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Calcium-dependent protein kinases (CPKs) function as calcium sensors and play important roles in plant immunity. Loss of
function of the exocyst complex subunit EXO70B1 leads to autoimmunity caused by activation of TN2, a truncated Toll/
interleukin-1 receptor-nucleotide binding sequence protein. Here we show, based on a screen for suppressors of exo70B1,
that exo70B1-activated autoimmune responses require CPK5. However, the CPK5 homologs CPK4, CPK6, and CPK11, which
were previously reported to function redundantly with CPKS5 in effector-triggered immunity, did not contribute to exo70B1-
associated phenotypes, indicating that CPK5 plays a unique role in plant immunity. Overexpressing CPK5 results in TN2-
dependent autoimmunity and enhanced disease resistance, reminiscent of the exo70B1 phenotypes. Ectopic expression of
CPK5 in the exo70B1 mutant led to constitutive CPK5 protein kinase activity, which was not detectable in tn2 mutants.
Furthermore, TN2 interacts with the CPK5 N-terminal variable and kinase domains, stabilizing CPK5 kinase activity in vitro.
This work uncovers a direct functional link between an atypical immune receptor and a crucial component of early immune
signaling: increased immunity in exo70B1 depends on TN2 and CPK5 and, in a positive feedback loop, TN2 keeps CPK5

enzymatically active beyond the initiating stimulus.

INTRODUCTION

Plants have evolved a multilayered immune system to battle
microbial pathogen attack. Activation of this immune system can
induce a series of defense responses, such as increased calcium
concentration in the cytoplasm, accumulation of reactive oxygen
species (ROS), callose deposition, mitogen-activated protein
kinase activation, and pathogenesis-related gene expression
(Chisholm et al., 2006; Jones and Dangl, 2006; Dodds and
Rathjen, 2010; Dangl et al., 2013). A rapid increase in cytoplasmic
calcium concentration is one of the earliest defense responses in
pathogen-associated molecular pattern (PAMP)-induced immu-
nity (Kudla et al., 2010; Reddy et al., 2011). Calcium-dependent
protein kinases (CDPKs; CPKs in Arabidopsis thaliana) are
calcium-sensor proteins that perceive changes in intracellular
calcium concentrations and transmit calcium signals via protein
phosphorylation to induce downstream signaling responses. CPK
family members mediate and transmit defense signals in response
to PAMPs as well as pathogen effectors; therefore, CPKs play
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important roles in plant immunity (Cheng et al., 2002; Boudsocq
and Sheen, 2013; Schulz et al., 2013; Romeis and Herde, 2014).
For instance, tobacco (Nicotiana tabacum) CDPK2 is activated in
Cf-9 tobacco leaves after treatment with the fungal elicitor Avr9
(Romeis et al., 2000, 2001).

Multiple CPKs are activated in Arabidopsis upon elicitation with
flg22, a conserved 22-amino acid peptide derived from bacterial
flagellin. A specific subgroup of four CPKs, CPK4, 5, 6, and 11,
plays critical roles in flg22 signaling (Boudsocq et al., 2010). The
cpk4, cpk5, cpk6, and cpk11 mutants do not show defects in
the response to Pseudomonas syringae pv tomato (Pto) strain
DC3000, but the cpk5 cpk6 double and cpk5 cpk6 cpk11 triple
mutants display enhanced susceptibility and reduced flg22-
induced ROS production, indicating functional redundancy of
closely related CPKs (Boudsocq et al., 2010). Similarly, six CPKs
of the same subfamily, CPK1, 2, 4, 5, 6, and 11, contribute to the
immune response triggered by the bacterial effectors AvrRpm1,
AvrB, and AvrRpt2. In addition, the activation of CPK1 and 2 by
effectors controls the onset of cell death, while CPK4, 5, 6, and
11 regulate immune gene expression by directly phosphorylating
specific WRKY transcription factors, i.e., WRKY8, 28, and 48 (Gao
et al., 2013). Furthermore, CPK5 can directly phosphorylate the
NADPH oxidase respiratory burst oxidase homolog D (RBOHD)
in vivo, and CPK5 overexpression lines show spontaneous cell
death and enhanced disease resistance to bacterial pathogens, as
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well as increased salicylic acid (SA) accumulation. The activation
of CPK5 and RBOHD is critical for rapid defense signal propa-
gation and ROS-mediated cell-to-cell communication (Dubiella
et al, 2013).

In contrast to CPK4, 5, 6, and 11, which function as positive
regulators inthe defense response, CPK28 plays a negative rolein
immune signaling (Monaghan et al., 2014). Loss of function of
CPK28 results in enhanced PAMP-triggered responses, and
overexpression of CPK28 inhibits PAMP-triggered immunity.
CPK28 phosphorylates the receptor-like cytoplasmic kinase
BOTRYTIS-INDUCED KINASE1 (BIK1), an important convergent
substrate of multiple pattern recognition receptors, and contrib-
utes to BIK1 accumulation, suggesting that CPK28 regulates
the immunity response by modulating the turnover of RLCKs
(Monaghan et al., 2014). Together, these findings indicate that
CPKs contribute to plant immunity via different regulatory
mechanisms, which are often involved in several distinct aspects
of this response, including ROS production, transcriptional re-
programming, and the activation of phytohormone signaling
pathways. However, how the primary activation of CPKs is reg-
ulated and maintained and how activated CPKs propagate the
defense signals that ultimately lead to plant resistance are not well
understood.

Powdery mildew fungi are widespread biotrophic pathogens
that cause diseases in many important crops, including wheat
(Triticum aestivum) and barley (Hordeum vulgare), as well as the
model plant Arabidopsis (Adam and Somerville, 1996). Previously,
we identified an Arabidopsis exo70B1 allele during a screen for
mutants that display enhanced resistance to the powdery mildew
pathogen Golovinomyces cichoracearum (Zhao et al., 2015).
EXO70B1 encodes a subunit of the exocyst complex, a conserved
octameric protein complex that tethers vesicles to the plasma
membrane during exocytosis (He and Guo, 2009). In Arabidopsis,
the EXO70 protein family has 23 members, some of which are
involved in plant immunity (Zarsky et al., 2013). For example,
EXO70B2 and EXO70H1 are upregulated after treatment with the
elicitor elf18, and exo70B2 and exo70H1 mutants are more
susceptible to Pseudomonas syringae pv maculicola compared
with the wild type (Pecenkova et al., 2011). PUB22-mediated
ubiquitination and degradation of EXO70B2 contribute to PAMP-
triggered responses (Stegmann et al., 2012). EXO70B1 is also
implicated in autophagy-related transport to the vacuole (Kulich
et al., 2013). Loss of function of EXO70B1 causes reduced
numbers of internalized autophagosomes inside the vacuole
(Kulich et al., 2013), along with ectopic hypersensitive responses
(Kulich et al., 2013; Stegmann et al., 2013; Zhao et al., 2015) and
enhanced resistance to several pathogens, including the powdery
mildew G. cichoracearum, the bacterial pathogen Pto DC3000,
and the oomycete pathogen Hyaloperonospora arabidopsidis
Noco2 (Zhao et al., 2015).

