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Background: Nod factor perception (NFP) protein is a plant, lysin motif receptor-like kinase.
Results:Disulfide bridges that connect the three extracellular lysinmotifs and the intracellular dead-kinase domain are essential
for NFP function.
Conclusion: Post-translational modifications are required for NFP folding, trafficking, and functioning.
Significance: Structural information will help to determine NFP biochemical function.

The lysinmotif receptor-like kinase, NFP (Nod factor percep-
tion), is a key protein in the legumeMedicago truncatula for the
perception of lipochitooligosaccharidic Nod factors, which are
secreted bacterial signals essential for establishing the nitrogen-
fixing legume-rhizobia symbiosis. Predicted structural and
genetic analyses strongly suggest that NFP is at least part of a
Nod factor receptor, but few data are available about this pro-
tein. Characterization of a variant encoded by the mutant allele
nfp-2 revealed the sensitivity of this protein to the endoplasmic
reticulum quality control mechanisms, affecting its trafficking
to the plasma membrane. Further analysis revealed that the
extensive N-glycosylation of the protein is not essential for bio-
logical activity. In the NFP extracellular region, two CXCmotifs
and two other Cys residues were found to be involved in disul-
fide bridges, and these are necessary for correct folding and
localization of the protein. Analysis of the intracellular region
revealed its importance for biological activity but suggests that it
does not rely on kinase activity. This work shows that NFP traf-
ficking to the plasmamembrane is highly sensitive to regulation
in the endoplasmic reticulum and has identified structural fea-
tures of theprotein, particularly disulfide bridges involvingCXC
motifs in the extracellular region that are required for its biolog-
ical function.

The establishment of the nitrogen-fixing symbiosis between
legume plants and rhizobia bacteria requires amolecular dialog
between the host and themicrosymbiont. Secretion of rhizobial
lipochitooligosaccharidic signals, called Nod factors (NFs),2
and their perception by the host plant are necessary for activat-
ing the plant root nodule organogenesis and infection pro-
grams, and these factors are also involved in the partner speci-
ficity between the legume species and the bacterial strains (1, 2).
Successful interaction leads to development of infected root
nodules (nodulation) in which the bacteria fix dinitrogen.
Genetic analysis has identified genes involved in NF percep-

tion and signal transduction. NFP of Medicago truncatula (3)
and its orthologuesNFR5 of Lotus japonicus and SYM10 of pea
(4, 5) are required for all NF responses and for nodulation and
infection. Another gene, LYK3, is also required for nodulation
and infection in M. truncatula, whereas in L. japonicus, a sim-
ilar gene, NFR1, is required, like NFR5, for all NF responses (5,
6).
NFP, LYK3, and their orthologues are receptor-like kinases

(RLKs), belonging to the lysin motif (LysM-RLK) class. LysM-
RLKs occur in all plants, and phylogenetic analysis has defined
two subfamilies, which have been called the LYR and LYK fam-
ilies (3). InM. truncatula, there are at least 17 LysM-RLKs, and
NFP and LYK3 are members of the LYR and LYK subfamilies,
respectively. Like all RLKs (7), the LysM-RLKs are type I mem-
brane proteins with a predicted signal peptide and an extracel-
lular region, followed by a single transmembrane-spanning
helix and an intracellular region (IR) exhibiting homology to a
protein kinase. The lack of certain highly conserved kinase fea-
tures and the lack of in vitro kinase activity of the IR of NFP (3)
andNFR5 (8) suggest that these proteins and indeedmany LYR
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proteins may be part of the large number of plant RLKs with
“dead kinases” (9). In contrast, LYK3 and NFR1 have active
kinases, which are necessary for their symbiotic roles (3, 8, 10).
All of the LysM-RLKs are predicted to encode proteins with

three LysM domains in their extracellular regions, which are
separated by characteristic CXC motifs (where X represents
any amino acid) in the interdomain spacer regions. A similar
structure also occurs in related LysM receptor-like proteins
(LYM proteins) that lack an IR (11). LysM domains are protein
motifs of about 40 amino acids (AA), whichwere first described
in bacterial autolysins but indeed are found in many eukarya
and bacteria proteins, often in association with other domains
(12). Only in plants are they associated with kinase domains
(12). LysM domains are implicated in the binding of
GlcNAc-containing molecules. However, although genetic
analysis implicates the symbiotic LysM-RLKs of legumes in
binding of lipochitooligosaccharidicNFs (1, 13, 14), this has not
yet been demonstrated biochemically.
We previously showed that NFP is highly N-glycosylated

(15), and of the two mutant alleles of NFP that have been iden-
tified (3), nfp-1 appears to be a null allele, whereas nfp-2 bears a
mutation (S67F) located in a putativeN-glycosylation site in the
first LysM domain. In addition, the presence of the highly con-
served pairs of CXC motifs between the LysM domains in
LysM-RLKs suggests that they may play a structural role in the
protein, perhaps through the formation of disulfide (S-S)
bridges.
N-Glycosylation and S-S bridges are post-translational mod-

ifications that occur inmany eukaryotic proteins exposed to the
extracellular medium (secreted and surface membrane-an-
chored or transmembrane proteins, such as NFP). S-S bridges
also occur in prokaryotes but to a lesser extent than in
eukaryotes. N-Glycosylation and S-S bridges have been
reported to play many roles, including facilitating the folding,
trafficking and function of the protein as well as protecting it
from an extracellular medium, which, in plants, is acidic and
rich in proteases (16). These post-translational modifications
have recently been shown to be important for trafficking to the
plasmamembrane (PM) and/or the functioning of several plant
RLKs of the leucine-rich repeat (LRR-RLKs) class (17). Both
modifications occur in the endoplasmic reticulum (ER). S-S
bridges are formed between two Cys residues, due to the favor-
able redox condition and with the help of protein disulfide
isomerases. N-Glycosylation, initially with mannose-rich
N-glycans, occurs on Asn residues at specific sites, which con-
sist of the consensus sequence Asn-X-Ser/Thr, where X is any
AA except Pro and ismediated by the oligosaccharyltransferase
complex (16). The N-glycans then undergo cycles of trimming
and elongation, which lead to dissociation/association with the
ER lumenal lectin chaperones calnexin/calreticulin (18).
N-Glycans are further modified in the Golgi apparatus to give
complexN-glycans, which in plants are often fucosylated on the
proximal GlcNAc residue (19). In addition to calnexin/calreti-
culin, BIP and its partners are other ER non-lectin lumenal
chaperones that bind hydrophobic exposed domains of
unfolded proteins. All together, the lumenal and the cytosolic
chaperones retain the nascent proteins in the ER until they are
correctly folded. Long retention of unfolded proteins increases

the probability for the protein to be targeted for degradation by
the ER-associated degradation pathway or eventually by the
vacuole (20). This represents the ER quality control (ER-QC).
The aim of this work was to identify the structural features of

NFP required for its activity. To this end, we performed a large
scale structure function analysis, using a combination of
genetic complementation and biochemical approaches. In par-
ticular, we examined the role of post-translational modifica-
tions in the extracellular region and conserved residues in the
intracellular region. The work presented here contributes to
our understanding of the structure and regulation of plant
LysM-RLKs in signal transduction and to the functioning of
NFP in nodulation.

