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Arabidopsis RPS2 is a typical nucleotide-binding leucine-rich
repeat resistance protein, which indirectly recognizes the bacte-
rial effector protein AvrRpt2 and thereby activates effector-trig-
gered immunity (ETI). Previously, we identified two hypersen-
sitive induced reaction (AtHIR) proteins, AtHIR1 (At1g09840)
and AtHIR2 (At3g01290), as potential RPS2 complex compo-
nents. AtHIR proteins contain the stomatin/prohibitin/flotil-
lin/HfIK/C domain (also known as the prohibitin domain or
band 7 domain). In this study, we confirmed that AtHIR1 and
AtHIR2 form complexes with RPS2 in Arabidopsis and Nicoti-
ana benthamiana using a pulldown assay and fluorescence res-
onance energy transfer (FRET) analysis. Arabidopsis has four
HIR family genes (AtHIRI-4). All AtHIR proteins could form
homo- and hetero-oligomers in vivo and were enriched in mem-
brane microdomains of the plasma membrane. The mRNA lev-
els of all except AtHIR4 were significantly induced by microbe-
associated molecular patterns, such as the bacterial flagellin
fragment flg22. Athir2-1 and Athir3-1 mutants allowed more
growth of Pto DC3000 AvrRpt2, but not Pto DC3000, indicating
that these mutations reduce RPS2-mediated ETI but do not
affect basal resistance to the virulent strain. Overexpression of
AtHIRI and AtHIR2 reduced growth of Pto DC3000. Taken
together, the results show that the AtHIR proteins are physically
associated with RPS2, are localized in membrane microdo-
mains, and quantitatively contribute to RPS2-mediated ETI.

Plants have two major types of immune receptors that per-
ceive signals from pathogens and initiate defense induction.
The first type are called pattern recognition receptors. They
recognize pathogen- or microbe-associated molecular patterns
(MAMPs)? and initiate pathogen-associated molecular pat-
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tern- or pattern-triggered immunity (PTT) (1-3). A well studied
pattern recognition receptor is the Arabidopsis FLS2, which
recognizes flg22, a 22-amino acid peptide of bacterial flagellin
(4, 5). The second type are called resistance (R) proteins. They
recognize specific pathogen effector proteins and trigger effec-
tor-triggered immunity (ETI) (2), which is also known as gene-
for-gene resistance (6). The majority of plant R proteins belong
to the nucleotide-binding leucine-rich repeat (NB-LRR) class
(7). Based on differences in N-terminal sequences, the NB-LRR
family can be divided into two subclasses: coiled coil-NB-LRR
and Toll and interleukin-1 region-NB-LRR (7). The Arabidop-
sis R proteins RPS2 and RPM1 belong to the coiled coil-NB-
LRR subclass (8 —11). Many Gram-negative bacterial pathogens
deliver into plant cells a number of type III effector proteins,
which target specific host proteins or DNAs for perturbation of
PTI (12) and acquisition of nutrients (13). Plant R proteins have
evolved to recognize pathogen effectors through either directly
binding to the effectors or binding to certain host proteins that
are targets of pathogen effectors (7). The phenomenon in the
latter case can be explained by the “guard hypothesis™: R pro-
teins “guard” effector-targeted plant proteins, called “guard-
ees”; R proteins detect modifications of their guardees caused
by the effectors and trigger signaling to induce ETI (7). For
example, RPS2 binds the guardee RIN4 and triggers ETI when
RIN4 is cleaved by the bacterial effector AvrRpt2 (14, 15).

Plant cells undergoing ETI often show a hypersensitive
response (HR), which is a programmed cell death phenomenon
thought to prevent biotrophic pathogens from spreading (16,
17). Some members of the hypersensitive induced reaction
(HIR) gene family are transcriptionally induced in the cells
undergoing HR (18). HIR family members have been isolated
from multiple plant species, including tobacco (19), maize (18),
barley (20), pepper (21), and wheat (22). Overexpression of a
pepper HIR gene (CaHIR1) in Arabidopsis caused enhanced
disease resistance to Pseudomonas syringae pv. tomato (Pto)
DC3000 (21, 23). However, the mechanism of HIR gene
involvement in plant immunity is not clear.

The HIR family genes encode proteins of ~30 kDa that con-
tain the stomatin/prohibitin/flotillin/HfIK/C (SPFH) domain,
also known as the prohibitin domain (24, 25) or band 7 domain.
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The SPFH domain-containing proteins are present in divergent
species, including both prokaryotes and eukaryotes (26 —28).
They are localized to a variety of cellular membranes, including
plasma membrane (PM), Golgi, mitochondria, endoplasmic
reticulum, and lipid droplets (25, 26, 29, 30). They have been
implicated in many functions, including ion channel regulation,
microdomain formation, membrane protein chaperoning, ves-
icle trafficking, and membrane-cytoskeletal connection (25, 26,
29, 31, 32). Plant prohibitin proteins are involved in mitochon-
drial biogenesis and nitric oxide-mediated responses (33, 34).
Although the SPFH domain-containing proteins are involved
in many biological processes, the molecular basis of their func-
tions remains unclear.

We have been studying plant R protein function, with a focus
on the Arabidopsis RPS2 protein. To discover more proteins
that physically associate with RPS2, we recently developed a
protein complex purification method and used it to identify
putative RPS2 complex components (35). Two Arabidopsis
HIR proteins (encoded by At1g69840 and At3g01290) were co-
purified with RPS2. Here, we present a biochemical and genetic
study of the Arabidopsis HIR (AtHIR) gene family, which sug-
gests that at least some AtHIR proteins are physically associated
with RPS2 and involved in RPS2-mediated ETL.

