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SUMMARY

Recognition of pathogen-associated molecular
patterns (PAMPs) by pattern recognition receptors
(PRRs) represents a critical first step of innate defense
in plants and animals. However, maturation and trans-
port of PRRs are not well understood. We find that the
rice chitin receptor OsCERK1 interacts with Hsp90
and its cochaperone Hop/Sti1 in the endoplasmic
reticulum (ER). Hop/Sti1 and Hsp90 are required for
efficient transport of OsCERK1 from the ER to the
plasma membrane (PM) via a pathway dependent
on Sar1, a small GTPase which regulates ER-to-Golgi
trafficking. Further, Hop/Sti1 and Hsp90 are present
at the PMin a complex (designated the “defensome”)
with OsRac1, a plant-specific Rho-type GTPase.
Finally, Hop/Sti1 was required for chitin-triggered
immunity and resistance to rice blast fungus. Our
results suggest that the Hop/Sti1-Hsp90 chaperone
complex plays an important and likely conserved
role in the maturation and transport of PRRs and
may function to link PRRs and Rac/Rop GTPases.

INTRODUCTION

Pattern recognition receptors (PRRs) are the first layer of defense
against pathogen infection at the cell surface (Jones and Dangl,
2006). Pathogen-specific molecules recognized by PRRs are
called pathogen-associated molecular patterns (PAMPs) (Chis-
holm et al., 2006; Zipfel, 2008). In plants, host perception of
PAMPs activates rapid defense responses such as calcium
influx, production of reactive oxygen species (ROS), induction
of defense-related genes, and accumulation of antimicrobial
compounds (Jones and Dangl, 2006). Most plant PAMP recep-
tors characterized to date are receptor-like kinases (RLKs) or
receptor-like proteins (RLPs). RLKs possess an extracellular
domain, a transmembrane (TM) domain, and a kinase domain
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(KD), whereas RLPs lack the intracellular KD. Protein structural
analyses indicate that RLKs perceive signals through their
extracellular domain and transmit signals via their intracellular
KD. Arabidopsis and rice encode more than 600 and 1100
RLK/Ps, respectively (Shiu et al., 2004), which are involved in
numerous cellular signaling and developmental events.

RLKs function in plant-microbe interactions and defense
responses. FLS2 and EFR, for example, are receptors for
bacterial flagellin and elongation factor Tu (EF-Tu), respectively
(Gomez-Gomez and Boller, 2000; Zipfel et al., 2006), while
CEBIP and LysM-type CERK1 are receptors for fungal chitin
(Kaku et al., 2006; Miya et al., 2007; Wan et al., 2008). Recently,
BRI-associated kinase (BAK1) was found to be important for
innate immunity as well as cell death (Chinchilla et al., 2007;
He et al.,, 2007; Kemmerling et al., 2007), suggesting that
different RLK/P-mediated signaling pathways share common
components. RLK/Ps are located in the PM and are assumed
to move to endosomes through endocytosis (Russinova et al.,
2004; Geldner and Robatzek, 2008). However, the modes of
maturation, trafficking, and PM localization of RLK/Ps are largely
unknown.

Rac/Rop small GTPases are plant-specific Rho-type GTPases
which act as molecular switches in many biological processes,
including plant innate immunity, in rice and other species
(Berken, 2006; Brembu et al., 2006; Nibau et al., 2006). OsRac1
plays a role in basal resistance and is involved in the immune
response induced by two PAMPs derived from fungal patho-
gens, N-acetylchitooligosaccharide (chitin) and sphingolipids
(Ono et al., 2001; Suharsono et al., 2002; Fujiwara et al., 2006).
OsRac1 controls cell death, the activation of PR gene expres-
sion, and phytoalexin production (Kawasaki et al., 1999; Ono
et al,, 2001; Suharsono et al., 2002; Wong et al., 2004). It
also regulates ROS production by interacting directly with the
N-terminal region of NADPH oxidase (Wong et al., 2007), and
lignin production by interacting with cinnamoyl CoA reductase
(Kawasaki et al., 2006). Furthermore, PAMP-induced activation
of rice MAPK®6 requires OsRac1, which forms a complex with
MAPK® in rice cell extracts (Lieberherr et al., 2005). Dominant-
negative (DN) OsRac1 was shown to diminish N gene-mediated
resistance to TMV infection in tobacco (Moeder et al., 2005).
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Similarly, Rac/Rop GTPases have been shown to be involved in
ROS production in Arabidopsis (Park et al., 2004; Jones et al.,
2007), and in immune responses in a variety of species (Schiene
et al., 2000; Pathuri et al., 2008). Taken together, these previous
studies indicate that Rac/Rop GTPases are involved in plant
innate immunity by regulating a number of important down-
stream components of the immune response.

Cytoplasmic Hsp90 chaperone plays critical roles in plant
innate immunity together with the cochaperone-like proteins
RAR1 and SGT1 (Hubert et al., 2003, 2009; Lu et al., 2003; Taka-
hashi et al., 2003; Liu et al., 2004; Shirasu, 2009). We recently
demonstrated that RAR1, Hsp90, and Hsp70 are present in the
OsRac1 complex, but none of them appear to interact directly
with OsRac1 (Thao et al., 2007). The OsRac1-interacting scaffold
protein RACK1A directly interacts with SGT1 and RAR1, but not
with Hsp90 (Nakashima et al., 2008). In mammalian cells, Hsp90
and Hsp70 form a complex through the cochaperone Hop (Pratt
and Toft, 2003). Plant-encoded Hop, which is also known as
stress-induced protein 1 (Sti1), interacts with Hsp90 in vitro
(Torres et al., 1995; Zhang et al., 2003), although its biological
function has not yet been elucidated. We have identified Hop/
Sti1 as an OsRac1interactor (Nakashima et al., 2008).

