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Summary 

•   Genetic studies have demonstrated that NPR1 is the key positive regulator of salicylic acid 

(SA)-induced PR-1 gene induction and systemic acquired resistance (SAR). In Arabidopsis, 

family members NPR1 to NPR4 share domain architecture.  

•   Yeast hybrid assays were used to explore biochemical capabilities of NPR1 to NPR4. 

•   All NPR1 to NPR4 are responsive to SA. SA perception proceeds via the conserved 

arginine embedded in a C-terminal LENRV-like motif. Clade 2 proteins NPR3 and NPR4 

perceive SA directly, while clade 1 members NPR1 and NPR2 require interaction with partner 

proteins NIMIN1/NIMIN2 and TGA factors, respectively, to enable SA sensing. Intriguingly, 

NPR3 is considerably more sensitive to the synthetic analog 3,5-dichloroanthranilic acid than 

to SA, and all NPR1 to NPR4 are able to sense the microbial metabolite 6-methyl SA.  

•   We suggest that the plant´s ability to track SA and phenolic acid derivatives through NPR 

proteins has evolved to support diverse defense signaling outputs that are activated in parallel 

by agonists which may be of microbial or plant origin. In this line, NPR1-NIMIN2/NIMIN1 

complex is the prime receptor for SA synthesized by plants in response to microbial attack, 

while NPR3 induces defense different from SAR primarily via unrecognized signal 

molecules. 

 

 

Key words: 3,5-dichloroanthranilic acid, 6-methylsalicylic acid, NIM1-INTERACTING 

(NIMIN) proteins, NON-EXPRESSOR OF PR GENES (NPR) protein family, systemic 

acquired resistance (SAR), TGACG-BINDING (TGA) factor. 
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Introduction 

Systemic acquired resistance (SAR) is a broad-spectrum and long-lasting defense response 

induced by effector-triggered immunity that prevents spread of pathogens within plants and 

protects them from secondary infection (Ross, 1961; Fu & Dong, 2013). SAR is activated by 

the signal molecule salicylic acid (SA; Malamy et al., 1990; Métraux et al., 1990; Vlot et al., 

2009) leading to accumulation of PATHOGENESIS-RELATED (PR) proteins with 

antimicrobial activities (Ward et al., 1991; van Loon et al., 2006). Induction of PR-1 genes 

serves as marker for SAR. Phenotypically, SAR is inconspicuous and has been associated 

with cell survival (Zavaliev et al., 2020).  

The central regulator of SAR is NON-EXPRESSOR OF PR GENES1 (NPR1), a.k.a. 

NON-INDUCIBLE IMMUNITY1 (NIM1) and SALICYLIC ACID INSENSITIVE1 (SAI1; Cao 

et al., 1994; Delaney et al., 1995; Cao et al., 1997; Ryals et al., 1997; Shah et al., 1997). The 

gene was identified through different genetic screens from Arabidopsis mutants. The 

Arabidopsis NPR1 gene codes for a 66 kDa protein with known protein-protein interaction 

motifs. Accordingly, yeast two-hybrid screens identified interaction partners for NPR1. 

TGACG-BINDING FACTORS (TGAs) link NPR1 with SA-responsive as-1-like cis-acting 

elements present in promoter regions of Arabidopsis (At) and tobacco (Nt) PR-1 genes (Lebel 

et al., 1998; Strompen et al., 1998; Zhang et al., 1999; Després et al., 2000; Niggeweg et al., 

2000; Zhou et al., 2000). Thus, NPR1 functions as co-activator of SA-induced PR-1 gene 

transcription (Rochon et al., 2006). Another group of NPR1 binding partners are NIM1-

INTERACTING (NIMIN, N) proteins (Weigel et al., 2001). In Arabidopsis, there are four 

NIMIN genes, N1, N1b, N2 and N3. Of these, NIMIN1 and NIMIN2 are themselves activated 

by SA, and overexpression of NIMIN1 represses SA induction of PR genes (Weigel et al., 

2005; Hermann et al., 2013). Both SA-induced NIMIN1 and NIMIN2 interact strongly with a 

region in the conserved C-termini of Arabidopsis and tobacco NPR1, termed N1/N2-binding 

domain (N1/N2BD; Maier et al., 2011). 

NPR1 is eponym for a small gene family comprising six members in Arabidopsis. 

Three paralogs, NPR2, NPR3 and NPR4, exhibit high homology to NPR1, in particular in the 

proteins´ C-terminal thirds. Paralogs NPR3 and NPR4, like NPR1, have also been associated 

with pathogen defense reactions (Liu et al., 2005; Zhang et al., 2006). However, only NPR1 

has been identified as positive regulator of SA-induced PR-1 gene expression and SAR 

through different genetic screens. In one model, NPR3 and NPR4 control levels of NPR1 in 

an SA-dependent fashion via proteasomal degradation thus promoting SAR at intermediate 

SA concentrations (Fu et al., 2012). Other work suggested that NPR3 and NPR4 negatively 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 19, 2022. ; https://doi.org/10.1101/2022.02.18.481035doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.18.481035
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

regulate PR gene expression and pathogen resistance (Zhang et al., 2006; Shi et al., 2013). 

Recently, it has been postulated that NPR3 and NPR4 act redundantly as transcriptional co-

repressors of SA-responsive genes independently from NPR1, and that NPR3/NPR4-mediated 

defense gene repression is relieved by SA (Ding et al., 2018).  

Since its discovery in 1997, different models have been proposed for transduction of 

the SA signal through NPR1. The most robust model was initially issued for tobacco NPR1 

based on various yeast hybrid (YH) assays (Maier et al., 2011; Neeley et al., 2019). Two 

conserved C-terminal domains of NtNPR1, the LENRV motif and the N1/N2BD region, 

separated from each other, were shown to physically associate in yeast driven by SA. Physical 

association of the two domains results in re-organization of the C-terminus yielding enhanced 

transcription activation through NtNPR1. The arginine in the LENRV motif is mandatory for 

SA sensing. This model is supported by biochemical and genetic evidence obtained for 

Arabidopsis NPR1 (Ryals et al., 1997; Rochon et al., 2006; Canet et al., 2010) and 

Arabidopsis NPR4 (Ding et al., 2018). Furthermore, the key features, namely re-modeling of 

the C-terminus by SA-mediated  association of two distinct domains, the LENRV-like and the 

N1/N2BD regions, have recently been confirmed for SA-bound Arabidopsis NPR4 by X-ray 

crystallography (Wang et al., 2020).  

To further explore SA signaling capacities of Arabidopsis NPR proteins sharing the 

NPR1 domain structure, we compared biochemical capabilities of NPR1 to NPR4. We used 

various YH assays developed by us, in particular N1/N2-NPR interaction and the split 

LENRV-N1/N2BD Y2H assay. We show that all Arabidopsis NPR1 to NPR4 sense the SA 

signal molecule via the conserved arginine residue in a LENRV-like motif. Yet, NPR1 to 

NPR4 exhibit different protein-protein interaction preferences and different sensitivities to SA 

and structurally related compounds. Our findings support the notion of differential activation 

of the SA sensors in the Arabidopsis NPR family producing distinct signaling outputs. 

 

 

Materials and Methods 

 

DNA constructs 

For protein-protein interaction assays in yeast, cDNA sequences encoding truncated or full-

length proteins were fused in-frame to the sequence for Gal4 DNA-binding domain (GBD) in 

pGBT9 and the sequence for Gal4 transcription activating domain (GAD) in pGAD424. 

