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Plants employ cell-surface pattern recognition receptors (PRRs) to detect pathogens. Although
phytohormones produced during PRR signaling play an essential role in innate immunity, a direct
link between PRR activation and hormone regulation is unknown. EFR is a PRR that recognizes
bacterial EF-Tu and activates immune signaling. Here we report that EFR regulates the
phytohormone jasmonic acid (JA) through direct phosphorylation of a receptor-like cytoplasmic
kinase, BIK1. The BIK1 structure revealed that the EFR-phosphorylated sites reside on a uniquely
extended loop away from the BIK1 kinase core domain. Phosphomimetic mutations of these sites
resulted in increased phytohormones and enhanced resistance to bacterial infections. In addition to
its documented plasma membrane localization, BIK1 also localizes to the nucleus and interacts
directly with WRKY transcription factors involved in the JA and salicylic acid (SA) regulation.
These findings demonstrate the mechanistic basis of signal transduction from PRR to
phytohormones, mediated through a PRR-BIK1-WRKY axis.

In Brief

Receptor-like cytoplasmic kinases (RLCKSs) function at the plasma membrane during plant pattern
recognition receptor (PRR)-mediated immunity. Lal et al. show that the RLCK BIK1 is uniquely
phosphorylated by the PRR EFR and localizes to the nucleus where it interacts with WRKY
transcription factors to regulate defense hormones during plant immunity.
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INTRODUCTION

The cell-surface-localized pattern recognition receptors (PRRs) that recognize conserved
pathogen-associated molecular patterns (PAMPs) form the first layer of defense against
invading pathogens in plants (Couto and Zipfel, 2016). In Arabidopsis thaliana, flagellin-
sensitive 2 (FLS2) and EF-Tu receptor (EFR) PRRs recognize PAMPs associated with
bacteria and provide broad-spectrum resistance against bacterial pathogens (G6mez-Gomez
and Boller, 2000; Zipfel et al., 2006). FLS2 and EFR receptor kinases detect a highly
conserved N-terminal 22-amino-acid region of bacterial flagellin (flg22) and 18-amino-acid
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region of bacterial translation elongation factor Tu (EF-Tu) (elf18), respectively. The flg22
PAMP acts as molecular glue between the extracellular leucine-rich repeat (LRR) region of
FLS2 and its co-receptor brassinosteroid-insensitive 1 (BRI1)-associated kinase 1 (BAK1) to
establish an active immune receptor complex (Sun et al., 2013). The intracellular kinase
domain of BAK1 and PRR undergoes a series of trans-phosphorylation events that lead to
activation of PAMP-triggered immunity (PTI) (Yan et al., 2012).

Arabidopsis Botrytis-induced kinase 1 (BIK1) is a member of the receptor-like cytoplasmic
kinase (RLCK) family (Meronese et al., 2006) that plays an important role downstream of
PRRBAKZ1 complex. BIK1 directly interact with BAK1 and associate with PRRs in the
absence of PAMP (Lu et al., 2010; Zhang et al., 2010). BIK1 and BAK1 can trans-
phosphorylate each other at conserved auto-phosphorylation sites in vitro (Lin et al., 2014;
Lu et al., 2010). BAK1 also functions as a co-receptor for PEP1 receptor that recognizes
endogenous AtPepl and brassinosteroid hormone receptor (BRI1) (Li et al., 2002; Nam and
Li, 2002; Postel et al., 2010). Since BAK1 is a shared co-receptor of many plasma
membrane localized receptors, its activation and trans-phosphorylation of BIK1 would not
provide specificity for PRR signaling. Furthermore, kinase domains of EFR and FLS2 PRRs
have been shown to possess weak or undetectable auto- and no trans-phosphorylation
activities (Gomez-Gdémez et al., 2001; Schwessinger et al., 2011). The specific trans-
phosphorylation event on BIK1 leading to activation of downstream signaling event remains
unclear, as BAK1 only trans-phosphorylate BIK1 on conserved auto-phosphorylation sites
and PRR shows no trans-phosphorylation toward BIK1 (Lin et al., 2014; Schwessinger et al.,
2011).

Upon PAMP perception, BIK1 is dissociated from PRR complex and is involved in
downstream activation of immune signaling (Lu et al., 2010; Zhang et al., 2010). However,
direct targets of BIK1 downstream of PRR complex remain largely unknown. Plasma
membrane localized Arabidopsis respiratory burst oxidase homolog D (RBOHD) belonging
to NADPH oxidase family is primarily responsible for PAMP-induced reactive oxygen
species (ROS) (Niihse et al., 2007). Post-PAMP perception, BIK1 directly interact and
phosphorylate RBOHD at S39, S339, and S343 sites to modulate ROS level (Kadota et al.,
2014; Li et al., 2014).

Phytohormones play an important role in immune signaling and establishment of long-term
resistance (Pieterse et al., 2012). Jasmonic acid (JA) and ethylene (ET) are mostly involved
in resistance against necrotrophic pathogens, while salicylic acid (SA) is involved in
providing resistance against biotrophic and hemibiotrophic pathogens (Glazebrook, 2005;
Robert-Seilaniantz et al., 2011). Interestingly, SA, JA, and ET levels are increased upon
flg22 perception (Felix et al., 1999; Flury et al., 2013; Mishina and Zeier, 2007) and play
positive roles in PTI (Hillmer et al., 2017; Kim et al., 2014; Tsuda et al., 2009; Zipfel et al.,
2004). However, the mechanism through which PAMP perception at the plasma membrane
leads to activation of hormone responses remains unclear.

Here, we show that EFR can directly phosphorylate BIK1 to regulate JA and SA levels.
Phosphonull mutation of these sites on BIK1 abolishes elf18-mediated seedling growth
inhibition. Crystal structure of BIK1 revealed that these sites reside on a uniquely extended
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loop at the N terminus of BIK1. Phosphomimetic mutation at EFR-mediated BIK1
phosphorylation sites resulted in constitutively elevated level of JA, which further increases
significantly with bacteria Pseudomonas syringae pv. tomato (Psf) DC3000 infection. We
found that BIK1, in addition to being present in the plasma membrane, also localizes to the
nucleus and interacts with WRKY transcription factors (TFs) involved in JA and SA
regulation. Our study provides evidence for a new branch of immune signaling during
bacterial infection involving plant hormone JA. Our finding of BIK1’s presence in the
nucleus and its interaction with TFs revealed a mechanism of this pathway from plasma
membrane localized PRRs to the nuclear localized TFs.

RESULTS
EFR Directly Phosphorylates BIK1

To investigate if a PRR can directly phosphorylate BIK1, we performed /n vitro kinase
assays using purified proteins. Previously it has been shown that the cytoplasmic domain of
PRR purified from Escherichia coli possesses weak auto- and trans-phosphorylation activity
(Schwessinger et al., 2011). However, this could be due to improper folding of eukaryotic
protein purified from a prokaryotic expression system. Lack of a purified, active PRR kinase
protein has prevented a detailed molecular characterization of early events of PRR signaling.
To circumvent this, we purified the cytoplasmic domain of EFR (EFR_CD) using a
eukaryotic insect cell expression system. Interestingly, EFR_CD purified from insect cell
expression system displayed robust auto- and trans-phosphorylation activity toward BIK1
(Figure 1A, lane 2), while kinase-dead EFR_CD* has impaired kinase activity (Figure 1A,
lane 3). Human epidermal growth factor receptor and other mammalian receptor kinases
require a juxtamembrane (JM) region for kinase activity (Thiel and Carpenter, 2007).
However, the importance of JM region in PRR kinase activity is not known. We found that
JM region of EFR is required for both auto- and trans-phosphorylation activity as EFR
cytoplasmic domain lacking JM region (EFR_CDDJM) displayed diminished auto-
phosphorylation and trans-phosphorylation toward BIK1 (Figure 1A, lane 4). These results
were further confirmed by a radioactive-based kinase assay (Figure 1B). These findings
demonstrate that EFR cytoplasmic domain has robust kinase activity and can directly
phosphorylate BIK1, establishing a direct PRR to RLCK phosphorelay.

To determine the region of BIK1 trans-phosphorylated by EFR_CD, we performed mass
spectrometry analysis and repeatedly found four amino acid residues of BIK1 being
phosphorylated; S89, T90, T120, and S129 (Figures 1C and S1).

BIK1 S89 and T90 Are Important for EFR-Mediated Seedling Growth Inhibition

To test the function of BIK1 residues phosphorylated by EFR, we mutated the identified Ser
(S) and Thr (T) residues with Ala (A), which lacks phosphorylatable hydroxyl group. We
generated transgenic Arabidopsis lines with wild-type genomic BIK1 (BIK1WT), BIK1
S89A and T90A (BIK1S89ATI0A) BIK1 T120A (BIK1T1204) BIK1 S129A (BIK15129A)
and BIK1 T120A and S129A (BIK1T120A4/S129Ay ynder the control of BIK1 native promoter
in the bik1 background (Lu et al., 2010; Veronese et al., 2006). Seedling growth inhibition in
the presence of elf18 peptide ligand is a commonly used assay for screening mutants with
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dysfunctional EFR signaling (Zipfel et al., 2006). Among the four BIK1 mutant lines tested,
only BIK1S89A/T90A showed insensitivity toward elf18-mediated growth inhibition (Figures
2A, S2A, and S2B), demonstrating the functional importance of S89/T90 in elf18-mediated
EFR signaling.

