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RESUMO

Xylella fastidiosa € uma bactéria responsavel por inimeras doencas de plantas em culturas
economicamente importantes ao redor do mundo, incluindo a clorose variegada dos citros. Apds
a infecc@o de seu hospedeiro, as células de X. fastidiosa sao aptas a formarem uma estrutura de
biofilme que bloqueia os vasos xileméticos, levando a uma condi¢ao de estresse hidrico na planta
hospedeira e desencadeando o desenvolvimento da doenga. Tendo como estimulo a relevancia
econOmica da citricultura para o Brasil e, visando reduzir os prejuizos provocados pelos
problemas fitossanitarios que acometem esta cultura, foi realizado um consoércio de pesquisa com
o intuito de se conhecer completamente o genoma da linhagem 9a5c de X. fastidiosa. Inimeras
proteinas associadas com patogenicidade, adaptacdo e sobrevivéncia bacteriana foram
identificadas, incluindo XfDsbC (proteina disulfeto isomerase), Xf5'-Nt (5'-nucelotidase), XfTolB
(proteina de translocacdo B) e XfPal (lipoproteina associada ao peptidoglicano) que foram
caracterizadas neste estudo. Empregando ferramentas de caracterizagdo de proteinas, aspectos
funcionais e estruturais destas quatro proteinas alvos foram avaliados. Dentre os resultados
destaca-se a imunodeteccao de XfDsbC, Xf5'-Nt, XfTolB e XfPal durante as diferentes fases de
formacdo e desenvolvimento do biofilme de X. fastidiosa, que é tido como o principal
mecanismo de patogenicidade deste fitopatdgeno, confirmando a predi¢do inicial de tais
proteinas como associadas a patogenicidade bacteriana. Adicionalmente, resultados funcionais e
estruturais revelaram detalhes finos do papel biolégico desempenhado por cada uma das
proteinas estudadas. Juntos, os resultados apresentados neste trabalho contribuem para o melhor
entendimento de patogenicidade bacteriana, especialmente com respeito ao fitopatogeno X.

fastidiosa.
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ABSTRACT

Xylella fastidiosa is a plant pathogen bacterium responsible for numerous economically
important crops diseases around the world, including the citrus variegated chlorosis. Following
the host infection, the X. fastidiosa cells are able to form a biofilm structure which block the
xylem vessels, leading to a hydric stress condition in the host plant and triggers the desease
development. Given the economic relevance of citriculture for Brazil and in order to reduce the
damage caused by phytosanitary problems that affect the citrus production, a research
consortium was established with the aim to elucidate the complete genome sequence of the X.
fastidiosa 9a5c strain. Numerous proteins associated with bacterial pathogenicity, adaptation and
survival have been identified, including XfDsbC (protein disulfide isomerase), Xf5'-Nt (5'-
nucleotidase), XfTolB (protein translocation B) and XfPal (peptidoglycan-associated lipoprotein)
which were characterized in this study. Using tools for protein characterization, structural and
functional aspects of these four protein targets were evaluated. Among the results, we highlight
the immunodetection of XfDsbC, Xf5'-Nt, XfTolB and XfPal during the different stages of X.
faastidiosa biofilm formation and development which is considered the primary mechanism of
pathogenicity of this pathogen. These findings, confirming the initial prediction that relates such
proteins as associated with bacterial pathogenicity. Additionally, structural and functional results
revealed accurate details of the biological role played by each protein studied. Taken together,
the findings presented in this study contribute to a better understanding of bacterial pathogenesis,

especially with regard to the plant pathogen X. fastidiosa.
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Introducao

1. INTRODUCAO
1.1. Xylella fastidiosa: genoma e citricultura

Dentro do cendrio agricola do Brasil, a citricultura permanece como uma cultura de
destaque do agronegdcio brasileiro. Em nota, a Associacdo Nacional de Exportadores de Suco
Citricos (Citrus/BR) estima que a safra 2011/2012 rendeu aproximadamente US$ 1,5 bilhdo,
sendo o Estado de Sao Paulo o maior produtor do pais.

Tendo como estimulo a relevincia econdmica da citricultura para o Estado de Sdo Paulo
e para o Brasil e, visando reduzir os prejuizos provocados pelos problemas fitossanitarios que
acometem esta cultura, foi realizado um consércio de pesquisa (ONSA — Organizacdo para
Sequenciamento e Andlise de Nucleotideos) com a finalidade de conhecer completamente o
genoma da linhagem de Xylella fastidiosa 9aSc, agente etiologico da Clorose Variegada dos
Citros (CVC) (Lee et al.,, 1991; Chang et al., 1993), isolada em 1992 em pomares de laranja
Valéncia (Citrus sinensis (L.) Osbeck) afetados pela CVC no Estado de Sdo Paulo (Chang et al.,
1993).

X. fastidiosa € um bacilo Gram-negativo (Wells et al., 1987) que se multiplica no xilema
das plantas hospedeiras (Hopkins, 1989) e no lumen do canal alimentar de insetos vetores
(cigarrinhas) (Alves et al., 2008) responsdveis pela transmissdo da bactéria as plantas (Roberto
et al., 1996). Além do citros, linhagens distintas de X. fastidiosa podem atacar outras culturas
(Almeida et al., 2008) incluindo lavouras economicamente importantes como café, ameixa e uva
(Purcell & Hopkins, 1996).

A andlise do sequenciamento da linhagem de X. fastidiosa 9a5c (Simpson et al., 2000),
revelou que seu genoma apresenta um contetido GC de 52.7% e contém, além do cromossomo
principal de 2.679.305 pares de bases (pb), dois plasmideos, pXF51 com 51.158 pb e pXF1.3

1



Introducao

com 1.285 pb. Um total de 2.904 ORFs (Open Reading Frames) foram anotadas, sendo deste
total, 47% semelhantes a proteinas ja descritas em outros organismos. Contudo, ressalta-se a
anotacdo de sequéncias codificantes para proteinas ainda ndo caracterizadas, muitas das quais,
podem estar envolvidas com a patogenicidade desta bactéria.

As proteinas homodlogas foram classificadas em diferentes grupos funcionais

(http://www.lbi.ic.unicamp.br/Xf/). Dentre estas categorias, 220 proteinas foram consideradas
envolvidas com os mecanismos de patogenicidade, viruléncia e adaptacdo. Entretanto, apesar do
sequenciamento completo do genoma de X. fastidiosa ter trazido muitas informacgdes genéticas
sobre esse fitopatdgeno, apenas os estudos funcionais poderdo levar a um melhor entendimento
dos mecanismos de patogenicidade desta bactéria.

Neste sentido, a andlise estrutural e funcional de proteinas de X. fastidiosa,
principalmente aquelas envolvidas com a patogenicidade, viruléncia e adaptacido € de extrema
importancia. Apesar de alguns estudos ja terem sido realizados (Azzoni et al., 2004; Rosselli et
al., 2006; Tranvensolo et al., 2008; Saraiva et al., 2009; Caserta et al., 2010; Toledo et al., 2011;
Rosselli-Murai et al., 2012), as informacdes geradas pelo projeto de sequenciamento desta
bactéria nos permite investigacdes mais detalhadas. Tais esforcos tem contribuido
significativamente para o entendimento do comportamento deste fitopatdgeno no ambiente, bem

como ajudado na elucidacao dos seus mecanismos de patogenicidade.

1.2. Xylella fastidiosa: formacao de biofilme e patogenicidade

Bactérias fitopatogénicas como X. fastidiosa apresentam, na maioria das vezes, um
restrito espectro de hospedeiros, sendo geralmente confinadas a uma tnica espécie ou género de

planta (da Silva et al., 2002; Vojnov et al., 2010). Esta especificidade é garantida pelo produto


http://www.lbi.ic.unicamp.br/xf/
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dos genes de aviruléncia denominados de avr, presentes no patdgeno. Os genes avr
desempenham papel importante na patogenicidade, pois sdo estes que vao determinar o
desenvolvimento ou a resisténcia a doenga (Collmer, 1998).

Uma peculiaridade da andlise do genoma da linhagem 9a5c de X. fastidiosa foi a
descoberta da auséncia dos genes avr (Simpson et al., 2000). Pelo fato de tais genes modularem
a fase de reconhecimento genético entre a planta e o patégeno, a auséncia desses genes indicava
que outros mecanismos de patogenicidade, ndo envolvendo a presenca dos genes avr, poderiam
estar presentes em X. fastidiosa. Dentre estes, a oclusdo fisica do xilema decorrente da
colonizagdo de X. fastidiosa, o sequestro de nutrientes, a producdo de toxinas e o desequilibrio
fitormonal, poderiam afetar o sistema fotossintético de uma planta susceptiveis, sendo apontados
como mecanismos de patogenicidade (Hopkins, 1989).

Fortes evidéncias suportavam a ideia de que, uma vez que as células de X. fastidiosa
eram injetadas nos vasos xilemdticos de plantas hospedeiras, pelos insetos vetores (Homoptera,
Cicadellidae, subfamily Cicadellinae) (Roberto et al., 1996; Alves et al., 2008), elas poderiam se
aderir fortemente a parede do xilema (Purcell & Hopkins, 1996), chegando a obstruir
mecanicamente tais vasos (Chang et al., 1993). Estas evidéncias foram reforcadas apds o
sequenciamento do genoma da linhagem de X. fastidiosa 9a5c, no qual se observou a grande
diversidade de genes relacionados a produgdo de exopolissacarideo (EPS), além da presenca de
inimeros genes para a producao de proteinas de adesao (Simpson et al., 2000).

Subsequentemente, com novos estudos na drea da microscopia e protedmica, nao
demorou muito tempo para se chegar a conclusdo de que X. fastidiosa poderia apresentar, além
do crescimento planctdnico, uma forma de crescimento em biofilme no interior dos vasos do

xilema, sendo tal estrututa o principal mecanismo de patogenicidade desta bactéria.
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A descoberta dos biofilmes microbianos trouxe enorme revolu¢do na microbiologia e
ecologia microbiana. Durante muitos anos, os microrganismos foram comumente descritos como
organismos planctonicos, ou seja, suspensdo de células individuais e de vida livre. Contudo,
atualmente € consenso que diversas espécies de microrganismos crescem predominantemente em
biofilmes em ambientes naturais (Sauer et al., 2002)

Biofilmes podem ser definidos como comunidades microbianas associadas a uma
superficie, sendo muitas vezes denominados de agregados microbianos, nas quais a posi¢ao e as
relacdes espaciais de cada célula do sistema sdo predeterminadas por um ciclo de
desenvolvimento coordenado, mediado por moléculas sinalizadoras e alguns mecanismos de
posicionamento celular (Stoodley et al., 2002).

As fases de desenvolvimento do biofilme microbiano ja foram estabelecidas (Figura
1.1), compreendendo: i) a fase de adesdo inicial, caracterizada pela adesdao de algumas células ou
grupos de células a superficie a ser colonizada; ii) inicio da maturagdo, quando se inicia a fase de
estruturacdo e arquitetura do biofilme; iii) biofilme maduro, quando a densidade celular atinge
seu maior grau e a arquitetura do biofilme € altamente complexa; e iv) fase de dispersao, na qual
alguns grupos de células se destacam do biofilme maduro para colonizarem outras partes do
hospedeiro (Sauer et al., 2002).

Souza et al. (2004) realizaram um estudo da expressao global de genes de X. fastidiosa
comparando as condicdes de crescimento em biofilme e na forma planctonica. Neste estudo, as
fases de desenvolvimento do biofilme de X. fastidiosa linhagem 9a5c foram estabelecidas in
vitro. Os autores descreveram que entre 3-5 dias de crescimento as células haviam comecgado a
aderir ao substrato, formando pequenos agregados. Apés 10 dias de desenvolvimento, houve o
inicio da formagdo das micro-colonias, embora alguns grupos pequenos de células se

mantivessem ainda livres. O desenvolvimento da arquitetura inicial do biofilme foi vista apds 15
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dias, tendo atingido seu auge com 20 dias, quando foi observada a maior densidade celular,
caracterizando, desta forma a fase de biofilme maduro. A ultima fase de desenvolvimento,
correspondendo a fase de dispersdo do biofilme foi visto apés 30 dias da adesdo inicial das

células ao substrato, sendo caracterizada pela desagregacdo de grupos de células e re-colonizacdo

de outras superficies.

Figura 1.1. Fases de desenvolvimento do biofilme microbiano. Fase 1: adesdo inicial de células
a superficie. Fase 2: producdo de EPS resultando na adesdo firme e irreversivel a superficie. Fase
3: desenvolvimento inicial da arquitetura do biofilme. Fase 4: maturacdo da arquitetura do

biofilme. Fase 5: dispersdo de células do biofilme. Adaptado de Sauer et al. (2002).
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Estudos focando no perfil de expressdo génica entre a forma de crescimento em
biofilme e planctonica jd foram realizados. Souza et al. (2004), utilizando microarranjos de
DNA, demonstraram que 202 genes foram induzidos na condi¢do de crescimento em biofilme,
enquanto 32 genes foram reprimidos nesta mesma condicdo. Os genes induzidos foram
relacionados a funcdes regulatdrias, metabolismo de proteinas, manutencdo de plasmideo e
biossintese de aminodcidos, cofatores, polissacarideos de superficie, lipopolissacarideos e
proteinas de transporte. Em adicdo, a expressao de genes que codificam para pili e para proteinas
envolvidas na adesdo da bactéria ao substrato, também foi observada. Posteriormente, Caserta et
al. (2010) demonstraram a imunodetec¢do de proteinas de adesdo (XadAl e XadA2) e pili (PilC)
no biofilme de X. fastidiosa. Contudo, pouco se sabe sobre o papel de outras proteinas na
formacdo e desenvolvimento de biofilmes microbianos.

Silva et al. (2011), analisaram o proteoma do biofilme maduro (com 20 dias de
formacdo) de X. fastidiosa. Os autores encontraram um total de 456 proteinas expressas nesta
condic¢do, que correspondem a aproximadamente 10% do total de proteinas presentes no genoma.
A andlise do biofilme mostrou 144 proteinas (37%) diferentes das encontradas na condicao de
crescimento planctonico. Andlises de espectrometria de massas foram utilizadas para identificar
esras proteinas e, os resultados revelaram que a maioria das proteinas expressas no biofilme
maduro de X. fastidiosa estavam associadas com metabolismo, adesdo celular, patogenicidade e
com resposta a condi¢cao de estresse.

Neste contexo, o estudo de proteinas que estejam direta ou indiretamente envolvidas com
a formagdo e desenvolvimento do biofilme de X. fastidiosa, abre novas perspectivas para a

compreensdo dos mecanismos de patogenicidade deste fitopatégeno.
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1.3. OREFs selecionadas para o estudo

A anotacdo das ORFs de X. fastidiosa linhagem 9aSc, pode ser obtida no site

http://www.xylella.Incc.br/, que disponibiliza também, além da linhagem 9aSc, o genoma de

cinco outras linhagens de X. fastidiosa completamente sequenciados.

A selecao das ORFs alvo deste estudo foi baseada na andlise de Simpson et al. (2000),
sendo que as ORFs selecionadas estavam incluidas entre as proteinas envolvidas com
patogenicidade, viruléncia e adaptacdo. As caracteristicas das quatro ORFs selecionadas para
este estudo sdo detalhadas a seguir. Detalhes adicionais sobre as proteinas codificadas por tais

ORFs podem ser encontrados nos capitulos 1, 2 e 3.

1.3.1 ORF Xf1177

A ORF Xf1177 possui 789 pb e, segundo andlises de similaridade de sequencias, parece
codificar uma proteina periplasmatica com 263 aminodcidos e 28,5 kDa. Essa proteina apresenta
similaridade superior a 70% com uma enzima DsbC (dissulfeto isomerase) da familia Dsb de
varias Xanthomonas spp.

As proteinas da familia Dsb (Disulfide bond) sdao responsaveis pela formacdo e
isomerizacdo das ligacdes de dissulfeto no periplasma bacteriano e contribuem para a
estabilidade, atividade e enovelamento de muitas proteinas secretadas ou dominios extra-
citoplasmaticos de proteinas de membrana ricos em residuos de cisteina (Kadokura & Beckwith,
2010).

Quimicamente, o processo de formagdo da ligacdo de dissulfeto € uma reacdo oxidante
em que dois elétrons sdo removidos da proteina. Por outro lado, a quebra de uma ligacdo de

dissulfeto € uma reacdo redutora, na qual dois elétrons sdo doados para a proteina. As enzimas
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que interagem diretamente com o enovelamente protéico por introduzirem ou romperem as
ligacdes de dissulfeto sdo, na maioria dos casos, oxidorredutases pertencentes a superfamilia das
tiorredoxinas e possuem o motivo CXXC (cisteinas separadas por dois aminodcidos) no sitio
ativo.

Em E. coli, o sistema de formacdo e isomerizacdo das ligacoes de dissulfeto é formado
por cinco proteinas: DsbA, DsbB, DsbC, DsbD e DsbG (Kadokura et al., 2003) sendo DsbB e
DsbD proteinas integrais de membrana. A ORF Xf1177 tem o dominio funcional de uma DsbC e

estd envolvida na isomerizagdo e reducao das ligacdes de dissulfeto (Figura 1.2).
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Figura 1.2. Isomerizacdo (A) e reducdo (B) das ligacdes de dissulfeto catalisada pela proteina
DsbC. Na etapa de isomerizacdo a ligacdo de dissulfeto ndo nativa € rearranjada para que a
proteina assuma sua estrutura corretamente enovelada, ja na etapa de reducdo, DsbC reduzida
doa 2 elétrons para a proteina rompendo a ligacdo. Na figura é apresentado o grupo tiol das

cisteinas 98 e 101 do sitio ativo da proteina DsbC (Kadokura & Beckwith, 2010).

Apesar do mecanismo de isomerizagdo catalisado pela proteina DsbC ser muito estudado,

ainda ndo foi elucidado completamente o modo pelo qual DsbC repara as ligagdes de dissulfeto
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formadas incorretamente. Dois modelos sdo propostos (Rietsch et al., 1997; Kadokura et al.,
2003) e, em ambos 0s casos, a reacdo inicia-se com o ataque nucleofilico pela cisteina-98 da
proteina DsbC a ligacdo de dissulfeto incorreta (Figura 1.2). Esta reacdo resulta na formacao de
uma ligacdo de dissulfeto entre DsbC e o substrato que pode ser resolvido por duas vias. No
primeiro modelo (Figura 1.2 A), a ligacdo de dissulfeto formada entre o substrato e DsbC é
atacada por uma terceira cisteina do substrato, resolvendo o complexo DsbC-substrato, gerando
uma ligacdo de dissulfeto mais estdvel no substrato e restaurando o estado reduzido da proteina
DsbC. Neste caso DsbC age como uma verdadeira dissulfeto isomerase. O segundo modelo
(Figura 1.2 B), propde que a ligacdo de dissulfeto formada entre DsbC-substrato € atacada pela
cisteina-101 da proteina DsbC, gerando um substrato reduzido e uma proteina DsbC oxidada. O
substrato, por sua vez, tem a chance de ser novamente oxidado pela proteina DsbA e formar suas
ligacGes de dissulfeto. Vale destacar que neste tltimo modelo DsbC age como uma redutase de
ligacdo de dissulfeto. Em ambos os modelos, o sitio ativo da proteina DsbC deve estar reduzido
para realizar o primeiro passo para o reparo das ligacdes de dissulfeto ndo nativas, ou seja,
incorretas.

A estrutura tridimensional da proteina DsbC (PDB:1EEJ) de E. coli, resolvida por
McCarthy et al. (2000), com 1,9 A de resolucdo, revelou dois mondmeros de 23 kDa que
formam um homodimero em forma de “V” com enovelamento similar a tiorredoxina (Figura
1.3).

Em mutantes de E. coli, cujo o gene dsbc foi interrompido ou deletado, observa-se que
proteinas ricas em residuos de cisteinas apresentam atividade reduzida ou sdo degradadas
(Hiniker & Bardwell, 2004; Berkmen et al., 2005; Messens et al., 2007; Vertommen et al.,
2008). Entre essas proteinas destacam-se a endorribunuclease periplasmatica (RNasel), a

endopeptidase (MepA), a fosfatase 4cida periplasmatica (AppA), e a endonuclease-1

9
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periplasmatica (Endl). Além disso, € bem conhecido que mutantes nulos para dsbc apresentam
um aumento de sensibilidade ao cobre (Hiniker ef al., 2005), que possui a capacidade de oxidar
proteinas na presenca do oxigénio molecular. O aumento da sensibilidade ao referido metal,
apresentado por estes mutantes, seria devido a incapacidade dos mesmos repararem as ligacoes
de dissulfeto formadas incorretamente em proteinas no periplasma bacteriano quando em

condi¢cOes oxidantes.

Dominio de
/ Tiorredoxina
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Figura 1.3. Estrutura tridimensional da proteina DsbC de E. coli (PDB:1EEJ). DsbC € um
homodimero e cada um dos seus mondmeros contém um dominio N-terminal de dimerizacio e
um dominio C-terminal similar a tiorredoxina, sendo estes dois dominios conectados por uma

hélice de juncdo. Em amarelo € apresentado as duas cisteinas (98 e 101) do sitio ativo.

Em adicdo a atividade de isomerizacdo e reducdo, DsbC apresenta atividade de
chaperonina, que permite que esta proteina se ligue a proteinas desenoveladas impedindo a
agregacdo protéica (Bassette et al., 1999), sendo que esta propriedade é independente do sitio
ativo (CXXC) (Liu & Wang, 2001). A soma de todas as caracteristicas apresentadas por DsbC

tem permitido seu emprego biotecnoldgico, com estudos recentes demonstrando o papel
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preponderante desta proteina na produgdo de proteinas eucaridticas, corretamente enoveladas e
soliveis, em sistemas de expressao/co-expressdo simples, como o procariético (Ponniah et al.,

2010; Shouldice et al., 2010).

1.3.2 ORF Xf1808

O gene correspondendo a ORF Xf1808 (960 pb) codifica uma proteina com 320
aminodacidos e 34,9 kDa, com cerca de 87% de similaridade como uma 5'-Nucleotidase de
Xanthomonas campestris pv. vesicatoria.

As 5°-Nucleotidases sdo enzimas que, por possuirem significante homologia de sequéncia
em seu sitio catalitico, sdo incluidas na familia de proteinas fosfatases. Estas fosfatases
hidrolisam uma ampla gama de substratos incluindo todos os 5°-ribo e 5°-
desoxirribonucleotideos di ou trifosfatados, acguicares uridina difosfato e uma variedade de
substratos sintéticos como o bis (p-nitrofenol) fosfato (Kohn & Reis, 1963). Algumas destas
enzimas também apresentam atividade de fosfotransferase, transferindo o fosfato inorgénico para
substratos desfosforilados.

Uma nucleotidase de X. fastidiosa (XfSurE) foi recentemente caracterizada pelo nosso
grupo (Saraiva et al., 2009). Os resultados desta caracterizagdo demonstraram que esta
nucleotidase apresenta atividade para os quatro substratos candnicos (naturais) (3°-AMP, 5°-
dAMP, 5-AMP e 5°-GMP), além disso a caracterizacdo estrutural, empregando espalhamento de
raios-X a baixos angulos (SAXS), permitiu correlacionar aspectos funcionais inerentes ao
comportamento alostérico apresentado por esta enzima. Outro achado de extrema relevancia foi
o fato de ter sido sugerido que XfSurE parece ser uma enzima house-cleaning, ou seja, uma

enzima que intercepta e hidrolisa nucleotideos ndo candnicos, impedindo danos ao DNA,
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confirmando, desta forma, a contribuicdo de estudos de caracterizacdo estrutural/funcional de

proteinas.

1.3.3 ORF Xf1624 e Xf1625

A ORF Xf1624 possui 432 pb e a proteina correlata apresenta 15.8 kDa (144
aminodcidos). A predicdo, baseada em BLAST-P, revela similaridade superior a 95% com a
proteina precursora 6 de membana externa (Omp6), também chamada de lipoproteina associada
ao peptidoglicano (Pal), de varias linhagens de X. campestris. A ORF Xf1625 possui 1320 pb e
codifica uma proteina de 440 aminodcidos e 47.6 kDa. Os resultados de comparacdo entre essa
proteina e outras ja depositadas em bancos de dados (BLAST-P), revelaram sua similaridade
(81%) com a proteina TolB de Xanthomonas axonopodis pv. citri.

