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Resumo

Nas tltimas décadas, acido jasmonico (AJ) e seu metil éster (MeJA) foram reconhecidos
como compostos reguladores de desenvolvimento de plantas capazes de agirem também
como sinalizadores em resposta a estresse biltico e abidtico. Utilizando a técnica de
differential display de RNA, identificamos um gene de Arabidopsis thaliana, rapidamente
expresso em folhas apés injiria mecédnica ou tratamento com MeJA. Esse gene,
denominado OPR3, apresenta alta identidade com FMN-binding proteins incluindo, old
yellow enzymes (OYEs) de leveduras e oxofitodienoato redutases (OPRs) de Arabidopsis.
A expressdo do gene OPR3 ¢ significativamente reduzida em folhas feridas do mutante
coil sugerindo a dependéncia da percepgdo de acido jasmonico para sua completa indugo.
Ensaios de cinética enzimatica mostraram que a proteina recombinante OPR3 oxida B-
NADPH em presenga de OPDA (4cido oxofitodiendico), prostaglandina (PGJ2) e
ciclohexenona, compostos que possuem uma insaturagiio em seu anel cetdnico. Quando
metil jasmonato e ciclohexanona foram utilizados como substrato ndo foi possivel
identificar atividade da proteina OPR3, o que sugere que esta enzima apresenta
especificidade em clivar ligagdes duplas em anéis cetOnicos de seus substratos. Estes
resultados estio em concordincia com com dados anteriormente descritos para as
flavoproteinas OPR1, OPR2 e OYE. Os dados obtidos nesta pesquisa mostram que o gene
OPR3 codifica uma terceira isoforma de OPR de Arabidopsis cuja expressio € induzida em

resposta a injuria mecanica.
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Abstract

In the last decades, jasmonic acid (JA) and its methyl ester (MeJA) were recognized as
regulators of plants development, being able also to act as biotic and abiotic stress response
signals. Using differential display of RNA, we identified an Arabidopsis thaliana gene,
rapidly expressed in leaves upon wounding or MeJA treatment. This gene, named OPR3
shows high identity with FMN-binding proteins including, old yellow enzymes (OYEs)
from yeast and oxophytodienoate reductases (OPRs) from Arabidopsis. Expression of the
OPR3 gene was significantly reduced in wounded leaves of the coil mutante indicating
partial dependence on jasmonate perception for full induction of the gene. Enzyme assays
showed that the recombinant OPR3 oxidizes B-NADPH when OPDA (oxophytodienoic
acid), prostaglandin (PGJ2) and ciclohexenone, which have a unsaturation in their ketone
ring, were used as substrate. B-NADPH oxidation was not observed when methyl jasmonate
or ciclohexanone were used as substrate, suggesting that OPR3 has specificity to cleavage
of oleifinic bonds in cyclic enones. The results show that the OPR3 gene product represents

anew OPR of Arabidopsis induced after wounding.
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Introducao

Injaria mecéinica em plantas

Injuria mecénica em plantas resulta na rapida ativagdo de genes que atuam,
basicamente, em dois tipos de resposta (Bowles et al., 1993): uma resposta local € uma
sistémica. A resposta local, que ocorre em células proximas ao ferimento, é caracterizada
pela indugdo de um conjunto de genes envolvidos na recupera¢do do tecido lesado,
determinando um aumento do processo de divisdo e diferenciagdo celular (Ryan et al,
1990). Através de um sistema de comunicagfio que envolve sinais quimicos e/ou elétricos,
as c€lulas proximas ao local do ferimento acionam uma resposta de defesa sistémica que €
transmitida ao tecidos distais da planta e ativam um conjunto de genes responsaveis pela
resposta de defesa contra patégenos (Bogre et al., 1997). Essa resposta caracteriza-se pela
expressdo de genes que codificam proteinas envolvidas principalmente na proteg¢do do
tecido contra enzimas digestivas de insetos como, por exemplo, os inibidores de proteases
(Ryan et al., 1990).

Ferimentos em plantas causados por herbivoros, ataque por patégenos ou por injiria
mecénica induzem respostas semelhantes, o que permite sugerir que o processo de
transducdo de sinal ativado por injliria mecénica seja bastante similar ao induzido por

estresse bidtico (Baron e Zambryski, 1995).
Vias de sinalizacido em resposta a injiria mecanica
Dentre as respostas celulares para estimulos externos, respostas ativadas por injuiria

mecénica sdo consideradas bastante rapidas. Em tomate, por exemplo, ferimentos causam
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um aumento do potencial elétrico celular um minuto ap6s injuria (Wildon et al., 1992) ¢ a
expressdo de proteinas quinases em vdérias espécies de plantas ocorre poucos minutos apds
dano celular (Bogre et al., 1997; Seo et al., 1995, Usami et al., 1995).

A regulacdo da expressdo de genes em resposta a estresses bidtico e abidtico tem
sido amplamente estudada e podem ser destacadas como moléculas sinalizadoras desta
resposta: peroxido de hidrogénio (H,O,) e outras espécies reativas de oxigénio (Lamb e
Dixon, 1997), os fitormdnios acido jasmonico (AJ) e seus precursores, conhecidos
coletivamente como jasmonatos (Creelman e Mullet, 1997), etileno (Bolwes, 1991), 4cido
salicilico (SA) e o polipeptideo sistemina, estes dois ultimos relatados como responsaveis
pela propagacdo do sinal de defesa aos tecidos distais da planta (Bogre et al., 1997; Schaler
e Ryan, 1995). Potenciais eletroquimicos também tém sido propostos como sinalizadores
sistémicos (Wildon ef al., 1992).

Alguns destes compostos apresentam meia-vida bastante curta, como o H,O; e
outros radicais de oxigénio, e podem apenas ativar genes em uma area pequena que inclui o
sitio de ferimento (Levine et al., 1994). Outros, como sistemina e SA sio transportados
pelo tecido vascular e podem ativar respostas de defesa em regides distantes ao ferimento
(Shulaev et al., 1995).

Sinais sistémicos, assim como os locais, causam acumulo de jasmonatos que,
agindo em conjunto com etileno, ativam a expressdo de genes em resposta & injuria
mecanica (O’Donnell ez al., 1996). Estudos em tomate mostraram que, ap6s ferimento, uma
proteina de 200 aminoacidos, chamada prd-sistemina, € processada em sistemina que €
translocada via floema para os demais tecidos da planta promovendo uma resposta
sistémica. Sistemina interage com receptores celulares especificos ativando lipases de

membrana que resultam em produgdo de acido linolénico e, conseqiientemente, de Al e
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metil jasmonato (MeJA), responsaveis pela ativa¢io de varios genes de defesa (Bogre et al.,
1997; Schaller e Ryan 1995; Farmer e Ryan, 1992) (Fig. 1).

Embora todos esses compostos estejam envolvidos em resposta a injtiria mecanica,
a seqiiéncia de eventos, a relagdo entre esses fatores e a ativagio transcricional dos genes de
defesa ndo estdo completamente elucidados (Penninckx et al., 1998).

A via de transdugdo de sinal que resulta na ativagdo de genes envolvidos na
recuperagdo do tecido lesado nas proximidades do sitio de ferimento é semelhante aquela
descrita para sinalizagfo sistémica. Entretanto, é independente de sistemina e se inicia com
a produgédo de acido linolénico pela a¢do de lipases apés uma perturbagdo na membrana

plasmaética (Conconi ef al., 1996).

Acido jasménico e as vias de sinalizacio em resposta a injiria mecinica

A via de biossintese de AJ (Fig. 1) foi inicialmente descrita por Vick e Zimmerman
(1983). Esta via tem sido bastante estudada desde que Farmer e Ryan (1992) a
correlacionaram com a cascata induzida por injiria mecénica que leva a expressdo de um
gene de defesa que codifica o inibidor de protease 2 (pin2) de tomate. Em estudos
posteriores, AJ foi reconhecido como um importante sinalizador em varios processos
celulares, como: respostas a estresses bidtico e abidtico (Herde et al., 1996; Lehmann et al.,
1995; Xu et al., 1994), regulagdo da sintese de fitoalexinas em cultura de células (Ellard-
Ivey e Douglas, 1996; Gundlach et al., 1992), maturagéio de gréios de pélen (McConn e
Browse, 1996; Feys et al., 1994) e germinagédo de sementes (Hause et al., 1996; Creelman e

Mullet, 1995).
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Figura 1: Via de biossintese de acido jasmoénico a partir de acidos graxos de membrana

plasmatica de células vegetais como descrito por Vick e Zimmermann (1983).
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Acido jasménico ¢ formado a partir do 4cido linolénico, em uma via enzimatica
contendo sete passds (Fig. 1). Inicialmente, a enzima 13- lipoxigenase (13-LOX) catalisa a
conversio de 4cido linolénico a acido  13(S)-hidroperoxi-9(Z),11(E),15(Z)-
octadecatriendico. Uma aleno 6xido sintase (AOS) e uma aleno 6xido ciclase (AOC)
formam o acido 12-oxo-fitodiendico (OPDA), que € reduzido a 4acido 12-oxo-fitoendico
(OPC 8:0) pela agdo de enzima OPDA-redutase. Esse composto é submetido a trés passos
de B-oxidagdo formando (+)-7-iso-AJ que é rapidamente convertido em sua estrutura
estavel (-)-AJ (Farmer e Ryan, 1992).

