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Abstract 
Mitogen-activated protein (MAP) kinase signaling cascades play important roles in eukaryotic defense against 
various pathogens. Activation of the extracellular ATP (eATP) receptor P2K1 triggers MAP kinase 3 and 6 (MPK3/6) 
phosphorylation, which leads to an elevated plant defense response. However, the mechanism by which P2K1 
activates the MAPK cascade is unclear. In this study, we show that in Arabidopsis thaliana, P2K1 phosphorylates 
the Raf-like MAP kinase kinase kinase (MAPKKK) INTEGRIN-LINKED KINASE 5 (ILK5) on serine 192 in the 
presence of eATP. The interaction between P2K1 and ILK5 was confirmed both in vitro and in planta and their 
interaction was enhanced by ATP treatment. Similar to P2K1 expression, ILK5 expression levels were highly 
induced by treatment with ATP, flg22, Pseudomonas syringae pv. tomato DC3000, and various abiotic stresses. 
ILK5 interacts with and phosphorylates the MAP kinase kinase MKK5. Moreover, phosphorylation of MPK3/6 was 
significantly reduced upon ATP treatment in ilk5 mutant plants, relative to wild-type. The ilk5 mutant plants showed 
higher susceptibility to P. syringae pathogen infection relative to wild-type plants. Plants expressing only the mutant 
ILK5S192A protein, with decreased kinase activity, did not activate the MAPK cascade upon ATP addition. These 
results suggest that eATP activation of P2K1 results in transphosphorylation of the Raf-like MAPKKK ILK5, which 
subsequently triggers the MAPK cascade, culminating in activation of MPK3/6 associated with an elevated innate 
immune response.   
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IN A NUTSHELL 

Background: Extracellular ATP acts as a signaling molecule that is perceived by eukaryotic P2-type 

purinergic receptors, which are located in the plasma membrane. Purinergic signaling has been extensively 

studied in animals, including humans, but is less studied in plants. Pathogen invasion and subsequent 

wound stress releases extracellular ATP, a danger-associated molecular pattern (DAMP) signal, inducing 

purinergic signaling cascades, which result in phosphorylation of mitogen-activated protein kinases 

(MAPKs). Previous studies revealed that the P2K1 purinergic receptor increases MPK3/6 phosphorylation 

in response to eATP mediated purinergic signaling cascades in Arabidopsis. 

Question: How does eATP recognition result in the activation of the MAP kinase cascade, which is 

essential for induction of the innate immune response in Arabidopsis plants? 

Findings: The Raf-like MAPKKK INTEGRIN-LINKED KINASE 5 (ILK5) was shown to be a 

downstream substrate of P2K1 kinase activity. Initiation of an eATP-dependent signaling pathway by 

phosphorylation of ILK5 results in phosphorylation and activation of MKK5 leading to phosphorylation 

of MPK3/6 and downstream events crucial to the plant innate immune response. 

Next steps: The discovery that release of eATP by pathogen invasion regulates MPK3/6 activation through 

phosphorylation of ILK5 provides information on DAMP signaling and pathogen resistance in plants. 

Future studies should aim to identify the plant mechanisms targeted by ILK5-mediated purinergic 

signaling cascades and use this knowledge to protect crops from the deleterious effects of a wide range of 

pathogens. 

Introduction 
Adenosine 5′-triphosphate (ATP) serves as an intracellular energy currency for all organisms. However, 

in both plants and animals, extracellular ATP (eATP) also functions as a danger-associated molecular 

pattern (DAMP) signal molecule when perceived by plasma-membrane localized purinoreceptors (Cao et 

al., 2014; Le et al., 2019). Mammals possess two major classes of purinoreceptors, ligand-gated ion 

channel P2X and G protein-coupled receptor P2Y, which have been extensively studied (Faria et al., 2012). 

eATP has been shown to play a variety of roles in mammals, including regulating immune response, 

inflammation, neurotransmission, muscle contraction, and cell death (Ferrari et al., 2016; Matzinger, 2007; 
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Cekic and Linden, 2016). In contrast to animals, the functional role of eATP in plants is not well studied. 

Nevertheless, published data suggests diverse roles for purinergic signaling in plants, including 

involvement in response to biotic and abiotic stresses (Song et al., 2006; Chen et al., 2017; Deng et al., 

2015; Thomas et al., 2000), gravitropism (Tang et al., 2003), root hair growth (Kim et al., 2006; Lew and 

Dearnaley, 2000), root avoidance (Zhu et al., 2017), thigmotropism (Weerasinghe et al., 2009), and cell 

death (Chivasa et al., 2005; Feng et al., 2015). 

Plants lack canonical P2X and P2Y receptors (Choi et al., 2014a, 2014b). Thus, it was a significant 

breakthrough when the first plant purinergic receptor was identified as a member of the lectin receptor-

like kinase family (i.e., LecRK I.9), originally termed DOESN’T RESPOND TO NUCLEOTIDES 1 

(DORN1) but more recently named P2K1, in keeping with the nomenclature originally established in 

animals for P2-type purinoreceptors (Choi et al., 2014a; Chen et al., 2017). P2K1/DORN1 (LecRK I.9) 

was originally identified as a positive regulator of plant defense against the oomycete pathogens, 

Phytophthora brassicae and Phytophthora infestans, and the bacterial pathogen Pseudomonas syringae 

pv. tomato DC3000 (Pst DC3000) (Chen et al., 2017; Bouwmeester et al., 2011; Balagué et al., 2017; 

Bouwmeester et al., 2014; Wang et al., 2016). However, the primary biochemical function of P2K1 

appears to be as a receptor during developmental and stress conditions that induce the release of eATP 

(e.g., upon wounding) (Choi et al., 2014b; Cao et al., 2014).  

Recently, it was demonstrated that P2K1 plays an important role in regulating the production of 

reactive oxygen species (ROS) via direct phosphorylation of NADPH oxidase (i.e., RBOHD) regulating 

both stomatal aperture and eATP mediated danger-associated molecular pattern-triggered immunity (Chen 

et al., 2017). Indeed, very recently it was shown that eATP triggers a ROS wave in plants that is dependent 

on P2K1 function (Myers et al., 2022). It was also shown that S-acylation affects the temporal dynamics 

of P2K1 receptor activity through autophosphorylation and protein degradation (Chen et al., 2021). The 

CYCLIC NUCLEOTIDE GATED CHANNEL 6 (CNGC6) and CNGC2 proteins were shown to play a 

crucial role in mediating eATP-induced cytosolic Ca2+ signaling (Chen et al., 2021; Duong et al., 2021; 

Wang et al., 2022). Animals possess multiple P2X and P2Y receptors and, hence, it was perhaps no surprise 

when a second plant purinoreceptor, P2K2 (LecRK I.5), was identified (Pham et al., 2020). Both P2K1 

and P2K2 bind ATP and ADP with high affinity to activate a plant pattern-triggered immune response 

(Choi et al., 2014a; Pham et al., 2020). Among the various downstream events activated by eATP is 
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phosphorylation of MAP kinase 3 and 6, which is markedly reduced in p2k1 p2k2 double mutant plants 

(Choi et al., 2014a; Pham et al., 2020).  

The mitogen-activated protein kinase (MAPK) cascade plays a critical role in transmitting and 

amplifying stimulus-specific signals to the cellular machinery by phosphorylation of target proteins in 

eukaryotes (Cristina et al., 2010; Thulasi Devendrakumar et al., 2018). Compared to the small number of 

plant MAPKK and MAPK family members, MAPKKKs constitute a larger family, which are considered 

essential to the ability to respond to diverse signals/environmental conditions (MAPK Group, 2002; 

Cristina et al., 2010). For example, the Arabidopsis thaliana genome encodes genes for 20 MAPK, 10 

MAPKK and 80 MAPKKK subfamily members (MAPK Group, 2002; Cristina et al., 2010). Plant 

MAPKKK are divided into three subfamilies, MEKK, Raf, and ZIK, which consist of 21, 48, and 11 

members, respectively. Among the Raf-like MAPKKK members, ENHANCED DISEASE RESISTANCE 

1 (EDR1/Raf2) and CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1/Raf1) are relatively well 

characterized (Frye and Innes, 1998; Frye et al., 2001). CTR1 encodes a serine/threonine kinase that 

negatively regulates ethylene signaling by acting upstream of MKK9 and MPK3/6 (Kieber et al., 1993; 

Clark et al., 1998; Yoo et al., 2008). Another Raf-like MAPKKK, EDR1 regulates MAPK cascades via 

direct association with MKK4/MKK5 for negative regulation of salicylic acid (SA)-inducible plant 

defense responses (Frye et al., 2001).   

Integrin-linked Kinases (ILKs), a Raf MAPKKK subfamily with unique characteristics, are thought 

to play an important role in diverse biological functions in plants (Popescu et al., 2017). The first ILK 

described was shown to be an interacting partner of the integrin receptor cytoplasmic β subunit, 

functioning in the assembly of signaling complexes at plasma membrane focal adhesion regions in 

metazoans (Hannigan et al., 1996; Tu et al., 2001). ILKs were originally characterized as serine/threonine 

kinases, but recent studies have questioned whether ILKs actually function as kinases (Hannigan et al., 

2011; Dagnino, 2011). Instead, ILKs were proposed to function as scaffolding proteins with adaptor 

proteins, PINCH and α-parvin (IPP complex), to regulate various biological processes, such as cell 

adhesion, migration, proliferation, differentiation, assembly of the extracellular matrix (ECM) and 

contractility (Hannigan et al., 1996; Tu et al., 2001; Dagnino, 2011; Hannigan et al., 2011; Meder et al., 

2011). In contrast to metazoans, plant genomes encode multiple ILK genes [e.g., ILK1-6 in Arabidopsis] 

(Popescu et al., 2017). Plant ILKs were first described as N-terminus ankyrin repeat containing kinases 
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suggested to play a role in osmotic stress and adventitious root growth in Medicago 

truncatula and Arabidopsis (Chinchilla et al., 2008, 2003). Recently, ILK1 was demonstrated to modulate 

the sensitivity of plants to osmotic and saline stress, response to nutrient availability, and response to 

bacterial pathogens (Brauer et al., 2016; Popescu et al., 2017). While metazoan ILKs have been studied 

intensively, their role in molecular signaling in plants is poorly understood (Popescu et al., 2017). 

