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ALGORITMO PARA IDENTIFICAÇÃO DE PEPTÍDEOS 
COVALENTEMENTE LIGADOS E ANALISADOS POR 

ESPECTROMETRIA DE MASSAS 
 

RESUMO 
 

TESE DE DOUTORADO 
 

Diogo Borges Lima 
  

O estudo de estruturas e interações proteicas é uma importante área de 

pesquisa para se entender as funções das proteínas. No entanto, essa é também uma 

das áreas de grandes desafios experimentais, devido à inerente complexidade atômica 

de proteínas e peptídeos.  Os métodos de elucidação estrutural de alta resolução (e.g. 

difração de raios-X e RMN) são hoje os considerados “padrões-ouro” para esses tipos 

de estudos. No entanto, uma grande parte das proteínas e seus respectivos complexos 

não são passíveis de serem resolvidos por esses métodos, motivando o 

desenvolvimento de novas técnicas para a caracterização estrutural de proteínas e seus 

complexos. Neste sentido, a espectrometria de massas acoplada à técnica de cross-

linking (XL-MS) é uma grande promessa, devido às suas características intrínsecas, 

tais como alta sensibilidade e ampla aplicabilidade. Neste trabalho, desenvolveu-se 

um software com aplicações pioneiras, denominado SIM-XL, capaz de identificar 

peptídeos covalentemente ligados e analisados por espectrometria de massas, a fim de 

caracterizar estruturas de proteínas, bem como de complexos proteínas-proteínas e 

proteína-peptídeo. Esse software faz uso de técnicas de reconhecimento de padrões 

para resolver um gargalo na modelagem proteica e interação proteína-proteína.  

Portanto, o algoritmo aqui apresentado, traz benefícios imediatos nas áreas de 

biologia e biotecnologia e indiretamente, em diversas outras áreas, como por 

exemplo, no desenvolvimento de novos fármacos.  

Palavras-chave: crosslinking, proteômica estrutural, bioinformática 
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ALGORITHM FOR IDENTIFYING CROSS-LINKED PEPTIDES AND 
ANALYZED BY MASS SPECTROMETRY 

 
ABSTRACT 

 
THESIS OF DOCTORATE 

 
Diogo Borges Lima 

  

The study of protein structures and interactions is an important area of 

development for understanding the function of proteins. However, this is also an area 

of great experimental challenge, due to the inherent atomic complexity of proteins and 

peptides. The methods of structural elucidation of high-resolution (e.g. X-ray 

diffraction and NMR) are currently considered the “gold standard” for these types of 

studies. However, many proteins are not amendable to being solved by these methods; 

thus motivating the development of new techniques for structural characterization of 

proteins and their complexes. In this regard, mass spectrometry coupled by cross-

linking technique (XL-MS) poses as a promise to overcome these limitations as it 

provides a high sensitivity and wide applicability. Here we present SIM-XL, a 

software pioneer in many ways, capable of identifying cross-linked peptides analyzed 

by mass spectrometry and thus ultimately aiding in structural characterization and in 

determining protein-protein interactions. Our software uses pattern recognition 

strategies to address a bottleneck in protein modeling and protein-protein interaction. 

As such, various fields related to biology and biotechnology suffer an immediate 

benefit from this work, and other areas, say, the development of new drugs, are 

indirectly benefited as well. 

 

Key-words: cross-link, proteomics, bioinformatics 
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1 Introdução 

A caracterização da estrutura de proteínas e o estudo de interações proteicas 

são fundamentais para o entendimento da função de proteínas. No entanto, esta área 

de pesquisa apresenta grandes desafios experimentais devido à complexidade 

molecular de proteínas e peptídeos. Atualmente, os métodos de alta resolução (e.g., 

cristalografia de raios-X e ressonância magnética nuclear – RMN) são considerados 

os padrões-ouro nas análises estruturais.  Apesar dessas técnicas serem bastante 

utilizadas por causa da precisão e do poder de resolução, elas possuem limitações. De 

uma maneira geral, uma parcela significativa de proteínas e seus respectivos 

complexos não são passíveis de análise por esses métodos.  Alguns exemplos para 

ilustrar tal fato se deve que diversas proteínas não cristalizam ou geram cristais que 

difratam mal, o que limita o uso de técnicas cristalográficas. Outro desafio inclui o 

tamanho do complexo, uma vez que a técnica de espectroscopia de RMN 

normalmente é mais passível na caracterização de estruturas proteicas pequenas (até 

50 kDa); vale ressaltar que a mesma também contribui com informações acerca da 

dinâmica de movimentos moleculares e das interfaces de interação. Além disso, 

ambas as técnicas requerem grande quantidade (na ordem de miligramas) de proteína 

com alto grau de pureza (ALBER et al., 2008; MERKLEY et al., 2013; STRONG et 

al., 2006).  

Neste sentido, abordagens híbridas, as quais baseiam-se em métodos 

bioquímicos e biofísicos, vem sendo utilizadas cada vez mais na Biologia Estrutural, a 

fim de gerar dados complementares de baixa resolução.  Do ponto de vista da 

modelagem molecular, técnicas como small-angle X-ray scattering – SAXS 

(LIPFERT; DONIACH, 2007; SVERGUN; KOCH, 2003) e crio-eletro microscopia – 

cryon-EM (CALLAWAY, 2015) podem gerar modelos bastante detalhistas – near-

atomic resolution. (CHEN et al., 2015; SINZ et al., 2015). 

A espectrometria de massas é considerada o padrão-ouro na caracterização, 

identificação e quantificação de peptídeos e proteínas.  Ela também vem se 

consolidando como um importante método analítico para o mapeamento de interação 

proteína-proteína e a caracterização de conformações tridimensionais.  Tal fato se 

deve porque a associação com a técnica de ligações cruzadas (XL-MS) pode gerar 
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dados estruturais complementares e com alta sensibilidade (na ordem de femtomols1), 

sendo também uma técnica tolerante à heterogeneidade da amostra (BORCH et al., 

2005). Nesta abordagem, proteínas e/ou seus complexos são estabilizados 

covalentemente através de reação com agentes de ligação cruzada (ALC ou cross-

linkers), normalmente bifuncionais. Após digestão enzimática, os peptídeos com ALC 

são identificados por experimentos de MS/MS (varredura de íons produtos), gerando 

informações sobre a distância espacial entre eles. Tais restrições espaciais são 

subsequentemente usadas para auxiliar na elucidação, por exemplo, do enovelamento 

das proteínas, da topologia de complexos e até mesmo, no mapeamento da região de 

interação entre proteínas.  

 

1.1 Complexos Proteicos 

Proteínas são macromoléculas biológicas abundantes, e presentes em todas as 

partes de uma célula e possuem as mais diversas funções, tais como catálise (enzimas 

em geral), transporte (desde moléculas simples, como O2, até outras proteínas), 

sinalização (receptores), defesa (anticorpos), entre outras. Essas funções, no entanto, 

nem sempre são desempenhadas por proteínas individualmente, mas sim por 

complexos proteicos e não-proteicos (e.g., fosfatos, carboidratos, lipídeos etc.). Estas 

interações dinâmicas entre proteínas e seus ligantes são vitais para a manutenção dos 

processos biológicos, sendo descritas como o estudo da sociologia molecular da 

célula (BAI et al., 2008). Compreender os parâmetros moleculares que regem esses 

sistemas é de grande importância, a qual exige além da identificação dos parceiros de 

interação, também a análise da estequiometria dos complexos, a organização 

topológica e as regiões de interação e conformações.  Pode-se dizer então, que existe 

na Biologia moderna um grande desafio intrínseco em correlacionar a função de 

proteínas, com suas respectivas estruturas terciárias e quaternárias (BENESCH et al., 

2007). Na Figura 1.1 é mostrado um exemplo de evolução de complexos proteicos, 

onde há uma estrutura esquemática do complexo NADH ubiquinona redutase e de 

suas proteínas constituintes em alguns tipos de organismos ao longo do estágio 

evolucionário.  

                                                
1 femtomol: um bilionésimo de um milionésimo (10-15) de um mol 
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Figura 1.1 – Proteínas pertencentes ao complexo NADH ubiquinona redutase ao longo 
da evolução dos organismos. (GABALDÓN et al., 2005) 

A função das proteínas acopladas ou não a um complexo estão diretamente 

ligadas à sua conformação, sendo que os complexos proteicos podem variar desde 

pequenos oligômeros, a cadeias formadas por dezenas de polipeptídeos (BOEHR; 

WRIGHT, 2008). Deste modo, a dinâmica das interações entre proteínas é vital para a 

manutenção de qualquer processo biológico (ROBINSON et al., 2007). Um exemplo 

da importância da interação entre proteínas pode ser ilustrado na medicina; o número 

de doenças associadas a proteínas é superior ao número de genes no genoma.  Tal fato 

demonstra que uma proteína pode causar mais de uma disfunção, dependendo das 

condições necessárias à formação/dissociação de complexos proteicos. Isso fez com 

que o estudo de interações proteína-proteína tenham auxiliado na determinação de 

alvos moleculares para o desenvolvimento de novos fármacos (ARCHAKOV et al., 

2003; KESKIN et al., 2008). 

Além disso, o entendimento dessas interações pode auxiliar na compreensão 

de questões curiosas, como por exemplo, porque o número de genes de um organismo 

tão complexo quanto o ser humano é tão próximo ao de eucariotos simples, como o 

Caenorhabditis elegans, e bem inferior ao de alguns vegetais, como soja e arroz.  Isso 

nos leva a criar uma hipótese que a complexidade está relacionada ao modo em como 

esses produtos gênicos interagem para realizar suas funções biológicas (VAZQUEZ et 

al., 2003). Finalmente, outro exemplo da importância de estudar a interação entre 

proteínas está em auxiliar na descoberta da função de proteínas desconhecidas. Uma 

vez que diversos processos biológicos são mediados por interações desse tipo, se a 

função de pelo menos um dos parceiros de interação é conhecida, o entendimento da 

função da proteína de interesse pode ser facilitado (DROIT et al., 2005). Estima-se 

que proteínas em organismos mais simples façam entre oito a doze interações, em 

média, e espera-se um número muito maior para os seres humanos, podendo chegar a 
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mais de cento e trinta mil interações binárias entre proteínas dentro de uma célula 

humana (DROIT et al., 2005). Portanto, nos últimos anos, tem se buscado mapear 

interações moleculares, ou o interatoma, nos mais variados organismos. Espécies 

como Drosophila melanogaster (BOEHR; WRIGHT, 2008), Saccharomyces 

cerevisiae (DYSON; WRIGHT, 2005), vírus da influenza A (ROBINSON et al., 

2007) e Homo sapiens (KESKIN et al., 2008) tiveram suas redes de interação 

proteína-proteína publicadas. Há estudos que propõem que a complexidade de um 

organismo seja proporcional ao tamanho do seu interatoma, e não pelo número de 

proteínas contidas nele. 

A importância funcional do interatoma é tão grande que estudos propõem que 

a complexidade de um organismo não é informada pelo seu número de proteínas, mas 

pelo tamanho de seu interatoma (CLARKE et al., 2011).  A Figura 1.2 mostra o 

interatoma de Homo sapiens, contendo mais de 400 proteínas ligadas através de 911 

interações. 

 
Figura 1.2 – Representação esquemática de uma rede de interação de H. sapiens 
envolvendo 401 proteínas ligadas através de 911 interações. (STELZL et al., 2005) 

1.2 Proteômica 

A proteômica é uma ciência multidisciplinar que une principalmente a biologia, 

química e a ciência da computação. Ela compreende o estudo em larga escala das 

proteínas presentes em um organismo, célula, tecido ou fluido biológico, entre outros, 

e como essas regem às mudanças temporais e a estímulos, permitindo assim, a 

identificação e quantificação de complexos proteicos através de instrumentos de alta 

resolução (EIDHAMMER et al., 2007). Dessa forma, estudos médicos, biomédicos e 

biotecnológicos vem sendo desenvolvidos a partir do uso dessa metodologia, a fim de 

estudar patologias, sistemas biológicos e, por conseguinte, o desenvolvimento de 
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novas tecnologias.  Neste contexto, o termo “proteômica” foi primeiramente adotado 

na década de 90, fazendo uma analogia com o termo genômica, o qual refere-se ao 

estudo em larga escala dos genes (JAMES, 1997).  À visto disso, em 1994, em sua 

tese de doutorado, Marc Wilkins cunhou o termo proteoma, fazendo a aglutinação da 

palavra proteína com genoma, a fim de referir-se ao completo conteúdo proteico 

expresso pelo genoma (WILKINS et al., 1996).  Entretanto, mesmo após a tradução 

do RNA mensageiro pelo ribossomo, as proteínas podem sofrer modificações, 

alterando suas características estruturais e, consequentemente, a sua função.  Essas 

modificações, por exemplo, que determinam a especificidade proteica, a localização e 

até que tipo de interação uma determinada proteína pode realizar com outra.  Existem 

centenas de modificações pós-traducionais conhecidas e descritas em banco de dados; 

entre as mais estudadas pode-se exemplificar: a fosforilação, onde ocorre a adição de 

um grupo de fosfato (PO4); a metilação, onde há a substituição de um átomo de 

hidrogênio por um grupo metil (CH3); a sulfatação, onde ocorre a adição de uma 

ponte de sulfato; a formação de pontes dissulfeto, ocorrendo a ligação entre átomos de 

enxofre (S); a acetilação, onde ocorre a adição de um grupo acetila (CH3CO); entre 

outras. 

Para que se possa realizar um estudo do proteoma, são necessárias metodologias 

que possuam alta sensibilidade, reprodutibilidade, rapidez, facilidade e automação, 

fazendo com que esse tipo de estudo resulte em uma análise de custo relativamente 

alto. Entretanto, com o desenvolvimento de novas tecnologias para a separação de 

peptídeos e proteínas, a análise por espectrometria de massas, a quantificação por 

marcação com isóbaros e a análise dos dados pela bioinformática tem possibilitado o 

progresso nessa área (AEBERSOLD; MANN, 2003; YATES et al., 2009). 

