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PREFACIO

Os resultados aqui apresentados foram obtidos no estudo de nove diferentes genes (e
de alguns de seus dominios funcionais) relacionados a patogenicidade do ascomiceto
fitopatogénico Magnaporthe grisea. Estes resultados serdo apresentados na forma de
dois artigos cientificos (um deles publicado e o outro submetido a publicacao) e de

um capitulo de resultados complementares.

No artigo intitulado “Overexpression and purification of PWL2D, a mutant of the
effector protein PWL2 from Magnaporthe grisea” encontra-se o componente principal
do trabalho desenvolvido nesta tese. Nele descrevem-se os procedimentos que
culminaram com a proposta de um modelo para explicar a susceptibilidade e a
resisténcia do hospedeiro a proteina efetora de aviruléncia PWL2D. Tal manuscrito foi

publicado no periédico Protein Expression and Purification.

Em outro artigo, intitulado “Cloning, overexpression, purification and partial
characterization of the XYL5 xylanase from Magnaporthe grisea in Escherichia coli”,
descreve-se a obtencdo de uma nova xilanase e também de seu dominio catalitico. No
capitulo Resultados Complementares sido apresentados resultados adicionais no
estudo das proteinas PWL2D, XYL5 e de outros genes e proteinas analisados durante a

conducdo deste trabalho.
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Em anexo encontram-se dois artigos publicados relacionados a trabalhos
desenvolvidos em assuntos nao detalhados nessa tese. Ambos os artigos envolveram o
grupo de pesquisa onde esta tese foi desenvolvida. O primeiro artigo, publicado em
2009, intitula-se “Molecular and cytogenetic characterization of na AT-rich satellite
DNA family in Urvillea chacoensis Hunz. (Paullinieae, Sapindaceae)”, tendo sido
publicado no periddico Genetica, 136: 171-177; neste artigo sequéncias de satDNA da
familia U. chacoensis foram caracterizadas, mapeadas e comparadas com 45S rDNA
para a obtencdo de um padrao de heterocromatina. O segundo artigo, também
publicado em 2009, intitula-se “Functional and small-angle X-ray scattering studies of
a new stationary phase survival protein E (SurE) from Xylella fastidiosa evidence of
allosteric behavior”, tendo sido publicado no periédico FEBS Journal 276(22):6751-
62; neste artigo foi feita a caracterizacdo funcional de uma nucleotidase da bactéria

fitopatogénica Xylella fastidiosa.

Na apresentacdo dos resultados sdo feitas as discussdes pertinentes, e, ao final,

apresentam-se as conclusoes. Finalmente, apresentam-se as perspectivas de pesquisas

com as proteinas estudadas neste trabalho.
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RESUMO

A brusone do arroz (rice blast disease) causada pelo ascomiceto fitopatégeno
Magnaporthe grisea continua a ter um enorme impacto nas culturas de arroz (Oryza
sativa) no Brasil e no mundo. PWL2, uma proteina efetora, € um conhecido produto de
um gene AVR (aviruléncia). O gene PWLZ impede que o fungo infecte weeping
lovegrass (Eragrostis curvula). Neste trabalho nos identificamos em uma linhagem de
M. grisea um gene que produz uma proteina diferente de PWL2, denominada PWL2D.
A seqliéncia do gene PWLZ2D tem duas bases que diferem do gene PWLZ2, as quais
produzem alteragdes nos residuos de 90 e 142 da proteina. A alteragao do residuo 90
(de D90 para N90) é fundamental para a aviruléncia. Neste trabalho foram efetuadas a
clonagem do gene PWL2D no vetor pET32-Xa/LIC, a expressdo em Escherichia coli e a
avaliacdo da estrutura de PWL2D por técnicas espectroscopicas. A proteina PWL2D
fusionada a cauda TRX é propensa a agregacdo, e sua solubilidade é melhorada
quando super-expressa sem o seu peptideo-sinal original. Os resultados estruturais
obtidos indicam que a proteina PWL2D possivelmente é intrinsecamente
desordenada. Foi elaborado um modelo para a resisténcia/susceptibilidade do
hospedeiro a M. grisea considerando a atuacdo de PWL2D como uma proteina
intrinsecamente desordenada. Os resultados obtidos deverdo facilitar a analise
estrutural de PWL2D e podem contribuir para a compreensao da fun¢do do gene nas

interacdes fungo / planta.

Oito diferentes genes de M. grisea, além de PWL2D, foram também estudados neste
trabalho. Dentre estes, destacam-se o gene que produz a xilanase XYL5 e seu dominio
catalitico, o gene que codifica a chaperona ABC1 e seus dois dominios funcionais, e o
gene que codifica a trealase PTH9, sendo todos estes relacionados a patogenicidade do
fungo M. grisea. A xilanase XYL5 (EC 3.2.1.8) e seu dominio catalitico conservado

(XYL5/DOM) foram fusionados a Maltose Binding Protein (MBP) ou a tiorredoxina

XVi



(TRX) e expressas em E. coli. A produc¢do de proteina soluvel e ativa foi influenciada
pelo tipo de fusdo. Os extratos soltiveis contendo as proteinas de fusao MBP-XYL5 e
MBP-XYL5/DOM apresentaram atividade xilanolitica em relacdo ao controle.
Entretanto, durante o processo de purificacdo, a atividade foi perdida. Assim, obteve-
se pela primeira vez o gene de patogenicidade XYL5 de M. grisea expresso com sucesso
em E. coli e sua atividade enzimatica xilanolitica foi demonstrada. Nao foi possivel
expressar a chaperona ABC1 na forma soltvel nos sistemas de expressao utilizados, e
a sequéncia génica referente a trealase PTH9 - por mostrar a presenga de introns apds
o seqlienciamento do gene amplificado na linhagem de M. grisea em estudo, mostrou-
se inadequado para a sua expressdo protéica no sistema de expressiao procariotico

utilizado durante a realizagdo deste trabalho.
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ABSTRACT

The rice blast disease caused by the ascomycete phytopathogen Magnaporthe grisea
continues to have a huge impact on crops of rice (Oryza sativa) in Brazil and
worldwide. PWL2, an effector protein, is a product of an AVR (avirulence) gene . The
gene PWL2 prevents fungus from infecting weeping lovegrass (Eragrostis curvula). In
this work we identified in a strain of M. grisea a gene that produces a protein different
from PWL2, called PWL2D. The gene sequence PWL2D has two bases that differ from
PWL2 gene, which produce changes in residues 90 and 142 of the protein. The change
of residue 90 (from D90 to N90) is critical to avirulence. In this work it was realized
the cloning of the gene in the vector PWL2D pET32-Xa/LIC, the expression in
Escherichia coli and the assessment of PWL2D structure by spectroscopic techniques.
The protein fused to the tag PWL2D TRX is prone to aggregation, and its solubility is
improved when overexpressed without its original signal peptide. The structural
results obtained indicate that possibly the protein PWL2D is intrinsically disordered.
A model for the resistance/susceptibility of the host to M. grisea was developed
considering the performance of PWL2D as an intrinsically disordered protein. The
results should facilitate structural analysis of PWL2D and may contribute to the

understanding of gene function in the interactions fungus/plant.

Eight different genes of M. grisea, besides PWLZ2D, were also studied in this work.
Among these, stands out the gene that produces xylanase XYL5 and its catalytic
domain, the gene that codify the chaperone ABC1 and its two functional domains, and
the gene that codify the trehalase PTH9, all them being related to the pathogenicity of
the fungus M. grisea. The xylanase XYL5 (EC 3.2.1.8) and its retained catalytic domain
(XYL5/DOM) were fused to the solubilizing proteins (MBP) or thioredoxin (TRX) and
expressed into E. coli. The production of soluble and active protein was influenced by
the type of fusion. The soluble extracts containing the fusion proteins MBP-XYL5 and
MBP-XYL5/DOM showed xylanolytic activity compared to the control. However,
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during the purification process, the activity was lost. Thus, we obtained for the first
time the gene pathogenicity XYL5 M. grisea expressed successfully in E. coli and its
enzymatic xylanolytic activity was demonstrated. It was not possible to express the
chaperone ABC1 in soluble form in the expression systems used, and the gene
sequence related to trehalase PTH9 - by showing the presence of introns after the
sequencing of the gene amplified in the strain of M. grisea under study, rendered
inadequate for its protein expression in the prokaryotic system used during the

realization of this work.
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Introdugdo

1. INTRODUCAO

Muitas doengas importantes de humanos e outros animais sdo causadas por bactérias
e virus. Em contraste, os vegetais sdo mais comumente afetados por fungos e virus, o
que se deve, em parte, as diferencas entre plantas e animais como habitats para
crescimento microbiano (Lucas, 1998a). A vasta maioria dos fungos sao estritamente
saprofitas. De milhares de espécies de fungos conhecidas menos que 10% sao capazes
de colonizar plantas, e uma fragcdo ainda menor é capaz de causar doenga; isto talvez
se dé em virtude de a doenga ser uma exce¢do, ndo a regra. No entanto, entre os
agentes causais de doencas em plantas, os fungos fitopatégenos tém um papel
predominante tanto por causar devastagdes epidémicas como pela perda significativa
de plantagdes anuais. Esta evidéncia tem feito destes microrganismos um sério fator
econOmico, atraindo a atencdo de agricultores, cultivadores e cientistas (Knogge,

1996; Laugé; De Wit, 1998; Kershaw; Talbot, 2009).

Devido ao valor econdmico e social de diferentes plantas, comestiveis ou nao, o
conhecimento no nivel genético e no nivel molecular da patogenicidade e da viruléncia
de fungos patogénicos mostra-se de suma importancia. No Brasil e em diferentes
paises do mundo, doengas significativas acometem intimeras variedades de plantas. A
severidade destas doengas deve-se ao fato de os fungos fitopatogénicos poderem
afetar diferentes partes dos vegetais em qualquer época de desenvolvimento. A
descoberta de mecanismos de patogenicidade, bem como de genes de patogenicidade

e de aviruléncia, conduzem ao entendimento mais sofisticado da interacdo entre
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planta-fungo (Kahmann; Basse, 2001). Diferentes e diversas técnicas tém sido
desenvolvidas para analisar este processo no nivel molecular (Skiner et al, 2001;

Sweigard; Ebbole, 2001).

O fungo ascomiceto Magnaporthe grisea causa a brusone, uma das mais devastadoras
doencas em arroz cultivado em todo o mundo, utilizando mecanismos sofisticados,
como a formacao de estruturas de infeccdo (Sesma; Osbourn, 2004). Estudos da
patogénese neste microrganismo identificaram diversos genes neste ascomiceto
envolvidos no desenvolvimento da doenga (Tucker et al, 2004; Fourrey; Talbot,
2005). M. grisea tem despontado como prospectivo modelo para o estudo de
interacdes patdgeno-hospedeiro. Uma potente combinagcdo de genética classica,
biologia molecular, citologia e biologia celular permite, agora, a analise de elementos
criticos destas interacdes. Tais elementos podem ser resumidos como se segue:
mecanismos de patogenicidade, especificidade para espécies-hopedeiras,
especificidade para cultivar-hospedeiro, mecanismos de variacdo genética

espontanea.

Dos diferentes grupos de proteinas (enzimas, proteinas redox, carreadoras e de
armazenamento, hormonios, e anticorpos), muitos produtos génicos envolvidos na
patogenicidade de fungos sdo enzimas. A atividade biolégica das proteinas depende
da estrutura tridimensional, obtida através do processo de enovelamento protéico,
sendo que as informagdes necessarias para o enovelamento correto estdo na propria

seqiiéncia primdaria de aminoacidos (McPherson, 2004). Portanto, a partir do
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conhecimento sobre a estrutura de uma proteina pode ser possivel inferir algo sobre
sua fungdo (Barth, 2004). A Biologia Molecular tem dado suporte para a clonagem de
genes, a selecdo de transformantes, a ruptura de genes, e a caracterizacdo de
sequéncias de DNA repetitivo, caracterizando assim linhagens de M. grisea
patogénicas de arroz (Valent; Chumley, 1991; Kadotani et al, 2003). A elucidacao do
genoma de M. grisea possibilitou o estudo do envolvimento de diferentes genes na
interacao planta-hospedeiro (Dean, 2005; Kershaw; Talbot, 2009). M. grisea apresenta
um genoma que compreende 40Mb organizadas em 7 cromossomos e seu genoma foi
seqlienciado por um consoércio entre diferentes organizagdes (The Magnaporthe

grisea Genome Project, http://www.ncbi.nlm.nih.gov).

No presente trabalho, diferentes genes de patogenicidade e genes de aviruléncia de
linhagens de M. grisea patogénicas de arroz foram escolhidos, por meio de critérios

especificos, para a avaliagdo de seus produtos génicos estrutural ou funcionalmente.

1.1. Magnaporthe grisea E A BRUSONE (BLAST DISEASE)

M. grisea é um microrganismo patogénico altamente virulento associado a um vasto
espectro de plantas hospedeiras, incluindo mais de 50 espécies de gramineas.
Diferentes linhagens podem infectar cevada, trigo, arroz ou milho (Talbot et al.,, 1993;
Howard; Valent, 1996). Economicamente, este é um dos mais importantes fungos

fitopatogénicos do mundo, podendo devastar plantacdes que alimentariam milhdes de
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pessoas por ano. Em virtude disto, ele tem sido extensivamente estudado
genéticamente, molecular e ultraestruturalmente. M. grisea é de facil manipulacao
genética (classica e molecular), constituindo-se em um sistema experimental
conveniente para elucidacdo de numerosos aspectos da patogénese, incluindo a
morfogénese relacionada com a infeccdo, a especificidade de cultivares e espécies-
hospedeiros, bem como de vias de sinalizacdo celular. Diferentes genes de
patogenicidade desta espécie tém sido identificados. Muitos deles estdo associados
com a producdo de estruturas de infeccdo, resposta ao ambiente interno do
hospedeiro e sinalizacdo para responder a mudancas no ambiente (Idnurm; Howlett,

2001).

M. grisea produz conidiéforos cinzentos, geralmente solitarios, com conidios
acrogenos. Micélio cinza, geralmente pouco desenvolvido. Conidios piriformes
medindo 17 a 23 por 8 a 11 pm, a maioria com 2 septos. O ciclo de vida do fungo pode
ser descrito tanto por meio de seu desenvolvimento sexual como assexual. O indculo
primdrio pode ser disperso pelo vento, 4gua ou sementes infectadas. O conidio entra
em contato com a superficie foliar do hospedeiro e adere se a ela com a ajuda de uma
mucilagem preexistente em uma bolsa localizada na extremidade do conidio. Estudos
mostram que esta mucilagem é adesiva devido a sua composicao de carboidratos e
glicoproteinas (rico em residuos de a- glucosil e/ou manosil) (Howard & Valent,
1996). Para a penetracao e colonizagao do tecido foliar é necessaria a formagao de
uma célula especializada (apressério). A colonizacdo de plantas hospedeiras

suscetiveis desencadeia uma desorganizacdao do metabolismo celular, resultando na
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formacdo de lesdes tipicas. Do tecido colonizado sdo produzidos esporos assexuais

que dardo inicio a um novo ciclo. O ciclo de infec¢do completa-se em cinco dias.

A brusone (queimadura do arroz), causada por M. grisea, foi provavelmente
reconhecida pela primeira vez como “doenga da febre do arroz” na China em 1637.
Mais tarde foi descrita como byo-imochi no Japdo em 1704, e como “brusone” na Italia
em 1828. O fungo estd atualmente presente em pelo menos 85 paises, incluindo o
Brasil. Em 1996, foi encontrada brusone no arroz na Califérnia, e desde entio tem sido
encontrada nas gramineas em campos de golfe no meio-oeste dos Estados Unidos.
Linhagens do fungo podem infectar diferentes gramineas, tais como cevada, trigo,
centeio, milheto e gramados, além de arroz. Assim, mesmo quando as colheitas sdo
queimadas para destruir a infec¢do por fungos, plantas daninhas podem atuar como
um reservatério da doenca. A doenca pode receber diferentes denominagdes
dependendo da cultura infectada: brusone do arroz, brusone do trigo, brusone da

cevada, e assim por diante (Cereal Knowledge Bank, 2010).

A brusone do arroz é a mais severa e mais abrangente doen¢a de arroz cultivado,
prevalecente tanto nos trépicos como em zonas temperadas. A brusone ocorre em
todo o territorio brasileiro, do Rio Grande do Sul ao Amazonas; os prejuizos sao
variaveis, sendo maiores em arroz de terras altas. Em condi¢cGes favoraveis a doenca,
na regido Centro-Oeste brasileira, as perdas podem chegar a até 100% (Embrapa,
2010). A doenca pode atingir, com diferentes graus de severidade, diferentes partes

da planta em diferentes estagios de desenvolvimento (Figuras 1 e 2).
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Lesion Type

Figura 1. Escala para diferentes graus de severidade da brusone em folha de Oryza
sativa: 0 Sem sintomas; 0 a 3: plantas resistentes (R) ou incompativeis; 4 a 9:
reagdes susceptiveis (S) ou compativeis. www.cnpaf.embrapa.br/

Figura 2. Sintoma de brusone em diversas partes da planta Oryza sativa: (A) na folha,
(B) no né dos colmos e (C) na panicula. sistemasdeproducao.cnptia.embrapa.br

A busca para a explicacdo da quebra rapida da resisténcia ao patégeno tem movido
debates na Patologia de Plantas. O debate fica centrado em torno da origem da
diversidade de patétipos, ou racas, detectados no campo. Em um extremo, o patégeno
tem sido descrito como “hipervariavel”, com a capacidade de colonizar novos

patétipos a partir de um dnico esporo assexual. Esta possibilidade impele a inimeras
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analises e testes de combinagdes envolvendo patdégeno-hospedeiro a fim de se obter

uma raca de planta de resisténcia duravel (Zeigler, 1998).

A severidade da brusone depende de uma série de condi¢des relacionadas a
resisténcia do hospedeiro, a presenca de racas do patégeno e a prevaléncia de fatores
do ambiente favoraveis ou ndo a doenca. Aspectos relacionados ao controle de ervas
daninhas e a colheita também tém sua importancia. A cultura deve ser mantida no
limpo para impedir que estas plantas atuem como hospedeiros intermediarios do
fungo ou mesmo tornem o microclima da cultura mais favoravel ao patégeno. A
colheita tardia pode favorecer a infec¢do dos graos por fungos saproéfitas ou parasitas.
Recomenda-se que os grdos sejam colhidos com 22% de umidade ou quando a

panicula apresentar 2/3 dos graos maduros (Santos, 2010).

O controle da brusone, tanto no sistema irrigado como no sistema de sequeiro,
envolve também o emprego de produtos quimicos aplicados como tratamento de
sementes e em pulverizacdo da parte aérea. Varios produtos tém sido utilizados. A
escolha dos mesmos pode ser feita de acordo com a eficiéncia do fungicida, sua
disponibilidade no mercado e economicidade. Dentre os produtos comumente
recomendados estdo o benomyl, blasticidin-S, carbendazin, carboxin, ediferiphos,
kasugamicina, kitazin, maneb, mancozeb, thiabendazol, triciclazol e pyroquilon

(Santos, 2010).
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Atualmente, a estratégia mais estudada para controlar a doenca na cultura do arroz é
baseada, principalmente, no desenvolvimento de cultivares resistentes. No entanto, a
“quebra” ou “perda” da resisténcia das cultivares depois de 3 a 4 anos de seu cultivo
intenso e continuo tem minimizado a eficiéncia desta alternativa de controle. Os
aspectos que envolvem a resisténcia a brusone do arroz também sdao bastante
conhecidos, tendo sido descritos atualmente em torno de 30 genes de resisténcia,
sendo cerca de 10 destes associados com resisténcia parcial e 20 com resisténcia

completa (Yoshida et al., 2009)

A analise genética classica de M. grisea tem permitido o desenvolvimento de linhagens
férteis em laboratério, o isolamento de mutantes, a caracterizagdo da fase dipldide
vegetativa e o uso de marcadores genéticos. A infertilidade de linhagens de M. grisea
que infectam diferentes espécies de gramineas tem permitido andlise genética da

especificidade no nivel de espécies hospedeiras (Kang et al., 1995).

Diversos genes foram identificados em M. grisea envolvidos no desenvolvimento da
doenca que pode causar devastacbes em plantacdes de diferentes de cereais e
gramineas (Fourrey; Talbot, 2005; Collemare et al, 2008). Estudos da patogénese
neste microrganismo possibilitaram a identificagdo de diversos genes neste
ascomiceto envolvidos no desenvolvimento da doenga (Tucker et al., 2004; Fourrey;

Talbot, 2005).
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1.2 OS MECANISMOS DE PATOGENICIDADE DE Magnaporthe grisea

A invasdo das células da planta por um microrganismo patogénico é um processo
dinamico e continuo, mas certos estagios-chave podem ser identificados. Tais estagios
incluem o contato com o hospedeiro, a adesdo a superficie do deste, a penetragao e a
entrada, a colonizacao de tecidos, a supressao ou a sobrepujang¢a aos mecanismos de
defesa do hospedeiro, a reproducdo do patogeno, e a dispersdo do patdégeno a partir
do hospedeiro (Lucas, 1998b). Para cada um destes estagios o fungo pode se mostrar

mais eficiente, dependendo da estratégia por ele utilizada.

Um processo de infeccdo eficiente deve ser aquele que efetivamente causa a doenca. O
fungo fitopatogénico deve reconhecer e interagir com seu hospedeiro durante os
variados estagios do ciclo da doenca. A descoberta de mecanismos de patogenicidade
bem como de genes de patogenicidade e de aviruléncia conduzem ao entendimento
mais sofisticado da interagdo entre planta-fungo (Kahmann; Basse, 2001). Diferentes
técnicas vém sendo desenvolvidas para analisar este processo no nivel molecular
(Skiner et al.,, 2001; Sweigard; Ebbole, 2001; Caracuel-Rios et al., 2007; Mosquera et

al, 2009).

Os mecanismos pelos quais diferentes patégenos de plantas penetram em seus
hospedeiros tém sido o objeto de estudo de inimeros pesquisadores ja por muitos
anos. Devido ao impacto danoso nos cultivares de arroz (Oryza sativa), M. grisea

(comumente referido como “rice blast fungus” ou fungo causador da “brusone”) tem
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sido alvo de muita atengdo. Descricdes detalhadas de seu ciclo de vida e de muitos
processos biolégicos complexos envolvidos tem sido o tépico de varios artigos de

revisdo (Howard et al., 1996; Talbot, 2003; Goriely et al., 2006).

Patogenos desenvolvem diferentes estratégias para sobrepujar diversas barreiras que
podem encontrar durante o processo de infeccao de seus hospedeiros. M. grisea, apos
a sua penetracdo na célula hospedeira, diferencia hifas invasivas que preenchem o
limen celular vegetal e estdo em contato direto com a membrana da célula infectada.
A célula vegetal infectada é viva, exibindo consideravel acimulo de vesiculas préximas
ao fungo, o que é consistente com o estabelecimento de uma fase biotréfica neste
estagio da infeccdo. A colonizacdo dos tecidos do hospedeiro pelo fungo ocorre
através da perfuracdo da parede celular das células adjacentes, provavelmente usando
plasmodesmos como pontos de ruptura, ou através do crescimento de hifas no
apoplasma. Depois de alguns dias de crescimento biotréfico dentro dos tecidos da
planta, o fungo muda para uma fase necrotrofica-like associada ao inicio da

esporulacdo, levando a lesdes visiveis. (Ribot, et al. 2008).

M. grisea pode atacar todas as partes da planta, mas tipicamente investe contra folhas
e paniculas, produzindo ai as lesdes mais sérias (Figura 2). Por muitos anos
pesquisadores focaram suas buscas na identificacdo de ragas patogénicas do fungo e
na incorporacdao de genes de resisténcia correspondentes nas variedades de arroz
(Oryza sativa). Entretanto, resisténcia duravel ao patégeno tem frustrado plantadores

e fitopatologistas a despeito de esfor¢o sério e concentrado de ambas as partes.
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Tipicamente, uma variedade de arroz assumida como resistente a brusone mostra
sinais de suscetibilidade apds poucas estacdes de plantio em ambientes livres do

patégeno (Sesma; Osbourn, 2004).

Para infectar tecidos da planta hospedeira, M. grisea pode apresentar tanto a
reproducdo sexuada como a assexuada para produzir estruturas de infec¢do

especializadas conhecidas como apressdrio (Figura 3).

(B)

(A)

Figura 3- Micrografia por transmissio eletronica de invasio na cuticula da folha de Oryza sativa: (A)
Conidio (CO) e apressorium (AP). Barra de escala: 10 uym; (B) apressério (AP) mostrando uma hifa
biotrdfica invasiva penetrando na folha de Oryza sativa. Barra de escala: 5 pm . (Dean et al., 2005)

Assim, uma vez depositado na superficie da planta e na presenga de agua livre, o
conidio germina, produzindo um tubo germinativo e o apressorio. A penetragdo é feita

diretamente através da cuticula, raramente pelos estomatos (Saunders et al. 2010). A

11
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colonizacdo dos tecidos é facilitada por toxinas (p.ex., pyriculariol), que provocam a

morte de células, e por hifas que se desenvolvem no tecido morto (Jo et al.,, 2007).

0 modo de infec¢do da raiz é a mesma de muitos fungos, ou seja, uma longa hifa cresce
formando uma estrutura de infeccdo para penetrar no interior da raiz. Alcangando o
interior da raiz o fungo pode iniciar o processo de colonizacdo. Pode haver também
invasdo do sistema vascular da planta, com M. grisea se desenvolvendo dentro do
xilema e do floema e bloqueando o transporte de nutrientes e 4gua das raizes, e assim
produzir lesdes na parte aérea (Gupta; Chattoo, 2007). A infec¢do de raiz e o bloqueio

dos tecidos vasculares tem potencial para matar a planta.

M. grisea é capaz de selecionar resisténcia aos tratamentos quimicos e ao
melhoramento genético desenvolvido pelos melhoristas de plantas em alguns tipos de
arroz. Pensa-se que o fungo pode atingir a alteracdo genética referente a resisténcia
por meio de mutacao (Jo et al, 2007). Com o sequenciamento do genoma de M. grisea
espera-se que os mecanismos de interacdo planta-patégeno fingico, tanto na parte
aérea como na infec¢do da raiz sejam revelados e também que o desenvolvimento de

métodos de controle efetivo seja possivel (Dean et al.,2005; Gupta; Chattoo, 2007).

1.3. GENES DE PATOGENICIDADE E GENES DE AVIRULENCIA

A compreensao dos mecanismos de patogenicidade empregados por M. grisea é,

indubitavelmente, de suma importincia. Genes de patogenicidade e genes de

12



Introdugdo

aviruléncia tém sido identificados neste microrganismo (Idnurm; Howlett, 2001). Os
produtos dos genes envolvidos na patogenicidade podem indicar o modo de acdo
utilizado por determinado microrganismo para causar a doenca. Muitos destes
produtos génicos sdo polipeptideos cuja funcdo ainda ndo foi determinada ou nao esta
plenamente caracterizada. Sabe-se que as diversas fung¢des bioldgicas de moléculas
complexas sao determinadas por e dependentes de suas estruturas tridimensionais e,
também, da habilidade destas estruturas responderem a outras moléculas por

mudancas conformacionais (Blundell; Johnson, 1976).

