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Cell-surface pattern recognition receptors (PRRs) are key compo-
nents of the innate immune response in animals and plants. These
receptors typically carry or associatewith non-RD kinases to control
earlyeventsof innate immunity signaling.Despite their importance,
the mode of regulation of PRRs is largely unknown. Here we show
that the rice PRR, XA21, interacts with XA21 binding protein 24
(XB24), a previously undescribedATPase. XB24 promotes autophos-
phorylation of XA21 through its ATPase activity. Rice lines silenced
for Xb24 display enhanced XA21-mediated immunity, whereas rice
lines overexpressing XB24 are compromised for immunity. XB24
ATPase enzyme activity is required for XB24 function. XA21 is
degraded in the presence of the pathogen-associated molecular
pattern Ax21 when XB24 is overexpressed. These results demon-
strate a function for this large class of broadly conserved ATPases
in PRR-mediated immunity.

non-RD kinase | pathogen-associated molecular pattern | pattern
recognition receptor | ATPase | rice

Innate immunity is the first line of defense against pathogen
attack and is activated rapidly following infection. In contrast to

the adaptive immune system that depends on somatic gene rear-
rangements for the generation of antigen receptors with random
specificities, the innate immune system uses a set of defined
receptors for recognition of pathogen-associated molecular pat-
terns (PAMPs) (1).
Cell-surface pattern recognition receptors (PRRs) are key com-

ponents of the innate immune response in animals and plants (2–8).
In animals, recognition of PAMPs at the cell surface is largely carried
out by the Toll-like receptor (TLR) family that contains leucine-rich
repeats (LRRs) in the extracellular domain and a Toll-interleukin
receptor (TIR) intracellular domain (9). Although TLRs recognize
diverse molecules, they activate a common signaling pathway via
association with non-RD (arginine-aspartic acid) kinases to induce a
core set of defense responses (10, 11). For example, TLRs 1, 3, 5, 6, 7,
8, and 9 function through interleukin-1 receptor-associated kinase
(IRAK1), whereas TLR3 and TLR4 function through receptor
interacting-protein 1 (RIP1). Both IRAK1 and RIP1 are non-RD
kinases (10). In plants, cell-surface recognition of PAMPs is carried
outbyPRRs that carrynon-RDIRAKkinases integral to the receptor
(ca. 35 in Arabidopsis and 328 in rice) (10). For example, rice XA21,
XA26, Arabidopsis flagellin sensitive 2 (FLS2), elongation factor-Tu
receptor (EFR), andbarleyRpg1 (conferring stemrust-resistance) all
contain an intracellular non-RD Ser/Thr kinase (8, 12–15).
Non-RD kinases typically carry a cysteine or glycine (in place of

the arginine) before the catalytic aspartate residue and control early
events of innate immunity signaling in animals and plants (16).
Whereas RD kinases are regulated by autophosphorylation of the
activation segment—a centrally located loop that sits close to the
catalytic center—non-RD kinases are not autophosphorylated in
the activation segment (17). These results suggest that non-RD
kinases are activated in a manner different from RD kinases.
The rice PRR,XA21, recognizes the PAMP,Ax21 (Activator of

XA21-mediated immunity), which is highly conserved in all se-
quenced genomes of Xanthomonas and in Xylella (12, 18–20).

Previous studies have shown that the intracellular non-RD cyto-
plasmic kinase domain of XA21 contains intrinsic kinase activity
(17). Phosphorylation of amino acids Ser-686, Thr-688, and Ser-
689 of XA21 is required to stabilize the XA21 protein (21). To
date, three XA21 binding (XB) proteins—XB3 (an E3 ubiquitin
ligase), XB10 (OsWRKY62), and XB15 (a PP2C phosphatase)—
have been shown to regulate XA21-mediated immunity (22–24).
Here, we report the isolation of an ATPase, called XB24, that

associates with XA21 in vivo andmodulates XA21 function. XB24
belongs to a large class of broadly conserved ATPases of unknown
function. The association between XB24 and XA21 is compro-
mised upon inoculation of the Xanthomonas oryzae pv. oryzae
(Xoo) strain PXO99, which secretes the Ax21 PAMP (19). XB24
promotes autophosphorylation of XA21 through its ATPase
activity. Rice plants silenced for Xb24 display enhanced XA21-
mediated immunity, whereas rice plants overexpressing XB24 are
compromised for immunity. XA21 is degraded in the presence of
Ax21 when XB24 is overexpressed. These findings reveal that
XB24 negatively regulates XA21 PRR function.

