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Abstract (200 words) 

Nucleotide-binding Leucine Rich repeat-type immune receptors (NLRs) are intracellular 

proteins that sense the presence of pathogen-derived elicitors and subsequently trigger an 

immune response. NLR proteins have to be strictly regulated as immune responses typically 

result in death of affected host cells. Regulation mechanisms of NLR activation are well studied, 

however steps immediately following NLR activation are largely unexplained. Multimerization 

of NLRs is thought to be involved, although currently no unambiguous paradigm regarding the 

dynamics of this process exists. Some NLRs form high-molecular weight complexes before 

activation, others exclusively after activation, or, like Rx1, none could be detected. We 

investigated NLR complex formation in transgenic N. benthamiana stably expressing the potato 

Rx1 protein from its native promoter. Activation of the Rx1-resistance response was 

synchronized by dexamethasone-controlled expression of its elicitor; the Potato Virus X Coat 

Protein. Rx1 self-associates upon activation: Rx1 homomers are absent before dexamethasone 

application, a complex could be detected 1 hour after application, but surprisingly is again 

absent after 2 hours or later. These results show that self-association of NLR proteins upon 

activation can be transient, explaining the difficulties of detecting them during the normal, non-

synchronized infection process as this typically involves few affected cells at any time.  
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Introduction  

Plants defend themselves against pathogens with a multilayered immune system (Cook 

et al., 2015; Dodds and Rathjen, 2010). A first line of defense is activated by cell-membrane 

localized immune receptors that sense extracellularly localized pathogen-derived molecules. 

The second line of defense is mounted by intracellular immune receptors recognizing molecules 

that pathogens insert into host cells. A major class of these intracellular receptors is the NLR 

(Nucleotide-binding Leucine-rich Repeat)-type protein (Li et al., 2015). Activation of NLR 

receptors upon pathogen perception typically triggers a multi-faceted immune response that 

includes production of reactive-oxygen species (ROS), various antimicrobial metabolites and 

pathogenesis related proteins.  Furthermore, callose and lignin depositions result in cell wall 

fortification, and often a Hypersensitive Response (HR) is triggered resulting in death of the 

infected cells (Cui et al., 2015; Knip et al., 2019). 

NLR receptors, and the processes triggered by activated NLRs, have been studied 

extensively [Reviewed in:(Adachi et al., 2019; Cui et al., 2015; Li et al., 2015; Zhang et al., 

2017)]. Based on their N-terminal domains NLRs are generally divided into two major classes, 

namely, Toll/interleukin-1 receptor/resistance Nucleotide-binding Leucine-rich repeat proteins 

(TNLs) and Coiled-coil receptor Nucleotide-binding Leucine-rich repeat proteins (CNLs) (Li 

et al., 2015). The intra- and intermolecular interactions of these proteins that keep them in an 

inactive, but activatable, state have been studied intensively (Chen et al., 2016; Lukasik-

Shreepaathy et al., 2012; Rairdan et al., 2008; Rairdan and Moffett, 2006; Sukarta et al., 2016). 

Also, other regulatory mechanisms to control NLR activity for instance regulated turnover, 

localization and stability, have been studied (Borrelli et al., 2018). However, a molecular 

mechanism to link NLR activation to activation of immune signaling is still lacking. A 

complicating factor to study NLRs proteins in infected plant tissues is the rapid cell death 

triggered upon NLR activation (Knip et al., 2019). Furthermore, NLR activation is dependent 

on pathogen perception, which is rarely, if ever, synchronous across tissues. Infected tissues 

will contain non-, early- and late-responding cells of which some might have already undergone 

cell death. Despite the difficulty of studying NLRs in planta, they have been found to bind 

chaperones and to homo/heteromerize. Homomerization of NLRs, or at least of their N-terminal 

domain, has been reported for NLRs of both TNL and CNL classes (Griebel et al., 2014). 

