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Abstract

Plant immune recognition of pests and pathogens relies on a germline-encoded repertoire of
innate immune receptors. In recent years, many examples of cell surface receptors in the large
gene family of receptor-like proteins (RLPs) have been shown to govern recognition specificity.
RLPs lack the canonical intracellular kinase domain associated with receptor kinases, but instead
transduce immune signaling through interactions with co-receptor and adaptor kinases including
BAK1 and SOBIR1. We review recognition and signaling functions mediated by subdomains of
leucine-rich repeat (LRR) type RLPs. LRR-RLP extracellular domains, transmembrane motifs,
and intracellular tails can mediate ligand binding, co-receptor recruitment, and immune signaling
specificity. A recently reported cryo-EM structure of an LRR-RLP, RXEG1, now links domain
architecture and sequence features of LRR-RLPs to key molecular functions. Finally, we propose
a new motif-based classification of LRR-RLPs based on shared sequence features in the island
domain (ID). In both dicot and monocot species, receptors encoding the Y-xg-KG and the newly
defined K-xs-Y motif in their IDs correspond with conserved, sister clades of LRR-RLP genes. We
propose that the conservation of distinct Y-xs-KG and K-xs-Y groups of LRR-RLPs implies that
the motif is a useful classifier of immunity-related LRR-RLPs, distinguishing them from receptors
with similar domain architecture but roles in growth and development. Deeply conserved structural
features of LRR-RLPs likely provide a versatile platform for diversification of receptor repertoires
and recognition specificities.
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1. Introduction

Plant health is mediated by successful immune recognition and response against pests and
pathogens. Initial recognition is achieved by innate immune receptors which sense non-self or
modified-self patterns. Receptors can be divided into two categories based on their localization
and types of detected patterns [1,2]. A first set of intracellular receptors in the NOD-like receptor
(NLR) family monitors pathogen effector proteins [3,4]. A second set of receptors, termed pattern
recognition receptors (PRRs), resides at the plasma membrane and monitors extracellular
signals, termed pathogen/pest-associated molecular patterns (PAMPSs) [5,6].

Canonical PRRs in the receptor kinase (RK) family, such as Flagellin Sensing 2 (FLS2), carry out
dual functions: recognition and signal transduction. For recognition, many different extracellular
domains can bind PAMPs, but highly variable, proteinaceous PAMPs are typically detected by
receptors containing a leucine-rich repeat (LRR) ectodomain [7]. For signal transduction, most
PRRs encode an intracellular kinase domain and associate with key small-ectodomain co-
receptors in the SERK family (e.g. BAK1), forming a network of homotypic protein-protein
interactions [8,9]. In addition to immune sensing functions, RK have diverse roles in abiotic
sensing and plant development [10,11].

In contrast to RKs, a second set of PRRs termed Receptor-like Proteins (RLPs) do not encode
this simple dual functionality in their domain architecture. RLPs contain an ectodomain,
transmembrane, and short cytoplasmic tail, but not an intracellular kinase domain for signal
transduction [12,13]. RLPs were among the first disease resistance genes to be cloned [14,15],
but mechanisms for recognition and signaling are still far less well understood than for NLRs and
RKs. This review focuses on the largest subfamily of RLPs in plants, those containing extracellular
leucine-rich repeat (LRRs). Beyond a few examples of LRR-RLPs with roles in development, most
LRR-RLPs mediate the detection of various threats such as fungi, parasitic weeds and herbivores
[16—20]. LRR-RLPs and their respective ligands have been characterized in diverse species such
as Arabidopsis, tomato, wild tobacco, canola and cowpea and detect diverse molecular patterns,
ranging from small peptides [16,17] to specific features of protein structures, for example the
active site groove of fungal XEG1 and the tertiary fold of bacterial translation initiation factor-1
(IF1)[21,22]. A recent breakthrough description of the cryo-EM structure of the LRR-RLP RXEG1,
as well as recent functional studies of RLP42 and INR [21,23,24], motivates a new overview of
LRR-RLP structure and function.

A major goal in the field of plant immunobiology is to identify agronomically useful receptors
[25,26]. Growing information on immune-related LRR-RLPs now allows us to define sequence
motifs of immune-related LRR-RLPs. Unlike RKs and NLRs, which have relatively conserved
signaling domains for phylogenetic classification, LRR-RLPs lack a discrete signaling domain,
and there is not yet a unified nomenclature for describing LRR-RLP subfamilies [12,13,27].
However, new structural data and comparative genomics reveal that LRR-RLPs involved in PAMP
recognition differ from receptors involved in plant development, distinguished by key differences
in the functionally critical island domain (ID). Here we define two clades of immunity-related LRR-
RLPs, those with Y-xg-KG and K-xs-Y IDs. We hope that this nomenclature will facilitate discussion
of immunity-related LRR-RLPs in future genomic and functional analyses.
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2. LRR-RLP Domain Architecture

