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SUMMARY

The Arabidopsis immune receptor FLS2 and co-
receptor BAK1 perceive the bacterial flagellin
epitope flg22 to activate plant immunity. To prevent
this response, phytopathogenic bacteria deploy a
repertoire of effector proteins to perturb immune
signaling. However, the effector-induced perturba-
tion is often sensed by the host, triggering another
layer of immunity. We report that the Pseudomonas
syringae effector HopB1 acts as a protease to cleave
immune-activated BAK1. Prior to activation, HopB1
constitutively interacts with FLS2. Upon activation
by flg22, BAK1 is recruited to the FLS2-HopB1 com-
plex and is phosphorylated at Thr455. HopB1 then
specifically cleaves BAK1 between Arg297 and
Gly298 to inhibit FLS2 signaling. Although perturba-
tion of BAK1 is known to trigger increased immune
responses in plants, the HopB1-mediated cleavage
of BAK1 leads to enhanced virulence, but not disease
resistance. This study thus reveals a virulence strat-
egy by which a pathogen effector attacks the plant
immune system with minimal host perturbation.

INTRODUCTION

Plants and phytopathogens are engaged in a perpetual evolu-
tionary battle. Plants employ multiple mechanisms to detect
potential pathogens and activate innate immunity (Dodds
and Rathjen, 2010; Jones and Dangl, 2006). Plasma mem-
brane-localized pattern recognition receptors (PRRs), which
are functionally analogous to animal Toll-like receptors, recog-
nize conserved microbial molecules referred to as path-
ogen/microbe-associated molecular patterns (PAMPs/MAMPs),
thereby inducing defense response (Boller and Felix, 2009;
Macho and Zipfel, 2014). Pattern-triggered immunity (PTI) con-
stitutes a first layer of plant immunity, to prevent parasitism of
a broad range of potential phytopathogens. Phytopathogens
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can deliver a plethora of effector proteins into host cells to pro-
mote parasitism (Dou and Zhou, 2012; Macho and Zipfel,
2015). To counter pathogen effectors, plants have evolved a
second layer of immunity consisting of intracellular NOD-like re-
ceptors (NLRs) that recognize specific effector proteins, leading
to effector-triggered immunity (ETI; Cui et al., 2015; Spoel and
Dong, 2012). The fact that effectors can be a double-edged
sword represents a major dilemma in the adaptation of phyto-
pathogens to their host plants (Alfano and Collmer, 2004).

Gram-negative pathogenic bacteria utilize type Il protein
secretion systems (T3SSs) to inject effectors (T3Es) into host
cells. For instance, the model bacterial pathogen Pseudomonas
syringae pv. tomato (Pto) DC3000 injects more than 30 T3E pro-
teins into plant cells. Many T3Es encode enzymes such as phos-
phothreonine lyase, ADP-ribosyltransferase, uridylyltransferase,
E3 ligase, acetyltransferase, tyrosine phosphatase, and cysteine
protease (Feng and Zhou, 2012; Kazan and Lyons, 2014; Macho
and Zipfel, 2015). While T3Es target specific host proteins to
enhance bacterial virulence, the modification of host proteins
often allows the plant to sense the pathogen and trigger ETI
when one of the modified host proteins is guarded by a cognate
NLR, thereby “betraying” the pathogen (Cui et al., 2015; Khan
et al., 2016).

FLS2, a well-known PRR, recognizes a 22 amino acid N-termi-
nal epitope (flg22) of bacterial flagellin. Perception of flg22 in-
duces heterodimerization of FLS2 with its co-receptor BAK1
and activates the FLS2 receptor complex (Chinchilla et al.,
2007; Heese et al., 2007; Sun et al., 2013). In addition to FLS2
signaling, BAK1 also serves as a co-receptor for additional
PRRs including EFR, PEPRs (Roux et al., 2011), and likely
RLP30 (Zhang et al., 2013) and RLP23 (Albert et al., 2015).
Furthermore, the receptor-like cytoplasmic kinase (RLCK) BIK1
and its paralogs are part of multiple PRR complexes that regulate
immune responses by phosphorylating downstream compo-
nents (Kadota et al., 2014; Li et al., 2014; Lu et al., 2010; Zhang
et al., 2010). A number of T3Es have been shown to enhance
virulence by targeting PTI signaling pathways (Feng and Zhou,
2012; Xin and He, 2013). Notably, Pto T3Es AvrPto, AvrPtoB,
AvrPphB, and HopAO1 directly target components of PRR com-
plexes to block PTI (Gimenez-lbanez et al., 2009; Gohre et al.,
2008; Macho et al., 2014; Xiang et al., 2008; Zhang et al.,
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2010). Other Pto effectors, such as HopU1, HopM1, HopAl1, and
HopF2, target downstream immune components to interfere
with RNA metabolism (Fu et al., 2007; Nicaise et al., 2013),
vesicle trafficking (Nomura et al., 2006; Lozano-Duran et al.,
2014), and MAP kinase activation (Wang et al., 2010; Zhang
et al., 2007). Not surprisingly, plants have evolved mechanisms
to sense the perturbation of the PTI pathway by effectors. For
example, both the Pseudomonas T3E AvrPphB and the Xantho-
monas T3E AvrAC target BIK1 for virulence, but plants have
evolved BIK1 paralogs PBS1 and PBL2 to recognize AvrPphB
and AvrAC, respectively, and activate NLR-mediated ETI (Feng
et al., 2012; Shao et al., 2003; Wang et al., 2015; Zhang et al.,
2010). Likewise, the Pto T3Es AvrPto and AvrPtoB target the
PRR complex to promote virulence, but plants have evolved
the Pto kinase to sense these effectors by mimicking the viru-
lence target (Ntoukakis et al., 2014; Zhou and Chai, 2008). The
Ralstonia T3E PopP2 acetylates WRKY transcription factors to
inhibit transcription of plant immune response genes, but the
NLR protein RRS1 has integrated a WRKY domain to sense
PopP2-induced acetylation and activate ETl (Le Roux et al.,
2015; Sarris et al., 2015). Furthermore, genetic and microbial
perturbation of BAK1 results in heightened immune responses
in Arabidopsis (Dominguez-Ferreras et al.,, 2015; He et al.,
2007; Yamada et al., 2016). Although it is not clear whether
NLR proteins are involved, the existing evidence indicates that
plants have evolved a mechanism to sense effectors that target
BAK1 (Yamada et al., 2016; Tang and Zhou, 2016). It remains
unclear whether and how bacteria have evolved PTl-inhibiting
T3Es that evade recognition by the plants.

