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Overcoming infection is a struggle lhat all eukaryotic organisms have to
Ír .  e in . ' rJer r ,  '  .ur \  i \  e JnJ e\  o l re dm, '19 Lbrqui  nu.  In i -ourgJnr.m..
Exlensive research on plani defenses has revealed thar defense signal
transduction pathways fbrm an iDterconnected network in which the
sisnalins molecules salicylic acid (SA) andjasnonic acid (JA) pl{y key
roles. Previously, SA and JA signaling paàways have been shown to orcss
communicàre (Fclton and Koíh 20rl)0: Picrerse et rl. 2001i Kunkel Ànd
Brooks 2002). Cr oss-talk between defense signaling páthways is thought to
prclidc thc pllDt witb a mechanism io activrle defenses that are specifically
rctive agrinst the invader en.ountered.

Thc Arrbidopsis NPRI protein is a mNLer regulàtor of bolh SA and JA
dependen! defense signiling pathways (Dong 200,Í; Pieierse and Van Loon
2001). Mulant rpl/ plants were identified in a genetic screen for loss of
SA induced expression of paíhogenesís rcldted (PR) genes and systernic
acquired resisrance (SAR) (Cao ct .l1. 199,t; Dellney et rl. 1995). Cloning of
NPR/ reverled thri it en.oded a protein with an ánkyrin fepeat and
BTB,?OZ donain (Cao et à1. 1997), which have been implicated in pfotein-

I]rotein intcraclions. SA iDdLrccs nuclcár locàlizathn otNPRl through a C'
rern nal NLS sequence, a process shown to be necessar) and required for
the induction of P1l gcnes aDd associated SAR (Kinkemr et al. 2000).
Moreolcr, upoÍ SAR induclion TCA lranscÍiprjon iàcror! arc thought ro be
rccrurled by NPR] to selectile sequences in the PR gêne prcmotcrs to
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activate transcriprion (F.n and Dong 2002; JohDson et a1 2003). Thus.
NPR1 functions as an essential activator of genes thal collectivelv estàblish
SAR.

In contraÍ to its positive reguhtory roie in SAR, we have previouslv

shown ihat NPR I also functions as a potent negative regulator ofJA-
responsive defense genes. sA-activaied NPR1 inhibits the pathogen-
induced expression ofJA responsive genes, including genes that encode JA
biosynthesis enzymes. to prevertJA synthesis (Spoel er aI 2003).

R€gulàtory Mechànisms That Control NPR1 Activitv

The presence or absence oí lÏnctionat NPRI prctein hlrs a striking effect
on disease resistance, indicating that NPRI is m essential defense
modulator- But how does NPRI dislinguish between its positive and
negative regulrtory roles in plant defe.se? To answer this question se 8re
studying tbe nechànisms rhat regulate NPR1 protein and ils iunction

SIGNAL INDUCED REDOX REGULATION

Previously, we havc sho{n that inducers ofSAR alter thc redox Íatus of
the ptant cêll. Together with the fact that NPR I contains I 0 consen'ed
cysteines ámong NPR1 like proteins in different plànt species, this led us to
hypothesize that redox changes may influence NPR1 conformalion lndeed.
induction of SAR led to a Íapid biphasic change in cellular redox potential.

resulting in the reduction of NPR1 from an oligoneric lo a monomeric fbmr
(Mou er al. 2003). NPR1 nonomer is translocàled to the nucleus and
induces Ple gene expression (Kinkema et al. 2000; Mou et r1 2003)
Mutation of two cysteines resulted in accumulation of NPR I mononler and
constitutive actilation ofPR genes in resring cells (Mou et ai.2003). Thus.
redox-mediated cortrolofNPRI conformatjon is a kev rcgulatorv Íep ir
the activation of SAR.