Results
XB24 Physically Associates with XA21 in Vivo.WeisolatedXB24asan
XA21 interacting protein through yeast two-hybrid screening (23).
TheXB24 cDNA is expressed from a unique rice gene,Os01g56470
(Fig. S1A), and encodes a 198-aa protein. The predicted secondary
structure has no significant motifs except for a C-terminal ATP
synthase α- and β-subunits signature (ATPase) motif with the
sequence PSINERESSS (Fig. S1B). Although 38 human proteins,
43 Arabidopsis proteins, and 67 additional rice proteins are anno-
tated to contain a conserved ATPase motif (Fig. S2), none share
similarity beyond the ATPase motif with XB24 and most are not
functionally characterized. Thus, XB24 belongs to a previously
uncharacterized class of ATPases.
To confirm the specificity of the XB24-XA21 interaction, we

performedyeast two-hybrid analysis and found thatXB24associates
with XA21K668 (containing the entire juxtamembrane and the
kinase domains of XA21) but not with XA21K668K736E (17), a
catalytically inactive mutant of XA21K668 (Fig. 1A Left). These
results indicate that the association between XB24 and XA21
requires XA21 kinase activity. The ATPase motif of XB24 is not
required for the XB24-XA21 interaction in yeast because XB24(1-
146), lacking the ATPase motif, retains the ability to interact with
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XA21, whereas XB24(146-198), containing the ATPase motif, is
incapable of interacting with XA21 (Fig. 1A Right).
To determine whether XB24 physically associates with XA21 in

vivo, we created transgenic plants that express a protein A domain-
tagged XA21 (ProA-XA21) under control of the native Xa21 pro-
moter in the rice cultivar Kitaake. We established a homozygous
line, A114, with a single transgene insertion and demonstrated that
it confers full resistance to Xoo strain PXO99 (Fig. S3). A complex
associated with ProA-XA21 was immunoprecipitated from total
extracts from A114 leaves. Ntap (N-terminal tandem affinity puri-
fication, which contains the same protein A domain) transgenic
plants, under control of themaizeUbi-1 promoter, were used as the
control. The immunoprecipitates were separated on anSDS/PAGE
gel and analyzed by Western blotting using the PAP antibody to
probe ProA-XA21 and Ntap, and anti-XB24 antibody for XB24,
separately. The PAP probe detected full-length ProA-XA21 and a
cleaved XA21 product (marked by an asterisk in Fig. 1B) in the
ProA-XA21 immunoprecipitate.A clear bandof endogenousXB24
was detected from the immunoprecipitate of ProA-XA21 but not
from the precipitates of Ntap (Fig. 1B).

XB24 Dissociates from XA21 in Response to PXO99 Inoculation. To
determine whether XB24 is degraded in response to Xoo strain
PXO99 inoculation, we performed a Western blot analysis to
detect the XB24 protein before and after inoculation. We found
that a similar amount of XB24 protein was detected in Xa21 and
Kitaake plants before inoculation and 1 day or 2 days after inoc-
ulation (Fig. 1C). This result shows that XB24 is not degraded in
response to Ax21.We next investigated whether Ax21 recognition
affects the interaction of XA21 and XB24. We performed coim-
munoprecipitation experiments with PAP (targeting ProA-XA21)

using rice leaf tissues from theXa21 line inoculatedwithXoo strain
PXO99 or Xoo strain PXO99ΔraxST, which lacks Ax21 activity
due to a knockout of the raxST gene (18, 19, 25). We then carried
out immunoblotting to detect XB24. A similar coimmunopreci-
pitation was performed using Kitaake rice leaves as a control. As
shown in Fig. 1D, we observed a sharp decrease in the amount of
XB24 associated with ProA-XA21 post-PXO99 inoculation,
whereas, no decrease in the amount of XB24 associated with
ProA-XA21was observed after PXO99ΔraxST inoculation. These
results clearly indicate that the physical interaction betweenXB24
and XA21 disassociates specifically in response to Xoo strains
expressing Ax21 activity.

