For protein saturation, a 40-Gauss pulse with a length of
50 ms and an attenuation of 50 db were used. The on resonance pulse was
at −1 or 6.8 ppm, and 40 ppm was set as off resonance pulse frequency.
Reference experiments were carried out to assure the absence of direct
irradiation of the ligand. On the mixtures, STD NMR experiments were

performed using protein-ligand molar ratio varied from 1:50–1:100 and
saturation times between 0.5 and 5 s were used.

To overcome false-positives in STD NMR spectra, STDD NMR experiments
were performed. The STDD was obtained acquiring STD NMR spectra, under
the same conditions, on ligands in presence of LysM1-2 fused to a carrier
protein (Trx) and in presence of thioredoxin alone. The first difference was
taken internally through phase cycling and the second difference was given
by manual subtraction between the normal STD NMR spectrum and those
performed on the ligand in the presence of thioredoxin alone.

The STD effect was calculated by (I0 − Isat)/I0, where (I0 − Isat) is the
intensity of the signal in the STD NMR spectrum and I0 is the peak in-
tensity of an unsaturated reference spectrum (off-resonance). The STD
signal with the highest intensity was set to 100% and the others were
normalized to this peak. Data acquisition and processing were performed
with TOPSPIN software.

STD build up curves were constructed by data processing. In detail, STDD
NMR spectra at different saturation times have been acquired and, for
each proton that gave rise to STD effects, the corresponding STD build up
curve has been constructed by fitting experimental data with the mono-
exponential equation: STD = STDmax[1 – exp (−ksat t)] where STD stands for
the STD signal intensity of a given proton at a saturation time t, STDmax is
the asymptotic maximum of the curve that corresponds to the maximal
STD intensity obtainable when long saturation time are used, and ksat rep-
resents the observed saturation rate constant. Once constructed STD build
up curves it is possible to process resulting values of STDmax and Ksat to
determine the slope of each curve at zero saturation time (SI Appendix,
Table S2). The values of resulting STD fit are very informative because they
are affected only by the vicinity of ligand protons to the binding site of the
protein and reflect the real STD effect of each proton. To obtain the
epitope map and compare the results, all of the values were normalized
to the highest STD fit giving the final percentages of STD, namely STD
epitope fit.

Tr-NOESY experiments on the oligosaccharide in both free and bound state
(in the presence of LysM1-2), were measured by using data sets of 4,096 × 256
points; mixing times were between 150 and 400 ms. In all homonuclear spectra
the data matrix was zero-filled in the F1 dimension to give a matrix of 4,096 ×
2,048 points and resolution was enhanced in both dimensions by a cosine-bell
function before Fourier transformation. A molar ratio of 7:1 (substrate-to-
protein) was chosen for the experiments in the bound state.

Conformational Studies. Molecular mechanics calculations were performed
using the MM3* force field as included in MacroModel 8.0. A dielectric
constant of 80 was used. For the disaccharide structure, both Φ and Ψ were
varied incrementally using a grid step of 18°, each (Φ, Ψ) point of the map
was optimized using 2,000 P.R. conjugate gradients. The molecular dynamic
simulations were run by using the MM3* force field; bulk water solvation
was simulated by using MacroModel generalized Born GB/SA continuum
solvent model. All simulations were performed at 300 K, structures were
initially subjected to an equilibration time of 300 ps, then a 5,000-ps mo-
lecular dynamic simulation was performed with a dynamic time-step of 1.5
fs, a bath constant t of 0.2 ps, and the SHAKE protocol to the hydrogen
bonds. Trajectory coordinates were sampled every picosecond, and a total
of 5,000 structures were collected for every simulation (51, 52). Ensemble
average-interproton distances were calculated using the NOEPROM pro-
gram applying the isolated spin pair approximation as previously described
(51, 53). Coordinate extractions were performed with the program Super-
Map, supplied with the NOEPROM package, and data visualized with ORIGIN
software. Solvent-accessible surfaces were calculated with the Surface utility
of MacroModel and with Molecular Surface displays of the Chem3D package
(Cambridge Software).

Light-Scattering Experiments. Size measurements were performed on a
Zetasizer, Malvern Nano-ZS spectrometer. LysM1-2 (100 μM) was dissolved
with PBS, pH 7.4, containing 0.01% CHAPS and 2 mM DTT. The wavelength
of the laser was 632.8 nm, and the scattering angles 90° and 175°. The
molecular diameter is calculated from the autocorrelation function of the
intensity of light scattered from the particles assuming a spherical form of
particles. For each sample, the mean value of particles diameters was cal-
culated from five replicate determinations. In parallel experiments, LysM1-2
(100 μM) was treated with: (i) a 2-M excess of (GlcNAc)8, (ii) a 2-M excess of
(GlcNβ1,4GlcNAc)4, (iii) a pretreatment with a 2-M excess of (GlcNβ1,4GlcNAc)4
followed by a treatment with a 2-M excess of (GlcNAc)8. Measurements
were carried out at 22 °C in the same conditions used for the protein alone.
Size measurement experiments to evaluate the effect of (GlcNAc)8 on the
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oligomerization state of LysM1-2 I122A mutant were performed in the
same conditions used for the unmutated protein.

For weight average molar masses measurements, size-exclusion chroma-
tography coupled to a DAWN MALS instrument (Wyatt Technology) and an
OptilabTM rEX (Wyatt Technology). Three hundred micrograms of sample,
either alone or after incubationwith a 2-M excess of (GlcNAc)8, was loaded on
a WTC 015S5a column (Wyatt Technology), equilibrated in PBS, pH 7.4,
0.01% CHAPS, 2 mM DTT. A constant flow rate of 0.5 mL/min was applied.
Weight average molar masses were computed using the Astra 5.3.4.14
(Wyatt Technologies) software.
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