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Abstract 
Arabidopsis FLS2 is a leucine-rich repeat (LRR) transmembrane receptor-kinase 

that recognizes bacterial flagellin and induces plant innate immune responses.  Flg22 is a 

22 amino acid peptide based on a sequence of flagellin that is highly conserved among 

bacteria. FLS2 directly binds flg22 and then elicits plant defense responses.  A set of 

residues in the FLS2-LRR domain were chosen for study based on their degree of 

evolutionary conservation among FLS2 proteins from diverse Brassicaceae species.  

These residues were examined using site-directed mutagenesis to identify the functional 

regions of FLS2.  Surprisingly, none of these mutations strongly disrupted FLS2 

function.  This is in contrast to the significant impacts on defense that have been observed 

with some mutations in the β-strand/β-turn region of the FLS2-LRR.  Additionally, 

putative N-glycosylation sites were disrupted to determine the role of glycosylation in the 

structure and/or function of FLS2. 16 of the 17 mutations did not strongly disrupt FLS2 

function, suggesting that these are not crucial N-glycosylation sites.  One of these 17 

mutations was found to cause decreased flg22 response and abnormal FLS2 expression.  

The LRR structural motif is common in plant immune receptors, and also in mammalian 

immune systems and proteins that control other aspects of growth and development, 

making knowledge about protein interactions involving LRRs beneficial both for plant 

and mammalian systems.
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Introduction 

 Plants, much like animals, are struck by disease.  Plant diseases are caused by 

pathogenic microorganisms including viruses, bacteria, fungi, oomycetes and nematodes.  

(Agrios, 1997). The level of impact of a pathogen can range from minor to devastating.  

The latter could include total elimination of a plant species from a given region, having 

detrimental effects as species loss can disrupt the entire ecosystem.  Plant diseases can 

also have severe economical and social impacts when disease strikes a plant that many 

people depend upon.  When disease strikes a major crop such as soy, corn, potato or rice, 

this can result in a higher cost of that crop, a poorer quality of the crop, economic 

hardship for the grower, or a few times in every century, famine among large populations 

of people. Learning about disease and disease resistant plants can lead to better crop 

yields and better quality, healthier crops.  Studying plant pathology on the molecular 

level can provide insight on the mechanisms behind diseases that affect humans since 

many of these mechanisms are fundamentally similar among organisms.   

 

The Plant Defense Response 

Bacterial pathogens cause disease in animals and plants.  Plants have two types of 

defense against these pathogens: a specific, “gene-for-gene” line of defense and an innate 

immunity line of defense (Jones and Dangl, 2006).  These defense systems function 

together but in distinct ways.  Gene-for-gene defense response involves specific 

recognition of pathogen molecules by the plant.  Through a type three secretion system 

(TTSS),  a pathogenic bacterium injects into the host an avirulance (Avr) gene product, an 

“effector”  protein whose presence is then recognized by the corresponding host 
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resistance gene products  (R gene products) (Alfano and Collmer, 2004).  Most R genes 

encode nucleotide-binding leucine-rich repeat (NB-LRR) proteins, which function inside 

the cell. In the Arabidopsis genome there are approximately 125 putative R genes 

encoding NB-LRRs (Jones and Dangl, 2006).  Pathogen effectors may be recognized 

directly by NB-LRRs, but it is hypothesized that most are recognized indirectly, due to 

their impact on other molecules (Jones and Dangl, 2006). Upon this recognition, defense 

response includes: callose deposition, a thickening of the plant cell wall to prevent further 

pathogen invasion; the production of reactive oxygen species (ROS) and nitric oxide 

which function together with roles directly in pathogen toxicity or in plant cell protection; 

the production of salicylic acid, jasmonic acid and ethylene molecules used in signaling; 

and notably hypersensitive response (HR), localized cell death resulting in lesions 

(Buchanan, 2000, Jones and Dangl, 2006).  

Innate immunity involves recognition of general molecular markers of pathogens. 

These pathogen- or microbe-associated molecular patterns (PAMPs or MAMPs), tend to 

be highly conserved among pathogens and therefore ideal targets for plants to recognize 

as pathogenic. Effective PAMPs are conserved among a variety of organisms. Effective 

PAMPs include bacterial flagellin as well as elongation factor EF-Tu and 

lipopolysaccharide (LPS), found in bacteria (He et al, 2007).  PAMPs are recognized 

independently of the injection of Avr factors and therefore serve as early warning signals 

to the plant for the need to initiate defense response. Defense responses of innate 

immunity include the production of ethylene, ROS, callose deposition and the induction 

of pathogenesis-related (PR) genes.  These responses are not as strong as the gene-for-

gene responses and do not include HR. Rather, they serve as a general response that 
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slows microbial growth to varying degrees.  Microbes that are not well-adapted to their 

hosts are largely blocked by innate immune responses, but adapted pathogens can 

suppress or evade innate immune responses to some extent, causing disease. 

 

The FLS2-flg22 interaction 

Bacterial flagellin is a canonical PAMP for plants because its structure is highly 

conserved among species. (Felix, et al, 1999). Flagellin is recognized by mammalian 

TLR5 (Toll-like receptor-5) and Arabidopsis FLS2, which are transmembrane receptor-

kinases with an extracellular domain that is predominantly composed of leucine-rich 

repeats (LRRs) (Mizel et al, 2003, Gomez-Gomez and Boller, 2002). This flagellin-

receptor interaction initiates a basal defense response in the plant including seedling 

growth inhibition, ROS production, ethylene production, callose deposition and the 

induction of defense related genes, as illustrated in Figure 1 (Gomez-Gomez and Boller, 

2002).  

Flg22, a twenty-two amino acid peptide whose sequence is identical to a highly 

conserved domain of Pseudomonas aeruginosa flagellin, binds to the extracellular LRR 

domain of FLS2 (Felix et al., 1999; Chinchilla et al., 2006).  Binding of flg22 triggers 

defense response in the plant only if the plant expresses a functional FLS2 (Gomez-

Gomez and Boller, 2002).   

