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Resumo

A bactéria Xylella fastidiosa é responsavel por véarias doencas de plantas
economicamente importantes, inciuindo a clorose variegada do citros (CVC). Apesar de
seu genoma ja estar completamente sequenciado, os estudos das proteinas expressas
pela bactéria sdo quase inexistenies.

Na presente tese, foi utilizadz a eletroforese de duas dimensdes em combinacio
com a espectromeiria de massas para identificar os produtos de 142 diferentes genes
da X fastidiosa, incluindo proteinas secretadas e as relacionadas com adesdo, gue
apresentam particular interesse para o estudo da patogenicidade. Andlise compératéva
do perfil protéico da bactéria crescida como coldnias iscladas em meio sdlido de cultura
com o da bactéria formando biofilme em meio liquido de cultura indicou a expresséo
especifica de uma cisteino protease, uma lipase e ums isoforma da subunidade da
fimbria do tipo IV na condigho de formacdo de biofiime. Andlise do indice de uso de
codons especificos ("codon bias”) das proteinas mais expressas no exirato celuiar total
revelou uma distribuigio de valores inesperadamente baixa, o que é proposto como
sendo possivel causa da naturezs fastidiosa da X fasfidiosa. Um banco de dados
disponibilizando as informagdes geradas foi construido e pode ser acessado pela
intemet: URL: www.proteome.ibi.unicamp.br. Os resultados representam um esforgo
inicial para a caracterizagéo da expressio de proteinas na X fastidiosa e devem ajudar
a promover um maior entendimento dos mecanismos de sobrevivéncia, adesdo e
secregao, bem como viabilizar subsequentes estudos de analise diferencial do
proteoma da X fastidiosa em diversos modelos experimentais.

Na segunda parte da tese & mostrado um novo método para analise quantitativa
de proteomas por especirometria de massas. A estratégia proposta se baseia em
marcar duas amostras a serem comparadas com diferentes formas isotépicas do
reagente ICAT ("isotope Coded Afinity Tags"), comigra-as num (nico gel 2DE e
identificar e quantificar as proteinas por espectrometria de massas. Os resultados
mostram que proteinas rotuladas com as formas isotopicamente pesada e nomal do
reagente ICAT comigram na mesma posicdo em géis 2DE. Quando as proteinas sdo
subsequentemente digeridas e analisadas por espectrometria de massas, 2 razéo da
abundéncia relativa das proteinas em cada amostra pode ser determinada
precisamente, baseando-se nas intensidades relativas do sinal espectrométrico dos
peptidios contendo as diferengas isotdpicas. Utilizando esta estratégia, foi possivel
realizar quantificagdes com preciso melhor que 20 %.

il



ﬁ Abstract

The bacteria Xylella fasiidiosa is the causative agent of a number of
economically important crop diseases, including citrus variegated chlorosis (CVC).
Althocugh its complete genome is already sequenced, X fastidiosa is poorly
characterized by biochemical approaches at the protein level.

in the present work it was used two dimensional electrophoresis in combination
with mass specirometry to identify the products of 142 different X. fastidiosa genes,
including secreted and adhesion related proteins that show particular interest for the
study of pathogenesis. Comparative proteome analysis of the bacieria grown as isolated
colonies on a solid culture medium and the bacteria forming biofilm on a liquid culture
medium indicated the specific expression of a cysteine protease, a lipase and an
isoform of the type IV fimbriae subunit in the biofilm forming condition. A codon usage
analysis of the most expressad proteins from the whole cell exiract revealed a low
biased distribution, which we propose to be related with the slow growing nature of X
fastidiosa. A database of the X fastidiosa proteome was deveioped and can be
accessed via the internet (URL. www.proteome.ibi.unicamp.br). The results represent an
initial effort to characterize protein expression in X. fastidiosa and should contribute for a
better understanding of the survival, adhesion and secretion mechanisms. it also
provides the basis for subsequent differential proteome analysis on various experimentai
models.

The second part of the thesis presents a new method for quantitative proteome
analysis using mass spectrometry. The proposed sirategy is based on labelling two
different samples to be compared with the different istopic forms of the ICAT (isotope
Coded Afinity Tags) reagent, combine and comigrate them in a single 2DE gel and
identify and quantify the proteins by mass spectrometry. it is shown that proteins labeled
with the isotopically heavy and normal forms of the reagent co-migrate in 2DE geis and
that the ratio of protein abundance can be accurately determined from the reiative mass
spectrometric signal intensities of the heavy and normal forms of labeled, cysteine-
containing peptides. Both identification and accurate quantification (better than 20 %)
are therefore achieved in a simple single-step analysis.
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introducéo Geral

1. Xvielia fastidiosa

A Xyiella fastidioss (Figura 1) é uma bactéria Gram-negativa gue habita o xilema
de certas plantas. A sua ocorréncia estd associada a doencas economicaments
importantes, como a clorose variegada do citros (CVC ou amarelinho) em laranjas
doces™®, doenca de Pierce em videiras®, escaldadura de folhas da amendoeira e de
outras espécies como café e ameixa *. Em todos os casos, X, fastidiosa infecta o xilema

da planta e compromete a producdc de frutas.

FIGURA 1: Micrografia eletrdnica da bactéria Xylella fastidiosa (Fonte: Fundecitrus).

A céluia bacteriana ndo & flagelada, apresenta forma de basionete e dimensées
de 0.25 a 0.35 um de largura por 0.9 a 3.5 um de comprimenio. De natureza fastidiosa,
a X. fastidiosa tem por caracteristica marcante a exigéncia de meios complexos para
seu desenvolvimento em meio de cultura e tempos longoes de duplicacdo (acima de §

horas)™. Ela & estritamente aerébia, ndo fermentativa, apigmentada, com temperatura

’ Rossetti, V., Gamier, M., Bové, J. M, Beretta, M. J. et al. Presence de bacteries dans le xyleme d'orangers atteints de
chicrose variegee, une nouvelle maladie des agrumeas au Bresil. C. R, Acad. Sci Parfs 1980, 310, 345-349.

2 Chang, €. J.. Gamier, M., Zreiki, L., Rossetti, V. et al. Culture and serological detection of the xylem-fimited bacterium
causing citrus variegated chiorosis and its identification as a strain of Xviells fasiidiosa. Cumr. Microbiol 1993, 27, 137-
142.

Davis, M. J., Pureell, A, H., Thomson, S. V. Pierce's disease of grape-vines: isolation of the causai bacterium. Science

4 1978, 188, 75-77.

Purcell, A, H., Hopkins, D. L. Fastidious xyiem-limited bacterial plant pathogens. Annu. Rev. Phyiopathol 1996, 34,
131151

8 Wells, J. M., Raju, B. C., Hung, H., Weisburg, W., G. et al. Xyella fasiidiosa gen. nov. sp. nov.. Gram-negative, xylem

_ limited, fastidious plant bacteria related to Xanthornonas spp. Int. J. Syst, Bacteriol 1987, 37, 136-143,

" Holt, J. G. {ed) Genus Xyfella, Em: Bergey's Manual of Deferrninative Bacterivlogy, Wiliams & Wilkins, 1994, pp.100-
115,
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tima de desenvolvimento de 26 a 28 °C & pH 6timo de 6.5 a 8.5. Tem capacidade de
hidrolisar gelatina, produzir catalase e apresenta reacéo negativa para os festes de
indol, H,3, B-galactosidase, lipase, amilase, coagulase e fosfatase®.

Até o momento, sua classificacdo taxondmica ndo & bem definida, sendo
relacionada ao grupo das Xanthomonas spp. Apesar de terem sido classificadas am
uma espécie unica, as variedades de Xylella fastidiosa apresentam diferencas entre s
que justificam uma separac&o taxondmica sub-especifica {revisado por Hopkins, 1988").

1.1. Clorose Variegada do Citros

Todas as variedades de laranja doce sdc suscetiveis a CVC, que causa,
basicamente, diminuicio do tamanho de folhas e frutos, endurecimento de fruios,
reducdc na velocidade de crescimento das plantas, aparecimentc de cloroses
amareladas nas folhas e degensracdo da copa das plantas (Figura 2). Na maioria dos
casos, frutas de planias infectadas nfc podem ser usadas para fins comerciais e
industriais.

Os vetores s80 homépteros (cigarrinhas) gue se alimentam do xilema, sendo
que no Brasil, a bactéria foi encontrada associada com especies como Oncometopia
facialis, Acrogonia terminalis e Dilobopterus costallimai. Ao se alimentarem da seiva do
xilema de arvores contaminadas, as cigarrinhas também sugam a bactéria ¢ passam a
transmiti-la para outras plantas sadias.

7 Hopkins, 0. L Xvielle fastidiosa: xylem fimited bacterial pathogen of plants. Ann. Rev. Phylopathol 1988, 27, 273-290.



Tese de Dowlorads - Marcus Smoka

FIGURA 2: Sintomas da CVC. (A) A clorose aparece nas folhas maduras da copa.
(B) No estagio avancado da doenga, nota-se a presenca de ramos secos com frutos
pequenos. (C} Os frutos v&o ficando queimados pelo sol, com tamanhe reduzido,
endurecidos e com maturacdo precoce. Estdo imprestaveis para o comércic (Fonte:
Fundecitrus).

A CVC foi primeiramente detectada no Brasil em 19872 & hoje representa uma
grande ameca a indUstria brasileira de citros, estando presente nas principais areas de
cultivo e sendo responsavel por perdas significativas na producdo de laranja. Estudos
apontam alta incidéncia da CYC no estade de S0 Paulo, principalmente nas regibes
Norte, Nordeste e Central do estado. Em 1996, foram encontradas plantas com
sintomas severos de CVC em 88% das piantagdes®. Além do Brasil a Argentina

também registra ocorréncia da doenca’®.

8 Hartung, J. 8., Beretla, J., Briansky, R. H., Spisso, J. et al. Citrus varlegated chiorosis bacterium: axenic culture,
pathogenicity, and serological relationships with other strains of Xylella fastidiosa. Phyiopaihology 1394, 34, 591-507.
Machado, M. A Clirus variegated chlorosis {CVC), 2 new destrustive cifrus disease in Brazil, and the xylem-fimited

\ bacleria, Xylella fasiidiosa. URL: www.watson fapesp briXyielia. htm. 1097, .

- Briansky, R. H., Davis, C. L, Timmer, L. W, Howd, D. 8. ot al. Xylem-limited bacteria in citrus from Argentina with
symptoms of ¢itrus variegated chlorosis. Phylopatholgy 1991, 81, 1210-1214.
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Dentre os métodos atuaimente utilizados para mansjo da doenca estdo a pods
de galhos infectados, controle quimico dos vetores e utilizagio de mudas sadias®'.

1.2. Mecanismos de Colonizagio e Patogenicidade

Muitos dos mecanismos de colonizag8o e patogenicidade atualmente discutidos
& vém sido propostos desde a década de 80, e sfo baseados orincipaimente em
estudos com a doenga de Plerce em videiras (revisado por Hopkins, 19887
Consideraveis desavencas existem entre os cientistas sobre guais seriam os fatores
preponderantes desencadeadores dos sintomas observados, porém, varias evidéncias
apontam para uma disfuncdo do sistema condutor de Agua. Nesse mecanismo
proposto, agregados de bactérias, goma e tiloses presentes no xilema obstruiriam a
passagem de agua. A formacfo de grandes agregados de X fastidiosa ja foi
demonstrada * (Figura 3), mas ndo se sabe ao gerio se ocorre oclusio suficients para
gerar estresse hidrico. Outros fatores come a liberacdoe de fitotoxinas & desbalanco da
regulacdc do crescimento poderiam estar também envolvidas™®

O xilema das plantas hospedeiras é um ambiente com caracteristicas
nufricionais e fisicas singulares para o crescimento bacteriano. Para sobreviver no meio
hiponutricional do xilema, multiplicar-se no ponto de infeccio e se gspalhar para outras
regides do sistema condutor, a X fastidiosa parece se utilizar de mecanismos
especificos, ainda pouco conhecides em detalhe. A bactéria se agrega nos vasos do
xilema através de goma polissacaridica e provavelmente também por estruturas
protéicas como fimbrias. E possivel que sssas fibras de polissacaridios, na maioria
negativamente carregadas, funcionem como uma resina trocadora de cétions, ligando
nutrientes idnicos e disponibilizando-os de forma concentrada para a bactéria, o que
seria um importante mecanismo de sobrevivéncia em um ambiente onde os nutrientes
estdo muito diluidos. Alem disso, a2 goma serviria como proteco contra defesas do
hospedeiro’.

& Manuat de convivéncia com a CVC. Fundeciirus, 1997
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FIGURA 3: Micrografia eletrbnica de vase do xilema de citros
obstruido por agregados de X fastidiosa (Fonte: Fundecitrus).

Foi recentemente demonstrado que a X fasfidiosa tem a capacidade de formar
bicfilme'. O biofilme pode ser definido como corunidades estruturadas de agregados
microbianos cobertas por uma mairiz polimérica & aderidas a uma determinada
superficie’. Esta forma de organizacio parece ser um mecanismo bastanie importante
de sobrevivéncia da bactéria na planta e no inseto. Foi proposto gue a formagio de
biofiime pela X. fastidiosa & um fator critico para sua viruiéncia em plantas, tendo um
papei decisivo na oclusdo de vases do xilema ',

Qutro aspecio importante € 0 movimento sistd@mico, isto €, como a bactéria se
espaiha para colonizar o hospedeiro. O xilema & constituide de um conjunto de vasos,
que sdo divididos entre si por membranas com poros que ndo sao grandes o suficients
para passagem de bactéria. Com issc, a X fasfidiosa teria que passar de alguma
maneira por esta membrana para se movimentar de vaso para vaso, 0 que poderia
envolver rompimento enzimatice da membrana, que é formada basicamente por
celulose, hemiceiulose, pectina, lignina e proteina. Dessa forma, proteinas com
atividade de degradacao destes compostos desempenbariam papel fundamental no

processo de colonizagdo. Os agregados de bactéria poderiam conservar e concentrar

2 Marques, L. R, Cearl, M, Manfio, G, P, Reid, D. M. Characterization of biofilm formation by Xviella fastidiosa. Plant Dis.
2002, 88, 533-638.
Costerton, J. W., Lewandowski, Z., Caldweli, D. E., Korber, . R. &t al. Microbial biofims, Annu Rev. Microbiol 1995,
49, 711-745.
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enzimas digestivas produzidas pela bactéria e direciona-las contra o tecido hospedeirc,

Muito pouco, porém, € conhecido sobre isso.

1.3. Genomsa

Em 2000, um consércio de laboratérios paulistas financiado pela FAPESP
(Fundac8o de Apoio 4 Pesquisa do Estado de Sao Paulo} publicou a sequéncia do
genoma da estirpe Babc da X fastidiosa causadora da CVC™ Além do CrOMOSEoMO
principal {com 2.679.305 pares de base), outros dois plasmidios (um com 51.158 e
outro com 1.285 pares de base) foram sequenciados. Ao tode, foram identificados 2905
genes, sendo que aproximadamente metade apresentou significante similaridade com
proteinas de fungio conhecida (Tabela 1).

© conhecimento da sequéncia completa do genoma represeniou um grande
passc para compreensac das caracteristicas metabdlicas e repiicalivas, e para a
determinag@o dos potenciais mecanismos de patogenicidade. Varios artigos t&m
explorado as informagdes geradas pelo sequenciamente gendmico, destacando uma
serie de hipoteses para o funcicnamente do metabolismo gnergétice, transporie de
nutrientes, adesao, agregagdo, toxicidade, secrecio de fatores de patogenicidade,
interagbes intercelulares, homeostase de ferro, resposta antioxidante e ouiros
mecanismos potencialmente importantes para a patogenicidade'*'518.17.18.18.20

b Simpson, A J. G, Reinach, F. C., Arruda, P, Abreu, F. A. et ai. The genome seqguence of the plant pathogen Xylella
fastidiosa. Mafure 2000, 406, 151-158.

1 Keen, N. T, Dumenyo, C. K., Yang, C. M., Cooksev, . A. From rags fo riches: insights from the first genomic
sequence of a plant pathogenic bacterium. Genome Biof. 2000, 1, 10181-10184,

Dow, J. M., Daniels, M. J. Xylella genomics and bacterial pathogenicity fo plants. Yeasf 2000, 17, 263-271.

Lambais, M. R., Goidmian, M. H. 8§, Camargo, L. £. A., Gicdman, G. H. A genocmic approach to the understanding of

Xylelia fasticiosa pathogenicity. Curr. Opin. Microbiol 2000, 3, 459-452.

8 Siva, F. R, Vettore, A. L., Kemper, E. L., Leife, A e al. Fasfidian guin the Xyiella Tastidiosa exopolysaccharide
possibly invoived in bacterial pathogenicily. FEMS Microbiol Lett. 2001, 203, 185171,

° Leite, B., lshida, M. L., Alves, E., Carrer, M. et al. Genomics and X-ray microanalysis indicate that CaZ+ and thigis
mediate the aggregation and adhesion of Xylella fastidiosz. Braz. J Med. Bioi Res. 2002, 35, 645-650.

Meidanis, J.. Braga, M. D. V., Verjovsiki-Almeida, 5. Whole-genome analysis of transporters in the plant pathogen
Kylalia fastidiosa. Microbiol Mol Biol Rev. 2002, 86, 272-203,

17
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Tabela 1. Caracteristicas gerais do genoma da linhagem 8aSc¢ da X fastidiosa (modificado de

Simpson et al.™).

Cromossomo pringipal

Tamanho {pares de bass) 2.8678.308

Razéo G+ C 52,7 %

Nomero de genes 2838
genes com funglio conhecida 1283
genes com similaridade a proteinas sem fungdo conbecids 310
genes sem similaridade significante 1082

Plasmidio pXF51

Tamanho {pares de base) 51.158

Razao G+ C 496 %

MOmero de genes 85
genes com funcso conhecida 31
genes com similaridade a proteinas sem funcéo conhecida 8
genes sem similaridade significanie 24

Plasmidio pXF1.3

Tamanho {pares de hase) 1.285

Raz&ao G+ C 556 %

Numero de genes 2
genes com funcdo conhecida 1
genes com similaridade a proteinas sem fungdo conhecida 0
genes sem similaridade significants 1

O banco de dados do genoma (acessado pelo endereco eletrénico
http:/faeg.ibi.ic.unicamp.br/xf) representa uma fonte rica de informacdes que agora
serve de base para o avango mais rapido dos estudos da X fastidiosa e sua

patogenicidade.

2. Protedmica

O conhecimento que vem se acumulando com os sequenciamentos de genomas

demonstra gue € preciso caminhar mais adiante. Na era pos-gendmica, tem ficado

evidente que apenas com sequéncias gendmicas completas n3o é suficiente para

elucidar muitos dos processos bioldgicos . Adicionalmente as informaces obtidas

z Pandey, A., Mann, M. Proteomics to study genes and genomes. Nafure 2000, 405, 837-848.
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pela analise do genoma, € preciso ter conhecimento, por exemplo, sobre guais
proteinas estao realmente sendo expressas, quando & em quais niveis esta expressao
ocorre e scbre as eventuais modificacdes pés-transcricionais. O fato das células de um
organismo {erem 0 mesmo genoma mas apresentarem as mais variadas funces e
morfologias, fruto de diferentes composic@es de proteinas, flustra a importancia de se
estudar a reguiaco da expressio génica para compreender a funcio bioldgica.

O termo protedmica foi iniciaimente introduzido em 1995 e foi definido como
sendo a caracterizacio em larga escala do conjunto de proteinas expresse numa célula
ou tecido, isto &, o proteoma®™**®  Diferentemente do genoma, o proteoma tem
natureza dinamica e se altera frente a diferentes condigdes e estimulos. O estudo
global destas alteragbes representa uma forma de investigar e integrar processos em
sisternas vivos para melhor entender o funcionamento de uma célula ou tecido ac nivel
moiecular.

A protedmica visa estudar a estrutura, fungdc e o controle dos sistemas
biologicos peia analise das varias propriedades das proteinas. Isto inclui a sequéncia
(identidade), abundancia, atividade e estrutura das proteinas expressas por uma célula,
assim como as modificagdes, interagbes e transiocacbes sofridas por cada proteina.
Apenas a analise direta das proteinas (as principais moléculas efetoras de atividade
biologica) possibilita o estudo de muitas destas propriedades estruturais e funcionais.

Analogamente & protedmica, a transcriptdmica se baseia na analise global de
RNAs mensageiros (mRNA) presentes numa célula ou tecido. Neste caso, informacgdes
precisas sobre regulagac transcricional s3o geradas, o que representa outro fipe de
informagio, pois mesmo que uma proteina ndo possa ser sintetizada sem seu MRNA
estar presente, € possivel que uma proteina esteja na céiula quando seu mRNA nao
esta mais presente e, ainda, é possivel haver muito mRNA sem que haja traducio da
mensagem em proteina®. Devido a mecanismos pds traducionais de regulagic de
expresséo génica, a quantidade de proteina ndc & necessariamente proporcicnal a
quantidade de seu mRNA comespondente.

z Wilkins, M. R., Pasquali C., Appel R. D, Ou K, et al. From proteins to proteomes: large scale protein identification by
two-dimensional electrophoresis and amino acid analysis. Biotechnology 1996, 14, 61-65.

= Celis, J. E., Gromov, P., Ostergaard, M., Madsen, P, e al. Human 2-D PAGE dutabases for protegme analysis in
health and disease: hitp:/ibiobase.dk/cgi-bin/celis, FEBS Leff 1996, 398, 126-134.

4 Anderson, N. G. Anderson, N. L Twenty years of two-dimensional electrophoresis: past, present ang future.
Efectrophoresis 19986, 17, 443-453,
Williams, K. L., Hochstrasser, D. F. Introduction to the proteome. Em: Profecme Research: New Fronfiers in Functional
Genomics {(Wikins, M. R, Williams, K. L., Apple, R. D., Hochstrasser, D. F., eds.), Springer, 1997, pp. 1-12.
Anderson, L., Seilhamer, J. A comparison of selected mRNA and protein abundances in human fiver, Electrophoresis
1887,18, 533-537.
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A identificacio e quantificacio sistematica das proteinas é geraimenie o objetive
inicial central numa analise protedmica. A tecnologia mais aplicada atualmente € a
combinacao da eletroforese de duas dimensfes em gel de poliacrilamida (2DE) para
separacio, detecgio e quantificacdo das proteinas, com espectrometria de massas
para identificacio das proteinas separadas. Enquanto a técnica de 2DE foi inicialmente
introduzida na década de 707% a maioria dos métodos que possibilitou identificar
proteinas separadas em 2DE de forma rapida, conclusiva e com sensibilidade ol
apenas desenvolvida nos Ultimos 10 anos™. Os principais fatores que possibilitaram o
surgimenio destes métodos foram avancgos na iécnica de especirometria de massas,
disponibilidade de sequéncias gendmicas completas e desenvolvimento de programas
computacionais para correlacao dos dados obtidos por espectromeiria de massas com
0s bancos de dados de sequéncias.

Atualmente, identificacio e guaniificacdc de proieinas em larga escala e
comparagbes de proteomas por analise diferencial de perfis 2DE represenizm
importantes ferramentas para detectar e identificar proteinas efetoras ou controladoras
de processos bioldgicos.

2.1. Eletroforese de Duas Dimensbes

A 2DE é um dos métodos disponiveis mais poderosos para separar misfuras
compiexas de proteinas. Ela combina duas técnicas de separacio baseadas em geil de
poliacrilamida (Figura 4). A primeira separacdo (primeira dimensao) é a focalizacao
isoelétrica (IEF), na qual as proteinas s@o separadas em um gradiente de pH até
aicangarem a posicdo estacionaria onde a carga total € zero (ponto isoelétrico). Na
segunda dimensdo, as proteinas separadas pela IEF sd3c entic separadas por
eletroforese em gel de poliacrilamida contende dodecil sulfaio de sodio (SDS-PAGE),
separacdo esta baseada na massa molecular (MM) das proteinas. As proteinas sdo
entao visualizadas diretamente no gel, resultando num perfil bidimensional de pontos
(chamados "spots”™), cada um contendo mdltiplas copias de uma proteina (Figura 4). A
guantidade de proteina migrando em cada spof € quantificada baseando-se na
intensidade e area do respectivo spot. A imagem do gel € entdo digitalizada e analizada

z Klese, J. Protein mapping by combined iscelectric focusing and slectrophoresis of mouse tissues. A novel approach o
festing for induced point mutations in memmals. Humangenetik 1875, 26, 231-243.

O'Farred, Pl H. High resolution two-dimensional electrophoresis of proteins. J. Biol Chem. 1875, 250, 40074021,
z Asbersold, R., Goodiett, D. Mass spectrometry In Proteomics. Chem. Rey 2001, 101, 269-285.
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densifometricamente por programas de computador. Diferentes géis representando
diferentes proteomas podem ser comparados com o objetive de detectar proteinas
diferencialmente expressas.

&} Preparacdo de amostra

DEBRATURACAD

mr——————

SOLUBILIZAGAD

B) Primeira dimensio: separago baseads no p!

+H 8 87 @0 ]-

ACIDOD BRADIENTE DE pH BASICD

C) Segunda dimensao: separacdo baseada em peso molecular

"t Proteinas
maiores

Proteinas
menores

D) Visualizagao e analise de imagem

- Detscgdo de spots
® o ° o 9 - Quantificagdo
Mw . L2 : - Calibraco de pi/MW
] SR - Comparacdes enire géis
ot

FIGURA 4: Passos do procedimento da 2DE. (A} Preparagdo de amostra: proteinas sio
primeiramente extraidas das células (ou tecidos) e solubilizadas. (B) Separagic na
primeira dimensaoc € feita por IEF, onde as proteinas sio separadas pelo seu ponto
isoeletrico. (C) Separacéo na segunda dimensao é feita por SDS-PAGE, que separa
proteinas pela massa molecular aparente. (D) As proteinas separadas sdo entio
coradas diretamente no gel, resultando num mapa de pontos, spots. A quantidade de
proteina migrando em cada spot € quantificada baseando-se na intensidade de
coloragao do respective spol. Geralmente, a imagem do ge! é digitalizada e analizada
densitometricamente por programas de computador.
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Apesar da 2DE ter o potencial de separar centenas a milhares de proteinas e ser
a técnica mais ulilizada para a separacdo de misturas compiexas de proteinas, ela
fambém apresenta significantes limitactes. Classes especificas de proteinas como as
muito acidas {pl < 3.5), muiio basicas (pl > 9.0}, pequenas (< 8000Da), muilo
hidrofdbicas e muito grandes (= 120000Da), bem como as proteinas de baixa

abundancia, geralmente ndo séc detectiveis™”

. Porém, para anslise das protelnas
gue sio visiveis, a ZDE & um mélodo de separacBo poderosc porgue iodas as
proteinas numa amostrz s8o simullaneamente separadas. Além disso, informacio
scbre pl, massa molecular e abundancia relative pode ser oblida para fodas as
proteinas detectadas, estando elas ainda passiveis para analises pés separacio, como
por exemplo espectrometria de massas. A presenca de modificacdes pds-traducionais &
geralmente aparenie devido zo falo das modificacfes provocarem mobilidade

eletroforéfica alterads.
2.2. Métodos de Deteccio e Quantificacéo

Varios métodos diferentes de deteccéo de proteinas separadas por eletroforese
em gel de poliacrilamida podem ser usados. A maioria deles se baseia em coloragéo de
proteinas com corantes ou reagentes fluorescentes, ou detecgdo de proteinas
marcadas radioativamente por fiuorografia ou autoradiografia™®. Os métodos mais
comuns $80 0s de coloragdo com coomassie blue (CBB) ou nitrato de prata. Ambos sdo
procedimenios simples e de baixe custo, podendo ser compativeis com znalises
subsequenies por espectrometria de massas. Coloracao por prata € um dos métodos
mais sensiveis (1-10 ng/spof), mas & dificil de ser usado para quantificacbes precisas
pois a quantidade de prata ligada & especifica para cada proteina e porque a
intensidade de coloragdo €& dependente do tempo de revelagdo, tomando dificil
comparagdes quantitativas entre géis***. Coloracdo com CBB apresenta linearidade

* Urquhart, B. L., Cordwell, S. J., Humphery-Smith, §. Gomparison of predicted and observed properties of proteins
3§enc:cn:ieacl in the genome of Mycobacterium tuberculosis H37Rv. Biochem. Biophys. Res. Commun. 1888, 253, 70-79.
Gygi 8. P, Corthals G. L, Zhang Y., Rochon Y. et al. Evelustion of two-dimensional gel electrophoresis-based
ggateome analysis technology. Proc. Nafl. Acad. Sci USA 2000, 15, $380-8395.
Patton, W. F. A thousand points of light: the application of fluorescence detection technoiogies to two-dimensional gel
electrophoresis and proteomics. Efectrophoresis, 2000, 21, 1123-1144.
Patton, W. F. Detecting proteins in polyacrylamide gels and electroblot membranes. Em: Proteomics: from protein
sequence to function (Pennington, 5. R. and Dunn, M. J., eds.}, Bios, 2001, pp. 31-58,
Rabilioud, T. Mechanisms of protein silver staining in polyacrylamide gels: a2 10-year synthesis. Electrophoresis 1990,
11, 785794,
° Rabifloud, T, Silver staining of 2-D glectrophoresis gels. Methods Mol Biol 1999, 112, 207-305.
* Rabilioud, 7. A comparison between low background silver diammine and silver nitrate protein stains. Elcirophorosis
1882, 13, 428433
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quantitativa na faixa de concentrac3o de proteina de 100-1000 ngisporf, porém, &
sensibilidade € 10 a 50 vezes mais baixa que colorag3o por prata %7

Métodos baseados em fluorescéncia e marcacio radioativa s3c bastants
sensiveis e quantitativos por uma maior faixa de abundancia (faixa dinamica). Porém,
tendem a ser mais caros e, no caso de marcacio radioativa, limitados a amostras que
podem ser marcados radioativamente (geralmente por marcacio metabslica).

Para analise de imagem, os géis sdo digitalizados e os arquives gerados s&o
analizados em programas especializados que detectam e quantificam
densitometricamente os spois e calculam seus respectivos pi @ massa molecuiar
observados. Analise comparativa de diferentes géis é usado para detectar proteinas
diferencialmente expressas. A determinacio de pl e massa molecular é importante
porque estes par@metros sdo dleis para & confirmacdo da identidade da proteina
determinada por MS ou outros métodos. O sucesso da anslise de imagem depende
fundamentalmente da qualidade e reprodutibilidade dos perfis 2DE.

Atualmente, 2DE é o método mais utilizado para quantificagio comparativa dos
niveis de abundéncia de uma proteina em diferentes amostras. A quaniificacio por
anglise densitomeétrica implicitamente assume gue a intensidade de coloracdo de um
spot indica precisamente a quantidade de proteina presente no spof. Porém, a
implementacéo pratica deste simples conceito tem se mostrado dificil, principalmente
devide & limitagbes de sensibilidade, linearidade quantitativa e reprodutibilidade dos
métodos disponiveis de coloragéo e separacao eletroforética.

Novos métodos tém procurado eliminar, ou ac menos aliviar, muitos dos
desafios da quantificagdo por analise de imagem. Métodos sensiveis de coioracio por
fluorescéncia apresentam uma resposta linear por uma maior faixa dinamica®®. Mais
recentemente, a introdugao do sistema de marcacio com fiuorescéncia de duas cores
possibilitou a comigraco eletroforética no mesmo gel 2DE de duas amostras marcadas
diferentemente e assim a determinaco da razdo de abundancia de proteinas em cada
amostra por analise em diferentes espectros de onda do mesmo ge!”*'. Neste caso, ¢
problema de reprodutibilidade entre géis é completamente eliminado.

¥ Dunn, M. J. Two-dimensional polyacrylamide gel eicirophoresis. Em: Advances in Electrophoresis {Chrambach, A,
Dunn, M. J., Radola, B. J., eds.), VCH, 1987, pp. 1-100.

