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Plants possess a sophisticated immune system to recognize and respond to microbial threats in their environment. The level of immune signaling must be tightly regulated so that immune responses can be quickly activated in the presence of pathogens, while avoiding autoimmunity. HSP90s, along with their diverse array of co-chaperones, forms chaperone complexes that have been shown to play both positive and negative roles in regulating the accumulation of immune receptors and regulators. In this study, we examined the role of AtCHIP, an evolutionarily conserved E3 ligase that was known to interact with chaperones including HSP90s in multicellular organisms including fruit fly, Caenorhabditis elegans, plants and human. Atchip knockout mutants display enhanced disease susceptibility to a virulent oomycete pathogen, and overexpression of AtCHIP causes enhanced disease resistance at low temperature. Although CHIP was reported to target HSP90 for ubiquitination and degradation, accumulation of HSP90.3 was not affected in Atchip plants. In addition, protein accumulation of nucleotide-binding, leucine-rich repeat domain immune receptor (NLR) SNC1 is not altered in Atchip mutant. Thus, while AtCHIP plays a role in immunity, it does not seem to regulate the turnover of HSP90 or SNC1. Further investigation is needed in order to determine the exact mechanism behind AtCHIP’s role in regulating plant immune responses.
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BACKGROUND

Plant Immunity

Plants have evolved sophisticated immune systems to recognize and defend against infections by diverse microbial pathogens (Dangl et al., 2013). Receptor-like kinases on the cell surface can recognize conserved microbial features termed pathogen associated molecular patterns (PAMPs) from microbes, and trigger a relatively weak PAMP-triggered immunity (PTI) response (Macho and Zipfel, 2014). While PTI is effective at preventing infection by many microbes, successful pathogens are able to deliver effector molecules into the plant cell to suppress PTI and promote virulence (Dangl et al., 2013). An additional layer of the plant immune system involves resistance (R) proteins, which can recognize specific pathogen effectors and trigger a more rapid and robust effector-triggered immunity (ETI).

Plant genomes contain a large number of R genes, most encoding proteins with nucleotide-binding, leucine-rich repeat domains (NLRs; or Nod-like receptors). Typical NLRs in plants contain Toll-interleukin-1 receptor (TIR) or coiled-coil (CC) domains at their N termini (Jones and Dangl, 2006; Li et al., 2015). Immune responses mediated by TIR-type NLR (TNL) proteins often require the immune signaling module EDS1/PAD4/SAG101, but the detailed molecular events surrounding NLR activation are largely unclear (Wiermer et al., 2005). Rapid and strong ETI induction is important for preventing pathogen infections (Jones and Dangl, 2006). However, ETI signaling must be suppressed in healthy wild-type plants, as mutants with constitutive ETI can be dwarfed and often show spontaneous cell death (Li et al., 2001; Yang et al., 2010). For example, a point mutation in Suppressor of npr1, constitutive 1 (SNC1), a TNL protein in Arabidopsis thaliana, results in the autoimmune snc1 mutant, which exhibits dwarfism, curled-leaf morphology, and enhanced resistance against virulent pathogens (Li et al., 2001; Zhang et al., 2003). More recent studies have shown that SNC1 and other NLRs are regulated post translationally, through degradation by the 26S proteasome pathway (Cheng et al., 2011; Huang et al., 2014b). E3 ubiquitin ligase complex containing the F-box protein CPR1 targets SNC1 for ubiquitination and subsequent degradation (Cheng et al., 2011). The point mutation in snc1 plants stabilizes the snc1 protein, increasing its steady state level and resulting in the autoimmune phenotype (Cheng et al., 2011). The sensitized background of snc1 has been used as an efficient tool to elucidate further components of plant immunity, as it can be used to search for both enhancers and suppressors.

HSP90-Containing Chaperone Complexes Play Positive and Negative Roles in Immunity

Chaperone complexes containing HSP90s play important roles in ensuring R protein stability and function (Kadota and Shirasu, 2012). The contribution of HSP90s is not straightforward, as mutations in different isoforms or different alleles of the same isoform often have differing, or even opposite phenotypic effects. For example, mutations in HPS90.2 leads to reduced RPM1 levels and function (Hubert et al., 2003; Takahashi et al., 2003). However, different alleles of hsp90.2 and hsp90.3 can result in increased NLR stability leading to autoimmunity, such as with SNC1 and RPS2 (Huang et al., 2014a). This could be explained by HSP90’s differential chaperone roles in different protein complexes. They could serve in NLR activation complex, and at the same time, be involved in the NLR degradation complex as SCF (Skp1, Cullin 1 and F-box) E3 ligase complex members.

Adding to the complexity of HSP90’s role in NLR function are the many co-chaperones that function with HSP90, which are also presumably crucial for proper NLR folding and function. Mutations in SGT1b, or alleles of HSP90 that abolish the interaction between SGT1b and HSP90, cause a reduction in R protein levels (Hubert et al., 2003; Zhang et al., 2008; Shirasu, 2009; Kadota and Shirasu, 2012). Mutations in SGT1b and RAR1 both partially compromise resistance mediated by RPP5, but these phenotypes are additive, indicating that they likely function independently in RPP5 signaling (Austin et al., 2002). The interaction between HSP90 and its co-chaperones must be important, as specific alleles of hsp90.2 can partially restore NLR signaling that is abolished in rar1 mutants (Hubert et al., 2003).