Here we show that the Pto T3E protein HopB1 is an unconven-
tional serine protease that does not match the peptidase data-
base MEROPS (http://merops.sanger.ac.uk; Rawlings et al.,
2014). HopB1 specifically cleaves BAK1 between Arg297 and
Gly298 to enhance Pto virulence. Unlike previously reported
T3E proteases, HopB1 does not cleave its substrate until it
is activated upon flg22 perception. Although HopB1 disrupts
BAK1, it does not trigger plant disease resistance, suggesting
that the specific cleavage of activated BAK1 has allowed
HopB1 to evade host recognition.

RESULTS

HopB1 Inhibits Plant Immunity

We previously identified a number of Pto T3Es that inhibit flg22-
induced transcription of a basal resistance gene, NHO1 (Li et al.,
2005). In this study, we investigated additional Pto T3Es for their
ability to inhibit the flg22-responsive reporter gene FRK1. The
FRK1::LUC induction in Arabidopsis protoplasts was strongly in-
hibited by HopAlI1, a positive control, and several previously un-
characterized T3Es, including HopB1 (Figures S1A and S1B,
available online), which is the focus of this study.

We next examined FRK1::LUC induction in protoplasts upon
different PAMP treatments. HopB1 completely blocked flg22-
and elf18-triggered FRK1::LUC expression, but did not appear
to significantly inhibit chitin-induced FRK7 expression (Fig-
ure 1A). Transgenic plants expressing HopB1-FLAG under the
control of an estradiol-inducible promoter were generated to
test whether HopB1 impedes resistance to P. syringae bacteria.
Two independent hopB1 transgenic lines supported 5- to 7-fold

more bacterial growth than did wild-type plants when spray-
inoculated with the nonpathogenic Pto hrcC™ strain (Figure 1B),
which is deficient in the T3SS and induces only PTI in plants.
The growth of wild-type Pto on the hopB71 transgenic lines
was similar to growth on the wild-type plants when spray-inocu-
lated, a result consistent with the notion that the hopB17 trans-
gene offers partial bacterial growth benefit compared to that
provided by the full complement of Pto T3Es (Figure 1B).
These results indicated that HopB1 can significantly compro-
mise PTI.

To determine whether HopB1 enhances the virulence of Pto,
we generated knockout mutants by unmarked mutagenesis us-
ing FLP recombinase. The Pto AhopB1 mutant showed only a
minor reduction in bacterial growth in Arabidopsis (Figure 1C).
Because T3Es often act together for robust inhibition of PTI,
we reasoned that the virulence function of hopB1 might be
masked by other PTI-inhibiting effectors. We therefore gener-
ated double- and triple-knockout mutants of hopB7 in com-
bination with mutants of avrPto and avrPtoB, which are major
virulence contributors in Pto (He et al., 2006; Kvitko et al.,
2009). Indeed, the AavrPtoB hopB1 double mutant showed sig-
nificant in planta bacterial growth reduction compared with
AavrPtoB single mutant bacteria (Figure 1C). In addition, intro-
duction of wild-type hopB1 into the AavrPtoB hopB1 double
mutant restored bacterial growth in planta to the level of the
AavrPtoB-containing empty vector pML123 (Figure 1D). These
results demonstrate that on Arabidopsis plants, hopB1 indeed
contributes to virulence, at least in a Pto strain lacking avrPtoB.

HopB1 Targets an Immune Receptor Complex and
Inhibits Early PTI Responses
To explore biochemical function and the host target by which
HopB1 inhibits the PTI, we systematically analyzed early molec-
ular events of PTI. The flg22-triggered reactive oxygen species
(ROS) production, an early PTI response, was reduced to
25%-45% in hopB1 transgenic lines compared to the wild-
type control (Figure 2A). Expression of HopB1-FLAG in trans-
genic plants also significantly suppressed flg22-induced MAP
kinase phosphorylation (Figure S2A). However, unlike the con-
trol T3E HopAl1, which specifically targets MAPKs to inhibit
FRK1 expression (Zhang et al., 2007), HopB1 did not inhibit
FRK1 expression activated by the constitutively active forms of
MKK5 (MKK5PP) and MEKK1 (AMEKK; Figure S2B), indicating
that HopB1 targets upstream of the MAP kinase cascade.
Flg22-induced BIK1 phosphorylation occurs immediately
following activation of the FLS2-BAK1 receptor complex (Zhang
et al.,, 2010). HopB1-FLAG, expressed in Arabidopsis proto-
plasts, inhibited the flg22-induced mobility shift of BIK1-HA on
SDS-PAGE (Figure 2B), indicating an inhibition of BIK1 phos-
phorylation and suggesting that HopB1 directly targets the
FLS2 receptor complex. In vitro GST pull-down assays indicated
HopB1 can interact with the FLS2 kinase domain (FLS2KD), but
not with the BAK1 kinase domain (BAK1KD) or BIK1 (Figure 2C).
Co-immunoprecipitation assays (colP) showed that HopB1
constitutively associated with FLS2, regardless of the presence
or absence of flg22 (Figure 2D). Split-luciferase complemen-
tation assays in Nicotiana benthamiana also indicated that
HopB1 can interact with FLS2, but not BAK1 or BIK1 (Figures
2E, S2C, and S2D).
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Figure 1. HopB1 Inhibits PAMP-Induced Im-
munity and Contributes to Bacterial Virulence
(A) HopB1 inhibits PAMP-induced FRK1 expression
in Arabidopsis protoplasts. FRK1::LUC activity was
determined 3 hr after treatment with 1 uM flg22,
1 uM elf18, or 200 pg/mL chitin (data are repre-
sented as mean + SEM; different letters indicate
significant difference; Student’s t test, p < 0.05;
n > 3; two biological repeats).

