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The Arabidopsis NPR1 Gene That Controls
Systemic Acquired Resistance Encodes
a Novel Protein Containing Ankyrin Repeats

Hui Cao,* Jane Glazebrook,†§ Joseph D. Clarke,* lines of evidence indicate that endogenous SA produc-
tion induced after an HR is involved in the signal trans-Sigrid Volko,† and Xinnian Dong*

*Developmental, Cell, and Molecular Biology Group duction pathway(s) coupling the HR with the onset of
SAR (Malamy et al., 1990; Metraux et al., 1990; Rasmus-Department of Botany

Duke University sen et al., 1991; Gaffney et al., 1993; Delaney et al.,
1994). The SAR-inducing activity of the synthetic chemi-Durham, North Carolina 27708-1000

†Department of Genetics cals INA and BTH is probably due to the similarities
between their molecular structures and that of SA.Harvard Medical School

and Department of Molecular Biology Although SA has been shown to be a required signal
molecule in SAR, the mechanism by which SA inducesMassachusetts General Hospital

Boston, Massachusetts 02114 SAR and PR gene expression is unknown. In tobacco,
an SA-binding protein with catalase activity has been§Center for Agricultural Biotechnology

5128 Plant Sciences Building purified (Chen et al., 1993). Chen et al. have proposed
that SA functions by increasing the intracellular level ofUniversity of Maryland Biotechnology Institute

College Park, Maryland 20742-4450 H2O2, which may be involved in the activation of PR
genes and in the induction of SAR. However, attempts
to induce SAR using exogenous H2O2 have not been
successful (Bi et al.,1995; Neuenschwander et al., 1995),

Summary prompting questioning of whether catalase is directly
involved in the induction of SAR.

The Arabidopsis NPR1 gene controls the onset of sys- We conducted a mutant screen in Arabidopsis aimed
temic acquired resistance (SAR), a plant immunity, to at identifying the regulatory genes of the SAR pathway.
a broad spectrum of pathogens that is normally estab- A transgenic Arabidopsis line was generated that con-
lished after a primaryexposure to avirulent pathogens. tained a b-glucuronidase reporter gene (GUS) driven by
Mutants with defects in NPR1 fail to respond to various the SA- and INA-responsive BGL2 gene promoter, and
SAR-inducing treatments, displaying little expression mutants were identified that failed to activate BGL2-
of pathogenesis-related (PR) genes and exhibiting in- GUS expression in the presence of the SAR inducers
creased susceptibility to infections. NPR1 was cloned SA and INA (Cao et al., 1994). The npr1-1 (nonexpresser
using amap-based approach and was found to encode of PR genes) mutant exhibits almost complete lack of
a novel protein containing ankyrin repeats. The lesion expression of the BGL2-GUS reporter gene and of the
in one npr1 mutant allele disrupted the ankyrin con-

endogenous PR1, BGL2, and PR5 genes in response to
sensus sequence, suggesting that these repeats are

SA, INA, and avirulent pathogen treatments (Cao et al.,
important for NPR1 function. Furthermore, transfor-

1994) . Further characterization of the npr1-1 mutant
mation of the cloned wild-type NPR1 gene into npr1

showed that a single, recessive mutation in the NPR1
mutants not only complemented themutations, restor-

gene blocks the induction of SAR. In npr1-1 plants pre-
ing the responsiveness to SAR induction with respect

treated with SA or INA, or infected with an avirulent
to PR-gene expression and resistance to infections,

pathogen, subsequent growth of virulent pathogens
but also rendered the transgenic plants more resistant

such as the bacterial pathogen Pseudomonas syringae
to infection by P. syringae in the absence of SAR in-

