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Receptors localized at the plasma membrane are critical for the recognition of pathogens. The molecular determinants that

regulate receptor transport to the plasma membrane are poorly understood. In a screen for proteins that interact with the

FLAGELIN-SENSITIVE2 (FLS2) receptor using Arabidopsis thaliana protein microarrays, we identified the reticulon-like

protein RTNLB1. We showed that FLS2 interacts in vivo with both RTNLB1 and its homolog RTNLB2 and that a Ser-rich

region in the N-terminal tail of RTNLB1 is critical for the interaction with FLS2. Transgenic plants that lack RTNLB1 and

RTNLB2 (rtnlb1 rtnlb2) or overexpress RTNLB1 (RTNLB1ox) exhibit reduced activation of FLS2-dependent signaling and

increased susceptibility to pathogens. In both rtnlb1 rtnlb2 and RTNLB1ox, FLS2 accumulation at the plasma membrane

was significantly affected compared with the wild type. Transient overexpression of RTNLB1 led to FLS2 retention in the

endoplasmic reticulum (ER) and affected FLS2 glycosylation but not FLS2 stability. Removal of the critical N-terminal Ser-

rich region or either of the two Tyr-dependent sorting motifs from RTNLB1 causes partial reversion of the negative effects of

excess RTNLB1 on FLS2 transport out of the ER and accumulation at the membrane. The results are consistent with a model

whereby RTNLB1 and RTNLB2 regulate the transport of newly synthesized FLS2 to the plasma membrane.

INTRODUCTION

Immune receptors associated with the plasma membrane (PM)

called pattern recognition receptors (PRRs) are elements of cel-

lular surveillance that alert the immune system to the presence of

pathogens (Boller and Felix, 2009; Tör et al., 2009). PRRs bind to

conserved bacterial molecules called pathogen-associated mo-

lecular patterns (PAMPs). Upon PAMPbinding, plant PRRs trigger

a defense response called PAMP-triggered immunity (PTI) (Jones

and Dangl, 2006; Tör et al., 2009). A well-known element of PTI is

FLAGELLIN SENSITIVE2 (FLS2), identified as a receptor for bac-

terial flagellin in Arabidopsis thaliana (Gómez-Gómez and Boller,

2000, Gómez-Gómez et al., 2001; Zipfel et al., 2004; Chinchilla

et al., 2006). Multiple components essential for the signal trans-

duction events downstream of FLS2 are known, including FLS2

heterodimerization partners andmitogen-activated protein kinase

(MAPK) cascades that induce expression of transcription factors

and other genes critical for PTI (Chinchilla et al., 2007; Lu et al.,

2010). Much less understood are the mechanisms that dictate the

intracellular transport of PRRs and their effect on receptor activity

(Carter et al., 2004; Jurgens, 2004; Rojo and Denecke, 2008).

Membrane-associated proteins are transported via the secre-

tory (or anterograde) pathway from the endoplasmic reticulum

(ER), where they undergo folding and initial posttranslational

modifications through the Golgi apparatus and the trans-Golgi

network for further maturation and then are transported to the PM

(Hanton and Brandizzi, 2006; Robinson et al., 2007). Studies in

animal models established critical roles for trafficking pathways in

rendering receptors signaling competent (Wiley, 2003; Mitchell

et al., 2004). Recent studies underscore the importance of plant

receptor trafficking as a regulatorymechanismof receptor activity.

PRRs, including FLS2, were shown to be N-glycosylated during

transport from the ER to the PM, in order to become competent

(Häweker et al., 2010; von Numers et al., 2010). Also, ER-localized

proteins were found to participate in the maturation and quality

control of EFR, the receptor for bacterial EF-Tu (Li et al., 2009b; Lu

et al., 2009; Nekrasov et al., 2009). Currently, the molecular

determinants of FLS2 intracellular transport are unknown.

Genetic redundancy and low cellular abundance of signaling

components are two of the factors that may preclude the

identification of direct substrates of plant receptors (Tang

et al., 2008). Protein microarrays circumvent these obstacles

and have contributed to understanding protein function
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(Popescu et al., 2007, 2009; Hu et al., 2009; Mok et al., 2010; Ray

et al., 2010). Here, we screened Arabidopsis protein microarrays

and identified RTNLB1 (for RETICULON-LIKE PROTEIN NON-

METAZOAN GROUP B; Oertle et al., 2003) as a FLS2-interacting

protein. We found that manipulation of the expression levels of

RTNLB1 and its homolog RTNLB2 affected the intracellular

trafficking of FLS2 and FLS2-induced signaling and immunity.

Furthermore, we identified in RTNLB1 an N-terminal structural

element and two intracellular sorting signals that are critical for

RTNLB1 functions. Our results indicate that RTNLB1 and

RTNLB2 modulate FLS2 immune activity through a mechanism

that involves the control of the anterograde transport of FLS2.

RESULTS

RTNLB1 Interacts with the Kinase Domain of FLS2 on

Arabidopsis Protein Microarrays

We performed a search for proteins that physically associate with

FLS2on functional proteinmicroarrayswithover 5000Arabidopsis

proteins (FPM-5000) (seeSupplemental Figures 1Aand1Bonline).

To generate recombinant proteins, we employed an extended

Arabidopsis-tagged expression collection (Popescu et al., 2007)

(see Supplemental Data Set 1 online). The protein microarrays

were screened with the cytosolic portion of FLS2 (FLS2c) (Figures

1A to 1C) and over 50 FLS2c-interacting proteins were identified

using a series of data processing steps (Popescu et al., 2009). The

interactions between FLS2c and 10 candidate FLS2c-interacting

proteins were further analyzed in Arabidopsis by split luciferase

complementation using Renilla reniforms luciferase (Luc) vectors

(Fujikawa and Kato, 2007). The confirmed FLS2c-interacting pro-

teins included the reticulon-like protein RTNLB1 (Nziengui et al.,

2007), also called BTI1 (VirB2-interacting protein 1) (Hwang and

Gelvin, 2004). A high level of Luc activity was detected when

RTNLB1-NLuc and FLS2c-CLuc were coexpressed, indicating a

strong interaction (Figure 1D). FLS2c also interactedon the protein

microarray with the receptor-like kinase PBS1, and the interaction

was verified by split luciferase complementation (see Supplemen-

tal Figure 1C online). PBS1 was recently found to interact with

FLS2 in the absence of flg22 (Zhang et al., 2010), confirming our

results. The positive control, PM-localized SYP122 and endo-

somal VAMP727 (Kwon et al., 2008), showedhigh Luc activity. The

negative control, SYP122 and PHT4 (Kato et al., 2010), had

background levels of activity. The results indicate that RTNLB1

and FLS2 are part of the same protein complex and suggest a

direct interaction.