EXPERIMENTAL PROCEDURES

Cloning and Plant Transformation—A cloning vector was
built containing an expression cassette consisting of a HindIII
site, the cauliflower mosaic virus 35S promoter (Pro35S) or the
NFP promoter, �1137 to �1 bp before ATG (ProNFP), a BglII
site, the coding region of NFP fused in frame to a protein tag, an
EcoRI site, theNos terminator, and a SmaI site. The protein tags
used were the yellow fluorescent protein, sYFP2 (21), mono-
meric red fluorescent protein (RFP) (22), and 3�FLAG (Sigma).
A construction of NFP deleted from its intracellular region and
fused tomonomeric RFP (NFP�IR-RFP) contained amino acids
1–283 of NFP. Point mutations were introduced using the
QuikChange mutagenesis kit (Stratagene) using the NFP-RFP
cloning vector for the mutations in the NFP extracellular
region. The NFP-3�FLAG cloning vector was used for muta-
tions in the NFP IR. The expression cassettes were then trans-
ferred to the binary plasmid pBin� using HindIII and SmaI.
Plasmids containing PMA4-GFP (23), HDEL-GFP (24), or
HVR-ROP-mTurquoise (25, 26) are as described.
The resulting plasmids were introduced into Agrobacterium

rhizogenes (ARqua1) or into Agrobacterium tumefaciens
(LBA4404) by electroporation.M. truncatula kanamycin-resis-
tant roots were produced on nfp-1 plantlets (3), essentially as
described (27). After 4 weeks on agar plates supplemented with
20 �g/ml kanamycin, the composite plants were transferred to
growth pouches. One week later, the root systems were inocu-
lated with Sinorhizobium meliloti (strain 2011). Nodules were
counted at 10 and 14 days postinoculation (dpi), and the root
systems were then harvested and stored at �80 °C for future
immunoblotting analysis. Nicotiana tabacum BY2 cells were
transformed by co-culturing for 3 days at 25 °C in dark without
shaking, several dilutions of A. tumefaciens suspensions at 1
A600 (10–200 �l) with 4 ml of 4-day-old BY2 cells (weekly sub-
cultured). Bacteria and plant cells were previously washed and
resuspended in BY2 cell culture medium (4.4 g/liter Murashige
and Skoog salts, 30 g/liter sucrose, 0.2 g/liter KH2PO4, 5 mg/li-
ter thiamine, 0.2 mg/liter 2,4-dichlorophenoxyacetic acid, pH
5.4) supplementedwith 100 nM acetosyringone. Cells were then
washed three times andplated and grownat 25 °C in the dark on
solid BY2 cell culture medium (0.8% agar) supplemented with
400 mg/liter carbenicillin and 100 mg/liter kanamycin until a
calli appeared and then cultured in BY2 cell culture medium
with only kanamycin. Protoplasts were transformed as
described (28).
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Tunicamycin Treatment—Leaf discs of A. tumefaciens-infil-
trated Nicotiana benthamiana leaves were incubated by flota-
tion for 20 h on 10 �M tunicamycin (stock 5 mM tunicamycin
(Sigma) in DMSO, diluted in water) prior to microscopy anal-
ysis. Leaf discs were then stored at�80 °C before immunoblot-
ting analysis.
PNGase F Treatment—PNGase F treatment was performed

on microsomal fractions or on denatured total extracts from
transgenic roots. For fractionation, frozen roots were ground
for 30 s with a 4-mmmetal bead in 2-ml tubes. The powder was
diluted in 500 �l of 250mM sorbitol, 50 mMTris-HCl, pH 8.0, 2
mM EDTA, 0.6% polyvinylpolypyrrolidone, 5 mM DTT, prote-
ase inhibitors (1 mM phenylmethylsulfonyl fluoride and 1
mg/ml each of leupeptin, aprotinin, antipain, chymostatin, and
pepstatin; Sigma). 350 �l of 0.8-mm glass beads were added,
and samples were reground for 90 s. Samples were centrifuged
for 5 min at 10,000 � g, and then the supernatant was recentri-
fuged for 30 min at 100,000 � g. For denaturation of total
extracts, transgenic roots were solubilized in gel loading buffer
(see below) and diluted in water. Proteins were then precipi-
tated by 10% trichloroacetic acid (TCA). The pellets were
washed twice with 90% acetone. Microsomal fractions and
TCA pellets were resuspended by sonication in 45 �l of 25 mM

Tris-HCl, pH 7.0. Either 5 �l of PNGase F (Roche Applied Sci-
ence) or 5 �l of 50% glycerol were added. The samples were
incubated for 30 min at 37 °C prior to immunoblotting.
Cysteine Labeling—Microsomal fractions were prepared

from10 g of transgenicN. benthamiana leaves as described (29)
and resuspended in 2ml of denaturing buffer (6 M guanidinium
HCl, 0.1 M Tris-HCl, pH 8.0). All steps were performed under
nitrogen. The samples were divided in two; 100 �l of freshly
prepared 1 MDTT or water were added before a 1-h incubation
at room temperature. Microsomal fractions were then diluted,
pelleted, washed, and finally resuspended (450 �l) in denatur-
ing buffer. 50 �l of maleimide-PEG2-biotin (Pierce; 10 mM in
DMSO) was added before a 1-h incubation at room tempera-
ture. Microsomal fractions were then diluted, pelleted, and
resuspended (200�l) in pull-downbuffer (150mMNaCl, 25mM

Tris-Cl, pH 7.5, 10% glycerol). 200 �l of pull-down buffer with
0.5% dodecyl maltoside (Alexis Biochemicals) were added.
Sampleswere incubated for 10min at 4 °C, diluted 2.5-foldwith
pull-down buffer, and centrifuged for 15min at 165,000� g. 15
�l of magnetic RFP trap (Chromotek) were added to the super-
natant before a 1-h incubation at 4 °C. Beadswerewashed twice
in pull-down buffer before analysis of the proteins by
immunoblotting.
Immunopurification—200mg ofN. benthamiana transgenic

leaves frozen and crushed were ground for 30 s with two 3-mm
metal beads in 2-ml tubes. The powder was diluted in 400 �l of
pull-down buffer with 0.5% dodecyl maltoside and shaken for 5
min at 4 °C. Samples were centrifuged for 5 min at 5,000 � g.
The supernatantwas centrifuged for 30min at 100,000� g. The
supernatantwas diluted 5-foldwith pull-down buffer, and 10�l
of magnetic RFP trap (Chromotek) were added before a 30-min
incubation at 4 °C. Beadswerewashed once in pull-down buffer
with 0.1% dodecyl maltoside before analysis of the proteins by
immunoblotting.