In this study, we identified Raf-like MAPKKK ILK5/Raf27/BHP (BLUE LIGHT-DEPENDENT H+-

ATPASE PHOSPHORYLATION; hereafter referred to as ILK5), previously characterized as a regulator 

of blue light-dependent stomatal movement (Hayashi et al., 2017), as a protein substrate of the P2K1 

kinase in pattern-triggered immunity. Indeed, P2K1 directly phosphorylates ILK5 on Ser192. Interaction 

between P2K1 and ILK5 was confirmed using a variety of in vitro and in vivo methods. Here, we reveal 

that the presence of an eATP-dependent signaling activation initiated by phosphorylation of ILK5 with 

subsequent activation of MKK5, leading to activation of MPK3/6 and downstream events crucial to the 

plant innate immune responses.  

 

Results 
Raf-like MAPKKK ILK5 is Phosphorylated by P2K1 

In order to identify substrate proteins for the P2K1 kinase domain, a mass spectrometry-based in vitro 

phosphorylation strategy, termed kinase client (KiC) assay (Ahsan et al., 2013; Huang et al., 2010), was 

used. A synthetic peptide library representing approximately 2100 experimentally identified in vivo 

phosphorylation sites was incubated with GST-fused P2K1 cytosolic domain recombinant protein (GST-

P2K1-CD) in the presence of ATP. Subsequently, tandem mass spectrometry was performed to identify 

both phospho-peptides and specific phosphorylation sites. The result of this experiment was the 

identification of twenty-three phosphorylated peptides, which were identified and verified by phosphoRS 

score and phosphoRS site probability. As previously published, three protein substrates identified from 

this screen were RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD) and PROTEIN S-

ACYLTRANSFERASE 5/9 (PAT5/9), which were subsequently shown to be regulated by P2K1 

phosphorylation (Chen et al., 2017, 2021). In this study, the VKKLDDEVLS(p)192 peptide of ILK5 was 

phosphorylated by the P2K1 kinase domain (Figure 1A). According to the BLAST search and Pfam 

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/advance-article/doi/10.1093/plcell/koad029/7033758 by Fam

ily and C
om

m
unity M

edicine Lib user on 10 February 2023



6 

 

database, ILK5 has the typical Raf-like MAPK kinase kinase (MAPKKK) structure with a N-terminal 

ankyrin-repeat domain and C-terminal Ser/Thr kinase domain.  

It was previously reported that P2K1 has strong kinase activity, which is essential for eATP-

induced MPK3/6 phosphorylation in planta (Choi et al., 2014a; Cho et al., 2022). To investigate 

phosphorylation of ILK5 MAPKKK protein upon eATP treatment in vivo, ILK5-HA protein was expressed 

in Arabidopsis protoplasts and subsequently immunoprecipitated with an anti-HA antibody bead, then 

probed by immunoblotting with an anti-phospho-Ser/Thr antibody. Significantly increased ILK5 

phosphorylation was detected under ATPγS (poorly hydrolyzed ATP analog) treatment (Figure 1B). In 

order to confirm the results of the KiC assay, purified recombinant ILK5 protein was incubated with either 

purified GST-P2K1-CD, kinase dead version of P2K1 (GST-P2K1D572N-CD or GST-P2K1D525N-CD) in the 

presence of [γ-32P] ATP. The results of this assay showed that GST-P2K1-CD directly trans-

phosphorylated ILK5-His and the generic substrate MBP, but not CPK5D221A protein used as a negative 

control. Assays performed with the two kinase-dead versions of P2K1 failed to phosphorylate ILK5-His 

(Figure 1C). To verify that the radiography signal was the result of phosphorylation, the addition of lambda 

protein phosphatase (Lambda PPase) was shown to reduce both auto- and trans-phosphorylation of P2K1 

and ILK5 (Supplemental Figure S1A). The tandem MS results from the KiC assay revealed Ser192 residue 

of ILK5 was the specific target of P2K1 phosphorylation. To confirm this, site-directed mutagenesis was 

used to generate an ILK5S192A recombinant protein, which was purified and incubated with purified GST-

P2K1-CD. As expected, the results showed a significant reduction in phosphorylation of ILK5S192A 

recombinant protein, relative to the wild-type protein (Figure 1, D and E; Supplemental Figure S1B).  

To demonstrate whether Ser192 of ILK5 is an in vivo target residue of P2K1, ILK5-HA or 

ILK5S192A-HA protein was expressed in Arabidopsis protoplasts and subsequently immunoprecipitated 

with an anti-HA antibody bead then probed by immunoblotting with an anti-phospho-Ser/Thr antibody. 

Mutation of ILK5 at the Ser192 residue (ILK5S192A) led to significantly reduced phosphorylation by P2K1 

(Figure 1F). To investigate whether ILK5 phosphorylation is dependent on P2K1, ILK5-HA protein was 

expressed in wild-type, p2k1-3 and P2K1-overexpressing plants (OXP2K1) under ATPγS treatment 

followed by immunoprecipitation using anti-HA antibody. Immunoblotting was subsequently performed 

with an anti phospho-Ser/Thr antibody. Reduction of phosphorylation and increased phosphorylation in 

ILK5-HA protein was detected in p2k1-3 and OXP2K1 compared to wild-type, respectively (Figure 1G). 
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These results indicate that ILK5 is phosphorylated by P2K1 kinase, and that the ILK5 Ser192 residue is 

the major target of this phosphorylation event.  

 

P2K1 interacts with ILK5 

In previous reports, P2K1 was localized to the plasma membrane (Bouwmeester et al., 2011), while ILK5 

was predicted to localize in the cytosol (SUBA; http://suba.plantenergy.uwa.edu.au) (Hayashi et al., 2017). 

In order to confirm the subcellular localization of ILK5 in Arabidopsis, a YFP (C-terminus or N-terminus) 

tagged ILK5 was expressed in Arabidopsis plants and protoplasts. The bulk of ILK5 co-localized with the 

FM4-64 (plasma membrane marker) in Arabidopsis transgenic plants and protoplasts (Figure 2A; 

Supplemental Figure S2).  

Phosphorylation of ILK5 by P2K1 is consistent with direct interaction between these two proteins. 

To provide further evidence for this interaction, we co-expressed HA-tagged P2K1 with a Myc-tagged 

ILK5 in Nicotiana benthamiana leaves in the presence and absence of exogenous eATP, followed by 

immunoprecipitation using antibodies to the specific epitope tags. Consistent with a direct interaction, 

P2K1 and ILK5 were co-immunoprecipitated and their interaction appeared to be enhanced in the presence 

of eATP (Figure 2B). We further confirmed these results using split-luciferase complementation imaging 

(LCI) (Figure 2, C and D; Supplemental Figure S3 and S4A). Bimolecular fluorescence complementation 

(BiFC) assays were conducted in Arabidopsis protoplasts in order to demonstrate the interaction of P2K1 

with ILK5 at the plasma membrane. Co-expression of P2K1-nYFP with ILK5-cYFP produced a yellow 

fluorescent signal that co-localized with the plasma membrane marker FM4-64, whereas co-expression of 

P2K1-nYFP with the control ILK6-cYFP protein did not display a yellow fluorescent signal (Figure 2E; 

Supplemental Figure S4B). Hence, the data are consistent with a direct interaction of P2K1 and ILK5 at 

the plasma membrane.  

 

ILK5 has kinase activity and activates MKK5 

ILKs are involved in various processes in animals; however, kinase activity is not essential to the 

regulation of these processes (Wu and Dedhar, 2001; Hannigan et al., 2011). Indeed, there is some dispute 

whether animal ILKs possess kinase activity (Hannigan et al., 2011). However, in contrast to the animal 

situation, an examination of plant ILK protein sequences suggests that the core residues necessary for 
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kinase activity are well conserved (Popescu et al., 2017). These results suggest that ILK5, found in the 

Group C cluster of the Raf-like subfamily, may possess kinase activity (Popescu et al., 2017). However, a 

previous study (Hayashi et al., 2017), as well as our own efforts, failed to find ILK5 kinase activity using 

protein purified after expression in bacterial cells (Supplemental Figure S5A). Interestingly, in contrast to 

protein expressed in bacteria, a previous study showed that ILK1 protein extracted from plant tissue had 

true kinase activity (Brauer et al., 2016). Therefore, we expressed and purified the N-terminally tagged 

His-tag in frame ILK5 (His-ILK5) and GFP protein (His-GFP) from N. benthamiana leaves. The ILK5 

protein purified in this way was able to auto- and trans-phosphorylate MBP, but not His-GFP protein 

(Supplemental Figure S5, B-D). It was verified by mass spectrometry that the result was not caused by 

contamination with other kinases (Supplemental Data Set 1). In addition, when the key residue K184 was 

substituted with alanine (His-ILK5K184A), most of the auto- and trans-phosphorylation activities of ILK5 

disappeared (Supplemental Figure S6A). 

