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EXTRATO

Villela-Dias, Cristiano, D.r., Universidade Estadual de Santa Cruz, Ilhéus, fevereiro de 2011.
ESTUDOS FUNCIONAIS E CARACTERIZAÇÃO DA PROTEÍNA INDUTORA DE NECROSE
MpNEP2 DE MONILIOPHTHORA PERNICIOSA

Orientador: Julio C. M cascardo. Co- orientador: Marcio G. C. Costa. Colaborador:

Uma nova família de elicitores microbianos, denominada de proteínas semelhantes à Nep1 ou
do inglês “Nep1-like proteins-NLPs”, que são capazes de induzir necrose, exclusivamente, em
plantas dicotiledôneas foi primeiramente descrito em 1995. E essa nova família de proteínas
têm sido encontradas em uma variedade, taxonomicamente distinta, de microrganismos que
compartilham um grau elevado de semelhança de sequência, incluindo um motivo conservado
de sete aminoácidos (GHRHDWE), um peptídeo sinal indicador de secreção e a presença de
dois ou quatro resíduos de cisteína conservados, que possibilitam a divisão dessas proteínas em
dois grupos distintos. Contudo, o processo celular ou via metabolica responsável por
desencadear a atividade de necrose ainda é desconhecido. Moniliophthora perniciosa, o agente
causador da doença vassoura-de-bruxa em cacau (Theobroma cacao L.), contém cinco
seqüências de DNA que codificam para prováveis cópias de NLPs, sendo a MpNEP2 uma das
formas mais expressas. Nesse trabalho, usando uma variedade de abordagens e técnicas, foram
identificadas i) alterações bioquímicas e metabólicas nas células de plantas tratadas por um
curto período de tempo com a proteína MpNEP2,e ii) uma resposta fenotípica conservada, com
formação de manchas necróticas, produção massiva de peróxido de hidrogênio (H2O2),
formação de “DNA-ladder” e colapso das membranas celulares. Pela primeira vez, também foi
demonstrada a inibição, pelo menos parcialmente, da morte celular induzida por MpNEP2 em
plantas modelo. A estrutura cristalográfica da MpNep2 foi recentemente resolvida e revelou
alguns elementos essenciais para a sua atividade. Esta proteína é resistente a desnaturação
termica e foi proposto que ela atuasse como monômero em solução. Os resultados apresentados
viii

aqui mostraram por experimentos de desnaturação química e por calor que a MpNep2 possui
uma estrutura cooperativa que pode explicar a recuperação da sua estrutura e atividade após os
experimentos de aquecimento e resfriamento. Esta tese contribuí para o entendimento e
caracterização do processo de homo-dimerização da MpNep2. Os resultados apresentados aqui
são relevantes e fornecem novas descobertas no que diz respeito à atividade das NLPs, e
podem ser usados como parâmetro para a realização de novos experimentos..

Palavras-chaves: H2O2, Nep1, NLP, cacau, Oxiredução, Proteômica, Metabolômica
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ABSTRACT

Villela-Dias, Cristiano, D.r., Universidade Estadual de Santa Cruz, Ilhéus, fevereiro de 2011.
FUNCTIONAL AND CHARACTERIZATION STUDIES OF A NECROSIS-INDUCING
PROTEIN (MpNEP2) FROM MONILIOPHTHORA PERNICIOSA
Orientador: Julio C. M cascardo. Co- orientador: Marcio G. C. Costa.

A new family of microbial elicitors, called Nep1-like proteins (NLPs), that possess the ability
to induce necrosis exclusively in dicotyledonous plants was firstly described in1995. They have
been found in a variety of taxonomically unrelated micro-organisms that share a high degree of
sequence similarity, including a conserved seven-amino acid motif (GHRHDWE), a secretory
signal sequence and the presence of two or four conserved cysteine residues that allows the
organization of NLPs into two sub-groups. However, the cellular process or pathway required
for this activity is largely unknown. Moniliophthora perniciosa, the causal agent of witches’
broom disease of cacau (Theobroma cacao L.), contains five DNA sequences encoding
putative copies of NLPs, in which MpNEP2 is one of the most expressed forms. Here using a
variety of approaches and techniques we were able to identify i) a global biochemical changes
in plant cells elicited by short-term treatment with MpNEP2; and ii) a preserved phenotypic
response with formation of necrotic spots, massive production of hydrogen peroxide (H2O2),
DNA laddering and collapse of cells membranes. For the first time, we also were able to
demonstrate the inhibition, at least partially, of the the MpNEP2-induced plant cell death. The
crystal structure of MpNep2 was recently solved and revealed key elements for its activity.
This protein has a heat-resistant profile and was believed to act as a monomer in solution
compared to its related counterparts. Our results showed a cooperative MpNep2 structure by
chemical and heating denaturation experiments that may explain the structure and activity
recovery after heating and cooling processes. We also bring new data on the identification and
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characterization of MpNep2 homo-dimerization process. Our results are relevant and provide
new findings regarding the activities of NLPs that can be used as parameter for the design of
new experiments.

Keywords: H2O2, Nep1, NLPs, cocoa, oxireduction, proteomics, metabolomics.
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1 . INTRODUÇÃO
Plantas, assim como outros organismos, possuem um sistema de defesa que pode ser induzido
devido à infecção por uma infinidade de microrganismos. A interação entre plantas e
microrganismos patogênicos é um mecanismo de comunicação altamente especializado,
resultante de uma complexa co-evolução entre esses vegetais e seus fitopatógenos. Nesse
processo de comunicação umas variedades de sinais químicos e físicos dão origem a uma
série de eventos capazes de induzir a expressão de vários genes, tanto nas plantas, quanto nos
patógenos (Kolattukudy et al., 1995). Essa interação, consequentemente, pode levar a uma
resposta de resistência, ativando a maquinaria de defesa nas plantas, ou susceptibilidade,
promovendo a infecção e o desenvolvimento do patógeno (Huitema et al., 2004). Entre os
principais eventos capazes de manipular a estrutura e função de células de plantas
hospedeiras, ativando respostas de defesa e paradoxalmente, levando ao processo de morte
celular, destacamos a atuação de um grupo de proteínas secretadas por uma variedade de
microrganismos fitopatogênicos, as proteínas indutoras de necrose e etileno ou proteínas tipo
Nep1.
Proteínas semelhantes a Nep1 (“Nep1-like proteins”-NLPs) são proteínas relativamente
pequenas com aproximadamente 24 kDa e que compreendem uma família de elicitores
microbianos capazes de induzir necrose e morte celular em plantas dicotiledôneas
(Pemberton e Salmond, 2004). Muitos fitopatógenos mostraram possuir cópias de genes
codificadores para esta família de proteínas, e que quando expressos favorecem o processo de
patogenicidade (Pemberton e Salmond, 2004; Qutob, et al, 2002).
Moniliophthora perniciosa, um basidiomiceto hemibiotrófico, que infecta pelo menos cinco
famílias de dicotiledôneas, incluindo Malvaceae e Solanaceae (Griffith et al., 2003), é
responsável por uma das mais importantes doenças do cacaueiro (Theobroma cacao L.) nas
Américas (Purdy e Schmidt, 1996), a doença da vassoura-de-bruxa (WBD) e possui em seu
genoma genes codificando para cinco NLPs (Zaparoli et al., 2011). No entanto, apenas a
1

MpNEP2 parece estar relacionada com a patogenicidade deste fungo, uma vez que foi
observada uma expressão significativa de transcritos codificadores para esta proteína em
estágios avançados da doença, conhecidindo com a mudança do ciclo de vida do fungo do
estágio biotrófico para o necrotrófico (Zaparoli et al., 2011).
Apesar de alguns trabalhos terem utilizado essa proteína como moledo, na tentativa de
entender as bases moleculares envolvidas no processo de morte celular induzido por essa
proteína (Garcia et al., 2007; Silva et al., 2011; Zaparoli et al., 2011), pouco foi alcançado no
entendimento do exato mecanismo pelo qual ela é capaz de induzir necrose e morte celular.
Nesse trabalho, fazendo uso da proteína MpNEP2 em diferentes modelos vegetais, como
Arabidopsis thaliana , Nicotiana tabacum L. e Nicotiana benthamiana, tentamos contribuir
para o entendimento do processo de morte celular induzido por esta NLP. Utilizando técnicas
como espectrometria de massas para estudo de proteínas, espectrometria gasosa acoplada a
massas para estudo de metabolitos, inibição enzimática, dicroismo circular (CD), resonancia
magnética nuclear (RMN), microscopia de epifluorescência, espalhamento dinâmico de luz
(“Dynamic light scattering”-DLS), calorimetria diferencial de varredura (“Differential
scanning calorimetr”-DSC) e espalhamento de raios-X em pequeno angulo (“Small-angle Xray scattering”-SAXS), tentamos contribuir para o entendimento do modo de ação dessa
proteína. Os dados aqui apresentados são relevantes e trazem novas pespectivas para a
atividades das NLPs, podendo ser utilizados como parametros para o delineamento de novos
experimentos que venham utilizar essa proteína
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2. REVISÃO DE LITERATURA

2.1 NEP1 – Like proteins ( NLPs)
NLPs são proteínas de aproximadamente 24 kDa que são capazes de induzir necrose e
produção de etileno quando aplicadas em folhas e/ou células de plantas dicotiledôneas.
Primeiramente isolada por Bailey (1995), como um componente do filtrado cellular de
cultura de Fusarium oxysporum que induzia necrose e produção de etileno em plantas de coca
(Erythroxylum coca), foi caracterizada como NEP1 (“Necrosis and ethylene-inducing peptide
1”). A proteína era capaz de induzir morte celular apenas em dicotiledôneas e não afetava
plantas monocotiledôneas. Após seu sequenciamento observou-se que ela não era relacionada
com nenhuma outra proteína ou domínio funcional conhecido, sendo então classificada como
proteína indutora de necrose e etileno (“Necrosis and Ethylene Inducing Protein” – NEP1) e
passou a integrar uma nova família de elicitores (Nelson, 1998). Desde então, já foram
descritas inúmeras proteínas semelhantes a NEP1 ou “Nep1-like proteins-NLPs” em uma
grande variedade de microorganismos taxonomicamente destintos. NLPs foram detectadas
tanto em procariotos quanto em eucariotos. Procariotos como bactérias gram-positivas
(Bacillus halodurans, Streptomyces coelicolor) e gram-negativas (Erwinia spp., Vibrio
pommerensis) e eucariotos como fungos (Fusarium oxysporum, Neurospora crassa,
Moniliophthora perniciosa) e oomicetos do gêneros Phytium, Phytophthora (Pemberton e
Salmond, 2004). Porém, a maioria dessas proteínas foi descrita baseado em análises de
predição de sequência, sem a comprovação experimental da funcionalidade da proteína. Os
membros dessa família de proteínas apresentam um alto grau de similaridade, incluindo um
motivo conservado de sete aminoácidos (GHRHDWE), um peptídeo sinal na porção amino-
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terminal que direciona a proteína para secreção e um domínio NPP1 (Necrosis-inducing
Phytophthora protein), composto por duas ou quatro cisteínas conservadas ao longo da
sequencia de aminoácidos da proteína (Fellbrich et al., 2002). Essas cisteínas conservadas
possibilitaram a divisão das NLPs em dois grupos, contendo duas e quatro cisteínas
respectivamente (Gijzen e Nurnberger, 2006).
Com o desenvolvimento das técnicas de seqüenciamento, mais NLPs foram reveladas, sendo
os oomicetos o grupo que apresentou o maior número de sequências por genoma (50-60
cópias). Porém, a maioria dessas sequências parece não ser funcional ou codificam
pseudogenes. No entanto, contrariamente ao observado em microorganismos do gênero
Phytophthora, fungos como Magnaporthe griseae Neurospora crassa apresentam quatro e
uma cópia por genoma, respectivamente (Gijzen e Nurnberger, 2006). Microorganismos do
gênero Phytophthora são patógenos de plantas dicotiledôneas, nas quais as NLPs têm
demonstrado ter atividade, e a presença de múltiplas cópias desse gene por genoma é mais
uma evidencia da importância dessa proteína na patogenicidade desse grupo de
microorganismos.
Moniliophthora perniciosa, um fungo basidiomiceto e o agente causador da vassoura-debruxa, um dos problemas fitopatológicos mais importantes que afetam as plantações de cacau
(Theobroma cacao L.) nas Américas (Purdy e Schmidt, 1996), possui cinco seqüências de
DNA que codificam provaveis proteínas semelhantes às NLPs. E estudos recentes
demonstraram que apenas dois dos prováveis genes codificadores de NLPs são
abundantemente expressos durante o desenvolvimento da doença, sendo a MpNEP2 uma das
formas mais expressas (Zaparoli et al., 2011). Primeiramente caracterizadas as proteínas
MpNEP1 e MpNEP2 possuem um elevado grau de similaridade de sequência e foram
capazes de induzir necrose e emisão de etileno em folhas do tabaco e de cacau. MpNEP1 e
MpNep2 foram descrita, respectivamente, como estando presente na forma oligomérica e
monomérica em solução, sendo a MpNep2 a primeira NLP descrita capaz de recuperar a sua
atividade de indução de necrose após fervura (Garcia et al., 2007).
2.2 Susceptibilidade das plantas dicotiledôneas às NLPs
A ação das NLPs em plantas dicotiledôneas tem sido bem estudada por vários pesquisadores
(Jennings et al., 2001; Veit et al., 2001; Fellbrich et al., 2002; Keates et al., 2003; Verica et
al., 2004; Bailey et al., 2005; Bae et al., 2006; Garcia et al., 2007; Schouten et al., 2008; Silva
et al., 2011). Ambas as proteínas foram capazes de induzir necrose quando aplicadas em sua
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forma pura ou quando expressas na sua forma recombinante. NLPs de Erwinia carotovora,
Pythium aphanidermatum, Fusarium oxysporum, Phytophthora Parasítica, P. sojae e M.
perniciosa têm demonstrado capacidade de induzir necrose em tecidos de plantas
dicotiledôneas, mas não em monocotiledôneas (Bailey, 1995; Koch et al, 1998; Veit et al,
2001; Fellbrich et al, 2002; Qutob et al, 2002; Garcia et al., 2007 ). Outros trabalhos foram
realizados para testar a sensibilidade de células animais, bacterianas e fúngicas à ação das
NLPs e sugeriram que as células destes organismos não são afetadas por esta família de
proteínas. No entanto, Vibrio pommerensis é uma possível exceção, uma vez que a atividade
hemolítica contra eritrócitos humanos e animais foi mapeada para uma região do DNA que
codifica para uma NLP. Porém, ainda não se sabe se esta proteína é necessária para a
atividade hemolítica (Jores et al., 2003).
É possível que a ação das NLPs sejam dependentes de um evento de reconhecimento
molecular entre a proteína e a célula de planta, o que possivelmente não ocorre em
monocotiledôneas devido a falta de moléculas receptoras na superfície das células ou à sua
total inacessibilidade. Outra possibilidade é que em monocotiledôneas essas NLPs podem ser
reconhecidas, mas a resposta a este reconhecimento seja diferente. Observações semelhantes
também foram feitas para o proteína flagelina bacteriana (flg22) em dicotiledôneas (GomezGomez et al., 1999). Nenhuma resposta a este fragmento foi observada em monocotiledônea
(Felix et al., 1999).
Algumas evidências indicam que diferentes NLPs podem variar na capacidade de causar
necrose em uma determinada espécie de planta e é possível que algumas não tenham
nenhuma atividade (Pemberton e Salmond, 2004). Uma NLP de Hyaloperonospora
parasítica, um oomiceto biotrófico, não mostrou atividade de necrose contra dicotiledôneas
(Gijzen e Nurnberger, 2006). Por outro lado, NLPs de especies diferentes (P. sojae, F.
oxysporum, B. Halodurans, S. coelicolor), mostraram atividades bem distintas. A proteína de
P. sojae foi o mais efetiva na indução de necrose seguida da Nep1 de F. oxysporum. Já os
ortólogos bacterianos mostraram atividades muito fracas ou não mostraram atividade alguma.
Essa observação de que NLPs de organismos patogênicos induzem uma necrose mais severa
do que NLPs de organismos não patogênicos de plantas (bactérias testadas no experimento),
sugere uma associação entre a atividade necrótica de NLPs e a patogênese (Qutob et al.,
2002; Gijzen e Nurnberger, 2006).
No entanto, o mecanismo pelo qual as NLPs são capazes de induzir necrose ainda é
desconhecido. Essa busca pelo exato mecanismo de ação vem levando muitos pesquisadores
a tentar determinar características estruturais na proteína que seriam imprescindíveis para sua
5

ação. Uma das estratégias utilizadas foi a construção de mutantes de deleção ou sítio dirigida
para atividade de necrose na seqüência da NPP1 (Fellbrish et al., 2002). Os resultados
mostraram a importância das duas cisteínas para as NLPs do tipo I e que a atividade da NPP1
não pode ser reduzida a peptídeos ou a alguns motivos dentro da proteína. A única alteração
que foi permitida sem prejuízos à atividade foi uma curta deleção na extremidade
carboxiterminal da proteína. Outra observação importante foi que a NPP1 era instável na
presença de calor. Os resultados indicaram que possivelmente uma organização terciária da
proteína seria responsável pela atividade necrótica. No entanto, isso ainda não foi
demonstrado.
Alguns autores sugerem que a atividade de necrose pode ser consequência do aumento dos
níveis de etileno (Bailey et al.,1997), mas existem relatos de necrose induzida por NLPs sem
aumento nos níveis de etileno (Bailey, 1995; Bailey et al., 1997) sugerindo que outros
mecanismos deve estar envolvidos. As células da plantas dicotiledôneas respondem
ativamente as NLPs e parecem entrar num estado hiper-defensivo antes da morte, liberando
etileno, ativando MAP quinases, sintetizando fitoalexinas, induzindo a transcrição de genes
PR, aumentando os níveis de cálcio citoplasmático e produzindo outras numerosas mudanças
metabólicas (Pemberton e Salmond, 2004). Em T. cacao o tratamento de folhas com uma
NLP, foi capaz de induzir 106 genes, sendo que destes, 8% mostraram estar relacionados com
a defesa contra patógenos e outra fração mostrou estar relacionada com o metabolismo
energético (Verica et al., 2004). Em células de tabaco observou-se a produção de proteínas
relacionadas com patogenicidade da família PR1 (Fellbrich et al., 2002). E em Arabidopsis
thaliana, Centaurea maculosa e Taraxacum officinale foi observado a indução de genes
relacionados com fosforilação reversível mediada por proteínas quinases e proteínas
fosfatases, reguladores primários de muitas vias de transdução de sinais, genes relacionados
com o processo de sinalização como a calmodulina e genes relacionados com o metabolismo
de lipídios e a biossíntese de fitoalexinas (Keates et al., 2003). Esses estudos levantaram a
possibilidade de que o processo primário envolvido na resposta de plantas dicotiledôneas a
NLPs é muito similar, envolvendo muitos genes associados com resposta a estresse.
2.3 Contribuição das NLPs para patogenicidade
Estudos em P. sojae usando Q-PCR (Real time PCR) mostraram a presença de transcritos de
PsojNIP em tecidos infectados de soja apenas 12 h a pós a inoculação (Qutob et al., 2002).
Não foi observado a presença de transcritos em zoósporos ou nas fases iniciais da infecção.
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O início da transcrição conhecidiu com a transição da fase biotrófica, não destrutiva, para
fase necrotrófica (Qutob et al., 2002). Isto sugere que o proteína tem um papel fitopatogénico,
quer como um factor de virulência ou como parte da transição para um estilo de vida
patogénico. Em experimentos de transformação de F. oxysporum mediante disrupção e
superexpressão do gene de uma NLP, mostrou-se que a expressão da NLP não influenciou a
agressividade ou virulência deste patógeno. Embora atualmente existam muitas evidências
indicando um papel positivo das NLPs na virulência (Bailey et al., 2002). Em Colletitrichum
coccodes a superexpressão do gene codificador para uma NLP de F. Oxysporum, teve
implicações positivas na virulencia deste fungo, permitindo sua utilização como biocontrole
de uma erva daninha em plantações de algodão (Amsellem et al., 2002). Os autores chegaram
a conclusão que a expressão da NLP em C. coccodes criou uma nova forma hipervirulenta do
patógeno que pode ser utilizada para o controle biológico.
A superexpressão do gene codificador para uma NLP (Nip) em Erwinia carotovora (bactéria
gram-negativa causadora da podridão-mole), levou à formação de lesões maiores e maior
podridão dos tecidos comparados com cepas idênticas que tiveram o gene removido
(Mattinen et al., 2004). O gene Nip de E. carotovora está sob controle da molécula sinal N-3(oxo-hexanoil)-L-homoserina lactona, característica do fenômeno chamado “quorum
sensing”. Um tipo de mecanismo de regulação da expressão gênica comum em bactérias que
se dá através de sinalização celular. Em E. carotovora, o sistema ‘‘quorum sensing’’ regula a
expressão de múltiplos fatores de virulência. O fato da expressão do gene Nip estar sob o
mesmo controle sugere que ele desempenha algum papel na patogenicidade dessa bactéria
(Pemberton et al., 2005). Em oomicetos os padrões de expressão de genes codificadores de
NLPs também sugerem que esta proteína facilita a infecção. Em P. sojae os maiores níveis de
transcritos codificando para a NLP (PsojNip) foram detectados após da transição da fase
biotrófica para necrótrófica (Qutob et al., 2002). Em basidiomicetos, como o M. perniciosa,
esse fenômeno também foi observado e mostrou um grande número de transcritos
codificadores para a NLP (MpNEP2) na fase de transição do estilo de vida biotrófico para o
necrotrófico (Zaparoli et al., 2011).
Com um nível tão elevado de conservação de sequência entre todas as NLPs descritas, seria
surpreendente se não houvesse uma função comum para estas proteínas, compartilhada entre
todos os microrganismos produtores de NLP. Um papel para esses proteínas, exclusivamente
relacionado à patogenicidade em planta é pouco provável, visto sua conservação em
micorganismos que não estão relacionados a nenhuma doença descrita em plantas como o
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fungo