Arabidopsis and tobacco NPR1 clones as well as NIMIN, TGA2 and TGA6 constructs were 
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described previously (Weigel et al., 2001; Neeley et al., 2019). Generally, clones were 

generated by PCR amplification using primers listed in Tables S1 to S3. Details for 

construction of clones encoding TGA factors and full-length, partial and mutant NPR proteins 

are described in Methods S1. Subregions and mutants of NPR proteins analyzed in YH assays 

are depicted in Fig. S1. All clones generated by PCR amplification were verified by DNA 

sequence analysis.  

 

Yeast hybrid analyses  

Yeast hybrid assays (Y1H, Y2H, Y3H) were conducted as reported earlier (Weigel et al., 

2001; Maier et al., 2011; Neeley et al., 2019). Yeast cells were grown in absence or presence 

of different chemicals as indicated. Compounds insoluble in water were solved in dimethyl 

sulfoxide (DMSO). The final DMSO concentration in yeast growth medium was from 0.1% 

to 0.5%. LacZ reporter gene activities were tested in duplicate with at least three independent 

colonies. Experiments were repeated at least once with new yeast transformants. 

Representative results collected in one experimental set are shown. Results are depicted as 

mean enzyme activities in Miller units, plus and minus standard deviation (SD).  

 

Chemical treatment of plants 

Tobacco (N. tabacum cv. Samsun NN) and Arabidopsis Col-0 plants were grown in 

commercial potting soil under natural light conditions in a greenhouse. For chemical 

treatment, leaf disks were cut from young tobacco plants and floated for 4 days on water or 

solutions of 1mM SA, acetylsalicylic acid (Ac-SA), 5-fluorosalicylic acid (F-SA), 6-

methylsalicylic acid (6-MeSA) or 2,5-dihydroxybenzoic acid (2,5-diOH BA) containing 0.3% 

DMSO. Concentration of 3,5-dichloroanthranilic acid (3,5-DCA) was 0.1mM in 0.3% 

DMSO. Protein extraction and GUS reporter enzyme assays were performed as described 

previously (Stos-Zweifel et al., 2018). GUS activities are given in units (1 unit = 1nMol 4-

MU formed per hour per mg protein).  

 

Immunodetection of NPR1 

Immunodetection was performed with a polyclonal antiserum raised against 6xHis–AtNPR1 

as described by Stos-Zweifel et al. (2018). NPR1 accumulation in Arabidopsis Col-0 was 

analyzed 14 hr after spraying plants with H2O, 1mM SA or Bion containing 0.3mM BTH. 

Equal amounts of leaf tissue were extracted with GUS lysis buffer. Crude extracts were 

cleared twice by centrifugation, and equal extract volumes were loaded on a 10% SDS gel as 
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indicated. Protein loading was checked by staining the nitrocellulose filter with Ponceau S 

(0.1% in 5% acetic acid). For detection of GBD–NPR1 fusion protein in yeast, extracts were 

prepared from transformed cells as reported by Weigel et al. (2001). An unspecific band 

reacting with the antiserum is marked for demonstration of equal gel loading.  

 

Bioinformatic tools 

Phylogenetic analysis was performed on the Phylogeny.fr platform using the “One Click“ 

software developed by Dereeper et al. (2010). Briefly, protein sequences were aligned with 

MUSCLE (v3.8.31). After alignment, ambiguous regions were removed with Gblocks 

(v0.91b). The phylogenetic tree was reconstructed using the maximum likelihood method 

implemented in the PhyML program (v3.1/3.0 aLRT). Graphical representation and edition of 

the phylogenetic tree were performed with TreeDyn (v198.3). 
	

		

Results 

 

Domain structure of Arabidopsis NPR1 to NPR4 and gene expression 

Arabidopsis NPR family members are organized in three clades, clade 1 (NPR1 and NPR2), 

clade 2 (NPR3 and NPR4) and clade 3 (BOP1 and BOP2;  Fig. 1a). Each clade contains two 

highly related members believed to have evolved after gene duplication from a common 

ancestral gene. NPR1 to NPR4 share domain structure including an N-terminal broad 

complex, tramtrack, and bric à brac/poxvirus and zinc finger (BTB/POZ) domain, a central 

ankyrin repeat domain and a similar C-terminal region with a LENRV-like motif and a 

conserved N1/N2BD (Fig. 1b). While Arabidopsis NPR1, like tobacco NPR1, harbors the 

signature LENRV, AtNPR2 contains the sequence YENRV, and AtNPR3 and AtNPR4 both 

contain the sequence LEKRV (Fig. S1a). Of note, AtNPR2 and AtNPR3 also feature the 

critical arginine previously associated with sensing and binding SA in NPR1 and NPR4 

(Maier et al., 2011; Ding et al., 2018; Neeley et al., 2019; Wang et al., 2020).  

NPR1, NPR3 and NPR4 are all expressed to intermediate levels in Arabidopsis leaves 

while NPR2 is expressed only rather low (Shi et al., 2013; Klepikova et al., 2016). 

Consistently, NPR1 protein accumulated in non-treated leaf tissue (Fig. S2). After exposure 

of plants to SA or its functional analog benzothiadiazole (BTH), protein accumulation was 

enhanced moderately. Collectively, these findings are compatible with the role of NPR1 as 

SA sensor protein.   
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Transcription activity of Arabidopsis NPR1 to NPR4 in yeast 

To evaluate biochemical capabilities of NPR1 to NPR4 in SA signaling, we cloned the 

cDNAs from Arabidopsis Col-0 and compared activities of the proteins using various YH 

assays which we developed previously for characterization of tobacco NPR1 and which led us 

to predict the mechanism of SA perception via the two conserved C-terminal domains 

LENRV and N1/N2BD (Maier et al., 2011; Neeley et al., 2019). Although NtNPR1 displays 

low level transcription activity in Y1H assays that is enhanced by SA, we were not able to 

measure substantial autoactivation potential with Arabidopsis NPR1 to NPR4 in presence or 

absence of SA (Fig. S3). 

 

Dimerization of Arabidopsis NPR1 to NPR4 in yeast 

The model proposed by Fu et al. (2012) suggests nuclear accumulation of NPR1, and thus 

PR-1 gene expression, only at intermediate levels of SA. At very low and high hormone 

concentration, NPR1 protein is degraded due to SA-controlled dimerization with NPR4 and 

NPR3, respectively, which function as CULLIN3 adaptor proteins. In addition, NPR3 and 

NPR4 homo and heterodimer formation was reported to be strengthened by SA (Fu et al., 

2012; Palmer et al., 2019). The functional relevance of these latter observations remained 

elusive. We were not able to demonstrate NPR3 and NPR4 homo or heterodimerization nor 

NPR3/NPR4-NPR1 interaction in quantitative Y2H assays neither in absence nor in presence 

of SA (Fig. S4a-c). Immunodetection verified that GBD–NPR1 fusion protein accumulated in 

yeast cells co-transformed with pGAD424/NPR3 and pGAD424/NPR4 (Fig. S4d). Failure of 

NPR3/NPR4-NPR1 binding in Y2H has also been reported by Castelló et al. (2018) and Ding 

et al. (2018). Alone GBD–NPR2 fusion protein produced some reporter activity in 

dimerization experiments (Fig. S4b). Activities were, however, barely above background and 

did not bear comparison with our interaction standard GBD–NIMIN1 + GAD–NPR1. 

Furthermore, positive interactions of NPR2 described below were considerably stronger.  