The extracellular LRR domain of plant transmembrane receptors forms a twisted or superhelical
assembly with a B-sheet forming the inner surface of the LRRs [10]. Seven regions, domains A
through G, were originally defined in the sequence of Cf-9, the first characterized LRR-RLP [14].
A schematic of domain architecture is shown in Fig. 1. The B- and D- domain are LRR capping
domains stabilized by disulfide bonds, which likely shield the hydrophobic core of the LRR domain
at respectively the N- and C-terminus [28]. The LRR or C-domain was later divided into three
subdomains (C1-C3), with the non-LRR-containing C2 subdomain dividing the fourth and the fifth
to last C-terminal LRR [29]. The C2 subdomain was later alternatively named the intervening
motif, island region/domain, or carboxy terminal (CT) loopout domain [21,29]. Here we use the
term island domain (ID) as in Sun et al. (2022). The capping domain D is followed by domain E,
also called the acidic domain due to the strong presence of negatively charged AAs. A
hydrophobic transmembrane helix (F-domain) and an unstructured intracellular and mostly basic
charged cytoplasmic tail (G-domain) follow at the C-terminus of LRR-RLPs [14]. We will review
structure-function relationships for each of domains A-G below.

3. Keeping host plants “in the loop” — A ligand-binding role for the long-
neglected N-terminal loopouts in domain B or C1.

The combined cryoEM and crystal structures of RXEG1 recently revealed that “loopouts” in the
classical LRR solenoid structure are not restricted to the ID. An 11-AA loopout structure
embedded at the N-terminal (NT) of the C1 LRR domain was shown to be crucial for RXEG1
function as it is involved in the interaction with its ligand XEG1 as well as competitive inhibition of
XEG1 endoglucanase [21]. An RXEG1 mutant with the middle of the NT loopout removed
(RXEG129-%5) impaired cell death response after exposure to XEG1 and nearly abolished
competitive inhibition of XEG1 [21]. This breakthrough discovery adds to the theme of ligand-
binding roles for loopouts in LRR domains of both plant NLRs and human Toll-like receptors
[30,31].

Here we investigated all identified LRR-RLPs with a known ligand and defined their NT loopout
domains by using a standardized cut-off based on an alignment and visual validation based on
AlphaFold2 (AF2) structure predictions and the cryoEM structure of RXEG1 (Fig. 1, Suppl. Table
1, Supplemental files 1-3). 17 of 21 investigated LRR-RLPs contain one or more NT loopouts,
and these vary in size from 2-19 AA (Fig. 1B). NT loopouts are embedded within either (1) the NT
capping domain (B-domain) which is characterized by 2-6 Cys residues, or (2) the N-terminal
LRRs, as with RXEG1. Intriguingly, although some LRR-RLPs share conserved portions of their
NT loopout sequence, none contain exactly the same NT loopout, even among closely related
LRR-RLPs such as Cf-4, Cf-9 and Hcr9-4E. Cys residues within the B-domain were earlier
predicted to stabilize the NT cap by forming disulfide bonds [32], and single AA substitutions to
Ala of two strongly conserved Cys residues resulted in reduction of Cf-9 function [28]. Additionally,
AF2 structure predictions suggest that only 9 of 19 NT loopouts form a secondary structure.
Additional LRR-RLP structures are needed to validate AF2 predictions and to draw firm
conclusions regarding shared features of loopout structure.
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Although the NT loopout was not defined prior to the elucidation of the RXEG1 structure, three
additional studies using chimeric proteins had previously provided functional insights into the role
of the NT loopout. First, Cf-9 has an extended version of the Cf-4 NT loopout. Chimeric Cf-4 / Cf-
9 receptors revealed that an HR response to Avr4 is weakened by swapping the Cf-9 extended
version of the NT loopout in a Cf-4 backbone. In contrast, Cf-9 response to Avr9 is not weakened
by swapping in the relatively short Cf-4 NT loopout, implying that Cf-9 specificity for Avr9 resides
only in the LRRs [33,34]. Second, a Cys to Ala substitution within the NT loopout of Cf-9 resulted
in a slightly reduced activity of Cf-9. Third, an ancestral sequence reconstruction approach applied
to functional and non-functional homologues of the LRR-RLP INR pinpointed a single Tyr residue
in the NT loopout that is strongly conserved within all identified INR homologues from 11 legume
species. An ancestral INR mutant with an AA substitution at this site resulted in a relatively lower
ROS burst [24]. In summary, there is evidence for a crucial role of the NT loopout for several LRR-
RLPs, and the observed variation across NT loopouts suggests a function in ligand specificity.
However, the NT loopout may not be required for ligand binding in all cases, as the predicted
protein structures of Cf-2, Cf-5, RLP23 and RLP42 do not contain a clear NT loopout.

