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Abstract

Mitogen-activated protein (MAP) kinase signaling cascades play important roles in the regulation of 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 elevated defense responses in Arabidopsis. However, the mechanism
by which P2K1 activates the MAPK cascade is unclear. In this study, we identified Raf-like MAPKKK ILK5 as a
downstream substrate of the P2K1 kinase. P2K 1 phosphorylates ILKS on serine 192. The interaction between P2K 1
and ILKS5 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, such as wounding. ILKS5 interacts with both MKK4 and MKKS5, but
only MKKS is phosphorylated by ILKS. Moreover, phosphorylation of MPK3/6 was significantly reduced upon ATP
treatment in i/k5 mutant plants, relative to wild-type. The i/k5 mutant plants showed higher susceptibility to P. syringae
pathogen infection relative to wild-type plants. Plants expressing only the mutant ILK55!°? protein, lacking kinase
activity, did not activate the MAPK cascade upon ATP addition. Taken together, the results suggest that eATP
activation of P2K1 results in transphosphorylation of the Raf-like MAPKKK ILKS, which subsequently triggers the
MAPK cascade, culminating in activation of MAPK3 and 6 associated with an elevated innate immunity response.
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Significance statement

Pathogens invasion and subsequent wound stress activates extracellular ATP-mediated purinergic signaling cascades,
a danger associated molecular pattern (DAMP) signal, which induces phosphorylation of MAPKs. Previous studies
revealed that the P2K1 purinergic receptor increases MPK3/6 phosphorylation in response to eATP signaling cascades
in Arabidopsis. However, the specific mechanism by which this occurs remains unknown. Here, we describe the
isolation and characterization of Raf-like MAPKKK ILKS5 (Integrin-linked Kinase 5) as a downstream substrate of
P2K1 kinase activity. Initiation of an eATP-dependent signaling pathway by phosphorylation of ILK5 with subsequent
activation of MKKS, leading to activation of MPK3/6 and downstream events is crucial to the plant innate immunity
response.

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 receptors(1l, 2). Mammals possess two major classes of
purinoceptors, ligand-gated ion channel P2X and G protein-coupled receptor P2Y, which have been extensively
studied(3). eATP has been shown to play a variety of roles in mammals, including regulating the immune response,
inflammation, neurotransmission, muscle contraction, and cell death(4—6). In contrast to animals, the functional role
of eATP in plants is not well studied. Nevertheless, published data suggest diverse roles for purinergic signaling in
plants, including involvement in the response to biotic and abiotic stresses(7—10), gravitropism(11), root hair
growth(12, 13), root avoidance(14), thigmotropism(15), and cell death(16, 17). Plants lack canonical P2X and P2Y
receptors(18, 19). 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 1.9), 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(8, 18). P2K1 is composed of an extracellular legume L-type lectin domain at
the N-terminus, a trans-membrane domain at the middle region, and an intracellular serine/threonine kinase domain
at the C-terminus(8, 20). P2K1 (LecRK 1.9) 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) (8, 21-24). 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)(1, 19). 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 plant innate immunity(8). Indeed, very recently it was shown that eATP triggers a ROS wave in
plants that is dependent on P2K1 function(25). It was also shown that S-acylation affects the temporal dynamics of
P2K1 receptor activity through autophosphorylation and protein degradation. The CYCLIC NUCLEOTIDE GATED
CHANNEL 6 (CNGC6) and CNGC2 proteins were shown to play a crucial role in mediating eATP-induced cytosolic
Ca?" signaling(26-28). Animals possess multiple P2X and P2Y receptors and, hence, it was perhaps no surprise when
a second, plant purinoreceptor, P2K2 (LecRK 1.5) was identified(29). Both P2K1 and P2K2 bind ATP and ADP with
high affinity(18, 29). Among the various downstream events activated by eATP is phosphorylation of MAP kinase 3
and 6, which is markedly reduced in p2kl/p2k2 mutant plants(18, 29).

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(30, 31).
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Compared to the small number of plant MAPKK and MAPK family members, MAPKKK constitute a larger family,
which are considered essential to the ability to respond to diverse signals/environmental conditions(31, 32). For
example, the Arabidopsis genome encodes genes for 20 MAPK, 10 MAPKK and 80 MAPKKK subfamily
members(31, 32). Plant MAPKKK are divided into three subfamilies, MEKK, Raf and ZIK. In particular, the plant
Raf-like kinase (Raf) family is much larger in number and more structurally diverse compared to metazoans(33).
Among 80 MAPKKKs in Arabidopsis, 21, 48 and 11 members belong to MEKK, Raf, and ZIK subfamilies,
respectively(34). However, the biological function of only a small fraction of the Raf-like MAPKKK is known. Among
the Raf-like MAPKKK members, Enhanced Disease Resistance 1 (EDR1/Raf2) and Constitutive Triple Response 1
(CTR1/Rafl) are relatively well characterized(35, 36). CTR1 encodes a serine/threonine kinase that negatively
regulates ethylene signaling by acting upstream of MKK9 and MPK3/6(37-39). In addition, mutational loss of CTR1
function causes defects in the sugar response(40). Another Raf-like MAPKKK, EDRI also acts as a negative regulator
in ethylene responses similarly to CTR1(36, 41). EDRI1 regulates MAPK cascades via direct association with
MKK4/MKKS5 for negative regulation of salicylic acid (SA)-inducible, plant defense responses(36). edr/ mutant
plants display enhanced cell death in response to various abiotic stress conditions, such as drought and aging(36, 41).

Integrin-linked Kinases (ILKs), a Raf MAPKKK subfamily with unique characteristics, are thought to play an
important role in diverse biological functions in plants(42). The first ILK described was shown to be an interacting
partner of the integrin receptor cytoplasmic £ subunit, functioning in the assembly of signaling complexes at plasma
membrane focal adhesion regions in metazoans(43, 44). ILKs were originally characterized as serine/threonine kinases,
but recent studies have questioned whether ILKs actually function as kinases(45, 46). Instead, ILKs were proposed to
function as scaffolding proteins with adaptor proteins, PINCH and a-parvin (IPP complex), to regulate various
biological processes, such as cell adhesion, migration, proliferation, differentiation, assembly of the extracellular
matrix (ECM), contractility, etc(43-47). In contrast to metazoans, plant genomes encode multiple ILK genes [e.g., 6
members, ILK1-6, in Arabidopsis](42). Plant ILKs were first described as N-terminus ankyrin repeat containing
kinases suggested to play a role in osmotic stress and adventitious root growth in Medicago and Arabidopsis(48, 49).
Previous studies showed that the vascular specific adaptor protein ILK6/VH1-INTERACTING KINASE (VIK) is
involved in auxin and brassinosteroid signaling to regulate leaf venation(50). Recently, ILK1 was demonstrated to
modulate the sensitivity of plants to osmotic and saline stress, response to nutrient availability, and response to
bacterial pathogens(42, 51). While metazoan ILKs have been studied intensively, their role in molecular signaling in
plants is poorly understood(42).

In this study, we identified Raf-like MAPKKK ILK5/Raf27/BHP (hereafter referred to as ILKS), previously
characterized as a regulator of blue light-dependent stomatal movement(52), as a protein substrate of the P2K1 kinase.
Indeed, P2K1 directly phosphorylates ILKS on Ser192. Interaction between P2K1 and ILK5 was confirmed using a
variety of in vitro and in planta methods. Taken together, we reveal that the presence of an eATP-dependent signaling
pathway initiated by phosphorylation of ILK5 with subsequent activation of MKKS5, leading to activation of MPK3/6
and downstream events crucial to the plant innate immunity response.

Results

ILKS5 was identified as a P2K1 substrate. In order to identify substrate proteins for the P2K1 kinase domain, a mass
spectrometry-based in vitro phosphorylation strategy, termed kinase client assay (KiC assay)(53, 54), was used. A
synthetic peptide library, representing approximately 2100 experimentally identified in vivo phosphorylation sites,
was incubated with GST-fused P2K1 intracellular domain recombinant protein in the presence of ATP. Subsequently,
tandem mass spectrometry was performed to identify both phospho-peptides and specific phosphorylation sites. Two
empty vectors (GST and MBP) and two P2K1 inactive kinase proteins [GST fused P2K1-KD-1 (D572N) and P2K1-
KD-2 (D525N)] were used as negative controls. 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
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previously published, three protein substrates identified from this screen were RBOHD and PATS5/9, which were
subsequently shown to be regulated by P2K 1 phosphorylation(8, 26). In addition, the VKKLDDEVLS(p) peptide of
ILKS was phosphorylated by the P2K1 kinase domain (Fig. 14). According to the Arabidopsis genome annotation
database (https://www.arabidopsis.org/portals/genAnnotation/), BLAST search (www.ncbi.nlm.nih.gov./Blast/) and
Pfam database (https://pfam.xfam.org/), ILK5 encodes a Raf-like MAP kinase kinase kinase (MAPKKK) protein with
a length of 459 amino acids and a molecular mass of approximately 50 kDa. ILKS has the typical Raf-like MAPKKK
structure with a N-terminal ankyrin repeat domain and C-terminal Ser/Thr kinase domain. ILK5/BHP was previously
characterized as a regulator of blue light-dependent stomatal movement(52).