N. crassa e as bactérias Bacillus. halodurans e Streptomyces.coelicolor e V.

pommerensis CH-291, esta isolada a partir de água do mar. As NLPs também podem executar
uma outra função que beneficia os organismos não-fitopatogênicos. A NLP de V.
pommerensis tem demonstrado possuir atividade hemolítica (Jores et al., 2003 ). Dessa forma
o papel das NLPs na patogenicidade em plantas ainda é discutível.
Quando expressas em plantas, estas proteínas podem alertar o sistema de defesa das plantas
contra a presença de microorganismos invasores e desencadear defesas, fazendo com que
qualquer infecção tenha um final prematuro (Pemberton e Salmond, 2004). A indução de uma
resposta do tipo de hipersensibilidade (HR), poderia ser usada como vantagem para o agente
patogénico. Isto tem sido sugerido a partir do estudo com Erwinia amylovora infectando
maçãs (Venisse et al., 2002). Nestas interações acredita-se que as bactérias induzem uma HR
na planta para liberar nutrientes e facilitar a colonização por bactérias invasoras. Também
tem sido proposto que as células de plantas mortas atuam como uma barreira protetora contra
novas invasões microbianas (Mayer et al., 2001). Também tem sido observado a contribuição
da HR para infecções fúngicas bem sucedidas (Dickman et al., 2001). Plantas de tabaco
transgénicas expressando reguladores negativos de apoptose, incluindo a caspase Bcl-2
humana, foram capazes de bloquear a morte celular tipo HR observada em plantas. Essas
plantas foram resistentes ao ataque de fungos necrotróficos, como Sclerotinia sclerotiorum e
Botrytis cinerea, sugerindo que os fungos necessitam da morte cellular tipo HR para que a
infecção seja bem sucedidas (Dickman et al., 2001). É possível que a morte celular induzida
por NLPs necessite de respostas semelhantes.
Recentemente, usando uma NLP (MpNEP2) de M. perniciosa como indutora de necrose, foi
demonstrado que plantas de tabaco expressando um gene para oxalato descarboxilase (oxdc),
enzima que degrada ácido oxálico em CO2 e ácido fórmico, tiveram uma inibição na
formação de lesoes necróticas (Silva et al., 2011). Esse dados levantaram a possibilidade da
participação do oxalato como molécula pro-oxidativa e que pode ter um papel determinante
na formação de lesões necróticas induzidas por NLP, no entanto mais comprovações desta
participação precisam ser realizadas em outros modelos.
2.4 Respostas de defesa às NLPs
O modo pelo qual as NLPs induzem respostas de defesa ainda não está claro. Algumas
evidência sobre os processos de sinalização activados nas célula nas fases iniciais da indução,
indicam que muitas das respostas detectadas sejam comuns à várias NLPs. O reconhecimeto

8

das NLPs parece desencadear uma cascata de sinalização que envolve o efluxo de cálcio do
retículo endosplasmático (ER) e ativação de MAP quinases (Fellbrich et al., 2002). O cálcio
também desempenha um papel importante na resposta a uma NLP (PaNie) em protoplastos
de cenoura (Koch et al., 1998). A resposta a NLP neste hospedeiro foi inibida pelo
bloqueador de canal de cálcio, nifedipina, sugerindo um papel importante do cálcio nas
defesas de plantas. Este bloqueio só foi possível durante os primeiros estágios da resposta,
revelando um papel precoce e irreversível do cálcio nas defesas relacionadas com NLPs.
Outros componentes de sinalização implicados na resposta das plantas a NLPs incluem a
expressão da CmCAL-1, uma proteína calmodulina; AtWRKY-18, um membro da família de
factores de transcrição WRKY, proteínas quinases (Keates et al., 2003). Como em uma HR
típica, a aplicação de uma NLP (NPP1) em Arabidopsis thaliana resultou na produção rápida
de espécies reactivas de oxigénio (Fellbrich et al., 2002), que possivelmente teve origem em
uma via independente da NADH oxidase. Outras respostas iniciáis às NLPs incluem: i) a
perda da integridade da membrana, alcalinização do meio extracelular, acúmulação de íons de
potássio (Jennings et al., 2001); ii) deposição de calose em torno do local de aplicação (Veit
et al., 2001); iii) ativação da via fenilpropanóides, responsável pela síntese de lignina e de
fitoalexinas (Koch et al., 1998); iv) acumulação de ToCYP-1, um provável citocromo P450
(Keates et al., 2003); v) síntese do ácido 4-hidroxibenzóico (4-HBA), componente de reforço
de paredes celulares de plantas, 48 h após a infecção (Koch et al., 1998); vi) produção de
etileno (Bailey, 1995; Fellbrich et al., 2002), com pico máximo 6 horas após inoculação
(Jennings et al., 2000); vii) moléculas de sinalização secundárias, como ácido salicílico (SA)
e proteínas relacionadas com patogenese dependentes de SA, também parecem desenpenhar
um papel na resposta de Arabidopsis à NLP (NPP1) (Fellbrich et al., 2002). Como vemos, as
respostas descritas para NLPs são diversas o que dificulta o entendimento do exato
mecanismo pelo qual essas proteínas são capazes de desencadear morte cellular.
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3. OBJETIVOS

3.1 Objetivo Geral
O objetivo geral deste trabalho foi caracterizar a via de sinalização que leva a morte celular
induzida em plantas modelo por meio da inoculação com o indutor de necrose isolado de M.
perniciosa (MpNEP2), na tentativa de compreender as bases bioquímicas e moleculares que
levam ao desenvolvimento desse processo.
3.2 Objetivos Específicos
1) Verificar a expressão diferencial das proteínas por cromatografia bidimensional (Gel 2D).
2) Caracterizar proteínas diferencialmente expressas por espectrometria de massa.
3) Infiltrar a proteína MpNEP2 em plantas modelo, visando a indução ou não de necrose.
4) Caracterizar o perfil metabólico de células em cultura submetida ao tratamento com
MpNEP2
5) Caracterizar a estrutura tridimensional da MpNEP2 por Ressonância Magnética Nuclear
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ABSTRACT
Nep1-like proteins (NLPs) have been found in a variety of taxonomically unrelated micro-organisms
and share a high degree of sequence similarity, including a conserved seven-amino acid motif
(GHRHDWE), a secretory signal sequence and the presence of two or four conserved cysteine
residues that could split them into two sub-groups. M. perniciosa, the causal agent of witches’ broom
disease, contains five DNA sequences encoding putative copies of NLPs, in which MpNEP2 is one of
the most expressed forms. Here, using both proteomic and metabolomic approach we were able to
identify global biochemical changes in cells of Nicotiana benthamiana elicited by short-term
treatment with MpNEP2. Thirty-two proteins up- or down-regulated in response to MpNEP2 were
identified by MS/MS and mapped into specific metabolic pathways and cellular processes. A total of
30 metabolites were detected by GC/MS and semi-quantified, of which eight showed significant
differences between control and MpNEP2 treatment. A systems biology approach was used to
understanding of the up- and down-regulated protein and metabolites interactions. Most of the
changes described were involved in the cell's capacity to reduce and oxidize proteins and also affected
the ATP biosynthesis and contributed to cell death.
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INTRODUCTION
Nep1-like proteins (NLPs) are relatively small proteins of ~24 kDa that comprise a family of
microbial elicitors of plant necrosis. Firstly isolated by Bailey (1995), as a component in
Fusarium oxysporum culture filtrates that elicited necrosis and ethylene production in the
coca plant (Erythroxylum coca), they have since been found in a variety of taxonomically
unrelated micro-organisms that predominantly rely, at least partially, on heterotrophic (either
hemibiotrophic, necrotrophic, or saprophytic) growth. Many plant pathogens that favor such
an infection strategy were shown to harbor NLP sequences (Qutob et al., 2002; Pemberton
and Salmond, 2004). Members of the NLP family share a high degree of sequence similarity,
including a conserved seven-amino acid motif (GHRHDWE), a secretory signal sequence and
the presence of two or four conserved cysteine residues that could divide them into two
groups (Gijzen et al., 2006). NLPs are able to induce a hypersensitive-like death response in a
variety of dicotyledonous plants but not in any known monocotyledonous plant (Gijzen et al.,
2006).
Moniliophthora perniciosa is the causal agent of witches’ broom disease, one of the most
important phytopathological problems affecting cacao (Theobroma cacao L.) plantations in
the Americas (Purdy and Schmidt, 1996). M. perniciosa contains five DNA sequences
encoding putative copies of proteins similar to NLPs, in which MpNEP2 is one of the most
expressed forms (Zaparoli et al., 2011). MpNEP1 and MpNEP2 have a high degree of
sequence similarity and were able to induce necrosis and ethylene emission in tabacco and
cocoa leaves (Garcia et al., 2007). MpNEP2 was described as being present in monomeric
form in solution and was the first described NLP able to recover necrosis activity after
boiling (Garcia et al., 2007).
Most of the current knowledge on the plant cell responses to NLPs arose from research
involving transcript profiling (Keates et al., 2003; Bae et al., 2006; Qutob et al., 2006). For
example, microarray analysis showed that short-term treatment of Arabidopsis seedlings with
Nep1 of Fusarium oxysporum altered expression of numerous genes encoding proteins
localized in organelles, especially in chloroplast and mitochondria, and induced multiple
classes of genes involved in reactive oxygen species production, signal transduction, ethylene
biosynthesis, membrane modification, apoptosis, and stress (Bae et al., 2006). These
observations brought important light to our current understanding of alterations triggered by
NLPs in plant cell metabolism, but more clarifications are still needed. On the other hand,
there are no studies using other functional genomic approaches, such as proteomics and
metabolomics, for characterization of NLP-mediated cell death signaling in plants. Such
approaches could provide further insights about the biological processes leading to NLP
susceptibility in plants and improve our ability to control plant diseases caused by their
producing pathogens, such as M. perniciosa.
The objective of this study was to identify the early molecular events induced by MpNEP2 in
cells of Nicotiana benthamiana, by comparing quantitative and qualitative global changes
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within the proteome and metabolome. The functional implications of the observed changes in
protein and metabolic profile in response to MpNEP2 are discussed.

MATERIAL AND METHODS

Expression and purification of recombinant protein
The MpNEP2 gene was amplified from the genomic DNA of M. perniciosa using a specific pair of
primers
(5’-CGTCTCAGGATCCATTGCCGGC-3’
and
5’CCAAGCTTTCACTACTACCACATCCAAGCC- 3’) containing restriction sites for BamHI and
HindIII. After purification and digestion the resulting PCR product was inserted into pET28a +
(Novagen, San Diego, CA, USA). The Escherichia coli strain BL21(DE3) pLysS was transformed
with the recombinant plasmid. Induction of protein expression was carried out with 1 mM isopropyl1-thio-b-D-galactopyranoside (IPTG) for 4 h at 28 °C. Cells were then harvested by centrifugation
and resuspended in 0.01 volumes of buffer containing 10 mM Tris-HCl pH 8, 500 mM NaCl, 5 mM
imidazole, 2% Triton X-100, and a protease inhibitor cocktail (1 mM PMSF, 1 µg/mL leupeptin, 1
µg/mL pepstatin). After two freeze-thaw steps, 0.01 volume of the same buffer without Triton X-100
was added and the cells were then sonicated. Cell debris was removed by centrifugation at 15,000 × g
for 1 h at 4 °C. The supernatant was then loaded into a HisTrap™ FF crude (1 mL), charged with Ni2+
ions according to the manufacturer’s protocol (GE Healthcare, Piscataway, New Jersey, USA), and
equilibrated with binding buffer (10 mM Tris-HCl pH 8, 500 mM NaCl, 5 mM imidazole), at a flow
rate of 1 mL/min. After washing with the same buffer, a 30-200 mM imidazole gradient was
performed until the elution of the protein. Fractions containing purified protein were pooled and then
loaded into a HiTrap™ desalting column (GE Healthcare, Piscataway, New Jersey, USA), according
to the manufacturer’s protocol and using 10 mM phosphate buffer (pH 5.7). The purity of the protein
was confirmed by SDS-PAGE.

Cell culture and microscopy analysis
The green fluorescent protein (GFP)-expressing N. benthamiana cell suspension was grown
in liquid MS medium (Murashige and Skoog, 1962) under constant shaking (100 rpm) at 25
ºC, and subcultured as previously described (Hemmerlin and Bach, 1998). Cells at
exponential growth phase were exposed to MpNEP2 for 1 h for microscopic analysis under
culture conditions. MpNEP2 was added to the cell suspension at a final concentration of 1
µg/mL. Cell death in the control and treated cells was analyzed by epifluorescent microscopy.
Microscopic analysis was carried out using an epifluorescent microscope (Leica DMR,
Heidelberg, Germany) and cells were observed in excavated blades using a Leica IM50
software. All experiments were carried out in triplicate and in sterile conditions.
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Protein extraction
Proteins of the cultured cells were extracted using a modified trichloroacetic acid/acetone
procedure (Wang et al., 2006; Smart et al., 2010). The cells were quenched using methanol
water 50% (v/v) at -20 ºC and fast filtration under a vacuum (0.45 µm membrane). Cells were
immediately ground in liquid nitrogen to a fine powder, resuspended in an ice-cold solution
of 10% (w/v) trichloroacetic acid (TCA) in acetone with 0.07% (w/v) DTT and centrifuged
for 30 min at 35 000 × g. The pellets were lyophilized and solubilized in lysis buffer (7 mol
L-1 urea, 2 mol L-1 thiourea, 4% [v/v] CA-630, 32 mmol L-1 Tris-HCl pH 6.8, 1 mmol L-1
PMSF, 14 mmol L-1 DTT, and 0.2% [v/v] Triton X-100) and then centrifuged at 12 000 × g
for 15 min. The proteins in the supernatant were precipitated by adding four volumes of icecold acetone and centrifuged at 12 000 × g for 15 min. The purified pellets were dissolved in
rehydration buffer containing 8 mol L-1 urea, 2% (w/v) CHAPS, 18 mmol L-1 DTT, 0.5%
(w/v) IPG buffer, pH 4-7 and a trace of bromophenol blue. The protein concentrations were
quantified using the Bradford method (Bradford, 1976). Three samples per treatment were
prepared from individual experiments. All samples were stored at –80ºC prior to
electrophoresis.

2-D electrophoresis
Isoelectric focusing (IEF) was performed with precast 13-cm IPG strips (pH 4-7, 130 x 3 x
0.5 mm; GE Healthcare) using an Ettan IPGphor IV (GE Healthcare, Piscataway, New
Jersey, USA). Total protein (250 µg) was mixed with rehydration buffer (8 mol L-1 urea, 2%
[w/v] CHAPS, 18 mmol L-1 DTT, 0.5% [w/v] IPG buffer, pH 4-7) totaling 250 µL.
Rehydration occurred at room temperature for 12 h on a ceramic plate (Manifold/GE
Healthcare, Piscataway, New Jersey, USA) and the first dimensional isoelectric focusing
(IEF) was performed under the following conditions: 1) 500 V for 1 h; 2) 100 V for 1 h; 3)
8000 V for 2.5 h; 4) 8000 V for 30 min. After IEF separation, the gel strips were equilibrated
for 2 × 15 min in an equilibration buffer containing 6 mol L-1 urea, 30% (w/v) glycerol, 2%
(w/v) SDS, 50 mmol L-1 Tris-HCl buffer (pH 8.8). DTT (1% w/v) was added to the first
equilibration buffer and in the second equilibration buffer DTT was replaced by 2.5% (w/v)
iodoacetamide. Equilibrated strips were placed on the top of an SDS polyacrylamide gel
(12%, 18 x 16 cm) and sealed with 1% agarose containing traces of bromophenol blue. The
second dimensional 2-D SDS-PAGE was carried out at Hoefer SE 600 Ruby (GE Healthcare,
Piscataway, New Jersey, USA) in a running buffer (25 mmol L-1 Tris, 192 mmol L-1 glycine
and 0.1% SDS) at 11°C for 30 min at 15 mA, and for about 3.5 h at 60 mA, until the
bromophenol blue line was around 1-cm from the bottom. After 2-D gel electrophoresis, gels
were kept 1 h in a fixation solution (1.3% orthophosphoric acid [85%] and 20% methanol)
and stained with a solution containing 1.5% orthophosphoric acid (85%), 7.7% ammonium
sulfate and 0.01% Coomassie G-250. The stained gels were scanned with ImageScannerTM II
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(GE Healthcare, Piscataway, New Jersey, USA) and analyzed with ImageMasterTM 2D
Platinum v6.0 (GE Healthcare, Piscataway, New Jersey, USA).

Mass analysis and protein identification
The selected stained spots were excised from the gel followed by destaining with 50 mmol L1
NH4HCO3 and 50% acetonitrile. The supernatant was removed and gel pieces were
completely dried at room temperature. The excised spots were then rehydrated in 15 µL
digestion buffer containing 40 mmol L-1 NH4HCO3, 10% acetonitrile and 15 ng/µL trypsin
(sequencing grade modified trypsin; Promega, Sãp Paulo, SP, Brazil ) in an ice-cold bath for
30 min. The digestion was performed at 37°C overnight. The resulting peptides from the
digests were analyzed by online nanoflow liquid chromatography tandem mass spectrometry
(LC-MS/MS) on a nanoAcquity system (Waters, Milford, MA, USA) coupled to an Q-Tof
micro Mass Spectrometer (Waters, Milford, MA, USA) (Waters, Milford, MA, USA).
Peptide mixtures were loaded onto a 1.7-µm × 100-mm nanoACQUITY UPLC BEH300
column packed with C18 resin (Waters, Milford, MA, USA) and were separated at a flow rate
of 0.6 µL/min using a linear gradient of 1 to 50% solvent B (95% acetonitrile with 0.1%
formic acid) in 23 min, followed by a sharp increase to 85% solvent B in 4 min and held at
85% solvent B for another 3 min. Solvent A was 0.1% formic acid in water. The effluent
from the HPLC column was directly electrosprayed into the mass spectrometer. The
instrument was operated in data-dependent mode to automatically switch between full scan
MS and MS/MS acquisition. All MS and MS/MS raw data were processed by Masslynx v4.1
(Waters) and searched against a target protein sequence database using the Mascot server
v4.1 (http://www.matrixscience.com/). Search criteria used were as follows: trypsin
digestion; variable modifications set as carbamidomethyl (Cys) and oxidation (Met); max of
one missed cleavages allowed; and peptide mass tolerance of ± 0.3 Da for the parent ion and
0.10 Da for the fragment ions.