(B) Expression of HopB1-FLAG contributes to the
growth of Pto hrcC~ bacteria. Wild-type (Col-0) and
hopB1 transgenic plants were induced with 50 uM
estradiol, after 24 hr they were sprayed with the
indicated bacteria, and the bacterial populations
were determined 4 days post-inoculation (data are
represented as mean + SEM; asterisk (*) indicates
significant difference; *p < 0.05, Student’s t test;
n > 8; two biological repeats).

a (C) hopB1 promotes Pto virulence on Arabidopsis
plants. The indicated Pto mutant bacterial strains
were infiltrated into Arabidopsis leaves, and the
bacterial population was determined 3 days post-
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(D) hopB1 is essential for virulence function of
Pto on Arabidopsis. Empty vector (pML123) or
hopB1 containing construct under its native pro-
moter (phopB1) was transformed into AavrPtoB or
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HopB1 Induces flg22-Dependent Cleavage of BAK1

We next sought to determine whether HopB1 impacts the accu-
mulation of FLS2 and BAK1 by co-expressing FLS2-FLAG and
HopB1-FLAG in protoplasts. In the absence of flg22 treatment,
FLS2-FLAG and the endogenous BAK1 accumulated normally
in the presence of HopB1 (Figure S3A). Surprisingly, a treatment
of flg22 for 10 min led to severe reduction of BAK1, but not
FLS2-FLAG, accumulation in protoplasts expressing HopB1,
but not AvrPto (Figure S3A). Further analysis indicated that this
flg22-triggered BAK1 reduction occurred within 2 min after treat-
ment, and BAK1 further diminished over the course of 30 min
(Figure 3A).

To test whether HopB1 directly degrades BAK1, we co-ex-
pressed GST-HopB1 and the His-tagged BAK1 kinase domain
(BAK1KD-His) in E.coli. Interestingly, a cleaved product ~6 kD
smaller than BAK1KD-His was produced in the presence of
GST-HopB1, but not GST (Figure 3B). Incubation of affinity-
purified BAK1KD-His with an increasing amount of purified
GST-HopB1 resulted in an increasing amount of BAK1KD-
His cleavage product (Figure S3B), demonstrating that HopB1
is indeed capable of cleaving BAK1. However, this cleavage
was less pronounced than the flg22-induced BAK1 reduction
in protoplasts expressing HopB1.

Re-examination of BAK1 protein in protoplasts revealed a
35 kD product of BAK1 concomitant with the reduction of the
full-length BAK1 protein only when both HopB1 and flg22 were

506 Cell Host & Microbe 20, 504-514, October 12, 2016

Days post inoculation

3 AavrPtoB hopB1 strains. The indicated bacterial
strains were infiltrated into Arabidopsis leaves, and
the bacterial growth was determined (data are rep-
resented as mean + SEM; different letters indicate
significant difference; p < 0.05, Student’s t test;
n > 4; three biological repeats).

See also Figure S1.

present (Figure 3C). Together, these results indicate that
HopB1 is an endo-peptidase that cleaves BAK1 in an flg22-
dependent manner.

HopB1 Cleaves BAK1 in the P Loop between Arg297 and
Gly298

In order to identify cleavage sites, the cleavage product of
BAK1KD was reacted with acetic anhydride, which acetylates
N-terminal and lysine residues of proteins. The modified product
was subject to tandem mass spectrum (MS) analysis. All BAK1
peptides starting at Gly298 were N-terminal acetyl modified (Fig-
ure 4A), suggesting that Gly298 is located in the N terminus of the
product. Furthermore, the peptides detected in MS covered the
majority of the BAK1KD (Figure S4A; Table S2), validating
the reliability of MS results. To further confirm that the cleavage
indeed occurred between Arg297 and Gly298, we substituted
the two residues with Ala. BAK1KD™29A and BAK1KD®2%84
were completely resistant to cleavage by HopB1 (Figure 4B).
An Arg297Lys substitution also significantly reduced BAK1
cleavage (Figure 4B), indicating that Arg297 is essential for
HopB1 recognition. In contrast, Ala substitutions of Arg280,
Glu281, Arg307, and Leu308, which showed no or incomplete
N-terminal acetylation in MS results, had no effect on cleavage
by HopB1 (Figure S4B). The aforementioned results demon-
strate that HopB1 specifically cleaves BAK1 between Arg297
and Gly298.



HopBI #3-flg22 HopB1-FLAG

c GST-HopB1
4000 Control HopB1 . GST > _op
e His-FLS2KD + - - + - -
T oy L S HisBAKIKD - + - - + -
~+ Col-0-flg22 :
53000 -8 HopBl #1-H,0 BIK1-HA HIS-BIKI R L
2 a-His
€ o e I1-d _
= 20001 & HopBI #3-H,0 GST Pull-down
E —
[72]
o
&

0 5 10 15 2 Rubisco

Minutes after treatment

HopBI-HA - + o+ -
AvrPto-HA - - -+
flg22 - -+ -

FLS2-FLAG

a-HA IP

FLS2-FLAG

BAKI1-FLAG;
Input

*

*

HopB1-HA

Input

AvrPto-HA

CBB
Input

627 4369

BAKI1-Nluc
HopB1-Cluc

BIK1-Nluc
BAKI1-Cluc

FLS2-Nluc
HopB1-Cluc

BIK1-Nluc
HopB1-Cluc

Figure 2. HopB1 Inhibits Early PTI Signaling Events by Interacting with FLS2
(A) HopB1 inhibits flg22-induced oxidative burst. Wild-type (Col-0) and transgenic plants expressing HopB1-FLAG were pretreated with 50 uM estradiol for 24 hr.

Production of H,O, was determined in two T2 independent transgenic lines.