 To determine if phosphorylation of ILK5 at S192 is required for kinase activity, in vitro kinase 

assays using phosphor-null (S192A) and phosphor-mimic (S192D) mutants were carried out. It was 

observed that S192A version of the ILK5 dramatically reduced kinase activity while the S192D mutation 

slightly increased kinase activity compared to WT ILK5 protein (Supplemental Figure S6B). Taken 

together, we can conclude that ILK5 is an active kinase. These results are also consistent with the previous 

report that ILK5 protein expressed and purified from wheat germ cells possessed kinase activity (Nemoto 

et al., 2011).  

If ILK5 acts as a MAPKKK, one would expect it to interact with and activate downstream MAPK 

kinases. We investigated the interaction of ILK5 with MKK5 by BiFC analysis. MKK5 was chosen since 

it was previously shown to regulate phosphorylation of MPK3/6 and, hence, play an essential role in 

regulating the plant immune response (Asai et al., 2002; Popescu et al., 2009). YFP signals were observed 

mainly in the cytoplasm and some nuclei of plants carrying MKK5-nYFP and ILK5-cYFP indicating that 

interactions between ILK5 and MKK5 took place in the cytoplasm and nucleus (Figure 3A and 

Supplemental Figure S7A). These physical protein-protein interactions were confirmed by a GST-pull-

down assay using ILK5 protein derived from N. benthamiana. His-GFP protein was used as a negative 

control (Figure 3B).  
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To further investigate this interaction under ATP treatment, we co-expressed MKK5-nLUC with 

ILK5-cLUC and monitored luciferase intensity in the presence and absence of exogenous eATP. Leaves 

treated with ATP showed markedly increased MKK5-ILK5 protein interaction (Figure 3, C and D; 

Supplemental Figure S7B). Furthermore, in order to examine whether ILK5 directly phosphorylates 

MKK5, in vitro kinase assays were performed with His-tagged ILK5 extracted from N. benthamiana 

plants and GST-His-tagged MKK4 and MKK5. In previous reports, MKK4 and MKK5 were shown to 

have strong auto- and trans-phosphorylation activities (Yamada et al., 2016). Therefore, kinase dead 

versions of MKK4 (MKK4K108R) and MKK5 (MKK5K99R) were generated by site-directed mutagenesis 

according to a previous study (Yamada et al., 2016) (Supplemental Figure S7C). The results showed that 

ILK5 directly phosphorylates MKK5K99R, while phosphorylation of MKK4K108R was not detectable. 

(Figure 3E). According to the results of the KiC assay and phosphorylation assay, Ser192 of ILK5 was 

identified and confirmed as a target key residue of the P2K1 kinase (Figure 1). Interestingly, 

phosphorylation of MKK5K99R protein was significantly reduced when incubated with the ILK5S192A 

phosphor-null protein (Figure 3E).  

Previously, it was shown that MKK5 phosphorylation of Thr215 and Ser221 in the activation loop 

is required for MPK3/6 activation (Yamada et al., 2016). To determine whether these two key residues of 

the MKK5 are phosphorylated by ILK5, GST-MKK5K99RT215AS221A was generated using site-directed 

mutagenesis. As shown in Figure 3F, significantly reduced phosphorylation of GST-His-

MKK5K99RT215AS221A  was detected compared with GST-His-MKK5K99R (Figure 3F). To further investigate 

whether MKK5 phosphorylation is dependent on the ILK5 protein in vivo, MKK5-HA protein was 

expressed in wild-type and ilk5-1 protoplasts under ATP treatment followed by immunoprecipitation using 

an anti-HA antibody and subsequent immunoblotting with an anti-phospho-Ser/Thr antibody. 

Phosphorylation in MKK5-HA was significantly reduced in ilk5-1 compared to wild-type in the presence 

of exogenous ATP (Figure 3G).  

 

ILK5 is highly induced by ATP, pathogen and wounding, similar to P2K1 

Published work documents that eATP is released from plant cells in response to various stresses (e.g., 

pathogen infection), as well as wounding (Cao et al., 2014; Chen et al., 2017; Myers et al., 2022). In order 

to investigate the expression patterns of ILK5 under comparable stress conditions, we stably transformed 
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either a ILK5promoter:GUS or ILK5promoter:GFP construct into Arabidopsis. A published study 

indicated that ILK5 is highly expressed in guard cells (Hayashi et al., 2017). Consistent with this published 

work, our ILK5promoter:GUS and GFP transgenic plants showed strong expression in guard cells (Figure 

4A; Supplemental Figure S8A). The GUS signals observed in ILK5promoter:GUS and 

P2K1promoter:GUS (Choi, 2013) transgenic plants showed ubiquitous expression in various tissues, 

including rosette leaves, primary roots, and cotyledons under normal growth conditions (Supplemental 

Figure S8B). Subsequently, RT-qPCR was use to confirm expression of both ILK5 and P2K1 expression 

in various tissues (Supplemental Figure S8C).  

Previous published work clearly showed a critical role for P2K1 in mediating the plant defense 

response to various pathogens, as well as pathogen associated responses, including jasmonate signaling 

(Balagué et al., 2017; Wang et al., 2016; Tripathi et al., 2018). In order to investigate whether ILK5 is 

highly induced by such treatments including pathogen and ATP treatments, GUS activity was observed in 

response to various treatments in transgenic plants expressing the ILK5promoter:GUS construct. GUS 

activity driven by an ILK5 promoter was strongly up-regulated by treatment with the pathogen P. syringae 

DC3000, the pathogen-associated molecular pattern (PAMP) flagellin peptide flg22, MeJA, wounding and 

eATP relative to mock treatments (Figure 4A, D and G). These results were confirmed by RT-qPCR 

analysis using RNA extracted from the treated plants (Figure 4, B, C, E and F). Similar results were 

obtained by immunoblot quantification of ILK5promoter:GFP expression using an anti-GFP antibody and 

protein from plants treated with either P. syringae DC3000 or eATP over a time course (Supplemental 

Figure S8, D and E). These results support the notion that both ILK5 and P2K1 expression responds to a 

variety of stresses, consistent with their coordinated role in regulating purinergic signaling initiated by the 

release of eATP in response to stress. 

 

ILK5 plays an important role in the pathogen defense response 

According to previous studies, extracellular ATP (eATP) regulates the MAPK pathway through 

phosphorylation in both plants and mammals (Neary et al., 1999; Choi et al., 2014a; Pham et al., 2020). 

To confirm this, we examined the phosphorylation of MPK3/6 in the wild-type and p2k1 mutants upon 

treatment with ATP over a time course (Supplemental Figure S9). The results showed that p2k1-1 (D572N), 

p2k1-2 (D525N), and p2k1-3 (Salk-042209) mutants showed significantly reduced phosphorylation of 
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MPK3/6 compared to wild-type (Supplemental Figure S9B). Conversely, phosphorylation of MPK3/6 was 

significantly increased in transgenic plants ectopically over-expressing P2K1 (OXP2K1) (Supplemental 

Figure 9C). 

To demonstrate the specificity of MPK3/6 phosphorylation in p2k1-3 and OXP2K1, various 

elicitors such as flg22, chitin, elf26, and pep1 were applied. However, the p2k1-3 and OXP2K1 appeared 

to have no effect on MPK3/6 in response to these elicitors (Supplemental Figure S10). P2K1 presumably 

transmits purinergic signaling via ATP-induced phosphorylation of downstream target proteins to activate 

the MAPK pathway. 

The gene expression patterns and biochemical data presented above suggest that defects in ILK5 

function should disrupt the normal response to pathogen infection. To examine this directly, we conducted 

functional analysis using ilk5 T-DNA insertion mutants (Supplemental Figure S11). ilk5-2 and ilk5-4 

showed low gene expression or minor change, likely due to insertion of the T-DNA in either 5'-UTR or 3'-

UTR (Supplemental Figure S11, C and D). In contrast, ILK5 transcripts were not detected in ilk5-1 and 

ilk5-3 mutants, suggesting that ilk5-1 and ilk5-3 are null alleles (Supplemental Figure S11, C and D).  

In order to understand how ILK5 is involved in MPK3/6 phosphorylation under ATP treatment, 

phosphorylation of MPK3/6 was examined after ATP treatment. Phosphorylation of MPK3/6 was 

significantly reduced in both ilk5-1 and ilk5-3 mutants (Figure 5A). To demonstrate the specificity of 

MPK3/6 phosphorylation in ilk5 mutants, plants were treated with various elicitors such as flg22, chitin, 

elf26, and pep1 and then analyzed via immunoblotting using α-p44/42 antibody. Although 

phosphorylation of MPK3/6 in ilk5 mutants slightly decreased after 30 min when treated with elf26 and 

pep1, but overall, there was no significant difference compared to WT plants. (Supplemental Figure S12; 

A-D).

In a previous report, MAPKKK3 and MAPKKK5 were shown to regulate the phosphorylation of 

MPK3/6 by several PRRs and confer resistance to bacterial and fungal pathogens in Arabidopsis thaliana 

(Bi et al., 2018). Interestingly, the phosphorylation of MPK3/6 was reduced in the mapkkk3 mapkkk5 

double mutant under ATP treatment (Supplemental Figure S12E). Furthermore, pathogen defense-

responsive genes such as WRKY40 and CPK28 transcripts were quantified by RT-qPCR under ATP 

treatment, with both transcripts being significantly reduced in ilk5-1 and ilk5-3 mutants (Figure 5B and 

C). These results imply that ILK5 positively regulates pathogen resistance and ATP-inducible defense 
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responses in Arabidopsis. Thus, disease resistance against the virulent pathogen, luxCDABE-tagged P. 

syringae DC3000, was examined with or without addition of ATP in ilk5-1 and ilk5-3 mutants. Consistent 

with our biochemical studies, the ilk5-1 and ilk5-3 mutant plants showed enhanced susceptibility to P. 

syringae infection (Figure 5, D-F).  