Immunoblotting—Protein expression in transgenic roots was
followed by analysis of root total extracts (20 mg of roots for 30
�l of gel loading buffer). Other samples were prepared as
described above. All samples were solubilized in gel loading
buffer (2%SDS, 80mMTris-Cl, pH6.8, 15% glycerol), heated for
5 min at 95 °C, and centrifuged for 5 min at 16,000 � g. After
separation by SDS-PAGE on 8% (w/v) acrylamide gels, proteins
were transferred onto nitrocellulose membranes. RFP fusions
were detected using the serum from a rabbit immunized with
anEscherichia coli expressedHis6-taggedmCherry protein, at a
dilution of 1:5,000, YFP fusions were detected using rabbit anti-
GFP (Clontech) at 1:5,000, and BIP was detected using mouse
anti-Hsc70 (1D9; Stressgen) at 1:1,000, followed by peroxidase-
linked anti-rabbit antibodies (Millipore) or peroxidase-linked
anti-mouse antibodies (Pierce). Peroxidase-linked goat anti-
biotin antibodies (Sigma) were used at 1:1,000. Bovine serum
albumen was used for membrane saturation and incubation of
anti-biotin antibodies. Peroxidase activity was revealed by
chemiluminescence using the Immobilon kit (Millipore).
Molecular weights were estimated by comparison with the
PageRuler prestained protein ladder (Fermentas).
Immunocytolabeling—Root segments transformed with the

Pro35S:NFP-RFP construct (or the vector construct) were fixed
in 4% formaldehyde, 0.1Mphosphate, 0.1%TritonX-100 buffer,
pH 7.4, for 30min at room temperature followed by subsequent
fixation for 60 min in fresh fixing medium without Triton
X-100. After rinsing, the specimens were embedded in low
melting point wax (30) and cut into 10-�m-thick sections,
which were deposited on stick-on-coated slides and dewaxed
prior to the immunolocalization procedure. RFP immunolocal-
ization was performed on sections by treating them with anti-
RFP antibody diluted 1:20,000 as the primary antibody and goat
anti-rabbit HRP (Santa Cruz Biotechnology, Inc.) diluted
1:2,500 as a secondary antibody according to the tyramide sig-
nal amplification plus fluorescein system (PerkinElmer Life Sci-
ences). After staining, sections were treated according to Ref.
31.
Microscopy—Fluorescence of all cells was imaged using a

Leica SP2 confocal microscope except for that of the proto-
plasts, imaged using a Zeiss CLSM510 microscope.
qRT-PCR—Biological samples analyzed and qRT-PCR anal-

yses were performed as described (32).
In Silico Analysis—Alignments were made by ClustalW and

corrected manually. Transmembrane domains were predicted
by TMHMM, and signal peptide was predicted by signalP.
Molecular Modeling—Coordinates of the three LysM

domains, previously built from the NMR structure of a LysM
domain from E. coli through homology modeling techniques
(15), were herein used to build the whole NFP extracellular
region (192 AA, from Ile-32 to Pro-223). Loops between
domains were generated by using the Biopolymer module of
Sybyl X (Tripos Inc.). The same module was used for the gen-
eration of the mutated NFP S67Fmodel. Hydrogen atoms were
added, and partial atomic charges were derived from the
AMBER force field (33). Titratable groups were considered in
their standard protonation state at neutral pH. Minimization
cycles were then carried out by first optimizing the orientation
of hydrogen atoms and side chains. The whole structure was
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then fully optimized. Energy minimization cycles were per-
formed within the AMBER force field (33). The permittivity
was set as a distance-dependent function, and a Powell-type
minimizer was used (34). Connolly surfaces were then com-
puted by employing theMOLCAD program,mapping the lipo-
philic potential properties (35). Images were created within the
SybylX graphical environment (Tripos Inc.).

RESULTS

NFP Localizes at PlasmaMembrane—Putative NF receptors
are expected to localize to the PM, where they may encounter
NFs being produced by extracellular rhizobia. To study NFP
localization and trafficking, we made YFP, RFP, and 3�FLAG
fusions to the C terminus of NFP and transformed wild type
(WT) and the nfp-1 (a predicted null allele) mutant ofM. trun-
catulausing theA. rhizogenes transformation system.Using the
native promoter (ProNFP), we have not been able to detect
specific fluorescence (above the autofluorescence level) from
the YFP- or RFP-tagged NFP proteins in roots and nodules,
although endogenousNFP is expressed in both tissues as shown
using a ProNFP:GUS fusion (3) and by NFPmRNA quantifica-
tion by qRT-PCR (supplemental Fig. S1). We thus tested
whether the strong and constitutive promoter (Pro35S) could
be used and found that all three tagged NFP fusions expressed
from this promoter led to complementation of nfp-1 for nodu-
lation, suggesting that the use of Pro35S and the presence of a
C-terminal tag do not compromise the biological function of
NFP; indeed, comparison of the 3�FLAG constructs showed
that the Pro35S allows a stronger nodulation of M. truncatula
than the ProNFP (supplemental Fig. S2). However, still no spe-
cific fluorescence (above the autofluorescence level) could be
observed from the Pro35S:NFP-YFP or -RFP fusions in
M. truncatula roots.

In contrast, the fluorescent NFP fusions were easily detecta-
ble when expressed in heterologous systems: cowpea leaf pro-
toplasts, N. tabacum BY2 cells (supplemental Fig. S3), and
N. benthamiana leaves (Fig. 1A). In all three systems, localiza-
tion at the cell periphery was observed. In transformed cowpea
protoplasts, the fluorescent fusion of NFP showed co-localiza-
tionwith the PMmarker (supplemental Fig. S3A). InN. bentha-
miana leaf epidermal cells, localization of the protein evolved
with time following infiltration with A. tumefaciens containing
the construction. Early observations, 36 hpi, revealedNFP fluo-
rescence mainly around the nucleus and in a cortical network
resembling the ER (supplemental Fig. S3B). At 72 hpi, the pro-
tein was predominantly localized at the PM, as shown by co-ex-
pression with a PM marker (Fig. 1A). Observations at longer
times after infiltration revealed fluorescence mainly in the vac-
uole (supplemental Fig. S3B). Because fluorescence was homo-
geneous in the vacuole, it probably corresponds to free RFP
released following cleavage of the fusion protein in the vacuole.
In the case of stably transformed BY2 cells, fluorescence was
observed both at the PM and in the vacuole (supplemental Fig.
S3C).
To study the localization of NFP in M. truncatula roots, we

used immunocytolabeling with anti-RFP antibodies on A. rhi-
zogenes transformed roots expressing NFP-RFP from Pro35S.
Using a classical procedure, we were again unable to detect

NFP. However, using a highly sensitive amplification method,
we were finally able to detect a signal corresponding to NFP-
RFP at the cell periphery in root cortical cells, whereas little or
no signalwas detected in vector-transformed control roots (Fig.
1B). This method also detected a PM localization of the NFP-
RFP and NFP-YFP proteins inN. benthamiana leaves similarly
to the localization of the fluorescence of these proteins (data
not shown). Together, these results show that NFP localizes at