CELLULAR LOCAIIZATION AS A REGULATORY MECHANISM

Mutation ofthe C-terminal NLS sequence in NPR1 resulrs in failure to
localize to the nucleus and failure to express PR genes (Kinkema et al.
2000), indicating that nucledr localization is importan! for its positive
regulatory lrxrction. Using plants expressing Ée NPRI-GFP fusion protein'
we recently discovered that the SA induced nuclesr localization ofNPRI
was greàtly reduced in lhe presence ofJA This suggests that cellular
localjzation ofNPRl may be alteÍed to support its suppressive function on
JA signaling. Indeed, experiments with atànsgenic line expressing a fusion
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oïNPRI ro the rat glucocoÍicoid receptor (GR), allowing control of lhe
nucleocytoplasnic localization ofthe NPRl'GR lusion protein, showed that
tbe negarive and positive functions ofNPRl are sepaÍable. Reiention of
NPRI CR in the cyrcplasn completely abolished its ability to i.duce PÀ
gene expression, whereas suppression ofJA signaling was unaífected
(Spoel el al. 2003). Moreover. cytoplasmjc rclention of NPRI -GFP by
muration of the NLS yieided similaÍresults. Together. these dêta strongly
lrggest that NPR1 exerts its furction as a suppressor oïJA signaling, ai
leastpaÍdy, in ihe cytoplasm. Thus. cellular traÍficking of NPRI between
the cytoplasm and the nucleus is a crucial rcgulrlory step that is tighdy
Js,!  ra ' (J \^ i rh ano p(rhdp\ derermine\ Íun( l i ' { .

SIGNAL INDUCED PROTECTION FROM PROTEASOME MEDIATED
DEGRADAÏON

NPRI shows Ínking structural simildrity to the a.inràlprotein IKBo
(Ryals et al. 1997).IKB luDctions às a cytoplasmic inhibitor ofthe
tÍrnscriptional activator NF KB. Cellular stress promotes dle signal-induced
phosphoÍylàrion oflKB. Phosphorylated IKB is l.rrgeted fbr degradatíon by
the protea$mc, which resuils in the felease ofNF KB from I1.B.
Subsequenlll. NF KB locxlizes to the nucleus where it êctivates pro
inflamnatory genes (Brldwin 1996). Ihus. contol ofproreasomal
degradation oíIxB is a key regulatory step in the activation oííress
responses in animàls. Because ofits structural s;milarity to ànimal IKB, we
investigàred ifNPR1 is also regulated by prorexsome-mediated degradation.
Indced, we observed thal NPRI uas conslilutively degraded in an i/ 

",'oceli free degradation assay. In addition. treatnent ofplanls with the pro€in
synthcsis inhibitor cycloheximide dranraricàlly lowered cellular NPRI
lcvcls. Conlersely, we treated plants with proteasomè inhibiton and
obserled that NPRl levels increased. These results indicate thai constitutive
degradation of NPR] occurs D viro and is nediated by the proteasome.
lntereslingly. when we preplrJed protein liom proreasome treaied plants
under non-reducing conditions, we observed that NPRI monomer levels
increased rather tban NPRI oligoneÍ levels. This suggests that moromeric
NPRI is the prefèrred confomational folm fbr degradation.

Monomeric but not oligomcric NPR1 can translocate to the nucleus
(Mou e! al.2003). Therefore, we hypothesized that degradation ofNPRl
occurs in the nucleus. Traisgenic np -nls-GFP plants (in,prl), expressing
a cytoplasnjc NLS mutanl ofNPRI-GFP, lacked degradation ofnprl 

'ls
G!P. Moreover, cytoplasmic retention ofNPRt GR in NPlil-GR plànts (in
,pf-l) did not result in degradation ofNPRI-GR. ln contrast, targeting
NPRI'GR to the nucleus by dexamethasome treannent resulted in complete
degradation of NPRi. Thcse data point out that only nuclear localized
monomen( NPR I  i ' , l rgraded b!  rhe prorea.o ne.
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Becausê SA is à potent induceÍ of SAR and activates NPRI' we

examined the effect of SA on conÍilutive proteasome-mediared degradation

of NPRl. To that end we expressed NPRI'GFP in generic backgrounds tlrat

are deficient in SA accumuiation- Deficiencv in SA accumulatron

dranàticallv decreased cellular NPR1-GFP levels Remarkabiy, SA and SA

analogues ;omplelely rescued NPRi GFP to wild-tvpe levels ln sddition'

SA tÍ;aÍnent rendered NPRI-GFP Íesistant to degradation in ihe presence

ofcycloheximide. These findings cleàrlv indicate that SA can stabilize

NPR1 ànd prevents its nuclerr degradation to pÍomote SAR

Functionàl SisnificÈnc€ of Proteasome-Mediated Degradation
Of NPR1

NPRI is a key positjve regulator of SAR. So whv is NPR1 subject to

Droteêsorne-mediated degmdation? Our results described above show that

ihe NPRI oligomeFlo- monomer swiich is leakv' 
'esulting 

in monomer

beins desrJd;d b! rhe proler'ome in rhe abtence ol an SAR inducin:

' ioni l  Tápetrr  wrr i r  rhc racl  lhat 5AR Inducer\  prore{r t \PR I  I 'om

d;grêdali;. this may iDdicate ihat proteciion from degradation is a Íapid

w; oftumins on SAR. Slabilization ofNPR] monomer mav occur betbre

S,q'-inaucea changes in cellular redox stimolate NPR I monomer formation

Thus, control of dlgradalion tnay be a means to rapidlv swtr'fi ou SAR

Activalíon of dáènse is associated with high fitness cosis (Heidel et al

2004). Therefore, degra{tation ofNPRl mav also function to switch off

SAR once odlhraen r l ld.k.ub. ides To Ie ' l  lh i '  h) polhe' is we pÍetÍealeJ

N P R 1 -G F i  pl3L.I , '  n np,/ '  $ i rh S \  an, l 'ubsequenrl)  l reated $ i rh errher

water o. proieasome int'iUitor. As expecred. trcarment with SA resulted in

fonnatio; ofNPRl-GFP monomer and expression of SA-responsi\re PR
gene expression. However, when plants weÍe treated wifi waler after ihe

3A pÍe;eatment, NPRI-GFP monomer leveis rapidlv decreised and PR

cene exDression shul down ln contrast, treatment wrtn proleasome

;hibito;s following SA-pretrelrtment, resulted in the maintenance of both

NPRI'GFP monomer levels and high PR gene expression lhcsedata

indicate that degradation of NPRI rapidlv rwtt'ler o/SAR oncc Fthogen
infection and the SA signal subside

As described above;SA'aclivated NPRI is a slrong nÈgative Íegulalor of

JA sirndlns. \ l  ore'enl , l  i '  unclearho$ NPR I suppre"e'  lhe lA sign' l  Tl

i '  
" ra-u' iOreirra 

ororea.ome rrsered NPRI di 'eLr '  a p$irr \e reguldror ol

JA. ienalrndIordegddrrron.rhereb) blo.kingJA'rgnrl ing Hoqerer '
ábo\;  $e de5cribed rhat SA ndbi l r /e '  NPR I b) pÍotect ing i r  l rom
pÍorea'ome-meJiated degtddal iLrn lo invcnigrre lhr '  appdenl dr '  

^panc) '
i \PR I  nabi l i l \  \a,4. inve'r igated in S VJA cro" r3lk condrr ions To our

suryrise we obse 'ed thal SA lost its abilily to protect NPRI 1fom
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prorenl) \ i .  i I  rh( t re5en(eot jA.  fherc f rndrng..upp,,n a m,det in $hnh
In.  J {  . rg al  i \  'epre. \ ,J by NPR. -mcdiaLeJ rJrget ine ot  a |o\  i \  e
Íegulalor ofJA signating for dcgradation in rhe prescnce ol SA.

Wd showed thar NPRt degradatjon occurs in the nucteus, but nuctear
locJl i , /arn.n ot  NPR I  j r  nur required tor \uppjc* ion . , t  J c respon.r \  ep( ne e\pre*ron. \o hos couu NPR. ,uppíe* JA , ignalnd by r ! rFe{ ing a
to( i rve regutJtoi  to '  pro{eot)  . i , 'One e\ptdnJuon L rhat NpR I
\equ( i ler \apusr l \crcgulJrorot  JA ,rpnJt ing d,  à ,ho t i \ed.yto.ol ic
compJe\.  snrch r \  \ubseoL'enl l )  rJt id l )  t ràn. to la led ro rhe nLr teu\  Í ! r

Conctusions

rn summary. ourdata shows tlrar cellular redox, locatiation, and control
. r  pr- , rea,ome nrcdiJ led deg'adar,^r  dre r  te)  reguldtor)  . tep,  in thc
r.gu Jrron . ,1 NPR |  Íuncr , ,n In ptbnr deft .n.e Cur-enrt , .  $ e atr ,
in\e. l r ! . , r i rg tn(  Inole.Ll ._rmelhunjrm. b) shi \h \A prorefr \  \pRt t rom
regr:rJar 'nn.  lhe Indn! rcgr ldt^ry 5rep: rhar rulrrot  \pRt tun{ l ron
srphasize rhe presence of severut layers ofcoÍnplexity in signaling to
ratrdly rnd efticientty conaoi plant deíense respooses.
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