pv. maculicola (Psm) ES4326 (Dong et al., 1991) andduction.
the obligate biotrophic fungal pathogen Peronospora
parasitica (P. parasitica) strain NOCO (Parker et al.,
1993) was not inhibited as it was in the parental lineIntroduction
carrying the wild-type NPR1 gene. Such npr1-like mu-
tants have been repeatedly isolated using differentPlants respond in a variety of ways to pathogenic micro-
genetic screening strategies (Delaney etal., 1995; Glaze-organisms (Lamb et al., 1989; Lamb, 1994). Systemic
brook et al., 1996; D. F. Klessig, personal communica-acquired resistance (SAR) is a defense response that
tion). Two of these mutants were identified on the basiscan be triggered by a local hypersensitive response (HR)
that they were more susceptible to infection by Psmto an avirulentpathogen, which renders uninfected parts
ES4326 than wild-type plants, and genetic complemen-of the plant resistant to a variety of normally virulent
tation tests showed that both mutants (named npr1-2pathogens (Ross, 1961a; Kuc, 1982). SAR is thought to
and npr1-3) are allelic to npr1-1. Klessig et al. havebe the consequence of the concerted activation of many
shown that a mutant they isolated, sai1, is also allelicgenes that are often referred to as pathogenesis-related
to npr1-1.(PR) genes (Van Loon and Van Kammen 1970; Ward et

The NPR1 gene not only controls the onset of systemical., 1991; Yalpani et al., 1991; Uknes et al., 1992). Certain
resistance but also affects local acquired resistancechemicals, such as salicylic acid (SA), 2,6-dichloroiso-
(LAR), the ability of plants to restrict the spread of viru-nicotinic acid (INA), and benzo(1,2,3)thiadiazole-7-car-
lent pathogen infections (Ross, 1961b). In npr1-mutantbothioic acid S-methyl ester (BTH), have been shown to
plants, the virulent pathogen Psm ES4326 grows to ainduce SAR when applied exogenously to plants (White,

1979; Metraux et al., 1991; Görlach et al., 1996). Several greater extent, spreads further beyond the initial site of
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gene lies on chromosome I, between the CAPS marker
GAP-B (22.7 cM on the centromeric side of the NPR1
gene) and the RFLP marker m315 (7.58 cM on the telo-
meric side of the NPR1 gene) (Figure 1). Subsequent
fine mapping of the NPR1 gene was carried out as de-
scribed in the legend to Figure 1. The data showed that
NPR1 is very tightly linked to the RFLP marker m305.
The m305 marker is contained within a YAC contig
(yUP19H6, yUP21A4, and yUP11H9) generated in J.
Ecker’s laboratory at the University of Pennsylvania
and published electronically on the World Wide Web
(http://cbil.humgen.upenn.edu/zatgc/ATGCUP.html). Us-
ing YAC-end probes from this contig, the NPR1 gene
was found to be located on the YAC yUP19H6. In addi-
tion to m305, markers yUP21A4L and g8020 were alsoFigure 1. Map of the NPR1 Locus on Chromosome I
shown to be very closely linked to the NPR1 gene, asSix heterozygotes were detected for marker g4026 among the 23
no recombinants were identified. m305, yUP21A4L, andF3 families that were heterozygous at GAP-B, whereas none were
g8020 all hybridize to the yUP19H6 YAC clone, furtherfound among the seven F3 families that were heterozygous at m315.

Therefore, g4026 is 5.92 cM on the centromeric side of the NPR1 supporting the conclusion that yUP19H6 contains the
gene. For marker g11447, 436 npr1-1 F3 families were tested and NPR1 gene.
17 heterozygotes were discovered. These heterozygotes were all
homozygous Col-0 at the GAP-B locus, indicating that the g11447
marker was 1.95 cM on the telomeric side of the NPR1 gene. No Complementation of npr1 Mutations
heterozygotes for marker m305 located between g4026 and g11447

A complementation testing strategy was used to delimitwere found among the 305 npr1-1 families examined. A YAC contig
the position of NPR1 within yUP19H6. A cosmid librarycovering m305 was identified and the left-end fragments of the YAC

clones yUP19H6, yUP21A4, and yUP11H9 were used for further was constructed by cloning genomic DNAfrom the yeast
mapping. Among the GAP-B recombinants on the centromeric side strain carrying yUP19H6 into the binary vector pCLD-
of the NPR1 gene, five were recombinant (shown as vertical arrows) 04541 (Bent et al., 1994). The cosmid library was probed
at the yUP19H6L end-probe. Among the 17 recombinants for g11447 with markers m305, yUP21A4L, and g8020, and a single
on the telomeric side of the NPR1 gene, one was recombinant at

contig spanning approximately 80 kb was generatedthe yUP11H9L end-probe. Since yUP11H9L hybridizes with the
(Figure 1). From this contig, fourteen cosmids were cho-yUP19H6 YAC clone, these results showed that the NPR1 gene is

located on yUP19H6. The cosmid contig derived from yUP19H6 was sen to transform npr1 mutant plants (Bechtold et al.,
shown to contain NPR1 since three recombinants were found using 1993). The npr1-2 mutant was used as one of the recipi-
an RFLP marker from cosmid m305-3-1 on the centromeric side of ents, because, unlike the npr1-1 mutant, it is not kana-
the contig and a single recombinant was detected using a RFLP mycin-resistant. This permitted the kanamycin resis-
marker from cosmid g8020-2-3 at the telomeric side of the contig.