Consistent with these results, phosphorylation of MPK3/6 was restored in complemented lines in 

which the wild-type ILK5 was driven by the ILK5 native promoter (Figure 6A; Supplemental Figure 

S13A). In addition, phosphorylation of MPK3/6 was also significantly reduced in ilk5-1 plants expressing 

the ILK5S192A protein (Figure 6B; Supplemental Figure S13B). Interestingly, we also found that ilk5-1 

plants expressing the ILK5S192A mutant protein were significantly more susceptible to pathogen infection 

than wild-type (WT) or ILK5WT complemented plants (Figure 6, C-E). These results show that ILK5S192A 

complemented transgenic plants were more susceptible to pathogen infection and that the ILK5 Ser192 

residue plays a critical role in MAPK pathway activation, which impacts the level of disease resistance.  

To determine whether this reduction in phosphorylation of MPK3/6 was not caused by protein 

destabilization, immunoblotting was performed using anti-MPK3 or MPK6 antibodies under ATP 

treatment in ilk5 mutants or transgenic plants expressing ILK5WT or ILK5S192A protein in the ilk5-1 

background. Significant reduction or increase in MPK3 or MPK6 protein was not detected under ATP 

treatment after 30 minutes, confirming the reduction of phosphorylation was not due to the protein 

destabilization (Supplemental Figure S14).  

In previous studies, addition of ATP was shown to trigger stomatal closure and enhance innate 

immunity when plants were sprayed or dip inoculated with the pathogen (Chen et al., 2017; Clark et al., 

2011). Hence, it is of interest that ILK5 is highly expressed in guard cells and was previously shown to 

play a role in modulating stomatal aperture (Hayashi et al., 2017). Therefore, we examined the ability of 

the stomata to close in ilk5-1 mutant plants upon ATP treatment. The movement of the stomata in ilk5-1 

mutant was mis-regulated (Supplemental Figure S15). This suggests that, similar to P2K1, ILK5 functions 

in regulating stomatal closure in response to eATP and, thereby, controls the ability of the bacterial 

pathogen to enter the leaf via stomata.  

In summary, we hypothesize the following role for ILK5 in plant purinergic signaling. When a 

pathogen invades causing the release of eATP, the P2K1 receptor is activated by eATP recognition. 
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Subsequently, P2K1 directly interacts with and phosphorylates the downstream ILK5 kinase protein, 

leading to an innate immune response via activation of the MAPK cascades (Figure 7).  

 

Discussion 
Role of integrin-linked kinase in purinergic signaling 

Extracellular ATP is a conserved danger-associated molecular pattern in eukaryotes and, hence, purinergic 

signaling plays a critical role in the ability of both animals and plants to response to stress (Le et al., 2019; 

Cekic and Linden, 2016; Salmaso and Jacobson, 2020). Integrins are heterodimeric cell membrane 

receptors composed of α and β subunits that mechanically function by binding the cell cytoskeleton to the 

extracellular matrix (ECM) (Hynes, 2002). Integrins regulate signal transduction pathways that mediate 

multiple cellular signals such as organization of cytoskeleton, regulation of the cell cycle, cell adhesion, 

migration, and activation of growth factor receptors (Hynes, 2002; Desgrosellier and Cheresh, 2010; Kim 

et al., 2011). Interestingly, integrin and purinergic signaling are closely regulated in metazoans. For 

example, the human P2Y2 nucleotide receptor directly interacts with αvβ3 and αvβ5 integrin complexes via 

the integrin-binding domain, arginine-glycine-aspartic acid (RGD), contained in P2Y2R (Bagchi et al., 

2005). The RGD sequence was also found to be essential for the role that P2Y2R plays in UTP-induced 

chemotaxis via G0 protein coupling. Additionally, Bye et. al., reported that αIIbβ3 (GPIIb/IIIa) integrin 

protein is activated by P2Y1-stimulated Ca2+ signaling and P2Y12-stimulated activation of the PI3 kinase, 

which is essential for fibrinogen binding to the platelet of primary rat megakaryocytes (Bye et al., 2020).  

Integrins and integrin-linked kinases in animals have been well characterized; however, homologs 

of animal integrins appear to be absent in plants (Knepper et al., 2011). As the name suggests, integrin-

linked kinases strongly interact with the β subunits of integrin receptors mediating formation of signaling 

complexes that are localized at sites of plasma membrane-extracellular matrix interaction (i.e., focal 

adhesion zones) (Dagnino, 2011; Wu and Dedhar, 2001). It is also interesting that P2K1 (LecRK I.9) was 

reported to mediate plasma membrane-cell wall interaction (Bouwmeester et al., 2011). Hence, it is 

possible that in the absence of true integrins, plants might be regulating such receptors as a means to 

construct signaling complexes at sites of plasma membrane-cell wall adhesion. 

 

Phosphorylation of MAPK in purinergic signaling 
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Activation of a MAPK cascade is a purinergic signaling response shared between animals and plants 

(Thevananther et al., 2004; Markou et al., 2003). For instance, P2Y2 mediated cell growth is highly 

stimulated by eATP through MAPK/ERK kinase activation (Neary et al., 1999; Schultze-Mosgau et al., 

2000). In addition, purinergic signaling activates cPLA2 by another downstream kinase, the mitogen- and 

stress-activated kinase-1 (MSK1), in order to simultaneously activate both the required ERK1/2 and p38 

MAPK (Markou et al., 2003). Extracellular ATP induces animal cell cycle progression beyond the G1 

phase of the cell cycle by activation of P2 receptors (Thevananther et al., 2004). When P2 receptors are 

activated, protein kinase C (PKC) transmits signals to the nucleus through one or more of the MAPK 

cascades, which possibly include Raf-1, MEK, and ERK, and stimulates transcription factors such as 

MYC, MAX, FOS, and JUN (Cekic and Linden, 2016; Thevananther et al., 2004).  

Previous research showed that phosphorylation of MPK3/6 was activated in plants upon eATP 

addition and required P2K1 function, but was also reduced in the absence of P2K2 (Choi et al., 2014a; 

Pham et al., 2020). The current study provides this connection by presenting several lines of evidence 

consistent with the hypothesis that P2K1 activation leads to ILK5 activation, followed by MKK5 

activation and then phosphorylation of MPK3/6, the latter as previously published (Asai et al., 2002). 

Although we found that the MAPKKK ILK5 is involved in MPK3/6 phosphorylation, MPK3/6 

phosphorylation was not completely abolished in the ilk5 mutants under ATP treated conditions (Figure 

5A). In previous studies, several plant MAPKKKs were reported that regulate the phosphorylation of 

MPK3/6 in biological processes or environmental stress conditions, especially in innate immunity. For 

example, Arabidopsis MEKK1 (MEKK1–MKK4/MKK5–MPK3/MPK6) is involved in FLAGELLIN 

SENSITIVE2 (FLS2) mediated plant immune response (Asai et al., 2002) and MAPKKK3 and 

MAPKKK5, mediated MPK3/6 activation in response to activation of several pattern recognition 

receptors (PRRs) and receptor-like cytoplasmic kinases that play important roles in resistance to several 

fungal and bacterial diseases (Bi et al., 2018). PRRs recognize PAMPs and DAMPs, which then transmit 

the signals to MAPKKKs, where receptor-like cytoplasmic kinases are heavily involved (Liang and Zhou, 

2018). Compared to the MEKK subfamily, Raf-like MAPKKKs are not well characterized in part due to 

the mutually complementary relationships between the Raf-subfamily of MAPKKK proteins. There are 

six ILK members in Arabidopsis, with ILK4 being the most similar in protein sequence to ILK5. In a 

recent report, ILK1 was shown to regulate MPK3/6 phosphorylation in response to treatment with the 
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flg22 peptide (Brauer et al., 2016). Interestingly, it was found that the phosphorylation of MPK3/6 was 

reduced upon ATP treatment in mapkkk3 mapkkk5 double mutants (Supplemental Figure S12E). Therefore, 

ILK5 has the potential to function in a complementary relationship with another subgroup of MAPKKKs 

(i.e., MAPKKK3 and MAPKKK5) or other Raf-like MAPKKKs, including ILK members.  

ILK5 has bona fide kinase activity 

Both animal and plant ILKs contain conserved regions consistent with a role as serine/threonine or dual 

serine/threonine and tyrosine protein kinases. Animal ILKs contain abundant substitutions in the 

conserved residues of the kinase domain and, therefore, their functional role as active kinases has been 

questioned, with published reports substantiating the view that they are pseudo-kinases (Hannigan et al., 

2011). However, relative to animal ILKs, plant ILKs contain fewer substitutions, and the possibility 

remains the that they possess kinase function. Indeed, Medicago MsILK1 and Arabidopsis AtILK1 have 

an unusual Mn2+ divalent ion dependent kinase activity, which was found to be necessary for root growth 

and pathogen response (Chinchilla et al., 2008; Brauer et al., 2016). Some of the confusion about ILK 

kinase function may have to do with the means by which the proteins were purified. For example, in our 

case with ILK5 as well as in a previous report for ILK1, purification of the proteins from plant tissue was 

necessary to produce proteins with kinase activity. In the case of ILK1, its kinase activity is essential for 

mediating plant disease resistance (Brauer et al., 2016).  