In this study, we demonstrate that Hop/Sti1 interacts with the
rice chitin receptor OsCERK1. OsCERK1 also interacts with the
cytoplasmic Hsp90. Moreover, Hop/Stila and Hsp90 are
required for efficient transport of OsCERK1 from the ER to the
PM via the Sar1-dependent trafficking system. We further
provide evidence that Hop/Stila and Hsp90 are present in an
OsRac1immune complex, designated the defensome, atthe PM.

RESULTS

The Hsp90 Cochaperone Hop/Sti1 Interacts

with OsRac1 and Is Localized to the ER

Based on affinity chromatography and database analysis, we
identified two highly similar Hop/Sti1s in rice (Nakashima et al.,
2008), hereafter designated Hop/Stiia and Hop/Sti1b, which
share 80.4% amino acid identity (see Figures S1A and S1B avail-
able online). Three Hop/Sti1 homologs are found in Arabidopsis
(Figure S1A). Sequence analysis suggested that the rice Hop/
Sti1 proteins share a conserved structure with yeast and
mammalian Hops (Figure S1B; Nicolet and Craig, 1989).

Since Hop/Sti1 was identified through affinity chromatography
with OsRac1, we first used in vitro binding assays to confirm the
interaction of Hop/Sti1 with OsRac1. Hop/Sti1 interacted with
wild-type (WT), constitutively active (CA), and DN OsRac1
(Figure 1A). These results were further substantiated by coimmu-
noprecipetation assays with crude lysates of cultured cells
(Nakashima et al., 2008) (Figure S1C). Moreover, the split-ubig-
uitin two-hybrid system (SUS) showed that Hop/Sti1a, one of
the two rice homologs, interacted with CA-OsRac1, but not
with DN-OsRac1 (Figure 1B). Although the reasons for the
differences between the results of the two-hybrid and in vitro
binding assays remain unclear, these results indicate that Hop/
Sti1 interacts with OsRac1 both in vitro and in vivo.

We next analyzed the interactions of Hop/Sti1 with known
defense-related (co-)chaperones in the yeast two-hybrid (Y2H)
system. Hop/Stila did not interact with RAR1 or SGT1 (Fig-
ure 1C). A strong interaction between Hop/Stila and cyto-
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plasmic Hsp90 was observed, while the interaction of Hop/
Sti1b, the other rice homolog, with Hsp90 was weak (Figure 1C,
Figures S1E and S1F). As previously reported for Arabidopsis,
RAR1 interacted with SGT1, and both interacted with Hsp90
(Figure 1C). Hop/Sti1 did not interact with MAPK6, RbohB, or
RACK1, components of the OsRac1 immune complex (Naka-
shima et al., 2008). OsRac1 did not directly interact with RAR1,
SGT1, or Hsp90 (Figures S1E and S1G). Since Hop/Stila
strongly interacted with OsRac1 and Hsp90 (Figures S1E and
S1F), we chose Hop/Stila for further studies.

We examined the intracellular localization of Hop/Sti1 by ex-
pressing the YFP-tagged Hop/Sti1a protein in rice protoplasts.
Hop/Sti1a-YFP colocalized with an ER marker, showing a typical
ER pattern (Figure 1D). We performed aqueous two-phase parti-
tioning experiments and found Hop/Sti1a in the endomembrane-
rich and PM-rich fractions, in addition to the soluble fraction
(Figure 1E). Hsp90 was present mostly in the soluble fraction,
but small amounts were also detected in the endomembrane-
rich and PM-rich fractions (Figure 1E). OsRac1 was present in
the same membrane-enriched fractions as Hop/Sti1a, suggest-
ing that these three proteins can interact in the membranes
(Figure 1E).

Hop/Sti1a Is Involved in Chitin-Triggered Immune
Responses and Rice Blast Resistance

To examine the function of Hop/Sti1 in rice innate immunity, we
produced transgenic rice cell cultures and plants in which Hop/
Sti1 expression was silenced by RNAI, as well as cells and plants
that overexpressed Hop/Stila (Figure S2A). In Hop/Sti1a-RNAi
cell lines, Hop/Sti1a was strongly reduced at mRNA and protein
levels (Figure 2A, Figures S2B and S5A). Hop/Sti1a-RNAi and
WT cell cultures were treated with chitin, and chitin-induced
defense-related gene expression was monitored by quantitative
PCR (gPCR). Chitin-induced defense-related gene expression
of PAL1 and PBZ1 was strongly reduced and was delayed for
1-2 hr in Hop/Stila-RNAi cells compared to the WT cells
(Figure 2B), indicating that Hop/Sti1a plays a role in chitin-trig-
gered immunity. Consistent with this phenotype, rice cultivar
Kinmaze possesses the chitin receptor OsCERK1 (Figure S2E),
a rice ortholog of the Arabidopsis chitin receptor AtCERK1 that
is involved in chitin-triggered immune responses (T. Shimizu,
H.K., and N.S., unpublished data). However, since cv. Kinmaze
lacks the flg22 receptor OsFLS2, flg22-triggered immune
responses are absent (Takai et al., 2008).