 

Interaction of Arabidopsis NPR1 to NPR4 with TGA transcription factors in yeast 

NPR1 constitutively binds basic leucine zipper (bZIP) TGA factors from clade II (TGA2,5,6) 

and clade III (TGA3,7). Accordingly, we found clear interaction of NPR1 with TGA2, TGA3 

and TGA7. Typically, interaction between TGA2 and NPR1 was slightly stronger in presence 

of SA (Fig 2a; < 2-fold increase; Maier et al., 2011). Binding of clade II and clade III TGA 

factors occurred in the N-terminal two thirds of NPR1 encompassing the ankyrin repeat 
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region (Fig. S5). We were not able to detect TGA factor binding to the C-terminal third of 

NPR1 (aa 387-593; data not shown). This is in contrast to tobacco NPR1 which uniquely 

binds transcription factor NtTGA7 near the N1/N2BD (Stos-Zweifel et al., 2018). Likewise, 

NPR3 and NPR4 interacted with TGAs of clades II and III in an overall less SA-affected 

fashion (Fig. 2c; < 2.5-fold change). The profiles of TGA factor binding were different for 

NPR1, NPR3 and NPR4. While NPR1 interacted about equally with all TGA2, TGA3 and 

TGA7, NPR3 interaction was strongest with TGA3, and NPR4 bound best to TGA2. 

Similarly, NPR2 bound TGA factors of clades II and III constitutively. Quite surprisingly, 

however, NPR2-TGA interactions were generally enhanced in presence of SA. NPR2-TGA7 

binding was most affected with an >3-fold increase by SA (Fig. 2b).  

 

Interaction of Arabidopsis NPR1 to NPR4 with NIMIN proteins in yeast 

We also compared interaction of NPR1 to NPR4 with NIMIN proteins. We could not 

demonstrate binding of NIMIN1, NIMIN2 or NIMIN3 to NPR2, NPR3 or NPR4 in Y2H, 

neither in absence nor in presence of SA (data not shown). Our findings are in contrast to an 

earlier report (Altmann et al., 2020) and to strong interaction of NIMIN1 to NIMIN3 with 

NPR1 (Weigel et al., 2001). Consequently, NPR3 and NPR4, unlike NPR1, were unable to 

form ternary complexes with NIMIN2 and TGA transcription factors (Fig. S6). In summary, 

NPR1 to NPR4, although sharing domain structure, display differential protein-protein 

interaction potential indicating unique roles for N1/N2-NPR1 and TGA7-NPR2 complexes. 

 

Salicylic acid drives physical association of LEKRV and N1/N2BD regions of NPR3 and 

NPR4  

Of note, failure of interaction between NIMIN1/NIMIN2 and NPR2 to NPR4 was against any 

expectation, as NPR2 to NPR4 contain C-terminal regions with high sequence conservation to 

the N1/N2BD identified by us in Arabidopsis and tobacco NPR1 (Fig. S1a). Recently, the 

sequences comprising the N1/N2BDs of tobacco NPR1 and Arabidopsis NPR4 have been 

implicated in yet another activity, i.e., association of LENRV-like and N1/N2BD regions via 

the SA signal molecule (Neeley et al., 2019; Wang et al., 2020). In fact, six residues within 

the NPR4 N1/N2BD as defined by us participate in forming the SA-binding pocket, and 

altogether ten out of fourteen residues identified in both the LENRV-like and N1/N2BD 

regions of NPR4, that are involved in binding SA, are shared by NPR1, NPR2 and NPR3 

(Fig. S7; Wang et al., 2020). We therefore tested interaction potential of separated LENRV-

like and N1/N2BD regions of Arabidopsis NPRs. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 19, 2022. ; https://doi.org/10.1101/2022.02.18.481035doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.18.481035
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

 Unexpectedly, NPR1 was unable to associate its LENRV and N1/N2BD parts in 

presence of SA (Fig. S8a; for dimensions of LENRV-like and N1/N2BD regions of different 

NPR proteins used in Y2H, see Fig. S1b). Likewise, NPR2 did not show SA-induced activity 

with YENRV and N1/N2BD parts (Fig. S8b). On the contrary, C-terminal subregions of 

NPR3 and NPR4, respectively, displayed interaction when SA was added to yeast growth 

medium, albeit at a lower level as compared to tobacco NPR1 C-terminal parts (Fig. 3a). 

Association of NPR3 LEKRV and N1/N2BD parts did not occur in presence of the non-

functional SA analog 4-hydroxybenzoic acid (4-OH BA; Fig. 3b).  

Inability of association between NPR1 and NPR2 LENRV-like and N1/N2BD parts, 

respectively, may suggest that binding of SA is too weak or that the LENRV-like and 

N1/N2BD regions of these proteins are not able for steric reasons to associate a stable SA- 

binding fold. To analyze whether boosted positive charge could force C-terminal regions into 

physical contact, we changed asparagine 431 to lysine in NPR1 yielding the sequence 

LEKRV as found in NPR3 and NPR4 proteins that support SA-mediated remodeling of their 

C-terminal regions. However, mutant NPR1-LEKRV did not exhibit activity in the Y2H 

association assay (data not shown). Furthermore, by performing hybrid interaction assays, we 

tested whether failure to dimerize NPR1 and NPR2 C-terminal parts could be attributed to just 

one half of the SA fold. Indeed, we found that NPR1 LENRV part did not support association 

with any N1/N2BD region, while NPR1 N1/N2BD part displayed dimerization with LENRV-

like regions from all NPR2, NPR3, NPR4 and even from NtNPR1, in an SA-dependent 

fashion (Fig. 3c and data not shown). Conversely, the N1/N2BD part of NPR2 was 

completely inactive, while NPR2 YENRV part was able to bind N1/N2BD regions from 

NPR1, NPR3 and NPR4 (Fig. 3c). Thus, the LENRV region of NPR1 and the N1/N2BD 

region of NPR2 occlude SA-induced intramolecular remodeling in the C-termini of these 

proteins.  

 

The conserved arginine residue in the LENRV-like motifs mediates salicylic acid 

responsiveness of all NPR1 to NPR4  

As shown in our previous work, binding of NIMIN1 and NIMIN2 proteins to NPR1 is clearly 

inhibited in presence of SA, showing that NIMIN1/NIMIN2 interaction renders NPR1 

sensitive to SA, and we have already demonstrated that the arginine residues in the LENRV 

motifs of Arabidopsis and tobacco NPR1 (R432 in AtNPR1; R431 in NtNPR1) are critical for 

SA-induced relief from NIMIN1/NIMIN2 binding (Maier et al., 2011). Furthermore, R431 

supports both transcription enhancement and interaction of C-terminal LENRV and N1/N2BD 
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regions in NtNPR1 (Maier et al., 2011; Neeley et al., 2019), and AtNPR4 binds SA via R419 

(Ding et al., 2018; Wang et al., 2020). Since Arabidopsis NPR1 to NPR4 all harbor arginine 

at position 4 in their LENRV-like motifs (Fig. S7), we mutagenized the residue to lysine, as 

found in the inactive nim1-4 mutant (Ryals et al., 1997; Canet et al., 2010) and monitored 

protein-binding activities of NPR2, NPR3 and NPR4 mutant proteins in absence and presence 

of SA.  