XB24 Possesses ATPase Activity.BecauseXB24containsaC-terminal
ATPasemotif and the residue serine (Ser) 154 is a predicted key site
for this motif, we tested whether it indeed possesses intrinsic
ATPaseactivity.WepurifiedNtap-XB24andNtap-XB24S154A (con-
taining a single amino acid change of Serine 154 by Alanine) from
Ntap-Xb24 andNtap-XB24S154A transgenicplants, respectively, and
performed the ATP hydrolysis assay. As shown in Fig. 2A, Ntap-
XB24 displayed significant ATP hydrolysis activity, whereas Ntap-
XB24S154A had only negligible ATPase activity. We also found that
E. coli-produced recombinant protein His-XB24 possesses ATPase
activity and that the S154A mutant completely abolished the
ATPase activity of XB24 (Fig. S4). Taken together, these results
show that the XB24 protein possesses an ATPase activity and that
amino acid S154 is essential for its ATPase activity.

XB24 ATPase Enhances Autophosphorylation of XA21K668. We next
tested whether XB24 is a substrate of XA21 or affects XA21 kinase
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Fig. 1. Association of XB24 with XA21 in yeast and in rice plants. (A) Inter-
action of XB24 with XA21K668 in yeast. K668, truncated XA21 (XA21K668)
containing the entire JM and kinase domains (23); K668K736E, kinase catalyti-
cally inactivemutant XA21K668K736E; XB24(1-146), truncatedXB24 containing
amino acids 1–146; XB24(146-198), truncated XB24 containing amino acids
146–198 including the ATPase motif. Blue, positive interaction. Expression
proteins were detected using antibodies as indicated in Western blotting. (B)
Detection of XA21 and XB24 in immunoprecipitates of ProA-XA21 from rice
tissues using the Peroxidase Anti-Peroxidase (PAP) probe and anti-XB24,
respectively. *, Cleaved form of ProA-XA21 (23, 24). (C) Analysis of XB24
protein levels in plants before and after PXO99 inoculation using anti-XB24 in
Western blot analysis. A duplicate protein gel was stained with Coomassie
brilliant blue (CBB) as loading control. (D) Dissociation of XB24 from XA21 in
response to PXO99 inoculation. Detection of ProA-XA21 and XB24 in the
immunoprecipitates of ProA-XA21 from rice leaf tissues not treatedor treated
(1 or 2 days) with Xoo strains as indicated. IP, immunoprecipitate.

Fig. 2. An ATPase activity is associated with XB24 and effects XA21 auto-
phosphorylation. (A) ATPase activity assay on purified Ntap-XB24 and Ntap-
XB24S154A protein from transgenic plants. The same amount of proteins was
used. (Left) Representative autoradiogram. (Right) Quantitative results of
three independent experiments. ATP hydrolysis was quantified based on
radioactivity of the reaction product Pi. Error bars indicate SDs. (B) Effects of
XB24 on XA21 autophosphorylation. In vitro autophosphorylation assays
were performed on GST-XA21K668 and GST-XA21K668K736E, respectively, in
the presence of the purified His-XB24 protein. (C) Effects of XB24 ATPase on
XA21 autophosphorylation. An in vitro autophosphorylation assay was
performed on GST-XA21K668 in the presence of the same amount of rice-
expressed Ntap-XB24 or Ntap-XB24S154A. (Upper) Representative auto-
radiogram. (Lower) Quantitative results (mean + SD) from three independ-
ent experiments. CK, control provided using autophosphorylation assay on
GST-XA21K668 in the absence of XB24. The autophosphorylation level from
CK was arbitrarily set as “1.”
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autophosphorylation. Purified His-XB24 and GST-XA21K668
were co-incubated in the presence of [32P]ATP for kinase analysis.
For a control, the purified His-XB24 was co-incubated with GST-
XA21K668K736E, a catalytically inactive mutant (17). As Fig. 2B
shows, the GST-XA21K668 autophosphorylates as expected,
whereas His-XB24 does not autophosphorylate or become trans-
phosphorylated by GST-XA21K668. The phosphorylation of GST-
XA21K668 is highly enhanced in the presence ofHis-XB24 protein.
No phosphorylation of GST-XA21K668K736E can be detected in
reactions carried out in thepresence of absence ofHis-XB24. These
results demonstrate that XB24 promotes XA21K668 autophos-
phorylation. To test whether XB24 promotes autophosphorylation
of intact, native XA21 protein, the immunoprecipitated ProA-
XA21 protein from rice tissue described above (0, 1, or 2 days post-
PXO99 inoculation) was co-incubated with the purified His-XB24
forkinase autophosphorylationanalyses.These results demonstrate
that XB24 promotes autophosphorylation of the native XA21
protein. Furthermore, XB24 is not transphosphorylated by the
XA21 protein with or without PXO99 inoculation (Fig. S5). To test
whether the ATPase activity of XB24 is required for promoting
XA21K668 autophosphorylation, the purified Ntap-XB24 and
NtapXB24S154Awere incubatedwithGST-taggedXA21K668 in the
presence of [32P]ATP for kinase analyses. Autophosphorylation of
GST-XA21K668 is enhanced in the presence of rice-expressed
Ntap-XB24 but not Ntap-XB24S154A (Fig. 2C). Autophosphor-
ylationof theGST-XA21K668 fusionprotein is also enhanced in the
presence of the His-XB24 protein but not His-XB24S154A (Fig. S6).
These results demonstrate that XB24 enhances XA21 autophos-
phorylation and that itsATPase activity is required for this function.

