
FLAGELLIN SENSITIVE2 (FLS2) is a leucine-rich-repeat 
(LRR)-RLK, which is required for the perception of bacterial 
flagellin and activation of defense responses notably through MAPK 
cascade.2,4,5 Mutations in FLS2 result in enhanced susceptibility 
to pathogenic bacteria.2,6,7 Using chemical cross-linking FLS2 was 
shown to bind flg22, an N-terminal conserved peptide of flagel-
lins, directly.8 Site-directed mutagenesis combined with structural 
modeling and evolutionary conservation suggested that flagellin 
binds to residues in LRR 9 to 15 of FLS2.9 Functionally, FLS2 is 
similar to animal Toll-like receptor 5 (TLR5), which also recognizes 
flagellin through a concave surface of its horse-shoe shaped ectodo-
main formed by LRR.10 The interaction of flagellin with TLR5 
leads to activation of innate and adaptive immune responses ulti-
mately leading to protection against infections.11,12 Similarly, other 
microbe/pathogen associated molecular patterns ‘PAMP/MAMP’ 
(for clarity “PAMP” is used here after) such as lipopolysaccharides 
and ssRNA are recognized by other Toll-like receptors resulting in 
protection against pathogens.11 Although, the downstream signaling 
pathways of flg22-FLS2 interaction have been studied at the genetic 
and biochemical level,5,13 early events in the activation of FLS2 by 
its ligand on the plasma membrane, are not known. The activation 
mechanism of several animal and some plant receptors involves 
ligand-dependent oligomerization as an essential early event and a 
similar model for plant RLK is also suggested.14-17 In a recent study, 
we have shown that the mobility of FLS2 in the plasma membrane is 
reduced in a ligand-dependent manner and that FLS2 does not form 
homodimers either constitutively or after flg22 treatment.18 Based 
on our analysis combined with several recent findings,19-22 in this 
article, we propose a model for the activation of FLS2 (Fig. 1A).

Early Events at the Plasma Membrane Surface in the 
Activation of FLS2

Most plasma-membrane-localized receptors are activated after 
binding their cognate ligands to their extracellular domains. Binding 
of a ligand causes a conformational change in the structure of the 
receptor, which is transmitted to the cell interior either through 
trans-membrane vertical changes or through the diffusion and rear-
rangement of receptors in the horizontal plane of the membrane. 
This in turn leads to the activation of signaling cascades eventually 
leading to the expression of specific genes that are required for a 
specific response. Several plant and animal receptors are activated 
by forming homodimers or heterodimers in a ligand-dependent 
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Introduction

The completed genome sequences of several plant species have 
revealed the existence of a large number of receptor-like kinases 
(RLKs). For example, model plants Arabidopsis and rice contain over 
600 and 1131 RLKs genes, respectively. The kinase domains of plant 
RLKs are very similar to one another and to the animal Pelle kinases, 
however, their extracellular domains are different and are accord-
ingly grouped into distinct classes.1 In animals, these kinases play 
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manner.17,23-27 For example, BRI1 
exists as a homodimer and the activa-
tion mechanism of the BRI1 receptor 
complex includes release of an inhibi-
tory protein (BKI1) followed by 
heterodimerization with BAK1.14,17 
Similarly, several animal toll-like 
receptors such as TLR2 form heterodi-
mers with TLR1 or TLR6 in response 
to different ligands,28 suggesting that 
activation of receptors involves homo 
and/or heterodimerization.11 Using 
fluorescence resonance energy transfer 
(FRET) and bimolecular fluorescence 
complementation (BiFC), we found 
that FLS2 does not undergo homodi-
merization either before or after flg22 
treatment.18 In two recently published 
papers, using co-immunoprecipitation 
it was shown that FLS2 rapidly asso-
ciates (within 2 min) with BAK1 in 
a ligand-dependent manner and this 
association was shown to be required 
for FLS2 signaling.21,22 Previously, 
it was shown that BAK1 also associ-
ates with BRI1 and plays a role in 
brassinosteroid signaling.14,17 These 
results suggest that BAK1 interacts 
with multiple LRR-RLKs. The inter-
action of FLS2 with BAK1 suggests 
at least two possible scenarios: either 
FLS2 interacts directly with BAK1 and 
activates signaling cascade or BAK1 
may interact indirectly with FLS2 
via some unknown adaptor protein(s) 
(Fig. 1A). Since BAK1 interaction 
with BRI1 is direct, the interaction 
of BAK1 with FLS2 is also likely to 
be direct. However, this remains to 
be demonstrated experimentally using 
either yeast two hybrid or other in vitro 
assays. In either case, it is important to 
know that the FLS2 interactome is 
dynamic in making new associations 
such as with BAK1, which did not 
exist before flg22 treatment. Using 
FRAP analysis we have shown that in 
the absence of flg22, mobility of FLS2 
is slower than would be expected for a 
protein of similar size in the absence 
of any interaction with other compo-
nents. More importantly, mobility of 
FLS2 was further reduced after flg22 treatment. Together these 
observations indicate that FLS2 exists in a higher-order molecular 
complex under normal conditions and that this complex either 
increases in size and/or is confined to less mobile regions on the 
cell membrane after engaging flg22 (see below). This means that 

in addition to recruiting BAK1, the FLS2 complex likely will 
also include other proteins. This notion is supported by recent 
findings that another LRR-RLK (SERK1) associates with several 
other proteins including BRI1 and a hexamer of AAA ATPase 
CDC48A.29,30 The identification of proteins in the FLS2 complex 