Os tipos de genes essenciais para a patogenicidade dependem do processo de infec¢do
adotado por um determinado fungo. Tem-se arbitrariamente dividido estes genes de
patogenicidade de fungos em diferentes grupos, embora alguns genes possam ser
classificados em mais de um grupo. Assim, seis grupos de genes de patogenicidade
podem ser listados: (1) producdo de estrutura de infec¢do, (2) degradacao de parede
celular e de cuticula, (3) resposta ao ambiente interno no hospedeiro, (4) producao de
toxinas fungicas, (5) producdo de componentes de sinalizacdo em cascata, e (6) genes
de patogenicidade que manifestam um novo modo de patogenicidade ainda nao

descrito (Idnurm; Howlett, 2001).

Existem diversas estratégias que podem ser empregadas por fungos fitopatogénicos
para infectar seus hospedeiros (Figura 4). Muitas das interacdes entre fungo e plantas
sdo do tipo “ndo-hospedeiro”, em que o fungo ndo é patogénico, provavelmente

porque o microrganismo necessite dos fatores basicos de patogenicidade (Laugé; De

13
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Wit, 1998). As interagdes do tipo “hospedeiro” podem ser divididas em “compativel” e
“incompativel”. A herdabilidade de viruléncia (capacidade de causar doenca) ou
aviruléncia (incapacidade de causar doenca em cultivares particulares) tem sido
investigada, sendo que a primeira parece ser recessiva e a segunda, dominante
(Laugé; De Wit, 1998). Esta constatagdo permitiu o conceito “gene-a-gene”, o qual
postula que para todo gene dominante determinando resisténcia no hospedeiro existe
um gene dominante para aviruléncia, relacionado a ele, no patégeno. Assim o gene de
aviruléncia (Avr) de um patégeno deve existir em virtude de um gene de resisténcia
(R) na planta-hospedeiro. Para um elicitador ser um candidato a um produto de um
gene de avirulénca ele deve mostrar atividade em plantas contendo o gene

complementar R, e ser inativo em plantas carecendo deste gene (Lucas, 1998b).

PATOGENO

GENES DE PATOGENICIDADE

p-ex, ligacdo, producio de toxinas, enzimas de GENES DE AVIRULENCIA
degradacio de parede ou de cuticula
i i
ataque microbial elicitadores nao- SIS e DRI
especificos
defesado reconhecimento
hospedeiro
]\ ‘ receptor especifico ‘
CELULAS DA
tradugdo do sinal ‘ —_— PLANTA

mudangas na parede celular,
sintese de fitoalexinas, enzimas
liticas, etc.

| -
‘ GENES DE RESISTENCIA

GENES DE DEFESA / RESPOSTA

Figura 4- Exemplo de interagdes estratégicas no mecanismo de infeccdo por fungos nas células da planta
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a5 2

Elucidar as bases moleculares das interagdes do fungo com o hospedeiro levara

o

compreensao das relagdes patégeno-hospedeiro. O reconhecimento do que nao lhe
proprio (non-self) e a subseqliente ativacao de defesa contra o ataque do patégeno sao
conhecidos em todos os organismos multicelulares. Os hospedeiros expressam
receptores de reconhecimento de padrées (PRR) que reconhecem os chamados padrées
moleculares associados ao micrébio ou patégeno (M/PAMP). Estes padrdes sdo
estruturas invariaveis que sdo indispensaveis ao microrganismo, ndo existem no
hospedeiro e, assim, permitem ao hospedeiro reconhecé-los como ndo-préprio
afastando patogenos invasores. A anteriormente denominada resisténcia basal ndo-
cultivar especifica - agora designada imunidade disparada por PAMP (PTI) - é suficiente

para restringir o crescimento do patégeno (Postel; Kemmerling, 2009).

Para crescer de modo eficiente e proliferar em seu hospedeiro, patégenos virulentos
precisam sobrepujar a primeira linha de defesa. Esses patégenos injetam proteinas
efetoras na célula de planta que pode suprimir a PTI. Efetores sdo definidos como
proteinas ou pequenas moléculas do patégeno que alteram a fungao e a estrutura da
célula do hospedeiro. Estas alteracdes facilitam a infeccdo (toxinas ou fatores de
viruléncia), ou disparam respostas de defesa (elicitadores ou fatores de aviruléncia),

ou ambos (Ellis et al., 2009).

Patogenos de plantas suprimem a resposta basal de defesa através de efetores que sao

capazes de causar a doenc¢a (De Wit, 2007). Com efetores adicionais e fazendo uso de
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nutrientes do hospedeiro os patégenos podem sobreviver e completar seu ciclo de
vida. Este fendmeno é chamado de susceptibilidade disparada por efetores (ETS). Nao
obstante, visto ndo possuirem uma adaptacdo do sistema imunoldgico, as plantas
desenvolveram uma segunda linha de defesa com moléculas de deteccdo especificas,
as chamadas proteinas de resisténcia (R). Efetores que capacitam ao patégeno
sobrepujar a PTI sdo reconhecidos pelos genes especificos de resisténcia a doenca. O
efetor reconhecido é denominado de proteina de aviruléncia (Avr) (Jones; Dangle,
2006). Assim, fatores de viruléncia sdo transformados em fatores de aviruléncia, que
permitem com que a planta especificamente detecte o patégeno com eficiéncia. A
percep¢do da presenca destes fatores de aviruléncia conduz a uma resposta drastica e
rapida de hipersensibilidade que restringe o crescimento do agressor (Postel;

Kemmerling, 2009).

Fatores de viruléncia sdo todos os mecanismos que permitem a invasdo pelo héspede
(como estruturas, produtos ou estratégias que o invasor utiliza para sobrepujar o
sistema de defesa do hospedeiro) e causa a infeccdo (Trabulsi et al, 2008). No
momento da invasdo, M. grisea secreta efetores que modificam as defesas e os
processos celulares do hospedeiro a medida que ele sucessivamente invade células de
arroz. Em plantas resistentes, os efetores sdo direta ou indiretamente reconhecidos
por proteinas de resisténcia que residem no interior da célula vegetal ou nas
membranas plasmaticas. Varios efetores secretados funcionam dentro da célula
hospedeira, mas o mecanismo de absor¢ao nao € ainda conhecido (Mosquera et al.,

2009).
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A variacdo observada entre os efetores de fungos mostra dois tipos de selecdo que
aparecem para se relacionar com o fato de eles interagirem direta ou indiretamente
com suas proteinas de resisténcia. Em alguns casos, pode ocorrer o reconhecimento
direto entre o produto do gene de resisténcia (R) e o produto do gene de aviruléncia
(Avr). Interacdes diretas parecem favorecer mutacdes pontuais nos genes efetores,
levando a substituicoes de aminoacidos (Stergiopoulos; De Wit, 2009). Em outros
casos nao tem sido observados os pares R/Avr. Esta observacdo conduziu a formacao
da hipétese da guarda, em que o modelo proposto é tal que as proteinas R interagem,
ou guardam, uma proteina conhecida como guardee (a qual é o alvo do produto do
gene Avr); quando ha a deteccdo da interferéncia com a proteina guardee, ha a

ativac¢do da resisténcia (Dodds et al, 2009; De Wit et al., 2009).

1.4. APROTEINA PWL2 DE Magnaporthe grisea

Ferramentas de genética molecular em anos recentes tém permitido a identificacdo e
a analise detalhada de genes envolvidos nos mecanismos de interacdo entre patégeno
e seus hospedeiros. Para subverter as defesas do hospedeiro, M. grisea produz uma
bateria de moléculas efetoras, incluindo alguns com atividade de aviruléncia (Avr),
que sdo reconhecidos pelas proteinas de resisténcia do hospedeiro (R), resultando em

ativacao rapida e eficaz da imunidade inata (Yoshida et al, 2009).
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Investigagdes conduziram a descoberta de uma familia multigénica PWL
(pathogenicity toward weeping lovegrass) altamente diversificada, composta de 4
genes que definem 3 subgrupos. Alguns destes genes sdo determinantes de
especificidade e outros interagem com genes de resisténcia em plantas. Estes genes
sdo encontrados em muitas linhagens de M. grisea patogénicas de arroz. Esta familia
génica encontra-se no cromossomo 2, numa regido de DNA repetitivo (Sweigard et al,

1995).

A andlise genética de especificidade de hospedeiro em M. grisea permitiu a
identificacdo de um gene, PWLZ2, cujo efeito mais significativo reside na habilidade do
fungo infectar weeping lovegrass (Eragrostis curvula). O gene PWLZ2 foi inicialmente
clonado e verificou-se que tem propriedades anadlogas a classe de genes de aviruléncia,
cuja funcdo previne a infeccdo de certos cultivares de espécies particulares de

hospedeiros (Sweigard et al., 1995).

Hifas biotroéficas invasivas de M. grisea (Figura 3) secretam proteinas efetoras que
modificam a defesa do hospedeiro e os processos celulares a medida que ocorre a
invasdo das células de arroz (Mosquera et al., 2009). Poucos genes que sao
especificamente expressos nestas hifas e muitos genes que codificam efetores
secretados tém sido identificados, incluindo o gene de aviruléncia PWLZ2 (Kang et al,
1995; Sweigard et al.,, 1995; Talbot et al., 2003; Donofrio et al.,, 2006; Mosquera et al.,

2009)
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O gene PWLZ, presente nas linhagens que sao patogénicas de arroz, codifica a proteina
PWL2, de 16,16 kDa, a qual ndo tem func¢do conhecida, apresenta uma possivel regiao
de ligacdo transmembrana para os 25 primeiros aminoacidos (possivel sequéncia-
sinal) e um conteddo de 19% de glicina. O loco PWLZ2 é altamente polimérfico entre
patégenos de arroz proveniente de diversas localizacdes geograficas. Uma simples
substituicdo de uma Unica base resulta na perda da aviruléncia (Kang et al, 1995;

Sweigard et al., 1995).

1.5. PROTEINAS INTRINSECAMENTE DESORDENADAS

Diferentes doencas em organismos superiores e drogas potenciais eficientes em
impedir interacdes proteina-proteina tém sido associados a desordem estrutural das
proteinas. Regides desordenadas (DR) sdo proteinas inteiras ou regides de proteinas
que carecem de uma estrutura terciaria fixa. Tais regides desordenadas podem estar
parcialmente ou totalmente ndo-dobradas. Essas regides desordenadas tém
demonstrado estarem envolvidas em uma variedade de fungdes, incluindo
reconhecimento de DNA, modulacdao de especificidade / afinidade da ligacdo entre
proteinas, e no controle de tempo de vida de proteinas. Embora essas DR carecam de
uma estrutura definida em 3-D em seus estados nativos, elas freqiientemente sofrem
transicoes desordem-para-ordem em ligacdo com os seus pares moleculares. Sabe-se
que a sequiéncia determina a estrutura, mas alguns autores tém assumido que a
seqiiéncia deveria determinar a falta de estrutura também (Li et al.,1999; Romero et

al, 2001; Romero et al., 2004).
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O conceito predominante de que a estrutura 3D ordenada da proteina determina a sua
funcdo estd passando por uma reavaliacdo. O interesse em proteinas intrinsecamente
ndo estruturadas estd aumentando por causa do reconhecimento de que fung¢des
biologicas derivam tanto de estrutura 3D ordenada como da falta de estrutura
especifica. Na verdade, algumas proteinas exigem a auséncia de prévia estrutura 3D
para realizar suas fung¢des. Muitas proteinas confirmam que a estrutura inicial em 3D
ndo é necessaria para o reconhecimento biomolecular que envolve as proteinas
intrinsecamente desordenadas, sendo que as regides desordenadas podem se ligar a
seus alvos com alta especificidade e baixa afinidade; além disso, a desordem intrinseca
promove a diversidade de ligacdo permitindo a interacdo de proteinas com

numerosos pares moleculares (Iakoucheva et al., 2002).

Varios métodos tém sido utilizados para detectar e caracterizar a desordem intrinseca
em proteinas, cada um com seus préprios pontos fortes e fracos: cristalografia de
raios-X, dicroismo circular (CD), proteélise limitada, ressonancia magnética nuclear
(NMR), e outros (Dunker et al, 2002). Na determinag¢do das estruturas das proteinas
por cristalografia de raios-X a desordem conduz a perda de densidade eletrdonica, o
que poderia facilitar a determinag¢dao dos locais onde a desordem se apresenta.
Entretanto, a maior incerteza na informacgdo proveniente da cristalografia de raios-X é
que sem experimentos adicionais nao fica claro se a regido de perda de densidade
eletronica é um dominio oscilante, ou é intrinsecamente desordenado ou ainda se é o

resultado de dificuldades técnicas.
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A informacdo sobre a estrutura para proteinas em solucdo também é fornecida por
dicroismo circular. Far-UV CD spectra fornece uma estimativa da estrutura secundaria
e distingue random coils. No entanto, este método é apenas semi-quantitativo e carece
de informacdes sobre residuos especificos e, portanto, ndo fornece dados claros para
as proteinas que contém tanto regides ordenadas quanto regides desordenadas

(Dunker et al, 2001).

Quanto ao método de protedlise limitada, até o final dos anos 1940 ja era reconhecido
que a digestdo por protease fornece uma visao mais detalhada sobre a a estrutura das
proteinas. Estudos mais recentes forneceram evidéncias convincentes de que a
flexibilidade, ndo a simples exposicdo da superficie da proteina, é o principal
determinante para a digestao de possiveis sitios de corte por proteases (Dunker et al.,
2001). Assim, a hipersensibilidade as proteases é uma evidéncia segura da desordem
da proteina. A digestdo por proteases da informacdo especifica sobre posi¢ao. No
entanto, a exigéncia de residuos sensiveis a protease limita a demarcacdo de
ordem/desordem por este método. A digestdo por protease é especialmente util
quando usada em combina¢do com outros métodos (Dunker et al, 2002). Por
exemplo, digestdo por protease é util quando combinada com espectros de CD, que
carece de informacdo sobre a posicdo especifica. Finalmente, a combinacdo da
proteodlise e espectrometria de massas para a identificacao dos fragmentos mostra a

promessa especial para indicar a presenca de desordem intrinseca (Uversky, 2002).
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No caso de NMR, estruturas 3D de proteinas podem ser determinadas em solucao. A
auséncia do requisito de cristalizagdo significa que NMR fornece uma estimativa
menos tendenciosa da desordem em comparac¢do com cristalografia, mas dominios de

proteinas do tipo molten globule serdo subestimados na caracterizagdao por NMR.

As relagdes entre sequéncia e estrutura indicam que a desordem é uma propriedade
codificada (Dunker et al, 2008). Predicdes em 29 genomas indicam que as proteinas
de eucariotos tém muita desordem intrinseca (Dunker et al, 2001). Muitas moléculas
de interesse (como drogas potenciais) tém se mostrado atuantes no bloqueio das
interagdes proteina-proteina, baseado na desordem intrinseca de um de seus pares
(Iakoucheva et al, 2002); este fato pode incrementar a busca de solu¢des para
indmeras patogenicidades, incluindo aquelas provocadas por fungos fitopatogénicos,
solugdes estas fundamentadas em interagdes envolvendo proteinas distinguidas pela

desordem intrinseca de um de seus pares.

1.6. XILANASES

Celulose, hemicelulose (que contem xilana) e lignina sdo os principais componentes
das paredes das células vegetais. A xilana é um heteroglicano com um elevado
potencial de conversdo para os produtos finais Uteis. A conversdo completa da
hemicelulose requer a a¢do de varias enzimas que clivam a cadeia principal e a cadeia
lateral: endoxilanase (endo-1,4-B-xilanase, EC 3.2.1.8) [ xilosidase (1,4-B-xilosidase,

EC3.2.1.37), o- glucuronidase (a-glucosiduronase, EC3.2.1.139), o-
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arabinofuranosidase (a-L arabinofuranosidase, EC3.2.1.55) acetylxylan e esterase (CE
3.1.1.72). Endo-f-1,4-xilanases catalisam a hidrdlise de xilana na cadeia principal para
produzir xilooligosacarideos que, por sua vez, podem ser convertidos em xilose por

xilosidase-f (Zhang et al., 2007).

Com base em homologias de seqliéncia de aminoacidos e andlise de clusters, as
xilanases foram agrupadas principalmente em duas familias de glicosil hidrolases:
familia F ou GH10 e familia G ou GH11 (Jeffries 1996; Zhou et al., 2008). No entanto,
outras familias glicosideo hidrolase (GH5, GH7, GH8 e GH43) também foram
encontrados contendo diferentes dominios com atividade endo-1,4-§-xilanase (Collins

etal., 2005).

A natureza é repleta de bactérias e fungos que podem produzir enzimas de
degradacao da parede celular. A maioria dos microrganismos isolados de residuos do
solo/compostagem é capaz de produzir um espectro de enzimas de degradacdo da
parede celular (Badhan et al., 2007). Os fungos filamentosos tém sido utilizados por
mais de 50 anos na produc¢ao de enzimas industriais. Eles sdo amplamente utilizados
como produtores de xilanase e sdo geralmente considerados como mais potentes do
que bactérias e leveduras (Polizeli et al, 2005; Pedersen et al., 2007). Géneros de
fungos que sdao conhecidos por produzir xilanases incluem Aspergillus,
Disporotrichum, Penicillium, Neurospora, Fusarium, Chaetomium, Trichoderma, etc
(Kulkarni et al., 1999; Mach; Zeilinger, 2003; Saleem et al., 2008). As xilanases de

fungos tém muitos usos comerciais tais como na confeccdo de papel, na racdo animal,
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na confeccao de paes, na industria produtora de sucos e vinho, na industria téxtil, na

industria farmacéutica, etc. (Polizeli et al,, 2005).

Sabendo que patégenos de plantas penetram em seus hospedeiros por diferentes
mecanismos incluindo pela degradacdo de parede celular, muito tem sido descrito a
respeito de seu ciclo de vida e de muitos processos biolégicos complexos envolvidos
no desenvolvimento da patogenicidade de M. grisea (Kwon et al., 2008; Yara et al,
2008; Talbot, 2003; Goriely et al., 2006). Um dos mecanismos que M. grisea utiliza
para penetrar o hospedeiro é através de um complexo enzimatico xilanolitico de
degradacdo de parede celular da planta. Diferentes xilanases tém sido identificadas
em M. grisea e estdo possivelmente envolvidas nos mecanismos de infeccao das
plantas hospedeiras (Shengcheng et al. 2001). Atualmente, a amplificagcdo e clonagem
de trés genes putativos de xilanases, XYL3, XYL4 e XYL5 (respectivos nimeros de
acesso no GenBank: AY144348 a 144.350) foram relatados (Wu et al., 2006). Dentre
o complexo xilanolitico, a enzima mais importante é a endoxilanase (endo-1,4-3-
xilanase, EC 3.2.1.8) (Zhou, 2008). A proteina XYL5 é uma putativa endo-1,4-f-
xilanase que contém um dominio conservado da familia 10 de Glicosideo Hidrolases

GH10 (Berrin; Juge, 2008).

Xilanases tém sido isoladas de microrganismos de varios géneros e expressos em
Escherichia coli. Entretanto, em bactérias, as xilanases sdo produzidas em niveis muito
menores e restritas as fragdes periplasmatica e intracellular. Além disso, as enzimas

expressas em bactéria ndo estdo sujeitas as modificagdes pos traducionais (Oliveira,
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2006; Polizeli et al, 2005). Assim, investimentos diversos tém sido feitos no sentido
de utilizar ferramentas de genética molecular objetivando-se entender os mecanismos
complexos que estdo envolvidos na interagdo entre patégenos e seus hospedeiros.
Para tal, diferentes estratégias de clonagem, expressdo e purificacio de proteinas
patogénicas tém sido desenvolvidas visando aperfeicoar cada etapa do processo que
tem como meta a caracterizacdo estrutural e funcional de tais proteinas
recombinantes. Deste modo, otimiza-se o uso de vetores plasmidiais diversos para
facilitar os procedimentos que possibilitem aumentar o produto protéico purificado,
com base na especificidade para a ligacdo em resinas utilizadas em cromatografia de
afinidade. Otimiza-se também a utilizacdo de linhagens de expressao que aumentem a
solubilidade de proteinas recombinantes (Nallamsetty, 2007; Thiede et al., 2005;
Nishihara, 1998; Mortimer et al., 1997). Neste trabalho, nés clonamos, expressamos e
avaliamos a atividade da enzima xilanolitica XYL5 integra e de seu dominio GH10

como proteinas de fusdo com tiorredoxina (TRX) ou maltose binding protein (MBP).
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2. OBJETIVOS

2.1. OBJETIVOS GERAIS

— Contribuir para a compreensdo do mecanismo utilizado pelo fitopatégeno M.
grisea para infectar e causar doenga (brusone ou blast disease) na planta
hospedeira

— Auxiliar no entendimento da fun¢do génica na patogenicidade

— Fornecer subsidios para a selegcdo de plantas resistentes ao patégeno, visando a

aplicagdo pratica de cunho econémico

2.2. OBJETIVOS ESPECIFICOS

— Clonagem e expressdo, em E. coli, de genes relacionados a patogenicidade de M.
grisea visando a purificagdo de suas proteinas relacionadas

— Avaliar aspectos estruturais e funcionais das proteinas PWL2D e XYL5 que
fossem relevantes para a compreensdao das interacdes do fungo com seu

hospedeiro
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3. METODOLOGIA

As amplificacdes das seqiiéncias-alvo para a obtengdo e a purificagdo dos insertos a
serem clonados foram feitas de acordo com os manuscrito 1 e 2. A transformacao das
células de E. coli com PEG (polietilenoglicol 10%) foi feita de acordo com Sambrook
(Sambrook; Russell, 2001). Os procedimentos de clonagem, as condi¢des de cultivo e
de inducdo de expressao, as purificagdes por cromatografia de afinidade e a andlise
por SDS-PAGE das proteinas foram realizadas de acordo com o manuscrito 1 para
todos os genes de M. grisea aqui estudados. Em caso de outro método usado para os

procedimentos anteriores, sera especificado no texto.

3.1. AVALIAGAO DA ATIVIDADE XILANOLITICA PELO METODO DO DNS

A quantificacdo dos aglicares redutores totais presentes no extrato enzimatico foi feita
pelo método do acido 3,5-dinitrosalicilico (DNS) conforme Miller (Miller, 1959)
utilizando solucao de xilose como padrdo. De acordo com este método, o DNS sofre
reducdo de um de seus grupos nitro ao reagir com os carboidratos, formando um
composto que apresenta forte absor¢ao em 540nm. Na reacao ocorre uma reducao do
acido 3,5-dinitrosalicilico para 3-amino-5-nitrosalico, que é um produto de cor laranja,

enquanto o grupo aldeido dos ag¢ucares redutores é oxidado para carbonila.
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A solucdo com o reagente DNS foi preparada (dissolvendo-se 10g DNS, 2g de fenol,
0,5g de sulfito de sodio e 10g de NaOH em 1000ml de agua destilada), e armazenada

em frasco plastico protegido da luz a temperatura ambiente.

A solucdo de tartarato duplo de s6dio e potassio foi preparada (4 g do sal em um
volume final de 100 ml de agua destilada), armazenada protegida da luz e em

temperatura ambiente.

A solucdo de xilose para a curva-padrao foi preparada a 1 mg/ml. A curva-padrao foi
feita com a leitura da absorbancia para as concentracdes de xilose a 1,0 mg/ml, 0,5

mg/ml, 0,25 mg/ml, 0,12 mg/ml, 0,06 mg/ml e 0 mg/ml.

A solucdo de xilana (birchwood, Sigma) a ser usada como substrato foi preparada a
1%. O conteudo de proteinas totais nas amostras foi padronizado por meio da leitura
em 280nm espectrofotometro. Um volume de 665 ul do substrato xilana em solucao
foi adicionado a 335 pl se solucdo contendo as amostras padronizadas, levado a banho
de 50°C por 20 min. Um volume de 300 pul desta mistura foi adicionado a tubos
contendo 300 pl da solugdo de DNS. Os tubos, fechados, foram levados a banho de 90°
C por 15 min. Os tubos foram retirados do banho, e 100 pul da solucao de tartarato foi
adicionado. A leitura foi feita em 540 nm, sendo que cada leitura foi realizada em

triplicata proveniente de medidas independentes.
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Para detectar as unidades redutoras nao provenientes da hidrolise enzimatica da
xilana foi utilizado como controle uma mistura da solucdo de xilana, tampdo de
extracao e o DNS. Uma unidade de atividade da enzima foi definida como a quantidade
de enzima requerida para gerar 1 umol de xilose equivalente por minuto a 50°C, e a

atividade especifica foi definida como unidades por mg de proteina.

O procedimento anterior foi também utilizado para as fracdes provenientes da
purificagdo por cromatografia de afinidade a amilose ou ao niquel: as fragcdes eluidas
contendo as proteinas de interesse foram dializadas contra tampao Tris (50 mM Tris-
HCl, pH 7.0), por 8-12 horas, sendo posteriormente quantificadas e submetidas a
analise da atividade xilanolitica. Detalhes sobre a avaliacdo da atividade xilanolitica
utilizando o método DNS para as proteinas XYL5 e XYL5/DOM e para as proteinas de

fusdo MBP-XYL5 e MBP-XYL5/DOM encontram-se no manuscrito 2.

3.2. AVALIAGAO DA ATIVIDADE XILANOLITICA PELO METODO DA COLORAGAO DE

MEIO EM PLACAS

0 método de avaliacdo da atividade xilanolitica em placas foi feito com uma adaptacao
de Teather (Teather; Wood, 1982) e de Kasana (Kasana et al,, 2008). Foi utilizada uma
solucdo de Congo Red 2%. Este corante (3,3’-(4,4’-Bifenildiilbisazo) bis- (4-amino-1-
naftalinsulfonato)- de dissédio) tem uma forte afinidade por fibras de celulose, mas

esta afinidade parece nao ser por ligacdo covalente (Howie et al., 2008). A agregacao
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do corante tende ao vermelho no espectro de absor¢do, onde a ligagdo a fibras de
celulose ou a fibras de amiléides tem o efeito oposto, ou seja, a auséncia da coloragao

vermelho-alaranjado (Teather; Wood, 1982; Li et al., 2010).

Placas de Petri contendo 1% de agarose e 1% de xilana (w/v) foram preparadas;
pocos com cerca de 3,0mm de didmetro foram feitos no meio solidificado. Nestas
placas foram inoculados 20 pL de extrato enzimatico contendo as proteinas de
interesse (este extrato foi proveniente da fracao solivel obtida de 3 mg de massa de
bactérias contendo MBP-XYL5 ou MBP-XYL5/DOM). Como controle negativo foi
utilizado o mesmo procedimento para com o massa de bactérias contendo o vetor
pSV282 sem insercdo dos genes das proteinas de interesse. As placas inoculadas
foram incubadas por 22h a 25°C. Aproximadamente 10 ml de solucdo de Congo Red foi
cuidadosamente depositada sobre o meio nas placas, seguido de incubacdo a
temperatura ambiente por 15 min. A solucao de Congo Red foi removida e 10 ml de
solugdo salina (1M NaCl) foi adicionada. Apds 30 min a solugdo salina foi removida e
uma solugao de 50 g/1 de acido acético foi adicionada para permitir a visualizacao dos

halos de degradacao da xilana.