4. Recognition roles of C1 LRRs

A series of LRRs make up the largest LRR-RLP domain, C1, and abundant evidence points to a
role for C1 in recognition specificity. Although Cf-4 and Cf-9 have a high AA similarity of 91.68%,
Cf-9 contains two additional LRR (LRR 11-12) in its C1 domain. The addition or deletion of this
region to respectively Cf-4 and Cf-9 abolished the function of both receptors [33,34], suggesting
the importance of the relative distances of specific AA residues for at least Cf-4 receptor function.
Chimeric receptors and PCR-mediated gene shuffling based on Cf-4 and Cf-9 revealed the
importance of divergent AA residues within the LRRs 11-14 and LRR 10-16 respectively for Cf-4
and Cf-9 [33-35]. Considering Cf-9, AA L457 in LRR 16 was shown to be essential for Cf-9
function as well as the presence of LRR 11-12, which are absent in Cf-4 [33,34]. Within Cf-4 LRR
11-14, Van der Hoorn et al. were able to pinpoint three specific residues W389, G411, and F457
which are essential for full Avr4 HR response [34]. Moreover, introduction of these in a Cf-9
backbone in combination with the deletion of LRR 11-12 was sufficient to gain Avr4 HR response.
Using a similar approach for Cf-9 and Cf-9B, 4 specific residues in the LRR 13-15 of Cf-9 were
identified as specificity determining residues. When incorporated in a Cf-9B backbone, these
amino acids were sufficient to gain Avr9 HR response [35].

Beyond the Solanum LRR-RLPs, truncations of the Arabidopsis RLP23 C1 domain revealed that
the region spanning LRR1 and LRR3 is crucial for ligand binding and RLP23 function [36], and
chimeric receptors of RLP42 and RLP40 implicated the importance of the 12 N-terminal LRRs of
RLP42 [23]. Many individual RLP42—RLP40 single AA substitutions located within these LRRs
were also sufficient to abolish function. Cowpea INR and INR-like 1 chimeric receptors similarly
revealed the necessity of the C1 domain for INR function, and two AA residues in LRR 14 (H404
and R406) were found to be crucial for INR function through an ancestral sequence reconstruction
approach [24]. Finally, the RXEG1 cryoEM structure indicates potential interaction between two
C1 domain residues, C247 and N674, with the XEG1 ligand, although this was not further
analyzed [21].
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5. Island domain (ID) roles in ligand binding and BAK1 co-receptor
association

Following C1 in the LRR-RLP domain architecture, a non-LRR loopout termed the island domain
(ID) is present in most LRR-RLPs — and is indeed characteristic of PAMP-recognizing LRR-RLPs
as we discuss below. The ID is positioned N-terminal to the last set of exactly four LRRs (domain
C3). Genetic studies of LRR-RLPs RLP42, INR and RXEG1 provide evidence for the importance
of the ID for LRR-RLP function [21,23,24,37]. Chimeric receptors with a non-functional paralog
demonstrated a requirement of the ID for maintaining the function of INR [24]. Similarly for Ve1
and RLP42, chimeric receptors showed the requirement of the ID for specificity (Fradin 2014,
Zhang 2021). Moreover, a mutant with an AA substitution in the ID (E696K) had a reduced ligand
binding and impaired RLP42 function [23]. Finally, the crystal structure of RXEG1 revealed
multiple potential interactions of the ID with its ligand XEG1, and an ID mutant of RXEG1
(Q786A/K791A) had impaired cell death activation (Sun et al., 2022).

The RXEG1 structure now indicates that the role of the ID extends to co-receptor association.
Activation of multiple RLPs-SOBIR1-complex was previously shown to require SERK co-receptors
such as BAK1 [38—40]. RXEG1 structures now indicate that flexibility or LRR-RLP IDs upon ligand
binding mediates inducible association with BAK1 [21]. The combination of two structures, the
RXEGH1 ligand-free structure and RXEG1 in complex with BAK1 and XEG1, reveals that BAK1
contacts the last four LRRs of RXEG1 and the ID but not the ligand XEG1. RXEG1 mutations at
contact points either in the ID domain (W806A and K807A) or at residue in the C3 domain, ES96A,
abolished the interaction with BAK1 in vivo. Intriguingly, K807 and E869 are strongly conserved
within all LRR-RLPs, as is another BAK1-interacting AA in the C3 domain, RXEG1 Q913 (see
alignment positions 1356, 1419, and 1462 in Supplementary file 2). RXEG K807 is also part of
the highly conserved K-xs-Y motif (see section 6). Thus structural data and conservation across
LRR-RLPs suggests that these residues are broadly critical for the RXEG1-BAK1 complex
formation. Consistent with a role for the ID in co-receptor association but not recognition
specificity, both pairs of Cf genes, Cf-2 and Cf-5, and Cf-4 and Cf-9, share the same ID sequence
but respond to different effectors [34,41-43]. Since ligand-inducible association of RLPs with
SERK co-receptors such as BAK1 has been shown for many LRR-RLPs [16,17,20,44,45], a
conserved functional role for the ID is likely.