For NPR2, we changed R432 to lysine in context of the full-length protein and studied 

interaction of mutant NPR2 with TGA7 (for an overview of mutants described in this section, 

see Fig. S1c). NPR2 R432K is still able to bind TGA7 as does wild-type protein. However, 

SA-induced enhancement of binding is completely lost (Fig. 4a). Similarly, mutation of R428 

in NPR3 and R419 in NPR4, yielding the sequence LEKKV, prevented interaction of C-

terminal NPR3 and NPR4 domains, respectively (Fig. 4b,c), while mutation of K418 to 

arginine in NPR4 (LERRV) did not impair SA-dependent binding of separated NPR4 parts 

(Fig. 4c). On the other hand, switching lysine and arginine residues at positions 418/419 in 

NPR4 (LERKV) could not rescue the LEKKV mutant (Fig. 4c). Together, the data 

substantiate the unique and general significance of arginine embedded in a LENRV-like 

signature for SA sensitivity of all NPR1 to NPR4 and corroborate the strategic position of 

R419 in NPR4 for ligand binding deduced from X-ray crystallography (Wang et al., 2020). 

 

NPR1 to NPR4 display differential sensitivity to SA  

All Arabidopsis NPR1 to NPR4 respond to SA. While NPR3 and NPR4 are directly 

accessible to SA associating their LEKRV and N1/N2BD parts in an SA-dependent fashion, 

NPR1 and NPR2 cannot perform this reaction. However, association with interaction partners, 

NIMIN1/NIMIN2 and TGA7, respectively, renders NPR1 and NPR2 accessible to SA 

perception. To further elucidate the sensitivity of signal perception, we determined half-

maximal SA concentrations affecting the different protein-protein interactions of Arabidopsis 

NPR1 to NPR4.  

For NIMIN2-NPR1 interaction, we measured a half-maximal inhibiting SA 

concentration (IC50) of 17µM (Fig. 5a). This concentration is one order higher than the value 

for inhibition of NtNIMIN2a-NtNPR1 interaction  (IC50 = 0.7µM; Maier et al., 2011; Neeley 

et al., 2019) indicating that AtNPR1 is less sensitive to SA than NtNPR1. The half-maximal 

enhancing concentration (EC50) for TGA7-NPR2 interaction was in the same range as for 

inhibition of NIMIN2-NPR1 interaction (EC50 = 19µM; Fig. 5b). Yet, association of NPR3 

and NPR4 LEKRV and N1/N2BD parts, respectively, by SA could not be saturated under our 
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assay conditions implying that NPR3 and NPR4 are considerably less sensitive to SA than 

NPR1 and NPR2 in complex with their respective interaction partners (NPR3 EC50 > 121µM; 

NPR4 EC50 > 67µM; Fig. 5c,d).  

 

NPR1 to NPR4 display differential sensitivity to benzoic acid derivatives 

We also tested the impact of synthetic SA analogs on NPR protein-protein interactions. 

Several structural analogs of SA have been shown to induce PR genes and disease resistance 

in planta (Métraux et al., 1991; Conrath et al., 1995; Görlach et al., 1996; Friedrich et al., 

1996; Knoth et al., 2009; Palmer et al., 2019), and we have already demonstrated that 

functional analogs BTH and INA and some benzoic acid derivatives can replace SA in YH 

analyses of NtNPR1 (Neeley et al., 2019).  Here, we tested SA analogs (Fig. S9) respecting 

their ability to induce activity changes of Arabidopsis NPR1 to NPR4. We considered 

NIMIN2 interaction for NPR1, TGA7 interaction for NPR2, and for NPR3 and NPR4, we 

examined association of separated C-terminal domains LEKRV and N1/N2BD.  

Among SA, BTH and INA, SA was the most potent agent acting on NPR1, NPR3 and 

NPR4 (Fig. S10), while acetylsalicylic acid and 5-fluorosalicylic acid, on the other hand, 

induced similar activities as SA (Fig. 6a-c). However, one chemical made a clear difference. 

3,5-Dichloroanthranilic acid (3,5-DCA, DCA) proved more effective on NPR1 than SA (Fig. 

6a, Fig. S11a). NIMIN2-NPR1 complex was about four times more sensitive to DCA than to 

SA (IC50(DCA) = 4µM; Fig. 6d). Effects were even more pronounced with association of NPR3 

C-terminal domains being at least twenty times more sensitive to DCA than to SA (EC50(DCA) 

= 6µM; Fig. 6b,e, Fig. S11b). Surprisingly, association of NPR4 C-terminal domains, in 

contrast to NPR3 domains, was essentially unresponsive to DCA (Fig. 6c, Fig. S11c).  

 

Both the extended LEKRV and the N1/N2BD regions determine specificity of ligand 

binding to the NPR4 C-terminus 

Unresponsiveness of NPR4 C-terminal domains to some structural SA analogs suggested that 

the NPR4 binding pocket enclosing the SA molecule is tailored rather tight, while NPR3 and 

NPR1 are able to perceive compounds with bulky substituents on the hydrophobic benzene 

ring. Mutagenesis had shown that the arginine residue in the LENRV-like motifs of NPR1 to 

NPR4 is indispensable for hormone sensing, and that, at least for NPR4, position of the 

arginine within the LEKRV motif is critical.  

To analyze the contributions of the LEKRV extended region and the N1/N2BD to 

ligand binding, we tested chimeric protein-protein interactions using the NPR4-LEKRV part 
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in combination with N1/N2BD regions from NPR4, NPR3 and NPR1, and the NPR4 

N1/N2BD together with the NPR3-LEKRV region. Reconstitution of ligand-binding folds by 

SA was observed with all combinations in a similar fashion. Yet, NPR3-N1/N2BD part 

shifted ligand selection of the NPR4-NPR3 chimera towards DCA, while NPR1-N1/N2BD 

part supported an even more promiscuous hybrid receptor accepting various agonists (Fig. 

S12a-c). Similarly, using the NPR3-LEKRV region in combination with NPR4-N1/N2BD 

part fostered accessibility of DCA to the hormone binding sites (Fig. S12d). Together, the 

data are consistent with the X-ray crystallographic data demonstrating that both the LEKRV 

part and the N1/N2BD participate in forming the ligand-binding pocket of NPR4.  

 

NPR1 to NPR4 respond to a microbial salicylic acid derivative 

In addition to synthetic analogs, we tested two SA derivatives occurring naturally in plants 

and microbes, respectively. Gentisic acid (GA; 2,5-dihydroxybenzoic acid	[2,5-diOH BA]) is 

a secondary metabolite found in many plants and fruits, like gentian, grapes, citrus fruits, kiwi 

and blackberries (Griffiths, 1959; Abedi et al., 2020). It is a major catabolite which is 

synthesized from SA by hydroxylation (Zhang et al., 2017). GA has also been shown to be 

induced in viroid and virus-infected tomato leading to accumulation of a subset of PR proteins 

different from PR-1 (Bellés et al., 1999). With GA, we were not able to detect effects on 

reporter activity in NPR Y2H interactions (Fig. 6f-i).  

6-Methylsalicylic acid (6-MeSA) is a microbial metabolite. It is widely present in 

actinomycetes, fungi and lichens where it is a building block for many bioactive secondary 

products, f.e., the Penicillium toxin patulin and the Streptomyces antibiotic cholorothricin 

(Ding et al., 2010). The compound is synthesized by 6-MeSA synthase enzymes sharing high 

homologies in sequence and domain organization in fungi and bacteria. Interestingly, 6-

MeSA exerted activity in all Y2H combinations we tested. Regarding effects on NIMIN2-

NPR1 and NPR2-TGA7 interactions, 6-MeSA was about equally active as SA, but with 

NPR3 and NPR4 LEKRV-NBD associations, 6-MeSA was about double active compared to 

SA (Fig. 6f-i, Fig. S13a,b). The EC50(6-MeSA) value for NPR3 LEKRV-N1/2BD association 

was 151µM (Fig. S13c). 