Metabolomic analysis
The cultured cells metabolites were extracted using a procedure previously described (t'Kindt
et al., 2009) with some modifications. The cells were quenched using 50% (v/v) methanol
water at -20 °C and fast filtration under a vacuum (0.45µm membrane). Cells were
immediately ground in liquid nitrogen to a fine powder and 70 mg was weighed in an
Eppendorf tube. Plant material was extracted with 300 µL cold 80/20 (v/v) MeOH/H2O and
ribitol (20 mg/mL) as internal standard, in a thermomixer during 15 min at 4 °C. All extracts
were finally sonicated for 5 min (Bransonic Ultrasonic Cleaner 1210, Danbury, CT, USA)
and centrifuged 12,000 × g for 15 min at 4 ºC; a 50 µL aliquot of the metabolite sample
supernatant was concentrated to dryness in a vacuum concentrator. Dried extracts were kept
at -80 °C for 1 day before derivatization and GC-TOF mass spctrometry. Samples were
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derivatized by methoxyamination, using 80 µL solution of methoxyamine hydrochloride in
pyridine (20 mg/mL), and incubated in a thermomixer during 90 min at 30 °C in order to
induce methoxymation reaction. Subsequently was performed a silylation reaction with 80
µL of N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) and incubated again for 30
min at 37 °C before injecting to the GC-TOF MS machine. Samples were analyzed using an
Agilent 7683B Series Injec-tor (Agilent, Santa Clara, CA, USA) coupled to an Agilent
HP6890 Series gas chromatograph system and a 5973 Mass Selective Detector (Agilent,
Santa Clara, CA, USA), i.e. quadrupole type GC–MS system. An Agilent J&W DB-5ms ultra
inert column, 30 m x 0.25 mm x 0.25 µm was used. A constant column flow of 1mL/min
helium was applied. The injector was kept at 230 °C. Samples were splitless injected (1:l)
during 1.5 min using a total flow of 39 mL/min which was reduced to 24 mL/min after 2min.
The programmed separation started at 70 °C for 5 min, and then ramped by 5 °C /min to 325
°C within 51 min. After 1 min at 325 °C, the oven was cooled to the initial temperature of 70
°C within 5 min. A temperature equilibration phase of 5 min was allowed before the next
injection. The transferline and EI source temperature were 250 and 200 °C. EI spectra were
acquired between 50 and 600 Da. The electron multiplier voltage was set on 1700 V. Raw
chromatographic data acquired from GC-TOF-MS analysis were processed using AMDIS
(Automated Mass Spectral Deconvolution and Identification System) software
(http://chemdata.nist.gov/mass-spc/amdis/) to identify the compounds searching the NIST
(National Institute of Standards and Technology) 8.0 library.

RESULTS AND DISCUSSION

Cytological effects of MpNEP2 treatment
In this study, N. benthamiana GFP-expressing cells were evaluated in an epifluorescence microscopic
1-h after exposure to MpNEP2 in attempts to assess the early effects of the protein. The control cells
did not show any damage to cells membranes or lose their ability to express GFP (Fig. 1A, B). On the
other hand, MpNEP2 treatment rapidly reduced the number of GFP-expressing cells and, when they
were observed, the expression of GFP was restricted to areas within the cells, due to the detachment
and condensation of the cytoplasm inside the cell (Fig. 1C, D).
A characteristic of many NLPs is their ability to trigger cell death in dicotyledonous plants (Fellbrich
et al., 2002; Keates et al., 2003; Bae et al., 2006), although how this occurs remains controversial. A
classification of plant cell death based on morphological criteria has been recently suggested (van
Doorn et al., 2011). According to this classification, the use of the term ‘apoptosis’ is not justified in
plants, but at least two classes of PCD can be distinguished: vacuolar cell death and necrosis. During
vacuolar cell death, the cell contents are removed by a combination of autophagy-like process and
release of hydrolases from collapsed lytic vacuoles. On the other hand, necrosis is characterized by
early rupture of the plasma membrane, shrinkage of the protoplast and absence of vacuolar cell death
features. In this study, we observed a response similar to necrosis. MpNEP2-treated cells released
GFP protein outside the cell (data not shown), indicating direct damage to the plasma membrane.
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Another important observation was the total detachment of the plasma membrane, one of the first
steps of protoplast shrinkage (van Doorn et al., 2011).

Proteomic analysis of control and MpNEP2-treated N. benthamiana cells and GO
annotation
To identify proteins that are important in the signaling process initiated in the early stages of
MpNEP2 treatment, we fractionated equal amounts of protein in control and MpNEP2-treated
cells using two-dimensional gel electrophoresis. Overall, about 100 protein spots were
exhibited on the 2-DE gels and 54 were identified by MS/MS (Table 1). The set of up and
protein spots that increased or decreased in relative abundance (MpNEP2-treated/control) of
at least 2-fold in comparison to the control treatment in three replicate gels were identified
(Fig. 2). Seventeen proteins were identified as up-regulated [60 kDa chaperonin subunit alpha
(CPN-60 alpha), pyruvate decarboxylase (PDC), UDP glucose 6 dehydrogenase, enolase,
alpha tubulin, adenosylhomocysteinase, malate dehydrogenase (MDH), heat shock protein
80, annexin, aconitate hydratase, elongation factor 2, NADH ubiquinone oxidoreductase
isoform
1
and
2,
superoxide
dismutase
Mn
mitochondrial,
5methyltetrahydropteroyltriglutamate-homocystein, heat shock cognate 70 kDa, and alcohol
dehydrogenase (ADH)]. Fifteen proteins were identified as down-regulated [Stromal 70 kDa
heat shock, nucleosome assembly protein 1 like protein 2, glyceraldehyde 3 phosphate
dehydrogenase (GAPC), calreticulin, 2,3-bisphosphoglycerate-independent phosphoglycerate
mutase (PGAM-I), 14-3-3-like protein GF14 epsilon, glutathione S transferase, copper
chaperone, glycine-rich RNA binding protein 3, heat shock cognate 70 kDa protein 2, heat
shock protein 90, heat shock protein 81, fructose-bisphosphate aldolase cytoplasmic, fructose
bisphosphate aldolase like protein and L-ascorbate peroxidase 2 cytosolic]. The changes in
the stead-steady levels of these proteins were statistically significant (p≤0.05). The most
significant up-regulated proteins [60 kDa chaperonin subunit alpha (fold change of 2.3), PDC
(fold change of 2.1), enolase (fold change of 2.1), adenosylhomocysteinase (fold change of
2.8), aconitate hydratase (single), elongation factor 2 (single), NADH ubiquinone
oxidoreductase (single), 5-methyltetrahydropteroyltriglutamate-homocystein (single) and heat
shock cognate 70 kDa protein (single) ] and down-regulated proteins [heat shock cognate 70
kDa protein 2 (single), heat shock protein 90 (single), heat shock protein 81 2 (single),
nucleosome assembly protein (fold change of -3.8), calreticulin (fold change of -13.3),
fructose-bisphosphate aldolase (single) and L-ascorbate peroxidase 2 (single)] are showed in
Fig 3.
To aid in the interpretation of the experimental findings, the proteins accession numbers were
uploaded to the Uniprot website (http://www.uniprot.org/) and proteins were categorized by
Gene Ontology (GO) cellular location, molecular function or biological process terms. Fiftynine representative categories of interest are shown in Fig. 4. Most proteins that were upregulated by MpNEP2 treatment are involved in nucleotide binding function (47.1%),
oxidoreductase activity (41.2%), metal ion binding function (35.3%) and GTP binding
function (11.8%) and were located mostly in the cytosol (47.1%) and in the mitochondria
(29.4%). Proteins that were down-regulated are mostly involved in glycolysis (31.2%),
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response to stress process (31.2%) and protein folding (25%) and were located in the cytosol
(56.2%), mitochondria (25%) and membrane (25%). Among the proteins that were upregulated due to treatment with MpNEP2, we highlight those that are involved in the
oxidation-reduction process. NADH ubiquinone oxidoreductase (Complex I), UDP glucose
6-dehydrogenase (UDPGDH), malate dehydrogenase (MDH), superoxide dismutase Mn
(SOD), and alcohol dehydrogenase 1 (ADH1) are some examples. The proteomic changes
indicate that MpNEP2 treatment potentially increases the cell’s capacity to reduce oxidized
proteins. Among the proteins that were down-regulated, most of them are involved in
biological processes such as glycolysis, response to stress and protein folding. 2,3bisphosphoglycerate-independent phosphoglycerate mutase (PGAM-I), fructose-bisphosphate
aldolase, heat shock cognate 70 kDa protein 2, heat shock protein 90, L-ascorbate peroxidase
2, calreticulin and stromal 70 kDa heat shock protein are some examples of these proteins.
In stress conditions, plants can change their metabolism from aerobic respiration to anaerobic
fermentation (Peng et al. 2001, Fukao and Bailey-Serres, 2004). As the respiration declines,
the electron flow through the respiratory pathway is reduced, thus diminishing ATP
production. Consequently, chemical oxidizing power (i.e., nicotinamide adenine dinucleotide,
NAD+) is generated by alternative pathway. The fermentative pathway serve as a safe route
and includes two steps: The first one is the carboxylation of pyruvate to acetaldehyde
(catalyzed by pyruvate decarboxylase, PDC) and the second is a reduction of acetaldehyde to
ethanol with concomitant oxidation of NAD(P)H to NAD(P)+, catalyzed by alcohol
dehydrogenase (ADH). However, the fermentation metabolic route allows the synthesis of
only 2 moles of ATP against 36 per mole of glucose produced during aerobic respiration. To
compensate the deficit in energy, glycolysis is accelerated, leading to depletion of
carbohydrate reserves (Parent et al., 2008). In this work, the up-regulation of PDC and ADH
give us an indication that this pathway is rapidly activated in MpNEP2-treated cells,
demonstrating that MpNEP2 initially affects the ATP synthesis. The down-regulation of the
enzymes involved in the glycolytic pathway (PGAM-I, fructose-bisphosphate aldolase and
GAPC) further confirms this observation. Besides, a drop in ATP level as a result of
mitochondrial dysfunction has been well documented in the downstream events of necrosis in
both plant and animal cells (van Doorn et al., 2011). The up-regulated proteins MDH and
aconitate hydratase, involved in the citric acid cycle, also known as tricarboxylic acid cycle
(TCA cycle), could provide the precursors for biosynthesis of certain compounds, including
amino acids as well as the reducing agent NADH that also is used in numerous biochemical
reactions. The two up-regulated proteins adenosylhomocysteinase and 5methyltetrahydropteroyltriglutamate- homocysteine methyltransferase indicates the relevance
of methionine biosynthesis in this process. This amino acid regulates one-carbon metabolism
and methylation capacity (Ranocha et al., 2001; Kocsis et al., 2003).
Another response described for dicotyledonous plants to NLPs is the production of reactive
oxygen species (ROS) and calcium influx from endoplasmic reticulum (ER) (Silva et al.,
2011 and Fellbrich et al., 2006). The mitochondrial NADH ubiquinone oxidoreductase and
Mn superoxide dismutase (SOD) were some of the proteins up-regulated in this work and that
could be involved in the production of ROS (Gechev et al., 2006). SODs catalyze the
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production of O2 and H2O2 from superoxide (O2-), which results in less harmful reactants.
NADH ubiquinone oxidoreductase, also referred to as NADH dehydrogenase or complex I, is
an enzyme located in the inner mitochondrial membrane that catalyzes the transfer of
electrons from NADH to coenzyme Q (CoQ). It is cited as the main source of ROS in the
mitochondria (Moller, 2001). Here, the induction of these two enzymes as a result of
MpNEP2 treatment may be contributing to generation of a highly oxidative environment for
the mitochondria, with direct impact on the ATP synthesis. The overproduction of ROS,
which are common byproducts of the respiration in mitochondria, can easily lead these
organelles to death (Seo et al., 2006; van Doorn et al., 2011).
One of the most important signal transduction pathways described in response to NLPs is the
calcium (Ca2+) signaling (Pemberton and Salmond, 2004). NLP recognition appears to trigger
a signalling cascade involving calcium and MAP kinases (Fellbrich et al., 2002). Among the
Ca2+ binding proteins potentially involved in this pathway are the up-regulated annexin and
the down-regulated calreticulin. Annexins, a Ca2+-binding protein, can behave as cytosolic,
peripheral or integral membrane proteins. The characteristic feature of these proteins is that
they can bind membrane phospholipids in a Ca2+ sensitive and insensitive manner (Talukdar
et al., 2009). In this way, annexin can be up-regulated in response to a calcium rich
environment and could be involved in the maintenance of cellular homeostasis in MpNEP2
induced cells. Calreticulins are Ca2+-binding chaperones localized in the ER of eukaryotes
acting in glycoprotein folding quality control and Ca2+ homeostasis (Del Bem, 2011). The
down-regulation of calreticulin by MpNEP2 could favor the calcium availability outside ER,
contributing to the oxidative stress.

Metabolomic profile and interaction network
To examine the effect of MpNEP2 treatment on different metabolic pathways of N.
benthamiana GFP- expressing cells, global biochemical profiles were compared between
control and MpNEP2-treated cells in the first hour post-inoculation. A total of 30 metabolites
were detected and semi-quantified based on the NIST8.0 library (chromatogram TOF, Fig 5),
of which eight showed significant differences between the treatments (p≤0.05). Among the
compounds that were up-regulated in MpNEP2-treated cells are ethylene, the amino acids
proline and alanine, the saturated fatty acid lauric acid, (+)-delta-cadinene and myo-inositol.
Among the compounds that were down-regulated are the amino acid threonine, phosphoric
acid, hydroxylamine, glucopyranose, aminocaproic acid, and propionic acid. A list of all the
compounds identified by GC/MS is shown in Table 2.
To help us with understanding the interactions between up- and down-regulated metabolites
and proteins, we made use of STRING (http://www.string-db.org), a database of known and
predicted protein interactions, covering more than 1100 organisms (Szklarczyk et al., 2011),
and STITCH3 (http://stitch.embl.de), a database of aggregated interactions connecting more
than 300,000 chemical products and 2.6 million proteins from 1133 organisms (Kuhn et al.,
2012). STITCH allowed us to query the database for protein or chemical names, making it
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easy to search for interactions. The names of all proteins (Table 1) and metabolites (Table 2)
identified as up- and down-regulated were input in the system. Proteins and chemical that
were up- or down-regulated are shown in Fig. 6 by blue and red colored nods, respectively.
Using the STRING in an attempt to identify protein-protein interactions, it was observed that
the vast majority of proteins were not linked to any other nodes (Fig. 6A). Among the
proteins that showed interaction are annexin (ANNAT1), 2,3-bisphosphoglycerateindependent phosphoglycerate mutase (AT1G09780), enolase (AT1G74030), fructosebisphosphate aldolase (AT4G26530), alcohol dehydrogenase 1 (ADH1), glyceraldehyde-3phosphate dehydrogenase (GAPC2), and growth-regulating factor 10 (GRF10). The vast
majority of them are involved in energy metabolism, corroborating with our previous
findings Only annexin and alcohol dehydrogenase 1 were up-regulated in the MpNEP2treatment. Interestingly, aconitate or aconitase hydratase (AT4G35830) showed strong
associations with other proteins predicted by STRING, which gives us an indication of their
participation in different metabolic processes. STITCH was used in an attempt to identify
proteins and chemical interactions (Fig. 6B). Proline, alanine, myo-inositol, ethylene,
threonine and hydroxylamine showed a complex network of interactions, being involved with
key signaling molecules as Ca2 + and hydrogen peroxide. These findings suggest that these
metabolites could be key effectors in the early stages of cell death signaling triggered by
MpNEP2.
Myo-inositol has been proposed as an important stress protector (Bohnert et al., 1995; Casati
et al., 2011), and may also regulate PCD in Arabidopsis. Mutants in one myo-inositol-1phosphate synthase (AtIPS1) gene exhibited accelerated cell death (Meng et al., 2009). The
encoded protein has a nuclear localization sequence, suggesting that nuclear pools of myoinositol may be critical (Meng et al., 2009). Myo-inositol is a versatile compound that
generates diversified derivatives upon phosphorylation by lipid-dependent and -independent
pathways. Phosphatidylinositols form one such group of myo-inositol derivatives that act
both as membrane structural lipid molecules and as signals. The significance of these
compounds lies in their dual functions as signals as well as key metabolites under stress
(Valluru and van den Ende, 2011). In Arabidopsis, a NLP from Fusarium oxysporum was
able to induce an increase in levels of myo-inositol, which raised the possibility that inositol
is synthesized in response to membrane damage and has an important role in membrane
biogenesis (Bae et al., 2006).
Ethylene is another signaling molecule that has long been recognized in plant stress
responses. It is tightly regulated by internal signals during development and in response to
environmental stimuli from biotic (e.g., pathogen attack) and abiotic stresses, such as
wounding, hypoxia, ozone, chilling, or freezing (Kevin et al., 2002). The biochemistry of
ethylene biosynthesis has been a subject of intensive study in plant hormone physiology
(Kende, 1993; Wang et al., 2002). Major breakthroughs in the ethylene synthesis pathway
were the establishment of S –adenosylmethionine (SAdoMet) and 1-aminocyclopropane-1carboxylic acid (ACC) as the precursors of ethylene (Wang et al., 2002). Here we observed
that the enzyme that participates in the biosynthesis of L-methionine (5methyltetrahydropteroyltriglutamate—homocysteine S-methyltransferase) is up-regulated and
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that secondary metabolite that may be involved in the metabolic pathway of methionine and
cysteine was down-regulated (propionic acid), indicating a direction for the synthesis of Lmethionine and ethylene. Indeed, an increase of ethylene emission has been observed in
tobacco leaves treated with NLPs (Bailey et al. 1997; Jennings et al. 2000).
Others compounds induced by treatment with MpNEP2 have been described to be involved
in response to general stress, such as the amino acids proline and alanine (Goolish and
Burton, 1998) and (+)-delta-cadinene. The latter compound is involved in a cyclization
reaction in terpenoid biosynthesis (Rosenkranz and Wink, 2008). Some experiments have
demonstrated that apoptosis can be induced by many substances, among them several natural
products, such as alkaloids, polyphenols, terpenoids, or saponins (Rosenkranz and Wink,
2008). These substances primarily interact with important molecular targets such as DNA,
microtubules, biomembranes and receptors (Rosenkranz and Wink, 2008). It may be possible
that terpenoid biosynthesis has an active role in cell death triggered by MpNEP2.
Hydroxylamine levels were reduced in MpNEP2-treated cells. This compound appears to be
involved in formation of nitric oxide (NO), another important signaling molecule. NO
performs crucial functions in a wide array of physiological processes in animals. Many
advances have been made in the past years to study the role of NO and have revealed much
about roles in plants. It is well established that NO is synthesized from nitrite by nitrate
reductase (NR) and via chemical pathways (Besson-Bard et al., 2008). Thus, reducing levels
of hydroxylamine as shown here could be a direct implication of increased synthesis of NO.
In Arabidopsis, the production of NO was mentioned as a very early response to NLP, which
occurs at time points (within 30 min after stimulation) that clearly precede the onset of NLPinduced necrosis (Qutob et al., 2006).
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CONCLUSION
Here we used high throughput techniques such as proteomics and metabolomics and powerful
annotation tools such as STRING and STITCH to try to decipher the early responses of plant cells to
MpNEP2. We show that most proteins that were up-regulated are involved in nucleotide binding
function and oxidoreductase activity, which potentially increases the cell’s capacity to reduce or
oxidize proteins. The down-regulated proteins are mostly involved in glycolysis, which is supposed to
affect the ATP biosynthesis and to contribute to cell death. Most metabolites induced by MpNEP2
already been described in other models, such as ethylene and nitric oxide, but their functions are still
not very clear. This interactive approach gives us a broader view of the metabolic pathways and
cellular processes affected during the early stages of MpNEP2 treatment. The findings described here
can guide future development of new studies in the search for a better understanding the PCD process
triggered by MpNEP2.
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FIGURE LEGENDS

Fig. 1. MpNEP2 induces a detachment of cell membranes. GFP-expressing cells of N. benthamiana in
exponential growth phase were exposed to 1 µg/mL MpNEP2 and observed in epifluorescent
microscope. (A) Control cells, not exposed to MpNEP2, showing intact membranes. (B) Cells treated
with MpNEP2 for 1-h showing a detachment of the cell membranes. Magnification is x 250.
Fig. 2. Two-dimensional PAGE reference gel profiles of the total cellular protein fraction isolated
from GFP-expressing N. benthamiana cells. Samples were resolved in the first dimension using a
linear IEF strip of pH 4-7. The approximate molecular weights are shown on the left of the gel. (A)
Reference gel of proteins extracted from control cells. (B) Reference gel of proteins extracted from
MpNEP2-treated cells. All proteins identified by mass are numbered and circled. The gels shown are
representative of three such a repeats.
Fig. 3. Comparison of the most significantly up- and down-regulated proteins from 2D-PAGE. (A)
Up-regulated proteins: stromal 70 kDa heat shock related protein (1), pyruvate decarboxylase (3), 60
kDa chaperonin subunit alpha (5), enolase (11), adenosylhomocysteinase (16), aconitate hydratase
(45), elongation factor 2 EF 2 (46), NADH ubiquinone oxidoreductase (47), 5
methyltetrahydropteroyltriglutamate homocystein (49), heat shock cognate 70 kDa protein (50),
NADH ubiquinone oxidoreductase (52). (B) Down-regulated proteins: nucleosome assembly protein
(4), calreticulin (7), heat shock cognate 70 kDa protein 2 (20), heat shock protein 90 (21), heat shock
protein 81 2 (22).
Fig. 4. Functional classification of proteins identified by 2D-PAGE and nano-LC-MS/MS analysis.
GO classification (Cellular location, Molecular function and Biological process) were categorized
using Uniprot website (http://www.uniprot.org/).
Fig. 5 Metabolite identification of 30 chemical constituents (Table 2). Reference chromatogram (GCTOF) of control and MpNEP2-treated cells.