Figure 1. (A) A hypothetical model for the activation of FLS2. FLS2, after binding flagellin flg22, associates 
with BAK1 either directly (shown by leftward arrow) or indirectly through other unknown proteins (rightward 
arrow). In either case the FLS2 complex most likely localizes to lipid-rafts, which include proteins involved in 
trafficking, signalling and proteolysis. Recent proteomic analysis has shown the presence of BAK1 in plant 
lipid rafts.34 Engagement of flagellin by FLS2, most likely by its LRR9 to 15,8,9 results in endocytosis of the 
FLS2 complex either for recycling and/or signalling.20 (A) ‘*’ next to the endocytic vesicle indicates the 
potential involvement of internalized receptors in activating FLS2 signaling. Evidence for such a mechanism 
has recently been provided for BRI1 by Geldner et al, (2007).35 The involvement of MEKK1 in FLS2 signaling 
was provided by Asai et al, (2002).5 However, studies with a mekk1 knockout mutant suggested that MEKK1 
is not required for the activation of MPK3 or MPK6 but may play a structural role in FLS2 signaling.38,39 FLS2 
may transmit signals independent of endocytosis by activating the MAPK cascade.18,20 Some FLS2-trigged 
responses may occur independent of MAPK pathway (Prasad et al., unpublished results). The horse-shoe 
shaped extracellular region of FLS2, which consists of 28 LRR, is derived from the 3D structure of mammalian 
TLR3. The binding of flagellin to LRR9 to 15 is based on a report by Dunning et al, (2007)9 whereas plac-
ing of flg22 on the concave side of LRR is based on mutagenesis and modeling of FLS2 and human TLR5 
structure using the known crystal structures of other LRR proteins.9,10 FLS2, FLAGELLIN SENSITIVE2; BAK1, 
BRI1-ASSOCIATED KINASE1; LRR, leucine rich repeats. (B) FLS2-YFP undergoes exocytosis. FLS2-YFP was 
expressed in tobacco leaf epidermal cells using the Agrobacterium-mediated transient transformation. Shown 
are selected images from a time-lapse movie that demonstrate the fusion of several vesicles (marked by num-
bered arrowheads) with the plasma membrane.
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using proteomic analysis will be an important area of future 
research in FLS2 signaling.

Does FLS2 Localize to Lipid Rafts?

Interestingly, in response to flg22 addition, the mobility of FLS2 
was significantly reduced.18 We suggest that this happens because 
FLS2 associates with other proteins that are then confined to larger 
and less mobile domains in the membrane (Fig. 1A). It is possible 
that these domains are similar to lipid rafts, which are plasma 
membrane microdomains enriched in sphingolipids and sterols.31,32 
Lipid rafts, which are detergent-resistant membranes, are thought to 
function as signaling platforms during the early signaling of several 
membrane proteins such as toll-like receptors.31,33 Although, we 
have not demonstrated it biochemically, we suggest that FLS2 after 
binding to flagellin accumulates in lipid rafts. This conclusion is 
supported by the observation that the mobility of FLS2 is decreased 
after ligand binding.18 Interestingly, proteomic analysis of lipid rafts 
isolated from Medicago and tobacco revealed the enrichment of 
signaling proteins, especially LRR-RLKs.32,34 Furthermore, BAK1 
was found in plant lipid rafts. Hence, it is likely that FLS2, upon 
binding to flg22, moves to lipid rafts and associates with BAK1.34 
Verification of this requires isolation of lipid rafts from Arabidopsis 
under control and flagellin-treated conditions and identification of 
their protein complement. Furthermore, research on disrupting lipid 
rafts by depleting their sterol content is needed to clarify the role 
of lipid rafts in FLS2 signalling. We speculate that other signaling 
proteins involved in trafficking such as GTPases, clathrin and cyto-
skeletal proteins will display a flg22-dependent dynamic localization 
to FLS2-lipid rafts. The identity of protein in the FLS2 lipid rafts 
will shed light on FLS2 signalling and will also open the way for 
studying the signalling mechanism of other RLKs. The question 
of whether FLS2 localizes to lipid rafts and how this localization 
is regulated can be addressed by employing fluorescence resonance 
energy transfer (FRET) or bimolecular fluorescence complementa-
tion (BiFC) between a raft-resident protein and FLS2. Accumulation 
in lipid rafts likely serves as a rendezvous for many different yet to be 
identified proteins before they can initiate signalling for defense. If 
and how lipid rafts relay the flagellin signal to downstream intracel-
lular components will be an important future area of research.