Like HSP90s, in addition to SGT1’s positive roles in plant immune receptor stability and activation, SGT1 also serves in SCF-mediated NLR protein turnover. SGT1 interacts directly with Skp1, a common component of SCF E3 ligase complexes (Kitagawa et al., 1999). In Arabidopsis, mutations in SGT1b and SRFR1, encoding an interactor of SGT1, lead to higher accumulation of NLR proteins RPS5, SNC1, and RPS2 (Holt et al., 2005; Li et al., 2010). These diverse roles of SGT1 mirror those of HSP90s.

CHIP is a Conserved E3 Ligase that Interacts with HSP Chaperones

Given the importance of chaperone complexes in both positive and negative regulation of NLR accumulation, it is likely that other chaperone-interacting proteins also play roles in regulating NLRs. One evolutionarily conserved candidate protein with well-characterized interactions with HSP90 and HSP70 in animals is C-terminus of Hsc70 Interacting Protein (CHIP; AtCHIP in Arabidopsis), an E3 ligase that ubiquitinates unfolded client proteins bound by the chaperone complexes (Connell et al., 2001; Murata et al., 2003). CHIP-encoding genes are broadly found in eukaryotes including fungi, plants, and animals (Figure 1A), mostly as single-copy genes. Intriguingly, no CHIP homolog was identified in budding or fission yeast. First identified as an HSP-interacting protein, CHIP is a unique E3 ligase that links heat-shock chaperone complexes with ubiquitination and proteosomal degradation, generally of misfolded substrate proteins (Murata et al., 2003). Work by Qian et al. (2006) suggests that the target of the E3 ligase activity depends on the amount of unfolded client proteins present, where CHIP preferentially ubiquitinates chaperone-bound substrates before ubiquitinating the chaperones themselves. Interestingly, CHIP does not seem to target a specific substrate protein like most other E3s, but rather, relies on the selectivity of its associated chaperones for client substrates. The crystal structure of mammalian CHIP, both alone and in interaction with the chaperone HSC70, has been solved (Zhang et al., 2005, 2015). CHIP protein contains a C-terminal U-box domain and an N-terminal tetratricopeptide repeat (TPR). Forms of CHIP with mutations in the TPR region retain self-ubiquitination activity, indicating that the U-box domain is sufficient for E3 ligase activity (Zhang et al., 2015). However, the TPR domain is required for the interaction with Hsc70 and ubiquitination of misfolded client proteins, emphasizing the importance of protein–protein interactions for CHIP function.
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FIGURE 1. Atchip knockout mutants exhibit enhanced susceptibility to virulent but not avirulent pathogens, while overexpression of AtCHIP leads to enhanced resistance only at lower temperature. (A) Maximum-likelihood tree of CHIP sequences from representative eukaryotes. Node labels represent bootstrap values from 1000 replicates. The scale bar represents the average number of substitutions per site in each branch. Organisms shown in the tree are Arabidopsis thaliana, Brachypodium distachyon, Caenorhabditis elegans, Chlamydomonas reinhardtii, Danio rerio, Drosophila melanogaster, Glycine max, Homo sapiens, Micromonas sp. RCC299, Mus musculus, Neurospora crassa, Oryza sativa, Physcomitrella patens, Populus trichocarpa, Rhizopus microspores, and Zea mays. (B) Growth of Hyaloperonospora arabidopsidis Noco2 on Col, Atchip-1, and Atchip-2 plants. Two-week-old seedlings were sprayed with a spore suspension at a concentration of 5 × 104 spores per mL, and oomycete spores grown on leaf surface were quantified 7 days later using a hemocytometer. Asterisks indicate a significant difference from Col (p < 0.05) as determined by t-tests. The experiment was repeated more than three times with similar results. (C) Growth of Pseudomonas syringae pv maculicola ES4326 on wild type Col, Atchip-1, Atchip-2, and eds1 plants (eds1 serves as a susceptibility control). Leaves of 4-week-old plants were infiltrated with a bacterial suspension in 10 mM MgCl2 at OD600 = 0.0001. Leaf disks within the infected area were taken immediately after infiltration (Day 0) and 3 days after infiltration (Day 3) to quantify bacterial colony-forming units (cfu). Bars represent mean values of three (Day 0) or five (Day 3) replicates ± SD. Asterisks indicate a significant difference from Col (p < 0.05) as determined by t-tests. (D) and (E) Growth of P. syringae pv tomato DC3000 expressing AvrRpt2 (D) or AvrRps4 (E) on wild type Col, Atchip-2, and ndr1 or eds1 plants. Leaves of 4-week-old plants were infiltrated with a bacterial suspension in 10 mM MgCl2 at OD600 = 0.001. Leaf disks within the infected area were taken immediately after infiltration (Day 0) and 3 days after infiltration (Day 3) to quantify bacterial colony-forming units (cfu). Bars represent mean values of three (Day 0) or five (Day 3) replicates ± SE. Asterisks indicate a significant difference from Col (p < 0.05) as determined by ANOVA followed by Tukey’s HSD test. (F) Salicylic acid (SA) accumulation in Col, Atchip-2, and eds1 induced with P. syringae pv tomato DC3000 carrying AvrRps4. Plants were infiltrated with bacterial suspension in 10 mM MgCl2 at OD600 = 0.2. Tissue was harvested after 24 h for total SA extraction and quantification using an HPLC. Asterisks indicate a significant difference from Col (p < 0.05) as determined by ANOVA followed by Tukey’s HSD test. (G) Growth of P. syringae pv. maculicola ES4326 on wild type Col, C24, and AtCHIP-OE plants. Leaves of 4-week-old plants were infiltrated with a bacterial suspension in 10 mM MgCl2 at OD600 = 0.001. Leaf disks within the infected area were taken 3 days after infiltration (Day 3) to quantify bacterial colony-forming units (cfu). Bars represent mean values of five (Day 3) replicates ± SE. Asterisks indicate a significant difference from C24 as determined by ANOVA followed by Tukey’s HSD test. (H) Growth of P. syringae pv. maculicola ES4326 on wild-type Col, C24, and AtCHIP-OE plants under low temperature. Plants were transferred to 18°C for at least 1 week, and infiltrated as in (G). Asterisks indicate significant difference (p < 0.05) from C24, as determined by a one-way ANOVA followed by Tukey’s HSD test.



