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Abstract: Plants evolved LysM receptors to recognize and parse microbial elicitors and drive 

intracellular signaling to limit or facilitate microbial colonization. Here we investigate chitin and 

Nod factor receptors of Lotus japonicus initiating differential signaling: immunity or root nodule 

symbiosis. Two motifs in their LysM1 domains determine specific recognition of ligands and 

discriminate between their in planta functions. These motifs define the ligand binding site and 5 

comprise the most structurally divergent regions in cognate Nod factor receptors. An adjacent 

motif modulates the specificity for Nod factor recognition and determines the selection of 

compatible rhizobial symbionts in legumes. Finally, we identified how binding specificities in 

LysM receptors can be altered to facilitate Nod factor recognition and signaling from a chitin 

receptor, advancing the prospects of engineering rhizobial symbiosis into non-legumes. 10 

One Sentence Summary: Structure-guided engineering of specificities into immune and 

symbiosis LysM receptors  

15 
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Main Text 

Glycan elicitors produced by bacteria and fungi are specifically recognized in plants and trigger 

the establishment of mutualistic or pathogenic associations (1-3). Receptors with extracellular 

LysM domains and intracellular kinases or pseudo-kinases present in all land plants often act in 

complexes (4-7) to perceive glycans and initiate specific signaling (8-13). Phylogenetic studies 5 

revealed receptor relatedness, but remained short in providing indications of receptor function or 

ligand selectivity (14-16). Chitin hexamers (CO6) or larger oligomers released by fungi (17) are 

immunogenic to all land plants (18-21), but a common principle of chitin perception and 

signaling is lacking (5, 6, 22). In legumes, LjCERK6/MtCERK1 and 

LjLYS13/LjLYS14/MtLYR4 are required for chitin immunity, and both receptors of Medicago 10 

truncatula bind CO8 (6, 21). Moreover, CO4-8 activated components of the pathway (6, 23) 

induced by lipochitooligosaccharides (LCOs) produced by symbionts, and CERK receptors were 

found important for symbiosis with arbuscular mycorrhiza (AM) fungi, suggesting a role for 

chitin and/or chitin perception in both immunity and AM symbiosis (6, 24). These variations 

indicate, that despite of its early emergence (25), the mechanism for chitin perception and 15 

signaling appears to have diversified over the course of plant evolution (22). 

Symbiotic nitrogen-fixing bacteria produce structurally well-defined LCOs (Nod factors) that are 

recognized by legumes with high sensitivity (10-12M) (26). This interaction is fully dependent on 

binding of distinctly decorated Nod factors to LysM receptors that control nodule organogenesis, 

intracellular infection and nitrogen-fixation (1, 27-29). In pea, soybean and model legumes, a 20 

receptor with an active kinase (NFR1/LYK3 in Lotus/Medicago) and one with a pseudokinase 

(NFR5/NFP in Lotus/Medicago) are required for Nod factor signaling, and both NFR1 and NFR5 

were found able to bind Nod factors (30). Perception of Nod factors or chitin, and activation of a 
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downstream signaling leading to root nodulation or immunity, operate in parallel in legume 

epidermal root cells (21, 31). 

Here we found that receptors recognizing Nod factors and chitin have a very similar structure but 

contain two diverging motifs in the LysM1 that are necessary for discriminating between 

immunity and symbiotic functions which can be further modulated by interactions at intracellular 5 

domains. These motifs define the ligand binding sites, and in Nod factor receptors an adjacent 

motif contributes to diversity in legume-rhizobia compatibility. We show how this knowledge 

can be used to alter the binding specificities in known LysM receptors, and engineer specific 

Nod factor recognition and signaling into a chitin receptor. 

10 

LysM ectodomains are critical for nodulation and immunity. 