RTNLB1 and Its Homolog RTNLB2 Contain Conserved

Motifs for Protein–Protein Interaction and

Intracellular Trafficking

RTNL1 and RTNL2 contain two long, wedge-shaped transmem-

brane domains that divide the proteins into an N-terminal region,

an intertransmembrane loop, and a C-terminal region (Nziengui

et al., 2007; Sparkes et al., 2010). RTNLB1 has the highest

sequence similarity to RTNLB2, followed by RTNL4/BTI3 and

RTNL3. A search of motifs in the primary sequence of RTNLB1,

using ELM (Puntervoll et al., 2003), identified two types of

structural elements (Figure 2A; see Supplemental Figure 2 on-

line). The first category is represented by two low-complexity

regions (LCRs) (Coletta et al., 2010), LCR1 and LCR2. LCRswere

found to have a tendency for establishing protein interactions

(Tompa, 2002). Primary sequence alignment (Corpet, 1988) of

RTNLB1 and related RTNLs revealed that the 17-residue-long

LCR1 is present in the N-terminal regions of both RTNLB1 and

RTNLB2 but not of RTNL3 or RTNL4. LCR2 is a Ser-rich region

of 30 residues in RTNLB1. Notably, Ser-61 of LCR2 was found to

be phosphorylated following flagellin elicitation (Benschop et al.,

2007). LCR2 is four residues shorter in RTNLB2 and further

truncated in RTNL4 and RTNL3. The second type of element

identified in RTNLB1 and its homologs is represented by two

putative Tyr-dependent trafficking motifs (TDMs), with TDM1

located close to LCR2 in theN-terminal region and TDM2 located

in the C-terminal region. Thus, the putative protein interaction

regions and traffickingmotifs conserved in RTNLB1 andRTNLB2

suggest a potential model in which they function in intracellular

trafficking through assembly of FLS2 protein complexes.

Both RTNLB1 and RTNLB2 Interact with FLS2 in Planta

To investigate further the possible relationship between

RTNLB1, RTNLB2, and FLS2, we performed coimmunoprecipi-

tation assays of RTNLB1-HA or RTNLB2-HA and FLS2–green

fluorescent protein (GFP) fusions coexpressed in Nicotiana

benthamiana. C-terminal tagged FLS2, RTNLB1, and RTNLB2

were previously shown to remain functional (Robatzek et al.,

2006; Tolley et al., 2008; Sparkes et al., 2010). RTNLB1- and

RTNLB2-HA were purified from crude extracts using anti-HA

antibody. Coimmunoprecipitated FLS2-GFPwas detected using

anti-GFP antibody. FLS2-GFP was detected in both RTNLB1-

and the RTNLB2-HA complexes immunoprecipitated with anti-

HA antibody (Figure 2B). The negative control HDEL-GFP failed

to immunoprecipitate RTNLB1-HA (Figure 2C). Furthermore, we

analyzed the interaction between RTNLB1 and EFR, a PRR

structurally related to FLS2. RTNLB1-HA coimunoprecipitated

with FLS2-FLAG but failed to coimmunoprecipitate with EFR-

FLAG or GFP-FLAG, indicating that EFR is not a likely in vivo

partner of RTNLB1 (see Supplemental Figure 3 online). We

conclude that RTNLB1 and RTNLB2 physically associate with

full-length FLS2 and suggest that the interaction is specific.

The Ser-Rich LCR2 Contributes to RTNLB1 Interaction

with FLS2

RTNLB1 was shown to adopt a membrane spanning topology in

which the N-terminal region, the loop region, and C-terminal

region reside on the cytosolic side of the ER membrane (Sparkes

et al., 2010). Thus, these regions are available for interaction with

other cytosolic proteins. Among reticulon proteins, the N-terminal

regions are most divergent and a source of functional diversifica-

tion through interactionwith substrates (Oertle et al., 2003). To test

the requirement of the N-terminal region and its structural ele-

ments for the interactionwith FLS2,wegenerated two variants,DN

lacking LCR1 and LCR2, and DP lacking LCR2. To analyze the

relative importance of the TDMs for RTNLB1 function, we
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generated TV1 and TV2, mutants lacking the first or the second

putative TDM, respectively (Figure 2A). DP, TV1, and TV2 were

expressed normally in plants; DN accumulated only in low

amounts, suggesting that LCR1 contributes to RTNLB1 stability

(Figure 2D). Coimmunoprecipitation of FLS2-GFP with full-length

RTNLB1 or deletion variants revealed that a much smaller amount

of FLS2 was precipitated by DP compared with RTNLB1 (Figure

2E). Both TV1 and TV2 coimmunoprecipitated FLS2 in similar

amounts to RTNLB1.We conclude that LCR2 is necessary but not

solely sufficient for the interaction of RTNLB1 with FLS2. Addi-

tional RTNLB1 regions may contribute to binding FLS2, similar to

the interaction between the human RTN4 and NogoR receptor

involving both the N-terminal region and the transmembrane loop

(Hu et al., 2005). An RTNLB1 mutant without the loop (DL) did not

express well and migrated aberrantly in SDS-PAGE (Figure 2D),

precluding its analysis.

PAMP-Dependent Signaling Is Obstructed in rtnlb1

rtnlb2 Plants

To test the putative roles of RTNLB1 and RTNLB2 in FLS2-

mediated activation of signaling pathways, we developed trans-

genic plants to test their responses to the flagellin 22 peptide

(flg22). The homozygous T-DNA insertion mutants rtnlb1 and

rtnlb2 generated from heterozygous stocks were crossed to

obtain rtnlb1 rtnlb2 lines (Figures 3A and 3B). No obvious growth

defects were detected in rtnlb1 rtnlb2 (see Supplemental Figure

4 online). Analysis of the flg22-treated mutants revealed that the

activity of endogenous MPK3 and MPK6 was reduced in rtnlb1

rtnlb2 (Figure 3C), and transcriptional induction of the early PTI

markers was impaired compared with the wild type (Figure 3D)

The rtnlb1 and rtnln2 homozygous lines also exhibited impaired

FLS2-dependent signaling but to a lower extent than the rtnlb1

Figure 1. Identification of RTNLB1 as a Protein That Binds to the Cytosolic Kinase Domain of FLS2.

(A) to (C)Representative functional protein microarray (FPM) images showing interaction between the FLS2 cytosolic domain (FLS2c) and RTNLB1. The

arrays were probed with recombinant FLS2c-V5 (A) or BSA (B) and an anti-V5 fluorophore-labeled antibody (F). The printed proteins were visualized

with an anti-Myc fluorophore-labeled antibody (C).

(D) RTNLB1 interacts with FLS2c in Arabidopsis protoplasts. Average relative luminescence units (RLUs) and the associated standard errors are

graphed (n = 12). The asterisks indicate significantly higher RLUs for RTNLB1/FLS2c and positive control SYP122/VAMP727 pairs relative to the

negative control pair SYP122/PHT4 (Student’s t test).

[See online article for color version of this figure.]
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rtnlb2 lines (see Supplemental Figure 5 online). A null fls2

mutant was used as control (Navarro et al., 2004). We also

tested EFR-dependent signaling in elf18-treated rtnlb1 rtnlb2.

Interestingly, rtnlb1 rtnlb2 showed moderately impaired

marker gene activation compared with the wild type, indica-

tive of defective EFR signaling (see Supplemental Figure 6

online). Next, we measured RTNLB1 transcript accumulation

and found a threefold increase in RTNLB1 transcript at 3 h

after flg22 elicitation in control but not in fls2 (Figure 3E). This

indicates that RTNLB1 is induced during PTI in an FLS2-

dependent manner, supporting a role for RTNLB1 in PTI. We

conclude that both RTNLB1 and RTNLB2 are necessary for

the PAMP-triggered activation of MAPKs and PTI early marker

genes.

Figure 2. The N Terminus of RTNLB1 Is Critical for Its in Vivo Association with FLS2.

(A) Structural elements identified in the amino acid sequence of RTNLB1: transmembrane domains (TM1 and 2), low complexity regions (LCR1 and 2),

and Tyr-dependent intracellular motifs (TDM1 and 2). The RTNLB1 deletions DN, DP, TV1, and TV2 are shown.

(B) Immunoblot (WB) of coimmunoprecipitation (Co-IP) reactions of RTNLB1- or RTNLB2-HA with FLS2-GFP.