(B) HopB1 inhibits flg22-induced BIK1-HA phosphorylation in Arabidopsis protoplasts. An HA-tagged BIK1 was co-expressed with HopB1-FLAG in wild-type
(Col-0) protoplasts. Proteins were analyzed upon stimulation with 1 uM flg22 for 10 min. The experiments were repeated three times with similar results.

(C) HopB1 interacts with FLS2KD in vitro. GST-tagged HopB1 and His-tagged FLS2 kinase domain (FLS2KD), BAK1 kinase domain (BAK1KD), or BIK1 re-
combinant proteins were affinity purified, and the interaction was detected by GST pull-down assay. CBB, Coomassie brilliant blue staining.

(D) HopB1 interacts with FLS2 in vivo. HA-tagged HopB1 or AvrPto and FLAG-tagged FLS2 and BAK1 were co-expressed in wild-type Arabidopsis protoplasts.
ColP assay was performed using an anti-HA antibody to determine the interaction. Asterisk indicates truncated FLAG-tagged BAK1 proteins induced by HopB1

or in vivo proteolytic cleavage.

(E) HopB1 interacts with FLS2 in Nicotiana benthamiana. The Agrobacterium carrying the indicated constructs were infiltrated into Nicotiana benthamiana leaves,

and luciferase complementation imaging assays were performed.
See also Figure S2.

BAK1 belongs to the SERK family, consisting of five members
with redundant function (Roux et al., 2011). In vitro cleavage as-
says showed that HopB1 cleaved the kinase domain of all SERK
members except for SERKS5 (Figure S4C). A sequence alignment
showed that while the other four members all contained the
conserved cleavage sites, SERK5 contained an Arg-to-Lys mu-
tation in this site (Figure S4D), explaining the lack of HopB1
recognition.

BAK1 and BKK1 Are Virulence Targets for HopB1

To determine whether SERK members are required for the viru-
lence function of hopB1, we inoculated bak71-5/bkk1 double-
mutant plants with various Pto mutant strains. Unlike bak1-4/
bkk1, which displays constitutive immune responses, bak1-5/
bkk1 is normal in the absence of PAMP stimulation (Schwes-
singer et al., 2011). bak1-5 acts as a dominant-negative
mutation that specifically impedes immune function of SERK
members (Schwessinger et al., 2011). While the Pto AavrPtoB

strain grew significantly more than the Pto AavrPtoB hopB1
strain on wild-type plants, the two strains grew similarly on
bak1-5/bkk1 double mutant (Figure 4C), demonstrating that
BAK1, BKK1, and likely other SERK members are virulence
targets of HopB1.

We generated transgenic plants in bak71-4 background ex-
pressing various forms of BAK1 under the control of a native
promoter. In contrast to plants expressing wild-type BAK1 or
BAK1™297A plants expressing BAK1%2%8A were completely abol-
ished in flg22-triggered H,O., production (Figures S4E and
S4F), indicating that Gly298 is required for BAK1 function.
Gly298 residue is located in the P loop of the kinase domain,
suggesting that BAK1KD®2%A may be defective in kinase activ-
ity. Indeed, autophosphorylation of BAK1KD®2%®” was signifi-
cantly reduced compared to wild-type BAK1KD (Figure S4G).
Consistent with the normal immune function of BAK1R297A in
transgenic plants, BAK1KDR2°74 showed normal autophosphor-
ylation (Figure S4G).
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Figure 3. HopB1 Induces Cleavage of BAK1

(A) HopB1 induces degradation of endogenous BAK1 in an flg22-dependent
manner. FLAG-tagged HopB1 and FLS2 were transiently expressed in Ara-
bidopsis protoplasts. Upon treatment with 1 uM flg22 for the indicated times,
total protein was extracted and immunoblots were performed using antibodies
against FLAG, BAK1, and actin.

(B) The BAK1 kinase domain is cleaved by HopB1 in vitro. GST-tagged HopB1
and C-terminal His-tagged BAK1 kinase domain recombinant proteins were
co-expressed in E.coli. Proteins were subject to immunoblots and Coomassie
brilliant blue (CBB) staining. The arrow indicates BAK1 cleavage product.

(C) HopB1 cleaves endogenous BAKT1 in Arabidopsis protoplasts. FLAG-tag-
ged HopB1 and FLS2 were transiently expressed in protoplasts. Ten minutes
after treatment with 1 uM flg22, total protein was extracted and analyzed by
immunoblots using anti-FLAG and anti-BAK1 antibodies. The arrow indicates
HopB1-induced BAK1 cleavage product. The experiments were repeated
three times with similar results.

See also Figure S3.

The normal PTI function and resistance to HopB1 cleavage
prompted us to test whether BAK172%7A confers immunity in a
manner insensitive to HopB1. We expressed BIK1-HA in proto-
plasts derived from bak1-4 lines complemented with wild-type
BAK1 or BAK172°7A transgenes and tested flg22-triggered
BIK1 phosphorylation. Consistent with ROS assays, both trans-
genes restored flg22-induced BIK1 phosphorylation (Figure 4D).
Co-expression with HopB1-FLAG inhibited the BIK1 phosphory-
lation in BAK1 protoplasts, but had no effect in BAK172974 pro-
toplasts (Figure 4D), indicating that BAK172%7A can activate PTI
signaling in the presence of HopB1. We further conducted viru-
lence assays on these transgenic lines (bak7-4 background),
predicting that hopB1 would confer reduced virulence on plants
carrying BAK172°72_ The hopB1-complemented Pto AavrPtoB
hopB1 strain grew more compared to Pto AavrPtoB hopB1 on
plants carrying the wild-type BAK1 transgene (Figure S4H). In
contrast, the two strains grew similarly on BAK172974 transgenic
plants. Although not statistically significant, plants carrying the
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wild-type BAK7 transgene reproducibly supported greater
growth of the hopB17-complemented Pto AavrPtoB hopB1 bac-
teria than did the BAK172974 transgenic plants in three inde-
pendent experiments. The relatively weak resistance to hopB1-
containing strain conferred by the BAK172974 transgene is
consistent with the notion that HopB1 targets redundant
SERK family members (Figure S4C). Together, the results sup-
port that the BAK12°74 transgene confers hopB1-insensitive
immunity.