Fig. 6. Interacting proteins and metabolites analysis of up- and down-regulated proteins and
metabolites using the (A) STRING (http://www.string-db.org) and (B) STITCH3
(http://stitch.embl.de) databases. Nodes with blue colors indicate the up-regulated proteins
and metabolites in MpNEP2-treated cells compared with those of control cells, while the red
colors represent the down-regulated proteins and metabolites. The size of each circular node
represents the amount of structural information associated with each protein. Stronger
associations are represented by thicker lines. Protein-protein interactions are shown in blue
lines, chemical-protein interactions in green lines and interactions between chemicals in red
lines.
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Table 1. Identification of proteins in GFP-expressing N. benthamiana cells treated with MpNEP2 protein.
Spot no.

Accession
(NCBI)

Description

Probability
(%)

No. MP

1

Q02028

Stromal 70 kDa heat shock related protein

100

2

Q01899

Heat shock 70 kDa protein mitochondrial

3

AAP96920.1

4

a

b

c

% Cover

mW (Da)
of match

pI of match

mW (Da)
from Gel

pI from Gel

Spot ration
N/C

8

12,32

75469

5,0

74650

4,8

-3,2

100

13

20,15

72492

5,8

70240

5,2

*

Pyruvate decarboxylase

99,99

3

4,63

65400

6,0

65100

5,7

2,1

CAD27461.1

Nucleosome assembly protein

100

4

13,79

43127

4,1

54452

4,8

-3,8

5

P21239

60 kDa chaperonin subunit alpha

99,88

8

16,30

57656

4,6

55568

4,8

2,3

6

Q9XI01

Probable protein disulfide isomerase 1

100

3

2,00

55567

4,6

54785

4,9

*

7

Q40401

Calreticulin

99,99

14

41,59

47451

4,3

49325

4,3

-13,3

8

AAF26445.1

Vacuolar H ATPase B subunit

100

11

28,81

53861

4,9

49158

5,3

*

9

P17614

ATP synthase subunit beta mitochondrial

99,95

4

6,61

59819

5,9

54212

5,4

*

10

ABB87127.1

Enolase like

100

5

19,64

48001

7,5

49987

5,7

*

11

P26300

Enolase

100

10

32,21

47768

5,6

49102

5,8

2,1

12

YP_173459.1

ATP synthase F1 subunit 1

100

7

15,52

55190

5,7

50967

6,3

*

13

Q96558

UDP glucose 6 dehydrogenase

100

4

7,08

52908

5,6

48986

6,5

2,2

14

CAA90011.1

Alpha tubulin

100

3

11,26

42073

6,1

47300

5,3

2,3

15

P17614

ATP synthase subunit beta mitochondrial

100

11

28,39

59819

5,9

47854

5,4

*

16

P50248

Adenosylhomocysteinase

99,99

14

36,49

53069

5,4

47784

5,8

2,8

17

P35494

2,3-bisphosphoglycerate-independent
phosphoglycerate mutase

100

6

14,31

61029

6,0

44898

5,4

-2,7
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18

Q43497

Monodehydroascorbate reductase

100

3

10,16

47006

5,7

44886

6,2

*

19

P43282

S adenosylmethionine synthetase 3

99,99

7

23,08

42625

5,7

45024

6,3

*

20

P27322

Hest shock cognate 70 kDa protein 2

99,99

5

9,16

70662

4,9

40908

4,7

C

21

AAP72158.1

Heat shock protein 90

100

2

2,17

63540

4,9

41587

5,0

C

22

P55737

Heat shock protein 81 2

100

4

6,72

80013

4,8

40684

5,1

C

23

P23343

Actin-1

100

9

22,37

41961

5,6

41768

5,4

*

24

O04916

Aconitate hydratase cytoplasmic

100

6

11,20

67118

6,0

41737

6,1

-2,2

25

P50218

Isocitrate dehydrogenase

99,99

3

7,95

46699

6,0

41700

6,8

*

26

AAU14833.1

Adenosine kinase isoform 2S

100

3

10,29

37529

5,0

37470

5,2

*

27

CAC12826.1

Malate dehydrogenase

100

7

23,49

35385

5,9

37038

6,3

3,3

28

P09094

Glyceraldehyde-3-phosphate
dehydrogenase cytosolic Fragment

100

8

29,75

35511

6,1

37126

6,8

-2,3

29

AF113545_1

Vacuole associated annexin VCaB42

100

5

19,30

35915

5,2

36087

5,4

*

30

AAT42189.1

Putative mitochondrial malate
dehydrogenase

100

4

30,66

22023

8,0

37412

6,1

*

31

P85942

Protein 4 Fragments PE 1 SV 1

99,99

3

35,71

3246

4,3

29000

4,9

-2,7

32

P42212

Green fluorescent protein

100

8

29,83

26869

5,6

26850

5,8

-2

33

Q03662

Probable glutathione S transferase

100

3

4,04

25651

7,0

23015

4,9

*

34

Q2LQC2

50S ribosomal protein L6

100

3

6,15

19613

10,2

22537

5,5

*

35

P32111

Glutathione S transferase

100

3

4,15

25039

5,1

22294

5,7

-2,2

36

P08440

Fructose-bisphosphate aldolase
cytoplasmic isozyme

99,99

3

3,94

38580

7,5

23094

5,9

C

36

37

ABC01905.1

Fructose bisphosphate aldolase like
protein

100

2

6,42

38593

7,5

33789

6,8

C

38

Q9FE01

L-ascorbate peroxidase 2 cytosolic

100

4

9,16

27100

5,0

22357

4,9

C
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AAP04395.1

Glutathione S transferase U1

100

3

10,08

13507

5,0

21897

5,5

*

40

AAT12488.1

Copper chaperone

100

3

14,12

8930

6,6

20102

4,6

-2

41

AF500588_1

Heat shock protein 80

99,93

3

31,75

13891

4,3

15616

4,5

N

42

CAA75213.1

Annexin

100

3

9,87

35833

4,9

10387

5,1

N

43

P84977

Glycine-rich RNA binding protein 3

100

3

50,00

5214

4,1

8087

5,7

-3,2

44

Q9S9P1

40S ribosomal protein S12 1

99,99

2

18,75

15366

5,2

5895

5,8

*

45

P49608

Aconitate hydratase cytoplasmic

100

8

11,58

97942

5,7

98678

6,4

N

46

O23755

Elongation factor 2 EF 2

100

8

10,79

93738

5,9

98137

6,5

N

47

Q43644

NADH ubiquinone oxidoreductase

99,99

6

9,76

79918

5,8

76847

5,7

N

48

P11796

Superoxide dismutase Mn mitochondrial
100
precursor

4

11,40

25488

8,5

20045

6,7

N

49

Q42662

5 methyltetrahydropteroyltriglutamate
homocystein

100

4

2,62

84536

6,1

76796

6,5

N

50

P09189

Heat shock cognate 70 kDa protein

99,99

16

27,65

71182

4,9

70100

4,5

N

51

P09094

Putative protein

100

7

18,71

35511

6,1

37038

7,0

N

52

Q43644

NADH ubiquinone oxidoreductase

99,99

3

5,69

79918

5,8

76078

5,8

N

53

P25141

Alcohol dehydrogenase 1 EC 1 1 1 1

99,99

4

11,78

41546

6,2

38984

6,8

N

a

MP, matching peptides. bPercentage cover of matching peptides of full-length predicted protein. cSpot ratio: N, present only in the MpNEP2 treatment; C, present only in the
control; N/C, ratio MpNEP2-treated/control. *Not statistically validated

37

Table 2. Indentified metabolites and spectrometric data of 30 chemical compounds analyzed by GCTOF-MS.
Identified metabolites

tR (min)

Mass fragments

1

Latic acid

9.56

73, 117, 147, 191, 219

2

Hydroxylamine

10.69

73, 133, 146, 249, 119

3

Phosphoric acid

12.84

241, 73, 133, 242, 45, 256

4

Malonic acid

13.56

147, 73, 75, 148, 45, 233, 248

5

Glycine

16.34

174, 73, 147, 175, 248, 276

6

Succinic acid

16.52

147, 73, 75, 148, 247, 149, 262

7

Glyceric acid

17.20

73, 147, 189, 103, 45, 292, 133, 307

8

Fumaric acid

17.40

245, 73, 147, 75, 45, 246, 143, 115, 133

9

L-threonine

18.71

73, 117, 218, 219, 101, 45, 291, 320

10 Alanine

19.55

174, 73, 248, 147, 290

11 Malic acid

21.36

73, 147, 233, 75, 245, 350

12 Cadinene

21.73

161, 119, 105, 41, 91, 134, 204

13 L-Proline

21.89

156, 73, 147, 157,258, 230, 45, 273

14 Propanoic acid

22.11

174, 73, 175, 147, 248, 86, 176, 304

15 Threonic acid

22.84

73, 147, 292, 205, 220, 117, 103, 319

16 Threonic acid

23.28

73, 147, 292, 205, 220, 117, 103, 319, 379, 409

17 Dodecanoic acid

24.13

43, 60, 57, 41, 102, 61, 55, 183, 200, 201, 242

18 Glutamic acid

24.37

246, 73, 128, 147, 247, 75, 156, 230, 348, 363

19 L-Asparagine

25.53

73,116, 231, 132, 75, 147, 188, 316, 348

20 l-Glutamine

27.75

73, 156, 155, 245, 147, 347, 362

21 Ribonic acid

28.29

73, 147, 103, 292, 217, 75, 333, 429

22 Citric acid

28.93

73, 147, 273, 75, 45, 347, 363, 375, 465

23 D-Fructose

30.25

73, 103, 217, 307, 147, 133, 277, 390

24 D-Fructose

30.46

73, 103, 217, 307, 147, 133, 277, 393, 464, 554

25 Glucose

30.76

73, 147, 205, 319, 160, 45, 364
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26 Glucose

31.08

73, 147, 205, 319, 160, 45,

27 α-D-Glucopyranose

32.36

204, 73, 191, 147, 205, 217, 206, 393, 435

28 L-Manose

33.29

73, 204, 205, 147, 191, 206, 75, 305, 319

29 Myo-Inositol

34.29

73, 147, 217, 305, 191, 133, 318, 432, 507

30 D-Glucopyranoside

43.68

361, 73, 362, 217, 147, 363, 103, 437, 451

Bold numbers represent the highest intensity mass ion of referred compound and are organized in
descending order.
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4.2 CAPÍTULO II
Inhibition of oxalate oxidase activity impairs plant cell death induced by Nep1-like protein
(NLP) of Moniliophthora perniciosa
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SUMMARY

NEP1-like proteins (NLPs) are a family of microbial elicitors that possess the ability to induce
necrosis exclusively in dicotyledonous plants. The cellular process or pathway required for this
activity is largely unknown. To further understand the mechanisms by which NLPs trigger necrosis in
dicots, the activity of a NLP of Moniliophthora perniciosa (MpNEP2) was investigated. Treatment of
Arabidopsis with MpNEP2 induced formation of necrotic spots on cotyledons, root damage and
ultimately plant death. MpNEP2 induced a massive production of hydrogen peroxide (H2O2) in
photosynthetically active leaves of Nicotiana tabacum and DNA laddering in N. tabacum cell
cultures. The protein also caused a collapse on membranes of N. benthamiana cells. A complete
inhibition of the MpNEP2-induced cell death was observed when N. tabacum tissues were treated
with oxyanion sulfite (SO3-2), an inhibitor of oxalate oxidase (OXO) activity. Additionally, ascorbate
and catalase inhibited completely or partially, respectively, MpNEP2-induced plant cell death. The
inhibition of cell death was correlated with decreased H2O2 levels in plant tissues treated with SO3-2
and ascorbate. Taken together, these results suggest that OXO activity is required for the necrotic
effect of MpNEP2 and that H2O2 detoxification can counteract, at least partially, its involvement on
plant cell death. The control of OXO reaction and H2O2 detoxification may represent useful strategies
for engineering resistance against NLPs in plants.
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INTRODUCTION

Nep1-like proteins (NLPs) comprise an emerging group of proteins found in many plant
pathogens that are related to their ability to cause plant cell death (Gijzen and Nürnberger,
2006). Designated after the first necrosis and ethylene-inducing protein (NEP1) isolated from
culture filtrates of Fusarium oxysporum (Bailey, 1995), they have since been discovered in a
wide range of taxonomically unrelated microorganisms, including several fungi and
oomycetes, as well as Gram-positive and Gram-negative bacteria (Gijzen and Nürnberger,
2006; Pemberton and Salmond, 2004). A common characteristic of the NLPs is their ability
to trigger numerous plant defense responses, necrosis, and cell death in dicotyledonous
plants, whereas monocots are insensitive (Bailey, 1995; Fellbrich et al., 2002). The defense
responses include the elevation of internal Ca2+ levels, activation of mitogen-activated protein
(MAP) kinases, formation of reactive oxygen species (ROS), and synthesis of ethylene and
pathogenesis-related proteins (Bae et al., 2006; Fellbrich et al., 2002; Jennings et al., 2001;
Keates et al., 2003; Qutob et al., 2006; Veit et al., 2001).
The cellular process that is required for the necrosis-inducing activity of NLPs remains
largely unknown. In tobacco leaves, Nep1 caused an increase in ethylene emission (Bailey et
al., 1997; Jennings et al., 2000), suggesting that necrosis could be an indirect effect of this
hormone. However, in some plants necrosis induction was not accompanied by ethylene
production (Bailey, 1995; Bailey et al., 1997), indicating that other mechanisms may be
involved. In addition, Arabidopsis mutants altered in ethylene, jasmonic acid (JA) and
salicylic acid (SA) production or signaling, as well as tomato mutants altered in ethylene
production or signaling, when infiltrated with NLPs showed necrosis development
indistinguishable from the wild type progenitor (Qutob et al., 2006). These observations
suggest that ethylene, JA, and SA perception are not required in the process of NLP-induced
cell death. The induction of defense responses and fragmentation of nuclear DNA indicate
that NLPs trigger a form of programmed cell death (PCD) similar to the hypersensitive
response (HR) (Veit et al., 2001). This implies that specific plant receptors, which have not
been identified yet, may be involved in the recognition of the protein and that cell death may
result from a response to NLPs mediated by the immune response of the plant (Gijzen and
Nürnberger, 2006). A more recent analysis on the cellular and nuclear morphology and
TUNEL staining in Nicotiana benthamiana protoplasts exposed to NEP1 of Botrytis cinerea
revealed that NLP-induced cell death is executed via a combination of both apoptotic and
necrotic cell death mechanisms and involves the massive production of hydrogen peroxide
(H2O2) (Schouten et al., 2008). NLPs have been also found to associate with plasma
membranes and the nuclear envelope (Schouten et al., 2008) and to cause membrane damage
and large-scale leakage of cell metabolites (Bae et al., 2006).
Moniliophthora perniciosa (Stahel) Aime & Phillips-Mora is a hemibiotrophic basidiomycete
that infects at least five families of dicotyledons, including Malvaceae and Solanaceae
(Griffith et al., 2003), and is responsible for one of the most important diseases of cacao
(Theobroma cacao L.) in the Americas (Purdy and Schmidt, 1996), the witches’ broom
disease (WBD). Emerging evidences have indicated that both oxalate and NLPs are important
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determinants in M. perniciosa pathogenicity (Dias et al., 2011; Silva et al., 2011). Calcium
oxalate crystal accumulation and its subsequent degradation to hydrogen peroxide (H2O2) has
been observed during the progression of disease in infected tissues of cacao, which coincides
with the activation of a PCD pathway that results in plant cell death and the generation of a
suitable niche for fungal nutrient acquisition and conversion from biotrophic to necrotrophic
phase (Ceita et al., 2007). On the other hand, two distinct NLPs have been detected in T.
cacao tissues infected by M. perniciosa (Garcia et al., 2007). MpNEP1 is expressed in the
biotrophic and necrotrophic phases, whereas MpNEP2 is only expressed in the biotrophic
phase (Garcia et al., 2007). Both NLPs were able to induce necrosis and transgenic tobacco
plants overexpressing an oxalate decarboxylase (OXDC) from the ethylene emission in
tobacco and cacao leaves (Garcia et al., 2007), indicating their active involvement in WBD.
Recently, we demonstrated that basidiomycete Flammulina velutipes, which converts oxalate
into CO2 and formate, showed enhanced resistance to cell death induced by MpNEP2 (Silva
et al., 2011). The resistance was correlated with the inhibition of H2O2 formation in the
transgenic plants, establishing a pivotal function for oxalate as source of ROS required for
NLP-induced cell death. These observations have provided for the first time evidences about
the cellular process or pathway required for the NLP-induced cell death: ROS activation
through the conversion of oxalate to H2O2. This reaction is catalyzed by oxalate oxidases
(OXOs), which promote the conversion of oxalate into CO2 and H2O2 and whose activity has
been experimentally demonstrated for the germin family of plant proteins that have been
isolated from monocotyledonous species (Hu et al., 2003). The germin motif-containing
proteins of dicots, referred in the literature as germin-like proteins (GLPs), however, do not
possess OXO activity or are of unknown enzyme activity (Dunwell et al., 2008). Proteins
with OXO activity have been also discovered in dicots; however, limited evidence suggests
that they are distinct proteins from the germin-type OXOs (Davidson et al., 2009).
Evidences about the oxalate involvement in the NLP-induced cell death suggest that OXO
activity may play a crucial role in this process. To test this hypothesis, we have characterized
the mechanisms by which MpNEP2 triggers necrosis in plants. Our results support the direct
involvement of OXO activity in the NLP-induced cell death and confirm our previous
findings (Silva et al., 2011) about the importance of oxalate in the process of cell death
induction caused by MpNEP2.