FIGURE 1. NFP localizes to the PM and NFP-S67F localizes in the ER in
N. benthamiana. A, NFP localizes to the PM in N. benthamiana. NFP-RFP was
co-expressed in N. benthamiana leaves with a PM marker (PMA4-GFP), and
the leaves were analyzed by confocal microscopy at 3 dpi. Superposition of
the fluorescence images shows clear co-localization of NFP-RFP with the PM
marker at the cell boundary. B, NFP localizes to the PM in M. truncatula roots.
Roots of M. truncatula nfp-1 were transformed with the Pro35S:NFP-RFP con-
struct or a control vector. Immunocytolabeling was performed using anti-RFP
as primary antibodies and the tyramide signal amplification method (green)
on root longitudinal sections corresponding to cortical cells. Proteins are
stained with Evans blue (red), and the nucleus is stained with DAPI (blue). C,
NFP-S67F is retained in the ER in N. benthamiana. The protein encoded by the
nfp-2 allele (NFP-S67F) was fused to RFP and co-expressed with the PM
(PMA4-GFP) or ER (HDEL-GFP) markers, and the leaves were analyzed by con-
focal microscopy at 3 dpi. Co-localization with the ER marker in a reticulated
network in the cell and around the nucleus suggests that the protein is
retained in the ER. Bars, 20 �m.
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the PM in both M. truncatula roots and in heterologous plant
expression systems.
Number of N-Glycosylation Sites Is Variable between LysM-

RLKs, and Individual N-Glycans Are Not Necessary for NFP
Activity—Previous work had shown that NFP is highly N-gly-
cosylated and that all of the 10-predicted N-glycosylation sites
(NX(S/T)) are most likely occupied (15). The nfp-2 allele con-
tains a point mutation leading to replacement of Ser-67 located
in a putative N-glycosylation site in the first LysM domain
(LysM1) by Phe and, like nfp-1, is a strong allele showing no NF
responses (3). In some receptors, N-glycosylation can affect
receptor function by affecting ligand binding and signal trans-
duction (36). In NFP, eight of theN-glycosylation sites occur in
the LysM domains (Fig. 2A and supplemental Fig. S4), and four
of them, including the one affected in the nfp-2 allele, are con-
served in NFP orthologous proteins of both pea (SYM10) and
L. japonicus (NFR5) (Fig. 2B). However, the NFP N-glycosyla-
tion sites are not well conserved within the LYR and LYK pro-

teins of the LysM-RLK family fromM. truncatula, although in
some cases, other sites are found in close vicinity to those of
NFP (Fig. 2B and supplemental Fig. S4). The number of N-gly-
cosylation sites in the LysM domains of these proteins is vari-
able and can be as few as two (in LYR2, LYK3, and LYK4),
whereas NFP, with eight, contains the most (supplemental Fig.
S4).
In order to test whether N-glycosylation is required for NFP

function, we first treated N. benthamiana leaves expressing
NFP-YFP with tunicamycin, a drug inhibiting an early step of
N-glycosylation. Immunoblot analysis showed that NFP from
the tunicamycin-treated sample migrated at the size predicted
from its unmodified AA sequence (Fig. 2C), suggesting that the
tunicamycin treatment had substantially inhibited NFP N-gly-
cosylation. Microscopy analysis revealed that the protein was
located predominantly at the cell periphery at 72 hpi, probably
at the PM (Fig. 2D, a), although in some cells NFP fluorescence
was observed in perinuclearmembranes (arrow in Fig. 2D, b), as
also seen in control leaves treated only with diluted DMSO.
We then individually replaced the Asn of each potential

N-glycosylation site present in the LysM domains with Gln and
took advantage of our nfp-1 complementation system using
Pro35S:NFP-RFP tagged proteins to study the effect of the
mutations. All mutated proteins were able to complement the
absence of nodulation in the nfp-1 mutant (Table 1), showing
that each N-glycosylation site, individually, is not essential for
NFP function. We combined some of these mutations in order
to remove all N-glycosylation sites from LysM1, LysM2, or
LysM3. Again, expression of the mutated proteins restored the
nodulation in theM. truncatula nfp-1mutant (Table 1), show-
ing thatN-glycosylation of each individual LysM domain is not
essential for the biological role of the protein and that the loss of
function of nfp-2 is thus not due to the absence of anN-glycan.
NFP Trafficking to PM Is Regulated in ER—In order to inves-

tigate the reason for the lack of function of the nfp-2 allele, a
construct coding for NFP-S67F fused to RFP was used to tran-
siently transform N. benthamiana leaves. In contrast to NFP,
which localized at the PM at 72 hpi, NFP-S67F localized to the
periphery of the nucleus and in a reticulated network through-
out the cell and showed co-localization with an ER marker
rather than with the PM marker (Fig. 1C).
To study the trafficking of these proteins in M. truncatula,

we made use of the information that the N-glycans of NFP are
mostly insensitive to PNGase F (15), probably because they are
fucosylated on the proximal GlcNAc residue in the Golgi appa-
ratus (19). Therefore, the sensitivity of NFP to PNGase F treat-
ment could be used to test whether the protein has passed
through the Golgi and presumably inserted into the PM. We
thus studied the effect of PNGase F ondifferent variants ofNFP,
expressed in M. truncatula roots. NFP showed a small reduc-
tion in size following PNGase F treatment (Fig. 3A), probably
due to one or two N-glycans not being modified to a complex,
fucosylated form, as shown previously (15). In contrast, NFP-
S67Fwas completely sensitive to PNGase F, leading to a protein
of the size predicted for unmodified NFP (Fig. 3A). This result
suggests that itsN-glycanswere notmodified in theGolgi appa-
ratus, consistent with an ER localization of this protein in
M. truncatula.

FIGURE 2. N-Glycosylation sites are not conserved between NFP and var-
ious LysM-RLKs, and trafficking of NFP to the PM is not blocked by inhi-
bition of N-glycosylation. A, scheme of the extracellular region of NFP show-
ing positions of the Asn (N) and Cys (C) residues (putatively being involved in
post-translational modifications) in relation to the LysM domains. SP, signal
peptide; TM, transmembrane domain; numbering is from the start of the sig-
nal peptide. B, conservation of the NFP Cys and N-glycosylation site residues
in the orthologues from L. japonicus (NFR5) and P. sativum (SYM10) and the
LYR and LYK proteins from M. truncatula. �, a site found at the same position;
�/�, a site found at a close position (see alignment in supplemental Fig. S4).
C, tunicamycin effectively inhibits N-glycosylation of NFP. N. benthamiana
leaves expressing NFP-YFP at 2 and 3 dpi were treated with 10 �M tunicamy-
cin or solvent only (diluted DMSO) for 20 h prior to analysis by immunoblot-
ting. Tunicamycin treatment led to NFP-YFP detected at the size predicted
from the unmodified AA sequence (93 kDa), whereas the protein in the
untreated leaves contains about 20 kDa of N-glycans. D, NFP can reach the PM
in the absence of N-glycosylation. The same material described in C (leaves at
3 dpi treated with 10 �M tunicamycin for 20 h) was observed by confocal
microscopy; two images are shown. The arrow points to labeling of perinu-
clear ER, whereas most of the NFP protein localizes to the PM. WB, Western
blot. Bars, 20 �m.
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In order to investigate in more detail the effect of the S67F
mutation, we replaced Ser-67 with Ala (S67A) or made a con-
servative substitution by replacing Ser-67 with Thr (S67T),
which does not destroy the putative N-glycosylation site. Both
mutations allowed complementation of the nfp-1 for nodula-
tion (Table 1), showing that the presence of a Phe at position 67
was responsible for the loss of function of the protein coded by
nfp-2. Sensitivity to PNGase F was different for NFP-S67A
(similar to NFP, mostly insensitive) compared with NFP-S67T
(partially sensitive) (Fig. 3A). In both cases, a fraction of these
proteins contained PNGase F-insensitive N-glycans and thus
had passed through the Golgi, consistent with this fraction
being located at the PM and restoring nodulation. This result
shows that only a small amount of correctly localized NFP is
enough to perform its function.
In order to understand how NFP-S67F is retained in the ER,