The activated immune responses in exo70B1 mutants require
the atypical nucleotide binding domain and leucine-rich repeat
(NLR) protein TIR-NBS2 (TN2). Moreover, the TN2 transcript
accumulates to much higher levels inexo70B1 mutants than in the
wild type, and TN2 interacts with EXO70B1, indicating that TN2 is
directly involved in exo70B1-activated responses (Zhao et al.,
2015). TN2 lacks a leucine-rich repeat (LRR) domain and belongs
to the TIR-NBS (TN) family, which has 21 members in Arabidopsis
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ecotype Col-0 (Meyers et al., 2003). Although the functions of TN
proteins are not well understood, studies indicate that they play
important roles in plant immunity. For instance, TN1 (also known
as CHILLING SENSITIVE1 [CHS1]) contributes to the autoim-
munity response at low temperatures, which requires ENHANCED
DISEASE SENSITIVITY1 and PHYTOALEXIN DEFICIENT4 (PAD4)
(Wang et al., 2013; Zbierzak et al., 2013). In addition, some TN
proteins interact with effectors and/or full-length NLR proteins
based on yeast two-hybrid (Y2H) analyses (Nandety et al., 2013).
However, how TN2 contributes to exo70B1-activated resistance
is currently unclear.

Here, by performing a forward genetic screen, we found that
CPKS5 is required for exo70B1-associated phenotypes, including
spontaneous cell death, enhanced resistance to pathogens, in-
creased upregulation ofimmune-related genes, and increased SA
accumulation. Mutants of CPK5 homologs failed to suppress the
cell death and resistance to powdery mildew phenotypes of
exo70B1, suggesting that CPK5 plays a unique role in plant im-
munity. The N-terminal domain of CPK5, encompassing the
variable and kinase domains, CPK5-VK, interacts directly with
TN2, and TN2 is necessary for cell death caused by CPK5
overexpression. Importantly, CPK5 is overactivated in exo70B1
mutants; this is dependent on TN2 function. These findings in-
dicate that TN2 associates with and may stabilize active CPK5 to
regulate defense responses, thus uncovering adirect link between
the atypical immune receptor TN2 and CPKS5, a crucial signaling
component involved in early immune responses and the onset of
the defense response.

RESULTS

cpk5-2 Suppresses Autoimmune Responses and Powdery
Mildew Resistance in exo70B1-3 Mutant

The exo70B1 mutant displays spontaneous cell death and enhanced
resistance to the powdery mildew pathogen G.cichoracearum
UCSCH1 (Kulich et al., 2013; Stegmann et al., 2013; Zhao et al.,
2015). To elucidate the underlying molecular mechanism and
to identify new components involved in exo70B1-mediated re-
sistance, we performed a forward genetic screen for exo70B1
suppressors. In addition to mutants in TIR-NBS2 (TN2), which we
reported previously (Zhao et al., 2015), we identified five cpk5
mutants, which we designated cpk5-2, cpk5-3, cpk5-4, cpk5-5,
and cpk5-6, based on subsequent analysis. Since the phenotypes
of these exo70B1-3 cpk5 mutants were indistinguishable, we
characterized only the cpk5-2 exo70B1-3 mutant in detail in this
study. Consistent with previous findings, under short-day con-
ditions, the exo70B7-3 mutant started to display spontaneous cell
death in 4-week-old plants, and this cell death was more pro-
nounced in 6-week-old plants (Zhao et al., 2015). By contrast, like
the wild type, the cpk5-2 exo70B17-3 mutant did not exhibit cell
death (Figure 1A). The exo70B1-3 mutant was resistant to pow-
dery mildew, showing extensive necrotic lesions but no visible
powder on leaves at 8 d postinfection (dpi) with G. cichoracearum.
By contrast, at 8 dpi, leaves of cpk5-2 exo70B1-3 plants were
covered with numerous conidia but lacked visible mildew-induced
lesions (Figure 1B). Similarly, trypan blue staining showed that in
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Figure 1. cpk5-2 Suppresses exo70B1-3-Mediated Cell Death and Resistance to G. cichoracearum.

(A) Plants were grown under short-day conditions. Uninfected plants of different ages were photographed. The exo70B17-3 plants displayed hypersensitive
response-like cell death at 5 weeks, which became more pronounced at 6 weeks, but wild-type Col-0 and cpk5-2 exo70B1-3 plants did not show cell death
after 6 weeks. Bar = 1.2 cm.

(B) Four-old-week plants were infected with G. cichoracearum. Representative leaves were detached and photographed at 8 dpi. The exo70B7-3 mutant
was more resistant to G. cichoracearum, while the cpk5-2 exo70B1-3 mutant was susceptible, with visible powder produced on the leaves but no cell death,
a reaction similar to the wild type.

(C) Infected leaves at 8 dpi were stained with trypan blue to observe fungal structures and dead cells. Few spores were produced in the exo70B71-3 mutant,
whereas many fungal spores were produced in both wild-type and cpk5-2 exo70B1-3 plants. Bar = 50 pum.

(D) Quantification of fungal growth in plants at 5 dpi by counting the number of conidiophores per colony. The exo70B7-3 mutant supported significantly less
fungal growth than the wild type, while the cpk5-2 exo70B1-3 mutant supported even higher fungal growth than the wild type. Bars represent mean and sb
(n = 14). Lowercase letters indicate statistically significant differences (P < 0.05; one-way ANOVA). The experiment was repeated three times with similar
results.

(E) Infected leaves were sequentially stained with 3,3’-diaminobenzidine-HCI and trypan blue at 2 dpi to visualize hydrogen peroxide (brown staining) and
fungal structure (blue staining) at the penetration site. Bar = 20 pm.

(F) Infected leaves were sequentially stained with aniline blue and trypan blue at 2 dpi to examine callose deposition (bright blue dots) and fungal structure
(dark blue staining) at the penetration site. Bar = 20 um.

exo70B1-3, very few fungal hyphae developed and clear cell death The exo70B7-3 mutant also showed other defense-related

occurred. Abundant fungal hyphae and conidiophores were
produced in cpk5-2 exo70B1-3 and wild-type plants (Figure 1C).
We quantified fungal growth by counting the number of con-
idiophores per colony in plants at 5 dpi. As shown in Figure 1D,
exo70B1-3 mutants had significantly fewer conidiophores than
the wild type, but cpk5-2 exo70B1-3 mutants had more con-
idiophores than the wild type (Figure 1D). These data indicate that
the cpk5-2 mutation is fully capable of suppressing cell death and
resistance to powdery mildew in the exo70B7-3 mutant.

phenotypes, including increased H,O, accumulation and callose
deposition, upregulation of pathogenesis-related gene expres-
sion, and increased SA accumulation upon powdery mildew in-
fection (Zhao et al., 2015). We investigated the presence of these
phenotypes in cpk5-2 exo70B1-3 as well. Consistent with pre-
vious findings, exo70B7-3 mutants showed increased H,O, ac-
cumulation and callose deposition at the site of infection at 2 dpi,
whereas the increased accumulation of both H,0, and callose was
suppressed by the cpk5-2 mutation (Figures 1E and 1F). Similarly,



the cpk5-2 mutation suppressed the mildew-induced upregula-
tion of PR1, PR2, SID2, and PAD4 and accumulation of SA
(Supplemental Figures 1 and 2).

