Proteasome-Mediated Turnover of the
Transcription Coactivator NPR1 Plays
Dual Roles in Regulating Plant Immunity

Steven H. Spoel,’34 Zhonglin Mou,'-3-5 Yasuomi Tada,!-6 Natalie W. Spivey,! Pascal Genschik,2 and Xinnian Dong'-*

1Department of Biology, Duke University, Durham, NC 27708, USA

2|nstitut de Biologie Moléculaire des Plantes du CNRS, 12, rue du Général Zimmer, 67084 Strasbourg, France

3These authors contributed equally to this work

“Present address: Institute of Molecular Plant Sciences, University of Edinburgh, Edinburgh, EH9 3JR, UK
5Present address: Department of Microbiology and Cell Science, University of Florida, P.O. Box 110700, Gainesville, FL 32611, USA
SPresent address: Life Science Research Center, Kagawa University, Kagawa, 761-0795, Japan

*Correspondence: xdong@duke.edu
DOI 10.1016/j.cell.2009.03.038

SUMMARY

Systemic acquired resistance (SAR) is a broad-spec-
trum plant immune response involving profound
transcriptional changes that are regulated by the
coactivator NPR1. Nuclear translocation of NPR1 is
a critical regulatory step, but how the protein is regu-
lated in the nucleus is unknown. Here, we show that
turnover of nuclear NPR1 protein plays an important
role in modulating transcription of its target genes. In
the absence of pathogen challenge, NPR1 is contin-
uously cleared from the nucleus by the proteasome,
which restricts its coactivator activity to prevent
untimely activation of SAR. Surprisingly, inducers of
SAR promote NPR1 phosphorylation at residues
Ser11/Ser15, and then facilitate its recruitment to
a Cullin3-based ubiquitin ligase. Turnover of phos-
phorylated NPR1 is required for full induction of
target genes and establishment of SAR. These
in vivo data demonstrate dual roles for coactivator
turnover in both preventing and stimulating gene
transcription to regulate plant immunity.

INTRODUCTION

Immune responses are tightly regulated in all eukaryotes to
ensure that they are effective only against invading pathogens
but not harmful to selves. In contrast to animals, plants lack
a specialized immune system and instead rely on each individual
cell for defense. In response to pathogen challenge, plant cells
undergo dramatic transcription reprogramming to favor immune
responses over normal cellular functions. Failure to do so results
in infection. On the other hand, suppressing immune responses
in the absence of a pathogen threat is equally important for
maintaining plant growth and development. Thus, plants have
sophisticated regulatory mechanisms to control defense-related
transcription.
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An important signal molecule for defense-related transcription
in plants is salicylic acid (SA). Pathogen-induced increases in
cellular SA levels or exogenous application of SA leads to
profound changes in gene transcription (reviewed in Durrant
and Dong, 2004). These changes occur through the activity of
the transcription coactivator NPR1 (nonexpressor of pathogen-
esis-related (PR) genes), a master regulator of plant immunity.
Mutations in the NPR1 gene in Arabidopsis block this SA-
mediated transcriptional reprogramming and renders the plant
completely defective in systemic acquired resistance (SAR), an
inducible immune response against a broad-spectrum of patho-
gens (Cao et al., 1994; Delaney et al., 1995; Wang et al., 2006).

The activity of NPR1 is regulated in part by its subcellular local-
ization (Kinkema et al., 2000). In unchallenged cells NPR1 is
predominantly sequestered in the cytoplasm as a high molecular
weight oligomeric complex (Mou et al., 2003). The oligomeric
complex is formed through redox-sensitive intermolecular disul-
fide bonds between conserved cysteine residues. Upon patho-
gen infection, accumulation of SA triggers a change in cellular
reduction potential, resulting in partial reduction of NPR1 olig-
omer to monomer. A bipartite nuclear localization sequence
targets the released NPR1 monomer to the nucleus where it
functions as a coactivator of gene transcription (Kinkema et al.,
2000). Furthermore, NPR1 was found to interact with TGA tran-
scription factors (Després et al., 2000; Zhang et al., 1999; Zhou
et al., 2000) whose binding motif has been shown to be essential
for SA-responsiveness of the PR-1 gene (Lebel et al., 1998).
NPR1 may affect both the DNA binding capacity and the activity
of TGA factors (Després et al., 2000, 2003; Fan and Dong, 2002;
Johnson et al., 2003; Rochon et al., 2006). Besides the PR genes,
which encode antimicrobial effectors, NPR1 also directly acti-
vates the expression of several WRKY transcription factors
with both activator and suppressor activities (Wang et al.,
2006). Thus, NPR1 regulates plant immunity through a transcrip-
tion cascade involving multiple transcription factors.

A major challenge in understanding the function of NPR1 is to
uncover the nuclear regulation of this coactivator. Phosphoryla-
tion and ubiquitin-mediated proteolysis are prominent post-
translational mechanisms that control transcription regulators.
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In mammalian immunity, the cofactor IkB, which shares struc-
tural features with NPR1 (Cao et al., 1997; Ryals et al., 1997),
functions to sequester the transcription factor NF-«B in the cyto-
plasm and prevents it from activating gene expression. In
response to pathogen attack, IkB is rapidly phosphorylated
and targeted for ubiquitin-mediated proteolysis, allowing NF-xB
to localize to the nucleus and activate target genes (Hayden
and Ghosh, 2004). Furthermore, transcription factors are often
unstable and a significant overlap has been found between tran-
scriptional activation domains and domains that regulate ubiqui-
tin-mediated proteolysis (Salghetti et al., 2000). Recent findings
indicate that proteasome-mediated turnover of activators may
be essential for their ability to activate transcription (Collins
and Tansey, 2006). Whereas activator turnover is thought to
stimulate gene transcription, it remains largely unknown if proteo-
lysis plays a role in the regulation of transcription coactivators.

In this study we investigated if the coactivator NPR1 is regu-
lated by post-translational mechanisms. Our findings revealed
opposing roles for coactivator proteolysis in the regulation of
gene transcription and demonstrate that multicellular organisms
employ proteolysis-coupled transcription as a mechanism to
control their responses to external stimuli.

