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Abstract

The RLK/Pelle class of proteins kinases is composed of over 600 members in Arabidopsis. Many
of the proteins in this family are receptor-like kinases (RLK), while others have lost their
extracellular domains and are found as cytoplasmic kinases. Proteins in this family that are RLKs
have a variety of extracellular domains that drive function in a large number of processes, from
cell wall interactions to disease resistance to developmental control. This review will briefly cover
the major subclasses of RLK/Pelle proteins and their roles. In addition, two specific groups on
RLKSs will be discussed in detail, relating recent findings in Arabidopsis and how well these
conclusions have been able to be translated to agronomically important species. Finally, some
details on kinase activity and signal transduction will be addressed, along with the mystery of
RLK/Pelle members lacking kinase enzymatic activity.

Overview

Protein kinases act to transfer phosphates to other proteins, often acting as switches to
activate or inactivate proteins. Protein kinases are one of the largest protein families in
plants, with over 1000 members in Arabidopsis and over 1400 members in rice (Dardick et
al., 2007; Shiu and Bleecker, 2001a; Shiu and Bleecker, 2001b; Shiu and Bleecker, 2003).
There are a large number of different groups of protein kinases, each with its own unique
sequence and functional characteristics. These include MAPKs, MAPKKSs, Rafs, CDPKs/
CaMK, GSK3s, CDKs, NPH1s (Shiu and Bleecker, 2003) (Figure 1). These play many
critical roles in plant development and physiology, including developmental patterning,
hormone signaling, stress responses and disease resistance.

This review will focus on proteins of the largest class of protein kinases, the RLK/Pelle
family. This group is named for the receptor-like kinases (RLKSs) structure commonly found
within the family and the closest animals homologs which are the Pelle family of kinases
(Shiu and Bleecker, 2001b) (Figure 1). For RLK/Pelle proteins kinases, over 600 are found
in Arabidopsis and over 1000 rice, making up over 2% of each genome (Dardick et al.,
2007; Shiu and Bleecker, 2003). Detailed analysis indicates that the RLK/Pelle family are a
monophyletic group of genes — meaning that they all evolved from a common ancestral gene
(see below).
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Evolutionarily, the genes encoding the plant RLK/Pelle proteins are more closely related to
many kinases-encoding genes in animals than to the plant proteins kinase in other classes
such MAPKSs, CDPKs, GSK3s and others (with the possible exception of genes coding for
Rafs) (Figure 1). Interestingly the plant and animals genes forming a monophyletic group
including the RLK/Pelle proteins are largely receptor-kinases, thus forming a receptor-
kinase family that predates the split of plants and animals (Shiu and Bleecker, 2001b). While
the ancestral kinase for this group was a serine/threonine protein kinase, tyrosine kinase
activity also evolved within the animal receptor-tyrosine kinases (RTKSs) within this group.
Indeed, the plant RLK/Pelle protein kinase domains show similarity to motifs found in
serine/threonine kinases as well as those found in tyrosine kinases. This may explain some
recent findings on catalytic activity for these proteins (see below).

Because of the immense size of the RLK/Pelle kinase family in plants, this review will
describe the different subclasses in only in broad terms. We will then focus on a two specific
subclasses of kinase proteins to discuss functional relationships, evolutionary relationships,
and how well findings in the model plant Arabidopsis have translated into understanding
paralogous proteins in more agronomically important plants. Finally, we will address kinase
catalytic activity, regulation, and kinases that are not in fact kinase.

subclasses

This very large family of over 600 proteins in Arabidopsis and 1000 in rice contains many
transmembrane receptor-like kinases with various extracellular domains. For many of these
subclasses, only one or a small number of proteins have been analyzed in significant detail.
Thus, assuming that all members of a subclass have a similar developmental, physiological
or cell biological role is premature. Nonetheless, knowing how proteins with similar domain
structures function is a good starting point for considering the roles of previously
uncharacterized proteins.

Several of the classes of RLK/Pelle proteins have been implicated in cell wall biogenesis
and attachments, including proteins with extensin-like, lectin-like and epidermal-growth-
factor-like extracellular domains (Ringli, 2010b; Seifert and Blaukopf, 2010). Extensins are
hydroxyproline-rich proteins commonly found in plant cell walls where they play roles in
cell wall structure (Cassab, 1998). The hydroxyprolines of extensins are often glycosylated
and bound to wall components (Showalter, 1993). One version of the extensin-like RLKSs is
the family of proline-rich extensin-like receptor-kinases (PERKS), which appear to interact
with pectin and effect cell wall deposition and cell growth (Bai et al., 2009; Nakhamchik et
al., 2004). A second, smaller group of RLKSs with extensin-like domains are found among
the RLK/Pelle family and presumably also play a role in cell wall biogenesis, perhaps
similar to the LRX1 extensin-like extracellular protein in Arabidopsis (Ringli, 2010a).