To understand how Nod factor or chitin perception and signaling is established by LysM 

receptors, we evaluated the contribution of corresponding domains (Fig. 1A, fig. S1) in Lotus 

japonicus (Lotus henceforth) NFR1 and CERK6 receptors. First, we investigated the contribution 

of the ectodomain, transmembrane and juxtamembrane (TJ), and the kinase for signaling after M. 15 

loti inoculation or CO8 treatment. Intact NFR1 (1 in Fig. 1B, C) and all chimeras with the 

ectodomain of NFR1 (2, 3, 4 in Fig. 1B) induced nodule formation on nfr1-1 (nfr1) mutants, but 

were not able to restore ROS production in cerk6-1 (cerk6) mutants after CO8 treatment (9, 10, 

11, 12 in Fig. 1D). Chimeras enabled nodulation of nfr1 with different efficiencies. Chimera (3) 

containing the kinase of CERK6 was less efficient than (1) or (2), while exchanging both TJ and 20 

kinase with CERK6 in (4) had a significant effect on nodulation. Only 2 out of the 33 plants 

expressing (4) formed nodules (Fig. 1B) indicating that combining elements present in the kinase 

and TJ regions of CERK6 had a negative impact on nodulation. All nodules were infected by M. 
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loti bacteria (Fig. 1C and fig. S2), and we detected induction of the symbiotic marker pNin-GUS 

only in the nodulated roots (fig. S2). None of the chimeras containing CERK6 ectodomain 

triggered nodulation of nfr1 (5, 6, 7, 8). Analyses of the CO8-induced immune response found 

that CERK6 (13 in Fig. 1D) and chimera (14) enabled ROS production in cerk6 (Fig. 1D). In 

contrast, chimeras (15/16) containing CERK6 ectodomain and the NFR1 kinase were unable to 5 

trigger ROS in cerk6. This indicates that NFR1 and CERK6 kinases differ in their capacity to 

activate immunity. Expression in tobacco leaf cells of YFP-tagged receptors with the same 

domain structures present in receptors (4/12), (5/13), or (7/15) localized at the plasma membrane 

mirroring synthesis and expression observed for NFR1 (1/9) or CERK6 (5/13) (fig. S3). 

However, we can not rule out effects on folding, stability or expression levels for the chimeric 10 

receptors found nonfunctional throughout our in planta assays. Previous studies based on 

overexpression of chimeric receptors between Lotus and Arabidopsis LysM proteins pinpointed 

the crucial role of NFR1 ectodomains in symbiosis (32, 33). Our results based on native 

expression of chimeric receptors derived from paralogous proteins showed that ectodomains of 

NFR1 and CERK6 contain major determinants for ligand perception and signaling specificity 15 

that can be further modulated by their intracellular regions. Similar modulation of specificity in 

the final signaling output by the intracellular domains has been observed with Leucine-rich 

repeat receptor kinases (34).  

Nod factor and chitin selectivity are determined by the LysM1 domain 20 

To determine which LysM domain in NFR1 and CERK6 harbors ligand specificity determinants, 

we tested functionality of chimeric receptors where combinations of the three LysM domains 

originating from the two receptors were coupled either to NFR1 or CERK6 TJ and kinases (Fig. 
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2A). We found that recognition of M. loti and CO8 was dependent on the origin of the LysM1 

domain. All chimeras (17, 18, 19) containing the NFR1 LysM1 restored nodulation (Fig. 2B) and 

infection of nfr1 (fig. S4), while chimeras (20, 21, 22) with CERK6 LysM1 did not (Fig. 2B and 

fig. S4). Reciprocal results were obtained for CO8-induced ROS in cerk6, where roots 

expressing (28, 29, 30) with LysM1 of CERK6 produced ROS, while (25, 26, 27) containing the 5 

LysM1 from NFR1 were nonfunctional in immunity (Fig. 2C). Results from expression of 

(18/19) revealed a lower efficiency of nodulation when compared to (1 or 17), indicating a 

negative impact of CERK6 LysM2 on nodulation. Besides this modest influence, the origin of 

LysM2 and LysM3 had no major impact on nodulation or ROS production. Previous structural 

studies of AtCERK1 ectodomain identified a chitin binding site in LysM2 (35). Our study from 10 

Lotus attributes functional specificity to LysM1. We therefore assayed which of the putative 

LysM1 or LysM2 binding sites could be perturbed without functional consequences for NFR1 or 

CERK6. The structure of CERK6 and the chitin-bound structure of AtCERK1 were used to 

identify conserved amino acids in LysM1 and LysM2 that when mutated to a bulky residue, 

could disrupt the possible binding pocket (Fig. 2D) (35). Functional analyses of receptors with 15 

substitutions in LysM1 (NFR1-I78W and CERK6-V79W) (23/31) or LysM2 (NFR1-I140W and 

CERK6-I141W) (24/32) revealed that only mutations affecting the LysM1 impaired the ability of 

receptors to induce symbiosis or immunity (Fig. 2B, C, fig. S3 and S4). These results explain 

previous observations where mutants in LysM1 of pea Sym37 (36), and Medicago Lyk3 were 

found defective in symbiosis (37). Together, these provide evidence for the major role of LysM1 20 

domain in determining the selectivity for Nod factor and chitin perception. 