(C) HDEL-GFP does not coimmunoprecipitate with FLS2-GFP. The Co-IPs were done in parallel and run on the same gel.

(D) RTNLB1 full-length (FL) and variants accumulate normally in plants. Immunoblot of RTNLB1 and variants transiently expressed in N. benthamiana.

The single asterisk indicates a possible degradation product of DP. The double asterisk indicates the position of DN. The Ponceau-stained blot shows

equal loading. Rubisco, ribulose-1,5-bis-phosphate carboxylase/oxygenase.

(E) Immunoblot of coimmunoprecipitates showing that deletion of the LCR2 from RTNLB1 negatively impacts its interaction with FLS2. The

coimmunoprecipitates were repeated at least three times with consistent results. “Total” represents the input amount of proteins as shown by probing

the total protein extract with the indicated antibodies.

[See online article for color version of this figure.]
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Figure 3. RTNLB1 Is a Positive Regulator of PTI.

(A) Schematic representation of RTNLB1 and RTNLB2with exons shown as black boxes, 59 and 39 untranslated regions as white boxes, and the sites of

T-DNA insertion indicated by arrows.

(B) RTNLB1 and RTNLB2 transcript levels in rtnlb1, rtnlb2, and rtnlb1 rtnlb2 mutants measured by RT-PCR. Columbia-0, Col-0.

(C) Defective activation of MPK3 and MPK6 in transgenic lines treated with flg22. The kinase activity of immunoprecipitated MAPKs was assayed using

myelin basic protein (MBP). Phosphorylated MBP (MBP-P) was detected by radiography. The asterisk shows position of the IgG heavy chain.

(D) The induction of WRKY22, WRKY29, and FRK1 is impaired in rtnlb1 rtnlb2 and RTNLB1ox at 1 and 3 h after flg22 treatments but not in controls.

Standard deviation bars are shown.
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Excess RTNLB1 Suppresses FLS2-Triggered Signaling

To examine the effects of RTNLB1 gain of function on FLS2, we

analyzed flg22 responses in mutants with ectopic RTNLB1

expression (RTNLB1ox) that were shown to accumulate higher-

than-wild type levels of RTNLB1 (Hwang and Gelvin, 2004).

RTNLB1ox plants exhibited a normal phenotype, indicating that

excess RTNLB1 does not markedly alter development (see Sup-

plemental Figure 4 online). However, RTNLB1ox displayed se-

vere impairment in the activation of MAPKs and marker

expression at similar levels to fls2 (Figures 3C and 3D). Overall,

the results indicate that excess RTNLB1 is detrimental to the

FLS2 immune activity.

Flg22-Induced Pathogen Resistance Is Reduced in rtnlb1

rtnlb2 and Abolished in RTNLB1ox

Defects in MAPK activation dynamics and gene expression fol-

lowing flg22 treatment of RTNLB1 and RTNLB2 loss- or gain-of-

function mutants indicate lowered PTI. To test this, we pretreated

plants with flg22, infected them with Pseudomonas syringae pv

tomato DC3000 (Pst), and quantified the FLS2-dependent resis-

tance by measuring bacterial multiplication (Göhre et al., 2008).

Control flg22-treated plants showed higher resistance to Pst

compared with mock plants. On the other hand, no significant

differences were found in bacterial growth inmock-treated versus

flg22-treated rtnlb1 rtnlb2, RTNLB1ox, or, as expected, fls2 (Fig-

ure 3F). Pst multiplied to similar levels in rtnl1 rtnl2, RTNLox, and

fls2 lines, indicating pathogen susceptibility. Thus, RTNLB1 and

RTNLB2 are positive regulators of flg22-activated PTI against Pst.

FLS2 Transport to the PM Is Impaired in rtnlb1 rtnlb2

As FLS2 does not possess known trafficking signals (Geldner

and Robatzek, 2008), interactions with components that link

FLS2 to transport pathways may be critical. To test if RTNLB1

and RTNLB2 are able to regulate FLS2 transport to the PM, we

first monitored the localization of an FLS2–cyan fluorescent

protein (CFP) fusion in protoplasts. In the wild type, FLS2-CFP

localized to PM as previously shown (Ali et al., 2007). In rtnlb1

rtnlb2 protoplasts, FLS2-CFP fluorescence was detected in

internal structures reminiscent of the modified ER structures

found in reticulon-depleted yeast cells (Voeltz et al., 2006)

(Figures 4A and 4B), indicating defective FLS2 intracellular

localization. Next, we examined the localization of endogenous

FLS2 in rtnlb1 rtnlb2 lines. Total protein extracts were subjected

to two-phase partitioning to separate the PM and non-PM

fractions, followed by FLS2 detection with specific Ab. In rtnlb1

rtnlb2, consistently less FLS2 was detected in the PM fraction

compared with the wild type (Figures 4C and 4D). FLS2 was not

completely absent from the PM, suggesting a tight regulation of

FLS2 secretion and functional redundancy. A PM-localized

H+ATPase (Page et al., 2009) and the tonoplast marker g-TIP

(Fleurat-Lessard et al., 1997; Nelson et al., 2007) partitioned with

the expected fractions and confirmed enrichment in membrane

and endosomal proteins, respectively, and the lack of fraction

cross-contamination. The amounts of markers separated in frac-

tions from the wild type and mutants were similar, indicating that

their transport was not obviously perturbed. We also measured

the steady state amount of FLS2 in rtnlb1 rtnlb2. FLS2 accumu-

lated in similar amounts in wild-type and rtnlb1 rtnlb2 lines

(Figure 4E). This indicates that reduced FLS2 accumulation at the

PM in the mutant is not a consequence of lower overall FLS2

levels. The data indicate that RTNLB1 and RTNLB2 specifically

regulate FLS2 transport and accumulation at the PM.

RTNLB1ox Lines Do Not Accumulate FLS2

The degree of impairment in the signaling flux downstream of

FLS2 in RTNLB1oxmutants was similar to the null fls2, suggest-

ing a drastic effect on FLS2 trafficking and accumulation at the

PM. We analyzed FLS2 levels in protein extracts subjected to

two-phase partitioning from RTNLB1ox plants. We found that

FLS2 amount was below the limit of detection by immunoblots in

both PM and non-PM fractions (Figure 5A). Moreover, we could

not detect FLS2 in the total protein extracts from RTNLB1ox

(Figure 5B). Thus, RTNLB1ox contains undetectable amounts of

FLS2, consistent with its fls2-like phenotype in immune assays.

Accumulation of protein in the ER has been previously linked to

activation of the ER protein degradation pathways (Liu and

Howell, 2010). Our data argue that RTNLB1ox represents an

extreme case of impaired FLS2 trafficking where FLS2 is de-

graded via an ER-dependent mechanism.

RTNLB1 Does Not Directly Influence FLS2 Stability

To verify a possible direct effect of RTNLB1 on the stability of

FLS2 we evaluated the accumulation of an inducible FLS2-

FLAG, coexpressed with a constitutive RTNLB1-HA, at various

time points after treatment with the protein synthesis inhibitor

cycloheximide (CHX) (Figure 5C). In the CHX-treated samples,

we could not detect major differences in FLS2-FLAG levels when

RTNLB1-HA was present compared with samples expressing

only FLS2-FLAG (Figure 5D). Irrespective of the presence or

absence FLS2-FLAG, RTNLB1-HA levels remained constant at

the 3- and 6-h time points. We also evaluated FLS2-FLAG levels

in samples not treated with CHX (Figure 5D). Similarly, no

considerable variations were found in FLS2-FLAG levels when

expressed in the presence versus absence of RTNLB1-HA.