Another subclass of RLK/Pelle proteins with cell wall-associated function, the WAKs (wall-
associated kinases), have extracellular domains that are cysteine-rich and share similarity to
the epidermal growth factor receptor family in animals (He et al., 1999). WAKSs are linked

to cell growth, based on mutant and co-suppression phenotypes which exhibit defects in cell
elongation and expansion (Kohorn et al., 2006; Wagner and Kohorn, 2001). WAKSs can bind
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directly to pectin in the cell wall suggesting a role in linking cell expansion to the cell wall
(Kohorn et al., 2009; Kohorn et al., 2006). WAKSs have also been linked to metal tolerance
and pathogen resistance (Hou et al., 2005; Li et al., 2009; Sivaguru et al., 2003).

Yet another RLK family associated with cell wall maintenance is the Catharanthus roseus-
like RLKs (CrRLK1L). Evidence from mythically-inspired members such as FERONIA
(FER), THESEUS1, HERKULES1 and HERKULES? suggest a role in monitoring the
integrity of the cell wall and providing response to challenges to integrity (Hematy et al.,
2007). A separate studies suggests a role for these same genes in cell elongation as part of
BRI steroid signaling (see below) (Guo et al., 2009). Interestingly, FER is also critical for
the synergid interaction with the pollen during fertilization (Escobar-Restrepo et al., 2007).
Two FER homologs, the genes encoding ANXUR1 and ANXUR?2, are important for
integrity of the pollen tube, and may control the timing of pollen rupture during fertilization
(Boisson-Dernier et al., 2009; Miyazaki et al., 2009). More recently, FER was also shown to
be important for the function of the small GTPase Rho during polarized growth of root hairs
(Duan et al., 2010).

The LysM domain is conserved across prokaryotes and eukaryotes. The various LysM
domains recognize peptidoglycans and other oligosaccharides. A group of RLK/Pelle family
proteins have LysM domains that fall into different categories (Zhang et al., 2009; Zhang et
al., 2007). The diversity of different LysM domains suggest multiple recognition targets.
Legume isoforms of RLKs with LysM-containing extracellular domains recognize symbiotic
bacterial signals that trigger plant responses to facilitate the formation of nodules for
nitrogen fixation (Arrighi et al., 2006; Limpens et al., 2003; Madsen et al., 2003; Mulder et
al., 2006; Radutoiu et al., 2003). The LysM domains in these receptors recognize lipochitin-
oligosaccharide signals to mediate plant-bacterial interactions (Radutoiu et al., 2007).

Another unusual domain found among RLK/Pelle proteins is similar to tumor necrosis factor
receptor domain. The original protein identified with this motif was the Crinkly4 (CR4)
RLK in maize (Becraft et al., 1996), which also contains an RCC1-like domain, similar to a
large group of plant and animal proteins (Hadjebi et al., 2008). CR4 is important for
epidermal patterning in the maize epidermis and aleurone. ACR4, encoded by the
Arabidopsis ortholog of CR4, is an epidermal-specific proteins that mediates several aspects
of epidermal patterning, in addition to integument development in ovules (Gifford et al.,
2003; Gifford et al., 2005).

The S-domain is present in the extracellular domains of approximately 40 different
Arabidopsis RLKSs. The function of this domain is best characterized in the Brassica S-
receptor kinase (SRK), which it critical for pollen recognition during self-incompatibility
(Goring and Rothstein, 1992; Stein et al., 1991; Takasaki et al., 2000). The S-domain is a
cysteine-rich domain comprised of a number of distinct motifs, including an EGF repeat, an
agglutinin motif, and a PAN motif (Haffani et al., 2004; Tordai et al., 1999). The similarity
between the agglutinin motif and lectins raises once again the possibility of carbohydrate
and/or glycoprotein interactions seen or suspected in many other RLK/Pelle family
members. SRKSs are essential to recognize self pollen in self-incompatible Brassica species,
and presumably do so through the S-domain. The pollen factor recognized by SRK is SCR
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(for S-locus cysteine rich protein) (Schopfer et al., 1999) which binds to SRK in an allele-
specific manner (Kachroo et al., 2001). Critically, SRK and SCR are linked together in a
single genetic locus so that the SRK remains specific for self pollen (Casselman et al.,
2000). Given the large number of S-domain RLKs in Arabidopsis and the lack of self-
incompatibility, these receptors presumably have multiple functions outside of self
recognition. The broad expression of many S-domain RLKs in many tissues and their
induction linked to pathogenesis suggest possible roles in both developmental control and
disease responses (Dwyer et al., 1994) (Pastuglia et al., 1997; Pastuglia et al., 2002). The S-
domain shares its cysteine-rich characteristics with the DUF26 domain found in the
extracellular region of a similarly large class of RLKs that are also termed cysteine-rich
RLKSs (CRKSs) (Haffani et al., 2004; Shiu and Bleecker, 2003). The presence of cysteines has
been hypothesized to facilitate a role for these receptors in oxidative response. Indeed,
several members are induced by oxidative stress and pathogen infection (Wrzaczek et al.,
2010). Several analyses have identified roles in pathogen defense and programmed cell
death for these receptors (Chen et al., 2003; Chen et al., 2004; Chen, 2001).