EXPERIMENTAL PROCEDURES

Constructs—For HA-PreScission-Biotin (HPB) fusion con-
structs, the cDNA sequences (without the stop codon) of RPS2
(At4g26090), AtHIRI (Atlg69840), AtHIR2 (At3g01290),
AtHIR3 (At5g51570), and AtHIR4 (At5g62740) were PCR-am-
plified using Col-0 (referred to Col hereafter) cDNA as the
template, cloned into the entry vector pcr8/GW/TOPO®
(Invitrogen), and then moved into the destination vector
pMDC32-HPB (35) by LR reactions of the Gateway® cloning
technology (Invitrogen) to obtain pMDC32-RPS2-HPB,
pMDC32-AtHIR1-HPB, pMDC32-AtHIR2-HPB, pMDC32-
AtHIR3-HPB, and pMDC32-AtHIR4-HPB. To make YFP/
CFP-HA fusion constructs, LR reactions were conducted with
the entry clones containing AtHIR1, AtHIR2, or RPS2 and des-
tination vectors pEG101 or pEG102 (36), to make pEG101-
RPS2-YFP-HA, pEG102-AtHIR1-CFP-HA, and pEG102-
AtHIR2-CFP-HA. To make Myc fusion constructs, DNA
sequence coding the Myc epitope tag (EQKLISEEDL) was
included in the 3" primers for the PCR amplification of AtHIR1-
Myc, AtHIR3-Myc, and AtHIR4-Myc from Col cDNAs. The
AtHIR2 genomic sequence containing the 1.5-kb sequence
upstream from its start codon (proAtHIR2-AtHIR2) was PCR-
amplified from Col genomic DNA. All four sequences were
cloned into the entry vector pcr8/GW/TOPO® and then moved
into the destination vectors pMDC32 (37) and pEG303 (36) to
make pMDC32-AtHIR1-Myc, pMDC32-AtHIR3-Myc,
pMDC32-AtHIR4-Myc, and pEG303-proAtHIR2-AtHIR2-
Myc. The T7-RIN4 construct was used previously (38). All the
primers used are summarized in supplemental Table S1. All the
constructs were used to transform Agrobacterium tumefaciens
GV3101/pMP90.

Plants—All the plants used in this study were the Col
genetic background. T-DNA insertion lines, including
Athirl-1  (SALK_088328), Athir2-1 (SALK_092306),

31298 JOURNAL OF BIOLOGICAL CHEMISTRY

Athir3-1 (SAIL_823_D07), and WiscDsLox489-492B7, were
all obtained from the ABRC stock center. AthirI-1 was geno-
typed using primers LBe, LP1, and RP1, and Athir2-1 was
genotyped using primers LBe_Sail, LP2, and RP2. Athir3-1
was genotyped using primers LBe2, LP3, and RP3 (39).
WiscDsLox489-492B7 was genotyped using primers LBe_
Wisc, LP4, and RP4. Plant growth conditions were as
described in Tsuda et al. (40). To make transgenic p35S-
AtHIR1/2/3/4-YFP-HA plants, AtHIR1/2/3/4 cDNAs were
cloned into pEG101 vector and delivered to Col plants using
the floral dip method (41). Plants RPS2-HPB-1 and rps2
rpml were described previously (35).

RNA—Total RNA was isolated from plant leaves with TRIzol
reagent (Invitrogen). RT-PCR was performed using the Qiagen
OneStep RT-PCR kit (Qiagen). The MAMP-treated RNA sam-
ples used for quantitative RT-PCR were used in previous work
(40). The primer sequences are shown in supplemental Table
S1. The experiment was performed and analyzed as described
previously (42).

Bacteria—The bacterial strains Pto DC3000 and Pto DC3000
hrcC were cultured in King’s B medium with 25 pg/ml rifampi-
cin at room temperature (~25°C). Pto DC3000 carrying
AvrRpml (43), AvrRpt2 (44), or the empty vector pLAFR (45)
were cultured in King’s B medium with rifampicin (25 pg/ml)
and tetracycline (10 pg/ml). Plant growth and in planta bacte-
rial growth assays were performed as described in Tsuda et al.
(40).

Subcellular Localization—Microsomal fractionation was
performed as described in Qi and Katagiri (35). Detergent-re-
sistant microdomain (DRM) was prepared as described previ-
ously (46).

Agrobacterium-mediated Transient Expression in Nicotiana
benthamiana—Agrobacterium strains carrying desired con-
structs were cultured at 28 °C to an A, approximately equiv-
alent to 1. Then each strain was collected by centrifugation at
8000 X gfor 2 min. The bacterial pellets were resuspended with
MES buffer (10 mm MES, pH 5.6, 10 mm MgCl,, 150 uMm aceto-
syringone). For pulldown of AtHIR1-Myc and AtHIR2-Myc by
RPS2-HPB or for FRET analysis, the ratio of the Agrobacterium
strains carrying the AtHIR construct, the RPS2 construct, and
the T7-RIN4 construct was 1:1:4 (the culture suspensions were
mixed to reach final concentrations of Ay, = 0.2, 0.2, and 0.8,
respectively). For testing oligomerization, the ratio of Agrobac-
teria containing different AtHIR constructs was 1:1 (A 4y, = 0.4
each in this case). The Agrobacterium suspension was incu-
bated with agitation at 28 °C for 1-2 h. Then the Agrobacterium
suspension was hand-infiltrated into well expanded leaves of
4-week-old N. benthamiana plants, which were grown under a
16-h light/8-h dark cycle with 60% humidity at 25 °C. The out-
line borders of the infiltrated areas were marked by a Sharpie
pen. Two days after infiltration, infiltrated areas of the leaves
were collected for pulldown assays or FRET analysis.

Pulldown Assay—For pulldown using N. benthamiana sam-
ples, 1 g of each leaf sample was quickly frozen in liquid nitro-
gen and ground with a mortar and pestle to fine powder. Then
2 ml of Extraction buffer (50 mm HEPES-KOH, pH 7.6, 150 mm
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mm DTT)
with protease inhibitors (1 tablet/10 ml Complete Mini®, 1 mm
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PMSF, 1 ug/ml leupeptin, 1 ug ml~ ' pepstatin, 1 ug ml~* E64;
all from Roche Applied Science) was added and mixed well.
Each ground sample in Extraction buffer (~2 ml) was incubated
at 4 °C on a rotator for 30 min for solubilization, followed by
centrifugation at 16,000 X gat 4 °C for 30 min to obtain protein
extracts. Meanwhile, 100 ul per sample of Dynabeads® M-280
was washed with Extraction buffer three times and suspended
in 100 wl per sample of Extraction buffer. The protein extracts
were mixed with 100 ul of pre-washed Dynabeads® M-280 and
incubated on a rotator at 4 °C for 2 h. The streptavidin beads
were then washed three times with RIPA buffer 1 (50 mm Tris/
HCI, pH 7.4, 150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 1 mm PMSF) and three times with RIPA
buffer 2 (same as RIPA buffer 1, except that 50 mm (instead of
150 mm) NaCl was used). The bead-captured proteins were
eluted by heating the beads in 60 ul of 1 X SDS sample buffer at
99 °C for 10 min. Pulldown in Arabidopsis was conducted in the
same manner as described previously (35), except thatonly 10 g
of leaf tissue for each sample was used.