P2K1 interacts with and directly phosphorylates ILKS. Phosphorylation of ILK5 by P2K1 in the KiC assay is
consistent with direct interaction between these two proteins. To provide evidence for this interaction, we performed
split-luciferase complementation imaging (LCI) in Nicotiana benthamiana leaves (Fig. 1B and C), with MKK3 serving
as a negative control. In order to further confirm the interaction of P2K1 with ILKS5 at the plasma membrane,
bimolecular fluorescence complementation (BiFC) assays were conducted in Arabidopsis protoplasts. In order to
confirm the subcellular localization of ILKS5 in Arabidopsis, a YFP tagged ILKS5 (C-term or N-term) was expressed in
Arabidopsis transgenic plants and protoplasts. The bulk of ILKS was detected in the cytosol but some fraction also
co-localized with the FM4-64 and DAPI stains, localized to the plasma membrane and nucleus, respectively (S/
Appendix, Fig. S1). In BiFC analysis, 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 (Fig. 1D). In these experiments, P2K1
interaction with RBOHD was used as a positive control (8). Hence, the data are consistent with a direct interaction of
P2K1 and ILKS5 at the plasma membrane. To provide further evidence for this interaction, we co-expressed HA-tagged
P2K1 with a Myc-tagged ILKS5 in N. benthamiana leaves, followed by immunoprecipitation using antibodies to the
specific epitope tags. These experiments were done in the presence and absence of exogenous eATP. Consistent with
a direct interaction, P2K1 and ILK5 were co-immunoprecipitated and their interaction appeared to be enhanced in the
presence of eATP (Fig. 1E). We further confirmed these results using LCI in N. benthamiana leaves (Fig. 1F and G).

It was previously reported that P2K1 has strong kinase activity, which is essential for eATP-induced, MPK3/6
phosphorylation in planta(8, 18). In order to confirm the results of the KiC assay, purified recombinant ILKS protein
was incubated with either purified GST-P2K1-KD, GST-P2K1-KD-1 or GST-P2K1-KD-2 in the presence of [y->2P]
ATP. The results of this assay showed that GST-P2K1-KD strongly trans-phosphorylated ILK5-His and the generic
substrate MBP, but not CPK5 used as a negative control. Assays performed with the two kinase-dead versions of GST-
P2K1-KD-1 and GST-P2K1-KD-2 failed to phosphorylate ILK5-His (Fig. 1H). 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 ILKS5 (SI Appendix, Fig. S24). The tandem MS results from the
KiC assay revealed Ser192 of ILKS5 was the specific target of P2K1 phosphorylation. To confirm this, site-directed
mutagenesis was used to generate an ILK5%°?4 recombinant protein, which was purified and incubated with purified
GST-P2K1-KD. As expected, the results showed a significant reduction in phosphorylation of ILK 551924 recombinant
protein (Fig. 17 and J and SI Appendix, Fig. S2B), relative to the wild-type protein. To investigate phosphorylation of
ILKS in vivo, ILK5-HA protein was expressed in Arabidopsis protoplasts and subsequently immunoprecipitated with
an anti-HA antibody bead then probed by western blotting with an anti-phospho-Ser/Thr antibody. ILKS
phosphorylation was detected strongly under ATPyS (poorly hydrolyzed ATP analog) treatment. (Fig. 1XK). In addition,
mutation of ILK5 at Ser192 (ILK55'%%4) led to significantly reduced phosphorylation by P2K1 in vivo (Fig. 1L). To
investigate whether ILKS phosphorylation is dependent on P2K 1, ILK5-HA protein was expressed in wild-type, p2k1-
3 mutant and P2K/ overexpressing transgenic plants under ATPyS treatment followed by immunoprecipitation using
anti-HA antibody. Western blotting was subsequently performed with an anti phospho-Ser/Thr antibody. Reduction of
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phosphorylation and increased phosphorylation in ILK5-HA protein were detected in p2k/-3 and P2K1-OX compared
to wild-type respectively (Fig. 1M). In order to test whether this phosphorylation affected P2K1-ILKS interaction, we
conducted the LCI assay by co-expressing wild-type P2K1 protein with the ILK5 phospho-null (ILK55!%4) and
phospho-mimic (ILK55!%?P) protein forms (SI Appendix, Fig. S3). The results of this experiment suggest that the P2K1-
ILKS interaction is not dependent on the phosphorylation status of the ILK5 Ser192.

ILKS has kinase activity and activates MKKS. ILKs are involved in various processes in many organisms, however,
kinase activity is not essential to the regulation of these processes(45, 55). Indeed, there is some dispute whether
animal ILKSs possess kinase activity(45). However, in contrast to the animal situation, an examination of the plant ILK
protein sequences suggest that the core residues necessary for kinase activity are well conserved(42). These results
suggest that ILKS5, found in the Group C cluster of the Raf-like subfamily, may possess kinase activity(42). However,
a previous study failed to find ILKS kinase activity using protein purified after expression in bacterial cells(52).
Consistent with the previous study(52), ILKS protein purified from E. coli showed no or very weak kinase activity
when assayed under a variety of conditions (data not shown). However, in contrast to protein expressed in bacteria, a
previous study showed that ILK1 protein extracted from plant tissue had strong kinase activity(51). These results are
also consistent with the report that ILKS protein expressed and purified from wheat germ cells possessed strong kinase
activity(56). Therefore, we expressed and purified the His-tagged ILKS5 protein from N. benthamiana leaves. The
ILKS protein purified in this way was able to auto- and trans-phosphorylate myelin basic protein (MBP), a widely
used universal substrate for kinase activity assays (SI Appendix, Fig. S44, B). 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 ILKS protein (SI Appendix, Fig. S4C). P2K1
autophosphorylation was used as a positive control. Taken together, we can conclude that ILKS5 is an active kinase.
If ILKS acts as a MAPK kinase kinase, one would expect it to interact with and activate downstream MAPK
kinases. As a means to analyze this possibility, we first performed LCI analyses of ILKS in the presence of each of the
ten Arabidopsis MAPKKs (MKK1-10). Among these ten MKKs tested, ILKS appeared to show strong interactions
with both MKK4 and MKKS (Fig. 24 and B and SI Appendix, Fig. S54). MKK4 and MKKS5 were previously shown
to regulate phosphorylation of MPK3/6 and, hence, play an important role in regulating the plant immune response(57,
58). We further confirmed the interaction of ILKS with both MKK4 and MKKS5 by BiFC analysis. YFP signals were
observed mainly in the cytoplasm and some nuclei of plants carrying either ILK5-cYFP and MKK4-nYFP or ILK5-
cYFP and MKKS5-nYFP, indicating that interactions between ILKS5 and MKK4 or MKKS5 took place in the cytoplasm
and nucleus (Fig. 2C). To investigate further this interaction under ATP treatment, we co-expressed MKK4- and
MKKS5-nLUC with ILK5-cLUC and monitored luciferase intensity in the presence and absence of exogenous eATP.
Leaves treated with ATP showed slightly enhanced MKK4-ILKS5 protein interaction, but markedly increased MKKS5-
ILKS5 protein interaction (Fig. 2 D and E). Furthermore, in order to examine whether ILKS directly phosphorylates
MKK4 or MKKS5, in vitro kinase assays were performed with His-tagged ILKS extracted from N. benthamiana plants
and GST-tagged MKK4 and MKKS. In previous reports, MKK4 and MKKS5 were shown to have strong auto- and
trans-phosphorylation activities(59). Therefore, kinase dead versions of MKK4 (MKK4*!%8R) and MKK5 (MKK 5X°R)
were generated by site-directed mutagenesis according to a previous study(59) (SI Appendix, Fig. S5B). In vitro kinase
assays were performed with ILK5 protein and kinase dead versions of MKK4 (MKK4X198R) or MKKS5 (MKK5%R),
The results clearly showed that ILKS5 directly phosphorylates MKKS5X*R, while phosphorylation of MKK4X!10R wag
not detectable. (Fig. 2F). Previously, it was shown that MKKS5 phosphorylation of Thr215 and Ser221 in the activation
loop is required for MPK3/6 activation(59). A GST-MKK5XPRT213482214 wag oenerated using site-directed mutagenesis.
Reduced phosphorylation of GST-MKK5KRT215452214 yaq detected compared with GST-MKK5%R (Fig. 2G). When
Ser192 of ILK5 was substituted with Ala (ILK551924), phosphorylation of ILK5 by P2K1 was significantly reduced
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(Fig. 11 and J). Phosphorylation of MKK5X*R protein was significantly reduced when incubated with the ILK551924
protein (Fig. 2H). To further investigate whether MKKS5 phosphorylation is dependent on the ILK5 protein, MKKS5-
HA protein was expressed in wild-type and i/k5-/ mutant plants under ATP treatment followed by immunoprecipitation
using an anti-HA antibody. Western blotting was subsequently performed with an anti-phospho-Ser/Thr antibody.
Reduced phosphorylation in MKKS5-HA was detected in ilk5-1 compared to wild-type in the presence of exogenous
ATP (Fig. 2I). To verify how this phosphorylation affects their interaction, a LCI assay was performed between
ILK55192A or ILK58!?P and MKK4 or MKKS5. These results indicate that the phosphorylation status of ILK5 does not
significantly affect its ability to interact with MKK4 or MKKS5 (SI Appendix, Fig. S5C and D).