Another relatively smaller class of RLK/Pelle members contain thaumatin-like domains. A
representative member that has been investigated is PR5K, which, intriguingly, resembles
the pathogenesis-related protein 5 (PR5), suggesting a role in pathogenesis (Wang et al.,
1996).

By far the largest class, and likely the ancestral version of the plant RLK/Pelle family, is the
leucine-rich repeat (LRR)-RLK, with over 200 members in Arabidopsis. Their large
numbers have lead to extensive investigations of the LRR-RLK proteins across many
different biological contexts. Leucine-rich repeats are 24 residue motifs that have a high
portion of leucine and other hydrophobic residues. Each repeat forms a “loop”, with a beta-
sheet face and an alpha-helical face. The hydrophobic residues form an internal core for
each loop. The number of LRRs in each LRR-RLK varies from just one or two to more than
twenty-five. Flanking the sequence of LRRs are often pairs of cysteine residues. Disulfide-
linkage between the cysteines forms a “cap” to prevent exposure of the LRR hydrophobic
core (Kolade et al., 2006). The beta-sheet faces of each repeat line up in LRR proteins to
form a pocket, often capable of protein interactions. While one of the original LRR receptors
in animals, Toll, binds to a protein ligand, other animal LRR receptors binds to a variety of
lipid, carbohydrate and RNA ligands (Barton and Medzhitov, 2002; Weber et al., 2003).

LRR-RLKSs, as might be expected from their large numbers, have been linked to a myriad of
biological functions, from pathogen recognition and disease resistance (Gomez-Gomez and
Boller, 2000; Song et al., 1995) to steroid signaling (Li and Chory, 1997; Li et al., 2002;
Nam and Li, 2002) to stem cell control (Clark et al., 1997) to embryo patterning (Nodine et
al., 2007) to epidermal patterning (Kwak et al., 2005; Shpak et al., 2004; Torii et al., 1996).
Ligands for several of these receptors have been identified, and they include endogenous
proteins, sulfonated peptides, steroids and pathogen-derived peptide elicitors (Gomez-
Gomez and Boller, 2002; Matsubayashi et al., 2002). Because of the size and diversity in
function of the LRR-RLK family, this review will focus in detail on two subgroups to
describe what is known about these factors in Arabidopsis and how this knowledge has
translated to agronomic species.
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Many of the RLK/Pelle subgroups classified by their extracellular domain each form a
monophyletic group (Shiu and Bleecker, 2003), suggesting they evolved from a single event
that replaced an LRR extracellular domain with the motif that now characterizes the
subclade. These include the PERK, WAK and Lectin-like RLKs. Other subgroups, such as
the S-domain and CrRLKSs have multiple origins.

The RLK/Pelle family also contains a large number of cytoplasmic kinases lacking both a
transmembrane and an extracellular domain. The cytoplasmic kinases have evolved
repeatedly from various transmembrane versions of the protein (Shiu and Bleecker, 2003).
There are large subclades that are comprised only of cytoplasmic kinases.

Finally, for many of the RLK/Pelle subgroups, there are receptor-like proteins (RLPS)
lacking an intracellular kinase domain that share the same extracellular domain. In addition,
some motifs are also found as secreted proteins lacking both a transmembrane domain and a
cytoplasmic kinase domain. Some of these RLPs appear to have functions independent of
any RLK, such as the Cf family of proteins from tomato that provide fungal resistance
(Dixon et al., 1996; Jones et al., 1994). Others appear to function alongside their RLK
counterpart. CLAVATAZ2 (CLV2), an LRR-RLP, acts together with the LRR-RLK CLV1 to
control meristem size (Jeong et al., 1999; Kayes and Clark, 1998). The secreted S-domain
protein SLG works in concert with the S-domain SRK to provide self-incompatibility
(Giranton et al., 1995; Takasaki et al., 2000). Thus, while the RLPs lack the kinase domain
that provides functional and evolutionary relationships between the RLK/Pelle family of
proteins, understanding RLP function may provide a window into their cognate RLKSs.

