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Abstract: 

The ability of pathogens to cause disease and hosts to resist pathogen invasion are components of 

an ongoing arms race. Plants rely on a multi-layered immune system to guard against pathogenic 

invasion. Detection of microbe associated molecular patterns (MAMPs), triggers the first layer of 

immunity called MAMP-triggered immunity (MTI). However, pathogens suppress this first layer 

by deploying virulence factors, including type three secreted effector (TTSE) proteins, in the host 

cell. In addition to suppressing MTI, these effectors potentially trigger a second layer of immunity, 

effector triggered immunity (ETI), through the activation of disease resistance (R) proteins. Plants 

utilize intracellular resistance (R) proteins to recognize pathogen effectors either by direct 

interaction or indirectly via effector-mediated perturbations of host components. RPM1-

INTERACTING PROTEIN4 (RIN4) is a plant immune regulator that mediates the indirect 

activation of multiple, independently evolved R-proteins by multiple, unrelated effector proteins. 

One of these, RPS2 (RESISTANT TO P. SYRINGAE2), is activated upon cleavage of Arabidopsis 

(At)RIN4 by the Pseudomonas syringae effector AvrRpt2. 

 

AvrRpt2 is a cysteine protease that, in order to promote pathogenicity, causes cleavage of RIN4. 

Two of the resulting fragments, namely AvrRpt2 cleavage product (ACP) 2 and ACP3, are potent 

suppressors of MTI. In resistant Arabidopsis plants, cleavage of RIN4 by AvrRpt2 elicits the 

activation of RPS2, which in turn activates an immune response. The currently favored model for 

RPS2 activation states that RPS2 is activated post AvrRpt2 mediated elimination of RIN4. 

However this model does not reconcile with the hypothesized link between the virulence activity 

of AvrRpt2 and the activation of RPS2. In this study we have demonstrated that in the presence of 

wild type RIN4, non-membrane tethered derivatives of RIN4 activate RPS2. Additionally we 

demonstrate that both ACP2 and ACP3 take up new roles in RPS2 regulation. While the 

membrane-tethered fragment, ACP3, retains the ability to suppress RPS2, the non-membrane 

tethered fragment, ACP2, fails to suppress RPS2 expressed in Nicotiana benthamiana.  

Furthermore we report that ACP2 is able to activate RPS2 suppressed by ACP3 fragment and that 

this activation occurs when ACP2 is present in the cytosol. These results link the AvrRpt2-induced 

cleavage fragments of RIN4 to the activation of RPS2. 
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To further gain insight into the AvrRpt2-RIN4-RPS2 defense-activation module, we compared the 

function of AtRIN4 with RIN4 homologs present in a diverse range of plant species. We selected 

seven homologs containing conserved features of AtRIN4, including two NOI (Nitrate induced) 

domains, each containing a predicted cleavage site for AvrRpt2, and a C-terminal palmitoylation 

site predicted to mediate membrane tethering of the proteins. Palmitoylation-mediated tethering of 

AtRIN4 to the plasma membrane and cleavage by AvrRpt2 are required for suppression and 

activation of RPS2, respectively. We have demonstrated that while all seven homologs localized 

at the plasma membrane, only four suppressed RPS2 when transiently expressed in N. 

benthamiana. All seven homologs were cleaved by AvrRpt2 and, for those homologs that were 

able to suppress RPS2, cleavage relieved suppression of RPS2. Further, we demonstrated that the 

membrane-tethered, C-terminal AvrRpt2-generated cleavage fragment is sufficient for the 

suppression of RPS2. Lastly, we show that the membrane localization of RPS2 is unaffected by its 

suppression or activation status.  
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Chapter 1: Introduction to Plant immunity and RPM1 interacting 

protein 4 (RIN4) 

The ability of pathogens to cause disease and hosts to resist pathogen invasion are components of 

an ongoing arms race. Plants, like animals, are susceptible to a wide range of bacterial, viral and 

fungal infections. However unlike animals, plants lack a multitude of mobile immune cells and 

hence rely on passive and active defenses to protect themselves against the invading pathogen 

(Dodds and Rathjen 2010; Toruno et al. 2019). Physical barriers such as the waxy cuticle, cell wall 

and stomates protect against pathogen invasion by hindering their entry into the cells (Chisholm 

et al. 2006; Toruno et al. 2019). In addition to the physical barriers, plants have developed a 

sophisticated multi-layered innate immune system that protects them against pathogens post-

invasion (Dangl and McDowell 2006).  

 

This multilayered immune system comprises of two branches (Figure 1.1); the first layer 

recognizes conserved microbial features known as microbe/pathogen associated molecular 

patterns (MAMPs or PAMPS), which are presented to the host during infection (Figure 1.1) (Dangl 

and McDowell 2006).  
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Figure 1.1. Plant innate immunity. (1) Pathogens such as bacteria express MAMPs/PAMPs 

during colonization of the plant cell. Host cell detects these molecules through PRR’s which in 

turn elicits MTI, (2) To counter MTI, pathogens deliver effector proteins in the plant cell. This 

leads to a disease state called ETS, (3) Plants however, detect these effectors using intracellular 

receptors or resistance (R) proteins, 3a Detection of effectors by the R proteins can occur directly, 

3b R proteins can also detect effector mediated modification of a host virulence target, (4) 

Detection of effectors by the R proteins results in the activation of ETI.   

Pattern recognition receptors, receptor like kinases (RLKs) present on the surface of the plant cell, 

detect and bind to MAMPs, such as lipopolysaccharides, flagellin or chitin, which in turn leads to 

the activation of first layer of immunity, MAMP triggered immunity (MTI) (Figure 1.1) (Chisholm 

et al. 2006; Dangl and McDowell 2006; Toruno et al. 2019). MTI outputs include cell wall 

fortification, reactive oxygen species (ROS) production, activation of defense hormones and 

transcriptional reprogramming all of which restricts the growth of the pathogen (Chisholm et al. 

2006; Dangl and McDowell 2006; Tahir et al. 2019).  

 

MTI usually stops the infection, however in order to promote pathogenesis many pathogens have 

evolved to suppress MTI (Chisholm et al. 2006; Dangl et al. 2013). For instance the Gram-negative 

bacteria use a needle like apparatus, the type three secretion system (TTSS), to inject effector 

proteins into the plant cytosol to cause a disease like state known as effector triggered susceptibility 

(ETS) (Figure 1.1) (Dangl et al. 2013; Dangl and McDowell 2006). The secretion of these effectors 

comes with the risk to the pathogen as these proteins can be detected by a second group of receptors 

present within the plant cell (Figure 1.1) (Dangl et al. 2013; Tahir et al. 2019). These intracellular 

receptors known as the resistance (R) proteins specifically recognize the secreted effectors 

resulting in the activation of the second layer of immunity, the effector triggered immunity (ETI) 

(Figure 1.1) (Dangl and McDowell 2006). ETI results in a robust immune response, which usually 

culminates in programmed cell death (PCD) or hypersensitive response (HR) at the site of infection 

(Figure 1.1) (Chisholm et al. 2006; Dangl and McDowell 2006). 

 

R proteins predominantly belong to the nucleotide binding and leucine rich repeat (NLRs) family 

of receptors that are capable of detecting effectors from a wide range of pathogens (Dangl et al. 

2013). Initially, it was widely accepted that the R proteins directly recognize the effector proteins 
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(Dangl and McDowell 2006). This receptor-ligand model was supported by the fact that most of 

the effector proteins were small and localized with the corresponding R proteins in plant cells 

(Figure 1.1) (Dangl and McDowell 2006; van der Hoorn and Kamoun 2008). Direct mode of 

interaction between a few NLR and effector proteins has been determined (Dodds et al. 2006; van 

der Hoorn and Kamoun 2008). However for a majority of such combinations a physical interaction 

has not been determined and in those cases the effector recognition by the R protein is thought to 

be indirect (Dangl and McDowell 2006; van der Hoorn and Kamoun 2008). The indirect mode of 

detection is explained by the guard hypothesis which states that the effector targets and modifies 

a host protein (guardee), independent of the R protein, and this modification is then recognized by 

the corresponding R protein (guard) leading to the activation of an immune response (Figure 1.1) 

(Dangl and Jones 2001; van der Hoorn and Kamoun 2008). This indirect perception enables the 

plant cell to detect a wide range of effectors produced by a variety of pathogens.  A well 

characterized example of a host effector target, that regulates both PTI and ETI in Arabidopsis is 

RPM1 interacting protein 4 (RIN4) (Figure 1.2) (Afzal et al. 2011; Chisholm et al. 2006; Chung 

et al. 2011; Chung et al. 2014; Dangl and McDowell 2006; Mackey et al. 2003; Toruno et al. 2019). 

 

RIN4 is a small intrinsically unstructured protein that contains two NOI (Nitrate induced) domains 

(with no known function) and is tethered to the membrane due to the palmitoylation of the C-

terminal cysteine residues (Figure 1.2) (Afzal et al. 2013; Toruno et al. 2019). The importance of 

RIN4 to plant immunity is evident from the fact that it is targeted by five unrelated effectors, 

AvrRpm1, AvrB, AvrRpt2, HopF2 and HopZ3 secreted by Pseudomonas syringae  (Lee et al. 

2015; Mackey et al. 2003; Mackey et al. 2002; Redditt et al. 2019; Wilton et al. 2010). In the 

absence of the pathogen Arabidopsis RIN4 negatively regulates MTI (Afzal et al. 2011; Mackey 

et al. 2002). The effectors that target RIN4 promote virulence, at least in part, by enhancing its 

negative regulation of MTI (Kim et al. 2005b). For example HopF2 promotes growth of P. 

syringae in the presence of RIN4 in Arabidopsis plants. This activity of HopF2 may be dependent 

on its putative ADP-ribosyltransferase activity (Wilton et al. 2010). 
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Figure 1.2. RIN4 amino acid sequence. Wild type RIN4 (211 amino acids) contains two domains 

of unknown function (NOI) and a predicted palmitoylation site of three cysteine residues present 

near the C-terminal end. RIN4 is targeted by P. syringae T3E, AvrRpt2, which cleaves RIN4 at 

RCS1 and RCS2.  

 

Two sequence-unrelated effectors, AvrB and AvrRpm1, mediate hyper-phosphorylation of RIN4 

by increasing the expression of Arabidopsis RIN4 interacting protein kinase (RIPK) (Chung et al. 

2011; Desveaux et al. 2007; Mackey et al. 2002). These effectors modify RIN4 in order to interfere 

with its ability to regulate PTI (Chung et al. 2014). Detection of a MAMP, flg22 (flagellin peptide) 

triggers the accumulation of RIN4 phosphorylated at Serine (S) 141 which in turn activates MTI 

(Chung et al. 2014).  AvrB and AvrRpm1 act with a host kinase to phosphorylate RIN4 at 

Threonine 166 (Thr166), which is present in the C-NOI conserved motif (Y/FTXXF) (Figure 1.3) 

(Chung et al. 2011). Phosphorylation at Thr166 is epistatic to phosphorylation at S141 (Chung et 

al. 2014). Therefore AvrB and AvrRpm1 promote bacterial virulence by suppressing PTI 

responses activated by RIN4 phosphorylated at S141 (Chung et al. 2014). AvrRpm1 also promotes 

phosphorylation of RIN4 at Thr166 through its ADP-ribosyltransferase activity (Redditt et al. 

2019). AvrRpm1 dependent ADP-ribosylation of RIN4 also results in the association of the 

modified RIN4 with EXO70 (an exocyst subunit), which in turn inhibits the secretion of 

compounds that regulate MTI (Redditt et al. 2019).  

 

A fourth effector, AvrRpt2, is a cysteine protease that results in the cleavage of RIN4 at a 

conserved motif, VPXFGXW, present in the RIN4 cleavage site (RCS) 1 and 2, in the N-NOI and 

the C-NOI respectively (Figure 1.2) (Axtell and Staskawicz 2003; Chisholm et al. 2005; Kim et 
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al. 2005a; Mackey et al. 2003). Cleavage of RIN4 at these sites results in the generation of three 

fragments termed AvrRpt2 cleavage product 1 (ACP1, AtRIN41-10), ACP2 (AtRIN411-152) and 

ACP3 (AtRIN4153-211) (Figure 1.4) (Afzal et al. 2011; Kim et al. 2005a). Two of the resulting 

fragments, ACP2 and ACP3, are hyperactive suppressors of MTI relative to full length AtRIN4 

(Afzal et al. 2011). Hence AvrRpt2 targets RIN4 to promote bacterial virulence by inhibiting MTI. 

Taken together these findings indicate that effector induced modifications of RIN4 result in MTI 

suppression.  

In addition to regulating MTI, RIN4 also regulates ETI through effector-induced activation of R 

proteins in Arabidopsis. AtRIN4 associates with two plasma membrane localized NLRs, RPM1 

and RPS2 in Arabidopsis (Axtell and Staskawicz 2003; Mackey et al. 2003; Mackey et al. 2002). 

In the absence of the pathogen, RIN4 maintains the accumulation of RPM1 and negatively 

regulates both RPM1 and RPS2 (Figure 1.3 and 1.4) (Mackey et al. 2003; Mackey et al. 2002). 

Perturbation of RIN4, particularly phosphorylation at Thr166 residue caused by AvrRpm1 and 

AvrB elicits the activation of RPM1 (Figure 1.3) (Chung et al. 2011; Liu et al. 2011; Mackey et 

al. 2002); whereas AvrRpt2 mediated cleavage of RIN4 elicits the activation of RPS2 (Figure 1.4) 

(Axtell and Staskawicz 2003; Day et al. 2005; Kim et al. 2005a; Mackey et al. 2003). Taken 

together these findings establish RIN4 as a hub that regulates both branches of immunity in 

Arabidopsis.   
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Figure 1.3. AvrB and AvrRpm1 mediated phosphorylation of RIN4 results in the activation 

of RPM1. (1) P. syringae secretes the effectors in plant cytosol using the T3SS, (2) AvrB and 

AvrRpm1 induce RIPK to hyper-phosphorylate RIN4, (3) Effector mediated perturbation of RIN4 

elicit RPM1 activation and (4) Activated RPM1 elicits an ETI response.  

 

 

Figure 1.4. AvrRpt2 mediated cleavage of RIN4 results in the activation of ETI in 

Arabidopsis. (1) P. syringae secretes AvrRpt2 in plant cytosol using the T3SS, (2) AvrRpt2, once 

activated inside the host cell, results in the cleavage of RIN4, (3) Cleavage of RIN4 by AvrRpt2 

activates RPS2 and (4) Activated RPS2 then elicits ETI.  

Although recent studies provide detailed information about the host targets of the pathogen 

effectors, the exact mechanisms by which they regulate host defenses remains unclear. Similarly 

in case of RIN4, even though progress is being made towards understanding how it functions in 

Arabidopsis, little is known about how effector induced perturbations of RIN4 activate NLR 

mediated ETI.  Our research presented here aims towards understanding the molecular mechanism 

of AvrRpt2-RIN4-RPS2 defense activation module. In this study we have demonstrated that 

membrane attachment of RIN4 is required for RPS2 suppression. We have also demonstrated that 

AvrRpt2 induced cleavage fragments are involved in RPS2 regulation. Based on our findings we 
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propose a new model for RPS2 activation, where the cleavage of RIN4 by AvrRPt2 results in the 

generation of two fragments, with ACP3 still capable of suppressing RPS2 and ACP2 capable of 

overcoming this suppression to activate RPS2. We further extend our findings to understand the 

role of RIN4 homologs in regulating RPS2. Finally we have determined that similar to RIN4 

suppressed RPS2, both ectopically and effector activated RPS2 remain membrane localized. 

Collectively our results have contributed towards understanding how AvrRpt2 mediated cleavage 

of RIN4 activates RPS2. 
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Chapter 2. Function of AvrRpt2-induced, defense suppressive 

fragments of RIN4 in RPS2 regulation  

 

2.1. Introduction: 

RIN4 is a multifunctional protein that regulates both MTI and ETI in Arabidopsis (Afzal et al. 

2011; Chung et al. 2014; Mackey et al. 2003). In the absence of the pathogen RIN4 negatively 

regulates MTI (Mackey et al. 2003). RLCK-mediated perception of flg22, a peptide MAMP from 

within the flagellin protein, subsequently results in phosphorylation of RIN4 at S141, which 

relieves suppression of MTI by RIN4 permitting stronger activation of MTI outputs (Chung et al. 

2014). Multiple effectors secreted by Psuedomonas syringae target RIN4 to promote virulence 

partly by enhancing its negative regulation of MTI (Chung et al. 2014; Kim et al. 2005b; Lee et al. 

2015). For example, in order to promote virulence, AvrB and AvrRPM1, two sequence unrelated 

effectors secreted by P. syringae, cause hyper-phosphorylation of RIN4 (Chung et al. 2011; Chung 

et al. 2014). The effectors act with a host kinase to specifically increase the levels of RIN4 

phosphorylated at Threonine (Thr) 166 (Chung et al. 2011; Liu et al. 2011).  Phosphorylation of 

RIN4 at Thr166 is epistatic to S141 phosphorylation (Chung et al. 2014). Therefore the effectors 

contribute towards pathogen virulence by phosphorylating RIN4 to maintain its suppression of 

MTI.  Another example is of AvrRpt2, a cysteine protease secreted by P. syringae, that cleaves 

RIN4 at the conserved motif VPXFGXW, known as RCS1 and RCS2 (RIN4 cleavage sites), in 

the N and the C-NOI domains respectively (Axtell and Staskawicz 2003; Chisholm et al. 2005; 

Kim et al. 2005a; Takemoto and Jones 2005). Cleavage of RIN4 by AvrRpt2 at these sites results 

in the generation of three fragments, namely ACP1 (AtRIN41-10), ACP2 (AtRIN411-152) and ACP3 

(AtRIN4153-211) (Afzal et al. 2011; Chisholm et al. 2005; Kim et al. 2005a).  Two of these 

fragments, ACP2 and ACP3 persist post cleavage and are hyperactive suppressors of MTI in 

comparison to full length RIN4 (Afzal et al. 2011). Therefore AvrRpt2 promotes virulence by 

generating fragments of RIN4 that further inhibit MTI.  