As proteinas da familia Tol se associam com a proteina denominada Pal formando o
complexo Tol-Pal (Dubuisson et al., 2002). O sistema Tol-Pal é bem conservado em bactérias
Gram-negativas e seus componentes sao necessdrios para a manutencdo da integridade da
membrana externa desses microrganismos (Sturgis, 2001). Este sistema é composto, até agora,
por cinco protefnas. TolQ, TolR, TolA sdo proteinas da membrana plasmdtica, com dominios
periplasmaticos, TolB € periplasmatica e Pal, estd associada ao peptidoglicano, sendo abundante
na membrana externa (Cascales et al., 2002).

Apesar do sistema Tol-Pal ter sido intensivamente estudado em E. coli, seu papel
fisiologico ainda € pouco conhecido. Acredita-se que esse sistema esteja envolvido na coesdo do
envelope bacteriano (Walburger er al., 2002). Pelo fato destas proteinas estarem localizadas,
especificamente, no sitio de constricao celular em E. coli, isso sugere que esse sistema constitui

um sub-complexo do mecanismo de divisdo celular das bactérias Gram-negativas, sendo
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empregado para assegurar a correta invaginacdo da membrana externa durante a fissdo bindria
(Gerding et al., 2007). Além disso, suas interacdes permitem a importacdo de colicinas do grupo
A (Lazzaroni et al., 2002) e DNA filamentoso de fagos como f1, fd, M13 e CTXphi (Click &
Webster, 1997) para a intoxicagdo/infec¢ao da célula. Em acréscimo, mutagdes nos genes tol-pal
levam ao aumento da sensibilidade da célula a uma variedade de drogas e detergentes, podendo
causar o extravasamento dos componentes periplasmdticos, a0 mesmo tempo que torna esses
mutantes resistentes a diferentes colicinas (Bonsor et al., 2009 ).

A andlise do genoma da linhagem de X. fastidiosa 9a5c, parece indicar a provavel
organizagdo em operon das ORF Xf1624, Xf1625 (Figura 1.4). A organizacdo transcricional dos
genes de E. coli que codificam as proteinas do sistema Tol-Pal caracterizados com mais detalhes,
revela a organizacdo destes em dois operons adjacentes, estando posicionados no cromossomo
na seguinte ordem: (ybgC-tolQ-tolR-tolA) e (tolB-pal-ybgF) (Webster, 1991), apesar de um
transcrito ybgC-ybgF ja ter sido observado (Vianney et al., 1996). Em X. fastidiosa, com excecao
do gene ybgF que ndo foi encontrado no seu genoma, os genes do sistema Tol-Pal parecem

seguir a mesma organizacao apresentada em E. coli (Figura 1.4).

ORFs in this Region
ll?‘B‘ZIE-?‘i- 18II]1Eu?4 1$I]I3l-3-?4 1805IE-?4 lﬁﬂ?E-I?‘i- 13[!‘3E-TI4
— — [ | S —
ORF pal  tolB tolA tolR tolQ ybgC

hipotética
Figura 1.4. Disposi¢do dos genes codificantes para o sistema Tol-Pal no cromossomo de X.

fastidiosa 9a5c.
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1.4. OBJETIVOS

1.4.1. Objetivos Gerais

J Contribuir para o conhecimento dos mecanismos de patogenicidade de X.
fastidiosa, caracterizando quatro ORFs que codificam proteinas, supostamente,

relacionadas a sua patogenicidade.

1.4.2. Objetivos Especificos

. Efetuar a clonagem e a expressao heteréloga das ORFs Xf1177 (XfDsbC),
Xf1808 (Xf5°-Nt), Xf1624 (XfPal), Xf1625 (XfTolB), assim como realizar a purificagdo

das proteinas recombinantes produzidas;

. Realizar a caracterizagdo bioquimica e biofisica das proteinas

recombinantes expressas / purificadas;

. Elucidar a provavel fun¢ao desempenhada pelas proteinas alvos estudadas.
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Xvlella fastidiosa is a Gram-negative bacterium that grows as a biofilm inside
the xylem vessels of susceptible plants and causes several economically
relevant crop discases. In the present study, we report the functional and
low-resolution structural characterization of the X. fastidiosa disulfide
isomerase DsbC (XfDsbC). DsbC is part of the disulfide bond reduction/
isomerization pathway in the bacterial periplasm and plays an important role
in oxidative protein folding. In the present study, we demonstrate the pres-
ence of X{DsbC during different stages of X. fastidiosa biofilm development.
XIfDsbC was not detected during X. fastidiosa planktonic growth; however,
after administering a sublethal copper shock, we observed an overexpression
of X{DsbC that also occurred during planktonic growth. These results
suggest that X. fastidiosa can use X{DsbC in vive under oxidative stress con-
ditions similar to those induced by copper. In addition. using dynamic light
scattering and small-angle X-ray scattering, we observed that the oligomeric
state of XIDsbC in vitro may be dependent on the redox environment. Under
reducing conditions, XfDsbC is present as a dimer, whereas a putative
tetrameric form was observed under nonreducing conditions. Taken
together, our findings demonstrate the overexpression of XfDsbC during bio-
film formation and provide the first structural model of a bacterial disulfide
isomerase in solution.

Structured digital abstract

* XfDsbC and X{DshC bind by x ray scatiering (View Interaction: 1, 2)

+ XfDshC and XfDshC bind by molecular sieving (View interaction)

* XfDsbC and XfDsbC bind by comigration in non denaturing gel electrophoresis (View inter-
+ XfDshC and XfDshC bind by cross-linking study (View Interaction: 1, 2)

+ XfDshC and XfDshC bind by dynamic light scattering (View Interaction: 1, 2)

Abbreviations

DLS, dynamic light scattering; EcDsbC, Escherichia coli DshC; HiDsbC, Haemophilus influenzae DshC; PDB, Protein Data Bank; Ry, radius
of gyration; SAXS, small-angle X-ray scattering, TCEP, tris(2-carboxyethyl)phosphine; XcDsbC, Xanthomonas campestris DshC,
XfDshC, Xylella fastidiosa disulfide isomerase DsbC; XfDsbCyy geq, Nonreduced XfDsbC; XfDsbCroq reduced XfDsbC.
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Introduction

Disulfide bond formation is a critical step for the cor-
rect folding of many proteins that are rich in cysteine
residues. In addition to conferring a stable structure,
disulfide bonds play a regulatory role by changing the
shape, surface charge or reactivity of some proteins [1].
Among the Gram-negative bacteria, the Dsb protein
family constitutes the oxidative protein folding machin-
ery and plays an important role in disulfide bond for-
mation in the periplasm [2-5]. The enzymatic pathway
of the Dsb protein family is well characterized in Esc-
herichia coli and is composed of five members: DsbA,
DsbB. DsbC, DsbD and DsbG [5]. These proteins are
typically oxidoreductases and contain a CXXC motil
(cysteine residues separated by two amino acids) in the
catalytic site. similar to thioredoxin-like proteins [6].

Chemically. DsbA, which is a strong thiol oxidant,
catalyzes disulfide bond formation [7.8]. DsbA rapidly
oxidizes cysteine residues in proteins that are located
in the periplasm by introducing a disulfide bond that
is more energetically favourable for correct protein
folding [9]. However, two cysteines can be incorrectly
joined in a disulfide bond that does not appear in the
native protein conformation. When mis-oxidized. the
non-native disulfide bond may be reduced or rear-
ranged that correct protein folding is
achieved. DsbC catalyzes this step in the reduction/
isomerization pathway [4.10,11].

Two models have been proposed to explain how
E. coli DsbC (EcDsbC) reshuffles proteins containing
incorrect disulfide bonds [5]. However, the biological
role of DsbC in other bacteria is not completely under-
stood. In addition to isomerase activity, DsbC exhibits
certain chaperone-like properties [12]. and this func-
tion appears to be independent of the two cysteines in
the active site CXXC motif [13]. The isomerase and
chaperone activities of DsbC are important for bacte-
rial pathogenicity because these activities ensure the
correct folding in a wide range of proteins, including
secreted virulence factors and surface components such
as adhesins and pili [14].

An interesting aspect of the disulfide bond isomeri-
zation mechanism is that the active-site cysteine resi-
dues must remain reduced for DsbC activity. This
characteristic is particularly intriguing because DsbC
acts in the bacterial periplasm. which is an oxidizing
environment. DsbD. a (ransmembrane protein that
transfers reducing equivalents from the cytosol to the
periplasm, is responsible for maintaining DsbC in the
reduced and active state [10.15].

Interestingly. a study of eukaryotic protein disulfide
isomerase, which is topologically analogous to pro-
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karyotic DsbC. revealed an intramolecular structural
rearrangement between the catalytic and noncatalytic
domains that was dependent on the environmental
redox state [16]. Protein disulfide isomerase is com-
posed of two catalytic domains (a and a’) that are sep-
arated by two noncatalytic domains (b and b’) and a
third domain (c) [17]. Correspondingly. EcDsbC is
described as a V-shaped homodimeric protein in which
each monomer contains an N-terminal dimerization
domain that is joined by a hinged linker to the C-ter-
minal catalytic domain [18].

In E. coli mutants lacking dsbC, many cysteine-rich
proteins exhibited reduced activity or were degraded
[11.19.20]. However, the most expressive phenotype
observed in dshC-null mutants is an increased sensiti-
vity to copper (a redox-active metal), which indicates
that DsbC is required for the oxidative stress response
[21].

In the present study. we report the functional and
structural characterization of DsbC from the 9aSc
strain of Xvlella fastidiosa (XIfDsbC) by small-angle
X-ray scattering (SAXS). X. fastidiosa is a Gram-nega-
tive bacterium that grows as a biofilm in the xylem
vessels of susceptible plants and causes many diseases
in commercial crops around the world, including citrus
variegated chlorosis, an economically important crop
disease that compromises sweet orange production in
Brazil [22.23]. We characterized XfDsbC to evaluate
its role in biofilm formation, which blocks the xylem
and causes the onset of disease. The results obtained
demonstrate that XfDsbC expression occurs during
bacterial biofilm formation and is enhanced under oxi-
dative stress conditions. In addition, using modelling
approaches based on the SAXS data, we provide
evidence for a possible redox-dependent oligomeric
modulation of XfDsbC in vitro.

Results

XfDsbC is involved in biofilm formation and the
copper stress response

We investigated the involvement of X{DsbC in X. fus-
tidiosa biofilm formation and development. XfDsbC
was successfully cloned, and the protein was purified
by affinity chromatography. X{DsbC has a molecular
mass of 29.5 kDa. which corresponds to the 263-
amino acid sequence encoded by ORF X/1177 plus the
C-terminal Hisg-Tag added by the pET29a(+) vector.
Titration of the number of free cysteines revealed that
the recombinant XfDsbC was purified in an oxidized
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state as reported previously [24]. Polyclonal antibodies
against XfDsbC were produced and used for western
blot analysis. We observed a differential expression
pattern of XfDsbC during X. fastidiosa biofilm forma-
tion and planktonic cell growth (Fig. 1). X{DsbC was
expressed during all phases of biofilm development.
However, during the planktonic growth phase of
X. fastidiosa, XfDsbC was poorly expressed and could
not be detected by western blotting (Fig. [A). How-
ever, after administering a sublethal copper shock. the
planktonic cells overexpressed XfDsbC (Fig. 1B). The
samples were normalized against total protein concen-
tration before gel loading to ensure that the same
amount of protein was evaluated for each condition.
These suggest that X. fastidiosa can use
XIDsbC in vive under oxidative stress conditions simi-
lar to those induced by copper. The statistical analysis
of the ratio of the intensity and area (pixels) of the
bands visualized on nitrocellulose membranes revealed
statistically significant differences (P < 0.05) in the
expression profiles of XfDsbC (Fig. 1C. D). Under
copper-induced oxidative the expression of
XfDsbC was only significantly greater in biofilms than
in planktonic cells after 5, 10 and 30 days of biofilm
growth (Fig. 1D). The intensities of the protein bands
corresponding to XfDsbC in the different phases of
biofilm formation in the presence or absence of cop-
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per stress were similar to the profiles observed for
planktonic cells and biofilms exposed to copper shock.
At 15 and 20 days, there were no significant differ-
ences (P < 0.05) in XfDsbC expression between bio-
films in the presence or absence ol copper. However,
at 3 and 5 days, XfDsbC was expressed in larger
quantities in the biofilms that were not treated with
copper. whereas, at 10 and 30 days, XfDsbC was
expressed in larger quantities in the biofilm cells that
were subjected to copper stress (Fig. 1C, D).

X{DsbC expression complements the
dsbC-defective E. coli mutant

The thiol-disulfide reductase activity of purified nonre-
duced XfDsbC (XfDsbCn.req) was confirmed in vitro
using the rate of insulin disulfide reduction (Fig. 2A).
As expected, the activity of XfDsbC was comparable to
that of EcDsbC. The insulin reduction rate of XfDsbC
was 0.0126 (AA650-min_3). which was approximately
88% of the activity of EcDsbC [0.0143 (A Agsy-min~2)].
In addition to the reductase activity. the disulfide bond
isomerase activity of XfDsbC was assessed in vivo in a
dsbC E. coli mutant. This dshC-defective E. coli mutant
was used because an appropriate methodology for the
construction of the X. fastidiosa 9a5c mutants is not
vet available. DsbC isomerase activity is required for
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Fig. 1. XfDsbC expression in X. fastidiosa is elevated during biofilm formation and the oxidative stress response. Total protein samples
were isolated from different biofilm growth phases and planktonic cells (see Experimental procedures), normalized using BCA quantification,
and evaluated by western blot analysis using polyclonal antibodies against XfDsbC in the absence (A) or presence (B) of oxidative stress
induced by copper. (C) The XfDsbC expression profiles of biofilm (black bars) and planktonic (grey bars) cells in the absence or (D) presence
of copper were quantified using epas software. The bars represent the mean of three independent experiments. The error bars indicate the
SE obtained from triplicate experiments. Asterisks indicate statistically significant differences (P < 0.05, ttest).
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Fig. 2. XfDsbC functionally complements a dsbC-null E. coli mutant. (A) The XfDsbCrrea (&) thiolreductase activity was confirmed in vitro
using the insulin disulfide reduction assay. EcDsbC (m) and a test without catalyst (#) were used as positive and negative controls, respectively.
(B) The X{DsbC disulfide bond isomerase activity was assessed in vivo for its ability to complement an E. coli mutant lacking dsbC (dsbC™). The
dsbC phenotypes of the various strains (wild-type, dsbC~, dsbC ™~ containing pBAD24-xfdsbC, and dsbC~ with a wild-type ecdsbC gene or
empty vector) were evaluated by spotting 5 pL of 10-fold serial dilutions onto BHI agar plates with the appropriate antibiotic and containing 4 or
8 mm CuCly with 0.002% (w/v) L-arabinose. The plates were incubated overnight at 37 °C, and the ability of XfDsbC to restore the wild-type
phenotype was analyzed. (C) The expression of XfDbsC in the dsbC ™ strain was confirmed by western blot analysis.

tolerance to copper. a redox-active metal [21]. Copper
is a nonspecific thiol oxidant that leads to protein mis-
folding through the establishment of non-native disul-
fide bonds. The DsbC reduction/isomerization pathway
acts to reverse protein misfolding by rearranging the
disulfide bonds and promoting native protein folding.
XtDsbC expression complemented the dshC™ E. coli
mutant under the oxidative stress conditions induced
by copper (i.e. the transformation of the dshC™ mutant
strain with pBAD24-x/dshC restored the wild-type phe-

notype) (Fig. 2B). In addition, western analysis of

XIDsbC in dshC cells containing pBAD24-x/dshC
that were grown on plates containing 8§ mm CuCl;
(Fig. 2C) strongly suggests that the increased cell via-
bility under this condition is correlated with the pres-
ence of XfDsbC. Our findings show that the basal
expression of xfdsbC can support the growth of the
dshC™
L-arabinose, which induces the arabinose operon in the
pBAD24 vector (data not shown).

Initial characterization of XfDsbC

The 1nmitial analysis of the amino acid sequence of

XtDsbC revealed the presence of 21 N-terminal amino

FEBS Journal 279 (2012) 3828-3843 © 2012 The Authors Journal compilation ® 2012 FEBS

E. coli mutant strain even in the absence of

acid residues that are not present in the homologous
EcDsbC and Erwinia chrysanthemi proteins (Fig. S1).
Interestingly, these additional N-terminal amino acids
are also found in the bacterium Xanthomonas campestris
DsbC (XeDsbC), which has host specificity for the same
citrus plants infected by X. fastidiosa. Four cysteine res-
idues similar to those observed in the 3D structure of
EcDsb(C [18] are present in the thioredoxin-like domains
of XfDsbC. The Cysl43 and Cysld46 residues of
XfDsbC (active site) correspond to Cys98 and Cysl0l
of the EcDsbC crystal structure [Protein Data Bank
(PDB) code: 1EEJ]. and the CysI86 and Cys208 residues
of XtDsbC (non-active site) correspond to Cys141 and
Cys163 of EcDsbC. These cysteine residues are strongly
conserved between DsbC homologues and, because
DsbC can undergo structural changes that are depen-
dent on the redox environment. these cysteine residues
may be directly or indirectly involved in structural rear-
rangements and function. Therefore. we evaluated
whether the redox environment caused changes in the
structure of XfDsbC in vitro. XtDsbC samples in the
presence or absence of reducing agents were analyzed
using SDS/PAGE, native gel electrophoresis, CD,
size-exclusion chromatography, fluorimetry, chemical
cross-linking and dynamic light scattering (DLS).
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Fig. 3. Initial characterization of XfDsbC. (A) XfDsbC nondenaturing polyacrylamide gel electrophoresis in the presence (+) and absence (—)
of TCEP. (B) Size-exclusion chromatography calibration curves for XfDsbCpreq and XfDsbCy.greq. The monomeric molecular mass for XfDsbC
is 29.5 kDa, and the expected molecular mass for the XfDsbC dimer is 59 kDa. The estimated molecular masses for XfDsbCreq and
XIDsbCp req Were 60.2 and 61.7 kDa, respectively. (C) XfDsbC fluorimetry spectra of XfDsbCraq and XfDsbCy req are shown as squares and
circles, respectively. (D) Glutaraldehyde cross-linking of XfDsbC in the absence (XfDsbCipeq) and presence (XfDsbCgreq) of TCEP. The
XfDsbC samples (5 um) were treated with increasing concentrations of glutaraldehyde (0%, 0.025%, 0.056% and 0.1%), and the products
were evaluated by western blot analysis using polyclonal antibodies against XfDsbC.

Under denaturing conditions in the presence and
absence of B-mercaptoethanol, XfDsbC was present in
the gel as a single band at approximately 29 kDa,
which corresponds to the molecular mass of the mono-
mer. Under nondenaturing conditions, XtDsbC sam-
ples exhibited the same gel migration profile in the
presence and absence of ¢ris(2-carboxyethyl)phosphine
(TCEP). This profile was more similar to that of con-
albumin (75 kDa) than that of aldolase (158 kDa)
(Fig. 3A). The CD analysis revealed a typical protein
spectrum with a predominantly o-helical structure
(38% helical/18% sheet). similar to that for EcDsbC
calculated from its crystal structure [I18]. There were
no significant differences in the secondary structure
content of XfDsbC in
TCEP (data not shown).

Analytical size-exclusion chromatography of reduced
and nonreduced XfDsbC confirmed the native gel
results, indicating that there were no differences
between the two tested conditions (Fig. 3B). Both the
reduced and nonreduced protein samples eluted as sin-
gle peaks in the gel filtration assays, with retention
times that corresponded to apparent molecular masses

the presence or absence of
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of 60.2 and 61.7 kDa, respectively (Fig. 3B). Different
buffer and pH conditions, as well as XfDsbC oxida-
tion under atmospheric oxygen. were evaluated, and
no differences were observed in the elution profiles of
the samples in the presence or absence of the reducing
agent (data not shown).

The conformational changes in the XfDsbC protein
samples under reducing or nonreducing conditions
were next analyzed by fluorimetry, and tryptophan
emission was used as a probe to monitor DsbC fold-
ing. XfDsbC contains a tryptophan residue that neigh-
bours Cysl186, which is distal from the active site
(Fig. S1). This cysteine residue can establish a disulfide
bond with Cys208 and likely plays a role in X{DsbC
folding. The fluorescence spectra recorded upon excita-
tion at 280 nm showed that reduction with TCEP
increased the intrinsic fluorescence intensity and
shifted the maximum emission wavelength from 307 to
310 nm (Fig. 3C).

Although XfDsbC exist predominantly as
dimers in solution, and SDS/PAGE, nondenaturing gel
electrophoresis, CD and size-exclusion chromatogra-
phy did not reveal any redox-dependent structural

can
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changes in X{DsbC, higher-order oligomeric species
that appear to correspond to tetramers were observed
the nonreduced condition of XfDsbC
(Fig. 3D, lanes 1-4) after chemical cross-linking with

in vitro under

¢lutaraldehyde. along with dimeric and monomeric spe-
cies (Fig. 3D. lanes 2-4). However. only dimeric forms,
in addition to monomeric species, were observed under
the reduced condition (Fig. 3D, lanes 5-8). These slow-
migrating species were not observed in the absence of
glutaraldehyde (Fig. 3D. lanes | and 5).

We also used DLS analysis to
dependent oligomeric modulation of XfDsbC. The
results of this analysis showed that, under both nonre-
duced and reduced conditions, XfDsbC showed a low

assess the redox-

index of polydispersity (%Pd; 9.5 and 5.8, respectively)
(Table 1). In addition, the molecule in solution under
the nonreduced condition presents a hydrodynamic
diameter (D) of 4.6 nm and differs from that
observed under the reduced condition which has a Dy,
of 3.8 nm, indicating of the presence of a high oligo-
mer form of XfDsbC under the nonreduced condition.

SAXS analysis suggests a redox-dependent
oligomeric assembly of XfDsbC in vitro

X{DsbC SAXS scattering curves collected in the pres-
ence and absence of reducing agent were analyzed.
The scattering curves of 4- and 7-mg-mL~' protein
samples in the presence of 3 mm TCEP [reduced
X{DsbC (XfDsbCreq)] were collected. The 7-mg~mL7'
samples exhibited interparticle interference effects that
compromised further analysis, although the curves
collected from 4-mg-mL ' samples did not exhibit this
behaviour. Therefore, the scattering curves of XfDsbC
at 4 mgmL™" were selected for SAXS data analyses
and model construction. The superimposition of the
20 XIDsbCreq
4mg-mL7' revealed a transition during the data

scattering curves collected for at

collection that may be the result of conformational

Table 1. Hydrodynamic diameters (0,), percentage of sample
polydispersity (% Pd), estimated molecular weights from the
measured radius (MW-R), percentage of sample intensity (% Int)
and estimated relative amount of mass (% Mass) of each species
determined from DLS analysis of XfDsbC in the presence
(XfDsbCppeq) or absence (XfDsbCgey) of a reducing agent.

Sample Dy (nm) % Pd  MW-R (kDa) % Int % Mass
XfDsbCnpea 4.6 9.5 119 73 99.6
XfDsbCreq” 3.8 5.8 75 72 99.5

# To ensure complete protein reduction, XfDshC was incubated
with a freshly prepared solution of TCEP at a final concentration of
3 mm for 1 h before the DLS experiments.

FEBS Journal 279 (2012) 3828-3843 © 2012 The Authors Journal compilation © 2012 FEBS
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changes arising from radiation damage. Therefore,
only the first curve was used for further analysis
(Fig. 4A). As shown in Fig. 4A (inset), the constructed
XIDsbCgreq Guinier plot demonstrated a linear behav-
iour, indicating sample monodispersity. The Guinier
analysis revealed a radius of gyration (Rg) of 31.2 A.
XIDsbCreq Kratky plots also
(Fig. 4B) and displayed a
which is expected for the native state of a compact
globular protein. The molecular mass of the scattering
particles was estimated to be 66 kDa by SAXS mow
software [25]. This suggests that XfDsbCpr.q 1s a dimer
in solution, similar to other DsbC proteins [18.26].
The XIDsbCreq distance distribution function, P(r).
showed a maximum intramolecular distance (Dyax) of
100 A (Fig. 4D). The Rg calculated from the P(r) was
31.5 A, which is consistent with the values obtained
from the Guinier analysis.