Protein and Immunoblot—Other protein samples described
in this study were prepared by directly grinding 0.2 g of frozen
leaf tissue in 400 ul of 2X SDS sample buffer with small mortars
and pestles. The tubes containing the extracts were boiled for 6
min and then spun at 16,000 X g at room temperature for 10
min. The supernatants were loaded for SDS-PAGE, followed by
protein staining and immunoblot analysis as described previ-
ously (35). An anti-AtHIR1 antiserum was raised against the
peptide “DQSNVAIKETFGKEF” using rabbits. The resulting
polyclonal antibody was affinity-purified, dissolved in PBS
buffer, pH 7.4, at 0.458 mg/ml and used at 1:500 dilution. The
antibody production and purification service was provided by
GenScript. Other antibodies used were as follows: anti-c-Myc
monoclonal antibody (Santa Cruz Biotechnology, clone 9E10)
at 1:200 dilution; anti-HA high affinity monoclonal antibody
(Roche Applied Science, clone 3F10) at 1:500 dilution; anti-
Hsc70 (Hsp73) monoclonal antibody (StressGen) at 1:1000
dilution; anti-RIN4 polyclonal antibody (a gift from Jeff Dang],
University of North Carolina) at 1:5000 dilution; anti-PEN1
polyclonal antibody at 1:1000 dilution (47). The secondary anti-
bodies used were as follows: Stabilized goat anti-rabbit horse-
radish peroxidase (HRP) conjugate (Pierce) at 1:5000 dilution;
goat anti-mouse HRP conjugate (Pierce) at 1:5000 dilution; goat
anti-rat IgG-h + I HRP conjugate (Bethyl) at 1:5000 dilution.
For detection of HRP, SuperSignal® West Femto maximum
sensitivity substrate (Pierce) was used, and images were col-
lected using a chilled CCD camera.

Confocal Microscopy and FRET Analysis—For FRET analy-
sis, N. benthamiana leaves expressing both AtHIR1-CFP-HA
and RPS2-YFP-HA proteins were cut into ~5 X 5-mm squares
and mounted between slides and cover glasses with water. The
samples were then excited with either 457 nm laser (for CFP) or
514 nm laser (for YFP), and emission signals were filtered
through the CFP (488 nm) and YFP (543 nm) filters, using an
Eclipse Clsi spectral imaging confocal microscope (Nikon).
Four data sets were collected, including CFP excitation and YFP
emission, CFP excitation and CFP emission, YFP excitation and
YFP emission, and YFP excitation and CFP emission. The nor-
malized FRET signals were calculated from all four data sets
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using EZ-C1 software (Nikon). For AtHIR1 and AtHIR2 local-
ization, 5-week old rosette leaves of Arabidopsis T2 transgenic
plants were examined for YFP fluorescence using the same
equipment.

RESULTS

Arabidopsis HIR Family Genes and Anti-AtHIR1 Antibody— A
BLAST search in the Arabidopsis genome revealed four mem-
bers of the A¢HIR gene family. They are encoded by A£1g69840,
At3g01290, At5¢51570, and At5g62740, which we arbitrarily
named AtHIRI, AtHIR2, AtHIR3, and AtHIR4, respectively
(supplemental Fig. S1A). The proteins are ~30 kDa, and the
only established conserved motif is the SPFH domain (24, 25).
AtHIR1, AtHIR4, and AtHIR2 proteins are most closely related,
and the amino acid identity between any pair of the four AtHIR
proteins is at least 53% (supplemental Fig. S1). Both AtHIR1
and AtHIR?2 proteins were identified as putative RPS2 complex
components (35), and thus these two proteins, which have 68%
amino acid identity, were given priority in the following studies.

To facilitate biochemical characterization of AtHIR proteins,
we produced an antibody against AtHIR1, using a 14-amino
acids peptide close to the N terminus of the protein as antigen
(supplemental Fig. S1A). To test the specificity of the obtained
anti-AtHIR1 antibody, all four AtHIR proteins were tagged
with a Myc epitope tag at the C terminus and expressed in N.
benthamiana leaves through Agrobacterium-mediated tran-
sient expression (48). The extracted total proteins were sub-
jected to immunoblot using an anti-Myc and the anti-AtHIR1
antibodies. As expected, anti-Myc antibody detected all four
AtHIR-Myc proteins, and no signal was detected in the negative
control sample (supplemental Fig. S2). The anti-AtHIR1 anti-
body could detect AtHIR1, AtHIR2, and AtHIR4 but not
AtHIR3 (supplemental Fig. S2). This is consistent with the fact
that the peptide sequence used for raising the anti-AtHIR1
antibody is relatively conserved among AtHIR1, AtHIR2, and
AtHIR4 but not AtHIR3 (supplemental Fig. S1A). The ratios of
band intensities among AtHIR1-Myc, AtHIR2-Myc, and
AtHIR4-Myc on the immunoblots were similar between the
anti-Myc and anti-AtHIR1 antibodies (supplemental Fig. S2).
This suggests that the affinities of anti-AtHIR1 antibody to
AtHIR1, AtHIR2, and AtHIR4 are comparable. Protein bands
representing SDS-, 2-mercaptoethanol-, and heat-resistant oli-
gomers of AtHIR2-Myc and AtHIR4-Myc were detected as
bands of larger molecular weights (supplemental Fig. S2).
Treatment with high concentrations (up to 100 mm) of dithio-
threitol (DTT) could not disassemble such oligomers to mono-
mers (data not shown), indicating that the formation of such
oligomers is not based on disulfide bonds.