RIN4 physically associates with and suppresses RPS2, an NLR protein present in Arabidopsis 

(Day et al. 2005; Mackey et al. 2003). The C-terminal cysteine residues are predicted to serve as 

a site for palmitoylation and membrane attachment of RIN4 (Day et al. 2005; Takemoto and Jones 

2005). Membrane localization of RIN4 is correlated with its ability to suppress RPS2 (Figure 2.1a) 



23 
 

(Day et al. 2005). In the absence of RIN4, ectopic activation of RPS2, defined as activation 

occurring in the absence of an effector, results in seedling lethality (Figure 2.1b) (Day et al. 2005; 

Mackey et al. 2003). In Arabidopsis species that have RPS2, AvrRPt2-mediated cleavage of RIN4 

elicits the activation of RPS2 resulting in ETI (Figure 2.1c) (Mackey et al. 2003). Taken together 

this indicates that the interaction between RIN4 and RPS2 results in the suppression of the NLR 

protein and cleavage of RIN4 by the effector results in the complete activation of RPS2. However, 

to this date, the mechanism of RPS2 activation in the presence of the effector remains unknown.  
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Figure 2.1. Regulation of RPS2 by RIN4 in Arabidopsis. (A) RIN4, when tethered at the 

membrane, negatively regulates RPS2. (B) In the absence of RIN4, RPS2 becomes ectopically 

active leading to cell death. (C) AvrRpt2, once inside the host cell, results in the cleavage of RIN4 

which elicits RPS2 activation.  

The generally accepted model for RPS2 activation states that RPS2 activates signaling upon 

perception of AvrRpt2-mediated elimination of RIN4. We have previously demonstrated that the 

non-membrane tethered (lacking the terminal cysteine residues required for palmitoylation) 

derivatives of RIN4, in comparison to wild type RIN4 are more potent suppressors of MTI (Afzal 

et al. 2011). These derivatives, when expressed in the presence of the full length RIN4, also 

activate a cell death response which is similar to an NLR mediated immune response (Afzal et al. 

2011). The expression of these non-membrane tethered derivatives in the presence of wild type 

RIN4 resembles the scenario where both the soluble, ACP2, and membrane tethered, ACP3, 

fragments are generated by AvrRpt2. Thus, we speculate that post AvrRpt2 mediated cleavage of 

RIN4, the production of non-membrane tethered fragment, ACP2, might elicit RPS2 activation in 

the presence of the membrane tethered fragment, ACP3. However there is no evidence that links 

the AvrRpt2-induced cleavage fragments of RIN4 to RPS2 activation. 

Recently, it has been demonstrated that AvrRpt2-mediated cleavage of MdRIN4 results in the 

activation of an independently evolved NLR-protein, Mr5 in apple (Prokchorchik et al. 2020). In 

the absence of the pathogen, AtRIN4 prevents ectopic activation of RPS2 in Arabidopsis and 

Nicotiana benthamiana plants (Day et al. 2005; Mackey et al. 2003). However, MR5 is not 

ectopically active when expressed by itself in N. benthamiana plants (Prokchorchik et al. 2020). 

Interestingly MdACP3 is sufficient to activate MR5 expressed in N. benthamiana plants 

(Prokchorchik et al. 2020). This indicates that in case of Apple the ACP3 fragment generated upon 

RIN4 cleavage is sufficient for the activation of Mr5 protein. Therefore we hypothesized that 

AvrRpt2-induced, defense suppressive fragments of RIN4 might also be involved in RPS2 

regulation. 

In this chapter we report that in the presence of full length RIN4, non-membrane tethered 

derivatives of RIN4 result in the activation of RPS2. We further report that two cleavage 

fragments, ACP2 and ACP3 differ in their ability to regulate RPS2 expressed in N. benthamiana. 

The membrane tethered, ACP3 fragment is able to suppress RPS2, while the non-membrane 
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tethered ACP2 fragment is unable to suppress RPS2 activation. Furthermore we report that ACP2 

is able to activate RPS2 suppressed by ACP3 fragment. Taken together these results link the 

AvrRpt2-induced cleavage fragments of RIN4 to the activation of RPS2.  

 

2.2. Results: 

2.2.1. Non membrane tethered RIN4 derivatives cause an RPS2-dependent HR–like cell 

death response 

The CCC motif present near the carboxy-terminal end of RIN4 serves as a site for palmitoylation 

(Takemoto and Jones 2005). Palmitoylation of the terminal cysteine residues is responsible for 

membrane localization of RIN4. We have previously shown that derivatives of RIN4 (177∆211 

and CCC>AAA) that lack the terminal cysteine residues, either due to deletion of the last 35 amino 

acids or mutation of the C-terminal cysteine residues to alanine, are no longer membrane localized 

(Afzal et al. 2011). Inducible expression of these derivatives in wild type Arabidopsis plants elicits 

a cell death response that resembles HR elicited by NLR proteins (Afzal et al. 2011). We have also 

shown that in mutant plants that lack both RPM1 and RPS2, these derivatives fail to induce cell 

death (Afzal et al. 2011). Based on this we speculated that the cell death response activated upon 

the induction of these derivatives might be dependent on the activation of either RPM1 or RPS2.  

To determine whether the cell death activated by the expression of the non-membrane tethered 

derivatives is dependent on these NLR proteins, transgenic lines expressing dex-inducible 

RIN4FL, 177∆211 and CCC>AAA were established in rpm1-3 or rps2-101C single mutant or 

rpm1rps2 double mutant Arabidopsis plants (Figure 2.2a). Figure 2.2b and c show that expression 

of either 177∆211 or CCC>AAA in the rpm1 background resulted in macroscopic cell death. 

However expression of 177∆211 or CCC>AAA in either rps2 or rpm1rps2 double mutant plants 

failed to elicit cell death (Figure 2.2b and c). The difference in cell death cannot be attributed to 

the differential expression of 177∆211 or CCC>AAA. As shown in figure 2.2d, 177∆211 is 

detected in both the rpm1 and rps2 backgrounds. However, the CCC>AAA derivative could not 

be detected in the rpm1 background, likely due to the stronger cell death response it elicits in 

comparison to 177∆211. Taken together these results indicate that expression of non-membrane 

tethered derivatives of RIN4 elicits an RPS2-dependent cell death response in Arabidopsis plants 

(Figure 2.3).  
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Figure 2.2. Non-membrane-tethered derivatives of RIN4 cause an RPS2-dependent cell 

death response in Col-0. (A) RIN4 derivatives used in this assay included Wt RIN4, RIN4FL, 

CCC>AAA (mutation of acylation site Cysteines to Alanines), 177∆211 (deletion of 35 C-terminal 

residues). RIN4 derivatives under the control of a Dex-inducible promoter were used to generate 

stable transgenic lines. The dexamethasone inducible constructs had an N-terminal T7-tag (gray 

box). (B) Expression of 177Δ211 and CCC>AAA in Col-0 causes a cell death response in rpm1 

but not in rps2 plants. Pictures showing plant phenotypes were taken 72 hours post Dexamethasone 

spray. (C) Cell death in b was quantified through ion leakage. Leaf discs from Col-0, rpm1, rps2 
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and rpm1 rps2 plants were collected 2 days post dexamethasone induction, immersed in sterile 

water and conductivity of the bath solution was measured at the indicated time points. Data 

represents 1 of 3 independent experiments with at least 3 technical replicates per transgenic line. 

Error bars represent standard error of the mean (SEM). (D) Anti-T7 Western Blot confirming 

protein accumulation of CCC>AAA and 177Δ211 in rpm1 and rps2. CCC>AAA is undetectable 

in rpm1 due to excessive cell death. Arrows indicate positions of individual RIN4 derivatives. 

 

Figure 2.3. Expression of a non-membrane tethered derivative, CCC>AAA, in the presence 

of full length RIN4 elicits an RPS2 dependent cell death in Arabidopsis plants.  

2.2.2. Membrane tethered ACP3 derivative is able to suppress RPS2 in N. benthamiana 

Membrane localization of RIN4 correlates with its ability to suppress RPS2 (Day et al. 2005). 

Since the ACP3 cleavage fragment remains membrane localized, due to the presence of the C-

terminal palmitoylation group, we hypothesized that this fragment might also be able to suppress 

RPS2. For this purpose we expressed Flag-ACP3 along with RPS2-HA in the heterologous system, 

N. benthamiana (Figure 2.4). We used N. benthamiana for the expression of our constructs because 

it has been widely used to determine protein expression and localization and to understand the 

biochemical interactions between different plant proteins, including RIN4 and RPS2 (Day et al. 

2005; Tai et al. 1999). 
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Figure 2.4. Cell death in N. benthamiana induced by different titers of agrobacteria 

expressing RPS2 and its suppression by ACP3. A&B- ACP3
 
fails to suppress RPS2-HA 

expressed at a high titer. (A) ACP3 and empty vector (OD
600

 0.6) were co-infiltrated with RPS2-

HA (OD
600 

0.04, 0.06 and 0.08) in N. benthamiana Macroscopic RPS2-induced cell death was 

observed at 48 HPI. Empty vector failed to suppress RPS2-HA. ACP3 suppressed RPS2-HA 

expressed at and of OD
600 

0.04, and 0.06; while it failed to suppress RPS2 expressed at an OD
600 

of 0.08. (B) Cell death was quantified based on electrolyte leakage. Three leaf discs for each 

combination, as in panel A, were collected, immersed in sterile water, and conductivity of the bath 

solution was measured at 96 HPI. Error bars represent SEM. C&D- ACP3 suppresses RPS2-HA 

introduced at a low titre in N. benthamiana. (C) ACP3 and/or empty vector (OD
600

 1.0) were 



29 
 

co-infiltrated with RPS2-HA (OD
600 

0.02, 0.03, 0.04 and 0.05) in N. benthamiana. Macroscopic 

RPS2-induced cell death was observed at 48 HPI. ACP3 suppressed RPS2 expressed at a lower 

titer, while empty vector failed to suppress RPS2. (D) Cell death was quantified based on 

electrolyte leakage. Three leaf discs for each combination, as in panel C, were collected, immersed 

in sterile water, and conductivity of the bath solution was measured at 72 HPI. Error bars represent 

SEM.  

Similar to previous reports, Flag-ACP3 failed to suppress activation of RPS2-HA expressed with 

a high titer of Agrobacteria (Figure 2.4a and b) (Day et al. 2005). Since ACP3 localizes at the 

membrane and contains a partially truncated C-NOI domain we speculated that it might be able to 

suppress RPS2 expressed at a low titer. Figure 2.4c and d show that Flag-ACP3 is able to suppress 

RPS2 expressed at low titers. It was observed that RPS2 expressed at OD600 0.04 gives robust cell 

death and is consistently suppressed by Flag-ACP3. Thus, we chose to use OD600 of 0.04 for RPS2 

to test for its suppression by ACP3 fragment. 

To determine RPS2 suppression, Flag-RIN4 derivatives (OD
600 

0.6)  (Figure 2.5a) were co-

infiltrated with RPS-HA (OD
600 

0.04) in N. benthamiana. Flag-RIN4Fl suppresses RPS2-HA while 

the empty vector fails to suppress RPS2-HA expressed in N. benthamiana (Figure 2.5 b and c). 

Similar to Flag-RIN4Fl, Flag-ACP3 was also able to suppress RPS2-HA expressed at an OD of 

0.04 (Figure 2.5b and c). Even though Flag-ACP3 accumulates to a significantly lower level 

compared to Flag-RIN4Fl it retained the ability to suppress RPS2 (Figure 2.5d).  Taken together 

these results indicate that Flag-ACP3 is sufficient to suppress RPS2-HA expressed at a lower titer. 

This also indicates that ACP3 fragment generated in the presence of AvrRpt2 might participate in 

AvrRpt2-mediated activation of RPS2.  
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Figure 2.5. Membrane tethering of RIN4 is required for RPS2 suppression.  (A) 35S-driven 

RIN4 derivatives used for transient experiments had an N-terminal Flag-tag. (B) Flag-RIN4 

derivatives (OD600 0.6) were co-infiltrated with RPS2-HA (OD600 0.04) in N. benthamiana. 
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Macroscopic HR on leaves of N. benthamiana plants was observed 48 hours post infiltration (HPI). 

Similar to full length RIN4, ACP3 was able to suppress RPS2; while ACP2 and empty vector 

failed to suppress RPS2. (C) Cell death in B was quantified using ion leakage. Three leaf discs for 

each Flag-RIN4 derivative co-infiltrated with RPS2 were collected 48 HPI, immersed in sterile 

water and conductivity of the bath solution was measured at 48 HPI. (D) Anti-Flag immunoblot 

conducted on samples collected 48 HPI shows that in comparison to Flag-RIN4Fl the cleavage 

fragments accumulate to a lower level. Even so, ACP3 mediated suppression of RPS2 is equivalent 

to RPS2 suppressed by RIN4Fl. Therefore the ability of the derivatives to regulate RPS2 does not 

correlate with insufficient expression level. Panel below show ponceau stain for RuBisCO used as 

loading control 

 

2.2.3. Non-membrane tethered derivative, ACP2, fails to suppress RPS2 and is able to 

activate ACP3-suppressed RPS2 

Non-membrane tethered derivatives of RIN4 fail to suppress RPS2 (Figure 2.2a and b). Since 

ACP2 is also reported to accumulate in the soluble fraction (Afzal et al. 2011), we speculated that 

it might not be able to suppress RPS2. To test this hypothesis we expressed Flag-ACP2 (Figure 

2.5a) derivative along with RPS2-HA at an OD of 0.04 in N. benthamiana. Figure 2.5a and b show 

that while Flag-RIN4FL suppresses, the Flag-ACP2 derivative failed to suppress RPS2-HA 

expressed in N. benthamiana.  

Based on our results we conclude that while the membrane tethered fragment, ACP3, retains the 

ability to suppress RPS2, the soluble fragment, ACP2, fails to suppress RPS2 expressed in N. 

benthamiana. Generation of ACP2 and ACP3 by AvrRpt2 resembles the scenario where the non-

membrane tethered derivatives are expressed in the presence of wild type RIN4. As shown in 

figure 2.2b and c expression of either 177∆211 or CCC>AAA derivatives in the presence of 

RIN4Fl results in the activation of RPS2. We speculate that similar to these non-membrane 

tethered derivatives, the ACP2 fragment might be able to overcome the ACP3 mediated 

suppression of RPS2.  

To test this, we co-expressed Flag-ACP2 and Flag-ACP3 along with RPS2-HA in N. benthamiana. 

Figure 2.6a and b show that similar to Flag-RIN4Fl, Flag-ACP3 was also able to suppress RPS2-
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HA; while both Flag-ACP2 and empty vector failed to suppress RPS2-HA. Interestingly Flag-

ACP2 was able to overcome Flag-ACP3 mediated suppression of RSP2-HA (Figure 2.6a and b). 
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Figure 2.6. Flag-ACP2 is capable of activating Flag-ACP3 suppressed RPS2-HA. (A) Flag-

RIN4 derivatives and empty vector (OD600 0.6) were co-expressed with RPS2-HA (OD600 0.04) in 

N. benthamiana. Macroscopic HR was observed 48 HPI. Similar to Flag-RIN4Fl, Flag-ACP3 and 

Flag-142-211 were able to suppress RPS2; while Flag-ACP2 and empty vector failed to suppress 

RPS2. Flag-ACP2 was able to activate Flag-ACP3 suppressed RPS2, while it failed to activate 

Flag-142-211 suppressed RPS2. (B) Cell death in A was quantified using ion leakage. Three leaf 

discs for each combination were collected 48 HPI, immersed in sterile water and conductivity of 

the bath solution was measured at 96 HPI. Data was gathered from 3 independent experiments. 

Error bars represent SEM. Student’s t-test, at 95% confidence limits, was used for comparison 

with Flag-AtRIN4Fl (ns, not significant; ***P<0.0001). (C) Anti-Flag immunoblot conducted on 

samples collected 72 HPI shows that Flag-RIN4Fl and Flag-142-211 accumulate to a similar level, 

while the cleavage fragments accumulated to a lower level. Even so, ACP3 mediated suppression 

of RPS2 is equivalent to RPS2 suppressed RIN4Fl and ACP2 is able to overcome this suppression. 

Therefore the ability of the derivatives to regulate RPS2 does not correlate with insufficient 

expression level. Panel below show ponceau stain for RuBisCO used as loading control.  

 

A derivative of RIN4 with an intact C-NOI domain, 142-211 (Figure 2.5a), was also able to 

suppress RPS2 expressed in N. benthamiana (Figure 2.6a and b). In comparison to ACP3, Flag-

ACP2 failed to activate RPS2 suppressed by 142-211 (Figure 2.6a and b).  This indicated that 

ACP2 is sufficient to activate RPS2 suppressed by a membrane tethered fragment, ACP3, 

generated by AvrRpt2. Even though, in comparison to Flag-RIN4Fl, Flag-ACP2 accumulates to a 

lower level (Figure 2.5d), its ability to activate ACP3 suppressed RPS2 does not correlate with 

insufficient expression level. Taken together results from our experiments are consistent with a 

model where cleavage of RIN4 by AvrRpt2 activates RPS2 through the generation of the non-

membrane tethered, ACP2, fragment (Figure 2.7).  
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Figure 2.7. In the absence of the pathogen ACP2 is sufficient to activate ACP3 suppressed 

RPS2. While the membrane tethered fragment, ACP3, has the ability to suppress RPS2, the soluble 

fragment, ACP2, is able to overcome this suppression. Similarly, in the presence of the effector, 

ACP3 might retain the ability to weakly suppress RPS2, however the release of ACP2 from RIN4 

might trigger RPS2 activation leading to ETI. 

2.2.4. ACP2 activates RPS2 suppressed by ACP3 when present in the cytosol.  

The non-membrane tethered, ACP2, fragment is reported to accumulate in the soluble fraction 

(cytosol and nucleus). In order to determine the functional significance of ACP2 localization and 

its ability to activate ACP3 suppressed RPS2, we generated derivatives of ACP2 carrying a nuclear 

localization signal (NLS, YFP-NLS-ACP2), nuclear export signal (NES, YFP-NES-ACP2) or a 

Shuffled Nuclear Export Signal (SNE, YFP-SNE-ACP2) (Figure 2.8a). We expressed these 

derivatives in N. benthamiana to determine their localization. Figure 2.8b shows that full length 

RIN4 co-localized at the membrane with an RFP fused plasma membrane GTPase, OsRac1 (Figure 

2.8b). While YFP-NES-, YFP-NLS- and YFP-SNE-tagged ACP2 derivatives localized in the 

cytosol, nucleus, and in both locations, respectively (Figure 2.8b).  
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Figure 2.8. ACP2 activates RPS2 suppressed by ACP3 when present in the cytosol. (A) 35S-

driven RIN4 derivatives used for transient experiments had an N-terminal YFP-tag and either a 

nuclear localization signal (NLS), nuclear export signal (NES) or a Shuffled Nuclear Export Signal 

(SNE). (B) YFP tagged RIN4 derivatives (OD600 0.6) were co-infiltrated with RFP-OsRac1 (OD600 

0.6) in N. benthamiana. Fluorescent signal was observed at 72 hours post infiltration (HPI) using 

confocal microscopy (Scale bar: 25 µM). YFP-RIN4Fl localized at the membrane, while the free 

YFP protein localized in the cytosol and the nucleus. YFP-NES-ACP2 localized in the cytosol, 

YFP-NLS-ACP2 localized in the nucleus and YFP-SNE-ACP2 localized in both the cytosol and 

nucleus. (C) ACP2 derivatives (OD600 0.6) were co-expressed with Flag-ACP3 (OD600 0.6) and 

RPS2-HA (OD600 0.04) in N. benthamiana Macroscopic HR on leaves of N. benthamiana plants 

was observed 48 hours post infiltration (HPI). Similar to full length RIN4, ACP3 was able to 

suppress RPS2; while empty vector failed to suppress RPS2. Both YFP-SNE-ACP2 and YFP-

NES-ACP2 activated ACP3 suppressed RPS2; while YFP-NLS-ACP2 failed to activate ACP3 

suppressed RPS2. (D) Cell death in C was quantified using ion leakage. Three leaf discs for each 

combination were collected 48 HPI, immersed in sterile water and conductivity of the bath solution 

was measured at 96 HPI. Data was gathered from 4 independent experiments. Error bars represent 

SEM. Student’s t-test, at 95% confidence limits, was used for comparison with Flag-AtRIN4Fl 

(ns, not significant; **P<0.01). (E) Anti-GFP immunoblot conducted on samples collected at 72 

HPI shows that NLS and SNE tagged ACP2 accumulate to comparable levels in N. benthamiana. 