Previous studies on AtCHIP in Arabidopsis have identified a role for AtCHIP in response to abiotic stress. Yan et al. (2003) confirmed the E3 ligase activity of AtCHIP, and found that the expression of AtCHIP is up-regulated by osmotic and temperature stresses; however, constitutive overexpression of AtCHIP results in increased susceptibility to heat and chilling. Like animal CHIP, AtCHIP also interacts with HSC70, facilitating the degradation of plastid-targeted precursor proteins, preventing them from building up in the cytosol (Lee et al., 2009). In addition, AtCHIP was shown to interact with, ubiquitinate, and reduce the cellular levels of chloroplast proteins Clp4, a subunit of the chloroplast Clp proteolytic complex, and FtsH1/2, two subunits of the chloroplast Fts protease complex (Shen et al., 2007a,b). These results indicate a role for AtCHIP in degradation of multiple protein targets through the 26S proteasome pathway. Additionally, AtCHIP interacts with and ubiquitinates PP2A (protein phosphatase 2A), which is involved in the response to low-temperature. However, overexpression of AtCHIP does not affect the steady-state levels of PP2A isoforms, and PP2A activity is increased in AtCHIP-OE plants under low-temperature conditions, indicating that ubiquitination by AtCHIP may play regulatory roles beyond proteasomal degradation (Luo et al., 2006).

AtCHIP and Plant Immunity

The function of AtCHIP in immune signaling is largely unexplored. Given that animal CHIP interacts with HSP90s and HSP70, AtCHIP interacts with HSC70-4 in Arabidopsis, and HSP90 is involved in the stability regulation of a number of NLR proteins, we hypothesized that AtCHIP might play a role in regulating NLRs during plant immune responses. According to publically available microarray expression data found on Arabidopsis eFP browser, AtCHIP expression is indeed induced by infections with virulent Pseudomonas syringae pv. maculicola (P.s.m.) ES4326 or the same strain carrying the effector AvrRpt2, as well as by treatment with SA (Supplementary Figure S1). We therefore investigated the potential roles of AtCHIP in plant immunity, in order to expand our perspectives on its function in plants. Using a reverse genetics approach, we examined the immune phenotypes of Atchip loss-of-function mutants, as well as plants overexpressing AtCHIP (AtCHIP-OE).

EXPERIMENTAL RESULTS

Atchip Mutants Show Increased Susceptibility to Virulent But Not Avirulent Pathogens

In order to determine whether AtCHIP plays a role in immune regulation, we first obtained two exonic T-DNA knockout alleles of Atchip, named Atchip-1 (SALK_048371) and Atchip-2 (SALK_059253), and examined their immune phenotypes against a variety of pathogens. Atchip plants of both mutant alleles exhibit enhanced disease susceptibility against the oomycete pathogen Hyaloperonospora arabidopsidis (H.a.) Noco2 (Figure 1B). We also observed slight enhanced susceptibility against the virulent bacterial pathogen P. syringae pv. maculicola (P.s.m.) ES4326, although this was not always significant (Figure 1C). In addition, Atchip-2 plants showed wild-type levels of resistance to P. syringae pv. tomato (P.s.t.) DC3000 strains carrying either AvrRpt2 or AvrRps4, which are avirulent on the Columbia (Col) ecotype due to the presence of the NLRs RPS2 and RPS4, respectively (Figures 1D,E). Furthermore, when the plants were infiltrated with a high dose of P.s.t. DC3000 AvrRps4, the defense hormone salicylic acid (SA) accumulated to the same level as wild-type (Figure 1F). Therefore, Atchip positively contributes to basal immunity, but does not appear to affect NLR-mediated immunity or SA accumulation.