Pulldown of AtHIR Proteins by RPS2 in Arabidopsis—To con-
firm that certain AtHIR proteins are associated with RPS2 in
Arabidopsis, a pulldown assay was conducted using a plant line
transgenically expressing RPS2-HPB from the RPS2 promoter
in the rpm1 rps2 double mutant background (35). HPB-tagged
proteins are biotinylated in plant cells and thus can be captured
by streptavidin beads (35). Indeed, an AtHIR-related band was
detected by anti-AtHIR1 antibody in the pulldown sample from
RPS2-HPB plants, but not from negative control rpml rps2
plants (Fig. 1A4). Because AtHIR1, AtHIR2, and AtHIR4 all can
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FIGURE 1. AtHIR1 and AtHIR2 are physically associated with RPS2 in vivo. A, AtHIR proteins form complexes with R proteins in Arabidopsis. The microsomal
fractions from RPS2-HPB-1 rpm1 rps2 and rpm1 rps2 were subjected to protein cross-linking with DSP, and the total proteins solubilized from the cross-linked
fractions were subjected to pulldown with streptavidin beads. Both input (right panels) and pulldown (left panels) protein samples were analyzed by immu-
noblot using anti-HA (a-HA), anti-AtHIR1 (a-AtHIRT), and anti-RIN4 (a-RIN4) antibodies. B, AtHIR1-Myc forms a complex with RPS2-HPB in N. benthamiana.
RPS2-HPB, T7-RIN4, and AtHIR1-Myc were transiently co-expressed in a half-leaf of N. benthamiana. As a negative control, T7-RIN4 and AtHIR1-Myc were
co-expressed in the other half of the leaf. Both streptavidin bead pulldown samples and input samples were detected by immunoblot using the anti-HA and
anti-Myc antibodies. C, AtHIR2-Myc forms a complex with RPS2-HPB in N. benthamiana. The experiment was done in a similar manner as in B except that
AtHIR2-Myc, instead of AtHIR1-Myc, was used in co-expression. D and E, detection of in vivo physical association between AtHIR1 and RPS2 by FRET in N.
benthamiana. AtHIR1-CFP-HA, RPS2-YFP-HA, and T7-RIN4 proteins were co-expressed in N. benthamiana leaves, which were used for FRET analysis. The left
panel shows CFP signal from AtHIR1-CFP-HA. The middle panel shows YFP signal from RPS2-YFP-HA. The right panel shows FRET signal normalized by the
software EZ-C1 3D Option (Nikon, Version 1.00). The experiments of A-C were performed twice independently with similar results. Results of D and E were
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observed four times and two times, respectively, from six independent samples.

be recognized by this antibody and all of them have very similar
sizes, itis not possible to determine which AtHIR protein(s) was
pulled down in this experiment. Nevertheless, the data suggest
at least one of them can form protein complexes with RPS2 in
Arabidopsis. The cross-linker dithiobis(succinimidyl propio-
nate) (DSP) was applied in this pulldown assay. AtHIR proteins
could not be detected in the pulldown sample from the RPS2-
HPB plants without applying DSP (data not shown). This is
consistent with our previous work that identified both AtHIR1
and AtHIR2 as putative RPS2 complex components when DSP
was used for cross-linking the protein complex before purifica-
tion (35). The requirement for DSP suggests that such physical
associations are transient and/or weak and do not survive the
stringent wash conditions we used in the study (1% Nonidet
P-40, 0.5% sodium deoxycholate). However, DSP cross-linking
was not necessary and not used in any other pulldown experi-
ments in this study, in which the proteins were expressed in N.
benthamiana (see below).

Pulldown of AtHIR1 and AtHIR2 by RPS2 in Vivo—AtHIR1
and AtHIR2 were specifically tested for complex formation
with RPS2. AtHIR1-Myc or AtHIR2-Myc were transiently
expressed together with T7-RIN4 and RPS2-HPB in N. bentha-
miana, and pulldown of AtHIR1-Myc or AtHIR2-Myc by
RPS2-HPB was attempted. For the negative control, RPS2-HPB
was not included for co-expression. T7-RIN4 was co-expressed
because transiently expressed RPS2 in N. benthamiana induces
HR (49), and RIN4, as a negative regulator of RPS2, suppresses
this HR (50). AtHIR1-Myc was pulled down by streptavidin
beads only when RPS2-HPB was co-expressed (Fig. 1B), which
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indicates the formation of an AtHIR1-Myc-RPS2-HPB protein
complex in vivo. AtHIR2-Myc was again found to form SDS-,
2-mercaptoethanol-, and heat-resistant oligomers, and the
monomer and oligomers were pulled down by RPS2-HPB (Fig.
1C), indicating that all the forms of AtHIR2 could form com-
plexes with RPS2 in vivo.

Confirmation of AtHIRI-RPS2 Association in Vivo by Fluo-
rescence Resonance Energy Transfer (FRET)—FRET was applied
to detect physical associations between AtHIR1 or AtHIR2 and
RPS2. For FRET, two kinds of fluorophores are required as fol-
lows: the donor fluorophore A with excitation and emission
wave lengths, A, , and A, 5, and the acceptor fluorophore B
with excitation and emission wave lengths, A,z and A, s
where A, 4 < Aema ~ Aexs < Aemp- When fluorophores A and B
are located close to each other, typically within 7 nm, FRET
between the two fluorophores can be observed as an excitation
at A,, 5 yields an emission at A5 (51). CFP and YFP are com-
monly used as fluorophores A and B, respectively, in a FRET
analysis (52). We tagged AtHIR1 and AtHIR2 with CFP-HA to
make AtHIR1-CFP-HA and AtHIR2-CFP-HA, and RPS2 with
YFP-HA to make RPS2-YFP-HA. To test an in vivo association
between AtHIR1 and RPS2, AtHIR1-CFP-HA was transiently
expressed together with RPS2-YFP-HA and T7-RIN4in N. ben-
thamiana, and FRET analysis was conducted. A FRET signal
was clearly detected (Fig. 1, D and E). This observation indicates
that AtHIR1 and RPS2 proteins indeed form a complex
together in vivo. Considering the short distance between the
fluorophores that is required for FRET, it is likely that the phys-
ical association between AtHIR1 and RPS2 is direct contact.
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results.

Interestingly, two types of FRET signals were detected in differ-
ent cells. The first type of FRET signal was detected all along the
PM (Fig. 1D), and the second type had a punctate pattern along
the PM as if it is restricted to certain PM microdomains (Fig.
1E). We could not identify the cause of these two distinct FRET
patterns. Nevertheless, the locations of FRET signals suggest
that AtHIR1-RPS2 complexes are present on the PM and are
sometimes specific to certain PM microdomains. We could not
detect FRET signals for the AtHIR2-CFP-HA and RPS2-
YFP-HA pair, although both proteins were well expressed (data
not shown). This implied that the way AtHIR2 formed a protein
complex with RPS2 might be different from AtHIR1. These
proteins did behave differently in other assays. For example,
expression of AtHIR2, not AtHIR1, in N. benthamiana resulted
in SDS-, 2-mercaptoethanol-, and heat-resistant oligomers
(Fig. 1, B and C, and supplemental Fig. S2).