Homomerization is essential to trigger cell death for the TNL L6 from flax and the CNL MLA10 

from barley (Bernoux et al., 2011; Maekawa et al., 2011). However, NLRs in a pre-activation 

state have also been reported to homomerize, like the CNLs Prf from tomato and RPS5 from 
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Arabidopsis, raising questions about the dynamics of NLR complex-formation with regards to 

their activation (Ade et al., 2007; Gutierrez et al., 2010; Ntoukakis et al., 2014). Methods like 

yeast-two hybrid or co-immunoprecipitation can reveal interactions, but do not provide 

quantitative insights in the number of NLRs engaged in a complex. Excitingly, the recent 

elucidation of the first crystal structure of a plant NLR protein in the pre- and post-activation 

state shows that the CNL ZAR1 forms an ADP-bound monomer before elicitor perception. 

Upon perception of the PBL2 elicitor the ZAR1-RKS1 complex forms an ATP-bound 

pentameric ring-like structure, which is proposed to reflect the activated state of the NLR  

(Wang et al., 2019). Therefore, although some NLRs self-associate in a pre-activation state, 

higher-order complex formation has been proposed to be a generic mechanism for NLRs to 

trigger immunity. However, so far only a few NLRs have been reported to form such higher-

order complexes in planta upon elicitor perception (Bernoux et al., 2011; Casey et al., 2016; 

Cesari et al., 2016; Maekawa et al., 2011; Mestre and Baulcombe, 2006; Schreiber et al., 2016; 

Tran et al., 2017). One explanation is that multimerization is not a generic feature involved in 

NLR activation. An alternative explanation is that technical challenges prevent the detection of 

such complexes due to e.g. low accumulation levels of the NLR, cell death triggered upon NLR 

activation or the heterogenous nature of the immune response.  

To distinguish between these two possibilities we made use of the CESSNA (Controlled 

Expression of effectors for Synchronized and Systemic NLR Activation) platform to co-express 

the potato CNL Rx1 with its elicitor, the Coat Protein (CP) from Potato Virus X (PVX) . While 

Rx1 expression was driven by its endogenous promoter, the expression of CP was controlled 

by a dexamethasone (DEX)-inducible promoter. Rx1 was chosen because, despite many efforts, 

self-association upon elicitor perception has not been detected (Slootweg et al., 2018). Here we 

show that Rx1 forms higher order complexes one hour after inducing CP expression by DEX 

application, but these complexes dissociate again at later time points. These findings imply that 

NLR-multimerization upon activation might be a generic process, but that oligomerization 

could be easily missed due to its transient nature.  Our results stress the importance of a 

synchronized system for NLR activation to study NLR multimerization and identify interacting 

partners.  
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Results 

To investigate Rx1 self-interaction, co-immunoprecipitation (CoIP) experiments were 

performed. Plants with pRx1::Rx1:4HA / DEX::CP106 constructs (referred to as Rx1D106), 

were transiently transformed with a 35SLS::Rx1:GFP construct by Agroinfiltration of the first 

fully expanded leaves (Ma et al., 2012; Slootweg et al., 2010). Two days after transient 

transformation the infiltrated leaves were brushed with DEX to induce CP106 production. 

Soluble proteins were extracted and immunoprecipitation was done using Chromobeads 

binding the GFP-tag of the chimeric Rx1:GFP protein. Following SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE), and immunoblotting using an HA-antibody Rx1:4xHA was 

readily detected at all timepoints in the input material. Notably, Rx1 was not only found at its 

expected size (~100kDa for Rx1:4xHA), but also a specific band of an apparent molecular mass 

well above 180kDa was observed in the Rx1:4xHA input samples. Probing the input material 

with a GFP-antibody to detect Rx1:GFP did not reveal a signal, indicating that the amount of 

protein is below the detection level of the antibody, as after immunoprecipitation a specific 

band was observed on immunoblot (Figure 1). The presence of this band, likely corresponding 

to Rx1:GFP, shows that immune precipitation was successful.  Like with the HA antibody, a 

second band cross-linking with the antibody was observed with a size >180kDa (Figure 1, blue 

arrows). When probing the GFP-immunoprecipitants using the HA-antibody a  band was only 

observed in the extract harvested one hour after DEX application, but not in the extract 

harvested at the 2h timepoint or at T=0. This result indicates that Rx1 forms a homomeric 

complex after DEX application and CP production, but that at later timepoints this complex 

dissociates (Figure 1).  