Lopez, M. F., Berggren, K., Chernokaiskaya, E., Lazarev, A, et al. A comparison of silver stain and SYPRO Ruby
Protein Gel Stain with respect to protein detection in two-dimensional gels and identification by peplide mass profiling.
Efectrophoresis 2000, 21, 3673-3683.

Steinberg, T. H., Jones, L. J,, Haugland, R. P., Singer, V. L. SYPRO orange and SYPRO rad protein gel stains: one-
step flucrescent staining of denaturing gels for detection of nanogram levels of profein. Anal Biochorn, 1995, 239, 225
237.

« Uniu, M., Morgan, M. E. Minden, J. S. Difference gel elecirophoresis: a singie ge! method for delecting changes in

proteln exiracts. Electrophoresis 1997, 18, 2071-2077.

32
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2.3. ldentificacéo de Proteinas por Espectrometria de Massas (MS)

A ldentificacao de proteinas presenies nos perfis de 2DE € um passo importante
na analise de proteomas. De uma técnica puramente descritiva, a 2DE fransforma-se
numa poderosa ferramenta integradsa para andlise estrutural e funcional de proteinas.
Quando combinada a técnica de MS, a identificacdo é geraimente feita por correlacio
de dados experimeniais oblidos de uma proteina com os conteldos de bancos de
dados de seqliéncias (geraimente de proteinas, cDNA, DNA genémico ou “expressed
sequence tags” (EST). Varios tipos de dados podem ser usados para identificar
proteinas por busca em bancos de dados, e atualmente existe uma grande variedade
de técnicas que podem ser usadas para gera-los™. Na maicria dos casos, a proteina &
fragmentada, geralmente por digestfo triptica, e seus fragmentos (ndo a proteina
intacta) s&o submetidos para analise por MS.

O método de identificagdo de proteinas utilizando 2 massa precisa de um
numero de peptidios derivados da mesma proteina é chamado de “peptide-mass finger
printing” (PMF) (Figuras 5 e 8}, O aparelho utilizado para PMF é geralmente o MALDI-
TOF MS, e programas para PMF ja foram desenvolvidos independentemente por varios
grupo giRas 548
Na pratica, o processo comeca por cortar cada spot individualmente do gel 2DE.
As proteinas nos spots s&o entdo submetidas a digestac dentro do gel (“in-gel’). Para
aplicagbes de pequena escala, isto & geraimente realizado manuaimente, e para
projetos de larga escala sistemas robotizados foram desenvolvidos. Apds digesto, os
peplidios s&o extraidos do gel e contaminantes residuais como detergentes, sais,
corantes e outros, sdo removidos para evitar interferéncia com a analise por MS.

No espectrometro, os peptidios s8o ionizados, separados segundo suas razées
massa/carga (m/z) e entdo detectados. Em diferenties fipos de especirometros de
massa os processos de ioniza¢do e separagéo ocorrem por diferentes principios fisicos.

41 Tonge, R., Shaw, J., Middieton, B., Rowlinson, R. et al. Validation and development of fluorescence two-dimensional
differential gel electrophoresis proteomics technology. Profeomics 2001, 1, 377-396.
Mann, M., Hojrup, P., Reepstorfi, P. Use of mass spectrometric malecular weight information to identify proteins in
sequence databases. Biol Mass Spectrom. 1993, 22, 338-345,
Henzel, W. J., Billec, T. M., Stults, J. T., Wong, S. C. &t al. ldentifying proteins from two-dimensional gels by molecuiar
mass searching of peplide fragments in protein sequence databases. Proc. Nafl Acad. Sci USA 1993, 90, 5011-5015.
4 Yates, J. R, 3rd, Speicher, 5., Griffin, P. R., Hunkapiller T. Peptide mass maps: a highly informative approach fo
protein identification. Anal. Biochem, 1993, 214, 397-408,
James, P, Quadroni, M., Carafoll, £, Gonnet G. Protein identification by mass profile fingerprinting.  Biochem.
Biophys. Res. Commun. 1883, 185, 58-64.
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Todos os instrumentos geram espectros de massa que sago tipicamente representados
como um grafico de duas dimensdes contendo valores de m/z no eixo x e intensidades
relativas no eixo y (Figura 6A). Nos espectros gerados em instrumenios de alts
resoiucdo, cada peptidic aparece como um conjunic de moléculas protonadas
isotopoméricas (Figura 6B), conseqléncia do fato de que 1.1 % dos carbonos
naturalmente existente & o isotopicamente pesado “C. Como os peptidios contém
grandes quantidades de dtomos de carbono, fragdo significativa dos peptidios ira conter
um C (e um valor de massa aumentado em 1 unidade de massa comparado ao ion
contendo apenas "*C), ou dois "*C (e um valor de massa aumentado em 2 unidades de
massa comparado ac ion contendo apenas '°C), e assim por diante. A escala do eixo x
do espectro é definido pelo usuario e tipicamente ajustado entre 500 e 3000 Da, &
regido de massa mais utilizada para anélise de peptidics por MS.

Descricdo mais detalhada dos tipos de espectrdmetros mais usados,
capacidades e limitagbes do PMF e andlises MS/MS, bem como dos algoritmos usados
para procura em bancos de dados, pode ser encontrada no Apéndice da presente lese
e em ouiras revisGes 247%

® Pappin, D. J. Peptide mass fingerprinting using MALDI-TOF mass spectromelry. Methods Mol Biol 1997, B4, 185
173.

4 Patterson, S. D., Asbersold, R. Mass speciromelric approaches for the identffication of gel-separated proieins,
Electrophoresis 1985, 16, 1751-1814.
Certhale, G. L., Gygl, S. P., Aebersoid, R, Paiterson, 8. D. ideniification of proteins by mass spectromatry. Em:
Protecme Research: 2D Gef Elsctrophoresis and Detection Methods {Rabilloud, 7, ed.), Springer, 1899, pp. 197-231.
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Proteina separads por 2DE

ESPECTROMETRO DE MASSAS

‘
|

Massa observada dos peptidios

Procura em banco de dados

Acha sequéncia cujas massas
previstas dos peptidios batem com
0s dados observados

FIGURA 5: identificacéo de proteina por PMF. A proteina separada por 2DE é digerida
in gel (geralmente com tripsina), as massas dos peptidios resuliantes s&o determinadas
em espectrdmetro MALDI-TOF e usadas para identificar a proteina por procura em
bancos de dados de segliéncias.
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RELATIVE INTENSITY

3000

i
&VSKV?AQSUYS%&GNPTVEvELTTﬁKG
YERSGIVPSGASTGVHEAL EMRDEDKSK
WMGKGYMNAVNNYNNY AAAF VIKANLD

. g P A
VKD%KAVECFLLSLOGTANKS%}%ANAi
———-——-—g % g
LOVOMAAAR AAAAEKNVPLY QHLADLSK
SKTSPYVLPVPFUV%EHGGSHﬁﬁfﬂLAL

e 4————-&
QEFMIAPTG AKTFAEAMRIGSEVY HNL
SLTKKRY GASAGNVGDEGGVAPNIQT A
EEALDLIVDAIKAAGHDGK VKIGLDCASS

P T—
EFF%%GKYDLDFKNPESDKSK%&?GVE
% LAWYHSLMK&YP%VSIEDPFAEDDWEA
% WSHFFKT%GiQIUAD%LTUTNPRQi ATAIE

J

i

% H 47 B,

N A ] ReaADALLLKUNGIGTLSESIRARGDSRA

m/z 1153 1160 1161 1162 ANWG VMYSHRSGETEDTEIADLVVGLR
2

TGQIKTGAPARSERLAK QLT RIEEE G

DKAVYAGENFHHGDKL

|
\
Lo

G —
I‘H_

RELATIVE INTENSITY

FIGURA 6: Mapeamento de peptidios da proteina enolase de S. cerevisae. O spot
separado em 2DE foi digerido com tripsina e os peptidios resultantes analisados em
espectrbmetro de massas MALDI-TOF. Procura em bancos de dados indicou a proteina
como sendo enolase 2. (A) Espectro de massa dos peptidios tripticos. Os numeros
indicam os peptidios correspondentes na Figura 5C. (B) Ampliacéo da regido entre
1158 e 1164Da mostrande o conjuntc de isétopos do pepiidic com massa de
1158.66Da. (C) Seqléncia de amino 4cidos da enolase 2. Note que a tripsina cliva na
parte C-terminal da lisina (L) e arginina (R).
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2.4. Reagentes ICAT {"isotope Coded Afinity Tags™)

A combinacgo do procedimento de rotulagio de proteinas com reagentes ICAT
e analise por especirometria de massas dos peptideos resultantes por protedlise é um
nove método de andlise quantitativa de proteomas®™. O método permite identificacdo
sisternatica das proleinas numa mistura complexa ¢ gquantificacdic precisa das
diferencas em abundancia de cada proteina presente em duas ou mais amosiras
protéicss.

O reagente ICAT consiste de trés componentes funcionais (Figura 7). O primeiro
€ um grupamento reativo & tidis, que é seletivo para os grupamentos sulfidrilas das
cadeias laterais de cisteinas reduzidas. O segundo componente, € um grupo de etileno
glicol gue pode conter afomos de deutério (isctopicamente “pesads”™ ou nioc
(isctopicamente “leve”) e que possibilita realizar quantificacdo por MS. O terceiro
componenie, um grupamento de biotina, € a "etiqueta de afinidade” utilizado como base
para o isclamento seletivo dos peptidios contendo cisteina (marcados com ICAT) de
uma mistura compiexa de peptidios, através de cromatografia de afinidade em coiuna
de avidina.

i X X o
- Wﬁxvf\o/j;\i/\,\,}\/'
X 3]
BIOTINA ESPACADOR GRUPQ REATIVO
COM TIOIS

FIGURA 7: Estrutura do reagente ICAT, composto de trés elementos: um grupamento
reativo a 1idis, que se liga a residuos de cisteinas reduzidas; um espagador que pode
conter deutérios {reagente pesado, com os deutérios nas posi¢des indicadas por X) ou
nac (reagente leve, com hidrogénios nas posigdes indicadas por X); e um grupamento
de biotina utiizado para o isolamento seletivo dos peptidios contendo cisteina
(marcados com ICAT).

d Gyai, S, P, Rist, B, Gerber, S. A, Turecek, F. & al. Quantitative analysis of complex protein midures using isotope-
coded affinity tags. Mat Biofechnol 1988, 17, 994-989.
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Num tipice experimento (Figura 8), os residucs de cisteina reduzida das
proteinas nas duas amostras a serem comparadas s&o rotulados separadamente.
Numa amostra € usada a forma isotopicamente “leve” e em outra amostra a forma
‘pesada’ do reagentie ICAT. As duas amostras sZo entio misturadas, digeridas com
tripsina, e os peptidios contendo cisteina séo isolados por cromatografia de afinidade.
Atraves da analise por MS/MS, é determinada a identidade da proteina qgue deu origem
ao peptidio e a abundancia relativa de cada proteina nas amostras sendo comparadas.
A abundancia relativa de um peptidio, e logo, a abundancia relativa da proteina de onde
o peptidio originou é determinada pela raz8o das intensidades do sinal espectrométrico
das formas isotopicamente leve e pesada de um peptidic marcadc com ICAT.

Para analise de misturas complexas, a mistura de peptidios contendo cisteina &
fracionada, geraimente por cromatografias liquidas multidimensionais, permitindo a
andlise de um grande nimero de peptidios™ 5525354

Este metodo e faciimente automatizavel e tende a permitir a analise de classes
de proteinas naoc defectaveis pela 2DE, como as hidrofébicas, basicas e DOUCO
abundantes. Porém, & importante salientar que as capacidades e limitagSes da 2DE ja
s&o bem conhecidas, enguanto gque as tecnologias bascadas em ICAT ainda
permanecem, de certa forma, enigmaticas neste sentido uma vez que estéo apenas
comecando a ser aplicadas para estudos protedmicos. Ja se sabe gue o ICAT nao
permite a analise de proteinas sem cisteina, e ainda, como a analise & feita em
peptidios gerados pela digestdo de proteinas, importantes informagbes geraimente
analisdveis em proteinas intactas (como presenca de isoformas e modificacles pds-
traducionais) s&0 perdidas.

Como os objetives do estudo protedmico global ndo podem ser alcancados por
nenhuma destas piataformas tecnoldgicas isoladamente, a combinacio destes e de
outros metodos de analise de proteinas & provavelmente uma necessidade para se
analisar proteomas,

50 Griffin, T.J., Gygl. S.P., Rist. B, Aebersold, R. et al. Quantitative proteomic analysis using a MALD! quadrupole time-
of-flight mass spectrometer. Anal Chem. 2001, 73, 978-986.

Han, D. K, Eng, J., Zhou, H., Aebersold, R. Quantitative profiling of differentiation-induced microsomal profeins using
isotope-coded affinity tags and mass spectrometry. Nat. Biotechnol 2001, 18, 946-851.

2 Griffin, T. J., Aebersold, R. Advances in proteome analysis by mass spectrometry. J. Biol Chem. 2001, 276, 45497~
45500.

Griffin, T. J., Han, D K, Gygi, S. P, Rist, B. ot al. Toward a high-throughput approach 1o quaniftative proteomic
analysis: expression-dependent protein identffication by mass spectrometry. J. Am. Soc. Mass Specirom. 2001, 12,
1238-12486.

Grffin, T. J., Goodiett, D. R, Aebersold, B. Advances in proleome analysis by mass spectromelry. Cum Ooin
Biotechnol. 2001, 12, 807-812
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Objetivos

Parte I: Analise Protedmica da Xylells fastidiosa.

Os objetivos foram: {i) caracterizacio das proteinas expressas pela estirpe 9a5¢
da X. fasfidiosa causadora da clorose variegada do citros por eletroforese de duas
dimensdes (2DE) de alta resoluco e espectrometria de massas (MS); (i) mapeamento
das proteinas potenciaimente relacionadas acs mecanismos de colonizacdo e
patogenicidade; & (iii) construcdo de um banco de dados para acesso via internet aos
dados gerados.

Parte ii: Desenvolvimento de MNove Método parz Anglise Quantitativa de
Proteomas por Espectrometria de Massas

O objetivo do presente trabalho foi desenvolver um método que permita a
quantificaglc precisa das diferencas em abundancia de cada proteina em diferentes
amostras, utilizando para isto a combinagcdo da 2DE, marcacdo de proteinas com
reagentes do tipo ICAT ("Isotope Coded Afinity Tags”) e especirometria de massas.
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Justificativa

Parte I: Analise Protedmica da Xylella fastidiosa.

Em contraste ao grande volume de informacbes gendmicas disponiveis, os
estudos de caracterizacio bioguimica das proteinas expressas pela X fastidiosa séo
guase inexistentes. A analise protedmica &€ uma forma global de identificar e
caracterizar proteinas envolvidas em processos biolégicos. Informacdes sobre niveis de
expressdo, organizacdo estrutural, localizacBo e modificagdes pés-traducionais
permitirac uma maior caracterizacdo dos alvos funcionais envolvidos nos mecanismos
de colonizacdc e patogenicidade. O esiabelecimento das iécnicas de analise
protedmica e a construcdo de um banco de dados deverBio contribuir para a
exgquibliidade de estudos de expresséo de proteinas em modelos experimentais com a
X. fastidiosa.

Parte li: Desenvolvimento de Novo Método para Andlise Quantitativa de
Proteomas por Espectrometria de Massas

Atualmente, 2DE é o método mais utilizado para quantificagdo comparativa dos
niveis de abundancia de uma proteina em diferentes amostras. A gquantificacéo por
analise densitométrica implicitamente assume que a intensidade de coloragio de um
spot indica precisamente a quantidade de proteina presente no spot. Porém, a
implementagéc pratica deste simples conceito tem se mostrado dificil, principaimenie
devido a limitagcbes de sensibilidade, linearidade quantitativa e reprodutibiiidade dos
métodos disponiveis de coloragdo e separacio eletroforética. S0 necessarias novas
tecnologias que quantifiguem de forma precisa, reprodutivel e robusta as proteinas
separadas por 2DE.
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O primeiro capitulo da presente tese fraz o artigo aceito para publicacio
referente a analise de proteinas expressas pela Xylella fastidiosa. Resultados ndc
incluidos no arligo s8o mostrados no item Resultados Suplementares,

No segundo capitulo, dois artigos publicados descrevem o desenvolvimento de
novo méiodo para andlise guantitativa de proteomas por espectromelnia de massas e a
otimizagao do procedimento de rotulagcio de proteinas com o reagente ICAT.

Um capitulo de fivro a ser publicado foi incluide como apéndice e aborda de
forma detalhada os procedimentos para realizac3o da eletroforese de duas dimensdes
e identificacdo de proteinas por espectrometria de massas.
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1. Artigo aceito: Analise Protedmica do Fitopatdgeno Xylella
fastidiosa Revela as Principais Proteinas Celulares e Extracelulares
e uma Distribuicdc Peculiar do Codon Rias
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Summary

The bacteria Xylella fastidiosa is the causative agent of a number of economically
important crop diseases, including Citrus Variegated Chiorosis. Although s compiete
genome is already sequenced, X. fasfidiosa is very poorly characterized by biochemical
approaches at the protein level. in an initial effort to characterize protein expression in X
fastidiosa we used one and two-dimensional gel electrophoresis and mass spectromelry
to identify the products of 142 genes present in 2 whole cell extract and in an
extracellular fraction of the citrus isolated strain 9a5c. Of particular interest for the study
of pathogenesis are adhesion and secreted proteins, Homologs to proteins from three
different adhesion systems (type IV fimbriae, mrk pili and hsf surface fibrils) were found
o be co-expressed, the last two being detected only as multimeric complexes in the
high molecular weight region of one dimensional electrophoresis gels. Using a
procedure to extract secreted proteins as well as proteins weakly attached to the cell
surface we identified 30 different proteins including toxins, adhesion related proteins,
antioxidant enzymes, different types of proteases and 16 hypothetical proteins. These
data suggest that the intercellular space of X fastidiosa colonies is a multifunctional
microenvironment containing proteins related to in vivo bacterial survival and
pathogenesis. A codon usage analysis of the most expressed proteins from the whole
cell extract revealed a low biased distribution, which we propose is related to the siow
growing nature of X. fastidiosa. A database of the X fastidiosa proteome was developed

and can be accessed via the internet (URL: www.proteome.ibi.unicamp.br).

26



Tase de Doutorads - Marcus Smioks

introduction

Xyleila fastidiosa is a slow growing Gram-negative bacterium involved in many
economically important plant diseases, such as citrus variegated chiorosis (CVC) in
sweet orange [1,2], Pierce's disease (PD) in grapevine [3], leaf scorch in almond and
other species such as coffee, plum, oleander and mulberry [4). In all cases, X fastidicsa
infects the plant xylem and compromises fruit production. The bacteria multiply in the
feregut of sharpshooter leafhoppers, which feed on the sap of the piant xylem. The
insect vector delivers the bacteria directly into the xylem system of host plants, where
they multiply and cause sympioms of chiorosis. Fruits from infected plants are small,
hardened and cannot be used for commercial and industrial purposes.

CVC is a major threat to the Brazilian citrus industry, being present in alt the
main citrus growing areas where it is responsible for significant losses of orange
production {5]. The complete genome sequence of the CVC strain 9a5c¢ of X fastidiosa
was published in 2000 [6] and represents the first complete genome sequence of a plant
pathogen. The determination of the genome sequence is an important step towards a
better understanding of X. fastidiosa pathogenicity and improved disease control. A total
of 2849 genes were annctiated in the circular bacterial chromosome and the two
plasmids.

Although the exact mechanisms of pathogenicity are unclear, the adhesion and
secreted proteins are expected to be key elements. An important issue for X, fastidicsa
is the necessity to adhere to both plant and insect hosts. To colonize the insect's
foregut, X. fastidiosa needs to adhere to the insect tissue so that it can resist the high
flow of xylem sap passing through. In the plant, adhesion to the xylem walls shouid
enable appropriate conditions for bacterial growth and biofilm formation. Important

aspect to bacterial pathogenesis is cell aggregation (bacterium-bacterium interaction),
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which has been proposed to lead to vascular occlusion of the xylem, causing water and
nutrient stress in the plant [4,7]. Moreover, secreted proteins such as profeases,
cellulases and lipases may be involved in the infection process by disrupting the plant
tissue and aliowing spreading of bacteria through out the vascular system 71 Alsg,
protein toxing can be secreted and may be involved in cbserved disease symptoms.

in contrast {o the huge amount of available genomic information, X, fastidiosa is
very poorly characierized by biochemical approaches at the protein level. The present
paper represents the first step to study protein expression in X fastidiosa. We used one
and two-dimensional gel electrophoresis and mass spectrometry to identify abundant
proteins from a citrus isolated strain 9a5¢ of X fastidiosa grown in vitro on solid culture
medium. Particular attention has been paid to the adhesion and secreted proteins due to
their possible role in bacterial pathogenesis and their usefulness as molecular targets for
understanding and controlling the disease, Additionally, an unusual codon bias

distribution of the most abundant proteins was observed and its probable significance is

discussed.
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Materials and methods

Bacterial strain and culture condition

The pathogenic strain, BaSc, of X fastidiosa, originally isolated from Brazilian sweet
orange,was used in the current study. The complete genome sequence of this isolate is
available at the Xylella Genome Project Web site (URL: http://aeg.Ibl.ic.unicamp.br/xf.
Bacteria were cultured on solid buffered charcoal yeast extract (BCYE) medium [8] at
28°C for 21 days. X. fastidiosa colonies were collected and immediately stored under

liquid nitrogen for later processing.

Sample Preparation

For the preparation of whole cell protein extracts, approximately 100 mg (wet weight) of
bacteria were washed three times in 1 mL of washing buffer containing 10 mM Tris {(pH
8.8), 3 mM KCI, 50 mM NaCi, 5 mM EDTA and 1mM PMSF and centrifuged for 2
minutes at 1600g. The pelleted cells were then lysed with 200 ulL of the following
solution: 10 mM Tris (pH 8.8), 0.5 % (w/v) SDS, 5 mM EDTA, 1mM PMSF. After adding
100mM DTT, the sample was boiled for 3 minutes and stored at -70°C.

An extraceliular protein fraction {containing secreted proteins as well as proteins
weakly attached to the cell surface) was obtained by washing the celis (100 mg) twice
with 800 ul of a washing buffer containing 10 mM Tris (pH 8.8), 3 mM KCI, 50 mM
NaCl, 5 mM EDTA and 1mM PMSF. After pelieting the cells, the proteins present in the
supematant were precipitated with a cold ethanol: acetone: acetic acid (50 :50 :0.1 viviv)
solution in ice for 3C minutes. Proteins were then solubilized in 50 ul of 10 mM Tris (pH
8.8), 0.5 % {w/v) SDS, 100mM DTT, 5 mM EDTA and 1mM PMSF, boiled for 3 minutes

and stored at -70°C.
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An aliquot of each of the resulting protein extracts was used to determine the

protein concentration using a commercial protein assay kit (Bio-Rad).

SDS-PAGE

For the analysis of high molecular weight proteins, 8 ub {approximately 120 ug of
protein) of whole cell protein extract or 6 ulL {(approximately 40 u#g of protein) of
extracellular protein extract were added to 8 plL of sample buffer 1D [6 % {wiv) SDSG,
100 mM Tris (pH 8.8), 30 % glycerol, 100 mM DTT and 0.001 % {w/v) bromophenol biue
(BPB)], boiled for & minutes and separated on 9 %T polyacrylamide gels (14 X 18 X

0.15 cmj containing 10 % glycerol. Proteins were visualized using Coomassie blue

staining.

Two-dimensional gel electrophoresis

Prior to 2-DE, 5 uL of whole cell protein extract (approximately 75 ug of protein) or 8 ul.
of extraceliular protein extract (approximately 80 ug of protein) were diluted to a final
volume of 350 ul with a solution containing 8 M urea, 4 % (w/v) CHAPS, 2 % (viv) carrier
ampholytes pH 3-10, 70 mM DTT and 0.001 % (w/v) bromophenoi blue (BPB). Except
for CHAPS which was obtained from Sigma, all reagents were obtained from Amersham
Biosciences (Uppsala, Sweden). After centrifugation at 8000 g for 2 min, the
supernatant was used for first dimension run. Samples were applied to IPG gel strips
with a non-linear separation range of pH 3-10 (Amersham Biosciences). After a 10 hour
rehydration, isoelectric focusing was carried out, at 20°C, for 1 hour at 500 V, for 1 an
additional hour at 1000 V and then for 10 hours at 8000 V in an IPGphor apparatus
{(Amersham Biosciences} maintaining a limiting current of 50 pA per strip. First

dimension strips were subjected o the standard reduction and alkylation steps prior to
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second dimension electrophoresis. Strips were socaked for 10 minutes in a buffer
containing 50 mM Tris-HCI (pH 6.8), 6 M urea, 30 % (v/v) glycerol, 2 % (wiv) SDS and 2
% (wiv) DTT, and for an additional 10 minutes in the same buffer containing 2.5 % (wiv)
iodoacetamide In place of the DTT. Second dimension electrophoresis (SDS-PAGE)
was performed on 12.5 %T polyacrylamide gels run on a2 SE-800 system connected to a
Multitemp 1l refrigerating system (Amersham Biosciences). The PG gel sirips were
sealed toc the surface of the second dimension gel using 0.5 % (w/v) agarose.
Electrophoresis was carried out for 1 hour at 90V at which time a constant current of 30
mA per gel was applied until the dye front reached the lower end of the gel. Proieins

were detected by a silver niirate staining protocol adapted from {81

image anaiysis

imageMaster 2D software, version 3.01, (Amersham Biosciences) was used for spot
detection and pl/M; calibration. The observed isolectric points and molecular weights of
the bacterial proteins were determined by comparions with known, 2D and 1D marker
proteins (Bio-rad) run independently and comigrated with X, fastidiosa samples. The M,
and pl values of the markers were plotted as "y" and "x" coordinates respectively of the
2-DE gels and equations were fitted by First-order LaGrange regression. Using these
equations, the "x" and "y" coordinates of each spot were converted to observed pl and

M values, respectively.

Peptide mass fingerprinting

Peptides were generated and extracted from the gel-separated proteins foliowing
established in ge/ trypsin digestion protocols [10] using sequencing grade modified
porcine trypsin from Promega (Madison, USA). The peptides were analyzed on a

Vovager DE-PRC MALDI-TOF mass spectrometer (Applied Biosystems). Prior to their
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application to the sampie plate the samples were purified using C18 ZipTips (Millipore),
and eluted directly with a matrix solution of 2 % (w/v) a-ciano-4-hydroxycinnamic acid
{Bigma)}, 60% acetonitrile and 0.1 % (v/v) TFA. Internal mass calibration was performed
using trypsin autodigestion products (842.509, 1045.563 and 2211.104 Da). The
masses of monoisotopic peaks with relative intensity over 2 % of the most intense peak
in the spectrum were used for database searching.

For the identification of the bacterial proteins, the measured masses of the tryptic
peptides were searched against the X fasfidiosa genome database using the MS-Fit
program [11}. Al searches were performed using 2 protein mass window between 1
and 100 kDa, uniess the protein spot or band was present on a region over 80 kDa
where no mass resfriction was applied. The search parameters aliowed one missed
cleavage, oxidation of methionine and carbamidomethyiation of cysteine. For a positive
protein identification, at least four peptides had to match with a mass accuracy better
than 40 ppm. Relative peak intensity of the matched peaks, linearity of mass error over
the spectrum and comparison of predicted and observed M/pl vaiues were checked for
confirmation of the identification. Excessions were allowed for obvious positive
identifications that showed differences in observed and theoretical MJ/pl values, what
occured mainly due to the presence of multimers or fragments and N-terminal
processed proteins.

For identification of multiple proteins in a SDS-PAGE band, peak masses were
submitted for database searching and after the first positive identification, the
corresponding matched masses were subtracted from the list and a new search was

performed. This process was repeated until no more positive identification was possible.

Calculation of codon bias
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The codon bias value of the gene seguences was based on the Codon Bias Index, as
defined by Bennetzen and Hall {12]. It was calculated using CodonW program,

accessible at URL: www.molbiol.ox.ac.uk/cu. Based on all the gene sequences present

in the X fasfidiosa genome, the program computes the relative frequency of each codon
and attributes a value for each gene that varies between -1 and +1. The more of the

most used codons are present in a given gene sequence, the greater is the codon bias

yaiue.

33



Tese de Doutorads - Marcus Smolka

Results and Discussion

Whole cell extract proteins

The bacteria grown for 21 days in solid BCYE media were used for the construction of
the reference 2-DE map and identification of the most abundant expressed proteins.
Washed cells were lysed and the proteins were solubilized as described in Material and
Methods. 2-DE separation was performed afier diluting the sample in the conventional
sample buffer containing CHAPS and urea (described under materials and methods).
Figure 1A shows the 2-DE profile of proteins over the pl range 4 to 8.5. For the detection
and identification of high molecular weight proteins, the same sample was also analysed
by SDS-PAGE using 2 9 %T acrylamide gel containing 10 % glyceral (Figure 18).
Seventeen high molecular weight proteins were identified by one dimensional
electrophoresis that were not detected by 2-DE, including two proteins (XF1981 and
XF0395) present as muitimers (bands 99 and 100 respectively in Figure 1B). Tabie |
lists the 111 proteins resolved by 2-DE and 1-D gels that were identified by mass

spectrometry.

Major fimbriae and adhesion related proteins

Proteins related to the type IV fimbriae were present in high abundance. This system is
thought to piay an important role in bacterial adhesion, protease secretion and twitching
motility [13, 14]. The detected proteins related to type IV fimbriae were: the fimbriae
subunit protein (XF2542, spot 90, Figure 1A), two PilY1 proteins (XF0032, spot1, Figure
1A and XF1224, band 108, Figure 1B) involved in fimbrial biogenesis and a PilT protein
(XF1633, spot 34, Figure 1A). PilT protein is supposedly responsible for retracting and
extending the fimbriae, in a mechanism known as twitching motility. It is possible that

this motility mechanism is important in host colonization, aliowing the bacteria to move
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systemically within the plant vascuiar system. in the case of Pierce disease, movement
of bacteria through 17 internodes of grapevine plant was observed, whereas it was also
seen that weakly virulent strains moved more slowly and aviruient strains failed to move
at all {71

in the region over 300 kDa of 9 %T acrylamide SDS-PAGE gels a protsin
(XF1881, band 99, Figure 1B) was detected with a high similarity to Hsf adhesin of
Haemophilus influenza. In this organism, this protein was shown to form surface fibrils
and to represent an additional adhesion mechanism to the type IV fimbriae [15, 16]. The
theoretical molecular weight of the XF1981 gene product is 118,447 kDa, so it is most
likely to be forming a mullimer complex resistant to $DS and DTT denaturation.
Moreover, the fact that this protein complex was not exiracted in the exiraceliular
fraction (see results below), suggesis that it is strongiy bound to the celiular membrane.
The results show that X faslidicsa may have the ability to co-express different adhesion
systems.

Additionally, prediction programs that recognize specific fransmembrane
hydrophobic segments in protein sequences indicated some hypothetical proteins to be
membrane located and they may alsc be involved in adhesion. For example, the protein
XF1036 (spot 2, Figure 1A) was predicied to be membrane located and, in fact, showed
a partial similarity in the N-terminal region to a2 Myxococcus xanthus OmpA-reiated
protein precursor reported to be involved in celiular adhesiveness during development

171

An OprF porin is the major outer membrane protein
in addition to housekeeping, ribosomal and metabelic proteins, an abundant outer
membrane protein (spot 28, XF0343) was also resoived by 2-DE (Figure 1A). Ina 1-D

and a 2-DE profile of 2 membrane-enriched extract, this protein represenied the most
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abundant protein (data nol shown), indicating that it is probably the major outer
membrane protein. XF0343 has a high similarity to OprF porin proteins that are related
to the OmpA family and in Pseudomonas species i is reported io be involved in the
ability of bacteria to grow and survive in low-osmolarity niches [18]. Based on the fact
that the plant xylem is an extremely hyposmotic environment, the high abundance of
XF0343 couid be critical for the ability of X fasfidiosa fo colonize and survive in the

plani.

iron uptake/storage

Proteins involved in iron uptake and storage were alsc present in high abundance,
including a number of hypothetical outer membrane proteins with low similarities to farric
enterobactin receptors. The detected proteins were: the bacterioferritin [XF0395, spot 84
in Figure 1A and as a multimer in band 100, Figure 1B (in most bacteria, homologous
bacterioferritins are known to form an oligomer of 24 similar subunits)], a two-component
system regulatory protein (XF0388, spot 60, Figure 1A) reported to be important for the
high affinity iron acquisition in Rhizobium leguminosarum and two hypothetical
membrane proteins (XF0339, spot 6 and XF2237, spot 4, Figure 1A) with homology to
ferric enterobactin receptors. The aconitase protein (XF0290, spot 8) was aiso resolved
by 2-DE (Figure 1A). Aconitase is reporied to be involved in iron homeostasis and in the

regulation of several extracellular pathogenicity factors [19].