Panel below show ponceau stain for RuBisCO used as loading control. 

In order to determine the role of the ACP2 derivatives in RPS2 regulation, we co-expressed these 

derivatives with Flag-ACP3 and RPS2-HA in N. benthamiana. Figure 2.8-d and e show that both 

Flag-RIN4Fl and Flag-ACP3 suppress RPS2 while the empty vector fails to suppress RPS2. 

Interestingly both YFP-NES-ACP2 and YFP-SNE-ACP2 were able to overcome ACP3 mediated 

suppression of RPS2 (Figure 2.8c and d), while YFP-NLS-ACP2 failed to overcome this 

suppression. Expression levels of the proteins do not account for their (in)ability to activate ACP3-

suppressed RPS2  (Figure 2.8e). These results indicate that ACP2 is only able to overcome ACP3 

mediated suppression of RPS2 when it is predominantly present in the cytosol. 
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2.3. Discussion:  

Understanding the molecular mechanism by which the pathogen encoded effectors trigger an NLR 

mediated immune response will not only provide insight into the function of these plant immune 

receptors but also enhance our efforts to breed and engineer disease resistant crop plant. A well-

studied example of an NLR activation in the presence of the effector is the activation of 

Arabidopsis RPS2 by the P. syringae T3E, AvrRpt2. The widely accepted model for RPS2 

activation states that RPS2 activates signaling upon perception of AvrRpt2-mediated elimination 

of RIN4. We demonstrate that in Arabidopsis plants, expression of non-membrane tethered 

derivatives of RIN4, in the presence of wild type RIN4, resulted in the activation of RPS2. This 

indicates that activation of RPS2 occurred in the presence of a RIN4 derivative and therefore does 

not require elimination of RIN4.  

Membrane localization of RIN4 is required for RPS2 suppression. Specifically the C-terminal half 

of RIN4 is sufficient for suppressing RPS2 expressed in N. benthamiana (Day et al. 2005). 

Similarly we have demonstrated that a derivative with an intact C-NOI domain, 142-211, was also 

able to suppress RPS2 expressed in N. benthamiana. We have further demonstrated that the 

membrane tethered cleavage fragment, ACP3, is also capable of suppressing RPS2 expressed at a 

low titer. This indicates that ACP3 generated upon cleavage by AvrRpt2 might maintain 

suppression of RPS2 in Arabidopsis. Suppression of RPS2 by ACP3 is in contrast to the regulation 

of an NLR protein, MR5, by RIN4 in apple. AvrRpt2 mediated cleavage of MdRIN4 triggers the 

activation of MR5; however the MdACP3 fragment generated post cleavage is required for MR5 

activation (Prokchorchik et al. 2020). It was further reported that, in the absence of the effector, 

MdACP3 is sufficient for MR activation (Prokchorchik et al. 2020). Both RPS2 and MR5 belong 

to the same CC-NLR class of proteins; however they have evolved independently to recognize 

AvrRpt2 mediated cleavage of RIN4 (Prokchorchik et al. 2020). It is clear that these non-

homologous proteins are differently regulated by RIN4 in their respective species.  

We further show that the AvrRpt2-induced cleavage fragments of RIN4, ACP2 and ACP3, 

differentially regulate RPS2. While the membrane tethered derivative, ACP3, retained the ability 

to suppress, the non-membrane tethered derivatives, ACP2, failed to suppress RPS2. We also 

demonstrate that ACP2, when co-expressed with ACP3 and RPS2, overcomes the ACP3-mediated 

suppression of RPS2. However when ACP2 is co-expressed with a RIN4 derivative that has an 
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intact C-NOI domain, 142-211, it fail to activate RPS2. This indicates that ACP2 specifically 

triggers activation of ACP3-suppressed RPS2. Furthermore we have demonstrated that ACP2 

activates ACP3 suppressed RPS2 when it is present in the cytosol. Therefore we propose a new 

model for RPS2 activation, where the cleavage of RIN4 by AvrRpt2 results in the generation of 

two fragments that coordinately activate RPS2 (Figure 2.6). 

AvrRpt2 promotes P. syringae growth in Arabidopsis plants lacking RPS2. AvrRpt2 is reported to 

suppress MTI responses including expression of the pathogenesis-related (PR) gene and promotes 

auxin/indole acetic acid protein (Aux/IAA) turnover which promotes P. syringae pathogenicity 

(Cui et al. 2013; Kim et al. 2005b). AvrRpt2-meidated cleavage of fragments of RIN4 are also 

potent suppressors of MTI outputs (Afzal et al. 2011). Specifically ACP2 suppresses callose 

deposition associated with cell wall reinforcement, while both fragments promote bacterial growth 

(Afzal et al. 2011). Thus AvrRpt2 makes a stronger and distinct contribution to promoting P. 

syringae pathogenicity by targeting RIN4. In resistant species however, RPS2 has evolved to 

‘guard’ RIN4, as AvrRpt2 mediated cleavage of RIN4 is detected by RPS2 which in turn leads to 

its activation. Specifically the production of a locally-concentrated but non-membrane tethered 

fragment, ACP2, elicits the activation of RPS2. On the whole this model best fits to the guard 

hypothesis that the virulence promoting perturbation of RIN4 by AvrRpt2 results in the activation 

of RPS2.  
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Chapter 3. RIN4 homologs from important crop species differentially 

regulate the Arabidopsis NB-LRR immune receptor, RPS2  

 

This chapter is adapted from Alam, et al., 2021 RIN4 homologs from important crop species differentially regulate 

the Arabidopsis NB-LRR immune receptor, RPS2. Plant cell reports. In press 

3.1. Introduction 

Plants have evolved a sophisticated innate immune system to defend themselves against invading 

pathogens. Although plants lack mobile immune cells, they have developed immune receptors that 

recognize pathogen molecules (Jones and Dangl 2006). Pathogen recognition by plant cells relies 

on membrane-localized and intracellular receptors (Bonardi et al. 2012; Macho and Zipfel 2015; 

Monteiro and Nishimura 2018). The former are typically activated by microbe-associated 

molecular patterns (MAMPs), such as lipopolysaccharides, flagellin or chitin, leading to MAMP 

triggered immunity (MTI) (Chisholm et al. 2006; Glowacki et al. 2011; Khan et al. 2016; Zipfel 

2014). Most of the intracellular receptors, known as resistance (R) proteins, belong to the 

nucleotide binding and leucine rich repeat (NLRs) family of receptors  (Bonardi et al. 2012; Chiang 

and Coaker 2015; Chisholm et al. 2006; Monteiro and Nishimura 2018). Perception by NLRs, of 

effector proteins from potential pathogens, including the type three effectors (T3Es)  translocated 

from gram negative bacteria into host cells, leads to effector triggered immunity (ETI) that 

frequently culminates in a hypersensitive response characterized by programmed cell death (PCD)  

(Chiang and Coaker 2015; Dodds and Rathjen 2010; Jones and Dangl 2006; Monteiro and 

Nishimura 2018).   

NLRs can detect effector proteins either directly or indirectly. Many pathogens have been reported 

to possess hundreds of effector proteins (Jones and Dangl 2006); whereas plants have more limited 

allelic diversity at the R loci and these alleles are maintained by balancing selection (Bergelson et 

al. 2001; Van der Hoorn 2002). This excess of effectors relative to R-proteins, as well as selective 

pressure favoring effector variants that evade detection, limits the effectiveness of direct 

recognition of effectors. Indirect detection, which is based on perception of an effector-induced 

perturbation within a host cell, allows plants to use their limited repertoire of NLRs to detect a 

larger number of effectors, as the effectors converge on a finite set of host targets (Dangl and 

McDowell 2006). Because indirect recognition is often triggered by perturbations resulting from 
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the virulence activity of effectors, effectors are constrained in their ability to retain function while 

evading detection.  

A well characterized example of a host protein that mediates indirect recognition of effectors is 

RPM1 interacting protein 4 (RIN4). AtRIN4 is a small, intrinsically unstructured protein that 

contains two NOI (Nitrate induced) domains (with no known biochemical function) and is 

localized at the plasma membrane because of the palmitoylation of its C-terminal cysteine residues 

(Afzal et al. 2013; Day et al. 2005; Desveaux et al. 2007; Takemoto and Jones 2005; Toruno et al. 

2019). The AtRIN4 protein is targeted by five unrelated Pseudomonas syringae effectors, 

AvrRpm1, AvrB, AvrRpt2, HopF2 and HopZ3 (Lee et al. 2015; Mackey et al. 2003; Mackey et 

al. 2002; Redditt et al. 2019; Wilton et al. 2010). In the absence of effector-targeting, RIN4 

negatively regulates MTI (Kim et al. 2005b). The effectors that target RIN4 promote virulence, at 

least in part, by enhancing its negative regulation of MTI. For example, AvrRpt2 is a cysteine 

protease that cleaves AtRIN4 at conserved motifs, VPXFGXW, present at the N-terminal side of 

both NOI domains (Axtell and Staskawicz 2003; Chisholm et al. 2005; Kim et al. 2005a; Takemoto 

and Jones 2005). Two of the resulting fragments, termed AvrRpt2-cleavage product 2 (ACP2, 

AtRIN411-152) and ACP3 (AtRIN4153-211) are hyperactive suppressors of MTI, relative to full length 

AtRIN4 (Afzal et al. 2011). AtRIN4 associates with two plasma-membrane localized NLRs, 

RPM1 and RPS2, and its perturbation by AvrRpm1, AvrB, or AvrRpt2 elicits their partial or full 

activation (Axtell and Staskawicz 2003; Chung et al. 2011; Day et al. 2005; Kim et al. 2009; 

Mackey et al. 2003; Mackey et al. 2002). These findings establish AtRIN4 as a hub at the nexus 

of MTI, effector-induced suppression of MTI, and effector-induced activation of ETI in 

Arabidopsis.   

RIN4 homologs with N-terminal and C-terminal NOI domains and a putative C-terminal 

palmitoylation site exist in a wide variety of plant species, including mosses, monocots and dicots 

(Afzal et al. 2013). Several of these RIN4 homologs, including those from lettuce (Lactuca sativa), 

tomato (Solanum lycopersicum), soybean (Glycine max), barley (Hordeum vulgare) and apple 

(Malus domestica), regulate plant immunity (Gill et al. 2012; Jeuken et al. 2009; Luo et al. 2009; 

Mazo-Molina et al. 2020; Prokchorchik et al. 2020; Selote and Kachroo 2010b). Soybean contains 

four RIN4 homologs, each of which contains a putative C-terminal palmitoylation site and are 

plasma membrane localized (Selote and Kachroo 2010b). Similar to AtRIN4, GmRIN4a and 
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GmRIN4b negatively regulate basal immunity; silencing of either homolog resulted in enhanced 

resistance to virulent strains of P. syringae (Selote and Kachroo 2010a; Selote and Kachroo 

2010b). Also similar to AtRIN4, GmRIN4a and GmRIN4b are targeted by the effectors AvrB, 

AvrRpm1 and AvrRpt2, possibly to enhance negative regulation of MTI (Ashfield et al. 2014; 

Selote and Kachroo 2010b). However, unlike the recognition of AvrB or AvrRpm1 by a single R-

protein (RPM1) in Arabidopsis, AvrB and AvrRpm1 are recognized in resistant soybean cultivars 

by two independently evolved R-proteins, Rpg1b and Rpg1r, respectively (Ashfield et al. 2014; 

Selote and Kachroo 2010b). Although AvrRpt2 elicits an effective defense response on some 

soybean cultivars (Whalen et al. 1991), the relationship of GmRIN4 homologs to RPS2 is 

unknown. More recently, it has been demonstrated that AvrRpt2-mediated cleavage of SlRIN4 

and MdRIN4 results in the activation of two independently evolved NLR-proteins, Ptr1 in tomato 

and Mr5 in apple (Mazo-Molina et al. 2020; Prokchorchik et al. 2020). AtRIN4 prevents ectopic 

activation, defined as that occurring in the absence of effector-activation, of RPS2 in unchallenged 

Arabidopsis and N. benthamiana plants (Day et al. 2005; Mackey et al. 2003). By contrast, MR5 

is not ectopically active, but ACP3 is sufficient to activate it (Prokchorchik et al. 2020). 

Collectively, these findings indicate that a variety of NLR-proteins distinctly monitor the status of 

RIN4. Conservation of RIN4 in crop species leads to the hypothesis that those RIN4 homologs are 

able to regulate the activity of RPS2. Since AvrRpt2-like effectors with the capacity to specifically 

cleave RIN4 are found in a diverse collection of plant pathogens (Eschen-Lippold et al. 2016; 

Mazo-Molina et al. 2020; Prokchorchik et al. 2020), understanding the ability of RIN4 homologs 

to function with RPS2 could enable the development of crops resistant to a variety of pathogens. 

In this study, we show that, similar to AtRIN4, RIN4 homologs from seven crop species all localize 

at the plasma membrane. Despite this common localization, the RIN4 homologs differ in their 

ability to suppress RPS2. We also demonstrate that all RIN4 homologs are cleaved by AvrRpt2 

and, for those capable of suppressing RPS2, this cleavage results in RPS2 activation.  

 

3.2. Results 

3.2.1. RIN4 homologs are present in important crop species 

While RIN4 homologs are present in plant species dating as far back as moss, only a few of them 

have been reported to regulate innate immunity in their respective host species (Afzal et al. 2013; 
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Jeuken et al. 2009; Mazo-Molina et al. 2020; Prokchorchik et al. 2020; Selote and Kachroo 2010b). 

We initially performed protein blast using AtRIN4 as a query to identify seven RIN4 homologs in 

notable annual and perennial crop plants including G. max (soybean, GmRIN4), L. sativa (lettuce, 

LsRIN4), M. domestica (apple, MdRIN4) O. sativa (rice, OsRIN4), P. persica (peach, PpRIN4), 

S. lycopersicum (tomato, SlRIN4) and S. tuberosum (potato, StRIN4). The regions of AtRIN4 

known to participate in immune regulation (Figure 3.1a), including the N-NOI and C-NOI domains 

present at the N- and C-terminal regions of the proteins, respectively (Afzal et al. 2011; Day et al. 

2005), were well conserved in the homologous proteins (Figure 3.1b, Table 3.1).  
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Figure 3.1. In silico analysis of RIN4 homologs from important crop plants. (A) Schematic 

representations of wild type AtRIN4 and its 1ΔRCS1 derivative. Indicated are the NOI (Nitrate 

induced) domains of unknown function, the AvrRpt2-cleavage sites (RCS1 & RCS2) present at 

the N-terminal side of the NOI domains, and the C-terminal palmitoylation motif with targeted 

cysteine residues (shown in green). (B) Alignment of the amino acid sequence of AtRIN41 RCS1 

and 1ΔRCS1 derivatives of homologs from various plant species, Arabidopsis (At), Soybean 

(Gm), Peach (Pp), Potato (St), Lettuce (Ls), Rice (Os) and Tomato (St). Indicated are conserved 

domains, including the N-NOI, RCS2/C-NOI domains, and the C-terminal cysteine residues 

predicted to serve as sites for palmitoylation. 

 

 

Table 3.1. Regions of AtRIN4 known to participate in immune regulation are well conserved 

in the homologous RIN4 proteins. Key features of RIN4, including the N- and C-NOI domains, 

RCS2, and the C-terminal cysteine residues, are conserved in the homologs under study. 
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The C-NOI domains of the homologs show greater sequence conservation relative to the N-NOI 

domain, consistent with previously published data (Table 3.1) (Afzal et al. 2013). The N-terminal 

portion of both NOI domains within the homologs also contains a consensus AvrRpt2 cleavage 

site (RCS: VPXFGXW, Table 3.1). Lastly, each homolog also contains two or three cysteine 

residues near its C-terminus, within a predicted palmitoylation target site (Table 3.2) that is crucial 

for membrane localization of AtRIN4 (Day et al. 2005; Kim et al. 2005a; Takemoto and Jones 

2005). 

 

Table 3.2. Predicted C-terminal palmitoylation target sites within the RIN4 homologs. The 

table shows the palmitoylation prediction score for cysteine residues near the C-terminus of the 
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homologous RIN4 proteins. Arabidopsis (At), Soybean (Gm), Peach (Pp), Potato (St), Lettuce 

(Ls), Rice (Os) and Tomato (St). *Score for the individual cysteine residues (shown in red) 

indicates the potential of S-palmitoylation at that residue. **A score above the Cutoff indicates a 

putative palmitoylation site. 

3.2.2. RIN4 homologs localize at the plasma membrane 

Based on the putative palmitoylation target sites, we predicted that, like AtRIN4, the RIN4 

homologs would also localize at the plasma membrane. In order to test their membrane 

localization, derivatives lacking the first 12 or 13 amino acids and containing instead an N-terminal 

YFP- and AcV5-tag were constructed (YFP-AcV5-RIN41∆RCS1; for the structure of this and all 

protein derivatives used in this chapter, see Figure 3.2).  

 



46 
 

Figure 3.2. Schematic diagram of RIN4 derivatives used in this study. Within RIN4 

derivatives: Green rectangles indicate YFP tag, brown squares indicate AcV5 epitopes, purple 

rectangles indicate NOI domains, and blue triangles indicate RCS2.  