6. ID sequence motifs define two classes of LRR-RLPs: K-xs-Y and Y-xs-
KG

Similarly to our approach to analyze NT-loopouts, we compiled ID sequences of the same set of
immunity-related LRR-RLPs with defined ligands (Supplemental File 1). To define IDs, we used
conserved cut-offs in an alignment, which were subsequently validated with AF2 structure
predictions (Supplemental Table 1). IDs were earlier defined as long loop structures inserted
between two consecutive LRR repeats which may fold into domain-like structures that harbor
secondary structural elements. Intriguingly, many of these IDs are considerably larger as initially
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reported as they contain AAs which are traditionally identified as parts of the LRRs immediately
flanking the ID. The cryoEM structure of RXEG1 and AF2 predictions of other LRR-RLPs visualize
the impact of these extra AAs, which give additional structure to the C-terminal loopouts by
forming beta-strands (Fig. 1A). All LRR-RLP IDs predicted by AF2 have 2-4 beta-strands.
Secondary structure elements in IDs were also observed in the crystal structures of the LRR-
RLKs BRI1, PSKR, and RPK2, although structure and function of RK IDs may differ from that of
LRR-RLPs [10]. IDs analyzed here have an average ID size of 44 AA, with large variation between
receptors. For example, ReMAX (RLP1), | gene, and CuRe1 have a relatively long loopout domain
with respectively 63, 64 and 65 AAs. In contrast, the ID of Cf-2 and Cf-5 only consists of 33 AAs.

Using the collection of ID sequences, we searched for conserved motifs (Fig. 1C). Two groups of
LRR-RLPs were immediately apparent from two alternative sets of Tyr and/or Gly residues with
consistent spacing around the same conserved Lys. We term these motifs Y-xs-KG or K-xs-Y.
Fritz-Laylin (2005) previously noted the Y-xg-KG motif in multiple IDs in both Arabidopsis and rice
LRR-RLP genes. We also observed this motif in 11/19 immunity-related LRR-RLPs, whereas
RLP30 contains the C-terminal residues KG but lacks the N-terminal Y. An alternative motif, K-
xs-Y, which can be found in 7/19 of the investigated LRR-RLPs (Fig. 1C). In RXEG1, a K-xs-Y
type LRR-RLP, the conserved Lys is found at position 807 and mediates BAK1 interaction as
described above. No structure of a Y-xg-KG LRR-RLP is yet available. In summary, characteristic
and highly conserved residues appear to be consistently spaced around a conserved, LRR-RLP
specific Lys residue used for co-receptor recruitment.

Categorization of LRR-RLPs by the presence of the alternative K-xs-Y or Y-xg-KG motifs in the ID
provides a new method for analyzing diversity and evolution of the gene family. LRR-RLPs
containing either motif cluster in phylogenetic analyses into large clades of varying gene number
in 4 analyzed species (Fig. 2). For Arabidopsis, the two clades contain the majority of previously
annotated LRR-RLPs, but notably not RLP17 (TMM), RLP10 (CLV2), or RLP44, consistent with
previous phylogenetic analysis [13]. Intriguingly, representative species from both eudicots and
monocots contain members of both K-xs-Y and Y-xs-KG clades. LRR-RLPs which contain mixed
or neither motif are rare and often lack transmembrane helices, suggesting that they are possibly
pseudogenes. The number of genes within the K-xs-Y and Y-xs-KG clades seems to vary
independently, possibly reflecting cycles of expansion and deletion. The conservation of two
distinct classes of LRR-RLPs from monocot to dicot species suggests distinct functional roles for
K-xs-Y and Y-xg-KG receptors. Previous analyses categorized LRR-RLPs by gene expression
patterns (pathogen responsive), by coarse phylogenetic patterns (derived, basal, or species-
specific LRR-RLPs), or by relatedness to characterized LRR-RLPs (e.g. Cf-like) [27,29,46,47].
Based on the analysis described above, we propose to instead classify LRR-RLPs as K-xs-Y type
LRR-RLPs, Y-xs-KG type LRR-RLPs, or outgroup LRR-RLPs lacking these two motifs.