Estudos recentes em batata e Arabidopsis mostraram que tanto AJ, OPDA, e dinor-
OPDA, um derivado de OPDA contendo apenas seis atomos de carbono na cadeia alifatica,
podem ativar genes expressos normalmente em resposta a injlria mecénica, e apresentam
diferentes niveis de agdo em diferentes plantas (Weber et al., 1997).

Wasternack e colaboradores (1998) mostraram, posteriormente, que em tomate, 12-
OPDA e outros intermediarios da via de sintese de AJ devem ser P-oxidados para
promoverem a indug@o de genes de resposta a ferimento com maior eficiéncia. Isto mostra
que os compostos mais ativos na cascata de sinaliza¢do a ferimento podem diferir entre as
varias espécies de plantas ja estudadas (Wasternack et al., 1998).

A importéncia dos jasmonatos em resposta a ferimentos esta bem estabelecida, mas
pouco € conhecido sobre os elementos intracelulares que interagem posteriormente aos
jasmonatos na cascata de regulacdo da expressdo génica em resposta a injliria mecéanica
(Wasternack et al., 1998).

Esses estudos sugerem que a sinalizago de resposta a ferimento € mediada por uma

via octadecandica andloga ao mecanismo de sinalizagdo de processos inflamatérios em
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mamiferos. Essa via resulta na produgfo de prostaglandinas e leucotrienos cuja estrutura

molecular apresenta grande semelhanga a AJ (Mueller, 1997) (Fig. 2).

PLANT ) MAMMALIAN
IRARARARAN/ IRARRRASR
XYY YYYY Bt Y Y Y XY Y Y Y Y
l LIPASE l
Linolenic acid | Arachidonic acid
VR OXYGENASE 2\ VaERh
¢ Y N
13-Hydroperoxide S-Hydroperoxide 15-Hydroperoxy-
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| et } [t 1
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[cONEE BTenvoatill Cov W
(3L ] Koo
} COOH J ; !
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' (4,7205.0°C) ; 't =105,37°C) iz = 5 min. 37°C) !
+
o H v H 0 v
- _ COOH N\ ook
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Mueller, M.J. (1997} Physiol. Plant. 100: 659

Figura 2: Comparagdo entre as vias de sinalizagdo de defesa em plantas (& esquerda) e

mamiferos (2 direita). Pode-se observar a similaridade entre os passos enzimaticos ¢ a

estrutura molecular dos compostos que sdo responséveis pela resposta de defesa em plantas

(12-0x0-PDA) e os leucotrienos e prostaglandinas, responsaveis pela resposta inflamatéria

em mamiferos.
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Vias de transducio de sinal

A fosforilagdo de proteinas é um dos principais mecanismos de controle de fungSes
celulares em resposta a estimulos externos em varios organismos. Uma classe especifica de
proteinas serina/treonina quinase, designada MAP quinases (mitogen-activated protein),
esta envolvida em muitos destes processos (para revisdo, Hirt, 1997).

MAP quinases tém sido descritas como participantes do processo de transdugio de
sinal de defesa também em plantas (Seo ef al. e 1995). O modelo de sinaliza¢do de resposta
a ferimento inicialmente proposto por Farmer e Ryan (1992) sugeria que um sinal inicial de
resposta a ferimento, como, por exemplo, uma perturba¢io na parede celular, estimularia a
fosforilagdo de proteinas quinases que levariam a ativagdo de enzimas envolvidas na
biossintese de AJ (Farmer e Ryan, 1992).

Essa hipotese foi confirmada apds a detecgdo de um rapido e sistémico aumento dos
niveis de um transcrito que codifica uma MAP quinase isolada de folhas de tabaco (WIPK -
wound-induced protein kinase). Essa proteina ¢ rapidamente induzida por injiria mecénica,
precedendo o aumento dos niveis enddgenos de AJ ou o actimulo de produtos génicos em
resposta a ferimento (Seo ef al., 1999 e 1995). Esses dados indicam que MAP quinases
ocupam uma posi¢do anterior aos jasmonatos na cascata de sinaliza¢do em resposta a
injuria mecanica (Seo et al., 1995). Sugere-se que uma proteina andloga a sistemina poderia
ativar WIPK em sitios distantes ao ferimento, contudo, um analogo de sistemina nio foi
ainda descrito em tabaco (Seo et al., 1999).

Estudos em alfafa e em outras espécies de plantas demostraram que diferentes tipos
de estresses, tanto bidticos quanto abiéticos, como por exemplo baixas temperaturas (Jonak
et al., 1996), dessecamento (Mizoguchi et al, 1997) e ataque por patdgenos (Suzuki e

Shinshi, 1996), induzem a produgéo de proteinas homdlogas 8 MAP quinase, sugerindo que
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tais quinases sdo parte inicial de uma resposta 2 diferentes tipos de estresses (Bogre et al.,
1997; Jonak ef al., 1996; Bogre et al., 1996; Usami et al., 1995).

Admite-se também que mudangas instantdneas de pressfio hidraulica devido a
injuria mecénica (Malone, 1992) e alteragGes elétricas no sitio de ferimento (Wildon et al.,
1992), também possam estar envolvidas na ativagio sistémica de proteinas quinases em
resposta a ferimento.

Estudos recentes mostraram que a sistemina causa um aumento do célcio
intracelular em mesoéfilos de tomate (Moyen et al., 1998). Em mamiferos a calmodulina
(CaM) complexa o célcio intracelular e esse complexo modula a atividade de intmeras
proteinas incluindo, quinases, fosfatases e lipases (Qui ef al., 1998; Low e Merida, 1996).
Berger ¢ Ryan mostraram que CaM ¢ induzida em plantas ap6s ferimentos ou tratamentos
com sistemina, AJ ou MeJA, sugerindo que a ativagido de CaM ¢ também regulada pela via
de sinaliza¢do modulada por jasmonatos (Berger e Ryan, 1999).

Rojo ¢ colaboradores (1998) identificaram em Arabidopsis dois genes expressos em
reposta a ferimento: WR3 (wound-responsive gene 3) e CK (choline kinase) cuja indugio é
independe do acumulo de AJ, sugerindo assim a existéncia de uma via alternativa de
sinalizagdo para ativagdo de genes de defesa. Essa via alternativa também é regulada
positivamente pela agdo de uma proteina quinase levando assim a ativagio desses genes de
defesa e € regulada negativamente pela agfo de uma fosfatase (Rojo et al., 1998). Esses
estudos mostraram a existéncia de ao menos duas vias de transdugdo de sinal que resultam
na ativagdo de genes em resposta a ferimento, sendo uma dependente e outra independente

de AJ e ambas sdo dependentes de eventos de fosforilagdo (Rojo et al., 1998) (Fig. 3).
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Fitorménios Etileno e Acido Abscisico (ABA) agindo em conjunto com Acido
Jasmoénico em resposta a ferimento

Os fitormonios etileno e ABA tém sido descritos como moduladores positivos da
ativagdo de genes de defesa em plantas (Fig.3). Em tomate, etileno nfo ativa os genes de
defesa, mas a sua produgdo em resposta a ferimento é necessaria para a maxima expresséo
destes genes. Isso se deve ao fato do etileno agir em cooperagdo com AJ para ativar genes
em resposta a machucado (O’Donnell ef al., 1996 e Xu et al., 1994).

H4 também evidéncias de que ABA age como um sinalizador primdrio para a
indugdo da cascata biossintética de resposta sistémica que leva a produgio de AJ em tomate
¢ batata (Wasternack e Parthier, 1997; Pefia-Cortés et al., 1996). O modelo de sinalizagio
sistémica de resposta a ferimento inicialmente proposto por Farmer e Ryan (1992) foi
modificado para incluir ABA como fator necessario ¢ mediador entre sistemina e AJ
(Wasternack et al., 1998, Pefia-Cortés et al., 1996; Helde et al., 1996). Varios artigos
relataram a necessidade do acimulo de ABA para garantir a resposta sistémica (Pefia-
Coertés et al., 1996, 1993 e 1989; Wasternack e Parthier, 1997). Contudo, até 0 momento
ndo foi esclarecido a razéo pela qual os niveis de ABA permanecem elevados mesmo apds
o decréscimo dos niveis endogenos de AJ (Wasternack e Parthier, 1997).

