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Abstract

The structure of plant receptor-like kinases (RLKs) is

similar to that of animal receptor tyrosine kinases

(RTKs), and consists of an extracellular domain,

a transmembrane span, and a cytoplasmic domain

containing the conserved kinase domain. The mecha-

nism by which animal RTKs, and probably plant RLKs,

signal includes the dimerization of the receptor, their

intermolecular phosphorylation, and the phosphoryla-

tion of downstream signalling proteins. However,

atypical RTKs with a kinase-dead domain that signal

through phosphorylation-independent mechanisms

have also been described in animals. In the last few

years, some atypical RLKs have also been reported in

plants. Here these examples and their possible signal-

ling mechanisms are reviewed. Plant genomes contain

a much larger number of genes coding for receptor

kinases than other organisms. The prevalence of

atypical RLKs in plants is analysed here. A sequence

analysis of the Arabidopsis kinome revealed that 13%

of the kinase genes do not retain some of the residues

that are considered as invariant within kinase catalytic

domains, and are thus putatively kinase-defective. This

percentage rises to close to 20% when analysing

RLKs, suggesting that phosphorylation-independent

mechanisms mediated by atypical RLKs are particu-

larly important for signal transduction in plants.
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Receptor protein kinases and signal
transduction: the importance of phosphorylation

All living organisms receive and process information at
the cellular level through various classes of receptors,

which recognize signals from the environment or from
neighbouring cells and activate downstream signalling
cascades. A particular type of receptors are receptor
kinases (RKs), which are found in metazoans and plants.
RKs are characterized by the presence of an extracellular
domain, which specifically recognizes the ligand, linked
by a transmembrane region to a cytoplasmic kinase domain.
RK activation has been extensively studied in animals,

where it has been shown to be a phosphorylation-
dependent mechanism which generally involves two steps:
first, ligand binding and receptor oligomerization resulting
in the intracellular kinase domain activation; and sec-
ondly, upon activation, intermolecular autophosphoryla-
tion and conformational changes allowing the receptor to
bind and activate downstream signalling proteins (Pawson
and Nash, 2000). Two classes of RKs are found in
animals, the receptor tyrosine kinases (RTKs) and the
serine/threonine kinase receptors (STRKs). The best
known example of STRK is the transforming growth
factor (TGF)–b receptor complex, which is formed by
a heteromeric complex of two different receptors. The
type II receptor (also known as the primary receptor)
binds the ligand and this triggers the phosphorylation of
the type I receptor (also known as the transducer), which
cannot bind the ligand in the absence of type II receptors.
Phosphorylation of the transducer allows further signalling
to downstream cascades (Massagué, 1996). The second
class of animal RKs, the RTKs, act as ligand-activated
homodimers or heterodimers of two related RTKs.
Autophosphorylation in the activation loop of the kinase
domain results in stimulation of the kinase activity. This
allows its subsequent tyrosine phosphorylation that gen-
erates docking sites to recruit downstream signalling com-
ponents, which may also be activated by phosphorylation
triggering signalling cascades (Ulrich and Schlessinger,
1990; Hubbard and Till, 2000).
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The structure of plant receptor-like kinases (RLKs) is
similar to that of animal RKs, being composed of an
extracellular domain, a transmembrane span, and a cyto-
plasmic domain containing the conserved kinase domain.
Nevertheless, in contrast to animal RKs, which in most
cases are tyrosine kinases, all reported plant RLKs have
serine/threonine kinase specificity.
Different studies suggest that the mechanism of activa-

tion of plant RLKs may be similar to the mechanism of
activation of animal RTKs (Shiu and Bleecker, 2001a;
Cock et al., 2002; Morris and Walker, 2003; Johnson and
Ingram, 2005). RLK autophosphorylation seems to be
a common step in plants since a large number of RLKs
have been described to autophosphorylate. For some of
them, experimental evidence suggests that autophosphory-
lation is particularly important for their function. For
instance, the Brasssica SRK, the self-incompatibility
receptor, is autophosphorylated only when pollinated with
incompatible pollen (Cabrillac et al., 2001). On the other
hand, biochemical analyses revealed that the intracellular
domain of the resistance protein Xa21 is autophosphory-
lated in Ser686, Thr688, and Ser689 (Xu et al., 2006), and
the substitution of these residues by an alanine destabil-
izes the protein and compromises Xa21-mediated patho-
gen resistance (Xu et al., 2006). The activation of the
Brassinosteroid receptor (BRI1) is one of the best
characterized mechanisms of RLK activation in plants
(Belkhadir and Chory, 2006). It has been demonstrated
that BRI1 binds the brassinolide (Kinoshita et al., 2005)
and that brassinolide treatment results in BRI1 autophos-
phorylation and activation (Wang et al., 2005a). In the
absence of its ligand, BRI1 is inhibited by its C-terminal
tail (Wang et al., 2005b) and by BRI1 kinase inhibitor
1 (BKI1) (Wang and Chory, 2006). This inhibition is
released upon binding of the brassinolide to the BRI1
oligomer and consequent autophosphorylation of the
activation loop of the receptor (Wang and Chory, 2006),
and the subsequent phosphorylation allows the formation
of the putative active complex BRI1–BAK1 (Wang et al.,
2005a).
On the other hand, the analysis of mutants of two