The BRI1 clade

Studies in Arabidopsis

The BRI1 (BRASSINOSTEROID INSENSTITIVEL) locus was originally identified in an
EMS mutagenesis screen selecting for insensitivity to brassinosteroid signaling normally
inhibiting root growth in wild-type Arabidopsis. (Clouse et al., 1996). Brassinosteroids are
hormones important for plant growth and development and plants that cannot perceive,
process or synthesize BRs exhibit strong dwarf phenotypes. Brassinosteroids play broad
roles in many aspects of plant physiology including pathogenesis, stress responses, and cell
elongation (Kim et al., 2010; Noguchi et al., 1999). bril mutant plant growth is stunted and,
unlike brassinosteroid biosynthesis mutants, is not rescued by exogenous brassinolide.
Additional loss-of-functions screens have led to the identification of many alleles of BRI 1.
The severe phenotypes of bril null alleles imply that BRI1 itself provides the bulk of
brassinosteroid perception in Arabidopsis (Li and Chory, 1997).

BRI1 is a member of the LRR-RLK class of RLK/Pelle proteins. The BRI1 extracellular
domain contains 25 LRRs (Li and Chory, 1997). This domain of tandem LRRs is broken up
by a 70 amino acid “island” of non-LRR sequence. Like many LRR-RLKSs, the island of
non-LRR sequence is located between the fourth and fifth LRR counting from the
transmembrane domain. Presumably, this conserved organization of LRR domains is
important for how the extracellular domains function to relay signaling. Critically, the island
sequence plus an adjacent LRR are necessary and sufficient for direct binding to
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brassinolide (Kinoshita et al., 2005). Whether other “islands” in various LRR-RLKSs act as
ligand binding domains remains to be determined.

Given the severe phenotypes of bril mutants and their strong insensitivity to
brassinosteroids, one might assume that BRI1 is the only brassinosteroid receptor. BRI1
forms a monophyletic group with three other Arabidopsis genes BRL1 (BRI 1-like), BRL2
(also called VASCULAR HIGHWAYL), BRL3. All four genes share the same basic structure
including 25 LRR repeats and 70 amino acid “island” responsible for binding BRs in BRI1.
BRL1 and BRL3 share 47% amino acid identity with BRI1 while BRL2 shares 45% amino
acid identity with BRI1. BRL1, BRL2 and BRL3 are all expressed in the vasculature and the
corresponding mutants have vascular related defects (Cano-Delgado et al., 2004; Clay and
Nelson, 2002). Interestingly, BRL1 and BRL3 are also brassinosteroid receptors, while
BRL2 is not (Cano-Delgado et al., 2004; Zhou et al., 2004). This conclusion is based on
direct brassinosteroid binding, cross-complementation, and enhancement of the bril mutant
phenotype. Thus, establishing the identity of bona fide brassinosteroid receptors has to be
determined experimentally and not simply based on sequence similarity or phylogeny.

The functional relationships between the genes do match evolutionary relationships, as
BRL1 and BRL3 are the most closely related genes to BRI1 in Arabidopsis (Figure 2).
Interestingly, most of the gene duplications within this clade are ancient events. This is
based on the observations that there are monocot versions of BRI1, BRL1/3 and BRL2. Thus
all of the duplications except the BLR1/BRL3 duplication predate the split of monocots and
dicots. The relatively ancient organization of this gene family increases the chances of
finding functional orthologs in other plant species. It also points out how rarely gene
duplication events are maintained within this clade.

Extending results to agronomic species

BRI1 orthologs have been identified and characterized in a number of agronomic species.
bril mutants have properties that may be useful in crop sciences such as increased grain
production in rice and constitutive activation of cold tolerance genes or the larger leaf and
plant size from constitutive brassinosteroid signaling (Kim et al., 2010; Zhao et al., 2002).
Furthermore, the dwarf stature of plants with attenuated BRI1 signaling could provide
protection against lodging. This is the case in the rice ortholog, OsBRI1. The dwarf and
brassinosteroid-insensitive phenotypes of the rice d61 mutants were shown to be the result
of lesions in the rice OsBRI1 (Yamamuro et al., 2000). Mutations in this gene cause erect
leaves and this allows for more effective light capture for photosynthesis and denser planting
(Morinaka et al., 2006). Pilot studies show increased biomass from these lines with
attenuated brassinosteroid signaling. Similar results are seen for mutants with attenuated
brassinosteroid biosynthesis, suggesting a real mechanism for increasing yields (Sakamoto
et al., 2006).

In barley, the BRI1 ortholog, HvBRI1, is the cause of a well-known dwarf mutation. The
Japanese dwarf barley carrying what was known as the “uzu” gene were shown to contain a
missense substitution in a conserved residue in the kinase domain encoded by HVBRI1
(Chono et al., 2003). These plants have reduced sensitivity to brassinosteroids and provide a
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mechanism to introduce agronomically beneficial dwarfism in various barley cultivars
(Honda et al., 2003).