Em artigo recente, Birkenmeier ¢ Ryan (1998) mostraram que o acimulo de ABA
ocorre preferencialmente no local do ferimento e este acimulo aparece como um resultado
da perda de agua no local do ferimento, sugerindo que ABA é necessario para potencializar
a resposta de defesa através da manutengio da fisiologia do tecido e ndo seria responsavel

diretamente pela iniciag@io da cascata de sinaliza¢do (Birkenmeier e Ryan 1998).
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Figura 3: Esquema demonstrando as vias de transducdo de sinais local e sistémica
em resposta a ferimento ¢ a interag&o a entre a via de biossintese de acido jasmonico

e a expressdo de alguns genes de defesa.
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Arabidopsis thaliana e o mutante coi 1

Arabidopsis thaliana tem sido utilizada como planta modelo para estudos de
diferentes vias de transdugfo de sinais mediadas por fitorménios. Para tal, mutantes
apresentando respostas alteradas a etileno (Chang, 1996; Kieber et al., 1993), ABA (Leung
et al., 1994, Meyer et al., 1994), auxinas (Hobbie et al., 1994) e citocininas (Kakimoto,
1996) foram caracterizados (Titarenko et al., 1997).

Na tentativa de compreender a via de transdugfio de sinal que media a acgo de
jasmonatos, quatro mutantes de Arabidopsis thaliana insensiveis a 4cido jasménico foram
isolados. O mutante jar! (jasmonate resistant) foi isolado apés tratamento de sementes com
0 agente mutagénico etil metanosulfonato e selecionado por nfo apresentar inibigdo do
crescimento de raiz quando crescido em presenga de 4cido jasménico (Staswick et al.,
1992). Com o objetivo de estudar o mecanismo de agdo da fitotoxina coronatina, mutantes
resistentes a essa toxina foram isolados. O mutante coil (coronatine insensitive), também
obtido por tratamento de sementes com etil metanosulfonato, foi selecionado por apresentar
resisténcia a coronatina, uma fitotoxina cuja estrutura molecular é semelhante & do OPDA.
Esse mutante além de ndo apresentar inibi¢do do crescimento de raiz em meio com metil
jasmonato produz flores macho estéreis (Benedetti er al., 1995; Feys et al, 1994). Os
mutantes insensiveis a jasmonatos, jin/ (obtido apds tratamento de sementes por radiacéo )
e jin4 (obtidos por inser¢do de T-DNA) isolados posteriormente nio apresentam inibigdo de
crescimento de raiz quando tratados com &cido jasmoénico e expressam uma proteina de
reserva denominada AtVSP (vegetative storage protein) que possui identidade imunolégica

com VSPs de soja, também induzida por acido jasménico (Berger et al., 1995).
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AtVSP ndo € expressa no mutante coi/ mesmo sob indugdo por MeJA (Benedetti et
al., 1995). Isto sugere que nos mutantes jinl e jin4, o gene que codifica esta proteina nio
esta alterado e que o gene COI! esta anteriormente localizado em relagdo a JINI e JIN4 na
via de transdug@o de sinal mediada por acido jasménico (McConn et al., 1997).

Recentemente, um mutante triplo apresentando deficiéncia na sintese de 4cido
linolénico, fad3-2fad7-2fad8, foi isolado (McConn e Browse, 1996). Esse mutante, possui
deficiéncia na produgdo de enzimas que s3io responsaveis pela producéo dos triglicerideos
que servem de substrato para a produgio de 4cido linolénico e assim como coil, produz
flores macho estéreis. No entanto, esse fenétipo pode ser revertido nos mutantes fad3 pela
aplicagdo de AJ ou 4cido linolénico. Semelhante ao mutante coil/, o mutante fad3 é mais
sensivel ao ataque por insetos (Bradysia impatiens) e fungos em relagdo a planta selvagem
(MaCconn et al., 1997). Porém a aplicagdo de MeJA em plantas fad3 reduziu de forma
significativa o grau de herbivoria e a susceptibilidade a patdogenos. Tais experimentos
demonstraram, portanto, que jasmonatos sd0 essenciais na expressdo de genes envolvidos
em resposta de defesa contra insetos e para o desenvolvimento de grios de pélen em
Arabidopsis (Staswick et al., 1998; Vijayan et al., 1998; McConn et al.,1997 e McConn ¢

Browse, 1996).

O gene COI1

Entre os varios mutantes insensiveis a AJ, o mutante coi/ foi o primeiro a ser
mapeado e ter o locus COIl caracterizado (Xie et al., 1998). A seqiiéncia deduzida da
proteina COI1 contém um dominio “F-box” e dominios repetitivos ricos em leucina (LRR),
e apresenta homologia com outras trés proteinas com dominios “F-box” ¢ LRR: TIRI,

Skp2, e Grrl. Proteinas “F-box” participam do complexo de ubiquitinizagdo, responsavel
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pela degradagdo e conseqiiente controle da concentragdo de proteinas celulares (Skowyra et
al., 1997). Proteinas “F-box” atuam no reconhecimento do substrato a ser
poliubiquitinizado e posteriormente degradado. Essas proteinas sdo seletivas e capazes de
reconhecer mais de um substrato. Sugere-se que a proteina COI1 possa seqiiestrar
reguladores de desenvolvimento de gréios de polen e de resposta de defesa para o complexo

de ubiquitinizacgo (Xie et al., 1998).
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Objetivos

O mutante coil de Arabidopsis vem sendo estudado em nosso laboratério como
uma ferramenta para a identificagdo de genes regulados por AJ e que portanto, apresentem
expressdo diferenciada em relagdo 4 planta selvagem. Nosso laboratério tem focalizado
esforgos principalmente na identificagsio de genes envolvidos em resposta de defesa ou
relacionados ao desenvolvimento de grios de pélen (Benedetti et al, 1998; Capella et al.,
submetido para publicagfo).

Esta tese de mestrado teve como objetivo identificar, através da técnica de
Differential Display de RNA, genes induzidos por injiria mecinica que estio sob o
controle do gene COIl, e cuja a expresséo depende de uma via de transdugio de sinal
mediada por AJ.

Descrevemos neste trabalho o isolamento e a caracterizagdo de um gene,
denominado OPR3 que ¢ rapidamente induzido em folhas de Arabidopsis selvagem ap6s
ferimento e indug&o por MeJA e cuja expressdo é dependente do gene COIl.

O trabalho foi recentemente publicado na Revista “ Plant Molecular Biology ™ e

sera apresentado aqui para descrever os resultados desta pesquisa.
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Apresentacio de Publicacio:

An Arabidopsis gene induced by wounding functionally homologous to flavoproteins
oxidoreductases
Cinthia Losano Costa, Paulo Arruda and Celso Eduardo Benedetti. Plant Molecular

Biology, 44(1): 61-71, September 2000

Intimeros estudos anteriores mostraram a importancia dos jamonatos na via de sinaliza¢o

de defesa contra diferentes tipos de estresse em plantas. Este trabalho teve como objetivos:

1) O isolamento de um gene rapidamente induzido por injiria mecédnica e metil
Jjasmonato.

2) A verificagdo da dependéncia da fungdo COIl para a completa indu¢do do gene
isolado.

3) A produgdo da proteina recombinante a partir da expressdo em E. coli do cDNA
isolado, caracterizagéio parcial de sua atividade e determina¢do da sua possivel

atividade no mecanismo de sinalizagdo em resposta a injiria mecanica em Arabidopsis.
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Abstract

The regulation of genes in response to wounding is mediated in part by the octadecanoids 12-oxo-phytodienoic
acid (OPDA), jasmonic acid (JA) and its methyl ester methyl jasmonate (MeJA). We identified, by differen-
tial display, an Arabidopsis gene (OPR3) induced after wounding. OPR3 is homologous to members of the
flavin mononucleotide (FMN) binding proteins, including the old yellow enzyme (OYE) from yeast and the 12-
oxophytodienoate-10,11-reductase (OPR) from Arabidopsis. Transcripts of QPR3 rapidly accumulated in leaves
after wounding and MeJA treatment, but they were detected in various tissues of non-wounded plants at relatively
low levels. Expression of OPR3 gene was significantly reduced in wounded leaves of coil mutant, in-
dicating partial dependence on jasmonate perception for full induction of the gene. The recombinant protein of
OPR3 cross-reacted with an antiserum raised against the OYE protein, and showed oxidation of B-NADPH when
OPDA or 15-deoxy-A'*"-prostaglandin J2 (PGJ2), an analogue of OPDA, were used as substrates. B-NADPH
oxidation was not observed when MeJA, which lacks the double bond in the ketone ring, was used as substrate.
The recombinant OPR3 protein also showed 8 - NADPH oxidation activity in the presence of cyclohexenone, but
not cyclohexanone, suggesting that the enzyme has specificity to cleavage of olefinic bonds in cyclic enones. The
results show that the OPR3 gene product represents a new OPR of Arabidopsis induced after wounding.