In Hop/Sti1ab-RNAI plants, levels of both Hop/Sti1a and Hop/
Stitb mRNAs were strongly reduced (Figure S2C). In contrast,
Hop/Sti1a expression was significantly increased in Hop/Sti1a-
OX plants (Figure S2D). In infection assays with a virulent strain
of the rice blast fungus, Hop/Stilab-RNAi plants were more
susceptible than WT plants to rice blast infection (Figure 2C),
whereas Hop/Sti1a-OX plants were more resistant (Figure 2D).
Taken together, these results demonstrate that Hop/Stila is
involved in chitin-triggered immune responses and resistance
to blast infection in rice.

Hop/Sti1a and Hsp90 Interact with the Rice Chitin
Receptor OsCERK1 via Its Transmembrane Domain
Since the Hop/Sti1-Hsp90 (co-)chaperone complex is involved
in PAMP-triggered immune responses in rice, we wondered
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Figure 1. The Hsp90 Cochaperone Hop/Sti1 Interacts with OsRac1
and Is Localized to the ER

(A) Interaction of Hop/Sti1aand OsRac1 inin vitro binding assays. Upper image,
purified GST-tagged OsRac1 and His-tagged Hop/Stila were subjected to
pull-down assays with anti-GST beads and detected with anti-Hop/Sti1a anti-
body. Lower image, Coomassie Brilliant Blue (CBB)-stained gel after blotting.
(B) Two-hybrid assays of Hop/Sti1a and OsRac1 in SUS.
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whether rice RLKs could also interact with the Hop/Sti1-Hsp90
complex. We chose the rice chitin receptor OsCERK1 to test
this idea. Interestingly, Hop/Sti1 and Hsp90, but not CA-Os-
Rac1, interacted with OsCERK1 (Figure 3A). Similarly, rice ho-
mologs of two other RLKs, OsFLS2 and OsBAK1, also interacted
with Hop/Stila (Figure 3A). We further studied the interaction
between Hop/Stila and OsCERK1 using truncated fragments
of OsCERK1 and found that the TM domain of OsCERK1, but
not the extracellular LysM domain (ED) or the KD, interacted
with Hop/Sti1a (Figures 3B and 3C). Similarly, Hsp90 interacted
with the TM domain of OsCERK1 (Figures 3B and 3C). A Hop/
Sti1a deletion assay showed that either the TPR1 or the TPR2A
domain of Hop/Stila alone was sufficient for its interaction
with all three interacting proteins (Figure 3D). OsRac1 also inter-
acted weakly with the DP1 domain of Hop/Sti1a. These results
showed that Hop/Sti1a and Hsp90 interact with the TM region
of OsCERK1, thus connecting an RLK with OsRac1 and its
signaling partners in rice.

OsCERK1 Matures in the ER and Is Transported

to the PM through a Vesicle Trafficking Pathway

It has been suggested that RLK receptors are PM proteins
whose localization is regulated by endocytosis (Russinova
et al., 2004; Geldner and Robatzek, 2008). However, the pro-
cesses of maturation and transport of plant RLKs and PAMP
receptors are largely unknown. The finding that Hop/Sti1a local-
izes to the ER and physically interacts with a PAMP receptor
(Figures 1D, 1E, and 3) raises the question of how Hop/Sti1a,
an ER protein, interacts with the PM-localized RLK. To address
this question, we used GFP-fused intact OsCERK1 (OsCERK1-
GFP) to investigate the subcellular localization of OsCERK1 in
rice protoplasts.

OsCERK1-GFP was found predominantly in the PM. However,
some signals were also detected in vesicle-like organelles and
typical ER structures. To analyze GFP signals more precisely in
transformed protoplasts, the cells were categorized into four
types (P1-P4) according to the distribution of the OsCERK1-
GFP signal in different organelles (Figure 4A), and the frequency
of each type was determined (Figure 4B). Under normal condi-
tions, P1, in which the GFP signal was observed only in the
PM, contributed 4% of the total transformed cells; P2, in which
signals were detected in the PM and in dot-like vesicles,
comprised 50%; and P3, in which signals were detected in the
PM, vesicles, and the ER network, accounted for 46%. No P4
cells, in which the signal was observed only in the ER, were found
(Figure 4B, upper panel).

These results suggested that OsCERK1 may be transported
from the ER to the PM through a vesicular trafficking pathway.
Consistent with this, brefeldin A (BFA), a well-known inhibitor of

(C) A survey of Hop/Sti1-interacting proteins among known (co-)chaperones
in the Y2H system.

(D) Subcellular localization of Hop/Sti1a protein. Hop/Sti1a-YFP was colocal-
ized predominantly with the ER marker SP-seCFP-HDEL (middle). The arrow-
heads indicate the typical ER ring structure surrounding the perinuclear
membrane. N, nucleus; scale bars, 5 um.

(E) Hop/Sti1 protein distribution in two-phase partitioning. S, soluble fraction;
M, microsomal fractions; U, upper phase of partitioning; L, lower phase of
partitioning. Western blotting was performed with antibodies against the
proteins indicated to the right of each panel. PIP1s, PM marker; BiP, ER marker.

187



A B
0.2 n=4 05 n=4

G @ 016
= -g I Hop/Stita
g2 o012 O Hop/stitb §

© <
g = [ OsRac1 hr
25 ooe 3
= X
L E
o < 0.04

0

—— WT-M

Cell Host & Microbe

Hop/Sti1 Cochaperone Complex in Rice Immunity

n=4
—— WT-M

PBZ1/Ubgq

WT  Ri-7 Ri-40
Cc Race 007 1.6 nz18 D Race 007
< 14 ™
WT Hop/Sti1ab - RNAI g WT Hop/Sti1a -OX < 121 ns0
S B 1
o c
7 K9]
<2 c
.:2; 0.6 ire c § 06
g 'l'l b Q& 2
0.2 S o2
0 | H [hn 0
WT #6 #7 #19 #24 WT #5 #32  #88 WT #5 #32 #88

Figure 2. Hop/Sti1a Is Involved in the Chitin-Triggered Immune Response and Rice Blast Resistance
(A) Expression of Hop/Sti1 and OsRac1 in Hop/Sti1a-RNAi-cultured cells Ri-7 and Ri-40 was analyzed by qPCR and normalized with endogenous Ubq.