RESULTS

NPR1 Is Subject to Proteasome-Mediated Degradation
To examine if protein stability plays a role in NPR1 regulation, we
performed a cell-free degradation assay (see Supplemental
Experimental Procedures available with this article online) using
extracts from wild-type Col-0 plants and previously character-
ized transgenic 35S::NPR1-GFP plants (Kinkema et al., 2000;
Mou et al., 2003). We found that both the endogenous NPR1
and NPR1-GFP were completely degraded within 2 hr (Fig-
ure 1A). To test which cellular mechanism is responsible for
this observed degradation, we studied the effect of several
proteolysis inhibitors. Whereas addition of the proteasome
inhibitors MG115 or MG132 prevented NPR1 and NPR1-GFP
degradation, the protease inhibitors leupeptin and PMSF were
ineffective in this respect (Figure 1A), indicating that NPR1
degradation specifically requires proteasome activity.

NPR1 degradation was then examined in planta by treating
wild-type Col-0 plants with MG115 or MG132. Similar to SA-
induced plants, inhibition of proteasome activity significantly
enhanced the accumulation of both NPR1 oligomer and mono-
mer (Figure 1B). To eliminate the effect of transcriptional regu-
lation on NPR1 protein concentration, we examined the
35S::NPR1-GFP plants, which constitutively express the trans-
gene independent of SA and proteasome inhibitor treatment
(Figure S1). As reported previously (Kinkema et al., 2000; Mou
et al., 2003), GFP fluorescence was weak in untreated plants
due to the oligomeric status of the NPR1-GFP protein (Figures
1C and 1D). SA treatment induced NPR1-GFP monomer forma-
tion, resulting in strong GFP fluorescence in the nuclei (Fig-
ure 1C). Plants treated with MG115 or MG132 also exhibited
readily detectable GFP fluorescence in the nuclei (Figure 1C)
and showed a significant increase in total NPR1 protein
(Figure 1D; +DTT). As shown in nonreducing western blot anal-
ysis, this increase was predominantly in the form of NPR1 mono-

mer (Figure 1D; -DTT). Consequently, the NPR1 target gene
PR-1 was induced in these MG115- or MG132-treated plants,
albeit at a level lower than that found in SA-treated plants
(Figure 1D). These data indicate that transcriptionally active
NPR1 is constantly degraded by the proteasome. Blocking pro-
teasome activity causes ectopic accumulation of NPR1 mono-
mer and spurious expression of its target genes. However, an
additional SA-dependent mechanism seems to be required to
fully turn on transcriptional activity of NPR1.

NPR1 Monomer Is Degraded in the Nucleus

We then investigated whether NPR1 oligomer and monomer are
equally sensitive to proteasome-mediated degradation using
plant extracts supplemented with or without the reducing agent
dithiothreitol (DTT). Addition of 5 mM DTT reduced nearly all
NPR1-GFP oligomer to its monomeric form (Figure S2) and
consequently accelerated its degradation (Figure 1E), suggest-
ing that NPR1 monomer is preferentially degraded.

Because NPR1 monomer was observed in the nucleus upon
proteasome inhibitor treatment, we hypothesized that proteo-
lysis of NPR1 may occur there. To test this hypothesis, we exam-
ined the in vivo stability of NPR1-GFP and the nuclear localiza-
tion sequence (nls) mutant npri1-nis-GFP by treating plants
with the protein synthesis inhibitor cycloheximide (CHX).
Whereas the amount of NPR1-GFP rapidly decreased in the
absence of new protein synthesis, the levels of npr1-nis-GFP,
which has been shown before to reside predominantly in the
cytoplasm (Kinkema et al., 2000), remained unchanged
(Figure 1F). The lack of degradation of npr1-nis-GFP was prob-
ably due to its cytosolic mislocalization, not resistance to degra-
dation per se, because the mutant protein was as readily
degraded as the wild-type protein in cell-free extracts (data not
shown). To confirm this result, we also used plants expressing
NPR1 fused to a dexamethasone (DEX)-responsive glucocorti-
coid receptor (NPR1-GR) (Kinkema et al., 2000). In the absence
of DEX, NPR1-GR was retained in the cytosol and its abundance
was not affected by CHX treatment (Figure 1G). In the presence
of DEX, however, NPR1-GR was nuclear translocated and
rapidly degraded. These findings demonstrate that in vivo
NPR1 monomer is constitutively degraded in the nucleus by
the proteasome. Since blocking entry into the nucleus com-
pletely stabilized the protein, NPR1 monomer is probably
degraded only in the nucleus.

Cullin3/CSN-Mediated Degradation of Transcriptionally
Active NPR1 Prevents Inappropriate Activation of SAR
NPR1 contains a BTB/POZ (broad-complex, tramtrack, and
bric-a-brac/poxvirus, zinc finger) domain, which is found in
proteins that function as substrate adapters of CUL3-based
ubiquitin ligases for the degradation of specific substrates
(Petroski and Deshaies, 2005). Interestingly, BTB-containing
proteins themselves may also be substrates for these CUL3
complexes (Luke-Glaser et al., 2007; Pintard et al., 2003). Since
NPR1 is degraded by the proteasome, we tested the possibility
that NPR1 is a substrate of CUL3-based ubiquitin ligases using
coimmunoprecipitation experiments between NPR1-GFP and
CULS3A. Even though previously reported yeast two-hybrid ana-
lysis found no direct interaction between CUL3A and NPR1
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Figure 1. Proteasome-Mediated Degradation of NPR1 Monomer in the Nucleus

(A) Total protein was extracted from wild-type Col-0 and 35S::NPR1-GFP (in npr1-1) plants in a buffer supporting proteolytic activity. Extracts were untreated (—)
or treated with either 2% DMSO (vehicle), 40 uM MG132, 40 uM MG115, 4 mM PMSF, or 40 uM Leupeptin. After 2 hr, proteins were analyzed by reducing SDS-
PAGE and western blotting using anti-NPR1 and anti-GFP antibodies. Detection of a constitutively expressed calcium-sensing receptor (CAS) confirmed equal
loading.