1.2.1 Proteômica estrutural e interação proteica 

A proteômica estrutural inclui as análises das proteínas em larga escala.  Ela é 

voltada na elucidação de estruturas proteicas e no auxílio da identificação de funções 

proteicas.  A análise estrutural também auxilia no desenvolvimento de novos 

fármacos e em estudos de interação entre proteínas.  A caracterização das interações 

ajuda a determinar as funções proteicas e também prover a topologia de complexos.  

Esse entendimento é alcançado utilizando diferentes tecnologias, tais como, as ditas 

padrões-ouro: cristalografia de raios-X e ressonância magnética nuclear – RMN; 

assim como outras tecnologias complementares, tais como SAXS, cryon-EM e, mais 
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recentemente, o uso de cross-linking em associação com a espectrometria de massas 

(RAO et al., 2014). 

1.2.2 Espectrometria de Massas (MS) aplicada à Proteômica 

A Espectrometria de Massas (MS) é uma das ferramentas analíticas que pode 

ser usada em estudos relacionados a diversas áreas, tais como biologia, medicina, 

biotecnologia, entre outras.  Essa tecnologia é capaz de mensurar a razão massa/carga 

(m/z) de moléculas, sendo muito empregada em experimentos proteômicos, uma vez 

que é possível realizar diversos tipos de análises, como por exemplo, estudar 

modificações pós-tradicionais de proteínas, perfis de expressão proteicos, interações 

proteína-proteína, entre outros (FERREIRA et al., 2009). 

O espectrômetro de massas é um equipamento que permite determinar massas 

atômicas com alta precisão a partir da ionização de moléculas para a forma gasosa, 

separando-as de acordo com a relação m/z. Existem diversos tipos de espectrômetros, 

mas todos são constituídos por fonte de ionização, um ou mais analisadores de 

massas, sistema de detecção e análise de dados (CAÑAS et al., 2006), como pode ser 

visualizado na Figura 1.3. 

 
Figura 1.3 – Fluxograma das etapas de um espectrômetro de massas [Figura modificada 
a partir de (CARVALHO; BARBOSA, 2010)] 

No fim da década de 80, com o desenvolvimento de técnicas de ionização  

suaves, como Electrospray ionization – ESI (MASAMICHI; B. FEN, 1983) e 

ionização por dessorção a laser assistida por matriz – MALDI (JUHASZ et al., 1993), 

a análise de peptídeos e proteínas por MS teve um grande avanço. Tais técnicas, 

permitem a ionização suave das macromoléculas com alta eficiência (MASAMICHI; 

B. FEN, 1983). A ionização por electrospray (ESI) é muito utilizada em vários 

instrumentos, produzindo íons a partir de uma solução.  Por outro lado, o MALDI é 

utilizado principalmente com os analisadores de tempo de voo (TOF) e ioniza 

peptídeos que encontram-se co-cristalizados numa matriz composta de ácido de peso 

molecular conhecido (HILLENKAMP; KARAS, 1990; HILLENKAMP et al., 1991).  

A técnica de ESI ioniza peptídeos que encontram-se em solução. Para isso, 

aplica-se uma d.d.p., ou seja, uma diferença de potencial, resultando em um campo 
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elétrico E entre a ponta do capilar e a entrada do espectrômetro de massas, fazendo 

com que um excesso da carga oposta (geralmente na forma de H+) seja gerada. Esse 

excesso de carga na extremidade de um capilar leva a uma repulsão, gerando um 

fluxo da solução que se vaporiza em gotículas que contém os peptídeos ionizados, 

produzindo um fino aerossol (FENN et al., 1989; KEBARLE; VERKERK, 2009).  

Assim, ao evaporar o solvente, o raio da gotícula diminui, fazendo com que a repulsão 

eletrostática entre os íons aumente. Quando essa repulsão supera a tensão superficial, 

ocorre a explosão de Coulomb, e as gotículas, então, se fragmentam em partículas 

ainda menores em última análise. (FENN et al., 1989), conforme pode ser observado 

na Figura 1.4.  Os peptídeos ionizados, agora em fase gasosa, são direcionados até o 

analisador de massas, onde eles serão separados de acordo com a razão m/z.   

 
Figura 1.4 – Representação de uma ionização por electrospray de partículas em solução. 
[Figura adaptada de (KEBARLE; VERKERK, 2009)] 

No analisador, os peptídeos são separados de acordo com razão m/z. Em 

seguida, a obtenção dos espectros de varredura de íons produtos, ou MS2, pode ser 

realizada.  Geralmente, os dados podem ser adquiridos usando-se uma metodologia 

denominada de aquisição dependente de dados, ou Data Dependent Acquisition – 

DDA, no qual os íons precursores mais intensos são isolados e dissociados, 

geralmente com um gás inerte em uma câmara de colisão; os íons fragmentos 

resultantes dessas colisões são então analisados.  Uma vez fragmentados, esses íons 

precursores são postos em uma lista de exclusão dinâmica (dynamic exclusion list) 
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por um intervalo de tempo, a fim de não serem analisados novamente, permitindo 

assim que íons precursores de baixa intensidade possam ser fragmentados.      

A fim de facilitar a interpretação dos espectros de varredura de íons produtos 

de peptídeos, uma nomenclatura foi desenvolvida em 1984 dividindo os íons dos 

espectros em séries: a, b e c (para íons que pertencem ao lado N-terminal da 

molécula), e x, y e z (para aqueles que pertençam ao C-terminal) (ROEPSTORFF; 

FOHLMAN, 1984), que estão representados na Figura 1.5.  

 
Figura 1.5 – Representação esquemática dos tipos de fragmentação entre os 
aminoácidos que podem ocorrer através do processo de colisão celular criada por 
Roepstorff-Fohlmann-Biemann. As linhas em vermelho indicam possíveis regiões de 
fragmentação entre um determinado aminoácido de um peptídeo de tamanho n.  Nos 
íons a, b e c, a carga fica retida no N-terminal, enquanto que nos íons x, y e z, a carga 
fica no C-terminal.  

Os íons mais frequentes nos espectros de peptídeos fragmentados por 

dissociação induzida por colisão (CID) são os do tipo b e y. Para interpretar os íons da 

série b é necessário ler o espectro da esquerda para a direita, ou seja, no sentido N-

terminal para o C-terminal, onde a distância entre cada pico representa a massa 

molecular de um determinado resíduo de aminoácido, conforme demostrado na Figura 

1.6.   
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Figura 1.6 – Representação dos íons 
fragmentos da série b em um espectro, 
representando a sequência peptídica 
AEPTIR. 

 
Figura 1.7 – Representação dos íons 
fragmentos da série y em um espectro, 
formando a sequênica AEPTIR. A 
interpretação desta série é feita no 
sentido C-terminal para o N-terminal, 
ou seja, lendo o espectro da direita para 
a esquerda. 

Por outro lado, os íons da série y são interpretados realizando a leitura do 

espectro na ordem inversa, no sentido C-terminal para o N-terminal (Figura 1.7). 

Entretanto, os íons fragmentos apresentam intensidades diferentes entre um pico e 

outro, e além disso, no espectro gerado também estão presentes picos oriundos de 

ruído, fazendo com que a interpretação do espectro seja uma tarefa árdua para o 

analista. A Figura 1.8 apresenta um espectro com os íons das séries b e y contendo 

também vários íons espúrios. 

 

 
Figura 1.8 – Espectro de massas contendo as séries b e y, assim como outros picos 

representado os ruídos. 

Finalmente, é no detector, que será analisada a corrente iônica originária da 

neutralização do íon do analito, através do sinal gerado no espectro de massas, 

concluindo assim a última etapa deste processo. 

Paralelamente, houve uma grande evolução nos analisadores de massa, como 

aqueles dos tipos armadilhas de íons 3D ou linear, Q-TOF (quadrupolo-tempo de 

voo), TOF-TOF, FT-ICR (Ressonância Ciclotrônica de Íons por Transformada de 

Fourier) e Orbitrap. Nesse período, foi possível presenciar muitos estudos explorando 

os diferentes tipos de informações que podem ser obtidas pela análise de peptídeos e 
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proteínas por MS. O uso da MS para a análise estrutural de proteínas é especialmente 

atrativo, principalmente devido às suas vantagens intrínsecas, como alta sensibilidade, 

rapidez de análise e especificidade. 

Os primeiros trabalhos mostravam que, em muitos casos, interações proteína-

ligante não covalentes podiam ser mantidas em fase gasosa, desde que o processo de 

ionização fosse realizado em condições controladas (HECK; VAN DEN HEUVEL, 

2004). Apesar dos primeiros resultados serem surpreendentes, esse método sofria 

grandes limitações instrumentais, uma vez que complexos maiores tendiam a se 

dissociar facilmente, seja por grandes diferenças de pressão às quais são submetidos 

os íons na análise por MS, seja pela natureza de suas forças de interação (e.g., 

interações hidrofóbicas são desprezíveis/inexistentes em fase gasosa). Além disso, 

detectores convencionais apresentavam limitações na faixa de maior m/z, dificultando 

a detecção dessas espécies. Atualmente a MS tem sido utilizada para a determinação 

da estequiometria de complexos macromoleculares (HECK; VAN DEN HEUVEL, 

2004), a determinação da força de ligação das espécies constituintes de complexos 

(RUSS; LAMPEL, 2005), a análise de mudanças conformacionais devido à ação de 

ligantes (VAN DEN HEUVEL et al., 2006), a cinética de enovelamento e 

desenovelamento (LORENZEN et al., 2008) e a determinação da topologia molecular 

(ROSE et al., 2008).  É importante mencionar que em MS também é observado uma 

abordagem denominada integrativa – a qual agrega várias técnicas diferentes de modo 

a compreender o modo de ação entre diversas proteínas que desempenham um 

determinado papel biológico, uma vez que as principais técnicas aplicadas à 

proteômica estrutural por si só não são capazes de fornecer todas as informações 

necessárias acerca de estruturas secundárias, terciárias e sítios de interação.  

1.3 Ligação covalente de peptídeos para auxiliar na determinação de interação 

proteína-proteína e a estrutura proteica por espectrometria de massas 

(cross-linking) 

O fenômeno de ligação cruzada (cross-linking) é caracterizado pela união de 

duas espécies a partir da formação de uma ligação covalente. Essas espécies podem 

representar diferentes classes químicas, como por exemplo, proteínas, ácidos 

nucleicos ou até mesmo partículas sólidas (WONG, 1993). Os agentes de ligação 

cruzada, ou ALC, são compostos orgânicos multifuncionais, contendo em geral dois 

ou três grupos reativos e unidos por uma cadeia espaçadora. Quando em contato com 
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proteínas, esses compostos são capazes de reagir com cadeias laterais dos 

aminoácidos, de acordo com suas especificidades (SINZ, 2006).  Os ALC reagem 

com as cadeias laterais de dois resíduos que estejam espacialmente separados, no 

máximo, pela distância da cadeia espaçadora. Eles podem ser do tipo 

homobifuncional, onde as extremidades são compostas por grupos funcionais 

idênticos, como por exemplo, o DSS – Disuccinimidyl Suberate, conforme visto na 

Figura 1.9, ou heterobifuncional, onde as extremidades contém grupos funcionais 

diferentes, como pode ser visualizado na Figura 1.10.  

Muitos reagentes de diferentes cross-linkers podem ser sintetizados pela 

incorporação de dois ou mais grupos reativos em uma determinada molécula.  Quando 

combinados com tipos e/ou tamanhos diferentes, interpretados como espaçadores, 

uma vez que eles definem uma distância fixa entre os terminais reativos, o número de 

possíveis compostos de ALC é enorme.  Na Tabela 1.1 são demonstradas os grupos 

reativos e seus respectivos agentes de ligação cruzada. 
Tabela 1.1 – Grupos reativos e os respectivos agentes de ligação cruzada que reagem 
com eles 

Grupo reativo Reagentes de XL 

Aminas NHS ester, Imidoester, Éster Pentafluorofenila, Fosfina de 

Hidroximetila 

Carboxilas com amina Carbodiimida (e.g., EDC) 

Sulfidrilas Maleimida, Dissulfeto de piridina, Haloacetila (Bromo- or Iodo-) 

Aldeídos Alcoxiaminas, Hidrazidas 
Fosfatos Diazirine, Azidas aromáticas 

Hidroxilas Isocianato 

 

Atualmente, os agentes de ligação cruzada mais utilizados são aqueles 

compostos por ésteres de NHS, por exemplo o DSS, e os derivados solúveis sulfo-

NHS (e.g. BS3). Eles normalmente reagem com grupos aminas primárias, ou seja, 

com N-terminal e ε-amino de lisina, e com menos frequência, com cadeias laterais 

contendo hidroxila (principalmente serina), tendo uma certa facilidade de ser 

hidrolisado em meio aquoso.  Para que a ligação covalente ocorra entre dois resíduos 

específicos, eles devem estar espacialmente próximos por um tempo suficientemente 

longo.  Por estarem em grande maioria na amostra biológica e expostos na superfície 

da proteína, os resíduos de lisina constituem bons alvos nas reações de cross-linking 
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(LEITNER et al., 2010). A fim de mapear regiões de contato entre duas proteínas, 

agentes de cross-linking que catalisam a reação entre dois grupos espacialmente 

próximos  (≤ 3 Å) podem ser utilizados sem que haja a presença de cadeias 

espaçadoras na estrutura. São os chamados zero-length (e.g. carbodiimidas) – Figura 

1.11, os quais normalmente catalisam reações entre grupos amino e carboxila 

(MERKLEY et al., 2013).  