HopB1 Cleavage of BAK1 Requires BAK1 Kinase Activity
The flg22-dependent cleavage suggests that HopB1 only recog-
nizes the activated form of BAK1. Pretreatment of protoplasts
with the kinase inhibitor K-252a significantly inhibited BAK1
cleavage by HopB1 (Figure 5A), suggesting that activation of
FLS2 receptor complex is required for HopB1-mediated cleav-
age of BAK1.

To further test if BAK1 kinase activity is required for HopB1-
mediated cleavage, recombinant proteins BAK1KDX®*'"E and
BAK1KDP418N " which are mutated in the ATP-binding site
and catalytic site, respectively, were co-expressed with GST-
HopB1 in E. coli. Both mutant proteins were resistant to cleavage
by HopB1 in vitro (Figure 5B). To further determine whether a
specific phospho-site of BAK1KD is necessary for cleavage,
we substituted known phospho-sites Thr449, Thr450, and
Thr455 with Ala, and Tyr463 with Phe (Wang et al., 2008; Yan
et al.,, 2012). Co-expression of the resulting mutant proteins
with GST or GST-HopB1 in E.coli showed that only BAK1KDT#%5A
was resistant to HopB1 cleavage (Figure 5B), indicating that
BAK1 Thr455 phosphorylation is crucial for recognition by
HopB1.

The tertiary structure of BAK1KD (PDB, 3TL8, and 3UIM)
showed that the cleavage site (Arg297/Gly298) is located in the
same surface as Thr455, but not Thr446, Thr449, Thr450, or
Tyr463 (Figure 5C). The phosphorylation of Thr455 likely stabi-
lizes the P loop, where Arg297 and Gly298 reside, thereby facil-
itating the recognition and/or cleavage by HopB1, which would
explain the flg22-dependent action of HopB1. We cannot rule
out the possibility that the HopB1 protease is activated upon
phosphorylation by an active BAK1 kinase.

HopB1 Is a Serine Protease

According to catalytic residues, proteases are currently classi-
fied into four broad groups including serine protease, cysteine
protease, aspartic acid protease, and metalloprotease. A BLAST
search with the HopB1 primary sequence against MEROPS,
which hosts an updated collection of all protease super-families
(Rawlings et al., 2014), failed to identify similar sequences.
Likewise, a sequence-structure bioinformatics analysis using
HHpred software (Soding et al., 2005) failed to identify any
domain of known biochemical function, indicating that HopB1
is a new family of proteases. To identify the properties of
HopB1, we tested its sensitivity to a series of class-specific pro-
tease inhibitors. Cysteine protease inhibitor E-64, metallopro-
tease inhibitor EDTA, and aspartic acid protease inhibitor
pepstatin did not affect HopB1-mediated cleavage (Figure 6A).
However, serine protease inhibitors PMSF and AEBSF strongly
inhibited BAK1KD cleavage by HopB1 (Figure 6A). Together,
these results supported that HopB1 is a serine protease.



A C
BAKIKD cleavage sites identified by LC-MS/MS analysis "g 87 ns 1 DC3000
. . . . . Emergence rate of ; s B savrPtoB
Start - End Partial Peptide Sequence Variable modifications modification & N * (]| AavrPtoB/hopB1
Q
281-297 R.ELQVASDNFSNKNILGR.G Acetyl (K) 22 "6‘3 54
298 - 305 R.GGFGKVYK.G Acetyl (K); Acetyl (N-term)  1/1;1/1 £ .
5 44
298-307  R.GGFGKVYKGR.L Acetyl (K); Acetyl (N-term)  4/4:4/4 g
34
308-317  R.LADGTLVAVK.R Acetyl (N-term) 12 K
— o
308 -318 R.LADGTLVAVKR.L Acetyl (K); Acetyl (N-term) 15/16;13/16 2 N N
§ W
312-318 G.TLVAVKR.L Acetyl (K) 11 O O
&
‘00
B D
. bakl -4 bakl-4/BAKIVT  bakl-4/BAK1R?7A
BAKIK%—;—IT{S +WT li297A _132971( +GZ98A HopBl - - + + - - + + - -+ T
- - - - - + - - + - + - + - +
GST-HopBl - + - + - + - + flg22
i _ P _
HopB1 -
FLAG
o-GST

. T — = —
o

Figure 4. HopB1 Cleaves BAK1KD between Arg297 and Gly298, and BAK1/BKK1 Are Required for HopB1 Virulence in Plants

(A) HopB1 cleavage site in BAK1KD identified by using liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. GST-HopB1 and BAK1KD-His
were co-expressed in E.coli. His-tagged proteins were purified using an Ni-NTA column. The cleaved protein band was excised and reduced in 5% acetic
anhydride for 1 hr to modify the N terminus with acetylation. Peptides with variable modifications were analyzed by LC-MS/MS. The emergence rate indicates the
number of peptides with each modification to the total number of corresponding peptides identified in MS.

(B) Mutations of Arg297 and Gly298 inhibit BAK1KD cleavage by HopB1. GST-tagged HopB1 and indicated BAK1KD mutants were co-expressed in E.coli.
Immunoblots were performed to analyze proteins. The experiments were performed two times with similar results.

(C) hopB1 enhances Pto virulence on wild-type, but not bak1-5/bkk1, double-mutant plants. The bacteria strains were infiltrated into wild-type or bak1-5/bkk1
mutant plants, and the number of bacterial growth was determined at 3 days after inoculation (data are represented as mean + SEM; asterisk (*) indicates
significant difference; *p < 0.05, Student’s t test; n > 8; three biological repeats; ns, no significance).