Scattering curves were collected from 1, 4 and
13 mgmL~' XfDsbC in the absence of TCEP
(XIDsbCrreq). However, the curves at 1 mg‘mL’l
were too dilute for SAXS data collection and resulted

were constructed

well-defined maximum.

in weak scattering curves. The molecular masses esti-
mated from the 4- and 13-mg-mL ' samples were iden-
tical. For consistency with the XfDsbCgreq samples,
we selected the XfDsbCpreq curves collected at
4 mg-mL~" for further analyses. As observed for
XfDsbCreq. the XfDsbCyreq protein samples suffered
radiation damage. Therefore. only the first curve was
selected (Fig. 4C). The XfDsbCpnreq Guinier region is
displayed in Fig. 4C (inset). From the Guinier analy-
sis. an Rg of 354 A was calculated. The Kratky plot
was also evaluated (Fig. 4B) and showed a defined
maximum with smaller ¢ values than those of the
XtDsbCreq maximum, which indicates a larger
XIDshbCpipeg scattering particle. The XIDsbCrired
molecular mass obtained in the absence of TCEP was
to be 117 kDa, suggesting that, m the
absence of reducing agent, an XI{Dsb(C tetramer is
formed in solution. The XIDsbCpreq P(r) had a D,
of 130 A (Fig. 4D). and the distance peak was concen-
trated at small distances, indicating a prolate
XtDsbCpreq structure. A second estimation of the Rg
calculated from the P(r) was 38.4 A. which is consis-
tent with the values obtained in the Guinier analysis.

estimated

The XfDsbC tetramer appears to be compact and
distinct from the joining of two dimers

The XtDsbC  homology
structed with the 1-TAsser server exhibited similarities
to the EcDsbC [18] and Haemophilus influenzae DsbC
(HiDsbC) [27] proteins. The amino acid sequence

monomeric model con-
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Fig. 4. XfDsbC SAXS analysis under reducing and nonreducing conditions. XfDsbC SAXS data analysis from samples collected in the presence
(XfDshCreq) or absence (XfDsbCyreq) of TCEP. (A) XtDsbCre.q scattering curve (open squares) and suncH curve (solid line) fitting. (B) Kratky
plots. (C) XfDsbCy req Scattering curve (open circles) and sasrer curve (solid line) fitting. The Guinier regions are shown in the insets A and C. (D)
distance distribution functions [P(r)]. The Kratky plots and [P(r)] were calculated for g values in the range 0.0197-0.3008 A" for XfDsbCreq and
0.0351-0.2152 A~ for XfDsbCryred. The XfDsbCreq and XfDsbCy.req plots are shown as squares and circles, respectively.

similarity of these two proteins to XfDsbC is approxi-
mately 35%. As observed in the structures of EcDsbC
and HiDsbC. the constructed XIDsbC model displays
two distinguishable domains: the dimerization and cata-
Ivtic domains. The dimerization domain is small and is
composed of 58 residues (residues 20-77) that form a
B-strand, a turn and an o-helix. The catalytic domain is
the largest domain and displays a thioredoxin-like fold.
The XIfDshC catalytic domain is comprised of residues
86-244 and harbours the active site cysteine residues
(Cys143 and Cysl46 in XfDsbC. which correspond to
Cys98 and Cysl01 in EcDsbC). The catalytic domain is
connected to the dimerization domain by a poorly
modelled hinge. To construct the XfDsbC dimer. the
3D structure of the constructed monomer homology
model was superimposed on the crystal structure of the
EcDsbC dimer (PDB code: 1EEJ). A second XIDsbC
chain was generated and superimposed on the remain-
ing EcDsbC monomer. The putative X{DsbC dimer
interface was proposed based on the high-resolution
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structures, chimeric constructs and site-directed muta-
genesis of other DsbC dimeric proteins [18.26-28]. The
dimerization domains of EcDsbC and HiDsbC
primarily connected by hydrogen-bond interactions
formed by main chain residues from two external anti-
parallel p-strands. An ionic interaction between
EcDsbC His45 and Asp33 also contributes to the stabil-
ity of the dimer and protein isomerase activity [26,29].
Therefore. the conservation of this characteristic inter-
face in the XfDsbC structure was investigated. Accord-
ing to the XfDsbC homology model, X{fDsbC has an
external P-strand in its dimerization domain. The
p-strand enables anti-parallel main chain contacts
between the two XfDsbC dimerization domains and
likely involves residues 68-77. An arginine (Arg68) and
an aspartate (Asp77) residue are located on the extremi-

are

ties of this B-strand. Because Arg and Asp are oppo-
sitely charged, it 1s possible that ionic interactions help
to stabilize the XfDsbC dimer, as observed in EcDsbC
[26.29].

FEBS Journal 279 (2012) 3828-3843 © 2012 The Authors Journal compilation © 2012 FEBS
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Based on this potential XfDsbC dimeric interface,
the XfDsbC dimer was modelled according to the
experimental XfDsbC low-resolution scattering curve.
In this step, the XfDsbC dimerization domains and
catalytic domains were provided as individual chains
to the software suite BUNCH. Restraints were imposed
to prevent the domains from being too far apart and
to maintain the dimerization interface. A maximum
distance from the centre of mass of each dimerization
domain and catalytic domain to residues 68-77 of the
two dimerization domains was set to maintain the
dimerization interface and preserve the proximity of
the catalytic domains and dimerization domains. The
linker region (residues 78-85) that connects the dimer-
ization and catalytic domains was removed from the
input sequence, and the software was allowed to model
these flexible regions. More than 40 XfDsbC atomic
models were generated by BUNCH, and these models
showed a good fit to the experimental SAXS curves.
with chi-squared values of approximately 2.5. These
models were visually inspected and sorted into three
major groups that primarily differed in the orientation
of the catalytic domains. In one of these groups. the
catalytic Cysl125 was turned away from the catalytic
cleft and was exposed to the solvent, which would
likely limit the activity of the protein. The cleft formed
by the two catalytic domains has been suggested to
play an important role in substrate recognition and
protein activity [26] because the catalytic cysteine resi-
due is oriented in the direction of this cleft in the
known DsbC crystal structures. Therefore, the models
with the cysteine facing away from the cleft were con-
sidered to have an improbable catalytic domain orien-
tation and were discarded. The remaining models were
carefully inspected and further clustered into two
groups. The first group was comprised of models that
followed the dimerization and catalytic domain orien-
tations predicted by known DsbC crystal structures
(Fig. 5A). The second group included models with
intertwined dimerization and catalytic domains (named
‘inverted dimers”; Fig. S2). It was difficult to evaluate
the correctness of these two groups of XfDsbC dimer
models because both models are possible given the
low-resolution data. However, because the models in
the first group were most similar to the reported DsbC
crystal structures, one of the dimers from this group of
models was selected for further analysis (Fig. 5A).

The selected XfDsbC SAXS dimer model is similar
to the EcDsbC dimer crystal structure (PDB code:
1EEJ). The dimerization domains are connected by
contacts mediated by two [-strand-like secondary
structural elements on the surface of each dimerization
domain. The dimer displays a V-shaped conformation,

FEBS Journal 279 (2012) 3828-3843 © 2012 The Authors Journal compilation ® 2012 FEBS
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Fig. 5. The oligomeric assembly of XfDsbC responds to the
environmental redox state in vitro. The suggested XfDsbC dimer
(A) and tetramer (B) were modelled based on SAXS curves. The 3d
XfDsbC atomic model for the dimer was generated using sUNCH,
whereas the tetramer was modelled with sasrer. P2 symmetry
was imposed in both cases. In both strategies, the dimerization
and catalytic domains were inputted as independent entities, and
only a few constraints were imposed for model generation. The
low-resolution protein envelopes, which were constructed with
pammMie software, are shown as semi-transparent whitish spheres
superimposed on the atomic models. The middle views are rotated
by 90° around the x-axis, clockwise in (A) and counterclockwise in
(B). The bottom views in both panels are rotated 90° clockwise
around the y-axis. The figures were generated USING pymoL
(Schrodinger LLC).

and a potential catalytic cleft is formed between the
two catalytic domains. This cleft has an internal angle
of approximately 60°, suggesting that XIDsbC is
slightly closed in comparison to EcDsbC (internal cleft
angle of approximately 70°). The catalytic XfDsbC
cysteine residue (Cys143) and its disulfide bond partner
(Cys146) are positioned close to the catalytic cleft.
However, the adjacent structural cysteines (Cysl86
and Cys208) are oriented in opposite directions and
are slightly exposed to the solvent.

It was not possible to model the XfDsbC tetramer
using a rigid-body fit for the SAXS-modelled XfDsbC
dimer described above. which suggests that the X(DsbC
dimer undergoes domain orientation and/or conforma-
tional changes to form the tetramer. Therefore. in an
attempt to model a putative XfDsbC tetramer, four
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XtDsbC dimerization and catalytic domains were input-
ted into SASREF software as individual chains. Using this
strategy, SASREF was able to model an XfDsbC tetramer
using only a few constraints.

The models obtained from different runs were
judged to be similar by visual inspection. One of the
XIDsbC tetrameric models is presented in Fig. 5B.
The chi-squared value obtained for the comparison of
the XfDsbCn_req SAXS curve with the modelled tetra-
mer is 1.6, which indicates an excellent fit and the cor-
rectness of the model. The modelled XfDsbC tetramer
is formed by interchain contacts between two catalytic
domains from different dimers and likely involves
domain reorientation, as noted above.

Curiously, the XfDsbC tetrameric models were simi-
lar to the DsbC oligomeric structures generated by
applying symmetric operations to DsbC crystal struc-
tures (Fig. S3). This observation may support the pos-
sibility that larger oligomers of DsbC proteins can
form.

Discussion

The XIDsbC protein was annotated in the X. fastidiosa
9a5¢ genome as being involved in pathogenicity,
adaptation and survival [30]. Functional and struc-
tural studies of proteins in this category have helped
determine how this bacterium has adapted to plant
hosts and provide a better understanding of the mecha-
nisms underlying pathogenicity and bacterial virulence
[31-34].

Biofilm formation is considered to be the primary
mechanism of pathogenicity by X. fastidiosa [35]. The
phases of X. fastidiosa biofilm development have been
defined previously [34.36]. The initial adhesion phase
of the cells to the substrate occurs after 3-5 days.
Within 10 days. micro-colonies are formed, followed
by a maturation phase that occurs between 15 and
20 days after adhesion. The development of the bio-
film architecture begins at approximately 15 days, and
the biofilm is fully mature within 20 days. The last
stage of biofilm formation, the dispersion phase.
occurs between 25 and 30 days after adhesion.

We confirmed that X{DsbC is involved in bacterial
pathogenicity by demonstrating its expression during
X. fastidiosa biofilm formation. Interestingly, XfDsbC
is poorly expressed during X. fastidiosa planktonic
growth, suggesting that, under these conditions, the
disulfide bond isomerization pathway is largely not
required for bacterial survival. The [requency of the
formation of non-native disulfide bonds by DsbA is
low under normal bacterial growth conditions [37],
which explains the minimal requirement for XfDsbC
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during X. fastidiosa planktonic growth. Biofilm growth
provides greater adaptive advantages than planktonic
growth by coordinating the growth rate, which pro-
vides the cells with increased resistance to antimicro-
bial agents, such as metals [38]. Thus, stress response
pathways, including mechanisms that promote sur-
vival, have a major role in the success of bacterial bio-
film formation [39]. The disulfide bond isomerization
pathway in which XfDsbC plays its primary role com-
prises one such survival mechanism because it is
directly involved in protein folding [2-5,10].

Cells exhibit different gene expression and metabolic
profiles during biofilm and planktonic growth [34,40].
In the present study, we demonstrated, by direct im-
munodetection, that XfDsbC is differentially expressed
during X. fastidiosa planktonic and biofilm growth.
Interestingly, in response to metal stress, planktonic
X. fastidiosa overexpresses XfDsbC. with expression
levels similar to those observed in mature biofilms.
Our findings reveal that X. fastidiosa can use X(DsbC
in vivo as a response to oxidative stress, which is cor-
roborated by the finding that XfDsbC is able to com-
plement a dshC-null E. coli mutant under similar stress
conditions. However, during the mature biofilm stage,
copper does not appear to affect the expression profile
of XfDsbC. At this stage, the complete structure of
the biofilm makes the cells less responsive to changes
in the external environment [38-40]. Therefore, the
expression of XfDsbC at the mature biofilm stage in
the presence or absence of copper reflects the response
to bacterial growth under biofilm growth conditions.
as opposed to a specific response to metal stress. The
initial stage of X. fastidiosa biofilm development is
marked by the production of many cysteine-rich pro-
teins. including pili and adhesin proteins [34]. The
increased expression of X{DsbC during biofilm forma-
tion may be related to the increased expression of cys-
teine-rich proteins and the need to fold these proteins
correctly. Moreover, the differences observed between
biofilms in the presence and absence of copper appear
to indicate that the bacterial cells are more susceptible
to changes in the external environment during micro-
colony formation and biofilm dispersal: increased
XItDsbC expression appears to be a coordinated cellu-
lar action in these phases. At the stage of cell adhesion
to the substrate, the cells may rely on mechanisms out-
side of the isomerization pathway to respond to oxida-
tive stress, resulting in a decreased level of XIDsbC
expression under these conditions.

In addition to disulfide bond reductase and isomer-
ase activity, DsbC proteins have chaperone activity
[12,13]; however, the mechanism of this activity is not
completely understood for DsbC. One intrinsic feature
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of a chaperone-like protein is the formation of large
oligomers that facilitate interactions between proteins
and their substrates [41]. The detection of XtDsbC
tetramers by DLS and SAXS under nonreducing con-
ditions may be evidence of chaperone activity. How-
ever, whether this oligomeric state occurs in vivo is
unclear.

DsbC homologues have always been described as
homodimers [18,26-28], and their disulfide bond reduc-
tion/isomerization activity is partly correlated with this
state [2-5]. However, Arredondo er al. [26] observed
evidence for a linked EcDsbC with a single active
thioredoxin domain in a tetrameric state using multi-
angle light scattering. The hydrodynamic radius of the
tetramer was 4.4 nm, which is not consistent with the
radius of the dimer (3.8 nm) and suggests that the tet-
ramer is a compact molecule [26]. These results are in
accordance with our findings of DLS and, similarly.
the compact form of EcDsbC tetramer appears to be
consistent with the XfDsbC tetramer that we observed
in vitro in the SAXS analysis.

We did not observe any differences between the
reduced and nonreduced forms of XfDsbC by size-
exclusion chromatography or native gel electrophore-
sis. However, DLS and SAXS analyses demonstrated
the influence of a reducing agent in the folding state of
XIDsbC. Thus, it is possible that the reducing agent-
mediated XfDsbC dimer-tetramer modulation is not
directly linked to disulfide bond formation at the tetra-
mer interface. Rather, it appears that, under nonreduc-
ing conditions, certain amino acid residues may be
exposed, promoting XfDsbC tetramer formation. By
contrast, under reducing conditions, disulfide bond
breakage hinders or hides this interface. The current
low-resolution data do not clarify the mechanism that
guides XIDsbC tetramer assembly.

Based on fluorimetry analysis in which the disulfide
reduction
assert that changes in the folding state of XfDsbC are
related to disulfide bond formation between Cysl86
and Cys208, which are equivalent to Cysl4l and
Cysl63 in EcDsbC [18]. Interestingly. the disulfide
bond formed between these cysteine residues has a
substantial structural role in EcDsbC folding [24].

increases fluorescence L‘ll’liSSl’OIL we  can

Therefore, the absence of differences in X{DsbC
behaviour by size-exclusion chromatography and

native gel electrophoresis could be explained by the
weakness of the tetramerization interface, which may
not be maintained under the drag and pressure condi-
tions of chromatography and electrophoresis because a
tetrameric form of XfDsbC was observed in vitro by
chemical cross-linking at low protein concentration
only under the nonreduced condition.
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Previous studies in which amino acid residues
important for EcDsbC dimerization were replaced
have shown that the dimeric disulfide isomerase is con-
verted into a monomeric protein that retains oxidase
activity, similar to DsbA [29.42], suggesting that
dimerization acts to protect the DsbC active sites from
DsbB-mediated oxidation [29.43]. Tetramer formation
may play a similar role for XfDsbC, for example, in
preventing the reduction of the disulfide bonds. Bioin-
formatics estimates have revealed that more than 300
E. coli proteins that contain multiple cysteines are
exported to the periplasm [44.45] and may be sub-
strates for disulfide bond-forming enzymes [5]. Thus,
the XfDsbC redox-dependent modulation observed
in vitro may be involved in substrate recognition and
specificity, comprising a role that has not been previ-
ously described for DsbC homologues.

Experimental procedures

Bacterial strain and in vitro growth conditions

X. fastidiosa subsp. pauca 9aSc [46] and E. coli strains
DH5-2, C43 (DE3) (Avidis, Saint-Beauzire, France),
JW2861 and BW25113 [47] were used in the present study.
Before in vitro culture, the X. fastidiosa cells were inocu-
lated into susceptible sweet orange trees to maintain their
pathogenicity [34]. The infected plants developed symptoms
typical citrus of variegated chlorosis. and the bacteria were
isolated. X. fastidiosa was grown in Periwinkle Wilt media
[48] at 120 r.p.m. and 28 °C., and the E. coli strains were
cultured in LB or Brain-Heart Infusion Broth (BHI;
HiMedia, Mumbai, India) media at 200-300 r.p.m. and
25-37 °C, with antibiotic supplementation as necessary.
The X. fastidiosa biofilm and planktonic
obtained using a protocol established by De Souza er al.
[36] and a sublethal copper shock with 1 mm CuSO, was
applied for 24 h as indicated.

cells were

Cloning, expression and purification

The coding sequence of the xfdshC ORF X/1177 (798 bp)
was amplified from X. fastidiosa genomic DNA by PCR
with the specific oligonucleotides Xfl1177petF (5'-CC
AAACATATGTACCGCCTTATCGTCGCCTTG-3)  and
Xf1177petR  (5-AAACTCGAGGCCCCCTTTAGCTGTT
GCGG-3), Ndel and Xhol
sites, respectively. The PCR amplification product was
cloned into the pET29a(+) (Novagen, Madison. W1, USA)
expression vector, which added a C-terminal six-histidine
tag to the coding sequence. Sequence analysis of the cloned
vector did not reveal any base substitutions. To overexpress
XIDsbC in E. coli C43 (DE3) cells, the cells were grown at
37 °Cin 1 L of LB containing 30 pg-mL™"

which contained restriction

kanamycin untl
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Dgoo of 0.6-0.8 was reached. The expression of the recom-
binant protein was induced by the addition of 5.6 mm
lactose followed by cultivation for 18 h at 25 °C and 200 r.
p.m. The culture was harvested by centrifugation (3000 g
for 15 min at 4 °C) and then the cell pellets were resus-
pended in 50 mL of buffer A (50 mm Tris-HCL pH 7.5,
300 mm NaCl) plus | mg-mL ™! lysozyme and 1 mm phen-
ylmethanesulfonyl fluoride (Sigma, St Louis, MO, USA)
and incubated on ice for 30 min. The cells were disrupted
by sonication, and the unbroken cells and debris were
removed by centrifugation (27 000 g for 40 min at 4 °C).
The XfDsbC protein was purified in a single chromato-
graphic step on a Ni-NTA column (Qiagen, Hilden, Ger-
many) equilibrated in buffer A. The purified XfDsbC
protein was eluted with five column volumes of buffer A
containing 250 mM imidazole. and the purity was estimated
using SDS/PAGE. The affinity-purified XfDsbC sample
was dialyzed overnight against buffer B (50 mm Tris-HCl,
pH 7.5, 150 mm NaCl) at 4 °C. The determination of
the redox states of purified XfDsbC was achieved using
Ellman’s method [49].
spectrophotometrically determined and calculated from the
Aago absorption coefficient of
23 630 M~ "-cm™', assuming that all Cys residues were oxi-
dized. or 23 380 M~ '-cm
were reduced.

The protein concentration was

with a molar (£280)

', assuming that all Cys residues

Biochemical assays and disulfide bond
isomerization in vivo

The in vitro thiol-disulfide reductase activity of XfDsbC
was determined by measuring the turbidity increase at
650 nm resulting from insulin reduction in accordance with
published procedures [50]. EcDsbC purified from the
JW2861 clone, as obtained from the ASKA library [51].
was used as a positive control in these tests. Reductase
activity was expressed as the ratio of the slope of the linear
portion of the turbidity curve to the lag time [52]. In addi-
tion, the XfDsbC disulfide bond isomerase activity was
assessed /n vivo using a functional complementation assay
based on copper sensitivity [21]. The xfdshbC gene was
cloned into the pBAD24 vector [33] using the oligonucleo-
tides Xfl1177badF (S“ATCCATGGGTTACCGCCTTATC
GTCG-3) and Xfl177badR (5-AATGTCGACTCAGCC
CCCTTTAGCT-3’), which contained Neol and Sall restric-
tion sites, respectively. pBAD24-xfdshC' or pBAD24 empty
the E. coli JW2861
which is a dshC deletion mutant derived from the wild-type
BW25113 strain. Both strains were kindly provided by the
National BioResource Project (NIG, Mishima, Japan). For

vector was transformed into strain,

the copper sensitivity assay, the strains (wild-type, dshC
and dshC
tor) were grown overnight in LB containing

containing pBAD24-x/dshC or the empty vec-
30 pg-mL !
30 pg-mL !
and 300 r.p.

chloramphenicol. 100 pg-mL ™"
kanamycin (depending on the strain) at 37 °C

ampicillin or
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m. The cultures were then diluted 1 : 100 in BHI media
supplemented with the appropriate antibiotic and grown at
37 °C and 300 r.p.m. until Dggg of 0.8 was reached. The
dsbC phenotype was tested by spotting 5 pL of 10-fold
serial dilutions onto BHI agar plates with the appropriate
antibiotic containing 0, 4 and 8§ mm CuCl, with and with-
out 0.002% w/v L-arabinose. The plates were incubated
overnight at 37 °C, and the ability of XfDsbC to restore
the wild-type phenotype was analyzed. We reintroduced
wild-type EcDsbC, which was expressed from the pCA24N
plasmid [51]. into the dshC™ strain as a positive control for
functional complementation. All of the spot titrations were
performed in triplicate, and XfDsbC expression in the
dshC™ strain was confirmed by western blot analysis.

Extraction of total protein from X. fastidiosa
biofilm and planktonic cells

X. fastidiosa biofilm and planktonic cells were collected after
3,5, 10. 15, 20 and 30 days of growth. To assess the differen-
tial metal stress responses of the biofilm and planktonic cells,
both cell types were exposed to a sublethal copper shock for
24 h with | mM CuSOy. Biofilm and planktonic cells exposed
or not exposed to CuSO4 were sampled at various time
points, and total protein was extracted from each sample.
For total protein extraction, the biofilm and planktonic cells
from each treatment were collected and resuspended in | mL
of extraction buffer (50 mm Tris-HCI, pH 8.0, 25 mm NaCl,
5 mMm EDTA and 2% Triton X-100) containing | mg-mL
lysozyme and | mm phenylmethanesulfonyl fluoride. The
samples were placed on ice for 20 min and lysed by sonica-
tion, followed by centrifugation (10 000 g for 10 min at 4 °
(). The total protein concentration of each protein sample
was normalized with a micro BCA protein assay kit (Thermo
Fisher Scientific Inc., Waltham, MA. USA) before SDS/
PAGE analysis. A BSA standard curve was utilized for the
total protein concentration comparison. The standard curve
exhibited an R* of 0.989.