Extraceliular proteins

In order to identify the major X. fastidiosa proteins present in the interceliuiar space of
the colonies growing in solid media, cells were washed with a buffer containing salt (50
mM NaCl) and protease inhibitors. This washing step is intended to exiract secreted

proteins as well as proteins weakly attached to the cell surface. After pelleting the cells,
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the supernatant coniaining the extraceliular proteins was collected, the proteins were
precipitated and analyzed by 2-DE (Figure 2A). High molecular weight proteins were
analyzed by a low percentage acrylamide SDS-PAGE gel (Figure 2B). As the sample
was not too complex, several proteins in the molecular weight region below 40 kDa were
also identified from 12.5 %7 polyacrylamide gels using peptide mass fingerprint {(Figure
2C).

in the 2-DE protein profile shown in Figure 2A, it was possible to observe the
presence of three of the most abundant cellular proteins XF2340 (spot C1), XF0B815
{spot C2) and XF0343 (spot C3). Because of their high abundance in the cell, it is hard
to determine if they are contaminating proteins from residual cell lysis or, in fact, 3
fraction of these profeins that is surface exposed or secreted. Several other high
abundant ribosomal proteins (for example XF2634, XF2438 and XF2559) and
elongation faciors (for example, XF2828, XF2579 and XF2473) were not detected.
Seventeen proteins were found to be enriched or only present in the extraceliular
fraction (Table 2). Other eighteen high molecular weight proteins were only idendified
following one dimensional gel electrophoresis (Table 2, Figure 2B). Three of the 18
proteins identified were low molecular weight proteins present as multimers (XF0395,
XFOO77 and XF0078). Twelve proteins with molecular weight below 40 kDa were only
detected by one dimensional gel electrophoresis on 12.5 %T polyacrylamide gels
(Figure 2C). The majority had predicted pls >9.0 and none of them were identified by 2-
DE using IPG strips 3-10. In this case, very alkaline immobilized pH gradients {up to pH
12) may allow the detection of several of these basic proteins using 2-DE [20, 21],
although this analysis was not performed here. Table 2 lists all the proteins identified in
the extraceliular fraction and Figure 3 shows their functionali ciass distribution. Proteins
related to adhesion, proteolysis, antioxidant defense, toxiéity and iron uptake/storage

represented the major functional classes among the ideniified proteins in the
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extraceliular fraction. Several proteins putatively localized in the outer membrane were
detected in the extracellular fraction, and the fact that they were extracted with a low salt
containing buffer indicate that they were either weakly bound to the cell membrane or, in

fact, secrated.

Secreted profeases and foxins

The extraceliular fraction was rich in proteases and proteins involved in toxicity, whose
homologous proteins in other bacteria are known 1o be secreted. The secreted
proteases detected were a zinc (XF0816, spot 1 in Figure 2A and band 23 in Figure 2B)
and two serine proteases (XF1028, spot 2 and XF1851, spot 3, both in Figure 2A; band
28, Figure 2B). Secretion of these proteases may be important for nutritional purposes
and also for the degradation of plant pit membranes, allowing the bacteria to move to
uncolonized xviem vessels.

Two secreted haemolysin-like proteins (XF2407, band 20 and XF0B868/XF1011,
band 25, Figure 2B} that belong to the RTX toxin family were detected, and are believed
to represent important virulence factors {22, 23]. A NonF related protein {(XF1137, spot
11, Figure 2A) involved in the production of polyketides was abundantly present bath in
the whole cell extract and in the extraceliuiar fraction. Polyketide toxins are frequently

virulence factors in bacterial pathogens [24].

Adhesion related profeins in the extracelluiar fraction

The proteins XFOO77 and XFO078 were both detected in the upper region (> 300 kDaj) of
the 9 %T acrylamide SDS-PAGE gel. These proteins had a high similarity to each other
as well as to the mrkD gene, whose product is the adhesin of a thin and flexibie piii from
Kiebsiella pneumoniae [25, 28]. The predicted molecular weights of XF0077 and

XF0078 are 36,854 Da and 37,601 Da, respectively, so like the Hsf adhesin (XF1981)
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detected in the whole cell extract, they probably formed high molecular weight protein
muttimers that were resistant 1o strong denaturation by SDS and DTT. The fact that this
adhesin was only detected in the extraceliviar fraction suggesis that it was weakly
bound to the cells and could be extracted by washing with the salt solution. Interestingly,
the mrkA gene, that encodes the pili subunit, as well as the other mrk genes necessary
for the assembly of the fimbrial filament were not annotated in the genome seqguence of
X fastidioss [25].

The type IV fimbriae subunit protein (XF2542) was present in both the whole cell
and extraceliuiar fraction, with a characteristic unfocused pattemn (spot 90, Figure 1A
and spot 17, Figure 2A). lts presence in both fractions is in agreement with the modsl
that this fimbriae structure begins in the intracelluiar region, crosses the inner
membrane, periplasm, and outer membrane and expands 1o the exiraceilular region
[13]. The proteins fimD (XF0081) and PilY1 (XF0032) were also detected in the
extracellular fraction and consist of outer membrane proteins involved in fimbrial

biogenesis.

Extracellular antioxidant enzymes

Four antioxidant enzymes were detecied in the extracellular fraction: superoxide
dismutase [MN] (XF2614, spot 13 in Figure 2A), alkyl hydroperoxide reductase (XF1530,
spot 12 in Figure 2A), catalase (XF2232, band 27 in Figure 2B} and an organic
hydroperoxide resistance protein (XF1827, band 35 in Figure 2C). The first two proteins
were alsc detected in the whole cell exiract, while the two last proteins were only
detected on the extracellular fraction using SDS-PAGE and may have not been detected
in the whole cell extract because the sample was too complex for identifying them in
SDS-PAGE gels at their specific molecuiar weight regions. Considering that these

enzymes are active cutside the cell, they may contribute to an extemnal antioxidant
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protection to free radicals produced by plants, which is known to be an important
defense mechanism against microorganisms. This mechanism of extraceliular
antioxidant protection may be especially important when X fastidiosa establishes biofilm
formation in the xylem and antioxidant enzymes can be concentrated in the intereellular

space.

Other proteins in exiraceliular fraction

Several proteins with diverse functions such as lipase (XF1253), malate dehydrogenase
(XF1211), polynucleotide phosphorylase (XF0239) and sarbonic anhydrase (XF2095)
were alse detected and probably have z functional role in the axtracelular space.

Secretion of carbonic anhydrase may be related to concentration of carbon dicxide for

carbon assimilation.

Extraceliular hypothetical proteins

Approximately one third of the proteins from the extracellular fraction did not show
significant homologies and were classified as hypothetical proteins. Using prediction
programs for protein localization sites, of the secreted hypothetical proteins, 49 % had a
high score for outer membrane iocation (data not shown), which is a high proportion
considering that only 13 % of the non-hypothetical proteins from the extraceliular fraction
had such a high score.

A surprising finding was that a plasmid protein (XFa0032) is one of the most
abundant protein both in the whole cell extract as well as in the extracelluiar protein
fraction. This protein shows a low similarity (e-10") to a cyanohydrin lyase from
Arabdopsis thaliana and may be invoived in a biochemical pathway for detoxification to
cyanide, a substance known to be secreted by plants as a defense mechanism against

microorganism [27].
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Xylella fastidiosa proteins have a peculiar codon bias distribution

The higher the codon bias (CB) value for a gene, the more of the crganism's preferred
codon for a specific amino acid is present in its sequence [28]. In several uniceliular
species it has been observed that codon usage bias is related to expression pattermns
[29, 30]. The extent of codon usage bias was found to comelate with ievels of gene
expression, where highly expressed proteins have CB values >0.2 [29-31]. Figure 4A
shows the codon bias distribution for all genome orfs and for the most abundant proteins
in E. coli. In this example, it is clear that codon usage in highly expressed genes is
biased towards the most used codons. This reflects a coadaptation between codon
usage and tRNAs abundance to optimize the efficiency of profeins synthesis [32-341 it
has been shown experimentally that mRNA consisting of preferred codons is translated
faster than mRNA artificially modified to contain rare codons [35, 36].

When the CB vaiue was calculated for the 50 most expressed genes present in
the 2-DE map of X fastidiosa whole cell exiract the distribution differed from that
observed for E. coli (Figure 4B). In fact, the CB distribution of these highly expressed
genes followed the same distribution patiern for ali the genes in the genome. it was
intriguing that several highly expressed chaperones and ribossomal proteins showed
very low CB values. Moreover, the distribution for the whole X fastidiosa genome
differed from that observed for most organisms in showing an unusually wide distribution
extending to the lower value region.

Codon usage bias may be explained partly by translation efficiency-related
selective pressures and it was previously demonstrated that natural selection shapes
codon usage in £, cofi and S. cerevisiae [37, 38]. it was possible that the resulis
observed for X fastidiosa were a consequence of a lack of selective pressure and,

perhaps, X fastidiosa's recent phylogenetic origin. Furthermore, it may indicate
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abundant recent events of lateral gene fransfer. At the time of transfer, the introduced
genes have codon usage that is typical for the donor genome. With time, the codon
usage evolves 1o malch the codon usage of the host genome, in & process called
"amelioration” [39, 40]. According to this model, X fasfidiosa would represent an
"unameliorated” genomes, where most of the proteins have low CB values.

Another interesting aspect is that X fasiidiosa is a fastidious @e’gaﬁism‘ with
special nutritional requirements and siow growth with doubling times over 10 hours. The
lack of én optimized system for the use of tRNA probably results in a siower velocity in
protein production, which couid well be the cause for the slow bacterial growth. Figure 5
shows the CB distribution of all genome orfs from 24 different bacteria with whole
sequenced genomes. X fasfidiosa is the only bacteria that have the majority of the
genes in the region of CB value below zero. lts profile was in the extremely
“unameliorated” side, together with Borrelia burgdorferi. The fact that B. burgdorferi is
also a siow growing bacteria, with a generation time of about 9 hours reinforces the idea
that "unamelioration” is related to slow growth rate. in fact, a tight correlation has
already been observed between growth rates, translational elongation rates and the
efficiency with which aminoacyl-{RNA species are matched with the cognate codon on
the ribosome of different £. coli isolates [28, 41].

But is this slow growing nature a simple consequence of the iow CB in higly
expressed genes? It is also possible fo imagine that a slow growing nature is beneficial
for the pathogen to grow in a nutrient limited environment. In this case, natural selection
wouid be pressuring for a low codon bias value in highly expressed proteins,

representing a mechanism {o regulate the rate of bacterial growth.
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Conciuding remarks

Since X fastidiosa was first associated to CVC, in 1990, there has been significant
progress in the study of this plant pathogen, mainly conceming its morphoiogical
characterization, epidemioclogy and diagnostic procadures. But the information related o
its molecular characierization was very limited until the complete sequencing of the
genome in 2000 [8]. The huge amount of genetic information made évaiiable conirasted
with a total lack of knowledge on the protein expression of this organism. In the present
work, the products of 142 different genes from a whole cell extract and an extraceliular
fraction of X fasfidiosa grown on BCYE cuiiure medis were identified for the first time.
The use of SDS-PAGE was useful for the detection of proteins not resclved by 2-DE,
specifically high molecular weight and basic proteins. The identification of the adhesion
proteing XF1981, XFO077 and XF0078, was only possible since SDS-PAGE on § %T
acrylamide gels could resolve the extremely high molecular weight multimeric
complexes formed by these proteins. This approach clearly illustrated the necessity of
using combined techniques for protein separation.

Proteins putatively associated with three different adhesion systems were found
to be constitutively co-expressed. This suggests the presence of structures posessing
different adhesive properties that may be imporiant for X fasfidiosa tc colonize hosts
(insects and plants) with different tissue structural organizations. Moreover, co-
expressing different adhesion structures might be important for the bacteria to grow
adhered to the xylem walls but still to be able to adhere to the foregut of insects that
feed on the plant. The fact that the adhesins were detected as multimeric complexes
may be related fo their function in forming large adhesive structures. Further analyses
shouid be performed to obtain a detailed structural and functional characterization of

these adhesins.
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Conceming the study of extracellular proteins, homology studies and available
computational programs are usually insufficient for identifying which proteins are in fact
secreted or exported to the outer membrane or periplasm, so practical sxperimentation
is required. The use of solid medium for growing the bacteria was found to be useful for
exiracling extraceliular proteins, mainly because they are concentrated in the
intercellular space of bacterial colonies, allowing considerable amounts to be easily
recovered. Analysis of the extraceliular fraction revealed the presence of 30 proteins
with varied functions, suggesting that the interceliular space of X, fastidiosa colonies is a
mulitifunctional micreenvironment containing proteins related to in vivo bacterial survival
and pathogenesis. If aclively sscreted or not, they are in fact very likely to be
extracellularly located and a number of them may be important for the bacteria o
colonize and successfully parasitize the hosts. Further functional analysis on the 16
hypothetical proteins identified in the extracelluiar fraction shouid be performed.

in the present work, we alsc detected unusually low codon bias values among
highly expressed genes and we proposed that it was responsible for the siow growing
nature of X. fastidiosa. Knowing that X_ fastidiosa lacks an optimized mechanism of
preferential codon usage for protein synthesis may contribute to understanding several
biological aspects of this plant pathogen. This metabolic "pitfail” in the process of protein

synthesis may be ultimately used advantageously in a strategy for disease control.
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Tables

Table 1. List of the identified proteins from whole cell protein extract. Corresponding

spots or bands are indicated in Figures 1A and 1B,

SEMDME ¥ of Sequense
SPOT PRODUCT ACCESSION | piobs | pl prev | 80 obs | MW prev | peptides | Coverage
CODE matched 543
Z-DE

4 BilY 1 wene product 5(?59032 5.58 7.25 124588 133494 34 34
2 hypothetical protein EF1038 558 8.11 1078014 111087 20 31
3 aconitate hydratese 2 HF202 547 848 104811 268018 22 38
4 conserved hypothetical protein XF%’.’:? 5.82 8.3 102858 103030 18 28
5 zire protease XFO818 815 5.34 100347 108457 21 35
& conserved hypothetical protein AFQ33s 6.05 8.7 93150 §7859 30 54
7 hypothetical protein Araloi7 5.44 5.53 80780 85009 33 58
8 aconitase XFO290 55 B8.24 76861 98410 12 15
g Dnak protein XF2340 518 5.19 73307 58446 ] 16
10 ypothetical protein XF1887 £.8 7.22 £39753 79378 18 48
11 dihydrelipoamide dehydmogenase AFGBRSE 582 8.33 55488 53882 g 3%
12 308 ribosomal protein 51 HF 2428 5 5.02 85140 S2878 11 35
13 linase/esterase XKFGTH1 .88 3,23 54988 34268 7 4
14 MOPA OR GROEL AEGBIE 541 3,45 S2414 57757 15 58
5 aikaline phosphatase KEOB5T 5.38 8.73 51505 51893 19 35
18 peripjasmic protease KF 2241 2.12 8.91 58082 54140 g 24
17 inosine-2-monophosphate dehydrogenase XE2430 5.48 5,58 57268 52118 4 10
48 heat shock protein XE1485 5.38 5.53 SHe62 51633 a 31
18 hypoihetica! protein XFiB20 5.92 812 56064 57664 12 28
20 3-isopropylmaiate dahy:!@ase lage subunit AF2375 5.82 5.9 528571 51183 k2] 27
21 ditydrolipamide dehydrogenase XF1548 5.72 7.68 52571 52118 1 37
22 aminopeptidase A/1 XFO138 5.81 6.08 52117 51723 6 22
23 ATP synthase, beta chain XF1143 5.05 5 51814 80721 9 31
24 peptidyl-prolyl cis-trans isomerase XF1186 5.36 5.34 51087 48585 7 38
25 peptidyi-prolyi cis-trans isomerase XFos3s 555 5.94 49088 50748 7 23
28 dinydrolipoamide S-succinyliransferase FF 1549 582 5.11 44870 42275 = k]
27 elongation factor Tu ¥ XF2628/XF2640] 585 | 548 | 44438 | 42878 11 59
28 cester membrane protein XFG343 8,71 £.45 44265 #2174 12 38
28 S-cuoacyl{ACE] synthase §i XEO8T3 5.36 5.26 43660 43282 13 85
30 succinyl-CoA synthetase, beta subunit XF2547 516 5.08 42796 40588 8 38
31 aicohot debydrogenase XF 2389 6.01 647 42753 37437 7 23
32 aspartate-B-semiaidehvde dehydrogenase XFE1371 5.69 5,77 41802 37449 8 35
32 hypothetical protein XFOOO7 5.67 5.99 41197 43778 11 32
34 twitching metility protein PilT XF1633 645 6.42 39371 38497 12 80
35 frucipse-bisphosphate aidolase HFO826 5.06 4.88 39166 38131 7 2B
36 malate dehydrogenase XF1211 B8.38 7.3 38864 35226 14 43
37 glutaredoxinike protein XF2394 4.72 4.51 38259 29544 7 27
8 conserved hypothetical protein XFQ24t 2.33 £.27 38000 31013 8 31
38 lipase XF1253 578 =91 I7138 35045 -] 28
20 pepiidyl-prolyl cis-trans isomerase XF1605 552 | 586 | 36088 31610 8 42
41 elongation factor s KF257% 5581 579 38098 320586 8 48
42 2-dehydro-3-deoxyphosphoocionate aldolase XE 1289 5.85 6.13 34187 1796 10 31
43 thioredoxin XF2174 4.97 5.13 33290 37368 5 21
44 hypothetical protein AF0813 4,35 4.36 33248 22585 5 26
45 dibydroxydipicolinate synthase AF0963 5.83 .37 33160 33362 B 40
45 succinyl-CoA synthetase, alpha subunit XF2548 7.6% 8.35 32728 29557 7 35
47 conserved hypothedical protein XF1381 6.61 6,63 32339 31044 ] 32
48 ABC transporier ATP-binding protein XF1475 6.08 6.13 32253 30774 11 53
49 methionine aminopeptidase XF0111 5.83 582 32208 28507 8 35
50 sepium site-determining protein XF1321 517 5.1 310897 28823 5 17
51 §3-methyl-2-oxobutancate hydroxymethyliransferase XF0229 5.86 553 31388 25728 2 27
82 2,5-dichioro-2 Scyclohexadiene-1,4-dicd dehy XFiT726 4.87 4.53 31000 25908 11 39
53 conserved hypothetical protein XF1840 5.92 8.37 30067 25104 10 47
54 phosphoglyceromutase XF1883 &2 8.31 30967 28474 2 57
55 chaperone protein precursor XFO082 7.61 8.85 30802 25286 11 A8
55 iviuene iolerance protein XEO421 7.04 7.07 30869 28024 7 31
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' Tabie 1. {Cont.)

57 canserved hypothetical protein XFa0032 5.7 5.85 30837 27087 5 38
58 elongation factor P XF2473 5.08 5.05 30544 21380 5 29
59 Conserved hypothetical protein KFa0is0 5.45 545 30448 26356 2 53
82 o-component sysiem, reguistory profein AF0388 5.3 5.27 30058 25323 ] &3
&1 wo-component system, reguisiory pratein AF2534 £.21 5.18 29763 25022 g 45
82 subunit © of alky! hydroperoxide reductase KE1530 5.5 5.08 28138 22891 5 30
83 NonF-related proein AF4137 5.53 5,55 Zra74 24564 8 48
54 2-kgio-3-teoxy-5-phosphogluconate aidoiase AF1081 5.43 5.52 7063 23940 7 42
a5 superoxide dismutase [MN] KF 2614 5.5 56 7063 22843 7 44
88 ATP-dependent Clp protease proteciylic subunit AF 1187 5,23 5.07 26842 22730 7 39
87 inorganic pyrophosphatase AF2171 £.93 4,87 264826 19782 5 33
88 ribosome recycing factor KE 1051 6.53 5.54 24580 20820 4 28
B9 adenyiate ki KFO2ZTS 574 5.8 23712 21288 5 44
70 transcription antitermination factor XF 2638 5.74 5.89 23742 21208 Ed &80
71 biotin carboxy! carrier prot. of acetyl-CoA carb, XFO048 4.4% 4.6 23647 17214 4 33
72 outer membrane protein P8 precursor XF 1896 576 8.6 22573 20431 8 31
73 conserved hypothetical protein XF1412 6.14 6.18 22508 19633 5 30
T4 conserved hypothetical protein XF1382 513 5.7 222158 22508 7 31
75 heat shogk protein GrpE KF2341 4.56 477 22085 22493 3 18
78 ABC fransporter vitamin B12 uptake permease XF 1604 7.37 8.51 21126 21409 5 27
77 single-stranded DNA inding protein KF1382 573 59 21040 18211 7 49
78 MOPA OR GROEL, fragment XFO815 473 5.45 20483 57757 7 20
79 trypiophan regressor binding protein HE1133 8.22 £.29 20321 20488 5 88
85 hypothetical protein 2 KFOBBT/KFZ521] .22 4.5% 18880 BO&S 5 &9
81 transeriptional elongation factor XF 1108 5.28 509 18574 16988 11 74
82 iow molecular weight heat shock protein X¥E2234 5.5 5.55 19515 17858 & 53
83 conserved hypothetical protein XFO198 [ 8.91 1BBZ6 19888 12 53
B84 bactericferritin XF0395 5.06 4,79 18021 17851 4 36
B5 conserved hypothetical protein XF0363 7.05 9.69 17561 25808 2 38
] singie-strand binding protein XFats1 5.28 5.22 17475 15384 B 35
87 hypothetical protein XF2155 541 5.58 17044 15065 5 35
88 peptidyi-profy] cis-trans isomerase XF1212 B.54 6.58 16843 17788 4 24
85 kacterioferritin comigratory protein XF0981 8.21 6.28 16613 17813 5 41
S50 firnbriad profein XF2542 587 846 16153 15034 4 42
91 508 ribosornal protein L9 XF 2859 5.47 8,31 15884 15726 7 64
92 RNA polymerase omega subunit XF1502 4.54 464 14859 11235 5 75
93 508 ribosomat protein 1.7/1,12 XF 2634 4.17 4,98 13513 12713 8 57
94 franstation inttiation inhibitor XFR3s3 5.09 4.99 13480 13573 5 89
85 conserved hypothetical protein XF1810 5.68 5.83 9764 12953 10 78
36 10kDa chaperonin XFO516 5.56 5.8 5361 10082 4 67
g7 hypothetical protein XF0284 5 £.09 8308 12556 5 80
98 lemperature acclimation protein B XF2622 6.44 £.01 7870 9438 4 58
) P -

DS PAGE
oG surface protein KF18581 - 512 | 300000 [ 118447 35 33
100 bacterioferritin XF0395 - 5.06 | =300000 17851 8 51
104 chemotaxis-related protein kinase XF1952 - 4.67 207158 593985 28 16
102 conserved hypothetical profein AFR091 - 5.12 170651 185737 43 34
conserved hypathetical protein KF1252 - 8.05 178921 40 29
103 glutamaie synthase, alpha subunit XF2710 - 6.34 165641 163588 37 31
104 RNA poiymerase beta subunit XF2633 “ 5,63 157767 154782 29 32
105 RNA polymerase beta subunit XF 2832 - £.12 152040 158719 24 22
106 phosphoribosyiformyl. synthetase XF1423 - 5.89 139155 143721 26 25
107 PilY 1 gene product XFE032 - 7.25 132713 133494 18 18
hypothetical protein Xr1232 - 3.92 127417 18 15
108 PiiY1 gene product XF 1224 - 7.8 128418 132379 21 18
transcription-repair coupling factor XF 0045 - 5,83 132405 23 21
109 carhamoyl-phosp. synith. large chain XF1197 - 5.51 122662 117384 25 28
hypothetical protein XF2i34 - 6.43 129883 28 31
110 initiation factor 1F-2 XF 235 - 7.12 115938 87010 18 17
111 consenved hyoothetical protein XFO550 - £.52 110350 113870 3% a8

a) Cases where mass spectrometry analysis could not define a single corresponding gene

because of the existence of two or more identical or highly similar genes in the genome.
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Table 2. List of the proteins identified in the extracellular fraction. Corresponding spots

or bands are indicated in in Figures 2A, 2R and 2C.

GENOME oot | Sequence
SPOT PRODUCT ACCESSION | piobs | plprev | MW obs | WiWprev | peplides Lovarsgs
CODE raatched ﬁ’eg
ZE
T ek protease XFO816 £18 | 634 | 100347 | 108457 15 3
Z sering professe X126 4.85 58 84455 95212 i7 24
3 sefing protease KFIBSL S04 £.15 73259 108428 7 S
& aconitase YFO290 5.54 5.24 78565 98410 7 10
3 nypothetical protein AF1887 8.9 7.22 58753 79376 is 45
g malate dehydrogenase AF1211 ©.39 703 38864 35226 12 52
7 lipase KF1753 5.78 3.9 37135 35045 ) 24
) pegtidyi-prolyi cis-irans isomerasa HELB0E 5.53 5,65 36008 31610 g A2
g conserved hypothetical protein XFal032 5.59 5.85 307067 27097 g 38
10 conserved hypothetical protein XF2170 5.17 5.27 28169 22754 g 52
11 NonF-refated protein XF1137 553 5.55 27974 24664 g 49
12 subunit © of atkyl hvdroperoxide reductase XF1530 5.5 £.08 28136 22891 5 30
13 superoxide dismutase [MN] AF2614 55 5.6 27063 22643 7 44
14 ATP-depend. Clp protease proteclytic subunit AFilg7 5.23 5.07 26542 22730 5 33
18 Irvotophan repressor binding protein 1133 B.22 6.25 20323 20466 8 1
15 censetved hypothetica! prolein XFO196 & 5,91 18828 19885 5 34
17 firmbrial Ez‘atein AF2L42 5.57 §i45 }ﬁ% 3&34 4 %7’
SDE-PATSE
'8 Ambrial adhesin precursor XFO078 - 8.56 300000 36854 & 30
fimbrigl adhesin precursor XFO677 - 6,31 37601 6 33
19 bactericferritin K395 - 508 >300000 17851 5 449
20 bacteriocin AF2407 - 4,31 147070 218777 22 34
21 hypothetical protein XF244s - 6,45 1312186 138472 12 12
20 FifYd gene product XF0032 - 7.25 109619 133494 22 20
conserved hypothetical protein XFO550 - 6.52 113870 24 31
23 Zinc protease XFOgi6 - 6.15 103630 | 108457 31 55
24 conserved hypothetical protein XF2713 - 6.1 97427 96309 23 30
aconitase XG0 - 6.24 98410 10 14
peptidase XF1479 - 5.06 86186 24 38
25 hemolysin-type calcum binding protein ¥ [ XFOB68/XF1011] - 441 | 89674 | 1284p4 13 12
conserved hypothetical protein XF2551 - 6,48 98694 i3 17
26 serine protease XF1026 - 5.6 81683 95212 15 22
setine protease XF1851 - 5.15 106429 12 14
polynuclectide phosphorviase XFO23% - 5.56 78146 14 20
o catalase/peroxidase XF2232 - 6.22 78187 BE8Y] 14 19
outer memirane usher protein precursor XFO081 - 9,48 98163 19 25
pentidyl-dineptidase XF1944 - 6.04 BO508 22 37
hypothetica! protein XF1887 - 7.22 T9375 15 24
28 hypotheticat profein XF1451 - 8.95 74181 71748 13 20
dinydrofisoamide dehydrogenase XFOB68 - 5.83 53592 6 15
29 soluble iytic murein transglycosyl. precur. XF1363 “ 8.96 71028 79951 13 19
30 hypothatical protein XF2283 - 5.91 36067 34299 13 49
peptidyl-protyl ds-trans isomerase XF0644 - 9.43 24854 5 30
21 caonserved hypothetical protein XF0363 - 9.69 30032 25808 4 25
consarved hypothetical protein XFab(s50 - 5.45 26358 4 27
hypothetical protein XFafe4 - 10,65 28479 5 3
an supercxide dismutase IMN] XF2614 - 5.6 26068 22643 4 23
hypothetical profein XF1803 - 5.54 21196 7 49
33 hypothetical protein XF1010 - 6.2 21202 19881 9 53
a4 fimbrial protein XF2542 - £.46 17549 | 1503 4 42
carbonic anhydrase XF2055 - 6.23 22765 4 35
organic hydroperoxide resistance protein XF1827 - 5.82 14899 7 64
35 § Pepbidogiycan-assoc. outer memb. Hpoprot. prec. XF1547 - 10.93 14995 15653 ] 51
hypothetical protein X893 - 4.3 12973 5 52
nypotheticai arotein XF1911 - 9.06 17131 4 40
a) Cases where mass spectrometry analysis could not define a single corresponding gene

because of the existence of two or more identical or highly similar genes in the genome.
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Legend for Figures

Figure 1. Gel electrophoresis analysis of whole cell protein extract from X fastidiosa
grown for 21 days on solid BCYE media. (A) 2-DE separation was performad using an
PG gel with a pH range of 3-10 {first dimension) and 12.5 %C acrylamide gels (second
dimension). Proteins were visualized using silver sfaining and the indicaled spois were
identified by peptide mass fingerprinting. Table 1 details the identification of these spots.
(B) For the analysis of high molecular weight proteins, the same protein extract was
separated by SDS-PAGE on 2 9 %C acrylamide gel and proteins were stained with
coomassie blue. Bands preseni in the molecular weight region (110 kDa} were
subjected to protein identification by peptide mass fingerprinting. ldentified proteins from

the indicated bands are shown in Table 1.

Figure 2. Gel electrophoresis analysis of extraceliular protein fraction. The sample
preparation procedure was developed to exiract secreted proteins as well as proteins
weakly attached to the cell surface: bacteria grown for 21 days on solid BCYE media
were washed with a 50 mM NaCl containing buffer and proteins extracted in the
supemnatant were then precipitated. (A) 2-DE separation was performed using an PG
gel with a pH range of 3-10 (first di?nension) and 12.5 %C acrylamide geis (second
dimension). Proteins were visualized with siiver staining and the indicated spots were
identified by peptide mass fingerprinting. Table 2 describes the resulted identifications.
The numbers in parenthesis indicate the corresponding protein spots in Figure 1A.
Spots indicated with the letter "C" correspond to the most abundant intraceiluiar proteins
(C1: XF2340, C2: XF0615 and C3: XF0343), some of them aiso present as fragments.
Because of their high abundance in the cell, it is not clear whether they represent

contamination from residual cell lysis or are in fact a fraction of that proteins that are
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being surface exposed. (B) For the analysis of high molecular weight proteins, the same
extracellular protein fraction was separated by SDS-PAGE on a 9 %C acrylamide gei
and proteins were stained with coomassie blue. Bands present with molecular weights
over 70 kDa were subjected to protein identification by peptide mass fingermprinting.
identified proteins from the indicated bands are shown in Table 1. (C) Since the
extracelivlar protein fraction was not too complex, protein identification was also
performed for bands present in the 10 to 40 kDa molecular weight region of 12.5 %C

acrylamide gels stained with coomassie blue.

Figure 3. Functlional class distribution of proteins identified in the exiraceliular fraction

shown in Table 2.