 

When expressed in N. benthamiana using Agrobacterium-mediated infiltrations, fluorescent 

microscopy indicated that these derivatives all localized to the cell periphery, consistent with the 

predicted plasma membrane localization and in contrast to free YFP protein, which localized to 

the cytosol and the nucleus (Figure 3.3a). Furthermore the YFP-RIN4 derivatives co-localilzed 

with RFP fused OsRac1, a small plasma membrane GTPase (Figure 3.4a). Subcellular 

fractionation confirmed that, similar to AtRIN4, all the YFP-tagged derivatives of the RIN4 

homologs accumulated in the microsomal membrane fraction while free YFP protein accumulated 

in the soluble fraction (Figure 3.3b and Figure 3.4b). Together, these observations indicate that, 

like AtRIN4, the homologs under study all localize to the plasma membrane.  
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Figure 3.3. RIN4 homologs localize at the plasma membrane. Homologous YFP-AcV5-

RIN41∆RCS1 derivatives (OD600 1.0) were transiently expressed in N. benthamiana plants. (A) 

Fluorescent signal was observed at 72 hours post infiltration (HPI) using confocal microscopy 

(Scale bar: 100 µM). All RIN4 homologs localized at the membrane, while free YFP protein 

localized in the cytosol and the nucleus. Arabidopsis (At), Soybean (Gm), Peach (Pp), Potato (St), 

Lettuce (Ls), Rice (Os) and Tomato (St). (B) Anti-GFP immunoblotting was conducted on samples 

at 72 HPI. The samples were fractionated into total (T), soluble (S) and membrane (M) fractions. 

YFP-AcV5-RIN41∆RCS1 homologs accumulated in the membrane fraction, while the free YFP 

protein accumulated in the soluble fraction. Panels below show ponceau stain of RuBisCO as a 

soluble protein marker. IB, immunoblot. Molecular masses indicate the predicted mobility of the 

protein(s) of interest. 
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Figure 3.4. RIN4 homologs localize at the plasma membrane. (A) Homologous YFP-AcV5-

RIN41∆RCS1 derivatives (OD600 0.6) were co-infiltrated with RFP-OsRac1 (OD600 0.6) in N. 

benthamiana plants. Fluorescent signal was observed at 48 hours post infiltration (HPI) using 

confocal microscopy (Scale bar: 25 µM). All RIN4 homologs co-localized at the membrane with 

OsRac1, while free YFP protein localized in the cytosol and nuclei. Arabidopsis (At), Soybean 

(Gm), Apple (Md), Peach (Pp), Potato (St), Lettuce (Ls), Rice (Os) and Tomato (St). (B) Plant 

samples obtained from 72 HPI were fractionated into total (T), soluble (S) and membrane (M) 

fractions. AHA, was used as a membrane protein marker. YFP-AcV5-RIN41∆RCS1 homologs 

accumulated in the membrane fraction, while the free YFP protein accumulated in the soluble 
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fraction. Panels below show ponceau stain of RuBisCO as a soluble protein marker. IB, 

immunoblot. Molecular masses indicate the predicted mobility of the protein(s) of interest. 

 

3.2.3. RIN4 homologs differ in their ability to suppress RPS2 

Plasma membrane localization of AtRIN4 is crucial for the suppression of RPS2-induced cell death 

in N. benthamiana and Arabidopsis (Afzal et al. 2011; Day et al. 2005). Despite the shared 

localization of all of the RIN4 homologs, only a subset were able to suppress RPS2 when co-

expressed transiently in N. benthamiana. The ability of full-length (Fl) AtRIN4 to suppress RPS2 

was matched by YFP-AcV5-AtRIN41∆RCS1 (Figure 3.5). 

 

 

Figure 3.5. YFP-AtRIN4FL and YFP-Acv5-AtRIN41∆RCS1 are comparable in their ability to 

suppress RPS2. (A) The indicated YFP-AtRIN4 derivatives or free YFP (OD600 1.0) and RPS2-

HA (OD600 0.05 or OD600 0.1) were co-infiltrated in N. benthamiana and macroscopic cell death 

was observed at 48 HPI. (B) Cell death was quantified based on electrolyte leakage. Three leaf 
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discs for each AtRIN4 derivative co-infiltrated with RPS2 were taken, immersed in sterile water, 

and conductivity of the bath solution was measured at 72 HPI. Data collected from 4 independent 

experiments show that the 1ΔRCS1 region was not required for the suppression of RPS2. Error 

bars represent SEM. Student’s t-test, at 95% confidence limits, was used for comparison with YFP-

AtRIN4FL (ns, not significant; *P < 0.05). (C) Anti-GFP immunoblot conducted on samples from 

72 HPI shows that YFP-AtRIN4 derivatives accumulated to comparable levels in N. benthamiana. 

Panel below shows ponceau stain for RuBisCO used as loading control. Molecular masses indicate 

the predicted mobility of the protein(s) of interest. 

 

Similar to YFP-AcV5-AtRIN41∆RCS1, the YFP-AcV5-RIN41∆RCS1 versions from soybean, peach, 

potato and apple also suppressed RPS2 (Figure 3.6a and b and Figure 3.7).  
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Figure 3.6. RIN4 homologs differ in their ability to regulate RPS2.  YFP-AcV5-RIN41∆RCS1 

derivatives (OD600 1.0) and RPS2-HA (OD600 0.1) were transiently expressed in N. benthamiana.  

(A) Macroscopic RPS2-induced cell death was observed at 48 HPI. YFP failed to suppress RPS2-

HA (far right panel). Similar to YFP-Acv5-AtRIN41∆RCS1, the YFP-Acv5-RIN41∆RCS1 versions 

from soybean, peach and potato also suppressed RPS2-HA. In contrast, the YFP-Acv5-RIN41∆RCS1 

versions from lettuce, rice and tomato failed to suppress RPS2-HA. (B) Cell death was quantified 

based on electrolyte leakage. Three leaf discs for each YFP-AcV5-RIN41∆RCS1 homolog co-

infiltrated with RPS2-HA were collected, immersed in sterile water, and conductivity of the bath 

solution was measured at 72 HPI. Data was gathered from 5 independent experiments. Error bars 

represent SEM. Student’s t-test, at 95% confidence limits, was used for comparison with 

AtRIN41∆RCS1 (ns, not significant; **P<0.01; ***P<0.001). (C) Anti-GFP immunoblot conducted 

on samples from 72 HPI show that YFP-AcV5-RIN41∆RCS1 homologs accumulated to a comparable 

level in N. benthamiana. Panels below show ponceau stain for RuBisCO used as loading control. 

Molecular masses indicate the predicted mobility of the protein(s) of interest. 
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Figure 3.7. YFP-AcV5-MdRIN41∆RCS1 suppresses RPS2-HA expressed in N. benthamiana. 

(A) RPS2-HA (OD600 0.05 or 0.1) was co-infiltrated with either YFP-AcV5-AtRIN41∆RCS1 or YFP-

AcV5-MdRIN41∆RCS1 derivatives (OD600 1.0) in N. benthamiana. Macroscopic RPS2-induced cell 

death was observed at 48 HPI. (B) Cell death was quantified based on electrolyte leakage. Three 

leaf discs for each combination, as in panel A, were collected, immersed in sterile water, and 

conductivity of the bath solution was measured at 72 HPI. Data was collected from 2 independent 

experiments. Error bars represent SEM. Student’s t-test, at 95% confidence limits, was used for 

comparison with YFP-AcV5-AtRIN41∆RCS1 (*P< 0.05; **P<0.01).  

In contrast, the YFP-AcV5-RIN41∆RCS1 versions from lettuce, rice and tomato failed to suppress 

RPS2. The differences in RPS2-suppression were unlikely due to insufficient expression of the 

RIN4 derivatives relative to RPS2 because the same pattern was observed when RPS2 was 

expressed to lower or higher levels through the use of different titers of Agrobacterium (Figure 3.7 

and 3.8). Also, the ability of the derivatives to suppress RPS2 did not correlate with their 

expression level (Figure 3.6c). Taken together, these results indicate that plasma membrane-

localized homologs of RIN4 homologs can be divided into two groups based on their ability to 

suppress RPS2. 
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Figure 3.8. YFP-Acv5-RIN41∆RCS1 derivatives differ in their ability to suppress RPS2-HA 

introduced at a low or high titre in N. benthamiana. (A) YFP-AcV5-RIN41∆RCS1 derivatives 

(OD600 1.0) and RPS2-HA (OD600 0.05) were transiently expressed in N. benthamiana. 

Macroscopic RPS2-induced cell death was observed at 48 HPI. Similar to YFP-Acv5-

AtRIN41∆RCS1, the YFP-Acv5-RIN41∆RCS1 versions from soybean, peach and potato also 

suppressed RPS2-HA. While the YFP-Acv5-RIN41∆RCS1 versions from lettuce, rice and tomato 

failed to suppress RPS2. (B) Cell death was quantified based on electrolyte leakage. Three leaf 

discs for each combination, as in panel A, were collected, immersed in sterile water, and 

conductivity of the bath solution was measured at 72 HPI. Data represents 5 independent 

experiments. Error bars represent SEM. Student’s t-test, at 95% confidence limits, was used for 

comparison with AtRIN41∆RCS1 (ns, not significant; *P < 0.05; **P<0.01; +P=0.0516 borderline 

significant). (C) YFP-AcV5-RIN41∆RCS1 derivatives (OD600 1.0) and RPS2-HA (OD600 0.4) were 

transiently expressed in N. benthamiana. Macroscopic RPS2-induced cell death was observed at 

48 HPI. Free YFP protein and YFP-Acv5-OsRIN41∆RCS1 failed to suppress RPS2-HA. While 

similar to YFP-Acv5-AtRIN41∆RCS1, YFP-Acv5-RIN41∆RCS1 versions from soybean, peach and 

potato also suppressed RPS2-HA. (D) Cell death was quantified based on electrolyte leakage. Four 

leaf discs for each combination, as in panel C, were collected, immersed in sterile water, and 

conductivity of the bath solution was measured at 72 HPI. Data was collected from 4 independent 

experiments. Error bars represent SEM. Student’s t-test, at 95% confidence limits, was used for 

comparison with AtRIN41∆RCS1 (ns, not significant; *P<0.05; **P>0.01). 

 

3.2.4. Polymorphic amino acid residues present in the RIN4 homologs that might correlate 

with the (in)ability of the RIN4 homologs to suppress RPS2 

Since differences in ability of RIN4 homologs to suppress RPS2 are unlikely a result of their 

expression level or subcellular localization, we instead suspected differences based on amino acid 

composition. Similarly, amino acid polymorphisms underlie differences in NLR regulation by 

MdRIN4 and AtRIN4 (Prokchorchik et al. 2020). Through multiple sequence alignment, using 

ClustalW, we identified two polymorphic amino acid residues that correlate with the (in)ability of 

the RIN4 homologs to suppress RPS2 (Figure 3.1b and Table 3.3). At positions corresponding to 

G179 and N196 in AtRIN4, the non-suppressing homologs all have an S/T or K/R residue, 

respectively, while distinct residues are present in the suppressing homologs. Notably, each of the 
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two polymorphic residues are within the ACP3 fragment of AtRIN4, which is sufficient for 

suppression of RPS2 (Day et al. 2005). Position 196 of AtRIN4 is part of a predicted Molecular 

Recognition Feature  that is a potential binding sites for host proteins which might be a part of a 

functional protein complex (Sun et al. 2014). Based on our alignment results, we speculate that the 

amino acids at one or both of these positions may directly or indirectly affect interaction with and 

suppression of RPS2.   

 

 

Table 3.3 Polymorphic amino acids present in RIN4 homologs under study. Two polymorphic 

amino acid residues present in the C-terminal end of the protein potentially contribute towards the 

differential regulation of RPS2 by the homologous RIN4 proteins. Numbers indicate amino acid 

position in the homologous RIN4 proteins. Arabidopsis (At), Soybean (Gm), Peach (Pp), Potato 

(St), Lettuce (Ls), Rice (Os) and Tomato (St). 

 

3.2.5. AvrRpt2-mediated cleavage of YFP-AcV5-RIN41∆RCS1 derivatives generates soluble 

and membrane-tethered cleavage products 

AvrRpt2 is a cysteine protease that, by cleaving at VPXFGXW target sites at the N-terminal side 

of both NOI domains within AtRIN4(Figure 3.1a and Figure 3.2), generates three fragments: 

RIN41-10 (ACP1 or CLV1), RIN411-152 (ACP2 or CLV2),  and RIN4153-211 (ACP3 or CLV3), (Afzal 

et al. 2011; Chisholm et al. 2005; Kim et al. 2005a; Takemoto and Jones 2005). AvrRpt2 cleavage 

sites are conserved in RIN4 homologs in a wide variety of plant species (Afzal et al. 2013; Sun et 

al. 2014). More recently it has been demonstrated that AvrRpt2 from P. syringae and Erwinia 

amylovora, when expressed in N. benthamiana, cleaves SlRIN4 and MdRIN4, respectively (Mazo-

Molina et al. 2020; Prokchorchik et al. 2020). Thus, the conserved target site within RIN4 from 

distantly related plant species is cleaved by AvrRpt2 effectors from diverse bacterial pathogens.  



57 
 

Since the RIN4 homologs contained the AvrRpt2 cleavage sites, we hypothesized that the 

homologs under study would also be cleaved by AvrRpt2 to generate fragments similar to those 

generated upon AtRIN4 cleavage. Co-expression with the effector AvrRpt2-HA in N. benthamiana 

was used to detect AvrRpt2-cleavage of the RIN4 homologs. The YFP-AcV5-RIN41∆RCS1 

derivatives can be used to track the cleavage fragment, YFP-AcV5-RIN4INT, that is released upon 

cleavage by AvrRpt2 within the C-NOI. Figure 3.9a shows that, similar to wild-type AtRIN4, 

cleavage of the YFP-AcV5-RIN41∆RCS1 derivatives by AvrRpt2-HA resulted in the relocalization 

of YFP-AcV5-RIN4INT to the cytosol and the nucleus (Figure 3.9a and Figure 3.10). No change in 

the localization of the YFP signal was observed upon co-infiltration of the YFP-AcV5-RIN41∆RCS1 

derivatives with the catalytically inactive mutant, AvrRpt2C122A-HA (Figure 3.9a). The localization 

of the YFP-AcV5-RIN4INT fragments and the intact YFP-AcV5-RIN41∆RCS1 derivatives following 

exposure to AvrRpt2-HA or AvrRpt2C122A-HA, respectively, was confirmed through subcellular 

fractionation AvrRpt2 cleaves the RCS2 site within each of the RIN4 homologs and generates 

soluble RIN4INT fragments (Figure 3.9b).   
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Figure 3.9. AvrRpt2-mediated cleavage of the RIN4 homologs generates soluble, internal 

fragments. (A) YFP-AcV5-RIN41∆RCS1 homologs (OD600 0.6) were co-infiltrated with either 

AvrRpt2-HA (OD600 0.01) or AvrRpt2C122A-HA (OD600 0.01) in N. benthamiana leaves. 

Localization of the fluorescent signal was observed at 48 HPI using confocal microscopy (Scale 

bar: 100 µM). Top: Membrane localization of the YFP-AcV5-RIN41∆RCS1 derivatives was 

unaffected by co-expression of AvrRpt2C122A-HA. Bottom: Co-expression of AvrRpt2-HA 

resulted in the fluorescent signal appearing in the cytosol and nuclei. (B) Anti-GFP 

immunoblotting was conducted on samples treated as in panel A at 48 HPI that had been 

fractionated into total (T), soluble (S) and membrane (M) fractions. Right: YFP-AcV5-RIN41∆RCS1 

derivatives co-infiltrated with AvrRpt2C122A-HA accumulated in the membrane fraction. Left: Co-

infiltration of YFP-AcV5-RIN41∆RCS1 derivatives resulted in appearance of the YFP-AcV5-

RIN4INT fragments in the soluble fraction. Ponceau staining shows RuBisCO as a soluble protein 

marker. Molecular masses indicate the predicted mobility of the protein(s) of interest. 
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Figure 3.10. AvrRpt2-mediated cleavage of YFP-AcV5-RIN41∆RCS1 derivatives generates 

fragments that is no longer membrane localized. DAPI staining of nuclei in cells expressing 

YFP-AcV5-RIN4 1∆RCS1 homologs and AvrRpt2-HA. YFP-AcV5-AtRIN41∆RCS1 derivatives 

(OD600 0.6) were co-infiltrated with AvrRpt2-HA (OD600 0.01) in N. benthamiana leaves. Leaf 

tissue was stained with DAPI prior to imaging. Localization of the fluorescent signal was observed 

at 72 HPI using confocal-microscopy (Scale bar: 50 µM) 

 

3.2.6. AvrRpt2-mediated cleavage of homologs results in the activation of RPS2 

After establishing AvrRpt2-mediated cleavage of the RIN4 homologs, we next determined the 

ability of those homologs capable of suppressing RPS2, to mediate RPS2 activation in the presence 

of the effector. Similar to AtRIN4, phosphorylation and ADP-ribosylation of GmRIN4 homologs 

(particularly GmRIN4a and GmRIN4b) by P. syringae effectors, AvrB and AvrRpm1 activates 

the Rpg1b and Rpg1r R-proteins (Ashfield et al. 2014; Redditt et al. 2019; Selote and Kachroo 

2010b). GmRIN4b was also able to restore the activation of RPM1 by AvrB or AvrRPM1 in rin4 

Arabidopsis plants (Selote and Kachroo 2010b). Similar to the activation of RPS2 upon proteolytic 

cleavage of AtRIN4, it was recently demonstrated that AvrRpt2-mediated cleavage of SlRIN4 and 

MdRIN4 also activates the R-proteins SlPtr1 and MdMr5, respectively (Mazo-Molina et al. 2020; 

Prokchorchik et al. 2020). The C-terminal cleavage fragment of MdRIN4, MdACP3, was both 

necessary and sufficient for the activation of MR5 (Prokchorchik et al. 2020). These results 

indicate that effectors from different pathogens elicit NLR-mediated immune responses by 

targeting RIN4.   

To determine if the effector-mediated cleavage of the YFP-AcV5-RIN41∆RCS1 homologs resulted 

in the activation of RPS2, YFP-AcV5-RIN41∆RCS1, derivatives of homologs capable of suppressing 

RPS2 (and the rice derivative as a negative control) were co-infiltrated with RPS2 and/or AvrRpt2. 

To avoid background cell death caused by high level expression of AvrRpt2 (Figure 3.11), 

reminiscent of that induced upon high-level expression of AvrB in N. benthamiana (Chung et al. 