To investigate the formation and size of the putative Rx1 complexes, native conditions 

for protein extraction were used and Blue-native polyacrylamide gel electrophoresis was 

performed (BN-PAGE). Unlike SDS-PAGE, in which complexes are dissociated, BN-PAGE 

allows identification of high molecular weight complexes. Rx1D106 plants were treated with 

DEX to induce expression of CP106. Subsequently, tissue was harvested at 0, 1 and 2 h post 

DEX induction. As control, a DEX::CP106 plant was used that carries the DEX inducible CP 

construct, but not Rx1:4xHA, to assess specificity of the HA-antibody. To monitor whether the 

DEX::CP106 construct affects migration of the Rx1-HA protein, a transgenic line was also used 

that expresses Rx1::4xHA, but does not contain the DEX::CP106 construct.  The samples were 

divided into two and used to prepare protein extracts for separation on either BN-PAGE or 

SDS-PAGE. Separation of the protein extracts of the Rx1D106 plants at the three indicated 
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timepoints using native gels revealed that the bulk of Rx1:4xHA migrates at an apparent mass 

between 146 and 242kDA. Besides, a smear is visible at higher molecular mass, which implies 

the presence of a larger protein complex (Figure 2A). This smear is not visible, or to a much 

lesser extent, in the Rx1:4xHA sample indicating that its presence is triggered by the presence 

of the DEX:CP106 construct (See also, Figure S1). The absence of a signal in the DEX:CP106 

and wt plants shows that the band cross-reacting with the HA antibody is a genuine Rx1-HA 

signal. Taken together these data suggest that Rx1 forms a higher molecular weight complex in 

the presence of the CP106 construct.     

To test whether formation of this higher molecular weight complex requires a functional 

Rx1 protein the Rx1K176R mutant was used. This variant carries a mutation in the conserved 

lysine in the p-loop, which is required for nucleotide binding in related NLR proteins (Tameling 

et al., 2006). The Rx1K176R mutant is non-responsive to CP and unable to trigger immune 

responses (Knip et al., 2019; Moffett et al., 2002). Surprisingly, 4xHA:GFP:Rx1K176R was found 

to  accumulate to higher levels than wild-type Rx1:4xHA (Figure 2A), but like wt Rx1 a similar 

smear of higher molecular weight products was observed.  

Analyzing the same samples on SDS-PAGE reveals an apparent size of just over 

100kDa for Rx1:4xHA, and of around 130kDA for 4xHA:GFP:Rx1K176R consistent with the 

predicted sizes of the proteins of 111,5 and 135,5kDa kDa. Moreover, some bands of lower 

molecular weight are observed in Rx1 and Rx1K176R containing samples that likely represent 

degradation products (Figure 2B). Whereas the intensity of the breakdown product did not 

change for the mutant the intensity of breakdown products with a Mw of around 35kDA 

increased for wt Rx1, indicating a specific response for the latter. In addition, only in the 

Rx1D106 (Rx1:4xHA DEX::CP106) sample an SDS-resistant band of an apparent size of 130 

and 180kDa is observed one hour after DEX application that is not present at other time points 

nor in the other Rx1 or Rx1K176R  containing samples (Figure 2B; blue arrow). These 

observations indicate that complex formation and protein degradation are linked to Rx1 

activation.  

 

 As Rx1 activation relies on the presence of CP,  the protein extracts described above 

were separated using SDS-PAGE and used for immunoblotting, to monitor the induction of CP 

upon DEX treatment. Probing the blots with a CP-specific antibody revealed a strong signal in 

the DEX:CP106 lines and no signal in wt plants confirming the specificity of the antibody 

(Figure1C). In the presence of 4xHA:GFP:Rx1K176R , induction of CP accumulation is observed 

upon DEX treatment. However, the presence of a signal at T=0 indicates that the protein is also 
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expressed, albeit to lower levels, without DEX, indicating leakiness of the promotor. When 

DEX is applied to the RX1::HA/DEX::CP106 plants, CP is found to accumulate to very low 

levels at early time points and become only clearly detectable two hours post DEX application. 

(Figure 2C). To conclude, CP production is induced upon DEX application, but its 

accumulation is suppressed in wt Rx1 plants. 