Um grande progresso no desenvolvimento da técnica de ligação cruzada foi o 

acoplamento com a MS, pois essa permite ionizar e fragmentar espécies moleculares 

contendo a ligação cruzada e, consequentemente, obter a informação estrutural 

desejada.  Isso é feito realizando a reação de ligação cruzada e em seguida, a digestão 

proteica do sistema-alvo, com uma enzima proteolítica.  Os peptídeos resultantes 

podem ser então identificados por MS. Como o comprimento do linker (0-20 Å2) é 

conhecido, assim como a especificidade da reação, então é possível determinar a 

partir dos experimentos, as distâncias máximas entre diferentes resíduos de 

aminoácidos e, consequentemente, quais deles estavam espacialmente próximos na 

estrutura nativa da proteína ou do complexo proteico.  Os cross-links observados 

podem ser classificados em dois tipos diferentes: intramoleculares, os quais são 

aqueles sugestivos ao enovelamento da proteína, e intermoleculares, que indicam a 

presença de interação entre duas moléculas diferentes (SINZ, 2014). 

 
Figura 1.9 – Agente de ligação cruzada do tipo homobifuncional (DSS), o qual possui 
grupos amino reativos NHS-éster idênticos em ambos os lados da cadeia espaçadora. 
Essa, por sua vez, tem tamanho de 11.4 Å, que é a distância máxima entre duas 
moléculas conjugadas.[Figura adaptada de (“DSS (disuccinimidyl suberate)”)] 

 
Figura 1.10 – Agente de ligação cruzada do tipo heterobifuncional (Sulfo-SMCC), o qual 
possui no lado esquerdo da cadeia espaçadora, um grupo amino-reativo, sulfo-NHS-

                                                
2 Å: ångström é uma unidade de medida de comprimento que tem a seguinte relação com o metro: 1Å 
= 10-10 m 
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éster, e do outro lado um grupo reativo sulfhydryl maleimide. [Figura adaptada de 
(“Sulfo-SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate)”] 

 
Figura 1.11 – Agente de ligação cruzada caracterizada como zero-length, o qual faz a 
ligação entre duas proteínas sem que haja uma cadeia espaçadora entre elas. [Figura 
adaptada de (“EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride)”)] 

Após a digestão proteica, a amostra de experimentos de ligação covalente 

costuma ter uma grande complexidade, fazendo com que a interpretação dos dados 

seja de difícil interpretação manual. A maior parte dos peptídeos oriundos da digestão 

não sofre qualquer modificação química.  Além disso, eles não fornecem quaisquer 

informações estruturais, aumentando também o intervalo dinâmico das amostras. A 

reação de cross-linking pode originar três tipos de produtos diferentes (Figura 1.12): 

ü Dead-end, mono-link ou tipo “0”: o peptídeo foi modificado com um 

linker hidrolisado em uma das extremidades. Esse tipo de reação é 

muito comum e, por mais que não imponham restrições espaciais, 

podem indicar o grau de acessibilidade dos grupos reativos 

ü Intralink, loop-link ou tipo “1”: o mesmo peptídeo reagiu com linker 

em dois resíduos diferentes. 

ü Interlink, cross-link ou tipo “2”: dois peptídeos foram interligados 

covalentemente com um linker. Neste caso específico, denomina-se a 

“cadeia  α”, aquela a qual contém o maior número de resíduos, 

enquanto aquela que contém o menor número, é denominada β. 

Mais de uma modificação pode ocorrer ao mesmo tempo nos peptídeos, 

fazendo com que o grau de complexidade das análises aumente (SINZ, 2003). 
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Figura 1.12 – Esquema de um experimento típico de ligação cruzada acoplada à MS. 
Uma amostra proteica é submetida à ação dos cross-linkers, onde após a digestão 
enzimática,  três tipos de produtos podem ser gerados: cross-link, loop-link ou mono-
link. Na etapa seguinte, ocorre um enriquecimento dos cross-links, como por exemplo, 
uma purificação; a amostra é injetada em um espectrômetro de massas de alta 
resolução, onde os dados brutos serão gerados e analisados posteriormente pela 
ferramenta computacional SIM-XL, podendo assim caracterizar o modelo estrutural da 
proteína. [Figura adaptada de (LEITNER et al., 2014) e 
http://daltonlab.iqm.unicamp.br/research.html] 

Outra análise possível, envolve a identificação do entorno dos sítios 

específicos de interação, de forma a obter um nível superior de informação. A 

distância das cadeias espaçadoras define as restrições espaciais do conjunto de 

moléculas, o que permitiria obter, em princípio, estruturas mais confiáveis por meio 

de modelagem molecular. Dentre os desafios ainda a serem vencidos nesta técnica, 

temos a dificuldade de identificação e distinção dos peptídeos covalentemente ligados 

dentre os peptídeos lineares (que não sofreram ligação cruzada). 

Uma metodologia bastante sensível utilizada para caracterizar estruturas 

proteicas é a análise das amostras de cross-linking por nano cromatografia líquida em 

coluna de fase reversa acoplada a um espectrômetro de massas com fonte nano 

electrospray (nESI).  Os instrumentos do tipo Orbitrap (ZUBAREV; MAKAROV, 

2013) têm sido cada vez mais utilizados nestes tipos de análises por permitirem a 

aquisição do perfil de espectro de massas e o espectro de massas em tandem em alta 

resolução, aumentando a confiabilidade dos resultados.  Utilizando essa metodologia, 

várias estruturas de baixa resolução foram modeladas, com vários graus de 

complexidade. Foram caracterizadas estruturas de proteínas até então não resolvidas 

por métodos cristalográficos, como é o caso da apolipoproteína A-I humana (SILVA 

et al., 2005), além de estruturas de homodímeros (protease humana C1r) (LACROIX 
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et al., 1997), heterodímeros (gp43/gp45 da holoenzima DNA-polimerase do 

bacteriófago T4, Ffh/Fts Y de Escherichia coli) (CHU et al., 2004) e de grandes 

complexos proteicos, como o composto pela RNA polimerase II (Pol II) e o fator de 

iniciação TFIIF, totalizando quinze subunidades e aproximadamente 670 kDa em 

massa (CHEN et al., 2010). 

Desta forma, a ligação cruzada acoplada à MS é uma técnica de grande 

potencial para o estudo de estruturas superiores de proteínas, o que é particularmente 

interessante em função do grande número de proteínas que não são passíveis de 

análise pelas técnicas tradicionais de cristalografia de raios X e RMN. Mesmo que os 

dados estruturais gerados por MS não atijam a mesma precisão (i.e., < 3 Å), as 

vantagens intrínsecas do método, como sensibilidade, rapidez e aplicação a qualquer 

proteína, o tornam muito atraente para se estudar sistemas proteicos de interesse.  

1.4 Algoritmos para obtenção da sequência de peptídeos analisados por 

espectrometria de massas 

Na proteômica, existem algumas metodologias canônicas para identificação de 

espectros oriundos de peptídeos, como o De novo sequencing e o Peptide Spectrum 

Matching – PSM. 

O De novo sequencing, mostrado na Figura 1.13, é a metodologia utilizada 

quando não se possui o sequenciamento do organismo em questão, logo não há um 

banco de dados de sequências proteicas. Esta técnica é a mais propícia a erros por 

gerar múltiplas interpretações de um mesmo espectro. Resumidamente, a técnica 

produz um grafo, cujos nós correspondem a m/z’s de picos espectrais. Uma vez 

gerado o grafo, um caminho ótimo entre o primeiro e o último nó é traçado a fim de 

obter a sequência peptídica mais apropriada. Para realizar esse caminho, algumas 

regras, as quais têm como objetivo pontuar o caminho que possivelmente será a 

solução, são levadas em consideração a partir das características dos espectros 

analisados: 

1) Perda neutra (amônia e/ou água) 

a. Os íons fragmentos y e b que contém os resíduos aminoácidos R, 

K, Q e N podem perder uma amônia, representando a perda de 

17Da. 

b. Os íons fragmentos y e b que contém os resíduos aminoácidos S, T 

e E podem perder uma molécula de água, representando a perda de 
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18Da. No caso de ácido glutâmico, E, ele deverá estar no N-

terminal do fragmento, para que possa ocorrer esta perda neutra. 

2) Intensidade espectral 

a. A intensidade do íon b diminuirá quando os resíduos seguintes 

forem P, G ou H, K e R. 

b. A clivagem interna pode ocorrer nos resíduos P e H. Um fragmento 

interno é um fragmento que parece ser um peptídeo menor com P 

e/ou H em seu terminal amino. 

c. É comum os íons b – y e y – b trocarem de intensidade quando um 

P é encontrada na sequência. Isso também vale quando os resíduos 

básicos H, K ou R são encontrados na sequência. 

d. Quando uma clivagem ocorre antes ou depois de R, o pico 

referente a -17 (perda de amônia) pode ficar mais intenso que os 

correspondentes y e b. 

e. Quando um ácido aspártico aparece na sequência, os íons de uma 

séria podem desaparecer. 

3) Composição dos aminoácidos 

a. É possível observar íons imônios na parte baixa do espectro que 

pode dar uma dica que há um determinado aminoácido naquele 

peptídeo. Porém, se um íon imônio não é visto no espectro, não 

significa dizer que o aminoácido correspondente não estará 

também. 

4) Isóbaros 

a. Leucina e Isoleucina são isóbaros e não podem ser diferenciados 

com uma energia de colisão baixa. Quando esta diferença de massa 

é observada no espectro, a marcação a ser feita é colocando um X, 

indicando que ali pode estar presente a Leucina ou a Isoleucina. 

b. Lisina e Glutamina têm massas muito próximas, 128.09496 e 

128.05858, respectivamente. O Δmass (diferença de massa) é 

0.03638, que pode ser visualizado em um espectrômetro de alta 

resolução. Já nos de baixa resolução, uma acetilação pode ser feita 

para que a massa da lisina possa sofrer um deslocamento de 42u. 

5) O sequenciamento poderá começar pelo último pico mais intenso; 
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6) Para saber se um peptídeo tríptico termina com Lisina ou Arginina, o 

primeiro pico da série y (y1) será observado, caso o valor for 147, refere-se 

à Lisina, caso for 175, Arginina; 

7) Uma vez que se sabe a massa de um íon b ou y, o seu respectivo poderá ser 

calculado utilizando a fórmula: 

a. y = (M+H)1+ - b +1 

b. b = (M+H)1+ - y +1 

Outras regras podem ser visualizadas no site da IonSource (“Rules of De Novo 

Sequencing,” 2015).   

 
Figura 1.13 – Metodologia de sequenciamento de espectros: De novo sequencing. 

Outra metodologia usada é o Peptide Spectrum Matching, ou PSM. Esta é tida 

como padrão-ouro da proteômica. Ela é a mais utilizada pelas ferramentas de busca, 

isso porque é a mais sensível nas identificações quando uma proteína está presente no 

banco de dados. Nessa metodologia, os espectros experimentais são confrontados 

contra os teóricos provenientes de um banco de dados. Todavia, é necessário 

especificar, a priori, as modificações pós-traducionais a serem consideradas.  

Existem vários repositórios públicos onde é possível obter o banco de 

sequências, como por exemplo: 

ü SWISS-PROT: é um banco de dados de anotações de sequências 

proteicas. Contém informações adicionais sobre a função proteica, 

assim como conhecidas modificações pós-traducionais; 

ü TrEMBL: contém a maioria das traduções das entradas das sequências 

nucleotídicas que ainda não foram integradas ao SWISS-PROT; 

ü PIR-International: banco de dados de anotações de sequências 

proteicas; 

ü NCBInr: contém sequências de DNA do GenBank, SWIS-PROT e do 

PIR; 
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ü UniProt: essa é uma nova proposta de banco de dados. Ele junta os 

bancos SWISS-PROT, TrEMBL e PIR, armazenando sequências 

proteicas que foram verificadas manualmente. 

ü NeXtProt: contém informações sobre proteínas humanas, tais como 

funções, localização subcelular, expressão, interações, entre outras. 

Atualmente, a maior parte de suas informações são obtidas do UniProt. 

A Figura 1.14 esquematiza o funcionamento da metodologia PSM. 

             
Figura 1.14 – Metodologia PSM (Peptide Spectrum Matching): em cinza, ao fundo, está o 
espectro teórico, originado de uma sequência peptídica contida no banco de dados, 
enquanto em preto e em colorido está o espectro experimental provido do espectrômetro 
de massas. Os picos contidos no espectro experimental que também pertencem ao 
espectro teórico ficam coloridos. 

1.5  O funcionamento de uma ferramenta de busca com abordagem 

PSM 

Após a aquisição de uma coleção de espectros de massas provenientes de um 

equipamento, faz-se necessário processá-la em uma ferramenta de busca proteômica, 

a fim de obter o sequenciamento dos espectros.  Conforme explicado na secção 1.4, 

existem algumas formas canônicas para realizar a identificação do espectro, e a 

metodologia proposta nesta tese é a dita padrão-ouro, a Peptide Spectrum Matching 

ou PSM.  

Uma ferramenta de busca que utiliza a abordagem PSM possui o seguinte 

fluxo de trabalho: primeiramente ela é alimentada por uma coleção de espectros 

provenientes de um instrumento analítico.  A partir daí, uma comparação é realizada 

entre esses espectros, ditos experimentais, e os teóricos, ou seja, aqueles obtidos a 

partir da digestão in silico3 das sequências proteicas presentes no banco de dados, 

                                                
3  in silico: corresponde à simulação computacional do feito ocorrido experimentalmente. Essa 
expressão originou-se a partir das expressões latinas in vivo e in vitro, geralmente utilizadas na 
Biologia (DANCHIN et al., 1991). 
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levando em consideração uma tolerância previamente especificada.  Na ferramenta de 

busca será verificado qual o espectro experimental possui a maior semelhança com o 

teórico, de acordo com uma determinada métrica da ferramenta de busca.  Aquele que 

apresentar a maior verossimilhança, será o PSM. A Figura 1.15 apresenta o diagrama 

de funcionamento de uma ferramenta de busca que utiliza a abordagem PSM. 

 
Figura 1.15 – Fluxo de trabalho de uma ferramenta de busca que utiliza a abordagem 
Peptide Spectrum Matching – PSM [Figura modificada a partir de (CARVALHO; 
BARBOSA, 2010)] 

É na ferramenta de busca que está o preditor do espectro teórico, e é onde 

estão implementados métodos de computação a fim de tornar a geração do resultado 

mais rápido e mais preciso. 