Mutation to Asp(D) can mimic the negative charge of phosphorylated Ser/Thr and has a
potential to act like a gain-of-function mutation exhibiting the constitutively phosphorylated
state. Therefore, we generated stable transgenic Arabidopsis lines with BIK1 S89D and
T90D mutations (BIK1589D/T90DY ynder the control of BIK1 native promoter in the bik1
background. Interestingly, BIK1589D/T90D seedlings were hypersensitive to elf18-mediated
growth inhibition compared with Col-0 and BIK1S89A/T90A seed lings (Figure 2B, S2C, and
S2D). The elf18 insensitivity of BIK1S89A/T90A \was on par with that of bakI-5 (Figure 2B),
which was identified as a point mutation of BAK1 co-receptor with severely impaired PRR
signaling (Schwessinger et al., 2011). These results indicated that BIK1 S89 and T90 play an
important role during EFR signaling.

BIK1 Crystal Structure Revealed a Uniquely Extended b Loop that Contains S89 and T90

Residues

To understand the importance of S89/T90 and map these sites on the three-dimensional
structure, we determined the crystal structure of BIK1 at 2.35A resolution (Lal et al., 2016)
(Table S1). BIK1 displays similar structure and topology to the canonical Ser/Thr and Tyr
kinases (Figure 3A) (Hanks and Hunter, 1995; Wei et al., 1994). The crystallographic
asymmetric unit contains two monomers with 1,100A2 buried surface area, suggesting a
weak crystallization-induced dimer rather than a biologically relevant one (Figure S3A).
Consistent with this, BIK1 exists as a monomer in solution as demonstrated by gel filtration
data (Figure S3B).

The S89/T90 residues lie in the B2-B3 loop, which is significantly longer than other
homologous kinases (Figures 3B, 3C, and S3C-S3E). Superposition of BIK1 structure onto
similar kinases BAK1 (PDB: 3uim), BRI1 (PDB: 40a9), and IRAK4 (PDB: 2nry), reveals
that the B2-p3 loop is uniquely extended compared with other kinases (Figures 3B, 3C, and
S3E). In all other kinases, the B2-3 loop is short and forms a b hairpin turn, but, in BIK1,
the loop is 10 residues longer and forms more of an open “flower” creating a platform that
may be involved in interaction with downstream PRR signaling proteins (Figures 3B, 3C,
and S3C-S3E). The S89/T90 residues are present outside the core catalytic/activation loop
(Figure 3D), hence the kinase activity of BIK1 was not affected by S89A/T90A mutations
(Figure S3F).

The superposition of BIK1 also reveals that helix a.C lies in a different orientation compared
with BAK1, BRI1, and IRAK4 kinases, where it is shifted away from the active site (Figure
S3G). This helix, which corresponds to the “PSTAIRE helix” in cyclin-dependent kinases
(CDKSs) (Huse and Kuriyan, 2002), has a disposition similar to the inactive CDKSs. This helix
in CDK, which contains catalytically important Glu51, shifts into an active conformation
upon binding cyclin (Jeffrey et al., 1995) (Figure S3H), suggesting that our BIK1 structure
may be in an inactive conformation and may interact with other cellular factor(s) to push the
helix into an active conformation.
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BIK1S89D/T90D \Mutant Exhibits Enhanced Resistance to Pst DC3000 Bacteria

The bik1 plants show growth defect phenotype due to its dual role in defense and growth
(Laluk et al., 2011; Veronese et al., 2006). Mutations in the activation loop of BIK1, which
compromises BIK1 kinase activity, cannot rescue bikZ growth defect phenotype (Lin et al.,
2014), suggesting that BIK1 enzymatic activity is required for growth. Interestingly, while
BIKIWT and BIK1S89A/T0A completely rescued bik growth defect phenotype,
BI1K1589D/T90D exacerbated the phenotype (Figures 4A, S4A, and S4B). It is important to
note that the BIK1 kinase activity is not affected by mutations at S89 and T90 (Figure S4C),
indicating that the enhanced growth defect phenotype of BIK1589D/T90D js not due to the
effect on kinase activity. These results suggest a signaling specific role of these mutations
without affecting the enzymatic property of BIK1.

The aspartic acid at position 87 (D87) and glutamic acid at 88 (E88) give a partial negative
potential to the area surrounding S89/T90 (Figure 4B). Phosphorylation at S89/T90 likely
makes this region further negatively charged (Figure 4C) and might modulate its interaction
with PRR complex or downstream components involved in immunity. BIK1 has been shown
to dissociate from PRR complex post-ligand recognition. Protein phosphorylation can play
an important role in protein-protein interaction due to enhanced negative electrostatic charge
by phosphorylation. Therefore, we tested the association between BIKIWT, BIK1S89A/T90A
and BIK1S89D/T90D jith EFR in Arabidopsis protoplasts by co-immunoprecipitation assay.
BI1K1S89D/T90D assciation with EFR was significantly reduced in the presence and absence
of elf18 peptide (Figure S4D), suggesting that activated BIK1 has weaker interaction with
EFR complex /n vive.

To determine the effect of mutations, we infected BIK1S89A/T90A B|K1589D/TI0D ang
control Col-0 plants with Pst DC3000 bacteria. BIK1S89A/T90A plants were more susceptible
to Pst DC3000 infection, while BIK1S89D/T90D plants were more resistant than Col-0 plants
(Figures 4D and 4E). A detailed time course analyses of infection revealed that enhanced
resistance in BIK1589D/T90D starts as early as 1 day post-infection (Figure S4E). The bik1
mutant has been shown to be more resistant to £st DC3000 due to increased levels of SA
(Veronese et al., 2006). In addition, BIK1589D/T90D pjants pretreated with elf18 showed
further decrease in bacterial growth (Figure 4F). Together, these results demonstrate that
phosphonull mutation at S89/T90 is a loss-of- function mutation that makes BIK1S89A/T90A
insensitive to elf18-mediated immune responses and susceptible to Pst DC3000 infection.
On the other hand, phosphomimetic BIK1589D/T90D s 3 gain-of-function mutation that
makes plants hypersensitive to elf18-mediated immune responses and enhanced resistant to
Pst DC3000 infection.

Defense Phytohormone JA and SA Levels Are Elevated in BIK1S89D/T90D pignts

Next, we explored the underlying mechanism of BIK15895/T90D activation of EFR signaling.
Since mitogen-activated protein kinases (MAPKS) are activated during EFR-mediated
signaling, we tested MAPK activation in BIK1S89A/T90A anq B|K1589D/T90D pants,
BIK1S89A/TI0A and BIK1589D/T90D hoth showed dynamic activation of MAPK
phosphorylation similar to Col-0 wild-type in response to elf18 (Figure S5A). This is
consistent with the finding that BIK1 does not play a role in MAPK cascade activation
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during PTI, as bik1 plants have normal MPK3/6 activation dynamics in response to elf18
(Ranf et al., 2014).

BIK1 is a multifunctional protein and plays an important role in hormone regulation in
addition to its role in PRR signaling (Laluk et al., 2011; Veronese et al., 2006). The plant
hormones JA, ET, and SA play important roles during immune signaling post-pathogen
recognition (Hillmer et al., 2017; Pieterse et al., 2012; Robert-Seilaniantz et al., 2011; Tsuda
et al., 2009). However, a direct mechanistic link connecting PRR signaling to hormone
activation is missing.

BIK1 is a positive regulator of ET pathway as b7k plants are insensitive to ET and its
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) (Laluk et al., 2011). Therefore, we
tested if mutations at S89/T90 affect the ET response. Both BIK1S89A/T90A gn
BI1K1589D/T90D mytations lead to restoration of 4ikZ phenotype to Col-0 wild-type level in
response to ACC treatment (Figures 5A and 5B). ET and JA have been shown to play a
synergistic role in defense (Pieterse et al., 2012); however, JA has not been shown to be
involved during bacterial resistance. We next asked if JA levels are affected in
BIK1S89A/TI0A ang BIK1S89D/T90D plants. Interestingly, JA levels were increased in non-
infected BIK1S89D/T90D plants compared with BIK1S89ATI0A pjk7 and Col-0 (Figure 5C).
In addition, the JA levels further increase significantly following infection with Pst DC3000
in BIK1S89D/T90D (Figures 5D and S5B). Interestingly, even SA levels were increased in
non-infected BIK1589D/T90D pjants and significantly increased in BIK1589D/T90D pjants
infected with Pst DC3000 (Figures 5E and S5C). The SA level at 24 hr post-infection (hpi)
in BIK1S89D/T90D mytant is similar to SA level at 48 hpi in Col-0 (Figures S5D and 5E); this
enhanced SA level in BIK1589D/T90D a5 early as 24 hpi is consistent with enhanced bacterial
resistance in this mutant even at 24 hpi (Figure S4E).