 

Discussion  

Using our DEX-inducible CESSNA platform (Knip et al., 2019) we observed transient Rx1 

self-association after induction of CP expression. The use of the CESSNA system was key to 

reveal homomerization as the interaction was only detectable 1 hdpa and would have been 

overlooked without a synchronized induction. In addition, only a small fraction of Rx1:4xHA 

was pulled-down following CoIP, stressing the importance of a spatiotemporal system in which 

all cells respond simultaneously, as otherwise the low amount of post-activation NLR 

complexes in the few responding cells would easily prevent their detection (Figure 1). Besides 

homomeric interactions upon CP perception the Rx1 protein also forms heteromeric 

interactions in the absence of the Coat Protein. In both anti-HA probed input material and anti-

GFP probed IP material an additional band of >180kDa was visible on the immune blots. Since 

CoIP only reveals a stable interaction of Rx1:4xHA and Rx1:GFP at 1 hpda (Figure 1), this 

higher molecular weight complex is likely a heteromer, possibly containing (co)chaperones like 

SGT1 (suppressor of the G2 allele of Skp1), HSP90 (Heat Shock Protein of 90kDa), PP5 

(Protein Phosphatase 5) or Hsp20 (Heat Shock Protein of 20kDa) (Bieri et al., 2004; Boter et 

al., 2007; de la Fuente van Bentem et al., 2005; Van Ooijen et al., 2010). Rx1 is dependent on 

the SGT1-RAR1-HSP90 complex for its activity, although a direct interaction has not been 

reported.  

Blue Native gels suggest that Rx1 engages in various protein complexes as the protein 

is detected in a smear over a wide molecular weight range. The specific band of a Mw between 

130 and 180kDa is of interest, as it is only detected at 1 hpda implying  that its formation is 

dependent on the activation state of Rx1 (Figure 2B; blue arrow). Given the estimated size it is 

unlikely to be a dimer of Rx (estimated size 223 kDa), but since the resolution of SDS-PAGE 

above 100kDa is not very high we cannot fully exclude this possibility. Besides the 

aforementioned chaperones, NbGlk1 (Golden-like Kinase 1) and RANGAP2 (RAN GTPase 

Activating Protein 2) have been reported to physically interact with Rx1 (Sacco et al., 2007; 

Tameling et al., 2010; Townsend et al., 2018). The size of the band could signify Rx1:4xHA 
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bound to RANGAP2 (~171 kDA), or to Glk1 (~158kDa), which would imply that Rx1 binds 

these proteins in an activation-dependent manner forming a SDS-tolerant complex. Notably, 

similar bands where not observed in the input samples of the CoIP experiment, which uses a 

different extraction buffer, suggesting that a component in this buffer disrupts the complex. 

Epitope-tagged RANGAP2 or GLK1 protein and/or specific antibodies are required to test the 

hypothesis on whether these specific proteins are engaged in a transient Rx1 complex.   

The Rx1K176R protein accumulates to higher levels than the wt Rx1 protein. A possible 

explanation could be that the miRNAs from the mir482-family and mir6024 are unable to  

suppress the mRNA accumulation levels of the Rx1K176R variant. These miRNAs target the 

conserved sequence of the p-loop that contains the K176R mutation (Li et al., 2012; Seo et al., 

2018; Shivaprasad et al., 2012; Zhang et al., 2016). In addition to an increase in abundance, the 

high molecular weight (>242 kDa) smear visible on BN-PAGE was also much more 

pronounced (Figure 2A), as are the higher number of bands below 100kDa in SDS-PAGE 

(Figure 2B). The mutant is predicted to be compromised in nucleotide binding, which means 

that it is likely to adopt a more “open” conformation, as the nucleotide acts as an organizing 

center in CNLs (Takken and Tameling, 2009; Wang et al., 2019). The inactive open 

conformation might be more prone to aggregation - explaining the high molecular weight 

complexes - and to degradation resulting in the higher abundance of the lower molecular weight 

bands observed (Figure 2AB).  