FLS2 is one of over 200 LRR receptor-like kinases (RLKs) found in Arabidopsis 

(Shiu and Bleecker, 2001) FLS2 is expressed throughout the cell membrane prior to 

pathogen exposure. There is recent unpublished evidence from our lab that FLS2 

dimerizes, as has been shown for many LRR–RLKs including Arabidopsis CLV1/CVL2 
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and BRI1/BAK1 (Jeong, 1999; Belkhadir and Chory, 2006). There is precedent for 

dimerization of this type of receptor in plants.  SERK1, involved in somatic 

embryogenesis development has been shown to homo-dimerize (Karlova, 2006). BRI1, 

brassinosteriod receptor1, an LRR-RLK and BAK1, another RLK with a fewer LRRs, 

have been shown to hetero-dimerize in addition to BRI1 homo-dimerization in formation 

of the functional unit for signal transduction (Belkhadir and Chory, 2006).  Figure 2 

illustrates BRI1 dimerization. Additionally, it has been shown that a significant portion of 

cellular FLS2 undergoes endocytosis flagellin binding  (Robatzek et al., 2006).  The 

domains that mediate these processes have not been identified in FLS2 or other plant 

RLKs. 

The intracellular domain of FLS2 is a protein kinase that activates a signaling 

cascade upon the recognition of flg22 by FLS2. The activated FLS2 kinase initiates a 

signal transduction pathway that ultimately results in induction of WRKY genes, genes 

that initiate transcription of other defense genes. It was presumed this signal is transduced 

through a mitogen-activated protein kinase (MAPK) signaling pathway (Asai et al, 2002), 

but recent studies dispute this (Suarez-Rodriguez et al., 2006; Ichimura et al., 2006).  

Similar MAPK signaling cascades that have roles in innate immunity and involve LRR-

RLKs are found in Arabidopsis, Drosophila, and mammals (Asai et al., 2002). 

The kinase domain of FLS2 has been shown to be vital for flagellin sensitivity. 

The Ws-O Arabidopsis ecotype contains a premature stop codon in the fls2 kinase 

domain, and is known to be flagellin-insensitive (Gomez-Gomez et al., 1999). 
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Figure 1. Cascade of events after flagellin perception, taken from Gomez-Gomez 
and Boller, 2002. Extracellular flagellin, flagellin filaments, or flg22 are recognized by 
the FLS2-LRR. This recognition is hypothesized to lead to FLS2 autophosphorylation, 
analogous to signaling in mammalian TLRs (Gomez-Gomez and Boller, 2002). Through 
unknown signaling pathways (represented by the “?”) there is phosphorylation of 
downstream target proteins including calcium and other ion channels and the NADPH 
oxidase complex involved in the production of hydrogen peroxide.  There are also signals 
sent to the nucleus to activate transcription factors that go on to further amplify the signal 
and express defense genes such as WRKY genes.  Though illustrated as a MAPK kinase 
signaling pathway, this signaling pathway is currently under debate (Asai et al, 2002; 
Suarez-Rodriguez et al., 2006; Ichimura et al., 2006). Note that the FLS2 flagellin 
response does not result in hypersensitive response.  
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Figure 2.  Diagram of BRI1 signaling taken from Belkhadir and Chory, 2006. 
Similar to BRI1, FLS2 is a trans-membrane RLK with an extracellular LRR motif. FLS2 
is hypothesized to homo-dimerize, similarly to BRI1, perhaps at a similar region, along 
the lower, “back” of the LRR. The flg22 binding site on FLS2 is predicted to be in a 
similar location as the brassinolide binding site of BRI1: along the concave, β-turn β-
sheet region of the LRR. 

 
The Leucine-Rich Repeat 

An LRR is a common motif found in proteins that mediate protein-protein 

interactions.  Sequences of LRRs are quite conserved.  Extracellular plant LRRs have the 

consensus sequence of LxxLxxLxLxxNxLT/SGxIPxxLGx (Kobe and Kajava, 2001). 

LRR proteins may consist of anywhere from 5 to about 30 of these repeats. Crystal 

structures of LRR proteins predict that these repeats form coils of this repeated consensus 

giving the protein an overall curved, helical structure as seen in Figure 3 (Kobe and 

Kajava, 2001).  Each repeat has a highly conserved tertiary structure consisting of α-

helices and β-sheets connected by loops.  Β-sheets align along the concave face of the 

curved helix and are typically involved in protein interactions (Kobe and Kajava, 2001). 

These solvent exposed β-sheets are comprised of the “x” residues of the xxLxLxx portion 
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of the consensus while the hydrophobic leucine residues will face the interior of the coil. 

(Buchanan, 2000) 

Currently there are only two plant LRR crystal structures solved: those of 

polygalacturonase-inhibiting protein (PGIP) and transport inhibitor response1 protein 

(TIR-1) (Di Matteo et al., 2003, Tan, 2007). Structures of these proteins can be seen in 

Figure 3.  PGIP binds endopolygalacturonases (PGs) secreted by fungi and initiates 

defense response.  PGIP consists of fewer LRRs than FLS2; it has ten while FLS2 has 28 

repeats (Di Matteo et al., 2003).  TIR-1 is involved in binding and perception of auxin. 

The TIR-1 LRR follows a slightly different consensus and is an intracellular protein (Tan 

et al., 2007), and hence may be less relevant to studies of FLS2.  