Data shown are means + SE; n = 4.

(B) Induction of defense-related genes, PAL1 (left) and PBZ1 (right), in Hop/Sti1a-RNAi (Ri-7) and WT cells, following chitin treatment (CT), was monitored at the

indicated time points using gqPCR. M, mock. Data are means + SE; n = 4.

(C and D) Infection assays of Hop/Stilab-RNAi (C) and Hop/Sti1ab-OX (D) plants with the virulent rice blast fungus (race 007). Pictures (left) show typical
phenotypes of WT and representative transgenic plants. Relative lesion lengths (right; WT = 1) are shown with means + SE; n > 18.

vesicle trafficking (Satiat-Jeunemaitre et al., 1996), dramatically
changed the OsCERK1-GFP localization pattern. In 87% of the
protoplasts examined, OsCERK1-GFP was confined to the ER
(P4 type), while the remaining 13% of the protoplasts were type
P3, with signals detected in the ER and the PM (Figure 4B, lower
panel). No P1 or P2 cells were detected in the presence of BFA.

We observed dynamic changes in the subcellular localization
of OsCERK1-GFP, which depended on the time after transfor-
mation and the presence of BFA. OsCERK1-GFP became visible
at 3.5-4 hr after transformation. The GFP signal appeared mainly
in the ER around the nucleus, while only a faint signal was
detected in the PM at 4 hr after transformation (Figure 4C, upper
left). The GFP signal in the PM became distinct by 7 hr after
transformation (Figure 4C, upper right). These results showed
that OsCERK1-GFP occurred first in the ER, where it was prob-
ably synthesized, before it reached the PM.

When BFA was added to protoplasts at 3 hr after transforma-
tion and the protoplasts were further incubated for 1 hr, the
pattern was similar to the control (Figure 4C, lower left).
However, after 4 hr of BFA treatment, the GFP fluorescence
increased in the ER, whereas no such increase was detectable
in the PM (Figure 4C, lower right). These results suggest that
OsCERK1-GFP was synthesized normally in the presence of
BFA but then accumulated in the ER due to the inhibition of
vesicle trafficking by BFA.

We next examined whether the exit of OsCERK1 from the ER
depends on COPII-mediated ER-to-Golgi traffic. AtSar1 is a
small GTPase which regulates the ER-to-Golgi trafficking in
Arabidopsis (Takeuchi et al., 2000). A constitutively active Sar1
(CA-AtSar1) mutant inhibits the transport of the Golgi membrane

protein AtRer1B from the ER to the Golgi (Takeuchi et al., 2000).
We cotransformed OsCERK1-CFP, GFP-AtRer1B, and either
WT-AtSar1 or CA-AtSar1 into rice protoplasts and examined
their fluorescence signals. OsCERK1-CFP predominantly local-
ized to the PM, while AtRer1B-GFP was found in the Golgi-like
organelles when WT-AtSar1 was cotransformed (Figure 4D,
upper panel). In contrast, when CA-AtSar1 was cotransformed,
the AtRer1B-GFP signal was restricted to the ER, as was the
coexpressed OsCERK1-CFP signal (Figure 4D, lower panel). It
was noted that when WT-AtSar? was cotransformed, GFP-
AtRer1B signals overlapped punctate organelles, most probably
the endosomes, en route to the PM (Figure 4D, upper panel).
Together, these results indicate that OsCERK1 matures in the
ER and is subsequently transported from the ER to the PM
through a Sar1-dependent vesicle trafficking pathway.

Maturation and Transport of the OsCERK1 Receptor Are
Regulated by the Hop/Sti1a-Hsp90 Chaperone Complex
To characterize proteins that may be involved in maturation and
transport of OsCERK1, we studied protein interactions by bimo-
lecular fluorescence complementation (BiFC) assays (Hu et al.,
2002). When BiFC constructs were transformed into rice proto-
plasts, they sometimes generated background fluorescence,
as has been reported previously (Walter et al., 2004). To quantify
protein interactions in BiFC assays, we measured the frequency
of reconstituted YFP-positive protoplasts in each combination
of constructs and found that OsCERK1/Hsp90, Sti1a/Hsp90,
OsCERK1/Sti1a, and CA-OsRac1/Sti1a all provided unambig-
uous evidence for protein interactions (Figure 5A; Figure 5B,
lower right; and Figure 5E, lower right).

188 Cell Host & Microbe 7, 185-196, March 18, 2010 ©2010 Elsevier Inc.
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Figure 3. Hop/Sti1a Interacts with Rice Chitin Receptor via Its
Transmembrane Domain

(A) Interactions of Hop/Sti1a, Hsp90, and CA-OsRac1 with the rice RLK PAMP
receptors in SUS.

(B) Schematic diagram of OsCERK1 and its four deletion mutants used for SUS
assays.