RESULTS
MpNEP2 induces cell death in Arabidopsis
Our previous studies showed that inoculation of tobacco and cacao leaves and cacao meristems with
MpNEP2 resulted in necrosis as well as ethylene formation (Garcia et al., 2007; Silva et al., 2011),
features that are characteristic of NLPs (Bailey et al., 1997; Fellbrich et al., 2002; Jennings et al.,
2000). To assess the effects of MpNEP2 in Arabidopsis thaliana, seedlings were grown for two days
in 250 mL Erlenmeyer with 20 mL of half-strength MS basal salts supplemented with 1% sucrose.
Then, the seedlings were treated with MpNEP2 or BSA (control treatment). In contrast with the
control treatment (Fig. 1A), MpNEP2-treated seedlings exhibited the formation of necrotic spots on
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cotyledons within 48 h after treatment (Fig. 1B). At this time, the root hairs were also damaged or had
their growth inhibited in comparison with the control treatment (data not shown). Seven days after
treatment, tissues of the control treatment remained still green (Fig. 1C), while those treated with
MpNEP2 were completely dead (Fig. 1D). These results indicate that MpNEP2 is able to induce a
similar necrotic response in different dicotyledonous plants.

Induction of DNA fragmentation in cell culture treated with MpNEP2
DNA laddering is one of the best established criterion for confirming apoptotic-like PCD activity
(Veit et al., 2001). Therefore, N. benthamiana cell culture was treated with increased concentrations
of MpNEP2. DNA was extracted from control and MpNEP2-treated cells within 48 h after treatment
and its integrity was monitored by electrophoresis on a 1.5% agarose gel (Fig. 2). DNA from control
cells migrated as a smear, without defined bands. On the other hand, DNA from MpNEP2-treated
cells showed a visible ladder, as previously observed in animal and plant cells undergoing apoptosis
(Gao and Showalter, 1999; Koukalova et al., 1997). The ladder formation was dependent on MpNEP2
concentration, becoming more intense at higher concentrations of the protein (Fig. 2)

MpNEP2 triggers the production of hydrogen peroxide
H2O2 plays a critical role in the defense of plants against invading pathogens and in the hypersensitive
response (HR). This is characterized by the induction of a massive production of ROS, also called
oxidative burst, and the rapid appearance of necrotic lesions as a result of PCD. To evaluate the
effects of MpNEP2 treatment in the production of H2O2, photosynthetically active leaves of N.
tabacum were exposed to the protein for 24 h. Then, H2O2 formation was qualitatively evaluated by
DAB staining and H2O2 was visualized as a brown stain close to leaf nervures. As can be seen in Fig.
3, leaves of MpNEP2-treated plants showed heavy brown staining, which was even more evident than
in leaves treated with 10 mM H2O2 and clearly distinct from the non-treated leaves.

MpNEP2 damages membranes and leads to rapid electrolyte leakage
Tobacco cell cultures respond to NLPs by alkalization of the culture media, accumulation of
potassium in the media, oxygen uptake, induction of ROS, and cell death in a time- and
concentration-dependent manner (Jennings et al., 2001). To evaluate the effects of MpNEP2
on cell membrane and electrolyte leakage, GFP-expressing N. benthamiana cell cultures were
treated with the protein. As shown in Fig. 4, the exposure of the cells to MpNEP2 for 4 (Fig.
4B), 12 (Fig. 4C), and 24 h (Fig. 4D) resulted in increased membrane damage as compared
with control cells (Fig. 4A), thus providing evidence about the cytotoxicity of MpNEP2.
Signals of cell injury were observed in the membrane within 4 h of treatment and they were
even more evident 12 h after treatment. A collapse of the cell membranes was visualized
within 24 h of treatment, characterized by the increased GFP fluorescence released in
cultured medium. Electrolyte leakage of the cells was rapidly induced after treatment with
MpNEP2 and increased markedly with the time of exposure to treatment (Fig. 5).
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Inhibition of OXO activity impairs cell death induced by MpNEP2
The involvement of oxalate in the NLP-induced cell death was recently demonstrated by our group
(Silva et al., 2011). We were therefore interested in determining whether OXO activity is involved in
the process of cell death induced by NLPs. In this regard, we have treated N. tabacum leaf discs with
MpNEP2 and oxyanion sulfite (SO3-2), an oxyanion selected as inhibitor of OXO activity. Catalase
and ascorbate, both involved in H2O2 detoxification, were also used in the leaf disc treatments in
combination with MpNEP2. As can be seen in Fig. 6, SO3-2 and ascorbate effectively inhibited cell
death induced by MpNEP2, as compared to control treatment. Increased concentrations of catalase
also reduced the extension of cell death, although less efficiently than ascorbate and SO3-2 (Fig. 6).
Treatment with OA and MpNEP2 showed, separately, to be effective in inducing cell death, and
together, to have a synergistic effect.
To further confirm that SO3-2 and ascorbate prevented the MpNEP2-induced cell death by,
respectively, OXO activity inhibition and H2O2 detoxification, we determined the H2O2 content in
photosynthetically active leaves of N. tabacum treated with MpNEP2, OA and their combination with
sodium sulfite and/or ascorbate (Figs. 7A,B). MpNEP2 and OA treatments, which are expected to
induce OXO activity, enhanced the H2O2 levels in comparison with control treatment (Fig. 7B). On
the other hand, SO3-2 and ascorbate significantly decreased the H2O2 levels in leaves treated with
MpNEP2 and OA, indicating their active role in the inhibition of OXO activity and detoxification of
H2O2, respectively. Such activities of SO3-2 and ascorbate were sufficient to prevent the necrotic effect
of MpNEP2 and OA in leaf tissues (Fig. 7A).

DISCUSSION
MpNEP2 triggers a conserved response in Arabidopsis
In this study, we have observed that MpNEP2 caused necrosis in Arabidopsis seedlings in a time
frame similar to other NLPs reported in the literature (Bailey, 1995; Fellbrich et al., 2002; Keates et
al., 2003). Necrosis of seedlings started as small spots on the leaves (Fig. 1B), probably associated
with stomata that serve as a point of entry to the protein into the cotyledons (Bae et al., 2006). NLPs
can also penetrate into the plant tissues via others openings such as hydathodes or wounds (Bailey et
al., 2000; Jennings et al., 2001). Damages are also possible to occur in root hairs, which have many
penetration points, including areas where lateral roots emerge and root tips that resemble wounded
tissues (Bae et al., 2006; Scheres et al., 2001). The prolonged treatment of seedlings led to an
irreversible death that has been attributed to the direct toxic effects of NLP to plant cell membranes
(Bae et al., 2006; Keates et al., 2003; Qutob et al., 2006), as well as the induction of a cascade of
signals, including ethylene formation, MAPK activation, production of nitric oxide (NO), camalexin,
ROS, and a extensive reprogramming of the transcriptome (Bae et al., 2006; Qutob et al., 2006).

DNA ladder, a hallmark of apoptosis and PCD in plants
DNA ladder, a hallmark of apoptotic-like PCD, is an internucleosomal cleavage of nuclear
DNA into nucleosomal fragments (180 bp) that are identified by agarose gel electrophoresis
and could occurs in response to various apoptotic stimuli in a wide range of cell types
(Bortner et al., 1995; Gao and Showalter, 1999). But its detection can be difficult, since it is
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directly correlated with the percentage of affected cells in culture. In fact, our results showed
that the formation of DNA ladder in the MpNEP2-treated N. benthamiana cells was
dependent on the protein concentration, which is supposed to affect the percentage of cells in
culture. The ladder observed is a result of the activation of cysteine proteases, such as
caspases, which play a major role in the execution of apoptosis. The activated caspases
selectively cleave cellular proteins, resulting in an apoptotic morphology (internucleosomal
fragmentation of DNA into 180-200 bp pieces, shrinkage of the cell and the nucleus as well,
and fragmentation of the cell into apoptotic bodies) and death of the cell (Alnemri et al.,
1990; Bortner et al., 1995; Wyllie, 1980).

ROS generation plays an active role in cell death
We showed here that treatment of tobacco leaves with MpNEP2 induced a massive H2O2
production (Fig. 3), as observed by DAB staining, which coincided with the activation of the
cell death process. Similar observations have been reported in other studies involving
MpNEP2 (Silva et al., 2011) and other NLPs (Bae et al., 2006; Fellbrich et al., 2002;
Jennings et al., 2001; Qutob et al., 2006; Schouten et al., 2008). In agreement with these
observations are the growing evidences in the literature about the key role for ROS as triggers
of PCD in both animals and plants (Houot et al., 2001; Levine et al., 1996; Mittler et al.,
1996; Van Breusegem and Dat, 2006). In plants, PCD has historically been associated with
plant resistance via the HR, which by definition is a form of PCD (Dangl and Jones, 2001;
Goodman and Novacky, 1994; Heath, 2000). The HR and subsequent cell death have been
correlated with the accumulation of ROS during the oxidative burst (Jabs, 1999). Further
evidence for a ROS-dependent PCD pathway has been provided by studies involving
necrotrophic pathogen-plant interactions, in which some components of fungal origin use
ROS, mainly H2O2, to induce or direct PCD in plants in order to establish compatibility (Bae
et al., 2006; Fellbrich et al., 2002; Jennings et al., 2001; Kim et al., 2008; Qutob et al., 2006;
Schouten et al., 2008). Thus, ROS seems to be an important trigger of PCD that is implicated
in many different processes related to pathogen interactions with their hosts.

MpNEP2 induces electrolyte leakage and membrane damage
Electrolyte leakage is generally considered as an indirect measure of plant cell membrane damage
(Bajji et al., 2001). In the present study, we observed that treatment with MpNEP2 induced damages
in cell membranes of tobacco in a concentration-dependent manner. We observed that cells treated
with 5 µg/mL MpNEP2 exhibited electrolyte leakage in a short period after the treatment (Fig. 5).
This may be due to the direct toxic effects of the protein on plasma membrane, as suggested on the
basis of membrane affinity experiments and the morphological changes observed by electron
microscopy in affected plant cells (Bae et al., 2006; Keates et al., 2003; Qutob et al., 2006; Schouten
et al., 2008). On the other hand, the rapid damage effect of MpNEP2 on membranes may be also due
to the indirect effects of the protein, such as activation of H2O2 formation. A significant increase of
malondialdehyde (MDA), an indicator of lipid peroxidation process, was observed in cocoa branches
infected by M. perniciosa as compared with healthy branches (Scarpari et al., 2005). This finding
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supports the hypothesis that H2O2 are also involved in the process of MpNEP2-induced membrane
damage.

Inhibition of oxalate oxidase activity impairs cell death induced by MpNEP2
In a recent work, our group demonstrated that the expression of an OXDC from Flammulina
velutipes in transgenic tobacco inhibited cell death induced by MpNEP2 (Silva et al., 2011),
representing thus the first evidence of a gene conferring resistance against NLPs in plants.
The observed resistance to MpNEP2-induced cell death correlated with the inhibition of ROS
formation in the transgenic plants, establishing that oxalate acts as a source of ROS required
for the PCD-inducing activity of NLPs. These findings led us to speculate about the
involvement of OXO activity in the process of cell death induced by NLPs, since it is
involved in the reaction of oxalate degradation to H2O2. The in vitro inhibition of OXO
activity in the presence of oxyanions such as SO3-2 was recently demonstrated (Winestrand et
al., 2009). Therefore, we have treated MpNEP2-infected N. tabacum leaf discs with the OXO
inhibitor SO3-2, as well as with catalase and ascorbate, which are involved in H2O2
detoxification. A complete inhibition of the MpNEP2-induced cell death was observed in
plant tissues treated with SO3-2 and ascorbate, while a partial cell death inhibition was
observed in the catalase treatment (Fig. 6). Analysis of the content of H2O2, a product of
OXO activity (Svedruzic et al., 2005), in leaves of N. tabacum treated with MpNEP2 and
OA, in combination or not with sodium sulfite and ascorbate, further confirmed that SO3-2
and ascorbate prevented the MpNEP2-induced cell death by OXO activity inhibition and
H2O2 detoxification, respectively (Fig. 7). Collectively, the data indicate that the inhibition of
OXO activity is able to block cell death induced by MpNEP2, confirming that OXO activity
is required for PCD-inducing activity of NLPs. Besides, the data provide evidences that
H2O2 detoxification can counteract the effects of the OXO activity on cell death induced by
NLPs.
In higher plants, the reactions of oxalate oxidation are performed by the germin family of
plant proteins that have been isolated from both dicotyledonous and monocotyledonous
species (Hu et al., 2003). However, only those from monocots are considered as “true
germins” by possessing OXO activity (Davidson et al., 2009). GLPs present in
dicotyledonous species do not appear to have OXO activity (Dunwell et al., 2008), although
dicots may contain distinct proteins from the germin-type OXOs involved in the oxidation of
oxalate (Davidson et al., 2009). On the other hand, only dicots have been shown to be
susceptible to the effects of NLPs, whereas monocots are not (Bailey, 1995; Fellbrich et al.,
2002; Gijzen and Nürnberger, 2006; Keates et al., 2003; Mattinen et al., 2004; Qutob et al.,
2006; Schouten et al., 2008; Staats et al., 2007; Veit et al., 2001). Based on these
observations and also on our previous findings (Silva et al., 2011), we initially suggested that
the insensitivity of monocots to NLPs may be correlated with their inherent ability to
efficiently degrade oxalate (Silva et al., 2011). Considering the present results, we now refine
this hypothesis to propose that the outcome of resistance or susceptibility to NLPs may
depend on which OXO is in the control of oxalate oxidation and the consequent cell death
process, whether germin-type or NLP-induced OXOs. Consistent with this idea is the
observation that the H2O2 produced by the germin-type OXOs, together with the Ca2+
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released by degradation of calcium oxalate, are effectively employed as defense mechanisms,
including HR, in response to infection by a wide variety of pathogens (Svedruzic et al.,
2005), while the activity of pathogen-induced OXOs in dicots has been observed to be
beneficial for infection establishment and progression (Ceita et al., 2007; Dias et al., 2011).
Moreover, the expression of monocot germins in dicot crop plants such as peanut, sunflower,
tobacco, and rapeseed conferred resistance to the OA- and NLP-producing pathogen
Sclerotinia (Berna and Bernier, 1997; Hu et al., 2003; Livingstone et al., 2005).
In conclusion, our results suggest an involvement of OXO activity in the NLP-induced cell
death. Our data also show that the control of oxalate oxidation reaction and H2O2
detoxification are potentially useful strategies for engineering resistance against NLPs in
plants.
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EXPERIMENTAL PROCEDURES
Expression and purification of recombinant protein
The MpNEP2 gene was amplified from the genomic DNA of M. perniciosa using a specific pair of
primers
(5’-CGTCTCAGGATCCATTGCCGGC-3’
and
5’CCAAGCTTTCACTACTACCACATCCAAGCC- 3’) containing restriction sites for BamHI and
HindIII. After purification and digestion of the amplified fragment with the respective enzymes, the
resulting PCR product was inserted into pET28a + (Novagen, San Diego, CA). The Escherichia coli
strain BL21(DE3) pLysS was transformed with the recombinant plasmid. Induction of protein
expression was carried out with 1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) for 4 h at 28
°C. Cells were then harvested by centrifugation and resuspended in 0.01 volumes of buffer containing
10 mM Tris-HCl pH 8, 500 mM NaCl, 5 mM imidazole, 2% Triton X-100, and a protease inhibitor
cocktail (1 mM PMSF, 1 µg/mL leupeptin, 1 µg/mL pepstatin). After two freeze-thaw steps, 0.01
volume of the same buffer without Triton X-100 was added and the cells were then sonicated. Cell
debris was removed by centrifugation at 15,000 × g for 1 h at 4 °C. The supernatant was then loaded
into a HisTrap™ FF crude (1 mL), charged with Ni2+ ions according to the manufacturer’s protocol
(GE Healthcare, NJ), and equilibrated with binding buffer (10 mM Tris-HCl pH 8, 500 mM NaCl, 5
mM imidazole), at a flow rate of 1 mL/min. After washing with the same buffer, a 30-200 mM
imidazole gradient was performed until the elution of the protein. Fractions containing purified
protein were pooled and then loaded into a HiTrap™ desalting column (GE Healthcare , NJ), using 10
mM phosphate buffer, pH 5.7, according to the manufacturer’s protocol. The purity of the protein was
confirmed by SDS-PAGE.

Plant material
Seeds of Nicotiana tabacum cv. Havana and Arabidopsis thaliana were sterilized by
immersion in 70% (v/v) ethanol for 1 min, followed by 20 min in a 2.5% (v/v) sodium
hypochlorite solution containing 0.1% (v/v) Tween-20, and then rinsed three times in sterile
distilled water. N. tabacum seeds were germinated in Magenta® boxes (Sigma-Aldrich, BR)
containing 50 mL of half-strength (1/2) MS medium (Murashige and Skoog, 1962), 50 mg/L
myo-inositol, Nitsch vitamins (Nitsch 1969), 20 g/L sucrose, pH 5.8, solidified with 0.8%
agar (Sigma-Aldrich, BR ) and grown at 25 ± 2oC with 16-h light period. Tobacco leaves
were obtained from 10-week-old plants. Arabidopsis thaliana seeds were germinated in 250
mL Erlenmeyer with 20 mL of half-strength liquid (1/2) MS medium supplemented with 1%
sucrose and grown at 25 ± 2oC with 16-h light period. Two days after germination, seedlings
of A. thaliana were mixed with MpNEP2 (0.5 µg/mL plus 0.001% [v/v] Silwet-L77, to
facilitate protein penetration) in (1/2) MS medium. Control plants were treated with BSA (0.5
µg/mL plus 0.001% [v/v] Silwet-L77).
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DNA ladder assay
For the detection of DNA ladder, N. benthamiana cells in exponential growth phase were
exposed to 0.05-1.0 µg/mL MpNEP2 for 48 h or to bovine serum albumin (BSA) as a control.
To assess the damage caused by the treatment, total DNA was extracted according to Ryerson
and Heath (1996) with modification. Cells were ground in liquid nitrogen and then incubated
for 30 min at room temperature in DNA extraction buffer (0.1 M glycine, 50 mM NaCl, 10
mM EDTA, 2% SDS, and 1% sodium lauryl sarcosine). After that, the samples were mixed
with an equal volume of Tris-saturated phenol. The mixture was centrifuged for 15 min at
10,000 × g. The supernatant was treated with chloroform/isoamyl alcohol (24:1, v/v). After
centrifugation as above, DNA was precipitated with a twofold volume of 100% ethanol,
washed with 70% ethanol, and dissolved in Tris-EDTA buffer containing RNase A (40
µg/mL). DNA was recovered after phenol extraction and ethanol precipitation. DNA samples
were separated on a 1.5% agarose gel in 0.5x Tris-borate-EDTA (44.5 mM Tris, 44.5 mM
H3BO3, and 1 mM EDTA), stained with ethidium bromide, and visualized under UV light.
Hydrogen peroxide detection and measurement
In situ H2O2 was detected by 3,3′-diaminobenzidine (DAB) staining as previously described
(Silva et al., 2011). Photosynthetically active leaves (triplicates) of N. tabacum were treated
with (i) phosphate buffer, pH 5.7; (ii) 10 mM H2O2 in phosphate buffer, pH 5.7; and (iii) 1
µg/mL MpNEP2 in phosphate buffer, pH 5.7. Leaves were excised, the petioles were
immediately dipped in the solutions i, ii, and iii and then subjected to vacuum infiltration for
10 min. The leaves were then incubated for 24 h at 26 ± 2 oC under 16-h photoperiod. After
incubation, the leaves were immersed in 1 mg/mL DAB solution (pH 7.5) and infiltrated
using vacuum for 20 min in the dark, at room temperature for 4 h; after that, samples were
cleared in boiling ethanol (96%) for 20 min and rinsed twice with 50% ethanol. Leaves of
control treatments were vacuum infiltrated with water alone or water plus DAB solution.
H2O2 content was determined according to Velikova et al. (2000). Photosynthetically active
leaves (triplicates) of N. tabacum were excised, and the petioles were immediately dipped in
(i) 1 mM sodium sulfite in 10 mM phosphate buffer, pH 5.7 (control); (ii) 1 µg/mL MpNEP2
in phosphate buffer, pH 5.7; (iii) 10 mM oxalic acid (OA) in phosphate buffer, pH 5.7; (iv) 10
mM OA plus 1 mM sodium sulfite in phosphate buffer, pH 5.7; (v) 5 mM ascorbate plus 1
µg/mL MpNEP2 in phosphate buffer, pH 5.7; and (vi) 1 mM sodium sulfite plus 1 µg/mL
MpNEP2 in phosphate buffer, pH 5.7. The treatments were then subjected to vacuum
infiltration for 10 min. Leaves were incubated in a growth room for 72 h at 26 ± 2 oC under
16-h photoperiod. Leaf tissues (0.3 g) were homogenized in an ice bath with 2 mL of 0.1%
(w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 14,000 × g for 15 min
and 0.250 mL of the supernatant was added to 0.250 mL of 10 mM potassium phosphate
buffer (pH 7.0) and 0.5 mL of 1 M KI. The absorbance of the supernatant was measured at
390 nm. The content of H2O2 was calculated by comparison with a standard calibration curve
previously made by using different concentrations of H2O2.
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Cell culture
The green fluorescent protein (GFP)-expressing N. benthamiana cell suspension was grown in liquid
MS medium under constant shaking (100 rpm) at 25 ºC, and subcultured as previously described
(Hemmerlin and Bach, 1998). Cells at exponential growth phase were exposed to MpNEP2 for
various times (0, 8, 12 and 24 h for microscopic analysis and 0, 0.25, 0.5, 1, 2, 3, 4, 5 and 6 h for
electrical conductivity) under culture conditions. MpNEP2 was added to the cell suspension at a final
concentration of 1 µg/mL for microscopic analysis and 5 µg/mL for electrical conductivity. Cell death
in the control and treated cells was analyzed by fluorescent microscopy and by measuring electrolyte
leakage. All experiments were carried out in triplicate and in sterile conditions.