LRR domains are a central feature of most plant R genes.  Human innate immune 

receptors (Toll-like receptors) and the adaptive immune systems of jawless vertebrates 

such as lampreys also rely on LRR receptors (Alder et al, 2005).  LRRs are adaptable 

protein domains that evolve to recognize new response elicitors of pathogens.  In vitro 

evolution could be a powerful technique in disease resistance to create plant R genes that 

recognize previously unrecognized pathogens.  This has potentially useful applications in 

the field of agriculture. A plant could be modified to recognize and defend itself from 

pathogens that were previously unrecognized.  If this plant is a common crop, this could 

have significant social and economic impacts.  These in vitro evolution experiments, 

however, will be much more effective if we first identify the key functional sites within 

the LRR.  
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(a)      (b) 
Figure 3. (a). Crystal Structure of PGIP2 taken from Di Matteo et al., 2003.  
Polygalacturonase-inhibiting protein binds endopolygalacturonases (PGs) secreted by 
fungi and initiates defense response.  PGIP consists of fewer 10 LRRs. α-helices are 
shown in purple and β-sheets in green.  The “Sheet B1” is the concave side consisting of 
residues “xxLxLxx” where hydrophobic leucine residues face the core of the coil, and 
other residues “x” remain solvent exposed. (b) Crystal Structure of TIR1-LRR from 
Tan et al., 2007. Another crystallized plant LRR, TIR1 has 18 LRRs, which curl back, 
forming a horseshoe shape. β-sheets line the inside of the LRR and solvent exposed 
residues here are the “x”s of the xxLxLxx portion of the consensus.  TIR1 complexes 
with protein ASK1 to form an auxin perception complex.  Unlike FLS2 and PGIP2, TIR-
1 is an intracellular protein.
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Part 1 – Evolutionary conservation approach to studying FLS2 functional domains. 
 

Objectives: To obtain a viable method of construction of FLS2 site-specific mutant 

alleles. To use mutagenesis to identify functional domains of the FLS2 LRR, such as 

possible sites of ligand binding, cofactor binding or dimerization. Potential sites of 

functionality were selected based on the hypothesis that regions of the LRR that are 

highly conserved among FLS2 orthologs are most important in function. 

 

Introduction 

The putative functional domains of FLS2 include those regions important in 

ligand binding and the sites of potential homo-dimerization and/or interaction of FLS2 

with other protein partners.  One approach to studying these functional domains involves 

comparison of FLS2 to orthologous proteins from different Brassicaceae species.  The 

degree of evolutionary conservation of protein sites or sub-domains within the FLS2 LRR 

can be used to suggest important functional regions of the protein.  Sites that are more 

conserved among FLS2 orthologs from species of the Brassicaceae family are 

hypothesized to be more likely to play a key role in flagellin detection and FLS2 hetero- 

and/or homo- dimerization.  Mutations in these hypothesized highly functional regions 

should cause a detectable decrease in flagellin perception and therefore a decreased 

defense response.  A map of the FLS2-LRR sequence along with the degree of 

conservation can be seen in Figure 4. This map was generated by Mark Dunning and 

Andrew Bent. 

 Previous studies suggest the site of flg22 binding is located along the inner β-

sheet between LRRs 9 and 15 (Dunning, 2006). These areas have been shown to be 
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important in flagellin perception but they do not necessarily comprise a direct flagellin 

binding site (Dunning, 2006).  Note in Figure 4 that this functionally important region 

does correspond with a region of higher conservation, supporting the hypothesis. In this 

study, other conserved areas of the LRR were explored to probe for other functional 

domains.  

 
 
 

 
Figure 4. (a) FLS2 LRR evolutionary conservation map. Generated from comparison 
of FLS2 LRR sequence with sequences of other flagellin-sensing Brassicaceae LRRs. 
Red indicates regions that are highly conserved. Conserved residues in the LRR motif 
were eliminated from the map. Sites of mutagenesis are circled. Highly conserved sites 
were selected along with less-conserved controls. (b) LRR structural model colored 
with conservation scale. White arrow indicates predicted flg22 binding site between 
LRRs 9-15.  This corresponds with the white box seen in (a). 
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Results 

Site-directed mutagenesis. 

The wild-type (WT) FLS2-LRR-encoding region from Arabidopsis thaliana 

ecotype Col-0 was inserted into a TOPO cloning vector. The vector was subjected to 

PCR with primers designed to cause site-specific mutation.  Once the sequence of the 

mutated LRR was confirmed, this LRR was inserted into the pHD2.1 vector.  This 

cloning vector contains the FLS2 promoter, coding region and terminator except for a 

deletion of the FLS2 LRR-encoding domain, and it also encodes a short HA epitope tag 

appended to the C-terminus of the translated product.  The FLS2-LRR site is flanked by 

AscI and PacI digestion sites. To reiterate, expression of the gene is under the control of 

the native promoter, and the gene encodes wild type transmembrane and the kinase 

portions of the protein.  The vector also contains antibiotic and herbicide resistance 

markers for transformant selection.  The pHD2.1 vector-containing mutant FLS2-LRR 

DNA was transformed into Agrobacterium tumerfaciens.  The Agrobacterium was then 

used to dip inoculate fls2-101 (homozygous FLS2 knockout) Arabidopsis plants. See 

“Methods” for more detail. 

  

Site-directed mutant alleles retain flg22 sensitivity. 

Figure 4 shows the sites selected for mutation based on their conservation. Highly 

conserved sites were tested along with less-conserved sites for controls.  Controls 

selected were sites with little conservation among the orthologs, but in the same column 

in the map as the test sites. For example, sites D159A and K183A serve as control sites 

for K231A and D235A since they are all in the same column of the LRRs.  All residues 
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selected were mutated to alanine to minimize structural disruption, while removing the 

functional group of the tested residue.   

To assay the functionality of the mutated FLS2 receptors, seedling growth 

inhibition assays were performed using multiple independent first-generation transgenic 

(T1) seedlings. This flg22 dependent/FLS2-dependent seedling growth inhibition 

response correlates with other flg22/FLS2-dependent responses such as ROS production, 

ethylene production, callose deposition, and defense-associated gene expression (Gomez-

Gomez et al., 1999). An average of ten seedlings of each allele that were approximately 

10 days old were treated with 10μM flg22 peptide for approximately 10 days, and then 

weighed. See “Methods” for more detail.  

Seedlings with functional FLS2 respond to the flg22 peptide by initiating defense 

responses, which inhibits the growth of the seedling.  The metabolism of seedlings that 

do not recognize flg22 is unaffected and therefore growth is not inhibited.  Mutant fls2-

101 plants transformed with wild-type FLS2 (WT) were used as a positive control.  Fls2-

101 transformed with the pHD2.1 plasmid without the FLS2-LRR gene insert (“empty 

vector”, EV) was used as a negative control, and would be expected to grow at a rate 

unaffected by the peptide.  