(D) Cleavage of BAK1 is required for HopB1-mediated inhibition of BIK1 phosphorylation. HA-tagged BIK1 was co-expressed with HopB1-FLAG in protoplasts of
genotype bak1-4, and bak1-4 lines complemented with stable wild-type BAK or BAK172%7A_ Upon stimulation with 1 uM fig22 for 10 min, proteins were detected

by anti-HA and anti-FLAG immunoblots. The experiments were carried out three times with similar results.

See also Figure S4 and Table S2.

Deletion analyses were performed to determine HopB1 re-
gions required for cleavage. An N-terminal truncated fragment
of HopB1 (HopB1'2%-%%) was sufficient to cleave BAK1KD
in vitro (Figure S5A). Since the serine residue acting as nucleo-
phile in proteases can be replaced by a threonine residue (Raw-
lings and Barrett, 2013), we mutated all serine and threonine
residues within HopB1'2374%¢ and found that only Thr370 was
required for BAK1KD cleavage (Figures 6B and S5B). In addition
to the Ser/Thr residue, the catalytic center of serine proteases
often contains histidine and aspartate residues located near
the N/C termini of B strands (Rawlings and Barrett, 2013). We
thus used PSIPRED v3.3 to predict the secondary structure of
HopB1 (Figure S5C). This identified His413, located near the C
terminus of B3, and Asp435 and Asp436, located in the C termi-
nus of B4, as candidate active sites (Figure S5C). Mutagenesis
studies showed that HopB1™4134 HopB1P4354 and HopB1P436A
were completely unable to cleave BAK1KD in vitro (Figure 6B). In
contrast, HopB1™427* and HopB1P44%* were fully capable of
cleaving BAK1KD in vitro (Figure S5B), indicating that His413,
Asp435, and Asp436 are specifically required for the protease

activity. Furthermore, Thr370, His413, Asp435, and Asp436 are
invariable residues among different Pseudomonas strains (Fig-
ure S5D). Together, the results suggest that Thr370, His413,
Asp435, and Asp436 may collaboratively support the nucleo-
philic center to cleave the peptide bond.

To test the biological significance of the HopB1 protease ac-
tivity, we co-expressed BIK1-HA and protease-dead HopB1
mutants in Arabidopsis protoplasts. While wild-type HopB1
completely inhibited flg22-induced BIK1-HA phosphorylation,
HopB1™7%A HopB1™413A HopB1P4%%A and HopB1P43A gl
failed to inhibit BIK1-HA phosphorylation (Figure S5E). In addi-
tion, reintroduction of wild-type hopB1 into the Pto AavrPtoB
hopB1 double mutant restored bacterial growth in planta
to the level found for the AavrPtoB strain. However, the prote-
ase-dead mutants hopB1737%4, hopB1"473A hopB1P#3%4,
and hopB1P#*%4 failed to complement the growth of the Pto
AavrPtoB hopB1 double mutant (Figure 6C). In transgenic
plants expressing the protease-dead HopB174134 HopB1P43%A,
and HopB1P4%®A mutants, flg22-induced H,O, production was
restored to wild-type (Col-0) level (Figures 6D and S5F). Similar
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results were obtained when flg22-induced FRKT reporter gene
expression was tested (Figure S5G). Taken together, these
results demonstrate that protease activity is essential for
HopB1-mediated inhibition of PTI and its contribution to bacte-
rial virulence on Arabidopsis plants. Interestingly, the protease-
dead HopB1 appeared to induce higher FRK7 expression
(Figure S5G), and wild-type HopB1 enhanced FRK1 induction
caused by constitutive activation of MAPK pathway (Figure S2B),
indicating that overexpression of HopB1 may enhance plant
immune responses through an unknown mechanism.

DISCUSSION

In this study, we showed that HopB1 inhibited early PTI events
and compromised basal resistance to the Pto hrcC~ mutant
strain. Biochemical analyses demonstrated that HopB1 is a pro-
tease that cleaves the P loop of BAK1 only when the latter is
activated upon flg22 perception. The flg22-induced activation
of BAK1 is known to require the phosphorylation of Thr455,
and we showed that this phosphorylation is required for cleav-
age by HopB1. We identified cleavage sites in BAK1 and amino
acid residues in HopB1 required for the protease activity. Muta-
genesis in BAK1 and HopB1 demonstrated that this specific
proteolytic cleavage is essential for HopB1-mediated inhibition
of PTI and virulence. This study uncovered a biochemical
mechanism by which a T3E subverts plant immunity. HopB1
constitutively associates with FLS2. Upon flg22 perception,
BAK1 is recruited to the FLS2 receptor complex and becomes
phosphorylated. HopB1 cleaves the activated BAK1 to block
downstream immune responses.

HopB1 contributes to virulence on Arabidopsis plants. The
combination of avrPtoB and hopB1 mutations resulted in poor
bacterial growth in plants, indicating that hopB7 contributes
to Pto virulence. The AavrPtoB hopB1 double-mutant strain
showed a much greater reduction in virulence compared to
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Figure 5. An Activated BAK1 Is Required for
HopB1 Recognition and Cleavage

(A) Kinase inhibitor K-252a suppresses HopB1-
mediated cleavage of endogenous BAK1. FLAG-
tagged HopB1 was transiently expressed in
wild-type Arabidopsis protoplasts. The protoplasts
were treated with DMSO or K-252a for 1 hr prior to
elicitation with 1 uM flg22, and immunoblots were
performed to detect proteins using antibodies
against FLAG, BAK1, and actin. Relative BAK1 band
intensity was calculated by ImagedJ software and
indicated below. It is normalized to the corre-
sponding actin band and relative to untreated
sample.

(B) BAK1 kinase activity is required for HopB1-
mediated cleavage of BAK1KD. GST-tagged HopB1
and indicated BAK1KD mutants were co-expressed
in E.coli. Immunoblots were performed to analyze
proteins.

(C) Structure of BAK1 kinase domain (PDB: 3TL8
and 3UIM). Cleavage site R297/Gly298 is located
in the same surface of phospho-site T455. P loop
and activation loop are labeled in red and cyan,
respectively. Cleavage site R297/G298 and phos-
pho-sites T446, T449, T450, T455, and Y463 are
shown in stick form.