Contudo, os algoritmos existentes para analisar dados de peptídeos 

covalentemente ligados, como o pLink (YANG et al., 2012) e o Crux (MCILWAIN et 

al., 2014) foram desenvolvidos para cross-linking entre resíduos de lisinas. Apesar da 

lisina ser um resíduo razoavelmente abundante em proteínas, há a necessidade de se 

expandir a técnica de cross-linking para outros resíduos, de forma que se possa 

aumentar o número de cross-links em proteínas convencionais (resultando no 

aumento da qualidade dos dados estruturais), assim como permitir o estudo de 

proteínas pobres em resíduos de lisinas.  Outra limitação das ferramentas atuais é a 

falta de uma interface gráfica para facilitar ao usuário na análise e validação dos 

dados, o que gera grandes dificuldades para a utilização dos mesmos. Logo, o 

desenvolvimento de uma ferramenta capaz de identificar peptídeos covalentemente 

ligados de forma ágil e tendo uma interface gráfica capaz de auxiliar na interpretação 

dos dados gerados, é fundamental para aumentar o poder preditivo no estudo de 
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interações proteína-proteína e na caracterização de estruturas proteicas por 

espectrometria de massas.  

 

1.6 Complexidade do espaço de busca  

Os avanços na espectrometria de massas resulta em equipamentos capazes de 

se aprofundar cada vez mais na proteômica de amostras complexas, devido a maior 

sensibilidade, resolução e maior velocidade na aquisição de espectros; por 

conseguinte, cada vez se faz necessário o desenvolvimento de algoritmos mais 

sofisticados e rápidos. Algoritmos esses que utilizam técnicas de reconhecimento de 

padrões probabilísticos e inteligência artificial para extrair dos resultados informações 

importantes para um determinado estudo. Um dos maiores desafios está na quantidade 

de dados a serem analisados, e também no espaço de busca a ser tratado, já que ele é 

inversamente proporcional à sensibilidade de identificação da ferramenta de busca, ou 

seja, quanto maior o espaço de busca, menor é o número de peptídeos e, por 

conseguinte, de proteínas identificadas (BORGES et al., 2013). 

Quando se trata de dados de cross-linking a serem analisados, é 

imprescindível verificar o número de proteínas presentes no banco de sequências, 

uma vez que quando se procura por peptídeos do tipo “2”, ou os chamados 

interpeptídeos, o número de combinações aumenta de forma exponencial com o 

número de sequências no banco, e consequentemente, o espaço de busca crescerá 

proporcionalmente, como se pode verificar na Tabela 1.2. 

 

Tabela 1.2 – Número de peptídeos em diferentes espaços de busca a partir da digestão in 
silico de proteínas de E. coli. O espaço de busca totalmente específico é aquele composto 
por peptídeos onde a clivagem enzimática ocorre tanto no n-terminal quanto no c-
terminal da cadeia peptídica. Já o semi-específico é composto por peptídeos totalmente 
específicos além de ser composto por aqueles onde a clivagem enzimática ocorre apenas 
em uma extremidade da cadeia, ou no n-terminal ou no c-terminal. E por último, o 
espaço não-específico é aquele composto pelos dois espaços anteriores mais os peptídeos 
clivados em qualquer parte de sua cadeia. 

Espaço de busca Busca tradicional 

#peptídeos 

Combinação 2 a 2 

#peptídeos 

Específico 566.070 160.217.339.415 

Semi-específico 11.217.794 62.919.445.504.321 

Não-específico 63.102.231 1.990.945.747.037.560 
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2 Justificativa 
Os softwares voltados à identificação de peptídeos covalentemente ligados, 

tais como Crux (MCILWAIN et al., 2014), Stavrox (GÖTZE et al., 2012) e pLink 

(YANG et al., 2012),  são computacionalmente custosos; e apresentam como 

resultado, arquivos textos que são de difícil análise e validação.  Portanto, a maior 

parte da análise dos dados é voltado à validação manual dos resultados.  

Adicionalmente, tais ferramentas não apresentam interface gráfica interativa com o 

resultado; necessário, por exemplo, para a visualização das interações de um 

complexo proteico.  Finalmente, nenhuma ferramenta, até então, era compatível com 

repositórios públicos de dados proteômicos, como por exemplo, o PRIDE.  

Este trabalho descreve a primeira ferramenta de busca de peptídeos 

covalentemente ligados que apresenta como resultado, um mapa de interação 

bidimensional interativo, mostrando exatamente onde as proteínas identificadas fazem 

interação. Denominado Spectrum Identification Machine for Cross-linked peptides 

(SIM-XL), ele é capaz de realizar a busca em tempo essencialmente menor, 

comparado aos das ferramentas mais utilizadas, apresentando também uma maior 

sensibilidade. O SIM-XL também é a primeira ferramenta de busca compatível com o 

PRIDE, um dos repositórios públicos mais utilizados no mundo para armazenar dados 

proteômicos. A vantagem principal, é que o usuário pode importar ou exportar dados 

do repositório para o software, tornando-o mais atrativo. A ferramenta computacional 

também possui a facilidade de exportar todos os cross-linkings identificados em 

formato de tabelas, a fim de facilitar a interpretação dos dados obtidos.  Ela também 

possibilita uma interação maior com o PyMOL, objetivando gerar um modelo proteico 

a partir das identificações realizadas.  Finalmente, nossa ferramenta é a única capaz de 

analisar dados provenientes de homodímeros.  Ela faz parte de um ambiente 

computacional integrado para proteômica denominado PatternLab for Proteomics, 

onde outros módulos, como por exemplo, a proteômica quantitativa, podem 

eventualmente serem utilizados para interpretações adicionais dos dados. 
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3 Objetivos 
3.1 Objetivo Geral 

  Desenvolvimento de software capaz de identificar peptídeos 

covalentemente ligados e analisados por espectrometria de massas. O software 

deve ser compatível com cross-linkers comercialmente disponíveis e de novos 

ainda em desenvolvimento. 

3.2 Objetivos Específicos 

• Criação de um preditor de espectros teóricos para cross-linkers atuantes 

em aminoácidos básicos. 

• Criação de um algoritmo para realizar a busca utilizando a abordagem 

Peptide Spectrum Matching (PSM). 

• Desenvolvimento de uma interface gráfica fácil de ser utilizada. 

• Desenvolvimento de um mapa bidimensional de interação proteica. 

• Desenvolvimento de visualizador de espectro dinâmico. 
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4 Metodologia 

Analisar dados provenientes de experimentos de cross-linking é uma tarefa 

computacionalmente difícil. Dentre os diversos motivos, destacamos que a 

possibilidade de combinações entre peptídeos cresce de forma quadrática de acordo 

com o número de proteínas presentes no banco de dados.  Em contra partida, quanto 

maior o número de possibilidades a serem consideradas por um algoritmo, maior a 

probabilidade de erros, culminando em perda de sensibilidade (secção 1.6).  Estudos 

de XL-MS não toleram falsos-positivos porque cada identificação contribui com uma 

informação estrutural de forma única (KAO et al., 2011); uma identificação errada 

pode resultar em um modelo falso ou apontar uma interação entre proteínas que não 

existe.  Objetivando superar as limitações, hora apresentamos um algoritmo que 

demonstrou-se mais eficiente e sensível quando comparado aos existentes. 

Tomamos como ponto de partida a ferramenta de busca desenvolvida durante 

meu mestrado, denominada Spectrum Identification Machine – SIM (BORGES et al., 

2013), a fim de que ela pudesse processar espectros provenientes de experimentos de 

cross-linking. Para isso, uma nova interface gráfica foi desenvolvida a fim de 

contemplar parâmetros necessários para estudos voltados a XL-MS. 

4.1 Fluxo de trabalho do algoritmo de identificação 

Processar dados de cross-linking é extremamente custoso do ponto de vista 

computacional devido ao tamanho do espaço de busca e à quantidade de espectros 

gerados pelo instrumento analítico.  Para que pudéssemos ter um resultado confiável e 

otimizar o processamento, um fluxo de trabalho foi desenvolvido e divido nas 

seguintes etapas: 

• Identificar peptídeos modificados pós-traducionalmente, contendo 

mono-link, ou dead-end, e também identificar peptídeos que não 

sofreram nenhuma modificação. 

• A partir da identificação dos peptídeos no passo anterior, um novo 

banco de dados de sequências peptídicas é gerado, contendo apenas os 

peptídeos com a modificação pós-traducional e os peptídeos 

provenientes das proteínas identificadas. 

•  Filtrar os espectros experimentais, provenientes dos espectrômetros de 

massas, selecionando somente àqueles que são caracterizados pela 

fragmentação de peptídeos covalentemente ligados. 
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• Identificar os peptídeos covalentemente ligados através da abordagem 

Peptide Spectrum Matching – PSM. 

• Avaliar a qualidade do resultado das identificações 

• Auxiliar na modelagem estrutural de proteínas e/ou interações 

proteína-proteína que podem ser realizadas em um complexo. 

4.1.1 Identificação prévia de peptídeos lineares com e sem mono-links 

Ao estudar dados publicados, observamos que para toda identificação de 

peptídeos covalentemente ligados, era identificado também um dos peptídeos que foi 

modificado com um linker hidrolisado em uma das extremidades, chamado de mono-

link, ou dead-end.  

Considerando essas observações, introduzimos o conceito de busca em tandem 

para XL-MS, a qual, a dividimos em duas etapas: a primeira, objetiva a identificação 

de peptídeos que não reagiram com os agentes de ligação cruzada (ALC), que são os 

peptídeos lineares, porém sofreram a modificação dead-end. Essa busca tradicional 

em proteômica, exemplificada na Figura 1.15, é realizada utilizando o Comet (ENG et 

al., 2013), uma ferramenta computacional que utiliza também a abordagem PSM e 

possui sensibilidade e rapidez na identificação dos dados.  

4.1.2 Redução dinâmica do banco de dados 

A segunda etapa do conceito de busca em tandem consiste em gerar um espaço 

de busca a partir dos resultados do primeiro passo.  Portanto, o algoritmo não mais 

considera a combinação de todas as possibilidades de peptídeos provenientes de um 

banco de sequências proteicas, mas agora apenas combinações que possuam ao menos 

um peptídeo com um dead-end identificado na primeira etapa.  Essa redução implica 

em um aumento de sensibilidade e velocidade na busca por peptídeos covalentemente 

ligados. 

Para exemplificar o funcionamento dessa segunda etapa, considera-se que o 

banco de dados contém apenas a sequência proteica: 

ABCDEKFGHIJKLMNOKQQKRSTKUVWXYZ, onde em negrito estão 

representados os possíveis sítios de reação do cross-linker homobifuncional DSS 

(Figura 1.9).  Ao realizar a digestão in silico dessa cadeia polipeptídica com a enzima 

proteolítica tripsina, serão produzidos vários peptídeos, os quais, alguns exemplos são 

demonstrados a seguir:  
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ü ABCDEKFGHIJK 

ü FGHIJKLMNOK 

ü LMNOKQQKR 

ü QQKRSTK 

ü STKUVWXYZ 

Essa hidrolise in silico sob ação da tripsina acontece em resíduos de 

aminoácidos específicos, como a lisina (K) e a arginina (R), sempre no sentido c-

terminal da sequência, o que significa que a proteína será clivada após esses 

aminoácidos.  Entretanto, a ação da enzima nem sempre é eficiente, o que pode 

ocasionar em falhas de clivagem, ou missed-cleavages, e nesse exemplo, foi 

considerado que pudessem ocorre até duas falhas como essas. 

A Tabela 4.1 ilustra um espaço de busca representativo de um experimento de 

cross-linking, onde todos os peptídeos gerados a partir da digestão in silico da 

sequência proteica, combinam entre si, gerando um espaço que cresce de forma 

quadrática de acordo o número de peptídeos a serem considerados.  Todavia, 

aplicando uma redução dinâmica, conforme explicado anteriormente, o espaço pode 

ser reduzido, contemplando apenas peptídeos com dead-end e sem modificação pós-

traducional identificados na primeira etapa do conceito de busca em tandem. Logo, na 

Tabela 4.2, pode-se notar a redução do número de combinações e consequentemente a 

redução do espaço de busca comparado à Tabela 4.1. 

 
Tabela 4.1 – Espaço de busca típico de um experimento de cross-linking onde todos os 
peptídeos combinam entre si. 

 
ABCDEKFGHIJK FGHIJKLMNOK LMNOKQQKR QQKRSTK STKUVWXYZ 

ABCDEKFGHIJK X 
    

FGHIJKLMNOK X X 
   

LMNOKQQKR X X X 
  

QQKRSTK X X X X 
 

STKUVWXYZ X X X X X 
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Tabela 4.2 – Espaço de busca aplicando a redução dinâmica, onde será composto apenas 
pela combinação dos peptídeos identificados com dead-end – K(DE), e os peptídeos que 
não sofreram nenhuma modificação pós-traducional. 

 
ABCDEK(DE)FGHIJK FGHIJK(DE)LMNOK LMNOKQQKR QQKRSTK STKUVWXYZ 

ABCDEKFGHIJK X 
    

FGHIJKLMNOK X X 
   

LMNOKQQKR X X 
   

QQKRSTK X X    

STKUVWXYZ X X    

 

Dessa forma, o que antes, em um banco de dados ilustrativo de um 

experimento de cross-linking tinha-se um espaço de busca composto por quinze 

peptídeos, após realizada a redução dinâmica, este número diminuiu para nove; em 

espaços de busca maiores, esta redução pode resultar em um aumento na sensibilidade 

das identificações, e em uma redução no tempo de processamento. 