K-xs5-Y and Y-xg-KG motifs appear to be specific to PRRs and are absent in LRR-RLPs mediating
plant development. For example, TMM, RLP44, and CLV2 mediate stomatal patterning,
brassinosteroid signaling, and meristem maintenance [48-50]. RLP44 lacks an ID, and the TMM
and CLV2 IDs lack either K-xs-Y and Y-xs-KG motif (Supplemental Table 1). Consistent with this
difference in ID motif, molecular mechanisms of developmental LRR-RLP function differ from
immunity-related LRR-RLPs. In contrast to the critical role of the ID of various immunity-related
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LRR-RLPs, a CLV2 ID deletion was still functional as it was able to rescue a clv2-3 mutant [51].
Structural data also support a highly distinct functional mechanism for the developmental LRR-
RLP TMM [52]. The TMM ectodomain associates with the RK Erecta (ER) and alters specificity
against EPF peptide ligands, but does not directly bind EPF, contrasting with the role of LRR
domains A-E of immunity-related LRR-RLPs..

Evolutionary patterns of developmental RLPs are also distinct from immunity related LRR-RLPs.
TMM and RLP44 are broadly conserved as single orthologs in distantly related species [53] and
are not broadly pathogen inducible [27]. In contrast, immunity-related LRR-RLPs fall in large,
species specific groups [46,47], consistent with lineage-specific expansions of LRR-RLP
repertoires. Finally, K-xs-Y and Y-xg-KG LRR-RLPs show high intraspecies variation. Among
Arabidopsis LRR-RLPs for example, all receptors with pangenomic variation classified by Pruitt
et al. [54] as either “complex” and “presence/absence” fall within the K-xs-Y and Y-xs-KG clades,
consistent with complex selective pressures leading to locus-level natural variation. Thus,
evolutionary differences compared to non-immunity related receptors further support a distinct
classification for the K-xs-Y and Y-xs-KG type LRR-RLPs.

Functional differences between K-xs-Y and Y-xs-KG clades are not yet explored. Examples of
receptors from both categories can mediate cell death, ROS, and/or ethylene responses against
diverse PAMPs. Divergent functions may become clear as LRR-RLP signaling mechanisms are
explored further. Interestingly, specific mechanistic links between LRR-RLPs and intracellular
NLR signaling machinery have recently been defined, providing a potential mechanism for
different classes of LRR-RLP to activate distinct defense responses [54-56]. For example, cell
death for Solanaceae-specific RLPs Cf-4 and Cf-9 is mediated by NRC3 [56], but it is not clear
whether NLR dependence extends to LRR-RLPs from species outside the Solanaceae, which
lack the NRC clade of NLRs [57]. Therefore a critical research priority is to understand specificity
in LRR-RLP signaling pathways leading to NLR-dependent and NLR-independent defense
responses.

7. C-terminal capping domain D

Two Cys residues delimit the boundary of the C and D domains of LRR-RLPs [58], with the second
Cys strongly conserved within the C-terminal capping domain D. Van der Hoorn 2005 reported
earlier the following motif for domain D: GNxGLCGxPLx3sC. However, our LRR-RLP alignment
suggests that only NxoLxGxsC is strongly conserved. Intriguingly, using the same strategy as
discussed above for investigating the importance of Cys residues in the B-domain, a single AA
substitution to Ala of the strongly conserved Cys residue in domain D did not impact Cf-9 function
[28].

8. The acidic or juxtamembrane domain E and transmembrane domain F
(Gx3G) are maijor players in SOBIR1 association.
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A final set of domains C-terminal to LRRs and capping domains show LRR-RLP specific features.
A set of acidic residues, domain E, is highly conserved across LRR-RLPs and may mediate
interactions with the LRR-RK, SOBIR1. SOBIR1 is an LRR-RK which constitutively associates
and is required for functions of multiple LRR-RPs [59,60]. We discuss specific roles of SOBIR1
further in Box 1. The single-pass transmembrane helix contains an LRR-RLP specific motif, GxsG
[61], and is termed domain F.

Evidence from chimeric and truncated LRR-RLPs have indicated a key role for the C-terminal
domains. First, Ve1 still associates with SOBIR1 when it is N-terminally truncated to the second
to last LRR of its C2-domain [37]. Second, a chimeric receptor with domain A-E of LRR-RLK EFR
and domain F and G (transmembrane and cytoplasmic tail) of the LRR-RLP Cf-9 was shown to
associate with SOBIR1, in contrast to EFR itself [62]. Moreover, similar to EFR, this chimeric
receptor was able to respond to the EFR ligand elf18C, and silencing of NtSOBIR1/SOBIR1-like
severely compromised the cell death response. Third, truncated RLP23 receptors provide
evidence that domain E is required for full-strength association with SOBIR1 [36].