In addition to enhanced powdery mildew resistance, the
exo70B1-3 mutant shows increased resistance to the bacterial
pathogen Pto DC3000 (Zhao et al., 2015). We therefore inoculated
wild-type, exo70B1-3, and cpk5-2 exo70B1-3 plants with Pto
DC3000. As shown in Supplemental Figure 3, the enhanced re-
sistance to Pto DC3000 in exo70B1-3 was also suppressed by the
cpk5-2 mutation. Taken together, these dataindicate that CPK5 is
required for the activation of defense responses in the exo70B7-3
mutant.

We identified the cpk5-2 mutation using standard map-based
cloning (Supplemental Figure 4A). The cpk5-2 mutation (G1522A)
is in the end of the second intron of the CPK5 gene, and results in
a splicing error that caused an 8-bp deletion in the CPK5 tran-
script, leading to a premature stop codon (Supplemental Figures
4B and 4C). The CPK5 protein consists of four domains: the
N-terminal variable domain, kinase domain, autoinhibitory junc-
tion domain, and CaM-like domain (Cheng et al., 2002). The cpk5-2
mutation results in a truncated CPK5 protein with an incomplete
kinase domain. In the mutant screen, we identified four additional
alleles of CPK5, including three with missense mutations in the
kinase domain and one with a missense mutation in the CaM-like
domain (Supplemental Figures 4D and 5). The CPK5 genomic
clone complemented the cpk5-2 phenotype (Supplemental Figure
6). In addition, cpk5-1, a T-DNA knockout mutation suppressed
exo70B1 mutant phenotypes (Figure 2), indicating that the cpk5
alleles identified here are not gain of function or constitutively
active mutants.

CPK5 Homologs Are Not Required for
exo70B1-Activated Resistance

CPKS5 belongs to the CDPK gene family; in Arabidopsis, this family
has 34 members in four clades, based on phylogenetic analysis.
CPK5 belongs to clade |, with CPK4, CPK6, and CPK11 repre-
senting the closest homologs of CPK5 (Boudsocq et al., 2010).
CPK4, 5, 6, and 11 in this subgroup were proposed to play re-
dundant roles in plant immunity (Boudsocq et al., 2010; Gao
et al,, 2013). To investigate whether the close homologs of
CPK5 contribute to exo70B1-mediated immunity, we generated
exo70B1-3 cpk4,exo70B1-3 cpk6, and exo70B1-3 cpk11 double
mutants and examined their phenotypes. None of the lines car-
rying mutations in CPK4, CPK6, or CPK11 showed suppression of
exo70B1-mediated spontaneous cell death or powdery mildew
resistance (Figures 2A to 2D), indicating that CPK4, CPK6, and
CPK11 do not contribute to exo70B1-activated resistance.

The cpk5 Mutant Exhibits Increased Susceptibility to
Powdery Mildew

To examine the role of CPK5 and its close homologs in plant
immunity, we challenged the cpk4, cpk5, cpk6, and cpk11 single
mutants with G. cichoracearum. The cpk5 mutant supported more
conidiophore growth than the wild type (Figure 3A), whereas
cpk4, cpk6, and cpk11 displayed wild-type-like responses to
G. cichoracearum (Figures 2B to 2D), indicating that CPK5 plays
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an important role in powdery mildew resistance. To further in-
vestigate the role of CPK5 in powdery mildew resistance, we
crossed cpk5-2 with several well-characterized powdery mildew
resistance mutants, including enhanced disease resistance2
(edr2), powdery mildew resistance4 (pmr4-1), and accelerated cell
death5 (acd5). As shown in Supplemental Figure 7, cpk5-2 did not
affect edr2, pmr4-1, or acd5-mediated resistance to powdery
mildew, indicating that the suppression of exo70B17-3 by cpk5 is
specific.

Previously, CPK4, 5, 6, and 11 were proposed to play redundant
roles in Pto DC3000 resistance because single cpk mutants are
not impaired in the response to Pto DC3000, whereas cpk5 cpk6
double and cpk5 cpk6 cpk11 triple mutants exhibit slightly en-
hanced susceptibility to Pto DC3000 (Boudsocq et al., 2010). In
this study, the cpk5 single mutant displayed enhanced suscep-
tibility to powdery mildew but had wild-type responses to the
virulent bacterial pathogen Pto DC3000 and the avirulent Pto
DC3000 carrying the effectors avrRpt2 or avrRps4 (Figures 3B to
3D). These results indicate that CPK5 plays a unique role in
exo70B1-activated defense and powdery mildew resistance.

The Membrane Localization and Kinase Activity of CPK5 Are
Critical for Its Function in the exo70B1-Mediated Pathway

To examine the membrane localization of CPK5, we generated
a CPK5-GFP fusion protein driven by the native CPK5 promoter
and transformed the resulting ProCPK5:gCPK5-GFP construct
into the cpk5-2 exo70B1-3 double mutant. The transgenic plants
showed exo70B1-like phenotypes (Figure 4A), indicating that
CPK5-GFP has full CPK5 function. CPK5 has a predicted
N-myristoylation site, and the second amino acid residue, Gly, is
critical for myristoylation, which is necessary for CPK5 plasma
membrane localization (Lu and Hrabak, 2013). We therefore
generated a CPK5-GFP variant carrying a G2A single amino acid
substitution and transformed it into the cpk5-2 exo70B1-3 double
mutant. CPK5-G2A-GFP was unable to restore cpk5-2exo70B1-3
to the exo70B17-3 phenotype (Figure 4A), and CPK5-G2A-GFP no
longer localized to the plasma membrane (Figure 4B). These data
indicate that CPK5-G2A-GFP is not functional and the membrane
localization of CPKS5 is necessary for its function.

When ectopically expressed in leaf mesophyll protoplasts,
CPK5 and CPK5-G2A showed protein kinase activities (see be-
low). To investigate whether the kinase activity of CPK5 is required
for exo70B1-mediated resistance, we generated a CPK5 kinase-
deficient CPK5-K126M-GFP variant by disrupting its ATP binding
site and introduced it into cpk5-2 exo70B1-3 plants. We failed
to detect the higher molecular mass form of CPK5-K126M-
GFP (corresponding to phosphorylated CPK5-GFP) in cpk5-2
exo70B1-3 transgenic plants (Figure 4C), and CPK5-K126M-GFP
was unable to restore cpk5-2 exo70B1-3 to the exo70B1-3
phenotype (Figure 4A). These results indicate that CPK5-K126M-
GFP is not functional and kinase activity of CPK5 is required for its
function in exo70B1-3-mediated resistance phenotypes.

CPKS5 Interacts with TN2

We previously showed that the truncated NLR protein TN2 is
required for the phenotypes of exo70B1 and that TN2 associates
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Figure 2. Crosses with Mutants of CPK4, CPK6, and CPK11 Failed to Suppress exo70B1-3-Mediated Cell Death and Resistance to G. cichoracearum.

(A) Five-week-old plants were photographed under short-day conditions. The cpk4 exo70B1-3, cpk6 exo70B1-3, and cpk11 exo70B1-3 mutants displayed
hypersensitive response-like cell death, which was similar to exo70B1-3, but no cell death was observed in the wild type or the cpk5-1 exo70B1-3 mutants.
Bar=1.2cm.