Activation

either single mutant, a result consistent with previous findings
that Pto T3Es act together to robustly inhibit host immunity (Cun-
nac et al., 2011; Kvitko et al., 2009).

Our analyses established that HopB1 as a protease specif-
ically targets SERK kinases. Transgenic expression of HopB1
led to broad inhibition of early PTI signaling events and
downstream responses in Arabidopsis plants and protoplasts.
Expression of HopB1 led to degradation of BAK1 in flg22-
induced protoplasts. Incubation of recombinant HopB1 cleaved
the BAK1 kinase domain in vitro. HopB1 does not affect FLS2
and BIK1 accumulation, indicating that it is specific to BAK1.
MS study showed that HopB1 cleaves BAK1 between Arg297
and Gly298. Mutations in these residues prevented cleavage.
Similarly, all SERK family members carrying the cleavage site
were cleaved by HopB1 in vitro, whereas SERKS5, which carries
a mutation in the cleavage site, was not. These residues are
located in the P loop of the BAK1 kinase domain, and the cleav-
age is expected to render BAK1 nonfunctional, explaining the
broad impact of HopB1 on PTI responses. Most importantly,
the virulence function of hopB1 is dependent on SERKSs, as
hopB1 failed to enhance virulence on baki1-5/bkk1 mutant
plants, demonstrating that SERKs are virulence targets for
HopB1. The study thus uncovers a molecular mechanism by
which Pto T3E inhibits PTI for virulence.

HopB1 is an unusual protease that differs from all known
proteases. All phytopathogenic T3E proteases identified to
date belong to the cysteine protease family with a Cys-His-Asp
catalytic triad to catalyze hydrolysis of peptide bonds. The Pseu-
domonas T3Es AvrPphB and AvrRpt2 are papain-like cysteine
proteases (Axtell et al., 2003; Shao et al., 2002), whereas the
Xanthomonas T3E XopD is a SUMO protease (Hotson et al,,
2003; Kim et al., 2013). Unlike AvrPphB and AvrRpt2, HopB1
does not appear to require autoproteolytic processing for activa-
tion. HopB1 does not share the Cys-His-Asp catalytic triad and is
insensitive to cysteine protease inhibitors. Instead, the serine
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Figure 6. HopB1 Acts as a Protease to Inhibit Plant Immunity

(A) Serine protease inhibitors AEBSF and PMSF prevent BAK1KD cleavage by HopB1. His-tagged BAK1KD and GST-HopB1 recombinant proteins were affinity
purified and incubated together in a tube at 25°C for 7 hr. BAK1KD-His and the cleavage product were detected using anti-His immunoblot. GST-HopB1 was
stained by Coomassie brilliant blue (CBB). The protease inhibitor cocktail is a mixture containing AEBSF, Bestatin, E-64, Pepstatin, and EDTA.

(B) Residues of HopB1 required for BAK1KD cleavage. His-tagged BAK1KD and indicated GST-HopB1 mutants were co-expressed in E.coli, and total proteins
were subjected to immunoblot analysis.

(C) Protease activity of HopB1 is essential for its virulence to Pto on Arabidopsis. The indicated Pto bacterial strains were infiltrated into Arabidopsis leaves, and
the bacterial growth was determined (data are represented as mean + SEM; different letters indicate significant difference; p < 0.05, Student’s t test; n > 4; two
biological repeats).

(D) HopB1 protease activity is required for its inhibition of flg22-induced H,O, production in plants. Wild-type (Col-0) and transgenic plants expressing the
indicated HopB1 mutants were pretreated with estradiol for 24 hr. Production of H,O, was determined upon stimulation with H,O or 100 nM flg22 in two in-
dependent T2 lines (data are represented as mean + SEM; different letters indicate significant difference; p < 0.05, Student’s t test; n > 8; two biological repeats).
See also Figure S5.

protease inhibitors PMSF and AEBSF specifically prevented 2015), and that catalytic serine residue is replaced by threonine
BAK1KD cleavage by HopB1, indicating HopB1 is likely a serine  in several homologs of serine protease such as TSP50 and an
protease. However, HopB1 primary sequence and secondary artificial trypsin (Baird et al., 2006; Xu et al., 2007), Thr370 may
structure failed to show similarity with sequences in the pepti-  be part of the catalytic center of the HopB1 protease. In addition,
dase database MEROPS (Rawlings et al., 2014). Serine prote-  His413, Asp435, and Asp436, located near the C termini of B
ases are members of one of the largest families, accounting for  strands in the predicted secondary structure, are also required
one-third of proteolytic enzymes. They typically possess a cata-  for HopB1 protease activity. These residues may provide nucle-
lytic triad of Asp-His-Ser, with the serine residue existing in an  ophilic groups for catalysis, although we cannot exclude the
oxyanion hole and serving as a nucleophilic amino acid to cleave  possibility that they are involved in protein folding. Future
the peptide bond (Hedstrom, 2002; Powers et al., 2002; Raw-  biochemical and structural studies will elucidate the organization
lings and Barrett, 2013). HopB1 does not appear to carry the of the catalytic center and mode of action of HopB1. Importantly,
typical serine protease catalytic triad. Among all Ser/Thr resi- all residues required for HopB1 protease activity are also
dues tested, Thr370 was the only one required for HopB1 prote-  required for inhibition of PTI and bacterial virulence, further
ase activity. Given that sulfonyl fluorides may react with other =~ demonstrating that HopB1 uses a unique protease activity to
hydroxyl amino acids except for serine (Narayanan and Jones, assist Pto infection in plants.
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As a common co-receptor for multiple PRRs, BAK1 is targeted
by multiple pathogen effectors, as shown here and in previous
reports (Macho and Zipfel, 2015). It is likely that plants have
evolved to sense BAK1 perturbation by pathogen effectors
(Tang and Zhou, 2016). Ectopic expression of an N-terminal trun-
cated BAK1 leads to auto-immune responses in plants (Domi-
nguez-Ferreras et al., 2015). The bak1-4/bkk1 double mutant
carrying loss-of-function mutations in BAK7 and SERK4 displays
a strong hypersensitive response in the absence of pathogen
infection (He et al., 2007). Recently, it was shown that genetic-
or pathogen-induced depletion of BAK1 sensitizes immune
signaling through PEPRs, which are PRRs that sense endoge-
nous danger signal Peps (Yamada et al., 2016). Strikingly,
HopB1 cleaves BAK1 only upon flg22 perception. The phosphor-
ylation of BAK1 Thr455, which is known to stabilize the P loop for
an active conformation (Yan et al., 2012), is also required for
cleavage by HopB1. The stabilized P loop likely becomes acces-
sible to HopB1, thereby ensuring that HopB1 attacks only when
plant immunity is activated. This immune activation-dependent
cleavage of BAK1 might have allowed HopB1 to dampen plant
immunity with minimal perturbation to the host plant. Indeed,
HopB1 does not trigger ETI when delivered from bacteria. There-
fore, HopB1 activity reflects an adaptive strategy in the pathogen
to avoid provoking host immunity.