(B) Wild-type Col-0 plants were treated for 24 hr with either water (control), 0.5 mM SA, 100 uM MG115, or 100 uM MG132. Total protein was separated by SDS-
PAGE in the presence or absence of DTT (50 mM) and analyzed by western blotting using an anti-NPR1 antibody. Detection of a constitutively expressed calcium-
sensing receptor (CAS) confirmed equal loading. Molecular weight standards are indicated. Abbreviations are as follows: O, oligomer; M, monomer; T, total.
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(Dieterle et al., 2005), NPR1-GFP could be pulled down with an  cul3b mutant (Figure S4). Nevertheless, steady-state NPR1
antibody against CUL3A (Figure 2A). This suggests that CUL3 protein levels were comparable in wild-type and mutant plants
and NPR1 may interact indirectly through an adaptor protein. (Figure 2B), suggesting that NPR1 protein is more stable in
To validate the NPR1-CULS interaction genetically, we gener-  absence of CUL3. To further test this, wild-type Col-0 and
ated a double mutant between Arabidopsis cul3a and cul3b, cul3a cul3b plants were treated with CHX to block new protein
both of which are T-DNA insertion mutants. It has been shown  synthesis. CHX treatment led to a decrease in the amount of
previously that a cul3a cul3b double knock-out is embryonic  NPR1 in the wild-type, yet NPR1 levels did not decrease in
lethal (Figueroa et al., 2005; Thomann et al., 2005). To overcome  cul3a cul3b plants (Figure 2B). Similar results were obtained for
this obstacle we generated a cul3a cul3b double mutant using NPR1-GFP protein expressed in wild-type and cul3a cul3b
a knockout cul3a allele and a ~50% knockdown cul3b allele plants (Figure 2B).
(Figure S3), which resulted in viable adult plants. Compared to The COP9 signalosome (CSN) has been shown to regulate the
the wild-type, NPR1 mRNA levels were reduced in the cul3a  stability and activity of CUL proteins by cycles of (de)neddylation,

(C) 35S::NPR1-GFP plants were treated as in (B). Leaf tissue was examined using fluorescence microscopy.

(D) 35S::NPR1-GFP plants were treated and analyzed as in (B), except an anti-GFP antibody was used. Simultaneously, mRNA was extracted and analyzed by
northern blotting using gene-specific probes against PR-1 and constitutively expressed Ubiquitin (UBQ).

(E) Total protein was extracted from 35S::NPR1-GFP plants in a buffer supporting proteolytic activity. Extracts were pretreated with (+) or without (—) 5 mM DTT
and incubated at room temperature for the time points indicated. Total NPR1-GFP protein was analyzed by reducing SDS-PAGE and western blotting using an
anti-GFP antibody.

(F) 35S::NPR1-GFP (in npr1-1) and 35S::npr1-nis-GFP (in npr1-1) plants were treated with (+) or without (—) 100 uM cycloheximide (CHX) for 24 hr. Total protein
was analyzed by reducing SDS-PAGE and western blotting using an anti-GFP antibody. Detection of constitutively expressed Tubulin (TUB) confirmed equal
loading.

(G) Seedlings of 35S::NPR1-GR (in npr1-3) plants were treated with (+) or without (—) 100 uM CHX and 5 pM dexamethasone (DEX) for 24 hr. Total protein was
analyzed by reducing SDS-PAGE and western blotting using an anti-GR antibody. A nonspecific band (*) confirmed equal loading.
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Figure 3. SA-Induced Transcription of NPR1 Target Genes Requires the Proteasome

(A) 35S::NPR1-GFP (in npr1-1) plants were treated with (+) or without (—) 0.5 mM SA for 24 hr. Protein extracts were immunoprecipitated (IP) using antibodies
against CUL3, COP9, CSN4, and CSN5. Total and immunoprecipitated proteins were analyzed by western blotting using an anti-GFP antibody.

(B) 35S::NPR1-GFP (in npr1-2) plants were treated with (+) or without (—) 0.5 mM SA and 100 puM CHX for 24 hr. Leaf tissue was examined by fluorescence micros-

copy.

(C) 35S::NPR1-GFP (in npr1-2) plants were treated as in (B). Total protein was analyzed by reducing SDS-PAGE and western blotting using an anti-GFP antibody.
Detection of a constitutively expressed calcium-sensing receptor (CAS) confirmed equal loading.

(D) 35S::NPR1-GFP (in npr1-2) and npr1-2 plants were treated with (+) or without (-) 0.5 mM SA and 100 uM MG115 for 28 hr. The expression of three WRKY genes
was analyzed using gPCR and normalized with constitutively expressed UBQ. Error bars represent SD (n = 3).

a process in which lysine residues are modified by the ubiquitin-
like molecule Nedd8 (Petroski and Deshaies, 2005). To investi-
gate if the CSN is also involved in NPR1 degradation, the
35S::NPR1-GFP transgene was introduced into the cop9 mutant
background through genetic crosses. As shown in Figure 2C,
NPR1-GFP degradation was dramatically blocked by the cop9
mutation.

If degradation of transcriptionally active NPR1 monomer is to
keep SAR inactive in unchallenged plants, we expected this
regulation to be compromised in the cul3a cul3b mutant. Indeed,
compared to wild-type plants, unchallenged cul3a cul3b
mutants showed high constitutive expression of the NPR1 target
genes PR-1, PR-2, and PR-5 (Figure 2D). Importantly, this
constitutive PR gene expression was NPR1-dependent,
because it was completely lost in the cul3a cul3b npri-1 triple
mutant (Figure 2D). In accordance with the observed constitutive
PR gene activation, cul3a cul3b plants exhibited elevated levels
of resistance against the virulent bacterial leaf-pathogen
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Pseudomonas syringae pv. maculicola (Psm) ES4326 (Figure S5).
Collectively, these findings demonstrate that in unchallenged
plants, CUL3/CSN-mediated degradation of transcriptionally
active NPR1 monomer prevents costly activation of PR genes
and SAR.