Results can be seen in Figure 5.  All FLS2 mutant constructs of this experiment 

recognized the flg22 peptide, as indicated by their inhibited growth comparable to the 

wild-type control.  

FLS2 expression in these mutant alleles was confirmed using Western blots, anti-

HA antibodies and fluorescence probing.  The FLS2 expressed is tagged with a C-
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terminal (kinase) HA tag and was detected on a Western blot using an anti-HA antibody. 

HA- tagged FLS2 was found to be expressed in all mutant alleles.  

Some of these mutant alleles have been tested in an ethylene response assay. A 

measure of ethylene production can be indicative of the degree of the defense response 

(Felix et al, 1999).  These experiments were carried out by Andrew Bent in Basel, 

Switzerland.  Of the few tested alleles, most respond like wild-type.  Allele G514A had a 

decreased response based on two initial ethylene production assays.  See Appendix 3.   

 

 
Figure 5. Site-directed FLS2 mutants retain flg22 sensitivity. Results of seedling 
growth inhibition assay of “conserved site” mutants.  Approximately ten day old 
seedlings were treated with 10 μM flg22 for approximately ten days, and then weighed. 
Seedling weights of several assays were normalized to the wild-type FLS2 mutant allele. 
Error bars represent standard error. 
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Discussion 

These results show that mutation of a single residue at these selected sites does 

not strongly disrupt FLS2 function.  Results suggest that none of these sites alone are 

vital to FLS2 function and flagellin perception.  

 Seedling growth inhibition is dependent on the concentration of flg22 peptide that 

the seedling is grown in (Gomez-Gomez et al., 1999).  Response can be seen in as little as 

0.01uM flg22 (Gomez-Gomez et al., 1999), but in the present study the seedling growth 

inhibition assays of these mutant constructs used 10μM flg22.  This high level of flg22 

may cause too strong of a response in the seedlings to be able to detect subtle differences 

in response between alleles.  The decreased response of G514A seen in the ethylene 

production assay may provide evidence of one such subtle difference.  Alleles R234A, 

A292S and D379A have a stronger response in the seedling growth inhibition assays 

(Figure 5) than even that of wild-type, indicating the possibility of a hypersensitive 

response. This could be experimental variation; these alleles have been only assayed once 

thus far, with the exception of R234A which was assayed twice. 

 FLS2 is hypothesized to dimerize since many similar LRR proteins form homo- 

and/or hetero-dimers (Shah et al, 2001,  Belkhadir and Chory, 2006, Karlova et al., 

2006). These results do not directly indicate nor do they contradict that any type of 

dimerization may be occurring in the case of FLS2.  It is reasonable to hypothesis that 

FLS2 dimerizes similarly to BRI1 because of many similarities between the proteins. 

FLS2 and BRI1 are both trans-membrane RLKs with an extracellular LRR of similar  

sizes (28 and 24 LRRs, respectively) (Belkhadir and Chroy, 2006). Wenxian Sun has 

done preliminary co-immunoprecipitation studies that suggest that FLS2 does in fact 
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homo-dimerize, possibly similarly to BRI1 (Figure 2).  If this dimerization does occur, 

the interaction would likely be between a fairly large (several residue) domain of the 

lower, “back” of the FLS2- LRR.  Disruption of a single residue, therefore, might not 

significantly impact the molecular properties of the entire region and might have little to 

no effect on the dimerization interaction.  None of these sites alone appear to be key 

residues that are required for flagellin perception, dimerization, or other functions.  

 In conclusion, since none of these mutant alleles seemed to affect FLS2 function, 

and some of these mutations were made in the predicted conserved sites of the protein, 

our initial hypothesis is not supported.  Here, in these single mutants, we found no 

correlation between evolutionary conservation and functionality.  

Our results do suggest that the strategy of site-directed mutagenesis is a valid 

approach for studying the functional domains of FLS2, since FLS2 is expressed in the 

mutants and FLS2 function was preserved after the transformation.  This approach can be 

used to study other regions of FLS2 or other LRR proteins. A primary conclusion from 

the present study is that FLS2 function is surprisingly well-preserved in the presence of 

single mutations of solvent-exposed LRR residues, even if the mutated residues have 

been highly conserved across evolution. 

 

Current and Future Studies 

Future studies would include seedling growth inhibition assays at lower 

concentrations to see if subtle differences in protein activity can be detected. Especially 

alleles R234A, A292S, and D239A should be assayed at a lower flg22 concentration to 

investigate their potential hypersensitivity to flg22.  
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To further investigate dimerization, site-directed mutagenesis could be used to 

mutate several residues of the FLS2-LRR in search of the site of dimerization.  Again 

using BRI1 as a model for FLS2 dimerization (see Figure 2), this hypothesized site of 

dimerization would be along the back, bottom of the LRR. Single mutants in this region 

(S405A, F452A, G476A, G500A, S524A and G719A) have been constructed and assayed 

for seedling growth inhibition once.  Results of this single assay will be addressed later in 

“Flg22 Dosage Response Experiments”.  Double mutants in this region are currently 

being constructed under the hypothesis that it will take a larger disruption of the region to 

affect FLS2 dimerization interaction. 

 To solidify results, future studies may include other assays of FLS2 functionality 

such as callose deposition and defense gene induction as well as repetition of the ethylene 

production assay with other alleles.  
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Part 2 – Study of the putative N-linked glycosylation sites of FLS2 by site-specific 
mutagenesis.  
 
Objective 2- To evaluate the significance of putative N-glycosylation sites in the FLS2-

LRR. 