 

Response of SAR gene promoters to SA analogs 

To review binding of different SA analogs to NPR1, we tested chemical activation of SA-

inducible promoters using transgenic tobacco lines harboring -1533PR-1a:GUS and 

NIMIN1:GUS reporter gene constructs (Grüner et al., 1994; Glocova et al., 2005). SA-
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mediated transcription of both PR-1 and NIMIN1 is dependent on NPR1 (Ryals et al., 1997; 

Shah et al., 1997; Hermann et al., 2013). In consent with a previous report (Palmer et al., 

2019), we observed strong induction of the two promoters by acetylsalicylic acid and 5-

fluorosalicylic acid (Fig. S14), presumably reflecting the potential of these analogs to bind to 

NPR1. With 6-methylsalicylic acid, we detected moderate activation of the two promoters. 

These latter findings corroborate a previous report on induction of PR-1 proteins by treatment 

of tobacco plants with 6-MeSA (Yalpani et al., 2001). We were not able, however, to detect 

significant reporter enzyme activity with 2,5-dihydroxybenzoic acid, which does not bind to 

NPR1, and with 0.1mM DCA (Fig. S14).  

 

 

Discussion 

NPR1 is the explicit positive regulator of SA-induced PR-1 gene expression and SAR in 

Arabidopsis. The gene is part of a small family comprising four members, NPR1 to NPR4, 

harboring the two C-terminal domains LEKRV-like and N1/N2BD involved in binding the 

SAR signal SA in tobacco NPR1 and Arabidopsis NPR4. NPR3 and NPR4 have also been 

implied in PR-1 gene regulation, although different models have been launched. Indeed, 

genetic, biochemical and structural evidence has demonstrated that NPR1 to NPR4 are 

targeted by the SA signal. Here we compared Arabidopsis NPR1 to NPR4 in a biochemical 

approach using various YH assays to explore the functional potential of NPR proteins. Table 

1 summarizes our results.  

 

Yeast hybrid assays as a tool to study salicylic acid signaling through NPR proteins 

Based on YH assays (Maier et al., 2011; Neeley et al., 2019) and in accordance with genetic 

evidence (Ryals et al., 1997; Canet et al., 2010), we were able to devise a mechanism for 

perception of the SAR signal SA by tobacco NPR1 in the past. SA was predicted to bind via 

its carboxyl to the guanidinium group of the arginine in the penta-amino acid motif LENRV 

and to induce physical association of the two conserved domains LENRV and N1/N2BD. 

Furthermore, association of two distinct domains in the NPR1 C-terminus was anticipated to 

induce a conformational switch, which, in tobacco NPR1, coincides with SA-mediated 

transcription enhancement and binding of TGA transcription factors to the C-terminus 

(Neeley et al., 2019). Essentially, this mechanism of SA perception has recently been 

confirmed by X-ray crystallography for Arabidopsis NPR4 harboring conserved LEKRV and 

N1/N2BD stretches which both contact the SA molecule (Wang et al., 2020). Together, our 
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results demonstrate that YH analyses are an appropriate tool to gain mechanistic insight into 

signaling through NPR family members. 

  

Basal mechanism of SA perception by Arabidopsis NPR1 to NPR4 

In extension of current knowledge, we demonstrate that NPR1 to NPR4 are sensitive to the 

SA signal in yeast, and that SA sensitivity of all NPR1 to NPR4 relies on the arginine residue 

embedded in the penta-amino acid motifs LENRV in NPR1, YENRV in NPR2 and LEKRV 

in NPR3 and NPR4. Both NPR3 and NPR4 display association of their C-terminal LEKRV 

and N1/N2BD regions in an SA-dependent manner in yeast, thus corroborating previous 

results obtained with tobacco NPR1 (Neeley et al., 2019) and the X-ray crystallographic data 

for SA-NPR4 complex (Wang et al., 2020). Hence, all NPR1 to NPR4 are receptors for the 

SA signal. Recent genetic evidence has come to the same conclusion (Castelló et al., 2018).  

Quite surprisingly, however, neither NPR2 nor NPR3 nor NPR4 could bind NIMIN1 

or NIMIN2 in Y2H assays, although the proteins harbor a highly conserved stretch in their C-

termini that, through mutagenesis, was identified as binding site for NIMIN2-type proteins in 

tobacco NPR1 (Maier et al., 2011; Neeley et al., 2019). As a matter of fact, the N1/N2BD 

region of NPR4, as defined by us (aa 484 to 500), falls together with the cluster of seven 

amino acid residues from positions 488 to 503 forming part of the SA-binding pocket (Fig. 

S7; Wang et al., 2020). Thus, the conserved C-terminal domain, which we identified as 

N1/N2BD in tobacco NPR1 and which interacts with the LENRV part of NtNPR1 in an SA-

dependent fashion, serves primarily as SA-binding interface. Consequently, NPR1 to NPR4 

likely perceive the SA signal via the same basal mechanism engaging the arginine in the 

LENRV-like motif, the extended LENRV-like region  and the N1/N2BD for trapping the SA 

molecule to achieve protein activation (Wang et al., 2020). Yet, we infer that the domain 

termed N1/N2BD by us, or part of it, is also involved in interaction with NIMIN1 and 

NIMIN2 proteins in tobacco and Arabidopsis NPR1. In fact, we have already shown that 

NIMIN1- and NIMIN2-type proteins can bridge separated LENRV and N1/N2BD parts of 

NtNPR1 (Neeley et al., 2019). Therefore, and for the sake of clarity and simplicity, we will 

further allude to this conserved amino acid stretch as N1/N2BD even though it is not clear 

whether NPR2 to NPR4 indeed bind NIMIN1 or NIMIN2 via this region (Fig. S7). Of note, 

NPR1 homologs from all higher plant species harbor the two conserved domains, LEKRV-

like motif with the arginine at position 4 and N1/N2BD, in their C-termini. 

 

Differential sensitivity of Arabidopsis NPR1 to NPR4 to the SA signal  
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Although all NPR1 to NPR4 likely employ the same basal mechanism for SA perception, 

there are nevertheless major differences between them. Most importantly, both clade 1 

proteins, NPR1 and NPR2, cannot associate their LENRV-like and N1/N2BD regions in 

presence of SA in yeast suggesting that they cannot perceive the SA signal on their own. Our 

findings corroborate previous in vitro assays demonstrating that NPR1, in contrast to NPR3 

and NPR4, cannot bind SA (Fu et al., 2012; Wang et al., 2020). Rather, both clade 1 proteins 

NPR1 and NPR2 require interaction with partners enabling them to sense SA. Thus, 

NIMIN1/NIMIN2 and some TGA factors, e.g., TGA7, function as co-factors in SA signal 

transduction through NPR1 and NPR2, respectively. In this line, binding of NIMIN1 or 

NIMIN2 at or close to the SA contact regions would shape the NPR1 C-terminal region to 

facilitate hormone sensing. 

 In contrast to NPR1 and NPR2, clade 2 proteins NPR3 and NPR4 can bind the SA 

signal directly. Although we were not able to obtain precise EC50 values for SA binding to 

NPR3 and NPR4, it was evident that, in agreement with other reports (Fu et al., 2012; Ding et 

al., 2018), NPR3 is less sensitive to SA than NPR4. This finding was supported by a less 

stringent ligand binding specificity of NPR3 compared to NPR4. In contrast to NPR4, NPR3 

is able to accommodate ligands with halogen substituents at positions 3 and 5 on the benzene 

ring, implying that NPR3´s affinity for non-substituted SA is weaker. Our findings on 

differential affinities of NPR1 to NPR4 to the SA molecule (NPR1, NPR2 << NPR3 < 

NPR4), determined through Y2H analyses, are in full accord with previous in vitro SA 

binding assays and with X-ray crystallographic data of SA bound to NPR4 and to NIMIN2-

NPR1 complex (Fu et al., 2012; Wang et al., 2020).  