NFP and NFP-S67F expressed in N. benthamiana leaves were
solubilized from membranes, purified using the RFP tag, and
submitted to SDS-PAGE. Antibodies raised against the ER

lumenal BIP chaperones, which bind and retain unfolded pro-
teins in the ER, were used to test whether BIPs interact with
NFP or NFP-S67F. Indeed, BIPs were co-purified with NFP-
S67F to a much larger extent than with NFP (Fig. 3B), suggest-
ing that NFP-S67F is not correctly folded. Misfolded proteins
occasionally induce an “unfolded protein response,” which
leads to overexpression of BIP chaperones (20). We compared
the level of BIP in roots from nfp-1 and nfp-2 mutants and
wild-type plants grown in aeroponic conditions. No differences
in the levels of BIP were detected between the plants (Fig. 3C)
despite the accumulation ofNFP-S67F�BIP complexes in the ER
in nfp-2 plants.
Cysteine Pairs Are Conserved in All LysM-RLKs and Are

Essential for NFP Activity—An intriguing feature of all plant
LysM-RLKs characterized to date is the presence ofCXCmotifs
between the three LysM domains. In NFP, these occur at Cys-
102/Cys-104 between LysM1 and LysM2 and at Cys-162/Cys-
164 between LysM2 and LysM3 (Fig. 2, A and B). Further
inspection of the extracellular regions revealed two other Cys

TABLE 1
Extracellular Cys residues and an intracellular kinase residue, but not N-glycosylation sites, are essential for NFP biological activity
Constructs coding for tagged NFP or the indicated mutant variants of NFP were transformed intoM. truncatula nfp-1. Transgenic roots were inoculated with S. meliloti,
and complementation for nodulation was analyzed 2 weeks later.When indicated, proteins from transgenic roots were analyzed for sensitivity to PNGase F as shown in Fig.
3 (an indicator of ER localization) and localization inN. benthamiana (as shown in Fig. 1 and supplemental Figs. S3 and S5). AA numbering starts from the first Met of the
predicted signal peptide. JM, juxtamembrane; A-segment, activation segment; C-tail, C-terminal tail. �, before the indicated LysM domain; ��, between the indicated
LysM domains.

Construct/NFP mutation Domain mutated Nodulation
PNGase F
sensitivity

Localization in
N. benthamiana

Empty vector �

NFP and NFP-S67F
NFP � � PM
S67F LysM1 � � ER
S67T LysM1 � �/�
S67A LysM1 � �

N-Glycosylation sites
N65Q LysM1 �
N71Q LysM1 �
N65Q/N71Q LysM1 �
N112Q LysM2 �
N133Q LysM2 �
N146Q LysM2 �
N112Q/N133Q/N146Q LysM2 �
N189Q LysM3 �
N211Q LysM3 �
N219Q LysM3 �
N189Q/N211Q/N219Q LysM3 �

Cys residues
C39A �LysM1 �
C47A �LysM1 � � ER
C39A/C47A �LysM1 � � ER
C102A LysM1��LysM2 � �
C104A LysM1��LysM2 �
C102A/C104A LysM1��LysM2 � � ER
C164A LysM2��LysM3 � �
C166A LysM2��LysM3 � �
C164A/C166A LysM2��LysM3 � � ER
C102A/C164A � �
C102A/C166A � �
C104A/C164A � �
C104A/C166A � �
C102A/C104A/C164A/C166A � � ER

Intracellular region
T281A/S282A/S283A JM �
K339A VAIK �
D435A HRD �
T459A/S460A/T461A A-segment �
G474A �-Helix F � �/�
G474E �-Helix F � �/�
T482A �-Helix F �
T578A/S579A C-tail �
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residues (Cys-39 and Cys-47), separated by seven other resi-
dues, present in the N-terminal region of NFP before LysM1,
and these residues are clearly conserved in NFR5, SYM10, and
LYR1 (supplemental Fig. S4 and Fig. 2B). Two Cys residues in
similar positions are also found before LysM1 in allM. trunca-
tula LysM-RLKs, although their exact positions and separation
(between three and six residues) are less well conserved. Some of
these proteins also contain Cys residues in the predicted signal
peptide and thus would not be present in themature protein. It is
noteworthy that five of the proteins (LYR2–LYR6) contain an
additionalCysresidue in theN-terminal region,after thepredicted
signal peptide, and also a Cys residue in the LysM2. In addition,
LYR5 andLYR6 contain a thirdCXCmotif after LysM3, and these
two proteins andLYR2 contain two additional Cys residues in this
extracellular juxtamembrane region (supplemental Fig. S4). In all
cases, the LysM-RLKs contain an even number of Cys residues in
the extracellular regions of the predicted mature proteins, which
suggests the presence of S-S bridges.
In order to investigate the presence of such putative S-S

bridges, we expressed, inN. benthamiana leaves, an RFP fusion
of NFP truncated from its intracellular region in order to elim-
inate unwanted Cys residues in the IR. This truncated form
(NFP�IR-RFP) contains the six Cys residues from the NFP
extracellular region, potentially involved in S-S bridges, and
one Cys residue in the RFP tag, which faces the cytosol and

cannot be involved in an S-S bridge. NFP�IR-RFP localized at
the PM similarly to the full-length NFP (supplemental Fig.
S5A). Membrane fractions were prepared from leaves, and free
Cys residues were labeled with maleimide-PEG2-biotin before
and after treatment with DTT, which reduces the S-S bridges.
The truncated NFP proteins were then purified using the RFP
tag. An immunoblot using anti-biotin antibodies (Fig. 4A)
revealed a substantial increase in Cys residue labeling of NFP
after the reduction of the S-S bridges; the increase corresponds
to the expected difference (1/7) for all of the six Cys residues of
the NFP extracellular region being involved in S-S bridges.
In order to determine the requirement of these S-S bridges in