The pea BRI1 ortholog, LKA, retains a key role in brassinosteroid signaling (Nomura et al.,
2003), providing mutant phenotypes consistent with reduction in brassinosteroid signaling.

An interesting and controversial aspect of BRI1 function in agronomic plants comes from
analysis of BRI1 paralogs in solanaceae, including potato, and tomato. Potato and tomato
use the peptide hormone systemin in response to wounding while the sister subtribe
nicotianoideae, which includes tobacco, does not (McGurl et al., 1992; Pearce et al., 1991;
Ryan, 2000). SR160 was originally identified as the systemin receptor with a radiolabeled
systemin and was later identified as a tomato BRI 1 paralog (Scheer and Ryan, 1999; Scheer
and Ryan, 2002). Like rice, barley and pea, this tomato BRI1 ortholog corresponded to an
existing dwarf mutants that was the result of lesions within the coding sequence (Montoya et
al., 2002). These studies suggested that the solanaceae BRI1s were dual brassinosteroid/
systemin receptors. Further evidence came from experiments indicating that systemin
signaling could be engineered in tobacco by expression of the tomato BRI1 (Scheer et al.,
2003). However, later experiments indicated that the BRI1 orthlogs were not required for
solanaceae defense-related systemin signaling in vivo, nor was the BRI1 ortholog mutant
altered in systemin responses (Holton et al., 2007; Malinowski et al., 2009). The data are
conflicting, but suggest that while solanaceae BRI1 receptors may be able to bind systemin,
they may not be physiologically relevant to defense responses.

The CLV1 clade

Studies in Arabidopsis

CLAVATAL (CLV1) plays a central role in meristem regulation and was the first
component of the pathway identified (Clark et al., 1997). Subsequent research from many
labs has found both upstream ligands, receptor complexes, downstream signaling mediators,
and the ultimate target of CLV1 function in the Arabidopsis shoot meristem (see below).
Loss of CLV1 signaling leads to an enlargement of the shoot and flower meristems,
resulting in more rapid production of leaves and flowers, thicker stems, and larger fruits
(Clark et al., 1993).

The minimal CLV1 clade in Arabidopsis is composed of four genes, - CLV1, BAM1, BAM2
and BAM3 (DeYoung et al., 2006) (Figure 3). Critically, the gene duplication event that
gave rise to CLV1 and BAM genes predates the monocot/dicot split, as there are genes in rice
that pair with CLV1 and genes in rice that pair with BAM. This suggests that many of the
extant LRR-RLKSs were present in early angiosperms, which, if true, would make
establishing orthologs between model species and agronomic species easier. It also echoes
the BRI1 gene family, in that most of the duplications are ancient and pointing out the
scarcity of maintained gene duplications over 200 million years of evolution.

While CLV1 and BAM receptors have nearly equivalent function at the biochemical level
(see below), they have very different roles developmentally driven primarily by where they
are expressed (DeYoung et al., 2006; DeYoung and Clark, 2008). CLV1 is expressed in the
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meristem center where it acts to repress transcription of the meristem-promoting WUS
transcription factor (Schoof et al., 2000). As a result, clvl mutants develop larger meristems,
with many accompanying defects as a result (Clark et al., 1993). In the center of the
meristem, CLV1 function is weakly redundant with BAM receptors. The very low levels of
BAM expression in the meristem center explain why clv1 null alleles have visible, albeit
weak, phenotypes.

Because of redundancy, most of the clvl mutants that have been identified to date are
dominant-negative alleles containing missense mutations within the kinase domain (Diévart
et al., 2003). The mechanism of dominant-negative function evolves from the nature of the
CLV1 receptor complex, which is composed of CLV1/CLV1 and CLV1/BAM multimers
(see below).

Outside of the meristem, BAM receptors regulate a large number of developmental events,
linked to broad expression of the BAM receptors. These include vascular patterning, leaf
morphology, and the development of anthers and other floral organs (DeYoung et al., 2006).
Male sterility in bam1 bam2 double mutants can be traced back to early defects in
asymmetric cell fate specification during early anther development (Hord et al., 2006).
Critically, expressing CLV1 within these developing organs can complement the baml1 bam?2
mutant defects, indicating that the different developmental pathways under BAM and CLV1
control use the same signaling pathway and kinase activity.

Extending results to agronomic species

Many CLV1-paralogous genes have been studied in a large number of species. These have
revealed instances of strong functional conservation as well as the evolution of novel,
agronomically-critical functions.