Interestingly, evaluation of RTNLB1-HA accumulation in plants

Figure 3. (continued).

(E) RTNLB1 transcription is enhanced after flg22 treatment in the wild type (Columbia-0) but not in fls2. Average data from three real-time PCR replicates

and the standard deviations are graphed.

(F) rtnlb1 rtnlb2 andRTNLB1ox overexpression lines pretreatedwith flg22 aremore susceptible toP. syringae pv tomatoDC3000 than thewild type. The asterisk

indicates significant differences between mock- and flg22-treated samples (Student’s t test). cfu, colony-forming units; n. s., not statistically significant.
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coinfiltrated with FLS2-FLAG revealed that RTNLB1-HA levels

started decreasing very fast (3 h) and further decreased in a time-

dependent manner after CHX treatment, pointing toward high

RTNLB1 instability. In the presence of FLS2-FLAG and without

CHX, RTNLB1-HA levels were high and remained constant at the

equivalent time points, ruling out a possible negative effect of

FLS2 on RTNLB1 stability. Taken together, the data show that

RTNLB1-HA does not directly influence FLS2 stability. On the

contrary, in this transient expression system, FLS2-FLAG seems

to possess a lower degradation rate and/or higher protein

stability compared with RTNLB1-HA.

Excess RTNLB1 Promotes FLS2 Sequestration in the ER

Our data strongly suggest that RTNLB1 and RTNLB2 regulate

FLS2 secretion to the PM. Human reticulons are known to

interact with and regulate the transport out of the ER of various

PM-associated proteins (Wakana et al., 2005; Liu et al., 2008;

Chang et al., 2009). To investigate further the role of RTNLB1

and RTNLB2 in FLS2 anterograde transport, we took advan-

tage of the strong effects that excess RTNLB1 has on FLS2

activity. The intracellular distribution of an inducible FLS2-GFP

was examined in the presence of RTNLB1- or RTNLB2-HA by

transient expression in N. benthamiana. FLS2-GFP exhibited a

predominantly PM localization, as previously shown (Robatzek

et al., 2006), indicating that FLS2-GFP is rapidly transported to

the PM. Coexpression of FLS2-GFP with RTNLB1- or RTNLB2-

HA resulted in a dramatic shift in the distribution of fluorescence

from the PM to intracellular organelles (see Supplemental

Figures 7 and 8 online). To reveal the identity of these intracel-

lular compartments, we coexpressed FLS2-GFP and RTNLB1-

HA with the ER marker HDEL-Cherry. When RTNLB1 was

Figure 4. FLS2 Accumulation at the PM Is Impaired in rtnlb1 rtnlb2 Mutants.

(A) and (B) Aberrant localization of FLS2-CFP in rtnlb1 rtnlb2 protoplasts.

(A) FLS2-CFP localizes at the PM in the wild type (Ctrl.) but not rtnlb1 rtnlb2.

(B) For quantification, the number of protoplasts showing PM-localized FLS2-CFP was counted in electronic images. N is the number of total

protoplasts counted for each line. The P value is shown above the column. The asterisk shows a statistically significant difference (Student’s t test). WT,

wild type.

(C) Quantification of three biological replicates of phase partitioning. Total extracts from wild-type or mutant plants separated proteins in PM and non-

PM fractions. Band intensities were measured using QuantityOne. The PM/non-PM ratios were calculated and normalized against the wild-type control.

(D) Representative blot showing reduced accumulation of FLS2 at the PM in rtnlb1 rtnlb2. The PM (H+-ATPase) and tonoplast g-TIP markers showed the

expected patterns.

(E) Immunoblot showing steady state amounts of FLS2 in total protein extracts from the wild type and mutants; the blot was stained with Ponceau, and

Rubisco is shown as loading control.
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present, most FLS2-GFP was trapped in enlarged ER bodies in

close association with the PM, representing the PM-adjacent

cortical ER domain (pmaER) (Figures 6A to 6D; see Supple-

mental Figure 9 online). The pmaER is tightly associated to the

PM and was previously linked to the synthesis of membrane

proteins and their release into the secretion pathway (Park and

Blackstone, 2010). FLS2-GFP was also detected in the perinu-

clear (pn) ER domain. In the absence of RTNLB1, FLS2-GFP

preferentially colocalized with HDEL-Cherry in the pmaER,

visible as punctiform structures in the close vicinity or over-

lapping the PM (Figures 6E to 6H; see Supplemental Figure 10

online). Interestingly, SERK1 was also found to localize in the

pmaER domain (Aker et al., 2006). We did not detect significant

accumulation of FLS2-GFP in the ER reticulate network or in the

pnER, where another leucin-rich repeat–receptor-like kinase,

XA21, was found to localize (Park et al., 2010). Quantification of

the degree of colocalization between FLS2-GFP and the ER

marker indicated a significant difference in FLS2 intracellular

distribution inplants coexpressingRTNLB1versuscontrols (Figure

7A; see Supplemental Data Set 2 online). Thus, overexpression of

RTNLB1 and RTNLB2 inhibits FLS2 transport out of the ER.

Excess RTNLB1 Blocks FLS2 Accumulation at the PM

A block in the ER exit of FLS2-GFP in the presence of excess

RTNLB1 would result in reduced accumulation of newly synthe-

sized FLS2-GFP at the PM. To examine this possible conse-

quence of excess RTNL1, we colocalized FLS2-GFPwith the PM

dye FM4-64. In the presence of RTNLB1, FLS2-GFP fluores-

cence at the PMwas very low or absent as shown by colocaliza-

tion with FM4-64 (Figures 8A to 8D). In the absence of RTNL1, as

expected, the fluorescence detected at the PMwasmuch higher

and FLS2-GFP efficiently colocalized with FM4-64 (Figures 8E to

8H). Quantification of the degree of colocalization between

FLS2-GFP and the PM marker in the presence or absence of

RTNLB1 indicated statistically significant differences (Figure 7B).

To test the specificity of RTNLB1 effects on the anterograde

trafficking, we analyzed the intracellular localization of a known

PM-anchored protein, CaM53 (GFP-BDCaM53) (Rodrı́guez-

Concepcı́on et al., 1999; Kato et al., 2008). GFP-BDCaM53

colocalized efficiently with FM4-64 both in the presence or

absence of RTNLB1, indicating that RTNLB1 did not disrupt its

transport to the PM (see Supplemental Figure 11 online). Taken

together, our data clearly show that RTNLB1 regulates FLS2

anterograde transport.

The LCR2 Ser-Rich Element and the Tyr-Dependent Sorting

Motifs Are Critical for the Negative Effects of Excess

RTNLB1 on FLS2 Transport out of the ER

To understand further the functions of the RTNLB1 structural

elements, we examined FLS2-GFP intracellular distribution in the

Figure 5. Effects of Excess RTNLB1 on FLS2 Expression and Stability.

(A) Representative blot showing that FLS2 is undetectable in RTNLB1ox. The PM (H+-ATPase) and tonoplast g-TIP separate into the expected fractions,

the PM and non-PM fraction, respectively.

(B) Immunoblot to visualize the amount of FLS2 in total protein extracts from the wild type and RTNLB1oxmutants; undiluted (dilution 1$ 2 mg/mL) and

diluted (dilution 1/4) extracts were used. T represents the total protein fraction extracted using the same buffer used in the two-phase fractionation in

(A); P represents the total protein extracted with the same buffer but containing 0.5% Triton X, from the pellet left after extraction of T. The blot was

stained with Coomassie blue, and Rubisco is shown as a loading control.