Electrolyte leakage
Electrolyte leakage assay was carried out according to Bajji et al. (2001). In order to
determine the time course of electrolyte leakage during MpNEP2 treatment, cell culture of
GFP-expressing N. benthamiana was growth as previously described. Cells were incubated at
25 ± 1oC under agitation (100 rpm) in 20 mL of 10 mM phosphate buffer, pH 5.7, containing
5 µg/mL MpNEP2. Electrical conductivity (EC) of the samples was measured at 0, 0.25, 0.5,
1, 2, 3, 4, 5 and 6 h using an HD2106.1 conductimeter (Delta OHM, Italy). In order to
estimate the amount of electrolytes released during each time interval, only the newlyreleased electrolytes were taken into account and expressed in relative terms as, for example,
15 min after MpNEP2 treatment, (ECf-ECi)/Cell fresh weight, where ECi and ECf represent,
respectively, electrical conductivities at the beginning (0) and after 15 min. Following these
readings, samples were autoclaved, cooled at 25 °C and the total electrical conductivity (ECt)
was measured. Electrolyte leakage was expressed as (ECf- ECi)/(ECt-ECi) × 100.
Fluorescent microscopy analysis
Microscopic analysis was carried out using an epi-fluorescent microscope (Leica DMR). Cell in
exponential growth phase were exposed to 1 µg/mL MpNEP2 as previously described. Cells were
collected at 0, 4, 8, 12, and 24 h and observed in excavated blades using a Leica IM50 software.

Cell death assays
Evans blue staining was performed according to Baker and Mock (1994), with modifications.
N. tabacum leaf disks (five replicates) were treated with (i) 10 mM phosphate buffer, pH 5.7
(control); (ii) 1 µg/mL MpNEP2 in phosphate buffer, pH 5.7; (iii) 10 mM oxalic acid (OA) in
phosphate buffer, pH 5.7; (iv) 100 Units (U) catalase plus 1 µg/mL MpNEP2 in phosphate
buffer, pH 5.7; (v) 500 U catalase plus 1 µg/mL MpNEP2 in phosphate buffer, pH 5.7; (vi) 5
mM ascorbate plus 1 µg/mL MpNEP2 in phosphate buffer, pH 5.7; (vii) 2 mM sodium sulfite
plus 1 µg/mL MpNEP2 in phosphate buffer, pH 5.7; and (viii) 10 mM OA plus 1 µg/mL
MpNEP2 in phosphate buffer, pH 5.7. Cell death was assayed 24 h after the treatments. Leaf
discs were immersed in 3 mL of 0.25% Evans blue for 20 min and then washed in 10 mL
water for 30 min. Prior to the dye extraction, green pigments were removed by boiling the
leaf discs for 5 min in 5 mL of 100% ethanol. The dye was extracted by boiling for 10 min in
1 mL of 1.5% SDS. Evans blue staining was measured at 595 nm using a VersaMax ELISA
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Microplate Reader spectrophotometer (Molecular Devices, US). Measurements were
expressed as relative values, with 1 corresponding to the highest value of a sample tested.
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FIGURE LEGENDS
Fig. 1. Effect of MpNEP2 on Arabidopsis seedlings. A, Normal cotyledon 48-h after BSA
(control) treatment. B, Cotyledons with necrotic spots 48-h after MpNEP2 treatment. C,
Normal cotyledon 7-days after BSA (control) treatment. D, Dead cotyledon 7-days after
MpNEP2 treatment. Magnification is x 8, except A, which is x 16.
Fig. 2. Ladder pattern of internucleosomal fragmentation. DNA was extracted from
MpNEP2-treated and -untreated N. benthamiana cells and each lane received 1 µg of DNA
from an equivalent treatment. Lane 1, molecular mass standard; lane 2, control of untreated
cells; lane 3, control of cells treated with BSA; lane 4, cells treated with 0.05 µg MpNEP2;
lane 5, cells treated with 0.1 µg MpNEP2; lane 6, cells treated with 0.2 µg MpNEP2; lane 7,
cells treated with 0.3 µg MpNEP2; lane 8, cells treated with 0.4 µg MpNEP2; lane 9, cells
treated with 0.5 µg MpNEP2; lane 10, cells treated with 1 µg MpNEP2. Arrows show the
internucleosomal fragmentation pattern.
Fig. 3. MpNEP2 induces a massive H2O2 production. H2O2 was detected in N. tabacum
leaves by DAB staining. (A,B) Control leaves treated with BSA in phosphate buffer, pH 5.7.
(C,D) Leaves treated with 10 mM H2O2 in phosphate buffer, pH 5.7. (E,F) Leaves treated
with 1 µg/mL MpNEP2 in phosphate buffer, pH 5.7. Magnification is x 8 for A,C,E and x 16
for B,D,F.
Fig. 4. MpNEP2 induces changes in cell membranes. GFP-expressing cells of N.
benthamiana in exponential growth phase was exposed to 1 µg/mL of MpNEP2 and observed
in epi-fluorescent microscope. (A) Control cells, not exposed to MpNEP2, showing intact
membranes. (B) Cells treated with MpNEP2 for 8-h showing a loss of fluorescence in small
spots (arrow) at the membrane. (C) Cells treated with MpNEP2 for 12-h showing initial
membrane damage and GFP leakage. (D) Cells treated with MpNEP2 for 24-h showing a
total collapse and GFP leakage. Magnification is x 250.
Fig. 5. Time course of electrolyte leakage following MpNEP2 treatment. N. benthamiana cell
suspension was exposed to 5 µg/mL MpNEP2 at 25°C. Electrolyte leakage was measured at
the same day of treatment. Vertical lines represent standard errors (n=5).
Fig. 6. MpNEP2-induced cell death in tobacco leaf discs. N. tabacum leaf disks were treated
for 24-h with 10 mM phosphate buffer (control), 1 µg/mL MpNEP2, 10 mM OA or 1 µg/mL
MpNEP2 plus catalase (100 and 500 U), 5 mM ascorbate, 2 mM sodium sulfite or 10 mM
OA. Cell death was determined using Evans blue staining. Dye released from dead cells was
measured at 595 nm. Measurements were expressed as relative values, with 1 corresponding
to the highest value of a sample tested. The values are means ± SE of three independent
experiment; n= 5. *,**Significantly different from control treatment at P≤0.05 or P≤0.01,
respectively, according to Student's t-test.
Fig. 7. Effect of sodium sulfite and ascorbate on the H2O2 levels in leaves of tobacco treated
with MpNEP2 and OA. A, Phenotypic effect of the treatments on leaves. B, Measurement of
H2O2 content in treated leaves. Photosynthetically active leaves of N. tabacum were treated
for 72-h with 10 mM phosphate buffer plus 1 mM sodium sulfite (control), 1 µg/mL
MpNEP2, 10 mM OA, 10 mM OA plus 1 mM sodium sulfite or 1 µg/mL MpNEP2 plus 5
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mM ascorbate or 1 mM sodium sulfite. The absorbance was measured at 390 nm. The values
are means ± SE of three independent experiment; n= 3. *,**Significantly different from the
respective MpNEP2 or OA treatments at P≤0.05 or P≤0.01, respectively, according to
Student's t-test.
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Background: Moniliophtora perniciosa
Nep2 (MpNEP2) plays a role during the
witches` broom disease (WBD).

therapeutic intervention and MpNEP2 might
be a target for it.

Results: MpNEP2 is a cooperative structure,
and forms a metastable homo-dimer.

SUMMARY
Understanding
how
Nep-like
proteins act during the cell cycle and
disease progression of plant pathogenic
oomycetes, fungi and bacteria is crucial in
light of compelling evidence that these
proteins play a role in phytophatolocial
disorders including witches`broom disease
(WBD), of Theobroma cacao, one of the
most
important
phytopathological

Conclusion: A cooperative structure could
explain the necrotic activity recovery and the
metastable MpNEP2 homo-dimerization may
play a role during fungus infection.
Significance: The understanding of WBD
progression is an important issue for
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problems to afflict the southern
hemisphere in recent decades. The crystal
structure of MpNEP2, a member of NLP
family and the causal agent of WBD in
theobroma cacao, was recently solved and
revealed the key elements for its activity.
This protein has a heat-resitant profile
and was believed to act as a monomer in
solution compared to your related
counterparts

MpNep1 and NPP from Phytophthora
parasitica. These different features were
further investigated by thermodynamic
and structural methods. Our results
showed a cooperative MpNEP2 structure
by chemical and heating denaturation
experiments that may explain the
structure and activity recovery after
heating and cooling processes. We also
bring new data on the identification and
characterization of its homo-dimerization
process. These results can bring new
opportunities for the mechanism of
MpNEP2 action in dicot plants during the
WBD progression.
____________________________________
Moniliophtora perniciosa, is a basidiomycete
with hemibiotrophic life cycle (1, 2), that
causes one of the three main fungal diseases
of Theobroma cacao, the source of
chocolate. It causes witches` broom disease
(WBD) and has brought about severe agroeconomic losses in all of the cacao-growing
regions in South America. The disease
begins with the production of basidiospores
from small pink basidiomata (mushrooms)
formed on previously infected plant tissues. The
ability of basidiospores to infect meristematic
cacao tissues (shoots, flowers and young
developing fruits) occur through
airborne
dispersal, in high humidity environments (3) and
most commonly in nocturnal periods. After

infection, the density of fungal mycelium in the
plant is very low (4) characterizing the biotrophic
growth phase. After 1-2 months of infection,
necrosis and death of tissues occurs distal to the
original infection site, forming a dry broom (5).
Proliferation and colonization of the fungus in
attached necrotic tissues lead to morphological
changes in hyphae, characterizing the
saprotrophic phase. Basidiocarp production and
subsequent spore formation can occur on any
infected necrotic tissue, thus completing the
disease cycle.
Moniliophthora perniciosa Nep2 (MpNEP2)
belong to a family of microbial proteins that are
secreted by various pathogens including plant
pathogenic oomycetes, fungi and bacteria (6).
The necrosis- and ethylene-inducing peptide 1
(NEP1) like proteins (NLPs) trigger defenseassociated responses and, subsequently, cell
death in numerous dicotyledonous plant species
but do not damage monocots (7-11). Initially
identified from the culture filtrate of Fusarium
oxysporum (7), NLPs are small proteins of ~24
kDa that exhibit a high degree of sequence
conservation.
A
conserved
heptapeptide
(GHRHDWE) and some conserved cysteine
residues are present in all NLP sequences and are
involved in its activities and the formation of
disulfide bridges, respectively (11-14). NLPs are
classified as, type I or type II, depending on the
presence of two or four cysteine residues at
conserved positions (12). NLPs necrotic activity
can be triggered by synthesis of ethylene (8, 15,
16), increased production of superoxide anions
and accumulation of defense-related transcripts.
Studies with Pythium aphanidermatum showed
that these proteins can also induce programmed
cell death (PCD) (9, 10, 11, 17, 18). However,
the exact mechanism by which NLPs lead to
plant death is not clear. Necrosis induction is not
always accompanied by ethylene production (7,
15), indicating that other mechanisms may be
involved.
The presence of multiple NLPs in various
phytopathogenic microorganisms suggests a
significant role for these genes in pathogenicity.
The overexpression of Nep1 in the hypovirulent
fungus Colletotrichum coccodes dramatically
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increases its aggressiveness toward the host plant
and even enlarged the host range of this pathogen
(19). This evidence strongly suggests that NLPs
may act as a virulence factor by facilitating the
colonization of host tissues during the
saprotrophic phase of pathogen growth (20).
Curiously, NLP-induced cell death occur only
when the protein is targeted to the apoplastic side
of dicot cells, an evidence of plasma membrane
side specificity. Most NLPs have a natural
affinity for lipid bilayers, however, no sign of
interaction between MpNEP2 and lipids were
shown by electron paramagnetic resonance and
fluorescence measurements, suggesting that
MpNEP2 requires other anchoring elements from
the membrane to promote cytolysis (21). Also,
NLP activity and specificity do not require cell
wall integrity, suggesting the existence of signal
peptides for activity of ectopically expressed
NLPs (22). Cell death was reported to occur in a
Ca2+-rich environment for a member of the NLP
family, NLPPya from Pythium aphanidermatum.
Scavenging extracellular calcium by a
membrane-impermeable Ca2+- chelator abolishes
the plasma membrane-disintegrating activity of
NLPs, suggesting that binding of a Ca2+ ion is
crucial for NLP function (14). However, in
contrast to the results with NLPPya, MpNEP2
does not depend on an ion to accomplish its
necrosis activity (21).
Five NLP members were identified from the
genome of M. perniciosa (MpNep) and a recent
report points MpNEP2 as the unique NLP
expressed during the fungus infection (21).
However, MpNep1 isoform had already been
shown to be expressed to a similar extent in
biotrophic as in saprotrophic mycelia whereas
MpNEP2 is predominantly expressed in
biotrophic mycelia (23). Moreover, differences in
physical properties of MpNep isoforms show that
despite the heat-labile characteristic of most
NLPs, MpNEP2 is highly resistant to
temperature. Its unusual capacity to recovery
necrotic activity in tobacco leaves was shown
even after exposure to 100°C for 30 min.
MpNep1, that has a highly similar sequence to
MpNEP2, and NPP protein, a NLP from
Phytophthora parasitica, were also assessed in
this experiment; both proteins precipitated at

around 40°C, and were unable to cause necrosis
after cooling (23). Furthermore, in solution under
non-denaturing and denaturing conditions,
MpNep1 and NPP are believed to exist as
oligomers, whereas MpNEP2 maintains its
monomeric form (23). Because of its importance
in
phytopathogenic
processes
and
its
involvement in witches` broom disease in
Theobroma cacao, the main goal of this work is
to improve our understanding of Moniliophthora
perniciosa Nep2 (MpNEP2) physical properties
by thermodynamic and structural data.
Here, we provide evidence for a cooperative
transition of MpNEP2 structure between foldedunfolded and unfolded-refolded states followed
by changes in the secondary and tertiary
structure. Thermal denaturation experiments
show that, during the cooling process, MpNEP2
folds back with different tryptophan local
environment. We also identify and characterize a
metastable MpNEP2 homo-dimer in solution,
which was not previously expected for this NLP
isoform. Further analyses suggest that
dimerization does not occur by electrostatic
interactions or by cysteine reduction. Smallangle X-ray scattering (SAXS) and nuclear
magnetic resonance (NMR) data show a possible
tail-to-tail interaction and residues with the most
exchangeable chemical environments during the
MpNEP2 homo-dimerization process.

EXPERIMENTAL PROCEDURES
Protein preparation – MpNEP2 sequence was
cloned into pET28a vector (Novagen, San Diego,
CA) between BamHI / HindIII sites (Promega
Corporation). The plasmid was transformed into
Escherichia coli BL21(DE3) cells, plated on LB
agar with kanamycin (50 µg/mL) and grown
overnight at 37 °C. Cultures were grown to an
OD600nm of 0.8 at 37 °C, cooled with shaking at
22 °C prior to induction for 16 h at 22 ºC with 1
mM
isopropyl-1-thio-b-D-galactopyranoside
(IPTG). Cells were harvested by 15 min
centrifugation at 10,000 xg at 4 °C and stored at 80 °C or resuspended in 25 mL of 20 mM
phosphate buffer (pH 7.4) containing 500 mM
NaCl, 1 % Tween 20 and 1 mM of the protease
inhibitor PMSF (lysis buffer). Cells were
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sonicated and insoluble protein and cell debris
were harvested through a 20 min centrifugation
at 10,000 xg at 4 ºC. The supernatant was filtered
in a 0.22 µm PVDF membrane (Whatman, GE
Healthcare life sciences) and loaded onto a
HisTrap FF affinity column (GE Healthcare life
sciences) equilibrated with 20 mM phosphate
buffer (pH 7.4) containing 500 mM NaCl (buffer
A). The loaded column was washed with buffer
A until baseline stabilization. Weakly bound
proteins were eluted with 5 column volumes of 5
% buffer B (buffer A plus 0.5 M imidazole)
followed by MpNEP2 elution with a linear
gradient of 5-50 % of buffer B. Peak fractions
were analyzed by SDS-PAGE, concentrated if
needed, and loaded onto a Sephacryl 16/60 S-100
size-exclusion column (GE Healthcare life
sciences), equilibrated with 20 mM phosphate
buffer (pH 7.4) containing 80 mM NaCl.
Thrombin cleavage (1-5 µg) was performed at
this step to produce a non-tagged MpNEP2.
Analytical size-exclusion on Superdex 75
collumn (GE Healthcare life sciences) confirmed
that MpNEP2 was eluted at the expected volume
for monomeric and dimeric protein. Fractions
containing pure protein were pooled and
concentrated in Vivaspin 20, 10,000 MWCO
(GE Healthcare life sciences). Concentration of
the protein was determined by absorbance
spectroscopy at 280 nm using calculated
extinction coefficient of 53,065 M-1 cm-1 for
monomer and 106,130 M-1 cm-1 for dimer. All
columns were used in an Äkta system (GE
Healthcare life sciences). The identities of the
monomer and dimer were confirmed by ESIQUAD mass spectrometry. For isotopic labeling,
proteins were expressed in M9 minimal media
with 15N NH4Cl as the sole source of nitrogen
and purified as described above.
Crosslinking experiments – MpNEP2 monomer
and homo-dimer were subjected to chemical
crosslinking experiments with a glutaraldehyde
concentration of 0.1 % per reaction. Crosslinking reactions were performed with equal
amounts of MpNEP2 monomer and homo-dimer
at 37 °C for 5 min and stopped with 1 M Tris-Cl
(pH 8.0). Cross-linked proteins were visualized
by 15 % SDS-PAGE, stained with G-250
Coomassie brilliant blue.