At present, we have no explanation as to why it is critical to purify these proteins from plant 

extracts in order to retain kinase activity. It may be that proper protein folding or protein secondary 

modification in plant tissues may be essential for kinase activation of ILK proteins, including ILK5. In a 

previous study, according to protein sequence comparison and structural analysis, it was found that 

ILK4/Raf47, ILK5/Raf27, and ILK6/Raf17 display relatively longer canonical A-loops and/or C-loops in 

the sub-domains. Alterations in the canonical kinase motifs can lead to atypical reliance on Mn2+ as a 

cofactor in plant ILKs for full kinase activity (Popescu et al., 2017). Regardless, the data clearly indicates 

that plant ILKs are functional protein kinases and, hence, appear to function as MAPK kinase kinases to 

activate downstream MAPK cascades. 

ILK5 plays a key role in regulation of stomatal aperture and plant stress responses 
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Our previous publication showed that extracellular ATP elicits P2K1-mediated RBOHD phosphorylation 

to regulate stomatal closure, enhancing plant innate immunity (Chen et al., 2017). ILK5 is highly 

expressed in guard cells and highly induced by various stress conditions and was previously demonstrated 

to play an crucial role in regulation of stomatal aperture (Hayashi et al., 2017). This is also true of P2K1-

mediated stomatal closure in that p2k1 mutants still closed stomates in response to abscisic acid treatment 

(Chen et al., 2017). The model that emerges from the current study and published results is that purinergic 

signaling impacts stomatal aperture control, at least in part, via activation of ILK5 and its role in 

downstream activation of the MAPK cascade.  

In addition to playing a role in the plant response to biotic stress, it is also possible that ILK5 is 

involved in abiotic stress responses. Extracellular ATP accumulates within the apoplast under abiotic stress 

conditions and, interestingly, P2K1 is also highly induced by various abiotic stress conditions 

(Supplemental Figure S8F). The expression of several plant ILK genes, including ILK5, is increased under 

various abiotic and/or biotic stress conditions (Popescu et al., 2017), similar to P2K1. Considering that 

purinergic signaling regulates plant growth under various environmental conditions or in response to 

diverse abiotic and biotic stress conditions, it seems likely that P2K1 and ILK5 work coordinately to 

mediate the appropriate plant responses to such stresses.  

 

Material and methods 
Plant materials and growth conditions 

Arabidopsis thaliana ecotype Columbia (Col-0) and T-DNA insertion mutants [WiscDsLox345-348B17 

(ilk5-1), SALK_099335C (ilk5-2), SALK_050039 (ilk5-3) and SALK_082479 (ilk5-4)] were used in this 

study. Seeds were sterilized by soaking in 1% bleach solution for 10 min followed by washing five times 

with sterilized water. Seeds were grown on agar plates for germination. One-half-strength Murashige and 

Skoog (MS) medium with 1% (w/v) sucrose and 0.5% (w/v) phytagel, 0.05% (w/v) MES, adjusted with 

KOH to approximately pH 5.7, was used. The plates were then kept in the dark at 4°C for three days for 

vernalization before being placed in a growth chamber for germination. Seedling plants were transferred 

to soil and grown to maturity for further experiments. The plants were grown under long-day conditions 

[16-h days with 150 µE∙m-2∙s-1 (E, Einstein; 1 E = 1 mol of photons)] light intensity provided by white 

LED lamps at 21oC.  

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/advance-article/doi/10.1093/plcell/koad029/7033758 by Fam

ily and C
om

m
unity M

edicine Lib user on 10 February 2023



17 

Plasmid constructs and transgenic plants 

Full-length CDS of ILK5 (AT4G18950), ILK6 (AT1G14000), P2K1 (AT5G60300), RBOHD 

(AT5G47910), CPK5 (AT4G35310), MKK3 (AT5G40440), MKK4 (AT1G51660), MKK5 (AT3G21220), 

and MKK8 (AT3G06230), as well as their kinase domain or C-terminal domain, were amplified by PCR 

reaction using a set of gene-specific primer pairs (Supplemental Table S1). Each PCR product was sub-

cloned into pDONR-Zeo (Invitrogen) or pGEM-T Easy vectors (Promega) for further experiments. In order 

to generate YFP constructs, pAM-PAT-GW-YFP vector was used. For the BiFC experiment in Arabidopsis 

protoplasts, pAM-PAT-GW-cYFP, and pAM-PAT-GW-cYFP gateway vector were C-terminally fused with 

split-YFP. For the LCI assays in Nicotiana benthamiana leaves, the full-length CDS DNAs from the 

pDONR-Zeo vector were cloned into pCAMBIA1300-GW-nLUC and pCAMBIA1300-GW-cLUC gateway 

vector. The ILK5 promoter was cloned as a 2 kb fragment upstream of the ILK5 translation start codon 

into the pDONR-Zeo vector by BP reaction. ILK5promoter:GUS and GFP fusions were generated by LR 

cloning into pGWB3 (GUS) and pGWB4 (GFP) gateway vectors, respectively. In order to generate the 

ILK5 wild-type and ILK5S192A complementation lines, ILK5 genomic DNA (~4.5 kb), including the 2 kb 

promoter region, was amplified by PCR reaction using a pair of specific primers and cloned into the 

pDONR-Zeo vector by BP reaction. LR reaction was performed by LR clonase (Invitrogen) with pGWB13 

(HA-tagging) in order to generate the ILK5 wild-type and ILK5S192A complementation lines. GST fused-

P2K1 and the kinase dead version of P2K1 (GST-P2K1D572N-CD or GST-P2K1D525N-CD) were described 

by (Chen et al., 2017) and GST-fused MKK4 and MKK5 were generated by LR reaction into pDEST15 

(Invitrogen) gateway vector. In order to generate His-tagged constructs, DNA fragments of ILK5 and 

CPK5 were amplified by PCR reaction and digested with EcoRI/XhoI and BamHI/XhoI, respectively, 

followed by cloned into the pET21a vector. CPK5D221A, ILK5K184A, ILK5S192A, ILK5S192D, MKK4K108R, 

MKK5K99R and MKK5K99RT215AS221A were generated by site-directed mutagenesis following the 

manufacturer’s protocol (Invitrogen, Platinum SuperFi DNA polymerase). To obtain transgenic plants, 

each construct was introduced into Agrobacterium tumefaciens strain GV3101 and Arabidopsis plants 

were transformed using the ‘floral-dip’ method (Clough and Bent, 1998).  
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Kinase Client (KiC) assay 

The KiC assay was performed as previously described (Chen et al., 2017; Ahsan et al., 2013). Briefly, a 

library of more than 2100 peptides developed from identified in vivo phosphorylation sites taken from a 

number of studies was incubated with the purified recombinant GST fused P2K1 kinase domain (GST-

P2K1-CD) in the presence of ATP. Two sets of empty vectors (GST and MBP) and two kinase-dead 

proteins, GST-P2K1D572N-CD and GST-P2K1D525N-CD, were used as negative controls. The peptide 

reaction mixtures were analyzed using a Finnigan Surveyor Liquid Chromatography system interfaced 

with a LTQ Orbitrap XL ETD mass spectrometer. For final validation, each spectrum was manually 

examined and the phosphopeptides were allowed only if the highest pRS site probability, pRS score, Xcorr 

value, and site-determining fragment ions were observed for the unambiguous location of the 

phosphorylation site. Phosphopeptides with a pRS score of ≥15 and/or a pRS site probability of ≥50% 

were accepted.  

 

Subcellular localization of YFP-tagged protein and BiFC assay 

YFP or split-YFP protein fusion plasmids (pAM-PAT-GW-YFP or pAM-PAT-YFP-GW for YFP and pAM-

PAT-GW-nYFP and pAM-PAT-GW-cYFP for split-YFP) were co-transformed by polyethylene glycol 

(PEG)-mediated transformation into Arabidopsis protoplasts prepared from leaf tissues of three-week-old 

plants as previously described (Kim et al., 2016). Then, transformed protoplasts were incubated in a 21°C 

growth chamber for 24 h under dark conditions. The YFP fluorescence was monitored using a Leica DM 

5500B compound microscope with Leica DFC290 color digital camera 24 h after transformation. 5 μM 

FM4-64 (Invitrogen, T3166) was used as a counter stain for the plasma membrane. In addition, 1 μg/mL 

of 4′-6-diamidino-2-phenylindole (DAPI; Sigma-D9542-10MG) was used as a nuclear marker. For the 

YFP transgenic plants, YFP constructs driven by the 35S promoter were transformed into the A. 

tumefaciens GV3101(pMP90RK) and Arabidopsis plants were transformed using the ‘floral-dip’ method 

(Clough and Bent, 1998). Confocal images were generated using a laser confocal microscope (Leica, TCS 

SP8 STED) attached to a vertical microscope (Leica MP Color Digital Camera) equipped with various 

fluorescein filters. The YFP signal was excited at a wavelength of 514 nm under a confocal laser-scanning 

microscope with an argon ion laser system.  
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Co-immunoprecipitation assay 

GV3101 carrying the indicated constructs in infiltration buffer [10 mM MES (pH 5.7), 10 mM MgCl2, 

100 μM 4'-Hydroxy-3',5'-dimethoxyacetophenone] was infiltrated into 4-week-old leaves of N. 

benthamiana. Total protein was purified from co-infiltrated N. benthamiana leaf tissues using the protein 

extraction buffer: 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.2 mM PMSF, 0.5% Triton-X 100, and 1 x 

protease inhibitor (Thermo Fisher Scientific; A32955) by gentle agitation at 4°C for 2 hours. The solution 

was centrifuged at 20,000 x g for 15 min at 4°C. The supernatant was decanted in a new e-tube and 30 μL 

monoclonal anti-HA antibody Agarose beads (Sigma, A2095-1 mL) was added and incubated overnight 

with end-to-end shaking at 4°C. Subsequently, beads were washed at least 7 times with washing buffer 

containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 x protease inhibitor. After washing, the resin 

was eluted with 25 μL 1 x SDS-PAGE loading buffer and the eluent heated in boiling water for 10 min. 