Specific mutations in the GxsG of LRR-RLPs also support a key role in SOBIR1 association. GxsG
motifs were earlier characterized as facilitators of protein—protein interactions in animal receptor
tyrosine kinases or membrane channels [63], and the majority of LRR-RLPs contain one or
several tandemly arranged GxsG motifs [58,61]. Of the 19 immunity-related LRR-RLPs analyzed
here, 14 have at least one Gx3G motif. The exceptions contain either degenerate motifs: RXEG1
and EIX2 contain GxsGx>G, and CuRE1 contains GsGxsG, or lack any of the conserved Gly
residues in their predicted transmembrane domains as for | gene and ReMAX (Suppl. Fig 2)
[18,60,64—66]. Hence, the strict GxsG motif is dispensable and alternative motives must contribute
to SOBIR1 association for these specific receptors. These examples are consistent with analysis
of RLP42 where the Gx3Gx3G can be mutated while maintaining a degree of SOBIR1 association
[36]. Presence or absence of transmembrane motifs may tune SOBIR1 association levels, but
further research is needed.

9. Cytoplasmic tail domain G

Chimeric and truncated LRR-RLPs suggest a variable role for the cytoplasmic tail (G domain)
depending on the specific receptor. Although all identified INR homologs encode a cytoplasmic
tail of only 10 AA, swapping the INR cytoplasmic tail to the extended version of INR-like 1 did not
affect ligand response [24]. Additionally, RLP42 chimeras replacing the terminal LRR,
transmembrane helix, and cytoplasmic tail with those of a non-responsive paralog were still
responsive to the pg9(At) elicitor [23]. Additionally, the complete deletion of the intracellular 17-
amino-acid tail of RLP23 reduced but did not abolish receptor function [36]. This is consistent with
an auxiliary rather than essential function for at least the RLP23 cytoplasmic tail. In contrast, the
deletion of the cytoplasmic tail of either Ve1 and RXEG1 (22 and 36 AA respectively) abolishes
the recognition function of either receptor [21,37]. Additionally, replacing the Ve1 cytoplasmic tail
with the Ve2 version also abolished HR when co-expressed with its ligand Ve1 in tobacco leaves
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[37]. Hence, the cytoplasmic tail seems to be at least required for Ve1 and RXEG1 mediated
resistance.

10. Future Directions

Since their original discovery as resistance genes mediating strain-specific disease resistance,
the variety of characterized LRR-RLP functions has expanded to include many different
developmental and PAMP sensing roles. Structure-function analyses have begun to delineate
specific recognition and signaling roles for the domains described above. An exciting recent
development has been structural data which indicate a direct role for a conserved ID motif in co-
receptor recruitment. We propose that the two classes of K-xs-Y and Y-xg-KG motif LRR-RLPs
serve as dedicated immune sensors, distinguishing them from development-related LRR-RLPs.
The motifs should serve as useful features for characterization of LRR-RLP repertoires.
Additional structures are needed, which may require creative strategies to express and purify
often recalcitrant LRR-RLP proteins [67]. Finally, we note that LRR-RLPs are often overlooked
in resistance gene prioritization pipelines, and are often identified only through targeted reverse
genetic analyses using a defined PAMP elicitor [68]. A renewed focus on LRR-RLP discovery
and utilization will complement strategies to stack NLR- and RK-based resistance genes
[25,69,70]. The LRR-RLP structure provides a versatile platform for recognition of diverse
pathogens and pests, and additional insights into recognition and signaling mechanisms will
enable their use for durable disease and pest resistance.

11. Box 1 - SOBIR1 association with LRR-RLPs and potential functional
roles

A critical signaling factor required for immunity-related LRR-RLP function is the LRR-RK
SUPPRESSOR OF BIR1-1 (SOBIR1). Originally identified as a suppressor of cell death in the
Arabidopsis thaliana bir1 autoimmune background [71], SOBIR1 is now known to constitutively
associate with immunity-related RLPs. Previous reviews have summarized the role of SOBIR1 in
mediating RLP function [58,72,73]. More recently, constitutive interactions of SOBIR1 with
immunity-related LRR-RLPs have been described in species within the Solanaceae,
Brassicaceae, and Fabaceae [17,45,59,64,74—77]. SOBIR1 also forms complexes with subfamily
VIl receptor-like cytoplasmic kinases [54,55], but mechanisms of signal transduction are not well
understood.

Importantly, SOBIR1 was secondarily discovered as EVERSHED, a negative regulator of floral
organ abscission within a regulatory pathway involving the receptors HAESA and HAESA-LIKE2
[78-80]. SOBIR1 also interacts with the development-related LRR-RLPs CLV2 and TMM [60].
CLV2 canonically acts in meristem maintenance, but its interaction with SOBIR1 may explain
alternative immune-related phenotypes in knockout lines [81]. CLV2 is better understood in terms
of its interaction with the LRR-RLK CORYNE (CRN) which is known to interact in heteromers with
CLV2 to regulate meristem cell identity [82,83]. Thus, both immunity- and development-related
LRR-RLPs seem to signal through subfamily XI-2 LRR-RLKs.
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SOBIR1 and CRN are homologs and are the only members of the LRR XI-2 subfamily of Pelle
RLKs, based on previous classifications of the large RLK/Pelle family of plant protein kinases
[84,85]. However, the origin of separate SOBIR1 and CRN genes by potential gene duplication is
not clear. To resolve the evolutionary history of SOBIR1 and CRN in land plants, we constructed
a phylogeny of SOBIR1 and CRN homologs after mining the genomes of 34 representative
species (Fig. 3). The number of identified SOBIR1 homologs was broadly consistent with LRR-
RLK XI-2 identification in the iTAK database of RKs [86].