receptors, CLV1, which is involved in apical meristem
development, and FLS2, involved in pathogen-triggered
defence responses, suggested that kinase activity may also
be required for ligand binding. Indeed, mutated constructs
of CLV1 and FLS2 lacking kinase activity do not interact
with CLV3 or flagellin, their respective ligands (Trotochaud
et al., 1999; Gómez-Gómez and Boller, 2000).
Furthermore, kinase activity seems to be essential for

RLK signal transduction since severe phenotypes are
obtained when introducing mutations that disrupt kinase
activity in BRI1 (Friedrichsen et al., 2000), CLV1 (Clark
et al., 1997), FLS2 (Gómez-Gómez et al., 2001), SRK
(Stahl et al., 1998), and also in ERECTA, an RLK
regulating organ formation (Lease et al., 2001; Shpack

et al., 2003), and SYMRK/NORK, RLKs that participate
in nodulation (Stracke et al., 2002).
These observations indicate that kinase activity is

required at different steps of RLK activation and suggest
that RLK signal transduction is a phosphorylation-
dependent mechanism in plants, as has been shown in
animal systems.

Atypical receptor kinases: transduction without
phosphorylation

While, as reviewed above, the general RK activation
mechanism is phosphorylation-dependent, kinase-defective
atypical RKs transducing signals by phosphorylation-
independent mechanisms have also been described in
animals and very recently in plants.
Catalytic kinase domains consist of 250–300 residues

subdivided into 12 conserved subdomains (Hanks et al.,
1988). The domain forms a two-lobed structure joined by
subdomain V. The small N-terminal lobe (i.e. subdomains
I–IV) participates in anchoring and orienting the ATP
molecule, while the large C-terminal lobe (i.e. subdomains
VIa–XI) binds the protein substrate and initiates the
phosphotransfer. Each of the 12 subdomains contains
conserved residues thought to be essential for the catalytic
activity (Hanks and Hunter, 1995). This is the case for the
aspartic acid of subdomain VIb which is part of the kinase
active site (Knighton et al., 1993; Taylor et al., 1995), or
the DFG motif of subdomain VII, involved in cation
binding and orientation of the ATP gamma phosphate for
phosphate transfer (Knighton et al., 1993; Hanks and
Hunter, 1995; Huse and Kuriyan, 2002). Several atypical
RKs that do not present some of the conserved residues of
their kinase domains have been described in animals.
These proteins include the human CCK-4 (Mossie et al.,
1995), H-Ryk (Hovens et al., 1992; Katso et al., 1999),
and ErbB-3 (Guy et al., 1994; Sierke et al., 1997), and the
Drosophila DNT proteins (Savant-Bhonsale et al., 1999).
The ErbB3 receptor belongs to the EGFR family of

RTKs, which includes ErbB1/EGF, ErbB2/neu/HER2,
ErbB3, and ErbB4 (Stein and Staros, 2000). The ErbB3
sequence contains substitutions of some of the highly
conserved residues within the kinase-like domain, partic-
ularly the aspartic acid of subdomain VIb, and it has been
demonstrated that its kinase activity is significantly
impaired (Kim et al., 1998). In spite of this fact, ErbB3 is
essential for proper signalling since mouse ErbB3 knock-
outs are lethal at embryonic stages (Riethmacher et al.,
1997). ErbB3 forms heterodimers with other members of
the EGFR family that phosphorylate it (Kim et al., 1998).
Phosphorylated residues of the intracellular domain of
ErbB3 act as docking sites, allowing the interaction with
downstream signalling proteins, including phosphatidyl-
inositol 3-kinase and SHC (Prigent et al., 1994), which are
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effector proteins responsible for mitogen-activated protein
kinase (MAPK) cascade activation (Citri et al., 2003)
(Fig. 1). The human CCK-4 RTK (Mossie et al., 1995)
and its orthologous proteins, the chicken Klg (Chou and
Hayman, 1991), the hydra Lemon (Miller and Steele,
2000), and the Drosophila Drtk (Pulido et al., 1992), also
contain substitutions of some of the highly conserved
residues within the kinase-like domain. In particular these