O procedimento anterior foi também utilizado para as fracdes provenientes da
purificagdo por cromatografia de afinidade ao niquel ou a amilose: as fragdes eluidas
contendo as proteinas de interesse foram dializadas contra tampao Tris (50 mM Tris-
HCI, pH 7.0), por 8-12 horas, sendo posteriormente quantificadas e submetidas a

analise da atividade xilanolitica em placa. Como controle negativo foi utilizado o
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mesmo procedimento com a fragdo soluvel proveniente da massa de bactérias

contendo o vetor pSV282 sem inserc¢do dos genes das proteinas de interesse.

Detalhes sobre a avaliacdo da atividade xilanolitica utilizando o método de coloragao

com Congo Red para as proteinas de fusdo MBP-XYL5 e MBP-XYL5/DOM encontram-

se no manuscrito 2.
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4. MANUSCRITOS E INFORMACOES ADICIONAIS

4.1. MANUSCRITO 1

Este manuscrito foi publicado no periédico Protein Expression and Purification sob o

cédigo de referéncia DOI information 10.1016/j.pep. 2010.04.020.

Overexpression and purification of PWL2D, a mutant of the

effector protein PWL2 from Magnaporthe grisea

Schneider, DRS; Saraiva, AM; Azzoni, AR; Miranda, HRCAN; de Toledo, MAS; Pelloso,
AC; de Souza, AP
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The rice blast disease caused by the ascomycete Magnoporthe grisen continues to cause a tremendous
impact in rice {Oryza sativa) cultures around the world. Elucidating the molecular basis of the fungus
interactions with its host might help increase the general understanding of the pathogen-host relation-
ship. At the moment of invasion, the fungus secretes effectors that modify host defenses and cellular pro-
cesses as they successively invade living rice cells. PWL2, an effector protein, is a known AVR (avirulence)

2 i gene product. The PWL2 gene prevents the fungus from infecting weeping lovegrass (Eragrostis curvula).
::LAD rihe arisea In this study, we identified a PWL2 allele gene {which we termed PWIZD) in a strain of M. grisen. The
Bci:f':m wjgln sequence of PWL2ZD has only two bases different from that of PWL2, producing alterations in residue

90 and residue 142 However, the alteration of residue 90 ( from Do to Mae) is critical to gere function
Here, we cloned the gene PWL2D in a pET System vector, expressed the gene product in Escherichia coli
and evaluated by spectroscopic techniques some aspects of the PWL2D structure. While TRX-tagged
PWL2D is prone to aggregation, the solubihity of PWL2D 15 improved when it s overexpressed without
its original signal peptide. Expression and punfication procedures for these constructs are described.
Finally, we found out that the protein seems to be an intrinsically disordered protein. Results from these
studies will facilitate structural analysis of PWL2D and might contribute to understanding the gene's
function and of fungal (plant interactions.

Effectar protein
Intrinsically disordered protein
Thioredoxin tag

@ 2010 Elsevier Inc. Al rights reserved.

Investigations led to the discovery of a gene family (PWL - Patho-
genicity toward Weeping Lovegrass) which is highly diversified,

Introduction

Magnaporthe grisea is the causal agent of one of the most devas-
tating rice (Oryza sativa) diseases in the world. The fungus uses
sophisticated mechanisms such as the formation of infection struc-
tures for its development through colonization, leading to the
emergence of disease in plant [1-3]. This microorganism is known
to be a“cereal killer” pathogen that targets many species of grasses
[4,5] such as Eragrostis curvula (“weeping lovegrass”) and cause
devastadon in many different grain crops, such as Eleusine cora-
cana, Pennisetum glaucum, barley (Hordeum vulgare), wheat (Triti-
cum aestivum) and maize (Zea mays).

The genome of M. grisea has already been sequenced and in-
cludes approximately 40MB packaged in seven chromosomes
[6]. A classical genetic analysis has allowed the developmentof fer-
tile laboratory strains, the isolation of mutants, the characteriza-
ton of diploid vegetative stages and the use of genetic markers.

* Corresponding author at: Centro de Blologia Molecular e Engenharia Gendtica
{CEMEG ), Universidade Estadual de Campinas, CP 6010, CEP 13083-970 Campinas,
5P, Brazil, Fax: £55 19 3521 1089,

E-mail address: anete@unicamp.br (AP Souzal

1046-5928/% - see front matter © 2010 Elsevier nc, All dghts reserved,
doi: 10,1016/, pep.2010.04.020
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consisting of four genes (PWLI, PWLZ, PWL3 and PWIL4) that define
three subgroups. Some of these genes are determinants of host
specificity [5] and their products interact with other resistance
gene products in plants. These genes are found in many strains
of M. grisea that are rice pathogens [7].

PWL2, a member of the family PWL, exerts a major effect on the
ability of M. grisea to infect weeping lovegrass [5,7]. Biotrophic
invasive hyphae (IH)' of the blast fungus Magnaporthe oryzae se-
crete effectors to modify host defenses and cellular processes as they
successively invade living rice cells [8]. A few genes that are specif-
ically expressed in blast H [4,9] and several genes encoding secreted
effectors, including the known AVR {avirulence) gene product PWL2,
have been identified [7 8].

In the family PWL, multiple homologues have been identified
with varying degrees of sequence homology. Studies indicate that
PWL genes may have other functions besides eliciting hast defense
responses [5].

' Abbrevigtions tsed: [H, invasive hy phae : IMAC, metal ion affinity chromatography.
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Fg. 1. Alignment of PWL2 and PWL2D protein sequences from M. grisea. The Accession Number from GenBank, 2 protein sequence database, for PWL2 is AAAS1019. The
sequence alignment was generated using Clustal W2 Arrows indicate the start and the end of the region shPWLZD (PWIZD without signal peptidel The black underline
indicates the start and the end of the region orPWL2D (predided ordered region of PWLZD) The red underline indicates the signal peptide of PWLZD, The asterisks indicate

the different residues between PWLE2 and PWL2D.

In this study, we identified a gene allele to PWL2 (we termed it
PWI2D, an allele of the gene PWL2 obtained from M. grisea strain
D). The sequence of PWIL2D differs by two bases from that of
PWI2 (GenBank database under the Accession Mo. U26313.1)
These two different bases produce alterations in residues 90 and
142 (Fig. 1). The avirulence gene PWL2 encodes a secreted effector
protein [8]. The alteration in residue 90 (from Dgg to Ngg) is critical
for gene avirulence function and this alteradon results in the loss
of recognition of the pathogen by the host plants |7]. The alteration
in residue 142 {from Ciaz to Si42) eliminates one cysteine in the
protein sequence. We cloned the gene PWL2D in a pET System vec-
tor, expressed the gene product in Escherichia coli and used spec-
mroscopic and NMR technigues to evaluate some aspects of the
structure of PWL2D that are relevant to the understanding of fun-
gal/plant interactions.

Many proteins have been classified as intrinsically unstructured.
Their functional roles are in crucial areas such as transcriptional
regulation, modulation of specificity/affinity of protein binding
mranslation and cellular signal transduction, and these roles have
only recenty been recognized, as a consequence of new paradigms
in biochemical methodology [10]. The possibility that PWL2D is an
intrinsically disordered protein (and the consequences of this in
light of its role as an effector protein) is also discussed.

Materials and methods
Materials

The strain Py416-L1-3 (termed “D" strain in this study) of the
filamentous fungus M. grisea was obtained from the Mational Cen-
ter for Research on Beans and Rice (CNPAF, GO, Brazil). The smain
was used as a source of genomic DNA and to obtain the gene
PWL2D, Sirains of E. coli DH5x [F2 lacZD M15 hsdR17 (12 m2)
gyr A36] and BL21 (DE3) (Novagen, Madison, W1, USA) were used
as the host strains for subcloning and gene expression, respec-
tively. The plasmid vector pET32-Xa/LIC (Novagen, Madison, WI,
USA) was used for cloning and gene amplification, as well as for
protein expression.

The modification enzymes T4 DNA ligase and Taq polymerase
were obtained from Invitrogen (CA, USA). The Ni-NTA Superflow
Resin (QlAexpress System Qiagen, Hilden, Germany) was used for
purification by nickel affinity chromatography. The HiTrap ANX-
FF Chromatography Column (GE Healthcare Inc., Uppsala, Sweden )
was used for purification by anion-exchange chromatography.
The proteases factor Xa (Novagen, USA) or thrombin (GE-Pharmada
Biosciences, UK) were used to cleave the solubility tag. Fragments
amplified by polymerase chain reaction (PCR) were purified using
QlAquick PCR Purification Kit (Qiagen, Hilden, Germany). Plasmid
DNA was purified using a QlAprep Spin Miniprep Kit (Qiagen, Hil-
den, Germany). All chemicals were obtained from Sigma (St. Louis,
MO, USA) unless otherwise specified.
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Genomic DNA extraction and purification

The method for genomic DNA extraction and purification from
M. grisea was adapted from a method described previously [11].
Petri dishes of 9.0 cm in diameter, with solid medium PDA, were
covered with sterile and permeable cellophane disks. Seven
“plugs” from plates with mycelium were placed on this cellophane.
After 4-6 days of incubation in the incubator at 28 *C, the myce-
lium was scraped from the cellophane with a properly sterilized
spatula. The material was ransferred t 1.5 mL microcentrifuge
tubes and 600 puL of extraction buffer (10 mM Tris-HCO pH 8.0,
1mM EDTA, 100 mM NaCl, 2% SDS) was added to each tube, The
following cycle was repeated three times: the tubes were vortexed
for 305, frozen in liguid nirogen for 30s, and incubated in a dry
incubator for 30s (70°C) until thawing was complete. DNA was
purified using the classic phenol-chloroform-isoamyl alcohol
method. The DNA was precipitated with ethanol and sodium ace-
tate. The pellets of DNA were resuspended in 20 pL TE buffer [12].

Construction of expression vectors

Three vectors were constructed to express PWL2ZD (full se-
quence, 16.16 kDa), shPWL2D (short sequence of PWL2D, PWL2D
without the predicted signal peptide: residues 27-145,
13.38 kDa) and orPWL2D (ordered region from PWL2D, predicted
ordered region from PWL2D: residues 86-129, 4.92 kDa) as TRX-
fusion proteins. All proteins were expressed as TRX-fusion proteins
from the cloning vector in pET32-Xa/LIC

The target gene amplification for cloning into pET32-XafLIC was
done in two steps by polymerase chain reaction. First, the DNA frag-
mentsencoding the sequences PWIL2D, shPWL2D and orPWL2 Dwere
amplified from purified genomic DNA and primerset AfromTable 1.
These primers amplify around 300 bp upstream and 300 bp down-
stream of the PWL2D gene. The amplification protocol consisted of
a3 mindenaturation at 94 °C followed by 30 cycles of denaturation
at 94 “C for 1 min, annealing at adequate temperature for the prim-
ers for 1 min and 30 s, extension at 72 °C for 2 min, and final exten-
sionat 72 “C for 7 min. Second, this first amplification was used as a
template for the specific amplification to clone into pET32-Xa|LIC:
PWL2D, shPWL2D and orPWL2D were amplified with primer sets
B-D from Table 1, respectively. The primers were designed to gener-
ate products with vector cohesive overhangs {underlined bases on
the Table 1). In this second amplification, we used the same amplifi-
cation protocol, exceptfor the annealing temperature thatwas 55 °C.
The amplified DNA fragments were analyzed on 1% agarose gel. The
blunt-ended PCR products were purified, treated and cloned in the
linearized pET32-Xa/LIC vector according to the vector supplier's
instructions. After cloning in the expression vector, the constructs
pET32.PWL2D, pET32shPWL2D and pET32.0rPWL2D were intro-
duced by chemical ransformationinto E. coli DH52 [12]. As a nega-
tve control of expression, vectors without the inserts of interest
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Table 1
Sequences of oligonudeotde primers used for amplification and cloning.

L)

- COCOGACOGOACCAGTAA AAA -1

§ - GUT GGG TCT GGG GGC GTG AT -

v

Clonlsg
(]
Comip #xpresion
plasmidial
vertar

PIRLID
SPWLID
and
aRPILID

e
5 = GGT ATT GAG GOT COCATE AAATGC AAC AAC ATC -3

Spacatic sepaence fov cloeig e pE T2 LIC

o
- AGA GGA GAG TTA GAGCCT TACATA ATATIG GAGCC -3

[ e ——— T
St

Fipasiie boquansi lor e ving e 1711 32030

b
5~ AGA GOGA GAG TTA GAG CCT TACATA ATA TIG GAGCC - 37

[T e Ep— AT
Bt

- GOT ATT GAG GOT 0GC
Spewifis smpuemen for claningie pE TH3- X110

By

[P S —] T R

pETIZ

PRLI HalLic

pETI2.
L e HaliC

ssden
4 ATCGATCAT CAGGAA AAT- ¥

; BET-
ap2y  BEE

were also introduced into E. coli DH5a. All sequences were verified
by automated DNA sequencing.

Expression of fusion proteins in E. coli

PWL2D, shPWL2D and orPWL2D were expressed in E coli. The
constructs pET32.PWIL2D, pET32shPWIL2D and pET32.0rPWL2D
were introduced into E. coli BL21{DE3) by chemical transformation.
Vectors without inserts were also used as expression controls,
After incubation and selection of positive clones, cultures were
grown overnight at 37 *C and 300 rpm and diluted 1:100 in fresh
LB medium [12] supplemented with ampicillin 100 pg/mL Cul-
tures were then incubated at 37 “C and 300 rpm until optical den-
sity (600 nm) reach 0.8. For the induction of the target protein
expression, lactose was introduced into the 1.0L bacteria shake
flasks to a final concentration of 5.6 mM. The cells were then incu-
bated at 37 *C and 300 rpm for 4 h. The expression of fusion pro-
teins in E. coli was monitored by SDS-PAGE.

Extraction and purification of TRX-PWL2D, TRX-shPWIL2D and TRX-
orPWL2D proteins from E coli

For the E. coli pellet obtained from the centrifugation of 500 ml
of culmire medium, 20 ml of extraction buffer (50 mM Tris-HCL
300 mM NaCl, pH 7.5) was added. After efficient sonication, two
cenfrifugations were performed (23,000g, 20 min, 4 *C). The pre-
cipitate (insoluble material) was stored at —-20 *C, and the superna-
tant fraction (soluble fraction) was used for purification. The
recombinant proteins were purified by metal ion affinity chroma-
ography (IMAC) using Ni-NTA or by ANX-FF anion-exchange
chromatography.

In the affinity chromatography, the soluble fractions obtained
from the protein extraction step were loaded into the IMAC column
(1 mL of resin) pre-equilibrated with extraction buffer. The column
was washed with extraction buffer, and bound protein was eluted
using an imidazole gradient from 5 to 500 mM on an AKTA FPLC
chromatography system (GE Healthcare Inc., Uppsala, Sweden) or
a gravity chromatography system. In the gravity chromatography
system, the soluble fraction obtained was carried through a col-
umn containing the resin Ni-NTA, with increasing concentrations
of the eluent imidazole (5, 10, 50, 100, 200, 250 and 500 mM). Pro-
tein elution was monitored at 280 nm, and the resulting fractions
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were analyzed by SDS electrophoresis on Gradient 8-25 Phas-
GelfM (GE Healthcare Inc., Uppsala, Sweden). All material that
passed through the column in each step was collected.

To perform anion-exchange chromatography the soluble frac-
dons obtained from the protein extraction step were dialyzed
against buffer 1 {50 mM Tris-HC, 100 mM NaCl, pH 7.5) overnight
at 10 *C. After this step, the soluble fractions were dialyzed against
buffer 2 (50 mM Tris-HCl, 50 mM NaCl, pH 7.5) overnight at 10 °C.
The samples were applied to an ANX-FF anion-exchange chroma-
tography column pre-equilibrated with buffer 2. Elution was per-
formed using a gradient of up to 500 mM NaCl. Protein elution
was monitored at 280 nm, and the resulting fractions were ana-
lyzed by SDS-PAGE.

Cleavage of the fusion protein

To test protein solubility in absence of the TRX tag, purified pro-
teins were dialyzed against protease cleavage buffer, and cleaved
using recombinant proteases factor Xa or thrombin. The resulting
samples were loaded on Ni-NTA resin or on an anion-exchange
chromatography column (ANX-FF) to optimize the purification
and the characterization.

Peptide mass fingerprint (PMF) by MALDI-TOF/MS

Sample preparation and analysis were performed as previously
described [13]. Briefly, each protein sample was subjected to elec-
rophoresis (SDS-PAGE), and then the band of interest was cut
from the gel. The gel fraction was treated for the removal of the
dye. Analyses of all samples cbtained by tryptic digestion were
prepared using the dried droplet method. Trypsin was added for
digestion, keeping the material at 37 °C for 12 h. The peptides ob-
tained were extracted and taken to dry in a vacuum microcentri-
fuge. The sample was acidified by the addition of two sample
volumes of 0.1% (w/v) rrifluoroacetic acid (TFA) and was left at
room temperature for a few minutes, to reduce the droplet volume
through evaporation. The matrix [1% (w/v) «-cyano-4-hydroxycin-
namic acid in 1:1 (v/v) H,O/ACN solution containing 0.1% (v/v)
TFA] was added, and the sample was allowed to dry at room tem-
perature. All measurements were performed on a Matrix-Assisted
Laser[Desorption lonization combined with Time-of-Flight mass
spectrometer (MALDI-TOF-mass spectrometer, Waters-Micromass,
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UK) in a previously cleaned microplate. Analyses were performed
exclusively for positively charged ions, in reflectron mode. For sub-
sequent data evaluation, including peptide identficaton, the soft-
ware package Masslynx (Waters Corporation, MA, USA) was used.

Circular dichroism spectroscopy

Far-UV Circular dichroism {CD) measurements were performed
using a Jasco J-715 spectropolarimeter (Jasco, Tokyo, Japan). After
purification TRX-PWL2D, TRX-shPWL2D, TRX-orPWL2D, PWLZD,
shPWL2D and orPWL2D were dialyzed overnight against the (D
buffer (5 mM sodium phosphate, pH 7.5). The dialyzed samples
were diluted to 0.5 mg/mL or 0.25 mg/mL before data collection.
Data points were collected from 190 to 260 nm at 20 °C using a
1.00-mm cuvette. Each spectrum was the average of 20 scans.
The CD spectra were obtained in milli-degrees and converted to
muolar ellipticity.

Nuclear magnetic resonarnce

We used spectroscopy by nuclear magnetic resonance (1D-
NMR) to obtain information on the structure and dynamics of the
proteins. After cleavage of the fusion tag, the sample relating to
orPWL2D was purified as described. The sample was dialyzed in
20 mM sodium phosphate buffer pH 6.8 plus 200 mM Na(Cl. The
experiments were performed under a frequency field of 600 MHz,
with 90° pulses in relation to the Z axis (parameter PW =8 5) on
a Varian Inova Spectrometer {11.7 T) (Varian Inc, CA, USA). The
data were analyzed with the use of compatible sofrware.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of the fusion proteins

The soluble and insoluble fractions (inclusion bodies) of the fu-
sion proteins were analyzed by SDS-PAGE. E coli that expressed
the TRX-fusion protein were disrupted by efficient sonication.
The pellets containing the inclusion bodies and the supernatant
with soluble protein were collected by centrifugation for 30 min
at 23,000g. Samples of these were put on loading gel with buffer
(0.5 M Tris-HCl, pH 6.8, 2% glycerol, 10% SDS, 0.1% bromophenol
blue) and separated by 12% (w/v) SDS-PAGE. The proteins were
then stained with Coomassie Brilliant Blue R-250. Total protein
concentration was determined by the ratio between the molar
extinction coefficient and absorbance ar 280 nm.

Results and discussion
Design and construction of fusion protein expression vectors

Before the design and construction of the cloning vectors for the
expression of the PWL2D protein, we considered some relevant as-
pects regarding this protein. Since sequence determines structure,
some authors have assumed that sequence would also determine
lack of structure [14-16]. In this way, a series of neural network

Table 2
Comparison of predicions of natural disordered regions and transmembrane helices
in proteins PWL2 and PWL2D.

Predicred Charactenstics P12 PWLED
Mumber of residues 145 145
Number of disordered residues 51 55
Disordersd segment 37-50 37-50
G1-85 61-83
130-141 130-145
Membrane inside segment 1-6 1-6
Transmembrane helix segment T-26 7-26
Membrane outside segment 27-145 27-145

predictors (NNPs) have been developed that use amino acid se-
quence data to predict disorder in a given region of a protein. This
collection of predictors of natural disordered regions was termed
PONDR [14]. In order to increase the chances of soluble protein
expression in E. coli, we examined some characteristics of the
PWL2D protein using prediction softwares [14-17]. Since there is
evidence that signal-peptides for translocation of proteins to the
cytoplasm membrane may result in the increase of the inclusion
bodies formation [18], we decided to remove the putative signal
peptide coding region {membrane inside and transmembrane helix
segments, residues 1-26, Fig. 1 and Table 2) and this protein was
named shPWL2D. We also selected a region inside the full protein
PWL2D that was predicted as ordered containing the residue 90
considered cridc to gene function [7]. Therefore we cloned
orPWL2D, a sequence related to ordered region {residues 86-129)
(Fig. 1 and Table 2), to verify its expression and solubility.

The chosen cloning vector pET32-¥aLIC vector contains the
coding sequence of TRX (thioredoxin) protein that has been used
to improve the solubility of proteins fused to it [19]. In this vector,
TRX tag is followed by a sequence of 6 histidine residues (His-tag)
and a sequence of 15 residues (S-tag) The protein of interest is
fused after to these three regions. PWL2D (full sequence,
16.16 kDa), shPWL2D (residues 27-145, 13.38 kDa) and orPWL2D
(residues 86-129, 4.92kDa) were cloning in the pET32-XafLIC
plasmid vector, and three different constructions were obtained:
pTRX-PWL2D, pTRX-shPWL2D and pTRX-orPWL2D, all fused to
TRX protein {17.16 kDa) and containing a His-tag for purification
using IMAC,

Expression and purification of thioredoxin-tagged PWL2D, shPWIL2D
and orPWL2D

Table 3 presents a series of physicochemical characteristics of
the different PWIL2 constructs that allowed us to optimize the
expression and purification of proteins either fused to TRX or with-
out this solubility tag. The extraction and purification conditons
were determined taken into account the data presented in Table 3.
The instability index and the aliphatic index were also evaluated
[2021]. These indices may be regarded as positive factors for an in-
crease in protein thermostability [21]. The GRAVY (Grand Average
of Hydropathy) value for a peptide or protein is calculated as “the

Table 3

Prediction of the physicochemical parameters to the proteins,
Predicted physicochemical parameters PWL2 TRX-FWIL2 PW1L2D TRX-PWIL2D shPW1aD TRX-shPwL2D orPWLID TRX-orPWL2D
Residue mumber 145 307 145 Elirg 119 281 Eel 206
Malecular weight 16.18 3334 16.16 3333 13.28 3057 492 2211
ol 5.76 587 5.9 595 576 586 534 576
Cysteine number 2 4 1 3 1 3 o 2
Instahility index 3636 2736 3735 ™ 34.78 2630 27328 2102
Aliphatic index 3628 5945 36.29 59.45 2454 Sb.62 886 G4.95
Hydropathy -1.110 —0&677 —1.133 —0.628 — 1548 —rB23 —=1.807 —{635
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Fg. L. SDS-PAGE expression, purification and cleavage of the TRX tag from thioredoxin-tagged proteins (A) PWIL2ZD, (B) shPWIZD and | C) orPWLZD. M-LWM Marker [ CE,
FPharmada). (1} Soluble fraction without induction. {2} Insoluble fraction after induction of 4 h with 5.6 mM lactose. (3) Soluble fraction after induction of 4 h with 5.6 mM
lactose. (4] Purification by nickel affinity chromatography after elution with 200 mM imidazole (A} or 100 mM imidazole (B and C), (5) Purification by nickel affinity after
deavage of the TRX tag with 0,02 U thrombin{10 pg protein chromatography (A and B) or by anton-exchange chromatography after deavage of the TRX tag with 0.5 U factor

Xa/10 pe protein (C).

sum of hydropathy values of all the amino acids, divided by the
number of residues in the sequence. This is very important in pro-
tein siructure; hydrophobic amino acids tend to be internal (with
regard to the 3D shape of the protein) while hydrophilic amino
acids are more commonly found towards the protein surface”
[22]. Data in Table 3 show that the TRX solubility tag might im-
prove the instabilicy and aliphatic indices.

The expression of TRX-tagged proteins in E coli was monitored
by SDS-PAGE. The results showed that optimal expression for TRX-
PWL2D was obtained using E. coli BL21{DE3) cells grown 4 h at
37 °C after induction with 5.6 mM lactose (Fig 2).

While some of the recombinant PWL2D expressed in this man-
ner was soluble, a large fraction of the protein was present in the
insoluble cell pellet {Fig. 2). To improve the solubility of TRX-
PWL2ZD, we tested several different strains such as BL21(DE3)-
plysS, BL21{DE3)Rosetta, BL21(DE3)GroE and BL21(DE3)slyD".
We also tested a reduced concentration for the expression inductor
(0.56 mM lactose) and different incubation temperatures {22 °C
and 28 °C). In all these cases, there was no improvement in the sol-
ubility of TRX-PWL2D (data not shown ), The expression of PWL2D
using different expression vectors (pET28a(+), pET29a(+), and pET-
SUMO/Pro) was also performed but again no improvement in pro-
tein solubility was detected (data not shown).

Our results indicated that optimal expression for the truncated
proteins TR¥X-shPWL2D and TRX-0PWL2D was also obtained using
BL21{ DE3) cells grown for 4 h at 37 °C after ind uction with 5.6 mM
lactose (Fig. 2). However, unlike the TRX-PWL2D expression, large
fractions of the proteins TRX-shPWL2D and TRX-orPWL2D were
found in the soluble fraction, despite some of the recombinant pro-
teins expressed in this manner were insoluble (Fig. 2).

The soluble fractions obrained from the proteins extraction
steps under optimal expression conditions were then loaded into
the IMAC column for purification. TRX-PWL2D was mainly eluted
at 200 mM imidazole concentration, while TRX-shPWL2D and
TRX-0rPWL2D were mainly eluted using 100 mM imidazole
(Fig. 2). The TRX-PWL2D, TRX-shPWL2D and TRX-orPWL2D protein
yield was approximarely 0.8, 1.7 and 2.0 mgfg wet cell pellet,
respectively. Therefore, it seems the TRX fusion tag was less effec-
tive at improving solubility than the removal of the signal peptide.