This phylogenetic analysis revealed two well supported clades within the LRR XI-2 subfamily of
Pelle RLKs: one containing characterized SOBIR1 homologs and one containing the
characterized Arabidopsis thaliana CRN. We therefore named these clades “SOBIR1-like” and
“CRN-like,”. The full alignment is available in Supplementary File 5. Several independent
duplications of SOBIR1 have occurred, for example Citrus sinensis (sweet orange) encodes 10
clustered SOBIR1-like genes. We also observed several duplications in the Asterids. Importantly
SOBIR1 homologs were found in representatives of the major groups of land plants, including
bryophytes such as Physcomitrella patens, Anthoceros punctatus, and Marchantia polymorpha,
as well as lycophytes and ferns, consistent with previous studies into SOBIR1 evolution [61]. In
contrast, CRN-like homologs were not identified in these non-seed plant lineages. This suggests
broad conservation of SOBIR1-like homologs throughout land plant evolution, but roles of early
branching homologs in either immunity or development are not clear.

SOBIR1 homologs are known to share motifs critical for RLP association (Supplementary Fig. 1).
First, a basic domain located extracellularly near the transmembrane domain of SOBIR1 is
hypothesized to interact with a complementary acidic domain found in RLPs [67]. However, as
discussed in section 8, EFR-Cf-9 chimeras suggest that this basic juxtamembrane domain may
not be a necessity [62]. Second, within the single pass transmembrane helix of SOBIR1, a Gx3G
motif has been shown to be necessary for interactions with RLP23 [61], mirroring the role of this
motif in LRR-RLPs (see section 8). These two motifs are conserved in SOBIR1-like homologs to
different extents (Supplementary File 5). The basic domain is generally conserved throughout
land plants, but varies among lineages. In monocots, this domain is histidine-rich, whereas in
gymnosperms and eudicots, this domain is lysine-rich. Considering the potential difference in pH
sensitivity, this may help specify monocots and eudicot-specific optima if the juxtamembrane
domain is involved in LRR-RLP interactions.

The kinase domain was much more strongly conserved throughout land plants (Supplementary
Fig. 1). Specific residues implied in substrate specificity and phosphorylation [87], such as Thr-
529 were conserved in all land plant SOBIR1 homologs, but not in CRN. This is consistent with
the observation that CRN is an inactive kinase [88]. However, phosphorylation sites are variable
which may affect signal decoding in different species.

Investigations into cross-species compatibility between SOBIR1 and RLP homologs remain
limited. Arabidopsis thaliana SOBIR1 (AtSOBIR1) has been shown to interact with Vigna
unguiculata INR and Vigna unguiculata SOBIR1, and transient expression of either AtSOBIR1
and Phaseolus vulgaris SOBIR1 equivalently complement transiently expressed Phaseolus
vulgaris INR loss-of-function in Nicotiana benthamiana sobir1 loss of function lines [17,89].
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Conversely, coexpression of AtSOBIR1 with RLP30 boosts immune signaling output compared
to co-expression with SISOBIR1 of NtSOBIR1, suggesting possible species-specific SOBIR1 and
RLP compatibility [90].
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Figure Legends

Fig. 1 — Comparative analysis of the NT loopouts and IDs of immunity-related LRR-RLPs
with an identified PAMP ligand. a) The general LRR-RLP domain architecture can be found on
the left. On the right side of this schematic overview, the AlphaFold2 (AF2) predicted and Cryo-
EM (RXEGH1) structures of the B- and C-domain of six immunity related LRR-RLPs are depicted.
If present, the NT loopouts are colored in red. The island domains (IDs) are highlighted in blue.
For all LRR-RLPs besides RXEG1, a protein structure prediction was created using the ColabFold
platform (v1.3.0) [91]. The AF2 input sequence alignment was generated through MMseqs2 using
the unpaired+paired mode without using templates [92—94]. Three recycles were run for each of
the five created models by AF2-ptm. The five resulting models were ranked based on the pLDDT
score, and the highest scoring one was visualized using PyMOL (v2.5.2). b) Partial visualization
of a mafft e-insi alignment of the complete coding sequences. A full version of the alignment can
be found in Supplementary file 2. The transition between the B- and C-domain is indicated with a
black vertical line. The main two positions of NT loopouts are highlighted with a red frame. Cys
residues within the NT loopouts are highlighted in gray. ¢) ID region of the same alignment. The
ID is highlighted with a blue frame. Sequence motifs are added below the IDs of both the K-xs-Y
and Y-xg-KG type (see section 6) and were generated using WeblLogo
(https://weblogo.berkeley.edu/logo.cgi).