Enrichment of AtHIR Proteins in PM Microdomains—The
FRET results suggest a PM localization of the RPS2-AtHIR
complexes. To determine the subcellular localization of AtHIR
proteins in general (not all AtHIR proteins may be in the com-
plexes), confocal microscopy was performed using p35S-
AtHIRI-YFP-HA and p35S-AtHIR2-YFP-HA transgenic plants,
where both AtHIRI and AtHIR2 were driven from a constitu-
tive CaMV35S promoter (p35S). Both AtHIR1-YFP-HA and
AtHIR2-YFP-HA appeared to be PM proteins (Fig. 24). We
tested the other two AtHIR proteins and found AtHIR3-
YFP-HA and AtHIR4-YFP-HA also appeared to localize to PM
(supplemental Fig. S3, A and B), which was further confirmed
by plasmolysis (supplemental Fig. S3, C and D). To verify these
observations, total protein extract from Col plants was fraction-
ated into soluble and membrane fractions. Samples of both
fractions were examined by immunoblot with anti-HIR1, anti-
PENT1, and anti-HSC70 antibodies. Anti-PEN1 antibody specif-
ically recognizes PEN1/SYP121 in Arabidopsis (47, 53). Like
PM protein PEN1 (53), AtHIR proteins were only detected in
the membrane fraction, suggesting that AtHIR proteins are
localized to PM (Fig. 2B). In contrast, proteins recognized by
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anti-HSC70 were mainly localized to the soluble fraction (Fig.
2B), consistent with the known solubility of HSC70 (42).

Membrane microdomains enriched in sphingolipids and
structural sterols, or “lipid rafts,” are typically isolated as deter-
gent (Triton X-100)-resistant membrane microdomains
(DRMs) (46, 54—57). The observation that RPS2 complexes
with AtHIR1 at specific PM sites (Fig. 1E) suggested that Ara-
bidopsis HIR proteins may be present in membrane microdo-
mains. To determine whether AtHIR proteins are localized to
PM microdomains, DRMs were prepared from a microsomal
fraction and subjected to immunoblot. The anti-HSC70 anti-
body detected some HSC70 isoforms in the microsomal frac-
tion but not in the DRM fraction (Fig. 2C), suggesting that some
HSC70 proteins are localized to membranes but are not
enriched in DRMs. The anti-AtHIR1 antibody detected a band
in the DRM fraction (Fig. 2C), suggesting that at least one mem-
ber of AtHIR1, AtHIR2, and AtHIR4 is enriched in PM
microdomains. The soluble NSF attachment protein receptor
protein PEN1 was also detected in DRM fraction (Fig. 2C),
which is consistent with previous reports that PEN1 may be
present in PM microdomains (58, 59).

Homo-oligomerization of AtHIR Proteins—The observed
homo-oligomer-like bands for AtHIR2 and AtHIR4 led us to
investigate the ability of AtHIR proteins to form homo-oligo-
mers in vivo. For testing homo-oligomerization, the same
AtHIR protein was tagged at the C terminus with different
epitope tags: the HPB tag (35) or the Myc tag. Pulldown assays
using the N. benthamiana transient expression system were
conducted. If the AtHIR proteins can form oligomers, oligomer
complexes containing both AtHIR-HPB and AtHIR-Myc
should be detected. As shown in Fig. 34, AtHIR1-Myc was
pulled down by AtHIR1-HPB when AtHIR1-HPB was co-ex-
pressed. No AtHIR1-Myc was pulled down by the streptavidin
beads without co-expression of AtHIR1-HPB. Similar results
were obtained for AtHIR2, AtHIR3, and AtHIR4 (Fig. 3A).
Thus, each of the four AtHIR proteins can form homo-oligo-
mers in vivo. Note that DSP cross-linking was not used in this
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heat-resistant oligomers are indicated by asterisks. Both experiments were performed twice independently with similar results.

assay for AtHIR homo-oligomerization. SDS-, 2-mercaptoeth-
anol-, and heat-resistant bands of large protein complexes con-
taining AtHIR2 and AtHIR4 were detected in both pulldown
and input samples. Apparent dimers consisting of either
AtHIR2-HPB and AtHIR2-HPB or AtHIR2-HPB and AtHIR2-
Myc were detected as distinct bands by immunoblot using
anti-HA antibody due to their different molecular sizes (indi-
cated by asterisks; compare the band sizes with those in Fig.
1C). A similar phenomenon was also observed for AtHIR4
(Fig. 3A4).

Hetero-oligomerization of AtHIR Proteins—Because AtHIR
proteins share high homology, we hypothesized that they may
also form hetero-oligomers. To get a comprehensive view, all
six possible pairwise combinations among the four AtHIR pro-
teins were examined. The six tested pairs were as follows:
AtHIR1-HPB and AtHIR2-Myc; AtHIR1-HPB and AtHIR3-
Myc; AtHIRI-HPB and AtHIR4-Myc; AtHIR2-HPB and
AtHIR3-Myc; AtHIR2-HPB and AtHIR4-Myc; and AtHIR3-
HPB and AtHIR4-Myc. The pulldown assays for protein-pro-
tein interaction were performed similarly to test homo-oligo-
merization (no DSP cross-linking). All the pairwise interactions
were detected (Fig. 3B), suggesting that the four AtHIR proteins
could form hetero-oligomers in all possible combinations in
vivo.