The proteins were separated by 10% SDS-PAGE and detected by immunoblotting with anti-HA-HRP 

(Roche, 12013819001; dilution, 1:1000) and anti-Myc (Sigma-Aldrich, SAB4700447; dilution, 1:2000) 

antibodies.  

Split-luciferase complementation imaging (LCI) assay 

Each of the constructs containing full-length cDNAs was cloned with split-LUC at their C-termini of the 

pCAMBIA1300-GW-nLUC or pCAMBIA1300-GW-cLUC vector and transformed into the GV3101 by 

GenePluserTM electro-transformation (BioRad). When the OD600 reached 1.0, the cultures were 

resuspended with infiltration buffer [10 mM MES (pH 5.7), 10 mM MgCl2, 100 μM 4'-Hydroxy-3',5'-

dimethoxyacetophenone] and incubated for 2 h. GV3101 carrying the indicated constructs (OD600 = 0.6) 

was infiltrated into 4-week-old leaves of N. benthamiana. The infiltrated leaves were incubated at 28°C 

for 2 days before LUC activity measurement. 1 mM D-luciferin containing 0.01% silwet-L77 was sprayed 

onto the N. benthamiana leaves and immediately placed in dark conditions for 10 min to quench the 

fluorescence. The luminescence was monitored and captured using a low light imaging CCD camera 

(Photek; Photek, Ltd.).  

β-glucuronidase (GUS) assay 
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Whole seedlings or various tissues were immersed in histochemical staining solution containing 1 mM 5-

bromo-4-chloro 3-indolyl β-glucuronic acid, 100 mM sodium phosphate (pH 7.0), 0.1 mM EDTA, 0.5 

mM ferricyanide, 0.5 mM ferrocyanide and 0.1% Triton-X 100. After incubation in a vacuum for 10 min, 

the seedlings were incubated at 37°C for 6–12 h depending on staining status. For the wounding treatment, 

rosette leaves were wounded using hemostat forceps. Chlorophyll was cleared from the plant tissues by 

immersing them in 70% ethanol then washing with 70% ethanol repeatedly until tissue was clear. Stained 

tissues were observed by Fisher Stereo-master microscope (FW02-18B-1750) and digital images were 

obtained using an AmScope digital camera (MU1000).  

 

RT-qPCR analysis 

Two-week-old seedling plants were incubated in sterile one-half-strength liquid MS at room temperature 

overnight. Samples were collected after treatment with 200 μM ATP, 100 nM flg22, luxCDABE-tagged P. 

syringae DC3000, drought, heat (37°C), cold (4°C), NaCl (200 mM) or wounding. Total RNA was 

extracted using Trizol reagent (Invitrogen, 15596018) according to the manufacturer’s instructions. The 

RNA concentration was estimated followed by treatment with Turbo DNA-free DNase (Invitrogen, 

AM2238). The RNA was used for first-strand cDNA synthesis using reverse transcriptase (Promega, M-

MLV Reverse Transcriptase, PRM1705). The real-time qPCR was performed using SYBRTM Green PCR 

Master mix (Applied Biosystems, Power SYBR® Green PCR Master Mix, 4368702) following the 

manufacturer’s instructions. The gene-specific primers used are listed in Supplemental Table S1. RNA 

levels were normalized against the expression of SAND or UBIQUITIN (UBQ). 

 

in vitro kinase assays 

His-tagged ILK5 (ILK5-His) and CPK5 were fused C-terminally in the pET21a vector (Novagen). 

Plasmids were transformed into RosettaTM (DE3) competent cells (Novagen). His-tagged proteins were 

purified by TALON Metal Affinity Resin (Clontech #635502), following the manufacturer’s protocol. The 

GST-tagged cytosolic domain of P2K1 (GST-P2K1-CD) and its kinase dead versions (GST-P2K1D572N-

CD and GST-P2K1D525N-CD) were fused N-terminally in the pGEX-5X-1 vector (GE Healthcare). GST-

His-MKK4 and MKK5 protein were fused N-terminally in the pET41a vector (Novagen). Plasmids were 
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transformed into RosettaTM (DE3) competent cells expressing YopH tyrosine phosphatase. GST-tagged 

proteins were purified by Glutathione Resin (GenScript #L00206), following the manufacturer’s protocol. 

N-terminally His-tagged ILK5 (His-ILK5) and GFP (His-GFP) were also purified from N. benthamiana.

For expression of His-tagged ILK5 and GFP protein in N. benthamiana plants, CDS of ILK5 and GFP 

were amplified by PCR and digested with SmaI/XhoI restriction enzyme and ligated into the pEAQ-HT 

vector (Sainsbury et al., 2009). These constructs were introduced into A. tumefaciens strain LBA4404 and 

infiltrated into leaves from 4-6 weeks old N. benthamiana. In order to extract the His-ILK5 and His-GFP 

protein from N. benthamiana plants, we followed the previous protocols (Sainsbury et al., 2009; Souza, 

2015). in vitro kinase assay was performed as previously described with minor modifications (Lu et al., 

2010, 1). Briefly, 2 μg of purified GST or GST-tagged protein kinases were incubated with 2 μg His-tagged 

ILK5 protein as a substrate in a 25 μL reaction buffer containing 20 mM Tris-HCl (pH 7.4), 5 mM MgCl2

or MnCl2, 100 mM NaCl, 2 mM ATP, with or without 0.2 μL radioactive [γ-32P] ATP for 1 h at 30°C. 

Kinase activity over time was measured at 0 h and then at 1-h intervals for 3h. The two reactions with or 

without radioactive [γ-32P] ATP reactions were stopped by adding 5 μL of 5 × SDS loading buffer and 

incubating in the thermomixer (Eppendorf, 22331Hamburg) at 100°C for 5 min. Each reaction was 

separated by electrophoresis in 12% SDS-PAGE gels, and the gel containing radioactive [γ-32P] ATP was 

auto-radiographed using a Typhoon FLA 9000 Phospho-imager (GE Healthcare) for 12 h. Either reaction 

mixture with or without radioactive [γ-32P] ATP were stained with Coomassie Brilliant Blue (CBB) and 

used as a loading control.  

MAPK phosphorylation and immunoblot assay 

Total protein was extracted from 10-day-old transgenic Arabidopsis plants or leaf discs from 4-week-old 

plants, at the indicated time points treated with 250 μM ATP or ATPγS by homogenization. Total protein 

was extracted with extraction buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 

1 mM EDTA, 1 mM DTT, 0.2 mM Phenylmethylsulfonyl fluoride (PMSF; Sigma, 93482), 10% glycerol, 

0.5% Triton-X 100, and 1 x protease inhibitor (Sigma Aldrich, PIA32955) at 4°C with gentle agitation for 

2 h to extract total protein from the plant tissues. The samples were centrifuged at 20,000 x g for 15 min 

at 4°C. Supernatant was transferred to e-tube and centrifuged again at 20,000 x g for 10 min at 4°C, to 

pellet any carryover leaf debris. The extracted total proteins were mixed with 5 x Laemmli loading buffer 
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containing 10% SDS, 50% glycerol, 0.01% bromophenol blue, 10% β-mercaptoethanol, 0.3 M Tris-HCl 

pH 6.8, and heated in boiling water for 5 min. The total extracted proteins were separated by 10 or 12% 

SDS-PAGE gel and detected by immunoblotting with anti-phospho-p44/p42 MAPK antibody (Cell 

signaling, 4370L; dilution, 1:2000), anti-HA-HRP antibody (Roche, 12013819001; dilution 1:2000), anti-

GFP antibodies (Invitrogen, A11122; dilution 1:4000 and Santa Cruz, sc-8334; dilution 1:2000), anti-

luciferase (nLUC) antibody (Sigma, L0159; dilution 1:5000), anti-cLUC antibody (Sigma, L2164; dilution 

1:4000) anti-MPK3 (dilution 1:2000) and MPK6 (dilution 1:4000) antibodies (Besteiro and Ulm, 2013; 

Jiang et al., 2017). 

In vivo kinase assay 

100 μg of pUGW-CPK5-HA or pUGW-ILK5-HA constructs were introduced by PEG-mediated 

transformation into Arabidopsis protoplasts prepared from leaf tissues of four-week-old plants described 

above, then incubated in a 21°C growth chamber for 48 h under dark conditions with 2 mL W5 solution 

(2 mM MES pH 5.7, 154 mM NaCl, 125 mM CaCl2, and 5 mM KCl). 250 μM ATP or ATPγS was added 

and incubated for 1 hour at 21°C. All intact protoplasts were then subsequently harvested by centrifugation 

at 50 × g for 4 min at room temperature. All supernatant was removed and 250 μL of total protein 

extraction buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.2 mM PMSF, 0.5% Triton-X 100, and 1 x 

protease inhibitor was added and incubated 4°C for 2 h. Immunoprecipitations were performed as 

described above. The proteins were separated by SDS-PAGE and immunoblotting was carried out using 

anti-HA-HRP (Roche, 12013819001; dilution 1:2000) and anti-phospho-Ser/Thr (BD Transduction 

laboratories, 612548, dilution 1:6000) antibodies.  