Two regions in LysM1 are required for specific signaling 
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To dissect which elements in LysM1 are important for NFR1 and CERK6 functions, we 

identified four structural regions with substantial sequence differences (I to IV, Fig. 2E) and 

tested their requirement for Nod factor and CO8 recognition (Fig. 2F, G). We found that regions 

I and III can be swapped between NFR1 and CERK6 with no detrimental consequence on 

nodulation (33/35 in Fig. 2F) or ROS production (37/39 in Fig. 2G). In contrast, regions II and 5 

IV were both necessary for receptor functions in planta (34, 36, 38, 40 in Fig. 2F, G and fig. S4). 

Expression in tobacco revealed that CERK6 chimeras with regions II and IV from NFR1 are 

produced and localized at the plasma membrane (fig. S3), indicating that our structure-aided 

strategy for exchanging regions between paralogous receptors preserved the structure and 

stability of the proteins. Next, we investigated whether the corresponding regions in LysM1 of 10 

orthologous receptors NFR1 and LYK3 (Fig. 3A, B) are required for recognition of Nod factors 

varying in their decorations at the reducing and non-reducing ends (Fig. 3C). For this, we first 

investigated the capacity of LYK3 to complement nfr1, and of NFR1 to complement lyk3 (Fig. 

3D, E and fig. S1). The absence of nodulation in these assays (41 in Fig. 3D and 46 in Fig. 3E) 

supports the role of these receptors for symbiont recognition (38, 39). Moreover, in both 15 

legumes, the receptor ectodomains were found necessary for symbiotic signaling (42, 43, in Fig. 

3D and 48, 49 in Fig. 3E and fig. S5). Embedding regions II and IV of LYK3 into NFR1 (1) or 

into chimera (42) abolished their capacity to induce nodulation in nfr1 by M. loti (44/45 in Fig. 

3D). Parallel experiments in Medicago where II and IV of NFR1 were embedded into LYK3 

(47) or chimera (49) revealed a similar lack of nodulation in lyk3 by S. meliloti (50/51 in Fig. 3E 20 

and fig. S5). Together, these results from in planta experiments provide support for presence of 

molecular determinants for Nod factor signaling specificity in the LysM1 of NFR1 and LYK3.  
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In parallel, we recombinantly expressed the ectodomains of NFR1, LYK3 and CERK6 in insect 

cells (fig. S6), and tested their capacity to bind M. loti and S. meliloti Nod factors using biolayer 

interferometry (BLI) (fig. S6). This revealed that LYK3 binds its cognate S. meliloti Nod factor 

with Kd = 27.4 ± 0.4 µM and showed an approximate 6-fold reduced binding (Kd = 173.2 ± 0.9 

µM) to the non-cognate Nod factor from M. loti (Fig. 3F). By contrast and less expected, NFR1 5 

binds both cognate and non-cognate Nod factors with similar affinity, Kd = 38.7 ± 0.4 and Kd = 

22.1 ± 0.2 µM, respectively (Fig. 3G). CERK6, and likewise, NFR1 with regions II and IV from 

CERK6 (fig. S6), showed no binding to M. loti (Fig. 3H) or S. meliloti (fig. S6) Nod factor. 

Together, these results from in planta and in vitro binding assays demonstrate the crucial role of 

regions II and IV in this class of LysM receptors with active kinases for recognition of chitinous 10 

ligands. 