 

Function of NPR1 as SA receptor 

All NPR1 to NPR4 can perceive the SA signal. However, genetic analyses have shown 

unambiguously that NPR1 is the exclusive positive regulator of PR-1 gene expression in 

response to SA in Arabidopsis that cannot be replaced by the other NPR proteins (Liu et al., 

2005; Zhang et al., 2006; Castelló et al., 2018). Using a biochemical approach, we 

demonstrate that NPR1 stands out from the paralogs by two unique features. First, NIMIN1 

and NIMIN2 bind strongly to the NPR1 C-terminus, and second, binding of NIMIN1 and 

NIMIN2 proteins renders NPR1 sensitive to SA. Together, these features are likely 

instrumental for the role of NPR1 as SAR regulator. In fact, it came as a big surprise that 

NPR1 cannot perceive the SA signal on its own, but rather requires NIMIN1/NIMIN2 binding 

to enable SA sensing. Of note, NIMIN1 and NIMIN2 are not expressed constitutively (Weigel 
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et al., 2001, 2005). Both genes are induced themselves by SA prior to PR-1 gene induction 

(Hermann et al., 2013). Altogether, sensitizing NPR1 to SA through interaction with SA-

induced NIMIN1 or NIMIN2 is in accord with the previous finding that transcription of the 

tobacco PR-1a gene requires de novo protein synthesis (Qin et al., 1994). The mechanism 

ensures that NPR1 activity is strictly controlled and can occur only after a certain threshold 

level of SA has been exceeded. Consistently, it has been shown that PR-1 transcripts and PR-

1 proteins accumulate late after exogenous chemical induction, in pathogen-infected plant 

tissue and in the course of SAR (Ward et al., 1991; Horvath et al., 1998; Weigel et al., 2005; 

Hermann et al., 2013). A threshold-dependent induction of PR-1 delays protein synthesis to 

some extent, but, in the end, secures strong and robust PR-1 accumulation in tissue 

substantially threatened by pathogen attack. Such mechanism of PR-1 gene regulation is also 

well in line with the phenomenon of priming (Hermann et al., 2013). In priming, a low level 

SA stimulus is initially not translated into active defense. However, faster and/or stronger 

accumulation of PR-1 proteins is observed in response to SA challenge doses (Conrath et al., 

2002; Mauch-Mani et al., 2017). On the other hand, undue protein accumulation, as 

experienced in NIMIN1 overexpression in Arabidopsis and in NIMIN2a overexpression in 

tobacco plants (Weigel et al., 2005; Zwicker et al., 2007), is likely to compromise SA 

perception via NPR1. Thus, basic insensitivity of constitutively accumulating NPR1 to low 

levels of SA and competition of SA and NIMIN1/NIMIN2 for binding to the NPR1 C-

terminus seem critical aspects of well-balanced and likewise effective pathogen defense 

conveyed through NPR1-dependent PR proteins in non-infected systemic leaves. Altogether, 

the mechanism envisaged by us for activation of NPR1 (Fig. 7) meets both specificity on the 

one hand and physiological features associated with SA-induction of PR-1 on the other hand. 

 

Functional significance of NPR3 

Although both clade 2 proteins NPR3 and NPR4 bind SA directly, there are nevertheless clear 

differences between them regarding affinity for SA and specificity of ligand binding. 

Consistent with the X-ray crystallographic data, implying that the NPR4 C-terminus buries 

the SA molecule in a cavity by engaging 14 amino acid residues to form the SA binding 

pocket (Wang et al., 2020), we demonstrate that NPR4 is rather selective for the SA ligand. In 

contrast, NPR3 displays low sensitivity to SA and much higher sensitivity to DCA which is 

not bound by NPR4 suggesting different spatial organization of the respective ligand binding 

regions. Indeed, we show that ligand selection can be modified by combining NPR4 and 

NPR3 or NPR1 C-terminal parts in hybrid receptors indicating that the C-terminal regions of 
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NPR3 and NPR4 are molded by three participants, the ligand, the LENRV region and the 

N1/N2BD. 

Distinct ligand preferences of NPR3 and NPR4 are indeed striking as it was suggested 

in one model that NPR3 and NPR4 act redundantly as transcriptional co-repressors of defense 

gene expression and that repression is released by SA (Ding et al., 2018). The NPR3/NPR4-

mediated mechanism of PR gene repression and relief is unclear. Rather than underlining a 

redundant function for NPR3 and NPR4, our data would stress more distinct roles for the two 

receptors. DCA was identified in an elicitor screen for compounds inducing reporter gene 

expression in Arabidopsis from the promoter of a gene encoding a putative calmodulin-like 

calcium-binding protein (CaBP22; Knoth et al., 2009). The CaBP22 promoter responds to 

several stimuli, including the oomycete Hyaloperonospora parasitica, the bacterial pathogen 

Pseudomonas putida and SA. However, in comparison to SA, DCA proved significantly more 

potent regarding CaBP22 promoter activation and induced much stronger resistance against 

H. parasitica and P. putida. Importantly, DCA-triggered defense did not require accumulation 

of SA and was both NPR1-dependent and NPR1-independent. Furthermore, microarray 

analyses revealed that DCA, INA and BTH, which target NPR1 to NPR4 differentially in the 

Y2H assays conducted by us, induce both a common set of genes and unique transcriptional 

changes in Arabidopsis (Knoth et al., 2009; Bektas & Eulgem, 2015). Hence, in addition to 

NPR1, DCA signals through yet another unidentified receptor to elicit a subset of immune 

responses (Knoth et al., 2009). In this line, our results would support the notion that DCA, 

just like SA, targets both NPR1 and NPR3 to promote distinct pathogen defense responses in 

a dose-dependent manner that proceed in parallel. Similarly, mutant analysis revealed that 

perception of SA by NPR4 adds considerably to defense in Arabidopsis (Ding et al., 2018; 

Liu et al., 2020). Together, the data underscore differential roles for NPR3 and NPR4 acting 

as defense gene regulators independent from each other and from NPR1. Of note, such 

assumed function of NPR3 and NPR4 is also not well compatible with another model 

implying that NPR3 and NPR4, as parts of E3 ubiquitin ligase complexes, control availability 

of NPR1 by regulating the proteasomal degradation of NPR1 in an SA concentration-

dependent manner (Fu et al., 2012). 	

Our finding of vastly differing sensitivity of NPR3 to DCA and SA suggests the 

possibility that NPR3 recognizes a signal molecule related to, but different from SA in planta. 

DCA is a synthetic compound not produced by plants. To explore the binding potential of 

NPR3 and its paralogs for natural SA analogs, we used SA derivatives known from plants and 

microbes. The plant-derived compound gentisic acid (2,5-dihydroxybenzoic acid) was 
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inactive in the Y2H assays conducted by us and, consistent with previous studies (Abad et al., 

1988), could not activate the NPR1-dependent PR-1a and NIMIN1 promoters in planta. 