We next examined the expression of SA- and JA-responsive genes. Consistent with increased
levels of SA and JA in BIK1S89D/T0D  hoth JA-responsive PDFI.2and SA-responsive PRI
were increased in non-infected BIK1589D/T90D plants (Figures 5F and 5G). Interestingly, we
found that at 24 hpi, when both SA and JA are much higher in BIK1589D/T90D (Figures S5B
and S5D), only the high PRI level prevails while PDF1.2drops to basal level (Figures S5E
and S5F). Published studies in Arabidopsis where SA and methyl JA are applied
simultaneously also show similar pattern of prevalence of PR over PDF1.2 (Koornneef et
al., 2008; Spoel et al., 2003). Together these results demonstrate that st DC3000 induces JA
and SA levels through BIK1 and provide a mechanistic link between bacterial resistance and
downstream hormone regulation.

BIK1 Localizes to the Nucleus, and Interacts and Transphoshorylates WRKY TFs

Next, we explored the mechanisms of how BIK1 regulates JA and SA. JA is a lipid-derived
signaling molecule involved in the regulation of various stress responses in plants
(Wasternack and Song, 2017). JA synthesis is initiated in chloroplasts from polyunsaturated
fatty acids and completed in peroxisomes. A GH3 family protein jasmonate resistant 1
(JAR1) conjugates JA to isoleucine to produce bioactive JA-lle. The major regulation of JA
pathway occurs in the nucleus through ZIM domain containing JAZ and WRKY TFs
(Birkenbihl et al., 2012; Gao et al., 2011; Jiang and Yu, 2016; Wasternack and Song, 2017).
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However, BIK1 has not been shown to localize to any organelle associated with JA
signaling. BIK1 was initially identified as a plasma membrane localized protein, based on
transient overexpression of BIK1 in onion cells by particle bombardment (\Veronese et al.,
2006). In order for BIK1 to directly regulate JA response, BIK1 must be present beyond the
plasma membrane; preferentially in the nucleus, chloroplast, or peroxisome.

We first investigated BIK1 localization to the nucleus because major regulation of JA occurs
in the nucleus. We used percoll-based gradient fractionation (Folta and Kaufman, 2006) of
stable Arabidopsistransgenic plants expressing BIKIWT-HA under native BIK1 promoter to
enrich intact nuclear fractions without contamination from the plasma membrane or other
organelles. We found that BIK1 was highly enriched in the nuclear fraction compared with
cytoplasmic (phosphoenolpyruvate carboxylase, PEPC), plasma membrane (FLS2),
thylakoid (LHCII type I chlorophyll a/b-binding protein, LHCB1) or stroma (Rubisco large
subunit, RBCL) fractions (Figures 6A and 6B). To further validate the biochemical
fractionation results, we expressed BIK1 fused to tagCFP (BIK1-tCFP) in Nicotiana
benthamiana leaves and observed under confocal microscope. BIK1-tCFP localizes to the
nucleus in addition to the plasma membrane (Figure 6C). Western blot analysis of tissue
used for microscopy revealed that tCFP was not cleaved, ruling out the possibility that
cleaved tCFP was localizing to the nucleus (Figure 6D). Localization of BIK1 was not
altered by S89A/T90A or S89D/T90D mutations (Figures S6A and S6B). Together these
data reveal that BIK1 localizes to both plasma membrane and nucleus.

Next, we tested how BIKL1 in the nucleus might be regulating JA. Various WRKY TFs have
been shown to modulate JA responses (Gao et al., 2011; Jiang and Yu, 2016). It has been
shown that WRKY'33, 50, 51, and 57 play an important role in JA signaling (Gao et al.,
2011; Jiang and Yu, 2016). WRKY33, 50, and 51 are also implicated in SA regulation
(Birkenbihl et al., 2012; Gao et al., 2011). We used bimolecular fluorescence
complementation assay in N. benthamianato determine the interaction between BIK1 with
WRKY 33, 50, 51, and 57. Co-expression of BIK1 fused to the N-terminal 155 amino acid
residues of citrine (BIK1YN) and WRKY33, 50, or 57 fused to the C terminus of citrine
(WRKY33YC, WRKY50YC, and WRKY57YC) reconstituted citrine fluorescence but not in
tissues co-expressing BIK1YN with WRKY51YC or NLS-GUSYC control (Figure 6E). These
results indicate that BIK1 interacts with WRKY33, 50, and 57 in the nucleus. We further
validated these results by co-immunoprecipitation assay using BIK1 transiently expressed in
N. benthamiana and purified GST-tagged WRKY proteins from bacteria (Figure 6F).
Interestingly, BIK1S89D/T90D had weaker in teractions, while BIK1S89A/T90A haq stronger
interaction with WRKY 33, 50, and 57 (Figure 6F). These results are consistent with our
observation that modification of the electrostatic charge surrounding the S89/T90 region of
BIK1 has important functional connotation by altering the physical interaction between
BIK1 and downstream signaling proteins.

We next tested if BIK1 can trans-phosphorylate these WRKYSs. Consistent with the
interaction data, BIK1 can selectively transphosphorylate WRKY'33, 50, and 57, but not 51
(Figure 6G). A kinase-dead version of BIK1 was unable to trans-phosphorylate WRKY 33,
50, and 57 (Figure S6C). Since BIK1’s auto-phosphor-ylation activity is not altered by
S89A/TI0A or S89D/TI0D (Figure S4C), we tested if BIK1’s trans-phosphorylation activity
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toward WRKYS is altered by these mutations. We found that BIK1589D/T90D hag
significantly reduced trans-phosphorylation toward WRKY57, 50, and 33 compared with
BIK1IWT and BIK1S89A/T90A (Figyres 6H, S6D, and S6E). We next tested if reduced trans-
phosphorylation of BIK1589D/T90D as specific to WRKY or other BIK1 trans-
phosphorylation targets also reduced by BIK1589D/T90D RBOHD is membrane-localized
protein involved in ROS generation during PTI (Nuhse et al., 2007) and BIK1 trans-
phosphorylate the N terminus of RBOHD (RBOHD_N) (Kadota et al., 2014; Li et al., 2014).
BIK1’s ability to trans-phosphorylate RBOHD_N was not altered by BIK15S89D/T90D (Figure
61). Together these results demonstrate that BIK1 specifically trans-phosphorylates
WRKY33, 50, and 57, and that the trans-phosphorylation ability of BIK1 is selectively
impaired toward WRKY's by phosphomimetic mutation at S89/T90 residues.

DISCUSSION

EFR Regulates JA in Response to Bacterial Infection

EFR and FLS2 PRRs interact with co-receptor BAK1 and intra-cellular BIK1 RLCK during
the immune response against bacterial pathogens. The BAK1 association with PRR is
dependent on the presence of PAMPs that bring the extracellular LRR domain of PRR and
BAKT1 in close proximity and help to form a PRRBAK1 complex (Sun et al., 2013). In
contrast, BIK1 constitutively associates with PRR and dissociates after PAMP perception
(Luetal., 2010; Zhang et al., 2010). BIK1 is rapidly phosphorylated after PAMP perception,
which is dependent on the kinase activity of BAK1 and PRRs (Lu et al., 2010). BAK1 trans-
phosphorylates BIK1 on conserved sites in the activation loop that is mostly responsible for
regulating the kinase activity of BIK1 (Lin et al., 2014). On the other hand, the relationship
between PRRs and BIK1 in terms of phosphorylation was until now unclear.