Overexpression of AtCHIP Causes Enhanced Disease Resistance under Low Temperature Conditions

Because Atchip knockout mutants exhibit a mild enhanced disease susceptibility phenotype, we hypothesized that increased levels of AtCHIP might cause enhanced disease resistance. We obtained plants overexpressing AtCHIP (AtCHIP-OE), which were generated in the C24 ecotype background and described previously by Yan et al. (2003). Under normal growth conditions, AtCHIP-OE plants supported similar P.s.m. ES4326 growth as the C24 controls (Figure 1G). Note that C24 is known to exhibit enhanced resistance to virulent pathogens (Lapin et al., 2012).

While AtCHIP-OE was previously reported to show wild-type-like morphology under standard growth conditions, they are temperature sensitive, as exposure to 7°C results in severely stunted growth and electrolyte leakage (Yan et al., 2003), indicative of autoimmunity. Therefore, we predicted that overexpression of AtCHIP may result in enhanced disease resistance under low temperature conditions. When plants were grown at 20°C, and transferred to 18°C for at least 1 week before infection, we observed a significant reduction in bacterial growth following P.s.m. ES4326 infection (Figure 1H). Thus, consistent with the enhanced susceptibility in Atchip knockout mutants, overexpression of AtCHIP causes enhanced disease resistance, supporting a positive role AtCHIP plays in immune regulation.

The Autoimmune Phenotype of snc1 Mutants Does Not Depend on AtCHIP

The Atchip mutation alone causes only mild enhanced disease susceptibility. However, single mutants of many genes involved in NLR regulation do not show strong enhanced disease susceptibility, yet can dramatically suppress the autoimmune phenotypes of snc1, an autoimmune mutant carrying a gain-of-function mutation in a TNL (Li et al., 2001; Johnson et al., 2013). We therefore created a Atchip-2 snc1 double mutant to test whether the Atchip mutation could suppress the autoimmune phenotypes of snc1. The Atchip-2 snc1 double mutants displayed the same dwarf, curled-leaf morphology as snc1 and were not significantly larger than snc1 single mutant as examined by plant fresh weight (Figures 2A,B). H.a. Noco2 infection further confirmed that the Atchip-2 snc1 plants retain the enhanced disease resistance of snc1 (Figure 2C). Therefore AtCHIP does not seem to contribute to SNC1-mediated immunity.
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FIGURE 2. Atchip-2 knockout does not suppress the snc1 phenotype, and SNC1 and HSP90 levels are not altered in Atchip-2 plants. (A) Morphology of 4-week-old soil-grown plants of the indicated genotypes. (B) Fresh weights of plants of the indicated genotypes. Asterisks indicate significant differences from snc1 at p < 0.05, as determined by one-way ANOVA and Tukey’s HSD test. (C) Resistance against H.a. Noco2 in Col, Atchip, snc1, and snc1 Atchip-2 plants. Two-week-old seedlings were sprayed with a spore suspension at a concentration of 105 spores per mL, and spores were quantified 7 days later using a hemocytometer. Asterisks indicate a significant difference (p < 0.05) from snc1, as determined by t-tests. (D) SNC1 protein levels in Atchip-2 plants. Total protein from 3-week-old plants of Col and Atchip genotypes was subjected to immunoblotting with an α-SNC1 antibody (Li et al., 2010). Ponceau staining is shown as a loading control. (E) HSP90.3-HA levels in Col and Atchip-2 genotypes. Total protein was extracted from the aerial tissue of 2-week-old seedlings of the indicated genotypes. HSP90.3-HA levels were examined using immunoblotting with an α-HA antibody. Ponceau staining is shown as loading control.



AtCHIP Does Not Affect SNC1 Turnover

Since animal CHIPs were reported to associate with evolutionarily conserved chaperones SGT1 and HSP90s, which contribute to NLR SNC1 turnover in Arabidopsis, we examined whether AtCHIP is also involved in NLR turnover (Connell et al., 2001; Zhang et al., 2008). When we examined the SNC1 protein levels in the Atchip-2 backgrounds; however, no obvious alteration in SNC1 levels was observed compared to the wild-type controls (Figure 2D). These results are consistent with the inability of Atchip to suppress the autoimmune phenotype of snc1.

HSP90.3-HA Levels Are Not Affected in Atchip Knockout Plants

Expression of CHIP in human cell lines reduces the accumulation of HSP70 when the level of unfolded clients is low (Qian et al., 2006). Human CHIP protein can also ubiquitinate chaperones HSP90 and HSP70 in vitro, creating ubiquitin chains that contain K48 linkages, which is predicted to mark the HSPs for degradation (Kundrat and Regan, 2010). These findings led to the hypothesis that AtCHIP may play a role in the regulation of HSP90 levels. To test this, a HSP90.3-HA transgene was introduced into the Atchip-2 background by crossing (Huang et al., 2014a). However, no difference in the HSP90.3-HA protein levels was observed in the Atchip-2 background compared to the wild-type (Figure 2E). Therefore AtCHIP is unlikely to target HSP90s for ubiquitination and degradation.