In both maize and rice, the genes most closely related to CLV1 have retained orthologous
function. The maize gene thick tassel dwarfl (tdl) is the homolog most closely related to
CLVL1. td1 mutants have phenotypes similar to clvl mutants — namely enlargement of the
shoot and flower meristems (Bommert et al., 2005). Similarly in rice, the closest CLV1
homolog FLORAL ORGAN NUMBER1 (FONZ1) limits meristem size as well (Suzaki et al.,
2004). fonl mutations only affect flower meristem size — presumably the other related LRR-
RLKs in rice may mask the function of FON1 in shoot meristem size.

Additional evidence suggests that the entire CLV1 signaling pathway is functionally
conserved between monocots and Arabidopsis. In Arabidopsis, CLV2 acts in a parallel
receptor complex that appears to work in concert with CLV1 (see below) and, as such, clv2
mutants developed enlarged shoot and flower meristems (Kayes and Clark, 1998). Mutations
in the maize CLV2 homolog, fasciated ear2, lead to enlarged ear inflorescence meristems,
indicating a conserved function (Taguchi-Shiobara et al., 2001). In Arabidopsis, CLV3
encodes the ligand for CLV1 and CLV2 (Fletcher et al., 1999). As a result, clv3 mutants also
developed enlarged meristems. Critically the CLV3 homologs in rice, FON4 and FON2, also
act to limit meristem size (Chu et al., 2006; Suzaki et al., 2006). A third CLV3-like protein,
FOS1, controls meristem size redundantly with FON2 and FON4, but may do so in a
separate FON1-independent pathway (Suzaki et al., 2009). In total, these findings suggest a
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relatively ancient role for the CLV signaling pathway in shoot meristem function that is
conserved across angiosperms. Given that enlarged meristems have accompanied
domestication of multiple plant species, CLV1 orthologs are logical targets for controlling
stem and fruit size. Mutations in single CLV pathway genes may have relatively weak
effects presumably related to genetic redundancy (e.g., clvl null alleles) or may only effect a
subset of tissues (e.g., FON2 mutations only alter rice flower meristem development). Thus,
a challenge in translating model system results to agronomic species is sorting through
potentially functional homologs to identify the genes most important for control of that
particular tissue or cell type. Analysis of gene expression patterns, to identify the isoforms
most likely to play major roles in specific tissues, will likely be essential in many cases.

A critical divergence in the function of CLV1 homologs has occurred in legumes. The CLV1
homologs GmNARK in soybeans, PSSYM29 in pea, MtSUNN in Medicago truncatula and
LcHARL1 in lotus have all evolved a new function (Krusell et al., 2002; Nishimura et al.,
2002; Schnabel et al., 2005; Searle et al., 2003). The expression of these genes is broader
than CLV1 and they have a novel physiological role specific to legumes. Mutations in these
genes result in defects in nodulations in the roots, which are specialized symbiotic bacterial
interactions that serve to fix nitrogen. In the RLK mutants, the nodulation lacks proper
control, forming a much higher than normal number of nodules referred to as
hypernodulation. Interestingly, the receptors appear to function in the leaves to produce
signals to the root to control the nodulation process (Lin et al., 2010). This RLK-dependent
signal to the root is a small organic molecule (Lin et al., 2010).

RLK/Pelle protein kinase activity and signal transduction pathways

To date most of the characterized RLK/Pelle class kinase domain exhibit serine/threonine
protein phosphorylation. This activity is normally tested in vitro with E. coli-expressed
kinase domain, often measured by autophosphorylation and/or artificial substrate
phosphorylation.

The most detailed analysis of kinase domain phosphorylation has been conducted on the
BRI1 brassinosteroid receptor. Detailed analysis of autophosphorylation sites in vitro were
first performed for the BRI1 kinase domain alone expressed in E. coli (Oh et al., 2000).
Even though the assay was entirely in vitro with just the BRI1 kinase domain, the sites
identified were largely later confirmed by analysis of BRI1 in vivo (Wang et al., 2005a).
These include multiple sites in the juxtamembrane domain (between the transmembrane and
kinase catalytic domain), the kinase domain, primarily the activation loop (see above) and
the C-terminal tail. Substitutions at the activation loop sites were shown the be essential for
both catalytic activity and in vivo function (Wang et al., 2005a). Several of these sites effect
BRI1 function in vivo when mutated. The biggest surprise came from recent characterization
of BRI1 tyrosine phosphorylation both in vivo and in vitro (Oh et al., 2009). This indicates
that BRI is a dual-specificity kinase, with both serine/threonine and tyrosine kinase
activity. Only two tyrosines were detected phosphorylated on BRI1, one is essential for
catalytic activity, while the other effects BRI1 function in regulating development (Oh et al.,
2009; Wang et al., 2005a; Wang et al., 2008).
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BRI1 kinase activity is regulated by several factors (Figure 4). First, BRI1 contains a C-
terminal auto-inhibitory domain (Wang et al., 2005b). Removal of this domain leads to a
hyperactive BRI1. The function of this auto-inhibitory domain is controlled by its
phosphorylation status. Another BRI1 control is exerted by a regulatory protein, BKI1,
which acts to prevent BRI1 activation (Wang and Chory, 2006). Upon BRI1 ligand binding,
BKI1 is phosphorylated by BRI1 and dissociates from the BRI1 homodimers, leaving BRI1
free to interact with its signaling partner BAK1 (Li et al., 2002; Nam and Li, 2002). BAK1,
also known as SERK3 (Russinova et al., 2004), is a LRR-RLK as well, with five LRRs
positioned between leucine zipper and proline-motifs. Detailed phosphorylation analysis has
revealed sequential trans-phosphorylation events between BRI1 and BAK1 that activate
signaling (Li et al., 2002; Nam and Li, 2002; Wang et al., 2005a; Wang et al., 2008) (see
(Kim and Wang, 2010) for detailed review of phosphorylation sites).