To cleave the TRX tag, the purified TRX-PWL2D and TRX-
shPWL2D were dialyzed against cleavage buffer and cleaved using
the recombinant protease thrombin. The purified TRX-erPWL2D
was dialyzed against cleavage buffer and cleaved using recombi-
nant protease factor Xa. The cleavage of the fused rag was made.
Each 10 pg of TRX-PWL2D or TRX-shPWIL2D was cleaved over a
period of 4 h using 0.02U thrombin in 5 pL of cleavage buffer,
and each 10 pg of TRY-orPWL2D was cleaved overnight using

0.5 U factor Xa in 5 pL of cleavage buffer. Mass spectrometry con-
firmed that thrombin cleaved TRX-PWL2D correctly. The resulting
cleaved samples were loaded again on Ni-NTA resin for final
purification.

In parallel, different proteases were also tested (thermolysin,
subtilisin, trypsin, chymotrypsin, papain) for different lengths of
time {15 min, 30 min, 60 min, 2 h and 4 h) to detect a stable core
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Fig. 3. Circular dichroism {CD} spectra of (A} TRX-fusioned PWIL2D (TRX.PWLID),
TRY and PWLZD after cleavage [TRX +PWLZD), and TEX alone; (B} After the
deavage of the TRX tag: PWL2D, shPWL2D and orPW 2D, all unstructured.
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Fig. 4 Predicion of disordered reglons in the PWLZD protein by use of the software
predictor of naturally disordered regions (PONDR)L The green point shows the
localization of the PWL2D protein among the disordered proteins.

in the recombinant protein, but no satisfactory results were ob-
tained (data not shown). This result confirmed the prediction of
the bioinformartics tool Pepride Cutter ( hitp: [{us.expasy.org).

Circular dichroism and NMR studies

After the separation of the tag and the protein purification, cir-
cular dichroism (CD) spectroscopy was used to monitor proper
folding of PWLZD, shPWL2D and orPWL2D. The (D spectra for
TRX-PWIL2D, TRX-shPWL2D and TRX-orPWL2D constructs indicate
well-folded proteins with a mixture of alpha-helix and beta-sheet
structural elements [17]. The CD spectra in the Fig. 3A show that
the presence of TRX contributes to the structuring of PWL2D. How-
ever, after the removal of TRX tag, CD spectra of the proteins indi-
cated mainly random coils (Fig. 3B). Far-UV (D spectra have been
used to characterize unfolded polypeptide chains, which display
an intensive minimum in the vicinity of 200 nm and an ellipticity

»cffj W J

95 U oh

Fg. 5. 1D-NMR spectrum of the peptide orPWL2D (4.92 kDal the structure
presented in random coil, in agreement with the CD. Spectrum 18 showing the
chemical shifts between 110 and 6.5 pprn Asterisk indicates the peak to the
tryptophan exists in the protein seque o,

e
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close to zero in the vicinity of 222 nm [28]. The spectra of PWL2D
(Fig. 3B) show an intensive minimum at around 198 nm
([#]=—-7500) and an ellipticity close to zero around 222 nm
([#] = ~1000), like many natively unfolded proteins [28]. Further-
more, when we plotted Absolute Mean Net Charge versus Mean
Scaled Hydropathy [14-16] the initial prediction of natural disor-
dered regions (Table 2) pointed to PWL2D being a naturally disor-
dered protein (Fig. 4). Finally, 1D-NMR studies using orPWL2D
confirmed that this sequence was unstructured (Fig. 5). Therefore,
these results seem to confirm what was predicted for the structure
of these protein sequences {Table 4) [14-1623-25]. All together,
our results seem to indicate that PWL2D, and consequently
shPWL2D and orPWL2D, are naturally unstructured proteins.

Also significant is the fact that PWL2D has two residues which
differ from PWL2 (Fig. 1). It is known that the residue Aspartatesy
is crucial to avirulence functionality | 7]. We assessed whether the
change at residue 90 (from Aspartates; to Asparaginegg) could lead
to alterations in possible post-translational modifications, Using
the site prediction programs NetPhos 2.0 Server and YinOYang
1.2 [26.27], the possibility for phosphorylation of serine 92 of
PWL2D decreased with the change at residue 90 (from Aspartatesg
to Asparagines ). Also, it is predicted a possibility of 53% for the
emergence of a glycosylation site at the modified residue 90. More-
over, the alpha-helix before modification at residue 90 was pre-
dicted be formed by five residues (residue 89-residue 93), and
after modification at residue 90, the alpha-helix was predicted be
formed by only two residues (residue 89 and residue 90). More-
over, the residue Serine, 43, instead of Cysteine 4z, prevents the for-
mation of disulfide bonds (Fig. 1 and Table 3) and increases the
disorder in the final region of PWL2D (Table 2). Despite not suffi-
cient to explain the lack of an ordered structure, all these modifica-
tions can cause alterations in structural conformation that may
explain the loss of function.

The plot showed in Fig. 4 indicates that PWL2D is located
among naturally unstructured proteins or at least has in its struc-
ture a significant part of disordered regions (DRs). These regions
are characterized by the lack of a fixed tertiary structure; in es-
sence they are partially or fully unfolded. These disordered regions
hawve been shown to be involved in a range of functions, including
DINA recognition, modulation of specificity/affinity of protein bind-
ing, molecular threading, acrivation by cleavage and control of pro-
tein lifetime [14-16]

The functional importance of being disordered has been inten-
sively analyzed. Many proteins have been classified as “intrinsi-
cally unstructured”. The funcdonal role of these proteins in
crucial areas such as transcriptional regulation, translation and cel-
lular signal transduction has only recently been recognized, as a
consequence of the use of new paradigms in biochemical method-
ology [10]. Molecular recognition is important to the infection pro-
cess of the disease caused by M. grisea and to host-pathogen
interactions  mediated by effector proteins [29-31]. Increased
intrinsic plasticity represents an important prerequisite for effec-
tive molecular recognition. The majority of intrinsically disordered
proteins undergo disorder-to-order transitions upon binding to
their partners [28,32,33].

Because the DRs lack a defined 3-D structure in their native
states, it has been suggested that intrinsic disorder and inherent
flexibility in these regions is probably essental for their function,

Table 4

Prediction of the percentage of structural elements and random coil.
Predicted structure characteristic PwL2 TRX-PWL2 PWL2D TRX-PWLZD shPwWL2D TRE-shPWL2D arPW12D TRE-orPWL2ZD
Structural elements (%) 621 5733 4552 57.00 34 5435 D73 5243
Random coil () 53,79 4267 5448 43.00 65.79 4565 i 4757
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Flexibility can be necessary to allow for adaptation to conforma-
tional requirements [10]. This quality is well suited to the role of
an effector protein. In fact, to be unstructured does not mean to
be without function. It has been suggested that the natively un-
folded protein can benefit from the advantages of a flexible struc-
ture during disorder-order transitions, in comparison with rigid
proteins [33]. By taking this into account, we propose here a model
of the action of an intrinsically unstructured effector protein
(Fig. 6). As we already discussed, the modification in the critical
residue 90 of PWL2D decreases the number of residues in the al-
pha-helix, which perhaps alters the structural flexibility. Therefore,
this modification could prevent disorder-to-order transitions upon
PWL2D binding to its partners in the host plant. Thus PWL2D, pos-
sibly an intrinsically unstructured protein, would not function as
an effector protein because of modifications to important residues
(Fig. 6).

Conclusions

PWL2D was expressed in E. coli BL21(DE3) in the soluble frac-
ton when it was fused with a solubility tag (Thioredoxin, or
TRX). However, when the TRX tag is removed using protease
thrombin, PWL2D tends to aggregate. We removed the signal pep-

tide of PWL2D (producing a peptide sequence, shPWL2D) to im-
prove solubility and obtained soluble TRX-shPWL2D as well
shPWL2D. We also expressed an ordered region from PWL2D (pro-
ducing a peptide sequence, orPWL2D), and obtained soluble TRX-
orPWL2D as well orPWL2D.

Far-UV (D showed unstructured PWL2ZD, shPWL2ZD and
orPWL2ZD, and NMR also confirmed that oPWL2D was unstruc-
tured. Furthermore, initial prediction of natural disordered regions
pointed to PWL2D among disordered proteins when we plotted
Absolute Mean Net Charge versus Mean Scaled Hydropathy [14-
16]. Therefore, PWL2D might be an intrinsically unstructured pro-
tein. Flexibility can be necessary to allow adaptation to conforma-
tional requirements [10], and this functionality is appropriate to
the role of an effector protein.

The wide spectra of pathways that involve effector proteins have
also evoked considerable interest, such as the development of drugs
that can modulate their actions [34]. Results described here for
PWL2D may facilitate detailed sructure-function studies of this
protein in the near future. PWL2D may play an important role in
the avirulence of M. grisea, and it might be involved in a number
of physiological functions. Finally, the studies of PWL2D may also
increase the current knowledge on the mechanism of fungal patho-
genicity and on the role of diseases caused by unstructured proteins.
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4.2. INFORMACOES ADICIONAIS SOBRE A FAMILIA PWL

4.2.1. Genes e proteinas integras da familia PWL: clonagem, expressido e

purificacao

Empregando o DNA gen6mico como molde, os genes de interesse foram inicialmente
amplificados com o uso de primers flanqueadores ao gene e posteriormente clonados
com o uso de primers especificos para os vetores de clonagem. Seguiu-se com o
seqlienciamento a fim de se comparar as seqiiéncias gendmicas das linhagens do

laboratério com aquelas presentes no GenBank.

O fragmento correspondente ao gene PWL1 foi amplificado apresentando-se em uma
banda eletroforética correspondente a 2,5 vezes o tamanho estimado no banco de
dados. O genoma de M. grisea pode conter arranjos cromossdmicos instaveis, e genes
que pertencem as familias génicas como PWL ou que estdo em posicao telomérica
(como o gene PWL1) podem ter a sua amplificacdo dificultada (McPherson et al,, 1995;

Valent; Chumley, 1991), o que poderia, a principio, justificar o resultado obtido.

Quanto ao gene PWLZ, o seqiienciamento dos fragmentos amplificados a partir do

DNA gendmico das linhagens A e E mostrou uma seqiiéncia de nucleotideos, nestas

linhagens, idéntica aquela do banco de dados (Figura 5).
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241 tattctctaggccctgatcatcaggaagataaaagecgatcgtcaatattataacaggecac PWLZ2
........................... o PWL2 B
........................... . PWLZ2 C
........................... - PWL2 D
........................... o PWLZ E

421 ggctgcaatattatgtaa PWL2Z

Jevnonrnnnnnnen PWL2 B
Jevnonrnnnnnnen PWL2 C
Canrnnnnnnnnns PWLZ2 D
Jevnonrnnnnnnen PWL2 E

Figura 5. Alinhamento das seqiiéncias dos genes PWL2 (GenBanK: U26313.1), PWLZ2A,
PWL2C, PWL2D e PWLZE.

A linhagem C apresentou uma diferenga na seqiiéncia de nucleotideos que conduziu a
uma varia¢do na seqliéncia de proteina, a saber, asparagina no lugar de aspartato na

posi¢cdo 90 da proteina (Figura 6).

CLUSTALW 2.0.12 multiple sequence alignment

PWL2/A/E MKCNNIILPFALVFFSTTVTAGGGWTNKQFYNDKGEREGSISIRKGSEGDENYGPSYPGG 60

PWL2C MKCNNIILPFALVFFSTTVTAGGGWTNKQFYNDKGEREGSISIRKGSEGDFNYGPSYPGG 60

PWL2D MKCNNIILPFALVFFSTTVTAGGGWTNKQFYNDKGEREGSISIRKGSEGDFNYGPSYPGG 60
~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k~k**9*0***~k~k~k~k~k**********************

PWL2/A/E PDRMVRVHENNGNIRGMPPGYSLGPDHQE&KSDRQYYNRHGYHVGDGPAEYGNHGGGQWG 120

PWL2C PDRMVRVHENNGNIRGMPPGYSLGPDHQENKSDRQYYNRHGYHVGDGPAEYGNHGGGQWG 120

PWL2D PDRMVRVHENNGNIRGMPPGYSLGPDHQENKSDRQYYNRHGYHVGDGPAEYGNHGGGQWG 120
~k~k~k~k~k~k***********************:~k~k~k~k~k~k~k~k**********************

PWL2/A/E DGYYGPPGEFTHEHREQREEG&NIM 145

PWL2C DGYYGPPGEFTHEHREQREEGCNIM 145

PWL2D DGYYGPPGEFTHEHREQREEGSNIM 145

E I R k3

Figura 6. Alinhamento das seqiiéncias das proteinas PWL2 (GenBanK: AAA91019.1), PWL2A, PWL2C,
PWL2D e PWL2E utilizando o software ClustalW2.0 (www.ebi.ac.uk/Tools/clustalw2/index.html).
PWL2C apresenta asparagina no lugar de aspartato na posicio 90 da proteina, enquanto PWL2D
apresenta asparagina no lugar de aspartato na posi¢cdo 90 da proteina e serina no lugar de cisteina na
posicdo 142 da proteina, em relagio a PWL2.

O fragmento amplificado correspondente ao gene PWLZ proveniente da linhagem D

apresentou duas diferencas na seqliéncia de nucleotideos em relacdo a seqiiéncia
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disponivel no GenBank (Figura 5); tais diferencas na linhagem D conduzem a duas
alteracdes na seqliéncia de aminodacidos (asparagina no lugar de aspartato, na posicao

90 da proteina, e serina no lugar de cisteina, na posicdao 142 da proteina).

Destaca-se a diferenca na posicao 90 da proteina: ja foi relatado que esta diferenca é
suficiente para cessar a funcdo de aviruléncia do gene PWL2, conduzindo a
susceptibilidade do hospedeiro (Sweigard et al, 1995). Os alelos do gene PWLZ2 foram
denominados PWLZ2A, PWL2C, PWL2D e PWLZE (ou seja, os alelos do gene PWL2 nas
linhagens A, C, D e E, respectivamente). O manuscrito 1 avalia as implicagdes destas
alteracdes dos residuos quanto as possiveis mudancgas nas interagdes do produto do
gene de aviruléncia PWL2D com outras proteinas bem como o reconhecimento do

patégeno pelo hospedeiro em relagdo a estas mudancas.

O fragmento amplificado correspondente ao gene PWL3 apresentou diferencas na
seqliéncia de nucleotideos da linhagem em relagdo a seqiiéncia disponivel no banco de
dados nas linhagens utilizadas: uma delecao (T) na posi¢ao 301, uma transicdo (G > A)
na posicao 363 e uma transversdo (A > C) na posicdo 391. A proteina PWL3 foi
expressa na fragdo insoltuvel, tanto na linhagem de E. coli BL21(DE3) como na
linhagem BL21(DE3)ptGroE. O gene PWL3 e sua proteina relacionada integraram-se a

outro projeto de pesquisa.

O gene PWL4 nao foi amplificado a despeito dos primers utilizados, fossem eles

especificos para a seqiiéncia génica ou fossem flanqueadores a ela. Devido ao gene
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PWL4 ser um alelo do gene PWL3, o qual foi amplificado a partir do genoma das
linhagens utilizadas, a existéncia de um dos genes no genoma hapléide de M. grisea

implica na exclusdo do outro (Kang et al., 1995), podendo justificar o resultado obtido.
4.2.2. Regioes intragénicas no gene PWL2

Utilizando o software de predicalo TMHMM Server v. 2.0 (disponivel em
www.cbs.dtu.dk/services/TMHMM-2.0/) para a avaliacdo da existéncia de regides
transmembranas, puderam-se identificar as seqiiéncias referentes ao peptideo-sinal

nas proteinas traduzidas (Figura 7) dentro da seqiiéncia dos genes de interesse

(PWL2A, PWL2C, PWL2D e PWLZE).

Sequence Length: 145

20

transmembrane

# Sequence Number of predicted TMHs: 1
# Sequence Exp number of AAs in TMHs: 19.25768
# Sequence Exp number, first 60 AAs: 19.25768
# Sequence Total prob of N-in: 0.59512
# Sequence POSSIBLE N-term signal sequence
Sequence TMHMMZ . 0 inside 1 6
Sequence TMHMMZ . 0 TMhelix 7 26
Sequence TMHMMZ . 0 outside 27 145
TMHMM posterior probabilities for Sequence
12
|—
1
08
z
Z
_lg 08
[
[s®
04
a2
g L

40 s] ad 100

inside

120 140

outside

Figura 7. Predicdo de peptideo sinal na proteina PWL2, por intermédio do software

TMHMMZ2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/)
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Empregando o software Predictors of Natural Disordered Regions - PONDR (Li et al.,

1999; Romero et al, 2001; Romero et al, 2004) para a predicdo de regides
desordenadas dentro de seqiliéncias protéicas, identificaram-se também tanto regides

ordenadas como regides desordenadas nas proteinas relacionadas aos genes em

questdo (Figura 8).

(B)
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Disorder
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Figura 8. Predicdo das regides ordenadas e desordenadas nas proteinas (A) PWL2; (B) PWL2D; (C) TRX
tag (proveniente do pET32/XaLIC). Setas verdes: orPWL2D (residuos 86-129). Setas azuis: shPWL2D

(residuos 26-145)

Sabe-se que a natureza hidrofébica de peptideos-sinal (Figura 9) interfere na
translocacdo de proteinas para a membrana citoplasmatica, podendo resultar na
formacdo de corpos de inclusao, inclusive no periplasma (QIAGEN Manual, 2003).

Assim, a retirada do peptideo-sinal tem sido recomendada em procedimentos de
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expressao de proteinas recombinantes visando melhorar a obtenc¢do de proteina
soluvel (QIAGEN Manual, 2003). Adotou-se, deste modo, a estratégia de clonagem dos
genes de interesse sem a seqliéncia referente ao peptideo-sinal visando uma possivel

melhora na aquisicao da fracao protéica soltivel expressa.

A ProtScale output for user sequence ProtScale output for user sequence B
2 T T T

I A Hphob. ~ Kyte & Doolittle Hphob. ¢ Kyte & Doolittle

!

56 108 158 200 250 300
Position

se 108 158 200 250
Position

Figure 9. Predicdo da hidrofobicidade de (A) TRX-PWL2D: notar que o peptideo-sinal (residuos 163-188)
contribui para aumentar a hidrofobicidade. (B) TRX-shPWL2D. TRX tag (residuos 1-162). Software disponivel
em www.expasy.ch/tools/protscale.html

Devido a predicdo do peptideo-sinal, a predicdo das regides desordenadas e a
predicdo de uma regido ordenada existentes nas proteinas traduzidas a partir dos
genes PWL2A, PWL2C e PWL2D, entendemos que a amplificagdo de regides
intragénicas poderia otimizar a producdo e a solubilidade das proteinas de interesse.
Denominou-se shPWL2_ (short sequence of PWL2_) a seqliencia protéica sem o
peptideo-sinal, e denominou-se orPWL2_ (ordered sequence in PWL2_) a seqliéncia
ordenada e contendo o residuo 90 (considerado critico para a fungdo de aviruléncia

do gene, segundo Sweigard et al, 1995), conforme a Figura 1 no manuscrito 1.
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4.2.3. Clonagem e expressao dos alelos de PWLZ2 e de suas regioes intragénicas

Distintos sistemas de clonagem e expressado foram utilizados para os alelos de PWLZ e
suas regides intragénicas. Os genes integros PWL2A, PWL2C e PWLZD foram clonados
em pET32Xa/LIC, em pETSUMO/Pro (com auxilio das endonucleases de restricao
BamHI e Bsmal), e em pET29a(+) (com auxilio das endonucleases de restricdo Ndel e
Xhol). As regides intragénicas orPWLZ2A, shPWL2A, orPWL2C, shPWL2C, orPWLZ2D e
shPWL2D foram clonados em pET32Xa/LIC e em pET29a(+) (com auxilio das

endonucleases de restricao Ndel e Xhol).

Juntamente com os vetores listados anteriormente no item 5.2 puderam-se compor os
sistemas de expressdo utilizados para as os genes integros [nas linhagens BL21(DE3),
BL21(DE3)ptGroE, BL21(DE3)AD494, BL21(DE3)pRIL, BL21(DE3)pLysS, BL21
(DE3)Rosetta e BL21 (DE3)SlyD-], e para as regides intragénicas clonadas [nas

linhagens BL21 (DE3) e BL21 (DE3)ptGroE].

Visto que a linhagem D (Py 416-L1-3) contem o gene PWLZ2 com duas altera¢des na
seqliéncia génica (denominado PWLZ2D, significando alelo do gene PWLZ2 na linhagem
D) esta linhagem foi utilizada para a avaliacdo mais detalhada da proteina integra
expressa e dos peptideos relativos as suas regides intragénicas (orPWL2D e
shPWL2D), conforme o manuscrito 1. O maior rendimento em termos de solubilidade
e de nivel de expressao foi alcangado com a combinacdo do sistema BL21(DE3), o

vetor pET32-Xa/LIC e as regides intragénicas shPWL2 e orPWL2 (Figura 2 do
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manuscrito 1). Este resultado reafirmou que, neste caso, a retirada do peptideo-sinal
pode melhorar a solubilidade da proteina-alvo (QIAGEN Manual, 2003). A expressao

com o vetor pET29a(+)ndo produziu proteina solavel.

4.2.4. Técnicas espectroscopicas

4.2.4.1. Espectrometria de massas

A espectrometria de massas (MS) por MALDI-TOF foi realizada inicialmente com o
intuito de se certificar da fidelidade da clivagem feita pelas proteases e das massas
moleculares das proteinas e peptideos de interesse resultantes apés a clivagem da
cauda fusionada. A técnica de MS utilizada, descrita no manuscrito 1, confirmou que a
trombina clivou PWL2D fusionada a cauda do pET32-Xa/LIC no sitio esperado, visto
que o espectro de peptideos tripticos gerados pela acdo da tripsina sobre a proteina

PWL2D clivada com trombina correspondeu ao previsto (Figura 10).
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Figura 10. Espectrometria de massas. Espectro de peptideos tripticos gerados pela acdo da tripsina
sobre a proteina TRX- PWL2D clivada com a proteina trombina

4.2.4.2. Dicroismo Circular (CD)

Espectroscopia de dicroismo circular (CD) foi usada para monitorar o enovelamento
apropriado das proteinas TRX-PWL2D, TRX-shPWL2D e TRX-orPWL2D, antes e apds a
clivagem da cauda TRX de solubilizacdao. Os espectros de CD para TRX-PWL2D,
PWL2D, shPWL2D, orPWL2D e para a cauda resultante ap6s a clivagem sdao mostrados
e avaliados no manuscrito 1. Os espectros antes da clivagem da cauda TRX indicam
proteinas bem dobradas com uma mistura de elementos estruturais alfa-hélice e beta-
sheet (Krogh et al., 2001). No entanto, apds a remog¢do da cauda TRX, os espectros de

CD das proteinas indicaram a existéncia de random coil. A influéncia da estrutura da
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cauda TRX na manutencao da estrutura das proteinas pode ser inicialmente avaliada
pelo espectro de CD desta cauda (manuscrito 1, Figura 3), indicando que a presenca de
elementos estruturais, nas proteinas recombinantes fusionadas, antes da clivagem da
cauda de solubilizacdo TRX, pode ser justificada na proépria estruturagdo da cauda,

explicando, a principio, a perda de estrutura das proteinas ap6s a clivagem.

4.2.4.3. Espectroscopia de Ressonancia Magnética Nuclear (NMR)

0 espectro unidimensional das proteinas ndo marcadas foi coletado, estando estas em
tampao fosfato de s6dio 100 mM, pH6.8 a 25°C para a andlise do estado das estruturas
protéicas através da dispersdo dos picos. Pelos espectros gerados em NMR,
confirmaram-se os resultados do dicroismo circular: apds a clivagem com trombina,
orPWL2D apresentou-se desestruturada em random coil, conforme mostrado na

Figura 5 do manuscrito 1.
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4.3. MANUSCRITO 2

Cloning, expression, purification and partial characterization of the

XYL5 xylanase from Magnaporthe grisea

Autores: Dilaine R.S. Schneider; Antonio M. Saraiva; Adriano R. Azzoni;

Alexandre C. Pelloso; Marcelo A.S. de Toledo; Anete P. de Souza
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Abstract

We cloned the putative xylanase XYLS (EC3.2.1.8) gene of Magnaporthe grisea and its conserved
catalytic domain (XYL5/DOM). These proteins were fused to MBP and expressed in Escherichia coli.
The soluble extract containing the fusion proteins MBP-XYL5 and MBP-XYL5/DOM showed positive
activity compared to the control MBP. We report the expression of a novel xylanolytic enzyme that
presents activity without any purification or excision of the solubilization tag, by the use of a
heterologous system as simple as E. coli. These aspects are economically advantageous in terms of cost
and production time for industrial processes use xylanolytic enzyme complexes. To our knowledge, this
is the first time that the M. grisea XYL5 pathogenicity gene has been successfully expressed in E. coli

and the first time that its xylanolytic enzyme activity was demonstrated.

Keywords: Xylanase XYLS5; Magnaporthe grisea; MBP fusion; recombinant protein; pSV282.

Abbreviations: MBP- Maltose Binding Protein;
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1 Introduction

Xylan is the second most abundant renewable polysaccharide in nature after cellulose. It is one of the major
polysaccharide components of secondary plant cell walls in cereals, in which it maintains cell wall integrity
by attaching to cellulose, lignin, pectin and other polysaccharides (Zhou et al. 2008). Unlike cellulose, xylan
is a complex polymer consisting of a 3-1,4-linked xylopyranoside backbone substituted with side chains. The
heterogeneity and complexity of xylan has resulted in an abundance of diverse xylanases that differ in their
physico-chemical properties, modes of action and substrate specificities. For example, Endo-1,4-3-D-
xylanases (EC 3.2.1.8) randomly cleave the xylan backbone, while B-D-xylosidases (EC 3.2.1.37) release

xylose monomers from the nonreducing end of xylo-oligosaccharides and xylobiose (Berrin and Juge 2008).

Xylanolytic enzymes, from a variety of microorganisms, have attracted attention mainly because of their
potential biotechnological uses in several industries, such as the food, feed, biofuel and pulp and paper
industries (Jun et al. 2009). Today, the most effective application of xylanases is in the pre-bleaching of kraft
pulp to minimize the use of harsh chemicals in the subsequent treatment stages of pulp bleaching (Beg et al.
2001). In the feed industry, the incorporation of xylanase into the rye-based diet of broiler chickens results in
the reduction in intestinal viscosity, thereby improving both the weight gain of chicks and their feed
conversion efficiency (Talbot 2003). In baking, xylanases improve the elasticity and strength of dough,
increasing loaf volumes and the texture of breads (Ahmed e al. 2009; Polizeli et al. 2005). Xylanases, in
combination with other enzymes, can also be used for the generation of biological fuels, such as ethanol from
lignocellulosic materials; for degumming of fibers, such as flax, hemp, jute and ramie; and for the deinking of

waste newspapers, which are used in the papermaking process (Beg et al. 2001; Jun et al. 2009).