tance conferred by the neomycin phosphotransferaseThe 7.5 kb region shared by the complementing cosmids (21A4-4-
(NPTII) gene in pCLD04541 to be used for selection of3-1, 21A4-6-6-1, 21A4-P5-1, 21A4-P4-1, and 21A4-2-1) is indicated

by a rectangular box. transformants.
Transformants carrying each cosmid were tested for

SA and INA induction of PR1 expression by RNA blot
analysis (examples are shown in Figure 2A). As ex-invasion, and forms larger, less defined yellow lesions

than in the wild-type plants (Cao et al., 1994; Glazebrook pected, the wild-type line showed high levels of PR1
gene induction by SA and INA, whereas the npr1-2 mu-et al., 1996).

Here we report map-based cloning of the Arabidopsis tant exhibited only a minor induction. Transformants
of the npr1-2 mutant containing cosmids 21A4-6-1-1,NPR1 gene. The sequence data reveal that NPR1 en-

codes a novel protein containing ankyrin repeats. The 21A4-P5-1, 21A4-4-3-1, and 21A4-2-1 showed strong
induction of PR1 by SA and INA, while those containingmutations that abolish NPR1 function include disruption

of the ankyrin repeat consensus sequence, conversion the other clones displayed little induction. These results
demonstrated that NPR1 lies within the 7.5 kb region thatof a cysteine to a tyrosine, and truncations of theprotein.
is common to the four complementing clones (Figure 1).
Transformants of cosmid 21A4-P4-1 were not availableResults
when the experiment described above was conducted.
However, based on its relative position, it is expectedMapping the NPR1 Gene

The NPR1 gene was mapped by crossing the npr1-1/ that this clone would also complement the npr1-2 mu-
tation.npr1-1 mutant, which is in the Columbia ecotype (Col-0,

carrying the BGL2-GUS reporter gene), to the NPR1/ Because the npr1-1 plants are kanamycin-resistant,
owing to the presence of the NPTII gene introduced withNPR1 Landsberg ecotype (La-er, also carrying the

BGL2-GUS reporter gene). Initially, a rough map position the BGL2-GUS reporter gene, transformants carrying
the cosmid clones could not be selected using kanamy-for NPR1 was obtained by assaying the F3 npr1-1/npr1-1

progeny for the genotypes of variousCAPS (codominant cin. Instead, transformants of the npr1-1 line carrying
cosmids that complement the npr1-1 mutation were se-amplified polymorphic sequences) (Konieczny and Au-

subel, 1993) and RFLP (restriction fragment length poly- lected directly by growing potentially transformed seeds
in the presence of a high concentration of SA (0.5 mM).morphism) markers. This analysis showed that the NPR1
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This selection scheme was devised based on the re-
duced tolerance to SA observed in npr1 mutants; when
grown on medium containinga high concentration of SA,
the growth of mutant plants is arrested at the cotyledon
stage and the seedlings are bleached, whereas wild-
type plants grow normally under the same conditions.
Those transformed npr1-1 plants that developed green
leaves in 0.5 mM SA were transplanted and complemen-
tation was confirmed by assaying the activity of the
BGL2-GUS reporter gene (examples are shown in Figure
2B). In these experiments, npr1-1 transformants carrying
cosmids 21A4-4-3-1, 21A4-P5-1, 21A4-2-1, and 21A4-
P4-1 were obtained, consistent with the idea that NPR1
lies in the 7.5 kb genomic region defined by the comple-
mentation analysis in the npr1-2 mutant background
(Figure 1).