Fluorescence spectroscopy – Fluorescence
emission measurements were recorded on an
ISSK2 spectrofluorometer (ISS Inc., Champaign,
IL). The tryptophan residues were excited at 280
nm, and emission was collected from 300 to 400
nm. Changes in fluorescence spectra in the
presence of any concentration of urea (u) or
guanidine hydrochloride (g) were quantified as
the center of spectral mass <vu,g> in cm-1
(equation 1):
< vu,g > = Σ viFi/ΣFi

(1)

where Fi stands for the fluorescence emitted at
wavenumber vi and the summation is carried out
over the range of appreciable values of F. The
degree of denaturation (α) in a given condition
was calculated from the changes in center of
spectral mass (v) in that condition (equation 2):
α = (<v> - <vi>)/(<vf> - <vi>)

(2)

where <vi> is the initial value of center of
spectral mass (folded protein) and <vf> is the
final
value
(unfolded
protein).
For
thermodynamic parameters, the free energy
change can be empirically correlated using
equation 3 (24):
∆Gu/g = ∆Gd – m[u, g]

(3)

where ∆Gu/d is the free energy of denaturation at
each urea or guanidine concentration, ∆Gd is the
free energy of denaturation in the absence of
denaturant and (m) is a constant proportional to
the difference in solvent-accessible surface area
as the protein unfolds. The free energy of
denaturation (∆Gd) was calculated from Gibbs
(equation 4):
∆Gd u/g = -RTlnku/g (4)
and the denaturation constant (ku/g) was
determined from the values of degree of
denaturation ku/g = [(αu/g)/(1-αu/g)] (25). Samples
were incubated with increasing concentrations of
urea (0-6 M) and guanidine hydrochloride (0-5
M) and allowed to equilibrate for 1 h prior to
performing measurements. Each experiment was
performed at least three times with different
protein preparations. To evaluate the chemical
reversibility denaturation a concentrated protein
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stock solution was initially prepared in 6 M urea
and diluted to yield 1 µM MpNEP2 solution with
urea concentrations ranging from 0.25 – 6 M.
Fluorescence thermal experiments were carried
out on a Peltier temperature controller (Quantum
Northwest – TC125). MpNEP2 (1µM) was
subjected to increased temperatures, equilibrated
by 10 min previously to tryptophan
measurements.
Circular Dichroism (CD) – CD measurements
were carried out on a Jasco spectropolarimeter
(model J-715, 1505, JASCO, MD) equipped with
a Peltier-type temperature controller and a
thermostated cell holder, interfaced with a
thermostatic bath. The far-UV spectra were
recorded in a 0.2 cm path-length square cuvette
at a protein concentration of 3 µM. CD spectra
were measured in wavelengths ranging from 190
to 260 nm at 20 °C resulting in an average of
four spectra with a scanning speed of 100 nm /
min and resolution of 0.1 nm for each step. The
data were corrected for the baseline contribution
of the buffer. Thermal unfolding experiments
were performed by increasing the temperature
from 20 to 80 ºC at 1 ºC min-1, allowing
temperature equilibration for 5 min and the
content of MpNEP2 secondary structure was
monitored at 222 nm during thermal
denaturation.
Dynamic light scattering (DLS) – DLS
measurements were performed on a Brookhaven
90Plus/Bi-Mas Multiple angle particle sizing
instrument (Holtsville, NY). Data were analyzed
using the MAS Option software provided by
Brookhaven. Each measurement consisted of at
least 5 independent readings, each reading being
30 seconds in duration. MpNEP2 monomer and
homo-dimer in 20 mM phosphate buffer
containing 80 mM NaCl (pH 7.4) were harvested
at 10,000 xg, 10 min, 4 °C and filtered (0.22
µm). All measurements were carried out at 25
°C.
Differential scanning calorimetry (DSC) – DSC
measurements were performed using a VP-DSC
calorimeter from MicroCal, Llc (Northampton,
MA).

Small-angle X-ray scattering (SAXS) – SAXS
data were collected at the SAXS2 small-angle
scattering beamline of the National Synchrotron
Light Laboratory, Campinas, Brazil, using a twodimensional MARCCD detector, with micca
sample holder and a wavelength λ of 0.1488 nm,
at 25 °C. Experiments were performed in 20 mM
phosphate buffer (pH 7.4) containing 80 mM
NaCl at ___mg/mL protein concentration. Data
acquisition was performed by taking three frames
of 300 sec for each sample. The modulus of
scattering vector q was calculated according to
the relation q = (4π/λ)sinθ, where λ is the
wavelength used and θ is the scattering angle.
The sample-detector distance was set at___mm,
allowing detection of a q range from__ to __Å-1.
The monodispersity of the samples was
confirmed by Guinier plots of the data and
molecular weight calculations using hen egg
lysozyme as a standard. Data were corrected
properly and fitted using GNOM (26), and the
low resolution ab initio particle shape was
restored using DAMMIN (27). The final model
is a result of an average of ten independent
calculations, performed using DAMAVER (28).
Nuclear magnetic resonance (NMR) – NMR data
were acquired at 25 °C using a Bruker Avance III
800 MHz. 1H-15N resonance variations were
obtained from HSQC experiments with MpNEP2
monomer and homo-dimer free in solution.
Chemical shift perturbations (∆δ) between them
were performed with CARA program (29) using
(equation 5):
∆δ = [(MHN-DHN)2 + γD*(MN +DN)2]1/2

(5)

where MHN, DHN and MN, DN are the 1H-chemical
shift and 15N-chemical shift values for the
MpNEP2
monomer
and
homo-dimer,
respectively. A scaling factor (γD) of 0.15 was
used.
Mass spectrometry (MS/MS) - MpNEP2
monomer and homo-dimer were subjected to a
tryptic digestion and peptides mixtures were
analyzed
by
online
nanoflow
liquid
chromatography tandem mass spectrometry (LCMS/MS) on a nanoAcquity system (Waters,
Milford, MA) coupled to an Q-Tof micro Mass
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Spectrometer (Waters, Milford, MA, EUA)
(Waters, Milford, MA, EUA). Peptide mixtures
were loaded onto a 1.7-µm × 100-mm
nanoACQUITY UPLC BEH300 column packed
with C18 resin (Waters, Milford USA) and were
separated at a flow rate of 0,6 µl/min using a
linear gradient of 1 to 50% solvent B (95%
acetonitrile with 0.1% formic acid) in 23 min,
followed by a sharp increase to 85% B in 4 min
and held at 85% B for another 3 min. Solvent A
was 0.1% formic acid in water. The effluent from
the HPLC column was directly electrosprayed
into the mass spectrometer. The instrument was
operated
in
data-dependent
mode
to
automatically switch between full scan MS and
MS/MS acquisition. All MS and MS/MS raw
data were processed by Masslynx v4.1 (Waters)
and searched against a target protein sequence
database using the Mascot server v4.1
(http://www.matrixscience.com/). Search criteria
used were as follows: trypsin digestion; variable
modifications set as carbamidomethyl (Cys) and
oxidation (Met); max of one missed cleavages
allowed; and peptide mass tolerance of ± 0.3 Da
for the parent ion and 0.1 Da for the fragment
ions.

RESULTS
MpNEP2 monomer shows a thermodynamic
cooperative structure – the secreted monomeric
MpNEP2 protein is believed to be functionally
active in the host cell and heat resistant. To
further characterize it heat resistant feature, we
performed thermodynamic experiments upon
chemical and thermal denaturation. By
monitoring the intrinsic tryptophan fluorescence,
chemical denaturation experiments revealed the
denaturation free energy for MpNEP2: ∆Gd urea=
4.05 kcal/mol and ∆Gd guanidine = 3.21 kcal/mol
(Fig. 1A and Table 1). Thermal denaturation
experiments evidenced totally recovery of
secondary structure of MpNEP2 by circular
dichroism (Fig. 1B) that was not true for its
tertiary structure following the tryptophan
environment (Fig. 1C). Surprisingly, MpNEP2
partially recovered tryptophan local environment
upon cooling that was not observed when folding
reversibility was tested by urea (Fig 1C - inset).

Also, light scattering measurements rule out
protein aggregation at 1µM during formation of
the partially recovered structure. These set of
results suggest that, when exposed to heating and
cooling processes, active MpNEP2 forms an
assembled structure that is triggered by changes
in tertiary structure and maintance of it
secondary structure. Differential scanning
calorimetry (DSC) showed a two-point transition
during thermal denaturation and protein
precipitation at 20 µM with no transitions during
rescans (Fig. 1D), suggesting that MpNEP2
reversibility occur in a concentration-dependent
manner (up to 10 µM). The necrotic activity
recovery of MpNEP2 after heating and cooling
processes, might be an evolutionary issue in the
basidiomycete cell cycle success and our results
suggest that MpNEP2 accomplish this function
with local changes on his folded cooperative
structure in a concentration-dependent manner.
MpNEP2 forms a dimer in solution – Highly
homologous NLPs form oligomeric states (23)
and, in some cases, it dictate functionality in the
host cell. Also, during WBD development, NLPs
normally increase in concentration (23).
Encouraged with this findings we consider that
MpNEP2 might also form oligomeric states in
solution.
Notably,
the
purification
of
recombinant
MpNEP2
for
a dynamic
conformational study by NMR (manuscript in
preparation), revealed a minor peak eluted during
the size exclusion step performed on Sephacryl
S100 16/60 (Fig. 2A). To rule out a possible
artifact or contaminant protein, we showed by
electron spray ionization mass spectrometry –
ESI-TOF the same profile of tryptic peptides
between MpNEP2 and the minor peak (Fig. 2B),
suggesting that our purification protocol was
isolating two MpNEP2 conformers. As chemical
crosslinking is an acceptable strategy to show
protein-protein interactions in vitro, we
employed a crosslinking experiment with
glutaraldehyde to get further information on the
nature of these conformers. Cross-linking
reactions with each isolated conformer of
MpNEP2 showed different susceptibility to
oligomeric formation (Fig. 2C). Ultra-fast liquid
chromatography (UFLC) of purified conformers
confirmed retention volumes expected for
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proteins of ~24 kDa and ~48 kDa (Fig. 2D).
Hydrodynamic radius (RH) measurements by
dynamic light scattering (DLS) were in
agreement with the expected molecular weight
for MpNEP2 monomer and dimer (Table 1).
These results give us support to suggest that
MpNEP2 may interact in vitro forming homodimerization states.
MpNEP2 homo-dimer characterization –
MpNEP2 polypeptide was previously shown to
be expressed as a monomer in solution (23) at
low concentrations (up to 40 µM). Once
dimerization was not previously reported for this
NLP isoform and we were able to isolate a
MpNEP2 homo-dimerization state in solution,
we performed experiments to further characterize
the nature of MpNEP2-MpNEP2 interaction.
Ultra-fast liquid chromatography assays revealed
that homo-dimerization state was not formed by
electrostatic forces (Fig. 3A) or cysteine
oxidation (Fig. 3B). Also, dimer dissociation was
not dependent on concentration (Fig. 3C).
Nevertheless, a slight increase in temperature
was able to dissociate MpNEP2 homodimerization state. To get further information
about this transition, we performed a kinetic
assay coupled with UFLC analysis. MpNEP2
homo-dimer is stable at 25 °C (Fig. 3D), but at
37 °C almost all dimeric states dissociated to
monomers in 10 min (Fig. 3E) and at 42 °C its
dissociate even faster (Fig. 3F). DSC transitions
revealed very similar melting temperatures for
homo-dimer and monomer (Table 1), but a 2-fold
higher ∆H for homo-dimer (123 ± 2 kcal/mol per
monomer of the dimer). These results suggest
that MpNEP2 homo-dimerization state is
triggered by hydrophobic interactions and form a
metastable state that could be disassembled by a
slight input of energy to the system.
Monomeric and dimeric states of MpNEP2 by
SAXS shape reconstructions and NMR – to
obtain further structural information on the
homo-dimerization state of MpNEP2, we
conducted experiments using SAXS. After
obtaining the I(q), the three-dimensional ab initio
molecular envelope was constructed by a
simulated annealing procedure with the program
DAMMIN (27). Ten independent simulated

annealing runs were carried out for each
monomer and homo-dimer X-ray data set (Fig.
4A and supplemental data), and the resulting
models were averaged with DAMAVER (28) to
generate a consensus molecular envelope (Fig.
4A and supplemental data). To assess the
precision of the consensus structure, a
normalized spatial discrepancy parameter was
used, which gives a quantitative estimate for the
similarity between different models obtained by
simulated annealing. Low values of the
normalized spatial discrepancy (~1.0) indicate a
good agreement between individual trials (28).
The consensus shape reconstruction for
monomeric MpNEP2 revealed an oblong shape,
and the superimposed models of the monomer
and the homo-dimer revealed a possible tail-totail interaction between MpNEP2 monomers
(Fig. 4B). The mean value of the normalized
spatial discrepancy for ten separate runs was
0.835 ± 0.015 for the monomer and 0.933 ±
0.017 for the homo-dimer. Table 1 summarizes
radius of gyration (Rg) and maximum distance
(Dmáx) for both forms.
Finally, we performed 1H-15N HSQC
experiments from both conformers of MpNEP2
protein to get additional information on the
possible tail-to-tail interface (Fig. 5A). Chemical
shift perturbation (∆δ) analysis showed that 15
residues were significantly shifted between the
monomer and the homo-dimer conformation
(Fig. 5B). The following residues were mapped
on the MpNEP2 crystal structrure (PDB entry:
3ST1), and six of them (Thr 112, Gly 115, Glu
121, Gly 122, Asn 203 and Ser 206) were located
in the apparent connecting interface of the
monomers, as evidenced by SAXS data (Figs. 4C
and 5C). The other residues (Ser 54, Ala 77, Thr
130, Lys 143, Ala 154, Asp 158, Lys 162, His
207 and trp 230) were not located in the apparent
interface.

DISCUSSION
We have combined thermodynamic and
structural data to explain the different physical
properties of MpNEP2 polypeptide from the
basidiomycete M. perniciosa and further
characterize its homo-dimerization process. It is
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the causal agent of witches` broom disease
(WBD), one of the most important
phytopathological problems of the southern
hemisphere, with severe agro-economy outcomes
for cacao production. Several secreted pathogen
proteins, such as NLPs, also known as elicitors,
may be recognized by the defense system in the
plant, leading to a transduction cascade that
causes cell death at the side of infecton, thereby
limiting the spread of the pathogen (30).
Although this adaptive mechanism gain success
to block biotrophic pathogen cells progression,
saprophytic pathogens could take advantage of
this mechanism, adquiring abilities to manipulate
plant cell death to their own benefit (31).

explanation for the ability of this polypeptide to
rapidly renaturize and recovery its necrosis
activity when shifted from high to low
temperatures and may also explain the different
susceptibility for aggregation as compared with
your counterparts MpNep1 and NPP from
Phytophthora parasitica. Both proteins were
prone to aggregation when subjected to boiling
for a half hour at 1 µM, while MpNEP2
renaturized in the same condition (23). Our DSC
analysis showed that MpNEP2 was only prone to
aggregation in concentrations up to 10 µM. Light
scattering measurements at 1 µM did not show
an aggregation profile for MpNEP2 when
subjected to temperatures between 20 to 58 °C.

The most common features of these NLPs is that
they are active only in dicotyledonous plants, the
necrosis activity is heat labile, the proteins act
outside of the plant cell, suggesting the existence
of cell wall receptors and they cause rapid
activation of the cell defense response (12).
Although MpNEP2 shows a remarkably
conserved sequence throughout evolution, this
polypeptide differs dramatically in one of the
common NLPs features: the heat labile profile. It
was previously shown that MpNEP2 is heat
resistant (23), suggesting a possible adaptive
process of this polypeptide during the cell cycle
of the fungus. In contrast, MpNep1 precipitated
during heating, which resulted in a loss of your
necrosis-inducing ability. Although
heat
resistance had already been detected in Nep1 (7),
this different susceptibility between MpNep1 and
MpNEP2 to heat resistance was first described in
M. perniciosa, suggesting that these proteins may
have a complemented cellular function in this
organism. Here we showed a cooperative profile
for MpNEP2 structure, upon treatment with
chemical and physical agents. Plots obtained
with the center of spectral mass of the tryptophan
fluorescence spectra allowed us to calculate
denaturation free energy (∆Gd u/g) and solvent
acessibility (m) values that matched well with a
cooperative structure. The slope of the plots
indicate the cooperativity of the structure and its
sigmoidal shape a two-fold state (foldingunfolding) for MpNEP2, as urea and/or
guanidine agents were increased. The
cooperative structure of MpNEP2 is a reasonable

To get further information on the cooperative
structure of MpNEP2, upon heating and cooling
processes, we performed experiments to monitor
the secondary and tertiary structure of MpNEP2
by
circular
dichroism
and
tryptophan
fluorescence, respectively. We observed that
renaturized MpNEP2 completely restores it
secondary structure, upon cooling however
suffers local changes in tryptophan environment.
Total reversibility of tryptophan environment
was observed in urea renaturation experiments
showing that local changes in tryptophan
residues are specific formed when protein is
challenged by heat. Its important to note that
these observed local chances in tryptophan
environment does not affect protein folding and
necrotic activity of MpNEP2, thus changes may
occur only in the nearby vicinity of tryptophan
residues of the renaturized polypeptide does not
affecting its global folding. The heat resistance
feature of the cooperative MpNEP2 structure was
probably selected as an evolutionary advantage
to the successful of M. perniciosa cell cycle
infection into dicot plants, once MpNEP2 is the
major NLP detected during the development of
the WBD (21). Also, this phytopathological
disease is endemic in tropical regions, in which
heat index variations are commonly pronounced
due to humidity, so the observed feature of
MpNEP2 may be a limiting issue for infection
and disease spreading.
The oligomeric profile of MpNEP2 was not
studied elsewhere, and it was believed to act
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mainly in biotrophic mycelia as a monomer.
However, MpNep1, a highly homologous NLP
isoform, was shown to act ubiquitinously as an
oligomer and in both biotrophic and saprophytic
mycelia (23). The saprophytic phase is
accompanied by a significant increase in
mycelial density, and consequently in protein
concentration; a condition that seems to be more
appropriate to oligomer formation (23). Because
of these different expression profiles between
MpNep1 and MpNEP2, a complementary role
during disease progression was proposed
between them (23). It contrasts with RNA-seq
results in which only MpNEP2 was shown to be
expressed during the fungus infection (21). These
apparently conflicting views of NLPs expression
during WBD development, can be reconciled by
considering
our
MpNEP2
homo-dimer
identification and characterization. Possibly,
during the saprophytic mycelia development, in
which mycelia density arise, MpNEP2 reaches
such a concentration that leads to a dimerization
state. This point of view is also in agreement
with the positive correlation between increased
levels of MpNEP2 and necrotic symptoms by
real time PCR analysis (21). An issue that
remains unclear regards on the role, if any, of
MpNep1 and the other NLPs in the WBD
development. A hypothesis previously reported
would be that these proteins could undergo rapid
evolution, once only a few essential conserved
positions are required for maintenance of
architecture and activity (8). So, the rest of the
sequence would be prone to mutations, that
would lead to the loss of the protein function (8)
and formation of paseudogenes (12, 32). The
expansion of these NLPs sequences (five
identified NLPs) in the genome of M. perniciosa,
suggest the importance of this protein to the
specie and also a possible mechanism of function
transference throughout evolution. In case of
MpNep1 and MpNEP2, these proteins would be
an example of this evolutionary mechanism, in
which MpNep1 lost function that was acquired
by MpNEP2 with additional properties such as
the heat resistance profile and the dimerization
process. To note, several microorganisms have
more than a copy of NLPs: Phytophthora spp.
genome shows over 40 Nep copies (32). In P.