(C) Interactions of OsCERK1 deletion mutants with Hop/Sti1a and Hsp90 in
SUS assays.
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Hop/Sti1a-OsCERK1 complexes were primarily detected in
the PM, but also in the ER and dot-like organelles (Figure 5Ba),
which resembled the pattern of OsCERK1-GFP localization
(Figure 4B, upper panel). Addition of BFA to the BiFC assays
prevented the transport of Hop/Sti1a-OsCERK1 complexes to
the PM (Figure 5C). However, BFA had no effect on the localiza-
tion of the nuclear protein GenL-GFP or CFP-GenL (Moritoh
et al., 2005; Figures 5Ba and 5C). Thus, Hop/Sti1a appears to
form a complex with OsCERK1 which is transported from the
ER to the PM through punctate intermediate organelles. Further-
more, the NT fragment of OsCERK1, which contains both the ED
and TM domains (Figure 3B), formed a complex with Hop/Sti1a
in the ER and the PM (Figure 5Bb). In contrast, when the TM
domain alone was used in BiFC assays with Hop/Sti1a, the
Hop/Sti1a-OsCERK1-TM complex was mainly restricted to the
ER, with no clear signal from the PM (Figure 5Bc). These results
imply that the ED is mainly responsible for the proper ER exit of
OsCERK1; consistent with this, deletion of the ED caused reten-
tion of the truncated OsCERK1 in the ER (Figure S3).

We next analyzed subcellular localization of Hsp90 and its
interaction with OsCERK1 by BiFC assays. Hsp90 mainly local-
ized to the cytoplasm, as expected from the results of the
biochemical analysis (Figure 1E), but could also be detected in
the ER (Figure 5D). However, the BiFC signal for the Hsp90-Os-
CERK1 complex was predominantly localized to the PM
(Figure 5Ea). The interactions of the NT and TM fragments of Os-
CERK1 with Hsp90 were also examined. The intracellular locali-
zation of the BiFC signals (Figures 5Eb and 5Ec) resembled that
obtained with Hop/Sti1a (Figures 5Bb and 5Bc), indicating that
Hsp90 also interacts with the TM domain of OsCERK1. When
CA-AtSar1 was cotransformed in the BiFC assay for Hsp90
and OsCERK1, the fluorescence was mainly detected in the
ER (Figure 5F), suggesting that the OsCERK1-Hsp90 complex
is transported from the ER to the PM through the Sar1-depen-
dent trafficking system. We also analyzed Hop/Sti1a-CA-Os-
Rac1 interactions by BiFC and found low levels of fluorescence
signals in the ER, besides the cytoplasm and the PM (Figure 5G).
A similar subcellular localization pattern was observed for Hop/
Sti1a-Hsp90 interactions (Figure 5H).

Since Hop/Sti1a and Hsp90 interacted with OsCERK1 in the
ER and at the PM (Figure 5B, 5E), and since Hop/Sti1a-RNAi
impaired chitin-triggered defense gene induction (Figure 2B),
we investigated whether an impairment of Hop/Sti1a or Hsp90
function affected the transport of OsCERK1 from the ER to
the PM by determining the percentage of OsCERK1-GFP-
expressing protoplasts in which ER-localized GFP signals were
detected. In Hop/Sti1a-RNAi protoplasts, the frequency of pro-
toplasts with ER-localized OsCERK1-GFP signals was higher
than that in WT protoplasts (Figure 5I), suggesting that Hop/
Sti1a is required for the correct targeting of OsCERK1 to the
PM. Next, we examined Hsp90 function in the transport of
OsCERK1 using an Hsp90 inhibitor geldanamycin (GDA)

(D) Interactions of a series of Hop/Sti1a deletion mutants with OsCERK1,
CA-OsRac1, and Hsp90 in SUS assays. A schematic diagram of the
Hop/Sti1a deletion mutants is shown on the right. Numbers indicate the first
and last amino acids of Hop/Sti1a (intact, 579 amino acids; top line) that are
retained in the mutants.
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(A) Four types of OsCERK1-GFP localization. Green color indicates GFP
signal. N, nucleus.

(B) Subcellular localization of OsCERK1-GFP in the absence (upper panel) or
presence (lower panel) of BFA.

(C) OsCERK1-GFP localization pattern at the early stage of its biogenesis.
Protoplasts transformed with OsCERK1-GFP were preincubated for 3 hr
before BFA was added to the medium. Microscopic observation was per-
formed at 1 and 4 hr after BFA treatment.

(D) OsCERK1-CFP localization pattern in the presence of WT- or CA-AtSar1.
WT-AtSar1-Rer1B-GFP or CA-AtSar1-Rer1B-GFP was cotransformed with
OsCERK1-CFP into protoplasts. N, nucleus; scale bars in (B)—(D), 5 um.

CA-AtSar1

Rer1B-GFP

(Richter and Buchner, 2001). Levels of ER signals were similar in
GDA-treated WT and Hop/Sti1la-RNAi protoplasts (Figure 5I).
However, when Hop/Sti1a-RNAi protoplasts were treated with
GDA, no additive effect on the percentage of protoplasts
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showing ER signals was found (Figure 5I), suggesting that
Hop/Sti1a and Hsp90 function in the same pathway to facilitate
ER exit of OsCERK1. Together, these results indicate that both
Hop/Stila and Hsp90 interact with OsCERK1 and regulate its
transport from the ER to the PM.