ILKS expression is strongly induced by ATP, wounding and pathogen treatments. In order to investigate the
expression patterns of /LK5 under comparable stress conditions, we stably transformed either a ILKSpromoter::GUS
or ILK5promoter:: GFP construct into Arabidopsis. A published study indicated that /LK35 is highly expressed in guard
cells(52). Consistent with this published work, we also found strong ILKS5promoter::GUS and GFP expression in
guard cells (Fig. 34 and SI Appendix, Fig. S6A4). The GUS signals observed in ILKSpromoter::GUS transgenic plants
showed ubiquitous expression in various tissues including young rosette leaves, primary root and shoot apices under
normal growth conditions (SI Appendix, Fig. S6B). In order to directly compare to expression of the P2K1 gene, GUS
expression in P2KIpromoter::GUS transgenic plants was also examined(60). This experiment showed that the pattern
of P2KI expression was very similar, if not identical, to that found for /LK5 expression under normal growth
conditions (SI Appendix, Fig. S6B and C). Subsequently, gRT-PCR was use to confirm expression of both /LK5 and
P2K1 expression in various tissues and abiotic stress conditions (SI Appendix, Fig. S6D and E).

Previous published work clearly showed an important role for P2K1 in mediating the plant defense response to
various pathogens, including wounding and jasmonate signaling(21, 22, 24, 61). These various treatments were also
shown to induce expression of P2K /. In order to investigate whether /LK is also strongly induced by these treatments,
GUS activity was observed in response to various stresses in transgenic plants expressing the ILKSpromoter::GUS
construct. GUS activity driven by ILK5 promoter was strongly up-regulated by treatment with eATP, pathogen Ps¢
DC3000, the pathogen associated molecular pattern (PAMP) flagellin peptide flg22, MeJA and wounding and relative
to mock treatments (Fig. 34, H and J). These results were confirmed by qRT-PCR analysis using RNA extracted from
the treated plants (Fig. 3D-G, I, K and L). Similar results were obtained by western blot quantification of
ILK5promoter::GFP expression using anti-GFP antibody and protein from plants treated with either Pst DC3000 or
eATP over a time course (Fig. 3B and C). These results support the notion that both /LK5 and P2KI expression
responds to a variety of stresses, consistent with their coordinated role in regulating purinergic signaling initiated by
the release to eATP in response to stress.

ILKS plays an important role in the pathogen defense response. The 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 i/k5 T-DNA insertion mutants (SI Appendix, Fig. S7). ILK5 transcripts were not
detected in the ilk5-1 and ilk5-3 mutants, suggesting that ilk5-1 and ilk5-3 are null alleles. However, in contrast, ilk5-
2 and ilk5-4 showed low gene expression or no change, likely due to insertion of the T-DNA in the either 5'-UTR or
3'-UTR (SI Appendix, Fig. S7C and D).

Disease resistance against the virulent pathogen, luxCDABE-tagged Pst DC3000, was examined with or without
addition of ATP. Consistent with our biochemical studies, the ilk5-/ and ilk5-3 mutant plants showed enhanced
susceptibility to P. syringae infection (Fig. 44-C). The hyper-susceptible sid2-2 mutant was used as a positive
control(62). These results imply that ILKS positively regulates pathogen resistance and ATP-inducible defense
responses in Arabidopsis. Furthermore, pathogen defense-responsive genes such as WRKY4(0 and CPK28 transcripts
were quantified by real-time qPCR under ATP treatment, with both transcripts being significantly reduced in ilk5-1
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and ilk5-3 mutants (Fig. 4D and E). According to previous studies, extracellular ATP (eATP) regulates the MAPK
pathway through phosphorylation in both mammals and plants(18, 29, 63). To confirm this, we examined the
phosphorylation of MPK3/6 in the wild-type and various mutant lines upon treatment with ATP over a time course (S7
Appendix, Fig. S8). The results showed that p2ki-1 (D572N; kinase dead), p2ki-2 (D525N; kinase dead), or p2kI-3
(T-DNA inserted) mutant plants showed significantly reduced phosphorylation of MPK3/6 compared to wild-type (S/
Appendix, Fig. S8B). Conversely, phosphorylation of MPK3/6 was significantly increased in transgenic plants
ectopically, over-expressing P2K1 (SI Appendix, Fig. S8C). P2K1 presumably transmits purinergic signaling via ATP-
induced phosphorylation of downstream target proteins to activate the MAPK pathway. In order to understand how
ILKS is involved in MPK3/6 phosphorylation under ATP treatment, phosphorylation of MPK3/6 was examined after
ATP treatment. Phosphorylation of MPK3/6 was reduced in both ilk5-1 and ilk5-3 mutants (Fig. 4F). To confirm these
results, phosphorylation of MPK3/6 was restored in complemented lines in which the wild-type ILK5 gene was driven
by the /LK5 native promoter (Fig. 4G and SI Appendix, Fig. S94). Consistent with these findings, we also found that
ilk5-1 plants expressing the ILK551°A4 mutant protein were significantly more susceptible to pathogen infection than
wild-type or ILK5 complemented plants (Fig. 4H-J). In addition, phosphorylation of MPK3/6 was also significantly
reduced in ilk5-1 plants expressing the ILK55'9?A protein (Fig. 4K and SI Appendix, Fig. S9B). These results show that
ILK55192A complemented transgenic plants were more susceptible to pathogen infection and that the ILKS Ser192
plays an important role in MAPK pathway activation, which impacts the level of disease resistance. To determine if
this reduction in phosphorylation of MPK3/6 was not caused by protein destabilization, western blotting was
performed using anti-MPK3 or -MPK6 antibodies under ATP treatment in i/k5 mutants or transgenic plants expressing
ILK5™ or ILK 551924 protein in the ilk5-1 mutant background. Significant MPK3/6 protein reduction or increase was
not detected under ATP treatment after 30 minutes, confirming the reduction of phosphorylation was not due to the
protein destabilization (SI Appendix, Fig. S10). In previous studies, addition of ATP was shown to trigger stomatal
closure and enhance innate immunity when plants are sprayed or dip inoculated with the pathogen(8, 64). Hence, it is
of interest that /LK5 is strongly expressed in guard cells and was previously shown to play a role in modulating
stomatal aperture(52). Therefore, we examined the ability of the stomata to close in i/k5-/ mutant plants upon ATP
treatment. The movement of the stomata in ilk5-1 mutant was mis-regulated (SI Appendix, Fig. S11). 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 ILKS5 in plant purinergic signaling. When a pathogen invades
causing the release of eATP, the P2K1 receptor is activated by eATP recognition. Subsequently, P2K1 directly interacts
with and phosphorylates the downstream ILKS5 kinase protein, leading to an innate immune response via activation of
the MAPK cascades (Fig. 4L).

Discussion

Role of Integrin-linked kinase in purinergic signaling. Extracellular ATP is a conserved damaged 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(2, 6, 65). Integrins are heterodimeric cell membrane receptors composed of o and
subunits that mechanically function by binding the cell cytoskeleton to the extracellular matrix (ECM)(66). 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(66—68). Interestingly,
integrin and purinergic signaling are closely regulated in metazoans. For example, the human P2Y; nucleotide receptor
directly interacts with a,f3 and o,Bs integrin complexes via the integrin-binding domain, arginine-glycine-aspartic
acid (RGD), contained in P2Y,R(69). The RGD sequence was also found to be essential for the role that P2Y,R plays
in UTP-induced chemotaxis via Gy protein coupling. Additionally, Bye et. al., reported that aBs (GPIIb/IIIa) integrin
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protein is activated by P2Y -stimulated Ca** signaling and P2Y j,-stimulated activation of the PI3K kinase, which is
essential for fibrinogen binding to the platelet of primary rat megakaryocytes(70). Integrins and integrin-linked kinases
in animals have been well characterized; however, homologs of animal integrins appear to be absent in plants(71).
However, other proteins have been suggested to function like animal integrins in plants. For example, based on the
structural similarity to integrin, the Arabidopsis NDR1 protein was suggested to function as an integrin(71). NDR1
was shown to function in plasma membrane-cell wall adhesion and to play an important role in plant innate
immunity(71). As the name suggests, integrin-linked kinases strongly interact with the £ 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)(46, 55). It is also interesting that P2K1 (LecRK 1.9) was reported to mediate
plasma membrane-cell wall interaction(21). Hence, it is possible that in the absence of true integrins, plants use such
receptors as a means to construct signaling complexes at sites of plasma membrane-cell wall adhesion. Our data would
suggest that, similar to metazoans, integrin-like kinases (i.e., ILK5) are likely components of such a signaling complex.

Phosphorylation of MAPK in purinergic signaling. Activation of a MAPK cascade is a purinergic signaling
response shared between animals and plants(72, 73). For instance, P2Y; mediated cell growth is highly stimulated by
eATP through MAPK/ERK kinase activation(63, 74). 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(73). Extracellular ATP induces animal cell cycle progression beyond the G1 phase
of the cell cycle by activation of P2 receptors(72). 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(6, 72).