XfDsbC immunodetection during X. fastidiosa
biofilm and planktonic growth

Polyclonal antibodies against XfDsbC were produced by
Rheabiotech (Campinas, Brazil) and used in the XfDsbC
immunodetection assays. For western blot analysis, approx-
imately 105 pg of total X. fastidiosa protein from different
biofilm developmental phases and planktonic growth cul-
tures were separated using 12% SDS/PAGE. After electro-
phoresis. the proteins were transferred to nitrocellulose
membranes (llnlllohilonm~‘\lc: Sigmzt) using a Trans-Blot
Semi-Dry Transfer Cell (Bio-Rad, Hercules, CA, USA) in
accordance with the manufacturer’s instructions. XfDsbC
was detected with a 1 : 4000 dilution of anti-XfDsbC and

a 1 :8000 dilution of alkaline phosphatase-conjugated
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anti-rabbit 1gG (Santa Cruz Biotechnology Inc.. Santa
Cruz, CA, USA). The membranes were developed with
NBT/BCIP chromogenic substrates (Promega. Madison,
WI, USA). Three independent experiments were performed
for each biological treatment to assess potential variations
in protein transfer. The signal intensity was quantified
using EDAS 290 software (Kodak. Rochester, NY, USA),
and the resulting values were subjected to statistical analy-
sis (P < 0.05, r-test).

Native gel electrophoresis analysis

Nondenaturing PAGE was performed under the conditions
previously described for a pH range of 8.6-10.6 [54].
XfDsbC (pf = 9.01) protein samples (approximately 60 pg)
in the presence and absence of 3 mm TCEP reducing agent
were analyzed using 7.5% native gel electrophoresis with
aldolase (p/ = 6.1, 158 kDa) and conalbumin (p/ = 5.9,
75 kDa) (GE Healthcare, Uppsala, Sweden) as standards.

Cch

The CD spectra of the recombinant XfDsbC were collected
on a Jasco J-810 Spectropolarimeter dichrograph (Japan
Spectroscopic, Tokyo, Japan). The far-UV CD spectra were
generated with XfDsbC at an approximate concentration
of 5 um in 10 mm sodium phosphate buffer at pH 7.5 with
0 or 3 mm TCEP. The assays were performed in a quartz
cuvette with a path length of 1 mm, and 10 accumulations
within the range 260-190 nm at a rate of 50 nm-min~" at
24 °C were recorded for each sample and the mean was
determined. The deconvolution and statistical analysis of
the CD spectra were performed using DICHROWEB [55].

Size-exclusion chromatography

Gel filtration chromatography was performed using a pre-
packed Superdex 200 HR1030 (GE Healthcare) column.
After equilibration of the column with buffer B, samples
(approximately 750 pg) containing 0 or 3 mm TCEP were
loaded at a flow rate of 0.5 mL-min~'. The Superdex col-
umn was calibrated using HMW and LMW calibration kits
(GE Healthcare) as standard molecular weight markers.

DLS

DLS measurements were performed on a DynaPro instru-
ment (Protein Solutions Inc., Charlottesville, VA, USA).
XfDsbC samples at a concentration of 1 and 4 mg-mL ™" in
the absence or presence of 3 mm TCEP were analyzed in
buffer B. XfDsbCnirea or XfDsbCrea samples (approxi-
mately 100 pL) were placed in a quartz cell and DLS mea-
surements were taken at 4 °C. At least 100 acquisitions of
5 s were collected for each condition tested.
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Glutaraldehyde cross-linking

The oligomeric state of purified XfDsbC was determined
in vitro by chemical cross-linking with glutaraldehyde. The
protein samples (approximately 5 pm protein in 20 mm
Hepes buffer, pH 7.5, in a total volume of 100 pL) in the
presence or absence of 3 mM TCEP were incubated on ice
for 5 min with increasing concentrations (0-0.1%) of a
freshly prepared solution of glutaraldehyde. The reactions
were stopped by adding 10 pL of | M Tris-HCL, pH 8.0,
the products were evaluated by SDS/PAGE and
western blot analysis using polyclonal antibodies against
XfDsbC.

and

Tryptophan fluorescence measurements

The tryptophan fluorescence spectra of XfDsbC were mea-
sured on an ISS K2 Fluorescence Spectrometer (ISS,
Champaign, IL, USA). Three independent experiments
were performed using 5 pm XfDsbC in the presence and
absence of 3 mm TCEP in buffer B. Excitation was per-
formed at a fixed wavelength of 280 nm. and emission
spectra were recorded in the range 300-400 nm. The fluo-
rescence contribution from the blank solutions containing
the reducing agent or not were subtracted from that of the
samples reduced or nonreduced, respectively.

SAXS data collection, processing and model
construction

XfDsbC samples were submitted for SAXS data collection.
XfDsbC at concentrations of 1, 4, 7 and 13 mgmL™" in
buffer B was incubated with 0 or 3 mm TCEP for 3 h

before the SAXS experiments. The samples were centri-
fuged at 13 000 g at 4 °C before use in the SAXS expert-
ments. The SAXS data collection was performed at the
SAXS-1 beamline at the Brazilian National Synchrotron
Light Laboratory (LNLS, Campinas, Brazil) [56] with a
Pilatus (300 K; 84 x 107 mm) 2D detector (Dectris Ltd,
Baden. Switzerland) and a monochromatic X-ray beam
with a wavelength of [.3808 A. The sample-to-detector
distance was adjusted to 1101.50 mm to cover a momen-
tum transfer interval of 0.0158 < ¢ < 0.4426 A~!, where
¢ = [(4m)/(A)]sin B and 26 is the scattering angle. Individual
XIDsbC samples were carefully loaded into cells made of
two thin, parallel mica windows and maintained at 4 °C
during the measurements. The protein samples and buffer
solution were exposed to the X-ray beam in I- to 5-min
frames. At least 10 successive frames were recorded for
each protein concentration and TCEP condition.

The data reduction was performed using FIT2D [57] with
radial integration of the collected images, and normaliza-
tion was performed relative to the intensity of the transmit-
ted beam after buffer scattering subtraction. The SAXS
data analyses were performed using ATsas software [58].
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The Rg and scattering intensity at zero angle [/(0)] were
calculated wsing the indirect Fourier transform method
implemented in GNoMm software [58], which also calculates
the distance distribution function P(r) and allows the
assessment of Dy, and molecule anisometry. Kratky plots
[¢°1(q) » q] [59] were also generated to evaluate the confor-
mational variability of the protein in solution. The molecu-
lar weight of the protein was estimated using the SAXS
MoW algorithm [25].

Ab initio dummy bead models were calculated from the
experimental curves using pDAMMIN and pammir [56.60]. Dif-
ferent point-group symmetries (Pl, P2 and P4) were
imposed, and the best results were obtained with P2 sym-
metry. The final low-resolution 3D envelope. which repre-
sents the protein, was generated by averaging independent
runs with DAMAVER and DAMFILT software [61] in automatic
mode. The individual and mean SAXS envelopes were
visually inspected.

In parallel with the ab initio methods used to construct
the low-resolution envelope from the experimental curve,
rigid-body modelling was performed. First, a monomeric
XIDsbC 3D homology model was obtained using the 1-TAs-
SER server [62]. To assemble possible XfDsbC dimers and
tetramers, the -tasser XfDsbC models were superimposed
on the EcDsbC crystal structure (PDB code: 1EEJ) using
pyMoL (Schrodinger LLC, New York, NY, USA). Possible
XIMMDsbC dimerization interfaces were suggested based on
the EcDsbC dimeric structure [18]. The theoretical dimeric
XfDsbC atomic model was first modelled onto the SAXS
curve using BUNcH [63]. In this procedure. an XfDsbC
monomer was presented to the software with separate
dimerization and catalytic domains, and few restraints were
imposed in the reconstruction of the XfDsbC dimer.

The XfDsbC tetramer models were constructed using
SASREF software [64]. For this task, the catalytic and dimer-
ization domains were separately provided to the software,
and restrictions on the shortest and longest distances for
the independent domains were imposed. The dimerization
interface was restricted based on the results obtained with
the XfDsbC dimer model.

The discrepancy (y) between the experimental data and
the theoretical scattering curves computed for each possible
atomic model was assessed using CRYSOL software [64].
Conventionally, the y parameter, which 1s provided by
CRYSOL, is used as a measurement of the goodness of fit
to the experimental data. The structural alignments were
performed using supcomB software [65].
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Supplemental Figure S1. ClustalW?2 alignment of DsbC sequences from Xylella fastidiosa
strain 9a5c¢ (XfDsbC), Xanthomonas campestris pv. campestris (XcDsbC), Erwinia chrysanthemi
(ErcDsbC) and Escherichia coli (EcDsbC). The regions that are fully conserved in the four
sequences (black) and the residues that are strongly similar between the sequences (gray) are
highlighted. The oxi-redox switch, which is composed of the CGYC motif, is indicated in red in

all sequences.
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Supplemental Figure S2. The inverted XfDsbCgreq dimer. Three-dimensional atomic model for
XfDsbC dimer was generated as an output from BUNCH software. The low-resolution data
obtained limits the interpretation of the correct XfDsbCgreq dimeric structure. Therefore, a second
possible XfDsbCgreq dimer is also provided. The same low-resolution protein envelope
constructed for the XfDsbCgreq dimer displayed in Fig. SA is shown here as semi-transparent
whitish spheres superimposed onto the inverted XfDsbCgeq dimer atomic model. The middle and
bottom views are rotated clockwise by 90° around the x- and y-axes, respectively. The figure

was generated with PyYMOL software (Schrodinger, LLC).
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Supplemental Figure S3. Possible tetrameric assemblies of (A) EcDsbC (PDB ID 1EEJ) and
(B) HiDsbC (PDB ID 1TDJ). These oligomers were observed in the crystal structures by
applying symmetric operations. The symmetric molecules and figures were generated with

PyMOL software (Schrodinger, LLC).
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Abstract

The 5'-nucleotidases constitute a ubiquitous family of enzymes that catalyze either the hydrolysis
or the transfer of esterified phosphate at the 5' position of nucleoside monophosphates. These
enzymes are responsible for the regulation of nucleotide and nucleoside levels in the cell and can
interfere with the phosphorylation-dependent activation of nucleoside analogs used in therapies
targeting solid tumors and viral infections. In the present study, we report the initial biochemical
and functional characterization of a 5'-nucleotidase from Xylella fastidiosa that is related to the
human cytosolic 5'-nucleotidase 1. X. fastidiosa is a plant pathogenic bacterium that is
responsible for numerous economically important crop diseases. Biochemical assays confirmed
the phosphatase activity of the recombinant purified enzyme and revealed metal ion dependence
for full enzyme activity. In addition, we investigated the involvement of Xf5'-Nt in the formation
of X. fastidiosa biofilms, which are structures that occlude the xylem vessels of susceptible
plants and are strictly associated with bacterial pathogenesis. Using polyclonal antibodies against
Xf5'-Nt, we observed an overexpression of Xf5'-Nt during the initial phases of X. fastidiosa
biofilm formation that was not observed during X. fastidiosa planktonic growth. Our results
demonstrate that the de/phosphorylation network catalyzed by 5'-nucleotidases may play an
important role in bacterial biofilm formation, thereby contributing novel insights into bacterial

nucleotide metabolism and pathogenicity.

Keywords: 5’-nucleotidase, cN-I, Xylella fastidiosa, biofilm formation, nucleotide metabolism
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1. Introduction

From a biochemical perspective, life, including all of its subtleties, is controlled primarily
by nucleic acids (DNA and RNA). All living organisms are constantly replicating and
transmitting to their descendants the hereditary information contained in their genes. Therefore,
enzymes that are involved in metabolic pathways (biosynthesis or degradation) controlling the
assembly and composition of nucleic acids have a direct impact on life [1, 2].

In bacteria, DNA recycling is tailored to the needs of the cell and involves several
specialized catabolic enzymes [1], including the 5'-nucleotidases (EC 3.1.3.5). The 5'-
nucleotidases constitute a family of enzymes that catalyze either the hydrolysis or the transfer of
esterified phosphate at the 5' position of nucleoside monophosphates and are known to regulate
the nucleotide and nucleoside levels in the cell [3-6].

The mammalian 5'-nucleotidases are the most well-characterized enzymes from this
phosphatase family [7]. Currently, seven mammalian 5'-nucleotidases have been reported [8-14].
Interestingly, despite sharing an identical catalytic mechanism and possessing conserved
structural motifs required for enzymatic activity, these enzymes vary in their subcellular
localization and substrate specificity [7]. Five of the known human 5'-nucleotidases enzymes act
in the cytosol [9-11, 13, 14], one is mitochondrial [12] and one is anchored in the plasma
membrane [8]. Although the microbial 5'-nucleotidases are poorly characterized, they may be
suitable targets for the therapeutic treatment of tumors and viral infections, because the enzymes
from this family have been reported to interfere with the phosphorylation-dependent activation
of nucleoside analogs used in the treatment of these diseases [4].

Here, we report the initial biochemical and functional characterization of a recombinant
5'-nucleotidase from the 9a5c strain of Xylella fastidiosa (Xf5'-Nt) that is related to the human
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cytosolic 5'-nucleotidase 1. X. fastidiosa is a Gram-negative plant pathogenic bacterium that
causes relevant crops diseases around the world [15]. Following the host infection, X. fastidiosa
cells form a biofilm structure [16] that occludes the xylem vessels, leading to a hydric stress
condition in the host plant that triggers disease development. Our results indicate that the
de/phosphorylation network catalyzed by 5'-nucleotidases may play an important role in bacterial
biofilm formation, thereby providing new insights into bacterial nucleotide metabolism and

pathogenicity.

2. Materials and Methods
2.1. Cloning, expression and purification

The coding sequence of the Xf5'-Nt ORF (960 bp), NCBI reference sequence
NP_299368.1, was amplified from X. fastidiosa genomic DNA by PCR with the specific
oligonucleotides Xf1808F (5-CCCAACATATGCCCGATCATTCTCATAGG-3") and Xf1808R
(5'-AAACTCGAGTCCCGGATCGTTGGCAAC-3"), which contained Ndel and Xhol restriction
sites, respectively. The PCR amplification product was cloned into the pET-29a(+) (Novagen,
Madison, WI, USA) expression vector, which added a C-terminal six-histidine tag to the coding
sequence. Clones containing the Xf5'-Nt insert were sequenced and transformed into the
expression strain E. coli BL21(DE3). For Xf5'-Nt overexpression, BL21(DE3) cells were grown
at 37°C in 1 L LB containing kanamycin (30 pg mL™) until an ODgq of 0.8 was achieved. The
expression of the recombinant protein was induced with 5.6 mM lactose followed by cultivation
for 3 h at 37°C and 300 rpm. The culture was harvested by centrifugation (3000 g for 15 min at
4°C), and the cell pellets were resuspended in 50 mL buffer A (50 mM Tris-HCI, pH 8.0, and
300 mM NaCl) plus 1 mg ml™" lysozyme and incubated on ice for 30 min. The cells were

disrupted by sonication, and the unbroken cells and debris were removed by centrifugation
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(27,000 g for 40 min at 4°C). The Xf5'-Nt protein was purified in a single chromatographic step
on a Ni-NTA column (Qiagen; Hilden, Germany) equilibrated with buffer A. The purified Xf5'-
Nt protein was eluted with six column volumes of buffer A containing 250 mM imidazole, and
the purity was estimated using SDS-PAGE. The protein concentration was determined
spectrophotometrically and calculated from the absorbance at 280 nm with a calculated molar

absorption coefficient (&,g0) of 18450 Mtem™,

2.2. Identification of the recombinant protein by LC-MS/MS

The identity of recombinant Xf5'-Nt was confirmed by mass spectrometry analysis. Prior
to protein sequence analysis, the SDS-PAGE gel band of purified Xf5'-Nt was excised and
prepared according to the methods of Shevchenko et al. [17]. The peptide mixtures were
separated by reverse-phase liquid chromatography (LC) using a nanoACQUITY UPLC System
(Waters, UK) in line with an electrospray MS-QTOF (Waters, UK). Four microliters of sample
was loaded onto a trapping column (Symmetry C18 Trap, 5 um, 180 pm x 20 mm; Waters, UK)
for preconcentration using a flow with a rate of 0.6 uL min™' and containing 5% acetonitrile and
0.1% formic acid, which was followed by the separation of the peptides using an LC column
(Symmetry BEH300 C18 Column, 1.7 um, 100 um x 100 mm). Peptides were eluted using a 50-
min linear gradient of solvent B (95% acetonitrile and 0.1% formic acid in water) at a flow rate
of 0.6 uL min™". Solvent A consisted of 0.1% formic acid in water. The entire analysis was
performed using the positive-ion mode with a needle voltage of 3 kV. The mass range used was
m/z 200 to 2000, and tandem mass spectrometry (MS/MS) spectra were acquired for the most
intense peaks (>10 counts). Multiple charged precursor ions were selected for fragmentation and
peptide sequencing using automated data-dependent acquisition (DDA) MassLynx software
(Waters) by switching from the MS mode to the MS/MS mode and then returning to the MS
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mode. The resulting fragmented spectra were processed using the ProteinLynx v4.0 software
(Waters). MASCOT MS/MS Ion Search (Matrix Science) was used to blast the sequences
against the NCBInr database. Combined MS-MS/MS searches were conducted with a parent ion
mass tolerance of 0.3 Da, an MS/MS mass tolerance of 0.1 Da, carbamidomethylation of
cysteine (fixed modification) and methionine oxidation (variable modification) and were
compared against the NCBInr bacteria databank. According to MASCOT probability analysis,

only significant (P < 0.05) hits were accepted.

2.3. Circular dichroism measurements

The far-UV circular dichroism (CD) spectra of the recombinant Xf5'-Nt were collected on
a JASCO J-810 Spectropolarimeter dichrograph (Japan Spectroscopic; Japan). The assays were
performed in a quartz cuvette with a path length of 1 mm, and 10 accumulations within the range
of 260-180 nm at a rate of 50 nm min™' at 24°C were recorded with Xf5'-Nt at an approximate
concentration of 5 uM in 10 mM sodium phosphate buffer at pH 7. The deconvolution and

statistical analysis of the CD spectra were performed using the DichroWeb server [18].

2.4. Size-exclusion chromatography

Gel filtration chromatography was performed with an AKTA-FPLC system using a
Superdex 200 HR 10730 column (GE Healthcare; Sweden). Purified Xf5'-Nt (200 pug) was loaded
onto the column, and the chromatography was performed at a flow rate of 0.5 ml min™ using
buffer B (50 mM Tris-HCI, pH 8.0, and 150 mM NaCl). The HMW and LMW calibration kits
(GE Healthcare; Sweden) were used as standard molecular weight markers for column
calibration.

2.5. Biochemical characterization
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The phosphatase activity of the recombinant Xf5'-Nt was evaluated in vitro using the
artificial substrate p-nitrophenyl phosphate (pNPP; Sigma, USA). Assays to determine the pH
and cofactor dependence and kinetic parameters were performed at room temperature, and the
data were obtained spectrophotometrically at 410 nm. For pH-dependence assays, the buffers
MES (pH range of 5-6.5), HEPES (pH range of 7-8) and Tris-HCl (pH range of 8.5-10) were
used. The presence or absence of divalent metal ions, including Mg®*, Mn**, Cu®*, Ni**, Ca™,
Zn** and Co™*, were evaluated as cofactors. Subsequent to the determination of the pH optimum
and dependence of cofactors, kinetic experiments were performed in 50 mM HEPES buffer (pH
7.0) with 1 mM Mg**. All the reactions were performed in triplicate and repeated three times
using approximately 4 ug of freshly purified protein. Kinetic parameters were obtained using

GraphPad Prism (Graph—Pad Software, San Diego, CA, USA).

2.6. Western blot analysis

The X. fastidiosa subsp. pauca 9a5c [19] was used to obtain the different phases of
bacterial biofilm formation and planktonic cells using a protocol established by De Souza et al.
[20]. Polyclonal antibodies against Xf5'-Nt were produced by Rheabiotech (Campinas, Brazil)
and used in the Xf5'-Nt immunodetection during X. fastidiosa planktonic and biofilm growth. For
western blot analysis, the total amount of X. fastidiosa proteins from different developmental
phases of biofilm formation and planktonic growth were extracted, normalized and analyzed as

described by Santos et al. [21].
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3. Results and discussion

3.1. Purification and initial Characterization of Xf5'-Nt

Functional genomics studies focusing on the characterization of proteins presumably
involved in the pathogenicity, adaption and survival of a pathogen provide an interesting
approach to better understand the biology and genetics of an organism. Particularly with regard
to the plant pathogen X. fastidiosa, numerous protein targets that are associated with
pathogenesis were annotated during its genome analysis [22]; however, only functional studies
can clarify the involvement of these targets in bacterial virulence and pathogenicity.

The 5'-nucleotidase activity has previously been associated with bacterial pathogenicity,
including such important pathogens as Staphylococcus aureus, Bacillus anthracis, Streptococcus
sanguinis and Haemophilus influenzae [23-25]. Within this context, Fan et al. [24] have reported
that, as a virulence factor, a nucleotidase could act in ATP hydrolysis and still generate
adenosine, an immunosuppressive molecule. Thus, in addition to regulating the intracellular
nucleotide pools, the nucleotidase activity is involved in bacterial survival, allowing the
pathogen to escape host defense responses.

In the present study, the X. fastidiosa 9a5¢ ORF that encodes Xf5'-Nt was successfully
cloned. DNA sequencing confirmed the correct oligonucleotide sequence in the Xf5'-Nt:pET-
29a(+) construct. The recombinant protein was purified by affinity chromatography (Fig. 1A).
Xf5'-Nt has a molecular mass of 35.9 kDa, which corresponds to the 320-amino acid sequence
encoded by ORF Xf1808 plus the C-terminal Hise-Tag added by the pET-29a(+) vector.
Approximately 22 mg of soluble Xf5'-Nt protein was obtained per liter of bacterial culture. Mass

spectroscopic analysis of the recombinant purified protein indicated a sequence coverage of 77%
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with the Xf5'-Nt amino acid sequence of the X. fastidiosa 9a5c strain obtained from GenBank

(AAF84888.1), which confirmed the identity of the target protein.
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Figure 1. Characterization of Xf5'-Nt from X. fastidiosa. (A) 12 % SDS-PAGE of Xf5'-Nt

purification. The purified Xf5'-Nt (lane 1) was eluted with six column volumes of buffer A

containing 250 mM imidazole. Molecular weight markers (Mw) are indicated on the right. (B)

Circular dichroism spectrum obtained for purified Xf5'-Nt. (C) Calibration curve of Xf5'-Nt size-

exclusion chromatography analysis. The expected molecular mass for recombinant Xf5'-Nt is

35.9 kDa; the estimated molecular weight for Xf5'-Nt by size-exclusion chromatography is 74.3

kDa. Xf5'-Nt likely exists as a dimer in solution.
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Hunsucker et al. [26] analyzed a human cytosolic 5'-nucleotidase I (cN-I) and, after
scanning the human cN-I sequence against the GenBank database, observed that in addition to
pigeon cN-I [10], cN-I was significantly related to the X. fastidiosa Xf5'-Nt, which is reported
herein. A comparative alignment of the amino acid sequences of human and pigeon cN-I and X.
fastidiosa Xf5'-Nt, previously reported [26] (Supplemental Fig. S1) indicated that all three
sequences contain a conserved classical Walker B motif, (R/K)X;.4GX2.4¢X0(D/E) (X is any
amino acid and ¢ is a hydrophobic amino acid residue), associated with the nucleotide binding
pocket and also share a conserved kinase-2 motif (IFFDD) near the C-terminus. Note that the
kinase-2 domain is often composed of four hydrophobic amino acid residues followed by an
aspartate that may interact with divalent metal ions that act as cofactors for enzymatic activity
[27]. This important amino acid residue is conserved in Xf5'-Nt and strongly suggests the

requirement of divalent metals for proper enzymatic catalysis.

3.2. Secondary structure and size-exclusion chromatography analysis

The CD analysis of the Xf5'-Nt revealed a typical spectrum of a protein with a
predominance of a-helical structure (Fig. 1B), and analysis using the DichroWeb server [18]
indicated that Xf5'-Nt is composed of 37% a-helices and 14% [B-sheets. The experimental results
obtained by CD are consistent with the Xf5'-Nt secondary structure prediction (35% a-helices
and 14% B-sheets) obtained in silico using the PSIPRED server [28].