OsCERK1, Hop/Sti1a, Hsp90, and OsRac1 May

Form a Complex in the ER

Since our BiFC assays revealed that OsCERK1 can form a com-
plex with Hop/Sti1a and Hsp90 in the ER as well as at the PM
(Figures 5A, 5B, and 5E), we further analyzed the colocalization
of these three proteins by a BiFC-based method (Figures 6A
and 6C). First, a pair of OsCERK1 and Hop/Sti1a BiFC constructs
was transformed into rice protoplasts together with CFP-WT-
OsRac1, and the YFP and CFP signals arising respectively
from the OsCERK1-Hop/Sti1 interaction and from OsRac1
were monitored. A BiFC-generated YFP signal was detected in
the ER and at the PM, and colocalized with CFP, indicating
that the OsCERK1-Hop/Stila complex and OsRac1 were
present in the same subcellular compartments (Figure 6B). Simi-
larly, OsCERK1-Hsp90 and Hop/Sti1a were present in the same
regions (Figure 6D), which was consistent with the other interac-
tion experiments. Taken together, these findings suggest that
OsCERK1 interacts with Hop/Stila and Hsp90, and possibly
with OsRac1 through Hop/Sti1a, in the ER, and that these inter-
actions may be important for the efficient targeting of OsCERK1
to the PM where it functions as a PAMP receptor.

Hop/Sti1 Is Associated with the OsRac1 Immune
Complex at the PM

Based on a number of protein-protein interaction and functional
studies (Lieberherr et al., 2005; Thao et al., 2007; Wong et al.,
2007; Nakashima et al.,, 2008) and the current study, we
proposed that a protein complex at the PM, containing the
PAMP receptor OsCERK1, OsRac1, Hop/Sti1a, Hsp90, Hsp70,
RAR1, SGT1, RACK1A, RbohB, and MAPK®6, plays a role in
PAMP-triggered immunity in rice (Figure 7A). We name this
complex present at the PM the “defensome.”

To confirm that Hop/Stila is part of the defensome, we
analyzed extracts of transgenic cultured cells expressing
Myc-tagged CA-OsRaci by size-exclusion chromatography.
Hop/Sti1a, Hsp90, and Hsp70 were found in fractions containing
proteins of 200-500 kDa, while CA-OsRac1 was detected in
fractions of 250-350 kDa (Figure 7B). These results suggest that
Hop/Sti1a, Hsp90, and Hsp70 form a complex of about 250-
350 kDa with CA-OsRac1 at the PM and in the ER during
PAMP-triggered immunity in rice. The low specificity of the
OsCERK1 antibodies and the low level of OsCERK1 expression
precluded its detection in the fractionation experiment shown in
Figure 7B. Detailed biochemical and cell-biological studies of
the defensome complex will be required to understand the molec-
ular mechanisms of PAMP-triggered innate immunity in rice.

DISCUSSION

Importance of the Hop/Sti1-Hsp90 Chaperone

Complex in PAMP-Triggered Immunity in Plants

In animals, Hop/Sti1 is best known as one of the cochaperones
for the cytoplasmic Hsp90 chaperone, which participates in a
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complex that regulates steroid hormone receptor biogenesis
and maturation (Pratt and Toft, 2003). In yeast, Hop/Sti1 has
been shown to stabilize the Hsp90 complex with a MAPKKK
and to promote MAPK signaling (Lee et al., 2004). In plants,
in vitro binding assays indicated that soybean Hop/Sti1 interacts
with Hsp90 (Zhang et al., 2003).

Although the involvement of the cytoplasmic Hsp90 chaperone
complex and other cochaperone-like proteins, RAR1 and SGT1,
in plant innate immunity has been well established, the molecular
mechanisms of their functions are not yet understood (Hubert
et al.,, 2009; Shirasu, 2009). We have shown previously that
GDA treatment suppresses PAMP-triggered immune responses
in rice cells and disrupts OsRac1-Hsp90 complex formation
(Thao et al., 2007). It is possible that the OsRac1-Hsp90 complex
analyzed in our previous study is a component of a larger PM
defensome complex, which contains RLK, Hop/Sti1, and the
PM-anchored OsRac1. Since we showed that Hop/Sti1a-RNAi
and GDA decreased the efficiency of the PM targeting of
OsCERK1, and thereby impaired chitin-triggered defense gene
expression (Figures 2B and 5I), it seems possible that the
Hsp90 chaperone complex, including Hop/Sti1a, has a dual
functioninrice innate immunity: one function is related to efficient
export from the ER and PM localization of PAMP receptors, and
the other to signaling in the defensome at the PM.

Roles of the ER Maturation and Trafficking

of PAMP Receptors in Plant Innate Immunity

Plant PAMP receptors possess an extracellular hydrophobic
LRR or LysM region and putative N-glycosylation sites. Hydro-
phobic and glycosylated proteins often require chaperones for
proper folding and assembly in the ER and are exported from
the ER by the coatomer complex Il (COPII) machinery (Gurkan
et al., 2006). Our results indicate that maturation of the rice chitin
receptor OsCERK1 occurs in the ER, and that the receptor is
then transported to the PM through the ER and the Golgi
(Figure 4).

Endosome localization of plant RLKs has been reported
recently (Russinova et al., 2004; Geldner and Robatzek, 2008).
Analysis of the OsCERK1-GFP localization patterns in a large
protoplast population showed that although OsCERK1-GFP
was mostly present in the PM, very few cells (4%) showed
OsCERK1-GFP fluorescence exclusively in the PM. In the
majority of protoplasts (96%), GFP fluorescence was also ob-
served in punctate organelles or the ER (Figure 4B, upper panel).
These results, together with the findings in the presence of
BFA and CA-Sar1, strongly suggest that the ER is the site for
OsCERK1 biogenesis and maturation (Figure 7C). Our results
from Y2H and BiFC assays indicate that Hop/Sti1a also interacts
with OsFLS2 and OsBAK1 (Figure 3A and Figure S4). OsFLS2
is a functional ortholog of AtFLS2, which perceives flg22 PAMP
signals in some rice cultivars (Takai et al., 2008). Therefore, it is
possible that Hop/Sti1a functions as a general facilitator of the
ER exit and transport of PAMP receptors to the PM.