Introduction

Jasmonic acid and compounds of the octadecanoid
pathway are considered a class of defense signals.
They accumulate in wounded plants (Creelman ez
al., 1992) and activate certain wound- and pathogen-
responsive genes (Farmer and Ryan, 1992; Menke et
al., 1999). In addition, plant mutants defective in
jasmonate synthesis or perception are more suscep-
tible to fungi and insect attack (Howe et al., 1996;
McConn et al., 1997; Staswick ef al., 1998; Vijayan
et al., 1998). The importance of JA in defense against
herbivores in natural environment has also been es-
tablished. For instance, a MeJA-elicited response was

The nucleotide sequence data reported will appear in the
EMBL. Gene Bank and DDBJ Nucleotide Databases under
the accsecion AF132212 (OPR3)

shown to be costly to the plant, but benefited individu-
als under attack by herbivores in natural populations,
by decreasing the rate of attack and increasing the
production of viable seeds (Baldwin, 1998).

Although JA mediates wound and defense re-
sponses, it probably does not act alone in all circum-
stances. It is becoming clear that other signals act in
accordance with JA to determine specific changes in
gene expression after wounding or pathogen infection
( Xu et al., 1994; O’Donnell et al., 1996; Penninckx
et al, 1998; Rojo et al, 1998). Furthermore, a JA-
independent signal transduction controlling wound-
and pathogen-induced gene expression was recently
identified in Arabidopsis (Titarenko et al., 1997,
Rojo et al,, 1998; Thomma et al., 1998).

We have used the differential display to isolate
Arabidopsis genes that are under the control of the
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COIl gene (Benedetti et al., 1998), and there-
fore dependent on the JA signal transduction pathway.
COl1 is required for JA-regulated defense, wound
healing and pollen fertility and it encodes a pro-
tein with leucine-rich repeats and an F-box motif
(Xie et al., 1998). Here we describe the isola-
tion and characterisation of a gene that is rapidly
induced by wounding and is dependent on COI!
for its full expression. The gene belongs to the
family of FMN binding-proteins, is homologous to
12-Oxophytodienoate-10,11-Reductase (OPR), and en-
codes a polypeptide with properties of B-NADPH-
dependent oxidoreductase over OPDA, a precursor of
JA. OPDA has been recognised as an important sig-
nal for gene activation (Parchmann et al., 1997) and
shown to induce the biosynthesis of different plant
volatiles (Koch ez al., 1999).

Plant OPRs catalyze the reduction of an olefinic
bond in the cyclepentenone ring of OPDA to pro-
duce 3-oxo-2-(pent-2’-enyl)-cyclepentane-1-octanoic
acid (Schaller et al., 1998), which is then subjected
to consecutive rounds of B-oxidation to yield JA (re-
viewed by Creelman and Mullet, 1997). To date, few
members representative of plant OPRs have been iden-
tified, and two related OPRs from Arabidopsis have
been described (Schaller and Weiler, 1997a; Biesgen
and Weiler, 1999).

The gene characterized here designated OPR3 ,
differs from previously described OPRs in sequence,
tissue specific expression and wound inducibility, and,
therefore represents a third member of the Arabidopsis
OPRs.

Materials and methods

Plant material and chemicals

Wild type Arabidopsis ecotype Columbia (Col-0) was
used. The coil mutant has been described previ-
ously (Feys et al., 1994) and was donated by Dr.
John G. Tumner (University of East Anglia, UK).
12-oxophytodienoic acid (2-cyclopentene-1-octanoic-
acid, 4-oxo-5-(2-pentenyl)-,[1S-[la, 50 (Z)]}-) and
15-deoxy-A"*"-prostaglandin J2 (Prosta-5,9,12,14-
tetraen-1-oic acid, 11-oxo, (5Z, 12E, 14E)-) were
obtained from Cayman Chemical Company (Ann Ar-
bor, MI). MeJA (cyclopentaneacetic acid, 3-oxo-2-
(2-pentenyl)-, methyl ester [1R-[1c,20(Z)]]-) was ob-
tained as previously described (Feys ef al., 1994), and
cyclohexenone and cyclohexanone were from Aldrich

(Milwaukee, WI). B-NADPH, o-NADH, B-NADH,
B-estradiol and progesterone were from Sigma (St.
Louis, MI)

Plant growth

Seeds of wild type Arabidopsis were germinated on
MS medium (Murashige and Skoog, 1962), whereas
coil seeds from a F, population segregating for the
Coi phenotype, were first germinated in MS contain-
ing 10 uM MeJA to select homozygous coil plants.
Seedlings were grown in white light (70 uE m? s™)
for ten days in growth cabinet with 16-h-day/8-h-night
photoperiod at 22°C, when they were transferred to
fresh MS and grown for five days. Seedlings were ei-
ther transferred to fresh MS or MS-MeJA plates, or
moved to soil to grow to maturity.

Wounding and MeJA treatments

Wild type and coil seedlings grown as above were
transferred to MS or MS containing 10 uM MeJA.
After different periods of incubation, they were frozen
in liquid nitrogen and total RNA was extracted.

For the wounding experiment, seeds were germi-
nated in MS and grown for two weeks in short day
conditions (9-h-day/15-h-nigth, at 22°C). Seedlings
were transferred to soil and grown for two weeks.
Leaves of individual plants were wounded once by
making a small cut on theirs borders, with ascissors.
After the treatment, plants returned to the growth
cabinet and leaves were collected at different periods,
frozen in liquid nitrogen and stored at -70° C for
RNA extraction.

Differential display

Differential display of mRNA was performed based
on Liang and Pardee (1992). Total RNA (1 pg) from
leaves of wild type and coil plants, extracted 1 h
after the wounding, was reverse-transcribed and am-
plified by PCR as previously described (Benedetti et
al., 1998). A differentially displayed band of about
400 bp (AG10), detected by the pair of primers OPP10
(OPERON, Alameda, USA) and T,,VG (GIBCO-
BRL, Gaithersburg, USA), was purified, cloned and se-
quenced as described (Benedetti ez al., 1998), and used
to probe RNA blots.
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Northern blots

Total RNA from roots, seedlings, leaves, flowers,
siliques and wounded leaves was extracted according
to Verwoerd et al. (1989). Aliquots of 20 pg of total
RNA were fractionated on formaldehyde-agarose gels
(Sambrook et al., 1989), transferred onto Hybond N*
nylon membranes (Amersham, Little Chalfont, UK)
by capillary blot and fixed by UV cross linking ac-
cording to the manufacturer instructions. Blots were
hybridized using the cloned fragments obtained from
the display gels or fragments of the OPR3 ¢cDNA as
probes. Membranes were washed twice with 2,0 x
SSC containing 0,1 % SDS for 10 min at 42°C and
twice with 0,2 x SSC containing 0,1 % SDS for 10 min
at42°C.

cDNA library screening

A cDNA library of Arabidopsis (Landsberg erecta)
kindly donated by Dr. Elliot M. Meyerowitz (Cali-
fornia Institute of Technology, Pasadena, USA), was
screened following the Stratagene protocols using the
cloned AG10 fragment. Eleven independent clones
were isolated and sequenced using the dye-terminator
reaction kit (Perkin-Elmer, Norwalk, USA) in an au-
tomated ABI DNA sequencer (Applied Biosystems,
Warrington, UK). A full-length clone of 1.4 kb (OPR3
cDNA) containing the sequence identical to the AG10
probe was used for the work described here.