Fungi, actinomycetes and bacteria are some of the most important xylanolytic enzyme producers. Many of
these organisms have been shown to produce different forms of xylanases, which may have diverse physico-
chemical properties, specific activities and overlapping but dissimilar specificities, increasing the efficiency
and extent of hydrolysis (Ahmed et al. 2009). For scientific and industrial purposes, different systems have
been used for cloning and expression of xylanolytic enzymes, especially from fungi. Recombinant
Escherichia coli, yeast and fungi have been studied, and each system has advantages and disadvantages that
must be evaluated in order to obtain functional recombinant enzyme (Caoet al. 2007; Carapito et al. 2009;
Nevalainen et al. 2005; Sakaguchi et al. 2008). Among these systems, E. coli has been widely used for the
cloning and heterologous expression of recombinant xylanases from fungi (Zhou et al. 2008; Lee et al. 2007).
This employ is mainly due to the widespread use of simple DNA cloning techniques, the large number of
commercial cloning vectors, the simplicity of overproduction of recombinant enzymes, etc. (Zhou et al.
2008). However, there are also important restrictions on the use of E. coli as a cloning host for fungal
enzymes, such as the absence of post-translational modifications, which may affect the activity of the

resulting recombinant xylanase (Ahmed et al. 2009). The lack of glycosylation is known to be an important
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factor that accounts for the reduction in the affinity between the enzyme and substrate as well as the decrease
in enzyme stability (Ahmed et al. 2009; Polizeli et al. 2005). Although several fungi and yeasts have been
used as expression hosts for fungal xylanases, E. coli continues to be used as the preferred cloning host. In
general, it provides a convenient way to produce significant amounts of enzyme for functional studies and
structural elucidation that can guide further improvements in enzyme characteristics by point mutation and

protein engineering approaches (Ahmed et al. 2009).

In this work, we cloned, expressed and partially characterized a putative xylanase from Magnaporthe grisea
using E. coli. M. grisea is a filamentous fungus, an Ascomycete, and a pathogen of economically important
cereals, such as wheat and barley, and causes the most severe disease in rice (Talbot 2003). The genome
sequence of the Magnaporthe grisea was published recently (Dean er al. 2005). Different xylanases have been
identified in Magnaporthe grisea and are possibly involved in the fungi plant infection mechanisms
(Shengcheng et al. 2001). Currently, the amplification and cloning of three putative xylanase genes, XYL3,
XYL4 and XYL5 (GenBank accession numbers AY144348 to 144350), have been reported (Wu ef al. 2006).
The XYLS protein is a putative Endo-1,4-B-D-xylanase (EC 3.2.1.8) that contains a conserved domain of
family 10 of Glycoside Hydrolases (GH10) (Berrin and Juge 2008). Here, we cloned, expressed in
Escherichia coli and evaluated the xylanolytic activity of the intact XYLS5 enzyme and the conserved catalytic
domain of XYLS from M. grisea as fusion proteins with maltose binding protein (MBP). This is the first
report of the successful expression of the XYL5 xylanase in E. coli, a finding with biotechnological and

agricultural implications.

2 Materials and Methods

2.1 Materials

The strain Py 416-L1-3 of the filamentous fungus Magnaporthe grisea, obtained from the National Center for
Research on Beans and Rice (CNPAF - GO, Brazil), was used as the source of genomic DNA, which was
used to obtain the XYL5 gene. The Escherichia coli DH5a [F2 lacZD M15 hsdR17 (r2 m2) gyr A36] and
BL21(DE3) (Novagen, Madison, WI, USA) strains were used as host strains for subcloning and gene

expression, respectively.
The plasmid vectors and expression strains were obtained from Novagen (Novagen, Madison, WI, USA). The

plasmid vector pSV282 (from of the vector pET27-a, Novagen), was used for cloning, gene amplification and

protein expression.

54



Manuscritos e Informagées Adicionais

The restriction enzymes, BamHI, Bpil and Xhol were obtained from Fermentas (MD, USA). The modification
enzymes T4 DNA ligase and Taq polymerase were obtained from Invitrogen (Carlsbad, CA, USA).

Fragments amplified by Polymerase Chain Reaction (PCR) were purified using the QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany). Plasmid DNA was purified using the QIAprep Spin Miniprep Kit
(Qiagen, Hilden, Germany). All chemicals were obtained from Sigma (St. Louis, MO, USA) unless otherwise

specified.

2.2 Genomic DNA extraction and purification

Genomic DNA extraction and purification procedures from M. grisea were adapted using a method described
previously (Lecellier and Silar 1994). Petri dishes of 9.0 cm in diameter, with solid medium PDA, were
covered with a sterile, permeable cellophane disk. Seven "plugs" from plates with mycelium were placed on
the disk. After 4-6 days of incubation at 28°C, the mycelium was scraped from the cellophane. The material
was transferred to 1.5 ml microcentrifuge tubes and 600 pL of extraction buffer (10 mM Tris-HCI, pH 8.0, 1
mM EDTA, 100 mM NaCl and 2% SDS) was added to each tube. The following cycle was repeated three
times: the tubes were vortexed for 30 s, frozen in liquid nitrogen for 30 s and incubated in a dry incubator for
30 s (70°C) until completely thawed. DNA was purified using the classical phenol-chloroform-isoamyl
alcohol method. The DNA was precipitated with ethanol and sodium acetate. The DNA pellets were
resuspended in 20 pL. of TE buffer (Sambrook and Russell 2001).

2.3 Construction of the XYL5 and XYL5/DOM expression vectors

An alignment of XYL5 with several xylanases from different fungi is presented in Figure 1; it indicates the
presence of conserved regions. To know the activity of XYLS and compare it to the activity its conserved
domain XYL5/DOM we expressed them as MBP-fusion proteins using the cloning vector pSV282. This
vector, from of the vector pET27-a (Novagen), has the following basic structure: His tag site (6 histidines) —
MBP tag site (45kDa) — Tobacco Etch Virus (TEV) protease site — BamHI restriction enzyme site — site to the

gene cloning.

The DNA fragment encoding the gene XYL5 was amplified from genomic DNA by polymerase chain
reaction (PCR, MJ Research, Inc., USA). We initially used primer set A from Table 1, which flanks the gene
sequence of interest. The fragments were purified and used as a template for PCR with specific primers for

the cloning vector pSV282.

For cloning into the vector pSV282, the sequences encoding XYL5 and XYL5/DOM were amplified using
primer sets B and C, respectively (Table 1). The products amplified by PCR were then purified and digested
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with Xhol and Bpil. Bpil is a class Il restriction enzyme that was used because XYLS5 and XYL5/DOM are cut
by the restriction enzyme BamHI. Therefore, we created a recognition specific site for restriction that was
similar to the site for BamHI to clone XYL5 and XYL5/DOM into the pSV282 vector. The pSV282 was
digested with BamHI and Xhol and then ligated to the digested fragments to generate the constructs pSV282-
XYLS5 and pSV282-XYL5/DOM.
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Fig. 1 - Alignment of xylanase protein sequences from selected species. Sequences are from the GeneBank, a protein sequence
database. The accession numbers are AAN60060.1 for XYLS5 of Magnaporthe grisea, AAM95237.1 for XYL6 of Magnaporthe
grisea, CAG25554.1 for Penicillium funiculosum, BAA19220.1 for Humicola grisea and EAL89199.1 for Aspergillus
fumigatus. The sequence alignment was generated using Clustal W2. Arrows indicate the start and end of the XYL5/DOM
region (glycosyl hydrolase domain of XYLS5). The conserved and similar amino acids in the xylanases are indicated by solid and
grey boxes, respectively.

After cloning into the expression vector, the constructs pSV282-XYL5 and pSV282-XYL5/DOM were
introduced by chemical transformation into E. coli DH5a (Sambrook and Russell 2001). As a negative
control for expression, the vector without inserts was also transformed into E. coli DH5a. All cloned

fragments were verified by DNA sequencing.
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Table 1
The sequences of oligonucleotide primers used to cloning and expression with the plasmid vector pSV282

Cloning and

Primer Gene expression
Sequence .
sets plasmid
vector

5’-ACCGGTCCTGACTCCCCTTGAAAC-3’
XYL5 and

XYL5/DOM
5’-GATACCCGCACGACCCCTGGATA-3’

5’-ATGAAGACTGGATCCATGACAAGACTAGCAACACTCA-3
Bpil Start
Recognition/restriction site codon

B XYL5 pSV282

5’-AGAACCTCGAGTCAGAGCATAAACATGCCA-3’
Xhol Stop
restriction site codon

5’-ATGAAGACTGGATCCATGAAGTGGGAGGCCACC-3’
Bpil Start
Recognition/restriction site codon

C XYL5/DOM pSV282

5’-ACTAGTCTCGAGTCAGTAGGCCGGCTTGGGAT-3’
Xhol Stop
restriction site  codon

2.4 Expression of the XYLS5 and XYL5/DOM fusion proteins in E. coli

XYLS and XYLS5/DOM were expressed in E. coli. The constructs pSV282-XYL5 and pSV282-XYLS5/DOM
were introduced into E. coli BL21(DE3) by chemical transformation. The vectors without inserts were also
introduced into E. coli BL21(DE3) as controls for expression. After incubation and selection of positive
clones, cultures were grown overnight at 37°C and 300 rpm and then diluted 1:100 in fresh TB medium
(Sambrook and Russell 2001) plus 0.2% glucose and supplemented with 30 pg/ml kanamycin. Cultures were
incubated at 37°C and 300 rpm, until the optical density reached 0.8, and were then induced by 2, 4 and 6
hours with IPTG (1 mM).

2.5 Extraction and purification of MBP-XYLS and MBP-XYLS5/DOM from E. coli

For each bacterial pellet from 1 L of induced bacterial culture, 4 ml of extraction buffer (50 mM Tris-HCI
buffer containing 300 mM NaCl at pH 7.5) was added to the suspension. After sonication, the suspensions
were centrifuged twice (23,000 g, 20 minutes, 4°C). The precipitate (insoluble fraction) was stored at -20°C,
and the supernatant fraction (soluble fraction) was immediately submitted to the purification procedure as
follows. In the vector pSV282, the gene of the solubilization protein MBP is fused in-frame with an N-

terminal hexahistidine tag for purification of the recombinant proteins via immobilized metal affinity
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chromatography (IMAC System, QIAexpressionist, Qiagen, Germany). Therefore, the proteins expressed in
the vector pSV282 can be purified either by nickel or amylose affinity chromatography.

The soluble fraction obtained was applied to a column containing Ni-NTA resin. The resin was equilibrated
with extraction buffer, and elutions with increasing imidazole concentrations in the extraction buffer (5, 10,
50, 100, 200, 250 and 500 mM) were collected. For purification by amylose affinity chromatography, the
resin was equilibrated with extraction buffer. The elution buffer was composed of extraction buffer
supplemented with different concentrations of maltose (0.01, 0.05, 10 and 50 mM). The eluted fractions
containing the protein of interest were submitted to five sequential dialyses. Each dialysis was performed in
extraction buffer, in a volume equal to 1000 times the sample volume, at 4°C for 6 hours. The dialyzed

material was quantified by spectrophotometry.

2.6 Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) of the XYLS and
XYLS5/DOM fusion proteins

The soluble and insoluble fractions (inclusion bodies) of the fusion proteins XYL5 and XYL5/DOM were
analyzed by SDS-PAGE. E. coli that expressed the MBP-fusion proteins were disrupted by sonication. The
pellet containing the inclusion bodies and the supernatant with soluble protein were collected by
centrifugation for 30 min at 23,000 g. Samples of these fractions were mixed with gel loading buffer (0.5 M
Tris-HCI, pH 6.8, 2% glycerol, 10% SDS and 0.1% bromophenol blue) and analyzed on 12% (w/v) SDS-
PAGE gels. The proteins were then stained with Coomassie Brilliant Blue R-250.

2.7 Circular dichroism spectroscopy

Circular dichroism (CD) measurements were performed using a Jasco J-715 spectropolarimeter (Jasco,
Tokyo, Japan). After purification, MBP-XYLS and MBP-XYL5/DOM were dialyzed overnight against the
CD buffer (5 mM sodium phosphate, pH 7.5) and diluted to 0.5 mg/ml or 0.25 mg/ml before data collection.
Data points were collected at 20°C using a 1 mm path length cuvette. The spectrum is presented as an average

of 20 scans recorded from 190 to 260 nm at a rate of 20 nm/min.

2.8 Biological activity of recombinant MBP-XYLS5 and MBP-XYL5/DOM

Two methods were used to assess the biological activity of recombinant MBP-XYLS and MBP-XYL5/DOM.
For both, the non-purified soluble extracts containing MBP-XYL5 or MBP-XYL5/DOM and the dialyzed

purified fractions from the amylose affinity chromatography were tested.

With the first method (Teather and Wood 1982; Kasana et al. 2008), Petri plates containing 1% agarose and

1% (w/v) birchwood xylan were prepared. Wells about 3.0 mm in diameter were made after the medium had
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solidified on the plates. The plates were used to inoculate 20 pL of either of the dialyzed purified samples or
non-purified soluble extracts containing MBP-XYLS5 or MBP-XYL5/DOM. The inoculations were done with
the protein from 3 mg of the bacterial pellet. The elution fractions from the purification containing the protein
were dialyzed against Tris buffer (50 mM Tris-HCIl, pH 7.0) overnight, and the dialyzed material was
quantified by spectrophotometry. The procedure was also performed for the negative control using the
expression vector (pSV282) without insert. Inoculated plates were then incubated for 22 h at 25°C.
Approximately 10 ml of 0.5% Congo Red was carefully deposited on the medium and incubated for 15
minutes at room temperature. The solution of Congo Red was removed, and 10 ml of saline solution (1 M
NaCl) was added. After 30 minutes, the saline was removed and a solution of 50 g/L acetic acid was added to

allow the formation of halos, which indicate the degradation of xylan.

With the other method used (Miller, 1959; Nair et al. 2008), the specificities of MBP-XYLS and MBP-
XYLS5/DOM against birchwood xylan, carboxymethyl cellulose (CMC), microcrystalline cellulose (Avicel)
and starch were tested. Substrates (1% w/v) were prepared in buffer (50 mM Tris HCI, pH 7.5 and 300 mM
NaCl). A standard amount (3 mg) of purified MBP-XYL5 or MBP-XYL5/DOM or non-purified soluble
extracts from 3 mg of bacterial pellet containing the enzymes were used to test biological activity. Xylanase
and cellulase activities were measured using 665 pL of substrate solutions and 335 puL of samples at 50°C for
20 min. The liberation of reducing sugars was estimated by the dinitrosalicylic acid (DNS) method (Miller
1959; Nair et al. 2008) using xylose as a standard. Reducing sugars were determined by measuring the
absorption at 540 nm relative to a D-xylose standard curve. One unit of enzyme activity was defined as the
quantity of enzyme required to generate 1 pumol of xylose equivalents per minute at 50°C, and the specific
activity was defined as units per mg protein. The results presented were calculated as the average of three

independent measurements.

3 Results

3.1 Design and construction of the fusion protein expression vectors

We used the expression strain E. coli BL21(DE3) harboring vector pSV282, which provide the possibility of
increased protein solubility by fusion to MBP. Two types of expression vectors were constructed for the
expression of XYL5 and XYL5/DOM fused to MBP. The MBP protein has been extensively used to improve
the solubility of recombinant proteins (Kapust and Waugh 1999). However, the level of expression does not

necessarily correlate with the solubility of the proteins of interest (Kapust and Waugh 1999).

For the expression of the XYLS and XYL5/DOM fusion proteins, were inserted into the pSV282 vector,
which contained the coding sequence for MBP, to generate pSV282—XYL5 and pSV282-XYLS/DOM. The
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expression plasmid pSV282 is based on the pET expression system (Novagen). In this vectors, a His tag was
fused to the N-termini of the XYLS5 and XYL5/DOM, allowing purification of the fusion proteins by nickel
affinity chromatography (IMAC System); MBP was also fused to the N-termini of XYLS5 and XYL5/DOM to
enable the purification of the encoded proteins by amylose affinity chromatography.

We also tested several expression strains [BL21(DE3), BL21(DE3)ptGroE, BL21(DE3)pRIL,
BL21(DE3)Rosetta and BL21(DE3)AD494] harboring other plasmid vectors (pET32-Xa/LIC, pET28-a and
pET29-a) without obtaining adequate solubility of the protein of interest (data not shown).

3.2 Optimization of MBP-XYLS5 and MBP-XYL5/DOM expression and solubility in E. coli

The cultures were incubated at 37°C and 300 rpm, until the optical density reached 0.8, and were then induced
by 2, 4 and 6 hours with IPTG (1 mM). The cultures induced by 4 hours were chosen to the purification (Fig.
2 and 3). The constructs tested for expression of XYL5 and its conserved domain were fusions with MBP
(MBP-XYLS and MBP-XYL5/DOM). The MBP-XYLS protein (Table 2) was partially expressed in the
soluble fraction in the BL21(DE3) strain. Coomassie Brilliant Blue staining revealed a protein band of 89

kDa, which corresponded to the molecular weight of MBP-XYLS5, in all fractions examined (Fig. 2).

The glycosyl hydrolase domain XYL5/DOM protein was expressed as an MBP-XYL5/DOM fusion using the
E. coli BL21(DE3) strain. Coomassie Brilliant Blue staining revealed a protein band of 74 kDa, which
corresponded to the expected molecular weight of MBP-XYLS5/DOM (Table 2 and Fig. 3).

kDa

97,2
7Y —

Fig. 2 - Expression of recombinant XYLS5 fusion protein in E.coli BI21(DE3) harboring pSV282-XYL5. The
arrow indicates the bands corresponding to the molecular weight of 89kDa to MBP-XYLS5. The cells were cultured
at 37°C, 300rpm at 1mM IPTG. Extraction of soluble fraction (lanes 1, 2, 3 and 4), and insoluble fraction (lanes 5,
6, 7and 8). Lane 1, No induction; lane 2, induction at 2h; lane 3, induction at 4h; lane 4, induction at 6h; Lane 5,
No induction; lane 6, induction at 2h; lane 7, induction at 4h; lane 8, induction at 6h. Lane M- Protein Marker,
Broad Range (2-212 kDa) from BioLabs.
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Fig. 3 - Expression of recombinant XYL5/DOM fusion protein in E. coli BI121(DE3) harboring pSV282-XYL5/DOM.
The arrow indicates the bands corresponding to the molecular weight of 74kDa to MBP-XYL5/DOM. The cells were
cultured at 37°C, 300rpm at 1mM IPTG. Extraction of soluble (lanes 1, 2, 3 and 4) and insoluble (lanes 5, 6, 7and 8)
fractions. Lane 1, No induction; lane 2, induction at 2h; lane 3, induction at 4h; lane 4, induction at 6h; Lane 5, No
induction; lane 6, induction at 2h; lane 7, induction at 4h; lane 8, induction at 6h. Lane M- Protein Marker, Broad
Range (2-212 kDa) from BioLabs.

Table 2
Predicted pl values, molecular weights and numbers of cysteines for XYL5, MBP-XYL5, XYL5/DOM and MBP-XYL5/DOM.

XYLS XYL5/DOM MBP- XYLS5 MBP- XYL5/DOM
pl 5.84 5.97 5.51 5.54
MW (kDa) 43.25 29.04 89.01 73.95
Cysteines 5 5 5 5

3.3 Purification of MBP-XYLS5 and MBP-XYL5/DOM from E. coli

We purified MBP-XYLS5 by amylose affinity chromatography. By exploiting the affinity of MBP for
amylose, the MBP fusion proteins were adsorbed onto an amylose resin column (Fig. 4A). MBP-XYL5 was
then eluted from the amylose-coated resin with 10 mM maltose. The eluted MBP-XYLS5 was then subjected to
SDS-PAGE, which revealed a protein band with a molecular weight of 89 kDa, corresponding to the expected
molecular weight of MBP-XYLS. The yield of purified MBP-XYLS was estimated to be 2.4 mg of fusion

protein per gram of initial cell pellet.

As with MBP-XYLS, the MBP-XYL5/DOM protein was purified by amylose resin (Fig. 4B). SDS-PAGE of

the purified fractions revealed a protein band with a molecular weight of 74 kDa, which corresponded to the
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expected molecular weight of MBP-XYL5/DOM. The yield of purified MBP-XYL5/DOM was 3.8 mg of
fusion protein per gram of initial cell pellet, a total higher than that obtained for MBP-XYL/DOM.

A 45 6 7 B
kDa
97,2
« 66,4 - - -

Fig. 4 (A)Purification of MBP-XYLS; the arrow indicates the bands corresponding to the molecular weight of 89kDa to MBP-
XYLS. (B) Purification of MBP-XYL5/DOM,; the arrow indicates the bands corresponding to the molecular weight of 74kDa to
MBP-XYL5/DOM. MBP-XYL5 and MBP-XYL5/DOM were purified via MBP affinity chromatography using Amylose Resin.
Lane 1, total soluble fraction; lane 2, flow trough; lane 3, wash fraction; lanes 4-7, elution fractions (0.01mM, 0.05mM maltose, 10
mM maltose and 50 mM maltose, respectively). Lane M- Protein Marker, Broad Range (2-212 kDa) from BioLabs .

The purification of MBP-XYLS5 and MBP-XYL5/DOM by nickel affinity chromatography did not permit

recovery of the proteins (data not shown).

3.4 Circular dichroism spectroscopy

We used circular dichroism (CD) spectroscopy to monitor the proper folding of MBP-XYL5 and MBP-
XYLS5/DOM. The spectra (Fig. 5) of both constructs were characteristic of well-folded proteins with a

mixture of alpha-helix and beta-sheet structural elements (Kelly et al., 2005; Khrapunov, 2009). The CD

results for both proteins confirmed the structures predicted with the use of specialized software (Jones 1999).
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Fig. 5 - Circular dichroism of (A) MBP-XYL5 and (B) MBP-XYLS5/DOM. The spectra of both
constructs show well-folded proteins with a mixture of alpha-helix and beta-sheet structural elements

3.5 Biological activity of xylanase fused to MBP

The next step was to confirm the biological activity of MBP-XYL5 and MBP-XYL5/DOM by xylanolytic
activity assays. MBP-XYL5 and MBP-XYL5/DOM were produced, purified and dialyzed. After
standardization by protein mass, the biological activities of MBP-XYLS5 and MBP-XYLS5/DOM were
evaluated by two different methods. The biological activity was tested using both the soluble extract and
purified fractions containing the protein of interest. The substrate specificity of the enzyme was tested using

birchwood xylan, CMC, microcrystalline cellulose (Avicel) and starch.

The soluble extracts containing MBP-XYL5 and MBP-XYL5/DOM showed activity only with birchwood
xylan. In the assessment method using Petri dishes with Congo Red to measure halos of degradation of xylan,
the extract containing MBP-XYLS5/DOM presented a higher level of xylanolytic activity than the extract
containing MBP-XYLS5 (Fig. 6). A similar result was obtained when using the dinitrosalicylic acid (DNS)
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method for detection of hydrolysis and liberation of reducing sugars; the xylanolytic activity was measured by
xylose liberation from birchwood xylan on 50°C to MBP-XYL5, MBP-XYL5/DOM, and MBP: 15.56, 19.75,
and 0.06 pug/ml xylose/min respectively. Reducing sugars were measured using the absorption at 540 nm
relative to D-xylose standards. The soluble extract containing MBP-XYL5/DOM presented a higher level of
xylanolytic activity than that obtained for the extract containing MBP-XYLS5 (Fig. 6).

- B
£ 1

Fig. 6 (A) Assessment method in Petri dishes with Congo Red showing the halos of xylan degradation. Wells
with 20 pl soluble extract containing MBP (upper); wells with 20 pl soluble extract containing MBP-XYLS5
(middle); wells with 20 pl soluble extract containing MBP-XYL5/DOM (bottom). (B) Assessment method of
estimating the liberation of reducing sugars by the dinitrosalicylic acid (DNS) using xylose as a standard:
tube 1, soluble extract containing extraction buffer; tube 2, soluble extract containing MBP; tube 3, soluble
extract containing MBP-XYL5/DOM,; tube 4, soluble extract containing MBP-XYLS.

In all tests, a negative control of MBP was used. It did not show the presence of xylanolytic activity (Fig. 6).
Surprisingly, all fractions containing MBP-XYL5 or MBP-XYLS5/DOM purified by chromatography on

amylose resin showed no xylanolytic activity, despite the assay method used.

4 Discussion

Our goal was to demonstrate, for the first time, the xylanolytic activity of the XYL5 pathogenicity gene
product of Magnaporthe grisea. A high level of expression of soluble XYL5 and XYL5/DOM was achieved
with MBP. The soluble extract containing the fusion proteins MBP-XYLS5 and MBP-XYL5/DOM showed
xylanolytic activity compared to the control MBP. In E. coli, eukaryotic proteins are frequently expressed as
insoluble aggregates called inclusion bodies. The protocol described in this work resulted in significant
improvements in the yields of soluble XYL5 and XYL5/DOM. The proteins fused to MBP were present in
both the total protein and soluble protein fractions. Our results agree with previous studies in which the use of

MBP as a fusion partner was shown to improve the quantity and solubility of recombinant proteins (Cho ef al.
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2008; Gutierrez-Lugo et al. 2006; Korepanova et al. 2007; Niiranen et al. 2007; Tolun et al. 2007; Zhu et al.
2009).

Cloning in the pSV282 vector allowed the expression of proteins fused to a His tag and an MBP tag, which
could subsequently be purified either by nickel or amylose affinity chromatography respectively. In this
study, the purification of MBP-XYL5 and MBP-XYLS5/DOM by nickel affinity chromatography did not
permit recovery of the proteins (data not shown). This may result from structural features (folding) of the
protein if the His tag was embedded within the structure, preventing access to the resin (Smyth er al. 2003).
However, the purification of MBP-XYLS and MBP-XYL5/DOM by affinity chromatography with amylose

resin was successful.

MBP has emerged as an excellent solubilization tag, better than GST or TRX (Kapust and Waugh 1999). It
has been suggested that aggregation occurs during, rather than after, the folding of proteins. Thus, although
fusion to MBP has a beneficial impact on the folding of some proteins in E. coli, we cannot say with certainty
what effect it may have on proteins that form insoluble aggregates in their native state (Kapust and Waugh
1999). In this study, we have verified the formation of insoluble aggregates despite fusion to MBP because we

obtained only a portion of the total expressed protein fused to MBP as soluble (Fig. 2 and Fig. 3).

Despite the fact that the soluble extract containing the fusion proteins MBP-XYLS5 and MBP-XYL5/DOM
showed xylanolytic activity compared to the control MBP, the proteins lost activity during the purification
procedure. We obtained expression of the MBP-XYL5 or MBP-XYL5/DOM proteins in both the soluble
fraction and insoluble fraction (Fig. 2 and Fig. 3), and part of the MBP-XYLS5 and MBP-XYL5/DOM proteins
do not remain adsorbed on the amylose resin (Fig. 4). Thus, we formulated a hypothesis based on a model that
has been proposed to explain how MBP can improve the solubility and promote the proper folding of its
fusion partners (Kapust and Waugh 1999). In this model, it was suggested that MBP acts as a chaperone-like
protein, promoting not only the solubility but also the folding of the protein of interest. Also in the model, the
unfolded protein gives rise to structures for folding intermediates, which can have one of three different
conformations or a combination of them: they may become insoluble (inclusion bodies), soluble intermediate

structures that do not retain biological activity or native soluble structures with biological activity.