SA-Induced Transcription of NPR1 Target Genes

and SAR Require Proteasome Activity

SA induces the release of transcriptionally active NPR1 mono-
mer, which regulates the expression of many defense genes.
This prompted us to investigate the effect of SA on NPR1 degra-
dation. Unexpectedly, coimmunoprecipitation experiments
indicated that in SA treated plants, more NPR1-GFP was
pulled down with CUL3A and three components of the CSN
complex (COP9, CSN4, CSN5; Figure 3A). To reconcile this
with the fact that SA treatment leads to accumulation of NPR1-
GFP monomer in the nucleus (Figure 3B), we hypothesized
that this accumulation resulted from a significant increase in



NPR1-GFP import into the nucleus rather than a reduction in
protein degradation. Indeed, SA-induced monomer was
completely absent when de novo protein synthesis was inhibited
by CHX (Figure 3B). Accordingly, western blot analysis indicated
that SA treatment did not rescue NPR1-GFP protein from degra-
dation (Figure 3C). These data indicate that proteolysis of NPR1
still occurs after SAR induction despite the fact that NPR1 is
a positive regulator of this response.

We then examined whether proteasome activity affects induc-
tion of the NPR1 target genes WRKY18, WRKY38, and WRKY62
(Wang et al., 2006). The NPR1-dependency of these target
genes was clearly demonstrated by their complete lack of
responsiveness to SA treatment in the npr7 mutant (Figure 3D).
Transformation of 35S::NPR1-GFP into the npr1 mutant restored
the SA-mediated transcription of the WRKY genes. Whereas
treatment with MG115 alone resulted in weak NPR1-dependent
activation of the WRKY genes (Figure S6), the SA-mediated
induction of these genes was strongly inhibited in the presence
of MG115 (Figures 3D and S6), indicating that SA-induced tran-
scription of these WRKY genes requires both NPR1 and the pro-
teasome activity. SA-induced expression of PR-1, another NPR1
target (Wang et al., 2005), was only modestly affected by MG115
treatment (Figure S7), suggesting that its activation is less
dependent on the proteasome. Since the NPR71-GFP transgene
is constitutively expressed, independent of SA and MG115
(Figure S1), the observed reduction in NPR1 target gene expres-
sion was specifically due to the change in NPR1 protein stability,
not expression.

Because degradation of NPR1 requires CUL3 in uninduced
plants, we examined its requirement for NPR1 degradation in
SA-induced plants. Blocking protein synthesis with CHX in SA-
treated wild-type plants strongly reduced endogenous NPR1
protein levels, whereas NPR1 levels remained constant in the
cul3a cul3b mutant (Figure 4A). Moreover, the NPR1-GFP
protein expressed in SA-treated wild-type plants was highly poly-
ubiquitinylated (Figure 4B). This modification was significantly
reduced in the cul3a cul3b mutant background (Figure 4B).

Toinvestigate therole of CUL3 in activation of NPR1-dependent
gene transcription, we examined expression of the NPR1 targets
in the cul3a cul3b mutant. SA-induced transcription of all three
WRKY genes was partially compromised in this mutant (Fig-
ure 4C). Importantly, after SA treatment, the levels of gene expres-
sion in cul3a cul3b plants were comparable to those observed in
wild-type plants treated with both SA and MG115 (Figure 4C),
confirming the role of CUL3 in this proteasome-dependent gene
expression. To examine the impact of impaired WRKY gene
expression on SAR, we used the previously described wrky18
mutant (Wang et al., 2006) and generated a double mutant of
the two closely related and likely redundant WRKY38 and
WRKY62 genes. In wrky18 and wrky38 wrky62 mutants, NPR1-
dependent SAR against Psm ES4326, triggered after local inocu-
lation of avirulent P.s. pv. tomato (Pst) DC3000/ avrRpt2, was
partially compromised (Figures 4D and 4E). Thus, NPR1-mediated
activation of these WRKY genes is essential for induction of SAR.

Because knocking out NPR1-target WRKY genes impairs
SAR, we predicted that the cul3a cul3b mutant would also be
defective in SAR due to the failure to fully induce these genes.
Indeed, cul3a cul3b plants failed to activate SAR against Psm

ES4326 (Figure 4F), even though it had higher levels of basal
resistance against this pathogen due to elevated PR gene
expression (Figure 2D). Taken together, these data suggest
that SA-induced, CUL3-mediated turnover of the coactivator
NPR1 may stimulate target gene transcription and is required
for activation of SAR.

NPR1 Is Phosphorylated at Ser11 and Ser15

in the Nucleus

Targeting substrates to the proteasome is often regulated by
post-translational modifications, such as phosphorylation. To
examine if NPR1 is phosphorylated, we treated 35S::NPR1-
GFP plants with or without SA, extracted total protein, and
applied the extracts onto a column that specifically binds phos-
pho-proteins (see Experimental Procedures). We found that
NPR1-GFP could bind to the column as significant amounts of
the protein were eluted, especially from extracts of SA-treated
plants (Figure 5A). Indeed, using an antibody against phos-
phorylated serine/threonine residues, we found that SA treat-
ment strongly increased the level of NPR1 phosphorylation
(Figure 5B). NPR1 contains an N-terminal phosphodegron motif
that is highly conserved among NPR1 orthologs in different plant
species (Figure 5C). Phosphodegrons are degradation motifs
found in many proteasome-regulated substrates, including 1B
(Hayden and Ghosh, 2004). To study if Ser11 and Ser15 of the
IkB-like phosphodegron motif in NPR1 are phosphorylated
in vivo, we generated an antibody that specifically recognizes
phosphorylated Ser11/15 (Figure S8; see Experimental Proce-
dures). Little Ser11/15 phosphorylation of the endogenous
NPR1 and NPR1-GFP was observed in untreated plants,
whereas SA treatment greatly enhanced phosphorylation
(Figures 5D and 5E). Moreover, SA-induced Ser11/15 phosphor-
ylation of NPR1 occurs in the nucleus, as this modification was
completely abolished in the cytoplasmic npri-nis-GFP mutant
protein (Figure 5E).