Previous research showed that phosphorylation of MPK3/6 was activated in plants upon eATP addition and
required P2K1 function primarily but was also reduced in the absence of P2K2(18, 29). However, the mechanism
remained unclear as to how eATP recognition at the plasma membrane was coupled to downstream activation of
MAPK function. The current study provides this connection by presenting several lines of evidence consistent with
the hypothesis that P2K1 activation leads to ILKS activation, followed by MKKS activation and then phosphorylation
of MPK3/6, the latter as previously published(57). These findings provide new insights into the biological roles and
molecular mechanisms of the largely functionally uncharacterized purinergic signaling cascades in plants. Although
we found that the Raf-like MAPKKK ILKS is involved in MPK3/6 phosphorylation, MPK3/6 phosphorylation was
not completely abolished in the il/k5 mutants under ATP treated conditions (Fig. 4F) In previous studies, several plant
MAPKKKSs were reported that regulate the phosphorylation of MPK3/6 in biological processes or environmental stress
conditions, especially in innate immunity. For example, Arabidopsis MEKKI (MEKKI-MKK4/MKK5-
MPK3/MPKG®6) is involved in FLS2 mediated plant immune response(57) and YODA (YDA—MKK4/MKK5—
MPK3/MPK6) plays an important role in inflorescence architecture development by promoting localized cell
proliferation in Arabidopsis(75) and NPK1 (NPK1-NQKI1-NRK1) positively regulates plant cytokinesis during
meiosis as well as mitosis in tobacco(76). It was also reported that two highly conserved MAPKKKs, MAPKKK?3 and
MAPKKKS, 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
in Arabidopsis(77). PRRs recognize PAMPs and DAMPs, which then transmit the signals to MAPKKKs, where
receptor-like cytoplasmic kinases are heavily involved(78). Many receptor-like cytoplasmic kinases, such as botrytis-
induced kinase 1 (BIK1), PBL1, PBL27 and BSKI, are associated with PAMP or DAMP receptors(59, 78, 79).
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. For instance, the C6 subgroup of
RAF-like MAPKKKSs, RAF22 and RAF28, are essential for the regulation of embryogenesis in Arabidopsis. More
recently, B4 Raf-like MAPKKKs, RAF18, RAF20, and RAF24, were found to interact with and phosphorylate
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SnRK2s as part of the osmotic stress response(80). There are six ILK members in Arabidopsis, of which ILK4 is the
most similar in protein sequence to ILKS. In a recent report, ILK1 was shown to regulate MPK3/6 phosphorylation in
response to treatment with the PAMP flagellin flg22 peptide(51). Therefore, ILKS has the potential to function in a
complementary relationship with another subgroup of MAPKKKSs or other Raf-like MAPKKKs, including ILK
members.

ILKS 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. The eukaryotic kinase domain consists of twelve
sub-domains with conserved amino acid residues necessary for regulation of kinase activity through binding ATP
complexed to divalent cations (e.g., Mg?" or Mn?"), the phospho-transfer reaction, and internal residues critical for
proper protein folding(81). Animal ILKs contain abundant substitutions in the conserved residues of the kinase domain
and, therefore, their functional role as active kinases has been questioned and published reports substantiate the view
that they are pseudo-kinases(45). Several members of the plant ILK family, including ILKS, were initially classified
as pseudo-kinases because they contain substitutions in some important amino-acid residues thought to be necessary
for enzymatic activity(82). However, relative to animal ILKs, plant ILKs contain fewer substitutions and there
remained the possibility that they possess kinase function. Indeed, Medicago MsILK1 and Arabidopsis AtILK1 have
an unusual Mn?* divalent ion dependent kinase activity, which was found to be necessary for root growth and pathogen
response(48, 51). 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 ILKS, and also with the previous report for ILK1, purification
of the proteins from plant tissue was necessary to produce proteins with strong kinase activity. In the case of ILK1, its
kinase activity is important for mediating plant disease resistance(51).

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 ILKS. In a previous study, according to protein sequence
comparison and structural analysis, it was found that ILK4/Raf47, ILK5/Raf27, and ILK6/Rafl7 display a 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 Mn?" as a cofactor in plant ILKs for full kinase activity(42). Regardless, the data clearly indicate
that plant ILKs are functional protein kinases and, hence, appear to function as MAPK kinase kinases to activate
downstream MAPK cascades.

ILKS plays a key role in regulation of stomatal aperture and plant stress responses. Our previous publication
showed that extracellular ATP elicits P2K1-mediated RBOHD phosphorylation to regulate stomatal closure, enhancing
plant innate immunity(8). ILKS is highly expressed in guard cells and strongly induced by various stress conditions
and was previously demonstrated to play an important role in regulating stomatal aperture(52)(S/ Appendix, Fig. 11).
It was also shown that mutational loss of MPK3/6 or MKK4/5 function abolished PAMP induced stomatal closure(83).
Gain-of-function activation of MPK3/6 induces stomatal closure independently of abscisic acid biosynthesis and
signaling(83). This is also true of P2K1-mediated stomatal closure in that p2k/ mutants still closed stomates in
response to ABA treatment(8). 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 ILKS 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 ILKS is involved in
abiotic stress responses. Extracellular ATP accumulates within the apoplast after treatment with such abiotic stress
conditions and, interestingly, P2K1 is also highly induced by various abiotic stress conditions (Fig. 3 and SI Appendix,
S6F). The expression of several plant /LK genes, including /LKJ, is increased under various abiotic and/or biotic stress
conditions(42), including treatment with bacterial and fungal pathogens, NaCl, heat, cold, and especially wounding,
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similar to P2K 1. 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. The common feature of these stress responses is their ability
to induce the release of eATP.

Materials 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 by 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 uE-m-s! (E, Einstein; 1
E = 1 mol of photons)]. For harvesting seeds, seedling plants were transferred to soil and grown to maturity at 21°C
under long day conditions under 60% relative humidity. Detailed information of plasmid constructions, protein-protein
interaction, in vitro or in vivo phosphorylation assay, RNA extraction and qRT-PCR, MAPK phosphorylation, bacterial
growth assay and stomatal closure experiments are provided in S/ Appendix.