Expression of the OPR3 recombinant protein and
western blot

An EcoRlSall fragment, generated by PCR, con-
taining the coding region of the OPR3 ¢cDNA was
subcloned into the EcoRV/Sall sites of the pMalc2 vec-
tor (New England Biolabs, Beverly, USA). Constructs
were verified by sequencing and used to transform
Escherichia coli BL21-1ysE cells. The expression of the
recombinant MBP-fusion protein was induced with
1 mM IPTG for 2 h, affinity-purified and cleaved on
amylose resin, according to the manufacturer pro-
tocol (New England Biolabs). Purified proteins were
concentrated on microcon columns (Amicon, Beverly,
USA), quantified by a Bradford-based method (Bio-
RAD, Hercules, USA), and analysed on SDS-PAGE
(Laemmli, 1970). Proteins separated on SDS-PAGE
were either stained with coomassie blue or trans-
ferred on nylon membranes according to Ausubel et.
al. (1987). After transfer, membranes were incu-
bated in blocking solution (2.5 mM Tris-HCl pH 7.4,

140 mM NaCl, 0.7 mM KCl, 0,05% Tween 20, 5%
skin milk) at 4° C, over night. Anti OYE 2 or
OYE 3 serum, which were kindly sent to us by Dr.
Vincent Massey (University of Michigan, USA), was
added (1:500) and membranes were incubated for 1 h
at room temperature. Membranes were washed three
times for 5 min in TBS-T (2.5 mM Tris-HCl pH 7.4,
140 mM NaCl, 0.7 mM KC}, 0,05% Tween 20) and
incubated in blocking solution containing rabbit anti-
IgG (1:5000) conjugated with alkaline phosphatase
(Sigma, St. Louis, MI) for 1 h at room temperature.
After washings in TBS-T, membranes were incubated
in phosphatase assay buffer (100 mM Tris-HCI pH 9.5,
100 mM NaCl) for 5 min at room temperature. Detec-
tion of phosphatase activity was done using the
substrate CSPD (Tropix,) at the 1:2000 dilution, following
the manufacturer’s instructions.

Enzyme assay and determination of Km and Vmax

Assay reactions were carried out aerobically at 25° C
in 1 mL of 50 mM potassium phosphate buffer, pH 7.5,
containing 120 uM B-NADPH, 1 pg of purified pro-
tein and substrates at different concentrations. Im-
mediately after the addiction of the enzyme, the rate of
B-NADPH oxidation was measured following the de-
crease in absorbance of the reduced pyridine nu-
cleotide at 340 nm. The rates of B-NADPH oxidation
(nmoles of B-NADPH min™ pg™ protein) obtained
for different substrate concentrations were used to de-
termine Km and Vinax values using standard procedures.

Results

Isolation of the OPR3 ¢DNA and its differential
expression in coil plants

OPR3 was identified when wounded leaves of wild
type and coil plants were compared by differen-
tial display. A DNA fragment (AG10) detected in
wounded leaves of wild type but not coil plants was
cloned and sequenced. Northern analysis using this
fragment as probe confirmed the differential expres-
sion of a major transcript of ~ 1.5 kb between the
normal and mutant plants in response to wounding
(Figure 1). Transcript accumulation was observed in
wild type leaves within minutes after the injury, with
maximum expression at about one hour after the treat-
ment. A similar pattern of transcript accumulation
was observed in leaves of coil, however, in much lower
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Figure 1. A. Northern blot showing the differential expression of
a 1.5 kb mRNA between wild type (wt) and coil leaves after
wounding. A pattemn of transient transcript accurnulation is clearly
observed in wild-type leaves after wounding, but less pronounced
in coi/ plants. B. Total RNA probed with a tobacco ubiquitin
gene. C. Total RNA stained with ethidium bromide before being
transferred onto the membrane.

levels, indicating a partial dependency on jasmonate
perception for this response.

AGI10 was used to screen an Arabidopsis cDNA
library and this resulted in the isolation of several inde-
pendent clones showing identical sequences. A cDNA
(OPR3) comprising the entire sequence of the AG10
probe was chosen for further work.

To investigate whether the wounding inducibility of
OPR3 could be mimicked by the action of jas-
monates, seedlings were grown in presence of MeJA
for different periods. OPR3 transcripts rapidly accu-
mulated in wild type seedlings after 30 min MeJA
treatment, but the induction did not seem to follow
a transient pattern when leaves were wounded (Fig-
ure 2A). To further verify this, wild-type and coil
seedlings were grown in presence of MeJA for
periods longer then one hour. Levels of OPR3 mRNA
remained high in wild4type plants during the 24 h of MeJA
treatment, whereas in the coil mutants they were not
detected (Figure 2B).

In unwounded wild-type plants, OPR3 mRNA was
found in relatively small amounts in green seedlings,
leaves and flowers, and in much lower quantities in
roots and siliques. Unwounded coi! plants showed

A MeJA
mn 0 10 30 60

- - ’ ; OPR3
s _ _
Control MeJA
h 4 8 12 24 4 8 12 24
wt Wewes OPR3

UuBQ

oot OPR3

uBQ

Figure 2. Time-course induction of OPR3 mRNA from Arabidopsis
seedlings treated with MeJA (10 uM). A, OPR3 induction in wild
type (wt) over a 1 h period. B. Wild type, but not coil, shows a sig-
nificant increase on OPR3 mRNA transcription in response to MeJA
over a 24 h period. Total RNA hybridised to a tobacco ubiquitin
gene (UBQ) and total RNA stained with ethidium bromide before
being transferred onto the membrane are respectively shown.

even lower amounts of the OPR3 mRNA in all tissues
examined (Figure 3).

Seguence homology and identity of the OPR3 protein
with members of flavoprotein oxidoreductases

The OPR3 cDNA (accesion number AF 132212) has
an open reading frame of 1176 nucleotides and en-
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Figure 3. Northemn blot for total RNA extracted from different or-
gans of wild type (wt) and coi/ plants. A. OPR3 mRNA is expressed
at relatively small quantities in seedlings (S), young (L) and mature
(M) leaves, and flowers (F), and is hardly detected in roots (R) and
siliques (Si). Much lower levels of the corresponding transcript were
detected in coil organs. B. Total RNA probed with a tobacco ubiqui-
tin gene. C. Total RNA stained with ethidium bromide before being
transferred onto the membrane are respectively shown.

codes a protein of 391 amino acids with a calculated
molecular mass of 42.8 KDa. The predicted protein of
OPR3 is highly homologous to members of the FMN-
binding proteins (Figure 4), including OYEs from Sac-
charomyces ssp (Saito et al., 1991; Stott et al., 1993),
OPRs from Arabidopsis (Schaller and Weiler, 1997a;
Biesgen and Weiler, 1999) and cowpea clones respon-
sive to dehydration (CPRDS) from Vigra unguiculata
(Tuchi et al,, 1996). The OPR3 protein is also similar
to morphinone reductase from Pseudomonas putida
(French and Bruce, 1995) and gycerol trinitrate re-
ductase from Agrobacterium radiobacter (Snape et al.,
1997).

Comparison between OPR3 and OYE] shows that
most of the residues responsible for FMN and NADPH
binding in the OYEI is conserved in OPR3 (Fig-
ure 4), strongly suggesting that OPR3 is a member of
flavoprotein oxidoreductases.

The genomic structure of the OPR3 gene

While this manuscript was being written, we found
a Gene Bank entry (AC006413) for the complete se-
quence of the Arabidopsis chromosome II, BAC F5K7
(Lin et al., direct submission) showing an almost per-
fect match with the OPR3 cDNA (not shown). The
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Figure 4. Comparison of the predicted OPR3 protein with related
FMN-binding proteins and NADPH-dependent oxidoreductases.
Protein alignments are among OPR3 (AF132212), OPR1 and OPR2
(U92460) from Arabidopsis, OYEl from S. calber-
gensis (Q02899), CPRDB from Vigna unguiculara (D83970) and an
OYE homolog from Catharanthus roseus (AF005237). Identical
residues are shown in the consensus by an asterisk, and similar
residues are represented by a dot Amino acids shaded in black
correspond to residues in the OYE] protein that contribute to FMN
binding, whereas amino acids shaded in grey correspond to residues
responsible for NADPH binding.

BAC stretch from 79466 to 82477 probably contains
the corresponding genomic sequence of OPR3. In
addition to the predictions made by X. Lin and collab-
orators who identified three introns within the coding
region of OPR3, we observed another intron at the 5°
end of'it, outside of its coding region (not shown).