2011), we used Agrobacterium at an OD600 of 0.01. 
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Figure 3.11. Overexpression of AvrRpt2 in N. benthamiana results HR like cell death 

response. (A) YFP-AtRIN4Fl and empty vector expressing YFP (OD600 0.6) were co-expressed 

in N. benthamiana with AvrRpt2-HA or AvrRpt2C122A-HA (OD600 0.05). Macroscopic HR like 

cell death was observed at 48 HPI. Expression of AvrRpt2-HA with either empty vector or YFP-

AtRIN4Fl resulted in an HR like cell death. While no cell death was observed when empty vector 

or YFP-AtRIN4Fl were co-expressed with AvrRpt2C122A-HA. (B) Cell death was quantified based 

on electrolyte leakage. Three leaf discs for each combination, as in panel A, were taken, immersed 

in sterile water, and conductivity of the bath solution was measured at 72 HPI. Data was collected 

from 5 independent experiments. Error bars represent SEM. All combinations were compared 

against YFP-AtRIN4Fl derivative. Student’s t-test, at 95% confidence limits, was used for 

comparison (ns, not significant; *P<0.005; ***P<0.001) 

Overexpression of AtRIN4 causes a delay in elimination of the full length protein by AvrRpt2, 

which in turn inhibits RPS2 activation (Axtell and Staskawicz 2003; Mackey et al. 2003). 

Similarly, when YFP-AcV5-AtRIN4 was expressed with a high titer of Agrobacterium (OD600 of 

1.0), AvrRpt2 failed to activate RPS2 (data not shown). However, YFP-AtRIN4Fl (full length) 
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expressed at an OD600 of 0.6 was able to suppress the ectopic activation of RPS2 and permit 

activation of RPS2 by AvrRpt2 (Figure 3.12a and b).  

 



62 
 

 

Figure 3.12. AvrRpt2-mediated cleavage of the RIN4 homologs activates RPS2. (A) YFP-

AcV5-RIN41∆RCS1 derivatives (OD600 0.6) were co-expressed in N. benthamiana in the indicated 
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combinations with RPS2-HA (OD600 0.09) and/or AvrRpt2-HA or AvrRpt2C122A-HA (OD600 0.01). 

Macroscopic RPS2-induced cell death was observed at 48 HPI. Similar to YFP-AtRIN4Fl, co-

infiltration of YFP-AcV5-RIN41∆RCS1 derivatives from soybean, peach and potato with AvrRpt2-

HA, but not AvrRpt2C122A-HA, resulted in RPS2 dependent cell death. (B) Cell death was 

quantified based on electrolyte leakage. Three leaf discs for each combination, as in panel A, were 

taken, immersed in sterile water, and conductivity of the bath solution was measured at 72 HPI. 

Data was collected from 4 independent experiments. Error bars represent SEM. Within a species, 

all of combinations were compared against the species specific YFP-AcV5-RIN41∆RCS1 derivative. 

Student’s t-test, at 95% confidence limits, was used for comparison (ns, not significant; **P<0.01; 

***P<0.001) 

Thus, for this assay, Agrobacterium delivering the YFP-AcV5-RIN41∆RCS1 homologs was 

infiltrated at an OD600 of 0.6. YFP-AcV5-RIN41∆RCS1 homologs from soybean, peach and potato, 

which were able to suppress ectopic activation of RPS2, also supported the AvrRpt2-mediated 

activation of RPS2 (Figure 3.12a and b). This activity of AvrRpt2 was dependent on its protease 

activity as AvrRpt2C122A failed to overcome RPS2 suppression by any of the YFP-AcV5-

RIN41∆RCS1 homologs (Figure 3.12a and b). Thus, YFP-AcV5-RIN41∆RCS1 homologs from 

soybean, peach and potato can substitute for AtRIN4 in reconstitution of the AvrRpt2-RPS2 

recognition module. 

 

3.3. Discussion: 

AtRIN4 is a member of a highly conserved family of proteins that plays a key role in regulating 

innate immunity in Arabidopsis (Afzal et al. 2013). RIN4 homologs have been reported in plant 

species ranging from moss to monocots and dicots (Afzal et al. 2013). Conservation of RIN4 

homologs across different plant species led to the hypothesis that the encoded proteins might 

respond to the effectors from plant pathogens in a manner similar to AtRIN4. RIN4 homologs 

typically contain the general features known to contribute to regulation of immunity, including the 

NOI domains with embedded AvrRpt2 cleavage sites and a C-terminal acylation motif important 

for membrane localization (Afzal et al. 2011; Day et al. 2005; Takemoto and Jones 2005). In this 

study, we have demonstrated that RIN4 homologs from several crop species have predicted C-

terminal acylation motifs and, consistent with the functionality of these motifs, are localized at the 
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plasma membrane in N. benthamiana. Thus, the function of this membrane targeting strategy 

appears to be conserved among RIN4 proteins.  

Membrane localization of AtRIN4 is required for its ability to prevent ectopic activation of RPS2 

(Afzal et al. 2011; Day et al. 2005). We have demonstrated that, while derivatives of all seven 

RIN4 proteins used in this study localize to the plasma membrane, only those from Arabidopsis, 

soybean, peach, potato and apple are able to suppress RPS2. Since differences in ability of RIN4 

homologs to suppress RPS2 are unlikely a result of their expression level or subcellular 

localization, we speculate that the variability in RPS2 regulation might be due to polymorphisms 

between RIN4 homologs. 

  

Membrane localization of AtRIN4 is required for its ability to prevent ectopic activation of RPS2 

(Afzal et al. 2011; Day et al. 2005). We have demonstrated that, while derivatives of all seven 

RIN4 proteins localize to the plasma membrane, only those from Arabidopsis, soybean, peach and 

potato were able to suppress RPS2. We speculated that the differential regulation of RPS2 by the 

RIN4 homologs results from polymorphic amino acids. It has been recently demonstrated that the 

differential regulation of NLR’s by AtRIN4 and MdRIN4 occurs due to the presence of two key 

polymorphic amino acid residues present in the C-terminal end of the proteins, AtRIN4 

(N158/Y165) and MdRIN4 (D186/F193) (Prokchorchik et al. 2020). However, the amino acids at 

these positions do not correlate with the differential ability of the RIN4 homologs to suppress 

RPS2.  Based on our alignment data we were able to identify two polymorphic amino acids that 

correlated with the ability of RIN4 homologs to suppress RPS2, both of which are located in the 

C-terminal portion and one of which is within a MORF of the intrinsically unstructured RIN4 

protein. Future investigation will examine whether these polymorphisms influence the ability of 

RIN4 homologs to suppress RPS2.  

Similar to YFP-AcV5-AtRIN4, AvrRpt2-mediated cleavage of soybean, peach and potato YFP-

AcV5-RIN41∆RCS1 derivatives resulted in the activation of RPS2. Thus, these RIN4 homologs have 

the ability to regulate RPS2-mediated immune response against bacterial pathogens carrying the 

effector AvrRpt2. Proteolysis of the YFP-AcV5-RIN41∆RCS1 derivatives by the effector, AvrRpt2, 

resulted in the generation of RIN4INT and RIN4CLV3 fragments. We have demonstrated that these 

two cleavage fragments differ with respect to regulation of RPS2. The cytosolic RIN4INT fragments 
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are unable to suppress RPS2, while the membrane-tethered RIN4CLV3 fragment retain the ability 

to prevent ectopic activity of RPS2. These observations raise the interesting possibility that RPS2 

activation results from the combined activity of the RIN4 cleavage fragments, rather than simply 

the elimination of full-length RIN4. 
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Chapter 4: Fragments of RIN4 produced by AvrRpt2 differ in their 

ability to suppress RPS2 

This chapter is adapted from Alam, et al., 2021 RIN4 homologs from important crop species differentially regulate 

the Arabidopsis NB-LRR immune receptor, RPS2. Plant cell reports. In press 

 

4.1. Introduction: 

In order to promote pathogenesis, gram negative bacterial pathogens use a needle like apparatus, 

type three secretion system (TTSS) to secret effectors in the plant cytosol (Jones and Dangl 2006). 

Based on genomic information, it is predicted that Pseudomonas syringae species might secret up 

to 30 effectors in the plant cytosol, which collectively suppress host defenses and subsequently 

promote bacterial virulence (Chang et al. 2005; Coaker et al. 2006; Jones and Dangl 2006). One 

well studied effector secreted by P. syringae is AvrRpt2. AvrRpt2 is a 28 KDa cysteine protease 

that is secreted into the plant cytosol in an in-active state (Figure 4.1) (Coaker et al. 2006; Kim et 

al. 2005a).  
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Figure 4.1. AvrRpt2 mediated cleavage of RIN4 results in the activation of ETI in 

Arabidopsis: (1) P. syringae secretes AvrRpt2 in plant cytosol using the T3SS, (2) AvrRpt2, once 

inside the host cell encounters a plant prolyl-peptidyl isomerase (PPlase), ROC1, that binds to its 

GPxL amino acid motif in order to activate the effector via prolyl isomerization, (3) The activated 

effector then auto-processes itself at the N-terminus releasing a 7 and 21 KDa fragment, (4) The 

21 KDa fragment of AvrRpt2 is the active protease that localizes at the plant cell membrane, (5)  

Membrane localized AvrRpt2 then cleaves RIN4, (6) Cleavage of RIN4 by AvrRpt2 activates 

RPS2, (7) Activated RPS2 then elicits ETI. 

Once inside the cytosol, AvrRpt2 encounters a plant prolyl-peptidyl isomerase (PPlase), ROC1, 

that binds to its GPxL amino acid motif in order to activate the effector via prolyl isomerization 

(Figure 4.1)  (Coaker et al. 2006). The activated effector then auto-processes itself at the N-

terminus releasing a 7 and 21 KDa fragment; the latter fragment is the active protease that localizes 

at the plant cell membrane (Figure 4.1) (Kim et al. 2005a). Membrane localized AvrRpt2 then 

cleaves RPM1 interacting protein 4 (RIN4) in Arabidopsis plants (Figure 4.1)  (Chisholm et al. 

2005; Coaker et al. 2006; Kim et al. 2005a; Mackey et al. 2003; Takemoto and Jones 2005). 

RIN4 is a membrane localized protein that contains two sites which are similar to the AvrRpt2 

processing sites (Figure 4.2) (Chisholm et al. 2005; Kim et al. 2005a). These are known as AvrRpt2 

cleave site 1 (RCS1 1 (V6-W12) and RCS2 (V148-W154) (Kim et al. 2005a).  Cleavage of RIN4 

at these two sites by AvrRpt2 results in the generation of three fragments, namely AvrRpt2-

cleavage product 1 (ACP1, AtRIN41-10), (ACP2, AtRIN411-152) and ACP3 (AtRIN4153-211) (Figure 

4.1) (Afzal et al. 2011; Kim et al. 2005a). Two of these fragments, ACP2 and ACP3, contain a 

partiality truncated NOI (Nitrate induced) (Figure 4.2) domain and are potent suppressors of MTI 

(Afzal et al. 2011). Therefore, AvrRpt2 targets RIN4 to suppress defense response and promote 

bacterial virulence.  
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Figure 4.2. Schematic diagram of RIN4 derivatives used in this chapter. Within RIN4 

derivatives: Green rectangles indicate YFP tag, brown squares indicate AcV5 epitopes, purple 

rectangles indicate NOI domains, and blue triangles indicate RCS2.  
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Effector mediated perturbations of RIN4 are also reported to activate ETI in Arabidopsis. For 

instance, AvrRtp2 mediated cleavage of RIN4 induces RPS2 activation which elicits ETI in 

Arabidopsis plants (Figure 4.2) (Axtell and Staskawicz 2003; Day et al. 2005; Mackey et al. 2003). 

We have recently demonstrated that two of the cleavage fragments, ACP2 and ACP3, play 

contrasting riles in RPS2 regulation (Chapter 2). Similar to full length RIN4, the membrane 

tethered ACP3 fragment retains the ability to suppress RPS2; while the soluble fragment ACP2, 

activates ACP3 suppressed RPS2.  Thus, although both fragments enhance bacterial virulence in 

the absence of RPS2, the soluble fragment ACP2 activates plant defense in the presence of RPS2. 

We have further demonstrated that RIN4 homologs from soybean, peach and potato are capable 

of suppressing Arabidopsis RPS2 expressed in N. benthamiana. Interestingly similar to AtRIN4, 

AvrRpt2 mediated cleavage of RIN4 homologs from soybean, peach and potato also results in 

RPS2 activation. Based on these results we hypothesized that, similar to AtRIN4 fragments, the 

homologous cleavage fragments might also be involved in RPS2 activation. The aim of this chapter 

was to study the effect of the homologous cleavage fragments on the activity of RPS2. For this 

purpose we cloned the central (RIN4INT) and C-terminal (RIN4CLV3) (Figure 4.2) fragments of 

RIN4 homologs and co-expressed them with RPS2 in N. benthamiana. 

In this chapter we report that the central (RIN4INT) and C-terminal (RIN4CLV3) fragments of RIN4 

generated upon AvrRpt2-cleavage differ in their regulation of RPS2. The membrane-tethered 

RIN4CLV3 fragments, comparable to ACP3, suppress RPS2 activation. The non-membrane-

tethered RIN4INT fragments, comparable to ACP2, fail to suppress RPS2. Interestingly, the 

homologous RIN4INT fragments are able to complement AtACP2 function by activating AtACP3 

suppressed RPS2. However both AtACP2 and AtRIN4INT fail to activate RPS2 suppressed by 

homologous RIN4CLV3 fragments. Lastly we demonstrate that similar to AtRIN4INT, the 

homologous RIN4INTwere also able to activate RPS2 suppressed by homologous RIN4CLV3 

fragments. 

 

4.2. Results: 

4.2.1. Fragments of RIN4 produced by AvrRpt2 differ in their ability to suppress RPS2 

Cleavage of AtRIN4 by AvrRpt2 serves as a trigger for the activation of RPS2 (Axtell and 

Staskawicz 2003; Mackey et al. 2003). After establishing that AvrRpt2-mediated cleavage of the 
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homologous proteins resulted in the activation of RPS2, the role of the cleavage fragments in the 

regulation of RPS2 activation was determined. The C-terminal cleavage fragment, AtRIN4CLV3, 

remains tethered at the plasma membrane because of the attached palmitoyl group (Afzal et al. 

2011; Chisholm et al. 2005). Similarly, the YFP-RIN4CLV3 fragments from the RIN4 homologs 

also localized at the membrane (Figure. 4.3a and b).  
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Figure 4.3. The YFP-RIN4CLV3 fragments are plasma membrane-localized and are capable 

of suppressing RPS2 in N. benthamiana. (A) YFP-RIN4CLV3 fragments (OD600 1.0) were 

transiently expressed in N. benthamiana leaves. Localization of the fluorescent signal was 

observed at 72 HPI using confocal-microscopy (Scale bar: 100 µM). YFP-RIN4CLV3 fragments 

localized at the membrane, while free YFP protein localized in the cytosol and nuclei. (B) Anti-

GFP immunoblotting was conducted on samples treated as in panel A at 72 HPI that had been 

fractionated into total (T), soluble (S) and membrane (M) fractions. YFP-RIN4CLV3 fragments 

accumulated in the membrane fraction, while the free YFP protein accumulated in the soluble 

fraction. The Panel below shows ponceau stain for RuBisCO used as a soluble protein marker. (C) 

Co-infiltration of YFP-RIN4CLV3 fragments (OD600 1.0) from Arabidopsis, soybean, peach, and 

potato suppressed macroscopic cell death induced by RPS2-HA (OD600 0.04) at 48 HPI in N. 

benthamiana. Free YFP protein and YFP-OsRIN4CLV3 failed to suppress RPS2-HA. (D) Cell death 

was quantified based on electrolyte leakage. Three leaf discs for the indicated YFP-RIN4CLV3 

derivatives or free YFP co-infiltrated with RPS2-HA were collected, immersed in sterile water, 

and conductivity of the bath solution was measured at 72 HPI. Data was collected from 

4 independent experiments. Error bars represent SEM. Student’s t-test, at 95% confidence limits, 

was used for comparison with AtRIN4CLV3 (ns, not significant; **P>0.01).  (E) Anti-GFP 

immunoblot conducted on samples from 72 HPI shows that YFP-RIN4CLV3 fragments from the 

different homologs accumulated to comparable levels in N. benthamiana. The Panel below shows 

ponceau stain for RuBisCO used as loading control 

 

When co-infiltrated in N. benthamiana, YFP-AtRIN4CLV3 was unable to suppress RPS2 when 

RPS2 was expressed with Agrobacterium at an OD600 of 0.075 (Day et al. 2005). Since the YFP-

AtRIN4CLV3 fragment still localizes at the plasma membrane and contains a mostly intact C-NOI 

domain, we speculated that it might suppress RPS2 expressed at a lower level. Indeed, Flag-

AtRIN4CLV3 was able to suppress RPS2 expressed at low titers (Figure 2.4). Similarly, YFP-

AtRIN4CLV3 suppressed RPS2 that was expressed with Agrobacterium at an OD600 of 0.04 (Figure. 

4.3 c and d). Similarly, the YFP-RIN4CLV3 fragment of the RIN4 homologs from soybean, peach 

and potato also suppressed RPS2 (Figure. 4.3c and d). The YFP-RIN4 CLV3 from rice, like the YFP-

AcV5-RIN41∆RCS1 derivative from rice, failed to suppress RPS2 (Figure. 4.3c and d). The ability 

of the derivatives to suppress RPS2 did not correlate with their expression level (Figure. 4.3e).  
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Thus, for RIN41∆RCS1 homologs able to suppress RPS2, the RIN4CLV3 fragments are sufficient to 

carry out the suppression of RPS2. 

We next sought to determine if, similar to the RIN4CLV3 fragments, the RIN4INT fragments were 

able to suppress RPS2. After cleavage, the AtRIN4INT fragment is no longer tethered to the plasma 

membrane (Afzal et al. 2011; Kim et al. 2005a). As expected, at the YFP-AcV5-RIN4INT fragments 

of AtRIN4 and the RIN4 homologs localized in the soluble fraction (Figure. 4.4a and b).  
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Figure 4.4. The YFP-AcV5-RIN4INT fragments are soluble and fail to suppress RPS2 in N. 

benthamiana. (A) YFP-AcV5-RIN4INT fragments (OD600 1.0) were transiently expressed in N. 

benthamiana plants. Localization of the fluorescent signal was observed at 72 HPI using confocal-

microscopy (Scale bar: 100 µM). YFP-AcV5-RIN4INT fragments and the free YFP protein 

localized in the cytosol and nuclei. (B) Anti-GFP immunoblotting was conducted on samples, as 

in panel A, from 72 HPI that had been fractionated into total (T), soluble (S) and membrane (M) 

fractions. YFP-AcV5-RIN4INT fragments and the free YFP protein accumulated in the soluble 

fraction. The panel below shows ponceau stain for RuBisCO as a soluble protein marker. (C) 

Macroscopic cell death at 48 HPI of RPS2-HA (OD600 0.04) co-infiltrated with the indicated YFP-

AcV5-RIN4INT fragments or free YFP (OD600 1.0) in N. benthamiana. (D) Cell death was 

quantified based on electrolyte leakage. Three leaf discs for each combination, as in panel C, were 

taken, immersed in sterile water, and conductivity of the bath solution was measured at 72 HPI. 