Introduction 

In addition to the chain of amino acids forming the backbone of a protein, other 

constituents such as carbohydrate attachments become important in protein function. N-

linked gycosylation is the attachment of an oligosaccharide (glycan) to an asparagine (N) 

residue. Glycans serve various roles in protein structures such as assuring proper folding, 

stabilizing the protein structure, or serving as recognition molecules in protein 

interactions (Buchanan, 2000). Putative glycosylation sites (PGSs) occur at the sequence 

NxS or NxT, where x is any amino acid other than proline (Buchanan et al., 2000)  

Extracellular plant LRRs contain a large number of candidate PGSs, with 

potential structural and functional significance.  Studies of an LRR resistance protein Cf-

9 in tomato plants reveal N-glycosylation at all but 1 of the 22 PGSs and that many of 

these glycans contribute to protein activity (van der Horn et al., 2005) Other LRRs such 

as the TLRs are glycosylated. Nine of the human TLRs examined contain several PGSs, 

many along the concave β-sheet (Choe et al., 2005).  This demonstrates the important 

role glyoslation serves in these proteins and gives strong reason to explore these 

modifications in FLS2. 

The FLS2 gene encodes a 127 kDa protein, based on the amino acid sequence. 

However, FLS2 runs at an apparent molecular weight of ~180kDa on SDS-

polyacrylamide gels, while FLS2 digested with PNGase, an endoglycosidase which 

cleaves N-linked glycans, runs at ~130 kDa (Chinchilla et al., 2006). (See Figure 6.) 
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Therefore FLS2 is predicted to contain approximately 50-60 kDa of carbohydrate 

attachments serving structural and/or functional roles within the protein. 

An examination of the putative N-linked glycosylation sites (PGS) provides more 

information about the structure and function of FLS2.  Removal of the PGSs was done by 

site-directed mutagenesis followed by expression of these FLS2 alleles in Arabidopsis. 

Assays for FLS2 function were carried out and the apparent molecular weight of the 

plant-expressed protein was determined by SDS-PAGE.  

 

 

 

 
Figure 6. Western blot of FLS2 PNGase digestion. FLS2 runs at ~180kDa on 

an SDS polyacrylamide gel, while FLS2 digested with PNGase, an endoglycosidase 
which cleaves N-linked glycans, runs at ~130 kDa. FLS2 is therefore predicted to contain 
approximately 50-60 kDa of carbohydrate attachments serving structural and/or 
functional roles within the protein. 
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Results 

 The 17 PGSs with the sequence NxS/T in the FLS2 LRR are shown in Figure 7. 

Using site-directed mutagenesis, primers were designed to mutate asparagine (N) to 

aspartate (D) to eliminate the PGS while minimizing structural disruption.  The same site-

directed mutagenesis approach used to create mutants at sites of conservation was used to 

create these PGS mutants.  

 Once constructed, FLS2 PGS mutant alleles were assayed by seedling growth 

inhibition in the presence of 10μM flg22.  These results are shown in Figure 8. Mutant 

allele N179D exhibited a decreased response to flg22.  Other alleles conferred a flg22 

response similar to WT FLS2, within experimental variation.  

 FLS2 expression in PGS mutant alleles was confirmed by a Western blot and HA-

antibody detection, as seen in Figure 9 (a).  All alleles except N179D, which will be 

addressed separately, expressed an FLS2 band approximately 180 kDa in size. The 

presence of the mutation in these FLS2 alleles was confirmed by DNA sequencing.  

As illustrated in Figure 9(b) mutant N179D expressed two HA tagged products, 

approximately 60kDa and 50kDa, with the absence of any 180kDa FLS2. 

Recent ethylene production assays of a few of these PGS mutant alleles were 

carried out by Andrew Bent in Basal, Switzerland.  Preliminary results indicate a 

potentially decreased response from mutant allele N525D.  See Appendix 3.  
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Figure 7. PGS selected for mutagenesis on the FLS2 LRR.  There are 17 PGS with the 
sequence NxS/T on the FLS2 LRR. Asparagine (N) was mutated to aspartate (D) to 
eliminate the PGS without disrupting structure.   
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Figure 8. Mutant allele N179D has decreased response to flg22.  Other alleles have 
flg22 response similar to WT FLS2 as seen in seedling growth inhibition assays. 
Approximately ten day old seedlings were treated with 10 uM flg22 for approximately 
ten days, and then weighed.  Seedling weights of several assays were normalized to the 
wild-type FLS2 mutant allele. Error bars represent standard error. 
 
 
 

 
Figure 9. (a) Confirmation of FLS2 expression in PGS mutant alleles. The 
FLS2 expressed is tagged with a C-terminal HA tag and was detected on a Western 
blot using an anti-HA antibody. Results were similar for other mutant alleles. 
(b) Mutant N179D expresses two HA tagged products. Note that the absence of 
a 180kDa FLS2. This expression pattern, which differs from the expression of 
WT FLS2, supports seedling growth inhibition results showing N179D FLS2 has 
disrupted function. 
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Discussion 

The decreased flg22 sensitivity of N179D suggests N-glycosylation at this 

specific PGS is critical for normal FLS2 function.  The abnormal expression pattern 

detected on the Western blot suggests that N-glycosylation at N179D contributes to 

normal FLS2 expression. It is noteworthy to state that this expression is seen seedlings 

that have been treated with 10uM flg22 for ten days; the expression of untreated N179D 

seedlings has not yet been examined.  This expression pattern, which differs from the 

expression of functional FLS2 agrees with seedling growth inhibition results showing 

N179D is non-functional.  The postulated glycan at N179D likely has a role in the 

stability of the protein or a role in the regulation of FLS2 mediated signaling.  The C-

terminal, or kinase domain of FLS2 contains the HA-tag.  It is speculated that this portion 

of the protein is still intact because the Western does show detection of HA-tagged 

products, but since these bands are smaller than ~180kDa, FLS2 may be cleaved, and an 

N-terminal portion of the protein lost.  Based on the 50 and 60kDa approximate size of 

the bands, these would correlate to FLS2 fragments that extend through the 

transmembrane and kinase domains to the HA-tagged C-terminus, but starting 

approximately at LRR 26 and LRR 22 respectively. If the protein is not folding correctly, 

due to the mutation in the PGS, cells have mechanisms to detect this and would degrade 

the misfolded protein or portion of the protein (Buchanan, et al, 2000). It will be 

interesting to see if this degradation pattern is due to flg22 interaction by checking the 

expression of non-flg22 exposed N179D plants. 