Southern blot analysis of genomic DNA of
Columbia plants indicates that the OPR3 gene is
present in a single copy in the genome (not
shown).
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particularly o-P-unsaturated cyclic enones, its phys- Al s s R T
iological function is less clear (Vaz et al., 1995).
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to catalyze the NADPH-dependent reduction of an S Time (min)_y_ ooy
olefinic bond in the cyclepentenone ring of 12-oxo- 09 —6— NiMelA
phytodienoic acid to produce 3-oxo-2-(pent-2’-enyl)- c P
cyclepentane-1-octanoic acid (OPC-8:0), a precursor sl acH,
of JA (Schaller and Weiler, 1997a, b Schaller et al., M bt e e
1998;). The sequence homology between the OPR3 = e R aan
protein with the OYE and OPR enzymes suggested < an STy —e—s
that the OPR3 gene would encode a protein with <
structure/activity similar to these flavoproteins. A re- 06
combinant OPR3-MBP fusion protein was expressed
in bacteria and purified by affinity chromatography. A o L M e B . :
fusion protein of about 87 kDa was induced by IPTG, T NG sl WY geiRe
which after cleavage produced a polypeptide of about Hnsm)
43 kDa, very close to the expected 42.8 kDa for the
recombinant protein (Figure 5A). Both the 87 kDa Figure 6. FNADPH oxidation activities of the recombinant
and the 43 kDa bands cross-reacted with an antiserum meﬁﬁy@’ ;?C{Zin@l) naido?igé’qmg )F'wg‘;:ﬁ; ‘]:;;c
raised against the yeast OYE3 protein (Figure 5B). In sphate buffer, pH 7.5, containing 120 uM B-NADPH (N), 1 pg of
addition, the recombinant 43 kDa band migrates at the purified protein, and 100 uM of the substrates. The decrease
similar position relative to OYE protein (control) from in absorbances of reduced B-NADPH at 340 nm is dependent on

the presence of OPR3 and substrates having a double bond in their

total yeast extracts (Figure 5B) Protein extracts of
Y (Fighy ) ketone ring.

non-induced bacteria, or the purified MBP (negative
control) showed no visible bands cross-reacting with
the antiserum.
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Attempts to detect the native OPR3 protein in
crude extracts of leaves with either OYE2 or OYE3
antiserum were unsuccessful, even when extracts
of wounded or MeJA treated plants were used (not
shown).

The purified OPR3-MBP fusion protein or the
factor Xa cleaved OPR3 were used in experiments
to measure some of their properties as B-NADPH-
dependent oxidoreductase. We found that both the
cleaved OPR3 and the OPR3-MBP fusion were capa-
ble of oxidising B-NADPH in the presence of different
substrates, with no significant differences in the rate of
B-NADPH oxidation of the substrates. Therefore, as-
says presented here were carried out using the cleaved
OPR3.

The first substrate candidate for the recombinant
protein was OPDA. Figure 6A shows that purified
OPR3 significantly decreased B-NADPH concentra-
tion when micromolar amounts of OPDA (9S,13S~cis
isomer) was used as substrate. The decrease in f-
NADPH concentration was dependent on the presence
of both the recombinant protein and OPDA in the
reaction.

B-NADPH oxidation activity was also observed
when an OPDA analogue, the 15-deoxy-A'>"-
Prostaglandin J2 (PGJ2), a ligand of the nuclear re-
ceptor PPARy for adipocyte differentiation (Kliewer
et al., 1995; Forman et al, 1995), was used as
substrate. Purified OPR3 substantially decreased j-
NADPH concentration in the presence of micromolar
amounts of PGJ2 within an hour, and the reduction
in B-NADPH concentration was as well dependent on
the presence of both protein and PGJ2 (Figure 6B).
Oxidation of B-NADPH could not be measured when
MelA (cis isomer), which lacks the double bond in the
ketone ring, was used as substrate (Figure 6C), even
when used at milimolar amounts (not shown).

To further evaluate the specificity of the reductase
activity of OPR3, assays were carried out using sim-
pler molecules, cyclohexenone and cyclohexanone, as
electron acceptors. Cyclohexenone has been shown to
serve as substrate for OYE (Vaz et al., 1995; Brown
et al., 1998) and OPR (Schaller and Weiler, 1997a).
As expected, the recombinant OPR3 significantly de-
creased B-NADPH concentration in the presence of
cyclohexenone, but not cyclohexanone (Figure 7).
This supports the idea that the specificity of the en-
zyme is the cleavage of olefinic bounds in cyclic
enones.

The rate of B-NADPH oxidation observed with
0.1 mM cyclohexenone was however lower than the
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Figure 7. fNADPH oxidation activities of the recombinat OPR3
over cyclohexenone (CHE, A) and cyclohexanone (CHA,
B). Assays were performed aerobically, at 25°C, in 1 mL of 50 mM
potassium phosphate, pH 7.5, buffer containing 120 pM B-NADPH
(N), 1 pug of the purified protein and 1 mM or 10 mM of the
substrates.

rates measured with OPDA and PGJ2 at the same
concentration. Higher rates of enzyme activity were
measured when cyclohexenone at 1 and 10 mM were
used (Figure 7). Differences in activity rates observed
for different substrates were interpreted as a conse-
quence of the specificity of OPR3 for each substrate
or it may reflect differences in solubility of these
compounds in aqueous solution at particular pHs.
OPR3 oxidoreductase activity with the above
substrates was also detected when 3-NADH or o-NADH
were used as co-substrates, however, the rates of reac—
tions were, on average, twenty times lower than that
observed with B-NADPH (not shown). The enzyme
was also active on a broad range of pH, from 5.0 to
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Figure 8. Determination of ¥max and Km values of the recombi-
nant OPR3 for OPDA and cyclohexenone. Assays were
performed as described above varying the concentration of the sub-
strates. OPR3 activities (nmoles NADPH min” pg? protein)
were measured calculating the rates of reactions with different sub-
strate concentrations during the linear phase of the reaction. Km
values, 45 pM for OPDA and 2.5 mM for CHE were determined
by the fitted curves of the inlet graphics.

8.5, with little variation in activity rates. This was cons-
istent with the enzyme preference to hydrogen donor
and pH optimum observed for the com OPR (Vick
and Zimmerman, 1986).

The rate of the f-NADPH oxidation activity differed
with type and concentration of substrates

The Km and Vmax values of the OPR3 protein for
OPDA and cyclohexenone were calculated by measur-
ing the rate of B-NADPH consumption with different
substrate concentrations (Figure 8). The estimated Km
for cis-OPDA was 45 uM, and 2.5 mM for cyclo

hexenone, indicating a higher affinity of the OPR3
protein to OPDA. This was consistent with values of
Km determined for C. sempervirens OPR for the same
substrate at similar conditions (Schaller and Weiler,
1997b). Estimation of Km and Vmax values for PGJ2
was not possible using the spectrophotometric mea-
surements because PGJ2 shows high absorbances at
340 nm at micromolar concentrations (not shown).

Discussion

The data presented provide evidence that the Ara-
bidopsis gene OPR3 is functionally homologous to
the flavoprotein reductases OPRs and OYEs. OPR3 is
rapidly induced after wounding and requires the COIl
function for its full expression. The purified recom-
binant OPR3 protein cross-reacted with antibodies
against OYEs and showed oxidation of B-NADPH
when OPDA, cyclohexenone and prostaglandin PGJ2
were used as substrates. This was consistent with the
properties described for OYEs and OPRs over cyclic
enones.

Although the resulting products of the reactions
done with OPDA and PGJ2 were not charac-
terised, it is assumed that the reductase activity of
the recombinant protein is directed to the olefinic
bound of the ketone ring. Several lines of evidence
indicate that this is probably the case. Firstly, it
has been demonstrated by derivatization, GC/MS and
NMR analysis that the reaction product of OPRs from
Arabidopsis (Schaller and Weiler, 1997a) and Cory-
dalis sempervirens (Schaller and Weiler, 1997b) is
the 3-oxo-2(2’[Z]-pentenyl)-cyclopentane-1-octanoic
acid (OPC-8:0). Lack of enzyme activity over MeJA
indicates that the double bound in the aliphatic side
chain, which is located in the same position in both
MeJA and OPDA, is not the one that is attacked in
the reaction. In addition, the OYE NADPH-dependent
reduction of olefinic bounds of o-B-unsaturated car-
bonyl compounds is limited to aldehydes and ketones
(Vaz et al,, 1995). The NADPH-dependent reductase
activity of OPR3 over ciclohexenone, but not cyclo-
hexanone, clearly shows the specificity of the enzyme
towards cleavage of oleifinic bounds in cyclic enones.

The estimated specific reductase activity of OPR3
for cyclohexenone (60 mol B-NADPH per minute per
mole protein) was equivalent to activities described for
OYEs (Stott et al., 1993). However, OPR3 showed a
much higher Km for cyclohexenone than OYE!
(Brown et al., 1998; Niino et al., 1995). An inter-
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pretation to account for this difference may be an
amino acid change in the corresponding catalytic site
of OPR3. The crystal structure of OYE! revealed that
His191 and Asn194 are the residues that bind hy-
drogen to phenolic ligands (Fox and Karplus, 1994).
These residues are also predicted to interact with
NADPH in the active site and in hydride transfer re-
actions with o—f3-unsaturated enones (Brown et al.,
1998; Karplus et al., 1995). Mutations of His191
to Asn, and Asnl94 to His significantly diminished
the binding activity to phenolics and decreased the
reactivity of OYE] to cyclohexenone (Brown et al.,
1998). Mutated OYEI! having either Asn191 or Asn-
191 and His194 showed Km values for cyclohexe-
neone around 10 mM or higher (Brown ef al., 1998).
Notably, OPR3 has a His residue corresponding to
Asn194 of OYE] (Figure 4), and this may contribute
to its higher Km for cyclohexenone.