Thus, based on that model, we assume that the total extract contains MBP-XYLS5 or MBP-XYL5/DOM in a
mixture of three types of structures: insoluble (inclusion bodies), soluble intermediate structures that do not
retain biological activity and soluble native structures with biological activity. We can then assume that in the
soluble fraction there are both soluble intermediate structures that do not retain biological activity and native
soluble structures with biological activity. We hypothesized that the soluble fraction would possess
xylanolytic biological activity because this fraction contains native soluble structures with biological activity,

in addition to soluble intermediate structures that do not retain biological activity. However, if we purified the
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soluble fraction, the purified fraction would have less biological activity because the purified fraction would

mostly contain soluble intermediate structures that do not retain biological activity.

Many other explanations can account for the loss of xylanolytic activity after the purification of the soluble
MBP-XYL5 or MBP-XYL5/DOM, such as: (1) variations of the protein structures during the steps of the
purification procedure - however, circular dichroism (Fig. 4) showed that purified MBP-XYL5 and MBP-
XYL5/DOM were structured as expected. (2) It has been shown that many xylanases require metal ions as
modulators of activity (Carmona et al. 2005; Fernandez-Espinar et al. 1994). We know that XYL5 may have
hydrolase activity on glycosyl bonds and may be capable of binding cations (UniProtKB/TrEMBL entry
Q8J1Y4, available on www.uniprot.org/uniprot/Q8J1Y4). Therefore, metal ions or cations could also be
necessary for the activity of MBP-XYLS5 and MBP-XYLS5/DOM. If these metal ions were not kept together
proteins during the purification procedure, this could result in the loss of activity. (3) Xylanases can also be
inhibited by maltose (which is significant because the elution in affinity chromatography by amylose is made
with maltose) (Khanna 1993; Kubackova et al. 1978; Thiagarajan and Gunasekaran 2006). (4) It is also
important to note that XYLS5 and XYL5/DOM have five cysteines (Table 2) and that disulfide bonds are
important for their structures and activity (Buchmeier et al. 2006; Karagiiler et al. 2007). These bonds may be
maintained by the environment of the soluble fraction before purification; if this environment has been
changed in the process of purification, the disulfides may be lost, possibly changing the xylanolytic activity.
These and other factors may be, individually or jointly, responsible for the loss of enzymatic activity after

purification of MBP-XYLS5 and MBP-XYL5/DOM.

In conclusion, in this work we cloned and expressed an active xylanase from Magnaporthe grisea using E.
coli. We obtained the enzyme (MBP-XYLS5) and its catalytic domain (MBP-XYL5/DOM) as purified fusion
proteins. It has been shown that the processes of purification and excision of the solubilization tag from
recombinant proteins can lead to, for various reasons, a great loss of material as well as a loss of enzymatic
activity (Smyth er al. 2003; Adikesavan et al. 2005). However, we obtained an active xylanolytic enzyme
without any purification or excision of the solubilization tag in a heterologous system as simple as E. coli.
These procedures are economically advantageous in terms of cost and production time for industrial processes
that use xylanolytic complex because one of the main constraints on the industrial application of xylanases is
the high cost of production (Ahmed et al. 2009; Jun et al. 2009; Kirk et al. 2002). The verification of the
hypotheses for the reductions in the biological activity of MBP-XYLS or MBP-XYLS5/DOM after the
purification procedure deserves further investigation. Despite of this, these results contribute to the

evaluations of xylanase xyl5 the pathogenicity of Magnaporthe grisea.
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4.4. INFORMACOES ADICIONAIS SOBRE A XILANASE XYLS5

4.4.1. Gene XYL5, sua regido intragénica e suas proteinas correlatas

A amplificacdo e a clonagem do gene integro XYL5 e do seu dominio XYL5/DOM
(Figuras 11 e 12) foi feita com o uso de diversos primers internos (Tabela 1 do
manuscrito 2) visando ao seqiienciamento. A clonagem no vetor pSV282 foi realizada
utilizando-se uma propor¢do de 1:3 (vetor:inserto). A eficiéncia da clonagem foi
avaliada mediante o seqiienciamento de diferentes clones para cada gene. As
condi¢cdes de clonagem, cultivo, extracdo das proteinas, expressao e purificagdo das

proteinas encontram-se no manuscrito 2.

XYL5

source 1.405
/organism="Magnaporthe grisea"

Protein 1.405
/product="endo-beta-1 4-D-xylanase"

Region 83.346
/region name="Glyco 10"
/note="Glycosyl hydrolase family 10; smart00633"

CDs 1..405
/gene="XYL5"

Query = (405 letters) - XYL3
Putative conserved domains have been detected

1 2] 150 ns T s 95
s s S Sy e |

Glyco_18

Figura 11. Predicio da funcdo da proteina XYL5 e de seu dominio catalitico

(http://www.ncbi.nlm.nih.gov/).
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Figura 12. Gel de agarose 1%. Purificagio dos insertos para a clonagem no vetor pSV282. M: Marcador
Fermentas 1-2: Gene XYL5 (1218pb) 3-4: Regido intragénica XYL5.DOM (792pb)

A expressdo dos genes de interesse em diferentes linhagens de expressao pode ser
vista na tabela 2. Observa-se que, com excec¢do da expressao de XYL5/DOM.pSV282 na
linhagem AD494, todas as demais combina¢des mostraram que a expressao protéica
ocorreu. Entretanto, quanto a solubilidade, na maioria dos casos a proteina expressa

foi recuperada na fracdo insolavel.

Visto que a concentragdo de sal, a temperatura, a aeracao do meio de cultura regulada
pela velocidade de rotacdo e o pH do tampao de extracdo, bem como agentes
caotrépicos como 4M uréia podem influir de modo consideravel na solubilidade de
proteinas, diferentes testes de solubilizacdo foram realizados com as proteinas XYL5 e
XYL5.DOM (Gray et al., 2000; Mayer, 2004; Tresaugues et al, 2004) . Com o uso de

uréia, pdde-se observar a solubilizacdo, mas nao o refolding correto das proteinas,
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visto que ndo ficaram adsorvidas na resina Ni-NTA. Entretanto, a clonagem no vetor
pSV282 e a expressio na linhagem BL21(DE3) possibilitou a recuperacao das

proteinas de interesse na fracdo soluvel ainda que parcialmente (Tabela 1).

Tabela 1. Clonagens de XYL5 e de XYL5/DOM; avaliagdo da expressdo e da solubilidade. A linhagem de

clonagem foi E.coli DH5-oc em todos os casos.

Vetor de clonagem Linhagem de expressao

Proteina " E. coli Expressao/Solubilidade
e de expressao

XYLS pSV282 BL21(DE3) Parcialmente solivel
XYLS pSV282 BL21(DE3) pRIL Insoldvel
XYLS pSV282 BL21(DE3)Rosetta Insoluivel
XYL5 pET32Xa/LIC BL21(DE3)AD494 Insoldvel
XYLSDOM pSV282 BL21(DE3) Parcialmente soldvel
XYL5/DOM pSV282 BL21(DE3) pRIL Insoldvel
XYLS/DOM pPSV282 BL21(DE3)Rosetta Insoldvel

(sem expressao
XYLS/DOM

pET32Xa/LIC BL21(DE3)AD494 detectdvel)

A obtencdo da expressdao também na fracdo insolavel (Figura 13) pode ser

inicialmente explicada pelas regides transmembranas preditas tanto para XYL5 como
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para XYL5/DOM, conforme pode ser visto na Figura 14, visto que regides hidrofobicas,

como as regides transmembrana o sao, favorecem a insolubilidade das proteinas.

kpa| M123 45678 91011121314 [kpa| 12 M
Solovel Imsolivel _ Soluvel Insolavel Insobinvel
¥ = = 97,2 =y
66,4 556) W |
2.7 8 '
4
—
L T
(A) (B)

Figura 13. Extracdo das fra¢des soltveis e insoliveis apds diferentes tempos de indugdo.
SDS-PAGE 12% - Amostras obtidas a partir dos genes clonados em pSV282 expressos em
E.coli BL21(DE3). M- Marcador BioLabs (A) 1-4: MBP-XYL5 (Oh, 2h, 4h, 6h de indugao); 5-
8: MBP-XYL5 (Oh, 2h, 4h, 6h de indugdo); 9-12: MBP-XYL5/DOM (Oh, 2h, 4h, 6h de
induc¢do); 13-14: MBP-XYL5/DOM (Oh, 2h de indugéo). (B) 1-2: MBP-XYL5/DOM (4h, 6h de
indugdo). Tamanhos esperados para as bandas eletroforéticas: MBP-XYL5 (89kDa), MBP-

XYL5/DOM (74kDa)

# Sequence Length: 405
# Sequence Number of predicted TMHs: 0
Sequence TMHMM2.0 outside: 1 - 405

TMHMM posterior probabilities for Seguence

XYLS

(ol =}

(ol <}

probability

0.4

0.2

transmeambrane inside

350

autsidea

Figura 14. Predicdo das regides transmembranas e de peptideo- sinal na proteina

XYL5; XYL5/DOM: residuos 83 - 346.
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Com a escolha do sistema ideal de expressado, a saber, a linhagem BL21(DE3) e o vetor
pSV282, pdde-se purificar e testar a atividade das proteinas XYL5 e XYL5/DOM tanto
com a cauda de solubilizacdo MBP fusionada como sem a fusdo, sendo que os detalhes

e os resultados destas etapas encontram-se no manuscrito 2.
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5. RESULTADOS COMPLEMENTARES E DISCUSSAO

5.1. LINHAGENS FITOPATOGENICAS DE Magnaporthe grisea

As linhagens de M. grisea utilizadas foram cedidas e caracterizadas como
fitopatogénicas pelo Centro Nacional de Pesquisa em Arroz e Feijao (CNPAF/
Embrapa, GO): linhagem A (Py 2672-L7-1), linhagem B (Py 2618-L1-1), linhagem C
(Py 2588-L5-1), linhagem D (Py 416-L1-3) e linhagem E (Py 424- L8-3) - as siglas
entre paréntesis referem-se aos registros destas linhagens no banco de origem, no

CNPAF.

5.2. SISTEMAS DE CLONAGEM E DE EXPRESSAO

Diferentes estratégias de clonagem, expressao e purificacdo de proteinas tém sido
desenvolvidas com o intuito de otimizar cada etapa do processo que visa a
caracterizacdo estrutural e funcional de proteinas recombinantes (Tudzynski, et al.
2003; Maxwell et al., 2003; Thiede et al., 2005). Os esforgos neste sentido permitem: o
uso de vetores diversos adequados para facilitar a clonagem (Studier; Moffatt, 1986;
Malakov, 2004), a utilizacdo de linhagens de E. coli que possibilitam aumentar o
produto purificado com base na especificidade para a ligacdao em resinas utilizadas em
cromatografia de afinidade (Roof, 1997), bem como a utilizacdo de linhagens que

aumentem a solubilidade de proteinas recombinantes (Nishihara, 1998).

75



Resultados Complementares e Discussdo

Diferentes vetores foram utilizados em etapas distintas do trabalho sempre visando:
clonagem eficiente, qualidade e quantidade de produto protéico expresso, facilidade e

eficiéncia no procedimento de purificacao protéica.

A clonagem no vetor pET32-Xa/LIC (Novagen), que ndo requer o uso de
endonucleases de restricao, forneceu como op¢do o emprego de diferentes proteases
para a recuperacao da proteina de interesse. A estrutura deste vetor é, basicamente, a
que se segue: TRX tag (109aa) — His tag (6aa)—S tag (15aa) — Proteina-alvo. Neste
vetor, a proteina tioredoxina ou TRX (cuja funcdo é aumentar a solubilidade da
proteina recombinante) é seguida de uma seqiiéncia de 6 residuos de histidina (His-
tag, responsavel pela posterior ligagdo da proteina expressa fusionada a resina Ni-
NTA na purificacdo por cromatografia de afinidade ao niquel) e de uma seqtiéncia de
15 residuos (S-tag, utilizados na purificacdo com resinas préprias para esta cauda). A
proteina de interesse encontra-se fusionada posterior a estas trés regides. Neste
contexto, tém-se duas possibilidades de excisdo da causa fusionada: a protease
trombina cliva entre a His-tag e a S-tag, e a protease fator Xa cliva apds a S-tag e
imediatamente antes da proteina-alvo. O fator Xa, portanto, é a primeira protease a
ser empregada e sugerida pelo fabricante do vetor, visto resultar em uma proteina-
alvo sem quaisquer outros residuos indesejaveis. A trombina, que cliva entre a His-tag
e a proteina-alvo, gera uma cauda resultante de cerca de 17,6 kDa e deixa permanecer,
junto a proteina de interesse, uma pequena seqiiéncia de cerca de 15 residuos (pET

System Manual, 2006).
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O uso de outros vetores do sistema pET (Novagen) visou otimizar diferentes etapas
dos processos de expressdo, extracdo, purificacdo e solubilizacdo de genes de
interesse e de suas proteinas correlatas. Vetores como pET28a(+) e pET29a(+) foram
inicialmente escolhidos por oferecerem possiveis vantagens, a saber: diferentes
opg¢oes de sitios de clonagem (que podem determinar o tamanho da cauda fusionada a
proteina de interesse), inducdo da expressao por lactose ou por IPTG, além de ser
possivel fusionar a cauda de histidina tanto no N-terminal como no C-terminal da
proteina de interesse. Os primers para tais vetores foram desenhados considerando-se
os sitios de clonagem e as enzimas de restricio mais convenientes, de acordo com a

compatibilidade entre tais enzimas e a sequéncia génica de interesse.

A utilizagdo de vetor pETSUMO/Pro objetivou a melhoria da expressao e da
solubilizacdo das proteinas de interesse. Este vetor possui, basicamente, uma
estrutura como a que se segue: His tag (6aa)— [sitio de reconhecimento da SUMO
protease] — Proteina-alvo. A excisdo da cauda fusionada de 12kDa é realizada por
meio da protease de alta especificidade. O vetor possibilita um aumento na
solubilidade da proteina de interesse devido a acdo da proteina SUMO (small
ubiquitin-like modifier) que regula interacdes entre proteina-proteina e proteina-DNA

bem como a localizagdo e a estabilidade da proteina-alvo (Malakhov et al., 2004).

A escolha do vetor de expressao pSV282, derivado do vetor pET27 (Novagen), foi feita
visando um aumento na solubilizacdo das proteinas expressas. Este vetor possui uma

estrutura como se segue: His tag (6aa)— [Maltose Binding Protein tag] — [60
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residuos| — sitio de clivagem da TEV protease —sitio de clonagem com BamHI —
Proteina-alvo. A MBP (Maltose Binding Protein) é responsavel pela solubilizacdo de
proteinas a ela fusionadas (Kim et al., 2007). A clonagem no vetor pSV282 demandou
o uso de enzimas de restricdo, sendo que a enzima BamHI é obrigatoriamente

requerida para o procedimento.

Visando melhorar a expressdo e a solubilizacdo, diferentes sistemas de expressao
foram utilizados para os genes integros clonados. A linhagem BL21(DE3), utilizada
para a expressao de proteinas recombinantes, possui baixos indices de expressdo de
proteases que poderiam degradar a proteina de interesse. Esta linhagem possui o
gene DE3 que é responsavel pela sintese da enzima T7 RNA polimerase e é controlado
pelo promotor lacUV5 que é ativado pela adicao de agentes indutores como IPTG

(isopropyl-B-D- 1-thiogalactopyranoside) ou lactose (pET Manual, 2010).

Utilizaram-se linhagens com outras caracteristicas além das apresentadas pela
BL21(DE3): BL21(DE3)ptGroE, BL21(DE3)AD494, BL21(DE3)pRIL, BL21(DE3)pLysS,

BL21 (DE3)Rosetta e BL21 (DE3)SlyD-.

A linhagem BL21(DE3)ptGroE, por meio da chaperona GroE, propde promover maior
produto soluvel. A linhagem BL21(DE3)AD494 promove a formagdo de pontes
dissulfeto. A linhagem BL21(DE3)pRIL e a linhagem BL21 (DE3)Rosetta contem
tRNAs para os codons raros. A linhagem BL21(DE3)pLysS possui o plasmideo pLysS,

responsavel pela sintese de lisozima, que age reduzindo os niveis de produgdo da T7
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RNA polimerase, a qual esta envolvida na transcricdo; o uso desta linhagem 6§,
portanto, conveniente, quando se quer reduzir a expressdo basal de proteinas
sabidamente ou supostamente toxicas a linhagem hospedeira. A linhagem BL21
(DE3)SlyD- tem o gene slyD deletado. Este gene codifica para uma proteina— SLYD —
que, por conter muitos residuos de histidina em sua seqiiéncia, compete na etapa de
purificagcdo por afinidade com a cauda de histidina fusionada a proteina de interesse
clonada em alguns vetores do sistema pET (Bernhardt et al., 2000); esta competi¢do é
inadequada para o processo de purificagdo por cromatografia de afinidade ao niquel,
visto que pode ocasionar uma consideravel reducdo na quantidade de produto

purificado.

5.3. GENES DE Magnaporthe grisea SELECIONADOS E SUAS RESPECTIVAS PROTEINAS

Alguns aspectos foram analisados a fim de se ter um critério para a escolha dos genes

de patogenicidade ou de aviruléncia de M. grisea. Dentre tais aspectos, descreve-se:

(1) valor so6cio-economico do fungo fitopatogénico em virtude da importancia da
planta-hospedeira;
(2) ainformacao disponivel sobre a identificacao e a caracterizacdo previamente feitas

dos genes considerados como “genes relacionados a patogenicidade”;
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(3) a informacao disponivel quanto a descricdo da seqliéncia de nucleotideos de tais
genes, com a verificacdo da existéncia de introns e do nimero de pares de base (tendo
em vista o vetor de clonagem e o sistema de clonagem a serem utilizados);

(4) a informacdo disponivel quanto a descricdo da seqiiéncia de aminoacidos das
proteinas codificadas por tais genes, com a verificacdo da homologia com outras
seqliéncias (homologia igual ou maior que 40%, numa extensdao maior ou igual a 70%
do comprimento da seqliéncia de interesse) e com verificacdo da existéncia da
estrutura em cristal;

(5) a massa molar e a possivel func¢ao da proteina codificada.

Assim, diferentes fontes e diversos bancos de dados em Bioinformatica foram
utilizados com o objetivo de identificar e selecionar os genes de patogenicidade e suas
respectivas proteinas. Os genes selecionados (com seqiiéncias depositadas no
GenBank - www.ncbi.nlm.nih.gov) e as proteinas por eles codificadas encontram-se na

tabela 2.
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Tabela 2. Genes de Magnaporthe grisea selecionados e suas respectivas proteinas.

GENE

Nome

(Acesso no
GenBank)

PWL1
(U36923.1)

PWL2
(U26313.1)

PWL3
(U36995.1)

PWL4
(U36996.1)

XYL5
(AY144350.1)

AVR-PITA
(AF207841.1)

ABC1
(AF420471.1)

PTH3
(AF027980.1)

PTHY9
(AF027981.1)

pb

444

438

414

417

1218

672

2181

765

2211

kDa

16

16

15

15

45

25

80

24

81

PROTEINA

Funcdo prevista

ORF
(open reading frame)

ORF

ORF

ORF

- Endo-beta-1,4-D-Xilanase

- Dominio de 29kDa: Glicosyl
Hydrolase family 10:
XYL5/DOM

- Metaloprotease

- Chaperona

- Dominio de 13kDa (ABC1
family - suprime defeito de
tradugdo do mRNA do
citocromo B) - ABC1/DOM1

- Dominio de 43kDa (Kinase
ndo usual) - ABC1/DOM2

- Imidazole glycerol phosphate
dehydratase (IGPD)

- Trealase
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Observacio
Linhagens A, B, C, D

Proteina Integra e proteinas de 2
regides intragénicas (ShPWL2 e
orPWL2)

Proteina integra e proteina de 1
regido intragénica (XYL5/DOM)

Proteina Integra e proteinas de 2
regides intragénicas (dominios
ABC1/DOM1 e ABC1/DOM2)

Proteina Integra e proteina de 1
regido intragénica

5.4. GENES AVR-PITA, ABC1, PTH3 E PTH9, E SUAS PROTEINAS CORRELATAS

O gene AVR-PITA nao pode ser amplificado nem com primers flanqueadores ao gene
nem com primers especificos para a clonagem nos vetores pET32-Xa/LIC, pET28a(+) e

pET29a(+). Este resultado pode ser inicialmente justificado por se tratar de um gene
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de aviruléncia, que limita sua ocorréncia em alguns genotipos de M. grisea (Valent;
Chumley, 1991). Além disso, mapeamento genético mostrou que o gene de aviruléncia
AVR-Pita esta intimamente ligado ao telobmero do cromossomo 3 de M. grisea (Orbach
etal.,, 2000). Ao serem introduzidos em patégenos virulentos de arroz, o gene clonado
confere especificamente aviruléncia para cultivares de arroz que contém Pi-ta.
Freqliente perda espontianea de AVR-Pita parece ser o resultado de sua localizacao
telomérica - o que pode justificar sua auséncia nas linhagens utilizadas (Orbach et al,

2000).

A amplificacdo do gene integro ABCI1 visando o seqlienciamento exigiu o uso de
diversos primers internos em virtude do tamanho da seqiiéncia. O seqiienciamento de
diferentes clones contendo este gene mostrou que as linhagens disponiveis no
laboratério apresentam disparidade na seqliéncia em relacdo ao banco de dados de
referéncia. As clonagens nos vetores pET32-Xa/LIC e pSV282 em linhagens de E.coli
DH5-oc, BL21(DE3) e BL21(DE3)pRIL foram eficientemente conduzidas. Em E.coli
BL21(DE3) as proteinas foram expressas na fracao insolivel e em BL21(DE3)pRIL ndo
houve expressao detectavel. Apesar da expressdo das proteinas ABC1, ABC1/DOM1 e
ABC1/DOM2 fusionadas a cauda do vetor pET32Xa/LIC terem ocorrido nas fracées
insoluveis, as fragdes soliveis foram levadas a purificacdo por cromatografia de
afinidade a niquel, confirmando suas expressdes na forma totalmente insoluvel.
Procedimentos adequados para a solubilizacdo, como a clonagem em outros vetores
de expressao e a otimizacdo da expressao e da extracao, deverao ser adotados para ser

possivel a continuagao dos estudos.
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O gene PTH3 foi amplificado, e o seqiienciamento evidenciou a existéncia de introns, o
que foi considerado indesejavel, tendo em vista os sistemas de expressao
procarioticos utilizados neste trabalho. Além disso, ndo estava previsto a construcdo

de biblioteca de cDNA.

A amplificacdo do gene PTH9 visando o seqiienciamento, exigiu o uso de diversos
primers internos em virtude do tamanho da seqiliéncia. O seqlienciamento de
diferentes clones contendo este gene mostrou que as linhagens disponiveis no
laboratério apresentam introns na seqliéncia em relacdo ao banco de dados de
referéncia. Segundo o banco de dados utilizado, na linhagem 4091-5-8 de M. grisea, o
loco génico refere-se ao gene PTH9 (com 2211pb e sem introns), mas em outras
linhagens de M. grisea (como a linhagem Guy11) o locus génico refere-se ao gene
NTH1(GenBank: AY148092.1; com 3268pb e com introns). Assim, realmente, as
linhagens utilizadas no desenvolvimento desta tese contém o gene NTH1 e nao o gene
PTHY. Tendo em vista o sistema de expressdo procariético utilizado, investiu-se,
portanto, nos genes sem introns amplificados com sucesso como apresentado nos

topicos anteriores.

Em fun¢do do conjunto de resultados obtidos e das limitagcdes encontradas em

diferentes etapas do estudo das proteinas expressas, este trabalho concentrou-se no

estudo das proteinas PWL2, PWL2D, XYL5 e XYL5/DOM.
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6. RESUMO DOS RESULTADOS

Os resultados apresentados no Manuscrito 1 e nos Resultados Complementares para o

gene PWLZ2D e para a proteina PWL2D de M. grisea mostram que:

- foi possivel clonar o gene PWLZD e expressar a proteina por ele codificada em um
sistema heter6logo procariético como E. coli;

- tanto o vetor como a linhagem de expressao foram determinantes para a obteng¢do da
proteina soldvel (ainda que parcialmente), sendo que o melhor sistema de
expressao foi a linhagem BL21(DE3) e o vetor pET32-Xa/LIC;

- a cauda tioredoxina (ou TRX) fusionada foi menos eficaz em promover a solubilidade
da proteina do que a retirada do peptideo-sinal, ou seja, TRX-PWL2D foi muito
menos soluvel do que TRX-shPWL2D;

- a cauda TRX mantém as proteinas estruturadas, isto é, TRX-PWL2D, TRX-shPWL2D e
TRX-orPWL2D estdo estruturadas enquanto PWL2D, shPWL2D e orPWL2D
mostram o espectro de dicroismo circular em random coil,

- 0 procedimento de proteélise limitada sobre as proteinas ndo permitiu a obtencao de
um nucleo protéico estavel evidenciando o estado desordenado de suas estruturas;

- o espectro de NMR para orPWL2D mostrou que esta regido estd também
desestruturada apresentando-se em random coil;

- as afirma¢des mencionadas anteriormente somadas ao fato de que ha previsido de
que PWL2D seja uma proteina desordenada permite-nos inferir que PWL2D muito
provavelmente é uma proteina intrinsecamente desordenada. Tal desordem

natural é bem adequada para proteinas efetoras e de aviruléncia, visto que a
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flexibilidade proveniente da desordem estrutural permite uma melhor adaptag¢do
aos requisitos conformacionais na interacao da proteina com os produtos génicos
da planta hospedeira;

- foi possivel propor um modelo de acdo da proteina PWL2D em que a
susceptibilidade e a resisténcia de M. grisea pudessem ser explicadas para este

caso.

Além disso, com base nos resultados apresentados no manuscrito 2 e nos resultados
complementares para o gene XYI5, para a proteina XYL5 e para o dominio XYL5/DOM
vimos que:

- foi possivel clonar e expressar uma xilanase ativa do eucarioto M. grisea utilizando
um sistema heter6logo procariético como E. coli;

- tanto o vetor como a linhagem de expressao foram determinantes para a obteng¢ado da
proteina solubilizada (ainda que parcialmente), sendo que o melhor sistema de
expressao foi a linhagem BL21(DE3) e o vetor pSV282. Assim obtiveram-se a
enzima e seu dominio catalitico como proteinas de fusao purificadas, ou seja, MBP-
XYL5 e MBP-XYL5/DOM respectivamente;

- a cauda fusionada MBP nao impediu a atividade da enzima, o que pode ser uma
vantagem em termos de custo de producao;

- 0 processo de purificacdo por cromatografia de afinidade a amilose contribuiu para a
perda de atividade tanto de MBP-XYL5 como de MBP-XYL5/DOM;

- os dois métodos utilizados para a avaliacdo da atividade xilanolitica, a saber, o

método do DNS e o método de coloracao do meio em placas, foram eficientes.
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7. PERSPECTIVAS

7.1. PROTEINA PWL2D

- Ensaios in vivo em plantas susceptiveis e em plantas resistentes;

- Validacao do modelo proposto por meio de ensaios in vivo;

- Testes de cristalizacdo com as proteinas PWL2 e PWL2D integras, bem como
sem o peptideo sinal, fusionadas a proteina fusionada TRX, visando a
comparagdo das estruturas;

- Mutacao dirigida e avaliacdo das estruturas protéicas consequentes.