Downstream of these paired receptor-kinases are a series of other kinases. A trio of
cytoplasmic kinases that are also members of the RLK/Pelle family mediate signaling from
the BRI1/BAK1 complex. These BR-signaling kinases (BSK1, BSK2 and BSK3) are
membrane-associated despite the lack of transmembrane domain (Tang et al., 2008). BRI1
phosphorylates BSKs, presumably regulating their function.

The key cytoplasmic switch controlled by brassinosteroid responses is the GSK3-class
kinase BIN2 (Li and Nam, 2002; Li et al., 2001). BIN2 constitutively represses
brassinosteroid responses by phosphorylating the transcription factors BES1 and BZR1 (He
etal., 2002; Yin et al., 2002; Zhao et al., 2002). When BINZ2 is inactivated by BRI1
signaling, BES1 and BZR1 accumulate in the nucleus and regulate the transcription of
response elements (see (Li, 2010) for a detailed review of transcriptional brassinosteroid
responses).

CLV1 signaling has also been extensively characterized. Like BRI1, CLV1 forms
constitutive homodimers (Bleckmann et al., 2010; Guo et al., 2010; Zhu et al., 2010) (Figure
5). In addition to homodimers, CLV1 forms heteromultimers with the redundant BAM
receptors, which explains the dominant-negative nature of the majority of clvl alleles by
poisoning complexes with BAM (Guo et al., 2010). These dominant-negative lesions cluster
around the putative activation segment — a region in many protein kinases that lies across the
active site and controls kinase activity. Phosphorylation within the activation loop of the
activation segment drives a catalytically active confirmation (Lochhead, 2009; Nolen et al.,
2004). Consistent with the nature of these missense clv1l alleles, over-expression of kinase-
dead CLV1 has a similar dominant-negative effect (Williams et al., 1997). Another
observation that points to the high level of functional specificity even within the core kinase
catalytic domain came from characterization of CLV1/BRI1 chimeric receptors. Here,
swapping just the core kinase catalytic domains lead to inactive proteins with dominant-
negative characteristics (Diévart et al., 2003; Diévart et al., 2006).

The CLV1 and BAM receptors directly bind to the mature form of the CLV3 polypeptide
ligand (Guo et al., 2010; Kondo et al., 2008; Ogawa et al., 2008). However, the most unique
aspect of CLV1 signaling is the presence of a separate receptor complex composed of the
CLV2 LRR-RLP and the transmembrane putative kinase CORYNE (CRN) (Bleckmann et
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al., 2010; Guo et al., 2010; Zhu et al., 2010). While CLV2 lacks a cytoplasmic domain, and
CRN lacks an extracellular domain, together these proteins form a potential signaling
receptor (Kayes and Clark, 1998; Muller et al., 2008). In this case, signaling is engendered
by the ability of CLV2 to also bind directly to mature CLV3 with an affinity similar to that
of CLV1 and BAM (Guo et al., 2010). In otherwise wild-type plants, both the CLV1/CLV1
and CLV2/CRN complexes are required for signaling, based on the strong phenotypic
effects of both clvl and clv2 mutations. Thus CLV1 signaling requires parallel activation of
two complexes by the same polypeptide ligand.