(C) Schematics of the protein expression and CHX treatment of plants. dpi, days postinfiltration.

(D) FLS2 stability in the presence of RTNLB1. Samples were collected before CHX treatment and at 3 and 6 h after treatment from plants expressing

RTNLB1-HA and/or FLS2-FLAG. The blot was stained with Coomassie blue; Rubisco is shown as an internal control.
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presence of RTNLB1 variants DP, TV1, and TV2. The results

showed that removal of LCR2, TDM1, or TDM2 suppressed to

various degrees RTNLB1’s ability to block FLS2 transport and to

induce accumulation of FLS2-GFP in the ER, as shown by

colocalization with HDEL-Cherry. Among all the RTNL1 struc-

tural elements analyzed, LCR2, when removed, had the lowest

impact on the negative effects of excess RTNLB1 on FLS2-GFP

exit from the ER (Figures 6I to 6T; see Supplemental Figure 7

online). Notably, when coexpressed with individual RTNLB1

variants, FLS2-GFP was mostly found in the peripheral pmaER

but not in the other ER domains, such as the pnER,where FLS2

was found to accumulate when coexpressed with full-length

RTNLB1. We quantified the extent of FLS2-GFP colocalization

with HDEL-Cherry in the presence versus the absence (control

samples) of RTNLB1 mutants (see Supplemental Data Set 2

online). The differences in the ER accumulation of FLS2-GFP

when coexpressedwithDP, TV1, or TV2 versus the controls were

not statistically significant (Figure 7A). These results indicate that

LCR2 and both TDMs are required the inhibition of FLS2-GFP

exit out of the ER by excess RTNLB1.

LCR2andtheTDM1SortingMotifAreNecessary forRTNLB1

Effects on FLS2 Accumulation at the PM

Lower FLS2-GFP accumulation in the ER in the presence of

RTNLB1 variants suggests a partially restored FLS2-GFP func-

tional anterograde transport. Indeed, FLS2-GFP accumulated at

the PM in higher amounts when coexpressed with RTNLB1

variants than when coexpressed with full-length RTNLB1, as

shown by colocalization with FM4-64 (Figures 8I to 8T). The

degree of colocalization between FLS2-GFP and FM4-64 was

quantified (see Supplemental Data Set 2 online). The data

Figure 6. Effect of RTNLB1 and Its Deletion Variants on the Transport of FLS2 out of ER in N. benthamiana.

(A) to (D) In the presence of excess RTNLB1-HA, FLS2-GFP (green) colocalizes mostly with the ER marker HDEL-mCherry (red).

(E) to (H) In the absence of RTNLB1, FLS2-GFP partially colocalizes with HDEL-Cherry.

(I) to (T) Coexpression of FLS2-GFP with DP ([I] to [L]), TV1 ([M] to [P]), or TV2 ([Q] to [T]), decreases the accumulation of FLS2-GFP in ER. Bars = 25

mm for all, except the control image in which it is 50 mm. Colocalization images were generated using Image-Pro Plus.
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showed that in the presence of DP or TV1, FLS2-GFP accumu-

lated at the PM in similar amounts to controls (Figure 7B). Inter-

estingly, when TV2 was coexpressed with FLS2-GFP, although

the plants showed control levels of FLS2-GFP fluorescence in the

ER (Figure 7B), the accumulation of FLS2-GFP at the PM was

significantly inhibited, suggesting that TDM1 and TDM2 perform

distinct roles. These data suggest that LCR2 and TDM1 regions of

RTNLB1 are important for regulating FLS2 transport to the PM.

RTNLB1 and FLS2 Colocalize in the ER

To investigate the cellular compartment where the interaction

between RTNLB1 and FLS2 may occur, we coexpressed

RTNLB1-GFP and an estradiol-inducible FLS2-Cherry. The fu-

sion proteins colocalized in an intracellular compartment mor-

phologically similar to the ER. Colocalization signals were high in

the PM-adjacent pmaER and the pnER but reduced in the tubular

ER structures (Figure 9; see Supplemental Figure 12 online). The

average colocalization coefficient was 0.74 6 0.04 (see Supple-

mental Data Set 3 online). RTNLB1-GFP coexpressed only with

HDEL-Cherry was found localized in the ER reticulate network,

as previously shown (Sparkes et al., 2010), and in the peripheral

pmaER, similar to the yeast RTN1 (Schuck et al., 2009) (Figures

10A to 10D; see Supplemental Figure 13 online). These results

indicate a direct association between RTNLB1 and FLS2 in

the ER.

RTNLB1 Variants Are Localized in the ER

RTNLB1 and its homologs were previously localized in the ER

tubules, edges of ER cisternae, and pnER (Sparkes et al., 2010).

To test whether deletion of TDMs or LCR2 modified the locali-

zation of RTNLB1 variants, we coexpressed DP-, TV1-, or TV2-

GFP with HDEL-Cherry. We found that all RTNLB1 variants

colocalized with the ER marker (Figures 10E to 10P; see Sup-

plemental Figure 13 online). The average colocalization coeffi-

cients were 0.526 0.1, 0.756 0.02, and 0.676 0.1, respectively

(see Supplemental Data Set 4 online). These data indicate that

deletion of the structural domains analyzed did not interfere with

RTNLB1 localization in the ER.

RTNLB1 Overexpression Inhibits FLS2 Glycosylation

To investigate further the hypothesis that in the presence of

excess RTNLB1 the transport of FLS2 is blocked at the ER-to-

Golgi step, we tested the maturation status of FLS2. An FLS2-

FLAG fusion expressed with or without RTNLB1 or its variants

was purified and treated with Endoglycosidase H (Endo H)

(Figure 11). Endo H treatment distinguishes between the Endo

H–sensitive fraction from the ER and the Endo H–resistant

fraction from the PM (Maley et al., 1989). If FLS2 traffic is

inhibited upstream of the Golgi, the Endo H–sensitive FLS2-

FLAG would be expected to accumulate at the expense of the

Endo H–resistant form. When FLS2-FLAG was expressed alone,

it was efficiently glycosylated, as shown by accumulation of

Endo H–resistant FLS2-FLAG over the sensitive fraction. FLS2-

FLAG coexpression with TV1 or TV2 also produced more Endo

H–resistant than –sensitive FLS2-FLAG, indicative of control

levels of FLS2-FLAG glycosylation. When RTNLB1 or DP was

coexpressedwith FLS2-FLAG, the sensitive fraction exceeded in

abundance the resistant fraction, indicating defective glycosy-

lation. The negative effects of RTNLB1 and its variants on FLS2-

FLAG glycosylation correlated with their ability to block or

partially interfere with FLS2 transport out of the ER (Figure 6), a

strong indication that RTNL1 regulates FLS2 transport to the

membrane. The data also suggest a strong relationship between

the FLS2 transport pathway regulated by RTNLB1/2 and the

FLS2 maturation process.

DISCUSSION

RTNLB1 and RTNLB2 Are Components of the FLS2

Secretory Pathway

The main finding of this study is that the Arabidopsis reticulon-

like RTNLB1 and RTNLB2 are previously unknown regulators of

Figure 7. Quantification of the RTNLB1 Effect on FLS2 Anterograde

Transport.