proteins do not present the DFG motif of subdomain VII
and also lack kinase activity. Their mechanism of
activation is unknown, but the fact that their sequences
contain elements that could mediate protein–protein
interactions suggests that CCK-4 members may interact
with kinase-active partners and signal in a way similar to
that of the human ErbB3 atypical RTK.
On the other hand, members of the Ryk family in

Caenorhabditis elegans (Halford et al., 1999), Drosophila
(Savant-Bhonsale et al., 1999), and vertebrates (Hovens
et al., 1992) also contain substitutions of the DFG motif,
and also lack kinase activity (Katso et al., 1999). H-Ryk
also forms heterodimers with other kinase-active RTKs,
although in this case the interaction does not result in
phosphorylation of the inactive kinase (Trivier and
Ganesan, 2002). A chimeric receptor approach showed
that the ligand stimulation of H-Ryk results in the
activation of a MAPK pathway (Katso et al., 1999),
suggesting that the activated H-Ryk can interact with and
activate other downstream signalling proteins.
Catalytically impaired kinases belonging to classes

other than RKs have also been reported. Those atypical
kinases, which are also essential for signal transduction,
are proposed to function as scaffolds or docking plat-
forms. The kinase suppressor of Ras (KSR) lacks the
conserved lysine in the ATP-binding domain (Therrien
et al., 1995), and biochemical experiments suggested that
it does not exhibit kinase activity. More importantly, it has
been reported that KSR constructs containing mutations
which usually disrupt kinase activity rescued the KSR
loss-of-function phenotype. This observation indicates that
KSR mutants can be restored by a kinase-independent
mechanism (Stewart et al., 1999). It is suggested that KSR
acts as a scaffolding protein (Morrison, 2001) that
interacts with Raf, MEK, and ERK, and co-ordinates their
membrane localization, facilitating mitogen-activated ki-
nase activation (Ritt et al., 2005). Similarly, kinase-
impaired constructs of integrin-like kinase (ILK), which
is essential for integrin-mediated adhesion of muscles in
C. elegans and Drosophila, can rescue null mutations of
ILK (Zervas et al., 2001). This points to a phosphorylation-
independent role for ILK and it has been suggested that
the ILK kinase domain might function as a platform for
protein–protein interactions (Zervas and Brown, 2002).
In summary, atypical RKs signal through phosphoryla-

tion-independent mechanisms involving regulated
protein–protein interactions mediated by their intracellular
kinase-like domains (Kroiher et al., 2001). The impor-
tance of protein–protein interactions for signalling through
these proteins probably explains why all these atypical
RKs have maintained during evolution the general
structure of their kinase domains in spite of their lack of
kinase activity (Stein and Staros, 2000).
In the last few years, atypical plant RLKs that

could transduce signals by phosphorylation-independent

Fig. 1. Signalling through kinase-active and kinase-defective RTKs.
(A) Scheme of the typical transduction mechanism of RLKs. After
ligand (filled square) binding to the extracellular receptor domains
(open and grey circles), the RTK oligomer is activated through
autophosphorylation in the activation loops (open small circle) of their
kinase domain (open and grey squares), allowing its subsequent
phosphorylation at other residues that serve as docking sites for
downstream signalling proteins. The plasma membrane is shown by
a double line, and the extracellular (E) and intracellular (I) media are
indicated. (B) Scheme of the transduction mechanism mediated by the
ErbB3 atypical RTK. After ligand binding by a heterodimer of ErbB3
(shown in grey) and another member of the EGFR family, the kinase-
inpaired intracellular domain of ErbB3 (shown by an X in its activation
loop) is phosphorylated by its EGFR partner and becomes a docking
site for downstream signalling proteins. (C) Signal transduction through
the MARK atypical RLK. Ligand (filled square) binding to the receptor
domain of MARK (shown by a grey circle) could induce a conforma-
tional change allowing its kinase-impaired domain (grey square) to
interact with MIK. The C-terminal domain of MIK (shown by an open
rectangle) inhibits MIK kinase activity, and its interaction with the
intracellular domain of MARK induces a conformational change of
MIK, releasing its autoinhibition, and activating its kinase activity.
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mechanisms have also been described in plants (Llompart
et al., 2003; Cao et al., 2005; Chevalier et al., 2005).
MARK (maize atypical receptor kinase) contains alter-