GST pull-down assay 

Recombinant proteins GST and GST-MKK5 fused N-terminally in the pGEX-5X-1 vector were expressed 

in E. coli and affinity purified using Glutathione Resin (GenScript, L00206). His-ILK5 and His-GFP 

proteins were expressed using LBA4404 Agrobacterium His tagged proteins were purified using TALON® 

Metal Affinity Resin (Clontech, 635502). For GST pull-down, 5 μg of GST and His recombinant proteins 

were incubated with protein binding buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, and 0.5% Triton-

X100), then subjected to end-to-end shaking for 4 h at 4°C. After taking 20 μL as an input, 50 μL 
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Glutathione Resin beads were added and incubated for 2 h, and then washed seven times with protein 

binding buffer. The protein was eluted by 50 μL 1× SDS-PAGE loading buffer and heated at 100°C for 

10 min. The proteins were separated using 10% SDS-PAGE gels and detected by immunoblotting using 

anti-His antibody (Sigma, SAB1305538; dilution, 1:4000) and anti-GST-HRP antibody (GenScript, 

A01380-40; dilution, 1:2000). 

Bacterial growth assays 

Two- or three-week-old plants were flood inoculated with a suspension of luxCDABE-tagged P. syringae 

DC3000 cells (OD600 = 0.002 approximately 5 × 106 CFU mL−1) containing 10 mM MES pH 5.7, 10 mM 

MgCl2 and 0.025% (v/v) Silwet L-77 with or without the addition of 250 μM ATP in the bacterial 

suspensions. The bacterial suspension was incubated for 3 min and immediately removed by decantation 

and the plates containing inoculated plants were incubated in the plant chamber under long-day conditions 

(16-h days with 150 µE∙m-2∙s-1) at 21°C. Three days post inoculation, plants were washed with ddH2O for 

5 min. The plants without roots were ground in 10 mM MgCl2, diluted serially, and plated on LB agar 

with 25 mg/L rifampicin. Colonies (CFU) were counted after incubation at 28°C for 2 days. 

Stomatal closure experiment 

Four-week-old plants were placed under light for 2 h in order to ensure that the starting plants had fully 

open stomata. Leaf peels were obtained from the abaxial side by tweezers and incubated in a stomata 

buffer containing 10 mM MES (pH 6.15), 10 mM KCl, and 10 μM CaCl2. These peels were treated with 

2 mM ATP, 5 μM ABA (Sigma, A1049) or mock solution for 1 h and then images captured using a light 

microscope (Nikon, Alphaphot2). The stomatal aperture was measured using ImageJ software (Version 

1.51a). 

Accession numbers 
Sequence data for the genes described in this study can be found at The Arabidopsis Information Resource 

(TAIR) under the following accession numbers: P2K1 (At5g60300), ILK5 (At4g18950), CPK5 

(At4g35310), MKK3 (At5g40440), MKK4 (At1g51660), MKK5 (At3g21220), MKK8 (At3g06230), 
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ILK1 (At2g43850), ILK6 (At1g14000), RBOHD (At5g47910), WRKY40 (At1g80840), CPK28 

(At5g66210), and SID2 (At1g74710). 

Data availability 
The mass spectrometry proteomics data are available at the ProteomeXchange Consortium via the PRIDE 

partner repository with the data set identifier PXD006678. The authors declare that all other data 

supporting the findings of this study are available within the manuscript and its supplementary files or are 