The trafficking system is known to be important for plant innate
immunity (Collins et al., 2003; Wang et al., 2005; Nomura et al.,
2006; Kwon et al., 2008; Speth et al., 2009), but how trafficking
affects innate immunity is largely unknown. Recent studies
have indicated that key components of the ER quality control
(ERQC) system are involved in BRI1-mediated hormone

signaling and innate immune responses in plants (Jin et al.,
2007; Hong et al., 2008; Caplan et al., 2009; Li et al., 2009;
Nekrasov et al., 2009; Saijo et al., 2009). Our results suggest
that Hop/Sti1 and Hsp90 regulate OsCERK1 maturation by
assembling a complex (or complexes) with OsRac1 in the ER
and subsequently transporting OsCERK1 from the ER to the
PM (Figure 7C). How the ERQC system cooperates with the
Hsp90-Hop/Sti1 chaperone machinery to regulate the matura-
tion, ER export, and trafficking of OsCERK1 will be an interesting
topic for the future.

Conservation of the Hsp90 Chaperone System
for Maturation and Trafficking of Cell-Surface
Proteins in Animals and Plants
The role of the Hsp90 chaperone system in the maturation of
nuclear steroid receptors is well established in animals (reviewed
by Wegele et al., 2004), and more general functions of the system
inthe maturation, trafficking, and expression of animal cell surface
proteins have recently begun to emerge. For example, the Hsp90
chaperone system helps to stabilize the chloride channel, cystic
fibrosis TM conductance regulator (CFTR), and promotes its
efficient transport to the cell surface (Wang et al., 2006). Downre-
gulation of the Hsp90 cochaperone Ahal rescues a transport-
defective CFTR mutation, and modulation of ER exit by the
Hop-containing Hsp90 chaperone complex may regulate the
transport of CFTR to the cell surface (Wang et al., 2006). Matura-
tion of the human cardiac potassium channel ether-a-gogo-
related protein (hERG) in the ER is also facilitated by cytoplasmic
Hsp90 and Hsp70, and GDA treatment suppresses hERG cell-
surface targeting (Ficker et al., 2003). Furthermore, Hsp90 cocha-
perone FKBP38 is involved in the maturation and cell-surface
targeting of hERG; Hop was also identified as an interactor of
hERG in the study, but its role in hERG transport and function
was not analyzed (Walker et al., 2007). All available studies high-
light the importance of the cytoplasmic Hsp90 chaperone system
in protein folding and maturation in the ER, and in the efficient cell-
surface localization of physiologically important animal proteins.
We have shown here that Hop/Sti1 and Hsp90 are likewise
involved in the maturation, trafficking, and PM targeting of the
rice PAMP receptor OsCERK1 (Figures 5, 6, and 7C) and that
they interact with the TM domain of OsCERK1. These results
imply a function for the Hop/Sti1-Hsp90 chaperone complex in
the ER exit of OsCERK1. Since the specific interacting regions
of CFTR and hERG with Hsp90 and its cochaperones have not
yet been identified, our results shed light on the questions of
which regions of animal cell-surface proteins are likely to interact
with the cytoplasmic Hsp90 chaperone complex, and of how
these interactions contribute to protein maturation in the ER
and cell-surface targeting. Furthermore, our observation that
OsRac1 colocalizes with the OsCERK1 complex in the ER
suggests that Rac or other small GTPases may likewise partici-
pate in the regulation and trafficking of CFTR, hERG, and other
physiologically important mammalian cell-surface proteins. We
also have demonstrated the involvement of Sar1 GTPase in the
trafficking of OsCERK1 (Figures 4D and 7C); a similar observa-
tion regarding the trafficking of the hERG channel in mammalian
cells was reported recently (Delisle et al., 2009), suggesting that
trafficking systems for cell-surface proteins are highly conserved
between animals and plants.
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Figure 5. Maturation and Transport of the OsCERK1 Receptor Is Regulated by the Hop/Sti1a-Hsp90 Chaperone Complex

(A) Quantitative evaluation of the five BiFC pairs. Data presented are means + SD. OsCERK1/Gus serves as a negative control.

(B) BIFC assays of Hop/Stila and OsCERK1. NT and MT deletion mutants of OsCERK1 are shown in Figure 3B. (Ba)—(Be) represent typical patterns of
BiFC-reconstituted YFP fluorescence. GenL-GFP, nuclear marker. The graph (lower right) is a quantitative evaluation of each BiFC pair analyzed. TM/Gus
and NT/Gus serve as negative controls. Bars in (B)—(H), 5 um; N, nucleus.
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Figure 6. OsCERK1,
a Complex in the ER
(A) OsCERK1-YN, Hop/Sti1a-YC, and CFP-WT-OsRac1 constructs used for
BiFC-based colocalization assay.

(B) Colocalization of OsCERK1, Hop/Sti1a, and OsRac1 at the PM and the ER.
Scale bars in (B) and (D), 5 um; N, nucleus.

(C) OsCERK1-YN, Hsp90-YC, and Hop/Stila-GFP constructs used for
BiFC-based colocalization assays.

(D) Colocalization of OsCERK1, Hsp90, and Hop/Sti1 at the PM and the ER.
CFP-GenL, nuclear marker.