Data availability
The mass spectrometry proteomics data are available at the ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD006678. All studies are included in the article and/or supporting information.
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Fig. 1. P2K1 interacts with and directly phosphorylates ILKS5. (4) Schematic diagram of ILKS5 (At4g18950) showing
the ankyrin repeat (ANK) and serine-threonine or tyrosine kinase (S-T/Y kinase) domains. Identified phosphopeptide
VKKLDDEVLS(p) is located in the kinase domain. (B, C, F, G) LCI experiment showing interaction of P2K1-ILK5
protein with/without 200 uM ATP treatment. 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
protein was used as a negative control. (D) BiFC assay in Arabidopsis protoplasts. The YFP fluorescence was
monitored using a Leica DM 5500B Compound Microscope with Leica DFC290 Color Digital Camera 24 h after
transformation. DAPI and FM464 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 and
ILK6 were used as positive and negative control, respectively. Enlarged indicates enlargement of YFP image to clearly
indicate plasma membrane-associated yellow fluorescence. Scale bars: 10 pm. (£) Co-immunoprecipitation of P2K1
and ILKS proteins. The indicated constructs were co-infiltrated and transiently expressed in N. benthamiana leaves
after addition of 200 uM 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. (H, 1) P2K1
directly phosphorylates ILK5 at Ser192. Purified recombinant ILK5-His and ILK55!°?A protein was incubated with
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GST-P2K1 kinase domain (GST-P2K1-KD), P2K1 kinase dead versions, (GST-P2K1-KD-1; D572N or GST-P2K1-
KD-2; D525N), or GST in an in vitro kinase assay. Auto- and trans-phosphorylation were detected by incorporation
of y-[32P]-ATP. MBP and CPK5 were used as a universal substrate and a negative control, respectively. Protein loading
was visualized by coomassie brilliant blue (CBB) staining. (/) Quantification of phosphorylated ILK5 and ILK55!924
protein. The intensity of the phosphorylation signals of ILK5 and ILK5519?Aby P2K 1-KD (shown in SI Appendix, Fig.
S2B) were measured and analyzed using the Image J and GraphPad Prism 8. Data shown as mean + SD, n = 4,
**p<0.01, unpaired Student’s ¢ test, two-way. (K) ILKS5 protein is phosphorylated by ATP treatment in vivo. CPK5-
HA used as a negative control. (L) Mutation of ILKS at Ser192 results reduced phosphorylation under ATPyS treatment.
(M) ILKS5 phosphorylation is dependent on P2K1 protein. In panel K-M, either ILK5-HA or ILK55'2A-HA protein
was expressed in Arabidopsis WT, p2kI-3 or P2KI-OX protoplasts after addition of 250 uM ATPyS and subsequently
immunoprecipitated (IP) using anti-HA antibody beads and immunoblotting (IB) was carried out with an anti-
phospho-Ser/Thr antibody. Protein loading was visualized by CBB staining. Above experiments were repeated at least
two times with similar results.
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Fig. 2. ILKS interacts with MKK4 and MKKS proteins. (4) ILKS interaction between MKK4 and MKKS5 was
demonstrated using LCI analysis. Dotted circles indicate the infiltrated area in N. benthamiana leaves. MKK8 was
used as a negative control. (B) Quantification of ILK5-MKK4 and -MKKS interaction signal intensities. (C) BiFC
assay in Arabidopsis protoplasts demonstrating ILKS5 interaction with MKK4 and MKKS. DAPI and FM4-64 were
used as nuclear and plasma membrane markers, respectively. Chl represents chlorophyll auto-fluorescence signal.
MKKS8 was used as a negative control. Scale bars: 10 um. (D and E) Demonstration of ILK5-MKK4 and -MKKS5
interaction signal intensities under ATP treatment. ILK5-MKK4 and -MKKS5 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, one-way
ANOVA followed by Dunnett's multiple comparisons. (F-H) MKKS activation loop can be phosphorylated by ILKS.
Recombinant His-ILKS5 or His-ILK5%!%2A protein purified from N. benthamiana was incubated with kinase dead GST-
MKK4 (GST-MKK4KI%R) = kinase dead GST-MKKS5 (GST-MKK5%R), GST-MKKS5 triple mutation (GST-
MEKKSKPRIZISAS2IAY " CPK 5-His or GST in an in vitro kinase assay. Autophosphorylation and trans-phosphorylation
were detected by incorporation of y-[*2P]-ATP. MBP and CPK5 were used as an universal substrate and negative
control, respectively. The protein loading was visualized by CBB staining. (/) MKKS phosphorylation is reduced in
ilk5-1 mutant plants. MKKS5-HA protein was expressed in wild-type and ifk5-1 protoplasts with/without 250 uM 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 at least two times with similar results.
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Fig. 3. ILK5 is highly induced after addition of ATP or Pst DC3000. (4) Histochemical analysis of /LK5 expression
after ATP treatment or Pst DC3000 inoculation. The expression patterns of the ILKS5promoter::GUS transgenic plant
was detected by histochemical staining in a 10-day-old seedling rosette leaf treated with 200 uM ATP or inoculated
with Pst DC3000 (ODggo = 0.05) after 1 hour. Arrows indicate the stained guard cells. (B, C) Western blot analysis of
GFP expressed from the /LK5 promoter after ATP treatment or Pst DC3000 inoculation. Total protein was extracted
from 10-day-old seedlings at each time point after treatments. Western blotting was performed using an anti-GFP
antibody. CBB used as a loading control. (D-G) Real-time qRT-PCR analysis of /LK transcripts after ATP (200 uM)
or Pst DC3000 treatment. Total RNA was isolated from 10-days old seeding plants at each time point and 2 pg of total
RNAs were used in this experiment. WRKY40 was used as an inducible marker gene for the response to ATP and Pst
DC3000 treatment in Fig. 3E and G, respectively. The SAND reference gene was used for data normalization. (H)
Histochemical analysis of ILKSpromoter::GUS and P2KIpromoter.::GUS expression in response to wounding. The
expression patterns of the ILKS5promoter::GUS and P2Klipromoter::GUS transgenic plants were detected by
histochemical staining of 2-week-old GUS transgenic plants after wounding. (/) Real-time qRT-PCR analysis of ILK5
and P2K1 gene expression in response to wounding. Data shown as mean £ SEM, ***P<(.001, **P<0.01, unpaired
Student’s ¢ test, two-way. (J) Histochemical analysis of 10-day-old seedling ILK5promoter::GUS and
P2KIpromoter::GUS in response to flg22(100 nM) and MeJA(1 uM). (K, L) Real-time qRT-PCR analysis of /LK5
and P2K] gene expression (n = 3) at different time points in response to flg22 treatment. FRK/ and WRKY29 were
used as inducible marker genes. In panel D, E, F, G, K and L, data shown as mean + SEM, ****p<0.0001, ***p<0.001,
**p<0.01, *p<0.05, p-value was determined and analyzed using the GraphPad Prism 8 by one-way ANOVA followed
by Dunnett's multiple comparisons. These experiments were repeated three times with similar results.
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Fig. 4. ILKS is required for plant innate immunity. (4, H) Three-week-old plants were flood inoculated with
luxCDABE-tagged Pst DC3000 suspension (ODgop = 0.002 approximately 5 x 105 CFU mL™") containing 0.025% (v/v)
Silwet L-77 in the presence of ATP (250 uM). Inoculated plants [either ilk5-/ mutants, complemented i/k5-/ mutant
with ILK5SYT-HA (L1), or ILK5%'?A-HA mutant (L1) plants] were used and luciferase luminescence was detected
using a low light capture CCD camera either at the time of inoculation (0 days) and 3 days post inoculation. sid2-2
was used as a control. (B, /) Quantification of luminescence signal intensities. The signal of /uxCDABE-tagged Pst
DC3000 for each plant was monitored, images were captured, and the luciferase signal intensities were quantified
using the C-vision/Im32. (C, J) Bacterial colonization was determined by plate counting. In panel B (n=9), C (n=38),
I (n=6),J (n=8), data shown as mean £ SEM, ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, p-value indicates
significance relative to wild-type plants and was determined and analyzed using the GraphPad Prism 8 by one-way
ANOVA followed by Dunnett's multiple comparisons. (D, E) Real-time qRT-PCR analysis of WRKY40 and CPK28
transcripts in p2kl-3, ilk5-1 and ilk5-3 mutant backgrounds after ATP (250 uM) treatment. Total RNA was isolated
from 2-week-old plants and 2 pg of total RNA was used in this experiment. The SAND reference gene was used for
data normalization. Data shown as mean = SD, WRKY40; n=4, CPK28; n=6, ¥****p<0.0001, ***p<0.001, **p<0.01,
*p<0.05, p-value was determined and analyzed using the GraphPad Prism 8 by unpaired two-way Student’s ¢ test.
These experiments were repeated two times (biological replicates) with similar results. (F, G, K) Phosphorylation of
MPK3/MPKG6 detected in i/k5 mutants or complemented lines in which ILKS5 or ILK5%9 expression was driven by
the native promoter by western blotting using anti-phospho 44/42 antibody. ATPyS (250 uM) was added and plants
incubated for the times shown. Total protein was extracted at each time point and IB was performed with an anti-44/42
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MAPK antibody. CBB staining of protein was used as a loading control. (L) 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 ILKS5 protein, leading to innate immune response

via MAPK cascades. Above the experiments were repeated at least two times (biological replicates) with similar
results.
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Supplementary Information Text

Extended Description of Materials and Methods

Plasmid constructs and transgenic plants. Full-length CDS of /ILK5 (AT4G18950), ILK6 (AT1G14000), P2K1

(AT5G60300), RBOHD (AT5G47910), CPK5 (AT4G35310), MKK3 (AT5G40440), MKK4 (AT1G51660), MKKS5

(AT3G21220), and MKKS (AT3G06230), as well as their kinase domain or C-terminal domain, were amplified by

PCR reaction using a set of gene-specific primer pairs (Supplementary Table 1). 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 V.

benthamiana leaves, the full-length CDS DNAs from the pDONR-Zeo vector were cloned into pCAMBIA1300-GW-

nLUC and pCAMBIA1300-GW-cLUC gateway vector. All gateway clones were generated by LR cloning reactions

according to the manufacturer’s instructions (Invitrogen). The /LK5 promoter was cloned as a 2 kb fragment upstream

of the ILKS translation start codon into the pDONR-Zeo vector by BP reaction. ILKS5 promoter::GUS and GFP fusions

were generated by LR cloning into pGWB3 (GUS) and pGWB4 (GFP) gateway vectors, respectively. In order to

generate the ILKS5 wild-type and ILK55!2 complementation lines, /LK5 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 ILK55'9>A complementation lines. Gene expression of ILK5 was confirmed by
gRT-PCR and protein expression by western blotting using HRP conjugated anti-HA antibody (Roche). GST fused-

P2K1 and the kinase dead version of P2K1 (GST-P2K1-KD-1; D572N and GST-P2K1-KD-2; D525N) were described
by (Chen et. al., 2017)(1) and GST-fused MKK4 and MKKS5 were generated by LR reaction into pDEST15 (Invitrogen)
gateway vector. In order to generate His-tagged constructs, DNA fragments of /LK5 and CPK5 were amplified by
PCR reaction and digested with EcoRl/Xhol and BamHI/Xhol, respectively, followed by cloned into the pET21a vector.
ILK5S192A) [LK 551920, MKK4K18R  MKK5%9R and MKK 5KRT2ISAS221A 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(2). The transgenic plants were selected by germination on 20 mg/L
hygromycin and 100 mg/L cefotaxime-containing one-half-strength MS medium with 1% (w/v) sucrose and 0.5%
(w/v) phytagel and 0.05% (w/v) MES adjusted by KOH to approximately pH 5.7 (Duchefa, Haarlem, The Netherlands)
under long-day conditions at 21°C. Homozygous plants were obtained by self-pollination (T3 generations) and
confirmed by hygromycin selection.

Kinase client assay (KiC assay). The KiC assay was performed as previously described(8, 54). 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-KD) in the presence of ATP.
Two sets of empty vectors (GST and MBP) and two kinase-dead proteins, GST-P2K1-KD-1 (D572N) and GST-P2K1-
KD-2 (D525N), 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.

Immunoblot assay. Total protein was extracted from 10-day-old Arabidopsis transgenic plants at the indicated time
points by homogenization in extraction buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 10 mM MgCl,, 1
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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
new 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 containing 10% SDS, 50% glycerol, 0.01% bromophenol blue,
10% p-mercaptoethanol, 0.3 M Tris-HCI pH 6.8, and heated in boiling water for 5 min. The total extracted proteins
were separated by 12% SDS-PAGE gel and detected by immunoblotting with anti-HA-HRP (Roche, 12013819001;
dilution 1:2000), anti-GFP (Invitrogen, A11122; dilution 1:4000), anti-MPK3 (dilution 1:2000) and MPK6 (dilution
1:4000) antibody(84, 85).