Silencing of Xb24 Enhances Xa21-Mediated Resistance. To investigate
the biological function of XB24, we used the RNA interference
(RNAi) approach (26, 27) to silence the Xb24 gene and monitored
its effects on disease resistance. We developed two independent

lines,Xb24RNAi-3 andXb24RNAi-9, each containing a single-locus
insertion, using the rice cultivar Kitaake as the transgene recipient.
RT-PCR analysis revealed that Xb24 transcript levels were sig-
nificantly reduced in these two lines (Fig. S7A). Both lines show
similar disease lesion lengths compared to the control line Kitaake
after challenge with PXO99 (Fig. S7B), indicating that silencing of
Xb24 does not affect the susceptibility of Kitaake to Xoo.
To explore the role of XB24 in XA21-mediated signaling, we

crossedXb24RNAi-3 andXb24RNAi-9withXa21 lines and obtained
one progeny form the Xa21/Xb24RNAi-3 cross and three from the
Xa21/Xb24RNAi-9 cross. Our initial results indicated that silencing
ofXb24 enhanced resistance (Fig. S7B). To confirm these results, we
developedanF4 line (A176) fromoneof theF1plants.TheA176 line
carries homozygous Xa21 and homozygous Xb24RNAi-9. We then
inoculated 3-week-oldA176plants.As shown inFig. 3A, these plants
developed much shorter lesion lengths (3 ± 0.9 cm) than the wild-
typeXa21 plants (6.8± 1.2 cm), which showonly partial resistance at
the 3-weeks-old (tilling) stage (28). A t test gave a P value of 8.62 ×
10−13, showing a highly significant difference. Rice lineXb24RNAi-9
showed similar disease lesion lengths (16 ± 2.5 cm) as Kitaake (P=
0.56). Bacterial growth curve analysis revealed that Xa21/
Xb24RNAi-9 lines harbor 3.2-fold less Xoo bacteria (1.48 × 107 ±
1.2× 106) in their leaves than theXa21 lines (4.8× 107± 4.4× 106) at
12 days postinoculation (Fig. 3B), consistent with the leaf lesion
length measurements described above. This experiment was repea-
ted three times, and similar results were obtained each time. These
results demonstrate that silencing of Xb24 expression enhances
XA21-mediated disease resistance.

Overexpression of XB24 Compromises XA21-Mediated Resistance. To
further investigate the involvement ofXB24 in theXA21-mediated
signaling, we created construct Ubi-Xb24 to overexpress XB24
using the maize Ubi-1 promoter. We introduced the Ubi-Xb24

Fig. 3. Effects of reduced expression of Xb24 on Xa21-mediated resistance.
(A) Quantitative lesion length measurements of rice leaves at 14 days after
PXO99 inoculation. The means ± SD of each sample was calculated from 24
infected leaves of 8 plants. (B) Bacterial growth curves after PXO99 inocu-
lation. Error bars indicate SDs.

Fig. 4. Effects of overexpression of Xb24 on Xa21-mediated resistance. (A)
Photograph of rice leaves 14 days after inoculation with PXO99 (Top). The
disease lesions are indicated from the top of the leaf cuts to the arrows. The
XB24 protein was detected by anti-XB24 (Middle). A duplicate protein gel
was stained with CBB as control (Bottom). (B) Quantitative lesion length
measurements of rice leaves at 14 days after Xoo inoculation. The average of
each sample was calculated from 40 infected leaves of 10 plants. (C) Growth
curves of Xoo postinoculation. Error bars in B and C indicate SDs.
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construct directly into an Xa21 (in the TP309 genetic background)
line by Agrobacterium-mediated transformation using mannose
selection (29) and generated five independent T0 plants. After
PCR-based genotyping and RT-PCR-based transcripts expression
analyses to confirm that Xb24 is overexpressed, we challenged 6-
week-oldXa21 lineswith PXO99.We found that all of thefive lines
have longer disease lesion lengths compared with the wild-type
Xa21 plants (Fig. S8).
Two homozygous lines (Xa21/Xb24ox-1 and -2) from two of these