megakatya, a cacao pathogen that causes black
pod disease in Africa, nine orthologous have
been found and at least six of them seem to be
expressed (33). Thus reaffirming that through
evolution, these sequences would be prone to
changes and acquiring properties. Here we
identified and characterized the homo-dimer of
MpNEP2 by different biochemical and structural
approaches. MpNEP2 dimerization was also
observed even when the recombinant polypeptide
concentration was modulated by lower
concentrations of IPTG (0.2 and 0.4 mM),
suggesting that, at low concentrations of inducer,
MpNEP2 homo-dimerization state could also be
expressed in Eschericia coli cytoplasm (data not
shown). Eletron-spray mass spectrometry
showed the same tryptic peptides for isolated
MpNEP2 monomer and dimer. Hydrodynamic
radii of MpNEP2 monomer and dimer were 2.5
and 3.3 nm, respectively. These values match
with the expected molecular weight for each
conformer. Additional data on UFLC showed
that both MpNEP2 conformers eluted in
expected retention volumes when compared to a
standard of globular proteins (data not shown).
To get further structural information, we
performed SAXS analyses and molecular
envelope reconstructions from both conformers.
Protein preparation for SAXS data, were
prepared with additional care to obtain highly
monodisperse samples in solution. The
parameters that can be obtained directly from
SAXS data in a model-independent manner are
the radius of gyration (Rg) and the maximum
dimension (Dmax) of the scattering particle (34).
For all samples, the values of Rg was determined
by Guinier analysis of the low q region of the
scattering curve and of the distribution of the
inter atomic vectors [P(r)], obtained with the
software GNOM (26). The measured values of
Rg and Dmax for the MpNEP2 monomer (19.7 Å
and 65 Å, respectively from interatomic vectors
analysis) and MpNEP2 homo-dimer (27.7 Å and
90 Å, respectively from interatomic vectors
analysis) agree well with expected values for this
polypeptides and are consistent with each other.
Surprisingly, Rg and Dmax values obtained from
the homo-dimer were not 2-times the values
obtained with the monomer protein, suggesting
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that dimeric MpNEP2 exists in a packing
conformation. Also, comparison of the P(r)
function for monomer and homo-dimer reveals
that the shape of the curve of MpNEP2 monomer
is more symmetrically distributed, whereas
MpNEP2 homo-dimer is relatively skewed,
suggesting a more elongated particle in the
homo-dimeric state. The oblong shape
reconstruction of the MpNEP2 monomer
matches the MpNEP2 crystal structure very well
(Supplemental data). Post-hoc analysis on the
monomer shape reconstruction shows additional
density in the top and bottom regions that is
unaccounted for the crystal MpNEP2 structure.
As observed in the superimposed models, these
extra volumes are presumably due to loop
regions localized at the top and bottom of the
crystal
structure.
The
dimeric
shape
reconstruction evidenced the packing and
elongated conformation between the two
MpNEP2 monomers. Additional volume was
also observed on the MpNEP2 homo-dimer
shape reconstruction in the connecting interface
that seems to be formed by the loop at the base of
the β-sheet core of the protein. The
superimposed models of MpNEP2 monomer,
homo-dimer and the crystal structure reveals a
possible tail-to-tail interaction in the connecting
interface. The superimposed models refers to the
best fit obtained with the SUPCOMB software
(35). These structural results confirmed that
MpNEP2 is able to form an homo-dimerization
state in solution.
To further characterize the nature of MpNEP2
interaction, we performed UFLC assays in
different conditions. Treatment of MpNEP2
homo-dimer and monomer with different
concentrations of ionic strenght, were not able to
change the equilibrium between the monomer
and homo-dimer states, as observed by UFLC.
So, probably, eletrostatic interactions are not the
main force that participate in the homo-dimer
formation. The crystal structure from MpNEP2
(PDB entry: 3ST1) revealed that an
intramolecular disulfide bridge between the two
conserved cysteine residues, that had already
been shown to be essential for NLP activity (12),
appears to be crucial in stabilizing a loop closer

to the β-sheet core of the protein (21). So, to test
the hypothesis that MpNEP2 homo-dimer would
be formed by disulfide bridges in trans- between
these conserved cysteines, we treated MpNEP2
homo-dimer with 1mM of the reducing agent 2mercaptoethanol. UFLC analyses showed the
same retention volumes between treated and nontreated MpNEP2 homo-dimer, suggesting that
although disulfide bridges appears to be crucial
in stabilizing monomeric protein, it is not
relevant for MpNEP2 homo-dimer formation.
Also, we observed that homo-dimer dilution does
not shift the equilibrium to the monomeric form
of the polypeptide, suggesting that dissociation
of the dimeric conformation is not dependent on
concentration. Strikingly, we observed that
hydrophobic interactions may be the driving
force in the formation of the homo-dimerization
state of MpNEP2. MpNEP2 homo-dimer is stabe
at 25 °C for 18 hr, however an increase in the
temperature to 37 °C changed the equilibrium
from the dimer to the monomer and it was even
faster when temperature was rised to 42 °C, as
evidenced by UFLC analysis. Differential
interactions among nonpolar moieties at proteinprotein interfaces, and of these nonpolar groups
with water, collectively termed hydrophobic
interactions, are widely believed to make
important energetic contributions to the stability
of protein-protein complexes. Here we showed
that MpNEP2 can form a metastable homo-dimer
in solution and that nonpolar groups may
participate throught hydrophobic interactions. To
get additional information on the connecting
interface, we performed 1H-15N HSQC spectra of
the MpNEP2 homo-dimer and monomer.
Surprinsingly, chemical shift pertubation
analysis, evidenced 15 residues that were
significant shifted in spectra of the monomer and
homo-dimer. Post-hoc analysis of these residues
in the crystal structure (PDB entry 3ST1) and our
SAXS models evidenced that six of them were
clearly located on the interface of interaction
between the monomers. The other nine residues
were not connected to the interface region and
probably suffered the observed shift as a result of
the
reajusting
homo-dimer
structure.
Surprinsingly, we observed that the conserved
heptapeptide (GHRHDWE) motif was included
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in the apparent conecting interface and that the
most exchangeable residues were located near of
this motif. The first residue of the heptapeptide
(Gly 115) and the last (Glu 122) were the two
most exchangeable residues in shift and intensity,
so its possible that the conserved heptapeptide
motif participate in the homo-dimerization
process. This motif is a conserved sequence
throughout evolution, so this result may evidence
a common oligomerization mechanism to NLP
family. It was previously reported that this motif
comprises the bottom of a negatively charged
cavity (21) and mutacional analysis reveals that it
plays a role in MpNEP2 necrotic activity (21). A
possible hypothesis concerning to our chemical
shift analysis and interpretation of the data would
be that the homo-dimerization state of MpNEP2
may represent a reservoir of quiescent inactive
protein in the apoplast of the infected host, in
which the heptapeptide motif would be buried by
the interface of MpNEP2-MpNEP2 interaction.
Temperature variations or other unknown
mechanisms would lead to homo-dimer
dissociation, the heptapeptide motif exposure,
and consequently activation of MpNEP2 necrotic
activity by triggering cell defense responses.
Previously unpublished data revealed by

immunolacalization that MpNeps are effectively
present in the apoplast of infected tissue and
seem to acumulate externally in the cacao cell
wall. Also, it is remarkably that MpNEP2 is
expressed in biotrophic mycelia, which are
present in cacao tissue by weeks without causing
any apparent necrosis (2). So, these are
compelling
evidences
for
a
possible
interpretation: MpNEP2 may has to accumulate
and reach a threshold concentration to work in
cacao tissues and during this stage it would form
a inactive metastable homo-dimer in the apoplast
of the infected host.
In this work we provide evidence to explain the
MpNEP2 heat resistant profile and offer possible
structural and functional informations for
MpNEP2 homo-dimerization state. New insights
on MpNEP2 homo-dimer structure must be
brought to bear on questions such as: the
detection of MpNEP2 homo-dimer in planta and
the involvement and dynamics of it in the WBD
development and progression. WBD not only
affects the supply of cacao but also has an impact
on the conservation of tropical environments of
growth areas, so comprehension of MpNEP2
mechanism of action must be highlighted to offer
opportunities for therapeutic intervention.
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FIGURE LEGENDS

FIGURE 1. Cooperative structure of monomeric MpNEP2 by chemical and physical agents. A. Urea
and hydrochloride guanidine denaturation plots monitoring the center of mass of the Trp fluorescence
spectra. Top-right inset shows a representative Trp fluorescene spectra with decreasing Trp
fluorescence intensity and red-shift at three urea concentrations: 0 M (folded state), 0.9 M (transition
state) and 6 M (unfolded state). Bottom-right inset shows a representative free energy plot of the
guanidine denaturing experiment. Linear regression were performed to obtain ∆Gu/g values in
kcal/mol. B. Heating and cooling denaturing plot monitoring 222 nm absorbance by circular
dichroism. Top-right and bottom-right insets show far-UV scans from 260 to 210 nm obtained during
the heat-cooling denaturing experiment, respectively. C. Heating and cooling denaturing plot
monitoring the center of mass of the Trp fluorescence spectra. Blue Y-axis shows the light scattering
measurement during the experiment. Filled and open circles show the heating and cooling processes,
respectively. Open triangle shows the center of mass after 1 Hr of cooling. Top-left inset shows urea
reversibility plot monitoring center of mass of the Trp fluorescence spectra. Top-right inset shows the
temperature x time control plot of the heating and cooling denaturing experiment. Protein were left by
10 min in each temperature previously to obtain the Trp spectra. Bottom-right inset shows a
representative Trp fluorescene spectra at 20 °C, 40 °C, 58 °C and 1 Hr after cooling (20 °C/return).
Experiments are shown as mean (n = 3) with independent protein preparations.

FIGURE 2. MpNEP2 Homo-dimer identification. A. preparative size-exclusion chromatography
performed on Sephacryl S100 16/60 showing eluted peaks that corresponds to MpNEP2 monomer (*)
and MpNEP2 homo-dimer (**). Inset shows a representative 15 % SDS-PAGE of the purification
protocol. (-) lane shows protein extract before IPTG induction and (+) lane show protein extract 16 Hr
after induction with 1mM IPTG. (*) lane shows MpNEP2 monomer after purification. B. Protein
coverage by Eletron-spray mass spectrometry of MpNEP2 monomer (*) and homo-dimer (**).
Common tryptic peptides are highlighted in red in both plots. C. 15 % SDS-PAGE of glutaraldehyde
cross-linked reactions for MpNEP2 monomer and homo-dimer. (-) lanes show no cross-linked protein
and (+) lanes show cross-linked proteins. D. Analytical size-exclusion chromatography (UFLC) of
MpNEP2 monomer (black line), homo-dimer (dash line) and equal amounts of them (dot line)
performed on Superdex 75. Preparative and analytical chromatography were run monitoring 280 nm
and 0.7 mL/min.

FIGURE 3. Nature analysis of MpNEP2 homo-dimer interaction. A. UFLC performed in different
ionic strengths for MpNEP2 monomer and homo dimer (inset). B. UFLC performed in the presence or
without 1mM of 2-mercaptoethanol for MpNEP2 homo-dimer. C. UFLC of MpNEP2 homo-dimer in
three different concentrations ranging from µM to nM of protein. D – F. UFLC of MpNEP2 homodimer after protein exposure to 25 °C for 18 Hr (D), 37 °C (E) and 42 °C (F) for different times as
depicted in the legend. All runs were performed monitoring 280 nm absorbance and 0.7 mL/min.

FIGURE 4. Shape reconstruction by SAXS. A. sphere model represent the average of ten
independent runs for MpNEP2 homo-dimer. B. Superimposed models of MpNEP2 monomer, homodimer and the crystal structure evidence the possible tail-to-tail interaction. Superimposed models
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refers to crystal structure of MpNEP2 (PDB entry: 3ST1) and monomer sphere model obtained by
SAXS.

FIGURE 5. MpNEP2 homo-dimer interactions sites by NMR. A. 1H-15N HSQC spectra of MpNEP2
monomer (blue peaks) and homo-dimer (red peaks). B. Chemical shift pertubation (∆δ) plot as a
function of residue shows the most exchangeable residues between MpNEP2 monomer and homodimer. The statistical significance of the change seen for an individual residue can be judged by
horizontal lines. Gray columns refers to residues that were not included into the ∆δ analysis due to
sobreposition or no assignment. Red and green columns refer to residues that decreased in intensity
and disappeared from the HSQC spectra, respectively. C. Surface representation of MpNEP2 crystal
structure (PDB entry: 3ST1) with residues affected by the MpNEP2 dimerization process. Colors have
the same significance as in B.

SUPPLEMENTAL DATA. SAXS scattering data of MpNEP2 monomer and homo-dimer. A.
Scattered intensity versus q in log scale B. Guinier plots. The linear region of the low q section are
shown as red lines (inset) C. Plots of the interatomic distances (P[r] function). D. Sphere model
represent the average of ten independent runs for MpNEP2 monomer.
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Table 1. Structural and Thermodynamic parameters for MpNEP2 monomer and homo-dimer

MpNEP2

SAXS Data
Rg Guinier
(Å)

Rg Gnom
(Å)

DMÁX
(Å)

MW

Monomer

21.02

19.7

65

Homo-dimer

29.04

27.7

90

1

1

DLS Data

ΔGd u/g

2

MW
predicted

RH (nm)

24 kDa

15.3 kDa

2.5

48 kDa

47.7 kDa

3.3

expected

Fluorescence Data

DSC Data

mu/g
(kcal/mol.M)

Tm (°C)

ΔH
(kcal/mol)

T1/2 (°C)

4.05 / 3.21

3.65 / 5.16

39.6 ± 0.3

114 ± 5

3.8 ± 0.2

-

-

40.7 ± 0.2

245 ± 3

4 ± 0.1

(kcal/mol)

Rg was obtained from the angular coefficient (α) of the linear regression of the Guinier domain α = Rg2/3;

2

Predicted molecular weight was obtained by : MWp = I(0)p/cp.MWst/I(0)st/cst, where I(0)p and I(0)st are the scattering intensities at zero angle of
the studied and the standard protein, respectively, MWp and MWst are the corresponding molecular masses and cp and cst are the concentrations
in mg/mL (35).
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Table 1. Peptides Matches for MpNEP2 monomer and homo-dimer.

Hits#

Matched m/z (Diference)
from search mass

KDEISTGIGHRH

3

542.7714 (-0.0026)

KLPASGSPLETKF

4

550.2930 (-0.0206)

SIAGTVMDHDKI

1

587.2792 (-0.0057)

KTALVYAWYMPKD

3

671.8266 (-0.0405)

KYPNPGGANIDDTHVKL

4

533.2524 (-0.0179)

RKYPNPGGANIDDTHVKL

4

575.9392 (-0.0524)

KGGDLPTLASWEGMGADARA

3

910.4130 (-0.0092)

KLQYSAEPVINSHALDLTDKG

6

1057.5290 (-0.0257)

RSHWGDANPPIADSLIGSSLSGAWMW

5

136.1128 (-0.0062)

RHDWEGAVVFLNSDTQQIDGVAASAHGKW

11

713.8446 (-0.0033)

KLQYSAEPVINSHALDLTDKGGDLPTLASWEGMGADARA

6

975.4531 (-0.1010)

KDEISTGIGHRH

1

542.7673 (-0.0108)

KLPASGSPLETKF

6

550.3015 (-0.0036)

KTALVYAWYMPKD

4

671.8489 (0.0041)

KYPNPGGANIDDTHVKL

3

799.3590 (-0.0498)

RKYPNPGGANIDDTHVKL

5

575.9539 (-0.0083)

KGGDLPTLASWEGMGADARA

3

902.3638 (-0.1127)

KLQYSAEPVINSHALDLTDKG

6

1057.5425 (0.0013)

KTALVYAWYMPKDEISTGIGHRH

3

803.4077 (0.0018)

RSHWGDANPPIADSLIGSSLSGAWMW-

18

885.7530 (0.0148)

RHDWEGAVVFLNSDTQQIDGVAASAHGKW

36

713.8451 (-0.0013)

KLQYSAEPVINSHALDLTDKGGDLPTLASWEGMGADARA

9

975.4896 (0.0450)

Dimer **

Monomer *

Peptide sequance

#

Hits on Mascot sever - Peptide masses were entered into the local MASCOT server v4.1 for the identification

(http://www.matrixscience.com/).
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5. CONCLUSÕES GERAIS

Os dados obtidos nesse trabalho nos permitiram chegar às seguintes conclusões:

1. MpNEP2 é capaz de induzir uma resposta fenotípica similar ao que já foi descrito para
Arabidopsis e outras dicotiledôneas quando tratadas com outras NLP, levando ao
aparecimento de lesões necróticas e morte cellular.
2. É possível que a formação do padrão de degradação do DNA (“DNA Ladder”) possa
estar relacionada com efeitos secundários do processo de morte celular, ou seja, esse
padrão pode não ter relações diretas com o tratamento com MpNEP2, mas o processo
de morte celular desencadeado por ela pode levar, em alguns casos ao aparecimento do
“DNA Ladder”.
3. O tratamento com MpNEP2 induz uma produção massiva de espécies reativas de
oxigênio, sendo o H2O2 uma das moléculas abundantemente formadas durante esse
tratamento. Essa molécula pode por si só ser uma dos principais agentes do processo de
morte celular desencadeado por MpNEP2, uma vez que pode atuar na peroxidação de
membranas e na indução de uma cascata de genes relacionados com o processo de
morte celular em plantas.
4. A proteína é capaz de induzir danos diretos a membranas, no entanto ainda não ficou
claro se por ação direta, atuando na formação de poros na membrana, se por ação
indireta, sendo reconhecida por receptores na porção extracelular e induzindo uma
rápida transdução de sinais que culminam em danos diretos à membrana, ou se a
proteína possui atividade enzimática, participando na formação de um composto que
teria ação direta nas membranas, levando a danos estruturais irreversíveis.
5. A participação do H2O2 parece ser determinante nesse processo, aqui levantamos a
possibilidade da participação do ácido oxálico na formação dessa explosão oxidativa, e
que possivelmente enzimas capazes de gerar H2O2 a partir da degradação do ácido
oxálico, possam estar envolvidas nesse processo, enzimas como o oxalato oxidase, que
ainda não foram descritas em dicotiledôneas, ou enzimas como as germin-like oxalato
oxidases.
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6. Em termos moleculares é possível que toda a cascata de genes ativados seja decorrente
dos danos físicos à membrana, o que é evidenciado pela diversificação de respostas
observadas em diferentes modelos quando submetidos ao tratamento com NLPs.
7. Observamos que essa proteína, em estágios iniciais do contato, é capaz de alterar o
metabolismo das células muito rapidamente, comprometendo o metabolismo
energético, o que posteriormente, também pode contribuir para o processo de morte
celular.
8. A MpNEP2 foi capaz de formar oligômeros em estudos in vitro. Essa característica
pode estar diretamente relacionada com sua função. A formação de oligômeros pode ter
relação direta com uma provável função enzimática.
9. A dimerização da MpNEP2 não é do tipo eletrostática e também não depende dos
resíduos de cisteína, mas sim de interações hidrofóbicas que podem ser quebradas por
um pequeno “input” de energia no sistema.
10. A capacidade de recuperação de sua função após fervura sugere uma adaptação
evolutiva para esta proteína durante o ciclo de vida do fungo M. perniciosa .
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7. ANEXOS
ARTIGOS PUBLICADOS DURANTE O DOUTORADO EM PARCERIAS E OU
COLABORAÇÕES.
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