Box plots representing the quantification of the colocalization degree

between FLS2-GFP and the PM dye FM4-64 (A) or the ER marker HDEL-

Cherry (B). Pearson correlation coefficients were calculated using Image-

Pro Plus. N is the number of images analyzed for each combination of

markers. The box plots show in black the distance from quartile 1 to the

median; the distance from the median to quartile 2 is shown in white. The

whiskers extend to the smallest or largest nonoutlier, respectively, in the

data set. The asterisk indicates statistically significant differences from

control (Student’s t test). WT, wild type.
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FLS2 immune activity and critical components in FLS2 transport

to the PM. Several data strongly support this conclusion: (1)

RTNLB1 and RTNLB2 interacted with FLS2 in vivo; (2) RTNLB1

and FLS2 have overlapping intracellular localization patterns and

colocalize in the ER; (3) in the presence of excess RTNLB1, FLS2,

but not another PM-associated protein, accumulated in the ER

domain adjacent to the PM, indicating a block in the ER-to-Golgi

anterograde transport specific to FLS2; (4) deletion of the TDMs

or LCR2 from RTNLB1 relieved the block in ER export and had a

positive effect on the PM accumulation of FLS2; (5) consistent

with (4), in the presence of RTNLB1, FLS2 accumulated in the

Endo H–sensitive form, strongly indicating that newly produced

FLS2 did not reach the medial Golgi compartment, whereas

higher levels of the FLS2 Endo H–resistant form accumulated in

the presence of excess RTNLB1 variants; (6) RTNLB1 does not

interfere directly with the stability of FLS2. Our data combined

with previous observations by Sparkes et al. (2010) support a

model in which RTNLB1 and RTNLB2 localized in the ER mem-

branes interact with the cytosolic domain of newly synthesized

FLS2 to facilitate its transport to the PM. RTNLB1 and RTNLB2

are known to interact through their reticulon domains (Hwang

and Gelvin, 2004; Sparkes et al., 2010); thus, they may function

as a heterodimer or as part of a larger protein complex to regulate

FLS2 secretion. Furthermore, considering the role of the human

RTNs in intracellular protein trafficking (Wakana et al., 2005; He

et al., 2006; Liu et al., 2008; Chang et al., 2009; Shi et al., 2009;

Yang et al., 2009), our findings indicate functional conservation

between RTNs and plant RTNLBs.

We demonstrated that FLS2-activated signaling and immunity

are dependent on efficient FLS2 transport to the PM. In rtnlb1

rtnlb2 lines, reduced FLS2 accumulation at the PM correlated

with defective FLS2 signaling and lowered PTI. Interestingly,

Figure 8. Effect of RTNLB1 and Its Deletion Variants on the Accumulation of FLS2 at the PM in N. benthamiana.

(A) to (D) FLS2-GFP (green) is absent from the PM when coexpressed with full-length RTNLB1-HA and the PM dye FM4-64 (red).

(E) to (H) In the absence of RTNLB1, FLS2-GFP colocalizes with FM4-64.

(I) to (T) Coexpression of FLS2-GFP with DP ([I] to [L]), TV1 ([M] to [P]), or TV2 ([Q] to [T]) partially increases the extent of FLS2-GFP colocalization with

FM4-64. Bars = 25 mm for all except TV1-HA images, in which it is 50 mm. Colocalization images were generated with Image-Pro Plus.
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FLS2-dependent signaling was not abolished in rtnlb1 rtnlb2,

indicating the presence of compensatory factors. In this regard,

RTNLB1ox lines, with no detectable FLS2 and an fls2 immune

phenotype, represent an extreme case. Previous studies

showed that a lower concentration of receptors, including

FLS2, at the PM was strongly correlated with weak outcomes

of the downstream signaling (De Smet et al., 2009; Boutrot et al.,

2010; Mersmann et al., 2010). Our findings are consistent

with these studies and further indicate that FLS2 anterograde

trafficking represents a regulatory mechanism for its immune

activity.

Interestingly, either abrogation of RTNLB1 and RTNLB2 ex-

pression or upregulation of RTNLB1 compromised FLS2 immune

activity. It is likely that the absence of RTNLB1 and RTNLB2 or

excess of RTNLB1 causes perturbations in the stoichiometry

of the transport pathway components and, consequently, im-

paired FLS2 activity. This opens the possibility that FLS2 abun-

dance at the PM is regulated by RTNLB1 and RTNLB2 in a

Figure 9. RTNLB1-GFP and FLS2-Cherry Colocalize in the ER.

Coexpressed RTNLB-GFP and FLS2-Cherry colocalize in the ER as shown by the merged and colocalization images. The colocalization image was

generated using Image-Pro Plus. Bars = 10 mm.

Figure 10. RTNLB1-GFP Variants Are Localized in the ER.

Full-length RTNLB1-GFP (A) and the RTNLB1 variants DP-GFP (E), TV1-GFP (I), and TV2-GFP (M) were coexpressed with HDEL-Cherry ([B], [F], [J],

and [N]). All RTNLB1 fusions were localized in the ER, as shown in the merged images ([C], [G], [K], and [O]) and the colocalization analysis ([D], [H],

[L], and [P]). Bars = 7.5 mm (DP and TV2) or 10 mm (RTNLB1-GFP and TV1). Colocalization images were generated with Image-Pro Plus.

Regulation of FLS2 Activity by Reticulons 3385



concentration-dependentmanner so that strictly regulated levels

are required for the optimal transport of FLS2.

The widespread expression of RTNLB1 and RTNLB2 shown

by public expression data, alongwith the finding that rtnlb1 rtnlb2

plants have a strong impairment in FLS2-triggered PTI but only a

modest inhibition in FLS2 accumulation at the PM, suggest that

RTNLB1 and RTNLB2 may have roles that extend beyond FLS2.

An indication that they may regulate other immune receptors or

coreceptors comes from the observation that the EFR down-

stream signaling is deficient in rtnlb1 rtnlb2. Thus, it is possible

that RTNLB1 and RTNLB2 influence common FLS2 and EFR

regulatory components or other independent pathways that lead

to PTI. Nevertheless, several of our data indicate that RTNLB1

and RTNLB2 are not critical for the general intracellular protein

trafficking: (1) normal partitioning and accumulation of the PM-

associated H+ATPase and the tonoplast-associated g-TIP in

both rtnlb1 rtnlb2 and RTNLB1ox lines, (2) unperturbed localiza-

tion of the PM marker GFP-BDCaM53 in RTNLB1ox, and (3) the

absence of obvious growth phenotypes in rtnlb1 rtnlb2 and

RTNLB1ox plants. In support of our observations, the ectopic

expression of RTNLB13, a protein with similar localization and

morphology to RTNLB1 and RTNLB2 (Sparkes et al., 2010), did

not cause major ER-to-Golgi trafficking defects (Tolley et al.,

2008). Notably, mutants deficient in factors required for bulk

protein transport usually exhibit drastic phenotypes, ranging

from major growth defects to lethality (Niihama et al., 2009;

Uemura et al., 2009; Hashiguchi et al., 2010). It remains to be

investigated if the pathway for intracellular traffic dependent on

RTNLB1/RTNLB2 is used by other PTI components.

RTNLB1 and RTNLB2 and Their Relationship with Two

Processes Initiated in the ER: Protein Anterograde

Transport and the ER Stress and Protein Degradation

Using various experimental approaches (transient expression,

gene overexpression, and homozygous T-DNA insertion lines)

we investigated multiple facets of the regulation of FLS2 secre-

tion by RTNLBs.We showed that transient coexpression of FLS2

and RTNLB1 fused to fluorescent markers induced FLS2 accu-

mulation in the ER, indicative of an ER-to-Golgi trafficking block.