CURRENT PERSPECTIVES AND FUTURE DIRECTIONS

Animal CHIPs have been shown to interact with HSP chaperones, and in some cases modulate their turnover. Chaperones and their interactors play both positive and negative roles in immune signaling. For example, the stability of many NLR proteins is dependent on chaperone HSP90 and co-chaperones SGT1 and RAR1 (Kadota and Shirasu, 2012; Li et al., 2015). Here, we examined whether CHIP, as a component of animal chaperone complexes, similarly contributes positively or negatively to plant immune signaling. We observed a slight enhanced disease susceptibility in Atchip mutants and enhanced resistance in AtCHIP overexpression lines (Figure 1). However, we did not observe defects in ETI mediated by specific NLR proteins in Atchip mutant plants. Atchip mutants retain resistance to avirulent P.s.t. DC3000 expressing AvrRps4 and AvrRpt2 (Figures 1D,E), and Atchip snc1 double mutants displayed the same level of autoimmunity as snc1 alone (Figures 2A–C). SNC1 protein levels were also unaffected in the Atchip knockout (Figure 2D). The lack of ETI phenotypes in Atchip mutant argues against its predicted roles in chaperone-assisted NLR functions. However, as Atchip does exhibit slight susceptibility against a virulent oomycete pathogen (Figure 1), it must contribute to plant immune regulation through a yet-to-be-identified mechanism. One alternative explanation could be that AtCHIP is perhaps only involved in the regulation of other untested NLRs besides SNC1, RPS2, or RPS4.

Multiple studies have shown that CHIP can ubiquitinate the chaperones HSP70 and HSP90, which often results in a reduction in the chaperone levels (Qian et al., 2006; Kundrat and Regan, 2010). While we found no difference in the levels of HSP90.3-HA in Atchip mutant compared to wild-type, we cannot rule out that AtCHIP may play a role in immunity by affecting HSP90 function in some other way. Overexpression of CHIP does not reduce the stability of HSP70 and HSP90 in all cases, and ubiquitination of these chaperones may have other roles (Jiang et al., 2001; Morales and Perdew, 2007; Zhou et al., 2014; Edkins, 2015). Additionally, CHIP may affect the function of chaperone complexes by competing for protein–protein interaction sites on HPS90s. For example, the co-chaperone Hop facilitates the transfer of client proteins from HSP70 to HSP90, by simultaneously binding to both complexes (Edkins, 2015). However, binding of CHIP to HSP90 reduces the ability of Hop to bind to HSP90, interfering with the protein transfer and reducing the activity of HSP90 on these clients. CHIP may also target other proteins in the complex for degradation.

Typically, E3 ligases are thought to provide specificity to the ubiquitin-proteasome system, by targeting one or a small number of similar proteins (Deshaies and Joazeiro, 2009). However, CHIP appears to be unusual for an E3 ligase, as it has been shown to ubiquitinate many different substrate proteins and target them for degradation (Murata et al., 2003). While majority of CHIP’s known substrates have been identified in animal systems, the role of plant AtCHIP for regulating protein accumulation both under steady state and in response to heat stress suggests that AtCHIP has a similar function as animal CHIP (Murata et al., 2001; Zhou et al., 2014; Tillmann et al., 2015). The promiscuity of AtCHIP makes it difficult to identify the molecular mechanism underpinning its role in immunity. It is possible that one of the targets of AtCHIP is a negative regulator of immunity, and that this protein accumulates in Atchip plants, causing the enhanced disease susceptibility. However, it is equally plausible that loss of AtCHIP function causes an abnormal increase of many proteins, which together contribute to a cellular environment that reduces immune signaling.

In summary, here we provide a new perspective on the potential regulation of HSP90 and NLRs through evolutionarily conserved AtCHIP. Additional investigation is needed to elucidate the function of AtCHIP in immunity. Because mutations in HSP complexes differentially affect signaling mediated by different NLRs, experiments need to be completed to test whether Atchip mutants show defects in resistance from other untested NLRs. Greater insights into the dynamics of HSP90 complexes or detailed proteomic studies using Atchip mutants or overexpression lines may be required to identify the exact mechanism by which AtCHIP contributes to plant immunity.

MATERIALS AND METHODS

Plant Material

Soil-grown A. thaliana plants were maintained in a growth chamber under 18 h light/6h dark, 22°C growth conditions. Plate-grown A. thaliana seedlings were grown on ½ strength MS medium in sealed plates.

Phylogenetic Analysis

The deduced amino acid sequence of AtCHIP was used as a query in BLAST searches to identify related sequences in model eukaryotic organisms and crops. Fungal and animal sequences are from the NCBI Protein Database, and plant and algal sequences are from the PLAZA comparative plant genomics database (Van Bel et al., 2012). Mesquite was used to align sequences with MUSCLE, along with the sequence of AT2G42810, which served as an outgroup. A maximum-likelihood tree was constructed with RaxML, using the JTT model with 1000 bootstrap replicates.