LYK3 reveals structural differences in the LysM1 binding site 

Our detailed investigations of ectodomain regions were aided by the available crystal structure of 

CERK6 (21). For the Nod factor receptors, no structural information was available, limiting the 15 

understanding of how these proteins distinguish different chitinous ligands at the molecular 

level. We crystallized the ectodomain of LYK3, and determined the structure at an atomic 

resolution of 1.5Å (Table S1). The structure revealed a classical fold of three LysM domains in a 

clover-leaf arrangement stabilized by three disulfide bridges (Fig. 4A). Comparison of LYK3 

and CERK6 showed that the overall fold was conserved and the two structures align well with an 20 

RMSD (root mean square difference) of 0.5Å (181 Cα atoms aligned) (Fig. 4B). The main 

structural differences were observed in the LysM1 domain. In particular, region IV revealed a 

different conformation in LYK3 compared to CERK6 (Fig. 4C, D). Mapping both regions II and 
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IV onto the LYK3 structure showed that these constitute the major part of a putative ligand 

binding site containing the functionally important residues L77 from SYM37 (36), and the 

NFR1-I78 in (23) (Fig. 2B, Fig. 4E). Together, these observations further support the conclusion 

that these regions of LysM1 define a ligand binding site within the NFR1-type receptor 

ectodomains. 5 

Contrasting motifs characterize chitin and Nod factor binding sites 

The identification of regions in LysM1, necessary and structurally positioned for the recognition 

of chitinous ligands, prompted us to investigate whether these represent general features in Nod 

factor and chitin receptors from legume species. We reasoned that residues responsible for Nod 10 

factor recognition will be diverse between legumes recognizing variable and species-defined 

decorations of Nod factors. By contrast, the chitin receptors we hypothesized to be conserved in 

the corresponding regions giving the invariable structure of this ligand. Alignments and 

modelling of the entire ectodomains revealed a high surface conservation across the core LysM2 

and LysM3 domains (fig. S7). Most differences between species were found to be present in 15 

LysM1 of NFR receptors (fig. S7A). Further dissection revealed that residues 40-46 and 75-81 

(amino acid numbers in LYK3) embedded in regions II and IV, were the most variable parts in 

LysM1 of NFRs (Fig. 5A and fig. S7A, B). By contrast, the corresponding regions in CERKs 

were found to be highly conserved (Fig. 5B and fig. S7C, D). Superposition of a chitin oligomer 

onto the structure of CERK6 LysM1 domain and prediction of the ligand interaction properties 20 

based on AtCERK1-chitin binding (35), identified six residues in each of region II (GSNLTY) 

and IV (KDSVQA) that are structurally positioned to enable contact with the chitin molecule 
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(Fig. 5B). These residues are highly conserved among legume CERKs and could represent CO-

binding motifs (Fig. 5B).  

Engineering receptors for specific Nod factor recognition 

Identification of the two regions variable in NFRs (Fig. 5A, B) raised the question whether Nod 5 

factor selectivity can be reprogrammed by using these molecular fingerprints. To answer this, we 

modified the non-signaling receptors (41/43) containing LYK3 ectodomain (Fig. 3D) by 

exchanging regions II and IV with corresponding from NFR1 and tested for M. loti recognition. 

Parallel experiments were performed in Medicago lyk3 where regions II and IV of NFR1 in 

(46/48) (Fig. 3E) were exchanged with LYK3 residues. The engineered chimeras enabled 10 

nodulation of nfr1 (52/53 in Fig. 5C and fig. S5), but not of lyk3 (54/55 in Fig. 5D and fig. S5). 

Similar to NFR1-CERK6 chimeras (2, 3, 4) we found that the efficiency of signaling from the 

engineered ectodomain is modulated by the cognate intracellular regions (52/53) possibly by 

fine-tuning interaction with species-defined downstream signaling components. This indicates 

that symbiosis with M. loti in Lotus can be gained by engineering the LysM1 of LYK3, but a 15 

similar strategy does not suffice in Medicago. To locate additional elements that contribute to S. 

meliloti recognition, we inspected the 23 sequences from legume receptors (fig. S7), and 

observed that region III in NFR-type receptors (residue 54-65 in LYK3) also contained 

considerable variation among legumes (fig. S7A, B). This region is spatially close to the 

proposed binding site (Fig. 5A). We explored the role of this region for recognition of S. meliloti 20 

by testing additional NFR1-LYK3 chimeras (56, 57, 58) (Fig. 5D) and found that addition of 

LYK3 region III enabled S. meliloti recognition (Fig. 5D and fig. S5), indicating that regions 

close to the Nod factor binding site are important for engineering specificity into these receptors. 
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Reprogramming CERK6 receptor to recognize Nod factors and mediate nodulation 

Initiation of nodulation by Nod factor-producing rhizobia is restricted to leguminous plants and 

Parasponia species (40), while chitin recognition is ubiquitous among plants. Based on our 

results of engineering LYK3 and NFR1 (Fig. 5C, D), we asked whether recognition of M. loti 5 

Nod factor can be further extended by engineering CERK6. Systematic replacement of regions I, 

II, III and IV in receptor (21) (Fig. 2A) containing LysM1 domain of CERK6, with 

corresponding NFR1, was insufficient for engineering perception of M. loti Nod factor (59, 60, 

61, 62 in Fig. 5C and fig. S5), indicating that a more complex engineering approach is required. 