We find that CP accumulation is strongly induced upon DEX treatment in both wild-

type and Rx1K176R N. benthamiana, but surprisingly not in Rx1 plants (Figure 2C). Although 

CP accumulation was modest in the Rx1 lines the protein is still expressed to sufficiently high 

levels to trigger Rx1 activation as Rx1D106 leaves collapse about four hours after DEX 

application (Knip et al., 2019).  The increase in low molecular weight bands that cross-react 

with the HA antibody in the Rx1D106 line upon DEX treatment is another indication that the 

CP is expressed and changes the Rx1 conformation making it more prone to degradation. The 

mechanism preventing the accumulation of the CP in Rx1 lines is unknown, but it is tempting 

to speculate that translational inhibition induced by the activated Rx1 protein is involved. 

Translational inhibition of CP accumulation has been reported before upon activation of the 

tobacco N protein by its cognate Tobacco mosaic virus derived elicitor  (Bhattacharjee et al., 

2009).  

The identification of the transient nature of the formation of a Rx1 multimer upon 

elicitor perception is of relevance for the study of NLR proteins. These dynamics could explain 
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why this Rx1 complex has not been observed before (Slootweg et al., 2018).  Whether the 

formation of other NLR proteins’ complexes is as dynamic as  for Rx1 is unknown, but if so, 

then an inducible system to systemically activate immune receptor is required to capture its 

presence. Although a post-activation NLR oligomeric complex produced in an heterologous 

system is sufficiently stable to allow its structural elucidation (Wang et al., 2019), the lifetime 

of such an NLR complex in intact leaf tissues could be much shorter, possibly due to the 

induction of the immune responses triggered by those proteins.  

 

Methods 

Plant line generation, transient transformation and growth condition 

Stable transgenic N. benthamiana lines were generated using a method adapted from Sparkes 

et al. (Sparkes et al., 2006). Rx1:4xHA N. benthamiana plants were transformed with pTA7002 

Gateway DEX::CP106 (Knip et al., 2019; Lu et al., 2003), and wild-type N. benthamiana was 

transformed with pBIN+ 35SLS::4HA:GFP:Rx1K176R construct (Slootweg et al., 2010) . After 

Agroinfiltration leaf sectors were incubated on MS (Murashige and Skoog)- plates containing 

40µg/ml Hygromycin (for DEX::CP106 containing plants) or 100µg/ml kanamycin (for 

35SLS::4HA:GFP:Rx1K176R). Emerging antibiotic resistant plantlets were transferred to soil to 

allow flowering and seed set. Progeny of these plants (T2) were checked by PCR (Kanamycin 

(NPTII) and Hygromycin (HPT)-gene specific primers, see Table S1 ) for presence of the 

DEX::CP106/35SLS::4HA:GFP:Rx1K176R. Segregation of the transgenes was determined by 

germinating the seeds on MS-media containing 40µg/ml Hygromycin or 100µg/ml Kanamycin. 

Zygosity of the transgenes was determined using quantitative PCR to select homozygous plants 

as described  (Glowacka et al., 2016) (See Table S1 for NPTII and HPT primers and for a 

internal reference gene (NRG1)). Plants carrying pRx1::Rx1:4HA / DEX::CP106 constructs are 

referred to as Rx1D106 (lab stock reference #FP1807). Wild-type N. benthamiana plant-line 

containing the pBIN+ 35SLS::4HA:GFP:Rx1K176R construct as referred to as Rx1K176R (lab stock 

reference #FP1888). N. benthamiana were grown in long-day conditions in a climate chamber 

(22°C, 70% humidity, 11h/13h light/dark). Agrobacterium mediated transient transformation 

was performed on the youngest fully expanded leaves of 4-5 week old plants as described (Ma 

et al., 2012). 
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Plasmid construction 

The pTA7002 Gateway DEX::CP106 construct has been described (Knip et al., 2019). A 

Gateway™-compatible version of pBIN+ adding a GFP tag, called pBINLR+ GFP (pFP1806), 

was generated by cloning the expression module from pK7FWG2 (Karimi et al., 2002) into the 

SmaI site of pBIN+ (Table S1) (van Engelen et al., 1995). pBINLR+ 35SLS::Rx1:GFP was 

generated by PCR amplifying the Rx1 CDS (FP7899 and FP7902), cloning it into pDONR207, 

which was used to recombine the Rx1 CDS into pBINLR+ GFP (pSDM6064) (Table S1). 