Protoplast isolation and DNA transformation. Full-length /LK5 and P2KI CDS for the YFP-fused constructs were
prepared by PCR reaction and fused to the 5'-end of YFP in the pAM-PAT-GW-YFP vector for transient expression
and stable transformation. For the transient expression of YFP fused to ILKS5 or P2K1, the YFP-fused constructs were
introduced by polyethylene glycol (PEG)-mediated transformation into Arabidopsis protoplasts prepared from leaf
tissues of three- to four-week-old plants. Before the isolation of Arabidopsis protoplasts, the plants were incubated
with 1 M mannitol for 30 min. 30 mL of 0.22 pum filter-sterilized enzyme solution was added containing 10 mM MES-
KOH (pH 5.7), 0.4 M mannitol, I mM CaCl,, 1% cellulase (Onozuka R-10), 0.25% macerozyme (R-10) and 1% BSA
(Goldbio) and 0.035% p-mercaptoethanol, covered with parafilm and aluminum foil for dark conditions. After gentle
agitation at 21°C for 8-10 h, the enzyme solution containing protoplasts was gently filtered through the 75 mm nylon
mesh into a 50 mL tube. These protoplasts were gently covered with 10 mL W5 solution (2 mM MES pH 5.7, 154 mM
NaCl, 125 mM CaCl,, and 5 mM KCIl) without disturbing the 21% sugar content gradient, followed by centrifugation
for 8 min at 100 x g. Approximately 10 mL of intact protoplasts floating on the sucrose to 20 mL of W5 solution were
carefully transferred to a new 50 mL tube. An aliquot of 15 mL W5 solution was added followed by centrifugation for
5 min at 60 x g. The protoplasts were washed with 15 mL of W5 solution and centrifuged again for 5 min at 60 x g.
Pelleted protoplasts were resuspended in 5 mL MaMg Solution containing 4 mM MES pH 5.7, 0.4 M mannitol and
15 mM MgCl,. Plasmids encoding the proteins to be expressed were transfected into protoplasts using the plasmid-
PEG-calcium transfection method(3, 4). Briefly, 20 pug of each construct (1 pg/uL) was added to 300 uL protoplast
solution and mixed gently. 320 uL. of PEG solution were added and gently mixed with DNA-protoplasts by tapping.
This mixture was incubated at 21°C for 30 min. The transfection mixture was diluted and washed with 1 mL W5
solution 5-times at 5 min intervals, then centrifugated at 50 X g for 4 min at room temperature. The protoplasts were
resuspended gently with 2 mL W5 solution. After incubation for 24 h under dark conditions, 200 uM ATP was added
to the protoplast solution for further experiments.

Subcellular localization of YFP-tagged protein and bimolecular fluorescence complementation (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 into Arabidopsis protoplasts as described above
and then 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 uM FM4-64 (Invitrogen, T3166) was used as a counter stain for the plasma membrane. In addition, 1 pg/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 4. tumefaciens strain GV3101
(pMP90RK) and Arabidopsis plants were transformed using the ‘floral-dip’ method(2). The transgenic plants were
selected by germination on 20 ug/mL hygromycin-containing MS medium under long-day conditions at 21°C.
Homozygous T3 generation plants were selected after self-pollination. Confocal images were generated using a laser
confocal microscope (Leica, TCS SP8 STED) attached to a vertical microscope (Leica MP Color Digital Camera)
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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. The fluorescence images were collected in the YFP or FM4-
64 channels. 30 pL monoclonal anti-HA Agarose beads (Sigma, A2095-1 mL), spun down and washed seven times
with extraction buffer.

Co-immunoprecipitation assay. 4. tumefaciens GV3101 carrying the indicated constructs in infiltration buffer [10
mM MES (pH 5.7), 10 mM MgCl,, 100 uM 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 PMSEF, 0.5% Triton-X 100, and 1 x
protease inhibitor (Thermo Fisher Scientific; A32955) by gentle agitation at 4°C for 1 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 pL monoclonal
anti-HA antibody Agarose beads (Sigma, A2095-1 mL) was added, and incubated overnight with end-to-end shaking
at 4°C. Subsequently, washed at least 7 times with washing buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, and 1 x protease inhibitor. After washing, the resin was eluted with 25 pL 1 x SDS-PAGE loading buffer and
the eluent heated in boiling water for 10 min. The proteins were separated by 10% SDS-PAGE gel electrophoresis and
detected by immunoblotting with anti-HA-HRP (Cat no. 12013819001, Roche; dilution, 1:1000) a horseradish
peroxidase (HRP)-conjugated anti-HA and anti-Myc (Cat no. SAB4700447, Sigma-Aldrich; dilution, 1:2000)
antibodies. MKKS8-myc was used as a negative control.

Split-luciferase complementation imaging (L.CI) assay. Each of the constructs containing full-length cDNAs were
cloned with N- or C-terminal LUC (nLUC or cLUC) at their C-termini of the pCAMBIA1300-GW-nLUC or
pCAMBIA1300-GW-cLUC vector by LR cloning and transformed into the 4. tumefaciens GV3101 by GenePluser™
electro-transformation (BioRad). The positive strains were selected by Rifampicin (25 pg/mL) and Kanamycin (50
pg/mL) antibiotics and then cultured in Luria-Bertani (LB) medium. When the ODggo value of the cultures reached
1.0, the cultures were resuspended with infiltration buffer [10 mM MES (pH 5.7), 10 mM MgCl», 100 uM 4'-Hydroxy-
3'5'-dimethoxyacetophenone] and incubated for 2 h. A. tumefaciens GV3101 carrying the indicated constructs (ODgoo
= 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.).

GST-, His recombinant protein expression and purification. His-tagged ILKS and CPKS5 were fused C-terminally
in the pET21a vector (Novagen). The GST-tagged intracellular domain of P2K1 (GST-P2K1-KD) and, its kinase dead
versions (GST-P2K1-KD-1; D572N) and GST-P2K1-KD-2; D525N) were fused N-terminally in the pGEX-5X-1
vector (GE Healthcare). Plasmids were transformed into Rosetta™ (DE3) competent cells (Novagen) expressing YopH
tyrosine phosphatase. Bacterial cultures in LB medium were induced with 0.5 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG) after reaching an ODggo absorbance of 0.5 and incubated at 28°C for an additional 4 h.
Bacterial cells were collected at 6,000 x g for 10 min and His- and GST-tagged proteins were purified by TALON
Metal Affinity Resin (Clontech #635502) and Glutathione Resin (GenScript #L.00206) following the manufacturer’s
protocol, respectively. For the His-tagged ILKS protein from N. benthamiana, CDS of ILK5 was amplified by PCR
and digested with Smal/Xhol restriction enzyme and ligated into the pEAQ-HT vector(5). These constructs were
introduced into 4. tumefaciens strain LBA4404 and infiltrated into leaves from 4-6 weeks old N. benthamiana. In
order to extract the His-tagged ILK5 protein, we followed the previous protocols(5, 6).Leaves were harvested 3-5 days
after infiltration of N. benthamiana and flash-frozen in liquid nitrogen. Harvested leaves were ground in a mortar and
pestle with liquid nitrogen until a superfine powder. 50 mL total protein extraction buffer [S0 mM sodium phosphate
(pH 8), 10 mM imidazole, 0.5 M NacCl, 1% Triton-X 100, and 1 x protease inhibitor] were added in each sample, then
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incubated at 4°C with gentle agitation for 2 h to extract total protein from the infiltrated N. benthamiana. Plant debris
was pelleted by centrifugation at 4°C and 20,000 x g for 20 min. Supernatant was transferred to a new tube and
centrifuged again at 4°C and 20,000 x g for 10 min to pellet any carryover leaf debris. The supernatant was transferred
to new tubes repeatedly until no debris could be detected. His-tagged ILKS protein was purified by TALON Metal
Affinity Resin (Clontech #635502) following the manufacturer’s protocol. His-tagged ILK5 protein was eluted by
Elution buffer [5S0 mM sodium phosphate (pH 8.0), 300 mM NaCl, 150 mM imidazole and 1 x protease inhibitor]. All
purified protein was concentrated up to approximately 1 pg/pul and contaminants removed for further experiments
using Vivaspin 2 or 6 (30 kDa MWCO, GE Healthcare) columns following the manufacturer’s protocol. The protein
concentration was measured with the BIO-RAD Quick Start Bradford Dye Reagent and confirmed by the
NanoDropOne Spectrophotometer.

In vitro kinase assays. in vitro kinase assay was performed as previously described with minor modifications(7).
Briefly, 2 pg of purified GST or GST-tagged protein kinases were incubated with 2 ug His-tagged ILKS5 protein as a
substrate in a 25 pL reaction buffer containing 20 mM Tris-HCl (pH 7.4), 5 mM MgCl, or MnCl,, 100 mM NacCl,
2mM ATP, with or without 0.2 uL radioactive [y->?P] ATP for 3 h at 30°C. The two reactions with or without
radioactive [y->?P] ATP reactions were stopped by adding 5 puL of 5x SDS loading buffer and incubating in the
thermomixer (Eppendorf 22331 Hamburg) at 100°C for 5 min. Each reaction was separated by electrophoresis in 12%
SDS-PAGE gels, and the gel containing radioactive [y->*P] ATP was auto-radiographed using a Typhoon FLA 9000
Phospho-imager (GE Healthcare) for 24 h. Either reaction mixture with or without radioactive [y->*P] ATP were
stained with CBB (Coomassie Brilliant Blue) and used as a loading control. MBP (Myelin Basic Protein) was used as
a generic substrate and CPK5 and GST were used as negative controls, respectively.

p-glucuronidase (GUS) assay. Whole seedlings or various tissues were immersed in histochemical staining solution
containing 1 mM 5-bromo-4-chloro 3-indolyl -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 612 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% EtOH 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).