NFP activity, we replaced each Cys residue, individually or in
combination, with Ala and analyzed the proteins for their abil-
ity to complement the nfp-1 for nodulation (Table 1). Among
the six Cys residues in the extracellular region, Cys-47 and Cys-
166 were found to be essential for NFP nodulation activity
(Table 1). Analysis of combinations of Cys residue mutations
revealed that either Cys-102 or Cys-104 must be present for
nodulation activity and that Cys-164 is required if Cys-104 is
mutated (Table 1). The mutated proteins that were unable to
complement nfp-1 for nodulation were then tested for their
sensitivity to PNGase F, and all of them were found to be sen-
sitive (Fig. 4B), suggesting that these proteins contain non-
modified N-glycans and that these proteins did not reach the
Golgi apparatus. Even the mutated proteins complementing
the absence of nodulation in nfp-1were detected as sensitive to
PNGase F (supplemental Fig. S5C), suggesting that these pro-
teins were severely affected in trafficking and that only a small
amount of functional protein reached the PM to allow comple-
mentation. The ER localization of proteins mutated in the Cys
residue is supported by the finding that when the proteins were
expressed in N. benthamiana (e.g. C102A/C104A/C164A/
C166A), they localized to regions, similar to the ER marker
(supplemental Fig. 5B and Table 1). Further analysis of the pro-
tein encoded by NFP mutated in the two CXC motifs showed
that it co-purified with BIP chaperones from N. benthamiana
leaves (Fig. 4C).
Finally, we deduced from themutation analysis the positions

of the NFP S-S bridges (see “Discussion” for details) and used
this information to build amodel of the entireNFP extracellular
region (Fig. 5A). Stability of the model supports S-S bridges
linking Cys-39 to Cys-104, Cys-47 to Cys-166, and Cys-102 to
Cys-164. Such S-S bridges pack together the three LysM
domains and the N-terminal region (Fig. 5A). Together, these
data suggest that S-S bridges in theNFP extracellular region are
essential for correct folding of NFP and trafficking to the PM
and that in their absence, the protein is retained in the ER by
binding to BIP chaperones.
NFP Intracellular Region Is Necessary for Nodulation—We

recently showed that homology with the kinase domain of
human interleukin-1 receptor-associated kinase 4 (of which the
structure is known) can be used to compare the structures of
the predicted kinase domains of plant RLKs, due to the com-
mon evolutionary origins of these plant and animal kinases (10).
Alignment of theNFP IRwith the kinase domains ofHsIRAK-4,
LYK3, and an Arabidopsis thaliana flagellin receptor (FLS2)
confirmed that theNFP IR lacks some essential features that are

FIGURE 3. Trafficking of NFP-S67F to the PM is blocked in M. truncatula,
and NFP-S67F protein interacts with the ER-located BIP chaperones in
N. benthamiana. A, NFP-S67F lacks Golgi matured N-glycans in M. truncatula.
Protein extracts from nfp-1 roots expressing NFP-RFP or the indicated
mutated variants were treated with PNGase F and analyzed by immunoblot-
ting. The lower size band after treatment indicates a sensitivity of NFP N-gly-
cans to PNGase F and reflects an absence of maturation of NFP N-glycans in
the Golgi apparatus and hence retention of the protein in the ER. The higher
band size reflects transport through the Golgi to the PM. B, NFP-S67F interacts
with the BIP chaperones in N. benthamiana. NFP-RFP or NFP-S67F-RFP
expressed in N. benthamiana leaves were solubilized and purified using anti-
RFP antibodies. Immunoblotting reveals that NFP-S67F, but not NFP, inter-
acts strongly with BIP chaperones. NT, nontransformed leaves. C, BIP chaper-
ones are not overexpressed in roots of nfp-2 mutant plants. An immunoblot of
protein extracts from roots of WT, nfp-1, and nfp-2 plants reveals similar quan-
tities of BIP chaperones, suggesting that the accumulation of NFP-S67F pro-
tein in the ER does not lead to an “unfolded protein response.” The ponceau
red staining shows the protein loading. WB, Western blot.
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conserved in active kinases (3), including part of the Gly-rich
loop andmost of the activation segment (supplemental Fig. S6).
However, other residues conserved in kinases, such as the
VAIK (phosphotransfer) motif and the HRD motif in the cata-
lytic loop, which are involved in ATP hydrolysis, are still pres-

ent in NFP. Thus, we investigated whether the intracellular
region of NFP and the conserved kinase residues are important
for its biological function.
We first testedwhether theNFP IR is essential for nodulation

and found that a construct lacking the IR (NFP�IR) did not
complement nfp-1 for nodulation. We then tested Ala substi-
tutions in conserved residues in the VAIK motif (Lys-339) and
in the HRD motif (Asp-435) and found that both mutant pro-
teins complemented nfp-1 for nodulation (Table 1). We then
tested Ala substitutions in residues that are predicted to be
phosphorylated (NetPhos program) in the juxtamembrane
region (Thr-281, Ser-282, and Ser-283), in �-helix F (Thr-482),
in the incomplete activation segment (Thr-459, Ser-460, and
Thr-461), and near the C terminus of the protein (Thr-578 and
Ser-579). All of the constructs coding NFP mutated in these
residues complemented nfp-1 for nodulation (Table 1). Finally,
we tested the role ofGly-474, which is a highly conserved kinase
residue in predicted �-helix F and which has been shown to be
essential for the activity of A. thaliana FLS2 (37). An NFP-
G474Emutant protein did not allow complementation of nfp-1
for nodulation,whereas a proteinwith amore conservative sub-
stitution (G474A) complemented. A comparison of the sensi-
tivity to PNGase F of theNFP-G474E andNFP-G474A proteins
fromM. truncatula roots suggests that at least a fraction of both
proteins has passed the Golgi apparatus and should be located
at the PM (supplemental Fig. 5D). This result suggests that the
G474E mutant is affected not only in trafficking but also in
biological function.

DISCUSSION

Genetic studies have shown that NFP plays an essential role
in lipochitooligosaccharidic NF perception and signaling. In
this paper, using a structure function approach, we have iden-
tified key elements of the protein that are required for folding,
localization to the PM, and biological activity of the protein.
We used fluorescent protein fusions to the C terminus of the

protein to followNFP localization. Studies in three plant heter-
ologous expression systems suggest that NFP follows a typical
cycle for a cell surface receptor: synthesis at the ER, transit
through the Golgi apparatus, localization at the PM, and later
internalization and degradation in the vacuole (Fig. 1 and sup-
plemental Fig. S3). Although the fluorescence of the fusion pro-
teins was well detected by microscopy when expressed in het-
erologous systems under the control of a strong promoter
(Pro35S), it was not detected in M. truncatula roots when
expressed either under the control of its own promoter
(ProNFP) or under the control of the Pro35S. In contrast, RLKs
of the lectin family, expressed under the control of the Pro35S,
were detected inM. truncatula roots using similar microscopy
(38). Plasma membrane localization was confirmed inM. trun-
catula roots by immunocytolabeling, but only using a highly
sensitive amplification method. Together, these data suggest
that the level of NFP is tightly controlled and kept at a relatively
low level in M. truncatula by post-transcriptional or post-
translational regulation mechanism(s). Nevertheless, NFP
fusion proteins expressed from the Pro35S localized to the PM
and complemented thenfp-1mutant for nodulation, suggesting
that NFP fusion proteins are biologically active and thus can be