OYE is a homodimeric protein with one molecule
of flavin per monomer. In addition to NADPH and
NADH, OYE can bind several ligands including phe-
nols and a number of steroids, such as B-estradiol
and testosterone (Vaz, et al., 1995). Other flavopro-
teins homologous to OYE, particularly the estrogen-
binding protein from Candida albicans (CaEBP1) and
the bacterial morphinone reductase show oxidoreduc-
tase properties similar to OYEs (Madani ez al., 1994;
French and Bruce, 1994). The oxidoreductase activ-
ity of CaEBP1 and morphinone reductase over cy-
clohexenone is inhibited by PB-estradiol and proges-
terone, respectively (Madani er al., 1994; French
and Bruce, 1994). In the case of morphinone reduc-
tase, progesterone was a strong competitive inhibitor
(French and Bruce, 1994). Our data indicate that the
OPR3 protein presents structure/activity very similar
to these flavo-enzymes. We therefore tested the B-
NADPH-dependent oxidoreductase activity of OPR3
in the presence of steroids, including testosterone,
progesterone and B-estradiol. A very small but sig-
nificant oxidoreductase activity with B-estradiol has
been detected in micromolar quantities (C. L. Costa
and C. E. Benedetti, unpublished). However, even in
equimolar quantities of the substrate and steroid,
we observed no statistically significant inhibitory ef-
fect of progesterone or PB-estradiol on the rate of
B-NADPH oxidase (unpublished results). Work is in
progress to better evaluate a possible interaction of
OPR3 with steroids. However, the possibility that
B-estradiol is reduced by OPR3 is of particular rel-
evance, because it suggests that plant steroids may be
substrates or may modulate the activity of the enzyme.

The octadecanoids precursors of JA, particularly
OPDA and dinor-OPDA have been shown to possess
their own biological activity as signals and modu-
lators of gene expression (Parchmann et al., 1997;
Weber ef al., 1997; Koch et al., 1999; Stelmach et al.,
1999). OPR3 is induced rapidly and transiently after
wounding and is upper-regulated by MeJA. Accordingly,
both lipoxygenase (LOX) and allene oxide synthase
(AOS), which catalyses the formation of intermediates
precursors of OPDA, are also transiently induced after
wounding or by MeJA treatment in Arabidopsis leaves
(Bell and Mullet, 1993; Laudert and Weiler, 1998). It
is likely that the OPR3 gene is co-ordinately regulated
in the pathway to convert increased pools of OPDA
formed in response to wounding. It would follow that
increased activity of OPR3 would result in higher
levels of JA in the wounded area. In this respect, accu-
mulation of OPR3 transcripts were not observed in un-
wounded leaves in the vicinity of wounded sites (C. L.
Costa and C. E. Benedetti, unpublished). This suggests
that OPR3 is primarily involved in the local response
to wounding. In contrast, the Arabidopsis OPR] and
OPR2 are predominantly expressed in roots, where
OPR3 is poorly expressed, and are induced locally and
systemically after wounding (Biesgen and Weiler,
1999). This shows the existence of tissue-specific reg-
ulation of OPRs and suggests different roles for these
enzymes in response to wounding or in their activi-
ties. Accordingly, it has been shown that two isoforms
of OPRs from C. sempervirens display different stere-
ospecificity to different OPDA stereoisomers (Schaller ef
al., 1998).

Levels of OPR3 transcripts are relatively low in
unwounded tissues. This may explain why we were
unable to detect the protein in plant tissues. Even af-
ter induction with MeJA, native OPR3 protein could
not be detected by the OYE antiserum. It is possible
that pative OPR3 protein does not accumulate at same
extent as the correponding transcript alternatively,
native OPR3 may differ slightly from the recombi-
nant protein in its structure, and thus it may not be
recognized by the antiserum.

Evidence is presented that PGJ2, a ligand of a
mammalian nuclear receptor and analogue of OPDA,
is reduced by OPR3. This strengthens the evidence for
structural and functional parallels be-
tween jasmonates and prostaglandins (Berger et al.,
1996). Interestingly, novel prostaglandin-like com-
pounds with biological activity, the isoprostenes, have
recently been found in plants (Mueller, 1998; Parch-
mann and Mueller, 1998).
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Discussio’

Nas ultimas décadas, AJ e MeJA foram reconhecidos como compostos reguladores
de desenvolvimento de plantas capazes de agirem também como sinalizadores em resposta
a estresse (Creelman e Mullet, 1997; Wasternack e Parthier, 1997). Baseados na via de
biossintese desses compostos, elucidada por Vick e Zimmerman (1983) (Fig. 1), uma via de
sinalizagdo em resposta a injuria mecénica foi proposta como sendo iniciada pela agdo de
lipases de membrana cuja atividade sobre a membrana celular resultaria na producio de
4cido linolénico, composto inicial da via de biossintese de jasmonatos (Farmer e Ryan,
1992).

Compostos intermediarios desta via como OPDA e dinor-OPDA, assim como
coronatina, uma fitotoxina produzida por varias linhagens de Pseudomonas syringae e cuja
estrutura molecular € bastante similar a OPDA, séo capazes de ativar a transcrigdo de genes
em resposta a ferimento (Weiler et al., 1994; Kutchan, 1993). Além disso, varios amino-
acidos conjugados a AJ e seus andlogos sintéticos foram ativos nesta cascata de sinalizagio
(Kramell et al., 1997; Krumm et al., 1995), mostrando a diversidade de compostos que
podem estar envolvidos na via de transdugdo de sinal em resposta & injiria mecénica
(Wasternack et al., 1998).

Kramell e colaboradores (2000) mostraram que em cevada ha dois conjuntos
distintos de genes expressos em resposta a AJ. Um deles, composto por JIP6, JIP23, JIP37,
JIP60 (jasmonate induced proteins) e JRGI (jasmonate-responsive genes) é induzido em

plantas submetidas a tratamentos com AJ, OPDA, coronatina e por estresse osmotico

'o artigo apresenta uma ampla discussdo dos resultados. Assim, esta sess3o constara de uma discussdo geral onde se aborda outros
aspectos da contribuigéo deste trabalho para o entendimento das vias de sinalizago em resposta a ferimento em Arabidopsis.
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induzido por sorbitol. O outro conjunto de genes, composto por JRGS, JRG10, JRGI2
(lasmonate responsive genes) e LOX2 (lypoxigenase 2) é expresso em resposta ao
tratamento com jasmonatos ou coronatina, mas ndo sdo expressos em decorréncia do
acimulo de AJ € OPDA apés estresse osmotico. Assim, a aplicagdo de AJ e OPDA e o
acumulo destes mesmos compostos em respostas a estresse ambiental provavelmente
induzem a transcri¢do de conjuntos distintos de genes em cevada. Esse trabalho demonstrou
também que a aplicagdo de OPDA, AJ ou coronatina ndo contribuem para o aumento da
concentragdo endogena de AJ (Kramell et al., 2000).

Em Arabidopsis foi demonstrado que a injuria mecanica e tratamentos com
jasmonatos em plantas nfo machucadas induzem a transcricdo de genes de defesa
(Parchmann et al., 1997; Weber et al., 1997; Stelmach er al., 1999). Contudo, os genes
induzidos por ferimento em plantas selvagem e mutantes coil indicaram que h4 duas vias
distintas de sinalizagdo. Uma delas nfio envolve AJ como mediador e é responsével pela
indugdo de genes com provavel funcdo de recuperagio do tecido lesado, enquanto a outra
requer a percepgdo de AJ e ativa genes envolvidos tanto em resposta local como sistémica
(Titarenko et al., 1997, Rojo et al., 1998).

Esses estudos mostram portanto que as vias de sinaliza¢do em resposta a ferimento
ou estresse ambiental podem diferir em seus sinalizadores e resultar na expressdo de
diferentes conjuntos de genes de defesa.

Esta pesquisa de mestrado apresenta evidéncias da existéncia de uma terceira
isoforma dos genes OPR] e OPR2 (12-oxofitodienoato redutases 1 e 2) de Arabidopsis
responsével pela conversdo de OPDA em OPC8:0, na via de biossintese de 4cido jasménico

(Schaller e Weiler, 1997a).
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O gene OPR3 ¢ rapidamente expresso ap6s ferimento ou tratamento com MeJA em
plantas selvagem, padrio de indugfio também observado para lipoxigenase e aleno ¢xido
sintase, que catalisam a formagio de compostos precursores de OPDA em folhas de
Arabidopsis (Laudert ¢ Weiler, 1998; Bell e Mullet, 1993). Diferentemente dos genes
OPRI e OPR2, OPR3 apresenta niveis de expressdo baixo em raizes (Biesgen ¢ Weiler,
1999), o que pode sugerir que a proteina OPR3 tenha sua fungdo associada a cloroplastos,
assim como ocorre com varios genes induzidos por AJ (Reinbothe et al., 1994).