Importantly, primer FP7899 adds a secondary ATG-site just before the transcription start site 

of Rx1, giving rise to a “leaky-scan” (LS) construct as described (Slootweg et al., 2010). This 

ensures constitutive expression of Rx1 at low levels. The pBIN+ 35SLS::Rx1:GFP:HA, 

35SLS::Rx1D245E:GFP:HA and 35SLS::4xHA:GFP:Rx1K176R constructs are described 

(Slootweg et al., 2010).  

 

Native Protein isolation and Native Blue PAGE 

Proteins were isolated from six leaf discs (5mm  World Precision Instruments (WPI)), by 

placing the discs in a 2ml Eppendorf tube and grinding them using 3mm  metal beads and a 

Qiagen TissueLyzer II at 60hz for 30 sec. in 100µl GTEN-buffer (10% Glycerol, 25mM TRIS 

pH 8, 0.5mM EDTA, 150 mM NaCl,1 x protease inhibitors (Roche), 5mM DTT, 1% NP40) on 

ice. Samples were then spun down at 4OC and 13000g for 5 minutes. Per sample 15µl of the 

supernatant was used and  6µl 4x Sample Buffer, 1 µl Coomassie Brilliant Blue G-250 and 2 

µl water were added according to the manufacturer’s instructions (NativePageTM Bis-Tris Mini-

gel electrophoresis protocol, Thermo-Fisher Scientific). Samples were loaded on a 

NativePAGE™ 3-12% Bis-Tris Protein Gel (Thermo-Fisher Scientific) alongside a 

NativeMark™ Unstained Protein Standard (Thermo-Fisher Scientific). Electrophoresis was 

performed at 150V in a Mini Gel Tank (Thermo-Fisher Scientific). After electrophoresis 

proteins were transferred to a Polyvinylidene fluoride (PVDF; Immobilon-P™, Millipore®) 

membrane using semi-dry blotting (Amersham biosciences TE 77 ECL Semi-Dry Transfer 

Unit) in combination with the NuPageTM transfer buffer (Thermo-Fisher Scientific). After 

protein transfer the PVDF membrane was incubated in 8% Acetic Acid for 15 minutes to fix 

the proteins and subsequently the blots where rinsed with distilled water before probing with 

epitope tag-specific antibodies.  
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Co-immunoprecipitation 

For co-immunoprecipitation (coIP) analysis, four to five-week old Rx1D106 N. benthamiana 

plants were transiently transformed with pBINLR+ 35SLS::Rx1:GFP. An A. tumefaciens 

GV3101 over-night culture (OD600 0.7-1.5) containing pBINLR+ 35SLS::Rx1:GFP 

(pSDM6152) was harvested and the cells resuspended in infiltration buffer and diluted to OD600 

0.05 (Ma et al., 2012). This suspension was infiltrated in the two upper fully expanded leaves. 

Two days after infiltration, CP106 production was induced by brushing DEX on the leaves with 

a paintbrush (20 μM DEX, 0.01% Silwet in 15 mL miliQ). Leaves were harvested at 0, 1 and 2 

hours after by brushing DEX and snap frozen in liquid nitrogen. Un-infiltrated leaves and leaves 

untreated with DEX were used as controls for infiltration and DEX-treatment. Frozen tissue 

was ground until a fine powder using a mortar and pestle using liquid nitrogen. To remove 

phenolic compounds 1% Polyvinylpolypyrrolidone was added whilst grinding. A GTEN-based 

buffer (10% Glycerol, 25mM TRIS pH 8, 0.5mM EDTA, 150 mM NaCl, 1 x protease inhibitors 