However, 6-methylsalicylic acid, which is a common metabolite in fungi and bacteria and 

does not occur in plants, was sensed by all NPR1 to NPR4, with NPR3 and NPR4 displaying 

an even two-fold higher activity with 6-MeSA than with the SAR signal SA in yeast. The 

compound could also induce reporter gene expression from the PR-1a and NIMIN1 promoters 

when applied to healthy tobacco leaf tissue. Thus, Arabidopsis NPR1 to NPR4 can bind a 

microbe-produced metabolite that impacts the receptors differentially. In this regard, it is 

interesting to note that defense responses were severely compromised in the Arabidopsis 

npr1-1 npr4-4D double mutant, even more dramatically than in the SA-induction deficient2-1 

(sid2-1) mutant (Liu et al., 2020) which is blocked in the prevailing route for microbe-

induced SA biosynthesis in Arabidopsis (Garcion et al., 2008; Rekhter et al., 2019). This 

discrepancy has been attributed to residual levels of SA in sid2-1. However, NPR1-dependent 

PR-1 gene expression was still severely compromised in the sid2-1 mutant (Nawrath & 

Métraux, 1999; Liu et al., 2020). Together, our and other data are in consent with the notion 

that defense in Arabidopsis may not rely exclusively on the signal molecule SA. Rather, we 

suggest that the interaction of microorganisms with the plant delivers SA and compounds 

structurally related to SA. Such compounds could originate from different sources, not only 

from the plant, but also from microbes and/or different biosynthetic routes and could be 

bound preferentially, although not necessarily exclusively, by individual receptors of the NPR 

family. In particular, microbial signals may preferentially be perceived by clade 2 proteins 

NPR3 and NPR4 which are less sensitive to SA to activate distinct defense programs in 

parallel to NPR1. This then results in an additive and robust immune response depending on 

the flavor of the signals and tailored to best meet attack by heterogeneous microorganisms.   

In this line, 6-MeSA, as a natural and common microbial metabolite that binds to 

NPR1 to NPR4, could serve as an external danger signal to activate defense in plants. Indeed, 

it has been demonstrated in a recent report that the nematophagous fungus Duddingtonia 

flagrans uses 6-MeSA, which is synthesized in hyphal tips, in three ways, as an intermediate 

for the biosynthesis of complex secondary compounds, as a morphogen to control formation 

of traps and as a chemoattractant to lure Caenorhabditis elegans worms into the fungal 

mycelium (Yu et al., 2021). Thus, in D. flagrans, 6-MeSA plays an important role in 

interkingdom communication between the fungus and nematodes (Yu et al., 2021). 

 

Conclusion 
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We show that Arabidopsis NPR family members NPR1 to NPR4 are bona fide SA receptors 

that perceive the signal via the same basal mechanism. Nevertheless, NPR1 to NPR4 clearly 

display unique biochemical qualities. We suggest that C-terminal domains LEKRV-like and 

N1/N2BD, in liaison with co-factors where applicable, facilitate perception of SA and 

structurally related molecules, enabling the plant to recognize attack by microbes and 

providing a biochemical basis for diverse defense signaling outputs activated independently 

and in parallel by NPR1 to NPR4 to ward off the attack. Figure 7 depicts our working model 

for defense signaling through the Arabidopsis NPR family of SA receptors.  
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Fig. 1 Relatedness of Arabidopsis NPR1 to NPR4. (a) Unrooted phylogenetic tree of Arabidopsis
NPR family proteins. The tree was constructed with a software developed by Dereeper et al.
(2010). The six NPR proteins fall in three clades with two highly similar members in each clade.
(b) Domain structure of Arabidopsis NPR1 to NPR4. Conserved domains present in NPR1 to
NPR4 are a BTB/POZ domain, an ankyrin repeat region and a C-terminal NPR1-like sequence (C,
in light grey) with a LENRV-like motif and a NIMIN1/NIMIN2 binding domain (N1/N2BD)
consensus sequence.
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Fig. 1   Relatedness of Arabidopsis NPR1 to NPR4. (a) Unrooted phylogenetic tree of Arabidopsis 
NPR family proteins. The tree was constructed with a software developed by Dereeper et al. 
(2010). The six NPR proteins fall in three clades with two highly similar members in each clade. 
(b) Domain structure of Arabidopsis NPR1 to NPR4. Conserved domains present in NPR1 to 
NPR4 are a BTB/POZ domain, an ankyrin repeat region and a C-terminal NPR1-like sequence (C, 
in light grey) with a LENRV-like motif and a NIMIN1/NIMIN2-binding domain (N1/N2BD) 
consensus sequence. 
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Fig. 2 Interaction of Arabidopsis NPR1 to NPR4 with Arabidopsis TGA transcription factors in
yeast. NPR genes were expressed in fusion with the sequence for Gal4 DNA-binding domain
(BD), and TGA genes were expressed in fusion with the sequence for Gal4 transactivation domain
(AD). Quantitative Y2H assays were conducted in absence and presence of salicylic acid. (a)
Interaction of NPR1 with TGA2, TGA3 and TGA7. (b) Interaction of NPR2 with TGA2, TGA6,
TGA3 and TGA7. (c) Interaction of NPR3 and NPR4 with TGA2, TGA3 and TGA7.
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Fig. 2   Interaction of Arabidopsis NPR1 to NPR4 with Arabidopsis TGA transcription factors in 
yeast. NPR genes were expressed in fusion with the sequence for Gal4 DNA-binding domain (BD), 
and TGA genes were expressed in fusion with the sequence for  Gal4 transactivation domain (AD). 
Quantitative Y2H assays were conducted in absence and presence of salicylic acid. (a) Interaction 
of NPR1 with TGA2, TGA3 and TGA7. (b) Interaction of NPR2 with TGA2, TGA6, TGA3 and 
TGA7. (c) Interaction of NPR3 and NPR4 with TGA2, TGA3 and TGA7.  
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Fig. 3 Interaction between separated LENRV-like and NIMIN1/NIMIN2 binding domain regions
of Arabidopsis NPR1 to NPR4 in yeast. Sequences harboring LENRV-like motifs were expressed
in fusion with the sequence for the Gal4 DNA-binding domain (BD), and sequences encoding
N1/N2BDs were expressed in fusion with the sequence for the Gal4 transactivation domain (AD).
Quantitative Y2H assays were conducted in absence and presence of salicylic acid. (a) Interaction
between separated LEKRV and N1/N2BD regions from NPR3 and NPR4. BD–NtNPR1-
LENRV/AD–NtNPR1-N1/N2BD interaction served as a positive control (Neeley et al., 2019). (b)
Interaction between separated LEKRV and N1/N2BD regions of NPR3. Assays were conducted
with cells grown without addition of chemicals or with cells grown in medium supplemented with
SA or 4-hydroxybenzoic acid (4-OH BA). (c) Chimeric interactions between separated LENRV-
like and N1/N2BD regions of NPR1 to NPR4.
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Fig. 3   Interaction between separated LENRV-like  and NIMIN1/NIMIN2-binding domain regions 
of Arabidopsis NPR1 to NPR4 in yeast. Sequences harboring LENRV-like motifs were expressed 
in fusion with the sequence for the Gal4 DNA-binding domain (BD), and sequences encoding 
N1/N2BDs were expressed in fusion with the sequence for the Gal4 transactivation domain (AD). 
Quantitative Y2H assays were conducted in absence and presence of salicylic acid. (a) Interaction 
between separated LEKRV and N1/N2BD regions from NPR3 and NPR4. BD–NtNPR1-
LENRV/AD–NtNPR1-N1/N2BD interaction served as a positive control (Neeley et al., 2019). (b) 
Interaction between separated LEKRV and N1/N2BD regions of NPR3. Assays were conducted 
with cells grown without addition of chemicals or with cells grown in medium supplemented with 
SA or 4-hydroxybenzoic acid (4-OH BA). (c) Chimeric interactions between separated LENRV-
like and N1/N2BD regions of NPR1 to NPR4.  
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Fig. 4 Effect of mutations in the LENRV-like motif on protein-protein interactions of