Pathogen Infections

The methods used for infection experiments involving H.a. Noco2 and P. syringae were previously described (Li et al., 2001). For H.a. Noco2 infections, 2-week-old seedlings were sprayed with a conidiophore suspension at a concentration noted in the figure legends. Inoculated plants were kept at 18°C at 80% humidity under a 12 h light/12 h dark cycle. The level of infection was quantified after 7 days by counting the number of condiophores present per gram of tissue using a hemocytometer. For P.s.t. DC3000 infections, plants were grown at 22°under a 12 h light/12 h dark cycle. Bacteria grown in LB and diluted to the indicated concentrations with 10 mM MgCl2, was used to infiltrate leaves of 4-week-old plants. Leaf disks of the infected area were taken at 0 and 3 days after infiltration to quantify bacterial colony-forming units (cfu) on agar plates with proper antibiotic selection. For low temperature treatment, plants were transferred to a chamber at 18°C under a 12 h light/12 h dark cycle for at least 1 week prior to infiltration.

Protein Level Analysis

Total protein was extracted as in (Huang et al., 2014b). Briefly, finely ground plant tissue was homogenized in extraction buffer and centrifuged, and the supernatant was transferred to new tubes containing loading buffer. Protein was separated using SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting with specific antibodies.
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FIGURE S1 |AtCHIP expression is induced by pathogens and SA. (A) AtCHIP expression after mock treatment, or infiltration with the indicated strains of P.s.m., at the indicated time points. (B) AtCHIP expression 3 h after mock treatment or treatment with 10μM SA. Data for (A) and (B) were taken from AtGenExpress.

REFERENCES

Austin, M. J., Muskett, P., Kahn, K., Feys, B. J., Jones, J. D., and Parker, J. E. (2002). Regulatory role of SGT1 in early R gene-mediated plant defenses. Science 295, 2077–2080. doi: 10.1126/science.1067747

Cheng, Y., Li, Y., Huang, S., Huang, Y., Dong, X., Zhang, Y., et al. (2011). Stability of plant immune-receptor resistance proteins is controlled by SKP1-CULLIN1-F-box (SCF) -mediated protein degradation. Proc. Natl. Acad. Sci. U.S.A. 108, 14694–14699. doi: 10.1073/pnas.1105685108

Connell, P., Ballinger, C., Jiang, J., Wu, Y., Thompson, L. J., Höhfeld, J., et al. (2001). The co-chaperone CHIP regulates protein triage decisions mediated by heat-shock proteins. Nat. Cell Biol. 3, 93–96. doi: 10.1038/35050618

Dangl, J. L., Horvath, D. M., and Staskawicz, B. J. (2013). Pivoting the plant immune system from dissection to deployment. Science 80, 746–751. doi: 10.1126/science.1236011

Deshaies, R. J., and Joazeiro, C. P. (2009). RING domain E3 ubiquitin ligases. Ann. Rev. Biochem. 78, 399–434. doi: 10.1146/annurev.biochem.78.101807.093809

Edkins, A. L. (2015). “CHIP: a co-chaperone fo degradation by the proteasome,” in The Networking of Chaperones by Co-chaperones, eds G. L. Blatch and A. L. Edkins (Berlin: Springer), 219–242.

Holt, B. F., Belkhadir, Y., and Dangl, J. L. (2005). Antagonistic control of disease resistance protein stability in the plant immune system. Science 309, 929–932. doi: 10.1126/science.1109977

Huang, S., Monaghan, J., Zhong, X., Lin, L., Sun, T., Dong, O. X., et al. (2014a). HSP90s are required for NLR immune receptor accumulation in Arabidopsis. Plant J. 79, 427–439. doi: 10.1111/tpj.12573

Huang, Y., Minaker, S., Roth, C., Huang, S., Hieter, P., Lipka, V., et al. (2014b). An E4 ligase facilitates polyubiquitination of plant immune receptor resistance proteins in Arabidopsis. Plant Cell 26, 485–496. doi: 10.1105/tpc.113.119057

Hubert, D. A., Tornero, P., Belkhadir, Y., Krishna, P., Takahashi, A., Shirasu, K., et al. (2003). Cytosolic HSP90 associates with and modulates the Arabidopsis RPM1 disease resistance protein. EMBO J. 22, 5679–5689. doi: 10.1093/emboj/cdg547

Jiang, J., Ballinger, C., Wu, Y., Dai, Q., Cyr, D. M., Höhfeld, J., et al. (2001). CHIP is a U-box-dependent E3 ubiquitin ligase: identification of Hsc70 as a target for ubiquitylation. J. Biol. Chem. 276, 42938–42944. doi: 10.1074/jbc.M101968200

Johnson, K. C. M., Dong, O. X., Huang, Y., and Li, X. (2013). A rolling stone gathers no moss, but resistant plants must gather their MOSes. Cold Spring Harb. Symp. Quant. Biol. 77, 1–10. doi: 10.1101/sqb.2013.77.014738

Jones, J. D. G., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329. doi: 10.1038/nature05286

Kadota, Y., and Shirasu, K. (2012). The HSP90 complex of plants. Biochim. Biophys. Acta 1823, 689–697. doi: 10.1016/j.bbamcr.2011.09.016