Figure 4. Codon bias distribution for total genome orfs {(—) and for the 50 most
abundant proteins {- - -} in (A} E. coli and (B) X_ fastidiosa. Determination of the 50 most
abundant proteins was based on the E. cof Swiss 2D-PAGE database
{hitp:/fwww expasy.ch/cgi-bin/map2/def?ECOLI) in the case of E. coli and on the 2-DE
profile shown in Figure 1A for X fasfidiosa. For E. coli, it is possible to observe that
abundant proteins show higher CB value in relation to most of the genome orfs, which
was not observed for X fasfidiosa. The measure of directional codon bias used was

based on the Codon Bias Index [12].

Figure 5. Codon bias distribution of total genome orfs for 24 bacteria with complete
sequenced genome. On the upper side, are the crganisms presenting highest CB values
for most of the genome orfs (*ameliorated” genomes). X fastidiosae was cbserved to be
the only bacteria to have the largest fraction of its genes in the region of CB value below
zero. The measure of directional codon bias use was based on the Codon Bias Index

[12].
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2. Resuiltados suplementares

2.1. Proteinas extracelulares estio presentes majoritariamente em sua forma mais
acida

Proteinas detectadas no extrato celular total como isoformas com diferentes pls
& que também foram detectadas na frac8o exiracelular, estavam majoritariamente em
sua forma mais negativa quando translocadas para o exterior de célula (Figura 9). Isto
fol observado para as proteinas XFa0032, XF1530, XF0290 e XF0B15.

FProvaveimente, isto é resultado de fosforilago. FosforilacBes sdo abundantes
em bactérias e resuitam na adigdo de carga(s) negativa(s), tomando uma proteina mais
acida. Apenas uma pequena frac8o das proteinas do extrato celular estaria fosforilada,
enguanto uma fracho maior destas proteinas estaria fosforilada na fracdo extracelular.
Apesar de ser necessario utilizar outros experimentos mais especificos para se
comprovar a exisiéncia de fosforilac@o nas quatro proteinas citadas, j4 foi demonstrado
que as fosforilagbes provocam migragdes eletroforéticas alteradas (para a regido mais
acida) em proteinas separadas por 2DE, resultando em perfis similares aos mostrados
na Figura & .

E possivel que exista um mecanismo pés-traducional de regulacéo de secregao
de proteinas, e que envolva fosforilacdo. Uma outra possibilidade é que quinases ativas
estejam presentes no meio extracelular. No foi detectada nenhuma quinase na fragio
extracelular, mas é conhecido que quinases estdo presentes em quantidades
extremamente inferiores as proteinas mais abundantes, e nio sio geraimente
detectaveis por 2DE,

e Futcher, B., Latter, G. |, Monardo, P., Mclaughlin, C. 3. et al. A sampling of the veast protecmes. Mol Ceff Biol 1999,
19, 7357-7368.
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Extrato Celular Total- Fracao Extracelular

AFabiaz KFalna?

AFi5 AF1530

AFD290 AF02¢0

N

XFO81§ XFOB16

/N

FIGURA 8: Comparagao de regides sspecificas do mapa de proteinas do extrato toal e
do mapa de proteinas exiracelulares. E possivel notar a predominancia da forma mais
negativa das isoformas no mapa de proteinas exiraceluiares.
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2.2. identificac@io de proteinas da Xylella fastidiosa especificas do crescimento
am biofibme

Bicfilmes podem ser definidos como comunidades estruturadas de micrébios
agregados, envoltos numa matriz polimérica propria e aderidos numa superficie *°. A
formacio de biofiime é um fendmeno tipico de ambienies aguosos e ocorre pela
adesao de bactérias na interface sélido-liguido™

Agregados de X fasfidiosa com caracteristicas tipicas de biofilmes foram
detectados tanto no xilema da planta como no sibario do inseto®™®. A formacdo de
biofilme pela X fastidiosa foi recentemente caracterizada in vifro® e provavelmente
representa um fator importante para sua virulénsia.

Dada sua natureza de formar biofilme, a X fastidiosa cultivada em meio liquido
sé agrega e adere nas paredes do frasco de cultura (Figura 108}, numa formacéo tipica
de biofilme. Com o objetive de identificar proteinas especificas deste crescimento em
bioflime, foi feita uma comparacic do perfil protéico da bactéria crescida como coldnias
isoladas em meio sdlido de culltura com o perfil protéico dela crescida em bicfilme no
meio liguido.

O procedimento utilizado para crescimento das bactérias em meio sélido foi
similar ao descrito no frabalho publicado. O meio usado para crescimento em meio
liquido também foi 0 BCYE, porém as céiulas foram crescidas por guatro dias scb
agitacdo constante em meio sem agar e carvio ativado.

Na Figura 11A sdo mostrados os mapas 2DE representativos de proteinas do
extrato total da X fasfidiosa crescida em meio sdlido e liguido. Os circulos indicam
regides dos mapas contendo proteinas com grande alteracdo em abundancia. Oito
repeticbes da comparacBc mostrada na Figura 11A foram feitas e s6 foram
consideradas as alteracfes acima de 200 % em abundancia {(medida por drea vezes X
intensidade densitométrica do spof) reprodutiveis em todas as repeticées.

s Costerton, J. W., Lewandowski, Z., Caldwell, 0. E., Korber, D, R, et al. Microbial biofims. Annu, Rev, Microbicl 1995,
49, 711-45,

Van Loosdrecht, M.C., Lyklema, J., Norde, W., Zehnder. AJ. Influence of interfaces on microbial activity. Microbiol
Rev. 1990, 54, 75-87.

% Watnick, P., Kolter, R. Biofilm, city of microbes. ./, Becteriol. 2000, 182, 2675-2679.
Hopkins, D. L. Xylelia fastidiosa: xylem-iimited bacierial pathogen of plants. Annu. Rev. Phylopathol 1988, 27, 271-
290,
Purcell, A. H., Hopkins, D. L. Fastidicus xylem-limited bacterial plant pathogens. Annw, Rev. Phviopathol 1998, 34,
131151,
Marques. L R., Ceri, M, Manflo, G. P, Rsld, D. M. Characterizafion of biofilm formation by xylelia fastidiosa in vifro.
Plant Dis, 2002, 86, 633-838.
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Pela andlise dos mapas 2DE obtidos, ficou clara a mailor expressdo das
oroteinas XF2538, XF0158 & XF2151 no crescimento em biofilme (Figuras 11B, 11C e
11D, respectivamente) ¢ da XF2542 no crescimento em meio solide (Figura 11E). A
Tabela 2 traz uma descricdo resumida das proteinas baseada em analises de bancos

de dados & dados sobre a identificacio por espectromeiria de massas.

FIGURA 10: Fotos mostrando o crescimento da X fastidiosa em meio (A} sdlido e (B)
liquido de cultura. Em meio solido (A}, a bactéria cresce como coldnias isoladas & em
meio liquido (B} ela se agrega e adere nas paredes do frasco de cultura {indicado pelas
setas), numa formacao tipica de bicfilme.
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ﬁi ieio sdlico de culiurs Meic liguido de cullurs (ormacse de bicfime)
#¥via ' ' BFafle T R TR
EFel AfET i
SExin Az

FkDs

- KF2R3S:
subunidade s
fimbria tipg 1Y

= XEG1 68
Cisteing proleass

AF2141:
%%?839‘ sacratacda
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HEIRAZ cmsmmiionn
subunidade da
Hmbria tipo 1Y

FIGURA 11: Analise diferencial por eletroforese de duas dimensées do perfil protéice
de proteinas do exirato total da X. fastidiosa crescida em meio BCYE solido e liquido
{A). As regies demarcadas com os circulos contdm proteinas que apresentam
significativas altera¢bes em abundéncia e sdo mosiradas em destaque em (B), (C), (D)
e (E).
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Tabela 2. Descricdo das proteinas com expressdo significativamente alterada na

comparagac do crescimento em meio BCYE sdlido e liquido, como mostrado na Figurs

3.

Namero

I

Proteinas mais expressas em

Descricdo

eio liguido

Identificacio por

Anotada como proteina hipotética no banco de
dados gendmico da X. fastidiosa, também nio
apresenta similaridade  significativa com
proteinas de funcdo conhecida, mas tem um
dominio de lipase secretada do tipo LIP.

de acesso espectrometria de massas
N° de peptidios © Coberiura da
identificados | seguéncia (%)
XF2539 | Subunidade da fimbria do tipo IV. 5 60
AF0156 | Cisteino protease. 8 30
Na2o apresenta similaridade significativa com
proteina conhecida, mas tem um dominic de
peptidase C1. Proleinas com este dominio sdo
chamadas de "papaina-like" e representam
cisteino proieases secretadas.
XF2151 |Lipase LIP. 18 46

Proteinas mais expressas em meio sélido

Descricao

identificacio por

Apresenta alta similaridade com a XF2539
detectada no crescimento em meio liquido.

Nuamero
de acesso espectromeftria de massas
N° de peptidios | Cobertura da
identificados | sequéncia (%]}
XF2452 |Subunidade da fimbria do tipo IV. 4 42
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‘ Subunidade da fimbria do tipo IV (XF253% e XF2542)

Os genes XF2539 e 2542 apresentam homologia com genes que codificam
subunidades formadores da fimbriza do tipc V. Estas fimbrias s3o formadas por
subunidades protéicas idénticas organizadas numa configuracdo de hélice contendo
cinco subunidades por volta. S&o filamentos polares flexivels de aproximadamente 5.4
nandmetros em didmetro ¢ 2.5 micrdmetros em comprimento, gue apreseniam
importantes funcfes na adesdo bacteriana, secrecio de proteases e motilidade®™.

Os resultados mostram que ¢ gene da subunidade da fimbria do tipo WV
expresso na X fastidiosa é diferente no crescimentc em meio sdlido e no meie liquido.
Quando crescida em meio sdlido, a bactéria apresenta expressio do gene XF2542. Na
condicdo de formacBo de biofiime em meio liguido, a express@c do gene XF2542
parece ser repremida € a bactéria passa a expressar em alfta abundancia o gene
KF2539. Estes dois genes apresentam alta similaridade entre si (Figura 12) e estio
localizados muito préximos no cromossomo, apenas 1297 pares de base um do outro
{Figura 13).

Sgeore = 177 hits {4458}, Expect = Ze-46
Identities = 32/145 {63%), Positives = 112/145 {76%}, Gaps = 2/145 (1%}

XF2542: 1 HMKKQQGFTLIELEIVIAIIAILAAIALPHYQNYVARSQIAARLLIEITPGRVQREIRIADG 60
MKEQQGF LIELHIVIAIIA+LARIALPMYONYVARSO+ AALA+ITPGKVQAE IADG
XF2539: 1  HMEEQQGFNLIELMIVIAIIAVLAAIALPHYONYVARSQLTALLADITPGRVOAESLIADG 60

XF2542: 61 QAATTPHAIGLRAPTPRCGTIVVDIAPSAASATTCTHIGNAQVINOTITLTRIADNNAGO 120
++ 4+ + IGLR T RCG I V¥V 4+ 4+ 4+ ITC + GR+QVN++TI R +DH4+AG
XF2538: 61 KSTSNASDIGLRIDTIRCG-ITVEVDAAGTANITCRVEGHSQUNDRETIAVDRTSDHNSAGT 113

XF2542: 121 GGVNTGGHWITCTTTAPA-ALTPAGC 144
GVN GG WTC++T + AL P+GC
¥EZ535: 120 NGVNNGGVHTCSSTVISDALRPSGE 144

FIGURA 12: Alinhamento das sequéncias de aminoacidos referente aos
genes XF2542 ¢ XF2538, homélogos da subunidade da fimbria do tipo IV.

86



Tass de Doutorads - Marcus Bmclkea

XF2538 XF2542

type IV fimbrae subunit tyge v fimbrae suburi

¥ ¢ } |
HXF2534 XF2538 XFZE%% hszﬁfé XF2545 E
# paihe iR
wo-component h%ge%@; ﬁghﬂal Y protEn é‘m}-e? mponent l
reguiatody pmn r:éz&l:gry
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XF2535 zpsl prolein protein pilus bogenssis two-componsnt
colS pre-pilin leader proten system,
TR-COMDONEn] peptidase sensor
@u[a{ow protein

orotein

FIGURA 13: Mapa da regic cromossdmica contendo os genes XF2539 e
XF2542.

Possivelmente, esia alieracdo de expressao resulta numa fimbria com diferentes
caracteristicas estruturais e funcionais, sendo que a fimbria formada pela subunidade
XF2539 estaria relacionada a capacidade de ades&o da X fastidiosa as paredes do
frasco de cultura e formacio de biofilme.

As maiores similaridades dos genes XF2539 e XF2542 ocorrem com
subunidades de fimbria tipo IV (fambém chamadas de fimbrilinas pilA ou FimA) de
espécies de Xanthomonas e Pseudomonas. Diferentemente de Xanthomonas spp &
Xyleifa fastidiosa, em Pseudomonas existe apenas um gene codificador da subunidade
da fimbria tipo IV. A existéncia de dois genes para a subunidade da fimbria tipo V e de
um mecanismo especifico de regulacdo da expressfo destes genes em diferentes
condicbes de crescimento poderia ser um fator importante para a sobrevivéncia da X
fastidiosa.

E interessante como a expressdo de dois genes localizados tdo proximos é
antagonicamenie regulada. Na Figura 13 € possivel observar a presenca de genes do
sistema regulatdrio de dois componentes proximamenie localizados abaixo
{"downstream”) e acima (“upstream”) dos genes da subunidade da fimbria tipc V. O
sistema de dois componentes funciona como um mecanismo basico de integracio

estimulo-resposta, pessibilitando que organismos “sintam” e respondam a alteragdes

52 Parge, H. E., Forest, K. 7., Hickey, M. J., Christensen, D. A et al. Structure of the fibre-forming protein pifin at 2.6 4
resoiution. Mafure 18895, 378, 32-38.
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em diversas condicbes ambientais™. E bem descrito que os genes XF2545 (pilR) e
XF2546 (pilS), localizados “downstream’, regulam a expressio da fimbria do tipo IV®,
porém n&c se sabe se o genes XF2534 e XF2535 estdo relacionados & esta reguiacac
também. Esles genes apresentam altz similaridade com genes do sistems de dois
componentes da subclasse OmpR-PhoB. A maior similaridade (e-73) foi obtida com os
genes colR e colS, respectivamente, de Pseudomonas flucrescens que ainda sio
pouco estudados. Ja foi mostrade gue mutagBes nestes genes afetam a capacidade da
bactéria colonizar raizes de plantas™, porém, n3c se sabe ainda guais genes sio
regulados por eles. A proximidade dos genes colR e ColS aos genes da subunidade da
fimbria tipo IV em X fastidiosa sugers que eles também possam regular a expresséo da
fimbria, da mesma forma que os genes pilS e pilR.

E possivel concluir que a X fasfidiosa possui dois genes homdlogos 3
subunidade da fimbria tipo IV cuja expressio pode ser regulada em funcio da condicao
de crescimento da bactéria. Maiores estudos s8o necessérios para melhor entender o
mecanismo de reguiagdo de expresséo destes genes e a importancia funcional deste
sistema regulatdrio, principaimente no processo de formagao de biofilme.

Cisteino protease (XF0156)

A Orf XF0156 nao apresenta similaridade significativa com proteina j& bem
caracterizada funcionalmente, mas possui um dominic de peptidase C1 entre os amino
acidos 37 e 287. Proteinas com este dominio sio chamadas de "papaina-like" e
representam cisteino proteases secretadas que necessitam de clivagem do pro-peptidio
N-terminal para ativaggo®.

A maior similaridade com uma proteina de fungdoc conhecida & de e-9 com uma
cisteino protease de Giardia. Apesar de baixa, esta similaridade & homogénea por toda
sua sequéncia. Na Giardia, esta protease ¢ localizada em vesiculas que sao liberadas
para que ¢ parasita possa sair do cisto e infectar o hospedeiro?.

Na bactéria Porphyromonas gingivalis, uma cisteinc protease secretada (a
gengipaina) é considerada um dos principais fatores de patogenicidade desta bactéria

* Stock, A. M., Robinson, V. L., Goudreau, P. N. Two-component signal transduction. Annc. Rev, Siochem, 2000, 60,
183-215.
Hobbs, M., Cofie, E. 5, Free, P. D, Livngston, 8. P. et al. PIS and PilR, a wo-component franscriptional reguiatory
system controfling expression of type 4 fimbrize in Pseudomonas asrugincsa Mol Microbiol 1993, 7, 669-882.
Dekkers, L.C., Bloemendaal, C.J., de Weger, LA., Wijffeiman, CA. st al. A wo-component system plays an important
role in ihe root-coionizing abilily of Pseudomonas fluorescens sirain WCS365. Mol Plant Microbe inferact, 1808, 11,
45-58,

Rawlings, N. D., Barrett, A, J. Families of cysieine peptidases. Meth. Enzymol 1994, 244, 461-486.
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formadora de biofiime responsavel por doengas periodontais. Apesar de n&o haver
homologia de sequéncia com a XF01856, o modelo de acdo da gengipaina pode
oferecer pistas iniciais sobre a funclo de uma cisteino protease na formacio de
biofilme. Ja foi demonstrado que a gingipaina modula o processo de adesio da bactéria

5885707 Fia atuz aumentando 2

com o epitélio de gengiva e a formac8o de biofilme
capacidade de ligagho da fimbria bacteriana com o epitéiic’, o que parsce ser feito
pela degradacao de proteinas estruturais do epitélio.

Ainda, a gengipaina estd envolvida no processo de “fimbriagde”, atuando
intracelularmente na clivagem da porgao N-terminal de proteinas precursoras das
subunidades de fimbrias™. A cis-protease XF0156 da X fastidiosa poderia estar
atuando neste processamenio, permitindo a transicao da fimbria formada pelo gene

XF2542 paré a fimbria formada pelo gene XF2538.

Lipase {(XF2151)

Anotada como preteina hipotética no banco de dados gendmico da X fastidiosa,
esta proteina ndc apresenta similaridade significativa com proteinas de fungdo
conhecida, mas tem um dominio de lipase secretada do tipo LIP entre os aminoéacidos
127 e 399.

E possivel que esta proteina altamente expressa no crescimento em biofilme
também esteja envolvida na modulacdo da ades@o e formacdo de biofilme. Lipases
deste tipo hidrolisam ligactes éster na interface de triacilglicerideos insolliveis e a fase
aguosa onde a enzima esta dissolvida™. No caso de C. albicans, lipases da familia LIP
s30 expressas e secretadas durante o ciclo de infeccéo e acredita-se que contribuem
para a sobrevivéncia e viruléncia do fungo em tecidos humanos™. Ja foi proposto que

57 Ward, W., Aivarado, L, Rawlings, N. D., Engel, J. C. et al. A primitive enzyme for a primitive cell the protease required

for excystation of Giardia. Cell 1997, 89, 437-444.

5 Ellen, R. P., Lepine, G., Nghiem, P, M. In vitro models that support adhesion specificity in biofilms of oral bacteria. Adv.
Dent Res. 1897, 11, 3342,

Kuramitsu, H., Tokuda, M., Yoneda, M., Duncan, M. et &l. Mulliple colonization defects in a cysteine protease mutant
of Porphyromonas gingivalis. J. Periodontal Res. 1897, 32, 140-142.

Baba, A, Abe, N., Kadowaki, 7., Nakanishi, M. Arg-gingipain is responsible for the degradation of cell adhesion
molecules of human gingival fibroblasts and their death induced by Porphyromonas gingivalis. Biof Chem. 2001, 382,
817-824.

! Yoshioka, M., Wang, P. L, Ohura, K, Effect of proieases from Porphyromonas gingivalis on adhesion molecules of
human periodontal ligament fibroblast celis. Mippon Yakurigaky Zasshi 1997, 110, 347-355,

Kentani, M., Kimura, 5., Nakagawa, 1., Hamada, S. Adherence of Porphyromonas gingivalis to matrix profeins via a

fimbrial cryptic receptor exposed by its own arginine-specific protease. Mol Microbiol 1987, 24, 1178-1187.
3 Nakayama, K., Yoshimurz, F., Kadowaki, 7., Yamamoto, K. Involvernent of arginine-specific cysteing proteinase {(Arg-

gingipain} in fimbriation of Porphyromonas gingivalis. J, Bacteriol 1996, 178, 2818-2824.

i Anthonsen, M. W., Baptista, A, Drablos, F., Marlel, P. o al. Lipases and esterases: a review of their sequences,
structure and evolution, Biofechnol Annu. Rev. 1895, 1, 315-371.

Hube, B., Stehr, F., Bossenz, M. Mazwr, A, et a. Secreted lipases of Candida albicans: cloning, characterisation and
expression analysis of a new gene family with at least ten members. Arch. Microbiot 2000, 174, 362-374.
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lipases secretadas s@o importanies fatores de viruléncia em varias bactéiras, com
funcbes na adesio e nutricio™.

™ Gribbon, £. M., Cuniiffe, W. J.. Holland, K. T. Interaction of Propionibacterium acnes with skin fipids in vitro. J. Ger,
Microbiol, 1993, 139, 1745-1751. 70
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2.3. O Banco de Dados do Proteoma da Xylells fastidiosa

Para rapida divuigacdo e organizacio dos dados gerados, um banco de dados
ZDE foi desenvolvido = pode ser acessade pela intemet hitp//proteome.ibi.unicamp.by/
(Figura 14}

E possivel selecionar um dos varios mapas ZDE depositados no banco de dados
(Figura 148). O mapa selecionado € entdc mostrado com os spofs id identificados
marcados por uma oruz vemmestha, Informacis resumida de cada um destes spofs
aparece gquando o cursor & direcionado por sobre a area do spof (Figura 15A). Clicando
no spot remete a informacgdes mais detalhadas como sequéncia compieta, anotacic
funcional, método de identificag@o, massa molecular aparente e prevista, o pi estimado
& previsto, dentre outras {(Figura 15B). Pelo "link” "search protein” é possivel acessar
uma lista contendo todas as proteinas identificadas. Os prolocolos experimentais
usados para preparacio de amostra & 2DE também foram disponibilizados no "site” do
hanco de dados.
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httops//www.proteose.ibi.unicamp.bir/

FIGURA 14: Acesso e funcionamento do banco de dados do proteoma da X, fastidiosa.
(A} “Homepage” do projeto. (B) Pagina de selec8c do mapa 2DE desejade. (C)
Apresentacdo do mapa 2DE com os spof identificados marcados em vermelho. 72
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FIGURA 15: Forma de apresentacdo das informacdes de cada spof identificado. (A)
informacac resumida de cada spof aparece quando o cursor é direcionado por sobre a
area do spot. (B) Clicando no spof remete a informacdes mais detalhadas.
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A pagina “Proteomic tools” disponibiliza varias ferramentas computacionais de
analise de sequéncias. A ferramenta "pl and MW Prediction Tool" permite o célculo dos
valores previstos de pl e massa molecular de varias proteinas simultaneamente. Estes
dados foram fundamentais para 3 etapa de confirmacio das identificagdes por MS,
onde os valores previstos de pl @ massa molecular de uma proteina eram comprados
com os respectivos valores experimentalmente determinados pela posicéo de migragso
no mapa 2DE. A ferramenta permite ainda que seja gerado uma 2DE "virtual®
baseando-se nos valores previstos de pl e massa molecular de todos os genes do
genoma da X faslidiosa (Figura 18). Toda parte de programacio computacional da
ferramenta "pl and MW Pradiction Tool" bem como do banco de dados foi desenvolvida
peio aluno de iniciagdo cientifica itaraju Brum.

LCEEEae

i9884949

Laadd

1QCGE

FIGURA 16: Mapa 2DE teérico da Xyiella fastidiosa. Os valores de pi e MM previstos a
partir da seqUéncia de todos os genes do genoma forma plotados num grafico
cartesiano (p! no eixo x ¢ MM no eixo v}, simulando um mapa 2DE real. O retangulo
cinza indica a regio na qual a 2DE real consegue resclver e detectar proteinas. E
possivel notar a limitagdo da 2DE em representar as proteinas de baixa e alta MM e
principalimente as de alto pl.
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1. Artigo Publicado: Analise Quantitativa de Proteinas Utilizando
cletroforese de Duas Dimensdes, Rotulagdo com Etiguetas
isotopicamente Marcadas e Espectrometria de Massas

Artigo publicado na revista Molecular and Cellular Proteomics

Smoltka M, Zhou H, Aebersold R Quantifative Protein Profiling Using Two-
dimensional Gel Electrophoresis, Isotope-coded Affinity Tag Labeling, and Mass
Spectrometry. Mol Cell Proteomics 2002 Jam;1(1):19-29.
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Qﬁantitaﬁve Protein Profiling Using
Two-dimensional Gel Electrophoresis,

Isotope-coded A
pectrometry”

Tag Labeling, an

Marcus Smoikat, Huilin Zhou§, and Ruedi Aebersold§’

Suantitaiive profein profiling is an ossential part of pro-
tecmics and requires new technologies thal accurately,
reproducibly, and comprehensively identify and quaniify
the proteins contained in biological samples. We describe
a new strategy for quantilative protein profiling that is
based on the separation of proteins labeled with isolope-
coded affinily tag reagents by twe-dimensional gel elec-
wophoresis and thelr identification and quantification by
mass specirometry. The method is based on the obser-
vation that proteins labeled with isctopically different iso-
iope-coded affinity tag reagents precisely co-migrate
guring two-dimensional gel elecirophoresis and that
therefore two or more isotopically encoded samples can
be separated concwrently in the same gel. By analyzing
changes in the proteome of yeast {Ssccharomyces cer-
evisiae) intuced by a metabolic shifi we show that this
simple method accurately quantifies changes in protein
abundance even in cases in which multiple proteins mi-
grate to the same gel coordinates. The method is partic-
wiarly useful for the quaniitative analysis and structural
characterization of differentially processed or post-trans-
jationally modified forms of a protein and is therefore
expected to find wide application in proteomics research.
Molecular & Cellular Protecimics 1:15-20, 2002,

Proteomics atternpis 1o study the stnuciure, function, and
control of biclogical systems and processes by the systematic
and quantitaiive analysis of the many properties of proteins.
These inciude the sequence (identity), abundance, activity,
and structure of the proteins expressed in acell, as well as the
modifications, interactions, and transiocations each protein
might experience. There is currently no single experiment or
platform that permits the analysis of all these properties on a
proteome-wide scale. Therefore, technologies and platforms
have been developed that specifically study a subset of these
properties.

From the $Depariamento de Bioguimica, Institute de Biokogia, Uni-
versidade Estadual de Campinas, Campinas, Sac FPaulo 13083-870,
Brazil and the §institute for Systems Biology, Seattle, Washingion
a8105

Received, Septernber 5, 2001, and in revised form, October 8, 2001

Published, MCP Papers in Press, Ocicber 11, 2001, DOi
10.1074/mecp. M100013-MCP200

The systematic identification of the profsins contained in a
complex sample and the determination of the relative abun-
dance of each protein {quantifative protein profiling) i two or
more sampies are being comparad are central objectives of
proteomics. For this purpose two methods have been devel-
oped and are routinely being used. The first is the combina-
tion of the weli estabiished techniques of two-dimensional gel
slectrophoresis (2DEY and mass spectromelry (MS) [reviswed
in Ref 1. The second is a recently developed procedure based
on isctope-coded affinity tag (CAT™) reagert protein label-
ing, #quid chromatography. and tandermn mass spectrometry
2, 3.

At present the 2DE/MS method is most commoniy used.
Proieins separated by 2DE and detected by staining are iden-
tified, one-by-one, by mass spectrometric analysis of peptide
fragments derived from each protein. The methed is sup-
ported by robust and automated instruments that perform
specific steps in the process, such as gel imaging, spot pick-
ing, protein digestion, peptide mass spactrometry, and se-
quence data base searching {1, 4~6}. In this method protein
guantification is achieved by image analysis of the spot pai-
termns generated by staining the protsins separated in the gel,
implicily assuming that the staining intensity of 2 protein spot
accurately indicates the amount of protein contained in the
spot. Unfortunately, the practical implementation of this sim-
ple concept has been difficult, mainly because of limitations of
the avallable staining and gel slectrophoresis methods. These
include lirpited dynamic range, sensitivity, and reproducibility,
respectively, of the popular Coomassie Blue and siiver staining
procedures {7, 8), limited pattemn reproducibility of 2DE gels,
and a recurrence of several proteins to migrate to the same gel
coordinates. The development of sensitive fluorescence stain-
ing methods with a linear signal response over a wide dynamic
range {8, 10) and the introduction of a two-color fluorescent

T The abbreviations used are: 2DE, two-dimensional {isoeiectric
focusing/SDS-PAGE) gel electrophoresis; BSA, bovine serum albu-
min; CHAPS, 3-[{3-cholamidopropyhdimethylammaoniol-1-propane-
suffonic acid; DTT, dithiothreitol; ICAT™, isotope-coded affinfty tag
reagents; |EF, isoeleciric focusing, LACE, bovine Z-lactoglobuling
LA, bovine e-lactalbumin; MALDL matrix-assisted laser desorption-
ionization; MS, mass spectrometry; MW, molecular weight;, OVAL,
chicken ovalbumin; TOF, time-of-flight.

© 20072 by The American Society for Blochemistry and Molecular Biology. inc.
This paper is available on line at hitp:/Ywwaw. meponiine.ory
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labeling system allowing the concurrent electrophoresis of two
difterentially labeled protein samples in the same 20DE gel and
thus the determination of the ratio of abundance by spectral
analysis of aach protein spot (11, 12) have eliminated or at least
alleviated some of the challenges related to 20E gel imaging.

As ZDE gel-based proteomic studies depend on the anal-
ysis of the separated proteins by MS, it has been suggested
to use stable-isotope diution to achieve accurate protein
guantification in the mass spectrometer, obviating the need
for gel imaging (13, 20). In these experiments proteins ware
metabelically labeled with stable isotopes "M or '3C), and
two samples with distinguishable isotope signatures were
combined and concurrently separated by 2DE. Proteins in
specific spots were then digested, and the resulting peptides
were extracted and analyzed by MS. The ratio of signal inten-
sitles of the isctopically normal and heavy forms of a particular
peptide was then used to calculate the ratio of abundance of
the respective protein. Although guantification was shown to
be very accurate, this method is limited to cells that can be
cultured in isotopically defined culture conditions.

In this paper we show that post-isolation isotopic protain
labeling using the ICAT™ reagents is also compatible with
2DE and accurate protein quantification by MS. We show that
proteins labeled with the isctopically heavy and normal forms
of the reagent, respectively, precisaly co-migrate in 2DE gels
and that the ratic of protein abundance can be accurately
detarmined from the relative mass spectrometric signal inten-
sities of the heavy and normal forms of labeled, cysteine-
containing peptides. Both identification and accurate quanti-
fication are therefore achieved in a simple single-step
analysis. This method alsc reliably identifies and quantifies
each protein in spots containing multiple different polypeptides
and identifies and quantifies each isoform or post-transationally
modified form of a protein that migrates to different positions.
As the method is based on post-isolation chemical labeling of
proteins, it is compatible with most if not all protein samples that
can subsequently be separated and analyzed by 2DE.

EXPERIMENTAL PROCEDURES

Labeling Standard Froteins— The standard proteins used wers bo-
vine serum albumin (BSA), chicken ovalbumin (OVAL), bovine g-lac-
toglobulin (LACE), boving e-actalbumin (LCA), or superoxide dis-
mutasa (Sigma). Labeling was performed as described previoushy
(14), with slight modifications. 1 mg of each protein was dissolved in
1 mi of Solution A (0.05% (w/v) SDS, 6 urea, 5 mm EDTA, and 50 mm
Tris buffer, pH 8.3). Specified amourts of each protein solution were
mixed together (as described for each case under “Results™), and
aliguots of 100 pg of total protein mixdure (100 ) were labaled,
Disulfide bonds were reduced with 5 m tributyl phosphine (Sigma)
for 10 min and then 60 wg of the sotopically normal or heavy form of
ICAT™ reagent (Applied Biosystems, Framingham, MA) was added,
Thiz amount of ICAT™ reagent {105 nmol} repressnted an ~1 ms
concentration and a 3 to 1 molar ratio over total protein suffftwdryls
assuming an average molecular protein mass of 30 kDa and 8 cys-
teine residues per protein, The reaction mixtures were incubated for
2 h at room temperature in an Eppendor tube in the dark. The
reactions were stopped by adding DTT to a final concentration of 10

mwa The light and heavy ICAT™ reagent-labeled protein mixtures
were combined prior to 2DE separation. Incomplete labeling of pro-
teins was carried out under the conditions described above except
that the sample was diluted 10-fold, and urea was omitted.