Fig. 2 - LRR-RLP IDs encode K-xs-Y and Y-xs-KG motifs with strong phylogenetic structure
in four plant species. RLP42 protein sequence was used as TBLASTN query against predicted
coding sequences of a) Arabidopsis thaliana (Araport11), b) Populus trichocarpa (v.4.1,
Phytozome genome ID 533), c) Nicotiana benthamiana (v.1.01), or d) Oryza sativa (v.7.0,
Phytozome genome ID 323). For each species, the top 500 hits were identified and the full protein
sequence of any gene hits was collected. Full LRR-RLP protein sequences were aligned using
Clustal Omega and a phylogenetic tree was generated using FastTree. A single clade of genes
containing no kinase domain and containing either K-xs-Y or Y-xg-KG motif IDs was identified for
each tree. Numbers indicate bootstrap support separating K-xs-Y and Y-xg-KG clades. ID
sequences from each species-specific clade (shown as triangles) were manually re-aligned to
remove gaps, and sequence logos were (generated using WeblLogo server
(https://weblogo.berkeley.edu/logo.cgi). Phylogenies, alignments, and outgroups can be found in
Suppl. File 4.
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Fig. 3 — Phylogenetic analysis of subfamily XI-2 RKs reveals deep conservation of separate
SOBIR1 and CRN clades. To collect putative homologous sequences, the genomes of
representative taxa were searched by TBLASTN using the amino acid sequence of both the
SOBIR1 and CRN kinase domains. We used genomes hosted on the Phytozome database,
except for a few taxa. Anthoceros genomes were accessed from a database hosted by the
University of Zurich (https://www.hornworts.uzh.ch/en/hornwort-genomes.html). Salvinia and
Azolla genomes were accessed from the Fernbase database (https://fernbase.org/). The Ginkgo
biloba genome was accessed from the GinkgoDB database (https://ginkgo.zju.edu.cn/genome/).
Finally, the Helianthus annuus XQR2.0-SUNRISE genome was accessed from EnsemblPlants
(https://plants.ensembl.org/Helianthus _annuus/Info/Annotation/). Results were sorted by e-value
and the top ten hits from each of the CRN and SOBIR1 kinase domain TBLASTN searches were
collected, for a total of twenty sequences per genome. Duplicate sequences were removed prior
to alignment and phylogenetic analysis.

Protein sequences were aligned using the online version of MAFFT [95,96]. A maximum likelihood
tree was subsequently generated on the CIPRES web portal using RAXML-HPC2 on XSEDE
(v8.2.12) [97,98] with the automatic protein model assignment algorithm using maximum
likelihood criterion and 100 bootstrap replicates. The resulting phylogeny was rooted and
visualized using MEGA11. The subtree representing the Clade XI-2 LRR RKS was exported and
edited in Inkscape.

Supplemental Figure Legends

Supplementary figure 1:

Domain architecture and selected portion of LRR-RK subfamily XI-2 alignment. Description
of the alignment can be found in Fig. 3 legend. A, Cartoon of domain architecture for LRR-RK
subfamily XI-2. A small ectodomain is followed by a transmembrane domain and kinase domain.
B, Subset of the alignment showing acidic domain and Gx3G motif. C, Subset of the alignment
showing SOBIR1-specific loop in the kinase doman.

Supplemental Table Legends

Supplementary table 1:

Characterized LRR-RLPs involved in plant immunity. Excel file which contains the names,
annotation, plant species, ligands, pathogen species, certain domain sequences, motif in ID and
structure source. NT loopouts and IDs are predicted based on standardized cut-offs in an
alignment and visual validation using alphafold2 structure predictions and the cryoEM structure
of RXEG1 (Fig. 1, Supplementary file 2, Supplementary file 3). Transmembrane domains were
predicted using DeepTMHMM [99].

Supplemental File Legends
Supplementary file 1
Fasta file of the amino acid (AA) sequences of LRR-RLPs involved in plant immunity.
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Supplementary file 2
Fasta file of the generated alignment of the LRR-RLPs involved in plant immunity. MAFFT 7
alignment using the E-INS-i strategy (Katoh et al., 2002).

Supplementary file 3
Zip file containing all the pdb files of the LRR-RLP structures discussed in Supplementary table
1.

Supplementary file 4

Zip file containing phylogenetic trees (Newick format) and fasta alignments of K-xs-Y and Y-xs-
KG type RLPs from Fig. 2. A combined alignment and phylogeny is also included. Species-
specific alignments and phylogenies include outgroup genes.

Supplementary file 5
Fasta file of aligned LRR-RK subfamily XI-2 genes shown in Fig. 3.
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