7.2. PROTEINAS XYL5 E XYL5/DOM

- Testes considerando fatores influentes na atividade de xilanases como a
estabilidade temporal da proteina, a concentracio de substancias
(componentes dos tampdes utilizados na extracdo e na purificacdo de proteinas
como maltose, imidazol, phenylmethanesulfonylfluoride - PMSF, niquel)
sabidamente influentes na atividade xilanolitica, o pH dos tampdes, cofatores
possiveis, termoestabilidade, etc;

- Testes de atividade com as fragdes purificadas considerando uma separacao
nao-intencional entre um possivel cofator e a enzima remanescente nas fragoes

eluidas;
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- Clonagem no vetor pSV268 que fornece a fusdao a MBP e a clivagem desta cauda
fusionada com trombina; expressao e purificacdo da proteina;
- Clonagem, expressao e purificacdo em diferentes vetores e diferentes linhagens

de Pichia pastoris.

7.3. PROTEINA ABC1

- Clonagem e expressao em outros sistemas de expressdo ainda nao testados para

esta proteina (e seus dominios) visando a solubilizacao.

- Obtencao da estrutura em cristal
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8. CONCLUSOES

Com base nos resultados obtidos neste trabalho, foi possivel concluir que:

(1) A proteina PWL2D é super-expressa na forma soluvel se estiver sem o seu
peptideo sinal e for fusionada a cauda de tiorredoxina.

(2) Os resultados estruturais obtidos indicam que PWL2D possivelmente é uma
proteina efetora intrinsecamente desordenada.

(3) Os resultados estruturais obtidos permitiram a elaboracdo de um modelo para
explicar a mudanca do estado de resisténcia do hospedeiro de M. grisea quando
0 patégeno fungico carrega o gene PWLZ, para o estado de susceptibilidade
quando o patogeno flingico carrega o gene PWL2ZD.

(4) A xilanase XYL5 e seu dominio catalitico apresentam atividade xilanolitica
mesmo se fusionadas a MBP e em um sistema de expressado procariético

(5) Esta é a primeira vez que se descreve a expressao e a caracterizacao estrutural
de PWL2D, e a expressdo e a caracterizacdo funcional parcial de XYL5 - duas

proteinas evolvidas na patogenicidade de M. grisea.
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Abstract Urvillea chacoensis is a climber with 2rn = 22
and some terminal AT-rich heterochromatin blocks that
differentiate it from other species of the genus. The
AT-rich highly repeated satellite DNA was 1solated from
U. chacoeensis by the digestion of total nuclear DNA with
HindlIIl and Xbal and cloned in Escherichia coli. Satellite

DNA structure and chromosomal distribution were inves-

tigated. DNA sequencing revealed that the repeat length of
satDNA ranges between 721 and 728 bp, the percentage of

AT-base pairs was about 72-73% and the studied clones
showed an identity of 92.5-95.9%. Although this monomer

has a tetranucleosomal size, direct imperfect repetitions of

~ 180 bp subdividing it in four nucleosomal subregions
were observed. The results obtained with FISH indicate
that this monomer usually appears distributed in the ter-
minal regions of most chromosomes and is associated to
heterochromatin  blocks observed after DAPIL staining.
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These observations are discussed in relation to the satellite
DNA evolution and compared with other features observed
in several plant groups.
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Introduction

Urvillea Kunth (Paullinieae, Sapindaceae) comprises 17
species and is widely distributed in the neotropical regions
of America,
Argentina (Ferrucei 2006). Urvillea has two basic chro-
mosome numbers, x = 12 (Stenelytron). with a single
diploid level, and x = 11 in section Urvillea. with diploid,

from southern United States to northem

tetraploid. and octaploid levels (Lombello and Forni-Mar-
tins 1998; Ferrucct 2000; Urdampilleta et al. 2006).
Urvillea chacoensis Hunz. is a climber that occurs in
“chaquena™ regions from Argentina, Brazil and Paraguay.
Ag the other species of the Urvillea section, its diploid
number is 2n = 22 (Ferrucci 2000; Urdampilleta et al.
2006), but it is cytogenetically differentiated by the pres-
ence of large terminal AT-rich heterochromatin blocks and
three chromosome pairs bearing NOR (Urdampilleta et al.
2006).

Highly repetitive DNA appears to be one of the main
components of plant genomes, and changes in these
sequences may be responsible for the variations in genome
size and Kkaryotypical features (Flavell 1986; San Miguel
and Bennetzen 1998). Different types of repetitive DNA
exist within each genome, and the satellite DNA (satDNA),
which is formed by tandemly arranged monomers of tens to
thousands base pairs (Charlesworth et al. 1994), often
heterochromatin 100 Mb.

constitutes blocks up to
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Additionally, the whole heterochromatin of a genome can
be composed of different families of satellite DNA (Kurbis
et al. 1998: Sharma and Raina 2005), which can also be
located or accumulated in specific chromosomal positions
(Flavell 1986). Some new sequences of satDNA have
recently been reported and a database was created to
understand the evolution and distribution of satDNA in
plant genomes (Macas et al. 2002). Since satDNA can be
species-specific or typical to some groups of species
(Schmidt et al. 1991; Svitashev et al. 1994), it represents a
useful tool in the field of taxonomy.

Different techniques can be used to isolate satellite
DNA, as centrifugation in density gradients (Deumling
1981), screening of fractions referred to as low Cot DNA
(Neumann et al. 2001; Ho and Leung 2002), purification
and cloning of band fragments obtained by gel electro-
phoresis of enzyme-digested genomic DNA (Kato et al.
1984; Ganal and Hemleben 1986; Lakshmikumaran and
Ranade 1990; Lorite et al. 2001) and genomic self-priming
PCR (GSP-PCR) (Buntjer and Lenstra 1998; Macas et al.
2000). Since we intended to characterize and localize a
satellite DNA family of U. chacoensis in situ, we isolated
and characterized satDNA sequences by purifying and
cloning fragments of enzyme-digested genomic DNA. To
do so, this marker was FISH mapped and the results were
matched with the distribution of 458 rDNA loci and the
heterochromatin pattern obtained with DAPL

Materials and methods
Plant material

Seeds of U. chacoensis obtained from the voucher speci-
men U. chacoensis: Bolivia. Dpto. Chuquisaca. Prov.
Calvo, 22 km N de Tarairi camino a Boyuibe, 18VII 2003,
Ferrucci et al. N” 1763, deposited at the herbarium of the
Instituto de Botdnica del Nordeste (CTES), Argentina,
were collected and cultivated in pots under greenhouse
conditions.

Isolation of genomic DNA, cloning and sequencing
of repetitive DNA fragments

Leaf genomic DNA was isolated according to the method
described by Hoisington et al. (1994) and digested with
Hindlll and Xbal. The selected bands of about 750 bp were
cluted and purified from the agarose gel. The fragments of
repetitive DNA were cloned using Escherichia coli DH5x
as host and pBluescript KS plus (Stratagene) as vector.
Colonies containing recombinant plasmids were identified
for selection on LB agar medium supplemented with X-gal
and IPTG. Recombinant plasmid was isolated using

fa Springer

alkaline minipreparation procedure and the insert nucleo-
tide sequences were determined with an ABI377 automated
DNA sequencer (Applied Biosystems). Sequences were
analysed with Lasergene 7 (DNAStar, Madison, WI, USA)
and aligned by using the ClustalW option of the MegAlign
program.

Preparation of mitotic chromosomes

Root tips were pretreated with 2 mM 8-hydroxyquinolin
for 4-5 h at 15°C, fixed in ethanol-acetic acid (3:1, v:v)
and digested at 37°C in a solution composed of 2% cel-
lulase and 20% pectinase. After squashing the meristems in
a drop of 45% acetic acid, the preparations were frozen in
liquid nitrogen and the coverslips were removed. To
identify AT-rich heterochromatin blocks, slides were
stained with 2 mg ml~' DAPI for 30 min and mounted
with glycerol/Mcllvaine buffer pH 7.0, 1:1 (v:v), plus
2.5 mM MgCls.

Fluorescent in situ hybridization

To compare the distribution of satDNA sequences in
relation to genes of rDNA and to DAPI heterochromatin
pattern, we used probes marked with nick translation.
Recombinant plasmids isolated by alkaline miniprepara-
tion containing 18S5-5.85-26S rDNA of wheat (pTa7l)
(Gerlach and Bedbrook 1979) was labeled with biotin-14-
dUTP (Bionick, Invitrogen) and the cloned fragments of
satDNA were labeled with DIG (DIG Nick translation
mix, Roche). In situ hybridization followed the protocols
of Heslop-Harrison et al. (1991) and Schwarzacher and
Heslop-Harrison  (2000).  Slides incubated in
100 pg ml~! RNAse, post-fixed in 4% (w/v) parafor-
maldehyde, dehydrated in a 70-100% graded ethanol
series and air-dried. Later, 30 pl of the hybridization
mixture (46 ng pl=" of probe, 50% (v/v) formamide,
10% (w/v) dextran sulfate, 3.3 ng ul™' of calf thymus
DNA, 2x SSC and 0.3% (w/v) SDS), previously dena-
tured at 70°C for 10 min, were applied. Samples were
denatured/hybridized at 90°C for 10 min, 48°C for
10 min and 38°C for 5 min, using a thermal cycler
(Mastercycler, Eppendorf) and the slides were kept
overnight in a humid chamber at 37°C. Hybridization
signals were detected with avidin-FITC (Sigma) for
pfa7l and anti-DIG-Rhodamine (Roche) for satDNA.
The slides were counterstained with DAPI and mounted
with 25 pl of VectaShield (Vector Laboratories). Photo-
micrographies were obtained with a BX51 Olympus
coupled to an Evolution MT CCD photosystem and
Image ProPlus v6 software was used to capture the
images.

were
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Results
Isolation of Uch725 satellite DNA

The genomic DNA of U. chacoensis digested with Hindlll
and Xbal showed clear electrophoretic bands at ~ 750 and
1.500 bp (Fig. 1), indicating the presence of tandemly
arranged repetitive elements in the genome. Such band
pattern suggested the presence of satDNA with a site for
HindlIl and another one for Xbal in the same repetitive
units. The 750 bp repetitive DNA fragments cloned and
sequenced represent monomers of satDNA with ~725 bp.
since they ranged between 721 and 728 bp in all the
studied clones. The pUchl. pUch6 and pUch8 clones
contained the monomer element digested with HindIII and
the pUchll, pUchl3 and pUchl5 clones contained the
monomer element digested with Xbal. Figure 2 shows the
aligned nucleotide sequences of the studied clones and a
sequence analysis revealed some differential characteristics
of these sequences. The satDNA family was thus named

Fig. 1 Restriction enzyme
analysis of total genomic DNA
of U. chacoensis. Genomic
nuclear DNA digested with
HindIIl (A) and Xbal (B) and
restriction fragments resolved
on 1% agarose gel. M, 100 bp
leader

Uch725. This repetition unit possesses a restriction site for
HindlIll and another one for Xbal, separated by 53-54 bp.
which allows to obtain fragments of equal size after the
digestion of the genomic DNA. The analyzed sequences
were highly AT-rich. with 72.1-73.2% of A or T, and an
identity of 92.5-95.9% was observed in the studied clones.

Although no significant inverted repetition was detected
within the repetition units, we observed direct imperfect
repetitions of ~ 180 bp. These subrepetitions allow to
divide the monomer in four sub-regions (Fig. 2). The
alignment of these sub-regions (Fig. 3a) showed an identity
of about 70-80% (Fig. 3b).

Karyotypical features in U. chacoensis

Urvillea chacoensis, with 2n = 22 chromosomes, which
are mostly metacentrics, showed several large terminal
heterochromatic blocks after DAPI staining (Fig. 4a). The
six longest chromosome pairs showed heterochromatin
blocks in both terminal regions, while the smallest chro-
mosomes showed small bands at their tips or no band at all.
This banding pattern indicates the presence of a high pro-
portion of AT-rich heterochromatin, usually located in the
subtelomeric regions. FISH using the pTa71 probe (18-5.8-
265 rDNA) located terminal signals in the short arms of
three chromosome pairs (live sites were observed in
Fig. 4b, d). DAPI"T bands were not observed in the short
arms in NOR carrier chromosomes.

The DAPI banding pattern coincided with the hybrid-
ization sites of the pUch6 probe (Fig. 4). The hybridization
signals with the pUch6 probe were detected in the two
terminal regions of the six largest chromosome pairs. Two
chromosome pairs exhibited pUch6 signals in the terminal
region of the long arm, and of three small chromosome
pairs, only one showed reliable hybridization signals in
both terminal regions. Some chromosomes presented
hybridization signals with both the pUch6 and pTa7l
probes, but pTa7l hybridized at terminal regions of short
arms, while pUch6 hybridized at long arms (Fig. 4b-d).

Discussion

The results obtained with DAPI banding and in situ
hybridization with the pTa71 probe coincide with the
observations by Urdampilleta et al. (2006) for U. chaco-
ensis. In addition, in our study. the coincident DAPI
banding pattern and FISH with satDNA probes suggest that
this satellite DNA represents a structural component of the
heterochromatin blocks within the U. chacoensis genome.
Our results confirmed the presence of a high proportion of
subterminal AT-rich heterochromatin with an equilocal
distribution.
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k75

< Fig. 2 Sequence analysis of the studied clones. a Alignment of the
six clones, pUchl, pUch6, pUch8, pUchll, pUchl3 and pUchl5.
Imperfect direct repeats are indicated by arrows. b satDNA monomer
scheme showing subunit with arrows

According to Urdampilleta et al. (2006). some Karyo-
typical features in U. chacoensis are important and allow to
distinguish this species from other species of the Urvillea

U. filipes, for example, do not present C-bands, but these
authors reported small, scarce DAPIT sites in U. laevis. On
the other hand. U. ulmacea showed abundant terminal
C-bands constituted by CMA;*. and DAPIT bands in
several chromosomes. GC-rich terminal regions (CMA3;™)
may be associated to NORs in U. chacoensis, but not in
U. ulmacea (Urdampilleta et al. 2006). These results also

confirm that the heterochromatin is not homogeneous and

genus (Urdampilleta et al. 2006). Urvillea laevis and san vary both qualitatively and quantitatively among the

Fig. 3 Alignment of all four pUché I  CTTTTCTCCTAAGAATCCATAGTAATGGAATCTACTGRAATTTCCGTACAAGTATTTGAATT 62
2l
subrepetitions of pUch6 (a) and pUché 1I 62
percent identity of sequences of pUsheé :LII 62
: he IV 62
each sub-region (h) ple &
pUché I 120
pUch6é II ..T....TTTT...T...G....G.uuuun B s as Tevon. TGevwnnnn A.G.A..C 124
pUch® TII valiwev===TiweTieiGeiBTs Tivi e i i TovBis v wevvnsGrheeC 121
pUché IV ..G....-——.A...... < 10 c N A s sansime A.A..C 121
pUché I  AGGAAATCTTAATATTTAATGTTCTTAAAATARATCCCAAACCATTTTATTTATTTTTATA 181
pUché II T..... (Y oA feloy COT C...CA-———.TA.C..A..C...G.CCGA. 181
pUch6 III ...... CREYL S i las GiBesorennsns Gisn BTy TR MEA, (G iriass GA. 182
pUché IV TA....Cuevuvuvennn GURAT Lol oo Baion PR T o o TRGA DR s cssivmv o c.aG 182
B
I ] ] Y
| el 70.2 75.1 76.2
] bt 79.6 76.2
1] bk 74.7
N —

rDNA 18-5.8-268
]’!l 'ch6/DAPI

il
EpEpEIEymyEyEpSEE

rDNA 18-5.8-268 using pTa71 probe; ¢ terminal distribution of
Uch725 family observed for FISH with pUch6 probe; and d idiograms
by indicating the localization of rDNA and satDNA. Bar = 5 um

00oQg
o

Fig. 4 Chromosome banding and fluorescence in situ hybridization
in metaphasic chromosome of U. chacoensis. a AT-rich heterochro-
matin terminal blocks observed with DAPI staining; b localization of
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species, within a same group (Guerra 2000), valuing these
features as taxonomic markers.

The occurrence of AT-rich terminal repeated sequences
is a frequent characteristic in plant genomes (Flavell 1986:
Kurbis et al. 1998; San Miguel and Bennetzen 1998). The
sequence analysis of plant genomes also emphasizes that
~060% of the satDNA families studied are AT-rich
sequences (Macas et al. 2002) and the comparison of
banding patterns in different plant groups suggests that the
proportion of species with AT-rich heterochromatin is even
higher (Guerra 2000). These data thus suggest that the
distribution and chemical composition of these sequences
are not casual and might be related to still unknown
functions of the genome structure.

In plants, the size of the satellite DNA usually varies
between 135-195 and 315-375 bp. corresponding to the
length of mono and dinucleosomes (Macas et al. 2002;
Sharma and Raina 2003). However, some plants have
satellite DNA with monomers longer that 600 bp. Secale
cereale, for example, presents satDNA with units of rep-
etition of 3,900 bp (Langdon et al. 2000). In U. chacoensis,
monomers of the Uch725 family show a size similar to that
of the satDNA found in Aegilops speltoides (Anamthawat-
Jonsson and Heslop-Harrison 1993), Allium fistulosum (Seo
et al. 2007). Rumex acefosa (Shibata et al. 2000). Sinapis
arvensis (Kapila et al. 1996). Nevertheless, no homology
was the GenBank and EMBL databases for
Uch725, indicating that these sequence may be typical of
Urvillea group.

Heterochromatin was first identified by Heitz (1928) as a
cytological event to describe condensed regions in the
interphase. Although these structures have long been con-
to be DNA without any different
functions have been attributed to them these last decades
(Yunis and Jasmineh 1971; Sykorova et al. 2001), which
guarantees their maintenance. Both in mammalian and
plant cells, bulk chromatin presents a nucleosome period-
icity of 180 & 5 bp (Fajkus et al. 1995; Vershinin and
Heslop-Harrison 1998) and the satDNA monomers often

found in

sidered function,

correspond to mono or dinucleosomes (135 and 195 or 315
and 375 bp) (Macas et al. 2000: Sharma and Raina 2005).
Therefore, the satDNA could provide structural genetic
codes for the chromatin packing (Trifonov 1989). Syko-
rova et al. (2001) found that satDNA sequences favor the
transition between telomeric domains and internal chro-
directly in the
stabilization and regulation of genes from subterminal
regions. As in U. chacoensis, various [amilies of repetitive
DNA oceur in the subterminal regions of plants and con-
stitute the so called telomere-associated sequences or TASs
(Sharma and Raina 2005). In U. chacoensis, the presence
of four subrepetitions of ~ 180 bp (tetranucleosome)
within the satDNA monomer suggests that this substructure

mosomal regions, acting telomeric

@ Springer

may be directly related to the establishment and packing of
chromatin in terminal regions.

The phylogeny within Sapindaceae is not well resolved,
since the tribal classification of many genera is confuse
(Harrington et al. 2005). Studies on the presence and dis-
tribution of satellite DNA can contribute to understand the
evolutionary aspects of the genome and thus to establish
the taxonomy of some groups (Schmidt et al. 1991; Svi-
tashev et al. 1994). The pUch6 probe, isolated from U.
chacoensis, has being previously tested in other species of
Urvillea and genera of Sapindaceae. tribe Paullinieae. For
the time being no signals were displayed after of hybrid-
ization with pUch6 probe in Cardiospermum grandiflorum
Sw.. Paullinia elegans Cambess. and U. ulmacea Kunth.
However by mean of PCR and by using primers designed
from pUch6 were detected some products possibly related
to Uch725 (Urdampilleta et al. in preparation). As the
genomic studies on this family are scarce. the isolation of
Uch725 satellite DNA in U. chacoensis offers an important
chromosomal marker. whose presence and distribution in
related species and genera might contribute to the sys-
tematic of Paullinieae.
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The genome data of bacterium Xylella fastidiosa strain 9a5c has identified
several orfs related to its phytopathogenic adaptation and survival. Among
these genes, the surE codifies a survival protein E (XfSurE) whose function
is not so well understood, but functional assays in Escherichia coli revealed
nucleotidase and exopolyphosphate activity. In the present study, we report
the XfSurE protein overexpression in E. coli and its purification. The over-
all secondary structure was analyzed by CD. Small-angle X-ray scattering
and gel filtration techniques demonstrated that the oligomeric state of the
protein in solution is a tetramer. In addition, functional kinetics experi-
ments were carried out with several monophosphate nucleoside substrates
and revealed a highly positive cooperativity. An allosteric mechanism
involving torsion movements in solution is proposed to explain the cooper-
ative behaviour of XfSurE. This is the first characterization of a SurE
enzyme from a phytopathogen organism and, to our knowledge, the first
solution structure of a SurE protein to be described.

Structured digital abstract

* MINT-7262492:  XfSwE (uniprotkb:Q9PF20) and XfSurE (uniprotkb:Q9PF20) hind
(MI:0407) by x ray scattering (M1:0826)
* MINT-7262504: XfSwE (uniprotkb:Q9PF20) and XfSurE (uniprotkb:Q9PF20) hind

(MIL:0407) by molecular sieving (ML:0071)

Introduction

Phytopathogens attacking

economically

important strain 9a5c is the causal agent of citrus variegated chlo-

crops are a major concern around the world. Tt is gen-
erally believed that, worldwide, up to 20% of potential
crop yields are lost. Bacterial plant diseases are most
severe in the tropical regions, where their effects can be
disastrous [1]. Throughout the Americas, the bacterium
Xylella fastidiosa infects a wide range of hosts, includ-
ing grape, almond, peach and citrus [2,3]. In Brazil, the

Abbreviations

rosis [4,5], which is a disease that attacks sweet orange
trees and causes financial losses of up to US$ 280~
320 million per year (http://www.fundecitrus.com.br).
In the Xylella genome, there are 220 genes whose
functions have been predicted on the basis of compara-
tive sequence analysis, although they were not classi-
fied into a particular metabolic pathway (http://www.

ASU, asymmetric unit; PDB, Protein Data Bank; pNPP, pnitrophenyl phosphate; SAXS, small-angle X-ray scattering; Surk, stationary phase

survival protein E.
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xylella.Incc.br) [6]. Among them, orf XF0703 encodes a
stationary phase survival protein E (SurE). The surE
gene is widely spread among archea, eubacteria and
eukaryote species and, apparently, is well conserved
[7]. orf XF0703 has 789 bp and its correlated protein
(XfSurE) has 263 amino acids (28.3 kDa) and a theo-
retical pI of 5.23. The N-terminal primary structure
has strong similarity with other previously studied
SurEs (Fig. 1).

The surE gene was first identified in Escherichia coli
and belongs to an operon related to the stationary
phase survival protein cluster coded by surE-pcem-nlpD-
rpoS genes [8]. In Xylella, this operon has a different
genome architecture (surE-pem-dedA-nplD), where the
rpoS gene, an alternative RNA polymerase sigma fac-
tor that is expressed during the stationary phase, is not
found [9]. As in E. coli, the Xylella surE gene has a
four nucleotide overlap with pem and the two consti-
tute a bicistronic operon. These genes are highly
expressed during the stationary phase in E. cofi. The
PCM protein is involved in rescuing cells from damage
caused by isoaspartyl residues that are formed during

AL Saraiva et al.

stress by the conversion of asparagines and aspartate
residues [10]. Assays with double mutant pem/surE
strains show isoaspartyl residue accumulation but,
interestingly, in the pem single mutant strain, the surE
gene appears to supress this phenotype [11]. These
results corroborate the hypothesis that SurE and PCM
proteins act in a coordinated manner to maintain cell
viability during stress [11,12].

Despite previous studies, the function of the SurE
protein is not completely known, nor is its catalytic
mechanism. Recently, this protein was reclassified as a
nucleotidase (nucleoside 5-monophosphate phospho-
hydrolase; EC 3.1.3.5) because of broad specificity to
5(3') nucleosides in addition to exopolyphosphatase
activity [13]. Thus, SurE protein may be involved in
pathway regulation of DNA and RNA synthesis [14]
or, in another hypothesis, it comprises a housekeeping
enzyme implicated in noncanonical nucleoside catabo-
lism [15,16]. Five crystallographic structures of SurE
have so far been characterized, obtained from Thermo-
toga maritima (TmSurE) [17,18]. Pyrobaculum aerophy-
lum (PaSurE) [7]. Thermus thermophylus (TtSurE) [19],

Fig. 1. Multiple sequence alignment of SurEs using cLustaLwz [49] and Genepboc [50], with identities given in parentheses. XfSurk, X. fastidi-
osa; StSurE, S. typhimurium (54%); EcSurE, E. coli (54%); AaSurE, A. aeolicus (42%); TmSurE; T. mantima (37%); TtSurE, T. thermophylus
(36%); Pasurk, P. aerophylum (30%) and CjSurk, C. jejuni (33%). Letters shaded in black indicate residues that are identical in at least four
of the SurEs. Conserved substitutions are shaded in grey. Amino acids implicated in metal coordination and catalysis are highlighted in blue
and AspB is shaded in red. Secondary structure elements (orange sticks for o-helix and green arrows for p-sheet) predicted from XfSurE
sequence with psiPRED [51] are also indicated. The blue double-arrow designates the regions corresponding to the functional loop, and two

B-sheets involved in tetramerization are enclosed in red rectangles [19].
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Aquifex aeolicus (AaSurE) (not described in the litera-
ture) and, recently., Salmonella typhimurium (StSurE)
[20]. The protein from Campylobacter jejuni (CjSurE)
is under investigation [16].

In the present study. to provide a better understand-
ing of SurE protein function, and as part of our efforts
aiming to characterize possible pathogen-related pro-
teins from X. fastidiosa [21-24], we report the overex-
pression, purification and characterization of a new
SurE protein. This is the first characterization of a
SurE enzyme from a phytopathogenic organism. In
addition, modelling approaches based on small-angle
X-ray scattering (SAXS) data were used to obtain
information on of the overall shape of this protein,
permitting the identification of structural features simi-
lar to those of the SurE family of proteins. These stud-
ies, associated with kinetics parameters, indicate that
XfSurE has different features from the previously
described SurE proteins. Therefore, this present study
not only contributes to a better understanding of the
SurE family of proteins, but also adds new informa-
tion on the metabolism and phytopathogenicity of
X. fastidiosa.

Results and Discussion

Cloning, expression and purification

The X. fastidiosa genome has provided important
information on bacterial metabolism and pathogenesis
[6]. In this context, several orfs were identified whose
functional and cellular roles are so far not well under-
stood. To better comprehend the bacterial metabolism
as well to contribute to the current knowledge about
the SurE protein family, we have studied the X. fastidi-
osa SurE protein. Despite early functional and bio-
physical studies of SurE proteins, important questions
remain unanswered and the establishment of efficient
expression and purification procedures for the produc-
tion of XfSurE protein was first required in order to
obtain sufficient protein for functional and biophysical
experiments.