RNA extraction and qRT-PCR 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 uM ATP, 100 nM fIg22,
luxCDABE-tagged P. syringae DC3000, drought, heat (37°C), cold (4°C), NaCl (200 mM) or wounding. Plants were
immediately harvested by flash-freezing in liquid nitrogen. Harvested leaves were ground in a mortar and pestle with
liquid nitrogen until a superfine powder. 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 PCR was performed using the
SYBR™ 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 the ST Appendix Table S1. RNA levels
were normalized against the expression of the SAND or UBIQUITIN (UBQ) gene.

In vivo kinase assay. 100 pg of pUGW-CPKS5-HA or pUGW-ILKS5-HA(WT or S192A) constructs were introduced
by polyethylene glycol (PEG)-mediated transformation into Arabidopsis protoplasts prepared from leaf tissues of
three- to 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 NacCl, 125 mM CaCl,, and 5 mM KCl). 250 uM ATP
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or ATPyS (poorly hydrolyzed ATP analog) was added and incubated for 1 hour at 21°C. All intact protoplasts were

then subsequently harvested by centrifugation at 50 x g for 4 min at room temperature. All supernatant was removed

and 250 pL of total protein extraction buffer [SO mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.2 mM PMSF, 0.5% Triton-
X 100, and 1 x protease inhibitor (Thermo Fisher Scientific; A32955)] was added and incubated 4°C for 1 hour.

Immunoprecipitations were performed by 30 pL monoclonal anti-HA Agarose beads (Sigma, A2095-1 mL), spun
down and washed seven times with extraction buffer. After washing, 50 pL 1x SDS-PAGE loading buffer was added
and heated at 100°C for 10 min. The proteins were separated by SDS-PAGE and western blotting 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 using the method described above.

MAPK phosphorylation assay. Leaf discs from 4- or 5-week-old plants were incubated in ddH>O overnight at 21°C,
then treated with 200 uM ATP or ATPyS, for 0, 10, 20, or 30 min. Leaf discs treated with ATP were harvested at each
time point by flash-freezing in liquid nitrogen. Harvested leaves were ground in a mortar and pestle with liquid
nitrogen. Total protein was extracted with extraction buffer containing 50 mM Tris (PH 7.5), 150 mM NaCl, 0.5%
Triton-X 100, and 1 x protease inhibitor at 4°C with gentle agitation for 2 h to extract total protein from the leaf discs.
The samples were centrifuged at 20,000 x g for 15 min at 4°C. Supernatant was transferred to new 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 separated
by 10% (w/v) SDS-PAGE gel and detected by immunoblotting with anti-phospho-p44/p42 MAPK antibody (Cell
signaling, 9102S; 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 (ODggo = 0.002 approximately 5 x 10 CFU mL™!) containing 10 mM MES pH 5.7, 10 mM
MgCl, and 0.025% (v/v) Silwet L-77 with or without the addition of 250 pM ATP. The bacterial suspension was
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 pE-m?-s") at 21°C. Three days post inoculation, plants were washed
with ddH,O for 5 min. The plants without roots were ground in 10 mM MgCl,, 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 KCI, and 10 uM CaCl,. These peels were treated with 2 mM ATP,
5 uM ABA (Sigma, A1049) or mock solution for 1h and then images captured using a light microscope (Nikon,
Alphaphot2). The stomatal aperture was measured using ImageJ software (Version 1.51a).
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Fig. S1. Subcellular localization of ILKS protein. (4) Subcellular localization of ILKS in plants expressing a
358::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 membranes were counter-stained by
incubation for 1 min in a FM4-64 solution (5 pM). Images were collected by spinning-disk fluorescence confocal
microscopy using a Leica 40 x Plan-Apochromat lens with appropriate EYFP and PI fluorescence filter sets. Dotted
square line indicates enlarged area of the YFP images. P2K1-YFP and free-YFP were used as controls. FM4-64 was
used as a plasma membrane marker. Merge indicates overlapped image YFP and FM4-64. Scale bars = 50 um. (B)
Subcellular localization of TLK5 and ILK55'%?A proteins in Arabidopsis protoplasts. YFP-fused constructs were
introduced by polyethylene glycol (PEG)-mediated transformation into Arabidopsis protoplasts prepared from three-
week-old wild-type Arabidopsis plants and incubated for 24 h under dark conditions. Scale bars, 10 um. The YFP
fluorescence was monitored using a Leica DM 5500B Compound Microscope with Leica DFC290 Color Digital
Camera 24 h after transformation. DAPI and FM4-64 were used as nuclear and plasma membrane markers,
respectively. Chl represents chlorophyll auto-fluorescence signal. Merge indicates overlapped image of YFP and FM4-
64. P2K1-YFP localizes to the plasma membrane and Free-YFP is diffused within the cytosol and nucleus, respectively.
Scale bars: 10 um. (C) Western blotting analysis of ILKS5-YFP. ILK5-YFP protein was extracted from tissues (as
shown in panel B) and used for western blotting using anti-GFP antibody. Total protein was extracted from
untransformed tissues and those expressing either free-YFP or ILKS-YFP driven by the 35S promoter. CBB staining
of protein was used as a loading control. Asterisk represents non-specific bands. Note that no proteolysis of the ILKS5-
YFP protein was detected. (D) Subcellular localization of YFP-ILKS (N-terminally tagged YFP). FM4-64 was used
as a plasma membrane marker. All above experiments were repeated three times with similar results.
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Fig. S2. P2K1 directly phosphorylates ILKS. (4) Confirmation of ILKS phosphorylation by treatment with Lambda
protein phosphatase (Lambda PPase). Lambda PPase was added to release phosphate groups from phosphorylated
serine, threonine, and tyrosine residues. Auto- and trans-phosphorylation were detected by incorporation of y-[*?P]-
ATP. MBP and GST were used as a universal substrate and a negative control, respectively. Protein loading was
visualized by coomassie brilliant blue (CBB) staining. This experiment was repeated three times with similar results.
(B) P2K1 phosphorylates ILK5 at Ser192 residue. Purified recombinant ILK5-His and ILK55!%?A proteins were
incubated with GST-P2K1 kinase domain (GST-P2K1-KD) for in vitro kinase assay. Autophosphorylation and trans-
phosphorylation were detected by incorporation of y-[*2P]-ATP. The protein loading was visualized by CBB staining.
The intensity of each band was measured by autoradiograph using Image j software (1.52a) and designated in Fig. 1J.
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Fig. 83. Demonstration of P2K1-ILK55'92A and P2K 1-ILK5%!°?P mutant protein interactions.