available from the corresponding author on request. 
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Figure 1. P2K1 directly phosphorylates ILK5. (A) Schematic diagram of ILK5 showing the ankyrin repeat (ANK) and serine-
threonine or tyrosine kinase (S-T/Y_kinase) domains. Identified phosphopeptide VKKLDDEVLS(p)192 is located in the kinase domain. 
(B) ILK5 protein is phosphorylated by ATPγS treatment in vivo. ILK5-HA protein is expressed in Arabidopsis protoplasts upon 
addition of 250 μM ATPγS and subsequently immunoprecipitated (IP) by anti-HA antibody beads and immunoblotting (IB) is carried 
out with an anti-phospho-Ser/Thr antibody. CPK5-HA used as a negative control. (C) GST-P2K1-CD directly phosphorylates ILK5-
His but not CPK5D221A-HA in vitro. Bacterial recombinant ILK5-His protein was incubated with GST-P2K1 cytosolic domain (GST-
P2K1-CD) or two P2K1 kinase dead versions (GST-P2K1D572N-CD and GST-P2K1D525N-CD), or GST in an in vitro kinase assay. (D) 
Mutation of ILK5 on Ser192 residue leads to reduced phosphorylation by P2K1 in vitro. Purified GST or GST-P2K1-CD recombinant 
protein was incubated with ILK5-His or ILK5S192A-His, followed by an in vitro kinase assay. In panel C and D, auto- and trans-
phosphorylation were detected by incorporation of γ-[32P]-ATP. MBP and CPK5D221A-His were used as a universal substrate and a 
negative control, respectively. (E) Quantification of phosphorylated ILK5 and ILK5S192A protein. The intensity of the phosphorylation 
signals of ILK5 and ILK5S192A by P2K1-CD (shown in Supplemental Figure 1B) were measured and analyzed using the Image J and 
GraphPad Prism 8 program. Data shown as mean ± SEM, n = 4, **p<0.01, p-value indicates significance relative to band intensity 
of ILK5WT-His and was determined by unpaired two-tailed Student’s t test. (F) Mutation of ILK5 at Ser192 residue results in reduced 
phosphorylation under ATPγS treatment in vivo. Either wild-type or S192A of ILK5-HA (ILK5S192A) protein is expressed in protoplasts 
upon addition of 250 μM ATPγS and subsequently immunoprecipitated with an anti-HA antibody and immunoblotting is carried out 
with an anti-phospho-Ser/Thr antibody. (G) ILK5 phosphorylation is dependent on P2K1 protein. ILK5-HA protein was expressed in 
wild-type, p2k1-3 and OXP2K1 protoplasts with/without 250 μM ATPγS treatment then subjected to IP and IB by anti-HA and anti-
phospho-Ser/Thr antibodies. In panel (B)-(G), protein loading was visualized by Coomassie brilliant blue (CBB) staining. Above 
experiments were repeated at least two times with similar results.
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Figure 2. ILK5 interacts with the P2K1 receptor. (A) Subcellular localization of ILK5 in plants expressing a 35S:ILK5-YFP
construct. Fluorescent confocal images displaying the subcellular distribution of ILK5-YFP protein were detected from primary root 
tissue of seven-day-old seedlings. Plasma membrane was counter-stained by incubation for 1 min in a FM4-64 solution (5 μM). 
P2K1-YFP and free-YFP were used as controls. FM4-64 was used as a plasma membrane marker. Merge indicates overlapped 
YFP and FM4-64 images. Scale bars = 50 μm. (B) Co-immunoprecipitation of P2K1 and ILK5 proteins. The indicated constructs 
were co-infiltrated and transiently expressed in N. benthamiana leaves after addition of 200 μM ATP (+) for 30 min or MES buffer 
(pH 5.7) as a mock treatment (−). Total protein was used for Co-IP. Anti-HA and anti-Myc antibodies were used. MKK8-Myc was 
used as a negative control. (C) Split-luciferase experiment showing interaction of P2K1-ILK5 protein with/without ATP treatment. 
Split-luciferase imaging assay was performed after addition of 200 μM ATP or MES buffer (pH 5.7) as a mock treatment in N. 
benthamiana leaves co-infiltrated with GV3101 expressing P2K1-nLUC and ILK5-cLUC. 1 mM D-luciferin containing 0.01% silwet-
L77 was sprayed onto the N. benthamiana leaves and immediately placed in dark conditions for 10 min to quench the fluorescence. 
The luminescence was monitored and captured using a low light imaging CCD camera (Photek; Photek, Ltd.). Dotted circles 
indicate the infiltrated area in N. benthamiana leaves. MKK3-cLUC protein was used as a negative control. (D) Quantification of
P2K1-ILK5 interaction signal intensities with/without ATP treatment. P2K1-ILK5 interaction was monitored, images were captured, 
and the luciferase signal intensities were quantified using the C-vision/Im32 and analyzed using the GraphPad Prism 8 program. 
Data shown as mean ± SEM, n = 4 (biological replicates), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, p-value indicates 
significance relative to MKK3-cLUC and was determined by unpaired two-tailed Student’s t test. (E) Biomolecular fluorescence 
complementation (BiFC) assay in Arabidopsis protoplasts. The indicated constructs were transiently transformed into Arabidopsis 
protoplasts and then incubated under dark conditions for 24 h. The YFP fluorescence was monitored using a Leica DM 5500B 
Compound Microscope with Leica DFC290 Color Digital Camera. DAPI and FM4-64 were used as a nuclear marker and plasma 
membrane marker, respectively. Chl represents chlorophyll auto-fluorescence signal. Merge indicates overlapped image of YFP and 
FM4-64. RBOHD-cYFP and ILK6-cYFP were used as positive and negative control, respectively. Scale bars = 10 μm. All above 
experiments were repeated three times (biological replicates) with similar results.
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Figure 3. ILK5 interacts with and phosphorylates MKK5 protein. (A) BiFC assay in Arabidopsis protoplasts demonstrating ILK5 
interaction with MKK5. The indicated constructs were transiently expressed in Arabidopsis protoplasts and transformed protoplasts 
were incubated under dark conditions for 24 h before observation YFP signal. The YFP fluorescence was monitored using a Leica
DM 5500B Compound Microscope with Leica DFC290 Color Digital Camera. DAPI was used as a nuclear marker. MKK8-nYFP was 
used as a negative control. Scale bars = 10 μm. (B) ILK5 protein directly interacts with MKK5 protein in vitro. Purified recombinant 
proteins GST and GST-MKK5 were incubated with His-ILK5 or followed by GST-mediated pull-down. His-GFP protein was used as 
a negative control. proteins were detected using a-GST and a-His antibodies. (C) ILK5 interaction between MKK5 was 
demonstrated by split-luciferase imaging with/without ATP treatment. Split-luciferase imaging assay was performed after addition of 
200 μM ATP or MES buffer (pH 5.7) as a mock treatment in N. benthamiana leaves co-infiltrated with GV3101 expressing MKK5-
nLUC and ILK5-cLUC. Dotted circles indicate the infiltrated area in N. benthamiana leaves. MKK8-nLUC was used as a negative 
control. (D) Quantification of ILK5-MKK5 interaction signal intensities under ATP treatment. ILK5-MKK5 interaction was monitored, 
images were captured, and luciferase signal intensities were quantified using C-vision/Im32 and analyzed using the GraphPad 
Prism 8. Data shown as mean ± SEM, n = 7 (biological replicates), ****p<0.0001, ***p<0.001, **p<0.01, p-value indicates 
significance relative to MKK8-cLUC and was determined by unpaired two-tailed Student’s t test. (E) MKK5 can be phosphorylated 
by purified from N. benthamiana recombinant ILK5 and His-ILK5S192A protein displays reduced phosphorylation of MKK5K99R protein 
in vitro. Purified from N. benthamiana recombinant His-ILK5 or His-ILK5S192A recombinant protein were incubated with GST-His-
MKK4K108R or GST-His-MKK5K99R, followed by an in vitro kinase assay. (F) ILK5 protein phosphorylates the MKK5 activation loop 
S/TxxxxxS/T motif. Protein purified from N. benthamiana recombinant His-ILK5 protein was incubated with GST-His-MKK5 kinase 
dead (GST-His-MKK5K99R) and GST-His-MKK5 triple mutation (GST-His-MKK5K99RT215AS221A) or GST in an in vitro kinase assay. In 
panel E and F, autophosphorylation and trans-phosphorylation were detected by incorporation of γ-[32P]-ATP. MBP was used as an 
universal substrate. Protein loading was visualized by CBB staining. (G) MKK5 phosphorylation is significantly reduced in ilk5-1 
mutant plants. MKK5-HA protein was expressed in wild-type and ilk5-1 protoplasts with/without 250 μM ATP treatment, then 
subjected to IP and IB using anti-HA and anti-phospho-Ser/Thr antibodies. Protein loading was visualized by CBB staining. All 
above experiments were repeated two times with similar results.
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Figure 4. ILK5 is highly induced after addition of ATP or P. syringae DC3000 inoculation. (A) Histochemical analysis of ILK5
gene expression after ATP treatment or P. syringae DC3000 inoculation. ILK5promoter:GUS transgenic plants were constructed in 
wild-type Arabidopsis plants transformed with a chimeric ILK5promoter:GUS including 2 kb of the putative ILK5 promoter (5′ region 
of the ILK5 gene) fused to the GUS coding sequence. The expression patterns of the ILK5promoter:GUS transgenic plant was 
detected by histochemical staining in a 10 day-old seedling rosette leaf treated with 200 μM ATP or inoculated with P. syringae
DC3000 (OD600 = 0.05) after 1 hour. Arrows in upper panel indicate the stained guard cells. Scale bars = upper, 20 μm; middle and 
bottom, 4 mm. (B) Reverse transcription quantitative-PCR (RT-qPCR) analysis of ILK5 transcripts after ATP (200 μM) treatment. (C)
ILK5 gene expression was measured by RT-qPCR analysis in response to P. syringae inoculation. In panel B and C, total RNA was 
isolated from 10-days old seeding plants at each time point and 2 μg of total RNAs were used in this experiment. The SAND
reference gene was used for data normalization. WRKY40 was used as an inducible marker gene for the response to ATP 
treatment (n = 3) and P. syringae inoculation (n = 3). (D) Histochemical analysis of ILK5promoter:GUS and P2K1promoter:GUS
expression in response to wounding. The expression patterns of the ILK5promoter:GUS and P2K1promoter:GUS transgenic plants 
were detected by histochemical staining of 2-week-old GUS transgenic plants after wounding. Scale bars = 4 mm. (E) RT-qPCR 
analysis of ILK5 and P2K1 gene expression in response to wounding. Data shown as mean ± SEM, n = 2 (biological replicates), 
***p<0.001, ** p<0.01, p-value was determined and analyzed using the GraphPad Prism 8 by unpaired two-tailed Student’s t test. (F)
RT-qPCR analysis of ILK5 and P2K1 gene expression (n = 3) at different time points in response to flg22 treatment. The SAND
reference gene was used for data normalization. (G) Histochemical analysis of 10-day-old seedling ILK5promoter:GUS and 
P2K1promoter:GUS in response to flg22 (100 nM) and MeJA (1 μM). In panel B, C and F, data shown as mean ± SEM, Different 
letters above the bars indicates significant differences (p<0.05). p-value was determined and analyzed using the GraphPad Prism 8 
by one-way ANOVA followed by Tukey's multiple comparisons. All above experiments were repeated two times (biological 
replicates) with similar results. Scale bars = 2 mm.
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Figure 5. ILK5 is required for plant innate immunity. (A) Phosphorylation of MPK3/6 detected in ilk5 mutants by immunoblotting 
using anti-phospho 44/42 antibody. ATPγS (250 μM) was added and incubated for the times shown. Total protein was extracted at 
each time point and IB was performed with an anti-phospho 44/42 MAPK antibody. CBB staining of protein was used as a loading 
control. These experiments were repeated three times with similar results. (B-C) RT-qPCR analysis of CPK28 and WRKY40 
transcripts in p2k1-3, ilk5-1 and ilk5-3 mutant backgrounds after ATP (250 μM) treatment. Total RNA was isolated from 2 weeks-old 
plants and 2 μg of total RNA was used in this experiment. The SAND reference gene was used for data normalization. Data shown 
as mean ± SEM, WRKY40; (n = 4), CPK28; (n = 6), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, p-value indicates significance 
relative to mock treatment and was determined and analyzed using the GraphPad Prism 8 by unpaired two-tailed Student’s t test. 
These experiments were repeated three times with similar results. (D) Three-week-old plants were flood inoculated with luxCDABE-
tagged P. syringae DC3000 suspension (5 × 106 CFU mL−1) containing 0.025% (v/v) Silwet L-77 with or without the addition of ATP 
(250 μM). Bioluminescence was detected using a low light capture CCD camera at the time of inoculation (0 days) and 3 days post 
inoculation. (E) Quantification of bioluminescence signal intensities. The signal of luxCDABE-tagged P. syringae DC3000 was 
monitored, images were captured, and the luciferase signal intensities were quantified using the C-vision/Im32 program (n = 9). (F) 
Bacterial colonization was determined by plate counting (n = 8). In panel E and F, data shown as mean ± SEM, ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.05, p-value and different letters above the bars indicates significance relative to wild-type plants and was 
determined and analyzed using the GraphPad Prism 8 by two-way ANOVA followed by Tukey's multiple comparisons test. These 
experiments were repeated three times (biological replicates) with similar results.
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Figure 6. Expression of the ILK5S192A mutant protein increases plant susceptibility to P. syringae infection. (A)
Phosphorylation of MPK3/6 detected in complemented lines in which ILK5 expression was driven by the native promoter (L1 and L2) 
by immunoblotting using anti-phospho 44/42 antibody. ATPγS (250 μM) was added and incubated for the times shown. (B) 
Phosphorylation of MPK3/6 was detected in complemented lines where the ILK5WTor ILK5S192A protein were expressed from the 
ILK5 native promoter in ilk5-1 mutant background (L1-ILK5WT or L1-ILK5S192A). Immunoblotting was performed using anti-phospho
44/42 antibody with 250 μM ATP. In A and B, total protein was extracted at each time point after addition of 250 μM ATP. CBB 
staining of protein was used as a loading control. These experiments were repeated three times with similar results. (C) Three-
week-old plants were flood inoculated with luxCDABE-tagged P. syringae DC3000 suspension in the presence of 250 μM ATP.
Inoculated plants (Col-0, ilk5-1, L1-ILK5WT-HA, or L1-ILK5S192A-HA complemented lines), were used and bioluminescence was 
detected using a low light capture CCD camera either at the time of inoculation (0 day) and 3 days post inoculation. (D) 
Quantification of luminescence signal intensities. The signal of luxCDABE-tagged P. syringae DC3000 for each plant was monitored, 
images were captured, and the luciferase signal intensities were quantified using the C-vision/Im32 program. (E) Bacterial 
colonization was determined by plate counting. In panel C (n = 6) and D (n = 8), data shown as mean ± SEM, ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.05, p-value and different letters above the bars indicates significance relative to wild-type plants and was 
determined and analyzed using the GraphPad Prism 8 by two-way ANOVA followed by Tukey's multiple comparisons test. These 
experiments were repeated three times (biological replicates) with similar results.
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Figure 7. Hypothetical model for the role of ILK5 in eATP signaling. Upon addition of the activating ligand eATP, the P2K1 
receptor is rapidly auto-phosphorylated and then directly interacts and phosphorylates its downstream target, the ILK5 protein, 
leading to pattern-triggered immune response via MAPK cascades.
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