Phosphorylation Facilitates NPR1 Turnover

and Promotes Its Transcriptional Activity in SAR

Since NPR1 phosphorylation and degradation both occur in the
nucleus, we investigated if SA-induced phosphorylation of the
IkB-like phosphodegron motif was coupled to NPR1 turnover.
Ser11 and Ser15 of NPR1-GFP were replaced with nonphos-
phorylatable alanines (S11/15A) or phospho-mimic aspartic
acids (S11/15D). The resulting 35S::npr1S11/15A-GFP and
35S::npr1S11/15D-GFP constructs were then transformed into
npr1-2 plants. In a cell-free degradation assay, the npr1S11/
15D-GFP protein showed an increased degradation rate as
compared to both NPR1-GFP (not phosphorylated in the
absence of an inducer) and npr1S11/15A-GFP (Figure 6A). To
further investigate this, plants were treated with a combination
of SA and MG115 and coimmunoprecipitation experiments
were performed. As shown in Figure 6B, both the NPR1-GFP
(phosphorylated in the presence of an inducer) and npr1S11/
15D-GFP proteins were readily pulled down with CUL3A,
whereas only a small amount of npr1S11/15A-GFP protein
was recovered. Moreover, polyubiquitinylation of npr1S11/
15A-GFP was markedly reduced compared to NPR1-GFP
(Figure 6C). Thus, SA-induced phosphorylation of NPR1
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Figure 4. SA-Induced Transcription of NPR1 Target Genes Requires CUL3

(A) Wild-type (WT) and cul3a cul3b (cul3) plants were treated with 0.5 mM SA for 16 hr. Subsequently, plants were SA-treated for an additional 4 hr in the absence
(—) or presence (+) of 100 uM CHX. Total protein was analyzed by reducing SDS-PAGE and western blotting using an anti-NPR1 antibody. Detection of a consti-
tutively expressed calcium-sensing receptor (CAS) confirmed equal loading.

(B) Wild-type (WT) and cul3a cul3b (cul3) plants carrying the 35S::NPR1-GFP transgene were treated with 0.5 mM SA and 100 uM MG115 for 8 hr. Protein extracts
were immunoprecipitated (IP) using an anti-GFP antibody. Immunoprecipitated proteins were analyzed by western blotting using anti-Ubiquitin (Ub) and anti-GFP
antibodies. Molecular weight standards are indicated.

(C) Wild-type, cul3a cul3b (cul3), and npr1-2 plants were treated with (+) or without (—) 0.5 mM SA and 100 uM MG115 for 28 hr. The expression of three WRKY
genes was analyzed using gPCR and normalized with constitutively expressed UBQ. Error bars represent SD (n = 3).

(D) Induction of SAR against Psm ES4326 in wrky18 (w18) plants. Cfu, colony-forming units. Error bars represent 95% confidence limits (n = 8). Asterisks indicate
statistically significant differences between the control and SAR treatment in each genotype (Tukey—-Kramer ANOVA test; o. = 0.05, n = 8). See Supplemental Data

for details.
(E) Induction of SAR against Psm ES4326 disease symptoms and growth in wrky38 wrky62 (w38, 62) plants was carried out as in (D).
(F) Induction of SAR against Psm ES4326 growth in cul3a cul3b (cul3) plants was carried out as in (D).

facilitates its interaction with the CUL3-based ubiquitin ligase SAR, we first examined the stability of NPR1-GFP and
and stimulates turnover. npr1S11/15A-GFP proteins in systemic tissues during the time

To test our hypothesis that phosphorylation-mediated turn- course of SAR induction. As shown in the western blot in
over of NPR1 is required for activation of gene expression and  Figure 6D, the constitutively expressed NPR1-GFP protein
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Figure 5. NPR1 Is Phosphorylated at Ser11 and Ser15 in the Nucleus

(A) 35S::NPR1-GFP (in npr1-1) plants were treated with (+) or without (—) 0.5 mM SA for 24 hr. Total protein was loaded onto a column that specifically binds
phospho-proteins. Bound proteins were eluted and the amount of NPR1-GFP determined by western blotting with an anti-GFP antibody.

(B) 35S::NPR1-GFP plants were treated as in (A). Total protein was extracted and immunoprecipitated (IP) with an anti-GFP antibody. Immunoprecipitated
proteins were analyzed by western blotting using an antibody that recognizes phosphorylated serine and threonine residues («-pS/pT) as well as an anti-GFP
antibody.

(C) Sequence alignment of NPR1 proteins from different plant species. The lkB-like phosphodegron motif (DSxxxS; x, any amino acid) is indicated. Abbreviations
are as follows: Le, Lycopersicum esculentum; Nt, Nicotiana tabacum; Bv, Beta vulgaris; Os, Oryza sativa; At, Arabidopsis thaliana.

(D) Wild-type Col-0 plants were treated with (+) or without (—) 0.5 mM SA for 24 hr. Total protein was analyzed by reducing SDS-PAGE and western blotting. NPR1
phosphorylation was specifically detected with an antibody against phosphorylated Ser11 and Ser15 residues (a-pSer11/15). Equal loading was verified using an
anti-NPR1 and anti-Tubulin (TUB) antibody.

(E) 35S::NPR1-GFP (in npr1-1) and 35S::npr1-nis-GFP (in npr1-1) and npr1-1 plants were treated with (+) or without (-) 0.5 mM SA for 24 hr. Total protein was
analyzed by reducing SDS-PAGE and western blotting using anti-pSer11/15 and anti-GFP antibodies. A nonspecific band (*) indicated equal loading.

showed a remarkable biphasic degradation pattern at 4 and
16 hr post inoculation with avirulent Pst DC3000/avrRpt2. In
contrast, this degradation pattern was significantly diminished
for the npr1S11/15A-GFP protein. Corresponding to NPR1
protein measurements, the transcription profiles of the NPR1
target genes WRKY18, WRKY38, WRKY62, and PR-1 were
also analyzed in systemic tissues (Figure 6E). Consistent with

the notion that NPR1 turnover stimulates the expression of these
target genes, induction of WRKY gene transcription coincided
with a decrease in NPR1-GFP protein levels 4 hr post inoculation
(Figures 6D and 6E). In 35S::npr1S11/15A-GFP plants, however,
induction of WRKY gene transcription was weakened and/or de-
layed, corresponding to the slow turnover rate of the npr1S11/
15A-GFP protein (Figures 6D and 6E). In 35S::NPR1-GFP plants,

Cell 137, 860-872, May 29, 2009 ©2009 Elsevier Inc. 867



A 0

5 10 30 60 min.