(4) Demonstration of P2K1-ILK5%9?4 and P2K1-ILK55'92P mutant protein interactions by split-luciferase imaging
assay. MKK3 was used as a negative control. (B) Quantification of P2K1-ILK5 mutation versions interaction signal
intensities. P2K1-ILKS5 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 one-way ANOVA followed by Dunnett's multiple comparisons. All above
experiments were repeated three times with similar results.
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Fig. S4. (4, B) ILKS has bona fide kinase activity. Purified recombinant His-ILKS protein extracted from M.
benthamiana leaves was incubated with MBP for in vitro kinase assay. Autophosphorylation and trans-
phosphorylation were detected by incorporation of y-[*?P]-ATP with the indicated concentrations of MgCl, or MnCl,.
(C) in vitro kinase assay of purified recombinant His-ILK5 protein (WT, S192A and S192D) extracted from N.
benthamiana. P2K1 and GST were used as a positive and negative controls, respectively. MBP was used as a universal
substrate. The protein loading was visualized by CBB staining. All above experiments were repeated two times with
similar results.
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Fig. S5. LCI analysis of ILKS5 putative interactors among MKKs and investigation of MKK4, MKKS5 kinase activity.
(4) ILKS5 interaction between MKKs (1-10) was demonstrated by split-luciferase imaging. Split-luciferase imaging
was performed in N. benthamiana leaves co-infiltrated with A. tumefaciens GV3101 strain expressing ILKS and MKKs.
Dotted circles indicate the infiltrated area in N. benthamiana leaves. Note the very strong interaction with MKK4 and
MKKS. (B) Purified wild-type recombinant proteins, GST-P2K1-KD, GST, GST-MKK4, GST-MKKS5 or kinase dead
versions, GST-MKK4X¥®R and GST-MKK5*R, were incubated with MBP for in vitro kinase assay.
Autophosphorylation and trans-phosphorylation were detected by incorporation of y-[3?P]-ATP. P2K 1 and GST were
used as positive and negative controls, respectively. MBP was used as a universal substrate. The protein loading was
visualized by CBB staining. (C and D) Demonstration of ILK551°?4 or ILK55!°?P and MKK4 or MKKS5 interaction by
split-luciferase imaging assay. Cont represents co-infiltrated region of ILK5-cLUC with MKK8-nLUC. It was used as
a negative control. Above experiments were repeated three times with similar results.
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Fig. S6. ILK5 and P2K1 are ubiquitously expressed in various plant tissues. (A) /ILKS5 is highly expressed in guard
cells. ILKS5promoter::GFP transgenic plant was constructed in wild-type Arabidopsis plants transformed with a
chimeric ILKSpromoter::GFP [i.e., 2 kb of the ILK5 promoter (5’ region of the ILK5 gene) fused to the GFP coding
sequence]. Fluorescent confocal images displaying the GFP expression were taken from rosette leaf tissue of 10 day-
old seedlings. The YFP fluorescence was monitored using a Leica DM 5500B Compound Microscope with Leica
DFC290 Color Digital Camera. Arrows indicate guard cells expressing GFP. Merge indicates overlapped image Bright
and GFP. (B and C) Histochemical analysis of ILK5pro::GUS and P2KIpro::GUS expression in various tissues. The
expression patterns in plants expressing either ILKS5promoter::GUS or P2Klpromoter::GUS transgenic plant.
transgenic plant were detected by histochemical staining in 10 day-old seedling grown under normal conditions. (D)
Real-time quantitative RT-PCR (qRT-PCR) analysis of /LK5 and P2K] transcripts in 10 day-old seedling or 2 week-
old plants grown under normal conditions. Total RNA was isolated from 10-day-old plants (root, rosette leaf; R.L and
whole plant) or 6 week-old plants (cauline leaf; C.L, stem and flower) and 2 pg of total RN A were used for qRT-PCR.
The SAND reference gene was used for data normalization. Each value represents the means + SD (n = 4). All above
experiments were repeated two times with similar results. (£) qRT-PCR analysis of /LK5 and P2K1 gene expression
in response to various abiotic stress conditions. Data shown as mean = SEM, n = 2, ¥*** p<(0.0001, *** p<0.001, **
p<0.01, * p<0.05, p-value indicates significance relative to mock treatment of wild-type plants and was determined
and analyzed using the GraphPad Prism 8 by one-way ANOVA followed by Dunnett's multiple comparisons.. The
SAND reference gene was used for data normalization. All above experiments were repeated two times with similar
results.
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Fig. S7. Schematic structure and sequence of ILK5. (4) Schematic diagram of /LK5 (At4g18950) gene and T-DNA
insertion regions. The filled boxes and the horizontal line between them represent exons and introns, respectively. The
white boxes at both ends represent 5' and 3' UTRs. T-DNAs are inserted in the 9" exon (ilk3-1; WiscDsLox345-
348B17), 5'-UTR (ilk5-2; SALK_099335C), 7" Intron (i/k5-3; SALK_050039) and 3'-UTR (ilk5-4; SALK_082479).
(B) Protein sequence of ILK5. In the box, bold letter and underline indicate ANK and Ser/Thr kinase domains,
respectively. Yellow highlighted region indicates phospho-peptide identified in the KiC assay. (C and D) RT-PCR
(panel C) and real-time qRT-PCR (panel D) analysis of ilk5-1, ilk5-2, ilk5-3 and ilk5-4 mutants under p. syringae
treatment. Location of used primer pairs is shown in panel 4. qRT-PCR analysis of 3 week-old i/k5 mutant plants. The
UBQ or SAND reference gene was used for data normalization.
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Fig. S8. MPK3/6 phosphorylation is regulated by P2K1 under ATP treatment. (4) Phosphorylation of MPK3/6 was
detected by western blotting using anti-phospho 44/42 antibody after treatment with ATP over a time course. CBB
staining of protein was used as a loading control. (B and C) Phosphorylation of MPK3/6 were detected in two EMS
mutagenized p2k! mutants (p2ki-1; D572N, p2ki-2; D525N) and a T-DNA insertion mutant (p2k/-3; Salk 042209),
as well as a transgenic line ectopically, over-expressing P2K1. An anti-phospho 44/42 antibody was used to detect
MPK3/6 phosphorylation. CBB staining of protein was used as a loading control.
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Fig. S9. ILK5WT and ILK 551924 protein expression was determined by western blotting using anti-HA antibody. (4 and
B) Total protein was extracted from complemented lines in which the ILK5WT or ILK551°24 protein were expressed
from the /LK native promoter (L1 and L2). CBB staining of protein was used as a loading control. Asterisk represents

non-specific bands.
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Fig. S10. Investigation of MPK3/6 protein stability upon ATP treatment. (4-D) MPK3 (in panel 4 and C) and MPK6
(in panel B and D) was detected by western blotting using anti-MPK3 or -MPK6 antibodies after treatment with ATP
over time in ilk5-1 or ilk5-3 mutants (panel 4 and B) or ILK5YT-HA or ILK55!%2A-HA complemented lines (panel C
and D). CBB staining of protein was used as a loading control.
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Fig. S11. ILKS is involved in stomatal closure in response to ATP treatment. (4, B) ILKS is required for ATP-induced
stomatal closure. Stomatal aperture was measured after treatment with 2 mM ATP or 5 pM ABA. Data shown as mean
+ SEM, n > 41, * p<0.05, p-value indicates significance relative to wild-type and was determined and analyzed using
the GraphPad Prism 8 program by unpaired Student’s ¢ test; two-way.
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Table S1. Sequence of primers used in this study

Primer name

5'-3' Sequence

Purpose

ILK5-BP-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAAGAGGATTATCAACAGCC

ILKS5(-stop)-BP-R

GGGGACCACTTTGTACAAGAAAGCTGGGTTCAAATGTGAACCGGATGATGAG

ILK6-BP-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAGCTCCGATTCACCGGC

ILK6(-stop)-BP-R

GGGGACCACTTTGTACAAGAAAGCTGGGTGTGAAGTGAATAAGCCCCAATGGTG

MKK3-BP-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGGCATTGGAGGAGCTAAAG

MKK3(-stop)-BP-R

GGGGACCACTTTGTACAAGAAAGCTGGGTGATCTAAGTTTGTAATATAAAGCTCTTGC

MKK4-BP-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAGACCGATTCAATCGCCTCC

MKK4(-stop)-BP-R

GGGGACCACTTTGTACAAGAAAGCTGGGTGTGTGGTTGGAGAAGAAGACGAGGAC

MKKS5-BP-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAACCGATTCAATCTCCTTCTG

MKKS5(-stop)-BP-R

GGGGACCACTTTGTACAAGAAAGCTGGGTGAGAGGCAGAAGGAAGAGGACGAG

MKKS8-BP-F

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTTATGGTTAGAGATAATCAATTC

MKKS(-stop)-BP-R

GGGGACCACTTTGTACAAGAAAGCTGGGTGTCTCTCGCTTGCTTTCTTGCGTAAAC

For
pDONR-zeo

ILK5g-(S192A)-F

GTTTTGGCCGATGACGATCAAGTGTAAG

ILK5g-(S192D)-F

GTTTTGGACGATGACGATCAAGTGTAAG

MKKA4(K108R)-F

GCACTTAGGGTGATATACGGTAACCACG

MKK4(K108R)-R

CGTATATCACCCTAAGTGCATATAGACGAG

MKKS5(K99R)-F

GCTCTCAGAGTGATTTACGGAAACCAC

MKK5(K99R)-R

GTAAATCACTCTGAGAGCGAAAGGACG

MKKS5(T215A)-F

GGCACAAGCAATGGATCCTTGTAATTC

MKKS5(T215A)-R

GATCCATTGCTTGTGCCAAGATCCTAC

MKK5(S221A)-F

GTAATGCATCTGTTGGTACTATTG

MKKS5(S221A)-R

CAACAGATGCATTACAAGGATCC

ILKS5-pro-BP-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCCTGCTGCATTGGTTTAGTAAGGTATGA

ILK5-pro-BP-R GGGGACCACTTTGTACAAGAAAGCTGGGTGTCCAACAAAAACCCTAAAACCCTGATT

P2K1 pro-BP-F GGGGACAAGTTTGTACAAAAAAGCAGGCTCCTGGTGGTAAAGACACGTGTT

P2K1 pro-BP-R GGGGACCACTTTGTACAAGAAAGCTGGGTACGAGCCATTGCAGATGATGAATC

ILK5(S192A)-F GTTTTGGCCGATGACGATCAAGTGAGG l;(i)tfe—directed mutagenesis
ILK5(S192A)-R CGTCATCGGCCAAAACTTCATCATCC

ILK5(S192D)-F GTTTTGGACGATGACGATCAAGTGAGG

ILK5(S192D)-R CGTCATCGTCCAAAACTTCATCATCC

ILKS-EcoRI-F

GCAGAATTCATGGAAGAGGATTATCAACAGCC

ILKS5(-stop)-Xhol-R

GCACTCGAGCAAATGTGAACCGGATGATGAG

For
pET21-His

ILKS5-Xmal-F

GTA CCCGGG ATGGAAGAGGATTATCAACAGCC

For
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pEAQ-HT-His
ILK5(+stop)-Sall-R | GTA GTCGAC TCACAAATGTGAACCGGATGATG
qP2K1-F TGGAGTTTGTCAGGTCCATCG ;(}r or QRT-PCR
gP2KI-R CTGAGGATCTTCTGCAGGCAA
QILKS-F GATTCAGGGCATCTGAAAGTTGC
qILK5-R CTTTGAATAATGGCCGATGTTTGC
GWRKY29-F ATCCAACGGATCAAGAGCTG
qWRKY29-R GCGTCCGACAACAGATTCTC
qWRKY40-F CCTCCCAAGAAACGCAAATC
qWRKY40-R AACCGCGCAGCTGAATG
qCPK28-F ACCCACGAGCACGGCTAA
qCPK28-R TTCTCTAACCCACGCATGTGAT
qFRKI-F TGCAGCCGCAAGGACTAGAG
gFRKI-R ATCTTCGCTTGGAGCTTCTC
gSAND-F AACTCTATGCAGCATTTGATCCACT
gSAND-R TGATTGCATATCTTTATCGCCATC
qUBQ-F GGCCTTGTATAATCCCTGATGAATAAG
qUBQ-R AAGAAGAAGTTCGACTTGTCATTAGAA
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