(B) Four-week-old plants were infected with G. cichoracearum. The leaves were detached and photographed at 8 dpi. The cpk4 exo70B1-3, cpk6 exo70B1-3,
and cpk11 exo70B1-3 mutants displayed exo70B7-3-like phenotypes, as they supported much less fungal growth and showed obvious mesophyll cell death
compared with cpk5-1 exo70B1-3 and the wild type. Bar = 0.5 cm.

(C) The leaves were stained with trypan blue after infection with G. cichoracearum at 8 dpi. Bar = 50 pm.

(D) Quantification of fungal growth in plants at 5 dpi by counting the number of conidiophores per colony. Bars represent means and sb (1 = 20). Lowercase
letters indicate statistically significant differences (P < 0.05, one-way ANOVA). The experiment was performed three times with similar results.
“exo70B1” indicates plants carrying the exo70B17-3 allele.
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Figure 3. The cpk5 Mutant Displays Enhanced Susceptibility to G. cichoracearum.

(A) Four-week-old plants were infected with G. cichoracearum. Fungal growth was assessed at 5 dpi by counting the number of conidiophores per colony.
Bars represent means and sb (n = 14). Lowercase letters indicate statistically significant differences (P < 0.05, one-way ANOVA). The experiment was

performed three times with similar results.

(B) to (D) Four-week-old plants were inoculated with different Pto DC3000 strains at ODg,, = 0.0005. The number of bacteria was counted at 3 h and 3 dpi.
Bars represent mean and sp of three biological samples. cfu, colony-forming units. The asterisk indicates statistically significant difference (P < 0.05, one-
way ANOVA). The experiment was performed three times with similar results.

with EXO70B1. Also, exo70B1 accumulates much higher levels of
TN2 transcripts (Zhao et al., 2015). We then measured CPK5
transcript levels in the exo70B7 mutant; however, we did not
observe significant differences between the wild type and the
exo70B1 mutant (Supplemental Figure 8). Because exo70B17-
activated resistance depends on both CPK5 and TN2, we hy-
pothesized that CPK5 and TN2 might function together. To test
this hypothesis, we examined the interactions between different
domains of CPK5 and TN2 by Y2H. As shown in Figure 5A,
CPK5-VK, the truncated variant consisting only of the vari-
able and kinase domains, which displays constitutive, calcium-
independent kinase activity, interacted with TN2. However,
no interaction was observed with the kinase-deficient form
CPK5-VK-K126M or full-length CPK5 and TN2.

To confirm the interaction between CPK5-VK and TN2, we
performed a bimolecular fluorescence complementation (BiFC)
assay. The full-length CPK5-VKJC and N-terminal variant
CPK5-VK were fused to the C-terminal fragment of YFP (YFPC) and
cotransformed with TN2-YFPN into Nicotiana benthamiana. YFP
fluorescence was observed in leaves cotransformed with CPK5-
VK-YFPC and TN2-YFPN, whereas weak fluorescence was de-
tected with CPK5-VKJC-YFPC and no fluorescence was detected

in the controls (Figure 5B). We next assessed the interaction be-
tween CPK5 and TN2 by firefly luciferase complementationimaging
(LUC) in N. benthamiana. Again, a strong interaction occurred
between TN2-cLUC and N-terminal CPK5-VK-nLUC but not with
full-length CPK5-VKJC-nLUC (Figure 5C). Taken together, these
results indicate that CPK5 physically associates with TN2 via its
N-terminal variable and kinase domains and that CPK5 functions
together with TN2 in exo70B7-mediated resistance.

As CPKS5 kinase activity is necessary for its function in exo70B1-
mediated resistance, we examined whether disrupting the kinase
activity of CPK5 would affect its association with TN2. We assessed
the interaction between TN2 and two kinase-deficient mutant forms
of CPKS5, including CPK5-K126M-VK and CPK5-D221A-VK. The
amino acids K126 and D221 in CPK5 are critical residues for the ATP
binding site and the active site, respectively. Neither the kinase-
deficient mutant form CPK5-K126M-VK nor CPK5-D221A-VK in-
teracted with TN2 (Supplemental Figure 9), indicating that the kinase
activity of CPK5 is required for its association with TN2.

We previously showed that EXO70B1 interacts with the TIR
domain (amino acids 1-219) of TN2 (Zhao et al., 2015). To identify
the region of TN2 that interacts with CPK5, we examined the in-
teraction between CPK5-VK and different truncated forms of TN2
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Figure 4. Gly, the Second Residue of CPKS5, Is Critical for Its Function, and the G2A Mutation Enhances CPK5 Phosphorylation.

(A) Six-week-old plants were photographed under short-day conditions. Cell death was observed in the exo70B7-3 mutant and in cpk5-2 exo70B1-3
transgenic plants carrying CPK5-GFP, but not CPK5-G2A-GFP or CPK5-K126M-GFP.

(B) Four-week-old leaves were soaked in 0.85 M NaCl for 15 min and examined by confocal microscopy. Arrows indicate plasma membrane. Bar =5 pm.
(C) Various forms of CPK5-GFP protein were examined by immunoblot analysis. CPK5, G2A, and K126M indicate plants carrying CPK5-GFP, CPK5-G2A-
GFP, or CPK5-K126M-GFP, respectively. G2A-1 and G2A-2 represent two independent transgenic plants carrying CPK5-G2A-GFP. Ponceau S staining of
Rubisco is shown as a protein loading control. Bands corresponding to the phosphorylated or unphosphorylated form of CPK5-GFP are indicated by

p-CPK5-GFP or CPK5-GFP, respectively.

by Y2H assay. As shown in Supplemental Figure 10, the presence of
the N-terminalamino acids 1 to 160 of TN2 was not sufficient for the
interaction with either CPK5-VK or EXO70B1, whereas the re-
maining amino acids (161-318) of TN2, encompassing the NBS
domain, interacted with CPK5-VK but not EXO70B1. Amino acids
1 to 219 of TN2, encompassing the TIR domain, interacted with
EXO70B1 but not CPK5-VK. The remaining amino acids (220-318)
of TN2 did not interact with CPK5-VK or EXO70B1. These results
indicate that CPK5 interacts with the NBS domain of TN2, whereas
EXO70B1 associates with the TIR domain of TN2.

Totest the specificity of the interaction between CPK5 and TN2,
we generated CPK4-VK and CPK6-VK variants and subjected
them to Y2H and LUC interaction assays with TN2. As shown in
Supplemental Figure 11, neither CPK4-VK nor CPK6-VK inter-
acted with TN2. These results suggest that CPK5, but not CPK4 or
CPKB8, plays a specific role in TN2-dependent exo70B17-mediated
resistance.