NPR1 --——-.- -

S11/15A v e o w—— .. | 0-GFP

ST11/15D |sm———

B C
_ & 8 g
r = = x =
o = = o =
Z o o Z o
100 ')
e - — 250/ .
a-GFP 7s- a-Ub1so- . NPR1-Ubix)
100~
50 * N
re—yy o-GFP [
IP: CUL3 IP: GFP
D NPR1-GEP  npr1S11/15A-GFP
0 4 81624 0 4 8 16 24 hrs Pst/avrRpt2
|l — S@mabkd
~ o s em—
E
0:8 —e— NPR1 04
o ] —e— npriS1115A o
g 06 —e— nprl % 0.2
B o4 Eﬁ 0.2 1
> b
& <
% 0.2 4 g 0.1
ob v 0 -~
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
0.15 15
e
Qg1 9 104
N S :
© -
< ¢
Q¥:0.05 o 51
=
Q e e e 0 <=7
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
hrs Pst/avrRpt2 hrs Pst/avrRpt2
F
)
L2
o
©
2
E
‘C
o
o

-+

- + - 4+ - 4+ SAR

WT

S11/15A S11/15D  npri

868 Cell 137, 860-872, May 29, 2009 ©2009 Elsevier Inc.

Figure 6. Phosphorylation Stimulates NPR1 Turnover and Is
Required for SAR

(A) Total protein was extracted from 35S::NPR1-GFP (in npri-2),
358::npr1S11/15A-GFP (in npr1-2), and 35S::npr1S11/15D-GFP (in npri-2)
plants in a buffer supporting proteasome activity. Extracts were incubated at
room temperature for the time points indicated. Proteins were analyzed by
reducing SDS-PAGE and western blotting using an anti-GFP antibody.

(B) 35S::NPR1-GFP, 35S::npr1S11/15A-GFP, and 35S::npr1S11/15D-GFP
plants were treated with a combination of 0.5 mM SA and 100 uM MG115.
Protein extracts were immunoprecipitated (IP) with an anti-CUL3 antibody.
Immunoprecipitated proteins were analyzed by western blotting using an
anti-GFP antibody. Molecular weight standards are indicated. Arrow indicates
NPR1; asterisk indicates a cross-reacting IgG chain.

(C) 35S::NPR1-GFP and 35S::npr1S11/15A-GFP plants were treated as in (B).
Protein extracts were immunoprecipitated (IP) with an anti-GFP antibody.
Immunoprecipitated proteins were analyzed by western blotting using anti-
Ubiquitin and anti-GFP antibodies. Molecular weight standards are indicated.
(D) The leaf-halves of 35S::NPR1-GFP and 35S::npr1S11/15A-GFP plants
were inoculated with avirulent Pst DC3000/avrRpt2 (ODggo = 0.02). At the indi-
cated time points protein was extracted from the uninoculated leaf halves and
subjected to reducing SDS-PAGE and western blot analysis using an anti-GFP
antibody. A nonspecific band (*) indicated equal loading.

(E) 35S::NPR1-GFP, 35S::npr1S11/15A-GFP, and npr1-2 plants were treated
as described in (D). mMRNA was extracted from the uninoculated halves of
the inoculated leaves and analyzed for the expression of WRKY18, WRKY38,
WRKY62, and PR-1 using gPCR. Expression was normalized against constitu-
tively expressed UBQ. Error bars represent SD (n = 3).

(F) Induction of SAR against Psm ES4326 in 35S::NPR1-GFP, 35S::npr1S11/
15A-GFP, 35S::npr1S11/15D-GFP, and npri-2 plants. Cfu, colony-forming
units. Error bars represent 95% confidence limits (n = 8). Asterisks indicate
statistically significant differences compared with uninduced 35S::NPR1-
GFP plants (Tukey—Kramer ANOVA test; o = 0.05, n = 8).

PR-1 gene expression was also strongly induced during the
second NPR1 turnover phase (Figure 6E). Notably, induction of
this gene was significantly reduced in 35S::npr1S11/15A-GFP
plants. Similar patterns were also observed when these plants
were treated with SA (data not shown), but protein fluctuations
were the most profound in systemic tissue during biological
induction of SAR. Together with the finding that mutations in
Ser11 and Ser15 do not affect NPR1’s ability to interact with
transcription factors (Figure S9), these data demonstrate that
turnover of phosphorylated NPR1 is required for full-scale
expression of its target genes.

We next tested the ability of 35S::npr1S11/15A-GFP plants to
mount SAR. As controls, pre-inoculation of 35S::NPR1-GFP
plants with avirulent Pst DC3000/avrRpt2 protected the plants
against virulent Psm ES4326 infection three days after. This
protection was compromised in npr1 plants (Figure 6F). Interest-
ingly, 35S::npr1S11/15A-GFP plants also failed to efficiently
induce SAR, indicating that turnover of phosphorylated NPR1
is required for the onset of SAR.

