I MINI-REVIEW
Plant Signaling & Behavior 8:10, €25662; October 2013; © 2013 Landes Bioscience

Receptor-like cytoplasmic kinases
are pivotal components in pattern recognition
receptor-mediated signaling in plant immunity

Koji Yamaguchi, Kenta Yamada, and Tsutomu Kawasaki*

Department of Advanced Bioscience; Graduate School of Agriculture; Kinki University; Nakamachi, Nara, Japan

Keywords: RLCK, PRR, MAPK, immunity, PAMP

Innate immunity is generally initiated with recognition of
conserved pathogen-associated molecular patterns (PAMPs).
PAMPs are perceived by pattern recognition receptors
(PRRs), leading to activation of a series of immune responses,
including the expression of defense genes, ROS production
and activation of MAP kinase. Recent progress has indicated
that receptor-like cytoplasmic kinases (RLCKs) are directly
activated by ligand-activated PRRs and initiate pattern -trig-
gered immunity (PTI) in both Arabidopsis and rice. To suppress
PTI, pathogens inhibit the RLCKs by many types of effectors,
including AvrAC, AvrPphB and Xo001488. In this review, we
summarize recent advances in RLCK-mediated PTl in plants.

The first layer of defense against pathogen attack is triggered by
recognition of PAMPs by PRRs, called PTL! PRRs consist of a
variety of receptor like kinases (RLK) and receptor like proteins,
including FLS2, CERKI1, CEBiP, LYM1, LYM3, LYP4, and
LYP6.>? These PRRs directly recognize PAMPs, such as flagel-
lin, chitin, or peptidoglycan (PGN). The activation of PTT leads
to a series of immune responses, which include callose deposition,
production of reactive oxygen species (ROS), transcriptional
induction of defense genes, and activation of mitogen-activated
protein kinase (MAPK) cascades.”'® However, it is not clear how
ligand-activated PRRs transmit signals downstream. Thus, this
mini review will focus on recent work about the dynamics of
ligand-activated PRRs and roles of RLCKs, the downstream
components of PRRs.

Dynamics of Pattern Recognition
Receptors by Perception of PAMPs

Flagellin is a highly conserved PAMP among bacterial pathogens.
A conserved 22-amino acid peptide (fig22) in the N terminus
of flagellin is specifically recognized by the leucine-rich repeat
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(LRR)-RLK, FLS2.2 FLS2 forms a homodimer in the absence
of fig22 (Fig. 1)."! Upon flg22 perception, FLS2 rapidly forms a
complex with another LRR-RLK, BAK1 (Fig. 1)."*" This asso-
ciation occurs within seconds and leads to rapid phosphorylation
of FLS2 and BAK1.">" Activated complexes transmit the signals
to downstream components to initiate flg22-dependent PTL."

Chitin, a major component of fungal cell walls, is a lin-
ear polymer of [(-14-linked N-acetyl-glucosamine.’® In
Arabidopsis, chitin is recognized by a PRR, AtCERKI, with
extracellular lysine motif (LysM)-domains.>”'® Chitin induces
homodimerization of AtCERKI1, which is essential for activa-
tion of downstream signaling.”” In contrast, OsCERK1 does not
bind to chitn in rice.* In response to chitin, OsCERK1 forms a
heterodimer with CEBIP, encoding a LysM receptor protein that
directly binds chitin (Fig. 1),>*! and subsequently activates PTIL.
Thus, chitin perception occurs in a different manner between
Arabidopsis and rice.

PGN is an essential cell wall component in bacteria and has a
similar structure to chitin. In Arabidopsis, AtCERKI is involved
in recognition of PGN together with AtLYMI and AtLYM3,
LysM-containing proteins. In rice, OsLYP4 and OsLYP6, rice
homologs of AtLYM1 and AtLYM3, also directly bind PGN. It
suggests that OsCERK1 may recognize PGN with OsLYP4 and
OsLYPG6, although direct evidence remains to be addressed.

RLCK is a Key Regulator in PRR-Mediated Signaling

One of the RLK superfamily lacks an extracellular domain,
which was designated as RLCK. A large number of RLCK genes
has been found in plants; rice and Arabidopsis contain 379 and
200 RLCK genes, respectively.?? RLCKs are divided into 13 sub-
families (RLCKs I-XIII), based on phylogenetic clades.?? BIK1, a
member of the RLCKVII subfamily, interacts with FLS2 and EFR
in Arabidopsis. By stimulation with flg22, BIK1 is phosphory-
lated in an FLS2- and BAK1-dependent manner and dissociated
from FLS2.%*% Subsequently, BIK1 induces callose deposition
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Figure 1. Model for the signal transduction of PTI mediated by RLCKVII family. FIg22 perception and signaling in Arabidopsis is shown on the left, and
chitin perception and signaling in rice is shown on the right. FLS2 and OsCERK1 interact with BIK1/PBLs and OsRLCK185 in the absence of flg22 and
chitin, respectively. Treatment with flg22 or chitin induces an interaction between BAK1 and FLS2 or OsCERK1 and CEBIP, respectively. This interac-
tion leads to trans-phosphorylation of BIK1/PBLs and OsRLCK185 by the FLS2-BAK1 complex and OsCERK1, respectively. The phosphorylated BIK1/PBLs
and OsRLCK185 dissociate from the receptor complexes and initiate downstream immune responses such as ROS production and gene expressions.