FIGURE 4. NFP contains three disulfide bridges and mutants in the CXC
motifs are retained in the ER. A, NFP bears three S-S bridges. A truncated
version of NFP, without its intracellular region, fused to RFP (NFP�IR-RFP) was
expressed in N. benthamiana leaves. The microsomal fraction derived from
these leaves was first treated or not with DTT, and then free Cys residues were
labeled with maleimide-PEG2-biotin. NFP was then solubilized and purified
using anti-RFP antibodies. Proteins were separated by SDS-PAGE and ana-
lyzed by immunoblotting; fusion proteins were detected using anti-RFP anti-
bodies, and labeled Cys residues were detected using anti-biotin antibodies.
The result suggests that the six Cys residues of NFP extracellular region are
involved in S-S bridges, and only the single Cys residue of the RFP is labeled in
the absence of DTT. B, NFP mutated in the Cys pairs localizes to the ER in
M. truncatula. Protein extracts from nfp-1 roots expressing the indicated NFP-
RFP mutated variants were treated as described in Fig. 3A. The sensitivity of
the proteins to PNGase F suggests lack of N-glycan modification and hence
retention in the ER. C, NFP mutated in the CXC motifs interacts with BIP chap-
erones. NFP and the quadruple Cys to Ala mutant proteins were expressed
and purified from N. benthamiana leaves, and complexes with BIP were ana-
lyzed by SDS-PAGE and immunoblotting. The mutant NFP protein co-purifies
BIP chaperones, suggesting that it is retained in the ER by binding to BIP
chaperones. NT, nontransformed leaves; WB, Western blot.
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used to monitor the activity of NFP. Moreover, the fusion pro-
teins were detected by immunoblotting, and we used the resis-
tance to PNGase F of Golgi-modified NFP N-glycans to follow
NFP trafficking inM. truncatula.We thus used a combination
of microscopy and protein biochemistry to examine whether
particular NFP structures play a role in its biological function.
Concerning the IR of NFP, our data show that it is essential

for biological activity because its deletion leads to a protein that
is not functional in nodulation but is still capable of locating to
the PM and thus is probably defective in signal transduction.
Previous studies had shown that the IR of NFP lacks kinase
activity (3), and this is reinforced by our observation that
mutants in two highly conserved “catalytic” residues (Lys-339
in the VAIK motif and Asp-435 in the HRDmotif) are still able
to complement for nodulation (Table 1). In the animal epider-
mal growth factor receptor kinase family, the kinase-dead
ErbB3, which binds the ligand, activates signal transduction
through oligomerization and phosphorylation by the kinase-
active ErbB2, which does not bind the ligand (39). In our studies
of M. truncatula NFP, we have not been able to show trans-
phosphorylation by its potential partner LYK3 (10), although

the LYK3 kinase domain is capable of transphosphorylating
another symbiotic protein, PUB1 (29). In L. japonicus, the
kinase domain of the LYK3 ortholog, NFR1, has been shown in
vitro to transphosphorylate the intracellular region of the NFP
ortholog, NFR5 on Ser-282 in the juxtamembrane region (8).
However, this Ser residue is not essential for nodulation activity
of NFR5 in L. japonicus or, as shown here, of NFP in M. trun-
catula. Unlike in L. japonicus, where NFR5 and NFR1 are both
implicated in the initial steps of nodulation, in M. truncatula,
LYK3 is only required for later stages of nodulation and infec-
tion. Thus, for these early steps, NFP may interact with a yet
unidentified RLK. Alternatively, its kinase-dead domain could
be activated by ligand-dependent conformational changes,
leading to activation of a different signal transduction protein.
Our work has also shown an important role of Gly-474 in

NFP activity. This residue is important for the activity of
another plant RLK (37) and is located in the predicted �-helix F
just after the activation segment, which is the region that is
most highly conserved between NFP, other plant RLKs, and a
related human kinase, IRAK-4 (supplemental Fig. S6). This
helix is postulated to relay conformation changes leading to

FIGURE 5. Molecular modeling of the NFP extracellular region. A, molecular modeling showing the suggested positions of the S-S bridges. LysM domains are
colored blue (LysM1), red (LysM2), and green (LysM3) ribbons, whereas the preceding loops are represented in pale blue, pale red, and pale green, respectively. Cys
residues involved in S-S bridges are shown as yellow sticks. The S-S bridge positions deduced from mutation and complementation analysis (Table 1) were used for
modeling. B, superposed molecular modeling of NFP and NFP S67F. An NFP model is shown before (violet ribbons) and after mutation (pink ribbons); local structural
changes are highlighted at the LysM1 level. The arrow points to the position of residue 67. C and D, solvent-accessible surfaces colored according to the lipophilic
potential, from brown (hydrophobic) to blue (polar), calculated for the NFP model before (C) and after the S67F mutation (D). The mutation zone is circled.
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substrate-binding. Flexibility due to the Gly residue could be
essential for these conformational changes (40).
Concerning the extracellular region of NFP, through studies

on the protein encoded by the strongnfp-2 allele, NFP-S67F, we
have shown that NFP is exquisitely sensitive to ER-QC. In
N. benthamiana, the NFP-S67F fusion protein accumulated in
the ER and associated with the BIP chaperones (Fig. 3), which
recognize misfolded proteins (20). In M. truncatula, the
PNGase F sensitivity of theN-glycans of NFP-S67F (Fig. 3) sug-
gests that the mutant protein also accumulates in the ER in the
homologous system.
Modeling the effect of the S67F mutation suggests that the

Phe residue should not perturb the global three-dimensional
structure of LysM1 (Fig. 5B) but causes changes in the local
hydrophobic properties of LysM1 (Fig. 5,C andD). However, it
ismore likely that steric hindrance rather than increasedhydro-
phobicity is responsible for the ER localization of proteins
mutated at position 67 because an Ala residue is more hydro-
phobic and less bulky than a Thr residue, and S67A does not
affect NFP, whereas the S67T mutation led to most of the pro-
tein accumulating in the ER (Fig. 3A). In the case of a mutation
by a Phe residue, a change in the surface hydrophobicity (Fig. 5,
C and D) could participate, in addition to the changes in the
LysM1 structure, in ER-QC detection. Thus it is not surprising
to find that Ser-67, which is located in an �-helix of the LysM1
(15), is conserved inmostmembers of theM. truncatula LysM-
RLK family or is substituted with Ala (supplemental Fig. S4).
These results suggest that the phenotype of the strong nfp-2
allele is due to misfolding of the protein and that NFP traffick-
ing to the PMrequires correct folding of its extracellular region.
Although Ser-67 is part of anN-glycosylation site, the lack of