4.1.3 Filtragem de espectros característicos de cross-linking 

A reação de agentes de ligação cruzada em peptídeos permanece durante toda 

separação cromatográfica, sendo dissociada apenas na etapa de fragmentação no 

espectrômetro de massas.  Um dos efeitos desta dissociação é o aparecimento de íons 

diagnósticos, ou marcadores (i.e., reporter ions) (Figura 4.1), que caracterizam 

espectros apenas provenientes de peptídeos que sofreram a reação com o cross-linker.  

Exemplos de íons marcadores são: 222,149; 239,1759; 305,2229 para o DSS ou BS3  

– Figura 4.2) (IGLESIAS et al., 2010). 

O nosso algoritmo toma proveito desta informação, oferecendo como opção a 

consideração de analisar espectros experimentais que contenham ao menos um íon 

diagnóstico.  Isso resulta em otimização do tempo de busca e redução na possibilidade 

de identificação de falsos-positivos, ou seja, espectros que não são provenientes de 

peptídeos covalentemente ligados.  
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Figura 4.1 – Espectro de fragmentação derivado de peptídeos covalentemente ligados. 
Em destaque, os íons diagnósticos de m/z 222.149 e 305.222 que caracterizam a 
existência da reação com um agente de ligação cruzada. 

 
Figura 4.2 – Estrutura molecular dos íons diagnósticos de m/z 222,1494; 239,1759 e 
305,2229; os quais caracterizam espectros provenientes de peptídeos que reagiram 
covalentemente com o DSS. [Figura retirada de (IGLESIAS et al., 2010)] 

4.1.4 Identificação dos peptídeos covalentemente ligados 

Após a redução dinâmica do espaço de busca e seleção de espectros contendo 

íons marcadores, o próximo passo consiste na identificação de peptídeos que sofreram 

a ação dos agentes de ligação cruzada conforme descrito a seguir. 

4.1.4.1 Indexação do banco de dados de peptídeos 

 O algoritmo hora apresentado fundamenta-se na comparação de espectros 

experimentais contra teóricos provenientes de um banco de sequencias proteicas.  A 

primeira etapa consiste-se em gerar um índice onde, para uma determinada massa, é 

provido quais sequencias proteicas possuem peptídeos com massas próximas.  Isso  

viabiliza o tempo computacional e o gerenciamento das combinações peptídicas na 

memória do computador.  A Tabela 4.3 exemplifica uma indexação ilustrativa; isso 

permite, por exemplo, encontrar rapidamente quais sequências proteicas contêm 

peptídeo(s) cuja massa é aproximadamente 784,5298 Da.  Em tempo, guardar todos 
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os peptídeos com suas respectivas massas na memória do computador é inviável, 

justificando esta forma proposta de indexação. 
Tabela 4.3 – Indexação do banco de sequências proteicas a fim de aumentar a 
velocidade da busca, não desperdiçando tempo em gerar espectros teóricos para 
peptídeos cuja massa esteja fora do intervalo a ser buscado. 

 

4.1.4.2 O algoritmo minhoca 

 Após a indexação do banco, o próximo passo é identificar sequências 

peptídicas cujo seu espectro teórico seja semelhante ao espectro experimental em 

questão.  Devido a explosão combinatória de possibilidades durante análises por XL-

MS, foi necessário o desenvolvimento de um novo algoritmo denominado “algoritmo 

minhoca”.  Esse é capaz de identificar sequências peptídicas cuja massa teórica esteja 

igual ao m/z do íon precursor de acordo com uma determinada tolerância.  

Diferentemente de algoritmos existentes que realizam a digestão in silico de 

sequências proteicas para identificar tais peptídeos, o algoritmo minhoca procura 

dentro da sequência proteica uma combinação de aminoácidos, representando o 

peptídeo, o qual sua massa teórica satisfaça a massa do íon precursor.  

Uma vez encontrados as combinações de sequências peptídicas satisfazendo as 

restrições supracitadas, na etapa conseguinte, o algoritmo compara o espectro teórico 

contra o experimental utilizando uma métrica de distância a ser explicada na 32.  Para 

isso, foi necessário desenvolver um preditor capaz de gerar um espectro teórico a 

partir de um ou mais peptídeos covalentemente ligados.  

O preditor gera espectros teóricos contendo as séries b e y (secção 1.2.2), com 

as cadeias α e β (secção 1.3).   Ele possui duas funções: a primeira gera espectros de 

peptídeos com interlink, e outro de peptídeos com intralink. 

4.1.4.3 Preditor de espectro teórico para peptídeos com interlink 

A Figura 4.3 mostra um espectro teórico da combinação peptídica 

DSSLPPHILEVIDKCGYKEPTPIQR – FGKPLGIR contendo a ligação cruzada no 

aminoácido lisina (K) na posição quatorze do peptídeo α, com o aminoácido lisina na 

Intervalo de massas Lista de sequências proteicas 
784.4 Seq1, Seq2, Seq3 
784.5 Seq4, Seq5 
784.6 Seq6, Seq7, Seq8 

… … 
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posição três do peptídeo β.  A série b α que corresponde ao espectro teórico dessa 

combinação peptídica é composta pelos seguintes íons: 

b1α: D = 116,0348 

b2α: DS = 203,0668 

b3α: DSS = 290,0988 

b4α: DSSL = 403,1829 

b5α: DSSLP = 500,2356 

... 

b13α: DSSLPPHILEVID = 

1416,7374

 

Ao chegar na ligação covalente, o valor da relação m/z do íon é igual à massa 

do peptídeo α até o resíduo correspondente, acrescida da massa total do peptídeo β 

mais a massa do cross-linker (XL). Neste caso, o íon b14α ficaria assim:  

b14α: DSSLPPHILEVIDK + massa total do peptídeo β + massa do XL = 

1544,8212 + 886,528 + 138,0681 = 2569,4173 

b15α: DSSLPPHILEVIDKC + massa total do peptídeo β + massa do XL = 

2729,47 

E assim por diante. 

De forma análoga, a série β é composta pelos seguintes íons: 

b1β: F = 148,0762 

b2β: FG = 205,0977 

b3β: FGK + massa total do peptídeo α + massa do XL = 350,184 + 

2874,471735 + 138,0681 = 3362,7458 

b4β: FGKP + massa total do peptídeo α + massa do XL = 3459,7986 

b5β: FGKPL + massa total do peptídeo α + massa do XL = 3572,8827 

E assim por diante. 

As séries yα e yβ são obtidas de forma análoga, porém no sentido C-terminal 

para o N-terminal (da direita para a esquerda). 
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Figura 4.3 – Preditor do espectro teórico para peptídeos com interlink. As séries b e y 
combinadas com as cadeias α  e β  são obtidas de maneira a compreender a ligação 
covalente entre os dois peptídeos. 

4.1.4.4 Preditor de espectro teórico para peptídeos com intralink 

Quando o linker reage em um mesmo peptídeo, é caracterizado um intralink 

(secção 1.3),  A Figura 4.4 mostra a sobreposição de um espectro teórico contra um 

experimental proveniente do peptídeo IKKLKEDISQGVHISVYR, com ligação 

cruzada ocorrendo entre as lisinas (K) nas posições dois e cinco. 

 
Figura 4.4 – Preditor de espectro teórico para peptídeos com intralink. As séries que 
compõem este espectros são a b e y. 

Neste caso há apenas as séries b e y, não sendo criadas as combinações com as 

cadeias α e β. A série b é composta pelos seguintes íons: 

b1:  I = 114,0919 

 

Ao chegar na reação do agente de ligação cruzada, formando a ligação 

covalente, a relação m/z referente a esse íon será igual à massa do peptídeo linear até 

o resíduo correspondente acrescida da massa do cross-linker (XL). Neste caso o íon 

b2 será: 

b2: IK = I + massa do XL = 242,1868 + 138,0681 = 380,2549 

b3: IKK = IKK + massa do XL = 508,3499 
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b4: IKKL = IKKL + massa do XL = 621,434 

E assim por diante.  

A série y é obtida de forma análoga, porém no sentido C-terminal para o N-

terminal. Neste caso ela seria composta pelos seguintes íons: 

 

y1: R = 175,1195 

 y2: RY = 338,1828 

 y3: RYV = 437,2512 

y4: RYVS = 524,2833 

... 

y14: RYVSIHVGQSIDEK + massa do XL = 1630,8853 + 138,0681 =  

1768,9234 

y15: RYVSIHVGQSIDEKL + massa do XL = 1882,0074 

E assim por diante. 

4.1.4.5 Otimizações no espectro teórico 

Nosso grupo determinou regras, de forma probabilística, da existência de 

intervalos de relação m/z que são mais propícios a conterem íons com determinadas 

cargas.  Por exemplo, peptídeos mono carregados, ou seja, com carga 1+, geralmente 

ocorrem quando a massa é inferior a 2.000 Da.  A Figura 4.5 mostra o intervalo m/z 

para cada carga a ser procurada. Nota-se que, embora existam íons fora do intervalo a 

ser procurado, eles são de baixíssima quantidade. 

 
Figura 4.5 – Intervalo de m/z a ser procurado em cada tipo de carga da sequência 
peptídica. Como exemplo, ao procurar íons de carga 1+, o intervalo será [1, 2.000], e 
dificilmente íons que contenham m/z acima de 2.000 serão mono carregados. 

Assim, ao refinar a predição dos espectro teórico, torna-o mais limpo, evitando 

que íons espúrios sejam identificados erroneamente. 
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4.1.4.6 Métrica de comparação entre espectros teóricos e experimentais. 

Uma métrica de verossimilhança é utilizado para avaliar a qualidade dos 

resultados.  A primeira etapa consiste-se no cálculo do produto escalar entre o 

espectro teórico e o experimental, atribuindo assim um primary score, para cada 

espectro teórico, de acordo com a fórmula a seguir: 

! .! = ∥ ! ∥ . ∥ ! ∥ . cos∅ 

Onde ! é o vetor que representa os picos com as intensidades do espectro 

teórico, ! é o que representa os picos com as intensidades do espectro experimental, e 

cos∅ é o ângulo entre os dois vetores, o qual é 0º, dado pelo paralelismo deles. Os 

vetores são formados a partir da relação m/z dos espectros teórico e experimental. 

Como as intensidades são normalizadas, então essa primeira parcela do score resulta 

em um valor que pertence ao intervalo [0, 1]. Em seguida, a pontuação sofre uma 

bonificação de 0,1 para cada pico do espectro teórico que está contido no espectro 

experimental, conforme é mostrado na equação a seguir: 
 

!"#$% = !"#$%&# !"#$%$& + !"#$%$&'çã! !"# !"#" !"#$ !"#$"%&'($ 
 

Como pode ser observado na Figura 4.6, a pontuação obtida por este espectro 

é 3,33 (canto superior direito da figura), que foi obtido através do produto escalar, 

igual a 0,83, acrescido de 2,5, o qual corresponde aos 25 picos encontrados no 

espectro teórico presentes no espectro experimental (15 picos da série y e 10 da série 

b). Como cada bonificação equivale a 0,1, então a pontuação final nesse caso é 

demonstrada a seguir: 

!"#$% = 0,83+ 25 !"#$% ! 0,1 =  0,83+ 2,5 = 3,33 

 
Figura 4.6 – Cálculo do score: a pontuação obtida nesse espectro foi de 3.33 (canto 
superior direito), obtido a partir do produto escalar entre o espectro teórico e o 
experimental, igual a 0.83, acrescido dos 25 picos (15 da série y, em azul, e 10 da série b, 
em vermelho) contidos no espectro teórico e presentes no experimental. 
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4.1.5 Avaliação dos resultados da busca 

Após a busca ser realizada, a ferramenta oferece meios para avaliar os 

resultados.  E para isso, a ferramenta disponibiliza a informação de vários fatores 

descritos a seguir.  O primeiro, o primary score, reflete o quão semelhante a 

sequência peptídica (no caso do intralink) ou a combinação peptídica (no caso do 

interlink) é com o espectro experimental.  O segundo, reflete o número de vezes que o 

mesmo link aparece nas identificações, chamado de spectral counting.  Ou seja, em 

quantos espectros diferentes houve a mesma identificação peptídica.  Quanto maior o 

número observado com um score consistente, mais confiável é o link.  Entretanto, isso 

depende também, da geração do espectros pelo espectrômetro de massas, isto é, 

quanto maior a resolução do instrumento analítico, maior será a precisão do espectro 

experimental gerado.  Então, uma única identificação com um score relativamente 

alto, também poderá ser consistente. 

Um terceiro fator considerado é o número de resíduos identificados em cada 

cadeia peptídica (caldeia α e β) – Figura 4.7, quanto maior, mais confiável fica a 

identificação.  Entretanto, outros componentes podem vir a influenciar nesta métrica, 

como por exemplo, picos espectrais provenientes de ruído e a enzima utilizada.  Em 

geral, a tripsina é a mais utilizada, gerando assim peptídeos de tamanho médio, o que 

é apropriado para identificação por espectrometria de massas em tandem 

(CANFIELD, 1963).  Nestes casos, quando tem-se uma cadeia α muito grande, a 

tendência é que se tenha uma cadeia β pequena, fazendo com que o número de 

resíduos sequenciados na segunda cadeia seja baixo. 

 
Figura 4.7 – Anotação peptídica:  a partir dela é possível observar o número de resíduos 
em cada cadeia peptídica (α  em azul e β  em vermelho) que foram identificados. 

4.1.5.1 RANSAC 

Aqui, empregamos o regressor linear Random Sample Consensus – RANSAC 

(FISCHLER; BOLLES, 1981).  Este método é capaz de gerar soluções cada vez mais 

aproximadas do esperado a medida que se permite um maior número de iterações, 

tendo como principal vantagem gerar um regressor que seja robusto a outliers.  Ou 

seja, a partir de um número mínimo de pontos para instanciar os parâmetros livres, 
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ditos como p, e um conjunto de pontos totais P, tais que o número de pontos contido 

em P seja maior que p, seleciona-se arbitrariamente um subconjunto S a partir dos 

pontos contidos em P.  Utiliza-se um modelo já pré-selecionado e instanciado, dito 

como N, para que se possa gerar S1, selecionando pontos em P que estejam dentro de 

um erro tolerável.  É dito então que S1 é um conjunto consenso de S.  No caso do 

algoritmo de busca, o conjunto P é dado pelos íons do espectro experimental 

analisado, e p é compreendido pelo erro ppm (parte por milhão) de exatidão entre 

cada íon experimental e teórico de acordo com o produto escalar realizado.  Ou seja, 

cada ponto visualizado na Figura 4.8 representa o erro ppm da relação m/z de cada íon 

do espectro experimental em relação ao espectro teórico. 