and ROS production. PBS1, PBL1 and PBL2, members of the
RLCKVII subfamily and BSK1, a member of the RLCKXII
subfamily, also mediate flg22-dependent PTT signaling similarly
to BIK1,%% indicating that these RLCK proteins redundantly
function in the downstream signaling of FLS2. Recently, we have
identified OsRLCK185, a member of the RLCKVII subfamily,
as an important player in rice immune signaling.* OsRLCK185
is directly phosphorylated by OsCERKI in response to chitin
and subsequently dissociates from OsCERKI1 complex. Silencing
of OsRLCK185 showed reduction of chitin and PGN-induced
PTTI responses, including the expression of defense genes and
ROS production. Activation of MAP kinases is also suppressed
in OsRLCK185 silencing cells, suggesting that OsRLCK185
transmits signals from OsCERKI to the MAPK cascade. Thus,
increasing evidence indicates that the RLCK family plays an
important role in PTT signal transduction from ligand-activated
PRRs in plants.

RLCKs as Targets of Pathogen Effector Proteins

Recent progress in understanding effector-mediated PTT inhi-
bition revealed that many pathogen effectors target RLCKs to
suppress PTL. Pseudomonas syringae effector AviPphB is a
cysteine protease. AvrPphB is capable of proteolytically cleaving
the activation domain conserved in the RLCKs, including BIK1
and PBLI (Fig. 2).2¥ Xanthomonas campestris effector AvrtAC
possesses uridylyltransferase activity and targets BIK1 and
RIPK. RIPK, a member of the RLCKVII subfamily, is involved
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in RPM1-mediated effector triggered immunity.?® AvrAC adds
uridine 5-monophosphate (UMP) to important serine and threo-
nine residues in the activation domain of BIK1 and RIPK, pre-
venting their activation by autophosphorylation (Fig. 2).
Recently, we have identified that Xanthomonas oryzae effec-
tor X001488, with unknown function, targets OsRLCK185.2
Expression of X001488 in rice cells compromises OsRLCK185-
mediated immune responses,*® which is consistent with the fact
that X001488 inhibits trans-phosphorylation of the activation
domain of OsRLCK185 by OsCERK1 (Fig. 2).%° Interestingly,
X001488 is phosphorylated by OsRLCK185, suggesting that
modification of X001488 in host cell may affect their virulent

activity.*

Link Between PRR and MAPK Cascade

Activation of MAP kinases often occurs in response to PAMPs.
However, it remains unknown how the MAPK cascades are
engaged downstream of PRRs."” Although BIK1, PBSI1, PBLI,
PBL2, and BSKI play roles in FLS2-mediated signaling, no
mutants of these RLCKs compromise flg22-induced MAPK acti-
vation.””? Interestingly, AvrAC inhibit flg22-induced activation
of MAP kinases,” suggesting that unidentified RLCKVII family
proteins targeted by AvrAC may transmit the signal from FLS2
to the downstream MAP kinase cascade. As mentioned above,
OsRLCK185 was identified as the first factor to transmit a signal
from a PRR to MAPK cascade.?® In rice OsMPK3, OsMPK4 and
OsMPKG6 are rapidly phosphorylated by chitin,*® and OsMPK3/
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OsMPK6 and OsMPK4 are regulated by
different pathways.?® Chitin-induced acti-
vation of OsMPK3 and OsMPK6 but not
OsMPK4 is reduced in OsRLCK185 silenc-
ing cells, indicating that OsRLCK185 acts
upstream of OsMPK3 and OsMPKG6, but
not OsMPK4.% Although OsMKK4, a
MAPK kinase, was reported to function as
MAPKK for OsMPK3 and OsMPK®6, the
MAPKK kinase regulating the OsMKK4-
OsMPK3/OsMPKG6 cascade remains to
be identified. Further investigation of
OsRLCK185-mediated MAPK activation
will reveal the molecular link between PRR
and the MAPK cascade.
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Figure 2. Target sites of effector proteins in RLCKVII family proteins. Gray region denotes the
kinase domain and black region indicates the activation domain (AD) in RLCKVII family proteins.
AvrPphB cleave their recognition site in AD of RLCKVII family proteins (upper position). Putative
AvrPphB recognition sequences are highlighted in black. AvrAC uridylylates conserved serine
and threonine residues in AD (left position). The UMP modification sites are highlighted in black.
X001488 inhibits the phosphorylation of 3 amino acid residues in AD of OsRLCK185 by unknown
mechanism (right position). The predicted phosphorylation sites of OsRLCK185 by OsCERK1
are highlighted in black. Gene IDs are: BIK1, At2g39660; PBS1, At5g13160); PBL1, At3g55450;
PBL2, At1g14370; PBL3, At2g02800; PBL5, At1g07870; PBL6, At2g28590; PBL7, At5g02800; PBL9,
At1g07570; PBL11, At5902290; RIPK, At2g05940; and OsRLCK185, Os05 g0372100.
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