five independent lines were then developed. Overexpression of
XB24 (XB24ox) in the progeny from these homozygous lines was
confirmed by protein gel blotting analysis (Fig. 4A). Six-week-old
plants were challenged with PXO99.Disease lesion lengths on both
theXa21/Xb24ox-1 and -2 lines (7.3± 0.5 cm for line 1 and 6.0± 0.5
cm for line 2) were longer than those observed onXa21 lines (1.3±
0.4 cm) (Fig. 4 A and B). The low P values (5.02 × 10−21 for Xa21/
Xb24ox-1 and 2.06 × 10−23 for Xa21/Xb24ox-2) indicate that these
differences are statistically significant. At 12 days postinoculation,
the accumulation of bacterial populations, asmeasured by bacterial
growth curve analysis, in the two Xa21/Xb24ox lines (1.23 × 108 ±
1.88 × 107 forXa21/Xb24ox-1 and 1.08 × 108 ± 1.97 × 107 for Xa21/
Xb24ox-2)was clearly higher (>2-fold) than in theXa21 lines (5.20×
107 ± 8.9 × 105) (Fig. 4C). Again, the low P values (8.27 × 10−4 for
Xa21/Xb24ox-1 and 2.72 × 10−3 for Xa21/Xb24ox-2) of bacterial
accumulation at 12 days postinoculation indicate that these differ-
ences are statistically significant. Rice lines overexpressing Xb24
display similar levels of susceptibility as control lines lacking over-
expressedXb24 in three independent biological replicates (Fig. S8).
These results demonstrate that overexpression of XB24 com-
promises XA21-mediated resistance.

ATPase Activity Is Essential for XB24-Mediated Regulation of XA21
Function. We next tested whether XB24 ATPase activity was
required for XB24 to regulate XA21 function. We developed Xa21/
Xb24ox and Xa21/Xb24S154Aox plants using NtapXb24ox and
NtapXb24S154Aox plants, respectively, to cross withProAXa21 plants,
and inoculated these plants with PXO99. As shown in Fig. 5A, all
Xa21/Xb24ox plants display compromised resistance, whereas
Xa21/Xb24S154Aox plants show similar disease lesion lengths
compared to Xa21 plants. The lesion length difference between
Xa21 and Xa21/Xb24ox is highly significant (P = 1.40 × 10−10),
whereas the difference between Xa21 and Xa21/Xb24S154Aox is
not (P= 0.12). Bacterial growth curve analysis revealed that the
amount of Xoo bacteria accumulation in Xa21/Xb24ox plants
(2.65 × 108 ± 5.74 × 107) is higher (∼2.45-fold) than that of
Xa21 plants (1.08 × 108 ± 6.55 × 106) at 12 days postinoculation
(Fig. 5B). The amount of Xoo bacterial accumulation in Xa21/
Xb24S154Aox plants (0.91 × 108 ± 1.65 × 107) is similar to that
measured in Xa21 plants (Fig. 5B). The low P values of bacteria
accumulation at 12 days postinoculation in Xb24ox plants (0.033
against Xa21 and 0.028 against Xa21/Xb24S154Aox, respectively)
indicate that these differences are statistically significant. This
experiment was repeated two times and similar results were
obtained each time. Because ProA-XA21 was expressed to
similar levels in Xa21/Xb24ox, Xa21/Xb24S154Aox, and Xa21
plants (Fig. S9), these results demonstrate that XB24 requires
S154 to repress XA21 function. Thus, we conclude that the
ATPase activity of XB24 is essential for XB24 to regulate XA21-
mediated defense response.

Overexpression of Xb24 Causes XA21 Instability Following Ax21
Recognition. To gain insight into the mechanism of XB24-mediated
regulation of XA21 function, we tested whether XB24 affects
the amount of the XA21 protein after Xoo inoculation. As shown in
Fig. 6 A and B, without Xoo inoculation (Mock treatment), over-
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expressionofXB24 (Xa21/Ntap-Xb24) causedno significantdecrease
in the ProA-XA21 protein level compared to overexpression of
Ntap (Xa21/Ntap) alone. In contrast, after inoculation with PXO99,
the Xa21/Xb24ox line showed a sharp decrease in the ProA-XA21
protein level. TheXa21/Ntap control line showed amarked increase.
When inoculated with the Xoo strain PXO99ΔraxST, the Xa21/
Xb24ox sample showedan increase in theProA-XA21 level similar to
that of the Xa21/Ntap control. Similar results were obtained from
threebiological repeats of this experiment.These results indicate that
the sharp decrease in the XA21 protein level is Ax21-specific.