O RANSAC é gerado a partir dos dez espectros melhores identificados de uma 

corrida, traçando um regressor linear, a fim de refletir uma linha de erro médio 

quadrado dos picos coincidentes entre os espectros teórico e o experimental.  Na 

Figura 4.8 pode-se observar três linhas na cor azul delimitando uma região de erro 

médio quadrático; o RANSAC é representado pela linha central e as outras duas são 

obtidas a partir de três desvios-padrão para mais ou menos em relação à linha central.  

Espera-se que todas as identificações tenham linhas RANSAC bastante semelhantes, 

mostrando assim, o quão reprodutível e preciso o espectrômetro está.  

 
Figura 4.8 – Linhas RANSAC que é interpretada como o erro médio entre os íons do 
espectro experimental e teórico.  Neste exemplo, é possível observar que o erro ppm 
absoluto é de aproximadamente 5 e que praticamente todos os íons estão dentro da 
região demarcada pela linha central RANSAC e pelas linhas extremas que 
correspondem três desvios-padrão para cima e para baixo. 
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4.1.6 Auxílio na modelagem estrutural de proteínas e interações proteicas 

A seguir será descrito como nosso algoritmo auxilia na elaboração de modelo 

estrutural das proteínas e/ou as interações que elas realizam (Figura 1.12 f).  Para isso, 

uma lista de peptídeos com cross-linking é produzido (Figura 4.9) para auxiliar na 

elaboração de modelos como exemplificado na Figura 4.10. 

 
Figura 4.9 – Lista de cross-linkings gerada para propor futuros modelos proteicos e/ou 
interações que ocorrem entre as proteínas. 

Uma vez que as restrições de distâncias são verificadas, um script pode ser 

gerado para auxiliar a visualização dos links identificados em ferramentas como o 

PyMOL (“https://www.pymol.org/”), o qual tem como entrada modelos já pré 

estabelcidos do Protein Data Bank – PDB (BERMAN et al., 2000) . 

É possível também utilizar as restrições de distâncias para auxiliar na 

modelagem de estruturas proteicas através do software RosettaCommons® 

(“https://www.rosettacommons.org/”). 

 

 
Figura 4.10 – Visualização pelo PyMOL de um modelo de uma proteína e os cross-
linkings identificados pelo algoritmo de busca. 

4.2 Spectrum Identification Machine for Cross-linked peptides 

Disponibilizar uma ferramenta objetiva e simples para viabilizar identificações 

de peptídeos covalentemente ligados de uma forma rápida e confiável foi o desafio 
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proposto nesta tese; aqui materializado como um software denominado de Spectrum 

Identification Machine for Cross-linked peptides – SIM-XL (LIMA et al., 2015).  O 

SIM-XL utiliza a abordagem PSM (secção 1.4) e é capaz de disponibilizar um 

resultado gráfico das interações proteínas-proteínas através de um mapa 

bidimensional. 

Neste secção será detalhado o funcionamento do SIM-XL, mostrando as 

características e paradigmas utilizados. 

4.2.1 Parâmetros 

 A ferramenta desenvolvida nesta tese permite realizar buscas por peptídeos 

covalentemente ligados de forma rápida e sensível.  Entretanto, para que tal  

performance seja alcançada, a especificação de alguns parâmetros, intrínsecos do 

experimento em questão devem ser especificados.  A seguir detalharemos os 

principais parâmetros; fazemos uma ressalva que como parte desta tese publicamos 

um protocolo (BORGES et al., 2015) a fim de detalhar todos os parâmetros presentes 

no SIM-XL. 

4.2.1.1 Modos de operação 

A SIM-XL proverá resultados mais rapidamente quando ativado o modo de 

redução dinâmica de banco de dados (secção 4.1.2), pois considerará apenas espectros 

contendo íons diagnósticos (secção 4.1.3) e portanto, processará  apenas espectros 

derivados de peptídeos com ligação cruzada.  A partir do momento que ambas as 

características sejam factíveis, é legítimo realizar a busca no modo SIM-XL Dynamic 

DB Reduction with Reporter Ions. Entretanto, caso os íons diagnósticos (reporter 

ions) não estejam presentes (devido, por exemplo, a utilização de um espectrômetro 

com analisador do tipo ion trap, o qual não gera íons de baixa relação massa/carga), é 

possível realizar a busca sem o Dynamic DB Reduction mode; todavia, o tempo de 

processamento será maior.  E por fim, há o SIM-XL Normal mode, onde a ferramenta 

não realiza o espaço de busca e nem utiliza os íons diagnósticos para otimizar a busca. 

Na análise de dados, primeiramente, define-se um critério de tolerância de massas 

para íons precursores, o qual é medido em ppm (parte por milhão), a nível do MS1 

(secção 1.2.2), o qual permite com que apenas espectros experimentais, cuja massa do 

íon precursor esteja dentro de uma tolerância previamente definido, sejam procurados.  

Adicionalmente, outra tolerância é estabelecida para o espectro de varredura dos íons 

produtos, ou MS2 (secção 1.2.2), com o objetivo de pontuar picos espectrais 
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coincidentes entre os espectros teóricos e o experimental (secção 32).  Em seguida, o 

usuário define modificações pós-traducionais (PTMs) a serem consideradas na 

análise. No SIM-XL há algumas PTMs já pré-definidas, como por exemplo, a 

“carbamidometilação de cisteína” e a “oxidação da metionina” que implicam em um 

aumento de massa de 57,02146 Da na Cisteína e 15.9949 Da na Metionina, 

respectivamente.  Essas modificações podem ser consideradas como fixa (i.e., em 

todos os aminoácidos estabelecidos pelo usuário), ou variáveis.  Outro parâmetro pré-

definido é a enzima proteolítica tripsina. Esse parâmetro define como a digestão in 

silico será realizada, ou seja, neste caso, “clivando sequências” após os aminoácidos 

K e R no sentido n-terminal para c-terminal da cadeia polipeptídica. 

 O banco de dados que contém as sequências proteicas deverá ser indicado na 

ferramenta de busca e também deverá ser selecionado qual agente de ligação cruzada 

foi utilizado.  Outros parâmetros poderão ser customizados, conforme descritos no 

protocolo de utilização do SIM-XL (BORGES et al., 2015). 

Cumprido a etapa de especificação dos parâmetro de busca, o SIM-XL fará uma 

serialização4 dos dados a fim de poder recuperar os parâmetros usados em uma 

próxima execução do programa.  Em seguida, a ferramenta organizará um dicionário, 

isto é, uma estrutura de dados, na memória do computador, contendo como chaves os 

caracteres dos aminoácidos e como valores suas respectivas massas monoisotópicas5.  

As massas das modificações pós-traducionais que a proteína poderá sofrer também 

serão adicionadas ao dicionário.  A criação desse dicionário facilitará no momento 

que a busca pela sequência peptídica é realizada, uma vez que o acesso à informação 

tem um tempo de complexidade O(1)6.  A Tabela 4.4 mostra as massas em Da dos 

resíduos e das moléculas pré-configurados no software:  

                                                
4 Serializar um objeto é colocar os valores nele contidos juntamente com suas propriedades de certa 
maneira que fiquem em série, daí o nome serial. Dessa forma, um objeto serializado terá os privilégios 
para que ele possa ser gravado em disco ou mesmo transmitido pela rede. 
5 Massa monoisotópica corresponde à soma das massas dos átomos de uma molécula utilizando a 
massa do isótopo mais abundante. Para a grande maioria dos compostos orgânicos, a massa 
monoisotópica corresponde à massa do isótopo mais abundante. 
6 Complexidade computacional é um ramo da teoria da computação que se concentra em classificar 
problemas de acordo com sua dificuldade. Quando o acesso à informação é de forma imediata, sem a 
necessidade de resolver cálculos aprofundados, dizemos que o tempo é O (1). 
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Tabela 4.4 – Resíduos e moléculas com suas respectivas massas em Da. 

Aminoácido / 

Molécula 

Descrição Massa 

G Glicina 57,0214637 

A Alanina 71,0371138 

S Serina 87,0320284 

P Prolina 97,0527638 

V Valina 99,0684139 

T Treonina 101,047678 

C Cisteína 103,009185 

I Isoleucina 113,084064 

L Leucina 113,084064 

N Asparagina 114,042927 

D Ácido Aspártico 115,026943 

Q Glutamina 128,058578 

K Lisina 128,094963 

E Ácido Glutâmico 129,042593 

M Metionina 131,040485 

H Histidina 137,058912 

F Fenilanina 147,068414 

U Selenocisteína 150,95364 

R Arginina 156,101111 

X ou J Leucina ou Isoleucina 113,08406 

Y Tirosina 163,063329 

W Triptofan 186,079313 

O Pirrolisina  - O 22º aminoácido 255,166692 

H Hidrogênio 1,007825032 

O Oxigênio 15,99491462 

C Carbono 12 

N Nitrogênio 14,00307401 

NH3 Amina 17,0265491 

CO Monóxido de Carbono 27,99491462 

H2O Água 18,01056469 

B Asparagina ou Ácido Aspártico  114,042927 

Z Ácido Glutâmico 128,058578 
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4.2.2 Linguagem de programação 

 A esquematização do software é parte fundamental para futuras manutenções 

e aprimoramentos na lógica da programação. Portanto, nós optamos por seguir o 

paradigma da orientação a objetos, que garante com que o código fonte seja robusto e 

organizado. 

 O SIM-XL segue o paradigma Model-View-Controller (MVC), que é um 

padrão bastante difundido na área de desenvolvimento de softwares. Tal metodologia 

permite que a ferramenta seja executada pela linha de comando e através de uma 

interface gráfica (GUI), facilitando o manuseio do software por usuários e também 

por clusters de processamento. 

4.2.2.1  Model-View-Controller – MVC 

 Com o objetivo de separar a lógica de negócio da apresentação, e também da 

necessidade de organizar as linhas de código de sistemas grandes e complexos, foi 

criado o padrão Model-View-Controller, ou simplesmente MVC, permitindo a 

separação da lógica da aplicação de sua parte gráfica. 

 Dessa forma, o MVC é compreendido por três camadas (Figura 4.11): 

1. Model: Responsável por reunir as informações que mostram o estado de um 

componente, além de informar para seus observadores sobre as mudanças 

ocorridas nos dados. É no model que se gerencia e definem-se as classes de 

domínio. 

2. View: É a parte da aplicação que interage com o usuário. É nessa camada que 

há a ligação e interação com o modelo, especificando como os dados serão 

apresentados ao usuário. 

3. Controller: É no controller que há o tratamento dos eventos do sistema, ou 

seja, é nele que as ações do usuário, realizados na camada view, serão 

capturados e processados para que o model seja modificado. É aqui que ocorre 

a validação e a filtragem dos dados realizado pelo usuário.  
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Figura 4.11 – Interação dos componentes do MVC [figura retirada de (APPEL)] 

Após a escolha de adoção do MVC, optamos por usar a linguagem de 

programação C#, pertencente à plataforma .NET, que oferece diversas bibliotecas de 

auxílio no desenvolvimento do software.  Essa linguagem é amplamente difundida, 

facilitando na integração de fóruns de dúvidas, fundamentais no ambiente de 

desenvolvimento e sendo a linguagem de escolha nos programas desenvolvidos pela 

Thermo®, uma das principais empresas que vende espectrômetros de massas. 

Finalmente, o C# dispõem de características únicas, como, por exemplo, o Language 

Integrated Query (LINQ), que introduz uma série de instruções para manipular dados 

de forma rápida e simples. 

A versão corrente do SIM-XL (v.1.1) possui mais de 900.000 linhas de código 

implementadas divididas em mais de 119 classes, obedecendo o paradigma MVC. 

4.2.3 Interface gráfica 

Com o objetivo de tornar a nossa ferramenta e seus resultados de fácil 

utilização e interpretação elaboramos uma interface gráfica – GUI (Figura 4.12Error! 

Reference source not found.). A GUI permite a configuração dos parâmetros de 

busca de forma rápida e simples. 

Ao executar o SIM-XL, uma tela é exibida ao usuário onde poderão ser 

configurados os parâmetros, tais como o arquivo do banco de dados de sequências 

proteicas no formato FASTA, o diretório onde estão presentes os arquivos oriundos 

do espectrômetro de massas e também o cross-linker utilizado no experimento, dentre 

outros explicados na secção 4.2.1. 

Para cada operação realizada pela nossa ferramenta, são exibidas informações 

na aba log, permitindo o acompanhamento de todo o processo de busca.  O software 

também dispõe de uma barra de progresso que permite uma estimativa de quanto 

tempo falta para que a operação em questão seja finalizada.  
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Figura 4.12 – Interface principal do SIM-XL, onde os principais parâmetros de busca 
são definidos. 

4.2.4 Leitura dos espectros experimentais 

A busca inicia-se pela leitura de um ou mais arquivos gerados pelo 

espectrômetro de massas, ou nos formatos *.ms2, *.mzML7 e *.mgf8.  O SIM-XL 

possui um parser9 que interpreta esses tipos de arquivos, permitindo a comparação 

com os espectros teóricos.  Para isso, informações como o número do espectro (scan 

number) o tipo de dissociação utilizado (por exemplo, CID, HCD, ETD etc.), assim 

como massa e estado de carga do íon precursor e de seus íons-fragmentos são 

interpretadas.  Uma vez lidos, os dados experimentais são armazenados na memória 

para que sejam interpretados no momento da busca. 