Here, we show that the kinase domain of EFR purified from the insect cell expression
system can directly phosphorylate BIK1 /n vitro. Since the kinase domain of PRR purified
from the bacterial expression system possesses no trans-phosphorylation activity (Lu et al.,
2010; Schwessinger et al., 2011), an insect cell or other eukaryotic expression system might
be a better system for studying PRR-mediated trans-phosphorylation of previously identified
interactors of PRRs. Loss-of-function phosphonull mutants of these sites (BIK1S89A/T90A)
abolished elf18 sensitivity, indicating that these phosphorylation sites are important for
activating EFR-mediated immune signaling. Interestingly, gain-of-function phosphomimetic
mutant (BIK1589D/T90D) plants showed hypersensitivity toward elf18-mediated responses.
The crystal structure of BIK1 revealed that the S89/T90 residues are present in a uniquely
extended “open flower” shaped loop, which might provide an interface for protein-protein
interaction. Furthermore, the presence of Asp and Glu at 87 and 88 positions, respectively,
gives a partial negative charge to this region. Therefore, phosphorylation of S89 and T90 or
mutations of these residues to aspartic acid alters the local charge of this region and will
affect protein-protein interaction, which is dependent on this region. We observed weaker
interaction between EFR and BIK1589D/T90D than between EFR and BIK1WT, even in the
absence of elf18, suggesting that interaction of EFR with BIK1 is dependent on the
electrostatic charge of this region.
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Significant progress has been made in understanding the role of plant hormones in defense
against pathogens (Pieterse et al., 2012; Robert-Seilaniantz et al., 2011). Hormone regulation
after PAMP perception is well established; however, the mechanism underlying hormone
regulation post-PAMP perception remains largely unknown. JA and ET have been shown to
be involved in providing resistance against necrotrophic pathogens (Berrocal-Lobo et al.,
2002; Glazebrook, 2005; Pieterse et al., 2012; Robert-Seilaniantz et al., 2011). The role of
JA against biotrophic and hemibiotrophic pathogens has not been established previously.
Until recently, it was generally accepted that SA and JA have mutually exclusive roles in
defense against biotrophic versus necrotrophic pathogens (Glaze-brook, 2005; Spoel et al.,
2007). Recent systems biology approaches and network analysis have revealed a previously
unrecognized collaborative role between JA and SA during biotrophic and hemibiotrophic
pathogen defense (Hillmer et al., 2017; Kim et al., 2014; Tsuda et al., 2009). Direct hormone
measurement with higher-order mutations of JA, SA, ET, and phytoalexin deficient 4
(PAD4) signaling networks has revealed that the JA subnetwork positively regulates both
SA- and PAD4-mediated signaling, which is important for defense against biotrophic
pathogens (Hillmer et al., 2017). More recently, it was shown that both JA and SA could
exist in an elevated state during effector-triggered immunity (Liu et al., 2016). These and
other results show that mere presence of higher level of one hormone is not responsible for
the reduced level of other hormone and a more complex regulation lies underneath the SA
and JA dichotomy. Our results show that hemibiotrophic pathogen Pst DC3000 infection
leads to increased JA and SA levels, and that BIK1 plays an important role in regulation of
these hormones during EFR signaling. BIK15892/T90D phosphomimetic mutant for EFR
sites have increased JA and SA levels, even in the absence of bacterial infection.
Furthermore, both JA and SA levels further increased significantly after bacterial infection in
BIK1S89D/T90D phosphomimetic mutants. Consequently these mutants are more resistant to
bacteria and their resistance increases if the plants were primed for EFR signaling. Our
findings establish a direct mechanistic link between PRR-mediated immune signaling and
hormone regulation through BIK1 RLCK.

BIK1’s Nuclear Role

Transcriptional reprogramming is a hallmark of PRR signaling as most of the events on the
plasma membrane during PAMP perception ultimately lead to changes in the transcription of
immune-related genes (Li et al., 2016). Activation of MAPKs during PRR signaling is a
well-studied pathway that establishes a link between PRR activation and transcriptional
reprogramming. However, players that connect PRR to MAPK activation and pathways that
regulate transcription independent of MAPK cascade during PRR signaling remain elusive.
Hormone regulation during PRR signaling also depends on transcriptional changes;
however, the proteins and pathways linking these transcriptional changes directly to PRR
activation also remain largely unknown. Here, we identified a new pathway that connects
EFR to downstream hormone regulation through BIK1 during bacterial infection. We found
that BIK1 localizes to the nucleus in addition to the plasma membrane. These findings
indicate that BIK1 may directly control various transcription-regulated processes during
PRR signaling (Figure 7).

Cell Host Microbe. Author manuscript; available in PMC 2018 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lal et al.

Page 11

WRKY TFs play important role in regulating gene expression during immune signaling
(Tsuda and Somssich, 2015). WRKY33, 50, 51, and 57 in particular have been attributed
toward regulation of JA and SA (Birkenbihl et al., 2012; Gao et al., 2011; Jiang and Yu,
2016). WRKY50 and 51 have been shown to be positive regulators of SA-mediated
signaling and are responsible for SA-mediated suppression of JA signaling (Gao et al.,
2011). On the other hand, WRKY 33 has been shown to negatively regulate SA-mediated
responses (Birkenbihl et al., 2012). Our finding that BIK1 can interact and phosphorylate
WRKY33, 50, and 57 establishes a direct role for BIK1 in the nucleus. B1K1589D/T90D
phosphomimetic mutant, which shows increased JA and SA levels, also has weak interaction
and reduced trans-phosphorylation ability toward WRKY57, 33, and 50. Protein interaction
and phosphorylation can have both positive and negative effects on downstream regulation.
Since WRKY57 and 50 have been shown to be negative regulators of JA, it is possible that
BIK1-mediated phosphorylation of WRKY57 and 50 could negatively regulate JA. In
BIK15S89D/T90D mytant, where BIK1 has reduced trans-phosphorylation toward WRKY57
and 50, we observed decreased negative regulation of JA (Figure 7). WRKY33 has been
shown to be a negative regulator of SA signaling as wrky33 plants show inappropriate
activation of SA responses (Birkenbihl et al., 2012). Interestingly, BIK1589D/T90D mytant
has increased SA, while, biochemically, BIK15895/T90D protein has reduced trans-
phosphorylation to ward WRKY33. These results suggest that BIK1-mediated
phosphorylation of WRKY33 might negatively regulate SA. Based on these findings, we
hypothesize that, in non-infected wild-type plants, BIK1 interacts and phosphorylates
WRKY 33. During infection BIK1 gets phosphorylated at S89/T90, which results in reduced
interaction and trans-phosphorylation of WRKY 33, and therefore is unable to inhibit SA
induction (Figure 7).

A Role for RLCKs Beyond Plasma Membrane?

RLCKs are released from plasma membrane-localized PRR complexes to activate
downstream signaling during PTI (Lin et al., 2014; Lu et al., 2010; Zhang et al., 2010).
However, their downstream targets, and function beyond the plasma membrane, are not
known. Our results showing nuclear localization of BIK1 and its interaction with WRKY
TFs reveal a role for RLCK family protein beyond plasma membrane in immune signaling.
It will be interesting in the future to test if other SA and JA transcriptional regulators interact
with BIK1 and if they are targets of BIK1 trans-phosphorylation. The Arabidopsis genome
contains ~ 160 RLCKs, and some of them are known to play regulatory roles in growth and
defense (Lehti-Shiu et al., 2009). BSK1 RLCK plays an essential role in brassinosteroid-
mediated growth signaling. Upon brassinosteroid perception, BRI1 forms a complex with
BAK1 and phosphorylates BSK1, which in turn interacts with downstream phosphatase
BSU1. BSK1 interaction with BSU1 leads to dephosphorylation of BZR1 and BES1 TF. In
light of BIK1 localization to the nucleus, it will be interesting to test if BSK1 also plays a
direct role in the nucleus during BR signaling.

RLCK members PBL1, PBS1, PBL13, PBL27, and RIPK play specific roles during
immunity against various pathogens (Tang et al., 2017). Signaling through these RLCKs
ultimately culminates in the nucleus. It will be interesting in the future to determine if other
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RLCK members also localize to the nucleus and play a direct role inside the nucleus during
immune signaling.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit polyclonal anti-pS/T Abcam Cat#ab17464; RRID:AB_443891
Mouse monoclonal anti-HIS Sigma Cat#H1029; RRID:AB_260015
Mouse monoclonal anti-HA Sigma Cat# H6908; RRID:AB_260070
Mouse monoclonal anti-GST SantaCruz Cat#

SC374171; RRID:AB_11008206
Rabbit polyclonal anti-FLS2 Agrisera Cat#

AS121857
Rabbit polyclonal anti-PEPC abcam Cat#ab34793; RRID:AB_777192
Rabbit polyclonal anti-Histone H3 abcam Cat#ab1791; RRID:AB_302613
Rabbit polyclonal anti-Lhcbl Agrisera Cat#AS09 522; RRID:AB_10507202
Rabbit polyclonal anti-Rbcl Agrisera Cat#

AS03 037A; RRID:AB_2175288
Rabbit polyclonal anti-FLAG Sigma Cat#F1804; RRID:AB_262044
Rabbit polyclonal anti-pMAPK Cell Signaling Cat#9101; RRID:AB_331646

Bacteria and Virus Strains

High5

SF-9

Agrobacterium tumefaciens GV3101
Escherichia coli BL21

Escherichia coli DH5a

Pseudomonas syringae pv tomato (Pst) DC3000
Chemicals, Peptides, and Recombinant Proteins
Glutathione Sepharose 4 (affinity gel)

Cobalt affinity column
1-aminocyclopropane-1-carboxylic acid (ACC)
Protease inhibitor cocktail

cOmplete mini EDTA-free protease inhibitor
cocktail

Phusion High-Fidelity DNA Polymerase
elf18 peptide

iTag Universal SYBR Green Supermix
Protease Inhibitor Cocktail Tablets
Trizol

Superscript 11 Reverse Transcriptase
Oligo(dT)1p_1g primer

DNase | (RNase-free)
Glufocinate-Ammonium
ExpressiveFive media

SF-900 111 SFM media

RNase Out

Critical Commercial Assays
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ThermoFisher
ThermoFisher
Holsters et al., 1980
NEB

ThermoFisher

N/A

ThermoFisher
ThermoFisher
Sigma
Sigma

Roche

ThermoFisher
Ezbiolab

BioRad

Roche

Life Technologies
Life Technologies
ThermoFisher
New England Biolabs
Sigma
ThermoFisher
ThermoFisher