Preparation and Labeling Yeast Protein Extracts —Yeast cells (Sac-
charomyces cefavisiae strain BWGE1-TA) were grown until mid-log
phase in yeast/peptone/dextrose medium containing efther 29 (whv)
glucose or 2% (wA) galactose as carbon source and harvested by
cantrifugation. Glucose- and galactose-grown cells were lysed sep-
arataly in lysis buffer containing 1% (w/v) SDS, 50 mm Tris, pH 8.0, 5
mst EDTA, 1 mn phenylmethyisulfony| flucnde after lvticase treatment
to prepare spheroblasts according to standard procedures (15). An
aliquot of each of the resulting protein exiracts was used to determine
the protein concentration using a commercial protein assay kit (Bio-
Rad). To the remainder of the samples DTT was added to a final
concentration of 100 mm, and the sclution was boiled for 5 min. 300
pg of total protein from each extract was precipitated with a cold
ethanolacetoneacetic acid (50:50:0.1 (wvA) solution, and the pre-
cipitate was washed once with 70% ethanal in water, The protein
paliet was re-suspended in 50 ul of Solution A, and the dizuffide
bonds were reduced by the addition of tributyl phosphine to a final
concentration of 5 mm and incubation for 10 min at room temperature.
100 ug of ICAT™ reagent (~3 mm final concentration) was added to
the reaction solution. After 2 h the raction was stopped by adding
DTT to a final concentration of 10 ma

For the purpose of comparing 2DE gel pattems of each sample
(glucose- or galactose-grown) the labeled proteins were again pre-
cipitated as described above, re-dissolved, and separated by 2DE.
For concurrent electrophorasis of both samples on the same gel and
subsequent quantification by MS, equal amounts of the two labeled
extracts were combined, precipitated as described above, re-dis-
solved, and separated by 2DE.

Two-dimensional Gel Elecirophoresis —Approximately 20 wg of
standard protein midure or 300 pg of yeast protein exitract wers
solubilized in 340 wl of sample buffer comtaining & M urea, 436 (W)
CHAPS, 2% (vw/v) camier ampholytes, pH 3-10, 70 mm DTT, and
0.001% (wh) brompheno! blue. Except for CHARS, which was from
Slgma, all reagants ware from Amersham Biosciences, Inc. Samples
were applied to immebilized pH gradient strips with a nondinear
separation range of pH 3=10 (catalog number 17-1235-01; Amersham
Biosciences, Inc.). After a 10-h rehydration, isoelectric focusing was
caried out, at 20 *C, for 1 h at 500 V, for an additional hour at 1000
W, and then for 10 h at 8000 V in an IPGphor apparatus (Amersham
Biosciences, Inc.) maintaining a imiting current of 50 wA per strp.
First dimension strips were subjected to the standard reduction and
alkylation steps prior to second-dimension electrophoresis. Strips
wene soaked for 10 min in a sofution containing 50 mu Tris-HCI, pH
6.8, 6w urea, 30% (W) glycerol, 2% (wh) SDS, and 2% (whv) DTT
and for an additional 10 min in the same sohvent containing 2.5% fwh)
indoacetamide instead of DTT. Second-dimension electrophoresis
{SDS-PAGE) was performed on an SE 600 system connected to a
MultiTemp |l refrigerating system (both from Amersham Biosciences,
Inc.). After laying the strip on the top of a 12.5% polvacramide gel and
sealing it with agarose, slectrophoresis was carmied out for 1 h at 20V,
at which time a constant amperage of 30 mA per gel was applied until
the dye front reached the lower end of the gel. Proteins ware detected
by a silver nitrate staining protocol adapted from Ref. 16,

Frotein Mdentification and CQuantitation by Mafrix-gssisted Laser
Desorption lonization MAALDY Quadnupole Time-of-Flight (TOF) MS —
Peptides were generated and extracted from the gel-separated pro-
teins following established in-gel tryptic digestion protocols (17). The
peptides were analyzed on a QSTAR™ Pulsar quadrupole TOF tan-
dem mass spectrometer {Applied Blosystema®IDS Sciex, Toronto,
Canada), which was equipped with a MALDI ion source. Prior to

20 Molecular & Cellular Proteomics 1.1
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appiication 1o the sampile plate the samples were purified using C18
ZioTips (Milipore} 2nd mixed at 2 101 ratio with a solution of 16% {wAv)
2 5-dihydrobenzoic acid in acetonitrilerwater {25:75 viv).

identification of the standard proteins was performed by submitting
its known sequences to the Peplidemass ool (18) and manuaily
comparnng the predicied peplide masses of each standard prodein o
the measured masses in the mass spectrum. For identffication of the
proteins from yeast exiracts, the measured mass of the inyptic pap-
tides were searched against S. cersvisiae entries from Swiss-Prot
using the MS-Fit program (University of California, San Francisco;
prospaecior.ucsiedys (18 In this program, # is already possible o
consider ICAT™ labeling of cysteines for calculating the predicted
mass of the peplides for each protsin. The observed pland MW of the
identified spots in the 2DE map were compared with the theoreticat pl
and MW io confirm identications.

For quantifying ihe refative sbundance of 2 protein, the peak height
of the monoisotopic peak of the light ICAT Muiabsied peptide was
divided by the peak height of the monoisotopic peak of the heavy
lebsled form of the peptide. When more than one cysteine-containing
peplide was detected for a particular protein, the abundance ratic
was calculated from the peak pair with the highest signal infensity. In
cases in which the shape of the isotops distributions of the light and
heavy ICAT M-labeled peptides differed {L.e, asymmetric shape of the
clusters) we suspected the presence of contaminaling peaks and did
riot use such peak pairs for quantification. instead, the peak pair with
the next highest signal intensity was used.

RESULTS

Principle of the Method—The method for quantitative pro-
tein profiling thet we describe in this paper is schematically
ilustrated in Fig. 1. 1t is based on the separation of proteins
labeled with ICAT™ reagerts by 2DE and their identification
and quantification by mass spectrometry. The proteins con-
tained in itwo separate samples are first labeled with the
isctopically nomal (non-deuterated) or heavy forms (deuter-
ated), respectively, of ICAT'™ reagents according to estab-
lished protocols (2, 14).% The two samples are then combined
and concurrently separated by 2DE in the same gel, and the
separated proteins are detected by an MS compatible stain-
ing protocol. The proteins migrating o specific spots are
enzymatically digested in the gel matrix, and the resulting
peptides are extracted and analyzed by mass spectrometry.
Protein identification is achieved either by peplide mass map-
ping in a single-stage mass spectrometer (21, 22} or by col-
lision-induced dissociation of selected peptides and se-
guence data base searching {23). The ratic of abundance of
the protein(s} in the spot analyzed is determined by the ratfic of
signal intensities for the isctopically normal and heavy forms
of a specific, tagged peptide.

Migration of ICAT™ Reagent-labeled Proteins in 2DE—To
determine whether and how labeling with the ICAT™ reagent
affected protein migration during 2DE a mixture of equal
amounts of LACB and LCA was labeled with the isolopically

27, Nadler, K Parker, B.Wagenfeld, R Lofli, B.Purkayastha,
S, Daniels, W. Stanick. 8. Pillal, J. N. Marchess, and G. Velia (2001}
Optimization of 2 protocol for preparing protein samples with an
isotope-coded  affinity tag (CAT™ reagent, submitted for
publication.

normal form of ICAT™ reagent and separated by 2DE, The
ZDE profile of the labeled proteins was compared with the
profile obtained from an unlabeied but otherwise identical
sample separated under the same conditions. Fig. 2, Aand B
show the profiles obiained from the unlabeled and labeled
samples, respectively. it is apparent that ICAT™ reagent la-
beling decreased the electiophorstic mobility of both pro-
teins. The cbserved mobility decrease was consistent with the
mass of 442 Da added by each iCAT™ reagent molecule. For
LCA, which cortains eight cysteines, the calculated molecular
rmass increased from 14186 to 17722 Da, and the apparent
molecular mass increased fom 14 o ~18 kDa, For LACE,
which contains five cysteines, the calculated molecular mass
increased from 18281 to 20491 Da, and the apparent molec-
uler mass increased from 18 o ~21 kDa. In contrast, no shift
in pl was apparent as a consequence of ICAT™ labeling. The
observation that the pl of the acidic proteins LCA and LACB is
unaffected is consistent with the fact that the ICAT™ reagent
molecide is uncharged and, by reacting with sulfwdryt groups
that are uncharged &t acidic oM valuss, does not aliter the
solution charge state of the protein. For basic proteing a slight
change in pl is expected 1o occur after ICAT™ reagent label-
ing, because the negative charge of sulfhydry groups at pH
values above the pK of sulfhydryls will be neutralized by the
labeling reaction.

We have demonstrated previously that incomplete labeling
of proteins with ICAT™ reagents results in a “fuzzy” banding
pattern in SDS-PAGE and reported optimized labeling proto-
cols for complete labeling of all the cysteines in a reduced
protein {14}, Fig. 2C shows the 2DE profile of partially labsled
LCA and LACE if a non-optimized labeling protocol was used.
it is evident that incomplete protein labeling is sasily recog-
nized by the characteristic ladder spot pattern and that the
well defined spots achieved by completie labeling are essen-
Hal for the success of the method.

Co-migration by ZDE of Proteins Labeled with Isotopically
Normal and Meavy ICAT™ Reagents—To determine whether
proteins labeled with the different isctopic forms of the
ICAT™ reagent migrated to identical coordinates in 2DF gels,
sampies of LCA were labeled with the isolopically normal or
heavy form of the reagent. The proteins were combined at a
d:ds fight ICAT™: heavy ICAT™) ratic of 11:1, and the
mixed sample was separated by 2DE. The resulting spot,
detected by siiver staining, was divided into four quadrants,
and the protein in each guadrant was in-gel digesied and
analyzed mass spectrometrically. Fig. 3A shows the get spot,
and the four quadrants and Fig. 38 detail the d0:d8 ratios
used for quantification. The expected d0:d8 ratio was 11.00.
The ratio caleulated by averaging the observed values over ail
the guadrants was 11.72. The highest deviation from this
abserved mean value detected in guadrant number 3 was
11.30, comrasponding 1o a 3.6% difference.

We chose LCA for this experiment, because the prevalence
of cysieine residues in this protein would be expected to
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Fia. 1. Schematic Hustration of the
proposed method for gquantiiative
protein profiiing. The proteins con-
tained in two separate samples are first
labsled with the isotopleally nomnal
{non-dexderated) or heavy foms {deutoer-
ated), respectively, of ICAT™ reagerts.
The two samples are then combined ang
concurrently separated by 2DE in the
same gel, and the separated proteins are
detected by MS-compatible stains. The
profeins migrating 1o specific spois are
enzymatically digested in the gel matrix,
and the resulting peptides are extracied
and analyzed by mass spscuometry.
Protein identification is achieved efther
by peptide mass mapping in a single-
stage mass spectrometer or by collision-
induced disscciation of selected pep-
Hides and sequence daia base
searching. The ratio of abundance of the
protein(s) in the spot analyzed is dater-
mined by the ratio of signal intensities for
the isotopically normal and heavy forms
of a specific, lagged peptide.
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exaggerate isolope effects on electrophoretic migration. A
eight cysteine residues the heavy ICAT™ reagent-iabeled
protein contained 64 deuterium atorns. Moreover, the pl {4.8)

A
LIGHT 1GAT
ISOTOPES 1
RATIO
25:1.0

and molecular mass (14.1 kDa} of LCA position this protein in
an area of high resolution in the gel used. These results
indicate that proteins labeled with differentially isotopically
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labeled forms of the ICAT™ reagents precisely co-migrate by
2DE.

Accuracy of Quantification—To evaluate the accuracy of
quantification of the method we prepared and analyzed two
protein mixtures containing the same five proteins at different
gquaniities. The composition of the samples is indicated in
Table i. One sample was iabsled with the isctopically normal
and the other with the heavy form of the ICAT™ reagent, and
the sampies were combined and separated by 2DE. Protein
spots were detecied by silver staining and in-gel digested
with trypsin, and the resulling peplides were identified and
cuantified by mass speclromeiry,

The concise shape of the protein spots in the 20 elecire-
pherogram and the absence of vertical “streaking” suggested
that guantitative labeling had been achieved {Fig. 4A4). The
multiple spots (with same MW and different pl) observed for
LACE, CVAL, and BSA were also observed in the 2DE map of
the uniabeled protein mixture {data not shown) and are there-
fore urrelated o the labeling with ICAT™ reagent. The iden-
tity of sach protein spot was confirmed by peplide mass
fingerprinting. For each protein, the predicted masses of the
tlabeled, cysieine-containing peptides were aiso calculated
and used 1o identify the coresponding peaks in the mass
spectra. Fig. 4B shows the peptide mass spectrum of super-
oxide dismutase and expansions of the pesk areas containing

E LACE
LACH
18kDz * *
LACB L lea
14kDa ;
CLCA COLGA
pid4.8 pl4.8 pi 4.8

Fia. 2. Effect of ICAT"™ reagent labeling on 2DE protein migra-
fion. 2DE profiles of unlabeled {A), complately labeted (8), and par-
tially labeled {C) g-lactoglobulin {{LACB) and a-factalbumin (L CA) are
shown.

the signals for cysteine-containing peptides. Each peplide
appeared as two isolope envelopes with an 8.04-Da mass
difference, comesponding to the non-deuterated and deuter-
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Fia. 3. Co-migration of sotopically normal and heavy ICAT™
reageni-labeled LCA by 2DE. Aliquols of LCA were labeled with
either ihe isotopically normat or heavy ICAT™ reagent, respectively,
combined at an 1111 ratio and separated by 2DE. The protein was
detected by silver staining, and four quadrants of the spot were
dissecled and separately trypsinized, and the exiracted peptides
were analyzed by MALDI-TOF mass spectromeiry. The orientation
and numbering of the sections are indicated in A. The observed
isotopic ratios for each quadrant are indicated in B,

TapLE §
Composition of each of the standard protein mixtures used for the experiment shown in Fig. 8
After separatety labeling with the indicated form of ICAT™ reagent the two mixiures were combined and concurrently separated by 2DE.
The expected quantitative ratios, the quantitative ratios that were experimentally determined, and the calculated error are also displayed.

Protein Mixture 1 {d0-labeled) Mixture 2 {d8-labeled) Expected ratio Observed ratio Error
ug dods %
Superoxide disrmutase (SOD) 34 17 2.001.00 2.02:1.60 1
LCA 44 4 11.00:1.00 11.721.00 7.92
LACE g 20 1.60:2.22 1.00:2.12 4.4
CVAL 7 35 1.00:5.00 1.00:5.5 10
BSA & 24 1.00:4.00 1.00:3.57 12
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A

WAL
Fia. 4. Measurement of the relative
shundances of proleins labeled with
isotoplcally normal and heawy ICAT™
reagents. Two protein mibdures confain-
ing known amourts of the Sve proteins ‘
BSA, OVAL, LACE, LGA, and supsroxide [LAGE
804; disrmutase were prepared (or
composition of the samples refer 1o Ta- LA
bie . The mixtures were iabeled with the &
isotopically normal or heavy form of the
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ICAT™ reagent, combined, and sepa-
rated by 2DE. Spots were detected by
sijver staining, and the tryplic peptides
from individual spots were analyzed by
MALDI-TOF MS. A, 2DE gel slectro-
pherogram of the combined sampie mix-
ture. B, identification and quantification
of superoxide dismutase. The arrows in
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ihe peplide mass spectrum indicate the
non-cysieine-coniaining peptides used
for protein identification by peplide mass
fingerprinting. The masses of the two
ICAT™ magent-labeled (cysteine-con-
taining) peptides were calkculated and
used to identify the corresponding peaks
in the MS scan. The respective spectra
are expanded in the zoomed sguares. C,
peak pairs of cysteine-containing pep-
tides used for guantification of the other
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four proteins present in the sampie. The
signal intensities of the mongisctopic
peaks were used for the caiculation of
the observed abundance ratios indi-
cated in Table 1.
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ated forms of the peptides. Fig. 4C shows the peaks of
cysteine-containing peptides used for quantification of the
other four proteins in the mixture, The signal intensities of the
monoisotopic peaks were used to calculate the observed
abundance ratics. The measured ratios are indicated and
related to the expected respective ratios in Table . The dis-
crepancy between the expected andd measured values was
less than 12% for all the proteins in the mixture, These resulis
demonstrate the possibility of using ICAT™ reagent labeling
for accurate quantification of proteins separated by 2DE.
Quantification of Changes in Protein Abundance in Yeast
induced by Metabojic Shifi—Protein expression in yeast is

known to be highly affected by the type of carbon source
used. To assess the ability of the method of this paper to
identify proteins in complex mixtures and to quantify changes
in their abundance, we investigated changes in the protein
profile of 8. cerevisiae induced by a shift from glucose to
galactose in the carbon source. A protein extract from celis
grown in glucose-containing medium was labeled with the
isotopically normal ICAT™ reagent, and an extract from yeast
grown in galactose-containing medium was fabeled with the
heavy ICAT™ reagent. The samples were either run individ-
ually {see Fig. 5, A for glucose and B for galactose) or com-
bired (Fig. 8) in 2DE gels. No indication for partial protein
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Fia 5. ZDE profie of veast protein
exiract isbeled with ICAT™ reagent,
Total protein exiracts from yeast grown
in giucose (A} or galactose (B} were la-
beled with isotopicaily nommal or heavy
ICAT™ reagent, respactively, and sepa-
rated by ZDE. Prolsins wetrs detectsd by
sifver staining. The spots containing pro-
teins that were subseguenily identified
and guantified are labeled with the
names of the identifled proleins. The
orotein names are defined in Tabls il

4.0

labeling was deteciable. Morsover, the quality of the 2DE gels
was comparable with that of 2DE gels of untabeled veast
extracts {data not shown), indicating that ICAT™ [abeling of
proteins does not interfers with the separation of complex
protein mixtures.

Thirteen spots from ihe 2DE map presented in Fig. 8 were
in-gel digested and submitied to identification and guantifi-
cation by mass specirometry. The results are summarized in
Table ll. The abundance ratios indicated were calculated from
the irtensities of the most intense ICAT™ reageni-iabeled
peptides. The expression level of metabolic enzymes such as
adolass, phosphoglycerate kinase, and glyceraldehyde-3-

ol 7.5

phosphate dehydrogenase 3 was observed to be lower in the
galactose-~grown yeast, a rasult consisient with resulis ob-
tained from microaray sxperiments {24). In contrast, mito-
chondrial proteins such as CCX4 and ATPD ware found 1o be
de-repressed in the absence of giucose, also consistent with
the mRNA data.

Quantitative Analysis of Post-imansiational Modifications -
Post-translational modifications freguently change protein pi
andfor apparent MW of proteins and are therefore sasily
detected by 2DE. To assess the potential of the method to
detect quantiiative changes in the spot pattern of differentially
medified preteins and thersfore to guantify induced changes

Molecular & Cefiuiar Proteomics 1.1 25



Quantitative 2DE of ICAT™ Reagent-labeled Proteins

TOkDa

Fia. 6 Co-migration of the grolein
samplss shown s Flg, 5, BExdracts from
yeast celis grown in giucose fight
ICAT™ reagentdabeled) or galaciose
theavy ICAT™ reagentJabsied) wers
combined and concurrerily separated
by 2DE. Proteins were detecled by sifver
staining. The spots containing proteins
that wera subsequently idendified and
quartified are labeled with the namss of
the identified proteins. The protein
names are defined in Table i

*5kDe

TasLe #
Quartification of the refative abundance levals of proteins from yeast celis grown in glucose or gaiactoss, respectively

Protein Description Observed ratio
(Swiss-Prot gene name} {giucose d0:galactose d8%)
AHP1 yeast Peroxisomal aliky! hydroperoxide reductase 1.88:1.00
ENC2 yeast Enolase 2 2.38:1.00
ALF yeast Aldolase 2.31:1.00
PGK yeast Phosphoglycerate kinase 2.2:1.80
G3P2 yaast Glyceraldehyde-3-phosphate dehydrogenass 3 1.53:1.00
EFiB veast Elongation factor 1-3 1.03:1.80
CYPH yeast Peptidyiprolyl cis-trans isomerase 1.16:1.00
CARP yeast Saccharopepsin (precursorn 1.00:1.47
ATPD yaast ATP synthase A chain, mitochondrial {precursor 1.00:6.58
S0DC yaast Superoxide dismutase {Su-Zm 1.00:1.33
GRLP yeast Guanine nucleotide-binding protein g-subunit-ike protein 1.211.00
COX4 veast Cytochrome ¢ oxidase polypentide 1V, mitochondrial {precursor} 1.00:3.10
H871 veast Heat shook protein SSA1 1.00:1.05

* do, light ICAT ™ {abeled; d8, heavy ICAT™-Jabelad.

in protein modification we mass spectrometrically analyzed
individual spois in the spot patiem of ENOZ2 and HSP70,
proteins known 1o be phosphoryiated {25, 26). Results are
shown in Fig. 7. The three ENQ2 spots showed 2 consistent
glucose:galactose ratio of 2.4:1, In contrast, the ratio for the
two HSP70 spots analyzed varied significantly (2.7:1 for the
more acidic spot; 1:1 for the more basic spot) indicating that
the modification causing the acidic shift is increased if the
cells are grown in glucose. Although the observed spot pat-
tern was consistent with protein phosphorytation, no phos-
phorylated pepiide was detected directly by MS. For the
positive identification of phosphorylated peptides auxiliary
methods such as metabolic [%*P] or [*°P] radiclabeling or
immunodetection {27, 28) might need to be emploved. These

resuits indicate that the method can detect guantitative
changes in protein modification or processing, provided that
the different protsin forms can be separated by 2DE.

DISCUSSION
We describe a new strategy for quantitative protein profiling

that is based on the separation of proteins labsled with
{CAT™ reagents by 2DE and their identification: and cuantifi-
cation by mass spectrometry. The method i based on the
observation that proteins labeled with isotopically differant
ICAT™ reagents precisely co-migrate during 2DE and that
therefore two or more isotopically encoded samples can be
saparated concurrently in the same gel. The ICAT M—jabelsd
proteins can be separated by 2DE at a resolution comparabie
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Fia. 7. Quantification of separated charge isoforms, Prlein
spots detecied in the gel shown differing in pl but contalning the sams
potein species were separately analyzed by MALDITOF MS, and
each charge isoform was separately quantified. A, three charge iso-
forms of ENO2 show a consistent ratio of abundance. B, two charge
isoforms {d and ¢} of HS71 show significantly different ratios of
abundance.

with unlabeled protein sampies. We show that the method has
& quantitation accuracy of better than 20% and that different
isoforms or the differentially post-transiationally mecdified
forms of a protein can be identified individually and quantified,
Furthermore, different proteins migrating io the same 20DE
coordinates can also be identified and quantified individuaily.

For separating ICAT™ reagent-labeled proteins at high res-
ofution it was ctitical that the labeling reaction proceeded to
completion. Incomplete fabeling was svident from vertically
streaking spots. Based on the absence of detectable vertical
streaks, the labeling procedures we and others have opti-
mized previously (14)° achieved near guantitative labeling
even for very complex samples. iICAT™ reagent concentrations
in excess of 1 mu {which results in a molar excess of reagent
over to the sulthydryl groups), the addiion of urea, and the
maintenance of protein soiubility by the addition of SDS were
shown to significantly improve the labeling reaction.

.Langen et al. (20) and Oda et al (13) have used metabolic
stable isotope iabeling of proteins prior to 2DE, also for the
pupose of guantifying the proteins by mass spectrometry.
Metabclic stable isotope labeling, although simple and effec-
five, is only applicable to protein samples from c¢ells that can
be cultured in isctopically enriched or depleted media and is
therefore essentially restricted to microbial species. Further-
more, the number of heavy isotopes added by metabolic
labefing is sequence-specific. The mass difference between
pairs of signals representing the heavy and normal form of a

specific peptide is therefore variable, complicating protein
identification and quantification. In contrast, the ICAT™ rea-
gent labeling method is based on post-isolation chemical
tagging of proteins and is therefore compatible with essen-
tially any profein sample that contains cysteine. Furthermors,
with the exception of the cysteine-containing peptides, pep-
tide masses remain unchanged. Protein identification by pep-
tide mass fingerprinting, the delection of post-transiationally
or atherwise modified pepilides in the sample, and the detec-
tion of the peptides tagged with the ICAT™ iabeling reagent
is thersfore a straightforward operation, Because cysteingis a
rejatively rare amino acid, the positive identification of oys-
{eine-tagyed peplides in a peptide mixture provides a strong
constraint for sequence data base searching {29). Cysteine-
conmtaining peptides are sasily identified by the presence of
the different isotopic forms. Data base search programs such
as MS-fit (19} already inciude ICAT™ reagent labeling as a
possible cysteine modification. The use of post-isolation iso-
topic protein labeling prior 1o 2ZDE/MS analysis therefore pre-
sents a simpler and more general altemative to metabdlic
stable isctope labsling,

Recently, an elegant method was infroduced {11 and eval-
uated (12} in which proteins are covalently labeled with fluo-
rescent dyes prior to separation by 2DE. Two structurally
similar dyes with different spectral properties were used 1o
label the proteing in two samples with a specific color, the
combined samples were concurrently separated by 2DE, and
the ratio of abundance for spot was determined by spectral
analysis of the emitted fluorescent light. This method also
effectively eliminates the problem of electrophoretic variation
between gels, experiments demonstrating accurate quantifi-
cation have validated the technique {11, 12), and flucrescent
detection is potentially extremely sensitive. A drawback of the
current implementation is that the epsilon amino groups of the
abundant amino acid lysine are jabeled with relatively hydro-
phobic dyes, thus reducing the solubility of extensively la~
beled proteins. To avoid protein precipitation in the gel, min-
ima labeling is performed. This incomplete labeling procedurs
limits the sensitivity of the method and makes equal quanti-
tative iabeling between two samples more difficuit. Another
problem is that the labeled and unlabeled proteins of the
same species migrate te different coordinates in the 2DE gel,
generating a rather complex 2DE profile.

in contrast, the method described in this paper is based on
compiete protein labeling. Consequently, all of the protein
molecules of a particuiar species are concentrated in the
same spot. Furthermore, the present method offers the pos-
sibility of individually quantifying multiple proteins migrating to
the same spot, a feature that is impossible with the fiuores-
cent or other irnaging techniques. We believe that the present
method should represent an atiractive altermnative to the fluo-
rescent labeling method, particularly in cases in which mass
spectrometric analysis of the separated proteins is atternpted.

irr addition to being a constraining factor in sequence data
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base searching cysieine-specific protein labeling has other
beneficial features. As cysteine is relatively rare no extreme
shifts in SDS-PAGE migration are sxpected after labeling, We
also did not notice a decrease in protein solubility after
ICAT™ reagent labeling, probably because the amino acids
with charged side chains Jysine, arginine, gittamic asid, and
aspartic acic) are not affected by the labeling reaction and
because the reagent used is not very hydrophobic. It was also
of practical importance that all the cysteines were reacted
with ICAT™ reagent molecules, thus eliminating the problem
of cysteine re-oxidation during the IEF run and contributing to
maintaln the proteins in 2 degirable denatired state. in most
2DE protocols, cysteine reduction is achieved by including
high D77 concentrations to the IEF separation soiution. But
during the {EF run, DTT may acquire a negative charge and
migrate to the anode, depleting reducing power on the basic
regions. Moreover, DTT accumulated in the acidic region may
migrate in the second-dimension run and cause artifacts in
the 2DE profile. Labsling proteing with ICAT™ prior to IEF
separation should avoid the necessity of using DTT in the IEE
run. The subsequent redusticrvalkylation step prior to the
sgoond-dimension run can also be eliminated.

The described lechnique has several fimitations. The
ICAT™ reagent method using current reagents only labels
cysteine-containing proteins, For the 5. cerevisiae proieome
~82% of the proteins contain at least one cysteine residue,
Although any other protein wouid also be identified by the
method, accurate quantification refies on the detection of at
least one cysteine-containing peptide in the mass spectrum.
Reagents with different specificities that are under develop-
ment will eliminate this limitation. In the described method
protein quantification is achieved in the mass spectrometer on
Individual spots. Therefore, for determining differentially ex-
pressed spots it is either necessary to run three gels per
sample, one for each of the sampies separately and one for
the combined sample, or to analyze all the spots present in
the gel containing the combined samples. With the increas-
ing availability of automated, high throughput robotic sam-
ple-processing systems (4-8) and the deveiopment of
methods for paraile! isolation and digestion of 2DE-separat-
ed proteins {30, 37) the latter option is increasingly becoming
feasible.

Concluding Remarks— Significant advances in protein iden-
tification have bsen accomplished over the last ten years
through the use of mass spectrometry, and large-scaie or
even proieome-wide protein identification is now a commen
practice. The descriptive information obtained from such pro-
tein cataloguing projects can be significartly enhanced if the
quantity and changes thereof can be determined precisely for
each protein in a sample. The strategy described in this paper
provides a simple and effective tool by which accurate protein
quantitation can be achieved in proteome-wide experiments.
The method also allows the determination of the absolute 2DE
and mass spectrometry, two techniques established in most

profeornics iaboratories. The method also jends #self fo de-
termine the absolute amounts of specific proteins, if isotopi-
cally labeled, calibrated intemnal standards are being used and
for the selective, quantitative analysis of selected proteln
8pots, a task thal might be very useful for medical diagnostic
purposes. We thersfore anticipate that this method will find
wide appiication In the field of quarntitative proteomics.
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The combination of isotope coded affinity tag (JCAT)
reagents and tandem mass spectrometfry constitutes a
new method for quantitative proteomics. It invelves
the site-specific, covaient labeling of proteins with iso-
topically normal or heavy ICAT reagents, proteolysis
of the combined, labeled protein mixture, followed by
the isolation and mass spectrometric analysis of the
labeled peptides. The method critically depends on
labeling protocols that are specific, guantitative, gen-
eral, robust, and reproducible. Here we describe the
systematic evaluation of important parameters of the
Iabeling protocol and describe optimized labeling con-
ditions. The tested factors include the ICAT reagent
concentration, the influence of the protein, SDS, and
urea concentrations on the labeling reaction, and the
reaction time. We demonstrate that using the opti-
mized conditions specific and quantitative Iabeling
was achieved on standard proteins as well as in com-
plex protein mixtures such as a yeast cell Iysate. © 200
Academic Press

The combination of protein labeling with isotope-
coded affinity tag (ICAT)® reagents and the mass spec-
trometric analysis of isolated, tagged peptides derived
by proteolysis of the labeled proteins is a new approach
to quantitative proteomics (1). The method allows the
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concurrent identification of the proteins in a complex
mixture and the accurate guantification of the differ-
ence in abundance for each protein present in two or
inore protein samples.

The ICAT reagents consist of three functional com-
ponents {Fig. 1}. The first is a thicl reactive group that,
if applied to peptides, is selective for the sulfhydryl
groups in the side chain of reduced cysteines. The
second component is an ethylene glycol linker group
that occurs in a deuterated (isotopically heavy) or non-
deuterated (isotopically normal) form and provides the
basis for accurate quantification. The third component,
a biotin group provides an affinity tag for the selective
isolation of the tagged peptides from complex peptide
mixtures via avidin affinity chromatography. In the
course of an experiment the reduced cysteine residues
of the proteins in the two samples to be compared are
labeled with the isotopically heavy or normal reagent,
respectively. The two samples are then combined, di-
gested with trypsin, and the tagged peptides isolated
by avidin affinity chromatography and analyzed by
MS/MS, thus determining the amino acid sequence and
the relative abundance of each protein in the samples
being compared. The sequence of a peptide is deter-
mined by correlating the CID spectrum obtained in a
tandem mass spectrometer with a sequence database,
using specific software tools exemplified by the Sequest
program (2). The relative abundance of a peptide and
therefore the relative abundance of the protein from
which the peptide originated is determined by the ratio
of signal intensities of the isotopically normal and
heavy forms of a peptide.