The result from the npr1S11/15A-GFP mutant was further
corroborated using 35S::npr1S11/15D-GFP transgenic plants.
Consistent with the increased degradation rate of the npr1S11/
15D-GFP protein (Figure 6A), mock-treated 35S::npr1S11/15D-
GFP plants exhibited elevated levels of resistance that were
comparable to SAR-induced 35S::NPR1-GFP plants (Fig-
ure 6F). Interestingly, this might not be due to elevated basal
expression of NPR1 target genes, but rather due to higher levels
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Figure 7. Working Model for the Dual Role of the Proteasome in Preventing and Stimulating NPR1 Target Gene Transcription

In uninduced cells (left panel), NPR1 monomer constitutively translocates, at a low rate (dashed lines), to the nucleus where it is targeted to the proteasome by
CUL3-based E3 ligase-mediated ubiquitinylation (Ub). This prevents the activation of NPR1 target genes. In SAR-induced cells (right panel), a large amount of
NPR1 monomer translocates to the nucleus where it interacts with transcription factors (TF) to initiate target gene transcription by recruiting the transcription
initiation complex (I.C.) and RNA polymerase Il (Polll). As a consequence NPR1 may be phosphorylated (P) by a kinase (Kin) that is associated with the I.C.
and Polll. A CUL3-based ligase with high affinity for phosphorylated NPR1, possibly distinct from the one involved in turnover of nonphosphorylated NPR1 in
uninduced cells, rapidly ubiquitinylates and targets NPR1 for degradation by the proteasome. Clearance of “exhausted” phosphorylated NPR1 from the target
gene promoter allows “fresh” NPR1 to reinitiate the transcription cycle, thereby directly linking the rate of NPR1 degradation to the amplitude of target gene tran-

scription.

of target gene expression after induction in the 35S::npr1S11/
15D-GFP plants (Figure S10). This is consistent with the fact
that NPR1 phosphorylation occurs only after pathogen challenge
and suggests that the npr1S11/15D-GFP mutant is probably
potentiated for this regulatory step. Indeed, SAR induction in
35S::npr1S11/15D-GFP did not further enhance resistance
against Psm ES4326 (Figure 6F). These data demonstrate that
the turnover of phosphorylated NPR1 is an important regulatory
switch in inducing SAR.

DISCUSSION
Proteasome-mediated protein degradation plays a pivotal role in

many plant growth and developmental processes, including
photomorphogenesis and plant hormone signaling (Smalle and

Vierstra, 2004). In these instances the proteasome either
degrades activators to suppress transcription or degrades
repressor proteins to activate gene expression. Our study
discovered that proteasome-mediated degradation of NPR1
not only prevents untimely gene activation, but also plays an
essential role in stimulating gene expression during plant
immune responses.

NPR1 monomer is constitutively cleared from the nucleus
by a CUL3-based ubiquitin ligase to restrict its transcription
coactivator activity (Figures 1 and 2). A similar regulatory mech-
anism was observed recently for the yeast transcription factor
GAL4, a regulator of galactose metabolism (Muratani et al.,
2005). In the absence of galactose, GAL4 activity is limited by
proteasome-mediated destruction, preventing wasteful activa-
tion of metabolic genes. Proteasome-mediated degradation of
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transcription factors was also found to prevent inappropriate
transcription at tissue specific gene loci in embryonic stem cells
(Szutorisz et al., 2006). Importantly, our data suggests that the
proteasome may restrict gene transcription not only by destruc-
tion of transcription factors, but also by proteolysis of coactiva-
tors to prevent assembly of active transcriptional complexes
(Figure 7). In the case of NPR1, this mechanism renders SAR
inactive to avoid detrimental fitness costs associated with
constitutive defense (Heidel et al., 2004; van Hulten et al., 2006).

To our surprise, activation of SAR did not prevent CUL3-medi-
ated degradation of NPR1. Instead, blocking NPR1 turnover by
inhibition of proteasome activity, genetically knocking down
CULS activity, and mutating the IxB-like phosphodegron, all
compromised transcription of the NPR1 target genes WRKY18,
WRKY38, and WRKY62 (Figures 3, 4, and 6), indicating that
NPR1 turnover also stimulates transcription. Compared to the
WRKY genes, expression of PR-1 was less dependent on the
proteasome (Figure S7), suggesting that NPR1 target genes
may require different rates of NPR1 turnover. Recent reports
have demonstrated that in yeast and human cells, transcription
factors are often unstable and their instability correlates with
their ability to induce target gene transcription (Kim et al.,
20083; Lipford et al., 2005; Muratani et al., 2005; Reid et al.,
2003; von der Lehr et al., 2003). It is thought that turnover of tran-
scription factors promotes gene expression by continuously
delivering ‘fresh’ activator to gene promoters. This may be
necessary to sustain a high ratio of transcriptional active over
inactive activator (Collins and Tansey, 2006). Although mono-
ubiquitinylation of coactivators has been reported to stimulate
their activity (Wu et al., 2007), a role for coactivator proteolysis
in gene transcription has not been established. In fact, it was
previously reported that the turnover of coactivators associated
with the human estrogen receptor-a did not stimulate estrogen
receptor-mediated transcription (Lonard et al., 2000). Our find-
ings suggest, however, that gene activation by proteolysis is
not limited to transcription factors, but also includes transcrip-
tion coactivators like NPR1 (Figure 7).

Turnover of NPR1 is limited by its nuclear translocation
(Figure 1). We recently reported that S-nitrosylation of Cys156
in NPR1 facilitates oligomer formation in the cytoplasm. Mutating
Cys156 to alanine (C156A) inhibited this regulatory step and
caused depletion of the npr1C156A protein in response to SA
treatment (Tada et al., 2008). Here, we found that the C156A
mutation does not affect the protein turnover rate in our cell-
free degradation assay (Figure S11). Instead, the SA-induced
instability of this mutant protein in planta was reversed by inhibi-
tion of the proteasome activity (Figure S12). Thus, nuclear turn-
over of NPR1 presented in this report underlined the importance
of S-nitrosylation-mediated oligomerization in the cytoplasm
to maintain NPR1 homeostasis. Upon SAR induction, a large
amount of NPR1 monomer is released from the cytoplasmic
oligomer, translocated into the nucleus, and subsequently
turned over. To maintain protein homeostasis, oligomerization
of NPR1 in the cytoplasm is facilitated by a pathogen-induced
increase in cellular GSNO levels (Tada et al., 2008). NPR1 oligo-
merization and monomer release occur sequentially according
to the SA-induced biphasic redox changes (Tada et al., 2008),
which may be responsible for the observed fluctuations in
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NPR1-GFP levels after avirulent pathogen inoculation (Figure 6).
Because a constitutive promoter was used to drive the expres-
sion of NPR1-GFP, we were able to detect these dynamic
changes in protein stability. Such fluctuations are much harder
to detect for the endogenous NPR1 protein as NPR1 gene
transcription also fluctuates with the redox changes (data not
shown).