Arabidopsis NPR2 to NPR4. Sequences harboring the LENRV-like motifs of NPR2 to NPR4 were

expressed in fusion with the sequence for Gal4 DNA-binding domain (BD), and sequences

encoding N1/N2BDs and TGA7 were expressed in fusion with the sequence for Gal4

transactivation domain (AD). Quantitative Y2H assays were conducted in absence and presence of

salicylic acid. Activities of mutants are compared to acitity of the respective wild-type protein. (a)

Interaction of NPR2 R432K with TGA7. (b) Interaction of NPR3(383-462) R428K with

NPR3(463-586). (c) Interaction of NPR4(373-455) mutants K418R, R419K and double-mutant

K418R R419K with NPR4(456-574).
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Fig. 4   Effect of mutations in the LENRV-like motif on protein-protein interactions of Arabidopsis 
NPR2 to NPR4. Sequences harboring the LENRV-like motifs of NPR2 to NPR4 were expressed in 
fusion with the sequence for Gal4 DNA-binding domain (BD), and sequences encoding N1/N2BDs 
and TGA7 were expressed in fusion with the sequence for Gal4 transactivation domain (AD). 
Quantitative Y2H assays were conducted in absence and presence of salicylic acid. Activities of 
mutants are compared to acitity of the respective wild-type protein. (a) Interaction of NPR2 R432K 
with TGA7. (b) Interaction of NPR3(383-462) R428K with NPR3(463-586). (c) Interaction of 
NPR4(373-455) mutants K418R, R419K and double mutant K418R R419K with NPR4(456-574).  
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Fig. 5   Determination of half-maximal salicylic acid concentrations affecting protein-protein 
interactions of Arabidopsis NPR1 to NPR4 in yeast. (a) Interaction of NIMIN2 with NPR1. (b) 
Interaction of NPR2 with TGA7. (c) Interaction of NPR3(383-462) with NPR3(463-586). (d) 
Interaction of NPR4(373-455) with NPR4(456-574).  
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interactions of Arabidopsis NPR1 to NPR4 in yeast. (a) Interaction of NIMIN2 with NPR1. (b) 
Interaction of NPR2 with TGA7. (c) Interaction of NPR3(383-462) with NPR3(463-586). (d) 
Interaction of NPR4(373-455) with NPR4(456-574).  
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Fig. 6   Effects of salicylic acid analogs on protein-protein interactions of Arabidopsis NPR1 to  
NPR4 in yeast. Quantitative Y2H assays were conducted with cells grown without addition of 
chemicals or with cells grown in medium supplemented with salicylic acid or analogs. 
Concentration of chemicals was 300µM apart from 3,5-DCA (30µM). Chemicals were solved in 
DMSO. The final DMSO concentration in yeast growth medium was 0.1%. (a,f) Interaction of 
NIMIN2 with NPR1. (b,h) Interaction of NPR3(383-462) with NPR3(463-586). (c,i) Interaction of 
NPR4(373-455) with NPR4(456-574). (d) Determination of the half-maximal 3,5-DCA 
concentration for NIMIN2-NPR1 interaction. (e) Determination of the half-maximal 3,5-DCA 
concentration for NPR3(383-462)-NPR3(463-586) interaction. (g) Interaction of NPR2 with 
TGA7. SA, salicylic acid; Ac-SA, acetylsalicylic acid; F-SA, 5-fluorosalicylic acid; CH3-SA, 5-
methylsalicylic acid; 3,5-DCA, 3,5-dichloroanthranilic acid; 6-MeSA, 6-methylsalicylic acid; 2,5-
diOH BA, 2,5-dihydroxybenzoic acid. 
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Fig. 6   Effects of salicylic acid analogs on protein-protein interactions of Arabidopsis NPR1 to  
NPR4 in yeast. Quantitative Y2H assays were conducted with cells grown without addition of 
chemicals or with cells grown in medium supplemented with salicylic acid or analogs. 
Concentration of chemicals was 300µM apart from 3,5-DCA (30µM). Chemicals were solved in 
DMSO. The final DMSO concentration in yeast growth medium was 0.1%. (a,f) Interaction of 
NIMIN2 with NPR1. (b,h) Interaction of NPR3(383-462) with NPR3(463-586). (c,i) Interaction of 
NPR4(373-455) with NPR4(456-574). (d) Determination of the half-maximal 3,5-DCA 
concentration for NIMIN2-NPR1 interaction. (e) Determination of the half-maximal 3,5-DCA 
concentration for NPR3(383-462)-NPR3(463-586) interaction. (g) Interaction of NPR2 with 
TGA7. SA, salicylic acid; Ac-SA, acetylsalicylic acid; F-SA, 5-fluorosalicylic acid; CH3-SA, 5-
methylsalicylic acid; 3,5-DCA, 3,5-dichloroanthranilic acid; 6-MeSA, 6-methylsalicylic acid; 2,5-
diOH BA, 2,5-dihydroxybenzoic acid. 
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Fig. 7 Working model for differential activities of the salicylic acid receptors NPR1 to NPR4 in
Arabidopsis. Interaction of plants with microbes produces salicylic acid and various phenolic acid
metabolites. Although NPR1 to NPR4 perceive SA and structural analogs by the same basal
mechanism, the receptors activate distinct pathogen defense responses that proceed in parallel.
NPR1 is the canonical SAR receptor activated by SA which is synthesized by the plant after
microbial attack. Sensitizing NPR1 for SA requires prior interaction with SA-induced NIMIN1 or
NIMIN2. In contrast, NPR3 and NPR4 are activated directly by the signal. NPR4 prefers SA, while
NPR3 likely binds an unknown SA analog which may be of microbial or plant origin. Finally,
NPR2, like NPR1, needs interaction with a co-factor, f.e., TGA7, to enable perception of the SA
signal. Differential interaction of the receptors of the NPR family with SA, SA analogs and co-
factors enabling signal perception are a likely biochemical basis for distinct signaling outputs of
NPR1 to NPR4.
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Fig. 7   Working model for differential activities of the salicylic acid receptors NPR1 to NPR4 in 
Arabidopsis. Interaction of plants with microbes produces salicylic acid and other phenolic acid 
derivatives. Although NPR1 to NPR4 perceive SA and structural analogs by the same basal 
mechanism, the receptors activate distinct pathogen defense responses that proceed in parallel. 
NPR1 is the canonical SAR receptor activated by SA which is synthesized by the plant after 
microbial attack. Sensitizing NPR1 for SA requires prior interaction with SA-induced NIMIN1 or 
NIMIN2. In contrast, NPR3 and NPR4 are activated directly by the signal. NPR4 prefers SA, while 
NPR3 likely binds an unknown SA analog which may be of microbial or plant origin. Finally, 
NPR2, like NPR1, needs interaction with a co-factor, f.e., TGA7, to enable perception of the SA 
signal. Differential interaction of the receptors of the NPR family with SA, SA analogs and co-
factors facilitating signal perception are a likely biochemical basis for distinct signaling outputs of 
NPR1 to NPR4. 
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	 Table 1   Biochemical capabilities of Arabidopsis NPR1 to NPR4 as determined by yeast 
hybrid analyses. 

3,5-DCA, dichloroanthranilic acid; 6-MeSA, 6-methylsalicylic acid; N, NIMIN protein;  
NBD, NIMIN1/NIMIN2-binding domain 

      ✓       activity                          no        no activity 

                 activity affected by SA (>3-fold)                           n.d.      not determined 

                 activity affected by SA analog (>3-fold)  
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