Induction of AtHIR Genes by Pto DC3000 and flg22—Many
genes involved in disease resistance are pathogen-inducible. To
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examine whether the Arabidopsis AtHIR proteins are induced
by infection with P. syringae strains, Col wild-type plants were
inoculated with Pto DC3000 AvrRpm1, Pto DC3000 AvrRpt2,
Pto DC3000, and Pto DC3000 hrcC strains. All the strains trig-
ger the PTI response, but only the first three deliver type III
effector proteins into the plant cell to interfere with PTI (12,
60). Pto DC3000 hrcC is deficient in the type III secretion sys-
tem. It is not known whether Pto DC3000 can trigger some level
of ETI response in Col plants. It is clear that Pto DC3000
AvrRpm]1 and Pto DC3000 AvrRpt2 strains trigger strong ETI
responses mediated by RPM1 and RPS2 in Col plants. These
four different strains provide different plant-pathogen interac-
tion conditions. With the bacterial dosage used here, Pto
DC3000 AvrRpm1 normally triggers HR 6 h post-inoculation
and Pto DC3000 AvrRpt2 triggers HR at a later time but within
24 h. We took time points up to 6 h post-inoculation for both
Pto DC3000 AvrRpm1 and Pto DC3000 AvrRpt2. In both cases,
modest induction of AtHIR proteins was detected by immuno-
blot using the anti-AtHIR1 antibody, at the early time points
(Fig. 4A). With Pto DC3000 and Pto DC3000 /rcC, dramatic
induction of AtHIR proteins was detected at 24 h post-inocu-
lation (Fig. 4A). Because the induction levels of HIR proteins by
the ETI strains (Pto DC3000 AvrRpml and Pto DC3000
AvrRpt2) were not noticeably higher than those by the PTI
strains (Pto DC3000 and Pto DC3000 hrcC), we concluded that
at least some AtHIR proteins are induced by MAMPs.
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FIGURE 4. Induction of AtHIR genes by Pto DC3000 strains and MAMPs.
A, induction of AtHIR proteins by Pto DC3000 strains. Five-week-old Col plant
leaves were infiltrated with Pto DC3000 AvrRpm1 (Pto AvrRpm1), Pto DC3000
AvrRpt2 (Pto AvrRpt2), Pto DC3000 (Pto), or Pto DC3000 hrcC (Pto hrcC) at an
inoculation dose of 1 X 108 colony formation units (CFU)/ml. Leaf samples
were collected at the indicated time points. Total proteins were extracted and
analyzed by immunoblot using anti-AtHIR1 antibody (a-AtHIRT). Blotting of
HSC70 proteins using an anti-HSC70 antibody (a-HSC70) and Coomassie Bril-
liant Blue staining of part of the gel was used as loading controls. This exper-
iment was performed three times independently with similar results. B, induc-
tion of AtHIR genes by flg22 and Pto DC3000 hrcC in Col, pad4, and sid2. The
mRNA levels of AtHIR1 (B), AtHIR2 (C), AtHIR3 (D), and AtHIR4 (E) were deter-
mined by quantitative RT-PCR. The vertical axis represents the log,-trans-
formed mRNA level relative to Actin2. The data were collected in three inde-
pendent experiments and analyzed by a mixed linear model. The bars
represent the means = S.E. Significant differences compared with mock treat-
ment are indicated by asterisks for p < 0.1 (¥) and p < 0.01(*¥).

To determine which AtHIR genes are induced by MAMPs,
quantitative RT-PCR was conducted to monitor the mRNA lev-
els of all four AtHIR genes in Col, pad4, and sid2 plants treated
with flg22 or Pto DC3000 hrcC. The SID2 gene encodes the
salicylic acid biosynthesis enzyme isochorismate synthase and
is important for plant defense to multiple pathogens (61), and
the PAD4 gene is critical for salicylic acid-dependent immunity
as well as salicylic acid-independent immunity (62, 63). AtHIR1
was statistically significantly induced by both flg22 and Pto
DC3000 /rcC in Col, but only significantly induced by flg22 in
sid2 plants (Fig. 4B). AtHIR3 had a similar induction pattern
except that induction by Pto DC3000 /rcC in Col was not sig-
nificant (Fig. 4D). No statistically significant induction of
AtHIR4 was observed in any treatment or genotype (Fig. 4E).
There was great induction (~16-fold) of A¢tHIR2 upon flg22
and Pto DC3000 hrcC treatment, and such induction was still
evident in pad4 and sid2 mutants (Fig. 4C). Taken together, the
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PLAFR) and Pto DC3000 AvrRpt2 (Pto AvrRpt2) at a dose of 2 X 10° CFU/ml.The
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mRNA levels of all AzHIR genes except AtHIR4 were signifi-
cantly induced by some MAMPs (flg22 and Pto DC3000 hrcC),
and such induction did not seem to be strongly dependent on
SID2 or PADA4.

Compromised Disease Resistance to Pto DC3000 AvrRpt2 in
Athir2 and Athir3 Mutants—Physical association of AtHIR
proteins and RPS2 suggests that they are involved in RPS2-
mediated ETL. To examine this, T-DNA insertion lines for
AtHIR genes were obtained from the ABRC stock center, and
lines homozygous for the insertion alleles were selected (Fig.
5A). One putative knock-out allele for each gene except AtHIR4
was confirmed by loss of mRNA accumulation measured by
RT-PCR (Fig. 5A). For an unknown reason, the T-DNA inser-
tion line for AtHIR4 still accumulated the AtHIR4 mRNA and
was thus not studied further (supplemental Fig. S4). The three
mutants were named Athirl-1, Athir2-1, and Athir3-1, respec-
tively (Fig. 5A4). All three mutants were tested for RPS2-medi-
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are indicated by asterisks for p < 0.05.

ated ETI using a bacterial growth assay. Growth of Pto DC3000
strains carrying an empty vector (pLAFR) or a construct encod-
ing AvrRpt2 was compared between the mutants and wild-type
plants. No difference was observed in the growth of Pto DC3000
pLAER in the mutants compared with the wild type (Fig. 5B).
However, there was significantly more growth of Pto DC3000
AvrRpt2 in Athir2-1 and Athir3-1 mutants than in the wild type
(Fig. 5B). We cannot rule out the possibility that other
unknown mutations in the insertion lines caused this pheno-
type because we did not test a second mutant allele for each
gene. However, the fact that plant lines carrying mutations in
two closely related genes exhibited a consistent phenotype
strongly suggests that the mutations in Athir2-1 and Athir3-1
indeed cause the phenotype. Therefore, AtHIR2 and AtHIR3
genes play a positive role in RPS2-mediated ETI. There was no
difference between Athirl-1 and wild type for growth of Pto
DC3000 AvrRpt2 (Fig. 5B).