Kitagawa, K., Skowyra, D., Elledge, S. J., Harper, J. W., and Hieter, P. (1999). SGT1 encodes an essential component of the yeast kinetochore assembly pathway and a novel subunit of the SCF ubiquitin ligase complex. Mol. Cell 4, 21–33. doi: 10.1016/S1097-2765(00)80184-7

Kundrat, L., and Regan, L. (2010). Identification of residues on Hsp70 and Hsp90 ubiquitinated by the cochaperone CHIP. J. Mol. Biol. 395, 587–594. doi: 10.1016/j.jmb.2009.11.017

Lapin, D., Meyer, R. C., Takahashi, H., Bechtold, U., and Ackerveken, G. (2012). Broad-spectrum resistance of Arabidopsis C24 to downy mildew is mediated by different combinations of isolate-specific loci. New Phytol. 196, 1171–1181. doi: 10.1111/j.1469-8137.2012.04344.x

Lee, S., Lee, D. W., Lee, Y., Mayer, U., Stierhof, Y.-D., Lee, S., et al. (2009). Heat shock protein cognate 70-4 and an E3 ubiquitin ligase, CHIP, mediate plastid-destined precursor degradation through the ubiquitin-26S proteasome system in Arabidopsis. Plant Cell 21, 3984–4001. doi: 10.1105/tpc.109.071548

Li, X., Clarke, J. D., Zhang, Y., and Dong, X. (2001). Activation of an EDS1-mediated R-gene pathway in the snc1 mutant leads to constitutive, NPR1-independent pathogen resistance. Mol. Plant Microbe Interact. 14, 1131–1139. doi: 10.1094/MPMI.2001.14.10.1131

Li, X., Kapos, P., and Zhang, Y. (2015). NLRs in plants. Curr. Opin. Immunol. 32, 114–121. doi: 10.1016/j.coi.2015.01.014

Li, Y., Li, S., Bi, D., Cheng, Y. T., Li, X., and Zhang, Y. (2010). SRFR1 negatively regulates plant NB-LRR resistance protein accumulation to prevent autoimmunity. PLoS Pathog. 6:e1001111. doi: 10.1371/journal.ppat.1001111

Luo, J., Shen, G., Yan, J., He, C., and Zhang, H. (2006). AtCHIP functions as an E3 ubiquitin ligase of protein phosphatase 2A subunits and alters plant response to abscisic acid treatment. Plant J. 46, 649–657. doi: 10.1111/j.1365-313X.2006.02730.x

Macho, A. P., and Zipfel, C. (2014). Plant PRRs and the activation of innate immune signaling. Mol. Cell 54, 263–272. doi: 10.1016/j.molcel.2014.03.028

Morales, J. L., and Perdew, G. H. (2007). Carboxyl terminus of hsc70-interacting protein (CHIP) can remodel mature aryl hydrocarbon receptor (AhR) complexes and mediate ubiquitination of both the AhR and the 90 kDa heat-shock protein (hsp90) in vitro. Biochemistry 46, 610–621. doi: 10.1021/bi062165b

Murata, S., Chiba, T., and Tanaka, K. (2003). CHIP: a quality-control E3 ligase collaborating with molecular chaperones. Int. J. Biochem. Cell Biol. 35, 572–578. doi: 10.1016/S1357-2725(02)00394-1

Murata, S., Minami, Y., Minami, M., Chiba, T., and Tanaka, K. (2001). CHIP is a chaperone-dependent E3 ligase that ubiquitylates unfolded protein. EMBO Rep. 2, 1133–1138. doi: 10.1093/embo-reports/kve246

Qian, S.-B., McDonough, H., Boellmann, F., Cyr, D. M., and Patterson, C. (2006). CHIP-mediated stress recovery by sequential ubiquitination of substrates and Hsp70. Nature 440, 551–555. doi: 10.1038/nature04600

Shen, G., Adam, Z., and Zhang, H. (2007a). The E3 ligase AtCHIP ubiquitylates FtsH1, a component of the chloroplast FtsH protease, and affects protein degradation in chloroplasts. Plant J. 52, 309–321. doi: 10.1111/j.1365-313X.2007.03239.x

Shen, G., Yan, J., Pasapula, V., Luo, J., He, C., Clarke, A. K., et al. (2007b). The chloroplast protease subunit ClpP4 is a substrate of the E3 ligase AtCHIP and plays an important role in chloroplast function. Plant J. 49, 228–237. doi: 10.1111/j.1365-313X.2006.02963.x

Shirasu, K. (2009). The HSP90-SGT1 chaperone complex for NLR immune sensors. Annu. Rev. Plant Biol. 60, 139–164.