A critical step in the procedure is the protein labeling
reaction in which the sulfhydryl groups of peptides are
coupled to the ICAT reagents. Complete and specific
labeling is essential for maximizing the recovery of the
tagged peptides and for accurate quantification. Addi-
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FIG. 1. Structure of the ICAT reagent. It consists of three slements: a thiol-specific reactive group that binds to cysteines residues; a

deuterated (heavy reagent. with desterium in the indicated X position) or nondeuterated

{light reagent, with hvdrogen in the indicated X

position} linker; and a biotin tag used for affirdty isolation of the ICAT labeled peptides.

tionally, the reaction should be fast to accelerate the
process and to minimize detrimental side reactions
such as proteolysis by proteases present in the sample.
It also should be compatible with the presence of pro-
tein denaturants such as urea and SDS that are re-
quired to denature the proteins and to keep them in
solution, and, for economical reasons, the amount of
ICAT reagent used should be minimized.

In this article we report on the systematic evaluation
of the parameters critical for the success of the labeling
reaction and present an optimized protocol. Specifi-
cally, we investigated the ICAT reagent concentration
and its molar excess required to achieve quantitative
labeling, the effects of the presence of SDS and urea on
the reaction, and the reaction time course.

MATERIALS AND METHODS
Labeling Standard Proteins

The standard proteins used for this study were BSA,
chicken ovalbumin, bovine B-lactoglobulin, and bovine
a-lactalbumin {Sigma). Unless stated, all reactions
were performed as follows: Twenty micrograms of pro-
tein was dissolved in 50 pl of solution A (0.05% (wh)
SDS, 5 mM EDTA, and 50 mM Tris buffer, pH 8.3).
Disulfide bonds were reduced with 5 mM TBP {Sigma)
for 10 min, after which the specified amount of non-
deuterated ICAT reagent (Applied Biosystems) was
added. The reaction mixture was incubated for 2 h at
room temperature in an Eppendorf tube protected from
light exposure. The reactions were stopped by adding
DTT to a final concentration of 10 mM.

Labeling Yeast Protein Extract

Yeast Saccharomyces cerevisiae strain (BWG1-7A)
cells were grown till mid-log phase in YPD medium
containing 2% {w/v} glucose as carbon source and har-
vested by centrifugation. Cells were lysed in lysis
buffer containing 6 M urea, 1% (w/v} SDS, 100 mM
DTT, 50 mM Tris, 5 mM EDTA, 1 mM phenyimethyi-
sulfonyl fluoride after Iyticase treatment to prepare
spheroblasts according to standard procedures (3).

Three hundred micrograms of total protein were pre-
cipitated with a cold ethanol:acetone:acetic acid (50:50;
0.1 v/viv/} selution and the precipitate was washed once
with 70% ethanol in water. The protein pellet was
resuspended in 50 ul of solution A containing 6 M urea.
Disulfide bonds were reduced by the addition of TBP to
5 mM final concentration and incubation for 10 min at
room temperature. One hundred micrograms of ICAT
reagent (3 mM final concentration) was added to the
reaction solution. After 2 h the reaction was stopped by
adding DTT to a final concentration of 10 mM. Proteins
were again precipitated as described above, redis-
solved, and separated by 2DE as described below.

SDS5-PACGE and Two-Dimensional Gel
Electrophoresis

To check for labeling efficiency, standard protein
samples were subjected to SDS-PAGE (12.5% gels)
after reaction and then stained with Coomassie blue to
detect the mass shift caused by the addition of the
ICAT reagent. Because total yeast protein extracts
were too complex to detect the ICAT-induced mobility
shift in a single dimension, with these samples labeling
efficiency was monitored by 2DE. Approximately 300
ug of labeled or unlabeled veast protein extracts were
solubilized with 340 ul of sample buffer containing 8 M
urea, 4% (w/v) Chaps, 2% (v/v} carrier ampholytes, pH
3-10, 70 mM DTT, and 0.001% (w/v} Bromophenol blue
{except for Chaps that was from Sigma, all reagents
were from Amersham Pharmacia Biotech). Samples
were applied to IPG strips with a nonlinear separation
range of pH 3-10 (Catalog No. 17-1235-01, Amersham
Pharmacia Biotech). After a 10-h rehydration, isoelec-
tric focusing was carried out, at 20°C, for 1 h at 500 V,
for 1 h more at 1000 V, and then for 10 h at 8000 V in
an IPGphor apparatus (Amersham Pharmacia Bio-
tech) with a limiting current of 50 uA per strip. Both
first-dimension strips from labeled and unlabeled sam-
ples were subjected to the standard reduction and al-
kylation steps. Strips were soaked for 10 min in a
solution containing 50 mM Tris—HCI (pH 6.8), 6 M
urea, 30% (v/v) glycerol, 2% {(wiv) SDS, and 2% (w/)
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¥iG. 2. SDS-PAGE {12.5%; migration profile of unlabeled, par-
tially labeled and completely labeled a-lactalbumin, an B-cysteine-

o

containdng protein. a-Lactalbumin was labeled with {1} 0, (2} 0.05, {3}
0.15, (43 0.30, 5} 0.80, (8) 1.20 mM of ICAT. As more ICAT reagent
is preseqt in the reaction sohution, mors cysteine residues get Iabeled
and a slower electrophoretic migration is observed. The band from
Lane 8§ was [r-gef digested and submitted to MS analysis Fig. 3).

DTT, and for an additional 10 min in the same solvent
containing 2.5% (wW/v} lodoacetamide instead of DTT,
Second-dimension electrophoresis (SDS-PAGE) was
performed on a SE-800 system connected to a Multi-
ternp 11 refrigerating system {(both from Amersham
Pharmacia Biotech). After laving the strip on the top of
a 12.5% polyacrylamide gel and sealing it with agarose,
running was carried out for 1 h at 90V and then it was
applied a constant amperage of 30 mA per gel until
front reached the lower end of the gel Proteins were
detected by a standard silver nitrate staining protocol

).

Mass Spectromefry

Peptides were generated from the gel-separated pro-
teins following established in gel tryptic digestion pro-
tocels (5). The extracted peptides were analyzed on a
QSTAR Pulsar quadrupole TOF tandem mass spec-
trometer (PE Sciex, Teronto, Canada) that was

equipped with a MALDI ion source, Prior to application
to the sample plate the peptide samples were purified
using C18 ZipTips (Milipore) and mixed at a 111 ratio
with a selution of 16% {w/v) DHE in acetonitrilerwater
{25:75, viv).

RESULTS

SOS-PAGE as an Assay fo Monitor Efficiency
af Labeling Reaction

We first established whether SDS-PAGE was
suitable for the separation and detection of unla-
beled and partially and completely labeled forms of 2
particular protein. As each ICAT reagent molecule
bound fe a protein adds 442.2 Da to the protein
molecular mass, we expected that the differentially
labeled forms of that protein could be resclved by
SD5-PAGE and that the slowest migrating band
would contain the fully labeled protein. Samples of
w-lactalbumin which contains eight cysteine resi-
dues ware subjected to labeling using different re-
agent concentrations and the products were ana-
tvzed by SDS-PAGE. Results are shown in Fig. 2. We
observed a banding paftern that is consistent with
the separation of unlabeled and partially and com-
pletely labeled o-lactalbumin. To confirm that the
slowest migrating band indesd contalned the com-
pletely labeled protein, it was subjected to in gel
digestion and the recovered peptides were mass spec-
trometricaily analyzed. The masses of the expected
tryptic peptides are indicated in Table 1 and the MS
results are shown in Fig. 3. All the cysteine-contain-
ing peptides were observed only at a mass that cor-
responded to the labeled form (442.2 Da per cysteine
added mass value). These data indicate that SDS-
PAGE is a suitable assay for detecting differentially
iabeled forms of a protein and that complete labeling
can be achieved under suitable reaction conditions.

TABLE
Theoretical and Measured Masses and Number of Cysteines of the Teyptic Peptides from e-Lacralbumin

Peptide Position on Caiculated mass No. of Calculated mass of Measured mass
Na. protein of peptide {Da) cysteines labeled peptide {Da) of peptide (Da}”
1 36-77 465415 H 5066.35 —
2 8298 1889.77 2 277417 277419
3 99117 1642.73 H 2084.93 2084.93
4 118127 1260.585 B - 1200.64
) 134141 1034.50 1 1478.70 1478.69
8 25-29 853.31 i 1095.51 1085.50
7 128-133 550.32 1 1092.52 1068253
8 20-24 818.35 a — —
g 78-81 549.28 1 991.49 551.50

Note. Masses for labeled peptides were computed by adding 442.2 Da for each cysteine present in the peptide sequence. The number of the

peptide refers o the peak number on Fig. 3.

* Masses observed on mass spectrum {Fig. 3,
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Fi(. 3. Mass spectrum of the tryptic peptides from the completely
labeled a-lactalbumin band shown in Fig. 2. All the cvsteine contain-
ing peptides are present with a 442.2-Da per cysteine added mass
value, resulting from the ICAT csupling. None of the cysteine—can-
taining peptides was found with the unlabeled mass value, The mass
range shown is from 600 to 2800 Da, so peptide 1 {see Table 1) was
the only labeled peptide that could not be analyzed. {Inset} An
amplification of the region from 820 te 700 Da; the arrows indicate
the expected position of peptides § and 7 in the unilabeled form. None
of the peptides could be found at the mass value relative to the
acrylamide modified cysteine version (71.04 Da added mass value
per cysteine).

Eifects of Reagent Concentration and Reagent to
Sulthydry! Molar Ratio on Labeling Reaction

The four proteins, BSA, ovalbumin, B-lactogiobulin,
and a-lactalbumin, were labeled using different re-
agent concentrations and reagent to sulthydryl molar
ratios and the reaction mixtures were separated by
SDS-PAGE to monitor the effictency of the labeling
reactions. For each sample the protein in the band with
the slowest electrophoretic mobility was digested and
the resulting peptides were analyzed by MS to confirm
that complete labeling had been achieved (data not
shown). The reagent concentration ranged from 0 to 3
mM. The data are summarized in Fig. 4, Essentially, in
a 2-h reaction time, complete labeling of the proteins
tested was achleved at an ICAT reagent concentration
of 3 mM, which represented a 20-fold molar axcess of
reagent over the total free SH groups present. We also
performed labeling reactions at a 50:1 reagent to sub-
strate molar ratic. In this sxperiment, the same
amount of protein was used as above but the sample
was diluted to a reaction volume of 1 mL, resulfing in
an ICAT reagent concentration of 2 0.4 mM. Under

these conditions incomplete labeling was achieved
{data not showmn). These results show that compiete
ICAT labeling is dependent upon a minimal ICAT con-
centration of approximately 3 mM for the soivent con-
dition used in this experiment and that the ICAT re-
agent concentration is more important than the molar
excess of reagent over substrate.

Eifect of SDS and Urea on the Labeling Reaction

To test the effect of the protein denaturing agents on
the labeling reaction, the proteins BSA, ovalbumin,
B-lactoglobulin, and a-lactalbumin were labeled in the
presence of high urea and SDS concentration, respec-
tively, and the reaction mixtures were separated by
SDS-PAGE. In these experiments {shown in Hig. 5},
except for the presence of the specified denaturant in
the labelling solution, all the other conditions (such as
protein and reagent concentration, time of reaction,
and molar ratio of reagent to sulfhydryl) were strictly
the same as described in Fig. 4. The corresponding
lanes in all figures are comparable in order to facilitate
evaluation of the effect of the denatiwant. Figure 5A
shows that in the presence of 6 M urea labeling was
already complete at a 1.2 mM concentration of ICAT

completely labeled

T = Dyalbumin

Cvalbumin -+ completely labeled

S ¢ {Hactogiobulin
completeiy labeled
g #
-4 g-jactabhumin

Pdactogiobudin » completely labeled

a-iactatbumin <

FiG. 4. SDS-PAGE analysis of labeling efficiency in different ICAT
concentrations. The four standard proteins were labeled for 2 h with
(1) 9, (2) 0.05, (3} 0.15, {4 0.30, (5) 0.50, (6) 1.20, or {7) 3.00 mM of
ICAY in a reaction solution containing 0.05% SDS, 5 mM EDTA, 50
mM Tris buffer, pH 8.3, and 5 mM TBP. *, Bands of completely
labeled proteins. # MS analysis of this band showed that it is a
a-lactalbumin form, probably the precursor normally present at
smatl quantities in the commercially available version.
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FIG. 5. SDS-PAGE analysis of labeling efficiency in different ICAT
concentrations using 8 M urea {(4) or 0.5% SDS (B) as an additive o
the reaction solution described in Fig. 3. The four standard proteins
wers labeled for 2 hwith (1} 0, £2) 005, (3) 0.15, (4) 0.30, (5) 0.80, 8)
1,20, or {7) 3.00 mM of ICAT.

{corresponding to an 8 reagent to sulfhvdryl molar
ratio} instead of a 3 mM shown in Fig. 4, indicating
that urea improved the labeling reaction, presumably
by making the suithydryl groups more accessible. In
the presence of 0.5% SDS complete Iabeling of BSA,
B-tactoglobudin, and o-lactalbumin was achieved ata 3
mM ICAT reagent concentration in otherwise un-
changed conditions, whereas ovalbumin was incom-
pletely labeled (Fig. 5B). We furthermore observed
that, with 0.5% 5DS5, any partial labeling of cysteines
accurred only at an ICAT concentration higher than 1.2
mM (Fig. 5B. lane 6}, where in solution A with 0.05%
SDS {no urea), partial labeling already took place with
0.3 mM of ICAT (Fig. 4, lane 4). These results indicate
that high concentrations of SDS compromise the label-
ing reaction, presumably by preventing access of the
reagent o the sudfhydryl groups. For these reasons,
SDS concentrations higher than 0.5% were not tested.
If the experimental design requires high SDS concen-
trations for initial protein solubilization, the sample
might he subsequently diluted to a SDS concentration
better suited for ICAT labeling.

Feaction Time Course

In order to evaluate how fast complete labeling was
achieved under optimized reaction conditions, we per-
formed thme-course experiments using B-Lactoglobulin
as the substrate protein. The reactions were carried

out in buffer A {see Marterials and Methods) added with
& M urea and 0.05% SDS and at a 1 mM ICAT reagent
concentration, which resulted in a 5.5-fold molar ex-
cess of reagent over suifhydry! groups. Results shown
in Fig. 5A show that after 10 min most of the cysteinvi
residues were labeled and that after I ki the reaction
was essentially complste.

Effect of the Frotein Concentration on the Labeling
Reaction

As shown above the labeling reactions are more ef-
fcient at high ICAT concentrations, suggesting that
the volume of the reaction solution should be mini-
mired. For a constant amount of protein, a reduction in
the reaction volume Implies that the protein concen-
tration will be higher. To detect any negative effects
potentially caused by high profein concentrations we
determined the efficiency of the labeling reaction at
increasing substrate concentration. S-Lactogiobulin
was dissolved at concentrations ranging from 9.1 10 3.8
pg/pl in 0.05% 508, 8 M urea, 5 mM EDTA, and 50
mbi Tris buffer, pH 8.3, reduced and reacted with
ICAT reagent at a 1 mM for 2 h. The samples were
analyzed by SDS-PAGE and data are shown in Fig
6B. Even at a protein conceniration of 3.6 ug/pl., which

FIG, 8. SDS-PAGE analysis of labeling efficiency in (A) different
reaction times and {B} different protein concentrations. In all cases,
g-lactoglobulin was Iabeled in a reaction solution containing 68 M
urea, $.05% SDS, 5 mM EDTA, 50 mM Tris buffer, pHE.3, and 5 mM
TBP. (A} Reactions were performed for (2} 10, {3) 30, and (4} 60 min
and 53 2, (8} 6, and {7} 24 h. (B} Protein concentrations were {2} 0.1,
(3} 0.2, (4} 0.5, {4}, 1.8, and 3.6 ug/ul.. In both experiments, lane !
represents an unlabeled B-lactoglobulin as a contral.
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FIG.7. Analysis of labeling efficiency of rotal yeast protein extract.
{A) 2B-PAGE profile of ICAT-labeled yeast proteins. Partial labeling
profile {fuzzy bands as shown in Fig. 3} could not be shserved. (B and
C) Comparison of the region indicated by the rectangle in A from
uniabeled and labeled sample, respectively. The position of non-
cysteine-containing protein spets were used to align both gels. 1 and
2 are examples of complete shifting spots.

constitutes a 1.1 molar ratic of ICAT reagent to sulf-
hydryls, essentiaily complete labeling was achieved.
This indicates that efficient labeling can be achieved at
high sulfthydryl concentration even when the ICAT re-
agent Is not in large molar excess.

Labeling of Proteins in Complex Mixtures

To test the suitability of the labeling conditions op-
timized above on single proteins for the application to
compiex protein mixfures, a total yeast protein extract
was labeled. Three hundred micrograms of the precip-
itated yeast protein sample was disscived in 50 ul of
reaction solution containing 6 M urea, 0.05% (wiv)
SDS, 5 mM EDTA, 50 mM Tris buffer, pH 8.3, and 5
mM TBP and labeled with ICAT reagent at a concen-
tration of 3 mM for 2 h. Considering that proteins from
veast show, on average, a mass of 40 kDa and contain
seven cysteine residues, the amount of ICAT reagent

used {175 nmol} represented an approximately three-
fold molar excess over free sulfhydryl groups. The pro-
teins were separated by 2DE and visualized by silver
staining. Ne indication of partial labeling {fuzzy spots)
was observed {Fig. TA). The efficiency of the labeling
reaction is further illustrated in Figs. 7B and 7C, in
which a section of the 2DE gel was used to compare the
protein profiles of the unlabeled and labeled samples,
respectively. The clear shifts to higher molecular
weights for all the protein spots in the segment shown
suggests that complete labeling was achieved. Further-
more, we detected no substantial difference in the iso-
alectric points {pl} of labeled and unliabeled proteins of
the same species represented in the ZDE profile, and
the number of spots detected in the gel segments con-
taining the labeled and uniabeled proteins was virtu-
ally the same. These results suggest that little or no
side reaction of the ICAT reagent occurred with amine
acids with charged side chains and that the presence of
urea in the labeling solution did not lead to detectable
protein carbamylation. The apparent shift to higher
molecular weight and absence in change in pl of pro-
teins were aiso observed for all other regions of the 2D
gels of labeled and unlabeled proteins (not shown).

DISCUSSION

In this study we have systematically examined the
conditions required to achieve complete labeling of pro-
teins using the ICAT reagents. Specifically, the follow-
ing variables were tested and the following observa-
tions were made: (i} Varying the concentration of ICAT
reagent we determined that, as expected, the rate of
the reaction was concentration dependent and that a
minimal concentration of 3 mM was sufficient to com-
pletely label proteins from standard and complex mix-
tures provided that this reagent concentration repre-
sented an excess of reagent over substrate. (1i) Varying
the type and concentration of the protein denaturing
agents used, we found that urea improves and SDS
compromises the reaction of ICAT reagents. This may
be due to the fact that SDS as a detergent binds to
proteins and thus interferes with the accessibility of
ICAT molecules to the sulfhydryls. Ursa. in contrast,
denatures proteins without binding to them, making
sulthydryl residues more accessible. (iii) Investigation
of the reaction time indicated the minimal time rs-
quired to achieve complete labeling. Minimal reaction
time should be used in order o minimize the occur-
rence of side reactions.

We found that optimal labeling occurred in 6 M urea,
0.05% (wiv) 5DS, 50 mM Tris (pH 8.3), 5 mM EDTA,
and 5 mM TBP, where ICAT reagent was present at a
minimal concentration of 1 mM as well as at a molar
excess of minimally 1.1:1 over free sulfhvdryis. It is
well known that reduction and allylation of cysteines



ISOTOPE-CODED AFFINITY TAC LABELING OF PROTEINS 33

are more efficient in pH between 8 and 9 {8), so buff-
ering is an important factor.

In the optimized condition, complete labeling of pro-
teins was shown to be fast (essentially complete in 60
min). Therefore, the reaction was quenched with an
excess of DTT at the indicated time to prevent side
reactions between the ICAT reagents and the side
chains of other amino acid residues such as histidine
and lysine. Moreover, although TBP is known to react
with alkylating agents such as the ICAT reagent (7}, it
appears that this reaction is much slower than the
reaction of the reagents with suifhydryls, since a larger
molar excess of TBP present in the reaction solution
did not interfere with ICAT labeling of proteins. We
thus expect that the addition of an excess of DIT after
completion of the labeling reaction will inactivate re-
sidual ICAT reagent and therefore limit the adduct
formation with TBP. The observation that the reaction
takes place under denaturing condition at a relatively
short reaction time also prevents undesirable protecl-
vsis. This is of particuler importance in studies on cell
or tissue lysates which are frequently rich in denatur-
ation-resistant proteases. We furthermore showed that
the amount of ICAT reagent can be reduced, as long as
its concentration is above 1 mM. Reducing the reaction
volume to accommodate these concentration con-
straints can therefore provide considerable saving in
reagent cost.

The efficiency of the labeling reactions was assayed
by observing the electrophoretic mobility of differen-
tially labeled protein species by SDS-PAGE. We chose
12.5% total acrylamide gels because their high resclu-
tion in the 10- to 40-kDa region allowed us to better
observe the mobility shifts for ¢-lactalbumin and B-lac-
toglobulin. Not surprisingly, the observed mobility
shift for BSA (36 cysteines) was indeed smalier than
that of «-lactalbumin (8 cysteins). The bands contain-
ing the completely labeled proteins had virtuaily the
same specific staining intensity as the band of the
completely unlabeled protein. This was expected since
Coomassie blue staining depends on the side chains of
basic amine acids, particularly the epsilon amino group
of iysine and these are unaffected by the ICAT chem-
istry. Incompletely labeled proteins were detected as
multiple bands with a sometimes “fuzzy” appearance
{see Fig. 2, lanes 3 and 4). The presence of these bands
of intermediate mobility and the staining intensity of
the band containing the completely labeled protein
were therefore used as criteria to assess the efficiency
of the reaction.

To validate the optimized labeling protocol for a com-
plex protein mixture we applied it to the labeling of the

proteins in a iotal protein extract from the vsast S
cerevisiae and assayed by 2DE. It should be noted that -
the pl of basic proteins is expected to change after
labeling. This was, however, not detected in the exper-
iment. Differential migration should only be observed
for proteins with pl over 8 (close to the pK|, of cysteine
sulfhydryi group). These proteins are not well resolved
with the 3-10 (nonlinear pH gradient) IPG strip that
was used. By menitoring the pl of proteins with pl
fower than 8, it was possible 1o analvze unspecific
iabeling of charged amino acids. Unspecific labeling
would niot be apparent in basic proteins as it would not
be possible to differentiate between specific and unspe-
cific labeling. We concluded that complete and cysteine
specific labeling was achieved with minimal side reac-
tions.

In this report, we show that specific and quantitative
labeling of proteins by ICAT reagents can be achieved
and we describe optimized labeling conditions. This
should be useful for the application of the ICAT tech-
nigue to guantitative proteome analvses.
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Conclusdes Gerais

Capituio 1: Analise Protedmica da Xylelia fastidiosa.

A presente tese apresentou 2 deteccdo e identificacdo das proteinas mais
expressas pela linhagem 9aSc da bactéria XViella fastidicsa causadora da clorose
variegada do citros, crescida em meio de cultura. Ao indo, os produtos de 142 genes
diferentes foram identificados por especirometria de massas.

A técnica de eletroforese 2DE foi estabelecida com a méxima resolugdo,
reprodutibilidade e sensibilidade possivel por otimizagfes das etapas de preparacdo de
amostra, isoceletrofocailizacio (primeira dimensfo), SDS-PAGE (segunda dimensio) e
visualizac@o (coloracdo por nitrato de prata ou coomassie biue). O método de "peptide
mass fingerprint” para identificac@o de proteinas por espectrometria de massas também
foi estabslecido e otimizado para maxima sensibilidade, possibilitando a identificacic de
proteinas coradas pela coloragdo de nitrato de praia, presenies em quantidades
inferiores a 500 fentomoles.

A técnica de SDS-PAGE em gel contendo 9 % de poliacrilamida possibilitou que
dezenas de proteinas com massa molecular acima de 100 kDa, nio detectadas antes
por 2DE, pudessem ser detectadas e identificadas.

Acreditamos que proieinas pofencialimente envolvidas com mecanismos de
colonizac@o e pategenicidade foram mapeadas. A porina OprF foi detectada como
sendo a mais abundante proteina de membrana externa e devido ao fato do xilema ser
um ambiente extremamente hiposmético, sua alta abundéncia deve ser fator crucial
para a X fastigiosa sobreviver na planta.

Foi detectada a co-expressdo de proteinas putativamente associadas a trés
diferentes sistemas de adesao (fimbria tipo IV, adesina MrkD e fibrilas de superficie do
tipo Hsf). As adesinas MrkD e Hsf foram detectadas formando compiexos multiméricos
de alta massa molecular (acima de 300 kDa) resistentes a desnaturacic por SDS e
DTT. Maiores analises devem ser feitas para se obter uma detalhada caracterizacio
estrufural e funcional destas estruturas adesivas.

Trinta proteinas presentes no meio exiracelular foram detectadas e identificadas.
Varias destas proteinas est@oc relacionadas a2 mecanismos de defesa, nutricio,
homeostase de ferro e toxicidade, sugerindo que o espaco intercelular de coldnias de X
fastidiosa seja um microambiente multifuncional importante para sobrevivéncia e
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patogénese da bactéria. Foram enconiradas proteinas com reconhecida atividade
citotoxica, como a toxina RTX. QOulras 16 proteinas sem funcdo conhecida também
foram identificadas na fracao exiracelular.

Proteinas detectadas no exirato celular total como isoformas com diferentes pls
e que também foram detectadas na fraclo exiracelular, estavam majoritariamente em
sua forma mais negativa guando secretadas. Isto sugere a existéncia de um
mecanismo pos-traducional de regulacic de secrecio de proteinas que envolva
fosforilacdo.

A utllizacgo de meio sdlido para crescimento das baclérias se mostrou eficaz
para exiracdo de proteinas exiraceluiares, principaimente porque elas s&o
concentradas no espacgo intercelular das colbnias, permitindo gue consideraveis
guantidades sejam recuperadas, diferentemente de crescimento em meio liguido, onde
proteinas se difundem no meio de cultura.

Analise comparativa do perfil protéico da bacieria crescida como coldnias
isoladas em meio sélido de cultura com o da bactéria formando bicfilme em meio liguido
de cultura indicou a expressdo especifica de uma cisteine protease (XF0158), uma
lipase (XF2151} e uma isoforma da subunidade da fimbria do tipo IV (XF2538) na
condicdo de formagao de biofilme. Maiores estudos funcionais destas trés proteinas
seréo importantes para esclarecer © mecanismo de adesio e formacao de biofilme.

A subunidade fimA da fimbnia tipo IV pode ser expressa por diferentes genes em
diferentes condi¢bes de crescimento. A XF2539 é expressa no crescimento em meio
liquido (formacao de biofilme) e a XF2542 no crescimento em meio solido, sugeﬁn&o a
existéncia de diferentes mecanismos de regulacdo de expresséo de cada isoforma.

Foi possivel detectar a ocomréncia de valores extremamenie baixos de codon
bias em genes altamente expressos. £ proposto que isto seja a causa da natureza
fastidiosa da X. fasfidiosa. O conhecimento de que esta bactéria ndc possue um
mecanismo otimizado para utilizacdc preferencial de codons para a sintese protéica
pode contribuir para entender varios aspectos biolégicos deste patéogenc. Em ditima
analise, esta "falha" metabdlica no processo de sintese de proteinas pode ser usado
em estratégias de controie da doenga.

O banco de dados foi desenvolvide e devera auxiliar pesquisadores de outras
instituicOes em analises de expressio de proteinas da X fastidiosa.

O Apéndice da presenie {ese traz um capitulo de livro detalhando todos os
procedimentos da 2DE e identificacio de proteinas por PMF.
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Capitulo 2: Desenvolvimenic de Novo Método para Analise Quantitativa de
Proteomas por Espectroemetria de Massas

Foi desenvolvidoc um novo método de analise quantitativa de proteomas
baseado na combinagio da ZDE, marcac@o de proteinas com reagentes do fipo ICAT e
espectromeiria de massas.

Fol mostrade que marcacBo isoibpica de proteinas com reagentes ICAT &
compativel com 2DE e quaniificaciio precisa de proteinas por espectrometria de
massas. O metodo apresentou precisio de quantificacdo melhor que 20 %. Ainda, foi
mostrada sua aplicabilidade para analise quantitativa de proteinas em amostras
complexas, como o proteoma de S. cerevisae. O método se mostrou particularmente
Utif para a analise quantitativa e caraclerizacdo estrutural de diferentes formas
processadas ou pos-iraducionalmente modificadas de uma proteina e espera-se gue
tenha vasta aplicacdo em pesquisas protedmicas.

Um artigo sobre otimizacio do procedimenic de marcacdo das proteinas com o
reagente ICAT mosirou gue é possivel atingir marcacdc completa das cisteinas de
proteinas presentes em amostras complexas. Para isso, importantes fatores como
concentracao ce SDS, uréia, proteina e reagente ICAT devem ser ajustados
precisamenie. A capacidade de realizar marcacbes compistas & de fundamental
importancia para o sucesso da aplicagdo do ICAT para analises quantitativas de
proteomas.
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Perspectivas

Este trabalho representa apenas o inicio da analise protedmica da X fasfidiosa.
E necessarioc um estudc mais detalhado das proteinas aponiadas como potenciais
alvos. A expressfo destas proteinas em sistema recombinanie (por exemplo, £, coll)
sera fundamental para visbilizar estudos de caracterizacso estrutural (por cristalografia)
e de afividade bioguimica. Além disso, a aiual capacidade de transformar
geneticamente a X fastidiosa possibilita que um gene de interesse seja retirado e sua
funcionalidade analisada por comparacdo das caracteristicas fenotipicas da bactéria
mutante {sem o gene) com as de uma bactéria seivagem. isto sera imporianie para
comprovacéo do envolvimento das proleinas com a capacidade de colonizacdo e
patogenicidade.

Colaboracbes com pesquisadores de diferentes instituicoes de pesquisa com
vasta experiéncia no esiudo da CVC e da X fasfidiosa foram parte integrada ao
presente projeto de doutorado. Experimentos abordando diferentes aspectos da
biologia da bactéria j& estéc em fase adiantada (Figura 17} e devem resuitar na
definicdo de mais alvos potenciais € em imporiantes contribuictes para o entendimento
dos mecanismos de patogenicidade.

O novo método de analise quantitativa de alta precis@o apresentade nesta tese
ird possibilitar gue pequenas alteracdes em abundancia das proteinas possam ser
monitoradas nos modelos em estudo, contfribuindo para um estudo sistematico mais
global e apurado das expressies diferenciais.