Overexpression of CPK5 Leads to TN2-Dependent
Autoimmune Responses

A CPK5 overexpression line (35S:CPK5-YFP-#7) displayed
spontaneous cell death, resistance to Pto DC3000, and increased

SA accumulation, which is reminiscent of the exo70B1 mutant
phenotype. Plants overexpressing kinase-deficient CPK5 (35S:
CPK5m-YFP-#15) showed wild-type-like responses (Dubiella
et al., 2013). To further investigate the role of CPKS5 in plant im-
munity, we challenged these two lines with G. cichoracearum. As
shown in Supplemental Figure 12, the CPK5 overexpression line
displayed mildew-induced cell death and enhanced resistance to
powdery mildew, which is reminiscent of the exo70B1 mutant,
whereas the kinase-deficient line was indistinguishable from the
wild type. Thus, CPK5 overexpression causes enhanced re-
sistance and autoimmune responses, a phenotype similar to that
of exo70B1. Indeed, exo70B1-mediated autoimmunity depends
on TN2 and TN2 transcript levels are high in exo70B1 mutants
(Zhao et al., 2015). To investigate whether CPK5 overexpression
leads to higher TN2 expression, we examined TN2 transcript
levels in the CPK5 overexpression line. As shown in Supplemental
Figure 13, TN2 transcript levels were higher in the CPK5 over-
expression line than in the wild type and the CPK5 kinase-
deficient line, whereas TN2 transcript levels were similar between
the CPK5 overexpression line and exo70B1-3. These data
suggest that the autoimmune phenotypes of the CPK5 over-
expression line and the exo70B7-3 mutants are caused by a similar
mechanism.
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Figure 5. CPK5 Interacts with TN2.
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(A) Y2H assay. The coding sequences of CPK5-VKJC, CPK5-VK, CPK5-VK-K126M, and CPK5-JC were fused to the Gal4 transactivation domain (AD). The
coding sequence of TN2 was fused to the Gal4 DNA binding domain (BD). Different pairs of constructs were cotransformed into AH109. A 10-p.L suspension
(ODgyq = 0.5) of each cotransformant was dropped onto synthetic dropout (SD) medium lacking Leu and Trp and SD medium lacking Ade, His, Leu, and Trp.

Photographs were taken after 5 d of incubation.

(B) BiFC assay. CPK5-VKJC and CPK5-VK were fused to YFPYC, and TN2 was fused to YFPYN, Different pairs of constructs were coexpressed in
N. benthamiana. YFP fluorescence was detected by confocal microscopy. Bar = 100 pm.
(C) Firefly LUC complementationimaging assay. N. benthamiana leaves were coinfiltrated with agrobacterial strains containing different pairs of constructs.

LUC images were captured using a cooled CCD imaging apparatus.

Since exo70B171-mediated resistance requires TN2, and the
phenotypes of the CPK5 overexpression line matched those of
exo70B1, we hypothesized that the autoimmune response caused
by CPK5 overexpression might also depend on TN2. Therefore, we
crossed the CPK5 overexpression line with tn2-1 and examined
whether the tn2- 1 mutation would affect the phenotypes of this line.
Interestingly, the tn2-1 mutation suppressed CPK5-dependent cell
death in the CPK5 overexpression line (Figure 6A). Immunoblot
analysis revealed that CPK5-YFP was still expressed in the tn2-1
background (Figure 6B). These results demonstrate that CPK5 and
TN2 function together in exo70B1-mediated resistance, and they
suggest the presence of positive feedback between CPK5 and TN2.

CPKS5 Is Overactivated in exo70B1-3

CPKS5 functions in innate immune signaling and rapidly becomes
biochemically activated after flg22 or elf18 treatment (Dubiella
et al., 2013). Because exo70B71-mediated resistance requires

CPKS5, and the CPK5 overexpression line displayed exo70B1-like
phenotypes, we compared CPK5 kinase activity between the wild
type and exo70B1. We ectopically expressed Strepll-tagged
variants of CPK5 and kinase-deficient CPK5mut in leaf mesophyll
protoplasts derived from the respective lines and analyzed in-gel
kinase activity in samples taken after 15 min of flg22 exposure
(Dubiella et al., 2013). As shown in Figure 7A (upper panel), in
exo70B1, constitutive CPKS5 kinase activity was already observed
at 68 kD in the absence of the flg22 PAMP elicitor, whereas CPK5
kinase activity was inducible in Col-0. No kinase activity was
detected when CPK5mut was expressed. Interestingly, flg22-
inducible activation of mitogen-activated protein kinase activity at
48 kD was unaltered. Kinase activity correlated with the accu-
mulation of a slower migrating form of CPK5 in immunoblot
analysis (lower panel).

Interestingly, the level of CPKS5 protein was very low in protoplasts
derived from tn2-1 and exo70B1-3 tn2-1 mutant plants com-
pared with those of Col-0 and exo70B1 (Supplemental Figure 14A).
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Figure 6. The tn2 Mutation Suppresses Cell Death in the CPK5 Over-
expression Line.

(A) Six-week-old plants were photographed under short-day conditions.
Bar =2.4 cm.

(B) The CPK5-YFP fusion protein was examined by immunoblotting.
Ponceau S staining of Rubisco is shown as a protein loading control.

To investigate whether the inability to detect high transient ex-
pression of CPK5 in the tn2-1 background was related to the
function of this enzyme, we assessed the activity of the variant
CPK5-G2A in the respective mutant backgrounds. This variant
fails to localize to the plasma membrane and therefore cannot
complement the exo70B1 cpk5 double mutant phenotype (Figure
4). As shown in Supplemental Figure 14B (upper panel), CPK5-
G2A protein accumulated to a much higher level in the exo70B1
mutant background compared with Col-0, whereas only weak
expression was detected in tn2-7, and the enzyme displayed
flg22-inducible kinase activity (lower panel).

To investigate whether CPK5 can directly phosphorylate
either EXO70B1 or TN2, we performed in vitro kinase assays
with purified CPK5 and recombinant EXO70B1-GST and TN2-
GST, respectively. CPK5 could autophosphorylate (68 kD) and
phosphorylate EXO70B1-GST (100 kD) in a calcium-dependent
manner (Figure 7B, upper panel). No phosphorylation was
detected with TN2-GST at 70 kD. Interestingly, in the presence
of TN2, CPK5 was still capable of autophosphorylation, evenin
the absence of calcium. These results, together with the in-
teraction between TN2 and CPK5-VK but not full-length CPK5,
suggest that TN2 binds to and stabilizes the activated enzyme
form of CPK5. Thus, the autoimmune responses in exo70B1
appear to be due to the constitutive activation of CPK5 me-
diated via TN2.

DISCUSSION

EXO70B1 is asubunit of the exocyst, which plays animportant role
in exocytosis (Zarsky et al., 2013). Loss of function of EXO70B1
leads to hypersensitive response-like cell death and acti-
vated defense responses (Kulich et al., 2013; Stegmann et al.,
2013; Zhao et al., 2015). To elucidate the molecular mechanisms
underlying exo70B1-associated resistance, we screened for

exo70B1 suppressors and identified tn2 (Zhao et al., 2015) and
cpk5 mutants (this study), which fully suppressed the autoim-
munity in exo70B1, indicating that TN2 and CPKS5 are required for
exo70B1-associated resistance.

TN2 is a truncated NLR protein that lacks the LRR domain.
Phenotypes associated with exo70B1 are reminiscent of sev-
eral autoimmune mutants, whose phenotypes result from ec-
topic activation of NLR immune receptors. For instance, both
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Figure 7. CPK5 Shows Enhanced Biochemical Activity in exo70B7-3 and
Can Phosphorylate EXO70B1 but Not TN2.