Trafficking of FLS2

Using FLS2-GFP driven by its endogenous promoter in trans-
genic plants, Robatzek et al, (2006)20 have shown that activation of 
FLS2 by its ligand results in its internalization into vesicles within 
20–40 min and eventual loss by 60 min. Based on these data and 
pulse experiments they have suggested that binding of FLS2 to 
flg22 results in receptor degradation through endocytosis. Further, 
they have shown that cytoskeleton and proteosome function are 
required for internalization. A mutation in a phosphorylation site of 
FLS2 (T867V) impaired its internalization as well as flg22-induced 
responses, suggesting that endocytosis is required for FLS2 signaling. 
However, in our analysis using FLS2-YFP driven by 35S promoter 
in protoplasts, we observed activation of flg22-induced genes in 
the absence of apparent internalization of FLS2.18 The absence  
of internalization could be due to overexpression of FLS2 in our 
system and/or requirement of cell-wall dependent component(s)  
for FLS2 internalization. However, it was recently shown that  

internalization of BRI1 and BAK1 and turnover of BRI are inde-
pendent of ligand.17,35 Hence, it is possible that some signaling 
events activated by flg22 through FLS2 are likely dependent upon 
endocytosis whereas others are not. The finding that a mutation 
in the PEST-like motif in FLS2 that leads to prevention of flg22-
induced endocytosis did not prevent oxidative burst also suggests 
such a possibility.20,36 We speculate that the flg22-induced increase 
in ROS could act as an inducer of the reporter genes used in our 
study. Interestingly, the YXXΦ (X= any amino acid, Φ=hydrophobic 
residue) motif, which is one of the signals known to mediate endo-
cytosis in animals,37 is present in another LRR-RLK (EF-Tu receptor 
EFR)3 but not in FLS2. These observations suggest that all RLKs 
might not follow the same activation mechanism and underscore the 
need for further research to clarify these issues.

As with all plasma membrane localized proteins, FLS2 may also 
transport through the secretory pathways along the ER→golgi→
vesicles→PM route. Time-lapse fluorescence microscopy using tran-
sient expression of FLS2-YFP in tobacco epidermal cells has shown 
that small vesicles that originate in the cell interior merge with 
plasma membrane (Fig. 1B). Although, the apparent trajectory of 
FLS2 vesicles is suggestive that FLS2 travels along cytoskeleton tracks 
(Fig. 1B), the exact mechanism and the nature of the tracks remains 
to be explored. Using selective inhibitors of F-actin or microtubule 
(de)ploymerization together with mutants defective in F-actin or 
microtubule assembly, we intend to address these questions.

Conclusions and Outlook

In the past one year several new findings in the flg22-FLS2 
signaling were reported. Some of the results were expected whereas 
others were not. Our data together with other published reports 
support a model for FLS2 activation that probably involves heterom-
erization on the cell membrane, which like several animal plasma 
membrane proteins, probably happens in microdomains or involves 
confinement to microdomains such as lipid rafts (Fig. 1A). The 
requirement of BAK1 for FLS2 signalling was perhaps surprising 
and raises new questions as to how BAK1 mediates BL and flg22 
signalling through interacting with BRI1 or FLS2. How is specificity 
achieved and what are other regulatory components required for 
achieving such specificity? Based on what is known, we suggest that 
BAK1 serves as a common adaptor for both receptor complexes and 
that other proteins may be required to provide specificity in these 
two signalling pathways. In the BL signalling it binds to BRI1 and 
a BL-pathway-specific set of proteins whereas under flagellin signal-
ling it associates with FLS2 and FLS2-pathway-specific proteins. In 
addition, a crosstalk between these two pathways cannot be ruled 
out. Flg22-treated Arabidopsis plants show reduced growth and 
BL signaling has some role in plant defense. Similarly, in animals 
TOLL-like proteins are involved in both development and immu-
nity. By analogy, one can speculate that in addition to their major 
role in plant immunity or hormone signalling these two pathways 
also crosstalk through BAK1 and affect each other. Understanding 
the mechanism by which PRRs are activated will have implications 
in developing disease resistant plants as well as in designing novel 
synthetic receptors with potential applications in developing plant 
sentinels. The fact that some LRR-RLKs can bind more than one 
ligand (e.g., BRI can bind BL and systemin) and a single LRR-RLK 
can interact with multiple receptors (e.g., BAK1 with BRI1, FLS2 
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and other PRRs) together with the presence of a large number 
of LRR-RLKS (over 230 in Arabidopsis) suggest that plants have  
the capability to recognize numerous ligands by combinatorial  
associations.
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