Discussion
A Model for XB24-Mediated Regulation of XA21.Here, we show that
XA21 function is enhanced when XB24 expression is reduced
and that XA21 function is compromised when XB24 is overex-
pressed. XB24 regulation on XA21 is tightly associated with its
ATPase activity. Thus, we conclude that XB24 regulates XA21
function via its ATPase activity.
In Fig. 7, we present a model to summarize these results. We

hypothesize that the XA21 protein is present on the plasma mem-
brane [after transit from theER (30)], where it recognizes theAx21
PAMP. XB24 physically associates with XA21 and uses ATP to
promote phosphorylation of certain Ser/Thr sites onXA21, keeping
theXA21protein inan inactive state.Upon recognitionofAx21, the
XA21 kinase becomes activated, triggering downstream defense
responses. The mechanism(s) for XA21 activation following per-
ception of Ax21 likely requires dissociation of XA21 from XB24
and/or removal of theXB24-promoted autophosphorylation. In this
model, XA21 autophosphorylation occurs on multiple residues,
some of which stimulate XA21 function and others of which inhibit
XA21 function. For example, autophosphorylation of the JM resi-
dues, Ser-686, Thr-688, andSer-689, is required forXA21-mediated
resistance (21). Autophosphorylation of Thr-705 is also needed for
XA21 function (31). Multisite phosphorylation has been previously
demonstrated for the function of insulin receptor substrate 1 (IRS1)
in human (32). In this case, the activation of protein kinase B in
response to insulin propagates insulin signaling and promotes the
phosphorylation of IRS1 on serine residues, generating a positive-
feedback loop for insulin action. Insulin also activates other kinases
that induce the phosphorylation of IRS1 on specific sites and inhibit
its functions. There is thus a delicate balance existing between

positive IRS1 tyrosine/serine phosphorylation and negative IRS1
serine phosphorylation, which can regulate the IRS1.
When XB24 is overexpressed (a nonphysiological state), the

XA21 protein may not dissociate from XB24 readily or the XB24-
promotedphosphorylationmaynot be easily removed. In this case,
binding of Ax21 to XA21 may lead to a conformational change in
XA21, exposing the XA21 protein to degradation by endogenous
proteases. Alternatively, a protease activity could be induced by
Ax21/XA21 binding. In either case, overexpressed XB24 would
result in degradation of XA21 when challenged by Ax21.
We have previously reported that XB15, a PP2C phosphatase,

dephosphorylates autophosphorylated XA21 and negatively reg-
ulates the XA21-mediated innate immune responses (23). Our
findings that XB24 promotes XA21 autophosphorylation and
inhibits XA21-mediated immune response to the Ax21 PAMP
further demonstrate that the phosphorylation state of XA21 is
critical for XA21-mediated signaling. Phosphorylation of certain
residues on XA21 negatively regulates XA21 function, whereas
phosphorylation on other residues may be required for activation
of XA21 function. These latter residues are likely dephosphory-
lated by XB15 to down-regulate XA21 activity. Together with our
results that the association between XB24 and XA21 is compro-
mised but the association between XB15 and XA21 is enhanced
upon PXO99 inoculation (23), our model suggests that the regu-
lation by XB24 occurs before Ax21 recognition but that regulation
by XB15 occurs after Ax21 recognition.

XB24 Represents a Previously Undescribed Class of ATPases.ATPases
are abundant in most species. ATPases have been classified into
four superfamilies, F-, V-, A-, and P-ATPases, based on their
structures (33–36). There are some other proteins that cannot be
classified into these subfamilies but have ATPase activity, such as
heat shockproteins (HSPs), includingHSP60 (33),HSP70 (34), and
HSP72 (35). XB24 does not belong to any of these previously
described superfamilies of ATPases or HSPs. The only conserved
structure in XB24 is the region composed of 10 amino acids PSI-
NERES154SS (Fig. S1B) that is predicted as the ATPase motif, (P-
[SAP]-[LIV]-[DNH]-{LKGN}-{F}-{S}-S-{DCPH}-S) (Fig. S1C).
TheATPasemotif in theF1,V1, andA1complexesofF-,V-, andA-
ATPases is also essential for ATPase activities, whereas the P-
ATPases and theHSPsdonot contain thismotif.However, whether
this motif is enough for the ATPase activity of proteins is unclear.
Here, we show that XB24, a protein with an ATPase motif but no
other motifs or domains, functions as anATPase. Proteins with this
conserved motif that cannot be classified into the previously iden-
tified ATPases exist in many species, including bacteria, fungi,
human, Arabidopsis, and rice. However, none of these have pre-
viously been functionally characterized. Thus, our results demon-
strating that XB24 is an ATPase with an important function in
XA21-mediated immunitywill facilitate functional studies ofXB24-
type ATPases in other species.