In addition to reduced PR gene expression, plants
with npr1 mutations display susceptibility to virulent
pathogens even after SAR induction. These mutant phe-
notypes are also complemented by the cosmids de-
scribed above. As shown in Figure 2B, infection by the
bacterial pathogen Psm ES4326 caused visible disease
symptoms three days after infection. The symptoms in
the wild-type plants and the complemented npr1-1
transformants were well confined to the siteof infiltration
(the left side of the leaf), whereas the lesions in the
npr1-1 plants spread significantly beyond the site of
infiltration. Furthermore, when the dosage of the in-
fecting bacteria was reduced 10-fold, severe symptoms
were only observed in the npr1-1 mutant (leaves on the
right). This experiment shows that 21A4-4-3-1 comple-
mented the enhanced susceptibility to Psm ES4326 dis-
played by npr1-1. The expression of the BGL2-GUS
gene was analyzed in the same leaves after examination
of the symptoms. Strong GUS expression (blue staining)
was detected in the marginal regions of the well-con-
fined lesions in the wild-type plants but was absent from
the diffuse lesions in the npr1-1 plants. Reporter gene
expression was restored in the complemented trans-
formants. In addition to these visual observations, bac-
terial growth was measured quantitatively (Figure 2C).
Complete inhibition of Psm ES4326 growth was ob-
served in the wild-type plants following an INA treatment

(C) Growth of Psm ES4326 in wild type, npr1-2 , and an npr1-2
transformant with a complementing cosmid (21A4-P5-1). Plants
were treated with 0.65 mM INA 72 hr prior to Psm ES4326 infection

Figure 2. Phenotypic Analysis of Complementation (OD600 5 0.001). Samples were taken 0, 1, 2, and 3 days after infec-
(A) Northern blot analysis of expression of the PR-1 gene in wild tion. Error bars represent 95% confidence limits of log-transformed
type (Col-0, lanes 1–3), npr1-2 (lanes 4–6), and npr1-2 transformants data (Sokal and Rohlf, 1981). Six to eight samples were taken for
with a noncomplementing cosmid (m305-2-7, lanes 7–9) and with each time point. cfu, colony forming units.
complementing cosmids (21A4-P5-1, lanes 10–12, and 21A4-6-1-1, (D) Disease rating of P. parasitica NOCO infection in wild type,
lanes 13–15). RNA samples were prepared from 15-day-old seed- npr1-2, and an npr1-2 transformant with a complementing cosmid
lings grown on MS media (lanes 1, 4, 7, 10, and 13), MS with 0.1 (21A4-P5-1). INA treatment (0.65 mM) was carried out 72 hr prior to
mM INA (lanes 2, 5, 8, 11, and 14), and MS with 0.1 mM SA (lanes infection with a spore suspension (3 3 104 spores/ml). The disease
3, 6, 9, 12, and 15). symptoms were scored 7 days after the infection with respect to
(B) Disease symptoms (top panels) and BGL2-GUS expression (bot- the number of conidiophores observed oneach plant (20 to 25 plants
tom panels) induced by Psm ES4326 on wild type (left panels), were examined for each genotype with each treatment). The scales
npr1-1 (middle panels), and an npr1-1 transformant with a comple- are defined as follows: 0, no conidiophores on the plant; 1, no more
menting cosmid (21A4-4-3-1, right panels). Psm ES4326 suspension than 5 conidiophores per infected leaf; 2, 6–20 conidiophores on a
(OD600 5 0.001, the leaf samples on the left; OD600 5 0.0001, the leaf few infected leaves; 3, 6–20 conidiophores on most of the infected
samples on the right) was infiltrated into the left side of the leaves leaves; 4, 5 or more conidiophores on all infected leaves; 5, 20 or
and symptoms were examined 3 days after infection. GUS staining more conidiophores on all infected leaves. The data were analyzed
was carried out according to Jefferson et al. (1987). using Mann-Whitney U tests (Sokal and Rohlf, 1981).
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Figure 3. Deduced Amino Acid Sequence of NPR1

The ankyrin repeats are underlined.
Figure 4. Sequence Similarities of NPR1 to Ankyrin

(A) Alignment of NPR1 amino acid sequence with mouse ankyrin 3
(ANK3). Two regions producing the highest scoring pairs (smallest

three days prior to infection, whereas at most only a 10- sum probability 5 0.0004) generated using a BLAST search are
fold decrease in Psm ES4326 growth was observed in shown. The sequence identities between NPR1 (amino acids 323–
the npr1-2 mutant subjected to the same treatment. The 371 and 262–289) and ANK3 (amino acids 740–788, 313–340) are