Life Technologies

Cat#B85502
Cat#11496015
N/A

Cat# C25271
Cat#18258012
N/A

Cat#16100
Cat#89965
Cat#A3903
Cat#P9599

Cat#
11836170001

Cat#F549L
Cat#cp7211
Cat#1725122
Cat#04693116001
Cat#10296-028
Cat#18080044
Cat#18418012
Cat#MO0303S
Cat#45520
Cat#10486025
Cat#12658027
Cat#10777-019
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REAGENT or RESOURCE SOURCE IDENTIFIER
Zymoclean Gel DNA Recovery Kit - Uncapped ~ Zymo Research Corporation  Cat#D4002
columns

DNA Clean & Concentrator-5 - Uncapped Zymo Research Corporation ~ Cat#D4004
Columns

ZR Plasmid Miniprep-Classic Kit Zymo Research Corporation  Cat#D4016
Deposited Data

BIK1 Crystal Structure RCSB Protein Data Bank PDB: 5tos
Experimental Models: Organisms/Strains

Arabidopsis.pBIK1-BIK1S89ATOA YA This paper N/A
Arabidopsis.pBIK1-BIK1S890/T90D_HA This paper N/A
ArabidopsispBIK1-BIK1T120A-HA This paper N/A
Arabidopsis: pBIK1-BIK1S129A-HA This paper N/A
Arabidopsis:pBIK1-BIK1T120A/S129A This paper N/A
Nicotiana benthamiana Taxonomy ID: 4100 N/A
Oligonucleotides

See Table S2

Recombinant DNA

PBIK1-BIK1S89ATIOA HA This paper N/A
pBIK1-BIK1S89D/T0D_HA This paper N/A
pBIK1-BIK1T120A.HA This paper N/A
pBIK1-BIK1S129A-HA This paper N/A
pBIK1-BIK1T120A/S129A A This paper N/A
His-GST-TEV-BIK1 This paper N/A
His-GST-TEV-BIK1 This paper N/A
His-TEV-EFR-CD (Insect cell expression) This paper N/A
His-TEV-EFR-CD* (Insect cell expression) This paper N/A
His-TEV-EFR-CDAJM (Insect cell expression)  This paper N/A
His-TEV-BIK1 This paper N/A
His-TEV-BIK1S89A/T90A This paper N/A
His-TEV-BIK1589DT90D This paper N/A
His-GST-TEV-WRKY 33 This paper N/A
His-GST-TEV-WRKY50 This paper N/A
His-GST-TEV-WRKY51 This paper N/A
His-GST-TEV-WRKY57 This paper N/A
pUBQ-BIK1-tagCFP-HA This paper N/A
pUBQ-BIK1S89T0A tagCFP-HA This paper N/A
pUBQ-BIK1S89D/T90D_taqCFP-HA This paper N/A
pNOS-BIK1YN This paper N/A
pNOS-WRKY33YC This paper N/A
pNOS-WRKY50YC This paper N/A
pNOS-WRKY51YC This paper N/A
pNOS-WRKY57YC This paper N/A
pNOS-NLS-GUSY¢ This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms
Prism 7 GraphPad RRID:SCR_002798

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Savithramma P. Dinesh-Kumar
(spdineshkumar@ucdavis.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plants

Arabidopsis: Wild-type Arabidopsis accession Col-0 and b/kZ mutant (Lu et al., 2010;
Veronese et al., 2006) were used in this study. Col-0, bikZ, BIKIWT, BIK1S89A/T90A gng
BI1K1S89D/T90D plants were grown under short day condition (10 h light/14 h dark) or under
long day condition (16 h light/8 h dark). Transgenic plants were generated using floral dip
method (Clough and Bent, 1998). pBIK1:BIK1S89A/T90A- 3y HA and
pBIK1:BIK1S89D/T90D_3yHA pBIK1:BIK1T120A-3xHA, pBIK1:BIK15129A-3xHA and
pBIK1:BIK1T120A/S129A 3y HA plasmids were generated using isothermal assembly and
sequenced to confirm the plasmids. Agrobacterium strain GVV3101 was transformed with
different plasmids and selected on LB agar plates with appropriate antibiotics. 200ml of
agrobacterium culture was grown overnight and harvested by centrifugation. Pelleted cells
were resuspended with sterilized water with 0.02% Silwet L77 and diluted to ODggg of 1.
Flowering Arabidopsis bik1 plants with clipped primary bolts and small secondary bolts
with few open flowers were dipped in agrobacterium solution for 20 seconds (3 times).
Seeds from dipped plants were harvested after 4 weeks and called Tg. Positive transformants
were selected on MS plate with Glufocinate-Ammonium, transplanted onto soil and seeds
from these plants were called T;. All experiments were conducted with T, plants.

Nicotiana benthamiana: N. benthamiana was grown in growth chamber at 22°C with a
long-day photoperiod (16 h light and 8 h dark).

Bacterial Strains—Pst DC3000 and ArcC mutant were grown at 28°C on the King’s B
(KB) medium with appropriate antibiotics.

Insect Cells—Sf-9 cells were maintained at 23°C incubator in spinner flask in Sf-900 Il
SFM media. High5 cells were maintained at 23°C incubator in Expressive SFM media.

METHOD DETAILS

Expression of EFR_CD in Insect Cell Expression System—EFR_CD (691-1032
amino acids), EFR-CD*(kinase dead), EFR_CDAJM (675-1031 amino acids) proteins were
purified from insect cell expression system. Briefly, these inserts were cloned into a
modified bac-to-bac baculovirus expression vector in-frame with an N-terminal 6xHIS tag
followed by TEV cleavage site. Recombinant virus was generated by infecting Sf-9 cells in
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6 well-plate and virus titer was determined. Virus was amplified to MOI of 3. Recombinant
protein was expressed by infecting 500ml of Hi5 cells with amplified virus. 72 h after
infection, cells were harvested by centrifugation and lysed using a douncer in 50ml of lysis
buffer (15mM HEPES, 150mM NaCl, 10mM imidazole, 2mM mercaptaethanol, pH7.3).
Cell debris and insoluble material was separated by centrifugation at 50,000xg for 15 min at
4°C. Protein was purified using Cobalt affinity column (ThermoFisher). The column was
washed with 20ml of lysis buffer before eluting with 4 column volume of elution buffer
(20mM HEPES, 120mM NacCl, 250mM imidazole, pH7.3). The elution from cobalt column
was loaded on to a Superdex S200(16/60) size exclusion column equilibrated with 20mM
HEPES, 200mM NaCl, pH7.3. Peak fraction from size exclusion column was separated on
SDS-PAGE and stained with coomassie blue to conform the purity of protein. Protein was
concentrated and stored at —80°C.

Bacterial Protein Expression and Crystallization of BIK1—Full-length BIK1 was
amplified from Arabidopsis Col-0 cDNA library and was cloned into £. coliexpression
vector with an N-terminal 6xHIS-tag followed by TEV cleavage site using isothermal
assembly. The plasmid was sequenced to confirm the clone. BIK1 expression and
purification was performed as described in (Lal et al., 2016). Briefly, 12L 2XYT media was
inoculated with overnight grown (HIS)g-TEV-BIK1 BL21 culture. BIK1 was purified by 3-
step purification strategy of affinity chromatography followed by ion exchange and size
exclusion chromatography. HIS-tag was cleaved by incubating with TEV protease followed
by affinity and size exclusion chromatography. BIK1 crystallization was performed as
described previously using batch method (Lal et al., 2016).

BIK1 Structure Determination—X-ray diffraction data were collected on beamline 12-2
at Stanford Synchrotron Radiation Lightsource to 2.35A resolution (Table S1). The BIK1
structure was solved by Molecular Replacement using an ensemble of kinase structures in
the PHENIX program (Adams et al., 2010). The ensemble of structures included BAK1
(PDBID: 3uim), BRI1 (PDBID: 40h4), IRAK4 (PDBID: 2nru), and tomato protein kinase
Pto (PDBID: 2gkw). The BIK1 structure was modeled using the program COOT (Emsley
and Cowtan, 2004) and refined against PHENIX (Afonine et al., 2012). Table S1 lists the
statistics for data processing and structure refinement. The final R-factor and R-free vales
are 23.8 and 26.8, respectively.