Analytical size-exclusion chromatography indicated that the recombinant purified Xf5'-Nt
was eluted with a retention time corresponding to a calculated molecular mass of 74.3 kDa (Fig.
1C), indicating that Xf5'-Nt likely exists as a dimer in solution because the observed mass
represents approximately twice the mass of the monomer (35.9 kDa). The oligomeric state of

other 5'-nucleotidases described previously suggests that this class of enzyme may exist in
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solution as monomers, dimers and tetramers [7]. The oligomeric assembly of these proteins is
directly involved in their function and may modulate substrate recognition and specificity [29].
Therefore, the different oligomeric forms observed among the 5'-nucleotidases may be one
explanation for the wide range of substrate specificities and various biological roles of these

enzymes [5].
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Supplemental Figure S1. Multiple sequence alignment of Xylella fastidiosa Xf5'-Nt (accession
number NP_299368.1), human cN-I (accession number AAKO01294.1) and pigeon cN-I
(accession number CAB43554.1). The regions fully conserved in the three sequences (black) and
the residues that are strongly similar between the sequences (gray) are highlighted. The Walker

B and kinase-2 motifs are indicated in green and red, respectively, in all sequences.

3.3. Enzymatic assays
For the initial Xf5'-Nt biochemical characterization, we used the general artificial

substrate for phosphatase activity, pNPP. Prior to evaluating the enzymatic kinetic parameters,
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we investigated the optimal pH and the dependence of cofactors for enzyme activity. Xf5'-Nt
demonstrates the highest activity at pH 7 (Fig. 2A), and this pH value is consistent with the pH
optimum described for human cN-I [7], which is related to Xf5'-Nt. Regarding cofactor
dependence, Xf5'-Nt exhibited the highest affinity for Mg2+, followed by
Mn**>Co**>Cu®*>Ni**>Ca’*>Zn** (Fig. 2B). Considerable phosphatase activity was also
observed in assays in which no metal ions were added to the enzymatic reaction; however, this
finding can be explained by the presence of nickel ions in the resin used to purify the
recombinant protein, whereas in the presence of EDTA, low activity was observed (Fig. 2B).
These results were expected because Xf5'-Nt contains a key aspartate (at position 291 in the
amino acid sequence) in the conserved structural kinase-2 motif that is responsible for metal ion
binding (Supplemental Fig. S1). Mg*" is described as the best metal ion for optimal 5'-
nucleotidase activity and can partially be replaced by other divalent cations, including Mn** and
Co®* [5], which is similar to the results observed in the present study.

The kinetic parameters obtained using pNPP as the substrate revealed that Xf5'-Nt
demonstrated typical Michaelis-Menten behavior, with a Ky, value of 0.2241 mM. These results
indicate that Xf5'-Nt possesses high affinity for pNPP. Biochemical characterization of other 5'-
nucleotidases revealed that enzymes in this family demonstrate Ky, values ranging from
micromolar for pyrimidine deoxyribonucleotide monophosphates to millimolar-submillimolar
for purine substrates and pyrimidine ribonucleoside monophosphates [26, 30]. However,
additional enzymatic assays using natural substrates are required to evaluate more accurate

biochemical features of Xf5'-Nt.
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Figure 2. Initial enzymatic characterization of purified recombinant Xf5'-Nt using pNPP as a
substrate. (A) pH dependence of Xf5'-Nt in different buffers, including MES (pH 5-6.5), HEPES
(pH 7.0-8.0) and Tris—HCI (pH 8.5-10). (B) Divalent metal ion dependence of Xf5'-Nt in
HEPES (pH 7). Each metal was added at a concentration of 0.1 mM, except for Mg2+ (added at 1
mM). A test reaction without metal and another with EDTA were also analyzed. (C) Kinetics
curve of Xf5'-Nt using pNPP (0.1-40 mM) as the substrate. The reaction mixture contained 50

mM HEPES, pH 7 and 1 mM Mg*".

3.4. Xf5'-Nt immunodetection during X. fastidiosa biofilm and planktonic growth
We investigated the presence and the differential expression pattern of Xf5'-Nt during X.

fastidiosa biofilm formation and planktonic cell growth (Fig. 3). Studies focusing on the
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differential gene expression between the biofilm and planktonic lifestyles of bacterial growth
commonly use techniques such as RT-PCR and DNA microarray technology [20, 31, 32];
however, such techniques only provide an indication of the presence of mRNA and do not
confirm the presence of expressed protein. In contrast, experimental approaches based on direct
protein detection may lead to more accurate results concerning the presence and biological role
played by a certain protein. Our findings indicate that Xf5'-Nt was differentially expressed
between the X. fastidiosa biofilm formation and planktonic growth phases (Fig. 3A). We
investigated the presence of Xf5'-Nt in biofilms at 3, 5, 10, 15, 20 and 30 days of formation
because these days match the different stages of X. fastidiosa biofilm formation [20].
Specifically, days 3-5 correspond to the phase in which the initial adhesion of cells to the
substrate occurs; microcolonies are formed within 10 days; the maturation of the biofilm begins
at day 15; the biofilm is fully mature at day 20; and the biofilm dispersal phase occurs 30 days
after the initial adhesion. The statistical analysis of the ratio of the intensity and area (pixels) of
the protein bands visualized on nitrocellulose membranes demonstrated statistically significant
differences (P < 0.05; Student’s t-test) in the Xf5'-Nt expression pattern during the different
phases of X. fastidiosa biofilm formation and planktonic growth (Fig. 3B). Xf5'-Nt expression
was greater in biofilms than in planktonic phases, especially during the initial phase (3-5 days) in
which the differences were significantly higher.

During the initial steps of bacterial biofilm formation, effector molecules of quorum
sensing are responsible for regulating the cellular metabolism and coordinate the microbial
growth rate and virulence [33-37]. Thus, such molecules are responsible for ensuring the
adhesion of cells on the substrate to be colonized as well as the subsequent maintenance and
development of the biofilm [38]. Therefore, enzymes with 5'-nucleotidase activity may be
important for the dephosphorylation/phosphorylation-dependent activation of molecules
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involved in the cellular signals that stimulate bacterial biofilm formation and development.

However, such signaling molecules and regulatory mechanisms remain unknown.
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Figure 3. Xf5'-Nt immunodetection during X. fastidiosa biofilm formation and planktonic
growth. (A) Total protein samples were isolated from the different biofilm growth phases and
from planktonic cells, normalized using BCA quantification, and evaluated by western blot using
polyclonal antibodies against Xf5'-Nt. (B) Xf5'-Nt expression profiles of biofilm (black bars) and
planktonic cells (gray bars) were quantified using EDAS software. The bars represent the
average of three independent experiments. The error bars indicate the standard errors from

experiments performed in triplicate.
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4. Conclusion

The 5'-nucleotidases are known as multifunctional enzymes that possess a wide range of
biological functions ranging from maintaining cellular nucleotide pools to the control of cellular
homeostasis. However, this is the first time that the role of these enzymes in the formation and
development of bacterial biofilms has been investigated.

In this study, we characterized a protein that is overexpressed during X. fastidiosa biofilm
formation, particularly in the early stages of its formation, and found that the expression levels in
the biofilm were significantly higher than those in the planktonic phase. Biofilm formation by X.
fastidiosa is considered its primary mechanism of pathogenicity; therefore, understanding the
dynamics of the formation of this structure can aid in a better understanding of the biology of
this phytopathogenic bacterium and enable the development of new approaches to control this
pathogen.

Future research on the complete biochemical and biophysical characterization of 5'-
nucleotidases may shed more light on these fascinating enzymes that clearly possess functions

beyond the regulation of nucleotide metabolism.
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ABSTRACT

Xylella fastidiosa is a Gram-negative xylem-limited plant pathogenic bacterium responsible for several
economically important crop diseases. Here, we present a novel and efficient protein refolding protocol
for the solubilization and purification of recombinant X. fastidiosa peptidoglycan-associated lipoprotein
(XfPal). Pal is an outer membrane protein that plays important roles in maintaining the integrity of
the cell envelope and in bacterial pathogenicity. Because Pal has a highly hydrophobic N-terminal
domain, the heterologous expression studies necessary for structural and functional protein characteriza-
tion are laborious once the recombinant protein is present in inclusion bodies. Our protocol based on the
denaturation of the XfPal-enriched inclusion bodies with 8 M urea followed by buffer-exchange steps via
dialysis proved effective for the solubilization and subsequent purification of XfPal, allowing us to obtain
a large amount of relatively pure and folded protein. In addition, XfPal was biochemically and function-
ally characterized. The method for purification reported herein is valuable for further research on the
three-dimensional structure and function of Pal and other outer membrane proteins and can contribute
to a better understanding of the role of these proteins in bacterial pathogenicity, especially with regard to
the plant pathogen X. fastidiosa.

© 2012 Elsevier Inc. All rights reserved.

Introduction

The peptidoglycan-associated lipoprotein (Pal') is an outer
membrane (OM) protein found in Gram-negative bacteria [1,2]. It
is anchored to the OM by an N-terminal lipid moiety and interacts
strongly with the peptidoglycan layer through its C-terminal
region [3], playing an important role in maintaining the integrity
of the cell envelope [3,4].

Several studies indicate a significant role for Pal in the survival
and pathogenesis of certain bacteria, including Escherichia coli
[5,6], Aggregatibacter actinomycetemcomitans [7]|, Haemophilus
ducreyi [8], Erwinia chrysanthemi [9], Vibrio cholerae [10], and
Caulobacter crescentus [11]; however, its role in virulence is poorly
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understood. In addition to its structural functions, Pal is highly
immunogenic and is considered a perfect antigen for the produc-
tion of vaccines [12,13].

Pal is a component of the Tol-Pal system [1] and interacts with
several factors involved in this system, including TolB and TolA,
and with cell envelope proteins, such as OmpA (outer membrane
protein A) and Lpp (lipoprotein) [1,14-16]. However, due to the
fact that Pal has a highly hydrophobic N-terminal domain and is
incorporated into inclusion bodies, the heterologous expression
studies necessary for structural and functional protein character-
ization are challenging. The principal protocol that is widely used
for the solubilization and purification of native bacterial Pal is
based on the protocol described for the purification of Pal from
Haemophilus influenzae (HiPal), also known as P6 [17]. However,
this protocol employs several steps involving ultracentrifugation,
the use of anionic detergents, and heat treatment with a final
low yield of purified protein (approximately 0.5 mg per liter of bac-
terial culture [18]), which hinders the characterization of this
protein.

In the present work, we developed a novel and efficient protocol
for the solubilization and purification of recombinant Pal from
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Xylella fastidiosa (XfPal) overexpressed in E. coli. X. fastidiosa is a
Gram-negative xylem-limited plant pathogenic bacterium that is
responsible for several economically important plant diseases,
including citrus variegated chlorosis, phony peach disease, plum
leaf scald, Pierce’s disease of grapes, and leaf scorch of almond,
coffee, elm, oak, oleander, pear and sycamore [19,20]. The protocol
is based on the treatment of the XfPal-enriched inclusion bodies
with 8 M urea followed by buffer-exchange steps via dialysis, a
method that proved effective for the solubilization and subsequent
purification of XfPal. We achieved a relatively pure protein yield of
greater than 17 mg per liter of bacterial culture. In addition, XfPal
was biochemically and functionally characterized. The goals of our
work are to encourage new studies focused on the structure and
function of this protein to provide further information about of
the relationship between Pal and bacterial pathogenesis.

Materials and methods
Materials

The E. coli DH5-o strain was used as the host strain for cloning,
and the E. coli BL21 (DE3) strain (Novagen; USA) was the host
strain for the heterologous protein expression. The E. coli JW0731
strain [21] was used for the peptidoglycan extraction. The oligonu-
cleotides primers were synthesized by Sinapse Technologies
(Brazil). The pET29a(+) expression vector was obtained from
Novagen (USA). The Ndel and Xhol restriction enzymes were
purchased from New England Biolabs (UK). The protease inhibitor
phenylmethanesulfonyl fluoride (PMSF) and lysozyme were
obtained from Sigma Chemical (USA). The urea reagent used for
protein refolding was acquired from GE Healthcare (Sweden). The
Ni-NTA affinity resin was obtained from Qiagen (Germany). The
molecular mass marker (LMW and HMW) and the Superdex 75
10/300 GL chromatography column were purchased from GE
Healthcare (Sweden). The total protein concentration was deter-
mined using a micro BCA™ protein assay kit (Thermo Scientific;
USA). All other chemicals used were of biochemical research grade.

Alignment of XfPal with H. influenzae (HiPal)

The HiPal (GenBank accession number: AAX87436.1) and XfPal
(GenBank accession number: AAF84702.1) precursor amino acid
sequences were obtained from the NCBI databank (www.ncbi.nih.-
gov) and aligned using ClustalW2 (http://www.ebi.ac.uk/Tools/clu-
stalw2/index.html). Further editing was performed using GENEDOC
software [22].

XfPal cloning and overexpression

The sequence of the mature XfPal protein was obtained from the
X. fastidiosa comparative database (http://www.xylella.Incc.br/).
The coding sequence of the xfpal gene (ORF Xf1624; 432 bp) was
amplified by PCR from X. fastidiosa (9a5c strain) genomic DNA using
the specific oligonucleotides Xf1624F (5-CTAATCATATGGCACCAA
CTGTTTCTAC-3") and Xf1624R (5'-AAACTCGAGCTTCGCTGTATAGA
CG-3'), which contained Ndel and Xhol restriction sites, respectively.
The PCR amplification product was cloned into the pET29a(+)
(Novagen; USA) expression vector, which added a C-terminal
six-histidine tag to the coding sequence. The presence of base sub-
stitutions in the recombinant plasmid was assessed by DNA
sequencing. XfPal was overexpressed in the E. coli BL21 (DE3) strain.
The cells were grown at 37 °C with shaking at 300 rpm in 1 L of LB
broth containing kanamycin (30 pg/mL) until an ODggg of 0.6-0.8
was reached. The expression of the recombinant protein was in-
duced by the addition of 5.6 mM lactose, followed by cultivation
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for 4 h at 37 °C and 300 rpm. The culture was harvested by centrifu-
gation(3000g for 15 min at 4 °C),and the cell pellets (approximately
3 g wet weight) were resuspended in 50 mL of buffer A (50 mM
Tris-HCl pH 8 and 300 mM NaCl) plus 1 mg/mL lysozyme and
1 mM PMSF and were incubated for 30 min on ice. The cells were
disrupted by sonication, and the insoluble fraction was collected
by centrifugation (27,000g for 40 min at 4 °C).

Protein refolding and XfPal purification

The XfPal-enriched inclusion bodies obtained after XfPal over-
expression were used in a protein refolding procedure. The first
step of the protein refolding process consisted of washing the
inclusion bodies. The inclusion bodies were resuspended in
20 mL of buffer A containing 1M urea and sonicated four times
for 50 s at 70% of the maximum power in an ultrasonic homoge-
nizer 4710 (Cole-Parmer Instrument Co.; Chicago, IL, USA),
followed by centrifugation (27,000g for 40 min at 4 °C). The inclu-
sion body wash step was repeated three times. Subsequently, the
material collected by centrifugation after the last washing step
was resuspended in 10 mL of buffer A. The total washed inclusion
bodies were divided into two 100 mL beakers and shaken on an
orbital shaker at 30 rpm at room temperature. Each fraction of
the washed inclusion bodies was denatured by adding a freshly
prepared 8 M urea solution dropwise with the aid of a Pasteur pip-
ette until a transparent and homogeneous solution was obtained
(approximately 40 mL of 8 M urea was added to each beaker).
The denatured protein samples were initially dialyzed at a 1:10 ra-
tio against buffer A containing 10% v/v glycerol and 0.1 mM EDTA
(refolding buffer) at 4 °C for 4 h. Afterward, another dialysis step
was performed at a 1:100 ratio against the same buffer at 4°C
for 16 h. The solubilized protein sample was recovered by centrifu-
gation (27,000g for 40 min at 4 °C). The XfPal protein purification
was performed in a single gravity flow chromatography step using
a column packed with 1 mL of Ni-NTA resin (Qiagen; Germany)
equilibrated with buffer A. The purified XfPal protein was eluted
using a three-step gradient of imidazole (100, 250 and 500 mM)
in buffer A, each step containing 7 mL of the respective buffer.
The purity of the protein samples was estimated by SDS-PAGE
and staining with Coomassie brilliant blue R-250. The total protein
concentration was determined using a micro BCA™ protein assay
kit or by spectroscopy using a calculated molar absorption coeffi-
cient at 280 nm (&,g0) of 16,180 M~'/cm for the purified protein
sample.

Circular dichroism measurements

Circular dichroism (CD) spectra of recombinant XfPal were
collected using a Jasco ]-810 Spectropolarimeter dichrograph
(Japan Spectroscopic; Tokyo, Japan). The far-UV CD spectra were
generated at 24 °C using the XfPal protein at a concentration of
approximately 6 tM in 10 mM sodium phosphate buffer at pH 8.
The assays were performed using a quartz cuvette with a path
length of 1 mm, and 10 determinations within the range of 270~
190 nm, at a rate of 50 nm/min, were recorded for each sample
and averaged. The deconvolution and statistical analysis of the
CD spectra were performed using the Dichroweb server [23].

Analytical size-exclusion chromatography

For the analytical gel filtration experiments, approximately
1 mg protein samples were loaded into a Superdex 75 10/300 GL
column. After equilibration of the column with buffer A, the pro-
tein sample was loaded at a flow rate of 0.5 mL/min. The Superdex
column was calibrated using HMW and LMW calibration kits as
standard molecular weight markers.
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In vitro XfPal-peptidoglycan associated assay

The E. coli JW0731 strain, a pal-null mutant kindly provided by
the National BioResource Project (NIG Japan), was used for the
peptidoglycan preparation according to the protocol established
by Leduc et al. [24] with minor modifications. Briefly, cells corre-
sponding to 1L of culture with an ODggp of 0.8 were suspended in
10 mL of 9% w/v NaCl and then mixed with an equal volume of 8%
w/v sodium dodecyl sulfate (SDS). The suspension was boiled for
30 min at 98 °C and, after standing at room temperature overnight,
the sample was centrifuged (27,000g for 1 h at 25 °C). The pelleted
material was resuspended in 1 mL of water, washed with five cycles
of resuspension and recentrifugation in water, and then resus-
pended in 0.5 mL of 10 mM sodium phosphate buffer, pH 8.

For the in vitro XfPal-peptidoglycan binding assay [18], 4 ng of
the purified XfPal or a control protein, which has no affinity for
peptidoglycan were centrifuged (27,000g for 1 hat 25 °C), and then
the samples were individually incubated with 50 pL of purified
peptidoglycan (final volume, 100 pL) in 10 mM sodium phosphate
buffer (pH 8) containing 150 mM Nacl for 1 h at room temperature.
The mixture was then centrifuged (27,000g for 1 h at 25 °C). The
supernatant was collected, and the pellet was washed in 100 pL
of 10 mM sodium phosphate buffer (pH 8) containing 500 mM
NaCl; the wash fraction was collected after centrifugation (as
above). The pellet was resuspended in 40 pL of Laemmli buffer.
The supernatant (S), wash (W), and pellet (P) fractions were sepa-
rated on 13.5% SDS-PAGE. After electrophoresis, the proteins were
transferred to nitrocellulose membranes (Immobilon™-Nc; Sigma)
using a Trans-Blot Semi-Dry Transfer Cell (Bio-Rad; USA) according
to the manufacturer’s instructions. Polyclonal antibodies against
XfPal (or against the control protein) were produced by Rheabio-
tech (Campinas, Brazil) and used in the XfPal-peptidoglycan asso-
ciated assay. The detection of XfPal (or the control protein) was
performed using a 1:8000 dilution of anti-XfPal (or anti-control
protein) and a 1:8000 dilution of anti-rabbit IgG with conjugated
alkaline phosphatase (Santa Cruz Biotechnology Inc.; USA). The
membranes were developed using the NBT/BCIP chromogenic
substrates (Promega; USA).

Results and discussion
Alignment of XfPal with HiPal

The alignment of the XfPal and HiPal precursor amino acid
sequences showed that XfPal is 33 amino acid residues longer than
HiPal (Fig. 1). XfPal and HiPal exhibited a high degree of conserva-
tion, with approximately 41% identity. A signal sequence typical of
lipoprotein precursors, which includes the LVACS motif [1] cleaved
by signal peptidase Il during the translocation through the
cytoplasmic membrane, is present in both sequences. Following
the LVACS motif, XfPal contains 17 amino acid residues that are
not found in the HiPal precursor sequence. However, the mature
XfPal was annotated in the X fastidiosa 9a5c strain genome
database as starting with a methionine residue that is 12 amino
acid residues at the C-terminal of the LVACS motif. The N-terminal
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hydrophobic amino acid residues described as being responsible
for anchoring the outer membrane-like protein in the membrane
[1,2,15,16] are present in the structure of the mature XfPal. In addi-
tion, a high degree of conservation in the C-terminal region, which
is responsible for Pal-peptidoglycan binding [1,3], was observed.

XfPal overexpression and protein refolding

The DNA sequence encoding the mature XfPal was successfully
cloned into the pET29a(+) vector. DNA sequencing confirmed that
there was no alteration or base substitution in the sequence of the
positive clone used for the protein overexpression.

In contrast to other studies in which only the soluble periplas-
mic domain of Pal was used for heterologous expression [25,26], in
this study, we also included the N-terminal hydrophobic domain of
XfPal in the expressed protein. Being incorporated into the inclu-
sion bodies, XfPal was found almost entirely in the insoluble frac-
tion. Although, some studies show the solubilization of Pal with
the use of detergents such as SDS, Triton X-100 and deoxycholate
(DOC) [24.27], these detergents were not effective for the solubili-
zation of XfPal. Thus, we developed a new and efficient protein
refolding protocol for XfPal solubilization (Fig. 2). This protocol,
which consisted of an initial step of washing of the XfPal-rich
inclusion bodies with 1 M urea followed by denaturation with
8 M urea (according to a described methodology), allowed the
recovery of approximately 17 mg of purified XfPal per liter of
bacterial culture. Two steps appear to be crucial for the high effi-
ciency of the protein refolding protocol developed: (1) the denatur-
ation of the inclusion bodies with 8 M urea and (2) the protein
renaturation, consisting of the dialysis steps for removing the urea.

We observed that when the urea solution was added rapidly to
the inclusion bodies, the yield of purified protein was compromised;
with quantities of less than 50% being recovered in comparison to

60

160
G

140 * * 180
R LYSHCANEASSe 2 VCTESTI2S! TVERI AK : 186
A8 AYKGYMAGKE VD AVLGHDRA, ces 3 1853

Fig. 1. ClustalW2 alignment of the amino acid precursor sequences of Pal proteins from Xylella fastidiosa 9a5c strain (XfPal) and Haemophilus influenzae (HiPal). XfPal and
HiPal showed a high degree of conservation, with approximately 41% identity. The regions conserved in the two sequences are shown in black.
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Summary of the yields of the individual steps in the refolding and purification of recombinant XfPal from inclusion bodies produced per liter of bacterial culture.

Step Volume (mL) Total protein® (mg/mL) XfPal (mg) XfPal (%) XfPal purity (%)
Refolding”

Inclusion bodies, washed 10 11.25 - 100 80

Refolded protein 85 1.47 - - 85

Soluble protein recovered 70 1.46 - - 90

Purification by IMAC®

Flow-through 65 0.05 0 0 -

Eluate 20 0.87 17.9 22 98

# For details on the protein refolding procedure, see the ‘Materials and methods’ section.

" Immobilized metal ion affinity chromatography.
¢ Determined using a micro BCA™ protein assay kit.

¢ Determined spectrophotometrically using a calculated molar absorption coefficient at 280 nm (&,g,) of 16,180 M~/cm.

the amount obtained when urea was added dropwise. This fact
seems to be related to the kinetics of protein denaturation
performed by urea [28] in which the constant dripping allows better
protein denaturation. Another critical step was the protein renatur-
ation procedure. We found that glycerol was essential for the stabil-
ization of the hydrophobic regions of XfPal. The dialysis steps in
which this compound was added in quantities less than 10% in the
refolding buffer also compromised the final yield of the protein.

It should be noted that despite the fact that mature XfPal con-
tain four cysteine residues no reducing agents were added at any
step of the refolding procedure. Some of these cysteine residues,
especially the cysteines in the N-terminal region, can be modified
with lipids [1], so that the intrinsic properties of the protein were
not influenced. More details regarding the yield of XfPal protein
refolding are presented in Table 1.