Takahashi, A., Casais, C., Ichimura, K., and Shirasu, K. (2003). HSP90 interacts with RAR1 and SGT1 and is essential for RPS2-mediated disease resistance in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 100, 11777–11782. doi: 10.1073/pnas.2033934100

Tillmann, B., Röth, S., Bublak, D., Sommer, M., Stelzer, E. H. K., Scharf, K.-D., et al. (2015). Hsp90 is involved in the regulation of cytosolic precursor protein abundance in tomato. Mol. Plant 8, 228–241. doi: 10.1016/j.molp.2014.10.005

Van Bel, M., Proost, S., Wischnitzki, E., Movahedi, S., Scheerlinck, C., Peer, Y., et al. (2012). Dissecting plant genomes with the PLAZA comparative genomics platform. Plant Physiol. 158, 590–600. doi: 10.1104/pp.111.189514

Wiermer, M., Feys, B. J., and Parker, J. E. (2005). Plant immunity: the EDS1 regulatory node. Curr Opin. Plant Biol. 8, 383–389. doi: 10.1016/j.pbi.2005.05.010

Yan, J., Wang, J., Li, Q., and Hwang, J. (2003). AtCHIP, a U-box-containing E3 ubiquitin ligase, plays a critical role in temperature stress tolerance in Arabidopsis. Plant Physiol. 132, 861–869. doi: 10.1104/pp.103.020800

Yang, H., Shi, Y., Liu, J., Guo, L., Zhang, X., and Yang, S. (2010). A mutant CHS3 protein with TIR-NB-LRR-LIM domains modulates growth, cell death and freezing tolerance in a temperature-dependent manner in Arabidopsis. Plant J. 63, 283–296. doi: 10.1111/j.1365-313X.2010.04241.x

Zhang, H., Amick, J., Chakravarti, R., Santarriaga, S., Schlanger, S., McGlone, C., et al. (2015). A bipartite interaction between Hsp70 and CHIP regulates ubiquitination of chaperoned client proteins. Structure 23, 472–482. doi: 10.1016/j.str.2015.01.003

Zhang, M., Botër, M., Li, K., Kadota, Y., Panaretou, B., Prodromou, C., et al. (2008). Structural and functional coupling of Hsp90- and Sgt1-centred multi-protein complexes. EMBO J. 27, 2789–2798. doi: 10.1038/emboj.2008.190

Zhang, M., Windheim, M., Roe, S. M., Peggie, M., Cohen, P., Prodromou, C., et al. (2005). Chaperoned Ubiquitylation—Crystal Structures of the CHIP U Box E3 Ubiquitin Ligase and a CHIP-Ubc13-Uev1a Complex. Mol. Cell 20, 525–538. doi: 10.1016/j.molcel.2005.09.023

Zhang, Y., Goritschnig, S., Dong, X., and Li, X. (2003). A gain-of-function mutation in a plant disease resistance gene leads to constitutive activation of downstream signal transduction pathways in suppressor of npr1-1, constitutive 1. Plant Cell 15, 2636–2646. doi: 10.1105/tpc.015842

Zhou, J., Zhang, Y., Qi, J., Chi, Y., Fan, B., Yu, J.-Q., et al. (2014). E3 Ubiquitin Ligase CHIP and NBR1-mediated selective autophagy protect additively against proteotoxicity in plant stress responses. PLoS Genet. 10:e1004116. doi: 10.1371/journal.pgen.1004116

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Copeland, Ao, Huang, Tong and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-07-00309-g002.jpg
(60) oux Woon wsord

asNet

aHA





OPS/images/cover.jpg
, frontiers

in Plant Science

The Evolutionarily Conserved E3
Ubiquitin Ligase AtCHIP
Contributes to Plant Immunity





OPS/images/fpls-07-00309-g001.jpg
E P. patens
100 P. patens

O. sativa
56 B. distachyon
Z. mays
O. sativa
47 A. thaliana
55 G. max
58 51k G. max
53 P. trichocarpa
P. trichocarpa
79 I M. sp. RCC299
C. reinhardtii
R. microsporus
—26
N.crassa
- C. elegans
51 D. melanogaster
95 M. musculus
100| i
08 H. sapiens
0.5 —D. rerio
AT2G42810 (outgroup)
B C D
H.a. Noco2 P.s.m. ES4326 P.s.t. AvrRpt2
25 10
2 * DDay 0 o9 %
£ 201 d . g{ mDays ¥ il SIS
= N o
w E E 8 4
= 151 G 61 * 2
o C
= = 2 °7
% 104 S 41 S
4 ]
g8 g
s 54 24 24
0- i S 0
A\ DL N v A
> N 9 R A A ) S v
& S L ¥ & (SRR
o & St @ & ©
Ll S
1, Ps.t. AviRps4 Total SA P.s.m. ES4326 10 P.s.m. ES4326
*
O Day 0 ODay 0
H Day 3 2 HDay 3
107 o o g Py
N o)) N NE
4 2
g ° =~ § 6 G 6
= g o S = *
g i 3 1 B 4 S4
B 5| 8 8
o ol 2 2
= 3
0 0 % 0- 0 o
Y N A . 3> ™
00 3 \Qﬂ/ 66 00 & 66'\ P Oq, 'OQ/ 00 0(1, O
S @ & e 4 \
¢ X 8
» O O
s v






OPS/images/cross.jpg
®

o fark





OPS/images/logo.jpg
' frontiers
in Plant Science