However, a cooperative involvement of NFR1 regions II and IV was found when testing 10 

receptor (63) that enabled nodulation of nfr1 (Fig. 5C and fig. S5). The overall nodulation 

induced by (63) was lower compared to NFR1 (1), but the frequency of complementation was 

high (60 out of 63 transformed plants formed nodules), showing that (63) is an efficient Nod 

factor receptor. Embedding NFR1 regions II and IV in chimera (8) (Fig. 1A) with the entire 

CERK6 ectodomain resulted in few nodules per plant, and low nodulation efficiency (35 out of 15 

95 transformed plants, fig. S5) (64 in Fig. 5C), while similar engineering of the full-length 

CERK6 (5 in Fig. 1A) was not sufficient to allow nodulation in nfr1 (65 in Fig. 5C, fig. S5). This 

gradual reduction in the efficiency of nodulation may occur as a result of the observed negative 

impact of CERK6 LysM2 (18 and 19 in Fig. 2B), and CERK6 TJ and kinase (4 in Fig. 1B) on 

nodulation. To resolve if these findings from in planta were a result of changes in Nod factor 20 

binding properties of CERK6 (Fig. 3H), we tested the ectodomain of (64) for in vitro binding to 

M. loti Nod factor. Unlike CERK6, this chimeric ectodomain had the capacity to bind M. loti 

Nod Factor (Fig. 5E) with an apparent Kd = 46.5 µM, similar to NFR1 ectodomain (Fig. 3G), 
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demonstrating that regions II and IV from NFR1 are sufficient for engineering M. loti 

recognition in CERK6 ectodomain. 

Here we investigated the molecular mechanism behind recognition of immunogenic and 

symbiotic chitin-based glycans by LysM receptors that have an active kinase. Comparative 

structural and functional studies resolved the role of regions II and IV in LysM1 for creating a 5 

structurally-defined binding pocket that discriminates between CO8 and Nod factor ligands, 

while additional layers of signaling ability are enabled by the intracellular regions (Fig. 1B, D 

and Fig. 4C, D). Two motifs with a high degree of conservation were identified in regions II and 

IV of legume CERKs (Fig. 5D), likely reflecting their ability to recognize and bind the 

structurally invariable chitin ligand (Fig. 5D and fig. S7C, D). By contrast, Nod factor receptors 10 

show sequence degeneration in corresponding motifs (Fig. 5C), reflecting the diversity in 

legume-rhizobia compatibility and Nod factor structures (Fig. 5C and fig. S7A, B). LYK3 and 

NFR1 vary in their signaling flexibility. Regions II and IV from NFR1 are sufficient to enable 

recognition of M. loti by LYK3 in Lotus (Fig. 5A), while regions II, III and IV from LYK3 are 

necessary to enable efficient recognition of S. meliloti by NFR1 in Medicago (Fig. 5B). Region 15 

III is variable between legume species (Fig. 5C and fig. S7A, B), and we envision this could be 

required for establishing species-specific interactions with the ligand-bound or unbound co-

receptor of the NFR5/NFP class. In summary, we demonstrate that LysM receptors with an 

active kinase have programable capacity for ligand perception enabling rational engineering of 

selective signaling. Our findings therefore provide a solid basis for addressing future challenges 20 

such as engineering highly sensitive receptor complexes that could enable hosts outside of the 

nodulation clade to perceive symbiotic signals from nitrogen-fixing rhizobia. 
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References (41-53) 

Figure legends: 

Fig. 1. Chimeric receptors identify domains important for chitin and Nod factor signaling 

(A) Schematics of NFR1 and CERK6. Boxes represent the three LysM domains (LysM1, LysM2 10 

and LysM3) together constituting the ectodomain (EC), transmembrane + juxtamembrane 

domain (TJ) and the kinase domain (KD). Dotted lines and amino acids specify boundaries for 

chimera design. (B) Nodules formed on nfr1 expressing indicated chimeras. (C) Phenotype of 

nfr1 roots expressing chimeras (1/8), scale bar = 5 mm. (D) ROS production observed for wild 

type (WT) and cerk6 expressing indicated constructs. In (B) and (D) letters indicate significant 15 

differences between samples (ANOVA, Tukey, P < 0.05), and n = number of analyzed plants (B) 

or samples (D). 