Surprisingly mutant N179D is located on the edge of the putative β-sheet region 

of the LRR.  This is in contrast to the four function-breaking PGS mutants detected in the 
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study by van der Hoorn et al., 2006. These PGSs were all in the α-helix region of the 

LRR. Furthermore, most LRRs have several PGS in the putative α -helix region, and few 

in the β-sheet region.   This is likely due to the curved shape of the LRR and the location 

of the solvent exposed α-helix residues along the back of the LRR, a location that is more 

spatially ideal area for glycan attachment (van der Hoorn et al., 2006).  

Results suggest all other putative N-glycosylation sites are dispensable for FLS2 

function in these single mutants. N-glycosylation is essential for FLS2 function. It is 

likely, that like Cf-9, and many other plant LRRs, most of the PGS are actually 

gycosylated – each glycan typically being about 3kDa (van der Hoorn, 2005). This subtle 

difference in size might not resolve on the gels used. Mass spectrometry or a higher 

resolution gel would need to be done to confirm this hypothesis.  

It is still presumed that like many other plant LRRs glycosylation plays an 

important role in the structure and/or function of FLS2, even though only one PGS was 

found to be necessary for normal FLS2 function. 

 
Future Directions 

Future experiments should be carried out to further support and expand upon 

these conclusions.  Like the other allele constructs, seedling growth inhibition assays 

should be performed at lower flg22 concentrations to detect subtleties in flg22 response.  

Ideally, such experiments would be performed with flg22 provided at concentrations that 

are right at the cusp of the sigmoidal dose-response curve, to give the greatest chance of 

detecting subtle shifts in FLS2 activity.  Also, callose deposition experiments and defense 

gene induction experiments can be performed along with more ethylene production 

assays. 
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Concerning mutant allele N179D, which appears to have a non-functional FLS2, 

several future experiments will be attempted.  First of all, beginning with mutagenesis, a 

reconstruction of this mutant allele to confirm results is being carried out.  An N-terminal 

tag can be added to the LRR to offer insight into the degradation of the LRR that occurs.  

Also N179D FLS2 protein should be isolated from seedlings that have not been subject to 

any flg22 exposure to determine if flg22 binding plays any role in this apparent LRR 

degradation.  
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Appendix 1: Flg22 Dosage Response Experiments 

 To begin to examine the flg22 dose-dependent response of FLS2 alleles, some 

alleles have been tested at 1uM and 5mM flg22 concentrations.  The results are 

summarized in Figure 10.  Alleles respond similarly at 10uM, 5uM and 1mM flg22 

concentrations with the exception of N179D at 1μM.  This assay has been repeated, but 

further assays of this allele would be necessary to conclude an increased N179D response 

at 1uM flg22. 

 

 
Figure 10. Seedling growth inhibition results at varying flg22 concentrations to 
examine flg22 dosage response. Note not all alleles were tested at all concentrations. 
Alleles S405A, F452A, S542A and G179 are recently constructed site-mutations at the 
potential site of FLS2 homo-dimerization along the “back” side of the LRR.  
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Appendix 2: Molecular Modeling 

Another approach used to study the interaction between flg22 and FLS2 was 

computer modeling of the molecular structures, specifically docking programs to predict 

a site of interaction between the two. The 3-D model for FLS2 was created based on the 

structure of PGIP, PDB:1OGQ (Dunning, 2006). FLS2 contains 28 LRRs, and PGIP only 

ten, so the FLS2 sequence was threaded on to the PGIP structure in two parts: LRRs 2-11 

and LRRs 10-18.  The “bottom” portion of the molecule cannot be as accurately modeled 

because LRRs 23 -25 of FLS2 deviate from the LRR consensus sequence.  

Flg22 was modeled based on the crystallized structure of flagellin from 

Salmonella typhimurium PDB: 1UCU, (Yonkerua et al., 2003). Figure 11 illustrates the 

structure of flagellin.  The flg22 peptide, only twenty-two residues long, can be modeled 

based on this structure. Using this region of high conservation from the crystal structure, 

however, may not be a very accurate model of the peptide since it seems to lack the 

rigidity of any secondary structure.  

Based on these two structures, docking models were used to predict the most 

structurally favorable site of flg22 binding to the FLS2-LRR.  ZDOCK, a rigid-body 

docking program, revealed potential sites of binding between the created flg22 peptide 

and the FLS2-LRR 10-18 structure.  This program uses algorithms to find the most likely 

docking site based on shape complementation, de-solvation energy and electrostatic 

interactions (Chen and Weng, 2003). Additionally Gausster  (Marcia et al., 2007), a 

program designed to refine ZDOCK results was employed for comparison. Results were 

varied; no single, strong candidate for the flg22 finding site resulted.  The structures with 

the highest rank from both programs tended to dock the flg22 peptide on the “top” or 
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“bottom” of the LRR, sites that do not exist in the actual FLS2 structure since additional 

LRRs would occupy this space.  Docking predictions that were reasonable (along the 

sides of the LRR) were scattered and inconsistent between programs.  Gausster results 

can be seen in Figure 12(a).  

Carbohydrate attachments may be involved in the interaction of FLS2 and flg22.  

FLS2 is known to contain N-linked glycans, which should be taken into account in these 

models. The “GlyProt” program adds N-linked glycans to a protein structure based on the 

NxS/T sites and then on special accessibility of the site (Bohne-Lang and von der Lieth, 

2005).  Results can be seen in Figure 12(b). 

This modeling is most likely limited by poor structure predictions and the 

limitations of the programs. The actual FLS2-LRR may be much more curved than the 

PGIP-LRR. Using the now available TIR-1 structure may produce a better prediction of 

FLS2 structure. Flg22, a 22 amino acid peptide, is so short that it likely lacks a rigid 

secondary or tertiary protein structure, though here it is being modeled as a rigid 

structure. Better knowledge in the area of bioinformatics could produce better structures.  