4.2.5 Geração do arquivo de resultados 

Ao término do processamento da busca, os resultados são apresentados de 

forma gráfica e interativa, facilitando sua interpretação.  A interface gráfica permite 

filtragem automática dos resultados de acordo com critérios de qualidade (secção 

4.1.5) e também validação manual, através dos módulos que permitem sobrepor 

espectros teóricos contra experimentais.  Finalmente, é apresentado de forma gráfica 

links que contribuem com informações relacionadas a estrutura da proteína e/ou 

interação proteína-proteína (secção 4.1.6).  Além disso, a fim de evitar perdas da 

                                                
7 O formato mzML é um padrão especificado pela HUPO Proteomics Standards Initiative (MARTENS 
et al., 2011). 
8 O formato MGF, ou Mascot Generic Format, é um padrão muito utilizado por diversas ferramentas 
de busca para gravar espectros MS2, e foi oriundo da ferramenta Mascot (KOENIG et al., 2008). 
9 Parser, ou analisador sintático, é o responsável por analisar uma sequência de entrada para interpretar 
sua estrutura gramatical de acordo com um determinada gramática pré-estabelecida. 
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avaliação dos links identificados, os resultados podem ser gravados em arquivos com 

extensão *.simxlr para futuras avaliações.  O arquivo permite recuperar as 

informações sobre os links identificados, o mapa bidimensional, o relatório dinâmico 

e mapa de calor das interações entre proteínas, descritos a seguir. 

4.2.5.1 Mapa bidimensional de interação proteína-proteína 

Um característica inédita proposta no SIM-XL está na exibição dos resultados 

dos links na forma de um mapa bidimensional, permitindo observar instantaneamente 

onde ocorrem as interações proteicas.  Esta etapa é preliminar à criação de um modelo 

de estrutura terciária ou quaternária.  Dessa forma, a interface gráfica permite avaliar 

manualmente cada link apresentado e em seguida, atribuir uma qualificação dentre 

cinco opções seguintes: Excelente, Bom, Médio, Ruim e Péssimo.  

Os resultados de intralink e interlink são apresentados de forma separada, já 

que a pontuação em geral, para os interlinks é maior.  Isso permite o estabelecimento 

de scores de corte diferenciados para essas classes de resultado.  

4.2.5.1.1 Visualizador em barras 

O visualizador em barras constitui uma das formas de apresentação dos 

resultados de forma gráfica.  Nesse, proteínas são representadas como barras no mapa 

bidimensional e os links como linhas (Figura 4.13), e é possível reanjar as proteínas 

de certa a fim de obter uma melhor visualização. 

 
Figura 4.13 – Mapa bidimensional em forma de barras. Essa forma de visualizar os 
resultados é inédito em ferramentas de busca de cross-linking. 

4.2.5.1.2 Visualizador circular 

Para o caso onde três ou mais proteínas são identificadas, um novo 

visualizador foi desenvolvido, o circular.  Nesses casos, geralmente ocorrem um 
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número maior de links, podendo tornar o resultado de difícil interpretação quando no 

modo em barras. Nesse visualizador, proteínas são dispostas na forma de arcos, 

inicialmente formando um círculo.  O comprimento de cada arco é diretamente 

proporcional ao número de aminoácidos contidos na respectiva sequência (Figura 

4.14). É possível destacar proteínas do círculo para facilitar a visualização de intra e 

interlinks.  Para o caso das proteínas com sequências muito menores que as demais, o 

visualizador circular permite gerar uma imagem híbrida com o modo em barra para 

uma melhor interpretação (Figura 4.15). 

 
Figura 4.14 – Mapa bidimensional em forma circular.  Esse tipo de visualização é 
factível quando muitas proteínas são identificadas, tornando a interpretação mais clara 
e objetiva. 

 
Figura 4.15 – É possível destacar duas proteínas para que se possa visualizar de uma 
melhor maneira a interação que as duas têm entre si.  E pode-se alternar para a 
visualização em barras uma proteína específica. 
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4.2.5.1 Relatório dinâmico de resultados 

As identificações também são exibidas em forma de relatório.  No relatório 

dinâmico do SIM-XL, cada detalhe da identificação é apresentado, como por 

exemplo, o número do espectro caracterizando uma determinada ligação covalente, a 

massa experimental do peptídeo (ou dos peptídeos eluídos, no caso de interlink), o 

score atribuído à determinada identificação, o erro ppm entre a sequência teórica e o 

dado experimental, a quantidade de picos espectrais identificados na cadeia α e β, a 

sequência peptídica propriamente dita, a(s) proteína(s) que é(são) inferida(s) por essa 

identificação, a posição do(s) link(s) na(s) respectiva(s) sequência(s) proteica(s), 

dentre outros detalhes.  O usuário poderá filtrar, por cada campo, a fim de refinar o 

relatório, podendo também, visualizar o espectro (secção 4.2.5.4) para poder 

manualmente validar o resultado proposto.  Os filtros aplicados no relatório dinâmico 

são imediatamente refletidos nas outras partes da interface gráfica, como por 

exemplo, no visualizador em barras, no circular e até mesmo no mapa de calor de 

interação.  A Figura 4.16 ilustra o relatório dinâmico de um resultado.    

 
Figura 4.16 – Relatório dinâmico de resultados.  Através dele é possível analisar cada 
identificação detalhadamente. 

4.2.5.2 Mapa de calor das interações proteicas 

O mapa de calor, é uma outra maneira de visualizar os resultados; aqui as 

regiões proteicas são coloridas de acordo com o número de identificações de cross-

linkers atribuídos em cada região.  Quanto maior o número de identificações, mais 

intenso é a coloração vermelha.  Na Figura 4.17 pode-se observar que o link K(241) – 
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resíduo lisina na posição 241 da PROTEIN1, e K(257) – resíduo lisina na posição 257 

da mesma proteína, foi identificado em seis espectros diferentes. Por outro lado, o link 

K(225) – K(241) é caracterizado por quarenta espectros distintos.  O usuário poderá 

ter acesso a cada espectro, simplesmente clicando na célula desejada, logo, o número 

do espectro, assim como o score obtido e a referida sequência peptídica serão 

exibidos em um lista.   

 
Figura 4.17 – Visualizador do mapa de calor dinâmico.  Com ele é possível observar 
quantas identificações cada link obteve, representado por células diferentes.  É possível 
saber também, cada identificação obtida para o link apenas clicando sobre a célula 
desejada.  

A Figura 4.18 demonstra um mapa de calor refletindo o número de espectros 

apenas pela intensidade de cores. 

 
Figura 4.18 – Mapa de calor obtido através das interações entre duas proteínas.  É 
possível verificar, através das intensidades de cores em cada célula do mapa, em quais 
regiões foram obtidas um maior número de identificações para cada link observado.  
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4.2.5.3 Visualização dos links em estruturas terciárias ou quaternárias 

Objetivando completar a última etapa do fluxo de trabalho (secção 4.1.6), o 

SIM-XL permite exportar as informações dos links identificados, a fim de que possam 

ser visualizados na forma tridimensional – 3D (Figura 4.10). Para isso, scripts para o 

software PyMOL (“https://www.pymol.org/”) são automaticamente gerados através da 

interface gráfica (Figura 4.19). O SIM-XL permite customizar parâmetros de exibição 

referente ao modelo proteico. 

 
Figura 4.19 – Geração do script PyMOL.  Com ele é possível criar modelos 3D de 
estruturas terciárias de proteínas ou quaternárias, no caso de complexos proteicos. 

4.2.5.4 Visualizador dinâmico de espectros 

Para avaliar as identificações, é possível visualizar a sobreposição do espectro 

experimental contra o teórico de forma dinâmica a partir do visualizador dinâmico.  

Ele também permite alterar os parâmetros de sobreposição (secção 1.4) como, por 

exemplo, a sequência do peptídeo teórico ou até mesmo a tolerância ppm usada 

durante o pareamento dos espectros.  É possível também, ampliar uma região de 

interesse do espectro para uma avaliação mais detalhada, e caso algum pico espectral 

foi identificado erroneamente, é possível desmarcá-lo e, logo após, realizar uma nova 

comparação do espectro para obter um score atualizado.   A região superior do 

visualizador exibe um regressor RANSAC (secção 4.1.5.1) mostrando o erro ppm 

entre os picos experimentais e teóricos, e também a anotação peptídica, mostrando os 

resíduos que foram identificados (secção 4.1.5).  Finalmente, o visualizador permite 

ao usuário atribuir um grau de qualidade na identificação, no campo Assessment, 

facilitando uma filtragem a posteriori, de acordo com esta avaliação pessoal. 
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É possível também, comparar listas de íons-fragmento de um determinado 

espectro experimental com uma sequência peptídica (ou duas sequências, no caso do 

interlink).  O visualizador dinâmico é capaz de prover um score para a referida 

comparação, permitindo melhorar a avaliação da qualidade do espectro e/ou da(s) 

sequência(s) fornecida(s). 

 
Figura 4.20 – Visualizador de espectro dinâmico.  É possível customizar o espectro 
observado a fim de obter um melhor resultado. 

4.3 Repositório de armazenamento de dados – PRIDE 

A deposição de dados experimentais de espectrometria de massas em 

repositórios públicos tem se tornado uma prática cada vez mais adotada.  Esses 

repositórios permitem uma maior transparência nas publicações pois outros grupos 

poderão reproduzir os resultados reportados.  Um dos repositórios mais utilizados 

para estes fins é o Proteomics Identifications database – PRIDE (VIZCAÍNO et al., 

2013).  Ele foi desenvolvido e é mantido pela equipe EMBL-EBI, contendo mais de 

2.400 projetos e mais de 42.700 arquivos brutos armazenados. 

O SIM-XL é a primeira ferramenta de busca voltada à cross-linker compatível 

com o PRIDE, ou seja, o software hora apresentado é capaz de gerar arquivos no 

formato *.mzIdentML (JONES et al., 2012), tornando os resultados de cross-linkers, 

compatíveis com o repositório online.  Ressaltamos que para isso, tivemos que 

trabalhar juntamente com a equipe do EMBL para estabelecimento das especificações 

e regras de padronização de resultados de XL-MS para o PRIDE. 
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4.4 O SIM-XL e o PatternLab for Proteomics 

O PatternLab for Proteomics – PL é um integrado ambiente computacional, 

que contém ferramentas para realizar análises de proteômica quantitativa, tais como 

quantificação livre de marcação, ou label-free,  que utiliza técnicas de spectral 

counting (CARVALHO et al., 2008; LIU et al., 2004) e/ou cromatograma de íons 

extraídos – XIC (NEILSON et al., 2011), e quantificação relativa e absoluta através 

de marcadores caracterizados como íons isóbaros – iTRAQ (BONDARENKO et al., 

2002; ZHANG et al., 2013) e TMT; análises de proteínas diferencialmente expressas; 

análises ANOVA (MILONE, 2004); produção de Diagramas de Venn para a 

verificação de proteínas exclusivas em uma amostra; análises do Gene Ontology, as 

quais ajudam no entendimento da significância biológica dos dados; Búzios, o qual 

permite agrupar perfis proteômicos similares (AQUINO et al., 2014); e também o XD 

Scoring system, que permite avaliar a confiança em sítios de fosforização (FISCHER 

et al., 2015); um serviço na nuvem, ou cloud service, o qual concede fazer uma 

predição quantitativa em larga escala de domínios proteicos (LEPREVOST et al., 

2013); entre outros módulos relacionados à proteômica computacional (Figura 4.21). 

O PL também contém módulos para formatar banco de sequências proteicas 

oriundos de repositório públicos, tais como Uniprot (secção 1.4), incluindo 

sequências decoys – ou falsas, o qual permite com que um pós processamento dos 

resultados através de uma análise estatística seja realizada após a busca por peptídeos 

utilizando a abordagem PSM tenha sido concluída.   Nele é possível também realizar 

um estudo dirigido à similaridade em dados de genes que ainda não foram 

sequenciados, utilizando a abordagem de novo sequencing (secção 1.4), através do 

módulo PepExplorer (LEPREVOST et al., 2014). Enfim, o Patternlab for Proteomics 

é um amplo ambiente computacional que integra vários campos da proteômica em um 

único software, facilitando a usabilidade e a análise dos dados proteômicos, o que nos 

permitiu ter aceito para publicação um protocolo em uma das revistas de maiores 

prestígios na ciência, a Nature Protocols (Anexos I – Artigos publicados). 

Para divulgação e sendo o principal meio de download do software, foi 

desenvolvido um website (http://patternlabforproteomics.org) contendo as principais 

informações referente ao PL4.0, assim como o link para entrar no fórum de discussão 

do ambiente computacional proteômica, para que dúvidas pudesse ser solucionadas. 
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Figura 4.21 – PatternLab for Proteomics é um ambiente computacional composto por 
vários módulos para análise de proteômica qualitativa e quantitativa. 

 O SIM-XL torna-se um novo módulo estruturante desse ambiente 

computacional para proteômica que é amplamente difundido internacionalmente. 

Durante a elaboração da ferramenta de busca, vários módulos do PL foram acoplados 

e até mesmo aperfeiçoados.  Portanto, a elaboração do SIM-XL indiretamente 

resultou em um impacto na qualidade do PatternLab, mesmo em módulos de 

proteômica quantitativa ou qualitativa que, aparentemente, estariam completamente 

desvinculados de análises de XL-MS. 
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5 Resultados 

Para comprovar a robustez do SIM-XL optamos em compará-lo com 

ferramentas de busca de cross-linking amplamente utilizadas no âmbito acadêmico.  

Nossa ferramenta apresentou-se ser mais sensível (conforme pode ser observado na 

Figura 5.1) e rápido (Figura 5.2) que o Crux e o pLink após experimentação em um 

conjunto de dados oriundo da proteína de choque térmico HSP90. Comparado ao 

Crux, nossa ferramenta de busca obteve 50% mais identificações, no modo mais 

otimizado, e um aumento na performance de 10.000%.  Similarmente, a comparação 

com o pLink, comprovou novamente maior número de identificações em um tempo 

reduzido de 1.800%. 