Materials and Methods
The Matchmaker LexA two-hybrid system (Clontech) was used for yeast two-
hybrid assays. Rice transformation was performed as described in ref. 36.
Purified recombinant proteins from E. coli or rice were used for ATPase and
kinase analyses. In vitro ATPase and kinase assays were performed as
described in refs. 17 and 37. Total protein extraction from yeast and rice as
well as Western blotting experiments were also performed as described in
ref. 17. Methods for other experiments and antibodies can be found in SI
Materials and Methods.
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Fig. 7. A model for XB24-mediated regulation of XA21 function. Before
Ax21 recognition (left), XB24 physically associates with XA21 and uses ATP to
promote phosphorylation of certain Ser/Thr sites on XA21, keeping the XA21
protein in an inactive state. Upon recognition of Ax21 (center), Xb24 dis-
sociates from Xa21 leading to activation of the XA21 kinase, resulting in
resistance. Once the signal has been relayed, XA21 binds the XB15 phos-
phatase (right), which attenuates the immune response, likely by dephos-
phorylation of amino acids required for XA21 function.

Chen et al. PNAS | April 27, 2010 | vol. 107 | no. 17 | 8033

PL
A
N
T
BI
O
LO

G
Y

http://www.pnas.org/cgi/data/0912311107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0912311107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0912311107/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0912311107/DCSupplemental/Supplemental_PDF#nameddest=STXT


1. Girardin SE, Sansonetti PJ, Philpott DJ (2002) Intracellular vs extracellular recognition
of pathogens—common concepts in mammals and flies. Trends Microbiol 10:193–199.

2. Vivanco I, Sawyers CL (2002) The phosphatidylinositol 3-Kinase AKT pathway in human
cancer. Nat Rev Cancer 2:489–501.

3. Ausubel FM (2005) Are innate immune signaling pathways in plants and animals
conserved? Nat Immunol 6:973–979.

4. Robatzek S, Chinchilla D, Boller T (2006) Ligand-induced endocytosis of the pattern
recognition receptor FLS2 in Arabidopsis. Genes Dev 20:537–542.

5. Jones JD, Dangl JL (2006) The plant immune system. Nature 444:323–329.
6. Asai T, et al. (2002) MAP kinase signalling cascade in Arabidopsis innate immunity.

Nature 415:977–983.
7. Chen X, et al. (2006) A B-lectin receptor kinase gene conferring rice blast resistance.

Plant J 46:794–804.
8. Sun X, et al. (2004) Xa26, a gene conferring resistance to Xanthomonas oryzae pv.

oryzae in rice, encodes an LRR receptor kinase-like protein. Plant J 37:517–527.
9. Werling D, Jungi TW (2003) TOLL-like receptors linking innate and adaptive immune

response. Vet Immunol Immunopathol 91:1–12.
10. Dardick C, Ronald P (2006) Plant and animal pathogen recognition receptors signal

through non-RD kinases. PLoS Pathog 2:e2.
11. Towb P, Huaiyu S, Wasserman SA (2009) Tube is an IRAK-4 homolog in a Toll pathway

adapted for development and immunity. J Innate Immun 1:309–321.
12. Song WY, et al. (1995) A receptor kinase-like protein encoded by the rice disease

resistance gene, Xa21. Science 270:1804–1806.
13. Gomez-Gomez L, Boller T (2000) FLS2: an LRR receptor-like kinase involved in the

perception of the bacterial elicitor flagellin in Arabidopsis. Mol Cell 5:1003–1011.
14. Zipfel C, et al. (2006) Perception of the bacterial PAMP EF-Tu by the receptor EFR

restricts Agrobacterium-mediated transformation. Cell 125:749–760.
15. Brueggeman R, et al. (2002) The barley stem rust-resistance gene Rpg1 is a novel

disease-resistance gene with homology to receptor kinases. Proc Natl Acad Sci USA 99:
9328–9333.