In a similar way, transient expression of a mutant Arabidopsis

Rab1 triggered specific blockage of the ER to Golgi step, man-

ifested by the ER accumulation of a secreted form of GFP (Batoko

et al., 2000). Indeed, accumulation of protein cargo in intracel-

lular organelles has been exploited as a way to identify compo-

nents of the trafficking machinery (Rothman and Stevens, 1986;

Lippincott-Schwartz et al., 1998). Whereas the immediate con-

sequences of blocked FLS2 trafficking were tested by transient

expression, the end-point effects of impaired FLS2 secretion on

the plant were analyzed in the rtnlb1 rtnlb2 and RTNLB1ox lines.

Interestingly, although the consequences of RTNLB1 and

RTNLB2 depletion versus RTNLB1 overexpression on the FLS2

steady state levels were markedly different, the effects on FLS2

anterograde trafficking and immune function were similar in the

respective mutants. In rtnlb1 rtnlb2 lines, accumulation of FLS2-

GFP in the PM fraction was not completely inhibited compared

with the wild type. One possible explanation is that an alternative

RTNLB1/RTNLB2-independent pathway may account for the

FLS2 transport to the PM; however, this potential second path-

way is unlikely to be critical when considering the drastic effect

that excess RTNLB1 had on FLS2-GFP export from the ER.

Alternatively, other RTNLBsmay be able to compensate partially

for the loss of RTNLB1 and RTNLB2 to promote FLS2 antero-

grade transport in rtnlb1 rtnlb2. Lastly, it is possible that changes

in the distribution and/or morphology of various ER domains

following removal of both RTNLB1 andRTNLB2may preclude an

efficient two-phase partitioning. We showed that FLS2 prefer-

entially accumulated in the pmaER when expressed in N.

benthamiana. The pmaER was recently found to be particularly

responsive to variations in RTN expression in yeast where the

lack of RTNs considerably increased both the abundance of the

pmaER relative to other domains and its degree of connectivity to

the PM (West et al., 2011). Another important observation that

needs further clarification is the apparent FLS2 depletion in the

RTNLB1ox lines. For now, we can only speculate that defective

FLS2 anterograde trafficking leads accumulation in the ER of

nascent FLS2, which may trigger the activation of ER stress and

the ER-associated degradation machinery (ERAD). FLS2 degra-

dation in RTNLBox may be a consequence of indirect activation

of ERAD following a severe block in the early FLS2 anterograde

transport. Interestingly, in the presence of RTNLB1, FLS2-GFP

accumulated in the pnER, whereas improved FLS2 trafficking to

the PM in the presence of excess RTNLB1 variants correlated

with its reduced accumulation in the pnER. The pnER was found

to be the site of ERAD in yeast and mammals (Enenkel et al.,

1998; Kamhi-Nesher et al., 2001; Kaganovich et al., 2008). In

plants, SERK1 accumulation in the pnER was suggested to be

linked to its degradation (Aker et al., 2006), and defective

receptors accumulating in the ER were shown to be rapidly

degraded via ERAD (Li et al., 2009b; Nekrasov et al., 2009; Su

et al., 2011). The connection between RTNLBs and ER stress

remains to be studied.

The Importance of the Tyr-Dependent Motifs and LCR2 for

RTNLB1 and RTNLB2 Functions

Our data indicate that the N termini and the Tyr sorting motifs

have significant contributions to the functions of RTNLB1 and

RTNLB2. We identified two Tyr-dependent sorting motifs in

Figure 11. Effect of RTNLB1 on the Maturation of FLS2.

Immunoblot of FLS2-FLAG precipitated with anti-FLAG and treated with

Endo H. In controls (samples without full-length RTNLB1 or variants), Endo

H–resistant FLS2-FLAG is more abundant than the Endo H–sensitive form.

Removal of the Tyr signals but not LCR2 from RTNLB1 causes an increase

in Endo H–resistant over Endo H–sensitive FLS2-FLAG.
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RTNLB1 and showed that removal of either one of them interferes

with the effects of excessRTNLB1onFLS2 trafficking. Removal of

LCR2 from RTNLB1 negatively affects its interaction with FLS2,

lessens the negative impact of excess RTNLB1 on FLS2 traffick-

ing, and interferes with the accumulation of complex-glycosylated

FLS2. Both TDMs and LCRs have a known propensity for

establishing protein–protein interactions. TDMs are known to

recruit components of the general trafficking machinery and to

perform multiple roles in the transport of membrane proteins

(Bonifacino and Traub, 2003; Happel et al., 2004; Jurgens, 2004;

daSilva et al., 2006; Derby et al., 2007; Saint-Jean et al., 2010).

LCR-containing proteins were shown to interact with numerous

protein partnerswithinprotein interaction networks andweremore

often associated with hubs (Coletta et al., 2010). Particularly,

mammalian RTNs were shown to bind to components of the

general transport pathways, suchasSNAREs (Steiner et al., 2004),

and the adaptor protein complex AP2 (Iwahashi and Hamada,

2003) with roles in transport vesicle formation and recycling. It is

possible that the TDMsandLCRspresent inRTNLB1andRTNLB2

offer interfaces for the interaction with protein partners necessary

for regulating aspects of FLS2 transport.

Multiple residues within LCR2 were found to be phosphory-

lated in both RTNLB1 and RTNLB2 (Benschop et al., 2007; Li

et al., 2009a; Reiland et al., 2009), suggesting interactions with

kinases through their N termini. LCR2 phosphorylation may

affect the binding properties of the adjacent Tyr signals to

trafficking components as in AQP4 aquaporin, where phospho-

rylation of residues preceding a Tyr motif enhanced the interac-

tion with AP2 (Madrid et al., 2001), or it may modulate binding to

FLS2 and other substrates. Our data cannot distinguish between

direct roles of the TDM motifs in the FLS2 export out of the ER

and an indirect effect on FLS2 traffic resulting from other poten-

tial roles of TDMs outside the ER. Further work is necessary to

investigate the functions of the LCRs and TDMs in RTNLB1 and

RTNLB2.

Current models postulate that animal receptor trafficking is

controlledbyERmembrane–localized receptor accessoryproteins

that bind to their cytoplasmic tails and recruit transport complexes

(McLatchie et al., 1998; Petaja-Repo et al., 2000; Bermak et al.,

2001; Dupré and Hébert, 2006; Cooray et al., 2009; Dı́az, 2010).

Interestingly, RTNLB1 and RTNLB2 were also identified outside

the ER compartment, namely, at the PM and in intracellular

punctuate structures (Marmagne et al., 2004; Benschop et al.,

2007; Nziengui et al., 2007; Mitra et al., 2009), suggesting their

transport between various cellular compartments. Thus, an in-

triguing possibility that remains to be investigated is that RTNLB1

and RTNLB2 are part of a complex pathway of receptor accessory

proteins that regulate the transport of transmembrane receptors to

the PM.

METHODS

Protein Microarray Screening

Protein microarrays printed on PATH slides (Gentel Biosciences) using a

contact printer (Genomic Solutions) were screened with FLS2c. To

prepare FLS2c probe, the cytosolic domain of FLS2 (starting from the

residue F870) was cloned from genomic DNA (Forw_FLS2_2604

59-TTCAACAGTGCCAACATCATTGGC-39 and Rev_FLS2 59-AACTTCT-

CGATCCTCGTTACGATC-39) into a Gateway-compatible plant expres-

sion vector carrying a V5 C-terminal peptide tag. Recombinant FLS2c

was produced in Nicotiana benthamiana (Popescu et al., 2007). Protein

microarrays were blocked using Pierce blocking solution (Pierce) at 48C,

followed by a 1.5-h incubation with 250mLmix of probing buffer (13PBS,

5mMMgCl2, 0.5mMDTT, 0.05%Triton, 2.5%glycerol, and 1%BSA) and

purified FLS2c at 48C and under a cover slip. The slides were washed

three times for 1 min in cold PBS supplemented with 150 mM NaCl

followed by 30 min incubation with Alexa-labeled anti-V5 Ab (Sigma-

Aldrich), a brief wash in PBS-Tween 0.1%, drying, and processing as

described (Popescu et al., 2009).