(A) In-gel kinase assay. CPK5 is active in exo70B7-3 in the absence of
flg22 treatment. Protoplasts were isolated from 6-week-old Col-0 and
exo70B1-3 plants and transfected with CPK5-Strepll and kinase-deficient
CPK5m-Strepll before elicitation with either buffer (=) or 200 nM flg22 (+)
for 15 min. Total protein was separated by SDS-PAGE and subjected to an
in-gel kinase assay using myelin basic protein as substrate or to immu-
noblotting. The proteins were visualized by autoradiography (upper panel)
or analyzed by immunostaining with Strep-Tactin HRP (lower panel). The
experiment was performed three times with similar results.

(B) In vitro kinase assay. CPK5 phosphorylates EXO70B1 but not TN2
in vitro. CPK5-Strepll and CPK5m-Strepll were transiently expressed in
N. benthamiana leaves, and affinity purification was controlled by immu-
noblotting (lower panel). The autophosphorylation activity of CPK5-Strepll
and CPK5m-Strepll and activity toward recombinant substrate proteins
EXO70B1-GST and TN2-GST were assessed in the presence of calcium or
EGTA as indicated. Phosphorylation was visualized by autoradiography
(upper panel) and the amount of substrate protein was visualized by
Coomassie staining (lower panel). The experiment was performed four
times with similar results.
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Arabidopsis accelerated cell death11 and lesion simulating
disease1 show autoimmune responses, which are dependent on
the TIR-NLR LAZ5 or the coiled-coil-NLRs ADR1-L1 and ADR1-
L2 (Palma et al., 2010; Bonardi et al., 2011; Roberts et al., 2013).
Based on the potential roles of EXO70B1 in basal defense, we
previously proposed that a TN2- or TN2-related immune com-
plex monitors the status of EXO70B1 and that modification of
EXO70B1 by pathogen effectors may trigger NLR-mediated
defense responses (Zhao et al., 2015). In this model, the
exo70B1-associated resistant phenotypes result from effector-
triggered immunity (ETI) and EXO70B1 is a potential guardee
(guarded effector target) for TN2 or the TN2-associated immune
complex, but not a negative regulator of the disease resistance
and cell death responses. Consistent with this hypothesis,
a recent study showed that the effector AVR-Pii from the rice
blast fungus Magnaporthe oryzae directly interacts with OsExo70F3
and that rice (Oryza sativa) NLR protein Pii recognizes AVR-Piiand
triggers immunity in an OsExo70F3-dependent manner (Fujisaki
et al., 2015). These findings suggest that rice blast fungus targets
OsExo70F3 to manipulate plant immunity, while the host plant
activates ETI by sensing the modification of OsExo70F3, sup-
porting our hypothesis that EXO70B1 is an effector target. In
addition, Phytophthora infestans manipulates plant immunity
by targeting the exocyst subunit Sec5 with the RXLR effector
AVR1 (Du et al., 2015).

Our finding that CPK5 is required for exo70B1-mediated de-
fense responses provides new insights into not only exo70B17-
activated defense, but also the role of CPK5 in TIR-NBS
mediated immunity. Interestingly, exo70B1-activated defense
depends only on CPK5, not CPK4, 6,and 11, although all of these
proteins were previously shown to play redundant roles in im-
munity (Boudsocq et al., 2010; Gao et al., 2013). Furthermore,
only the cpk5 mutant displayed enhanced susceptibility to
powdery mildew, while the susceptibility of cpk4, 6,and 717 single
mutants was similar to that of the wild type, indicating that CPK5
is unique among CPK5 family members, at least regarding
the TN2-activated hypersensitive response-like cell death and
disease resistance.

Therole of CPK5 in early signaling is well established. CPK5 is
transiently biochemically activated during the onset of PAMP
immune signaling and plays a dual role in rapid defense signal
propagation via ROS and enhanced long-lasting defense, even
systemic defense, via transcriptional reprogramming and high
SA levels (Dubiella et al., 2013). Overexpressing CPK5 results in
constitutive enzyme activity, and CPK5-overexpressing plants
show enhanced resistance to Pto DC3000 (Dubiella et al., 2013).
Since CPK5 is required for exo70B1-mediated defense, and
exo70B1-resistant phenotypes are likely an ETlI phenomenon, it
willbeimportantto investigate the role of CPK5 in NLR-mediated
signaling. We previously showed that EXO70B1 interacts with
the TIRdomain of TN2 (Zhao et al., 2015). Here, we demonstrated
that CPKS interacts with the NBS domain of TN2. The interaction
between CPK5 and TN2 is specific because neither CPK4 nor
CPK®6 interacted with TN2. Importantly, we showed that CPK5 is
overactivated in exo70B1 mutants and that the overactivation of
CPKS5 requires TN2. CPK5 autophosphorylates, which usually
occursin acalcium-dependent manner. However, intriguingly, in
the presence of TN2, CPK5 is autoactive in the presence of little
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or no calcium. This observation suggests that TN2 positively
affects CPK5 activity. Notably, full-length CPK5 (CPK5-VKJC)
showed a weaker interaction in both luciferase and BiFC assays
(and no interaction in Y2H assay) than the truncated CPK5-VK
variant. Moreover, the kinase activity of CPKS5 is required for its
interaction with TN2 and for CPK5 function. Together, these
observations support a model in which TN2 binds to activated,
open-folded CPK5 and stabilizes it, in turn resulting in increased
and maintained CPK5 activity and, thus, downstream defense
signaling. This model is consistent with our interaction data, as
full-length CPK5 should more commonly occur in a closed
conformation; consequently, the active center would be blocked
by the calcium binding domain. By contrast, since CPK5-VK
lacks a calcium binding domain, this blockage does not occur,
enabling a strong interaction. The tn2 mutant lacks this factor
that interacts with CPK5 and stabilizes CPK5 activity. In the
exo70B1 mutant, the TN2/CPKS5 interaction cannot be released
by CPK5-catalyzed phosphorylation of EXO70B1. It is tempting
to speculate that effector-modified EXO70B1 is likewise pro-
tected from phosphorylation by CPK5. This model predicts an
initial priming stimulus resulting in increased cytosolic calcium
concentration to induce CPK5 “opening” and activation, e.g., via
a PAMP.

Overexpression of CPK5 leads to hypersensitive response-
like cell death and enhanced pathogen resistance (Dubiella
etal., 2013) (Supplemental Figure 12), aresponse similar to that
of the exo70B1 mutant. Interestingly, overexpression of CPK5
also resulted in high levels of TN2 transcript and the pheno-
types associated with CPK5 overexpression require TN2.
Therefore, overexpression of CPK5 is not sufficient for the
activation of defense responses when TN2 is absent. One
possible explanation is that there is positive feedback between
TN2 and CPKS5. Activation of CPK5 would induce the ex-
pression of TN2, and higher levels of TN2 would in turn further
activate CPK5. This model is consistent with our hypothesis
that TN2 binds to and stabilizes active CPK5, which helps
maintain CPK5 activity and downstream immune signaling.
Alternatively, a guard model could explain the activation of
immunity in the exo70B7 mutant. In this model, CPK5 is
guarded by TN2, and loss of EXO70B1 leads to perturbation of
CPK5. TN2 senses the change in CPK5 protein and activates
downstream defense signaling. Consistent with this model,
CPK5 appears to have a very specific role in TN2-mediated
immunity, as CPKS5 is not required for edr2, pmr4-1, or acd5-
mediated resistance to powdery mildew.