These prediction programs, though often reliable, are not guaranteed accurate.  Docking 

predictions are based only upon theoretical calculations, algorithms that may not always 

be correct.  Results from other programs should be compared to these results.  
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Figure 11. Flagellin Crystal Structure. White arrow indicates the highly conserved 
region which the flg22 peptide is based on. 
 

 

LRR10 LRR10

LRR18 

LRR18

(a)      (b) 
Figure 12. (a) Gausster results of flg22 and FLS2-LRR 10-18. Top four results are 
shown, ranked in this order: blue, green, pink, yellow. None of these results agree with 
hypothetical flg22 binding site, predicted by mutagenesis and conservation mapping 
(Dunning, 2006).  (b)  “GlyProt” image of predicted glycosylation of FLS2-LRR 10-
18.  Though hard to detect in this image, the hypothesized site of flg22, between LRRs 11 
and 14 along the concave side of the LRR remains unglycosylated, available for direct 
protein-protein interaction.  
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Appendix 3: Ethylene Production Assay Data 
 

 

(a) 

(b) 

 
(a) Ethylene response assay of several conservation site-mutants.  Interestingly 
G514A shows a decrease in ethylene production, contradictory to seedling growth 
inhibition assay results that show a fully functional FLS2 response. (b) PGS mutant 
N525D also shows decreased ethylene production, contradictory to growth inhibition 
results.  These experiments followed experimental protocol as stated in Bauer et al., 
2001. 
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Appendix 4: Methods 
 
Site Directed Mutagenesis 

Forward and reverse primers (Invitrogen) were designed around the desired point 

mutation site. (See Tables 1 and 2.)  Site directed mutagenesis was performed on the wild 

type FLS2 LRR inserted into a TOPO cloning vector (Invitrogen). Primers and WT 

FLS2-LRR DNA were PCR temperature cycled using Pfu-Turbo (Stratagene) for DNA 

amplification (95 C for 30secs; followed by 16 cycles of 95 C for 30 sec, 55 C for 1 min 

and 68 C for 7 minutes; and an 4 C hold. Methylated DNA was digested with DpnI, to 

eliminate any wild-type DNA. The TOPO vector was then transformed into XL1-Blue 

supercompetent E. coli cells by electroporation. The E. coli was plated and selected for 

by Kan resistance. The plasmid DNA from individual colonies were isolated was isolated 

(Promega Mini-Preps kit).  The resultant mutated plasmid constructs were verified by 

sequencing. The mutated LRR sequence was then excised from the TOPO vector by an 

AscI and PacI digestion. The pHD2.1 plasmid was also AscI and PacI digested. PHD2.1 

construction is described by Dunning, 2006, see Figure #. The desired DNA bands 

flanked by AscI and PacI sites were then separated on an agarose gel and extracted 

(QIAgen DNA gel extraction kit). The digested pHD2.1 and the digested, mutant FLS2-

LRR were then ligated using T4 DNA Ligase (NEB).  The pHD2.1 plasmid contains the 

transmembrane and kinase potions of the FLS2 gene under the native FLS2 promoter, 

(see figure #). The plasmid also carried herbicide and antibiotic resistance for 

transformant selection.  The ligated plasmid DNA was heat-shock transformed into DH5-

alpha competent E. coli cells.  Mutant colonies were planted on Kan for selection. 

Resistant colonies were plasmid isolated (Promega Mini-preps), and once again 
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AscI/PacI digested to confirm insertion into the plasmid. The plasmid was then 

transformed by electroporation into Agrobacterium tumerfaciens strain GV3101. Agro 

was grown at 28 C,  and used to dip inoculate FLS2 knockout (FLS2-101) Arabidopsis 

thaliana (Clough and Bent, 1998). T1 seed harvested from these plants was then selected 

for on Basta plates. 

 
 
 
 

Figure 13.  Diagram of site-directed mutagenesis process including vector map of 
PHD2.1 (pHD3300HA) (Dunning, 2006). PHD2.1 contains a FLS2 under the native 
Arabidopsis FLS2 promoter. Flanked by AscI and PacI restriction enzyme sites, a portion 
of the LRR which has undergone site-specific mutagenesis can be inserted into the rest of 
the FLS2 gene, with an C-terminal HA tag.  
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Seedling growth inhibition Assays 

T1 seedlings were selected for on Basta plates, grown in a short days cycle. After 

approximately 10 days, transformant seedlings were transferred to 400uL of 1/2 MS 

media with 10mM flg22 peptide. Seedlings were then grown in long day cycles. 

Seedlings were blotted dry and weighed after 8-10 days of 10uM flg22 treatment.  

WT is wild type FLS2, the positive control, expected to fully respond to flg22, inhibiting 

seedling growth. EV is an empty vector mutant, the negative control.  (Described by 

Gomez-Gomez et al., 1999)   

 

Protein Extraction and Western Blots 

Protein was extracted from the seedlings used in the growth inhibition assays (so 

seedlings had been flg22 treated) grown to about 0.03g.  Seedling samples were frozen 

and stored at –80 C until extraction. Protein extraction protocol was followed from 

Karlova et al, 2006. BCA Protein Assay (Pierce, Rockford, IL) was used to determine 

protein concentrations. 40ug of each sample was separated on a 7.5% SDS-

polyacrylamide gel, followed by a western blot as described by the QIAexpress Detection 

Handbook (2002). Anti-HA antibody (Covance, Princeton, NJ) was used at 1:1000 

dilution Anti-mouse HRP antibody (Biorad, Hercules, CA) was used at 1:10,000 dilution. 