A possibilidade de utilizar reagentes ICAT com diferentes quantidades de
deutérios (por exemplo, guatrc e doze) possibilitara que mais de duas amostras sejam
analisadas simultaneamente noc mesmo gel. Estudos j& estao sendo feitos neste sentido
{Figura 18).
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FIGURA 18: Especiro de massas de peptidio marcado com trés formas isotépicas (0, 4
& 8 deutérios) do reagente ICAT. A utilizacdo de trés formas isotdpicas permite que trés
amostras diferentes sejam comparadas simultaneamente. Espera-se que até cinco ou
seis formas istOpicas possam ser feitas para o ICAT, o que permitiia a analise
simultanea de cinco ou seis amosfras diferentes. A gquantificacio pelo sinal
espectrometrico indica este peptidio esta na proporgéo 1:5: 2.
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Apéndice:

Capitulo de Livro:
Analise Protedbmica Utilizando Eletroforese de Duas

Dimensdes e Espectrometria de Massas

Capitulo de livro a ser publicado pela Editora Humana Press

Marcus B. Smolka and Ruedi Aebersold Proteome Analysis Using Two Dimensional
Gel Electrophoresis and Mass Spectrometry
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ABBREVIATIONS

2DE
MS

iEF

pi
SDS-PAGE
MW
MALDI
TOF
LC

ESI
MSMS
CiD
PMSF
EDTA
sSDS
CHAPS
NP-40
DTT
DTE
BPB
PG
8B
APS
TEMED
EST
MALDI-TOF MS

two-dimensional polyacrylamide gel electrophoresis
mass spectromelry

isoelectric focusing

ispelecinic point

sodium dodecy! sulfate polyacrviamide gel electrophoresis
molecular weight

matrix-assisted laser desorplion-ionization
time-of-flight

liguid chromatography

electrospray ionization

tandem mass specirometry

coliision induced dissociation
phenylmethyisuiphonyt fluoride
ethylenediaminetetrascetic acid

sodium dodecyl sulfate

3-[3-cholamidopropyl) dimethyiammonio]-1-propanesuiphonate
Nonidet P-40

dithiothreitol

dithioerythritol

bromophenol blue

immobilized pH gradient

coomassie priliant biue

ammonium persulfate
N,N,N',N'-ietramethylethyienediamine

expressed sequence tag

MALDI-TOF based mass spectrometry
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1. Introduction

A ceniral element of proteomics is the intent to systematically identify and gquantify the
proteins expressed by a cell or fissue or those present in compiex samples such as
body fluids. The most commonly applied technology for this task is the combination of
high-resolution two-dimensional polyacrviamide gel slecirophoresis (2DE) for the
separation, detection and gquantification of proteins, and mass spectrometry for the
identification of the separated proteins. Whereas the 2DE technigue was already
established in the 1970’s (1,2), most of the protein identification procedures suitable to
identify proteins separated by 2DE rapidly, conclusively and sensitively were only
developed relatively recently (3). The keys to these protein identification methods were
developments in mass spectrometry (MS), the availability of whole genome sequences
or other large sequence databases and the development of software tools for the
correlation of data obtained by mass spectrometry with sequence databases. Large-
scale protein identification/quantification and proteome comparisons by differential 2DE
analysis are now important tools to detect and identify proteins that are involved in the
controt of biological processes or whose abundance is controlled by them. Typicz.
applications include the search for molecular disease markers, the search for markers
indicating the response of a cell or tissue to external stress, perturbations or insults, the
identification of molecular markers that define cell types and differentiate cellular states
and, most ambitiously, the reconstruction of biochemical processes based from protein
profiles.

2DE combines two acrylamide-gel based separation techniques (Figure 1). in the
first dimension separation is achieved by iscelectric focusing (IEF) in which proteins are
separated by their isoelectric point (pl). In the second dimension separation is achieved
by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) that

separates proteins based on their molecular weight (MW). The separated proteins are

106



Tese de Doutorado - Marcus Bmodka

then stained directly in the gel resulling in a two-dimensional array of spots, each one
usually containing multiple copies of a homogenecus protein. The amount of protein
migrating to each spot is quaniified based on the staining intensity of the respective
spot. Usually the gel image is digitized and densitometrically analyzed using computer
programs. Different gel paliemns representing different proteomes, e.g. the proteins
expressed by a cell in different metabolic states, can thus be compared for the purpose
of detecting differentiaily expressed proieins.

For protein identification (Figures 2 and 3), spots from the 2DE gels are excised
and in-gel digested with a specific protease. The resulting fragments are exiracted and
analyzed by one of a variety of mass spectrometric methods (3,4). The most commonly
applied methods are matrix assisted laser desorption ionization (MALDI) time-of-flight
(TOF) and liquid chromatography (LC) electrospray ionization (ESI) tandem mass
spectrometry (MS/MS). in both methods protein identities are determined by comparing
the experimentally obtained data with the contents of sequence databases, although the
MS/MS method in principie aiso permits the explicit determination of peptide sequences
from the obtained collision-induced dissociation (CID) specira. In relation to other
techniques such as protein sequencing by the Edman degradation (5) and proiein
identification by the amino acid composition (6), mass spectrometry identifies proteins
faster and at higher sensitivity.

Even though 2DE with its potential to separate hundreds io thousands of
proteins is currently the most commonly used {echnique for the separation of complex
protein samples, i also has some significant limitations. Specific classes of proteins
including very acidic {(<3.5), very basic (>2.0), small {<6000Da), very hydrophobic and
very large (>120000Da) proteins, and proteins of low abundance are generally not
detectable with the currently available separation and visualization methods (7.8). For

the analysis of those proteins that are visible 2DE is however a powerful separation
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method because all the proteins in the sample are concurrently separated, information
conceming the pl, MW and reiative abundance can be obtained for ail the detected
proteins, and the separated proteins can be submitted to post separation analysis.
Furthermore, the presence of posi-transiational modifications is usually apparent based
on the altered electrophoretic mobility caused by the modification.

in this chapter, we describe and discuss the experimental protocols for

performing 2DE and MS based protein identification.

2. Sample preparation

Before proteins can be separated and analyzed, they first have o be extracted from
celis or tissues and solubilized. The sample preparation procedures are of critical
importance for the success of the experiment and are somewhat sample specific,
Generally the protocols involve disruption of the cells or tissue and extraction of the
proteins into a buffered solution that also contains strong protein solubilizing agents and
protease inhibitors. To obtain reproducible and accurate results care has to be taken to
minimize proteolysis and unwanted reactions such as oxidation and carbamyiation. The
protein concentration of the sample solution should be determined to allow for optimal
loading of the gel and to assure that equal amounts of protein are analyzed in cases in
which quantitative comparisons of the 2DE pattems are attempted. The preferred
staining methods for protein quantitation are the enhanced alkaline copper (9),
bicinchoninic acid (10) and coomassie biue (11). Protein assay kits are available from

Bio-Rad (Richmond, CA), Pierce (Rockford, IL) and Sigma (St. Louis, MO).
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1.1, Cell and tissue disruption methods

The objective of the disruption methods is to extract all the proteins from cells or tissue
and to expose them as quickly as possible to a solubilization solution that minimizes
unwanted reactions such as proteolysis and protein modifications. Table 1 lists some of
the commonly used disruption methods. The methods have to be adapied 1o the nature
of the sample being analvzed. Some samples such as strongly connected lissues
require strong disruption methods that combine mechanical homogenization and strong
solubilizing solutions, whereas some bacteria and many cuitured eukaryotic cells can be
lysed and extracted by exposure to solutions containing detergents. To avoid
imeproducible or selective protein extraction, the disruption shouid be complete and
uniform.

Generaily, disruption is already performed in a solubilizing solution so that
proteins are immediately extracted, solubilized and denatured. Performing the disruption
in strongly denaturing conditions has the added advantage that proteases which are
abundant in cells and tissues are also denatured and that proteolysis is therefore
minimized. Since residual protease activity might persist in spite of the strongly
denaturing conditions, the use of protease inhibitors is highly recommended. The most
abundant proteases present are usuailly serine proteases or metalloproieases.
Phenyimethylsulphonyl fluoride (PMSF) is commonly used to irreversibly inhibit serine
proteases and ethylenediaminetetraacetic acid (EDTA) to inhibit metailoproteases by
chelation of free metal ions. Buffering the extraction solution at pH over 8.5 and keeping
the sample on ice during the extraction and solubilization steps can alsc reduce
protease activily.

Some samples can have high contents of undesirable contaminants such as

nucleic acids, sugars and lipids. These molecules usually interfere with the 2DE
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separation and should be removed prior fo gel electrophoresis, e.g. by protein

precipitation {16,17).

1.2. Protein solublliization and denaturation

ideally, protein solubilization and denaturation methods should bring all the profeins into
solution and destabilize their tertiary structures. The better the proteins are solubilized
and denatured, the better 2DE will be able to efficiently resclve them. In spite of recent
advances in the development of solubilizing reagents compatible with 2DE (18,19) it
may be difficult or impossible to find solubilization conditions that are also compatible
with IEF for some hydrophobic proteins (mainly membrane proteins). Therefore, if total
celi lysates are analyzed by 2DE such proteins tend to be underrepresented or
completely absent (20-22).

Solubilization and denaturation of proteins can be performed using high
concentrations of detergents, reducing agents and heat. Numerous detergents and
denaturanis have been used for protein solubilization. However, since the first
dimension separation (IEF} is based on the intrinsic charge of the denatured protein in
solution, anionic or cationic detergents that attach themselves to the protein such as the
very effective solubilizing agent sodium dodecyl suifate (SDS) are incompatible with
2DE. Therefore, 2DE is commonly performed in the presence of neutral or zwiterionic
detergents. These include 3-[3-cholamidopropyi) dimethylammonio]-1-propanesulfonate
(CHAPS), Noniget P-40 (NP-40) and Triton X-100. The use of limited amounts of SDS to
initially solubilize the proteins is still compatible with 2DE as long as the anionic
detergent is displaced in the gel by a neutrai detergent (see in the suggested sample
preparation method). Reducing agents such as dithiothreitol (DTT) or dithioerythritol

{DTE) are also frequently used in high concentrations (50-100mM) 1o disassociate

110



Tese de Dowulorads - Marcus Smuolka

disulfide linked protein complexes and io improve protein solubilization and
denaturation.

Based on our experience the combination of a high SDS concentration (1%), the
presence of 100mM DTT and heating of the sample to 95°C for 5 minutes achieves a
high degree of protein solubllization/denaturation for most samples. The protein
concentration should be in excess of 10 ug/ul, so that the sample can be diluted to 2
final SDS concentration of 0.05% or lower prior to IEF, while an appropriate protein
concentration is maintained. DTT is rapidly oxidized in solution and reduction of
disulphide bonds is reversible (especially at alkaline pH and at elevated temperature).
Therefore, even if DTT was present during protein solubilization, an excess of fresh DTT
should be added immediately prior to applying the sample to the first dimension gel.

We recommend that the sample be diluted in a solution containing 8M urea, 4%
CHAPS, 70mM DTT and 0.005% Bromopheno! biue (BPB) prior to IEF. Furthermore,
carrier ampholytes (in concentrations from 0.5 to 2%) should be inciuded in the sample,
even if IEF is performed in immobilized pH gradient (IPG) gels, to help in the initial
migration of the proteins along the pH gradient. The proper ampholyte concentration
should be empirically determined for each sample. This is best achieved by monitoring
the cumrent through the gel during electrophoresis. With increasing ampholyle
concentration the electrical current through the IEF strip will also increase. If toc much
current is passing through the strip, Ohm heating will limit the maximal voltage that can
be applied and therefore interfere with the performance of the IEF separation. An
optimal ampholyte concentration will allow the voltage to rise to close to its maximum
while good protein solubility and initial protein migration are maintained (refer tc section
2).

For solubilization procedures that include heating of the sample, particularly at

neutral or basic pH and for iong term sample storage, urea should be avoided. Cyanate
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ions formed under these conditions will carbamylate proteins, thus altering their pl. We

therefore recommend to add urea immediately prior to IEF.

Suggested protocol: The following protocol represents a basic sample preparation

procedure that may have 1o be adapted for each sample for optimal performance:

Lysis: lyse sample in 20mM Tris (pH 8.8), 1% SDS, 5mM EDTA and 1mM
PMSF. If homogenization is needed, add SDS after disruption to avoid foam
formation. Let sample incubate for 5 minutes for the PMSF to irreversibly
inactivate serine proteases. DTT and thiol reagents should be added after
protease inaclivation because their presence interferes with PMSF protease
inactivation. All the procedure should be performed on ice:

Protein assay: the volume of the lysis solution used in the first step should be
adapted to result in a protein concentration of approximately 10ug/ul. NOTE:
DTT strongly interferes with most protein assays, so an aliquot for measuring the
protein concentration should be removed prior to adding the DTT;

Reduction: add DTT to a final concentration of 100mM. The combination of high
SDS and DTT concentrations helps in protein solubilization/denaturation and
protease inhibition. At this stage, samples can be stored at -20°C for severa!
months;

Dilution into IEF rehydration solution: for the analysis of complex protein
mixtures, generally 150ug of protein (for silver stained gels) should be applied to
an 18cm IPG strip. For general survey gels the nonlinear gradient available in
strips designated IPG 3-10NL is preferred. Add the proper volume of sample (if
sample is 10ug/ul, add 15pl) to 350ul of a solution containing 8M urea, 4%
CHAPS, 70mM DTT, 2% ampholytes (in the pH range coresponding to the pH

range of the IPG strip) and 0.005% BPB. NOTE: sample needs to be diluted at
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least 20 fold to bring the SDS concentration below 0.05%. Let solution incubate
for 30 minutes before loading to IEF gel. For gels stained with coomassie brilliant
bhue (CBB) a protein load of approximately 500ug is recommended. In this case
the protein concentration should be increased and/or the SDE concentration
should be decreased to comply with the maximal SDS tolerance of the IEF gel.
Shoulid this be impossible (s.g. due to limited protein solubility) the proieins

should be precipitated and redissolved in a solvent compatible with I[EF.

3. First dimension: isoelectric focusing (IEF} using PG sirips

isoelectric focusing is an electrophorstic technique for separating proteins based on
their isoelectric point. Separation is performed in IPG strips, which are made of a
polyacrylamide gel matrix that is covalently modified with acidic and basic groups that
form an immobilized pH gradient over the length of the gel (23,24). After loading the
sample to the gel and applying a voltage, proteins migrate to the pH region
corresponding to their pl. At this position the sum of positive and negative charges is
zero and the protein does not experience a net electrophoretic force and stops
migration.

Dehydrated IPG strips are commercially available in many different sizes and
covering different pH ranges. Strips containing broad pH gradients (for example,
covering pH 3-10) are preferred for experiments in which as many proteins as possible
are going to be surveyed, whereas sirips containing a narrow pH range (for example,
45-55 and 5.5-8.7) are preferred in experiments in which maximal resolution in a
particular pH range is required. We recommend the protein sample to be loaded by
rehydrating the gel in the sample solution (in-gel sample application). in this method the

proteins are soaked into the gel as it swells during rehydration. This is technically
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simple, aliows high protein quantities to be loaded (25} and prevents high local protein
concenirations at the beginning of the electrophoretic process. Electrophoresis is
performed in instruments that can generate high voltage (up to 8000 Voits) and have an
efficient cocling system. Efficient cooling to 2 constant femperature is necessary o
prevent overheating of the gel during the initial electrophoretic phase in which relatively
‘high currents flow and to prevent gei-to-gel variation in protein mobility due to the
temperature dependence of the pl.

Electrical parameters should to be closely monitored and controlied during a run.
When using the IPGphor system (or a similar system) the current is usually limited to
50pA per strip while the voliage is slowly raised from 100V to S000V. ¥ a sample
contains too high concentrations of salt, amphoiytes or other substances that increase
conductivity, the maximum voltage may not be reached because the fimiting current of
50pA wiil be reached at a lower voltage. If the voliage reached at the end of a run is too
low (lower than 4000Volts) band sharpness and resoiution are compromised. Therefore,
the source of conductivity should be identified to improve electrophorstic performance.
the excess conductivity is caused by a high salt concentration in the sampie the proteins
should be precipitated and re-dissolved in a solution of iower conductivity prior to

application to the gel.

Suggested protocol: Table 3 lists the reagents and equipment required for performing
IEF separation:

- In-gel sample loading: (sample loading + strip rehydration) for 18cm strips,
350uL of the final rehydration/sampie solution should be loaded per strip.
Immediately before loading, spin sample at 14000 mm in an Eppendorf
centrifuge to peliet any insoluble material. Use the supematant and let the strip

rehydrate in the IPGphor unit for at ieast 10 hours at 20°C;
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- Running conditions: running conditions are not only dependent on the type of
sampie but also on the amount of sample applied. As a general condition (that
might need to be optimized in later experiments with the same type of sample)
we recommend an 80kVh run as described in Table 4. if preparative gsls
conizining more than 500ug of iotal protein are run, the slecirophoresis tims
should be increased to 150kVh and the initial steps at lower voltage should be
extended. At the end of the run, strips can be stored at -70°C until the second

dimension is run.

4. Second dimension: SDS-PAGE

in SDS-PAGE, proteins are separated according to their molecular weight. Proteins are
coated with SDS and subjected to electrophoretic migration through a polyacrylamide
matrix. The anionic detergent masks the intrinsic electrical charges of the proteins.
Therefore, all proteins have the same density of negative charges. The electrophoretic
mobility is restricted by the pore size of the polvacrylamide matrix in a manner that
proteins migrate at a velocity that is proportional to their size. The most common SDS-
PAGE system is the one described by Laemmii in 1970 (26). It uses a discontinuous
buffer system of Tris-glycine.

For 2DE the whole IPG strip with the proteins separated by their pl is incubated
in equilibration buffer containing SDS, urea, glycerol and reducing agent. The strip is
further treated with a second equilibration buffer of similar composition, except that the
reducing agent is replaced by iodoacetamide to alkylate the thiol groups of the reduced
proteins, thus preventing their reoxidation. As the reduction and alkylation reactions are

more efficient at alkaline pH, Tris is used to maintain a pH of 8.8.
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The polyacrylamide matrix used fo fraclionate the proteins can be of
homogeneous or gradient pore size. Homogeneous gels are easier o prepare, but show
good resolution over a more narrow range of MW (for example, 12% gels have good
resolution in the MW range of 10 to 70kDa). Gradient gels show increased separation
performance over a wider range of MW but they are more difficult fo prepare. To achieve
& high degree of gelo-gel reproducibility gradient gels are preferably prepared using
computer assisted pumping systems. We have found it difficuit fo achieve satisfactory
gei-to-gel reproducibility by pouring gradient gels with gravity-based systems.

The width of the gel has to be equivalent to the length of the IPG strip being
used. Regarding its vertical size, bigger gels usually result in improved separation. In
contrast to 1D SDE-PAGE the use of a stacking gel is usually omitted in 2DE because

the polyacrylamide gel from the IPG strip promotes protein stacking.

Suggested protocol: the materials and solutions required are listed in tables 5 and 8,
respectively:
- Gel preparation: second dimension gels should be prepared a day in advance:

1} Clean glass plates with strong detergent and hot water and then assemble
gel sandwiches according to the manufacturer's instructions for a particular
gel system;

2) Prepare gel solution (Table 7);

3) Degas gel solution for 10 minutes. Oxygen inhibits polymerization.
Degassing is therefore required for uniform, reproducible and fast gel
polymerization;

4} Prepare APS solution (solution 3);

3) Polymerization: at this stage is important the gel solution to be at room

temperature. Add 400ul. of solution 3 and 15ul of TEMED to gel solution.
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Slowly pour gel solution in the assembied gel sandwich up to 1cm below the
top of the gel plate and cover the unpolymerized gel solution with 400ul of
50% butano! in water. Let gel polymerize for 2 hours and then exchange
butano! with distiled water. NOTE: polymerization is affected by many
different factors including temperature, presence of oxygen, amount of the
catalysts APS and TEMED, pH, concentration of monomer and cross-linker,
so these conditions should be tightly controlied in order to achieve good
quality and reproducible polymerization;

Strip equilibration:

1} Before run, incubate strips for 10 minutes in the first equiiibrating solution
{solution 8; reduces disulfide bonds and coats proteins in SDS) and for an
additional 10 minutes in the second equilibrating solufion (solution 7;
alkylates cysteines and coats proteins with SDS);

2) Put equilibrated strip over the previously prepared ge!l and cover with melied
agarose solution (solution 8) heated to 70°C. This is to keep the strip in
contact with the upper surface of the gel. For 18cm strips we use 14x16cm
slab gels and cut 1 cm off from both ends of the IEF gel sirip;

Electrophoretic run:

1) Fill upper and lower chambers of the electrophoresis unit with running buffer
{solution 5). Upper buffer (500mL) has to be new for each run as the
electrolyte concentration changes during electrophoresis. Lower buffer
{around 4 liters) can be re-used for up to 20 runs if after every run 500mL of it
is replaced with 500mL of the upper buffer just used. This is because Tris

migrates to the cathode (in the upper buffer) during the run;
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2} Optionally, a cooling unit can be used to maintain the temperature of the gels
constant during the run, improving reproducibility. We recommend to perform
electrophoresis at 15°C;

3) Start run with 90V (fixed) for 30 minutes and then with constant amperage of
30mA/gel {free voltage) until the blue font reaches the bottom of the gel
{approximately 3 to 4 hours). At the end of run, soak gels for 5 minutes in
distilled water (for removal of excess SDS) and fix them overnight in
methanol 40% and acetic acid 10% prior to silver staining, or directly in the

CBB staining solution.

5. Visualization and guantification

5.1. Staining methods

A number of different methods for the detection of proteins separated by polyacrylamide
gel elecirophoresis have been used. These include the detection of radiolabeled
proteins by fiucrography or autoradiography, staining of proteins post separation with
dyes and fluorescent molecules and the covalent dye-iabeling of proteins prior to
electrophoresis (27,28). Among these the most common methods are CBB and silver
staining. Both are simple to perform, inexpensive and compatibie with subsequent MS
analysis of the stained proteins, provided that suitable protocols are being used. Silver
staining is one of the most sensitive staining methods (1-10 ng/spot), but is difficult to
use for accurate quantification because the amount of silver bound is protein specific,
the dynamic range is limited and because the staining intensity is strongly dependent on
the deveiopment time, making quantitative comparisons from gel to gel difficult (28-31).

Common silver staining procedures use sensitization reagents such as formaldehyde
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and glutaraldehyde that may promote chemical protein modifications and/or cross-
linking reactions between proteins and the acrylamide matrix and are therefore
unsuitable for the detection of proteins prior to MS analysis. Modified silver staining
procedures specifically adapted for MS analysis of the detected proteins have been
described and should be foliowed (32-34). CBB staining is MS compatible and fairly
guantitative in the protein concentration range of 100-1000 ng/spot, the sensitivity of
detection is however 10-50 times lower than that of silver staining (27,35). Figure 4
shows the image of two silver stained 2DE gels prepared as described in the protocols.

Fluorescent and radicactive labeling methods are highly sensitive and
guantitative over a wide range of protein abundance. These tend to be more expensive
and, in the case of radioactive labeling, limited to samples for which radiolabeling
{metabolic or post isolation) can be performed. A series of recent papers have described
the use of fluorescent stains such as SYPRO Orange, SYPRO Red and SYPRO Ruby
for the detection of gel separated proteins by non-covalent staining (27,36,37). A
method for differential fluorescence gel electrophoresis has also been described. In this
method proteins are covalently labeled prior toc electrophoresis with one of two
fluorescent dyes (e. g., Cy'M2 and Cy™5). Two samples, one of each being labeled with
either dye are then combined and separated in the same gel {38,39). As proteins
labeled with either dye co-migrate in the gel the total light emitted from each spot is
composed from the light emitied from the two dyes. The spectral properiies of each
detected spot indicate the relative contributions of each dye and therefore indicate the
relative abundance of the two combined samples. While this method is aitractive
because it effectively eliminates electrophoretic variation for the two co-separated
samples, the method needs to be further refined to achieve the sensitivity and
reproducibility required for routine use. One of the major drawbacks of the current

implementation is that the epsilon amino groups of the abundant amino acid lysine are
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labeled with relatively hydrophobic dyes, thus reducing the solubiiity of extensively

labeled proteins. To avoid protein precipitation in the gel, minimal labeling is performed,

limiting the sensitivity of the method and making squal guantitative labeling between two

samples difficult.

Suggested protocol for CBB staining: tables 8 and 9 list the reagents, equipment and

solutions required for CBB staining. The procedure described is for two 14 X 18 X 0.15

cm gels. If the stained proteins are intended for subseguent MS analysis, gels need to

be handled with gloves to avoid keratin contamination:

Staining: after SDS-PAGE, soak gels in 300mL of distilled water for & minutes. This
removes excess SDS and is necessary to avoid the interference of SDS with CBR
binding to the protein. Removal of excess SDS also makes the staining solution re-
usabie. The gels are then soaked in 300mL of solution 9 for at least 3 hours but not
for more than 24 hours. Because staining solution contains methano! and acetic
acid, it also promotes protein fixation and the staining time should be limited.

Destaining: remove staining solution, quickly wash the gel with distilled water to
remove excess of CBB, and destain geis by soaking them 3 times in 300mL of
destaining solution (solution 10). Each destaining step should be for 30 minutes and
performed under constant agitation. Then, soak gels in solution 11 for 30 minutes,
followed by as many changes in solution 10 as deemed necessary to achieve the
required contrast. To completely ciear the background, incubate gels ovemight in

solution 11.

Suggested protocol for siiver staining: tables 10 and 11 list the reagents, equipment

and solutions required for silver staining. The procedure is adapted from Shevchenko et

al.

, 1996 (32). The critical factor that distinguishes these protocols from other commonly
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used silver staining protocels is that a reduced amount of formaldehyde is used to avoid

protein fixation. The volumes indicated are suitable for staining two 14 X 16 X 0.15 cm

gels. Silver staining is highly affected by contaminanis, so all the reagenis and water

should be as pure as possible. it is important to use sxtremely clean glass trays {we

recommend washing them with 50% nitric acid prior to staining) and, if profeins are

intended for subsequent MS analysis, gels need to be handled with gloves to avoid

keratin contamination:

5.2

Fix: after SDS-PAGE, soak gels in 300mL of distililed water for 5 minutes and then in
300mL of solution 12 for 30 minutes;

Wash 1: wash the gels with 4 changes of 400mL distilled water, each wash being 15
minutes. All the acid should be removed prior to the next step;

Oxidizer; incubate the gels for exactly 2 minutes in solution 13;

Wash 2: wash the gels with 3 changes of 400mL distilled water, each wash being for
30 seconds;

Silver incubation: incubate gels in 300mL of solution 14 for 25 minutes;

Wash 3: wash the gels with 3 changes of 400mL distiled water, each wash being 60
seconds;

Develop: incubate gels in 300mL of soiution 15 untii spots are stained. Stop
developing before background gets too dark;

Stop: soak gels in solution 16 for 10 minutes fo stop developing;

Storage: preserve gels in distilled water at 4°C untif spots are picked for MS
analysis. It is advantageous to picked the spots as soon after staining as possible to
minimize spot diffusion. We recommend to cut out the spots and store them

individually in Eppendorf tubes at -20°C.

Image analysis
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For image analysis, the gels are digitized using a scanner and the generated files
{usually in TIFF or similar file format} are analyzed in specialized programs. While
individual programs vary a great deal they are generally able to detect and
densitometrically quantify the spots and o calculate the pl and MW of the proteins
contained in them. Most programs also have the ability to subtract staining background
and to compensate, at least to some extent for local warping in the gel patierns.
Comparative image analysis of different gels is used to detect differentiaily expressed
proteins. The determination of observed pl and MW values is imporant because these
parameters are useful for the confirmation of the protein identity determined by MS or
other methods (see below). Many programs for image analysis are well developed and
support a wide variely of analyses. The success of image analysis depends, however,
strongly on the quality and reproducibility of the imaged gel patterns. Suggested

scanners and image analysis programs are listed in Table 12.

§. Protein identification by mass spectrometry

The identification of the proteins contained 2DE spots is a key step in proteome
analysis. It transforms 2DE from a purely descriptive technigue into a powerful
integrated research tool for the structural and functional analysis of biclogical processes.
identification is either achieved by de novo sequencing or by correlating experimental
data obtained from a protein with the contents of sequence (protein, cDNA, genomic
DNA, expressed sequence tag (EST)) databases. Different types of data have been
used to identify proteins by sequence database searching. Currently, most of these data
are being generated by one of a variety of MS techniques (3). The methods have in

common that the protein(s) to be identified are first fragmented, typically by tryptic
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digestion, and that the peptide fragments rather than the intact protein is subjected fo
MS. Protein identification is either achieved via the information cbtained collectively from
a number of peptides derived from the same protein (MS based techniques) or from a
single peptide (MS/MS technigues). The identification of proteins using the accurate
mass of a number of peptides derived from the same protein is calied peplide-mass
finger printing or peptide mass mapping (Figures 2 and 5). Software for peplide mass
mapping was developed independently by several groups (40-44). The masses for
peplide mass mapping are generally determined by MALDI-TOF MS. Peptide mass
mapping is a simple and popular method that has gained widespread acceptance. The
identification of proteins by the information oblained from & single peptide requires
further fragmentation of a tryptic peptide in the collision cell of 2 tandem mass
spectrometer for the generation of sequence specific mass spectra (Figure 3). Software
for the correlation of the resulting CID with sequence databases has been pioneered by
Eng and Yates {45) and several software tools for that purpose are now available. CID
spectra are generated by a variety of tandem mass spectrometers, inciuding tripie
guadrupole instruments, ion frap mass spectrometers and more recently in quadrupoie
time-of-flight instruments. Typically these instruments operate with an ESI lon source,
although recently tandem mass spectrometers equipped with MALD! ion sources have
aiso been described. Protein identification via MS/MS is now a very mature, powerful
and popular technique. i is unique in its ability to identify proteins in samples containing
muitiple different proteins such as proteins co-migrating to a spot in a 2D gel. Table 13
contains a list of some of the search programs available for protein identification using
peptide mass or CID data.

In practice, the protein identification process starts by cutting out individual spots
from the 2DE gel. The proteins in the spots are then subjected to in-gel digestion. For

smaller scale applications this is typically dons manually, for large-scale projects robotic
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workstations have been developed. After digestion, peptides are extracted from the gel
matrix and contaminants such as residual detergents, sails, excess dye efc. are
removed fo avoid interference with MS analysis. For MALDI-TOF MS this sample
purification is typically done on small reverse phase columns or ZipTips™, small
reverse-phase columns packed directly into pipette tips. For ESI-MS/MS peptide
purification is frequently achieved by on-line capillary chromatography or on-ine
capiliary electrophoresis.
in the mass spectrometer, the peptides are ionized, separated according to their
mass-to-charge ratio {m/z) and then detected. In different types of mass spectrometers
the ionization and separation processes are accomplished by different physical
principies. All instruments generate mass spectra that are typically represented as a
two-dimensional plot displaying the m/z value on the x-axis and relative ion signal
intensity (normalized to the most abundant ion in the spectrum) on the y-axis (Figure
5A). In spectra generated in high-resolution instruments each peptide is apparent as an
isotope cluster (Figure 5B), a consequence of the fact that 1.1% of the naturally existing
carbon is the isotopically heavy "°C. Because peptides contain a high fraction of carbon
atoms a significant fraction of the peptide ions will contain one *C (and therefore a
mass value increased by 1mass unit compared to the "*C monoisotopic ion), or two °C
atoms {(and therefore a mass value increased by 2 mass units compared to the '°C
monoisctopic ion). The x-axis scale of the specirum is user-defined and usually set
between 500-3000 Da, the mass region most commonly scanned for peptide MS.
Although many peptides may have a mass of less than 500 Da, peaks related to the
matrix (in MALDI-TOF) and small contaminant molecules pollute the spectrum in this
mass region.
A detailed description of the mass spectrometers used for peptide fingerprinting or

for profein identification via CID spectra of single peptides exceeds the scope of this
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chapter. Detailed description of the types of mass spectrometers commonly used for
peptide MS, the strengths and limitations of the peptide fingerprinting and MS/MS
methods and detailed descriptions of the database search algonthms can be found in
recent reviews (34, 46). In the foliowing we describe protocols suitable for the isolation
of peptides from proteins separated by 2DE and their purification into an MS compatible

state.

8.1. in-gel digestion of proteins

Trypsin, which calalyzes specific cleavage C-erminal 1o the basic amino acids Lys and
Arg is the preferred proteciviic agent for MS analysis. Because these amino acids are
abundant in proteins most of the resulting pepiides will have a mass under 3000 Da. In a
typical protocol, the gel slice containing the spot to be analyzed is first dehydrated with
acetonitrile and dried to completion in a speedvac. The solution containing trypsin is
then added to the dried gel piece so that the trypsin enters the gel matrix during
rehydration and digests the protein in the gel. When analyzing sub-picomolar amounts
of protein, it is important to perform efficient digestion with a minimal amount of
proteolviic enzyme to avoid excessive levels of contamination due fo autodigested

protease. Peptide extraction is achieved by passive elution of the peptides into solution.