(Roche), 5mM DTT, 1% NP40) was used for protein extraction. Extraction buffer was added 

in a 1:2 g/mL ratio to ground leaf material. Samples were thawed on ice and sonicated three 

times 10 seconds, with 10 seconds intervals in between. Subsequently, samples were transferred 

to 2mL Eppendorf tubes and centrifuged at 4˚C at 13000 rpm for 15 minutes. As control, 40 μL 

supernatant was taken and stored at -20˚C; hereafter referred to as ‘input’. Subsequently, 1.5-2 

mL filtered (Millex GP filter unit, 0.22μm, PES membrane, MilliporeSigma™) supernatant was 

mixed with GFP-Trap® magnetic beads (Chromotek®) (15 μL beads per sample, washed three 

times with wash buffer) and incubated on a roller mixer for 1 hour at 4˚C.  GTEN-based wash 

buffer consisted of 10% Glycerol, 25mM Tris pH 8, 0.5mM EDTA, 150 mM NaCl, 1 x protease 

inhibitors (Roche®). Beads were pelleted using a magnetic separator, washed three times and 

resuspended in 30μl wash buffer. 10 μL 5X Laemmli buffer (375 mM Tris-HCl pH 6.8, 6% 

SDS, 20% v/v glycerol, 0.03% bromophenol blue and 100 mM DTT ) was added to input and 

coimmunoprecipitated samples, heated at 95˚C for 5 minutes and analyzed by SDS-PAGE and 

immuno blotting. 

 

SDS PAGE and immunodetection 

For the detection of Rx1:GFP fusion proteins, proteins were isolated from six leaf discs (5mm 

). The discs were placed in a 2ml Eppendorf tube and homogenizing them using 3mm  

metal beads and a Qiagen TissueLyzer II at 60hz for 30 sec. in 100µl extraction buffer (Tris-

HCl 50 mM pH 6.8, SDS 2%, DTT 2 mM and 1× protease inhibitors (Roche) and centrifuged 
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for 5 min at 13,000g at 4OC. The supernatant was mixed 5:1 with 5× Laemmli buffer (375 mM 

Tris-HCl pH 6.8, 6% SDS, 20% v/v glycerol, 0.03% bromophenol blue and 100 mM DTT) and 

heated at 95˚C for 5 minutes. Total proteins were separated on 10% SDS-PAGE and (semi-dry) 

blotted onto Polyvinylidene fluoride (Immobilon-P™, Millipore®) membranes.  

For the detection of Coat Protein in higher order complexes, the extraction method used 

for co-immunoprecipitation was used. After extraction, samples were mixed with Laemmli 

buffer, boiled for 2 minutes and separated on 10% SDS-PAGE and (semi-dry) blotted onto 

Polyvinylidene fluoride (Immobilon-P™, Millipore®) membranes. 

PVX-CP was detected using a rabbit PVX-specific polyclonal antibody (diluted 1:3,000) (ref. 

110411, Bioreba, Reinach, Switzerland), followed by incubation with horseradish peroxidase 

(HRP)-conjugated goat anti-rabbit IgG secondary antibody (diluted 1:10,000) (ref. 31460, 

Pierce™). GFP was detected using a rat 3H9 GFP-specific polyclonal antibody (diluted 

1:1000)(ref 3H9-100ab, Chromotek, Germany, followed by incubation with horseradish 

peroxidase (HRP)-conjugated goat anti-rat IgG secondary antibody (diluted 1:10,000)( ref. 

31470, Pierce™). Secondary immunoglobulins were visualized using home-made ECL solution 

containing 2.5 mM luminol, 0.4 mM p-coumaric acid, 100mM Tris-HCl pH 8.5 and 0.018% 

H2O2. Incubation of both primary and secondary antibodies was done in Tris-buffered saline 

with 0.05% Tween-20 (TBST) followed by three rinses of 10 minutes in TBST. Equal protein 

loading was confirmed for the samples by Ponceau-S staining of the membranes. 
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Figure Legends 

Figure 1. CoIP of Rx1:4HA and Rx1:GFP after induction of CP production. On the top 

Rx1:GFP is visualized on an SDS page gel using GFP antibody, prior (input) and after IP. 

Below Rx1:4xHA is detected using HA-antibody, prior to CoIP (input) and after CoIP. 

Coomassie loading controls are displayed below the SDS PAGE panes. Red arrows indicate the 

height at which monomeric Rx1 fusion proteins are migrate, blue arrows indicate a band of 

approximately twice the size of monomeric Rx1. 