NPR1 contains a conserved N-terminal phosphodegron motif
(Figure 5C) that is found in many unstable transcriptional regula-
tors, including IkB, B-Catenin, c-Myc, c-Jun, and SRC-3 (Hayden
and Ghosh, 2004; Karin and Ben-Neriah, 2000; Wu et al., 2007).
Phosphorylation of the phosphodegron motif signals the
destruction of these regulators by recruiting CUL1-based ubiqui-
tin ligases. We showed that SA-induced phosphorylation of
Ser11 and Ser15 in the phosphodegron motif of NPR1 also
promotes its polyubiquitinylation and degradation (Figures 5
and 6). Although site-specific (de)phosphorylation has been
found to regulate substrate recruitment to CUL1-based ubiquitin
ligases (Petroski and Deshaies, 2005), the mechanisms that
control substrate delivery to CUL3 complexes are not yet well
understood. We demonstrated that the NPR1 phosphodegron
regulates interaction with a CUL3-based ubiquitin ligase and
promotes NPR1 turnover (Figures 6A-6D), suggesting that phos-
phorylation may also be a common mechanism to target
substrates for CUL3-mediated proteolysis. Similar to CUL1-
substrate interaction, phosphorylation of Ser11/15 may create
or stabilize a binding site for the CUL3-based ubiquitin ligase
(Figure 7). The role of Ser11/15 phosphorylation-mediated
degradation as a key regulatory switch for SAR was clearly re-
vealed by the diminished transcription of NPR1 target genes
and the failure to induce resistance in 35S::npr1S11/15A-GFP
mutant plants (Figures 6E and 6F). This conclusion was further
supported by the phenotype of the 35S:npr1S11/15D-GFP
mutant, which has a higher basal level of resistance but is also
insensitive to SAR induction (Figure 6F).

Turnover of NPR1 plays dual roles in regulating the transcrip-
tion of target genes. Whereas CUL3-mediated degradation pre-
vented NPR1 from initiating transcription in uninduced cells, it
was necessary for full-scale activation of transcription in SAR-
induced cells. Thus, NPR1 may be targeted for degradation by
the CUL3-based ligase in distinct ways. Indeed, we identified
phosphorylation of NPR1 as an important functional switch for
its CUL3-mediated transcription activity: phosphorylation was
required for SAR-induced turnover of NPR1, but was dispens-
able for basal turnover (Figure 6). The mechanism by which
phosphorylation may promote the activity of proteasome-regu-
lated activators was investigated for the yeast activator GCN4,
an essential regulator of amino acid biosynthesis genes. Inhibi-
tion of the proteasome reduced the ability of GCN4 to recruit
RNA polymerase |l to its target promoters (Lipford et al., 2005).
Interestingly, degradation of GCN4 is signaled by SRB10, a
cyclin-dependent protein kinase that is intimately associated
with RNA polymerase Il (Chi et al., 2001; Liao et al., 1995), sug-
gesting that GCN4 is degraded after it has initiated transcription.
This supports a model in which phosphorylation labels an acti-
vator as “exhausted” once it has initiated transcription. Subse-
quent removal of the activator by proteasome-mediated degra-
dation may allow “fresh” activator to bind the target promoter



and re-initiate transcription (Collins and Tansey, 2006; Kodadek
et al., 2006; Lipford et al., 2005). As shown in the working model
in Figure 7, we hypothesize that a similar mechanism may
regulate the SA-induced activity of NPR1 as its phosphorylation
is inducible (Figure 5), specifically occurs in the nucleus (Fig-
ure 5E), and stimulates turnover-mediated gene transcription
(Figure 6). Whereas SAR-induced phosphorylated NPR1 is prob-
ably turned over after interaction with the target promoter, the
uninduced nonphosphorylated NPR1 may be degraded before
binding to the target gene promoter (Figure 7). Where exactly
in the nucleus these events occur will be the subject of future
investigation. Moreover, the identity of the substrate adaptor
for the NPR1-CULS interaction has yet to be revealed and
whether the same adaptor binds to nonphosphorylated NPR1
and phosphorylated NPR1 needs to be determined. Regardless
of these specifics, this study clearly demonstrates that phos-
phorylation-mediated turnover of distinct components of tran-
scriptional complexes (e.g., transcription factors, coactivators)
may be a common mechanism by which single-cellular as well
as multicellular organisms regulate gene transcription.

EXPERIMENTAL PROCEDURES

See Supplemental Data for details.

Chemical Induction and Pathogen Infection

The roots of soil-grown plants were submerged in 0.5 mM SA, 100 uM cyclo-
heximide, and 100 uM MG115 or MG132. Alternatively, 12 day-old MS-grown
seedlings were submerged in 100 uM cycloheximide and 5 UM dexametha-
sone. Pathogen infections were performed as described (Wang et al., 2006).

Protein Analysis

Protein analysis was performed essentially as described (Fan and Dong, 2002;
Mou et al., 2003). For cell-free degradation assays protein was extracted in
25 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 10 mM NaCl, 10 mM ATP, and with
or without 5 mM DTT. After centrifugation (14,000 g, 10 min, 4°C) supernatants
were incubated at room temperature and the reactions terminated with SDS
sample buffer and incubation at 70°C (10 min). Inhibitors (40 uM MG115,
40 yM MG132, 4 mM PMSF, 40 uM Leupeptin) were applied using 2%
DMSO as vehicle.

RNA Analysis

RNA analysis was performed as described (Cao et al., 1994; Wang et al., 2006).
Briefly, cDNA was produced by first strand synthesis using oligo(dT) primer
and Reverse Transcriptase. Real-time PCR was carried out using the Quanti-
tect SYBR Green PCR kit (QIAGEN) and gene-specific primers in a LightCycler
(Roche).

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, twelve
figures, and Supplemental References and can be found with this article online
at http://www.cell.com/supplemental/S0092-8674(09)00375-4.
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