EXPERIMENTAL PROCEDURES

Plant Materials, Constructs, and Primers
The plant materials and constructs used in this study are described in the Sup-
plemental Experimental Procedures, and primers used are listed in Table S1.

Bacterial Growth Assays

For syringe infiltration, bacterial strains were collected and resuspended in
water at 1 x 10° colony-forming units (CFU)/mL, then infiltrated into 4-week-
old Arabidopsis leaves. Bacterial populations were determined at day 0 and
day 3. For spray infection, bacteria were sprayed at 5 x 108 CFU/mL in water
containing 0.02% Silwet L-77. The Arabidopsis leaves were kept under high
humidity for 1 day, and bacterial populations were enumerated at 4 days
post-inoculation.

ROS Production, FRK1 Dual Reporter, and MAPK Phosphorylation
Assay

ROS production assay was performed as described (Li et al., 2014). FRK1 dual
reporter and MAPK phosphorylation assays were carried out according to
Feng et al. (2012).

His- and GST-Tagged Protein Purification

GST- and His-fusion recombinant proteins were expressed in E.coli and puri-
fied by affinity agarose beads as described by Li et al. (2014). Also see Supple-
mental Experimental Procedures.

GST Pull-Down and In Vitro Autophosphorylation Assays

GST pull-down assay was carried out as described (Li et al., 2014). For the
in vitro phosphorylation assays, 1 pg of the indicated His-tagged proteins
were loaded and detected using a pMIAGO-biotin phosphoprotein detection
kit (Tymora) according to manufacturer’s instruction.

ColP Assay
ColP assays were done as previously described (Li et al., 2014). Also see Sup-
plemental Experimental Procedures.

Split-Luciferase Complementation Assay
Split-luciferase complementation assay was carried out as described (Chen

et al., 2008). Also see Supplemental Experimental Procedures.
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BAK1 Kinase Domain In Vitro Cleavage Assay

For the E.coli cleavage assays, GST-HopB1 or GST-HopB1 mutants were co-
expressed with BAK1-His in E.coli. Bacterial cell cultures were treated with
0.4 mM IPTG at 20°C for 16 hr. The bacterial pellet was resuspended in a buffer
containing 25 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 1 mM DTT. Total
proteins were extracted by adding SDS loading buffer and boiling at 100°C
for 5 min and detected by anti-His and anti-GST (TianGen) immunoblots.

For in vitro cleavage assays, GST-HopB1 and BAK1KD-His recombinant
proteins were purified, and 3 ng GST-HopB1 and 1 ng BAK1KD-His proteins
were incubated in a tube at 25°C for 7 hr. The concentrations of indicated
chemicals are as follows: AEBSF (0.1 mM, 1 mM), E-64 (10 uM, 100 pM),
EDTA (0.1 mM, 1 mM), Pepstatin (10 uM, 100 uM), and PMSF (0.1 mM,
1 mM). The loaded proteins and cleavage product were detected by Coomas-
sie brilliant blue staining and anti-His (TianGen) immunoblot.

Determination of Cleavage Sites by Mass Spectrometry

Protein bands on the SDS-PAGE gel were de-stained and reduced in
5% acetic anhydride for 1 hr and then in 10 mM DTT at 56°C for 30 min,
followed by alkylation in 55 mM iodoacetamide in the dark for 1 hr. The
protein bands were then in-gel digested with sequencing grade trypsin
(10 ng/pL trypsin, 50 mM ammonium bicarbonate [pH 8.0]) overnight at
37°C. Peptides were extracted sequentially with 5% formic acid/50%
acetonitrile and 0.1% formic acid/75% acetonitrile, then concentrated to
~20 pL. The extracted peptides were separated by an analytical capillary
column (50 um X 15 cm) packed with 5 pm spherical C18 reversed phase
material (YMC). An Agilent nanoAcquity UPLC system (Agilent) was used to
generate the following HPLC gradients: 0%-30% A in 40 min and 30%-
70% B in 15 min (A = 0.1% formic acid in water; B = 0.1% formic acid in
acetonitrile). The eluted peptides were sprayed into a LTQ mass spectrom-
eter (ThermoFisher Scientific) equipped with a nano-ESI ion source. The
mass spectrometer was operated in data-dependent mode with one MS
scan followed by four CID (collision-induced dissociation) tandem MS
scans for each cycle. Database searches were performed on an in-house
Mascot server (Matrix Science Ltd.) against the BAK1 protein sequence.
The search parameters were as follows: 7 ppm mass tolerance for precur-
sor ions; 0.5 Da mass tolerance for product ions. Three missed cleavage
sites were allowed for trypsin digestion, and the following variable modifica-
tions were included: oxidation on methionine, acetylation on protein N ter-
minus and lysine, and carbamidomethylation on cysteine. The tandem MSs
of matched acetylation on the protein N terminus were manually checked
for their validity.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
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