Figure 2. Native Blue- and SDS-PAGE analysis of Rx1 after DEX-triggered induction of CP 

production. (A) Native blue PAGE probed with an HA-antibody to detect native HA tagged 

Rx1 protein (upper panel), and Coomassie Brilliant Blue stain of the same blot to show total 

protein abundance (lower panel). (B) SDS PAGE using an HA-antibody to detect wt and mutant 

Rx1 protein (upper panel) and a Ponceau S stain of the same membrane serving as loading 

control (lower panel). Band in sample Rx1D106 T=1 at ~180kDa is marked with a blue arrow  

(C) SDS PAGE probed with an anti-PVX antibody to detect CP accumulation (upper panel) 

and a Ponceau S stain of the membrane serving as loading control (lower panel). As protein 

abundance varied between the Rx1D106 and HA:GFP:Rx1K176R samples, Figure 2A is a collage 

of 2 films made from the same immunoblot. Pictures of the original films can be found in Figure 

S1. 
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Rx1 protein (upper panel), and Coomassie Brilliant Blue stain of the same blot to show total 

protein abundance (lower panel). (B) SDS PAGE using an HA-antibody to detect wt and mutant 

Rx1 protein (upper panel) and a Ponceau S stain of the same membrane serving as loading 

control (lower panel). Band in sample Rx1D106 T=1 at ~180kDa is marked with a blue arrow  

(C) SDS PAGE probed with an anti-PVX antibody to detect CP accumulation (upper panel) 

and a Ponceau S stain of the membrane serving as loading control (lower panel). As protein 

abundance varied between the Rx1D106 and HA:GFP:Rx1K176R samples, Figure 2A is a collage 

of 2 films made from the same immunoblot. Pictures of the original films can be found in Figure 
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Anti
HA

Supplemental Figure S1.
Native Blue Immunoblots (Depicted in Figure 2) visualized with different exposure times

Short exposure
~45 sec

Exposure
~1.30 min

Long Exposure
~2.30 min
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Supplemental Table T1. 

This table contains all the primers used for cloning and (quantitative) PCR (See:”Primers”). It contains the 

plasmids used  the manuscript (See:”Constructs”) and the transgenic homozygous N. Benthamiana plant lines 

(See: “Plant Lines”). 

Primers 

Primer 

Name 

Primer Sequence (5’ - 3’) Description 

FP7899 GGGGACAAGTTTGTACAAAAAAGCAGGCTCC 

ATGGCTTATGGCTTATGCTGCTGTTACTTCCC 

Rx1 forward primer, gateway, Leaky 

Scan 

FP7902 GGGGACCACTTTGTACAAGAAAGCTGG 

GTCACATTATTGCGGCAAGAAGCAACT 

Rx1 reverse primer, gateway, no stop 

FP7726 TGCTCCTGCTGGCTGTGGAAA NRG1 Forward primer (ref. gene) 

FP7727 CCCAAACAAGTTGCGGGTCGT NRG1 reverse primer 

FP7722 GTTCGGGGATTCCCAATACGAGGTC Hygromycin (HPT) forward primer 

FP7723 ATCGAAATTGCCGTCAACCAAGCTC Hygromycin (HPT) reverse primer 

FP7724 TCACCTTGCTCCTGCCGAGA Kanamycin (NPTII) forward primer 

FP7725 CGAGCCCCTGATGCTCTTCG Kanamycin (NPTII) reverse primer 

 

Constructs  

Plasmid 

name 

Construct  Description 

pFP1806 pBINLR+ GFP, 35S::Gateway:GFP pBIN+ with pK7FWG2 expression cassette 

pSDM6152 pBINLR+ 35SLS::Rx1:GFP pSDM6203 with Rx1 and “leaky scan” sequence 

 

Plant Lines. 

Plant line 

identifier 

Construct Description 

FP1807 pRx1::Rx1:4HA / DEX::CP106 (Rx1D106) Constitutive Rx1:4xHA expressing line, with 

DEX inducible CP106 

FP1888 35SLS::4xHA:GFP:Rx1K176R Plant transformed with pBIN+ 

35SLS::4xHA:GFP:Rx1K176R from Slootweg 

et al. 2010. 
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