Fig. 2. Two regions in LysM1 domains of NFR1 and CERK6 are required for chitin and 

Nod factor signaling. (A) Schematics of NFR1 and CERK6. Boxes represent LysM domains 

(LysM1, LysM2 and LysM3) of the ectodomain (EC), transmembrane + juxtamembrane domain 20 

17



(TJ) and the kinase domain (KD). Dotted lines and amino acids specify boundaries for chimera 

design or mutations. (B/F) Nodules formed on nfr1 expressing indicated chimeras. (C/G) ROS 

production observed for wild type (WT) and cerk6 expressing indicated chimeras. In B, C, F and 

G letters indicate significant differences (ANOVA, Tukey, P < 0.05), and n = number of 

analyzed plants (B/F) or samples (C/G). (D) Model of the predicted chitin (CO) binding groove5 

in LysM1 and LysM2 of CERK6. Arrows indicate the location of the tryptophan (W) that was 

tested in chimeras (31) and (32). (E) Alignment of the LysM1 from NFR1 and CERK6. Identical 

amino acids are in grey. Regions I, II, III, and IV, beta strands (β1, β2), alpha helices (α1, α2) 

based on the CERK6 structure are indicated. 

Fig. 3. Two regions in LysM1 domains of NFR1 and LYK3 are required for specificity of 10 

Nod factor signaling. (A) Alignment of the LysM1 domains of NFR1 and LYK3. Identical 

amino acids are in grey. Regions II, III, and IV are marked. Beta strands (β1, β2), alpha helices 

(α1, α2) based on the LYK3 structure are indicated (B) Schematic showing NFR1 and LYK3. 

Dotted lines and amino acids specify boundaries for chimera design. Boxes represent the 

ectodomain (EC) LysM domains (LysM1, LysM2 and LysM3), transmembrane + 15 

juxtamembrane domain (TJ) and the kinase domain (KD) (C) Chemical structures of M. loti and 

S. meliloti Nod factors. (D) Nodules formed on nfr1 expressing indicated chimeras (E) Nodules 

formed on lyk3 expressing indicated chimeras. In (D) and (E) letters indicate significant 

differences (ANOVA, Tukey, P < 0.05), and n = number of analyzed plants. Binding of Nod 

factors to LYK3 (F), or NFR1 (G) ectodomains. Binding of M. loti Nod factor to CERK6 (H), or 20 

chimeric NFR1 with regions II and IV from CERK6 (I). In F to I binding of depicted (LYK3, 

CERK6 and NFR1) ectodomains (dilution series from 100, 50, 25, 12.5, 6.25, 3.13 and 1.56 μM) 

to immobilized Nod factors.  
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Fig. 4. Crystal structure of LYK3 reveals differences in Nod factor versus a chitin binding 

site. (A) Cartoon representation of the crystal structure of LYK3 ectodomain with LysM1, 

LysM2 and LysM3 colored as indicated. Glycosylations are in grey, the three conserved 

disulfide bridges in yellow. (B) Structural superposition of LYK3 with CERK6 (PDB: 5LS2 (21, 

41)) in green. (C) Close-up of LysM1 showing the structural differences between LYK3 and 5 

CERK6. Superposition of chitotetraose from the AtCERK1 crystal structure (PDB: 4EBZ (35)) 

onto LysM1 from CERK6 (D) or LYK3 (E) with the identified regions II and IV highlighting 

the ligand binding site. No steric clashes are observed for CERK6 to the superpositioned ligand. 

Location of P87S mutation in lyk3 and L77P in RisNod4 mutants are shown. 