Data was collected from 3 independent experiments. Error bars represent SEM. Student’s t-test, at 

95% confidence limits, was used for comparison with YFP (ns, not significant) 

 

AtRIN411-152 is unable to suppress RPS2 expressed with Agrobacterium at an OD600 of 0.075 (Day 

et al. 2005). Even when RPS2 was expressed at the lower level, with Agrobacterium at an OD600 

of 0.04, YFP-AcV5-AtRIN4INT was unable to suppress RPS2 (Figure. 4.4c and d). Similar to YFP-

AcV5-AtRIN4INT, the YFP-AcV5-RIN4 INT fragments from soybean, peach and potato were also 

unable to suppress RPS2 (Figure. 4.4c and d). Taken together, these results indicate that the two 

cleavage fragments, RIN4INT and RIN4CLV3, play contrasting roles in the regulation of RPS2 

activation with only the latter able to suppress RPS2. 

 

4.2.2. YFP-AcV5-AtRIN4INT is unable to activate YFP-AtRIN4CLV3 suppressed RPS2 

We have recently demonstrated that in the absence of the pathogen the soluble fragment, ACP2, 

is able to activate RPS2 suppressed by the membrane tethered fragment, ACP3 (chapter 2). After 

establishing the differential regulation of RPS2 by the YFP-AtRIN4 fragments, we next sought to 

determine whether the YFP-AcV5-AtRIN4INT fragment was also capable of activating YFP-

AtRIN4CLV3 suppressed RPS2. For this purpose we co-expressed AtRIN4 derivatives, Flag-

AtRIN4Fl, Flag-AtACP2, Flag-AtRIN4CLV3, YFP-AcV5-AtRIN4INT or YFP-AtRIN4CLV3, (OD600 

0.6) with RPS2-HA (OD600 0.04) in N. benthamiana leaves (Figure 4.5a and b).  
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Figure 4.5. Flag-AtACP2 and YFP-AcV5-AtRIN4INT derivatives fail to activate YFP-

AtRIN4CLV3  suppressed RPS2. (A) RIN4 derivatives (Flag-AtRIN4Fl, Flag-AtACP2, Flag-

AtRIN4CLV3, YFP-AcV5-AtRIN4INT or YFP-AtRIN4CLV3) and empty vector (OD600 0.6) were co-

infiltrated with RPS2-HA (OD600 0.04) in N. benthamiana leaves. Macroscopic cell death was 

observed at 48 HPI. Similar to Flag-AtRIN4Fl, Flag-AtRIN4CLV3 and YFP-AtRIN4CLV3 

suppressed RPS2-HA; while Flag-AtACP2, YFP-AcV5-AtRIN4INT and empty vector failed to 

suppress RPS2-HA expressed in N. benthamiana. Co-infiltration of either Flag-AtACP2 or YFP-

AcV5-AtRIN4INT with Flag-AtRIN4CLV3 resulted in activation of AtRIN4CLV3 suppressed RPS2-

HA. In contrast, co-infiltration of either Flag-AtACP2 or YFP-AcV5-AtRIN4INT with YFP-

AtRIN4CLV3 failed to activate AtRIN4CLV3 supressed RPS2-HA. (B) Cell death was quantified 

based on electrolyte leakage. Three leaf discs for the indicated combination co-infiltrated with 

RPS2-HA were collected, immersed in sterile water, and conductivity of the bath solution was 

measured at 96 HPI. Data was collected from 6 independent experiments. Error bars represent 

SEM. Student’s t-test, at 95% confidence limits, was used for comparison with Flag-AtRIN4Fl 

(ns, not significant; **P>0.01; ***P>0.001).   

 

Similar to Flag-AtRIN4Fl, both Flag-AtRIN4CLV3 and YFP-AtRIN4CLV3 suppressed RPS2-HA 

(Figure 4.5a and b).  Similar to Flag-AtACP2, YFP-AcV5-AtRIN4INT also activated Flag-

AtRIN4CLV3 suppressed RPS2-HA (Figure 4.5a and b). This indicates that AtRIN4INT was able to 

functionally complement Flag-AtACP2. Interestingly both Flag-AtACP2 and YFP-AcV5-

AtRIN4INT failed to activate RPS2-HA suppressed by YFP-AtRIN4CLV3 (Figure 4.5a and b). 

Similarly the homologous YFP-AcV5-AtRIN4INT fragments failed to activate RPS2-HA supressed 

by the homologous YFP-RIN4CLV3 fragments (Figure 4.6a and b). Taken together these results 

indicated that the addition of a bulky tag (YFP) at the N-terminus of AtRIN4CLV3 hinders RPS2-

HA activation. 
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Figure 4.6. Homologous YFP-AcV5-RIN4INT derivatives fail to activate RPS2 suppressed by 

homologous YFP-RIN4CLV3 derivatives. (A) RIN4 derivatives (Flag-AtACP2, Flag-
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AtRIN4CLV3, YFP-AcV5-RIN4INT or YFP-RIN4CLV3) and empty vector (OD600 0.6) were co-

infiltrated with RPS2-HA (OD600 0.04) in N. benthamiana leaves. Macroscopic cell death was 

observed at 48 HPI. Similar to Flag-AtRIN4CLV3, homologous YFP-RIN4CLV3 derivatives also 

suppressed RPS2-HA, while the empty vector failed to suppress RPS2-HA expressed in N. 

benthamiana. Co-infiltration of Flag-AtACP2 with Flag-AtRIN4CLV3 resulted in RPS2-HA 

activation. In contrast, co-infiltration of homologous YFP-AcV5-AtRIN4INT derivatives with 

YFP-AtRIN4CLV3 failed to activate AtRIN4CLV3 supressed RPS2-HA. (B) Cell death was 

quantified based on electrolyte leakage. Three leaf discs for the indicated combination co-

infiltrated with RPS2-HA were collected, immersed in sterile water, and conductivity of the bath 

solution was measured at 96 HPI. Data collected from two independent experiment. Error bars 

represent SEM.  

 

4.2.3. Non-membrane tethered AtRIN4 fragments fail to reactivate RPS2 suppressed by 

homologous Flag-AtRIN4CLV3 fragments. 

Since the addition of the YFP tag at the N-terminus of RIN4CLV3 fragments hindered RPS2 

activation by the soluble fragments we cloned these fragments with an N-terminal Flag tag (Figure 

4.7).  

 

 

Figure 4.7. Schematic diagram of RIN4 derivatives used in this chapter. Within RIN4 

derivatives: Red rectangles indicate Flag tag, purple rectangles indicate NOI domains, and blue 

triangles indicate RCS2.  
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Flag-AtRIN4Fl, Flag-AtRIN4CLV3, YFP-AtRIN4CLV3 or homologous Flag-RIN4CLV3 (OD600 0.6) 

were co-expressed with RPS2-HA (OD600 0.04) in N. benthamiana leaves (Figure 4.8a and b). 

Similar to Flag-AtRIN4F and YFP-AtRIN4CLV3, the homologous Flag-RIN4CLV3 fragments also 

suppressed RPS2 (Figure. 4.8a and b); while the Flag-RIN4 CLV3 from rice, failed to suppress RPS2 

(Figure. 4.8a and b). The ability of the derivatives to suppress RPS2 did not correlate with their 

expression level (Figure. 4.8c).   

 

 



79 
 

Figure 4.8. The Flag-RIN4CLV3 fragments are capable of suppressing RPS2 in N. 

benthamiana. (A) Similar to Flag-AtRIN4Fl, Co-infiltration of Flag-RIN4CLV3 fragments (OD600 

1.0) from Arabidopsis, soybean, peach, and potato suppressed macroscopic cell death induced by 

RPS2-HA (OD600 0.04) at 48 HPI in N. benthamiana. Empty vector and YFP-OsRIN4CLV3 failed 

to suppress RPS2-HA. (B) Cell death was quantified based on electrolyte leakage. Three leaf 

discs for the indicated combinations were collected, immersed in sterile water, and conductivity 

of the bath solution was measured at 72 HPI. Data was collected from 3 independent experiments. 

Error bars represent SEM. Student’s t-test, at 95% confidence limits, was used for comparison 

with Flag-AtRIN4CLV3 (ns, not significant; *P>0.05; **P>0.01).  Anti-Flag immunoblot conducted 

on samples collected at 72 HPI shows that Flag-RIN4CLV3 accumulate to comparable levels in N. 

benthamiana. Panel below show ponceau stain for RuBisCO used as loading control. 

After establishing RPS2 suppression by Flag-RIN4 CLV3 fragments we next sought to determine 

whether co-expression of non-membrane tethered fragments of AtRIN4 would result in activation 

of Flag-RIN4 CLV3 suppressed RPS2. For this purpose RIN4 derivatives, homologous Flag-

AtRIN4CLV3 derivatives (OD600 0.6) were co-infiltrated with RPS2-HA (OD600 0.04) and either 

Flag-ACP2 or YFP-AcV5-AtRIN4INT (OD600 0.6) in N. benthamiana leaves (Figure 4.9a and b). 

Similar to Flag-AtRIN4Fl, the homologous Flag-RIN4CLV3 fragments also suppressed RPS2, while 

both Flag-ACP2 and YFP-AcV5-AtRIN4INT failed to suppress RPS2. Both Flag-ACP2 and YFP-

AcV5-AtRIN4INT activated RPS2 suppressed by Flag-AtRIN4CLV3; while they failed to activate 

RPS2 suppressed by YFP-AtRIN4CLV3 (Figure 4.9a and b).  Interestingly Flag-ACP2 and YFP-

AcV5-AtRIN4INT failed to activate RPS2 suppressed by homologous Flag-RIN4CLV3 derivatives. 

This indicates that even though the homologous derivatives are able to complement RPS2 

suppression, they fail to complement RPS2 activation in the presence of the non-membrane 

tethered AtRIN4 fragments.  
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Figure 4.9. Non-membrane tethered AtRIN4 fragments fail to activate RPS2 suppressed by 

homologous Flag-AtRIN4CLV3 fragments. (A) RIN4 derivatives (Flag-AtRIN4Fl, Flag-AtACP2, 

YFP-AcV5-AtRIN4INT, Flag-AtRIN4CLV3, YFP-AtRIN4CLV3 or homologous Flag-RIN4CLV3) and 

empty vector (OD600 0.6) were co-infiltrated with RPS2-HA (OD600 0.04) in N. benthamiana 

leaves. Macroscopic cell death was observed at 48 HPI. Similar to Flag-AtRIN4Fl, YFP-

AtRIN4CLV3 and homologous Flag-RIN4CLV3 derivatives also suppressed RPS2-HA, while Flag-

AtACP2, YFP-AcV5-AtRIN4INT and empty vector failed to suppress RPS2-HA expressed in N. 

benthamiana. Co-infiltration of Flag-AtACP2 or YFP-AcV5-AtRIN4INT derivatives with Flag-

RIN4CLV3 failed to activate RPS2-HA suppressed by homologous Flag-RIN4CLV3. (B) Cell death 

was quantified based on electrolyte leakage. Three leaf discs for the indicated combination co-

infiltrated with RPS2-HA were collected, immersed in sterile water, and conductivity of the bath 

solution was measured at 96 HPI. Data was collected from 5 independent experiments. Error bars 

represent SEM.  

 

4.2.4. Homologous RIN4INT derivatives are capable of activating RPS2-HA suppressed by 

Flag-AtRIN4CLV3. 

The observation that RIN4CLV3 weakly suppressed RPS2 led us to speculate that the homologous 

RIN4INT fragments might be able to overcome the RIN4CLV3 mediated RPS2 suppression. To test 

this we co-expressed Flag-AtRIN4CLV3 (OD600 0.6) with the homologous YFP-AcV5-RIN4INT 

(OD600 0.6) fragments and RPS2-HA (OD600 0.04). Figure 4.10 shows that while AtRIN4CLV3 was 

able to suppress RPS2-HA, both Flag-ACP2 and YFP-AcV5-AtRIN4INT were able to activate Flag-

AtRIN4CLV3 suppressed RPS2. Interestingly the homologous YFP-AcV5-RIN4INT also resulted in 

the activation of AtRIN4CLV3 suppressed RPS2 (Figure 4.10a and b). This indicated that the non-

membrane tethered derivatives from the homologs under study were sufficient to activate RPS2 

suppressed by Flag-AtRIN4CLV3. Results from this experiment are consistent with our proposed 

model for RPS2 activation which states that AvrRpt2 activates RPS2 through the generation of the 

non-membrane tethered fragment ACP2. 
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Figure 4.10. Homologous RIN4INT derivatives are capable of activating RPS2-HA suppressed 

by Flag-AtRIN4CLV3. (A) RIN4 derivatives (Flag-AtRIN4Fl, Flag-AtACP2, Flag-AtRIN4CLV3 or 

homologous YFP-AcV5-RIN4INT) and empty vector (OD600 0.6) were co-infiltrated with RPS2-

HA (OD600 0.04) in N. benthamiana leaves. Macroscopic cell death was observed at 48 HPI. 

Similar to Flag-AtRIN4Fl, Flag-AtRIN4CLV3 also suppressed RPS2-HA, while Flag-AtACP2, 

homologous YFP-AcV5-RIN4INT and empty vector failed to suppress RPS2-HA expressed in N. 

benthamiana. Co-infiltration of Flag-AtACP2 or homologous YFP-AcV5-RIN4INT derivatives 

with Flag-AtRIN4CLV3 resulted in RPS2-HA activation. (B) Cell death was quantified based on 

electrolyte leakage. Three leaf discs for the indicated combination co-infiltrated with RPS2-HA 

were collected, immersed in sterile water, and conductivity of the bath solution was measured at 

96 HPI. Data was collected from 3 independent experiments. Error bars represent SEM.  

 

4.2.5. Homologous RIN4INT derivatives are capable of activating RPS2-HA suppressed by 

homologous Flag-RIN4CLV3. 

In order to determine whether homologous YFP-AcV5-RIN4INT derivatives could activate Flag-

RIN4CLV3 suppressed RPS2, we co-infiltrated these constructs in in N. benthamiana leaves (Figure 

4.11). Similar to Flag-AtRIN4Fl, YFP-AtRIN4CLV3 and homologous Flag-RIN4CLV3 also 

suppressed RPS2-HA, while Flag-AtACP2, homologous YFP-AcV5-RIN4INT and empty vector 

failed to suppress RPS2-HA expressed in N. benthamiana (Figure 4.11). Co-infiltration of Flag-

AtACP2 or YFP-AcV5-AtRIN4INT derivatives with Flag-AtRIN4CLV3 resulted in RPS2-HA 

activation. While co-infiltration of either Flag-AtACP2 or YFP-AcV5-AtRIN4INT derivatives with 

YFP-AtRIN4CLV3 failed to activated RPS2. Similar to non-membrane tethered derivatives AtRIN4, 

co-infiltration of homologous YFP-AcV5-RIN4INT derivatives with homologous Flag-RIN4CLV3 

resulted in RPS2-HA activation (Figure 4.11). Results from our experiment are consistent with a 

model where cleavage of RIN4 by AvrRpt2 activates RPS2 through the generation of the non-

membrane tethered fragment of RIN4. 
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Figure 4.11. Homologous RIN4INT activate RPS2 suppressed by Homologous Flag-RIN4CLV3. 

Homologous RIN4 derivatives (Flag-AtRIN4Fl, Flag-AtACP2, YFP-AtRIN4CLV3, Flag-RIN4CLV3 

or YFP-AcV5-RIN4INT) and empty vector (OD600 0.6) were co-infiltrated with RPS2-HA (OD600 

0.04) in N. benthamiana leaves. Similar to Flag-AtRIN4Fl, YFP-AtRIN4CLV3 and homologous 

Flag-RIN4CLV3 also suppressed RPS2-HA, while Flag-AtACP2, homologous YFP-AcV5-RIN4INT 
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and empty vector failed to suppress RPS2-HA expressed in N. benthamiana. Co-infiltration of 

Flag-AtACP2 or YFP-AcV5-AtRIN4INT derivatives with Flag-AtRIN4CLV3 resulted in RPS2-HA 

activation. Similarly, co-infiltration of homologous YFP-AcV5-RIN4INT derivatives with 

homologous Flag-RIN4CLV3 resulted in RPS2-HA activation. Cell death was quantified based on 

electrolyte leakage. Three leaf discs for the indicated combination co-infiltrated with RPS2-HA 

were collected, immersed in sterile water, and conductivity of the bath solution was measured at 

96 HPI. Data was collected from 5 independent experiments. Error bars represent SEM.  

 

4.3. Discussion: 

Multiple effectors target important immune regulators such as RIN4 to promoter bacterial 

virulence (Lee et al. 2015; Mackey et al. 2003; Mackey et al. 2002; Redditt et al. 2019; Wilton et 

al. 2010). The effector dependent post translational modifications are recognized by NLR proteins 

which in turn activates an appropriate immune response. For example, AvrRpt2 mediated cleavage 

of RIN4 results in the activation of RPS2 (Axtell and Staskawicz 2003; Day et al. 2005; Mackey 

et al. 2003). The generally accepted model for RPS2 activation stated that AvrRpt2 mediated 

elimination of RIN4 results in RPS2 activation (Axtell and Staskawicz 2003; Day et al. 2005; 

Mackey et al. 2003). Our lab has recently demonstrated that two of the cleavage fragments, ACP2 

and ACP3, persist post cleavage and are involved in the regulation of RPS2 activation (Chapter 

2). Thus, we propose a new model for RPS2 activation, in which cleavage of RIN4 by AvrRpt2 

generates two fragments with ACP3 capable of maintaining RPS2 in a repressed state and ACP2 

capable of overcoming that suppression to activate RPS2. Interestingly AvrRpt2 mediated 

cleavage of RIN4 homologs from soybean, peach and potato also resulted in RPS2 activation. To 

gain insight into the AvrRpt2-RIN4-RPS2 defense-activation module, we compared the function 

of AtRIN4 fragments with the homologous RIN4 fragments present in a diverse range of plant 

species 

Proteolysis of the YFP-AcV5-RIN41∆RCS1 derivatives by the effector, AvrRpt2, resulted in the 

generation of RIN4INT and RIN4CLV3 fragments (Chapter 3). We have demonstrated that these two 

cleavage fragments differ with respect to regulation of RPS2. The cytosolic RIN4INT fragments are 

unable to suppress RPS2, while the membrane-tethered RIN4CLV3 fragment retain the ability to 

prevent ectopic activity of RPS2.  
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AtRIN4INT is able to complement AtACP2 fragment in its ability to activate AtACP3 or 

AtRIN4CLV3 suppressed RPS2. Interestingly, addition of a bulky tag at the N-terminus of the 

membrane-tethered AtRIN4CLV3 fragment hindered RPS2 activation by the non-membrane 

tethered AtRIN4 fragments. We have previously demonstrated that while soluble fragment, ACP2, 

is able to activate RIN4CLV3 suppressed RPS2, it fails to activate RPS2 suppressed by a RIN4 

derivative that has an intact C-terminal NOI domain, 142-211. Taken together these results indicate 

that additional residues at the N-terminus of RIN4CLV3 hinder the ability of the soluble fragments 

to cause activation of RPS2.  