ations of some conserved amino acids within the kinase
domain (Llompart et al., 2003) (Fig. 2). The MARK
sequence lacks the conserved aspartic acid of subdomain
VIb, and the aspartic acid and phenylalanine within the
DFG motif of subdomain VII. All those alterations
suggest that the intracellular domain of MARK could be
a kinase-dead domain. Moreover, recombinant MARK
fails to auto- and transphosphorylate in vitro (Llompart
et al., 2003). It has been demonstrated that the in-
tracellular domain of MARK interacts with the C-terminal
domain of a maize GCK-like kinase named MIK, and this
interaction results in the activation of MIK kinase activity
(Llompart et al., 2003). As the C-terminal domain of MIK
inhibits its own kinase activity (Castells et al., 2006),
MARK probably activates MIK by inducing conforma-
tional changes that release MIK autoinhibition (Castells
et al., 2006) (Fig. 1C). Those findings showed for the first
time in plants that atypical RLKs can transduce signals by
means of phosphorylation-independent mechanisms. An-
other putative kinase-dead RLK, the Arabidopsis TMKL1
protein, had been described earlier (Valon et al., 1993) but
its kinase activity has not been analysed. The sequence of
TMKL1 contains alterations of several conserved residues
within the kinase domain: in particular, the glycine-rich
domain of subdomain I, the invariant lysine of subdomain
II, the invariant glutamic acid of subdomain II, the
aspartic acid of subdomain VIb, and the aspartic acid of
subdomain VII (Fig. 2), suggesting that TMKL1 may be
an atypical RLK with a kinase-dead domain.
Recently, the analysis of two additional atypical RLKs

has been reported. The Arabidopsis Strubbelig (SUB)
RLK plays an essential role in Arabidopsis organ de-
velopment, since sub mutants show defects in ovule
development. SUB contains a kinase domain containing
two substitutions of conserved amino acids within the
catalytic loop (Fig. 2). The conserved aspartic acid of
subdomain VIb is substituted by an asparagine, and the
conserved asparagine of the same domain by a lysine.
Biochemical approaches demonstrated that SUB lacks

kinase activity, and, remarkably, genetic experiments
showed that the catalytic activity is not essential for
in vivo SUB function (Chevalier et al., 2005). Nothing is
known on the possible signalling mechanism of SUB, but
it has been suggested that its kinase-dead domain could
have maintained the ability to interact with downstream
effectors requiring the typical three-dimensional configu-
ration of a kinase domain (Chevalier et al., 2005).
The second reported analysis on atypical RLKs refers to

the Arabidopsis ATCRR1 and ATCRR2 receptors, both
related to the maize CRINKLY4 receptor which is
implicated in maize development. Arabidopsis ATCRR1
and ATCRR2 have a deletion of subdomain VIII (Fig. 2)
and display significantly attenuated kinase activity
in vitro. It has been shown that ATCRR2 can be phos-
phorylated by ACR4, the Arabidopsis CRINKLY4 homo-
logue, in vitro, suggesting that these proteins could signal
through ATCRR2–ACR4 heterodimerization and subse-
quent transphosphorylation of ATCRR2, a mechanism
reminiscent of that of the human ErbB3 RTK (Cao et al.,
2005). Interestingly, a recent report shows that, although
ACR4 is an RLK with an active kinase domain, its kinase
activity may not be required for protein function (Gifford
et al., 2005). Indeed, an ACR4 kinase-dead mutant can
complement the acr4 mutant phenotype, suggesting that at
least part of ACR4 signalling may pass via a route
independent of its kinase activity (Gifford et al, 2005).

Prevalence of atypical RLKs

The human genome contains 518 genes coding for protein
kinases (Manning et al., 2002). An analysis of the human
kinome revealed that 50 human kinase domains lack the
conserved lysine of subdomain II, the aspartic acid of
subdomain VIb, or the aspartic acid of subdomain VII,
suggesting that 10% of the predicted human kinase
proteins are putatively enzymatically inactive (Manning
et al., 2002) (Table 1). The mouse kinome shows an
almost perfect conservation of the predicted inactive
kinases (Caenepeel et al., 2004), suggesting that most of
these proteins fulfil a cellular role and that their corre-
sponding genes are not merely pseudogenes.