Gel was developed using reagents for chemical luminescent detection (ECL Plus 

Reagent, Amersham Biosciences).  
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Table 1. Primers for Conservation-based Mutant alleles 
 
Mutation Forward Primer (5’-3’) 

Reverse Primer (5’-3’) 
D159A GTTGTCCGGTGCTGTTCCTGAGGAATC 

GATTTCCTCAGGAAGAGCACCGGACAAC 
E163A GTGATGTTCCTGAGGCAATCTGCAAAACCAG 

CTGGTTTTGCAGATTGCCTCAGGAACATCAC 
K183A CAACTTAACCGGGGCAATACCAGAATGC 

GCATTCTGGTATTGCCCCGGTTAAGTTG 
K231A CCAGTTAACCGGAGCAATACCGAGAG 

CTCTCGGTATTGCTCCGGTTAACTGG 
R234A CCGGAAAAATACCGGCAGATTTTGGAAATC 

GATTTCCAAAATCTGCCGGTATTTTTCCGG 
D235A CGGAAAAATACCGAGAGCTTTTGGAAATCTC 

GAGATTTCCAAAAGCTCTCGGTATTTTTCCG 
D255A CTTGTTGGAAGGAGCTATACCAGCTGAG 

CTCAGCTGGTATAGCTCCTTCCAACAAG 
E259A GATATACCAGCTGCGATCGGAAACTGC 

GCAGTTTCCGATCGCAGCTGGTATATC 
G285A CCAGCTGAATTAGCGAATTTGGTTCAGC 

GCTGAACCAAATTCGCTAATTCAGCTGG 
N286A CCAGCTGAATTAGGGGCTTTGGTTCAGC 

GCTGAACCAAAGCCCCTAATTCAGCTGG 
A292S GGTTCAGCTGCAATCACTCCGGATATAC 

GTATATCCGGAGTGATTGCAGCTGAACC 
R310A CCATCTTCATTGTTCGCGTTAACTCAGTTAACCC 

GGGTTAACTGAGTTAACGCGAACAATGAAGATGG 
D379A GAGCTCCCGGCGGCTCTAGGGCTTCTTAC 

GTAAGAAGCCCTAGAGCCGCCGGGAGCTC 
Q419A CCTGTCTCACAAAGAAATGACTGGCGAG 

CTCGCCAGTCATTGCGTTGTGAGACAGG 
R426A CTGGCGAGATCCCGGCGGCTTTCGGAAGG 

CCTTCCGAAACCCGCCGGGATCTCGCCAG 
K477A GCCATTAATTGGGGCGCTTCAAAAACTCAG 

CTGAGTTTTTGAAGCGCCCCAATTAATGGC 
S490A CAAGTTTCATATAACGCTCTCACTGGACCG 

CGGTCCAGTGAGAGCGTTATATGAAACTTG 
N501A CCTCGAGAAATCGGGGCTCTGAAAGATTTG 

CCAATCTTTCAGAGCCCCGATTTCTCGAGG 
G514A CCTTCACTCTAATGATTTCACAGGGAG 

CTCCCTGTGAAAGCATTAGAGTGAAGG 
K562A GATCTTTCCAACAACGCATTCTCAGGTC 

GACCTGAGAATGCGTTGTTGGAAAGATC 
K586A GTCTTCAAGGAAACGCATTCAACGGGTCTATC 

GATAGACCCGTTGAATGCGTTTCCTTGAAGAC 
Q627A CTTTGAAAAACATGGCGCTTTACCTCAACTTC 

GAAGTTGAGGTAAAGCGCCATGTTTTTCAAAG 
S709A CCTTTCAAGGAACGCTTTCTCTGGAGAAATCC 

GGATTTCTCCAGAGAAAGCGTTCCTTGAAAGG 
 

 36



Table 2. Primers for PGS Mutant Alleles. 
 
Mutation Forward Primer (5’-3’) 

Reverse Primer (5’-3’) 
N94D CCAGCCATAGAGGATCTCAACTATCTCC 

GGAGATAAGTGAGATCCGCTATGGCTGG 
N179D GGGTTTGATTACAAGGACTTAACCGGG 

CCCGGTTAAGTCGTTGTAATCAAACCC 
N217D GGTACTCTGGCTGATTAACGGATTTAGACC 

GGTCTAAATCCGTTAAATCAGCCAGAGTACC 
N262D GCTGAGATCGGAGACTGCTCGAGCTTG 

CAAGCTCGAGCAGTCTCCGATCTCAGC 
N347D CACTTCATTCCAACGACTTCACAGGAGAG 

CTCTCCTGTGAAGTCGTTGGAATGAAGTG 
N361D CATCACAAACTTGAGGGACTTGACAGTCC 

GGACTGTCAAGTCCCTCAAGTTTGTGATG 
N371D GGTGGGGTTCAATGATATTTCCGGTGAG 

CTCACCGGAAATATCATTGAACCCCACC 
N388D CTTACAAACCTTCGGGACCTTTCAGCGC 

GCGCTGAAAGGTCCCGAAGGTTTGTAAG 
N406D CCTTCCAGCATAAGTGACTGCACCGGTC 

GACCGGTGCAGTCACTTATGCTGGAAGG 
N432D GGGTTTCGGAAGGATGGATCTTACGTTC 

GAACGTAAGATCCATCCTTCCGAAACCC 
N453D CCAGATGATATCTTCGACTGTTCAAACTTGG 

CCAAGTTTGAACAGTCGAAGATATCATCTGG 
N466D GTGTGGCAGATAACGACTTAACAGGAACTC 

GAGTTCCTGTTAAGTCGTTATCTGCCACAC 
N525D GAGAGAGATGTCGGATCTCACTCTCCTC 

GAGGAGAGTGAGATCCGACATCTCTCTC 
N588D CAAGGAAACAAATTCGACGGGTCTATCCC 

GGGATAGACCCGTCGAATTTGTTTCCTTG 
N684D GATTTTTCGCAGAACGATCTCTCGGGTC 

GACCCGAGAGATCGTTCTGCGAAAAATC 
N720D CAGAGCTTCGGGGACATGACGCATTTGG 

CCAAATGCGTCATGTCCCCGAAGCTCTG 
N733D CTTGGATCTCTCTAGTAACGATCTCACTGGTG 

CACCAGTGAGATCGTTACTAGAGAGATCCAAG 
N744D CCAGAGAGTCTCGCCGATCTTTCGACTC 

GAGTCGAAAGATCGGCGAGACTCTCTGG 
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