The homologous RIN4INT were able to activate AtRIN4CLV3 suppressed RPS2. This indicates that 

suppression of RPS2 by AtRIN4CLV3 is weak and can be activated by a non-membrane tethered 

RIN4 derivative. Both AtRIN4INT and AtACP2 failed to activate RPS2 suppressed by homologous 

RIN4CLV3 fragments. While the respective homologous RIN4INT fragments were able to activate 

homologous RIN4CLV3 suppressed RPS2. This indicates that, at least for the homologs, activation 

of RIN4CLV3 suppressed RPS2 required the respective non-membrane tethered fragments for 

interaction within the protein complex required for RPS2 activation. These observations further 

support the possibility that RPS2 activation results from the combined activity of the RIN4 

cleavage fragments, rather than simply the elimination of full-length RIN4. 

AvrRpt2 homologs are present in a number of bacterial pathogens and are reported to play a role 

in promoting pathogenesis (Eschen-Lippold et al. 2016; Mazo-Molina et al. 2020; Prokchorchik 

et al. 2020). For example an AvrRpt2 homolog from Erwinia amylovora is the causal agent of 

bacterial fire blight in apple and pear (Prokchorchik et al. 2020). In case of apple, an NLR protein 

MR5, provides resistance against AvrRpt2 (Prokchorchik et al. 2020). Similar to RPS2, MdRIN4 

cleavage by AvrRpt2 is sufficient for MR5 activation (Prokchorchik et al. 2020). However, in this 

case the membrane tethered fragment, MdACP3, was sufficient to cause MR5 activation in N. 

benthamiana (Prokchorchik et al. 2020). 

Suppression of RPS2 by AtRIN4CLV3 and homologous equivalent fragments is in contrast to 

regulation of Mr5 in apple. Rather than suppressing Mr5, AvrRpt2-induced MdACP3 is required 

for its activation. And, in the absence of AvrRpt2, MdACP3 is sufficient to activate MR5 

(Prokchorchik et al. 2020). Even though RPS2 and MR5 belong to the same CC-NLR class of 

proteins and recognize AvrRpt2-mediated cleavage of RIN4, they evolved independently (Mazo-
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Molina et al. 2020; Prokchorchik et al. 2020). It is apparent that the RPS2 and Mr5 NLR-proteins 

differ in how they are regulated by full-length and AvrRpt2-generated fragments of RIN4. Another 

NLR-protein, Ptr1 from tomato, has also been shown to respond to the AvrRpt2-mediated cleavage 

of SlRIN4. It will be of interest to compare the role of AvrRpt2-generated fragments of RIN4 in 

the regulation of Ptr1 activity.  Collectively, these findings indicate that a variety of NLR-proteins 

distinctly monitor the status of RIN4.  
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Chapter 5. RPS2 remains at the membrane during ectopic and 

AvrRpt2-induced activation 

This chapter is adapted from Alam, et al., 2021 RIN4 homologs from important crop species differentially regulate 

the Arabidopsis NB-LRR immune receptor, RPS2. Plant cell reports. In press 

 

5.1. Introduction: 

In order to deal with the pressure of infection, plants have developed a sophisticated innate immune 

system. Plant Resistance (R) genes are the key players in the defense response mounted against 

the virulence factors secreted by pathogens (Dangl and Jones 2001). R genes in the plant cell 

encode for proteins that belong to the intracellular nucleotide binding leucine rich repeat (NBLRR 

or NLR) family of receptors (Bonardi et al. 2012; Chiang and Coaker 2015; Dangl and Jones 

2001). NLR proteins are characterized by the presence of a highly conserved central nucleotide 

binding (NB)  site and a variable C-terminal leucine rich repeat (LRR) domain (Figure 5.1) (Chiang 

and Coaker 2015; Monteiro and Nishimura 2018). The NB domain is responsible for nucleotide 

binding and exchange which leads to conformational changes within the protein resulting in NLR 

activation; whereas the LRR domain is involved in both negative, (auto-inhibition) and positive 

regulation (detection of pathogen effectors) of NBLRRs (Figure 1.1). NBLRRs, based on their N-

terminal domain, can be further subdivided into either the toll/interleukin-1 receptor (TIR), or 

coiled-coiled (CC) NBLRR receptors (Bonardi et al. 2012; Chiang and Coaker 2015; Grund et al. 

2019; Monteiro and Nishimura 2018). The N-terminal domains of NLR proteins mediate signaling 

post activation (Monteiro and Nishimura 2018).   

At least two modes of effector recognition by the NLR proteins have been reported (Jones and 

Dangl 2006). NLR proteins can either directly interact with the corresponding effector (Chiang 

and Coaker 2015; Jones and Dangl 2006; Monteiro and Nishimura 2018); or they can indirectly 

detect the effector through the cooperation of an additional host protein (Jones and Dangl 2006) 

(Figure 1.1). The indirect mode of detection is explained by the guard hypothesis which states that 

the secreted pathogen targets and modifies a host protein (gaurdee) guarded by an NLR protein 

(Figure 1.1) (Jones and Dangl 2006). The NLR protein then detects the effector mediated 

modification of the gaurdee and activates an immune response (Figure 1.1) (Jones and Dangl 

2006). The host protein or gaurdee can either be a bona fide effector virulence target or can act as 



89 
 

a decoy (van der Hoorn and Kamoun 2008). In latter case the host protein does not play a role in 

plant immunity but only serves to interact with the secreted effector by mimicking the bona fide 

effector target (van der Hoorn and Kamoun 2008). The detection of the effectors by the NLR 

proteins results in the activation of ETI which usually culminates in programmed cell death at the 

site of infection (Figure 1.1) (Chiang and Coaker 2015; Jones and Dangl 2006). Even though NLRs 

are key regulator of ETI response in plants, the molecular mechanism of NLR activation and NLR 

mediated immune signaling remains poorly understood. 

Prior to their activation, NBLRR proteins are present in diverse locations within the cell including 

the plasma membrane, cytosol and the nucleus (Chiang and Coaker 2015). A few NLRs have been 

reported to re-localize post activation (Chiang and Coaker 2015; Elmore et al. 2011; Gao et al. 

2011). In some cases the nucleo-cytoplasmic trafficking of the NLR proteins is reported to be 

sufficient for ETI activation (Chiang and Coaker 2015; Elmore et al. 2011). While re-localization 

has been reported for NLR’s belonging to both the TIR and CC-NLR group, to this date there is 

no generalization regarding NLR localization post activation.  

RPM1 and RPS2 are two CC-NBLRR proteins present in Arabidopsis (Mackey et al. 2003; 

Mackey et al. 2002). Both these proteins are known to physically interact with a membrane 

localized protein, RPM1 interacting protein 4 (RIN4) (Figure 1.2 and 1.3) (Day et al. 2005; 

Mackey et al. 2003; Mackey et al. 2002). Even though, RPM1 and RPS2 lack a predicted 

transmembrane domain, both these protein localize at the membrane (Afzal et al. 2011; Axtell and 

Staskawicz 2003; Gao et al. 2011). In case of RPM1, both the inactive and active versions of the 

protein were reported to be membrane localized (El Kasmi et al. 2017; Gao et al. 2011). In the 

absence of the pathogen, inactive RPM1 is localized at the membrane (El Kasmi et al. 2017; Gao 

et al. 2011). RPM1 provides resistance against P. syringae expressing the effectors AvrB and 

AvrRPM1 (Chung et al. 2011; Gao et al. 2011; Mackey et al. 2002). Both AvrB and AvrRPM1 

localize at the membrane where they induce phosphorylation of RIN4 which in turn leads to the 

activation of RPM1 (Gao et al. 2011; Nimchuk et al. 2000). Effector activated RPM1 also remained 

membrane localized (Gao et al. 2011). It was further demonstrated that tethering RPM1 to the 

plasma membrane did not hinder its ability to induce HR in the presence of the effector (Gao et al. 

2011). This indicated that re-localization of RPM1 is not required for its function. Similar to 

RPM1, RPS2 has also been reported to localize at the membrane (Axtell and Staskawicz 2003). In 
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the absence of the pathogen, PRS2 is maintained in a signaling competent state and is suppressed 

through its interaction with RIN4 at the plasma membrane (Day et al. 2005; Mackey et al. 2003). 

Absence of RIN4 in Arabidopsis results in constitutive activation of RPS2 leading to seedling 

lethality (Mackey et al. 2003). RPS2 provides resistance against P. syringae expressing the effector 

AvrRpt2 (Axtell and Staskawicz 2003; Day et al. 2005; Mackey et al. 2003). AvrRpt2, once 

activated in the plant cytosol, most likely also localizes at the membrane where it causes the 

cleavage of RIN4 which results in the activation of RPS2 (Figure 4.1) (Afzal et al. 2011; Axtell 

and Staskawicz 2003; Coaker et al. 2006; Mackey et al. 2003). Effector activated RPS2 is also 

reported to localize at the membrane (Axtell and Staskawicz 2003). Whether activated RPS2 re-

localizes to initiate downstream defense signaling remains to be determined.   

The generally accepted model for RPS2 activation states that RPS2 activates signaling upon 

perception of AvrRpt2 mediated elimination of RIN4 (Axtell and Staskawicz 2003; Day et al. 

2005; Mackey et al. 2003). Cleavage of RIN4 by AvrRpt2 results in the generation of three 

fragments, AvrRpt2-cleavage product 1 (ACP1, AtRIN41-10), ACP2 (AtRIN411-152) and ACP3 

(AtRIN4153-211) (Afzal et al. 2011; Kim et al. 2005a). We have recently demonstrated that the 

soluble fragment, ACP2 generated post AvrRpt2 mediated cleavage of RIN4, is responsible for 

RPS2 activation. This led us to speculate that AvrRpt2 activated RPS2 might interact with ACP2 

and/or re-localize in the soluble fraction to mediate immune signaling.  

In order to test our hypothesis, we made an RPS2 derivative with a C-terminal YFP tag and co-

expressed it with AcV5-AtRIN4 and AvrRpt2-HA in N. benthamiana. We then observed the 

localization pattern of ectopically and effector activated RPS2 in N. benthamiana cells. In this 

chapter we have demonstrated that similar to the membrane suppressed RPS2, the ectopically 

active RPS2 also remains membrane localized. We further demonstrated the AvrRpt2 triggers 

RPS2-YFP-HA activation, however activated RPS2 was predominantly membrane localized. 

Taken together these results indicate that the plasma membrane localization of RPS2 is unaffected 

by its suppression/activation status. 

 

5.2. Results: 
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5.2.1. RPS2-YFP-HA and RPS2-HA are functionally comparable for cell death induction 

and RIN4-suppression in Nicotiana benthamiana. 

To determine the localization of RPS2 when it is ectopically active (expressed in N. benthamiana 

without RIN4) and when it is activated by AvrRpt2 (expressed in N. benthamiana with RIN4 and 

AvrRpt2), we used the fluorescent-protein tagged, RPS2-YFP-HA, derivative of RPS2 (Figure 

5.1a).  
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Figure 5.1. RPS2-YFP-HA and RPS2-HA are functionally comparable for cell death 

induction and RIN4-suppression in N. benthamiana. (A) Schematic diagram of RIN4 and RPS2 

derivatives used in this chapter. Within RIN4 derivatives: brown squares indicate AcV5 epitopes, 

purple rectangles indicate NOI domains, and blue triangles indicate RCS2. Within RPS2 

derivatives: orange rectangles indicate coiled coil domains, blue border rectangles indicate NB 

domains, red rectangles indicate LRR domains, light purple squares indicate HA epitopes, and the 

green rectangle indicates YFP. (B) RPS2-YFP-HA (OD600 0.1) and RPS2-HA (OD600 0.1) were 

co-infiltrated with AcV5-AtRIN411-211 (OD600 1.0) in N. benthamiana. Macroscopic RPS2-induced 

cell death was observed at 48 HPI. Empty vector failed to suppress either RPS2-HA or RPS2-YFP-

HA; while co-infiltration with AcV5-AtRIN411-211 resulted in suppression of RPS2 activation. (C) 

Cell death was quantified based on electrolyte leakage. Three leaf discs for each combination, in 

panel A, were collected at 48 HPI, immersed in sterile water, and conductivity of the bath solution 

was measured. Data was collected from 3 independent experiments. Error bars represent SEM. 

Student’s t-test, at 95% confidence limits, was used for comparison with RPS2:HA (ns, not 

significant;**P < 0.05) 

In order to test whether the RPS2-YFP-HA derivative was functionally active, we initially 

expressed the construct in, the absence and presence of AcV5-AtRIN411-211, in N. benthamiana. 

Figure 5.1b and c show that similar to RPS2-HA, expression of RPS2-YFP-HA with 

Agrobacterium at an OD600 of 0.1 resulted in a cell death phenotype and this ectopic activity of 

RPS2 could be suppressed by expression of AtRIN411-211. Thus, the RPS2-YFP-HA was 

functional. 

 

5.2.2. RPS2 remains at the membrane during ectopic and AvrRpt2-induced activation 

After confirming the functionality of RPS2-YFP-HA, we next sought to determine the localization 

of RIN4-suppressed and AvrRpt2-activated RPS2. In the absence of AvrRpt2, RPS2 is localized 

at the plasma membrane where it interacts with RIN4 (Axtell and Staskawicz 2003; Belkhadir et 

al. 2004; Mackey et al. 2003). Some R-proteins re-localize upon activation (Burch-Smith et al. 

2007; Deslandes et al. 2003). The ectopic activation of RPS2-YFP-HA (OD600 of 0.2) resulted in 

a cell death phenotype at 42 HPI (Figure. 5.2a).   
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Figure 5.2. RPS2 remains membrane-localized during ectopic and AvrRpt2-induced 

activation. RPS2-YFP-HA (OD600 0.2) and P19 (OD600 0.3) were co-infiltrated with the indicated 

combinations of AcV5-AtRIN411-211 (OD600 0.6) and AvrRpt2-HA or AvrRpt2C122A-HA (OD600 

0.01) in N. benthamiana plants. (A) RPS2 induced cell death at 42 HPI in N. benthamiana leaves 

was detected via leaf auto-fluorescence. The signal observed in section 1 and 3 corresponds to the 

onset of cell death. (B) Localization of the fluorescent signal was observed at the indicated time 

points using confocal-microscopy (Scale bar: 15 µM). (C) Cell death was quantified based on 

electrolyte leakage. Five leaf discs for each combination, as in panel B, were taken at the indicated 

time points, immersed in sterile water, and conductivity of the bath solution was measured. Data 

collected from 3 independent experiments where n=15. Error bars represent SEM 

 

Ectopically expressed RPS2-YFP-HA predominantly remained localized at the plasma membrane 

at 40–48 HPI (Figure. 5.2b). The shape of the epidermal cells remained largely unchanged at these 

time points (Figure. 5.2b). By 45 HPI, RPS2-YFP-HA caused significant cell death and even 

though there was a reduction in the levels of RPS2-YFP-HA, it was still predominately localized 

at the plasma membrane (Figure. 5.2b).  Notably, RPS-YFP-HA remained membrane localized 

even in epidermal cells that the bright field imaging indicated were dead or dying (Figure. 5.2b). 

As expected, when suppressed by co-expressed AtRIN411-211, no cell death was apparent (Figure. 

5.2a and 5.2c), and RPS2-YFP-HA remained localized at the membrane (Figure. 5.2b). We 

observed similar patterns of membrane localization for ectopically active and RIN4-suppressed 

RPS2-YFP-HA (OD600 of 0.1 and 0.4) at time points when cell death became apparent (Figure. 

5.3a and b).   
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Figure 5.3. Ectopically active and AcV5-AtRIN411-211 suppressed RPS2-YFP-HA are 

predominantly membrane localized in N. benthamiana cells. Localization of the fluorescent 

signal was observed at the indicated time points using confocal-microscopy (Scale bar: 100 µM). 

(A) RPS2-YFP-HA (OD600 0.1) was co-expressed in N. benthamiana with either empty vector (top 

panel) or AcV5-RIN411-211 (OD600 1.0) (bottom panel). (B) RPS2-YFP-HA (OD600 0.4) was co-

expressed in N. benthamiana with empty vector (top panel) or AcV5-RIN411-211 (OD600 1.0) 

(bottom panel) 

We next examined the localization of RPS2-YFP-HA following its activation by AvrRpt2. When 

co-infiltrated with AcV5-AtRIN411-211 and AvrRpt2, RPS2-YFP-HA triggered weak cell death at 

42 HPI (Figure. 5.2a and c). Notably, similar to when it is ectopically active, AvrRpt2-activated 

RPS2-YFP-HA remained detectable and was predominantly present at the plasma membrane at 

40–48 HPI (Figure. 5.2b). Collectively, our results indicate that the plasma membrane localization 
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of RPS2 is unaffected by its suppression/activation state and that it is thus likely to elicit defense 

responses, including cell death, at the plasma membrane. 

 

5.3. Discussion:  

 NLR-proteins localize to a variety of subcellular compartment prior to their activation (Caplan et 

al. 2008; Gao et al. 2011). In some cases, activation of NLR-proteins results in their re-localization 

(Burch-Smith et al. 2007; Caplan et al. 2008; Deslandes et al. 2003). For example the TIR-NLR 

protein, N, present in tobacco recognizes the effector released by Tobacco mosaic virus in the 

cytoplasm and subsequently re-localizes to the nucleus to initiate the defense response (Burch-

Smith et al. 2007; Caplan et al. 2008). Another example of a TIR-NLR protein that maintains a 

nucleocytoplasmic localization is the SNC1 protein present in Arabidopsis (Cheng et al. 2009). 