Fig. 2. Sequence comparison of the atypical RLKs described in plants and the BRI1 RLK. The sequences of subdomains II, VIb, VII, and VIII are
shown. The residues conserved in active kinases are designated with an asterisk on the top, and the consensus amino acid is shown on the bottom.
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A general survey of 911 sequences of the Arabidopsis
kinome has been performed and it was found that 13% of
the putative kinases lack the conserved lysine of sub-
domain II, the aspartic acid of subdomain VIb, or the
aspartic acid of subdomain VII, and are putatively
enzymatically inactive (Table 1). This percentage is
slightly higher than that found in mammals, although both
plants and mammals have a higher percentage of putative
defective kinases than yeast, where only six out of the 94
kinase-encoding genes analysed lack those conserved
residues (Table 1). Intriguingly, when analysing the RLK/
Pelle family, which include the RLKs and the receptor-
like cytoplasmic kinases, or RLCKs, this percentage rises
to 20% (Table 1). A detailed sequence analysis of the
Arabidopsis RLK/Pelle family members was performed
and it was found that 121 out of the 610 analysed
sequences lack the conserved aspartic acid of subdomain
VIb or the DFG motif of subdomain VII. More precisely,
77 sequences lack the aspartic acid of subdomain VIb,
17 lack the DFG motif of subdomain VII, and 27 lack
both motifs. These proteins are predicted to be defective
kinases, as all these mutations have been reported to
disrupt the kinase catalytic activity.
Plant genomes contain a much larger number of genes

coding for protein kinases than mammalian genomes
(Champion et al., 2004; Krupa et al., 2004). For instance,
the Arabidopsis genome comprises ;1000 genes coding

for kinases (Champion et al., 2004), and the RLK/Pelle
gene family, with some 600 genes (Shiu and Bleeker,
2001b), is one of the largest gene families in Arabidopsis
and in the plant kingdom in general. Different hypotheses
have been formulated to explain the high number of plant
RLKs, and plant kinases in general, compared with
animals. Plants, as sessile organisms, may perceive and
integrate more signals to adapt their morphogenesis to the
changing environment. Alternatively, the mechanisms of
signalling may have diverged between plants and animals
and, as a consequence, plants might need a larger number
of receptors. Finally, the low frequency of alternative
splicing leading to different isoforms from a single gene
in plants compared with animals (Ner-Gaon et al., 2004)
could be compensated by an increase in the number of
kinase genes. It has been suggested that tandem duplica-
tions and segmental/whole-genome duplications are the
major mechanisms for the expansion of the RLK family in
Arabidopsis (Shiu and Bleecker, 2003). The high expan-
sion of the RLK gene family through gene duplication
could have allowed the maintenance of mutations affect-
ing kinase activity and the subsequent evolution of new
functions for these atypical RLKs, which could explain
the particular prevalence of defective kinases within plant
RLKs.
Most atypical RLKs belong to a few of the previously

defined subfamilies of the RLK/Pelle family (Shiu and
Bleecker, 2001b), the subfamilies LRRIII, LRRIV,
LRRV, LRRVI, LRRVII, RLCKI, RLCKII, and RLCKIII.
In some of these subfamilies, most of the sequences lack
the aspartic acid of subdomain VIb. For instance, eight out
of the nine members of the LRRV subfamily lack the
aspartic acid of subdomain VIb (shown in red in Fig. 3).
A phylogenetic analysis by Neighbor–Joining and
maximum-likelihood approaches suggests that the aspar-
tate loss may have occurred after At5g06820 gene
duplication, the mutated gene giving rise to eight new

Table 1. Percentage of atypical kinases in different organisms

The number of analysed sequences is shown in parentheses.

Human S. cerevisiae A. thaliana A. thaliana
RLK/Pelle
family

Predicted kinases 518 (518) 118 (94) 1000 (911) 610 (610)
% atypical kinases 10% 6% 13% 20%