CLV1 signaling acts by repressing the activity of a pair of downstream protein
phosphatases, POLTERGEIST (POL) and PLL1 (Song and Clark, 2005; Song et al., 2006;
Yu et al., 2003). While there is no evidence of direct interaction between the receptor
complexes and POL/PLL1, the phosphatases are plasma membrane localized by the
attachments of lipids to at the N-terminus of the proteins. In addition, the catalytic activity of
POL/PLL1 may be regulated by the membrane lipid phosphatidylinositol 4-phosphate
(Gagne and Clark, 2010). POL/PLL1 act to promote expression of the transcription factor
WUS which promotes stem cell specification (Mayer et al., 1998; Schoof et al., 2000; Song
et al., 2006). Further complicating the CLV signaling pathway is the recent identification of
a CLV3-responsive, but CLV1-independent parallel pathway represented by the RPK2/
TOAD2 RLKs (Kinoshita et al., 2010). Whether this pathway acts through POL/PLL1 is
unknown.

proteins that are not functional kinases

Perhaps the most intriguing members of the RLK/Pelle family are those that appear to have
retain high sequence identity with other family members, yet have lost kinase catalytic
activity. The first member characterized in this fashion was the STRUBBELIG (SUB) RLK,
also identified as the SCRAMBLED (SCM) RLK (Chevalier et al., 2005; Kwak et al.,
2005). SUB was characterized by the effects of mutants on the development of ovules and
other organs, while SCM was identified by the effect of mutations on the patterning of hair
and non-hair cells in the Arabidopsis root.

Critically, Schneitz and co-workers noted that the catalytic loop of SUB (subdomain Vla)
lack two key residues conserved among functional kinases (Chevalier et al., 2005). When
tested in vitro, the SUB kinase domain lacked phosphotransfer activity. This is not a
definitive test given that enzymatic activity in vivo might differ from that in vitro. However,
a final test in which SUB with additional, kinase-dead mutations, was used to rescue the sub
mutant phenotype demonstrated that kinase activity is unnecessary for SUB function. Taken
together, these experiments indicate that SUB contains a catalytically inactive kinase
domain. This is not to say that the kinase domain is dispensable, as SUB isoforms lacking
the kinase domain do not function in vivo (Chevalier et al., 2005). In a further twist, even
cataltically functional kinase domains have been found to be dispensable for RLK function
(Xu et al., 2008).

Further bioinformatic analysis has revealed that upwards of 20% of the Arabidopsis RLKs
contain non-conserved substitutions in key catalytic residues and may be dead kinases
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(Castells and Casacuberta, 2007). The remarkable aspect of these known and putative dead
kinases is that their kinase domains retain such a high degree of sequence conservation.
While the extracellular domains have evolved dramatic divergences in sequences and even
domains, even the dead kinase have been under select constraints. This suggests that the
kinase dead RLK/Pelle members still require much of the kinase domain fold and structure
to carry out signaling.
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Phylogenetic relationships between major kinase families in plants and animals. Green dots
indicate the clade contains representative genes in plant species, while a red dot indicate the
clade contains representative genes in animal species. Adapted from (Shiu and Bleecker,
2001b).
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Figure2.
Phylogenetic relationships between BRI1 and related genes from selected angiosperms. The

tree was generated by ClustalX using the BLAST results from residues 857-1157 of the
Arabidopsis BRI1 kinase domain and viewed with NJplot. Genbank accession numbers for
protein sequences are as follows: Arabidopsis BRI1 NP_195650, Pea BRI1 BAC99050,
Soybean BRI1 ACJ37420, Tobacco BRI1 ABR18799, Nicotiana BRI1 ABO27628, Potato
BRI1 ABO27627, Tomato BRI1 AAN85409, Rice BRI1 Os08g0342300, Wheat BRI1
ABG43096, Barley BRI1 BAD01654, Rice BRL 0s09g0293500, Rice BRL 0s08g0342300,
Potato BRLunannotated, Arabidopsis BRL3 NP_187946, Arabidopsis BRL1 NP_175957,
Rice BRL2 0s10g0114400, Arabidopsis BRL2 NP_178304, Potato BRL2unannotated.
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Figure4.

Model for brassinosteroid signaling. In the absence of signaling, BRI1 forms constitutive
homodimers held inactive by BKI1 and the BRI1 autoinhibitory domain.BIN2 actively
represses BES1 and BZR1 through direct phosphorylation. Binding of brassinosteroids to
the BRI1 extracellular domains relieves BKI1 inhibition and allows BRI1-BAK1 interaction
and sequential trans-phosphorylation. BSKs facilitate BRI1 repression of BIN2,
derepressing BES1 and BZR1, allow for brassinosteroid-responsive transcriptional control.
Asterisks indicate protein phosphorylation. See text for explanation and citations.
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Figure5.
Model for CLV1 signaling. CLV3 is processed by a serine protease to create the active

ligand (Ito et al., 2006; Ni et al., 2010). Mature CLV3 binds to CLV1, BAM and CLV2
receptors. The CLV1 and CLV2 complexes may interact with each other. Receptor
activation leads to repression of POL/PLL1, which are positive regulators of WUS
transcription.
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