SNC1 contains both the Nuclear localization signal (NLS) and nuclear exclusion sequence (NLS), 

and it was determined that the nuclear pool of SNC1 is required for mediating downstream immune 

signaling (Cheng et al. 2009). Another example of a protein that re-localizes upon effector 

detection is the RRS1 protein present in Arabidopsis. It has been reported that RRS1 contains 

serval putative nuclear localization sequences (NLS) and re-localizes from the cytosol to the 

nucleus in the presence of the effector PopP2 (Deslandes et al. 2003). A CC-NLR protein from 

potato, Rx1, is also reported to maintain a nucleocytoplasmic localization (Slootweg et al. 2010). 

Rx1 is activated in the cytoplasm, however both nuclear and cytoplasmic pools of this protein are 

required for mediating the immune response again Potato virus X (Slootweg et al. 2010). Taken 

together these findings indicate the importance of the appropriate localization of the NLR proteins 

for mediating downstream signaling during pathogen invasion. While re-localization has been 

reported for a few NLR’s, other NLR’s, post effector activation, remain localized at the plasma or 

endo-membrane and disruption of their proper localization affects their function.  

RPS2 is a CC-NLR protein that is reported to physically associates with RIN4 in Arabidopsis 

plants (Day et al. 2005). Based on the analysis of its primary sequence, RPS2 was predicted to be 

a largely hydrophilic protein and it lacked motifs that might suggest a distinctive sub-cellular 

localization (Axtell and Staskawicz 2003; Mindrinos et al. 1994). However, RPS2 was also 

predicted to have a membrane spanning hydrophobic motif at the N-terminal region and was later 

demonstrated to localize at the membrane (Axtell and Staskawicz 2003; Mindrinos et al. 1994). 
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RPS2 provides resistance against P. syringae effector AvrRpt2 (Axtell and Staskawicz 2003; 

Mackey et al. 2003).  Due to its acylation after delivery into a plant cell, AvrRpt2 is also localized 

at the plasma membrane where it cleaves RIN4 leading to the activation of RPS2 (Coaker et al. 

2006). While RPS2 gets activated at the membrane, whether it re-localizes to regulate downstream 

signaling was unknown.  

We have recently determined that the non-membrane tethered derivative of RIN4, CCC>AAA, in 

the presence of full length RIN4 was able to activate RPS2 in Arabidopsis. We have also 

determined that the soluble fragment, ACP2, generated after AvrRPt2 mediated cleavage of RIN4 

is sufficient for RPS2 activation. Based on our findings we speculated that activated RPS2 might 

interact with the non-membrane tethered derivative and/or re-localize in the soluble fraction to 

mediate immune signaling. However in this chapter we have demonstrated that ectopically and 

effector activated RPS2 remains membrane localized. We tracked the expression of RPS2-YFP-

HA at different time points to determine the localization of RPS2 before and after the onset of HR. 

We observed that activated RPS2, at different time points still remained membrane localized. Even 

though there was a decrease in the YFP signal after the onset of HR, RPS2 still remained membrane 

localized. Therefore, we concluded that downstream signaling regulation by activated RPS2 does 

not depend on its re-localization. 
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Conclusion: 

The current study focuses on understanding the AvrRpt2-RIN4-RPS2 defense-activation module. 

It has been demonstrated that expression of non-membrane-tethered derivatives of RIN4 in 

Arabidopsis activates RPS2 and, notably, this activation occurred in the presence of native RIN4. 

The expression of these non-membrane tethered derivatives in the presence of wild type RIN4 

resembles the scenario where both the soluble, ACP2, and membrane tethered, ACP3, fragments 

are generated by AvrRpt2. We have demonstrated that membrane tethered fragment of RIN4 

(ACP3) can suppress the activation of RPS2 while the soluble fragment, ACP2, overcomes this 

suppression. Therefore we propose a new model for RPS2 activation, where the presence of a 

RIN4 derivative, in this case ACP2, triggers RPS2 activation. On the whole this model best fits to 

the guard hypothesis that the virulence promoting perturbation of RIN4 by AvrRpt2 results in the 

activation of RPS2. 

Further insight into the AvrRpt2-RIN4-RPS2 defense-activation module was gained by comparing 

the function of AtRIN4 with RIN4 homologs present in a diverse range of plant species. We 

identified a set of RIN4 homologs, from soybean, peach and potato, that like RIN4 from 

Arabidopsis and apple are able to regulate RPS2-mediated immune responses against AvrRpt2. 

We speculate that the homologs under study might interact with RPS2-like proteins in their 

respective host species. Alternatively, these homologs could effectively regulate AtRPS2 

introduced into those plant species. We also determined that in addition to their role as negative 

regulators of basal defenses, the two RIN4 cleavage fragments, RIN4INT and RIN4CLV3, play 

contrasting roles in the regulation of RPS2. Interestingly similar to AtRIN4, the homologous 

RIN4INT activated RPS2 suppressed by RIN4CLV3. These observations further support the 

possibility that RPS2 activation results from the combined activity of the RIN4 cleavage 

fragments, rather than simply the elimination of full-length RIN4. 
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Chapter 6 Methodology 

 

This chapter is adapted from Alam, et al., 2021 RIN4 homologs from important crop species differentially regulate 

the Arabidopsis NB-LRR immune receptor, RPS2. Plant cell reports. In press  

 

6.1. Plants and growth conditions 

Arabidopsis thaliana (Col-0, transgenic and mutants) plants were grown at 24°C (day) and 22°C 

(night) in a growth chamber under an 8-h-light/16-h-dark cycle. For Agrobacterium infiltrations, 

Nicotiana benthamiana seeds were sown in soil (Peat moss, Pindstrup færdigblanding substrate) 

and grown at 24°C (day) and 22°C (night) in a growth chamber under an 8h-light/16h-dark cycle. 

After 2 weeks of germination, seedlings were transferred to pots (one seedling per pot). The 

seedlings were further grown for 4 weeks after which they were ready for Agrobacterium 

infiltrations. Fully expanded N. benthamiana leaves were used to carry out bacterial infiltrations. 

To prepare RNA, Arabidopsis thaliana (Col-0), Lactuca sativa (Lettuce), Oryza sativa (Rice), 

Malus domestica (Apple), Solanum lycopersicum (tomato), Solanum tuberosum (potato), Prunus 

persica (peach), and Glycine max (soybean) seeds were also sown in soil (Peat moss, Pindstrup 

færdigblanding substrate) and grown at 24°C (day) and 22°C (night) in a growth chamber under 

an 8h-light/16h-dark cycle. Leaves were harvested from 4-week-old plants and were stored in a –

80°C freezer.    

6.2. Plasmid construction 

The Arabidopsis RIN4 derivatives (chapter 2) were cloned using the Gateway system (Invitrogen, 

Carlsbad, CA). Constructs for Arabidopsis RIN4 derivatives were derived from pMAC100c vector 

containing full-length RIN4 (Afzal et al. 2011). AtRIN4 derivatives, including RIN4Fl, 

CCC>AAA (mutation of acylation site cysteines to alanines) and 177∆211 (deletion of 35 C-

terminal residues of RIN4), were fused with an N-terminal T7 (MASMTGGQQMG) tag. AtRIN4 

derivatives including RIN4Fl, ACP2 (11-152), ACP3 (153-211) and 142-211 were fused with an 

N-terminal Flag (DYKDDDDK) tag. ACP2 derivatives were fused with either an N-terminal 

Nuclear Localization Signal (NLS, PKKKRKVED) (Haasen et al. 1999), Nuclear Export Signal 

(NES, NELALKLAGLDINKT) (Gadal et al. 2001) or Shuffled Nuclear Export signal (SNE, 

NELALKAAGADINKT) tag. These derivatives were cloned into pENTR-D-TOPO and 
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subsequently moved into the gateway binary vectors pGWB12 (containing a 35S promoter) or 

pEarlyGate 104 (35S:N-YFP). Dexamethasone (dex)-inducible stable transgenic lines expressing 

derivatives of RIN4 (chapter 2) were generated as described (Afzal et al. 2011) in Col-0, rpm1, 

rps2 or in the rpm1rps2 background. 

The homologous RIN4 constructs were also cloned using the Gateway system (Invitrogen, 

Carlsbad, CA). To prepare RNA, the harvested leaves were ground by mortar and pestle in liquid 

nitrogen. RNA was extracted using Trizol following the manufacturer’s protocol (Invitrogen, 

Carlsbad, CA). The corresponding cDNAs were synthesized using M-MLV Reverse transcriptase 

following the manufacturer’s protocol (Invitrogen Carlsbad, CA). Using cDNA as template, RIN4 

homologs were amplified through polymerase chain reaction (PCR). All primers, used for the 

purpose of cloning, were designed in such a way that they incorporated a CACC tag at the 5’ end 

of each construct (Supplemental Table 1). Primers used for the amplification of homologous 

RIN41∆RCS1 and RIN4INT (Internal) equivalent fragments were specifically designed to introduce 

an AcV5 tag at the 5’ end of each construct and to exclude the region corresponding to the first 12 

or 13 amino acids or 1∆RCS1 (RIN4 cleavage site 1). Sequence data from this study can be found 

in the accession numbers mentioned in Supplemental Table 1. 
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Table 6.1 Oligonucleotides used in this study. (Note that the nucleotides in lowercase are not a 

part of the RIN4 sequences. The AcV5 tag is underlined) 

Phusion® DNA Polymerase (NEB, Ipswich, MA) was used for the gene-specific amplification of 

the homologous RIN4 constructs and RPS2. PCR amplified genes were cloned into the entry 

vector, pENTR™ Directional TOPO (D-TOPO) (Invitrogen, Carlsbad, CA). The gateway binary 

vector pEarley Gate 104 (35S promoter, YFP:N) was used as the destination vector for the 

homologous RIN4 derivatives; while pEarley Gate 101 (35S promoter, C:YFP-HA) was used as 

the destination vector for RPS2. Since the entry and the destination vector had the same antibiotic 

selection marker (Kanamycin), we followed the PCR amplification based (PAB) method to 

mobilize the inserts from the entry clones to the destination vector (Kumar et al. 2013). The insert 

was amplified from the entry vector using M13 primers (Supplemental Table 1) and was 
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subsequently cloned into the destination vector using LR Clonase™ (Invitrogen Carlsbad, CA). 

The destination vector was then transformed in A. tumefaciens GV3101 pMP90 cells. AtRIN4 

derivative, RIN411-211 was amplified using primers that added an AcV5 tag and a sequence that 

encodes a 15 amino acid linker (NELALKAAGADINKT) at the 5’ end of the insert. The chimeric 

insert was cloned into pENTR-D-TOPO and subsequently moved into the gateway binary vector 

pB2GW7 (containing a 35S promoter).  

A. tumefaciens strain C58-C1 carrying RPS2-HA, expressed under the control of a promoter 

(pOCS:RPS2-HA), was a gift from Dr Brad Day and has been described previously (Day et al. 

2005). AvrRpt2-HA and AvrRpt2C122A-HA, expressed under the control of a 35S promoter, were 

a gift from Dr Kee Hoon Sohn and have been described previously (Prokchorchik et al. 2020). p19 

(silencing suppressor) expressed under the control of a 35S promoter has been described 

previously (Hamilton et al. 2002; Prado et al. 2019). RFP-OsRac1 expressed under the control of 

35S promoter (pGDR vector backbone) was a gift from Dr Guo-Liang Wang. RFP fused OsRac1, 

a GTPase, has been used as a plasma membrane marker previously (Fan et al. 2018).  

6.3. Agrobacterium-mediated transient expression  

A. tumefaciens strains carrying the AtRIN4 derivatives (chapter 2),  homologous 35S:YFP-AcV5-

RIN4 derivatives, pOCS:RPS2-HA or 35S:RPS2-YFP-HA, 35S:AvrRpt2-HA or 

35S:AvrRpt2C122A-HA were grown overnight at 28°C in Lurai-Bertani (LB) media containing the 

appropriate antibiotics (100 µg/ml of kanamycin, 50 µg/ml of gentamycin, 100 µg/ml of rifampicin 

or 5 µg/ml of tetracycline). The overnight cultures were centrifuged at 4500 × g for 10 min.  The 

pellet collected was re-suspended in induction media (10 mM MES PH5.6, 10 mM MgCl2 and 200 

µM acetosyringone). The OD600 (optical density) of the cultures, as required for each assay, was 

adjusted using the induction media. For all infiltrations, the final OD600 of A. tumefaciens strains 

carrying the desired construct(s), was adjusted to a constant total OD600 using A. tumefaciens strain 

GV3101. A. tumefaciens strain(s) were infiltrated into N. benthamiana leaves as described 

previously (Day et al. 2005; Tai et al. 1999).  

6.4. Confocal microscopy analysis  

The localization of homologous YFP-AcV5-RIN4 derivatives and RPS2-YFP-HA was observed 

at the indicated time points. Leaf discs from the infiltrated area were obtained and the YFP signal 

was observed using a confocal microscope (Nikon Eclipse Ti/C2/C2Si) (Nikon, Foster City, CA) 
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using an excitation wavelength of 514 nm and an emission wavelength of 530 nm. Nuclei in the 

infiltrated region, were stained by infiltrating 1µg/ml DAPI D3571 dye (Invitrogen, Eugene, OR) 

into N. benthamiana leaves, 6 hours before imaging.  The fluorescence from the DAPI stained 

nuclei was observed using an excitation wavelength of 358 nm and an emission wavelength of 461 

nm.  Co-localization of YFP-RIN4 derivatives and RFP-OsRac1 was observed at the indicated 

time points. RFP signal was observed using an excitation wavelength of 561 nm and an emission 

wavelength of 575 nm.   

6.5. Protein extraction and SDS-PAGE 

To determine expression of the transiently expressed YFP-AcV5-RIN4 derivatives, total protein 

was extracted from the plant tissue as described previously (Afzal et al. 2011). Briefly, 0.1 gram 

(g) leaf tissue was homogenized in 300 µl of extraction buffer, 20 mM Tris, 150 mM NaCl, 1 mM 

EDTA, 1% TritonX-100, 0.1% SDS, 5 mM DTT and 10X plant protease inhibitor cocktail (Sigma-

Aldrich, Saint Louis, MO). The samples were centrifuged at 13,523 × g for 20 min at 4°C to 

remove the insoluble debris. To 100 µl of the collected supernatant (total protein), 5X SDS-PAGE 

loading dye was added, and the samples were heated at 65° C for 10 min. The protein samples 

were resolved on 12% (w/v) SDS-PAGE gels and were subsequently transferred to nitrocellulose 

membrane. The membrane was probed with 1:5000 dilution of anti-GFP antibody (Abcam, 

Cambridge, UK) to detect YFP-tagged RIN4 derivatives. For detecting AtRIN4 derivatives, Anti-

RIN4 sera (Mackey et al., 2002), anti-T7 monoclonal antibody (Novagen, Madison, Wisconsin) 

and anti-Flag antibody (Sigma-Aldrich, Taufkirchen, Germany) were used at dilutions of 1:5000, 

1:10,000, or 1:5000, respectively. For protein detection, the blot was probed with ECL following 

manufacturer’s protocol (GE Healthcare Amersham, Buckinghamshire, UK) and 

chemiluminescence was observed using the ChemiDoc XRS system (Bio-Rad, Hercules, CA).  

6.6. Subcellular fractionation 

In order to separate membrane proteins from soluble proteins, 0.1 g leaf tissue was ground in liquid 

nitrogen and resuspended in 700 µl of homogenization buffer (30 mM Tris PH 8.3, 150 mM NaCl, 

1 mM EDTA, 20% glycerol, 5 mM DTT, 10X protease inhibitor and 10 mM PMSF). The samples 

were centrifuged at 13,523 × g for 10 min at 4°C to remove insoluble debris. The “total” fraction 

consisted of the supernatant from this first spin combined directly with the SDS-PAGE loading 

dye and heated at 65°C for 10 min. For fractionation of the microsomal fraction, 600 µl of 

https://en.wikipedia.org/wiki/Hercules,_California
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supernatant from the first spin was combined with 20 µl of 1M CaCl2 and incubated on ice for 90 

min prior to centrifugation at 21,130 × g for 90 min at 4°C. The “soluble” fraction (supernatant 

from the second spin) was combined with the loading dye and heated at 65°C for 10 min. The 

pellet from the second spin was re-suspended in 100 µl of resuspension buffer (10 mM Tris pH 

7.6, 150 mM NaCl, 0.1 mM EDTA, 10% glycerol, 10X protease inhibitor, 10 mM PMSF) and 

centrifuged again at 21,130 × g for 60 min at 4°C. The “microsomal membrane” fraction (the final 

pellet) was resuspended in 90 µl of 1X SDS-PAGE loading dye and heated at 65°C for 15 min. 

The subcellular fractions were resolved on either 12% (w/v) SDS-PAGE or 4-20% (w/v) precast 

TGX (Bio-Rad, Hercules, CA) gels and were subsequently transferred to nitrocellulose membrane. 

The membrane was probed with 1:5000 dilution of anti-GFP antibody (Abcam, Cambridge, UK) 

to detect YFP-tagged RIN4 derivatives. A 1:600 dilution of H+-ATPase (Agrisera, Vannas, SE) 

was used as a plasma membrane marker.  

6.7. Quantification of hypersensitive response 

To quantify the Hypersensitive Response, ion leakage from leaf discs corresponding to the agro-

infiltrated area of N. benthamiana leaves was measured. Leaf discs were submerged in 15 ml of 

water for 1 hour and cell death was quantified with the aid of a conductivity meter (WTW, 

Weilheim, Germany). For each construct, ion leakage data were generated from three to five 

biological replicates (three technical replicates per biological replicate). Background correction 

was based on the conductivity from leaf discs corresponding to un-infiltrated N. benthamiana 

leaves. Cell death in intact leaves was detected by observing leaf auto-fluorescence using the 

ChemiDoc XRS Imager (Bio-Rad, Hercules, CA). 

6.8. Protein alignment 

The homologous RIN4 protein sequences were aligned by ClustalW using MEGA-X. Alignments 

were generated with a reduced Gap penalty (4.0) for both pairwise and multiple sequence 

alignments. Pairwise sequence similarity and identity for the multiple sequence alignments was 

calculated by the BLOSUM 62 scoring Matrix with the SIAS (sequence identity and similarity) 

tool.   

6.9. Palmitoylation prediction 

Putative palmitoylation residues in the homologous RIN4 sequences were predicted using CSS-

Palm 4.0 (Zhou et al. 2006) with the threshold stringency set to medium 

https://en.wikipedia.org/wiki/Hercules,_California
https://en.wikipedia.org/wiki/Hercules,_California
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(http://csspalm.biocuckoo.org).  The software employs a clustering and scoring strategy algorithm 

(CSS), a group-based prediction system (GPS) as well as a training dataset that comprises 277 

proteins that contain 583 palmitoylation sites to accurately predict putative palmitoylation sites in 

query proteins (Ren et al. 2008; Weng et al. 2017).  
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