Enhanced Disease Resistance to Pto DC3000 by Overexpress-
ing AtHIR Genes—The effect of overexpressing AtHIR1 and
AtHIR2 on resistance to Pto DC3000 was also tested. Two
AtHIRI transgenic lines (p35S-AtHIRI-YFP-HA-7 and
Pp35S-AtHIR1-YFP-HA-14), two AtHIR2 transgenic lines (p35S-
AtHIR2-YFP-HA-5 and p35S-AtHIR2-YFP-HA-15), and two
control lines (p35S-GUS-YFP-HA-3 and p35S-GUS-YFP-
HA-5) were chosen for the study. YFP-HA-tagged AtHIR1 or
AtHIR2 was detected in HIR overexpression lines, but not in the
control line, by immunoblot using anti-HIR1 antibody (Fig.
6A). This time, SDS-, 2-mercaptoethanol-, and heat-resistant
homo-oligomers were detected in AtHIRI-overexpression
lines, but not in AtHIR2-overexpression lines (Fig. 6A), raising
the possibility that such oligomers may result from high levels
of overexpression. These transgenic lines were examined for
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growth of Pto DC3000 pLAFR and Pto DC3000 AvrRpt2. Two
days after inoculation, reduced growth of Pto DC3000 pLAFR
was observed in all four HIR overexpression lines when com-
pared with the GUS control lines (Fig. 68), indicating overex-
pression of AtHIRI or AtHIR2 enhanced disease resistance to
Pto DC3000. However, no difference in growth of Pto DC3000
AvrRpt2 was observed in these lines (Fig. 6B).

DISCUSSION

Our previous work identified AtHIR1 and AtHIR2 as puta-
tive RPS2 complex components (35). In this study, we con-
firmed that AtHIR1 and AtHIR2 are novel components of RPS2
complexes in both Arabidopsis and N. benthamiana (Fig. 1).
The N. benthamiana transient expression system was used for
rapid analysis. The proteins were likely overexpressed in the N.
benthamiana experiments, which might result in artifactual
physical associations. They corroborate results from stably
transformed Arabidopsis plants in which the proteins were
expressed from their natural promoters, strengthening this
conclusion of complex formation. The involvement of AtHIR
proteins in RPS2-mediated ETI was further supported by
genetic analysis. Both Athir2-1 and Athir3-1 mutants show
compromised resistance to Pto DC3000 AvrRpt2 but not to Pto
DC3000 (Fig. 5B). This demonstrates that AtHIR2 and -3 pro-
teins quantitatively contribute to RPS2-mediated ETI, presum-
ably through their association with the RPS2 complex. The HIR
gene family is conserved across many plant species (18 —22, 64).
Overexpression of the pepper CaHIR1 protein, which is most
closely related to AtHIR4 among the four AtHIR proteins in
Arabidopsis, led to spontaneous cell death (21), possibly sug-
gesting activation of ETI signaling. Thus, it appears that plant
HIR proteins generally play a positive role in ETI. Because the
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leaky level of RPS2-mediated signaling in the absence of the
effector AvrRpt2 is delicately balanced by the amounts of RIN4
and other proteins (14, 15, 65— 69), it is conceivable that over-
expression of a positive regulator of RPS2-mediated signaling,
such as AtHIRs, leads to some level of constitutive activation of
nonspecific immunity. This can provide a consistent explana-
tion for both specific effects of Athir2-1 and Athir3-1 on RPS2-
mediated ETI and enhancement of nonspecific immunity
observed as enhanced immunity against Pto DC3000 by over-
expression of AtHIR1 or AtHIR2 (Fig. 6). It was recently
reported that Arabidopsis lines overexpressing a rice HIR gene
also showed enhanced immunity against Pto DC3000 (70),
which is consistent with our observation.

It is not known whether AtHIR proteins interact with RPS2
directly or indirectly through other protein(s) in the protein
complexes. However, the very close physical association
between AtHIR1 and RPS2 demonstrated by the FRET analysis
(Fig. 1, D and E) strongly suggests a direct interaction between
AtHIR1 and RPS2. CaHIR1 protein was shown to interact spe-
cifically with the LRR domain of CaLRR1 protein in a yeast
two-hybrid assay (21). It was shown that the LRR domain of
RPS2 determines specific interactions with host factors to con-
fer RPS2-mediated immune response (71). It will be interesting
to see whether AtHIR proteins specifically interact with the
LRR domain of RPS2.

The SPFH domain-containing proteins have a propensity to
form oligomers (25). For example, oligomerization has been
reported with Stomatin (72), Podocin (73), Prohibitin (74, 75),
and Reggies (76). Homo-oligomerization and hetero-oligomer-
ization have been reported for different SPFH domain-contain-
ing proteins (29, 75, 77). Using pulldown assays, we found that
all four AtHIR proteins could form homo-oligomers and
hetero-oligomers when transiently expressed in vivo (Fig. 3).
Furthermore, AtHIR1, AtHIR2, and AtHIR4 could form homo-
oligomers that are resistant to SDS, 2-mercaptoethanol, and
heat (Figs. 1C, 3, and 6 and supplemental Fig. S2), possibly as a
consequence of overexpression. Hetero-oligomerization has
been suggested to be necessary for stabilizing some SPFH
domain-containing proteins (25). It will be interesting to know
how homo- and hetero-oligomerization among the AtHIR pro-
teins can affect their stability and function.

It is very common for SPFH domain-containing proteins to
form small families with similar functions (25, 30). Three obser-
vations made in this study suggest AtHIR proteins function
together. First, both AtHIR1 and AtHIR?2 proteins form com-
plexes with RPS2. Second, AtHIR proteins can form oligomers
with all possible partners within the same family. Third, both
Athir2-1 and Athir3-1 mutants showed defects in RPS2-medi-
ated ETI, and overexpression of either AtHIRI or AtHIR2
enhanced disease resistance to Pto DC3000. Although all four
AtHIR genes are expressed in leaves, their abundance seems to
be different (Fig. 4). When the amount of a mixture of AtHIR1,
AtHIR2, and AtHIR4 proteins was measured by the anti-
AtHIR1 antibody in Col, Athirl-1, and Athir2-1 plants, a dra-
matic decrease of the AtHIR proteins was observed in Athir2-1
(supplemental Fig. S5). As the anti-AtHIR1 antibody appears to
recognize AtHIR1, AtHIR2, and AtHIR4 with similar affinities
(supplemental Fig. S2, compare the results with the anti-Myc
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antibody), this immunoblot result indicates that AtHIR2 pro-
tein was the most abundant among the three. Furthermore,
AtHIR2 mRNA was the most MAMP-inducible of all the AtHIR
mRNAs (Fig. 4). These observations suggesting that AtHIR?2 is
the dominant form of AtHIR in leaves are consistent with the
observation that the Athir2-1 mutant showed the most signifi-
cant decrease in RPS2-mediated ETI (Fig. 5).