Mass Spectrometry—Equal amount of purified kinase-dead BIK1 was incubated with
purified EFR in kinase buffer (30mM Tris, 150mM NaCl, 1mM ATP, 5mM MgCl,, 3mM
MnCl,, pH7.3) for 1 h and separated by SDS-PAGE. The gel was stained with coomassie
brilliant blue (CBB) stain and the protein bands were sliced for mass spectrometry sample
processing. The gel pieces were washed with ammonium bicarbonate followed by
acetonitrile, the samples were reduced by incubating with 10mM DTT in 50mM ammonium
bicarbonate for 30 min at 56°C. The gel pieces were washed again with acetonitrile to
remove DTT. Cysteine residues were carbamidomethylated by incubation with 55mM
iodoacetamide in 50mM ammonium bicarbonate for 20 min in dark. lodoacetamide was
removed and samples were incubated with trypsin in ammonium bicarbonate and incubated
overnight at 37°C. LC-MS/MS was performed using nanoflow-HPLC and Q-Exactive
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hybrid quadruple-Orbitrap at UC Davis Genome Center proteomics facility (http://
proteomics.ucdavis.edu/). The protein identification searches were performed on a directed
basis using TAIR 10 Arabidopsis protein database (www.arabidopsis.org) by
TurboSEQUEST via the BioWorks interface and then imported into Scaffold. Within
Scaffold, spectra were searched with X, Tandem. Carbamidomethylation of Cys residues
were specified as a fixed modification and oxidized Met and phosphorylation of Ser, Thr, or
Tyr residues were allowed as variable modifications. The predicted phosphorylation sites
were manually confirmed before acceptance.

Seedling Growth Inhibition Assay—Seeds were surface sterilized using ethanol and
spotted on 1/2 MS plates with 0.5% sucrose. To synchronize germination, seeds were
stratified at 4°C for 4 days. Seeds were grown under short day condition for additional 6
days. Individual seedlings were transferred to a single well of 48 well-plate containing either
MS media alone or with 1uM elf18. Fresh weight of 10 days old individual seedling was
measured using precision scale. Eight replicates of each genotype were measured for
statistical analysis and experiment was repeated five times. Statistical analysis was
performed using GraphPad Prism 7 software.

Bacteria Growth Assay—~Pseudomonas syringae pv tomato (Psf) DC3000 growth assay
was performed by syringe inoculation in Arabidopsis. Pst DC3000 was grown on LB agar
plate with 50 pg/ml rifampicin for 48 h at 28°C. Bacteria was scraped from the plates and
resuspended in 10mM MgCl,. The bacterial resuspension was diluted to ODggg of 0.001 or 1
x 10° colony-forming units (cfu)/mL and hand inoculated using a needle-less syringe onto
4-5 week old plants. To access if pre-activation of PAMP-triggered immunity (PTI) inhibit
bacterial growth, 4-5 week old Arabidopsis plants were pre-inoculated with 100nM of elf18
or H,O 24 h prior to Pst DC3000 infection. Plants were grown for 3 additional days in short
day chamber. Three leaf discs from different plants per genotype were collected and
homogenized in 10mM MgCI, using beat beater. Serial dilutions of homogenized samples
were plated on LB agar plate with appropriate antibiotics. Data were graphed with triplicate
values and each experiment was repeated at least three times. Statistical analysis was
performed using GraphPad Prism 7 software.

MAPK Assay—3-4 week old plants were treated with 1uM of elf 18 and tissue was
collected at 0, 10, 30 and 120 min and flash frozen in liquid nitrogen. The samples were
grounded in liquid nitrogen and resuspended in extraction buffer {30mM Tris, 150 mM
NaCl, 0.2% triton X-100, 1mM NaF, 1X PhosSTOP (Roche), 1x cOmplete protease
inhibitor (Roche)}. Equal amount of protein was loaded on SDS-PAGE gel based on
Bradford assay. Proteins were transferred to nitrocellulose membrane and incubated with
p44/42 MAPK antibody (#9101; Cell Signalling) overnight.

Hormone Measurement—Leaves were weighed and frozen in liquid nitrogen.
Immediately after freezing tissue was homogenized in a paint shaker for 20 sec. Following
homogenization, frozen tissue was extracted as previously described (Casteel et al., 2015).
For analysis, 5 mL of each extract was analyzed using a Thermo Electron LTQ-Orbitrap XL
Hybrid MS. Samples were separated on a Zorbax Extend-C18 HPLC column (Phenomenex
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Kinetex, 5 um, 100 x 2,10 mm) using 0.1% formic acid in water (Solvent A) and 0.1% (v/v)
formic acid in acetonitrile (Solvent B) at a flow rate of 300 pL min-1. The gradient used was
0-0.5 min, 20% B; 0.5-13.5 min, linear gradient to 100% B; 13.6—17 min, linear gradient to
30% B; 17.1-18 min, linear gradient to 20% B.

Quantitative Real-Time PCR—Leaf tissues were collected from non-infected and
infected plants at indicated time points and total RNA was extracted using TRIzol reagent
(Life Technologies) by following the manufacturer’s protocol. Total RNA was treated with
DNase | RNase free (New England Biolabs) and cDNA was synthesized using SuperScript
I11 reverse transcriptase (Life Technologies) and oligo(dT)12-18 primer by following the
manufacturer’s protocol. Real-time gRT-PCR was performed using Bio-Rad CFX96 gPCR
instrument (Bio-Rad) using iTaq Universal SYBR Green Supermix (Bio-Rad) and 2.5 mM
each gene specific primers listed in Key Resources Table and 5% diluted cDNA. Data
presented are normalized for UBQ5 expression level.

Nuclear Fractionation—Nuclear fractionation was performed using percoll based
gradient. 2 grams of leaves were chopped with a razor blade and homogenized in 4ml of
extraction buffer (2.0 M hexylene glycol (2-methyl-2,4-pentandiol), 40 mM HEPES-KOH
pH 7.8, 10 mM MgCl, and 5 mM 2-mercaptoethanol) using motor and pestle. Homogenate
was filtered through 100um cell strainer (Falcon 352360). Triton X-100 was added to a final
concentration of 1%. Percoll gradient was set up as described and nuclei were enriched at
the interface of 30% and 80% Percoll. Enriched nuclei were washed with extraction buffer
and centrifuges at 10009 to pellet the nuclei. Purity of nuclei was confirmed by western blot
analyses against plasma membrane specific a-FLS2, cytoplasmic specific a-PEPC, nucleus
specific a-Histone H3, thylakoids LHCII type I chlorophyll a/b-binding protein (LHCB1) or
stroma Rubisco large subunit (RBCL) antibody.

Localization, BiFC, and Microscopy—For localization, BIK1 was fused to tagCFP
under the control of Arabidopsis UBQ10 promoter and a NOS terminator. For BiFC, BIK1
was fused to the N-terminal 155 amino acid residues of citrine (YN) and WRKY 33,
WRKY50, WRKY 51, WRKY57, and NLS-GUS were fused to the C-terminal of citrine
(YC) under the control of a NOS promoter and a NOS terminator. These plasmids were
transformed into Agrobacterium strain GV3101. Agrobacterium-mediated transient
expressions in N. benthamiana leaves were performed as described in (Padmanabhan et al.,
2013). For localization, ODggg = 0.2 and for BiFC, ODggg = 0.5 was used. For BiFC,
Agrobacterium containing YN and YC constructs were co-infiltrated at 1:1 ratio.
Fluorescence imaging was performed using Zeiss 710 Laser scanning confocal system using
an Axio observer Z1 inverted microscope with 40X/1.2 NA C-Apochromat water immersion
objective. Approximately, 4 mm?2 N. benthamiana leaf sections were excised 48 hours after
transient expression. The 458 nm and 514 nm laser lines of a 25 mW Argon laser (Coherent)
with appropriate emission filters were used to image tagCFP and Citrine with chloroplast.
Alternatively, a 458 nm laser line of a 25 mW Argon laser and a META detector was used
for chloroplast autofluorescence.
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Protoplast Isolation, Plasmid Transfection and Coimmunoprecipitation—The
protoplast isolation, transfection and Co-IP assays were reported previously (Lu et al.,
2010). Briefly, 500 mL of protoplasts at a density of 2x10%/mL were transfected with EFR-
FLAG or a control vector without EFR (C) and HA-tagged BIK1 or different BIK1 mutants.
Six hours after transfection, protoplasts were treated with mock (=) or with 1 mM elf18 (+)
for 15 min, and collected for Co-1P assay. Protoplasts were lysed with 0.5 ml of extraction
buffer (10 mM HEPEs, pH7.5, 100 mM NaCl, 1 mM EDTA, 10% Glycerol, 0.5% Triton
X-100 and protease inhibitor cocktail from Roche), and the samples were centrifuged at
13,000 rpm for 10 min at 4°C. The supernatant was incubated with a-FLAG agarose for 2 hr
at 4°C with gentle shaking. The beads were collected and washed three times with washing
buffer (10 mM HEPEs, pH7.5, 100 mM NaCl, 1 mM EDTA, 10% Glycerol, and 0.1% Triton
X-100), and once with 50 mM Tris-HCI, pH7.5. The immunoprecipitated proteins were
analyzed by western blot with an a-HA or a-FLAG antibody.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the quantification and statistical parameters are mentioned in the figure legends.
Quantification of immunoblot data in Figure 6B is from two independent experiments and
data was analyzed with Image J software (National Institutes of Health). The data are
presented as mean + SEM. For the pathogen infection assays, n represents the number of
samples in each replicate. Statistical significance between two groups were analyzed by
ANNOVA/Dunnette’s multiple comparison, and asterisks indicate the statistical significance
mentioned in figure legends for each experiment. At least three biological replicates were
included. Statistical analysis was performed by GraphPad Prism 7.