Fig. 3. Phylogenetic trees of the LRRV subfamily of RLKs. The amino acid sequences of the kinase domain of LRRV subfamily members were
aligned using ClustalW (version 1.5; Thompson et al., 1994) together with that of the P0A3Y5 protein that was used as an outgroup for the analysis.
Phylogenetic trees were constructed using Neighbor–Joining (A) and maximum-likelihood methods (B) using MEGA (Kumar et al., 2004) and
PHYML programs (Guindon et al., 2003), respectively. For the maximum-likelihood, the JTT model of evolution with four rate categories was used.
The root of the tree was placed in the mid-point. Sequences containing the conserved aspartate of subdomain VIb are shown in black, whereas those
not containing the conserved residue are shown in red. One possible parsimonious reconstruction of mutations inactivating the conserved amino acid
is given. Mutations are schematized by a red arrow. Bootstrap values were obtained from 100 replicates. Values >50% are shown. The scale bar
represents the number of mutations per site.
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members with the same mutation (Fig. 3). A mutation in
a single sequence whose amplification has given rise to
the whole subfamily is also one of the most parsimonious
hypotheses for the formation of the LRRIV subfamily,
where all the sequences contain the same inactivating
mutation (see Supplementary Fig. S1A, B at JXB online).
In other cases, the phylogenetic relationships of the
different mutated genes suggest that some atypical
members may have experienced a second mutation re-
storing the conserved amino acid. This is probably the
case for the LRRIII subfamily, where most proteins have
the aspartate mutation to arginine in subdomain VIb while

five of them (shown in black in Fig. 4) have the conserved
aspartate, and this is probably also the case for the group
formed by the LRRVI and RLCKI subfamilies where two
sequences do not present this inactivating mutation (see
Supplementary Fig. S1C, D at JXB online). On the other
hand, most of the subfamilies also contain sequences that
have an additional substitution in the DGF motif of
subdomain VII. This is the case for the LRRIII (Fig. 4),
LRRIV (see Supplementary Fig. S1A, B at JXB online),
and LRRVI (see Supplementary Fig. S1C, D at JXB online)
subfamilies where the phylogenetic analysis is compatible
with mutations of subdomain VII occurring in some already

Fig. 4. Phylogenetic trees of the LRRIII subfamily of RLKs. The amino acid sequence of the kinase domain of the LRRIII subfamily members were
aligned and phylogenetic trees constructed using Neighbor–Joining (A) and maximum-likelihood methods (B) as described in Fig. 3. Sequences
containing substitution of conserved residues in subdomain VIb alone or in both subdomains VIb and VII are shown in red and purple, respectively.
One possible parsimonious reconstruction of mutations inactivating and restoring the conserved amino acids is given. Inactivating and restoring
mutations are represented by inward and outward pointing arrowheads, respectively. Mutations in subdomain VIb and VII are indicated by red and
blue arrowheads, respectively. Bootstrap values were obtained from 500 replicates. Values >50% are shown.
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inactivated proteins. This could indicate that after a ki-
nase-inactivating substitution the selective pressure to
maintain invariable the amino acids important for kinase
activity diminishes, and a second inactivating mutation is
more frequently allowed. On the other hand, the mutation
of subdomain VII could also arise in some cases
independently or even prior to the mutation in subdomain
VIb, as could be suggested to explain the phylogenetic
relationships of the proteins of the LRRVII, RLCKII, and
RLCKIII subfamilies (see Supplementary Fig. S1E, F; G,
H; and I, J at JXB online). In the case of RLCKII, both the
Neighbor–Joining and the maximum-likelihood analyses
suggest that the mutation of the DFG motif of subdomain
VII may have occurred in the ancestor of the group, while
two independent mutations of the aspartate of subdomain
VIb occurred later in evolution to give rise to the
sequences having mutations in both subdomains.
Thus, the phylogenetic analysis of the LRR subfamilies

containing atypical receptor kinases suggests that atypical
RLKs had arisen independently multiple times and, more
importantly, that different atypical RLKs had been main-
tained and expanded through evolution. Moreover, the
phylogenetic analysis of RLKs, already published by Shiu
and Bleecker (2001b), shows that the eight subgroups that
contain atypical RLKs and that have been analysed here
are not phylogenetically related, reinforcing the idea that
the mutations of the atypical RLKs do not have a mono-
phyletic origin.
In summary, close to 20% of Arabidopsis RLKs present

substitutions in highly conserved amino acids within the
kinase domain, being putative atypical kinase receptors.
This observation suggests that phosphorylation-independent
mechanisms mediated by atypical RLKs are important in
signal transduction in plants, as they have been shown to be
in animal systems.

Supplementary material

The phylogenetic analysis of the RLK subfamilies
LRRIV, LRRVI and LRCKI, LRRVII, LRCKII, and
LRCKIII are presented in Supplementary Fig. S1A, B; C, D;
E, F; G, H; and I, J, respectively, available at JXB online.

Acknowledgements

We are grateful to Paloma Mas, Soraya Pelaz, and Jaume Martı́nez-
Garcı́a for their critical reading of the manuscript, and to José
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