XfPal purification

After protein solubilization, XfPal was purified by affinity
chromatography, resulting in approximately 17 mg of purified XfPal
per liter of bacterial culture (Table 1). The purified protein has a
predicted mass of 16.8 kDa, corresponding to the 144-amino acid
sequence encoded by ORF Xf1624 plus the C-terminal Hisg-Tag
added by the pET29a(+) vector. The purity of the protein was
assessed by 13.5% SDS-PAGE (Fig. 2). An interesting feature of the
purification step was that XfPal appeared on the stained SDS-PAGE
gel with a mass exceeding 18 kDa, higher than predicted. This fact
can be explained by the presence of covalently linked fatty acids
or other components associated with the protein [29] or simply
by the hydrophobic characteristics of XfPal as analysis by mass
spectrometry confirmed the identity of the recombinant protein
(data not shown).

Secondary structure and size-exclusion chromatography analysis

The CD spectrum of purified XfPal showed that the refolded re-
combinant protein has secondary folding. The CD analysis yielded
spectra characteristic of a protein containing a mixture of o-helix
and B-sheet structures (Fig. 3). The prediction of the secondary
structure for XfPal using the PSIPRED server [30] produced results
similar to those obtained by the deconvolution of the experimental
data obtained by CD, which indicated approximately 30% o-helices
and 15% B-sheets. These results are in accordance with known
elements of secondary structure for XfPal homologs [26].

The oligomeric state of purified XfPal was analyzed using size-
exclusion chromatography (Fig. 4). Previous studies have shown
that Pal can be found in two distinct forms in the cell envelope:
bound to peptidoglycan or complexed with TolB [18]. A monomer
is often observed for both forms. Samples of refolded XfPal were
eluted in two peaks during gel filtration chromatography assays
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Fig. 3. Circular dichroism spectrum obtained for purified XfPal. The deconvolution
of the experimental data obtained with the Dichroweb server shows the presence of
approximately 30% o-helices and 15% B-sheets, results similar to those obtained
using the PSIPRED server.

(Fig. 4A), one with a retention time that corresponds to an appar-
ent molecular weight of 20.8 kDa for (peak 2, Fig. 4B) and the other
with an elution profile typical of a larger oligomer (peak 1). This
pattern, which shows the presence of protein aggregates, has been
observed for other proteins during a refolding protocol [31].
However, using the protocol presented here, a large amount
(approximately 67%) of the protein obtained was in the monomeric

state, an indication of correct folding.

XfPal interacts in vitro with purified peptidoglycan

We assessed the ability of the purified XfPal to interact in vitro
with peptidoglycan. According to methodology described by Bouv-
eret et al. [18] when purified peptidoglycan is incubated with
soluble and purified Pal protein, they can interact in vitro. After
the interaction assay, the protein and peptidoglycan are mostly
observed in the insoluble fraction (pellet) and no protein is
observed in the supernatant. Thus, the interaction is confirmed as
the soluble protein is “dragged” into the pellet fraction by peptido-
glycan. Following this protocol, our experiments show that purified
XfPal was able to interact with peptidoglycan under the evaluated
conditions, because the protein was no longer observed in the
soluble fraction (S) after incubation with the peptidoglycan and
was only detected in the pellet fraction containing the peptidogly-
can (P) (Fig. 5A). We also used a control protein in this experiment,
with no described affinity for peptidoglycan. In contrast to the
results obtained by Bouveret et al. [18] in which the control protein
was observed only in the soluble fraction (i.e., not interacting with
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the peptidoglycan), we observed that the control protein used in the
present work was observed in the soluble fraction (S), the pellet
containing the peptidoglycan (P) and the wash fraction (W)
(Fig. 5B). This result may be explained by the experimental condi-
tions, as the control protein used in this work may have precipitated
when incubated with the peptidoglycan. This fact was confirmed by
the result of the wash fraction because the control protein was also
detected. In addition, we must also consider the fact that non-
specific interactions can occur, if the hydrophobic regions of the
control protein interact with the peptidoglycan, which could lead
to the observed results. However, we observed a markedly greater
affinity of XfPal protein for the peptidoglycan (when compared to
our control protein), because XfPal was completely absent from
the soluble fraction and was only detected in the fraction containing
peptidoglycan, even after the complex XfPal-peptidoglycan had
been subjected to a wash step with 500 mM NacCl.
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Conclusion

In this work, we developed a new and efficient protein refolding
protocol for the solubilization of recombinant XfPal, which enabled
us to perform an initial characterization of this protein. XfPal was
produced in a large quantity, with the presence of secondary
structure and correct folding, and was able to interact in vitro with
peptidoglycan. In addition, based on our results, we were able to
confirm the prediction of ORF Xf1624 as a peptidoglycan-associated
lipoprotein, as established in the X. fastidiosa genome database.

Bacterial outer membrane proteins, such as Pal, play an impor-
tant role in pathogen-host interactions. Although the study of
these proteins is limited because of the difficulties associated with
protein separation and purification, such studies have been facili-
tated by improvement of existing techniques and development of
new ones. It is, therefore, of great importance to both refine the
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existing methods and develop new techniques that will allow the
study of challenging proteins, particularly membrane proteins.

In this regard, the purification protocol reported here is valuable
for further research on the three-dimensional structure and func-
tions of Pal and can contribute to the better understanding of the
role of this protein in bacterial pathogenicity, especially within
the context of the plant pathogen X. fastidiosa.
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Introducao

O sistema Tol-Pal € ubiquo em bactérias Gram-negativas, sendo organizado tipicamente
na forma de dois operons: um contem os genes tolQ, tolR e tolA que codificam proteinas que se
localizam na membrana interna, e o outro contem os genes tolB e pal (Sturgis, 2001). A proteina
Pal (lipoproteina associada ao peptidoglicano), produto da expressdo do gene pal, reside na
interfase entre a membrana externa e interna e se associa fortemente a camada de peptidoglicano.
TolB (proteina de translocagdo B), produto da expressdo do gene folB, atua no periplasma
bacteriano e pode interagir com a proteina Pal (Bouveret et al. 1999).

A delecdo de qualquer um dos genes fol leva a formacdo de vesiculas na membrana
externa, reducdo da quantidade de EPS da superficie celular, defeitos na divisdo celular e
aumento da sensibilidade a antibidticos e detergentes (Lazzaroni et al. 1999; Llamas et al. 2000;
Vines et al. 2005). Desta forma, acredita-se que as proteinas do sistema Tol-Pal desempenhem
grande papel na manutenc¢do e integridade do envelope bacteriano.

Adicionalmente, os genes fol ja foram descritos como estando envolvidos na
patogenicidade de Pseudomonas aeruginosa, Salmonella typhimurium e Vibrio cholerae
(Heilpern & Waldor, 2000; Whiteley et al. 2001; Tamayo et al. 2002; Cameron et al. 2008).
Contudo, Gerding et al. (2007) propuseram que o sistema Tol-Pal faz parte da maquinaria de
divisdo celular de bactérias Gram-negativas, sendo requerido para a correta invaginagdo do
envelope celular durante a constri¢do celular em Escherichia coli. Entretanto, o papel exato das
proteinas codificas pelos operons fol-pal permanecem ndo completamente conhecido.

Neste trabalho, efetuou-se a caracterizacdo inicial das proteinas XfTolB e XfPal,
pertencentes ao sistema Tol-Pal de Xylella fastidiosa. Utilizando-se ferramentas para a

caracterizacdo proteica, confirmou-se a interacdo in vitro entre XfTolB e XfPal e avaliou-se o
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perfil de expressao de ambas proteinas durante a formacgdo e desenvolvimento do biofilme de X.
fastidiosa. Em adicdo, utilizando imunofluorescéncia foi analisada a localizacdo de XfTolB e
XfPal durante o crescimento de X. fastidiosa. Os resultados demonstram que XfTolB e XfPal sao
importantes para a formacdo e desenvolvimento do biofilme bacteriano. Observou-se também
que durante o crescimento de X. fastidiosa, as proteinas XfTolB e XfPal parecem ocupar a mesma

localizag@o na célula, evidenciando uma possivel interagado in vivo.

Material e Métodos

Clonagem, expressdo e purificacdo

A clonagem, expressdo e purificacdo de XfPal foi realizada como descrito por Santos et
al. (2012a).

A sequéncia codificante do gene XfrolB (ORF Xf1625; 1468 pb) foi amplificada por PCR
a partir do DNA genomico de X. fastidiosa (linhagem 9a5c) utilizando os oligonucleétidos
especificos Xf1625D (5-CCAAACATATGACGAAATTTCCACGCTGG-3") e Xf1625R (5'-
AAACTCGAGATGTACGCTCCGGTAAGGCCC-3"), contendo sitios de restricdo para as
enzimas Ndel e Xhol, respectivamente. O produto de amplificacdo por PCR foi clonado no vetor
de expressdo pET29a (+) (Novagen; EUA), que acrescenta, na regidao C-terminal da sequéncia
codificante, uma cauda contendo seis residuos de histidina. A presenca de substituicdes de bases
no plasmideo recombinante foi avaliada por sequenciamento de DNA. XfTolB foi super-expressa
em E. coli BL21 (DE3). As células foram cultivadas a 37 °C com agitacdo a 300 rpm, em 1 L de
LB contendo canamicina (30 ug/mL) até que a DOggonm de 0,6-0,8 foi alcancada. A expressdo da
proteina recombinante foi induzida pela adicdo de 5,6 mM de lactose, seguido por cultivo
durante 16 h a 25 °C e 200 rpm. A cultura foi entdo centrifugada (3000 g, 15 min, 4 °C), e as
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células foram ressuspendidas em 50 mL de tampao A (50 mM Tris-HCI pH 8 e NaCl 300 mM)
contendo 1 mg/mL de lisozima e 2 mM PMSF. As células foram rompidas por sonicagdo e a
fracdo soldvel foi recolhida por centrifugacdo (27000 g, 40 min, 4 °C). A purificacdo de XfTolB
foi realizada empregando cromatografia de afinidade ao niquel utilizando a resina Ni-NTA
(Qiagen, Alemanha) equilibrada com tampao A. A proteina purificada foi eluida utilizando um

gradiente de imidazol (0 a 500 mM) e a pureza das amostras foi estimada por SDS-PAGE.

Dicroismo circular

Andlises de dicroismo circular (CD) foram realizadas utilizando um espectropolarimetro
JASCO J-810 (Tokio, Japao). As cubetas de quartzo utilizadas possuiam caminho 6tico de 0,1
mm e as medidas foram realizadas a 24 °C usando amostras de proteina a 4 uM em 10 mM
tampao fosfato de s6dio pH 8.0. A andlise estatistica e a deconvolucao do espectro de CD obtido

foram realizadas utilizando o servidor DICRHOWEB (Whitmore & Wallace, 2004).

Cromatografia de exclusao molecular analitica

A intera¢do entre as proteinas recombinantes XfTolB e XfPal foi avaliada in vitro
utilizando cromatografia de exclusdao molecular (SEC) empregando uma coluna Superdex 75
10/300 (GE Healthcare; Uppsala, Suécia), como descritor em Zhang et al. (2010). Amostras das
proteinas purificadas foram misturadas em igual concentragdo (~50 uM) e incubadas por 15 h a 4
°C. Em seguida, amostras individuais e da mistura de XfTolB e XfPal foram separadas na coluna
utilizando um fluxo de 0,5 mL/min com o tampao A. As fra¢des da eluicdo de cada corrida

cromatografica foram coletas e analisadas por SDS-PAGE.
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Analises de western blot

X. fastidiosa subsp. pauca 9a5c (Schaad et al. 2004) foi utilizada para a obten¢do das
diferentes fases de formacdo de biofilme bacteriano e células planctonicas utilizando um
protocolo estabelecido por Souza et al. (2004). Os anticorpos policlonais anti-XfTolB e anti-
XfPal foram produzidos por Rheabiotech Ltda (Sdao Paulo/SP, Brasil), e utilizados na
imunodeteccdo de XfTolB e XfPal durante o crescimento em biofilme e planctonico de X.
fastidiosa. Para as anélises de western blot, a quantidade total de proteinas de X. fastidiosa das
diferentes fases do biofilme e das células planctonicas, foi extraida, normalizada e os resultados

analisados como descrito por Santos et al. (2012b).

Analises de imunofluorescéncia

Para as andlises de imunofluorescéncia, culturas de X. fastidiosa subsp. pauca 9aSc
(ODg0o nm 0,1) foram inoculadas em laminulas de vidros e incubadas estaticamente por 15 h a 28
°C. Para aumentar a efici€éncia de adsor¢ao dos anticorpos ao material biolégico, as laminulas
contendo as células foram tratadas com lisozima (5 mg/mL) durante 15 min. Para reduzir a
adsorc¢do inespecifica dos anticorpos utilizou-se 500 uL. de BSA (2%)-PBS. A imunodeteccdo de
XfTolB e XfPal foi realizada utilizando-se anticorpos especificos para XfTolB e para XfPal
(RheaBiotech Ltda; Sdo Paulo/ SP, Brasil). Apds a incubag@o com os anticorpos especificos as
laminulas passaram por etapas de lavagem com PBS-Tween 20 (0,05%) e em seguida foram
incubadas com o anticorpo IgG conjugado com CyS5 (Santa Cruz Biotechnology, EUA).

Para a deteccdo das proteinas alvo utilizando-se imunofluorescéncia as laminulas
preparadas, foram subsequentemente analisadas usando um microscépio de epi-fluorescéncia
(Nikon TE2000U, EUA) com sistema interno de controle de temperatura EMCCD (Andor
IXON3, 1024x1024 pixels, Irlanda). A excitacio do Cy5-fluor6foro e a autofluorescéncia
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bacteriana foram obtidas utilizando-se uma de lampada de Xenon (150 W) com conjuntos
especificos de filtro (AHF; Tiibingen, Alemanha). Para cada amostra, a autofluorescéncia das
bactérias no comprimento de onda verde foi analisada seguida de medi¢cdes no comprimento de
onda vermelho para a localizacdo do anticorpo conjugado com CyS5. Finalmente, as imagens

obtidas foram sobrepostas e a localizacdo das proteinas XfTolB e XfPal na célula foi analisada.

Resultados e Discussao

Clonagem, expressdo e purificacdo

A proteina XfPal foi produzida em grande quantidades (aproximadamente 15 mg de
proteina purificada por litro de cultura bacteriana) como descrita por Santos et al. (2012a).
XfTolB foi clonada, expressa e purificada neste trabalho. Anélises de sequenciamento de DNA
revelaram a auséncia de substitui¢cdes de bases na constru¢do pET29:XftolB utilizada para os
experimentos de expressao heter6loga. XfTolB foi expressa e em seguida purificada utilizando
cromatografia de afinidade ao niquel. Grande quantidade de proteina recombinante purificada foi
obtida (aproximadamente 14 mg de proteina purificada por litro de cultura bacteriana). A Figura
4.1A, apresenta o gel de SDS-PAGE da purificacdao de XfTolB.

Andlises iniciais do conteido de estruturas secunddrias da proteina recombinante
purificada revelaram o predominio de estruturas tipo folha B (Figura 4.1B). A deconvolucdo do
espectro de CD obtido confirmaram a presenca de 39% de folha B e 8% de a-hélice, resultados
similares aos observados para TolB de E. coli (Carr et al. 2000). O conteido de estruturas
secunddrias de XfPal foi novamente avaliado e os resultados foram idénticos aos descritos

anteriormente (Santos et al. 2012a).
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Figura 4.1. Purificacdo de XfTolB. (A) SDS-PAGE (12 %) das fracdes da cromatografia de
afinidade obtidas durante a eluicdo de XfTolB. (B) Andlises de CD de XfTolB, revelando

predominancia de estruturas secundarias do tipo folha f.

XfTolB e XfPal interagem in vitro

Foi utilizada cromatografia de exclusdo molecular para avaliar in vitro a interacdo entre
XfTolB e XfPal. Inicialmente, amostras individuais das proteinas XfPal e XfTolB foram
analisadas individualmente. O perfil cromatografico de XfPal foi idéntico ao descrito por Santos
et al. (2012a) (Figura 4.2). XfTolB foi eluida como um unico pico durante as andlises de SEC
(Figura 2), apresentando tempo de retencdo que corresponde a massa molecular de 29 kDa. Este
resultado € contrastante com a massa molecular estimada para o mondmero de XfTolB que € 46,2
kDa. Contudo, Zhang et al. (2010), descrevem resultados similares para a proteina tolB de E.
coli. Assim uma explicacdo provavel para tal fato reside nos aspectos estruturais da proteina
TolB. O principio da técnica de SEC € baseado no formato molecular das proteinas, sendo uma
técnica desenvolvida principalmente para proteinas globulares, o que ndo é o caso da proteina

TolB.
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Apo6s as andlises individuais das proteinas XfTolB e XfPal, foram avaliadas por SEC
amostras nas quais ambas as proteinas haviam sido misturadas e incubadas por 15 h a 4 °C. Os
resultados dessa andlise revelarou que a mistura entre XfTolB e XfPal apresentou um perfil
cromatogréifico diferente das amostras individuais, apresentando um pico de elui¢do adicional
(Figura 4.2). Anélises de SDS-PAGE mostraram que o pico adicional representava amostras das
proteinas XfTolB e XfPal, confirmando a interacao in vitro de XfTolB-XfPal. Além disso, nota-se
o total desaparecimento dos picos correspondentes a proteina XfPal. E provavel que a interacio
com XfTolB estabilize XfPal e, devido a isto, houve o desaparecimento do pico correspondente a
porcao agregada de XfPal. Contudo, andlises adicionais ainda sdo necessdrias para investigar

mais detalhes da interag@o entre XfTolB e XfPal.

Expressdo durante a formacdo de biofilme e imunofluorescéncia

Avaliou-se o perfil de expressio de XfTolB e XfPal durante as diferentes fases de
formacdo do biofilme e durante o crescimento planctonico de X. fastidiosa. Os resultados obtidos
demonstram que tanto XfTolB quanto XfPal sdo expressas diferencialmente durante as diferentes
fases de formacdo do biofilme e, de acordo com o tipo de crescimento de X. fastidiosa
(planctonico versus biofilme) (Figura 4.3). XfPal foi expressa em maiores quantidade que XfTolB
(Figura 4.3A; B). Tal observacdo é condizente com o fato da proteina Pal estar presente em
quantidades bem maiores que XfTolB no envelope celular bacteriano (Gerding et al. 2007).
Andlises estatisticas da razdo entre a intensidade média e a drea em pixels das bandas
visualizadas nas membranas de nitrocelulose utilizadas nos experimentos de western blot
revelaram diferencas estatisticas significantes (P < 0.05) no perfil de expressdo de XfTolB e

XfPal (Figura 4.3C;D). Contudo, nota-se uma diferenca acentuada nas fases iniciais (3-5 dias) de
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formacdo do biofilme, além de se observar perfil de expressdao correspondente entre XfTolB e

XfPal.
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Figura 4.2. Cromatografia de exclusdo molecular analitica. O perfil cromatografico de XfTolB,

XfPal e do complexo XfTolB-XfPal é mostrado, respectivamente, em vermelho, azul e preto. Em

detalhe (lado direito) € apresentado o gel de SDS-PAGE (12%) da fracdo (1) correspondente a

interacdo entre XfTolB e XfPal.
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Figura 4.3. Detec¢do de XfTolB e XfPal durante o crescimento planctonico e em biofilme de X.
fastidiosa. (A) Anélises de western blot XfPal; (B) Andlises de western blot de XfTolB; (C)

Quantificacdo do nivel de expressdo de XfPal; (D) quantificacdo do nivel de expressdo de

XfTolB.

As proteinas TolB e Pal ja foram descritas como estando envolvidas no processo de
divisdo celular, assim, caso XfTolB e XfPal desempenhem o mesmo papel em X. fastidiosa, tais
proteinas podem ser alvos importantes para a compreensao da regulacdo e desenvolvimento do
biofilme formado por esta bactéria, requerendo estudos adicionais para investigar tais hipoteses.
Neste sentido, avaliou-se também a localizacdo de XfTolB e XfPal utilizando-se técnicas de
imunofluorescéncia. Os resultados preliminares desta anélise, revelaram que XfTolB e XfPal ora
se localizam nas extremidades polares da célula, ora se concentram no centro da célula (Figura
4.4). O processo de divisao celular culmina com a formacdo de duas células filhas apds o evento

de fissdo bindria, propriamente dita, que ocorre no centro da célula parental, dando origem a
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duas células filhas. Assim tais resultados evidenciam que: 1) XfTolB e XfPal parecem interagir in
vivo; ii) Devido ao fato de, em determinados momentos do ciclo celular, ambas as proteinas
serem observadas no centro da célula, supde-se que elas possam estar envolvidas na maquinaria
de divisdo celular de X. fastidiosa. Apesar das evidéncias, ainda sd3o necessdrias novas andlises
de imunoflourescéncia, nas quais a taxa de crescimento bacteriana seja investigada mais

criteriosamente, para que se possa confirmar o envolvimento de XfTolB e XfPal no processo de

divisdo celular de X. fastidiosa.

XfPal XfTolB

Figura 4.4. Imunolocalizacdo de XfPal e XfTolB (vermelho) durante o crescimento de X.

fastidiosa.
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5. RESULTADOS COMPLEMENTARES

5.1. Caracterizacao estrutural das proteinas Alvo (SAXS — Cristalizacao)

Grandes esfor¢os foram feitos para a caracterizacdo estrutural das proteinas alvo deste
projeto.

Com relacdo 4 cristalografia, quatro testes de screemning inicial foram inicialmente
realizados no Laboratério Automatizado de Cristalizacdo de Proteinas (RobLab, LNBio,
Campinas, SP), compreendendo amostras das proteinas Xf5"-Nt, XfTolB e XfDsbC na presenca
de 3 mM do agente redutor TCEP (tris-2-carboxietil fosfina) e XfDsbC sem a presenca do
referido agente redutor.

Dentre as quatro amostras de proteinas ensaiadas para cristalizacdo, foram observados
sinais de cristais apenas para as amostras da proteina XfTolB e XfDsbC (tanto na presenca quanto
na auséncia de TCEP). Testes de refinamento dos cristais da proteina chegaram a ser realizados
para a proteina XfDsbC no laboratério de Biologia Estrutural e Cristalografia do IQ/UNICAMP.
Contudo, os padrdes de difracdo coletados para tais cristais mostraram padrao de difracdo de sal
ou outras moléculas muito pequenas, indicando que estes ndo eram cristais de proteina.

Ao contrario dos resultados obtidos com a cristalografia, os resultados da andlise
estrutural empregando espalhamento de raios-X a baixos angulos (SAXS — Small Angle X-ray
Scattering) conduziram a dados de alta qualidade, principalmente para a proteina XfDsbC
(Capitulo 1). Além da proteina XfDsbC, as proteinas XfPal, XfTolB e Xf5'-Nt também foram
submetidas a coleta de SAXS. Os dados destas andlises foram tratados de acordo com a
metodologia descrita para a proteina XfDsbC (Capitulo 1).

Para a proteina Xf5'-Nt os resultados de SAXS (Figura 5.1) evidenciaram que a regido de

Guinier (Figura 5.1B) encontra-se no limite de validade, sendo esta uma caracteristica de um
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grande oligdmero ou uma amostra com tendéncias a agregacdo. Além disso, o Krakty plot

evidenciou certo grau de desenovelamento (Figura 5.1C).
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Figura 5.1. Andlise por SAXS da proteina Xf5'-Nt. A) Curva de espalhamento; B) Regido de

Guinier; C) Kratky Plot.

Os resultados de SAXS obtidos para Xf5'-Nt, evidenciaram uma possivel explicagao para

o resultado negativo observado no screening inicial de cristalizacdo desta proteina. Nas

condi¢des avaliadas Xf5'-Nt se apresenta, em solu¢do, com massa de centenas de kDa (tanto

empregando um padrdo quanto pelo método SAX MoW), desta forma a presenca de oligdbmeros
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inespecificos poderia impedir a formagdo dos cristais. Para a proteina Xf5'-Nt como a P(r) ndo é
confidvel devido aos resultados obtidos, ndo hd como prosseguir com confiabilidade como
amostras desta proteina nas condi¢des avaliadas.

Para a proteina XfPal (que foi obtida empregando um protocolo de re-enovelamento
protéico descrito no Capitulo 3), o resultado de SAXS indicou, de maneira inequivoca a presenca
de agregados (Figura 5.2). Este resultado € tipico para proteinas que passam por etapas de re-

enovelamento proteico, o que inviabiliza andlises pela referida técnica.
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Figura 5.2. Andlise por SAXS da proteina XfPal. A) Curva de espalhamento; B) Regido de

Guinier.