42% and 35%, and the sequence similarities are 59% and 57%.growth of Psm ES4326 was also completely halted in the
The identical and the similar amino acids (1) are highlighted in boldcomplemented transformants after the INA treatment.
letters.Interestingly, lower bacterial growth (as much as 103-
(B) Alignment of the ankyrin repeats in NPR1 with the ankyrin repeat

fold) was observed even in the water-treated trans- consensus derived by Michaely and Bennett (1992) and by Bork
formants, as compared to the water-treated wild type (1993). Since there are a few nonoverlapping amino acids between
(Figure 2C) and thewater-treated transformants carrying the two derived consensus sequences, both are presented. In the

consensus derived by Bork, the conserved features are indicated:noncomplementing cosmids (data not shown). Such en-
t, turn-like or polar; o, S/T; h, hydrophobic; capitals, conservedhanced resistance could result from the increased NPR1
amino acids. Those amino acids identical to the consensus aremRNA levels in these complemented transformants
highlighted in bold letters.

(data not shown). Similarly, a test of resistance to a
fungal pathogen, P. parasitica NOCO, was performed
to verify complementation of the npr1mutation. Conidio-

sequence revealed that there are four exons and threephore formation was scored to assess the severity of
introns in the NPR1 gene.the infection. As shown in Figure 2D, INA-induced resis-

A BLAST search of GenBank showed that the NPR1tance to P. parasitica NOCO was restored in the trans-
gene encodes a novel protein containing two regionsformants with the complementing cosmids.
with significant homology to ankyrin in the ankyrin re-
peats, the highest scoring segment pair being with the
mammalian ankyrin 3 gene (Figure 4A) (Peters et al.,Isolation of the NPR1 cDNA and Characterization

of the NPR1 Gene 1995). The ankyrin repeat consensus has been identified
in a diverse group of proteins involved in cell structure,DNA fragments covering the 7.5 kb region shared by

the complementing cosmids were sequenced and used transcription regulation, cell differentiation, and enzy-
matic and toxic activities (Michaely and Bennett, 1992;to detect transcripts on a blot containing poly(A)1 RNAs

isolated from wild-type plants and npr1-1, npr1-2, and Bork, 1993). These repeats, which occur in at least four
consecutive copies, have been found to fold coopera-npr1-3 mutants after treatment with H2O or 0.65 mM INA

and 2 mM SA. Only one z2 kb transcript was detected tively and to be involved in protein–protein interactions.
Using the consensus sequence defined by Michaely andby probes made from either a 1.96 kb HindIII or a 0.5

kb HindIII fragment. The intensity of the transcript was Bennett, and the one defined by Bork, two additional
ankyrin repeats were identified in NPR1 (Figure 4B).approximately 2-fold greater in the INA/SA-induced

samples than in the H2O-treated controls. Thus, the ex- To further characterize the NPR1 gene, the mutations
in npr1-1, npr1-2, npr1-3, and npr1-4 were identified bypression of this transcript, which was subsequently

proven to be the NPR1 transcript, is induced by INA/SA DNA sequencing. The mutant npr1-4 is a new npr1 allele
that we identified in the Col-0 (BGL2-GUS) backgroundtreatment. No significant differences in the induction

patterns of this transcript weredetected amongthe wild- (Cao et al., 1994) based on its enhanced susceptibility
to Psm ES4326. Each mutant allele was found to containtype or any of the three npr1 mutants (data not shown).

To isolate an NPR1 cDNA clone, a cDNA library was a single base-pair change. The npr1-1, npr1-2, npr1-3,
and npr1-4 alleles, respectively, altered the highly con-screened using a probe made from the 1.96 kb HindIII

fragment. One clone, designated pKExNPR1, was iso- served histidine (residue 334) in the third ankyrin-repeat
consensus sequence to a tyrosine, changed a cysteinelated, and the2.1 kb cDNA insert was shown tocontain a

full-length coding region (Figure 3) by DNA sequencing. (residue 150) toa tyrosine, introduced a nonsense codon
(residue 400) that should result in a truncated proteinComparison of the cDNA sequence and the genomic
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lacking 194 amino acids of the C-terminal end of the oxidants such as H2O2 (Thanos and Maniatis, 1995). This
translocation has also been shown to be inhibited byprotein, and destroyed the acceptor site of the third

intron junction. All of these point mutations are GC-to- sodium salicylate and aspirin. These anti-inflammatory
drugs act by blocking the degradation of the NF-kBAT transitions, consistent with the mode of action of the

mutagen—ethyl-methanesulfonate (EMS)—used for the inhibitor, I-kB, causing retention of the transcription fac-
tor in the cytosol (Kopp and Ghosh, 1994). Speculationgeneration of these mutants.
that an NF-kB-like regulatory mechanism is involved in
SA signaling to turn on SAR was prompted by compari-