Fig. 5. Engineering of CERK6, NFR1 and LYK3 for specific Nod factor recognition. (A) 10 

Modelling conservation of NFR-type receptors onto the structure of LYK3 LysM1. Regions II, 

III and IV are highlighted in blue. B) Modelling conservation of CERK-type receptors onto the 

structure of CERK6 LysM1. Regions II and IV are highlighted in green. For (A) and (B) the 

thickness of the cartoon representation signifies conservation. The alignment logos of regions II, 

III and IV are shown in boxes. (C) Nodules formed on nfr1 expressing indicated chimeras. (D) 15 

Nodules formed on lyk3 expressing indicated chimeras. In (C) and (D) letters indicate significant 

differences (ANOVA, Tukey, P < 0.05) and n = number of analyzed plants. E) Binding of the 

ectodomain of CERK6 (green) with regions II and IV from NFR1 (white) (dilution series from 

12.5, 6.25 and 3.13 μM) to immobilized M. loti Nod factor.
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Fig. 1. Chimeric receptors reveal critical domains for activation of chitin and Nod factor 
signaling (A) Schematics of NFR1 and CERK6. Boxes represent the ectodomain (EC), LysM 
domains (LysM1, LysM2 and LysM3), transmembrane + juxtamembrane domain (TJ) and the 5 
kinase domain (KD). Dotted lines and amino acids specify boundaries. (B) Nodules formed on 
nfr1 roots expressing indicated chimeras under control of the Nfr1 promoter. n = number of 
analysed plants. (C) nfr1 roots expressing chimeras (1/8), scale bar = 5 mm. (D) ROS production 
observed for wild type (WT) and cerk6 roots expressing indicated constructs under control of the 
Cerk6 promoter. n = number of individual biological samples. In (B) and (D) different letters 10 
indicate significant differences between samples (ANOVA, Tukey, P < 0.05) 
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Fig. 2. Two regions in LysM1 domains of NFR1 and CERK6 are critical for chitin and Nod 
factor signaling. (A) Schematics of NFR1 and CERK6. Boxes represent the ectodomain (EC), 
LysM domains (LysM1, LysM2 and LysM3), transmembrane + juxtamembrane domain (TJ) and 5 

(12) (13) (25) (26) (27) (28) (29) (30)

I78W

(31) (32)

V79W
I141W

EC

TJ

KD

n=39

(1) (17) (18) (19) (20) (21) (22) (23)

n=28 n=37 n=31 n=36 n=34 n=30 n=39

(24)

n=34

I140W

B

A

LysM1 LysM2 LysM3 TJ KDNFR1

CERK6

A226 L325

G226 L325

D91

D92

C152

C153

I140WI78W

V79W I141W

LysM1 LysM2 LysM3 TJ KD

n=18

V79W I141W

LysM1-CO ligand LysM2-CO ligand

C

D

d

a a

b

a

a
a

abc

ac

ac

a

bc

0.0

0.5

1.0

1.5

2.0

C
O

8
/ 
fl
g
2
2
 R

O
S

 p
e
a
k
 v

a
lu

e

a
a

ab

b

a

0

5

10

15

20

N
o
d
u
le

/ 
P

la
n
t

c c c c

EC

TJ

KD

nfr1-1 WT cerk6-1

S NCLKGCDLALASYYILPGVFILQNITTFMQSEIVSSNDAITSYNKDKILNDINIQSFQR

SKCTHGCALAQASYYLLNGSN-LTYISEIMQSSLLTKPEDIVSYNQDTIASKDSVQAGQR

LNIPFPCDC

INVPFPCDC

I II III IV

α1 α2

NFR1

CERK6

β1 β2

E

(13) (37) (38) (39) (40)

n=15 n=17 n=20 n=23 n=22 n=37 n=36

d

a

bc

b

a

ac

a

0.0

0.5

1.0

1.5

2.0

2.5

C
O

8
/ 
fl
g
2
2
 R

O
S

 p
e
a
k
 v

a
lu

e

TJ

KD

EC

II
III
IV

I

WT cerk6-1

(33) (34) (35) (36)(1)