The orf XF0703 was successfully cloned into the
pET29a expression vector. In E. coli overexpression
assays, the best results were obtaining by harvesting
cells 20 h post-induction, using lactose 5.6 mm as the
inductor agent. Approximately 20 mg of soluble
XfSurE protein was obtained per litre of culture,
despite the fact that part of the protein was expressed
in insoluble form. The purification of the recombinant
XfSurE was performed by immobilized metal ion affin-
ity chromatography using nickel, resulting in a large
quantity of purified XfSurE obtained in elution frac-

FEBS Journal (2009) @ 2009 The Authors Journal compilation © 2009 FEBS
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tions over a imidazol concentration range of
250-500 mm. A single band with approximately
30 kDa (XfSurE plus His-Tag C-terminus) was

obtained by SDS-PAGE.

cD

To investigate the secondary structural integrity of
recombinant XfSurE, CD spectra were obtained at pH
7.0. Analysis of the data using CDSSTR indicated that
XfSurE is mainly composed of a-helices (31%) and
B-sheets (20%). These results are in agreement with the
predicted secondary contents obtained with PSIPRED
(29% o-helices and 20% pB-sheets) and also are compat-
ible with the data from the crystal structures of SurEs
described in the literature that are composed of Ross-
mann-like domains with a swapping domain [18], thus
indicating that the purified recombinant protein was
folded and stable at room temperature.

Size exclusion chromatography

The oligomeric state of SurE proteins in solution is
currently not well understood. In 7. maritima, TmSurE
was found as dimers [17] or both dimers and tetramers
[18]. PaSuE, CjSurE and StSurE exist as dimers
[7.16,20] and TtSurE was described as existing in equi-
librium between dimers and tetramers [19]. Size exclu-
sion assays with FEcSurE indicated a tetrameric
organization [13].

Studies using gel filtration and SAXS analysis point
to a tetrameric form of XfSurE in solution. Gel filtra-
tion revealed that XfSurE appears during column elu-
tion as a single peak between the aldolase (158 kDa)
and conalbumin (75 kDa) peaks (Fig. 2). According to
a calibration curve, this XfSurE peak corresponds to a
calculated molecular mass of 117 £ 1 kDa, therefore
being equivalent to the expected mass of a tetramer.

Enzymatic assays

Initial enzymatic assays involving XfSurE were per-
formed using the artificial substrate p-nitrophenyl
phosphate (pNPP) to determine the best pH and cofac-
tor, as well the kinetic parameters. As shown in
Fig. 3A, the enzyme has highest activity at pH 7.0.
The optimal pH is the same as those of EcSurE and
StSurE [13,20], suggesting that, in mesophylic organ-
isms, the enzyme acts at neutral pH. in contrast to
thermophilic bacteria where the activity changes
depending on the organism.

Various divalent metals were tested to determine the
best cofactor with pNPP (Fig. 3B). The enzyme exhib-
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ited the highest affinity with Mn®>", followed by
Co*" > Mg>" > Ni*". From all characterized
SurEs, only EcSurE [13] has a preference for manga-
nese, whereas, in the other SurEs, the preference is for
magnesium, Kinetic assays with pNPP (Fig. 30)
showed that, with this substrate, the enzyme has a
classical Michaelis-Menten behaviour. with
Ky = 32 mmMm. This value is higher than that found
for EcSurE (K, = 2.49) and TtSurE (K,, = 2.9), but
below that of StSurE (K, = 4.8). These results
demonstrate that the enzyme has low affinity for this
substrate.

Several phosphorylated substrates were screened.
The results obtained indicate that XfSurE has activity
only against monophosphate nucleosides (Fig. 3A).
The enzyme has higher activity with purine nucleosides
(3¥-AMP > 5-dGMP > 5-dAMP > 5-AMP), but
did not exhibit a clear preference between ribo- or
deoxyribonucleotide and 3 or 5 monophosphate
nucleosides. This is consistent with the classification of
SurE as a member of 5'(3") nucleotidase. family [13].

Functional experiments with four natural substrates
showed that the best divalent metal was Mn>" for all
of them. Moreover, the ions Mg®>" and Co®" were
demonstrated to be alternative metal options for
Y-AMP, 5-dAMP and 5-AMP substrates, and Co’"
and Mg>" for 5-dGMP (Table 1).

Interestingly, kinetic experiments with natural sub-
strates revealed new catalytic properties of XfSurE. Tt
was clearly demonstrated that, in the presence of natu-
ral substrates, XfSurE exhibits an allosteric behaviour
with a sigmoidal fit for 3-AMP (Fig. 3C) and other
substrates (Table 1). The kinetic values obtained dem-

A. Saraiva et al.

onstrated that XfSurE possesses the highest affinity for
3-AMP (K5 = 0.16), followed by 3-dAMP, 5%
dGMP and 5-AMP. These results are similar to the
K, range of EcSurE (0.10-0.37 mm) [13]. Allosteric
behaviour was found for EcSurE only in the presence
of polyphosphate substrates, where the enzyme had an
exopolyphosphate activity with a Hill coefficient of
1.86. In XfSurE, where allosteric behaviour was found
for nucleotidase activity, the positive cooperative
behaviour was higher, with a Hill coefficient of 2.6 for
the 3-~AMP substrate. Other nucleotidases with alloste-
ric properties have been characterized, such as the
secreted S-nucleotidase from Trichinella spiralis (Hill
coefficient of 1.56 for AMP) [25] cytosolic nucleotidase
from chicken [26] and human cytosolic 5’-nucleotidase
1T [27-29]. These findings indicate that XfSurE possibly
is a regulatory enzyme and that it is modulated most
likely by purine nucleoside byproducts originating
from an intricate bacterial metabolism.

Similar to EcSurE, the XfSurE enzyme is inactive
towards 5-ATP. To investigate a possible inhibition of
XfSurE activity by 5-ATP, an inhibition curve was
obtained in the presence of 3-AMP (Fig. 3G). The
enzyme is inhibited in a dose-dependent manner, simi-
larly to EcSurE [13]. XfSurE lost 50% of this activity
in the presence of 0.86 mm 5-ATP (K; = 0.43 mm).

Structure analysis

SurE structures

Figure 1 shows a sequence alignment of XfSurE with
the seven most identical homologues. The crystallo-
graphic structures of five homologous proteins have
been previously reported both in apo and holo forms.
Apo structures from P. aerophylum [PaSurE; Protein
Data Bank (PDB) entry 1L5X] [7] and A. aeolicus
(AaSurE; PDB entry 2PHIJ) (not described in the liter-
ature) as well as a holo form with magnesium ions of
T. maritima (TmSurE; PDB entry 1J9J) [17.18] have
been determined in a crystal form containing a dimer
in the crystal asymmetric unit (ASU). T. thermophylus
SurE structures were determined in different crystal
forms, in particular, the apo structures TtSurEl (PDB
entry 2E69; space group P3,21, with a tetramer in the
ASU) and TtSurE3 (PDB entry 2E6G; space group
P2,2,2;, with three tetramers in the ASU) and the
complex TtSurE-MnAMP with Mn®>" and AMP
(PDB entry 2E6C; space group P3,21, with one tetra-
mer in the ASU). Sulfate and phosphate ions from the
crystallization buffer were observed in both apo struc-
tures [19]. Recently, the crystallographic structure of
SurE from S. typhimurium in the presence of magne-
sium ions was determined in two different crystal
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Fig. 3. Functional assays involving XfSurk enzyme. (A-C) Hydrolysis of the artificial substrate pNPP. (A) pH dependence of XfSurE in differ-
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tion by ATP (0-2 mm) in the presence of 2.5 mm 3-AMP.

Table 1. Kinetic parameters and metal predilection for several substrates of XfSurk.

Substrate Ko.5 (M) Vi ([aMi(minmg ™)) Hill coefficient Metals

pNPP 32 +04 8.8+ 0.2 1.18 + 0.09 Mn2* > Co?*
3-AMP 0.16 + 0.01 296 + 0.03 2.67 + 0.09 Mn?* = Mg?*
5-dAMP 0.41 +0.03 0.859 + 0.001 29+ 0.1 Mn?* > Mg?*
5-AMP 0.79 + 0.05 0.55 + 0.02 26+02 Mn2* > Mg?*
5-dGMP 0.50 + 0.07 226+ 0.08 26+03 MnZ* > Co?*

forms [20], which will be referred to as StSurEl (PDB
entry 2V40, whose crystals contain a tetramer in the
ASU) and StSurE2 (PDB entry 2V4N, where the ASU
contains a monomer). In addition, a report on the
crystallization of SurE from C. jejuni (CjSurE) in two
crystal forms containing either a dimer or a tetramer
in the ASU is available [16].
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It is important to note that the crystal ASU does
not necessarily reflect the protein structure in solution.
Indeed. different oligomers with the same number of
subunits can be generated by the aplication of crystal-
lographic symmetry operations on the molecules
contained in the ASU. and several have
been reported where solution studies were essential to

cases
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provide information on the macromolecular assembly
in solution [30]. In the case of XfSurE homologues,
although various crystal forms were reported, contain-
ing a monomer, a dimer, a tetramer or a combination
of tetramers in the ASU, additional experimental data
other than crystallographic data are necessary to deter-
mine which macromolecular contacts mediate multi-
merization and thus the shape of the probable
biologically relevant oligomer. To our knowledge, this
is the first solution structure of a SurE protein to be
described.

SAXS experiments

SAXS measurements taken at various concentrations
showed that the oligomeric state of XfSurE does not
depend on the protein concentration. Thus, we report
only the data for the sample with a protein concentra-
tion of 12.1 mgmL™', whose experimental curve is
shown in Fig. 4A. The linear behaviour in the Guinier
region (Fig. 4A, inset) indicates a monodisperse sys-
tem, corresponding to a scatlering particle with a
radius of gyration of 32.7 + 0.2 A. The distance dis-
tribution function P(r) obtained from the experimental
data (Fig. 4B) corresponds to a globular molecule with
a maximum intramolecular distance Dy. = 100 A.
Furthermore, the Kratky plot (Fig. 4B, inset), with a
well-defined maximum, indicates that the protein is in
a folded native conformation.

In addition to the gel filtration technique, an esti-
mate of the molecular mass of XfSurE in solution was
obtained by the method described in the Experimental
procedures, using lysozyme (M, = 14.4 kDa) at a
concentration of ¢, = 27.0 mg'mL'I as standard. Val-
ues for /(0) obtained by Guinier analysis for the sam-
ple and the standard were /(0) = 1.9564 x 107" and
I,(0) = 5.8127 x 107% (arbitrary units on the same
scale), respectively, leading to 108 kDa as an estimate
for the molecular mass of the protein in solution, This
value is in agreement (within the error inherent to the
method) with that predicted from the amino acid
sequence for four monomers of XfSurE (i.e. 118 kDa).
Thus, Xf{SurE
solution.

we assume that is a tetramer in

Ab initio shape restoration and structural comparisons

Theoretical scattering curves for different tetramers
obtained from the available crystallographic structures
of XfSurE homologues were computed by crysor [31]
and the values of the parameter y are provided in

Table 2. The best fit was obtained with the homologue
StSurEl. The fit to the experimental curve and the dis-
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Fig. 4. SAXS experiments. (A) Experimental smalkangle X-ray solu-
tion scattering curve of XfSurkE and the linear behaviour observed in
the Guinier plot (inset). The fit to the experimental data calculated
with crysoL [31] for the models StSurE1 and StSurEm is also
shown. (B) Distance distribution function derived from the experi-
mental curve using cNom [42] and the Kratky plot obtained from the
experimental data (inset). P functions for the models StSurkE1 and
StSurEm calculated using crysoL [31) and cnom [42] are also
shown.

tance distribution function are presented in Fig. 4A B.
In both cases, good agreement is observed.

In addition to this preliminary analysis, which
included calculation of global parameters and analysis
of crystallographic structures of homologous proteins,
a low resolution envelope for XfSurE was derived
from the scattering curve. The best results during the
DAMMIF [32] runs were obtained imposing the point-
group symmetry P222 (y = 1.65), followed by P2
(x = 1.89), P1 (y = 2.89) and P4 (x = 10.77). The
final average envelope is shown in Fig. 5, superposed
onto the model StSurEl.

Taken together, the results of the present study
unequivocally indicate that the overall shape of
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Table 2. Structural parameters for Surk tetramers. The tetramers of TmSurk, PaSurE and AaSurE were generated by the application of crys-
tallographic symmetry operators. Further details are provided in the text.

Area (A%
Model Ry (A) % A-B c-D AB-CD Dihedrals (°) dac A s A
StSurEm 32.40 1.502 2185 2403 2057 238 26.7 26.1
StSurET 32.66 2.040 3781 3731 1257 16.2 26.1 2538
TmSurk 32.40 2197 3665 3556 1048 8.9 2285 225
PaSurE 31.68 5.609 2999 2994 2231 -1.9 211 213
AaSurk 31.10 6.439 3621 3620 1434 -32.6 228 225
TtSUrE-MnAMP 30.71 10.355 3272 2980 1815 -16.3 17.9 225
TtSurE! 30,62 10.490 3314 3032 1460 -15.3 18.7 224
TtSurE3 29.97 14.473 2913 2730 2147 -24.8 16.9 16.6

XfSurE in solution is very similar to that of StSurEl,
the tetramer contained in the ASU of the crystallo-
graphic structure of SurE from S. typhimurium.

Rigid-body modelling

As shown in Fig. 4A B, the crystallographic model
StSurEl fits the scattering curve and the distance dis-
tribution function in both anisometry and D, quite
well. Differences observed at higher angles in the scat-
tering profile and small differences in the P(r) function
may be explained by the superposition of the StSurEl

structure onto the XfSurE low resolution envelope. As
shown in Fig. 5 (center), there are lateral empty por-
tions that suggest differences in the B-hairpin (Fig. 1)
responsible for tetramerization in these proteins. To
improve the fit to the experimental solution scattering
curve, we searched for a more suitable model, starting
from the original StSurEl structure and adopting an
approach where protomers A, B, C and D were treated
as rigid bodies subject to two independent movements
with respect to Fig. 5 (left): a translation of protomers
A and D along the z-axis and a rotation of the dimer
formed by protomers C and D around the y-axis.

Fig. 5. Cartoon representation of the crystallographic structure of Surk from S. typhimurium (StSurE1) supemposed onto the XfSurE envelope
reconstructed from the experimental solution scattering curve. The center and right views are rotated clockwise by 90° around the x- and
y-axes, respectively. Protomers A, B, C and D are shown in green, blue, orange and pink in this sequence, with the corresponding Asp8
C, represented as a sphere. With respect to the left panel and the coordinated system of the page, the rigid-body modelling procedure
described in the text involved translations (with respect to the original position) of protomers A and D along the zaxis and rotations of
protomers C and D around the yaxis. The drawing was prepared using pymoL (http:/fiwww.pymol.org).
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Structural changes introduced during the process were
visually inspected by superposing the modified models
onto the experimentally-derived envelope.

A characteristic of the StSurEl tetramer is the dis-
tance of the C, carbons of Asp8 in the monomers
A/C (dac) and B/D (dgp), which are responsible for
the symmetry properties observed in some of the
reported crystallographic structures [19]. This distance
is also correlated with the dihedral angle between the
plane formed by Asp8 C, in protomers ABD and the
plane formed by the corresponding atoms in protomers
BCD (Fig. S1), as well as with the interface area
between the dimers AB and CD. These parameters
have proved to be convenient for structural compari-
son, and the calculated values for various SurE struc-
tures are shown in Table 2.

Translational movement in steps of 1 A and rota-
tions in the range —90° to +90° in steps of 10° were
carried out the y parameter was computed
against the experimental data with crysor [31], result-
ing in the plot shown in Fig. S2. The distances dac
and dpp remained essentialy constant throughout the
process, thus preserving structural symmetry. As
shown in Fig. S2, the value of y for a translation of
approximately 7.5 A is a minimum for several rota-
tion angles, indicating that, in principle, more than
one configuration is possible in solution. Of note,
there is a central local minimum (translation and
rotation of 7.5 A and +25°, respectively), which will
be referred to as StSurEm, for which y = 1.502, and
this is lower than that calculated for the initial model
StSurEl (3 = 2.040). StSurEm has a dihedral angle
(23.8°) higher than that of StSurEl (15.2°) (Table 2)
and a higher interaction surface area between dimers
AB and CD (2057 A? versus 1257 A2 in the case of
StSurEl). The fit to the experimental curve and the
P(r) function corresponding to the StSurEm model
are shown in Fig. 4AB.

It is important to note that the active site of each
protomer as well as other important residues for catal-
ysis (amino acid residues 32-51 in Fig. 1) are located
in the core of the tetramer, a region directly affected
by changes in the interface area AB/CD. Conceivably,
the possible structural configurations mentioned above
may be related to a freedom of movement of the apo
enzyme in solution, which would itself constitute a
mechanism by which XfSurE may regulate the entry of
substrate into the active sites of the tetramer. This
hypothesis is in agreement with (and could provide an
explanation for) the results obtained by the enzymatic
assays, where the Hill coefficients unequivocally indi-
cate the highly positive cooperative behaviour of
XfSurE. Proteins of dihedral groups provide rich struc-

and
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tural variations to build allosteric control [33], as
observed in fructose-1,6-bisphosphatase tetramer [34]
where, in the context of the two-state Monod—
Wyman—Changeux model [35], the T state was associ-
ated with a dimer turned 17° from its position in the
R state, with both coexisting in equilibrium.

Iwasaki and Miki [19] recently proposed for TtSurE
that an observed cooperative behaviour was correlated
with the structural asymmetry inherent in the apo
enzyme, as a result of differences in the distances duc
and dgp (TtSurEl; Table 2). The correlation with a
cooperative behaviour was inferred based on the fact
that the structure of a holo enzyme (TtSurE-MnAMP)
also exhibted the same asymmetry. Thus, it could not
be atributed to the presence of the ligand. However, as
shown in Table 2, in another apo structure (TtSurE3)
determined by Iwasaki and Miki [19], no asymmetry is
observed. Both TtSurEl and TtSurE3 have an ion near
the active site region. The asymmetric apo structure
TtSurEl belongs to a crystal form containing a tetra-
mer in the ASU, whereas the ASU of the apo structure
TtSurE3 contains three tetramers, with all of them
being symmetric. Thus, from a different point of view,
the observed asymmetry cannot be considered as an
intrinsic property of the apo enzyme.

In the case of XfSurE, the data suggest that the
unequivocal positive cooperative behaviour observed is
not related to a permanent structural asymmetry. The
results obtained in the present study provide insight
into a possible allosteric behaviour of the enzyme that
could account for the observed cooperativity. Because
XfSurE may exhibit a twisting movement in solution,
as discussed above, a simple model for an allosteric
mechanism would include two configurations, R and
T, similar to the Monod—Wyman—Changeux model
[35]. Thus, changes in the dihedral angle and accompa-
nying changes in the contact area between dimers
AB/CD would control the access of the substrate to
the active sites of the tetramer.

Experimental procedures

Cloning, expression and purification

The surE gene from X. fastidiosa orf XFO703 was amplified
by PCR using purified genomic DNA as template. The
PCR was carried out using specific primers with restriction
enzyme sites Ndel and Xheol (New England Biolabs,
Ipswich, MA, USA) for cloning in pET2%a vector (Nov-
agen, Madison, WI, USA): forward primer 5-ATAAA
CATATGCGCGTTCTTGTCAGTAA-3  and reverse
primer  5-AAACTCGAGTGTTGGCCAGTCCATGTG-3'
(Invitrogen Life Technologies, Sdo Paulo, Brazil). The PCR
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amplification product was cloned into pET2% and trans-
formed into E. coli DH3-o as the cloning host. Sequencing
of cloned vectors revealed orf XF0703 plus an expected
additional eight carboxy terminus amino acid residues,
including six histidines (LEHHHHHH).

The plasmid containing the surE insert from X. fastidiosa
was transformed into E. coli BL21 (DE3) cells, inoculated
overnight at 37 °C and 300 r.p.m. into 3 mL of TB medium
containing 40 pgmL™"' of kanamycin antibiotic and trans-
ferred to 2L of TB at the same antibiotic concentration.
The cells were grown until Dsg of 0.6-0.8 was reached,
when XfSurE protein overexpression was induced by the
addition of 5.6 mm of lactose followed by cultivation for
20 h at 37 °C and 300 r.p.m. The culture was then centn-
fuged at 3000 g for 15 min at 4 °C and pelleted cells were
resuspended in buffer A (50 mm Tris-HCI, pH 7.5, with
300 mm NaCl) plus 1 mgmL™" lysozyme and 1 mm phen-
ylmethanelsulfonyl fluoride (Sigma Chemical, St Lous,
MO, USA). The cell suspension was let stand for 30 min at
4 °C followed by sonication. Clarification was performed
twice by centrifugation at 27 000 g for 40 min at 4 °C. The
XfSurE protein purification was performed in a single chro-
matography step using a Ni-NTA column (Qiagen, Hilden,
Germany) equilibrated with buffer A. The purified X{SurE
protein was eluted with five column volumes of buffer A
containing 250 mM imidazole and the degree of punty was
estimated by SDS-PAGE. Subsequently, the purified
XfSurE was dialyzed in buffer B (25 mm Tris-HCI, 50 mm
NaCl and 1 mm dithiothreitol). All chemical reagents used
were of the highest commercially available grade.

CD

CD spectra of the purified XFSurE protein were measured
using a Jasco J-810 Spectropolarimeter dichrograph (Japan
Spectroscopic, Tokyo, Japan). The far-UV CD spectra
were generated at 24 °C uwsing XfSurE protein at 6.5 um
in 5mM Tris-H.SO4 buffer at pH 7.0. The assays were
carried out using a 1 mm pathlength quartz cuvette, and
20 accumulations within the range 260-190 nm at a rate
of 50 nmmin~" at 20 °C were recorded for the sample
and averaged. Deconvolution and statistical analysis of
the CD spectra were performed using the DICHROWEB
server [36-38].

Size exclusion chromatography

To assess the oligomeric state of purified XfSurE, gel filtra-
tion chromatography was performed using a Superdex 200
HR10/30 (GE Healthcare, Uppsala, Sweden) prepacked
column. After equilibration of the column with buffer B
(48 mL), the sample was loaded at a flow rate of 0.5 mL:
min~'. The Superdex column was calibrated using HMW
and LMW calibration kits (GE Healthcare) as standard
molecular weight markers.
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Enzymatic assays

Assays with artificial substrate pNPP involving pH, cofac-
tors and kinetics were performed at room temperature and
the data were obtained spectrophotometrically at 410 nm.
The phosphatase activity of SurE protein was screened
against different phosphorylated substrates (amino acids,
sugars, lipids and nucleosides). Kinetic experiments with
four substrates (3'-AMP, 5-AMP, 5-dAMP and 5-dGMP)
were carried out aiming to understand the behaviour of
XfSurE in the presence of these substrates. The phospha-
tase activity with natural
620 nm by the release of free phosphate using the malachite
green method [39]. The experiments were performed in
50 mm Hepes-Na buffer (pH 7.0) with 0.1 mm of Mn?™,
All the reactions were performed in quadruplicate and
repeated three times using 2.5 pg (pNPP assays) and 1.5 pg
(natural substrates assays) of fresh purified protein. Kinetic
parameters were obtained using GRAPHPAD PRISM (Graph-
Pad Software, San Diego, CA, USA). All substrates were
purchased from Sigma Chemical.

substrates was measured at

SAXS data analysis and modelling

The samples of XfSurE were prepared with concentrations
in the range 2.0-12.1 mgmL™" in buffer B (25 mm Tris-
HCI, pH 7.5, 50 mMm NaCl and 1 mm dithiothreitol). SAXS
data were collected at the DO2A-SAXS2 beamline of the
Laboratorio Nacional de Luz Sincrotron (LNLS, Campinas
SP, Brazil) using a 2D position-sensitive MarCCD detector
(Marresearch, Hamburg, Germany). The sample-to-detector
distance was 1306.85 mm, and the X-ray wavelength was
1.488 A. A momentum transfer interval 0.01 < g < 0.24
(A") was covered, where ¢ = [(4n)/(M)]sin 0 and 20 is the
scattering angle. The scattering patterns were measured with
a 3 min exposure time at 20 °C. For each concentration, five
sucessive frames were recorded. Data reduction using FIT2D
[40] included radial integration of the images collected and
normalization to the intensity of the transmitted beam to
build an average scattering curve. No radiation damage was
observed. The average scattering curves underwent conven-
tional Guinier approximation analysis to obtain R, the
radius of gyration of the molecule and f(0), the scatering
intensity at zero angle, assuming Guinier’s law [(q) =
H0)exp(—¢[(R,)/3]) for very small angles (¢ < 1.3/R,)
[41]. More accurate estimates for R, and K0) were obtained
by the indirect Fourier transform method as implemented in
GNOM [42], which also calculates the distance distribution
function P(r), allowing assessment of the maximum intra-
molecular distance (D) and molecule anisometry. Exami-
nation of the Kratky plot [¢°I(g) x ¢]. where the native state
of a compact globular protein, has a characteristic profile,
was employed as a tool to characterize the conformational
state of the protein in solution [43.44]. An estimate for the
molecular mass of the protein was obtamed using a known
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protein collected in the same experimental conditions as a
standard for calibration and the equation [Mc¢/K0)]prowein =
[M e/ 1(0)]sandard, Where, for each species, M is the molecular
mass, ¢ 1s the concentration and f(0) is the scatering inten-
sity at the origin. This method is capable of providing
molecular mass estimates with an error of approximately
10% [45]. The number of subunits (1) and thus the oligo-
meric state in solution was obtained from the known molec-
ular mass of the protein monomer (P) and the relation
n = M/P.

Ab initio dummy bead models were calculated from the
experimental curves using DAMMIF, a faster version of DAM-
MIN [32]. Different point-group symmetres (P1, P2, P4 and
P222) were imposed. The final low resolution 3D envelope
representing the protein was generated by averaging twenty
independent DAMMIF runs, with the soltware DAMAVER and
DAMFILT [46] in the automatic mode. With the objective of
clearer visualization, the average model was represented by
a surface calculated using the software NCSMASK [47].

In parallel to the ab initio methods used to construct a
low resolution envelope from the experimental curve, rigid-
body modelling based on the homologous protein StSurEl
was carried out in an independent fashion. Translation and
rotation movements of the protein subunits were performed
using pymoL (http://www.pymol.org). The discrepancy (x)
between the experimental data and the theoretical scattering
curve computed for each possible model was assessed with
the soltware CRYSOL [31]. Conventionally, the parameter %
provided by CRYSOL 1s used as a measurement of the good-
ness of fit to the experimental data. Structural alignments
were carried out with supcomB [48]. Calculation of interac-
tion surface areas between subunits in oligomers was per-
formed using the software AREAIMOL available in the ccpr4
package [47]. First, the accessible surface area for each indi-
vidual subunit (S;, S;) and the surface of the complex (S;;)
were calculated. The interaction surface area was then
obtained as half of the buried surface area, defined as:
& + §;— Sij-
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The following supplementary material is available:

Fig. S1. Stereoview defining the dihedral angle.

Fig. S2. The parameter y as a function of the transla-
tion and rotation movements.

This supplementary material can be found in the
online version of this article.
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this journal provides supporting information supplied
by the authors. Such materials are peer-reviewed and
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