Para a proteina XfTolB, duas condi¢des foram avaliadas empregando SAXS: em uma
destas condicdes a amostra de proteina foi anteriormente submetidas a separagdo por

cromatografia de exclusdo molecular (TolBGF), a outra amostra ndo foi submetida a esta etapa

82



Resultados Complementares

adicional de separacdo. Curiosamente, os resultados obtidos para amostras de XfTolB nestas duas
condi¢des foram diferentes. Para a amostra ndo submetida a etapa cromatogréfica adicional, os
resultados apontaram para uma estrutura prolata com Dy« de 133 Ae Rg de 43 A, em acordo
com o predito pela andlise de Guinier (Figura 5.3). Contudo, para esta amostra foi observado
uma mudancga nitida no Iy (Figura 5.3B) de acordo com a sequéncia de curvas, indicando uma
possivel alteracdo conformacional ao longo do tempo. Para a amostra de XfTolB submetida a
SEC os resultados apontaram para uma proteina prolata com Dy, de 91 Ae Rg 29 A, coerente
com o a andlise de Guinier (Figura 5.3B ). Desta forma, a anélise de amostras da mesma proteina
avaliada em condic¢des diferentes revelou resultados contrastantes, o que requer uma nova coleta
de dados explorando condicdes experimentais adicionais, bem como novas informacdes sobre a

estrutura de proteinas homdlogas a XfTolB para a interpretacdao dos dados.
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Figura 5.3. Andlise por SAXS da proteina XfTolB e XfTolB-GF (amostra submetida a
cromatografia de exclusdo molecular). A) Curva de espalhamento; B) Regido de Guinier; C)

Kratky Plot.
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6. CONCLUSOES E PERSPECTIVAS

Estudos estruturais e funcionais de proteinas supostamente relacionadas a patogenicidade,
adaptacdo e sobrevivéncia de um patdégeno reinem interessantes abordagens que podem permitir
a melhor compreensdo da biologia e genética deste organismo. Especialmente com relacdo a
bactéria fitopatogénica X. fastidiosa, numerosas proteinas alvo associadas com patogenicidade
foram anotadas durante a andlise de seu genoma, entretanto, somente os estudos funcionais
podem, de fato, esclarecer o envolvimento destas proteinas com a viruléncia e patogenicidade
bacteriana.

Neste estudo, utilizando-se de ferramentas para a caracterizacdo de proteinas, quatro
proteinas alvos (XfDsbC, Xf5'-Nt, XfTolB e XfPal) foram escolhidas para andlise. Resultados
obtidos baseado-se em andlises in silico, haviam associado estas quatro proteinas a

patogenicidade, adaptacao e sobrevivéncia.

Dentre os resultados obtidos ressalta-se:

1) XfDsbC estd envolvida na formagdo e desenvolvimento do biofilme de X.
fastidiosa ndo tendo ela sido detectada durante o crescimento planctdnico de X.
fastidiosa nas condi¢des avaliadas. Adicionalmente observou-se a super-
expressdo de XfDsbC apds a administracdo de um choque subletal com cobre, o
que indica o envolvimento de tal proteina na resposta ao estresse oxidativo. Dados
estruturais revelaram ainda que o estado oligomérico de XfDsbC responde as
condi¢des redox do ambiente; XfDsbC se apresentou como um dimero em

condi¢do reduzida e uma forma tetramérica foi observada em condicdo oxidante,
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iif)

em solucdo. Assim a modulacdo redox dependente observada in vitro para
XfDsbC pode estar envolvida com o reconhecimento e especificidade de substrato,
e este constitui um papel que ainda ndo havia sido descrito para proteinas

homodlogas de DsbC.

Ensaios bioquimicos revelaram a atividade de fosfatase de Xf5'-Nt e evidenciaram
a dependéncia de co-fatores (metais divalentes) para a completa atividade
enzimatica. Xf5'-Nt foi detectada durante a formagao do biofilme de X. fastidiosa,
especialmente durante a fases inicias de sua formacdo. Assim, é possivel que a
rede de desfosforilacdo/fosforilagdo catalisada pelas enzimas pertencentes a
familia das 5'-nucleotidases possa ter papel importante na formacdo do biofilme
bacteriano, adicionando novos conhecimentos na area de metabolismo de

nucleotideos e patogenicidade bacteriana.

A caracterizacdo de XfPal e XfTolB permitiu a associacdo destas proteinas com a
formacdo do biofilme de X. fastidiosa. Inicialmente, um novo protocolo para a
solubilizacdio e purificacdio da lipoproteina XfPal de X. fastidiosa foi
desenvolvido, permitindo a caracterizacao funcional de XfPal. Subsequentemente,
demonstrou-se que a proteina recombinante XfTolB pode interagir in vitro com
XfPal. Além disso, utilizando-se de técnicas de imunofluorescéncia a localizagao
de XfTolB e XfPal foi analisada durante o crescimento de X. fastidiosa. Os
resultados de tais andlises, mostraram que XfTolB e XfPal se acumulam ora nas

extremidades polares da célula, ora no centro da célula, indicando que ambas
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proteinas parecem interagir in vivo € podem estar relacionadas com o processo de

divisao celular.

Apesar das dificuldades encontradas na caracterizacdo estrutural, utilizando-se de ensaios
funcionais foi possivel confirmar o envolvimento das quatro proteinas alvos na formacdo e
desenvolvimento do biofilme de X. fastidiosa, o qual € aceito como sendo o principal mecanismo
de patogenicidade desta bactéria.

Ao final de tais andlises, nota-se que além de conhecer as proteinas que compdem o
biofilme bacteriano é necessdrio também determinar seus mecanismos de acdo e regulacdo.
Provavelmente, valendo-se desses conhecimentos serd possivel modular a formacdo desta
estrutura (biofilme). Além disso, para a completa compreensio do papel de uma proteina alvo é
necessdrio ainda associar os ensaios obtidos in vitro com as proteinas recombinantes, com
estudos de campo in vivo, analisando a proteina selvagem durante o crescimento do patégeno.

Para a linhagem de X. fastidiosa 9a5c abordagens utilizando-se de mutantes com genes
interrompidos ainda ndo sdo possiveis devido as limitacdes técnicas associadas a tais
experimentos. Contudo, estudos focando na caracterizacdo de proteinas recombinantes tém
permitido a defini¢do de alvos importantes para a patogenicidade de X. fastidiosa e poderdo, em

um futuro préximo, conduzir a novos e eficientes métodos de controle deste fitopatdgeno.
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Xylella fastidiosa is a xylem-limited, Gram-negative phytopathogen responsible for economically relevant crop
diseases. Its genome was thus sequenced in an effort to characterize and understand its metabolism and path-
ogenic mechanisms. However, the assignment of the proper functions to the identified open reading frames
(ORFs) of this pathogen was impaired due to a lack of sequence similarity in the databases. In the present
work, we used small-angle X-ray scattering and in silico modeling approaches to characterize and assign a

Keywords: function !.:D a predicted LysR-type transcn‘ptiur.]al ljeguiator ir-1 tl-lE X. fastidiosa -(Xﬂ.ysRL)- genome. XfLy§RL
LysR-like transcriptional regulator (LTTR) was predicted to be a homologue of BenM, which is a transcriptional regulator involved in the degradation
Small-angle X-ray scattering ( SAXS) pathway of aromatic compounds. Further functional assays confirmed the structural prediction because we
Benzoate observed that XfLysRL interacts with benzoate and cis,cis-muconic acid (also known as 2E4E-hexa-24-
Muconate dienedioic acid; hereafter named muconate), both of which are co-factors of BenM. In addition, we showed
Biofilm

that the XfLysRL protein is differentially expressed during the different stages of X. fastidiesa biofilm formation
and planktonic cell growth, which indicates that its expression responds to a cellular signal thatis likely relat-
ed to the aromatic compound degradation pathway. The assignment of the proper function to a protein isa key
step toward understanding the cellular metabolic pathways and pathogenic mechanisms. In the context of X.
fastidiosa, the characterization of the predicted ORFs may lead to a better understanding of the cellular path-
ways that are linked to its bacterial pathogenicity.

Citrus variegated chlorosis (CVC)

© 2012 Published by Elsevier B.V.

1. Introduction of essential molecules (e.g, amino acids, nucleotides and lipids),

and mechanisms of transcription, translation and repair. However,

Xylella fastidiosa is a xylem-limited, Gram-negative bacterium and because putative functions could be assigned to only 47% of the

the causal agent of many important crop diseases, including citrus 2904 predicted coding regions, the functions of many open reading

variegated chlorosis (CVC), “phony peach” in peaches, and Pierce’s frames (ORFs) remain unknown [5-8]. Since the sequencing of the

disease in grapes [1-4]. Because of the economic impact of these dis- X. fastidiosa genome, more sophisticated experiments have been

eases, the X. fastidiosa genome was sequenced |5], which allowed the performed that have led to a better characterization and understand-

identification of all of the basic genetic profiles for the survival of this ing of this phytopathogen and its pathogenic mechanisms [9-11].

bacterium, including the genes involved in metabolism, the synthesis Currently, the hypothesis for the pathogenicity of the bacterium in-

volves the occlusion of the xylem vessels of the infected plants either

through the secretion of exopolysaccharides to form biofilm struc-

— tures or by mechanical occlusion, which leads to hydric stress and
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expression profile of planktonic X. fastidiosa cells is different from that
of biofilm-forming cells. The differentially regulated ORFs are likely to
be involved in the cell's ability to adhere to xylem vessels and form
the biofilm structure that leads to the disease onset. Therefore, inves-
tigations of these differentially expressed ORFs have been performed
to understand the biofilm formation process and thus, the pathoge-
nicity of X. fastidiosa [ 16,17].

In this study, we characterized the protein product of Xf1448
ORF, which is predicted to be a LysR-like transcriptional regu-
lator (LTTR; http://www.xylella.Incc.br/xf-prod-bin/annotation/final/
annotation.cgi?id=&gene=XF1448). Because this ORF has little amino
acid sequence similarity with other LysR-type proteins, the identifica-
tion of its role in the cellular metabolism was previously impaired. The
LTTR family is a well-characterized group of transcriptional regulators
that is ubiquitous among bacteria, has a high degree of conservation,
and has functional orthologues in archaea and eukaryotic organisms
[18-20]. These transcriptional regulators usually control their own
expression, which may occur simultaneously with the regulation of a
divergently transcribed target ORF or operon [21]. Based on sequence
alignments, it has been shown that LTTRs have a helix-turn-helix (HTH)
DNA-binding domain located 20-90 amino acids from the N-terminus,
regardless of whether the transcriptional regulator acts as an activator
or repressor [21]. Generally, this DNA-binding domain interacts
with the promoter region of the targeted ORF or operon through a
pseudo-palindromic sequence (T-N;;-A) that is called the LTTR
box [22]. However, the LTTR box may vary in both base pair compo-
sition and length [21]. The C-terminus (amino acids 95-210) of a
typical LTTR contains the co-inducer binding cleft, and the interac-

tion between the co-inducer and LTTR modulates the activat-
ing or repressing function of the protein [23-25]. The molecules

that act as co-inducers are generally by-products or metabolic
intermediates of the pathways that are regulated by the LTTRs
[26,27|. Considering the abundance of LTTRs within the genomes
of evolutionarily distant bacteria and other organisms, LTTRs have
developed regulatory functions in many different pathways, in-
cluding metabolism, cell division, quorum sensing, virulence, mo-
tility, nitrogen fixation, oxidative stress response, toxin production,
attachment and secretion [9,28-36]. Moreover, this class of tranSmall-
angle X-ray scattering and in silico modeling approaches for the accurate
functional annotation of an LysR-type transcriptional regulatorscription
factors may act in association with other regulatory pathways that
induce more complex regulatory networks inside the cell. One
type of interaction is the association of the LTTR with the glob-
ally expressed histone-like nucleoid-associated regulator protein
(H-NS) [37].

In the present work, we identified the structure and function of the
predicted LysR-type ORF Xf1448 from X. fastidiosa (denoted XfLysRL for
LysR-like from X. fastidiosa in the present wark). Although the XfLysRL
ORF is described as a LTTR, it does not exhibit sufficient sequence simi-
larity with well-characterized LTTRs (functionally and/or structurally),
which had previously impaired a more accurate annotation of its func-
tion. However, it does contain a conserved LTTR substrate binding do-
main that is involved in the catabolism of aromatic compounds. Using
small-angle X-ray scattering (SAXS) and in silico modeling, we were
able to obtain a reliable protein structure envelope, which allowed us
to use structural conservation to identify putative homologues with
known functions. Further functional assays confirmed the role of
XfLysRLin the cell, which allowed the identification of new information
and knowledge of the X. fastidiosa metabolism.

2. Materials and methods
2.1. Cloning, expression and purification of recombinant XfLysRL

The gene corresponding with XfLysRL was amplified by PCR using
genomic DNA from X. fastidiosa strain 9a5c as the template. Specific
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primers for the target sequence were designed such that the frag-
ments produced could be cloned into the pET28a vector with Ndel and
Xhol {forward primer: 5" — TAATCATATGCACGACGCCGCCAGT — 37; re-
verse primer: 5 — ATCTCGAGTCACCTTGCACCAGCAC — 3'). The PCR
product was cloned into pET28a and chemically transformed into com-
petent Escherichia coli DH5-at cells. The positive clones were sequenced
to verify the identity and presence of the cloned fragment. The compe-
tent E, coli BL21(DE3) strain was used for the recombinant protein
expression.

E. coli BL21(DE3) cells containing the gene that encodes XfLysRL
were inoculated in 3 mL of LB medium containing 30 pg/mL kanamy-
cin. The cells were then grown at 37 °C and 300 rpm overnight. The
cultures were transferred into 1L of LB medium containing the
same concentration of antibiotic and grown fto an Agg of 0.6-0.8.
The overexpression of the plasmid was induced through the addition
of IPTG to a final concentration of 0.4 mM; the culture was then incu-
bated at 25 °C and 200 rpm for 18 h. After the incubation period,
the cells were centrifuged at 5000 g for 15 min (4 °C), and the pellet
was resuspended in buffer A (50 mM Tris-HCl and 300 mM
NaCl pH 7.5) supplemented with 1 mg/mL lysozyme and 1 mM
phenylmethanesulfonyl fluoride (PMSF; Sigma Chemical, St. Louis,
MO, USA). The cells were maintained under agitation conditions for
30 min (4 °C), sonicated and then centrifuged at 15,000xg for
45 min (4 °C) to obtain the protein extract, The XfLysRL protein was
then purified through a single affinity chromatography step using a
Ni-NTA resin (Qiagen, Hilden, Germany) equilibrated with buffer A.
The purified protein was eluted using an imidazole gradient (20, 50,
75, 100, 200 and 500 mM) in buffer A. The protein yield and purity
were analvzed by SDS-PACE.

2.2, Size-exclusion chromatography

Size-exclusion chromatography was performed using a Superdex
75 10/300 GL column {GE Healthcare, USA). The column was equili-
brated with 50 mM Tris-HCl pH 7.5 and 300 mM Nadl. The samples
(250 uL) were injected at a flow rate of 0.6 mL/min. High molecular
weight (HMW) and low molecular weight (LMW) gel filtration cali-
bration kits (GE Healthcare) were used as the calibration standards,
and the results were analyzed according to the instructions detailed
in the calibration kit manuals. Conalbumin (75 kDa), ovalbumin
(43 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa),
aprotinin (6.5 kDa) and blue dextran 2000 (2000 kDa) were used as
the standards.

2.3. Small-angle X-ray scattering (SAXS)

The XfLysRL samples at a concentration of 1.5 mg/mL in 50 mM
Tris-HCI pH 7.5, 300 mM NaCl and 500 mM imidazole buffer were
subjected to SAXS data collection. The samples were centrifuged at
13,000« g and 4 °C prior to the measurements. The individual sam-
ples were carefully loaded into cells composed of two thin parallel
mica windows and maintained at 25 °C throughout the measure-
ments. The SAXS data collection was performed at the DO2A-SAXS2
beamline of the Brazilian National Synchrotron Light Laboratory
(LNLS, Campinas) [38] using a bi-dimensional MAR CCD 345 detector
and a monochromatic X-ray beam at a wavelength of 1.488 A. The
sample-to-detector distance was adjusted to 1682.88 mm, which
covers a momentum transfer interval of 0.0076<q<0.1928 A—",
where g = [(4m)/(\)] sin 6 and 26 is the scattering angle.

The protein samples and buffer solution (used as a blank during
the data analysis) were exposed to the X-ray for 10 min. Six succes-
sive frames were recorded for the protein sample. A data reduction
was performed using FIT2D [39], which involved the collection of
the radial integration of the images, normalization to the intensity
of the transmitted beam and subtraction of the buffer scattering. To
prevent artifacts caused by protein degradation during the data
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collection, only the first two frames were averaged to obtain the final
curve. Guinier analysis was performed to evaluate the sample scatter-
ing linearity at very small angles [40] and estimate the radii of gyra-
tion, Rg, and the scattering at the zero angle, I1(0). Further analyses
were performed using the ATSAS package [41]. The indirect Fourier
transform method, which was implemented in GNOM [39], was
used to calculate the distance distribution function, P(r), which
allowed the assessment of the maximum intramolecular distance
(Dmax) and molecular anisometry. GNOM was also used to estimate
Rg and 1(0). A Kratky plot [q21(q) xw] [42,43] was used to evaluate
the conformational state of the protein in solution. The molecular
mass of XflysRL was estimated using 3.3 mg/mL bovine serum
albumin (BSA) as the standard. The 1{0) values from the standard
and sample were obtained as described above, and the equation
[Mc/1(0) |sampte = [Mc/1{0) |standara (where M is the molecular
mass, c is the concentration and 1(0) is the scattering intensity at
the zero angle) was used to estimate the molecular mass of the
sample.

Ab initio dummy bead models were calculated from the experi-
mental curves using DAMMIF [44] and imposing P2 symmetry. Forty
models were averaged with DAMAVER [45]. Based on the normalized
spatial discrepancy (NSD) values and a visual inspection, the 10 most
similar models were selected and averaged, which resulted in the
generation of the final envelope that was used in the subsequent
structural comparisons. For better visualization, the envelope was
presented as a mask that was built from the final averaged bead
model using NCSMASK [46].

In parallel with the ab initio methods that were used to construct
the low resolution envelope from the experimental curve, we
conducted rigid-body modeling of XfLysRL based on homologous
proteins. A monomeric structure of XfLysRL (model with the highest
Small-angle X-ray scattering and in silico modeling approaches for
the accurate functional annotation of an LysR-type transcriptional
regulatorscore), which was predicted with I-TASSER [47-49], was
utilized to compose a dimeric structure that was based on available
crystallographic models using the following procedure. First, to define
the most probable dimeric interface, homologous crystal structures of
the LTTR family members (those automatically selected by I-TASSER)
were analyzed to compose a dimer by applying different crystallo-
graphic symmetry operations and choosing the two monomers
that corresponded with a known functional dimer [50-55]. The
resulting models composed of two amino acid chains related by
the appropriSmall-angle X-ray scattering and in silico modeling ap-
proaches for the accurate functional annotation of an LysR-type tran-
scriptional regulatorate symmetry were then fitted against the
experimental XfLysRL SAXS curve using CRYSOL [56]. The discrepancy
(]) between the experimental data and computed theoretical scatter-
ing curve of each possible dimer was used to select the closest struc-
tural homologue. Using this model as a reference, the predicted
XfLysRL monomer was superimposed onto each chain separately,
and the resulting monomers were combined into a single file to
represent the putative atomic model of the XfLysRL dimer, which
was also assessed with CRYSOL. The structural alignments were
performed with SUPCOMB [57].

2.4, Sequence alignment of XfLysRL with similar structurally characterized
proteins

Protein sequence alignments were performed to identify
putative homologues with known structure and function that
would help in the characterization of the XfLysRL protein. An initial
sequence similarity analysis was performed using the Basic Local
Alignment Search Tool (BLAST, http://blast.ncbi.nlm.nih.gov/Blast.
cgi), and subsequent alignments were performed using the
CLUSTALW server (http://www.ebi.ac.uk/Tools/msa/clustalw2/).
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2.5. Expression profile of XfLysRL during different stages of biofilm
formation and in the presence of muconate and benzoate

To analyze the expression of XfLysRL during different steps of
biofilm formation, a specific antibody against the purified protein
was synthesized (RheaBiotech, Brazil) and used for the detection of
the native XfLysRL in bacterial lysates. A X. fastidiosa subsp. pauca
strain 9a5¢ suspension in phosphate-buffered saline was inoculated
in periwinkle wilt (PW) medium and grown at 28 °C with shaking
at 130 rpm. Separated experiments were conducted in triplicate and
analyzed during each day of growth, and no additional medium
supplementation or changes were performed. The biofilm and plank-
tonic cell extracts from days 3, 5, 10, 15, 20 and 30 of growth were
analyzed by Western blot. Briefly, the pelleted cells were resuspended
in 50 mM Tris-CI pH 8.0, 25 mM NaCl, 5 mM EDTA, 2% Triton X-100,
1 mM PMSF and 1 mg/mL lysozyme and incubated on ice for 20 min.
The cell disruption was achieved through 5 10-s sonication cycles with
an output intensity setting of 5 in an Ultrasonic Homogenizer 4710
(Cole-Parmer, USA). The homogenate was centrifuged for 10 min at
10,000« g, and the resulting supernatant was collected. The total
protein concentration was measured using a Micro BCA™ Protein
Assay Kit (Thermo Scientific, USA), and all of the samples were
normalized to the same protein concentration. After SDS-PACGE, the
samples were transferred to a 0.45-um Potran BA 85 nitrocellulose
membrane (Whatman, Dassel, Germany) using a Semi-Dry Transfer
Cell (BioRad, CA, USA). The transferred membrane was incubated
with the specific antibody against XfLysRL at a dilution of 1:4000
for 2 h and then with a secondary antibody, which was linked to an
alkaline phosphatase (goat anti-rabbit 1gG-AP, Souza-Cruz, Brazil),
at a dilution of 1:8000 for an additional 2 h. The Western blots
were developed with the BCIP/NBT Color Development Substrate
(Promega, Madison, Wisconsin, USA) following the manufacturer's
instructions. Three independent blots for the biofilm and planktonic
samples were performed to assess the variation in the protein trans-
fer. The signal intensity was quantified using the Kodak Electropho-
resis Documentation and Analysis System (EDAS) 290 software.

A similar approach was used to evaluate the expression of
XfLysRL in biofilm X. fastidiosa cells in the presence of muconate
and benzoate. Briefly, a X. fastidiosa subsp. pauca strain 9a5c sus-
pension in phosphate-buffered saline was inoculated in PW medi-
um that was not supplemented with BSA and grown at 28 °C with
shaking at 130 rpm. When indicated, a sterile muconate or benzo-
ate solution was added to the medium to final concentrations of
0.168 mM and 0.392 mM muconate and 5 mM and 10 mM benzo-
ate. X. fastidiosa was also cultivated in non-supplemented medium
(no benzoate or muconate) as a control. Each experiment was
performed in triplicate. The biofilm cells were harvested after
10 days, and the total protein extraction and Western blot proce-
dures were performed as described above. Each sample was nor-
malized to a final protein concentration of 197 ng/uL. We used
a 1:2000 dilution of the specific anti-XfLysRL antibody and 1:4000
dilution of the secondary antibody as described previously.

2.6. Interaction of XfLysRL with its putative co-inducers benzoate and
muconate

Based on the sequence alignments and SAXS data, we hypothe-
sized that XfLysRL could be a transcriptional regulator induced by
benzoate and muconate to activate the degradation pathway of
these compounds. Clark and colleagues (2009) analyzed the interac-
tion of benzoate and muconate with the Acinetobacter sp. strain
ADP1 BenM, which is a LysR-type transcriptional regulator responsi-
ble for the activation of the degradation pathway of aromatic sub-
strates [58]. Similarly, we used fluorescence emission spectroscopy
to test the ability of XfLysRL to interact with benzoate and muconate
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and obtained positive results that were in agreement with our SAXS
and in silico modeling results.