Discussion sons of the SAR response in plants to animal immune
responses, which revealed superficially parallel path-

In the transgenic npr1 lines that contain complementing ways (Chen et al., 1993). It was proposed that elevation
cosmids, all npr1 mutant phenotypes were restored to of the endogenous level of SA after an HR would lead
the wild type (Figure 2). Intriguingly, expression of the to an increase in the intracellular level of reactive oxygen
wild-type NPR1 gene in the mutant background ren- species, such as H2O2, through the inhibition of a cata-
dered the transgenic plants more resistant to Psm lase by SA, and that reactive oxygen species may be
ES4326 infection than the wild type in the absence of involved in the activation of PR genes and in the induc-
SAR induction. These results demonstrate that the npr1 tion of SAR through the function of NF-kB-like proteins.
phenotypes are caused by mutations in a single gene Is NPR1 an ortholog of NF-kB or I-kB in plants? Though
and that NPR1 is a positive regulator of acquired resis- there has been no evidence indicating that NPR1 is a
tance responses. transcription factor, NPR1 may affect the expression of

Analysis of genomic sequences of four mutant npr1 PR genes indirectly by positively regulating the nuclear
alleles not only confirmed the identity of the NPR1 gene localization or the activity of a transcription factor
but also highlighted some of the regions and amino through protein-protein interaction mediated by the an-
acids in the protein that are critical to the protein func- kyrin repeat motifs.
tion. The npr1-2 mutation converts a cysteine residue Is NPR1 an SA receptor? The activity of NPR1 may
to a tyrosine, suggesting that some of the 17 cysteine be regulated either by direct binding of SA or by an
residues in NPR1 may participate in intramolecular or indirect effect of elevation in the endogenous level of
intermolecular disulfide bonds that are important for SA, such as a change in the intracellular redox state
the activity of the protein. However, the effect of this resulting from the inhibitory effect of SA on catalase.
mutation is incomplete, as demonstrated by the residual This idea is consistent with the observation that npr1
inducible PR1 expression observed in the npr1-2 mutant mutants are sensitive to elevated SA concentrations in

the growth media. Presumably, wild-type plants have a(Figure 2A). The npr1-3 and npr1-4 mutations cause
mechanism to ameliorate the toxic effects of SA, eithera premature stop codon and a splice site disruption,
by a detoxification mechanism or by feedback regulationrespectively, indicating that the C-terminal region of
of SA synthesis. Some such protective mechanism mustNPR1 is important for its function. The most intriguing
be disabled in npr1mutants, resulting in the SA-sensitivemutation discovered is the single mutation in the npr1-1
phenotype. If NPR1 is a receptor of SA, the SA-sensitiveallele that alters the highly conserved histidine residue in
phenotype of the npr1 mutants is easily explained bythe third ankyrin-repeat consensus to a tyrosine (Figure
postulating that npr1 mutants are unable to detect ele-4B). A study based on pattern searches and systematic
vated SA levels and therefore do not respond appropri-database screening has discovered hundreds of ankyrin
ately. However, NPR1 cannot be the only physiologicallyrepeats in eukaryotic, prokaryotic, and viral proteins
relevant SA receptor in Arabidopsis because NPR1(Bork, 1993). Though proteins that contain these repeats
mRNA levels still increase in npr1 mutants in responsehave diverse functions, in many cases these repeats
to SA and INA treatment. Alternatively, if NPR1 actshave been shown to be involved in protein–protein inter-
downstream of SA recognition, NPR1 activity must leadactions. The crystal structure of the ankyrin repeats con-
to induction of both defense genes and genes involvedtained in 53BP2, a protein that binds to the tumor sup-
in adaptation to high levels of SA.pressor p53, has been examined and shown to form an