DATA AND SOFTWARE AVAILABILITY
The BIK1 crystal structure is deposited in the RCSB Protein Data Bank under PDB ID 5tos.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. The immune receptor EFR phosphorylates BIK1 at S89/T90 in a unique
extended loop

. BIK1 S89/T90 are required for EFR-mediated defense responses

. Defense phytohormones JA and SA are elevated in BIK1 phosphomimetic
mutant plants

. BIK1 localizes to the nucleus and targets WRKY transcription factors to
regulate JA/SA
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Figure 1. EFR Cytoplasmic Kinase Domain Trans-Phosphorylates BIK1 at S89/T90 Residues
(A) In vitro EFR auto-phosphorylation and EFR trans-phosphorylation of BIK1. Auto-

phosphorylation activity (top panel) of insect cell purified (HIS)g-tagged EFR cytoplasmic
kinase domain (EFR_CD), kinase-dead mutant (EFR_CD¥*), and EFR_CD lacking
juxtamembrane (JM) region (EFR_CDDJM). Trans-phosphorylation activity of insect cell
purified EFR_CD, EFR_CD* and EFR_CDAJM on (HIS)g-GST-tagged kinase-dead BIK1
(GST::BIK1KD) purified from £. coli (top panel). Phosphorylation was detected using anti-
pS/T antibody. Coomassie-stained gel shows GST::BIK1KD, EFR_CD, EFR_CD*, and
EFR_ CDDJM proteins (bottom panel). Protein sizes marked on the left are in kDa.
Numbers on the bottom refer to lanes 1-4.

(B) In vitroradioactive-based EFR trans-phosphorylation assay. HIS-tagged EFR_CD, EFR_
CD*, or EFR_CDAJM purified from insect cell and GST-tagged BIK1 purified from £. coli
were incubated with [y—32P]ATP. Phosphorylation was detected by autoradiography. CBB,
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Coomassie brilliant blue. Protein sizes marked on the left are in kDa. Similar results were
obtained in two independent experiments.

(C) EFR_CD phosphorylates BIK1 at S89/T90 residues. Mass spectrometry analyses of
BIK1 phosphorylated sites by EFR_CD. The b and y ions are marked in spectra with
respective peptide sequence above the spectrum. Neutral loss of a phosphate group with
mass of 98 Da is indicated.

See also Figure S1.
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Figure 2. BIK1 S89 and T90 Are Important for EFR-Mediated Growth Inhibition Response to
elf18 Ligand

(A) Mutations in S89/T90 of BIK1 rescues seedling growth suppression mediated by elf18
ligand. Fresh weight of seedlings of wild-type Arabidopsis Col-0 and bik1 complemented
with wild-type BIK1 (BIK1WT), BIK1 S89A/T90A (BIK1S89AT0A) BIK1 T120A
(BIK1T120A) BIK1 S129A (BIK15129A) ‘and BIK1 T120A/S129A (BIK1T120A/S129A) jn the
presence of 1 mM elf18. The data were normalized against control Col-0 as reference (mean
+ SD; n > 8; ****p < 0.0001; ns, not significant, ANOVA/Dunnett’s multiple comparison
test). Similar results were obtained in three independent experiments.

(B) Seedling growth sensitivity assay of wild-type Col-0, bak1-5, bik1, and bikl
complemented with BIKIWT, BIK1S89D/T90D and BIK1S89A/T90A jn the absence (left panel)
and in the presence of 1 uM elf18 (middle panel). Quantitation (right panel) of fresh weight
of seedlings in the middle panel normalized against control (mean £ SD; n > 8; ****p <
0.0001, ***p = 0.0002; ns, not significant, ANOVA/Dunnett’s multiple comparison test).
Similar results were obtained in three independent experiments.

See also Figure S2.
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Figure 3. BIK1 Crystal Structure Reveals BIK1 S89 and T90 in a Unique Extended Loop
(A) Crystal structure of BIK1 monomer colored by the rainbow spectrum; N terminus (blue),

and C terminus (red). Secondary structure elements labeled based on cyclin-dependent
kinase (CDK) topology.

(B) The p2-B3 loop, which contains S89 and T90, is uniquely extended in BIK1 compared
with closely related kinases. The structures superimpose onto BIK1 with a root-mean-square
deviation of 1.30A for BAK1, 1.07A for BRI1, and 1.11A for IRAK4, comparing 198, 171,
and 183 equivalent a carbons, respectively.

(C) Sequence alignment around the B2-p3 loop and helix aC comparing the similar kinases.
Residues highlighted in green are disordered in the BIK1 structure, yellow highlighted
residues correspond to S89 and T90, and the catalytically important Glu in a.C is marked by
a cyan asterisk.
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(D) Space-filling representation of the BIK1 structure colored according to sequence
conservation of kinases. Generated by the program ConSurf.
See also Figure S3 and Table S1.
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Figure 4. BIK1S89A/T90A phospho-Null and BIK1589D/T90D phospho-Mimetic Mutants Have
Opposite Effects on Growth and Defense

(A) Growth phenotypes of wild-type Col-0 compared with bikZ and bik1 complemented
with BIKIWT, BIK1S89A/TI0A ang BIK1S89D/T0D  photographs were taken 22 days after
germination. Similar phenotypes were observed in multiple plants (Figure S4) and in three
different lines.

(B) Electrostatic surface potential of BIK1 with positively (blue) and negatively (red)
charged regions. Zoomed region surrounding BIK1 S89 and T90 (right panel).

(C) Hypothetical electrostatic charge of the region surrounding S89 and T90 in
BIK1S89D/T90D

(D) Disease symptoms 3 days after syringe inoculation of Pst DC3000. Similar results were
obtained in three independent experiments.

(E) Colony-forming units (CFU) of Pst DC3000 bacteria from (D). Mean + SD; n > 3;
****p < 0.0001, ***p < 0.001, ANOVA/Dunnett’s multiple comparison test compared with
Col-0. Similar results were obtained in three independent experiments.

(F) CFU of PstDC3000 3 days after syringe inoculation of leaves pre-treated with 100 nM
elf18 or H,0 for 24 hr (mean £ SD; n > 3; ****p < 0.0001, ANOVA/Dunnett’s multiple
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comparison test) compared with mock-treated Col-0. Similar results were obtained in three
independent experiments.
See also Figure S4.
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Figure 5. BIK1S89D/T90D aAccumulates Higher Levels of JA
(A) BIK1S89A/T0A and BIK1S89D/T90D have no effect on ethylene response. BIK1S89A/T90A

and BIK1S89D/T90D restore pik1 insensitivity to ethylene similar to that of Col-0 wild-type.
(B) Hypocotyl length quantification of seedlings from (A); mean + SD; n > 15. Statistical
analysis was performed with ANOVA/Dunnett’s multiple comparison test compared with
Col-0; ****p < 0.0001; ns, not significant.

(C and D) JA levels were increased in 3-week-old BIK1589D/T90D plants compared with
wild-type Col-0, bik1, and BIK1S89A/T90A plants (C). JA levels were further increased in
BIK1S89D/TI0D plants 2 days after syringe inoculation with £st DC3000 (D). mean + SD; n
=8. ***p <0.001 in (C) and ****p < 0.0001 in (D), statistical analysis was performed with
ANOVA/Dunnett’s multiple comparison test compared with BIK15895/T90D: = ns when
Col-0 was used as a control. Similar results were obtained in three independent experiments.
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(E) SA levels were increased 2 days after syringe inoculation with Pst DC3000 in
BIK1589D/TI0D plants compared with wild-type Col-0, bikZ, and BIK1S89A/T90A plants,
Mean + SD; n = 8. Statistical analysis was performed with ANOVA/Dunnett’s multiple
comparison test compared with Col-0; ****p < 0.0001; ns, not significant.

(F and G) JA-responsive PDF1.2 (F) and SA-responsive PRI (G) genes are upregulated in
B1K1S89D/T90D plants compared with wild-type Col-0 and BIK1S89A/T90A plants, qRT-PCR
was performed using UBQ5 as a reference. Data from three biological replicates were
combined and values are shown as mean + SD.

See also Figure S5.
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Figure 6. BIK1 Localizes to the Nucleus to Regulate JA Signaling by Targeting WRKY Proteins
(A) Nuclear fractionation of BIK1-HA transgenic Arabidopsis plants. BIK1-HA was

detected in the nuclear fraction (panel 1). FLS2 as a plasma membrane (panel 2), PEPC as a
cytoplasmic (panel 3), RBCL as a chloroplast stroma (panel 4), LHCB1 as chloroplast
thylakoid (panel 5), and histone 3 (H3) as a nuclear (panel 4) markers were used. Similar
results were obtained in three independent experiments.

(B) Quantification of protein present in the nuclear fraction compared with total from blots
shown in (A).