16. Johnson LN, Lowe ED, Noble ME, Owen DJ (1998) The Eleventh Datta Lecture. The
structural basis for substrate recognition and control by protein kinases. FEBS Lett
430:1–11.

17. Liu GZ, Pi LY, Walker JC, Ronald PC, Song WY (2002) Biochemical characterization of
the kinase domain of the rice disease resistance receptor-like kinase XA21. J Biol
Chem 277:20264–20269.

18. Lee SW, et al. (2009) A type I-secreted, sulfated peptide triggers XA21-mediated
innate immunity. Science 326:850–853.

19. Lee SW, Han SW, Bartley LE, Ronald PC (2006) Unique characteristics of Xanthomonas
oryzae pv. oryzae AvrXa21 and implications for plant innate immunity. Proc Natl
Acad Sci USA 103:18395–18400.

20. Ronald PC, et al. (1992) Genetic and physical analysis of the rice bacterial blight
disease resistance locus, Xa21. Mol Gen Genet 236:113–120.

21. Xu WH, et al. (2006) The autophosphorylated Ser686, Thr688, and Ser689 residues in

the intracellular juxtamembrane domain of XA21 are implicated in stability control of

rice receptor-like kinase. Plant J 45:740–751.
22. Peng Y, et al. (2008) OsWRKY62 is a negative regulator of basal and Xa21-mediated

defense against Xanthomonas oryzae pv. oryzae in rice. Mol Plant 1:446–458.
23. Park CJ, et al. (2008) Rice XB15, a protein phosphatase 2C, negatively regulates cell

death and XA21-mediated innate immunity. PLoS Biol 6:e231.
24. Wang YS, et al. (2006) Rice XA21 binding protein 3 is a ubiquitin ligase required for

full Xa21-mediated disease resistance. Plant Cell 18:3635–3646.
25. da Silva FG, et al. (2004) Bacterial genes involved in type I secretion and sulfation are

required to elicit the rice Xa21-mediated innate immune response.Mol Plant Microbe

Interact 17:593–601.
26. Fire A, et al. (1998) Potent and specific genetic interference by double-stranded RNA

in Caenorhabditis elegans. Nature 391:806–811.
27. Mourrain P, et al. (2000) Arabidopsis SGS2 and SGS3 genes are required for

posttranscriptional gene silencing and natural virus resistance. Cell 101:533–542.
28. Century KS, et al. (1999) Developmental control of Xa21-mediated disease resistance

in rice. Plant J 20:231–236.
29. Lucca P, Ye X, Potrykus I (2001) Effective selection and regeneration of transgenic rice

plants with mannose as selective agent. Mol Breed 7:43–49.
30. Park CJ, et al. (2010) Overexpression of the endoplasmic reticulum chaperone BiP3

regulates XA21-mediated innate immunity in rice. PLoS One 5:e9262.
31. Chen X, et al. (2010) A conserved threonine residue in the juxtamembrane domain of

the XA21 pattern recognition receptor is critical for kinase autophosphorylation and

XA21-mediated immunity. J Biol Chem, in press.
32. Gual P, Le Marchand-Brustel Y, Tanti JF (2005) Positive and negative regulation of

insulin signaling through IRS-1 phosphorylation. Biochimie 87:99–109.
33. Bross P, et al. (2008) The Hsp60-(p.V98I) mutation associated with hereditary spastic

paraplegia SPG13 compromises chaperonin function both in vitro and in vivo. J Biol

Chem 283:15694–15700.
34. Zhai P, Stanworth C, Liu S, Silberg JJ (2008) The human escort protein Hep binds to the

ATPase domain of mitochondrial hsp70 and regulates ATP hydrolysis. J Biol Chem 283:

26098–26106.
35. Yaglom JA, Gabai VL, Meriin AB, Mosser DD, Sherman MY (1999) The function of

HSP72 in suppression of c-Jun N-terminal kinase activation can be dissociated from its

role in prevention of protein damage. J Biol Chem 274:20223–20228.
36. Chern M, Canlas PE, Fitzgerald HA, Ronald PC (2005) Rice NRR, a negative regulator of

disease resistance, interacts with Arabidopsis NPR1 and rice NH1. Plant J 43:623–635.
37. Minczuk M, et al. (2002) Localisation of the human hSuv3p helicase in the

mitochondrial matrix and its preferential unwinding of dsDNA. Nucleic Acids Res 30:

5074–5086.

8034 | www.pnas.org/cgi/doi/10.1073/pnas.0912311107 Chen et al.

www.pnas.org/cgi/doi/10.1073/pnas.0912311107