TN2 belongs to a family of 21 TIR-NBS proteins in the Arabi-
dopsis ecotype Col-0. Some TN proteins interact with pathogen
effectors and the overexpression of some TN genes leads to cell
deathintobacco, suggesting that TN proteins are likely involved in
plant immunity (Nandety et al., 2013). Among the 21 TIR-NBS
proteins, besides TN2, only TN1 (also known as CHS1) has been
genetically characterized. TN gain-of-function mutation resulted
in an autoimmune response at low temperature (Wang et al., 2013;
Zbierzak et al., 2013); interestingly, it was recently shown that tn7-
associated autoimmunity requires the full-length NLR protein,
SOC3 (Zhang et al., 2017). It remains to be determined whether
both TN2- and CPK5-activated immunity also requires the function
of a full-length NLR.
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METHODS

Plant Materials and Growth Conditions

The cpk5-2 exo70B1-3 mutant was identified from an EMS exo70B17-3
population. The cpk5-2 single mutant was identified from the progeny of
a cross between cpk5-2 exo70B1-3 and Col-0. The other mutants and
transgenic plants used in this study include cpk4 (SALK-025708C), cpk5-1
(SAIL_657C06) (Boudsocq et al., 2010), cpk6 (SALK-025460C) (Boudsocq
et al., 2010), cpk11 (SALK_054495) (Boudsocq et al., 2010), tn2-1 (Zhao
et al., 2015), sid2 (Wildermuth et al., 2001), pad4 (Glazebrook et al., 1997),
rps2 (Mindrinos et al., 1994), edr2 (Tang et al., 2005), pmr4-1 (Vogel and
Somerville, 2000), acd5 (Greenberg et al., 2000), 35S:CPK5-YFP-#7, and
35S:CPK5m-YFP-#15 (Dubiella et al., 2013). All mutants were in the Col-0
background. Double mutants were obtained by genetic crosses and
identified by PCR. Arabidopsis thaliana plants were grown in the growth
room at 20 to 22°C and ~60% relative humidity with 16/8-h day/night
photoperiod for seed setting and 9/15-h day/night photoperiod for phe-
notyping, with light intensity of 7000 to 8000 lux. Nicotiana benthamiana
plants for transient expression were grown under the same short-day
conditions as Arabidopsis (Wu et al., 2015).

Pathogen Infection

Powdery mildew strain Golovinomyces cichoracearum UCSC1 was used
to infect Arabidopsis plants (Adam and Somerville, 1996). To observe
hyphal growth and lesion formation, plants were inoculated at a high spore
density. To quantify the number of conidiophores per colony, the plants
were inoculated at a lower spore density, and conidiophores were counted
at 5 dpi (Wang et al., 2011). The infected leaves were stained with trypan
blue at 8 dpi to visualize hyphae and dead cells (Frye and Innes, 1998). The
infected leaves were stained with 3,3’-diaminobenzidine hydrochloride to
visualize H,0, accumulation and aniline blue to visualize callose de-
position, followed by trypan blue staining at 2 dpi (Wang et al., 2009). Pto
DC3000 infection was performed by leaf infiltration as described (Chen
et al., 2000).

Map-Based Cloning

The exo70B1-3 mutation was introgressed into the Landsberg erecta (Ler)
background by genetic crossing. To obtain the mapping population,
cpk5-2 exo70B1-3 was crossed with the derived exo70B17-3 (Ler) plants.
Using ~3000 F2 plants, the mutation was narrowed down to a 28-kb region
on BAC-F23E12 on chromosome 4. The mutation in CPK5 was sub-
sequently identified by sequencing all genes in this region.

Vector Construction

The CPK5 genomic sequence, including the 1985-bp promoter and
2187-bp genomic sequence without the stop codon, was cloned into the
pEGAD vector to create ProCPK5:gCPK5-GFP-pEGAD by digestion using
Sacl and Agel restriction sites. The same CPK5 genomic sequence was
amplified by PCR from ProCPK5:9CPK5-GFP-pEGAD and inserted into
Gateway vector pDONR207 using a BP Clonase Kit (Invitrogen). Simul-
taneously, two mutant forms, CPK5-G2A and CPK5-K126M, were created
from ProCPK5:9gCPK5-GFP-pDONR207 using site-directed mutagenesis
(Stratagene). The inserts were then cloned into vector pMDC107 using an
LP Clonase Kit (Invitrogen).

RT-qPCR

Total RNA extraction and RT-gPCR were performed as described pre-
viously (Shi et al., 2013).

SA Quantification

SA extraction and measurement were performed as described previously
(Li et al., 1999; Gou et al., 2009).

Protein Extraction and Immunoblotting

The proteins were extracted and analyzed by immunoblotting as described
previously (Shi et al., 2013). The primary anti-GFP antibody was obtained
from Roche (1:1000), and the secondary antibody was anti-mouse
(1:10,000) HRP-linked. Detection was performed with a chemiluminescent
HRP substrate kit (Millipore).

Plasmolysis

The plasmolysis process was performed as described previously
(Underwood and Somerville, 2013). Four-week-old leaves were soaked in
0.85 M NaCl for 15 min and observed by confocal microscopy.

Y2H Assay

The Matchmaker GAL4 Two-Hybrid System 3 (Clontech) was used
for Y2H assay. To examine the interactions between CPKs and TN2,
CPK5-VKJC, CPK5-VK, CPK5-JC, CPK5-VK-K126M, CPK5-VK-D221A,
CPK4-VK, and CPK6-VK were cloned into pGADT-7. The full-length TN2
and different truncated fragments of TN2 were cloned into pGBKT-7.
Different pairs of constructs were cotransformed into AH109, and the
cells were grown on SD-Trp/-Leu medium. Three single clones from
SD-Trp/-Leu plates were transferred to SD-Trp/-Leu/-His/-Ade plates
with or without X-a-Gal. A single clone was incubated in SD-Trp/-Leu
liquid medium, and 10-uL suspensions (diluted to ODg,, = 0.5) of the
overnight cultures were dropped onto different plates to test the inter-
actions of the proteins.

BiFC Analysis

CPK5-VKJC and CPK5-VK were cloned into vector pSY738 by en-
zyme digestion and ligation. CPK5-VKJC-YFPC and CPK5-VK-YFPC
were then cloned into pDONR207 and finally into pMDC32 using
the Gateway system. TN2-YFPN was described previously (Zhao
et al., 2015). Different pairs of constructs were cotransformed into
N. benthamiana, and YFP fluorescence was observed by confocal
microscopy after 2 d.

LUC Analysis

Two vectors, pPCAMBIA1300-nLUC and pCAMBIA1300-cLUC, were used
for LUC analysis. The following constructs were first obtained by enzyme
digestion and ligation: CPK5-VKJC/CPK5-VK/CPK4-VK/CPK6-VK-nLUC
and TN2-cLUC. Different pairs of constructs were cotransformed into
N. benthamiana. After 2 d, 1 mM precooled luciferin was sprayed onto the
leaves, and the samples were incubated in the dark for 5 to 10 min.
LUC images were captured using a cooled CCD imaging apparatus
(Chen et al., 2008).