(C) Co-localization of BIK1-tCFP-HA and FLS2-Citrine in N. benthamiana transient assay
shows that BIK1 is present both in the nucleus and plasma membrane. Scale bars, 20 pm.
(D) BIK1-tCFP-HA is not cleaved in planta. \Western blot with a-HA of N. benthamiana
tissue transiently expressing BIK1-tCFP-HA 48 hr after infiltration. Protein sizes marked on
the left are in kDa.
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(E) BIK1 interacts with WRKY 33, 50, and 57 /n vivo. Co-expression of BIK1 fused to the N
terminus of citrine (BIK1YN) with WRKY33, 50, and 57 fused to the C terminus of citrine
(BIK1YC) in bimolecular fluorescence complementation assay in N. benthamiana
reconstituted citrine fluorescence in the nucleus (N). Co-expression of BIK1YN with
WRKY51YC and NLS-GUSYC did not reconstitute citrine fluorescence. Scale bars, 20 pm.
(F) BIK1 interacts with WRKY33, 50, and 57 in vitro. N. benthamiana transiently
expressing BIK1-HA was immunoprecipitated with GST-WRKY33, 50, 57, and 51 purified
from E. coli. Western blot was performed with a-HA and a-GST. Protein sizes marked on
the right are in kDa.

(G) BIK1 selectively trans-phosphorylate WRKY33, 50, and 57. Trans-phosphorylation
activity of HIS-BIK1 purified from £. colion WRKY33, 50, 51, and 57 purified from £. coli
(top panel). Phosphorylation was detected using anti-pS/T antibody. Coomassie-stained gel
shows GST::WRKY33, GST::WRKY50, GST::WRKY51, GST::WRKY57, and HIS-BIK1
(bottom panel). Protein sizes marked on the left are in kDa; asterisks indicate GST::WRKY
fusion proteins.

(H) BIK1S89D/T90D has reduced trans-phosphorylation on WRKY57. HIS-tagged BIK1WT,
BIK1S89A/TOA and BIK1S89D/TI0D pyrified from £. coliwere incubated with GST-tagged
WRKY57 purified from E. coli. Phosphorylation was detected by autoradiography with [y
—32P]ATP (top panel). Coomassie brilliant blue (CBB)-stained SDS-PAGE gel shows
loading of proteins. Protein sizes marked on the left are in kDa. Similar results were
obtained in two independent experiments.

(1) BIK1S89A/T90A and BIK 1589D/T90D mytations do not affect trans-phosphorylation of its
known target RBOHD N terminus. Trans-phosphorylation of purified RBOHD N terminus
(RbohD_N) by BIKIWT, BIK1S89AT90A and BIK1589D/TI0D detected by radioactively
labeled [y—32P]ATP. Top panel autoradiograph and bottom panel CBB-stained SDS-PAGE
gel show loading of proteins. Protein sizes marked on the left are in kDa.

See also Figure S6.
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Figure 7. A Proposed Model for the Signal Transduction from EFR to the Nucleus through BIK1
to Modulate JA and SA

A schematic model depicting trans-phosphorylation of BIK1 at S89 and T90 by EFR to
activate JA and SA signaling through interaction with WRKY transcription factors in the
nucleus (Nuc), independent of ethylene and MAPK cascade. In non-infected cells BIK1
constantly interacts and phosphorylates WRKY33 (W33), WRKY50 (W50), and WRKY57
(W57) to negatively regulate SA and JA. During bacterial infection, BIK1 is phosphorylated
at S89/T90 by EFR. Phosphorylation at these sites selectively abolishes BIK1’s ability to
transphosphorylate WRKY's and consequently results in elevated JA and SA levels.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit polyclonal anti-pS/T Abcam Cat#ab17464; RRID:AB_443891
Mouse monoclonal anti-HIS Sigma Cat#H1029; RRID:AB_260015
Mouse monoclonal anti-HA Sigma Cat# H6908; RRID:AB_260070
Mouse monoclonal anti-GST SantaCruz Cat#t

SC374171; RRID:AB_11008206
Rabbit polyclonal anti-FLS2 Agrisera Cat#

AS121857
Rabbit polyclonal anti-PEPC abcam Cat#ab34793; RRID:AB_777192
Rabbit polyclonal anti-Histone H3 abcam Cat#ab1791; RRID:AB_302613
Rabbit polyclonal anti-Lhcbl Agrisera Cat#AS09 522; RRID:AB_10507202
Rabbit polyclonal anti-Rbcl Agrisera Cat#

AS03 037A; RRID:AB_2175288
Rabbit polyclonal anti-FLAG Sigma Cat#F1804; RRID:AB_262044
Rabbit polyclonal anti-pMAPK Cell Signaling Cat#9101; RRID:AB_331646

Bacteria and Virus Strains

High5

SF-9

Agrobacterium tumefaciens GV3101
Escherichia coli BL21

Escherichia coli DH5a

Pseudomonas syringae pv tomato (Pst) DC3000
Chemicals, Peptides, and Recombinant Proteins
Glutathione Sepharose 4 (affinity gel)

Cobalt affinity column
1-aminocyclopropane-1-carboxylic acid (ACC)

Protease inhibitor cocktail

cOmplete mini EDTA-free protease inhibitor cocktail

Phusion High-Fidelity DNA Polymerase
elf18 peptide

iTag Universal SYBR Green Supermix
Protease Inhibitor Cocktail Tablets
Trizol

Superscript 111 Reverse Transcriptase
Oligo(dT);,_1g primer

DNase I (RNase-free)
Glufocinate-Ammonium
ExpressiveFive media

SF-900 111 SFM media

RNase Out

Critical Commercial Assays

Zymoclean Gel DNA Recovery Kit - Uncapped columns

ThermoFisher
ThermoFisher
Holsters et al., 1980
NEB

ThermoFisher

N/A

ThermoFisher
ThermoFisher
Sigma
Sigma

Roche

ThermoFisher
Ezbiolab

BioRad

Roche

Life Technologies
Life Technologies
ThermoFisher
New England Biolabs
Sigma
ThermoFisher
ThermoFisher

Life Technologies

Zymo Research Corporation

Cat#B85502
Cat#11496015
N/A

Cat# C25271
Cat#18258012
N/A

Cat#16100
Cat#89965
Cat#A3903
Cat#P9599

Cat#
11836170001

Cat#F549L
Cat#cp7211
Cat#1725122
Cat#04693116001
Cat#10296-028
Cat#18080044
Cat#18418012
Cat#MO0303S
Cat#45520
Cat#10486025
Cat#12658027
Cat#10777-019

Cat#D4002
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REAGENT or RESOURCE SOURCE IDENTIFIER
DNA Clean & Concentrator-5 - Uncapped Columns Zymo Research Corporation  Cat#D4004
ZR Plasmid Miniprep-Classic Kit Zymo Research Corporation ~ Cat#D4016
Deposited Data

BIK1 Crystal Structure RCSB Protein Data Bank PDB: 5tos
Experimental Models: Organisms/Strains

ArabidopsispBIK1-BIK1S89ATOA A This paper N/A
Arabidopsis.pBIK1-BIK1589D/T90D_pH A This paper N/A
ArabidopsispBIK1-BIK1T120A.HA This paper N/A
Arabidopsis: pBIK1-BIK15129A-HA This paper N/A
Arabidopsis:pBIK1-BIK1T120A/S129A_ A This paper N/A
Nicotiana benthamiana Taxonomy 1D: 4100 N/A

Oligonucleotides
See Table S2
Recombinant DNA

PBIK1-BIK1S8IATOA A This paper N/A
pBIK1-BIK1S89D/T0D_HA This paper N/A
pBIK1-BIK1T120A.HA This paper N/A
pBIK1-BIK1S129A.HA This paper N/A
pBIK1-BIK1T120A/S129A A This paper N/A
His-GST-TEV-BIK1 This paper N/A
His-GST-TEV-BIK1 This paper N/A
His-TEV-EFR-CD (Insect cell expression) This paper N/A
His-TEV-EFR-CD* (Insect cell expression) This paper N/A
His-TEV-EFR-CDAJM (Insect cell expression) This paper N/A
His-TEV-BIK1 This paper N/A
His-TEV-BIK1S89A/T90A This paper N/A
His-TEV-BIK1589DT90D This paper N/A
His-GST-TEV-WRKY 33 This paper N/A
His-GST-TEV-WRKY50 This paper N/A
His-GST-TEV-WRKY51 This paper N/A
His-GST-TEV-WRKY57 This paper N/A
pUBQ-BIK1-tagCFP-HA This paper N/A
pUBQ-BIK1S89ATIOA_tagCFP-HA This paper N/A
pUBQ-BIK1S89D/T90D_tagCFP-HA This paper N/A
pNOS-BIK1YN This paper N/A
pNOS-WRKY33YC This paper N/A
pNOS-WRKY50YC This paper N/A
pNOS-WRKY51YC This paper N/A
pNOS-WRKY57YC This paper N/A
pNOS-NLS-GUSY¢ This paper N/A

Software and Algorithms
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REAGENT or RESOURCE SOURCE IDENTIFIER
Prism 7 GraphPad RRID:SCR_002798
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