Purified XfLysRL (2.5 pM) was dialyzed against 50 mM Tris-HCI,
pH 7.5, and 300 mM NaCl and then incubated with 0 to 0.7 mM
muconate or 0 to 10 mM benzoate (both products were purchased
from Sigma-Aldrich), and the emitted fluorescence was recorded
using a Carey Eclipse spectrofluorometer (Varian, USA). The samples
were excited at 295 nm and 280 nm to monitor the interactions
with muconate and benzoate, respectively. The measurements were
performed in triplicate, and the differences in the emissions between
each spectra and the initial emission of the protein were plotted
against the co-factor concentration. Ky values for benzoate and
muconate interactions with the protein were calculated using
OriginPro 8 SRO software (OriginLab Corporation, Version 8.0724
B724) through Stern-Volmer plots and Non Linear Least Square
fitting. The equation: Q= Qmaxx C/(Kq+ C) was used, in which Q is
the observed fluorescence quenching, Quay is the maximum observed
fluorescence quenching, Kq is the dissociation constant and C are
quenchers (benzoate or muconate) concentrations.

3. Results
3.1. Sequence alignments

An initial BLAST search of the XfLysRL sequence (UniProt ID:
Q9PCQY) using the UniProt database resulted in hits that primarily
included LTTR family members. The LysR transcription factors
from Xanthomonas campestris (Q3BT83), Acidovorax sp. (A1TW5NG),
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Tolumonas auensis (C4LAA4), Pseudomonas aeruginosa (B7V4X9) and
Bordetella petrii (A91DT1) were the top hits and exhibited a primary
sequence identity that ranged from 79 to 69%. However, the structure
and function of these and other hits with ~30% identity were poorly
characterized at the protein level. Conversely, the hits with <30%
identity, such as the LysR family members BenM and CatM from
Acinetobacter baylyi, CbnR from Cupriavidus necator, CbL and CysR
from E. coli and CysB from Klebsiella pneumoniae, are well character-
ized [48-53], and their atomic crystal structures are available in the
Protein Data Bank. An alignment of the full length XfLysRL sequence
deposited in the UniProt database with those of the LTTR family
members is shown in Fig. 1 and colored by amino acid conservation.
The alignment and structural homology parameters are displayed in
Table 1 (Supplementary data). It is noteworthy that XfLysRL does
not appear to have an N-terminal DNA-binding domain, which is
observed in the other LysR-type transcriptional regulators.

3.2. Recombinant XfLysRL protein expression, purification and initial
characterization

Recombinant XfLysRL was successfully produced in the E coli
BL21(DE3) strain under the conditions described in the Materials and
methods section and satisfactorily purified in a single affinity chroma-
tography step. Polyacrylamide gel electropharesis showed a high purity
level, and size exclusion chromatography revealed that the protein was
found as a dimer in solution under both reducing and non-reducing
conditions (Fig. 2). In addition, the oligomeric state of the protein did
not change when incubated with the theoretical co-inducers muconate
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Fig. 1. Primary sequence alignment of LTTR family members. The amino acid sequences of Acinetobacter baylyi BenM (AbBenM) and CatM (AbCatM), Cupriavidus necator CbnR
(CnCbnR), Escherichia coli CbL (EcCbL) and CynR (EcCynR), Klebsiella pneumoniae (KpCysB) and Xylella fastidiosa LysRL (XfLysRL) were aligned using multiple alignment algorithms
in the ClustalW [20] software. The alignment is colored according to the conservation of the chosen LTTR sequences, which ranged from 0% (white) to 100% (dark gray). The
reported AbBenM [14,15] and proposed XfLysRL dimerization interfaces are highlighted with dashed lines.
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Fig. 2. Initial characterization of XfLysRL (A) SDS-PAGE analysis of purified XfLysRL, in
which M is the Fermentas Molecular Weight Marker, 1 is the insoluble fraction, 2 is the
soluble fraction, and 3 through 8 are the elution imidazole gradient (20, 50, 75, 100,
200 and 500 mM). (B) Size exclusion chromatography of XfLysRL Based on our cali-
bration curve, XfLysRL is a dimer in solution with a molecular weight of 48 kDa.

and benzoate (data not shown). The secondary structure of the purified
recombinant protein was analyzed by circular dichreism (CD) and
determined to contain regular B-sheets and a-helixes (data not
shown).

3.3. SAXS data analysis and modeling

Small-angle X-ray scattering (SAXS) is a technique that allows the
study of the structure and interactions of a macromolecule in solu-
tion. Despite its low resolution, SAXS is considered a powerful tool
for the elucidation of protein behavior in solution (which may be
near physiological conditions or in the presence of different com-
pounds, such as protein ligands or denaturing agents) and provides
some key parameters, such as the molecular weight (MW), radius of
gyration (Rg), and maximum intramolecular distance (Dpax), that
aid in the identification of the molecular envelope of the studied
protein. In this study, it was possible to correlate the SAXS data on
the XfLysRL protein (coupled with the in silico modeling results) to
previously characterized proteins and hence speculate on the possible
function of XfLysRL. The experimental SAXS curves were analyzed in-
dividually and revealed variation during the data collection process
that is possibly related to radiation damage or protein degradation.
Thus, the first two frames, which were essentially identical, were
used to build the average scattering curve that was used in the addi-
tional analyses (Fig. 3A). The corresponding Guinier region (Fig. 3B)
exhibited a linear behavior characteristic of monodisperse samples

and was used to determine the radius of gyration, which was estimat-
ed to be 285 A. The Kratky plot (Fig. 3C) had a well-defined maxi-
mum, as expected for well-folded, compact proteins. The distance
distribution function, P(r), was calculated with GNOM [39] and
found to have a symmetrical shape, with a Dmayx of 85 A (Fig. 3D)
and corresponding radius of gyration of 27.6 A, which is similar to
the less accurate value that was estimated from the Guinier analysis.

The molecular mass of XfLysRL was estimated to be 48.4 kDa based
on a comparison with the scattering curve of the BSA standard. This
result strongly suggests that XfLysRL is a dimer in solution, which is in
agreement with available data for other members of the LTTR family
that have a truncated N-terminal domain [50]. Accordingly, a P2 symme-
try was imposed during the ab initie modeling through which the
XfLysRL envelope (Fig. 4) was determined from the experimental curves.

Based on sequence and structural alignments, an atomic model for
the XfLysRL monomer was predicted using I-TASSER [47-49] and the
following crystal structures of homologous LTTR family members
with PDB entries: 1IXC (CbnR, C. necator), 11Z1 (CbnR, C. necator),
2F6G (BenM, A. baylyi), 2HXR (CynR, E. coli) and 2FY1 (CbL, E. coli).
For each of these known crystal structures, the respective functional
dimer structures were identified and compared with the XfLysRL scat-
tering curve. The discrepancies calculated with CRYSOL [56], which
are summarized in Table 2 (supplementary data), indicate that the
dimer obtained from the PDB entry 2F6G (AbBenM) exhibited the
best fit to the XfLysRL experimental data, which suggests that AbBenM
has the highest structural similarity to XfLysRL. Thus, a putative
XfLysRL dimer was built using the XflysRL monomer homology
model generated with I-TASSER and the experimental AbBenM
dimer as the template. The resulting fit of the modeled XfLysRL
dimer to the experimental curve is shown in Fig. 4A. The RMSD be-
tween the residues that are structurally aligned in the predicted
XfLysRL model and crystal structure of AbBenM is relatively low
(1.27 A). Not surprisingly, the | value obtained from the fit of the
putative XfLysRL dimer to the experimental curve was the same as
the value obtained from the AbBenM dimer (|=3.8), even though
the former corresponds with the correct protein sequence and
expected electron density, which allows for a better calculation of
the theoretical scattering curve.

Further attempts to improve the fit by imposing contact condi-
tions to maintain the dimeric interface of XfLysRL were performed
using SASREF [41]. However, this approach was not able to improve
the fit to the experimental data. In the absence of additional informa-
tion, there was no justification to modify the imposed vinculum,
which allows for a greater freedom of domain movements and poten-
tially leads to a better fit. We also note that | is a statistical parameter
that is also dependent on the noise in the data. For example, because
the curve tends to be nosier at higher q values, y values as low as 1.9
could be obtained if we limit the data to a lower resolution.

An experimental envelope for XfLysRL in solution was indepen-
dently obtained using the DAMMIF software [41]. This envelope
was superimposed onto the putative XfLysRL dimer (Fig. 4A)
and showed a remarkable fit. Altogether, these results not only sup-
port the low-resolution modeled XfLysRL dimer and demonstrate
the similarity between the AbBenM and XfLysRL monomeric struc-
tures but also imply that these two proteins dimerize in a similar
manner.

Finally, we analyzed whether the residues in A. baylyi BenM involved
in muconate and benzoate binding (both molecules are well character-
ized co-factors of this transcription regulator) were conserved in
XfLysRL Based on the work by Ezezika and collaborators (2007) [51], se-
quence alignments and our XfLysRL model, we mapped the residues in
our protein sequence that might be involved in co-factor binding (Sup-
plementary data: Fig. 1 and Table 3). A. baylyi BenM has two binding
sites for benzoate and one for muconate [51]. We observed similarities
among the residues of the second benzoate binding site, which are
mainly amino acids that form a hydrophobic pocket in the structure.
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Fig. 3. XfLysRL SAXS data analysis. (A) Experimental solution scattering curve (open squares) and the resulting fitted model (solid line). (B) Guinier plot. (C) Kratky plot. (D) The

distance distribution function P(r).

Moreover, two residues in the A. baylyi BenM those are crucial for
benzoate binding (R160 and Y293) are not conserved in the XfLysRL
sequence. However, we would like to stress that muconate and benzoate
make 4 and 6 water mediated contacts with A, baylyi BenM residues
respectively [51]. Additionally, it is reported that benzoate fits more
loosely then muconate in the binding site and is surrounded by many
more water molecules. Together, this information may suggest that
despite the low conservation observed for XfLysRL co-inducer binding
site residues, water mediated interactions may account for the observed
interaction of the studied protein with both, muconate and benzoate.

3.4. Interactions of recombinant XfLysRL with the putative co-inducers
benzoate and muconate

As revealed through the amino acid sequence alignment, XfLysRL
displays 21% identity with A. baylyi BenM, which is a LysR family tran-
scription factor that regulates the catabolic pathway of aromatic com-
pounds, specifically benzoate. Additionally, based on our SAXS data
and in silico models, it was possible to determine the molecular enve-
lope of the XfLysRL dimer, which was shown to fit well with the BenM
dimer structure. BenM, a well-characterized LysR-type transcriptional
regulator, interacts with both benzoate and muconate molecules,
which act as co-inducers [58].
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Fluorescence emission spectroscopy clearly showed that XfLysRL is
also able to interact with benzoate and muconate because we observed
a co-factor concentration-dependent fluorescence quenching in both
cases (Fig. 5A and B). The data fitting shows hyperbolic curves that
are indicative of the absence of cooperativity in the binding of muconate
and benzoate to the protein subunits (Fig. 5C and D). The observed
quenching of fluorescence upon the addition of benzoate and muconate
resembles the quenching observed in the incubation of A. baylyi BenM
with both co-factors, as reported by Clark and colleagues (2004) [58].
However, no shift in the fluorescence maximum was observed for
XfLysRL during the co-factor titration, which indicates that the binding
does not affect the environmentof the four tryptophan residues (W100,
W133, W168 and W189) present in the protein sequence. In contrast, A.
baylyi BenM showed a shift in the fluorescence maximum to higher
wavelengths when incubated with benzoate, which indicates that the
unique tryptophan residue (W304) of this protein was exposed to a
more hydrophilic environment upon co-factor binding [58]. XfLysRL
has a higher affinity for muconate than benzoate (Fig. 5C and D),
which is reflected by the calculated K; values of 0.40+0.11 and
1.87 +0.28, respectively. These K4 values are higher but not far from
the values reported for A. baylyi BenM (1.2+0.2 for benzoate and
0.28 £0.05 for muconate) and for co-factor binding domain from
BenM (1.1 +-0.1 for benzoate and 0.12 4 0.02 for muconate) [58]. This
may be explained by the low level of conservation observed in the
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Fig. 4. Putative XfLysRL dimer constructed from the SAXS data. (A) Stereo view of three
orthogonal orientations of an averaged SAXS envelope (gray grids), which was gener-
ated using DAMMIF and superposed with the generated XfLysRL dimer (green and ma-
genta cartoons ). The XfLysRL dimer was constructed based on the XfLysRL monomer
homology models by arienting the individual subunits and comparing the resulting
atomic dimeric model to the experimental scattering curve using the SASREF software.
(B) The monomeric XfLysRL homology model with the two effector binding domains
EBDI and EBDII, which are colored red and blue, respectively. The proposed dimeriza-
tion interface is colored yellow. The figures were generated using the PyMOL software.

residues that form the co-factor binding sites in XfLysRL and A. baylyi
BenM (Supplementary data). Additionally, these results are also
in agreement with previously reported data for A. baylyi BenM, which
showed that less amounts of muconate than benzoate were required
to achieve a comparable reduction in fluorescence [58]. Taken together,
these fluorescence data suggest that the recombinant XfLysRL is able to
interact with both muconate and benzoate under the conditions tested.

3.5. XfLysRL expression oscillates between different stages of biofilm
formation and is affected when cells are cultivated in the presence of
muconate or benzoate

We used Western blot analysis to evaluate the expression profile
of XfLysRL during different stages of X. fastidiosa biofilm formation.
We analyzed both planktonic and biofilm cells because it has been
reported that these distinct forms of growth have different gene
expression profiles that are in turn related to the ability of planktonic
cells to adhere to their host surface and form biofilm structures.
Therefore, the genes that are differentially regulated by planktonic
and biofilm cells are likely involved in biofilm formation and in the
case of X. fastidiosa, pathogenicity. Biofilm is a cellular aggregate
that adheres to a surface and results in many adaptive advantages,
such as an increased capacity of cells to take up nutrients from the en-
vironment [59], a greater resistance to antimicrobial compounds
[60,61], and a higher capacity of detoxification due to the increased
expression of the efflux pump genes [62]. The stages of X. fastidiosa
biofilm formation have been well characterized and are divided into
5 phases: reversible attachment, irreversible attachment, initial mat-
uration process, formation of mature biofilm, and dispersion [16,63].
In X. fastidiosa strain 9a5c, the maturation phase occurs between
days 15 and 20 in vitro, whereas the dispersion stage occurs between
days 25 and 30. The biofilm formation in the xylem vessels is consid-
ered the primary mechanism of X. fastidiosa pathogenicity because
it leads to hydric stress and the development of symptoms in the
plant [15]. In the present work, we observed differences in the ex-
pression level of XfLysRL throughout the stages of biofilm formation
and between biofilm and planktonic cells (Fig. 6A). The most signifi-
cant difference was the lack of XfLysRL expression in planktonic
cells at the early stages of biofilm formation (days 3 and 5) compared
with its expression in biofilm cells at the same time points (Fig. 6B).
In addition, we observed a decrease in the expression level of XfLysRL
in the last stage of biofilm formation (day 30), which may be
explained by the fact that biofilm cells dissociate from the biofilm
structure and turn into planktonic cells during this stage. However,
the XfLysRL protein expression is increased in planktonic cells at the
same stage; this increase may be correlated with the accumulation
of aromatic metabolites in the medium and the need of an additional
carbon source because the depletion of the growth medium may
occur at this stage. As mentioned above, proteomic investigations
have shown that sessile cells present in a biofilm structure diverge
from planktonic cells in their expression of central metabolism
genes, including genes that are involved in amino acid metabolism,
co-factor biosynthesis and carbon metabolism [64]. Therefore, be-
cause our data indicate that XfLysRL is a BenM homologue, the ob-
served expression profile differences between planktonic and
biofilm X. fastidiosa can be explained in light of a XfLysRL role as a
transcriptional regulator that activates genes that are involved in
the aromatic compound and carbon metabolism pathways. In addi-
tion, genes related to the aromatic compound metabolism pathway
are directly involved in the defense against plant chemicals, which
are produced through the systemic acquired resistance process [65].
In the context of X. fastidiosa pathogenicity, the expression of XfLysRL,
which is a putative homologue of BenM, in biofilm cells could also be
related to resistance to plant chemicals that are produced during the
colonization process. However, further investigations are needed to
draw solid conclusions regarding the role and relevance of this pro-
tein in biofilm formation and carbon metabolism.

Finally, we analyzed whether the growth of X. fastidiosa in the
presence of muconate and benzoate would lead to an alteration
in XfLysRL expression. In the presence of benzoate (10 mM), we
observed a clear decrease in the expression of XfLysRL in biofilm
cells compared to our control (p=0.048), whereas the XfLysRL
expression was increased in the presence of 0.392 mM muconate
(p=0.033; Fig. 7A and B). No significant differences were observed
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Fig. 5. (A) and (B) Fluorescence curves for XfLysRL in the presence of benzoate and muconate, respectively. From top to bottom, the following concentrations were used: 0, 0.1, 0.4,
0.6, 1.5, 6, and 10 mM benzoate and 0, 0.04, 0.12, 02, 032, 04, 0.56, and 0.7 mM muconate. (C) and (D) Change at Ams: =347 nm intensity after the addition of benzoate and
muconate, respectively. This change is expressed as the initial fluorescence (Fy) minus the fluorescence at a specific concentration (I) of the co-factor (F;) divided by the intensity
of the initial fluorescence (F;). Both plots were fitted to a hyperbolic curve, which indicates a lack of cooperativity in the interaction between the XfLysRL monomers and co-factors,

when the cells were cultivated in the presence of lower concentra-
tions of muconate (0.168 mM) and benzoate (5 mM). Our data sug-
gest that although XfLysRL exhibits structural homology with A.
baylyi BenM, it does not have its expression induced by benzoate,
which is conflicting with its speculated role as a BenM homologue.

4. Discussion

4.1, SAXS envelope and the atomic model of XfLysRL are similar to the
structure of A. baylyi BenM

We used recombinant protein expression, sequence alignments
and SAXS approaches to assign a possible function to a predicted
LysR-type transcriptional regulator that is present in the X. fastidiosa
genome. Full-length LTTR family members have been identified as
tetramers in solution [66,67]. However, members with a truncated
N-terminal domain (containing only the effector-binding domains,
EBDs) assemble as dimers in solution [50,51,53], most likely because
the tetramer interface is formed through the interaction of the
DNA-binding domain (DBD, N-terminal region) and the hinge that
connects the EBD to the DBD [52].

In agreement with this information, size exclusion chromatography
showed that the target protein XfLysRL forms a dimer in solution.
An amino acid sequence alignment with other full-length LysR-type
transcriptional regulators indicated that XfLysRL lacks the N-terminal
binding domain. The crystal structures of diverse LTTR family members
revealed similar compact dimers that are formed by their EBDs [50,53].

However, further inspection of the LTTR dimer interface showed that
the residues that participate in the monomer-monomer contacts
could be drastically different between the LTTR members [52]. For ex-
ample, the dimer interface in the CysB EBD crystal structure is mediated
by 11 3-3 main chain contacts [53], whereas the dimer interfaces of the
(bnR [52] and BenM [50] crystal structures are mediated by a hydro-
phobic cluster that is surrounded by an H-bond network.

In this work, we report a low-resolution XfLysRL EBD structure in
solution. Our data strongly suggest that XfLysRL is a dimer in solution
and is similar to the A. baylyi BenM EBD dimer [49,50]. The putative
XfLysRL dimer is formed by two monomers that are oriented
anti-parallel to each other to form a compact structure. The two
XfLysRL EBDs are easily identified (Fig. 4B) and have the same struc-
ture topology as the LTTR members that have been previously charac-
terized experimentally [48,50,52,53]. The suggested XfLysRL dimer
interface is composed of helices a1l and «3 and a connecting loop
that contains residues 21-29, 140-154, and 163-170 (highlighted
as dashed lines in Fig. 1). According to the constructed XfLysRL atomic
homology model, the monomer-monemer contacts are mediated
mainly through hydrophoebic residues, which possibly form a hydro-
phobic cluster that includes helix o3 and the loop from one of the
monomers and helix «1 from the other monomer. Polar amino
acids are also found at the putative interface and possibly surround
the hydrophobic cluster, further stabilizing the XfLysRL dimer. Similar
observations were made with the A. baylyi BenM crystal struc-
tures [49,50], which indicates that the dimer formed by XfLysRL is
similar to that of its homologue, A. baylyi BenM.
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Fig. 6. (A) Western blot analysis of XfLysRL expression during different stages of X
[fastidiosa biofilm formation and planktonic cell growth. (B) Total pixel intensity values
of XfLysRL in biofilm and planktonic cells at each day of growth. The values represent
the mean of the results obtained from three independent experiments,

4.2, XfLysRL interacts with benzoate and muconate, which are co-
inducers of A. baylyi BenM

Although it lacks an N-terminal DNA-binding domain, we showed
that the recombinant XflysRL was able to interact with muconate
and benzoate, which are both co-inducers of A. baylyi BenM. We
observed that XfLysRL and A. baylyi BenM exhibited similar interac-
tion behavior; for example, both proteins had a greater affinity
for muconate than benzoate and lacked a fluorescence maximum
shift upon interaction with muconate. However, benzoate caused a
shift in the maximum fluorescence of A. baylyi BenM, which indicates
that its sole tryptophan residue was exposed to a more hydrophilic
environment. This shift was not observed with XfLysRL, which has
four tryptophan residues in its sequence. Therefore, the observed
fluorescence data for XfLysRL is a combination of the emission of
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four tryptophan residues, which may justify the difference from the
A. baylyi BenM fluorescence data. Interestingly, XfLysRL exhibited
reduced conservation with the A. baylyi BenM residues that have
been found to be involved in muconate and benzoate binding. Bearing
this in mind, we must consider that the observed quenching in
fluorescence emission spectroscopy might be the result of unspecific
binding; thus, further investigation is necessary to draw solid conclu-
sions on the roles of muconate and benzoate as co-factors of XfLysRL.

4.3, XfLysRL is differentially expressed during different stages of biofilm
formation and planktonic cell growth and is differentially induced by
muconate and benzoate

Western blot analysis showed that XfLysRL is differentially
expressed during different stages of biofilm formation and planktonic
cell growth. Differences in expression were also observed between
biofilm and planktonic growth, which indicates that XflysRL is
included in the pool of proteins that may contribute to the ability of
X. fastidiosa cells to form and maintain biofilm structures. However,
additional investigations are necessary to properly address this ques-
tion. When X. fastidiosa is cultivated in the presence of benzoate and
muconate, we also observed oscillations in the XfLysRL protein level
in the total cellular extracts. Benzoate induced a clear reduction,
whereas muconate generated a slight increase in the XfLysRL expres-
sion level that is not in agreement with the reported behavior of A.
baylyi BenM because its expression is induced by both co-factors.
Therefore, in light of our structural and functional data, we provide
evidence that supports the hypothesis that XfLysRL is involved in

carbon metabolism, specifically in the aromatic compound detoxifica-
tion pathway.

We believe that further investigations are necessary to elucidate
whether benzoate and muconate are indeed co-factors of XflysRL,
which might be achieved by the structural analysis of the XfLysRL
protein in the presence of both molecules. The observed effects of
muconate and benzoate on the XfLysRL expression must be con-
firmed by additional approaches. RT-PCR analysis of the XF1448 ORF
could provide valuable information of its expression in planktonic
and biofilm X. fastidiosa cells in the presence of muconate, benzoate
or other organic compounds. Finally, the ability of XfLysRL to bind
to DNA must be tested because this protein does not have an
N-terminal HTH-DNA binding motif, which is common to LTTRs. Gel
shift assays with promoter regions of the X. fastidiosa ORFs that are
predicted to be involved in the carbon metabolism pathway and the
promoter of XF1448 itself might indicate whether XfLysRL is able to
specifically bind to DNA. Together with the presented data, these

control
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Fig. 7. (A) Quantification (net intensity/pixel) of XfLysRL Western blot bands obtained during X. fastidiosa growth in the presence of muconate and benzoate. Significant differences
were obtained in the presence of 10 mM benzoate (p=0.048) and 0.392 mM muconate (p=0.033) compared with the control. (B) Western blots were performed for each exper-
iment. All of the experiments with the tested concentrations of muconate and benzoate, as well as the control experiment, were performed in triplicate.
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approaches might confirm the function of XfLysRL as a transcriptional
regulator and determine its relevance in the X. fastidiosa metabolism
and biofilm formation.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbapap.2012.12.017,
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