GFP-Hop/Stila

Hop/Sti1a, Hsp90, and OsRac1 May Form

A Defensome Model for PAMP-Triggered Innate
Immunity in Rice

Extending our previous studies on the interactions of a number
of proteins during rice immune responses, we propose the
existence of a protein complex, the defensome, which regulates

rice innate immunity (Figures 7A and 7B). Two major compo-
nents of the defensome are the PAMP receptor OsCERK1 and
OsRac1, which is a molecular switch activating most of the
downstream signaling components in PAMP-triggered immu-
nity. These two key components are linked by Hop/Sti1. Thus,
Hop/Sti1 has a critical role in connecting the RLK receptor with
both the OsRac1 molecular switch and the Hsp90 chaperone
complex, the latter including SGT1 and RAR1, which are
required for innate immune responses. We propose that the
components of the defensome have two functions: some, mainly
the cochaperone proteins, contribute to receptor maturation/
transport and the formation of the signaling complex, while
others are recruited later to act as signaling components at the
PM. It is also possible that OsCERK1 and OsRac1 interact
independently with the Hop/Sti1-Hsp90 complex. Hop/Sti1-
RNAi did not affect OsRac1 expression at the transcriptional
level (Figure 2A and Figure S2B), but reduction of Hop/Sti1
protein might destabilize the defensome as exemplified by the
decrease of OsRac1 (Figure S5B). This could be one factor which
affected the defense response in the Hop/Sti1-RNAi line.

We have recently found that OsRac1 is activated within a few
minutes of exposure to chitin, and also identified a guanine
nucleotide exchange factor (GEF) that is specific for OsRac1
(A. Akamatsu, H.L.W., K. Nishide, K. Imai, and K.S., unpublished
data). OsCERK1 may activate this GEF upon perception of chitin,
thereby leading to OsRac1 activation at the PM; these events
appear to occur in the defensome, whose components may
thus undergo rapid modifications after pathogen infection.
Future analysis of defensome dynamics is likely to illuminate
the molecular mechanisms that underlie signaling in rice innate
immunity.

EXPERIMENTAL PROCEDURES

BiFC Assays in Rice Protoplasts

Rice Hop/Sti1la and Hop/Stilb cDNAs were provided by the Rice Genome
Resource Center, Tsukuba, Japan. The BiFC system used for this study
was described previously (Kakita et al., 2007). Gus, OsCERK1, OsCERK1-
KD, OsCERK1-NT, OsCERK1-TM, OsCERK1-ED, OsRac1, and Hop/Stila
were cloned into the pVN/gw vector for N-terminal fusion using LR reactions.
Gus, Hsp90, Hop/Sti1a, and OsRac1 were cloned into the pVC/gw vector for
C-terminal fusion in the same way. Protoplasts isolated from rice Oc
suspension cell cultures were adjusted to 2.5 x 10° cells/ml. Plasmid
DNAs (5 ng DNA of each construct) were mixed with 100 pl aliquots of sus-
pended protoplasts in each transformation experiment. BFA (50 png/ml) was
added immediately to protoplasts. Confocal microscopy (LSM510-META,
Carl Zeiss) was carried out after the protoplasts had been incubated for
24 hr at 30°C. For quantitative assays, cells with visible fluorescence were
considered positive, and the number of positive cells was counted using a
fluorescent microscope. The data were normalized with the mean of the
negative control.

(C) Hop/Sti1a-OsCERK1 BiFC signals in the presence of BFA. CFP-GenL, nuclear marker.

(D) Subcellular localization of Hsp90-YFP in protoplasts. SP-seCFP-HDEL, ER marker.

(E) BiFC assays of Hsp90 and OsCERK1. NT and TM fragments of OsCERK1 are shown in Figure 3B. (Ea)-(Ee) represent typical patterns of BiFC-reconstituted
YFP fluorescence. The graph (lower right) is a quantitative evaluation of each BiFC pair analyzed. Gus/Hsp90 serves as a negative control.

(F) Effect of CA-Sar1 on OsCERK1-Hsp90 complex localization in BiFC assays. WT-Sar1-Rer1B-GFP or CA-Sar1-Rer1B-GFP was cotransformed with

OsCERK1-Hsp90 BiFC constructs into protoplasts.
(G) BiFC pattern of CA-Rac1 and Hop/Stita.
(H) BiFC pattern of Hsp90 and Hop/Stita.

(I) OsCERK1-GFP subcellular localization patterns in WT and Hop/Sti1a-RNAi line Ri-7 in the presence or absence of the Hsp90 inhibitor GDA. Gray and white
bars indicate the percentages of cells without (—) and with (+) GFP signal in the ER, respectively. Data shown are means + SD.
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reception and signal transduction.

Chitin Treatment and Quantitative Real-Time PCR Analysis

Cultured rice cells were treated with 20 ng/ml chitin, hexa-N-acetylchitohex-
aose (Seikagaku, Japan), and harvested at the indicated times after chitin
treatment. Total RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN)
and treated with DNase | (Invitrogen). cDNA was synthesized from 1 pg of total
RNA using SuperScript |l reverse transcriptase (Invitrogen). Quantitative
real-time PCR was performed with samples of cDNA and standard plasmids
using SYBR Green PCR master mix (Applied Biosystems) and the gene-
specific primers listed in Table S1. Data were collected using the ABI
PRISM 7000 sequence detection system according to the manufacturer’s
instructions.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, one table, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at doi:10.1016/j.chom.2010.02.008.
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