Transient Protoplast Expression Assay

Protoplast isolation and transient expression of CPK5-Strepll were
conducted using the Tape-Arabidopsis Sandwich method (Wu et al.,
2009) as described by Yoo et al. (2007). At 15 h after transfection, flg22
was applied to the samples. Expression of CPK5-Strepll protein was
monitored by immunoblot analysis (Strep-Tactin HRP conjugate, 1:5000;
IBA), and protein kinase activity was determined using an in-gel kinase
assay.



In-Gel Kinase Assay

Protoplasts were harvested by centrifugation and frozen in liquid nitrogen.
Protoplast pellets were resuspended by vortexing in 20 p.L extraction buffer
(100 mM Tris-HCI, pH 8.0, 200 mM NaCl, 20 mM DTT, 10 mM NaF, 10 mM
Na,VO,, 10 mM B-glycerol-phosphate, 0.5 mM AEBSF, 100 png/mL avidin,
and 1 X protease inhibitor mixture [Sigma-Aldrich]) and incubated oniice for
10 min. The samples were heated for 3 min at 70°C, and proteins were
separated by SDS-PAGE in a gel containing 0.25 mg/mL myelin basic
protein (Life Technologies). The gel was washed three times for 1 h per
wash in wash buffer (25 mM Tris-HCI, pH 7.5, 0.5 mM DTT, 5 mM NaF,
0.1 mM Na,zVO,, 0.5 mg/mL BSA, and 0.1% Triton X-100). To renature the
proteins, the gel was incubated in renaturation buffer (25 mM Tris-HCI, pH
7.5,0.5 mM DTT, 5 mM NaF, and 0.1 mM NazVO,) for 1 h at room tem-
perature, overnight at 4°C and 1 h at room temperature, with several buffer
changes. After equilibration of the gel for 1 h in reaction buffer (25 mM Tris-
HCI, pH7.5,1 mM DTT, 0.1 mM NazVO,, 12 mM MgCl,, and 1 mM CaCl,),
a kinase assay was performed for 1.5 h using reaction buffer containing
1nM ATP and 50 pCi [y-32P]ATP. The reaction was stopped by washing six
to eight times with 5% trichloroacetic acid and 1% phosphoric acid for
a total of 3 to 4 h. The gel was dried, and phosphorylated proteins were
visualized by autoradiography.

In Vitro Protein Kinase Assay

CPK5-Strepll and kinase-deficient CPK5m-Strepll were transiently
expressed in N. benthamiana leaves. First, 0.5 g leaf material was ground in
liquid nitrogen and homogenized in 1 mL plant extraction buffer. The
supernatant was then incubated with 40 pL Strep-Tactin Macroprep
(50% slurry; IBA) in a rotation wheel for 2 h at 4°C. The samples were
washed five times with wash buffer (100 mM Tris, pH 8, 0.5 mM EDTA,
150 mM NaCl, and 0.05% Triton X-100) and stored overnight on ice in
500 pL wash buffer.

Recombinant EXO70B1-GST and TN2-GST were expressed in
Escherichia coli BL21 using autoinduction medium (Novagen). Harvested
cells were suspended in 1 mL GST extraction buffer (50 mM Tris, pH 8,
250 mM NaCl, 1 mM EDTA, 0.2% [v/v] Triton X-100, 1 mM DTT, and 1 mM
AEBSF) and sonicated, followed by incubation of the cell lysate in 100 p.L
GST matrix (50% slurry) for 2 h at 4°C in arotation wheel. The samples were
washed five times with GST wash buffer (100 mM Tris, pH 8, 150 mM NaCl,
0.2% [v/v] Nonidet-P40, and 1 mM AEBSF) and eluted three times for
10 min at room temperature and 750 rpm with 1:1 elution buffer (100 mM
Tris, pH 8.0, and 20 mM reduced GSH).

Forthe in vitro CPK phosphorylation assay, 0.2 ug of purified EXO70B1-
GST or TN2-GST in GST elution buffer was incubated in a 16 p.L slurry of
immobilized CPK5-Strepll and CPK5m-Strepll, respectively, in buffer E
(50 mM HEPES, pH 7.4, 2 mM DTT, and 0.1 mM EDTA) and 6 pL reaction
mix (60 mM MgCl,, 60 uM CaCl,, 6 uM ATP, and 18 uCi [y- 32P]ATP). To test
for calcium-independent phosphorylation, calcium was replaced with
12 mM EGTA in the reaction mix. After 30 min incubation at 25°C and
650 rpm, the samples were centrifuged and the supernatant was mixed
with 5X SDS loading buffer. The samples were heated for 5 min at 95°C
and separated by SDS-PAGE. The gel was stained with Coomassie
Brilliant Blue and dried, and protein phosphorylation was visualized by
autoradiography.

Oligonucleotide Sequences

The primers used in this study are listed in Supplemental Table 1.

Statistical Analyses

The ANOVA tables for the statistical analyses are listed in Supplemental
Table 2.
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Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: Arabidopsis EXO70B1 (At5g58430), CPK4 (At4g09570), CPK5
(At4g35310), CPK6 (At2g17290), CPK11 (At1g35670), TN2 (At1g17615),
PMR4 (AT4g03550), ACD5 (AT5g51290), EDR2 (At4g19040), PR1
(At2g14610), PR2 (AT3g57260), SID2 (AT1g74710), PAD4 (At3g52430),
RPS2 (At4g26090), and ACTIN2 (At3g18780).

Supplemental Data

Supplemental Figure 1. cpk5-2 suppresses the expression of
defense-related genes in exo70B17-3.

Supplemental Figure 2. cpk5-2 suppresses powdery mildew-induced
salicylic acid accumulation in exo70B7-3.

Supplemental Figure 3. cpk5-2 suppresses exo70B7-3-mediated
resistance to Pto DC3000.

Supplemental Figure 4. Map-based cloning of CPK5.

Supplemental Figure 5. The cpk5 alleles suppress cell death and
resistance to G. cichoracearum and PR1 accumulation in exo70B17-3.

Supplemental Figure 6. Complementation of the cpk5-2 mutation.

Supplemental Figure 7. cpk5-2 does not suppress edr2-, pmr4-, or
acd5-mediated resistance to G. cichoracearum.

Supplemental Figure 8. CPK5 transcript level was not significantly
changed in exo70B1-3.

Supplemental Figure 9. The K126 and D221 residues of CPK5 are
critical for the interaction between CPK5-VK and TN2.
Supplemental Figure 10. CPK5-VK interacts with the TN2-NBS
domain, but not the TIR domain.

Supplemental Figure 11. CPK4-VK and CPK6-VK do not interact with
TN2.

Supplemental Figure 12. CPK5-OE transgenic plants display cell
death and resistance to G. cichoracearum.

Supplemental Figure 13. TN2 transcript accumulates in the CPK5
overexpression line.

Supplemental Figure 14. CPK5 and CPK5-G2A accumulate after
ectopic expression in exo70B7-3 but not in tn2-1.

Supplemental Table 1. Primers used in this study.

Supplemental Table 2. ANOVA tables for statistical analyses.
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