Split-Luciferase Complementation

The C-terminal half of Renilla reniformis luciferase was fused to the

C-terminal end of RTNLB1 or PBS1 and the N-terminal half of luciferase

was fused to the C- terminal end of FLS2c. The protein pairs were

coexpressed in Arabidopsis thaliana protoplasts, and the luminescence

was measured using a Veritas microplate luminometer (Turner BioSys-

tems). The cloning, protoplast preparation, and split-luciferase comple-

mentation assays were performed as described by Fujikawa and Kato

(2007).

DNA Constructs

For subcellular localization, FLS2 cDNA was cloned into the AscI sites of

the binary vector pER8-GFP or pER-Cherry containing the estrogen-

inducible XVE promoter (PXVE); to create FLS2-CFP, FLS2 cDNA was

cloned into pEarlyGate102 using Gateway reactions (Zuo et al., 2000).

The ORFs for RTNLB1 and variants were cloned using Gateway reactions

into pDonor 221 and then into the plant binary transformation vector

pYY63, containing a 35S cauliflower mosaic virus promoter, P35S.

RTNLB1 variants were generated using a PCR-based method. Plasmids

were incorporated into the Agrobacterium tumefaciens strain GV2260 for

the transient expression analyses performed as described by Voinnet

et al. (2003). Two-week-old N. benthamiana leaves were infiltrated with

GV2260 carrying PXVE:FLS2-GFP (or Cherry), P35S:RTNLB1-HA (or GFP),

or P35S:RTNLB1variants-HA (or GFP) for the subcellular localization

experiments or with GV2260 carrying P35S:FLS2-FLAG, PCaMV35s:BTI-

HA, or P35S:RTNLB1variants-HA for the Endo H (NEB) treatments. Primer

sequences are listed in Supplemental Table 1 online.

Plant Materials

Arabidopsis plants were grown at 228C with 60% relative humidity, a 16-h

photoperiod, and a photon flux density of 120mmol m22 s21. Mature leaves

of 3- to 4-week-old plants were used for the majority of the experiments.

The RTNLB1 and RTNLB2 T-DNA insertion lines (SALK_016408 and

SALK_124414; Alonso et al., 2003) were obtained from the ABRC. fls2 line

was generated by Alonso et al. (2003). Protoplasts were produced using

published protocols (Sheen, 2001).

Fluorescence Microscopy and Quantification of Colocalization

Images were collected on a Leica TCS-SP5 confocal microscope (Leica

Microsystems) after samples were treated with b-estradiol (Sigma-

Aldrich) for 6 h, when inducible constructs were used, using a363 water

immersion objective (numerical aperture 1.2), zoom 1.6. Images were

processed using Leica LAS-AF software version 1.8.2. FM4-64 (Sigma-

Aldrich) was used according to the manufacturer’s protocol. The colo-

calization was calculated by importing the colored digitized images to

Image-Pro Plus version 4.5 (Media Cybernetics). Pearson’s correlation
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coefficients were calculated for multiple images per sample, and statis-

tical parameters were calculated using Excel.

CHX Treatment

N. benthamiana plants expressing XVE:FLS2-FLAG in the presence or

absence of 35S:RTNLB1-HA at 2 d after infiltration were induced with

estradiol for FLS2-FLAG expression. Twelve hours after FLS2-FLAG

induction, the estradiol was removed from the leaves by repeated

washing with buffer (1 mM MES) and then the leaves were treated with

CHX at 10 mM final concentration to terminate protein synthesis. Equal

numbers of leaf discs per sample were collected at the indicated time

points to prepare the protein extracts as described above. The extracts

were analyzed by SDS-PAGE and immunoblotting. The bands corre-

sponding to fusion proteins were detected using chemiluminescence.

Endo H Treatment

The FLS2-GFP coexpressed with RTNLB1 or RTNLB1 variants was

immunoprecipitated using Anti-FlagM2magnetic beads (Sigma-Aldrich).

Purified FLS2-FLAG was treated with Endo H following the manufac-

turer’s protocol and then visualized by immunoblot analysis using an anti-

FLAG antibody (Sigma-Aldrich).

Coimmunoprecipitation

Ground plant tissuewasmixedwith EBbuffer (40mMHEPES, pH7.5, 100

mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Triton X-100, and 13 Roche

protease inhibitor cocktail) and centrifuged at 15,000 rcf for 10min at 48C.

The supernatant was incubated with prewashed anti-HA-agarose beads

for 12 h at 48C with gentle agitation and the beads washed with EB. The

coimmunoprecipitated proteins were visualized on immunoblots using

anti-GFP Ab (Santa Cruz Biotechnology). The proteins in total extracts

were detected using anti-HA Ab (Pierce).

Treatment with flg22 and Quantification of Bacterial Growth

Leaves were infiltrated with 10 mM flg22 (Genscript) in 1 mM MgCl2
followed at 6 h by spray inoculation with a Pseudomonas syringae

DC3000 bacterial suspension (1 3 108 colony-forming units mL21 in

0.01% [v/v] Silwet L-77). Bacterial titers were assayed at 3 d after

inoculation as described (Zipfel et al., 2004).

Analysis of MPK3 and MPK6 Activation by flg22 or elf18

Total extracts were prepared from frozen leaf tissue in EB buffer

supplemented with 25 mM NaF, 1 mM Na3VO4, and 50 mM b-glycero-

phosphate and incubated for 3 h at 48C with beads prebound to anti-

MPK6 or -MPK3 Ab (obtained from S.B. Ryu). The beads were washed

three times in EB and one time in KB buffer (40 mMHEPES, pH 8.0, 1 mM

DTT, 12 mM MgCl2, 1 mM EGTA, and 0.1 mM Na3VO4). Myelin basic

protein (Sigma-Aldrich) phosphorylation by immunoprecipitated MPKs

was assayed in KB supplemented with 50 mCi [g-P32], followed by boiling

in SDS sample buffer, SDS-PAGE, and radiography.

Analysis of Gene Expression

Total plant RNA was isolated using an RNA extraction kit (Qiagen). First-

strand cDNAs were synthesized from 4 ug total RNA using random

primers and the ThermoScript RT-PCR system (Invirtogen) according to

the manufacturer’s instructions. PCR amplification was conducted using

3 mL of the cDNA reaction mixture and the primers listed in Supplemental

Table 1 online. Quantitative real-time PCR was performed using the

CFX96 real-time PCR detection system (Bio-Rad) and 23 SYBR Green

qPCR Master Mix (Takara). Actin1 served as internal control for both

semiquantitative and quantitative real-time PCR. All primers are listed in

Supplemental Table 1 online.

Aqueous Two-Phase Separation

Arabidopsis membranes were extracted and fractionated as previously

described (Wirthmueller et al., 2007) with the following modifications:;2

g of Arabidopsis leaves were homogenized in 10 mL of the described

buffer at 48C without a freeze-thaw and using a T10 Ultra-Turrax homo-

genizer (IKA). Anti-FLS2 antibody was obtained from A. Heese (University

of Missouri).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under accession numbers

At5g46330, At4g23630, At4g11220, and At5g41600.
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