Suggested protocol: fables 14 and 15 iist the reagents/equipment and solutions
required for the procedures. The method is adapted from Shevchenko, 1996 (32). Use
gloves during the whole procedure to minimize Keratin contamination:

- Pick spot: using a clean razor-blade, cuf the exact region of the gel containing the

protein o be analyzed, slice it into pieces of approximately 1 mm3 and place the
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pieces in a clean 0.5mL eppendorf tube. Note that cutting a region larger than the
spot itself will require an exira amount of {rypsin solution to rehydrate the ge! and
thus coniribute the level of contamination.

- Gel dehydration: wash gel pieces 2 times for 10 minutes each in aceionitrile. The
gel will dehydrate and shrink. This helps {o remove small contaminant molecules
and facilitates subsequent drying of the gel pieces by vacuum centrifugation.
Complete dehydration of the gel in a Speedvac vaccum concentrator usually
requires approximately 20 minutes;

- Trypsin digestion: add sufficient amount of frypsin solution (solution 17) to cover
the gel pieces. A volume of 30ul is sufficient for & medium size spot. Let gel
rehydrate for 45 minutes on ice and, if necessary add mors of solution 17. Seal
eppendorf tubes with parafiim to avoid evaporation and incubate them ovemight on
g 37°C water bath;

- Peptide extraction: the next day, quickly spin sample tubes in eppendorf centrifuge
and add 30puL of solution 18. After 10 minutes the supematant is removed and
placed into a clean sample tube. The gel pieces are added with 40pL. of solution 19
to gel and extracted for 20 minutes. The supemnatant is removed again and pooled
with the first supernatant. This extraction is repeated two more times and ali the
supematants are pooled. Finally, the sample placed in 3 in a vacuum concentrator to
reduce the acetonifrile concentration. To avoid excessive sample loss due to

adherence to the plastic vesse!, compiete drying should be avoided.

8.2. Peptide purification prior to MS

Peptide samples generated by in-gel digestion should be cleaned prior to MS to avoid

interference by contaminants also present in the sampie. Sample clean-up is particularly
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important if small (sub-microgram) amounts of protein are being processed. As peplides
are relatively hydrophobic and the elution solvents are compatible with MS, reverse-
phase chromatography is a preferred method for sample clean-up. For on-ine LC-
MS/MS or CE-MS/MS sample clean-up and peptide separation are camed out in the
same operation. Due to the complexities of these methods they are not further described
here and more specialized reports should be consulted. For MALDI-TOF MS peptide
samples are frequently purified by batch reverse-phase chromatography on small

columns packed into pipetts tips (ZipTip™.

Suggested protocol: tables 16 and 17 list the rsagents/equipment and solulions

required for performing ZipTip™ sample cdleaning:

-  Sampie cleaning: first, ZipTip™ should be conditioned by two washes in 20pL of
soiution 21 foliowed by 3 washes in 20uL of solution 20 {use a 20uL micropipetie}.
Quickly (to avoid the C18 material from drying) bind peptides by aspirating and
releasing the sample solution 3 times through the ZipTip™ (note that if more then
10% of acetoniirile is present in the sample solution, peptides may not bind) and
then wash the immobilized peptide sample 3 times with 20ul of solution 20 o
remove unbound contaminanis. Finally, elute peptides with the desired volume of

solution 21 {minimum of SuL).
- 6.3, Identification by peptide-mass finger printing - MALDI-TOF instruments

Protein identification by peptide mass fingerprinting is simple, fast and sensitive and is
usually performed on MALDI-TOF mass specirometers. Many institutions support
MALDIE-TOF instrumentis in service facilities or as “walk-up” instruments. in contrast,

protein identification via sequence database searching with CID spectra requires more
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complex MS/MS instruments, and a description of their operation is beyond the scope of
this chapter.

For a profein to be identified by peptide mass finger printing i is critical that the
peptide masses are measured at high accuracy (<580ppm). Highly accurate mass
measurements minimize constrain the database search and therefore minimize the
chance for faise positive protein identification and also reduce the number of pepfide
masses that are required to identify a protein. Modem TOF mass analyzers are able the
measure peplide masses at a mass accuracy approaching 10 ppm. MALDI-TOF
instruments, as well as the more complex and expensive Q-TOF and TOF-TOF
instruments are therefore sultable choices for peptide mass finger printing experiments.

MALDI-TOF instruments are simple and easy fo use. First, the sample is mixed
with an aromatic matrix compound, usually 2,5-dihydroxy benzoic acid (DHB), a~cyano-
4-hydroxybenzoic acid or 3,5 dimethoxy sinapic acid, on 2 metallic support (MALDI
plate). The matrix promotes the formation of peptide containing crystals as it dries and
promotes ionization after irradiation of the sample/matrix crystals with a iaser pulse.
lonization is achieved in a vacuum chamber by applying short laser pulses to the
crystais. Mostly singly charged peptide ions are generated which are then accelerated in
an electric field and gated to fly through a field-free, evacuated flight tube. At the end of
the flight tube the ions are detected. The mass of the ions is calculated from the amount
of time they take to fly through the TOF tube and hit the detector (time-of-flight), the
length of the flight tube and the magnitude of the accelerating potential. If the length of
the flight tube and the accelerating potential are kept constant, there is a simple
relationship between peptide mass and flight time. Once the instrument is calibrated
samples can be analyzed quickly and in rapid succession. Up to 100 samples can be

spotted in one MALDI plate and analyzed within a few hours.
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Some recent advances have greatly improved the resolution and mass accuracy
of MALDI-TOF instruments. These include the implementation of delayed extraction
and/or reflectrons {ion mirror) both of which improve resolution by correcting the initial
spread of kinetic energies, an inherent characteristic of the MALDI! ionization process
(4). Some instruments are also able to perform fragmentation of selected peptides by a
process known as postsource decay (PSD) to generate additional structural
information. Figure 5A shows the mass spectrum obtained from a peptide mass finger

printing experiment.

Suggested protocol: tables 18 and 18 list the reagents, equipment and solutions
required for MALDI-TOF mass mapping. Protein identification by peptide mass mapping
relies on the availability of a suitable sequence daiabase. Access fo such a database
gither locally or through the Web is therefore a precondition for successful peptide mass
fingerprinting expernments:

- Sampile spotting: there are many ways for spotting 2 sample onto the sample plate.
We suggest to spot 0.5ul of matrix solution (solution 22) directly on MALDI plate
and then overlay it with 0.5ul of the ZipTip™ cleaned sample solution. If working
with sub-picomoie guantities of sample, we suggest to concentrate sample solution
to approximately 1ul, so haif of the sample can be applied in a single spot. Proper
crystallization is extremely important for generating good quality data. If sample
crystals look too different from the crystals formed by pure mairix, it probably means
that there are contaminanis in the sampile solution that affect matrix crystallization;

- Instrument adjustment; first, using peptide digest mixtures from standard proteins,
determine the laser power that gives highest intensity (for the expected peptide
peaks} with least amount of background noise. Use the mass of expected peptides

to mass calibrate the instrumend;
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- Data acquisition: acquire data in the range of 500 o 3000 Da and choose to
accumulate data, so the spectra from each shot is added up. Start shooting sample,
preferentially the edges of the crystals, where # tends to give more signal. Shoot as
many laser puises as necessary to obtain a good quality spectrum, but note that
sample is being parlially consumed in each shot. As the sample is being consumed
higher noise levels are apparent. In the generated mass list, efiminate the masses of
Known trypsin and keratin peptides prior to submission of the data to the database
search algorithm;

- Database search: submit the peptide mass list for database search using any of the
appropriated programs listed in Table 13. To constrain the database search sslect
the approximate range of pl and MW of the parent protein being analyzed in the
program parameter menu. The values are apparent from the protein spet position in
the 2D gel. If the obtained matching score is too low to be considered conciusive we
suggest to  submif the candidate sequences to  PeptideMass
(http://ca expasy.org/tools/peptide-mass), a proteomic too! that cleaves protein
sequences with a chosen enzyme, and computes the masses of the generated
peptides. It can also return the mass of peptides known to carmry posttransiational
modifications, and highlight peptides the masses of which may be affected by
database conflicts, isoforms or splicing variants. Comparison of these predicted
information with the crude mass spectrum is usually useful to select the right

candidate and validate the identification {47).

7. Cencluding remarks

We have described the steps required for proteome analysis using 2DE and MS. From

sample preparation fo protein identification, the suggested protocols are proven but may
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have to be optimized for specific cases. There are other emerging technigques, such as
those based on stable isotope labeling, that may complement the 2DE approach and
provide accurate quantitative data. The next few years are anlicipaied to see further

acceleration of protecmics technology and applications.
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Table 1. Disruplion methods.

Type of sample

Disruption method

Hard tissues (8. g. muscie, liver, plant

seeds)

Mechanical homogenization (12,13}

Tissue culture and biood celis

Sonication, detergent lysis or osmotic lysis (12).

Yeast cells

Lyvticase trestment and delergent lysis or giass
beads (14).

Bacteriai cells

Lysozyme treatment and/or detergent lysis (15).
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Table 2. Reagents for sample preparation.

Reagent Comments Manufacturer

CHAPS Zwitterionic detergent effective for protein Sigma, Bio-Rad
soiubiiization. and APB*

DT7T Reducing agent. Store at -20°C in desicator. Rapidly Sigma, Bio-Rad
oxidized in contact with air, always make fresh and APB
solutions from desicator stored powder.

Carrier Buffering molecules that improve separation and APB

ampholyies sample solubility.

Ultrapure urea  Solubilizes and denatures proteins by disrupting APB

hydrogen bonds. impure urea contains cyanate ions
that may cause protein carbamylation, thus

changing the pl of proteins. Only highest purity urea
should be used and solutions should be made fresh.

Bromophenot Dye used to monitor the beginning of IEF run and o Sigma, Bio-Rad
blue be sure that current is passing thorugh the strip. and APB
808 Anionic detergent used for protein solubilization. Sigma and Bio-
Rad
PMSF Inhibitor of serine protease. Very toxic and unstable Sigma
in water. Prepare a 100mM stock solution in
propanoci and keep in -20°C.
EDTA Inhibitor of metalioproteases. Prepare a 100mM Sigma

stock solution and keep at room temperature.

Amersham Pharmacia Bictech
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Table 3. Materials required for performing IEF.

Reagent / Equipment Comments Manufacturer
immobilized pH gradient Polyacrviamide matrix containing co-  APB
(IPG) strips polymerized buffering groups that

make-up the pH gradient. We

recommend fo use 18cm strips.

Mineral Ol Inert oil used to cover the PG strips APB (sold as
during rehydration and electrophoresis. 1PG cover fluid)
it avoids drying of the strip, urea
crystalization and difusion of CO, that

may react with the proteins.

IEF electrophoretic unit This instrument is capable of reaching AFB
(IPGphor) 8000V and has a Peltier system for
improved temperature control.
Rehydration and IEF run are
performed sequentially without user's
intervention.

Table 4. Running conditions for analytical IEF. Temperature should be set to 20°C and

the maximum current to 50uA per sirip.

Voitage (V) Duration {hours}

100 1
500 1
4000 5
8000 Until it reaches
80kvh
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Table 5. Materizals for second dimension.

Reagent / Equipment

LComments

Manufacturer

Acrylamide : Bis-acrylamide
(30%:0.8%) solution

Buy it as ready solution to
avoid contact with acrylamide
powder that is potentialy more

Bio-Rad

hazardous.
Tris Buffering component. Bio-Rad
Ammonium Persulfate (APS) Polymerization catalyst. Store Bio-Rad and
in dessicator. Sigma
NN, N’ N'-tetramethylethylenediamine  Polymerization catalyst. Sigma, Bio-Rad
{(TEMED) and APB
Agarose Use low electroendosmosis Bio-Rad, Gibco
and high resistance agarose. and APB
Vertical electrophoresis unit system We suggest the use of APB (model
14X16cm plates and 1.5cm  SEB00)
thickness spacers.
Temperature conirolled water circulator Allows internal temperature APB (Multitemp)
{optional) control of electrophoretic run.
Power Suppiy it sohuld be able to generate  APB and Bio-
until 600 Volts and 200mA. Rad
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Table 8. Solutions for second dimension.

Solution

Preparation / comments

{1} Acrviamide | Bis-acrviamide

Ready to use solution. Be careful,
acrylamide is neuroioxic, do not mouth

pipetie solutions.

(2) 1M Tris pH 8.8

Adjust pH with concentrated HCI
storage, keep at 4°C for 1month at

For

maEximum.

(3) APS 10%

Make fresh right before polymerization.

(4) Temed

Ready 1o use

(8} Running buffer (10X concenirated)

-250mM Tris, 192mM Glycine and 1% 8DS

Do not adjust pH, # should aiready be
around 8.4. Dilute 1:10 prior fo use. For
storage, keep at 4°C for 1 monih at

maximum.

{6) Equilibrating solution 1

-50mM Tris-HC! (pH 8.8), 6M urea, 30%

glycerol, 2% SDS and 2%DTT

Prepare stock solution without urea and
DTT, and add them right before use.
Reduces dissulfide bonds and coats IEF
separated proteins in SDS.

(7} Equilibrating solution 2

-50mM Tris-HCI (pH 8.8}, 8M urea, 30%

glycerol, 2% SDS and 2.5% iodoacetamide

Prepare stock solution without urea and
iodoacetamide, add them right before use.
Alkylates cysteines and coats protein with
SDS.

(8) Agarose solution

Melt agarose and keep at -20°C in 10mL

-0.1% agarose in 10X diluted running buffer aliquots.

solution.
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Table 7. Recipe for preparing two 12.5% acrylamide gels (14 X 18 X 0.15¢cm).

Solution Yolume
Solution 1 33.2mb
Solution 2 28.8mL
Distilied water 17mL

For polymerization, add 400ul of solution 3 and 10ul of solution 4.

Table 8. Materials for CBB staining.

Reagent/ Equipment Manufacturer
Coomassie Brilliant Blue R-250 Sigma

Acetic acid iocal supplier
Methanol local supplier

Piastic or glass tray, 20 X 20 X 5cm  local supplier

Orbital shaker local supplier
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Table 8. Solutions for CBB staining.

Solution

Preparation / comments

{2} Staining solution:

-0.1% CBB R250 in 50% methanol and 10%

acetic acid

Dissoive CBB in pure methano! and stir for
10 minytes, Add distilled water and, st last,
acetic acid. CBB is not properly solublized
under extreme acidic condition so acstic
acid should be added only after dye is
completely dissolved.

{10} Destaining solution:

- B0% methanol and 10% acetic acid

For re-utilization, clear solution by passing
it through a funnel containing aclivated
charcoal.

{11} 10X diluted desiaining solution:

- 5% methano! and 1% acefic acid

Dilute 10 times solution 10. Used 1o clear
background. Because methanol dehydraies
and shrinks the gels, CBB is more difficuit
to remove from shrunk gel. We propose {o
soak geis in low methanol containing
solution to quickly rehydrate gels and thus
to facilitate CBB removal.

Table 10. Materials for silver staining.

Reagenti / Equipment

Manufacturer

Silver pitrate - AgNO,

Sigma

Acetic acid local supplier
Sodium thiosulphate - Na,S,0; Merck
Formaldehyde - HCOH Merck

Methanol

local supplier

Glass tray, 20 X 20 X 5cm

local supplier

Orbital shaker

iocal supplier
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Table 11. Solutions for silver staining.

Solution Preparation / comments

{12) Fixing soilution:

- 50% methanol and 10% acetic acid,

(13} Sodium thiosulphate solution: Make fresh.

-0.2g Na,S,04/L

{14} Silver solution: Make fresh.
- 0.2g AgNQO,/100mL
{18} Developing solution: Solution 13 must be freshly made and

-3 g Nz,C0s, 50&25.. HCOM and 2mbL of HCOM is added E&SE ?ﬁ@?%@ Lse.
soiution 13/100mL

{18) Stopping solution: Developing reaction is stopped by lowering

- 10% acetic acid the pH.

Table 12. Materials for image acquisition and analysis.

Reagent/ Equipment Comments Manufaciurer

Scanner Although it is possible to use common  APB (Storm™)
desktop scanners, specialized laser
scanners offer higher resolution and
may provide more reliable densitometric
analysis and also allow acquisition of
fluorescence patterns.

Software for image Detailed manuals are provided by APB (Image Master
analysis manufacturer. 2D Eilite™) and Bio-
Rad (Melanie™)
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Table 13. Database search programs for protein identification using MS data.

Programs

internet address

Peptide mass data search

ME-Fit (Prospector;

prospector.ucsi. edu/ucsthimild 4/msfit him

MOWSE www . hgmp.mre.ac. ulk/Bioinformatics/\Webapp/mowse/

PeptideSearch www. mann.embl-
heidelberg.de/GroupPages/Pagelink/peptidesearchpage

Profound prowt.rockefelier.edu/cgi-bin/ProFound

Muitildent ca.expasy.orgfioois/multiidentmuitiident2 . himi

iMascot www. matrixscience. com/cgi/index pi?page=../home. himi

CIE data search

SEQUEST

thompson.mbt.washington.edu/sequest/

MS-Tag (Prospector)

prospector.ucsi.edu/ucsthiml3.4/mstagfd him

PeptideSearch www mann.embi-
heidelberg.de/GroupPages/Pagel.ink/peplidesearchpage
Mascot www. malrixscience. com/cgifindex. pl?page=../home.himl

Table 14. Materials for in-gel digestion.

Reagent / Equipment

Comments Manufacturer

Acetonitrile - CH:CN

Pierce

Ammonium Bicarbonate ~ NH,HCO,  Volatile buffer used to keep Sigma

proper pH (around 8-9) for
trypsin activity.

Formic acid

Sigma

Sequencing grade modified trypsin This trypsin is alkylated to FPromega

reduce autolysis.
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Table 15. Solutions for in-ge! digestion.

Solution

Preparation / comments

{17} Trypsin solufion:

- 12.8ng trypsin/ul of 50mM NHHCO,

A concentrated stock is prepared in acidic
solution to minimize aulolysis during
storage. Right before usage, dilute sample
in the NHHCG; buffer. Using pH sirips,
make sure the pH is basic afier dilution.

(18) Extraction buffer 1:

- 20mM NHHCO;

Store at room temperature.

{19 Exiraction buffer 2;

- 5% formic acid and 50% CH.CN

Acetonitrile shrinks gel piece, helping fo
extract peplides.

Table 18. Materials for sample cleaning.

Reagent / Equipment Comments Manufacturer
Acetonitrile — CH,CN Pierce
Trifluoracetic acid (TFA) — C.HF:0, Sigma

C18 ZipTip™ C18 reverse phase material Millipore

is more appropriate for

peptide samples than C4.

Table 17. Solutions for ZipTip™ sample cleaning.

Solution

Preparation / comments

(20) Equilibrating sclution:

-0.1% TFA

TFA is higly corrosive, handle it carefully in
the hood, wearing proteoctive clothing.

{21) Eluting solution:

-0.1% TFA and 60% CH3CN

TFA is higly corrosive, handie it carefully in
the hood, wearing proteclive clothing.
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Table 18. Materials for protein identification by peptide-mass finger printing.

Reagent/ Equipment Commenis Manufacturer
2, 5-dihydroxy benzoic acid {(DHB) Sigma
MALDI-TOF mass spectrometer Applied Biosysiems

{Voyoger DE-Pro}

Acstonitrile Pierce

Table 19. Solutions for protein identification by peptide-mass finger prinfing.

Solution Preparation / comments

(22} Matrix solution: Make it fresh.

- 160mg DHB/TmL of 25% CHCN
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FIGURE 1: Steps of the 2DE procedure. (A} Sampie preparation;
proteins are first exiracted from cells or tissues and solubilized. (B}
First dimension separation is achieved by IEF, in which proteins are
separated according to their isoelectric point. {C) Second dimension
separation is achieved by SDS-PAGE, that separates proteins
according to their molecular weight. {D) The separated proteins are
then stained directly in the gel resulting in a two-dimensional array of
spots, each one usually containing multiple copies of a homogenegous
protein. The amount of protein migrating to each spot is quantified
based on the staining intensity of the respective spot. Usually the gel

image is digitized and densitfomefrically analyzed using computer
programs.

151



Gel separated protein

“In-gel”
digestion

v

5 L

_____Mass sp ecmeter
| lonization |

Mass separation

M

resulting
peptides

Observed mass of peptides

: ]

Search database

Find sequence for which predicted
peptide masses match the

observed data

162



FIGURE 2: Protein identification by peptide mass fingerprinting. 2DE
separated proteins are in gel digested with trypsin, the masses of
resuiting peptides are determined {commonly by MALDI-TOF MS)
and used to identify protein by sequence database searching.
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FIGURE 3: Protein identification using tandem mass spectrometry.
2DE separated proteins are digested with frypsin and resuifing
peptides are mass analyzed and further fragmented in the collision
cell of a tandem mass spectrometer for the generation of seguence
specific fragment ion mass spectra (CID specira). in principle, CID
spectrum of one peptide is usually sufficient for protein identification.
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FIGURE 4: Silver stained 2DE of total protein exiract from unfertilized
(A) and fertilized (B) Xenopus egg. Arrows indicate some of the
differentially expressed proteins.
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FIGURE 5: Peptide mass map of veast enoclase 2. Total yeast exiract
was separated by 2DE and silver stained. A selected spot was trypsin
digested and the peptide masses analyzed in a MALDI-TOF mass
spectrometer. Database search using the observed peptide masses
indicated that protein was enolase 2. (A) Mass spectrum of tryptic
peptides. The numbers indicate the corresponding peptide in Figure
5C. (B) Ampilification of the region between 1158 and 1164Da
showing the isotope cluster of an enoclase 2 peptide with monoisotopic
mass of 1159.66Da. (C) Amino acid sequence of yeast enoclase 2.
The number indicate the corresponding peaks in the mass spectrum.
Note that trypsin cleaves on the C-terminal of lysine (L) or arginine

(R).
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Palestra da Amersham Biosciences, XX Reunifio Anusl da Sociedade Brasiieira de
Bioquimica - SBBg. Caxambu, MG, 21 de maio de 2002

"Projeto Proteoma da Xylefia fastidiosa”, Reunido de Solugdes para Proteoma, Applied
Biosysterns. S30 Paulo, 8P, 6 de dezembro de 2001

"Projeto Proteoma da Xylella fastidiosa”, | Simpésio Genoma Funcional da Xyiella
fastidiosa - FAPESP. Serra Negra, SP, 11 de dezembre de 2001.

“Proteoma de Xyllela fastidioss”, | WORKSHOP SOBRE PROTEOMICA PARASITARIA.
RECIFE, PE, 23 de Novembro de 2001.

“Quantitative Proteomics: using mass spectrometry and lcat reagents for large scale
quantification and identification of proteins”, Ciclo de Palestras da Applied Biosystems,
XXX Reunido Anual da Sociedade Brasileira de Bioguimica - SBBq. Caxambu, MG, 21

de maio de 2001.

“Analise de Proteomas”, Programa de Seminarics do Dept. de Bioguimica - IB -
UNICAMP. Campinas, SP, 8 de oufubro de 1999,

3. Cursos ministrados

Mini-curso: "Biotecnologia”, V Congresso Aberto acs Estudantes de Biologia -CAEB.
LNICAMP, Campinas, SP, 8 a 12 de outubro de 2001.

Mini-curso: "Analise de Proteoma na Fisioclogia Vegetal”, Vil Congresso Brasileiro de
Fisiclogia Vegetal. lihéus, BA, 2 a2 7 de setembro de 2001, 161
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“l Curso Teodrico-Pratico de Estudos Pos-Gendmicos em Parasitas”. Recife, PE, 183 24
de novembro de 2001,

4. Cursos realizados

“Proteoma & Clelroforese de Duas Dimensbes em Gel de Poliacrilamida”. Genebra,
Suiga, junho de 1888,

“Analise de Imagens de Géis 2DE”. Freiburg, Alemanha, julho de 1888.
“‘Computacio Aplicada a Biologia”. Petrépolis, RJ, fevereiro de 1998,

‘Espectrometria de Massa em Aparetho MALDI-TOF”. Framingham, EUA, setembro de
2001.

5. Participacao em disciplinas

Aula: "Projetos Proteoma”, Discipiina de Genética Molecular para Ciéncias Exatas,
UNICAMP. Campinas, SP, 16 de maio de 2001. Responsavel Prof. Dr. Marcelo
Menossi.

Aula: "Eletroforese de Proteinas”, Disciplina de Bioquimica de Macromoléculas (BB-
582), Curso de Ciéncias Biolégicas, UNICAMP. Campinas, SP, 4 de abril de 2000.
Responsavel. Prof. Dr. Hiroshi Aoyama.

Aula: "Eletroforese e Proteoma”, Disciplina de Bioquimica de Macromoléculas (BB-582),
Curso de Ciéncias Bioldgicas, UNICAMP. Campinas, SP, 31 de margoe de 1999.
Responsavel: Prof. Dr. Hiroshi Aovama.

Aula: "Adaptagbes Musculares: um Visdo Bioguimica®, Disciplina de Estudo dos

Movimentos Corporais, Facuidade de Educacéo Fisica, UNICAMP. Campinas, 23 de
abril de 1999. Responsavel: Profa. Dra. Antonia Bankoff.
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Aula: "Eletroforese de Proteinas”, Disciplina de Bioguimica Médica (BB-880), Curso de
Ciéncias Biolbgicas, UNICAMP. Campinas, SP, 27 de seiembro de 1998. Responsavel:
Prof. Dr. José Camillo Novello.

8. Comunicacdes em congressos

SMOLKA, M. B., WINCK, F. V., MARANGONI, 8., SANTORO, C. E., MARTINS, D,
COLETTA FILHO, H. ., MACHADO, M. A., LEMOS, E., BRUM, | J., GALEMBECK, E,,
TOYAMA, M., NOVELLO, J. C. Proteome analysis of the plant pathogen Xvieilla
fastidiosa strain SAS5C: secreted and adhesion proteins In: XXX Reunido Anual - SBBgq,
2002, Caxambu.

MARTINS, D., WINCK, F. V., SANTORO, C. E., MARANGONI, 8., NOVELLO, J. C.
SMOLKA, #. B, Xylelia fastidiosa is a peculiar organism in terms of gene codon bias In:
AKX Reuni@o Anual - SBBg, 2002, Caxambu.

BRUM, I. J., SMOLKA, M. B., NOVELLO, J. C., GALEMBECK, E. Theoretical avaliation

of a new protein identification method based on muitiple database constrains In: XXXi
Reunido Anual - SBBq, 2002,

SANTORQO, C. E., SMOLKA, M. B., WINCK, F. V., MARTINS, D, CASTELLARL R R,
FERRARI, F., MARANGONI, 8., NOVELLD, J. C. Identification of basic proteins from
Xylella fastidiosa in: XXXI Reunido Anual - 8BBq, 2002, Caxambu.

WINCK, F. V., SMOLKA, M. B.,, MARTINS, D., SANTORO, C. E., CASTELLARI, R. R,
FERRARIL F., MARANGONI, S., NOVELLO, J. C. Fractionation of the Xylella fastidiosa

Proteome using liquid chromatography and 2-DE analysis In: XXX Reunido Anual -
SBBg, 2002, Caxambu.

SANTOROQO, C. E., SMOLKA, M. B., WINCK, F. V., MARANGONI, 8., MARTINS, D,

NOVELLO, J. C. A 2D reference map of basic proteins from Xylella fastidiosa in: XXX
Reunido Anual - SBBq, 2001.
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WINCK, F. V., SMOLKA, M. B., MARTINS, D., SANTORO, C. E., MARANGONI, 8.,
NOVELLO, J. C. Analysis of Xylella fastidiosa proteome using narrow pi range 20D maps
Irv XXX Reunige Anual - $BBg, 2001

BRUM, I J., SMOLKA, M. B., NOVELLO, J. C., GALEMBECK, E. Calculation of pi,
MW, and theoretical 2D map: a computational tool for proteome analysis In: XX
Reunifo Anual - 3BBgq, 2001, Caxambu.

MARTING, D, SMOLKA, M. B, SANTORQ, C. E., BRUM, | J., GALEMBECK, B
MARANGONI, 8., NOVELLO, J. C. Database constrain tool for protein identification

based on pl and MW prediction from genome sequence in: XXX Reunido Anual - SBBq,
2001

SMOLKA, M. B., WINCK, F. V,, BANTOROC, C. E., MARTINS, D., GREENE, L., FACA,
V., COLETTA FILHO, H. D, MACHADO, M. A., MARANGONI, 8., NOVELLG, 4. C.
Proteome analysis of Xylella fastidiosa: first subset of identified proteins In: XXX
Reunido Anual - SBBqg, 2001, Caxambu.

Néo relacionados ao projeto:

MARTINS, L. 7. D, FREIRE, M. G., SMOLKA, M. B., TOYAMA, M., DAMICO, D. C. 8.,
MARANGONI, 5., NOVELLO, J. C., MACEDO, M. L. Characterization of a lectin from
Mamea americana seeds In: XXX! Reunifo Anual - SBBq, 2002, Caxambu.

CABRINI, £. C., SMOLKA, M. B., FREIRE, M. G, DAMICGC, D. C. 8., NOVELLG, J. C.,
MARANGONI, 5., MACEDC, M. L. Biochemical characterization of a lectin from
Pouteria Caimito seeds In: XXXi Reunifo Anual - SBBq, 2002, Caxambu.

OLIVEIRA, B, SILVA, J. A, SMOLKA, M. B., MATTIOLI, M. A. P., NOVELLO, J. C.,
MARANGONI, 8. 2D Electrophoresis and Mass Spectrometry reveal trypsin inhibitor
from Copaifera langsdorffii seeds probably belongs to kunitz family! In: XXX! Reunido.
Anual - SBBq, 2002, Caxambu.

FREIRE, M. G., MACHADOC, O. L., SMOLKA, M. B., NOVELLO, J. C., MARANGONI,
5., MACEDO, M. L. Isolation and characterization of isolectins from Talisia esculenta
sseds (TEL) In: XXXI Reunide Anual - SBBq, 2002
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MATTIOLI, M. A. P., SILVA, SMOLKA, M. B., J. A, BALDASSO, P.,, NOVELLO, J. C,
MARANGONI, S. Molecular characterisation of Bvcl, a lectin from Bauhinia variegata
candida, usind electrophoresis, circular dichroism and mass spectrometry techniguesin:
KO Reunifo Anual - SBBg, 2002,

REGO, k., CARVALHO, D., SMOLKA, M. B. MARANGONI 8., OLNVEIRA B,
NOVELLG, J. C. Biochemical Studies of Lectin from Leguminosae seeds: Crotalaria
pallida in; XXX Reunido Anual - 8BBqg, 2000, Caxambu.

KASSAB, B., CARVALHO, D, SMOLKA, M. B., NOVELLO, J. C. Snake venom lectins:
a comparative study with BMool {Bothrops mooieni Lectin} and BJoul (Bothrops
jararacussu Lectin) In: XXX Reuni@o Anual - SBBqg, 2000, Caxambu.

7. Co-grientaces

Flavia Vischi Winck, Iniciagdo Cientifica - PIBIC, Fracionamenio de proteomas por
cromatografia liquida.

Daniel Martins, iniciacao cientifica - FAPESP, Analise do codon bias das proteinas mais
expressas da Xvlella fastidiosa.

Carlos Santoro, Iniciagéo Cientifica - FAPESP, andlise de proteinas basicas da Xylella
fastidiosa.

itaraju Brum, Iniciagdo Cientifica - FAPESP, ferramentas computacionais para
identificacdo de proteinas

Paula Oblessuc, Iniciaco Cientifica.

Diego, Iniciaggo Clentifica, Analise protedmica do mecanismo de resisténcia a
antibioticos na bactéria Helicobacter pylori.

Rafael, Capacitacac técnica - FAPESP, Analise protedmica de X fastidiosa por iCAT-
MS.
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Fermnanda Ferrari, Capacitacio {écnica - FAPESP
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