The proposed roles for NPR1as a transcription regula-L-shaped structure, with b hairpins as the bottom of the
tor or an SA receptor are not mutually exclusive. NPR1letter L, followed by two anti-parallel a helices as the
could function as a transcription regulator whose activ-top. The conserved histidine in the consensus has been
ity is affected by the binding of SA. In the induced state,shown to reside in the first a helix and to play a critical
NPR1 could activate a transcription factor to translocaterole in the folding of the L-shaped repeats by making a
to the nucleus, induce expression of PR genes, andpair of hydrogen bonds to the b-hairpin backbone of
down-regulate the SA level, thereby reducing the toxicthe next repeat (Gorina and Pavletich, 1996). Therefore,
effects of SA. Through a different mechanism, the ex-it is probable that the histidine-to-tyrosine change in the
pression of the NPR1 gene itself is also up-regulatedthird ankyrin repeat in npr1-1 causes destablization of
by SA, amplifying the response to the signal. Futurethe protein.
studies of NPR1 will focus on testing these hypotheses.Some well-studied ankyrin repeat–containing proteins

are transcription-regulating proteins, including the NF-
Experimental ProcedureskB precursor p105 and the inhibitor I-kB. The nuclear

translocation of the NF-kB complex is induced by a large Markers Used in Mapping of the NPR1 Gene
array of agents including bacterial and viral pathogens, Cosmids g4026 and g8020 and YAC-ends yUP19H6L, yUP11H9L,

and yUP21A4L were used to detect polymorphisms between Col-0immune and inflammatory cytokines, UV radiation, and
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and La-er. PCR-based CAPS markers were generated from RFLP References
markers g11447 and m305. Detailed information about these mark-
ers will be provided upon request. Ausubel, F.M., Brent, R., Kingston,R.E., Moore, D.D., Seidman, J.G.,

Smith, J.A., and Struhl, K. (1993). Current Protocols in Molecular
Biology (New York: Greene Publishing Association/Wiley Inter-

DNA and RNA Analysis science).
Plant genomic DNA samples were isolated from frozen leaf tissues

Bechtold, N., Ellis, J., and Pelletier, G. (1993). In planta Agrobacter-and used in the PCR reactions and Southern blot analysis following
ium gene transfer by infiltration of adult Arabidopsis thaliana plants.standard procedures (Dellaporta et al., 1983; Ausubel et al., 1993).
CR Acad. Sci. (Paris) 316, 1194–1199.Blot analysis of total RNA and transcript quantitation were carried
Bent, A.F., Kunkel, B.N., Dahlbeck, D., Brown, K.L., Schmidt, R.,out according to procedures described previously (Cao et al., 1994).
Giraudat, J., Leung, J., and Staskawicz, B.J. (1994). RPS2 of Arabi-The PR1 probe was prepared using a PCR product amplified from
dopsis thaliana: a leucine-rich repeat class of plant disease resis-Arabidopsis genomic DNA using PR1-specific primers (Glazebrook
tance genes. Science 265, 1856–1860.et al., 1996).
Bi, Y.M., Kenton, P., Mur, L., Darby, R., and Draper, J. (1995). Hydro-
gen peroxide does not function downstream of salicylic acid in the

Construction of the Cosmid Contig Spanning NPR1 induction of PR protein expression. Plant J. 8, 235–245.
Genomic DNA was prepared from a yeast strain containing the YAC

Bork, P. (1993). Hundreds of ankyrin-like repeats in functionally di-clone yUP19H6, partially digested with the restriction enzyme TaqI,
verse proteins: mobile modules that cross phyla horizontally? Pro-size-selected on a 10%–40% sucrose gradient, and cloned into the
teins: Structure, Function, and Genetics 17, 363–374.ClaI site of the binary vector pCLD04541 (Bent et al., 1994). The
Bowling, S.A., Guo, A., Cao, H., Gordon, A.S., Klessig, D.F., andcosmid clones were packaged into bacteriophage lambda particles
Dong, X. (1994). A mutation in Arabidopsis that leads to constitutiveusing a commercial packaging extract (Gigapack XL, Stratagene),
expression of systemic acquired resistance. Plant Cell 6, 1845–1857.and introduced into E. coli strain DH5a (BRL) according to the in-

structions of the supplier. The library was probed with markers Cao, H., Bowling, S.A., Gordon, A.S., and Dong, X. (1994). Character-
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