Although the SPFH domain-containing proteins in general
have diverse subcellular distributions and different functions,
they all have a common theme to their function, which is reg-
ulation of proteins in sterol-enriched membrane microdo-
mains (25). SPFH domain-containing proteins are localized to
various kinds of membrane systems and specifically enriched in
microdomains of these membrane systems (25, 26, 29). Indeed,
we found that all four AtHIR proteins were localized to the PM
and at least some of them were enriched in the DRM, which is
an operational definition of a membrane microdomain fraction
(Fig. 2). Consistent with our observation, tobacco orthologs of
AtHIR proteins were found in detergent-resistant PM fractions
(78). AtHIR4 was found in a detergent-insoluble PM microdo-
main purified from Arabidopsis seedlings (79). Another pro-
teomic study identified AtHIR1, AtHIR2, and AtHIR4 in a
membrane microdomain fraction prepared from Arabidopsis
callus (46). Recently, Choi et al. (64) showed that GFP-tagged
CaHIR1 displayed punctate localization in the PM when it was
expressed in onion epidermal cells. Such a punctate localization
pattern in the PM is reminiscent of our FRET analysis results
with AtHIR1 shown in Fig. 1E. The punctate localization pat-
terns support the notion that HIR proteins reside in certain PM
microdomains. Furthermore, Choi et al. (64) showed that the
SPFH domain is sufficient for the CaHIR1 punctate localization
pattern, suggesting that the SPFH domain of HIR proteins spec-
ifies localization to membrane microdomains. It will be inter-
esting to investigate the molecular basis of AtHIR proteins’
association to PM. For example, putative myristoylation sites
were present in AtHIR1, AtHIR2, and AtHIR4 (supplemental
Fig. S1A). If the HIR proteins are myristoylated, the myristoyl
group may function as a lipid anchor to the PM.

What are the biological functions for formation of microdo-
mains in plant PM? According to discussions about membrane
microdomains in plants (46, 54, 58, 81, 82), such functions may
include increasing focal protein concentration, promoting sig-
nal transduction, and facilitating exocytosis or endocytosis.
These functions are not mutually exclusive. Arabidopsis PEN1
encodes syntaxin SYP121, which is a component of the soluble
NSF attachment protein receptor complex involved in vesicle
fusion and exocytosis (53, 83). PEN1 plays a positive role in
restricting fungal pathogen penetration in Arabidopsis (53). In
this study, we showed that PEN1 was present in Arabidopsis
PM microdomains (Fig. 2). The barley PEN1 homolog,
HvROR2, was shown to be concentrated in membrane
microdomain-like structures at fungal hyphal penetration sites
(58), supporting the idea that membrane microdomain forma-
tion promotes exocytosis. Interestingly, knocking out both
PEN1 (SYPI21) and its homolog SYPI22 activates multiple
immune pathways (47, 84), suggesting PEN1 and SYP122-me-
diated exocytosis is critical in plant immunity. We demon-
strated that some AtHIR proteins form protein complexes with
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RPS2 and are involved in RPS2-mediated immunity, suggesting
that membrane microdomains may play an important role in
RPS2-mediated ETI. AtHIR genes are generally MAMP-induc-
ible (Fig. 4), as is RPS2 (5). Induction of both the AtHIR and
RPS2 genes through the PTI response may prime RPS2-medi-
ated ETIL. OsLRR1 and OsHIR]1, rice homologs of CaLRR1 and
CaHIR1, also interact with each other at the PM (85). It was
shown that OsLRR1 underwent endocytosis when ectopically
expressed in tobacco BY-2 cells (85). The SPFH domain-con-
taining flotillins define a clathrin-independent endocytic path-
way and mediate signaling from PM receptors to the cytoskel-
eton (25, 86). The Arabidopsis PTI receptor FLS2 undergoes
endocytosis upon activation (87). We recently reported that
FLS2 and RPS2 can reside in the same protein complex at the
PM (88). It will be interesting to know whether such an endo-
cytic phenomenon occurs with ETI receptors such as RPS2.

It has been well documented that bacterial pathogens and
their products interact with membrane microdomains to pro-
mote entry into animal cells (89, 90). Such a phenomenon is
difficult to imagine in plants due to the existence of strong cell
walls. However, it is possible that P. syringae may require mem-
brane microdomains on host PM to secrete effector proteins
through the type III secretion system (TTSS). In fact, it was
shown that formation of the TTSS needle-shaped structure for
Pseudomonas aeruginosa was dependent on cholesterol (91),
indicating membrane microdomains may play arole in allowing
membrane disruption by TTSS. Another study showed that P.
aeruginosa infection in human cells was dependent on sph-
ingolipid-rich rafts (92). With the Gram-negative bacterial
pathogen Shigella flexneri, it was further shown that purified
detergent-resistant membranes could activate TTSS (93),
demonstrating there is a membrane microdomain-based
mechanism for contact-mediated secretion of bacterial
effectors. A recent study suggested that oomycete and fungal
pathogens deliver effector proteins to plant cells through
membrane microdomain-mediated endocytosis (94). These
observations strongly suggest that PM microdomains of the
host cell are the point of effector delivery by many patho-
gens. Proteomic analysis of the DRM in rice and Arabidopsis
revealed that many plant immunity-related proteins, includ-
ing putative PTI and ETI receptors (80, 95), reside in the
DRM, suggesting that membrane microdomains play an
important role in pathogen recognition. We discovered that
the membrane microdomain proteins AtHIRs play a positive
role in RPS2-mediated ETI, likely through their physical
association with RPS2. Conceivably, AtHIR proteins may
increase the local concentration of RPS2, and possibly other
R proteins, at PM microdomains to increase the detection
sensitivity of pathogen effectors that are delivered at mem-
brane microdomains.
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