Em experimentos ainda nfio publicados pudemos observar que o gene OPR3 ¢
induzido apenas em folhas machucadas e ndo sistemicamente. Isto sugere que OPR3 seja
responsavel por um aumento nos niveis de OPC8:0 e consequentemente de AJ no local do
ferimento logo apds o dano celular.

Estudos de cinética enzimatica mostraram que proteina OPR3 recombinante é capaz
de oxidar B-NADPH na presenca dos compostos ciclohexenona, 12-OPDA e PGIJ2,
compostos que possuem uma insaturagdo no anel ceténico de suas moléculas. Esses dados
estdo de acordo com a atividade anteriormente descrita para as proteinas OYEs (old yellow
enzymes) € OPRs (Schaller e Weiler, 1997a e 1997b). A auséncia de atividade da proteina
recombinante OPR3 sobre MeJA e ciclohexanona indica que ligagdes duplas na cadeia
alifatica desses compostos ndo sio reduzidas por OPR3, mostrando assim a especificidade
da enzima por clivar ligagGes duplas dos anéis cetdnicos de seus substratos.

Como pode ser observado na figura 2, a via de sinaliza¢io de resposta & injuria
mecénica ¢ mediada por uma via octadecanoéica andloga ao mecanismo de sinalizagdo de
processos inflamatérios em mamiferos que resulta na produgdo de prostaglandinas e

leucotrienos. Como esses compostos apresentam estrutura molecular bastante semelhante
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ao OPDA (Mueller, 1997), o composto PGJ2 foi utilizado como substrato em ensaios de
cinética enzimatica.

Os Isoprostanos sdo produzidos a partir da oxidagdo de 4cido aracddnico e
apresentam importante papel em intimeros processos bioldgicos em mamiferos. Em 1998,
Parchmann e Mueller apresentaram evidéncias da produgio de isoprostanos a partir de
4cido linolénico em diversas espécies de plantas, estreitando o paralelo existente entre vias
de sinalizagdo em resposta a estresse em plantas e mamiferos (Parchmann e Mueller, 1998)

A proteina OYE ¢€ capaz de ligar-se a varios compostos incluindo esteréides, como
B-estradiol e testosterona (Vaz er al., 1995). Proteinas estrogen-binding de Candida
albicans (CaEBP1) e morfinona redutase de Agrobacterium radiobacter apresentam
propriedades semelhantes a OYEs (Madani et al., 1994; French e Bruce, 1994). A atividade
dessas enzimas sobre ciclohexenona ¢ inibida por p-estradiol e progesterona,
respectivamente (Madani et al., 1994; French e Bruce, 1994).

Em estudos iniciais utilizando esterdéides pudemos identificar atividade de OPR3
sobre B-estradiol (dados nfio mostrados). A possibilidade de B-estradiol ser reduzido por
OPR3 indicaria que esterdides de plantas poderiam modular a atividade de OPR3. Durante
a redagdo desta tese, Schaller e colaboradores mostraram que a proteina OPR3 de
Arabidopsis € induzida por brassinoesterdides (esterdides moduladores do crescimento de
plantas) porém, a atividade 6xido-redutase da proteina OPR3 sobre tais esterdides ainda
ndo foi demonstrada (Schaller et al, 2000). Além disso, foi demonstrado que OPR3
converte OPDA em OPC 8:0 com maior eficiéncia que as isoformas OPR1 e OPR2
anteriormente descritas indicando a importéancia da proteina OPR3 na via de biossintese de

AJ e conseqlientemente para o mecanismo de sinalizagdo em resposta a estresse em
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Arabidopsis (Schaller et al., 2000)

Enquanto esta tese era redigida, Stintzi e Browse (2000) publicaram um artigo onde
descrevem a caracterizagdo de um novo mutante macho-estéril de Arabidopsis, isolado com
o0 objetivo de investigar o papel dos jasmonatos no processo de desenvolvimento de anteras
e grédos de polen. A clonagem do Jocus mutante indicou que este correspondia ao gene que
codifica a proteina OPR3. O fenétipo das plantas mutantes opr3 pode ser revertido por
tratamento com AJ, mas ndo por OPDA. Com os resultados obtidos os autores sugerem que
AJ € a molécula sinalizadora que garante a produgo e desenvolvimento de grios de pélen
férteis. Além de demonstrarem também que a enzima OPR3 ¢ a tnica isoforma de OPDA
redutase capaz de reduzir o esteroisdmero correto para a produgdo de AJ, composto
necessario para o desenvolvimento normal do gametofito masculino em Arabidopsis
(Stintzi e Browse, 2000). Um segundo mutante de Arabidopsis thaliana macho estéril,
também obtido por insergdo de T-DNA foi isolado por Sanders e colaboradores (2000). O
mutante denominado deleyed dehiscencel, apresenta uma deficiéncia no processo de
deiscéncia da antera e o pdlen ¢ mantido na antera impedindo assim a polinizagdo. A
clonagem do locus mutante mostrou a interrup¢do do gene que codifica a enzima 12-
oxidofitodieroato redutase. Assim como observado com o mutante opr3 a macho
esterilidade do mutante deleyed dehiscencel pode ser revertida por tratamento com AJ. Os
experimentos realizados com os mutantes opr3 e deleyed dehiscencel sugerem que AJ ¢é
importante para determinar o tempo de deiscéncia e o desenvolvimento normal das anteras

em Arabidopsis.
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Os resultados obtidos nesta pesquisa de mestrado nos permitiram a elaboragéo de

duas hipéteses que podem explicar a interagdo entre a proteina COI1 e a expressio do gene

OPR3 (Fig. 4).
HIPOTESE 1 HIPOTESE 2

__OPR3

i Transcricao i t’l‘ranscrigio

l ‘ Traducio “ Traducao

OPR3

Figura 4: Estes diagramas representam duas hipoteses possiveis para descrever a
correlagdo entre a proteina COIl e a expressdo do gene OPR3. As duas hipdteses propostas
assumem que a proteina COIl seja responsavel pela interagdo com outras proteinas
ativadoras (hipotese 1) ou repressoras (hipdtese 2) de transcri¢do de genes de defesa devido
a presenca de dominios repetitivos ricos em leucina encontrados ao longo da seqiiéncia que

codifica a proteina COI1.
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A hipétese 1 mostra a proteina COI1 interagindo com uma proteina ativadora da
expressio do gene OPR3. Sugere-se aqui que a proteina COI1, expressa normalmente em
plantas de Arabidopsis selvagem, interaja com uma proteina ativadora que seja responsavel
pela transcricdo do gene OPR3. A auséncia da proteina COIl em plantas mutante coil
impediria a ativag@io da transcrigdo de OPR3 e consequentemente, diminuiria a sintese de
novo de écido jasménico comprometendo a resposta de defesa nessas plantas.

A hipétese 2 mostra a proteina COIl como captadora de proteinas repressoras da
transcri¢do de OPR3. A presenca de dominios “F-box” na proteina COIl permite sugerir
que esta proteina seqliestre outras proteinas para o complexo de ubiquinizagio para
posterior degradacdo (Xie ef al., 1998). Desta forma, pudemos formular a hipétese 2, onde
a proteina COI1 se ligaria a uma proteina repressora da expressdo do gene OPR3, que seria
poliubiquitinizada e em seguida degradada, permitindo assim a transcri¢do desse gene.
Desta forma, em plantas mutantes coi/, a auséncia da proteina COI1 manteria o gene OPR3
reprimido impedindo a sua transcrigfo.

Contudo, ¢ necessario notar que a fungdo da proteina COI1 ndo foi estabelecida e
estas hipoteses deveriam ser testadas em estudos posteriores. Além disso, a possibilidade de

que a proteina COI1 seja um receptor de 4cido jasmdnico ainda ndo foi descartada.
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Conclusoes

O gene OPR3 ¢ induzido por injiria mecénica e tratamento com metil jasmonato em
plantas de 4rabidopsis selvagem e em menores niveis em plantas mutante coil, sugerindo a
necessidade da fun¢do COII para sua completa expressdo. No Anexo I sdo apresentadas
duas hipétese que podem explicar a interag8o entre as proteinas COI1 e OPR3.

A expressdo do gene OPR3 ¢ regulada de maneira diferenciada em folhas e raizes de
plantas selvagem.

O gene OPR3 apresenta alta identidade com flavoproteinas B-NADPH-dependentes
como OYE, OPR1 e OPR2.

Ensaios de cinética enzimatica demonstram a especificidade da proteina OPR3 em

oxidar duplas ligagdes em anéis cetdnicos de seus substratos em presenga de B-NADPH.
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