N-glycosylation is not the reason for the ER-QC of NFP-S67F
because NFP-S67A locates to the PM (Fig. 3). Previous work
(15) and this study (Fig. 2) have shown that all of the 10 pre-
dicted N-glycosylation sites in NFP are probably occupied and
that eight of them occur on the surface of the LysM domains.
NFP indeed contains more N-glycosylation sites than other
M. truncatula LysM-RLKs (Fig. 2). In N. benthamiana, follow-
ing inhibition of N-glycosylation by tunicamycin treatment,
NFP was still able to reach the PM, suggesting that the N-gly-
cans are not essential for NFP folding and trafficking to the PM,
although it does not exclude the possibility that they facilitate it.
Moreover, by mutating each of these N-glycosylation sites or
combinations of them, we have shown that the proteins are still
capable of restoring nodulation of the nfp-1 mutant (Table 1),
suggesting that N-glycosylation of the LysM domains is not
essential for NFP activity and NF perception. Mutations of the
N-glycosylation site in the LysM1, N65Q, and of combinations
ofN-glycosylation sites in the LysM domains led to partial sen-
sitivity to PNGase F (data not shown). In the case of N65Q, the
N-glycan itself is not responsible for this partial sensitivity
because the mutation S67A, destroying the same N-glycosyla-
tion site, is as insensitive to PNGase F as NFP. Thus, the nature
of the residues modifying a predicted N-glycosylation site is
important because even conservative substitutions in NFP
(N65Q and S67T) affect trafficking to the PM.
Nevertheless, although N-glycans might facilitate NFP fold-

ing and trafficking to the PM, they are not essential for its func-

tion. In contrast, several other RLKs show anN-glycan require-
ment for their activity. This property is protein-specific because
differences in sensitivity to the ER-QC and inN-glycan require-
ment for activity have been reported for the closely related
LRR-RLKs of A. thaliana FLS2 and EFR (36, 41–44).

In contrast toN-glycosylation, S-S bridge formation appears
to be essential for NFP activity. By studying a plant expressed
NFP fusion, we have shown that all of the six Cys residues in the
NFP extracellular region are likely to be involved in S-S bridges
(Fig. 4). NFP variants mutated in these Cys residues have
PNGase F-sensitive N-glycans (Fig. 4), suggesting that the pro-
teins are retained in the ER. This localization has been demon-
strated for the C102A/C104A/C164A/C166A protein in
N. benthamiana, and moreover this protein interacts with BIP
chaperones (Fig. 4). Protein mutated in the Cys residues might
thus be incorrectly folded and/or might interact with ER-QC
proteins through either N-glycans, hydrophobic exposed
regions ormixed S-S bridges. These results, suggest that the S-S
bridges are necessary forNFP folding and trafficking to the PM.
Cys residues are present in the extracellular region of many
plant RLKs and receptor-like proteins and have been shown to
be important for the function of some of these proteins, includ-
ing Cf9 (36, 45) and BRI1 (46) but not CLV2 (47). For BRI1, the
bri1–5 allele contains a point mutation in Cys-69, which leads
to retention of the protein in the ER and interactionwith the ER
chaperones, calnexin and BIP (46).
LysM-RLKs have a very characteristic arrangement of Cys

residues with the presence of a CXC motif in each of the two
spacer regions between the three LysM domains (Fig. 2). This
arrangement occurs also in related LYM proteins (11). In addi-
tion, some LysM-RLKs, including M. truncatula LYR5 and
LYR6, contain a third CXC motif before the transmembrane-
spanning segment (supplemental Fig. S4). CXC motifs are
found in several protein families, including some plant proteins
(e.g. prolamins and lipid transfer proteins containing an 8-Cys
motif (48)), some scorpion toxins and related natural peptides
(49), and the animal CXC-type chemokines (50). In some of
these proteins, the CXCmotif has been shown to be involved in
S-S bridges. Inmost of these cases, each Cys residue of the CXC
motif forms an S-S bridge with another Cys residue in the pro-
tein, and in only a few very rare examples does the CXC motif
form an intramotif S-S bridge leading to a thermodynamically
disfavored 11-member ring structure (49, 51).
Examination of the extracellular region of NFP and other

LysM-RLKs revealed two other Cys residues before LysM1,
separated by 3–7 residues (supplemental Fig. S4). Mutation
analysis revealed that the only individual Cys residues with an
essential role in NFP activity are Cys-47 in the N-terminal
region and Cys-166, located between LysM2 and LysM3. Thus,
an S-S bridge of primordial importance might occur between
these two residues. Two other S-S bridges that are individually
less essential might occur between the two CXC motifs and
between the first CXC motif and Cys-39 in the N-terminal
region. Double mutations of NFP-C102A/C104A and NFP-
C104A/C164A that would disrupt these two S-S bridges lead to
non-functional NFP proteins and suggest that the S-S bridges
link Cys-39 to Cys-104 and Cys-102 to Cys-164. An arrange-
ment involving each of the Cys residues before LysM1 interact-
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ing with one of the CXC motifs, although speculative, is sup-
ported by the observation that some plant LysM-RLKs (e.g.
LYR2-LYR6 ofM. truncatula) contain a Cys residue in themid-
dle of LysM2 and an additional one in theN-terminal region. In
these proteins, a fourth S-S bridge could form between these
residues, forming a link between the N-terminal region and
LysM2. Taking into account this prediction, we modeled the
entire extracellular region of NFP (Fig. 5A), and the stability of
the model supports the S-S bridge arrangement we propose.
However, our model is an interpretation of the data, and we
cannot exclude other arrangements.
Protein-disulfide isomerase, thioredoxin, and some prokary-

otic periplasmic enzymes involved in protein oxidation (e.g.
DsbA) contain CXXC motifs that have disulfide isomerase
activity. Deletion of one AA to form a CXC motif in E. coli
thioredoxin greatly increases the disulfide isomerase activity,
and even a synthetic CXC tripeptide possesses such activity
(52). In addition, the presence of a CXCmotif at the C terminus
of two enzymes fromhyperthermophilic Archaea was shown to
be necessary for folding of these enzymes (53), and in their
absence, the addition of synthetic peptides, containing theCXC
region, was able to restore the folding. These peptides were also
shown to have disulfide isomerase activities (53). Thus, it is
possible that the CXC motifs in NFP and other LysM-RLKs
have disulfide isomerase activities and that these proteins have
the ability to catalyze the formation of their own S-S bridges.
Because mutations in the Cys residues inhibit NFP trafficking,
it is difficult to assess whether the S-S bridges in the extracellu-
lar region are also important for ligand binding. In the LysM
domains of the chitinase of the fern Pteris ryukyuensis, four Cys
residues are involved in intradomain S-S bridges and stabiliza-
tion of the LysM domain structure (54). For NFP and other
plant LysM-RLKs, it is likely that the S-S bridges are important
for stabilizing the three-dimensional geometry of the three
LysM domains relative to one another (Fig. 5A). Indeed, bio-
chemical analysis showed that the three LysM domains of
CERK1 are required for ligand binding (55). Homology model-
ing and docking suggest that each LysM domain of NFP may
bind anNF ligand (15), and genetic analysis suggests differences
in importance of the three domains, with LysM2 of NFP (13)
and NFR5 (14) playing the most important role in rhizobial
selectivity. The configuration defined by the proposed S-S
bridges (Fig. 5A), in which the N and C termini of LysM1 and
LysM2 and the N terminus of LysM3 are physically very close,
may be important for the perception of complex or multiple
ligands and/or for cooperativity of ligand binding. The demon-
stration in NFP of the importance of the Cys residues and their
involvement in S-S bridges will aid strategies to produce func-
tional plant LysM-RLK and LYM proteins for ligand binding
studies.
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