a
a

b

a

b
0

5

10

15

20

N
o

d
u

le
/P

la
n

t

TJ

KD

EC

II
III
IV

I

n=40 n=37 n=41 n=38 n=40

nfr1-1F G

24

26

92

93

CERK6

NFR1

21



the kinase domain (KD). Dotted lines and amino acids specify boundaries. (B/F) Nodules formed 
on nfr1 roots expressing indicated chimeras under control of the Nfr1 promoter. n = number of 
analyzed plants. (C/G) ROS production observed for wild type (WT) and cerk6 roots expressing 
indicated constructs under control of the Cerk6 promoter. n = number of individual biological 
samples. In B, C, F and G different letters indicate significant differences between samples 5 
(ANOVA, Tukey, P < 0.05). (D) Model of the predicted chitin (CO) binding groove in LysM1 
and LysM2 of CERK6. Arrows indicate the location of the tryptophan (W) that was inserted to 
create chimeras (31) and (32). E) Alignment of the LysM1 domains of NFR1 and CERK6. 
Identical amino acids are marked in grey. Regions I, II, III, and IV are marked. Beta sheets (b1, 
b2), alpha helices (a1, a2) based on the CERK6 crystal structure are indicated.   10 
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Fig. 3. Two regions in LysM1 domains of NFR1 and LYK3 are critical for specificity of 
Nod factor signaling. (A) Alignment of the LysM1 domains of NFR1 and LYK3. Identical 
amino acids are marked in grey. Regions II, III, and IV are marked. Beta sheets (b1, b2), alpha 
helices (a1, a2) based on the LYK3 crystal structure are indicated (B) Schematic showing NFR1 5 
and LYK3. Dotted lines and amino acids specify boundaries for chimeric construct design. 
Boxes represent the ectodomain (EC), transmembrane + juxtamembrane domain (TJ) and the 
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kinase domain (KD) (C) Chemical structures of M. loti and S. meliloti Nod factors. (D) Nodules 
formed on nfr1 roots expressing indicated chimeras under control of the Nfr1 promoter. n = 
number of analyzed plants. (E) Nodules formed on lyk3 roots expressing indicated chimeras 
under control of the Lyk3 promoter. n = number of analyzed plants. In (D) and (E) the different 
letters indicate significant difference among samples (ANOVA, Tukey, P < 0.05). (F) BLI 5 
measurement of Nod factor binding to ectodomains of LYK3 expressed and purified from insect 
cells. (G) BLI measurement of Nod factor binding to ectodomains of NFR1 expressed and 
purified from insect cells. (H) BLI measurement of M. loti Nod factor binding to ectodomains of 
CERK6 expressed and purified from insect cells. (I) BLI measurement of M. loti Nod factor 
binding to chimeric NFR1 ectodomains with regions II and IV from CERK6. 10 
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Fig. 4. Crystal structure of LYK3 reveals differences in a Nod factor versus a chitin 
binding site. (A) Cartoon representation of the crystal structure of Medicago LYK3 ectodomain 
with LysM1, LysM2 and LysM3 colored as indicated. Glycosylations are shown in grey, the 
three conserved disulfide bridges in black. (B) Structural superposition of LYK3 with the chitin 5 
receptor CERK6 (PDB: 5LS2) in green. (C) Close-up of LysM1 showing the structural 
differences between LYK3 and CERK6. Superposition of chitotetraose from the AtCERK1 
crystal structure (PDB: 4EBZ) onto LysM1 from CERK6 (D) or LYK3 (E) with the identified 
regions II and IV highlighting the ligand binding site. No steric clashes are observed for CERK6 
to the superpositioned CO ligand. Location of P87S mutation in lyk3-3 and L77P in RisNod4 10 
mutants are shown. 
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Fig. 5. Engineering of CERK6, NFR1 and LYK3 for specific Nod factor recognition. (A) 
Modelling conservation of NFR-type receptors onto the structure of LYK3 LysM1. Regions II, 
III and IV are highlighted in blue. The alignment logos of regions II, III and IV are shown in 
boxes. B) Modelling conservation of CERK-type receptors onto the structure of CERK6 LysM1. 5 
Regions II and IV are highlighted in green. For (A) and (B) the thickness of the backbone atoms 
(in grey) signifies conservation. The alignment logos of indicated regions are shown in boxes. 
(C) Nodules formed on nfr1 roots expressing indicated chimeras under control of the Nfr1 
promoter. n = number of analyzed plants. (D) Nodules formed on lyk3 roots expressing indicated 
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chimeras under control of the Lyk3 promoter. n = number of analyzed plants. In (C) and (D) the 
different letters indicate significant difference among samples (ANOVA, Tukey, P < 0.05). E) 
BLI measurement of M. loti Nod factor binding to chimeric ectodomains of CERK6 with regions 
II and IV from NFR1expressed and purified from insect cells. The scheme shows the 
composition of the ectodomain with parts of CERK6 in green and parts of NFR1 in white.  5 
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