Analisando um conjunto de dados composto por 1.788 espectros 

experimentais provenientes de uma amostra, cujo objetivo é estabelecer o modelo 

estrutural da proteína de choque térmico de alto peso molecular – HSP90, 973 

continham pelo menos um íon diagnóstico. Dentre os primeiros 50 espectros 

analisados pelo SIM-XL no modo normal, ou seja, no modo em que não foram 

utilizados os íons diagnósticos para selecionar os espectros experimentais, nem foi 

reduzido dinamicamente o banco de dados, três resultados foram originados de pares 

de peptídeos decoys, ou seja, falsos-positivos, duas das quais apresentaram íons 

diagnósticos.  Neste caso, um peptídeo foi identificado corretamente (ou o peptídeo α 

ou o β), entretanto o seu par não.  Em relação a todas as outras identificações não-

decoys, quatro não tiveram pelo menos um íon diagnóstico; nós também notamos que 

dentre todas essas identificações, existe para todo peptídeo covalentemente ligado 

pelo menos uma versão do peptídeo linear com a modificação pós-traducional dead-

end, e que somente duas das três identificações de peptídeos decoys não possuíam a 

versão do peptídeo linear com mono-link. 

Para gerar os dados, resumidamente, utilizou-se o cross-linker DSS, o qual foi 

dissolvido em dimetilformamida (DMF, Thermo Scientific), em uma concentração de 

27,1 mM.  O DSS foi adicionado à proteína HSP90 na extremidade c-terminal a uma 

relação de 1:50 e incubado com a amostra por 2h em temperatura ambiente.  A reação 

de cross-linking foi finalizada com bicarbonato de amônio 100 mM.  A redução e a 

alquilação dos resíduos de cisteína foram realizadas usando ditiotreitol e iodacetamida 

durante 30 min à 60ºC e em temperatura ambiente, respectivamente.  A amostra foi 

digerida com tripsina a uma proporção de 1:50 durante 16h à 37ºC.  Os peptídeos 
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foram fracionados usando um Oasis HLB cartridge  (Waters Corp.) e eluídos a uma 

concentração diferente de acetonitrila, e analisados usando um espectrômetro de 

massas Q-Exactive da Thermo® equipado com uma nano cromatografia líquida em 

coluna de fase reversa e uma fonte nano electrospray (nESI – Thermo, San Jose – CA 

– EUA). 

 
Figura 5.1 – Identificação de espectros de acordo com cada ferramenta analisada. O 
Crux foi a ferramenta que apresentou a menor eficiência, identificando corretamente 
apenas 50% dos espectros apresentados; logo em seguida, o pLink não apresentou 
resultados errôneos, entretanto, só conseguiu identificar 29 dos 50 espectros 
apresentados. A ferramenta desenvolvida nesse trabalho, o SIM-XL, conseguiu 
identificar 100% dos espectros apresentados no modo mais otimizado. 

 

 
Figura 5.2 – Tempo de processamento, em segundos, das ferramentas de busca após 
analisar um conjunto de dados relacionados à proteína HSP90. 

Uma interface gráfica de fácil utilização, assim como um anotador de 

espectros capaz de permitir avaliação manual dos resultados, culminaram em uma 

ferramenta de busca para XL-MS de rápida difusão no meio cientifico; no momento 

da escrita desta tese, batemos a marca de 1.000 downloads durante 10 meses (Figura 

5.3), em mais de cinquenta países diferentes – Figura 5.4 (dados obtidos do Google 

Analytics, 02 de novembro de 2015).  Tal divulgação fez com que o SIM-XL fosse 
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testado também com outros tipos de cross-linkers,   como zero-length (secção 1.3) e a 

identificação de pontes dissulfeto, mostrando também ser bem sensível nesses casos. 

Todos os resultados obtidos e acima mencionados, assim como o programa 

instalador do SIM-XL estão disponível para download em 

http://patternlabforproteomics.org/sim-xl. O site disponibiliza vídeo de demonstração 

do software em uso.  Já o código fonte do software está disponível em 

https://bitbucket.org/diogobor/sim_xl. 

 
Figura 5.3 – Exemplos de países que realizaram download do SIM-XL, totalizando mais 
de 800 até o dia 2 de novembro de 2015. 

 
Figura 5.4 – Mapa-múndi representando os países os quais foram realizados download 
do SIM-XL.  Quanto mais escuro o país é exibido, maior é o número de download feitos. 
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6 Discussão e Conclusões 
Neste trabalho, desenvolveu-se um novo algoritmo de identificação de 

peptídeos covalentemente ligados, chamado de Spectrum Identification Machine for 

Cross-linked peptides (SIM-XL), capaz de analisar dados gerados através de cross-

linkers comumente usados, como o DSS e o BS3, assim como futuros agentes de 

ligação cruzada.  O SIM-XL emprega um fluxo de trabalho, dividido em seis etapas: 

identificar peptídeos lineares com e sem dead-end, gerar um novo banco de dados 

com os peptídeos identificados previamente, filtrar espectros experimentais que são 

derivados de peptídeos covalentemente ligados, fazer a identificação dos peptídeos 

com ligação cruzada, avaliar os resultados obtidos e propor os modelos estruturais das 

proteínas identificadas.  Tal fluxo é capaz de otimizar a performance no tempo de 

processamento dos dados e também na sensibilidade da identificação, fazendo com 

que o SIM-XL fosse bastante sensível e rápido quando analisado um conjunto de 

dados para selecionar um modelo estrutural da proteína HSP90, conforme pode ser 

observado na secção 1.  Para verificar a robustez do software uma comparação foi 

realizada com as ferramentas Crux e pLink, e foi possível notar uma diminuição 

considerável no tempo de busca (de 1h e 5min para apenas 37 segundos) quando 

utilizados os íons marcadores, os quais caracterizam que o espectro é derivado de um 

peptídeo covalentemente ligado, e também usando o modo dinâmico de redução do 

banco de dados, o qual leva em consideração uma busca prévia por peptídeos do tipo 

“0”, ou mono-links, caracterizando que uma outra versão daqueles peptídeos estará 

presente na amostra. 

O SIM-XL oferece uma interface dinâmica, facilitando o manuseio e a 

interpretação dos dados, sendo o primeiro software a disponibilizar resultado na 

forma de um mapa de interação dinâmica, mostrando de forma rápida e eficiente, as 

regiões onde as proteínas se interagem.  Duas formas de apresentação do mapa são 

apresentados: em barra e circular, este último facilitando a visualização dos links 

identificados quando muitas proteínas são identificadas. Uma outra forma de 

visualizar os dados também é possível, através do mapa de calor, onde mostra, através 

da intensidade das cores, as regiões da proteína ou do complexo onde se teve o maior 

número de interações. Com essa ferramenta computacional, também pode-se exportar 

os dados para serem armazenados em um dos repositórios mais utilizados na área de 

proteômica, o Proteomics Identifications – PRIDE, sendo assim, a primeira 
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ferramenta de busca de cross-linking compatível com dados depositados nesse 

repositório providos de peptídeos covalentemente ligados. Ele também está integrado 

ao PatternLab for Proteomics, o qual apresenta uma pipeline de módulos 

relacionados à  proteômica computacional. 
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7 Produção científica e/ou colaborações 
O desenvolvimento de uma ferramenta de busca capaz de identificar peptídeos 

covalentemente ligados durante o período de doutorado apresentado nesta tese, 

resultou em comunicações em congressos nacionais e internacionais, e na publicação 

de dois artigos como primeiro autor em revistas de alto prestígio na área de 

proteômica (Anexos I – Artigos publicados) e um terceiro artigo de primeira autoria 

encontra-se em elaboração. Tal artigo, refere-se ao visualizador circular do software, 

o qual mostra a facilidade de interpretação quando o número de proteínas 

identificadas é muito grande 

Além disso, o Spectrum Identification Machine for Cross-linked peptides 

proporcionou colaborações científicas nacionais e internacionais, fazendo com que 

seu desenvolvimento fosse cada vez mais aprimorado, tornando-se assim, reconhecido 

mundialmente. 

 
7.1 Colaborações em andamento 

O presente software está sendo utilizado por grupos na área de cross-linking 

em diversas partes no Brasil e no mundo, conforme exemplificado: 

ü Laboratório de Espectrometria de Massas Dalton, na Unicamp, São Paulo, 

com o grupo do Professor Dr. Fabio Cesar Gozzo.  Nesta colaboração, o grupo 

especializado em química vem desenvolvendo novos cross-linkers que 

realizam a ligação cruzada com aminoácidos ácidos (ácido glutâmico e 

aspártico).  Observamos um padrão de fragmentação diferenciado com este 

procedimento, portanto, estamos criando scores especializados para esse tipo 

de análise.  

ü Laboratório de Toxinologia, na Fiocruz, Rio de Janeiro, com a pesquisadora 

Dra. Ana Gisele da Costa Neves Ferreira.  Nesta colaboração, a pesquisadora e 

seus colaboradores objetivam entender detalhes estruturais do complexo 

toxina-antitoxina.  Mais especificamente dos inibidores proteicos com 

atividades anti-hemorrágica (DM43, inibidor de metaloproteinases) e 

antimiotóxica (DM64, inibidor de fosfolipases A2), incluindo o mapeamento 

das regiões de interação com as toxinas de venenos de serpentes. 

ü Laboratório de Medicina do Departamento de Patologia da Universidade de 

Cincinnati, Ohio, EUA, grupo liderado pelo pesquisador Dr. Sean Davidson, e 

colaboração com o pesquisador Dr. John Melchior.  Esta colaboração é 
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voltada ao estudo das interações proteicas da apolipoproteína – (apo)A-I, que 

é uma das lipoproteínas do tipo de alta densidade – high density lipoprotein 

(HDL), mais comuns nos seres humanos, correspondendo mais de 70% da 

massa proteica, e estando diretamente ligada ao transporte de lipídeos em 

meios líquidos, uma vez que elas não têm afinidade com o plasma sanguíneo.  

As lipoproteínas são frequentemente relacionadas ao colesterol HDL em 

relação aos benefícios cardioprotetores propostos. Como, por exemplo, a 

(apo)A-I pode ser considerada como o principal ligante de interação entre o 

transportador de ATP A1 e o fígado, e periferias, o que propicia a maior parte 

das HDL em circulação no organismo (BODZIOCH et al., 1999). Um dos 

problemas fundamentais desse tipo de estudo é que as lipoproteínas tendem a 

homodimerizar, tornando-se difícil a identificação das interações. Para superar 

essa dificuldade, o grupo utilizou uma marcação isotópica da lipoproteína, 

marcando-a com o nitrogênio pesado, o N15, e deixando outra versão da 

mesma proteína sem marcação (WALKER et al., 2014). Dessa forma, 

aprimoramos o algoritmo do SIM-XL o qual permite caracterizar a interação 

entre os homodímeros, ou seja, entre uma proteína mais pesada e a mesma, em 

sua versão leve.  O grupo de Cincinnati já vem reportando resultados positivos 

com o SIM-XL, resultando na publicação de um novo artigo. (Anexos I – 

Artigos publicados).  

ü Instituto de Biofísica Química, no Instituto Max Plank, Göttingen, Alemanha, 

pelo pesquisador Dr. Olexandr Dybkov.  Nesta colaboração, o pesquisador 

está utilizando o nosso software para analisar um conjunto envolvendo 62 

proteínas de Homo sapiens.  O colaborador vem nos fornecendo importantes 

feedbacks perante o uso do SIM-XL na análise de amostras complexas e dicas 

de como otimizar a ferramenta para este cenário. 

7.1.1 PatternLab for Proteomics v.4.0 

Uma importante colaboração que realizamos durante o meu doutorado foi a 

atuação próxima com o ambiente computacional PatternLab for Proteomics (secção 

4.4) na versão 4.0 – PL4.0, aprimorando algoritmos, juntamente com o Dr. Paulo C 

Carvalho, de outros módulos do software em sua versão 4.0,  como por exemplo, o 

módulo de quantificação relativa que considera a marcação química de isótopos, o 

iTRAQ.  Este módulo, denominado Isobaric Analyzer, permite ao usuário realizar a 
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quantificação de proteínas entre duas amostras diferentes (controle e nativa) a fim de 

saber se existe alguma proteína mais diferencialmente expressa em uma amostra do 

que em outra. 

Outro módulo que houve contribuição foi na conversão de espectros gerados 

em formatos diferentes, a fim de facilitar a leitura em distintos módulos do PL4.0.  

Esse módulo permite a extração de espectros de massa com o objetivo de observar 

somente ou MS1 ou MS2 ou MS3, sendo independente o formato original do arquivo. 

Finalmente, observo que o projeto SIM-XL está inserido no PatternLab, sendo 

caracterizado como um processo “simbiótico” pois, como a ferramenta de busca faz 

uso de módulos do PL, diversos módulos foram aprimorados, beneficiando assim 

ambos os softwares.  

7.2 Artigos publicados em coautoria 

Com o objetivo de aprimorar meus conhecimentos na área da proteômica, 

durante o doutorado ajudei na análise de vários experimentos proteômicos, o que 

culminou em publicações científicas em revistas de alto impacto, tais como: 

ü Paulo C Carvalho∗, Diogo B Lima∗, Felipe V Leprevost, Marlon M Dias, 

Juliana S G Fischer, Priscila F Aquino, James J Moresco, John R Yates III, 

Valmir C Barbosa, “Integrated analysis of shotgun proteomic data with 

PatternLab for proteomics 4.0”, Nature Protocols (11), 102-117 (2016). 

 

ü Priscila Ferreira Aquino∗, Diogo Borges Lima∗, Juliana de Saldanha da Gama 

Fischer, Rafael Donadélli Melani, Fabio C S Nogueira, Sidney R S Chalub, 

Elzalina R. Soares, Valmir C Barbosa, Gilberto B. Domont, Paulo C. 

Carvalho, “Exploring the proteomic landscape of a gastric cancer biopsy 

with the Shotgun Imaging Analyzer”, Journal of Proteome Research (13), 

pp 314-320, 2014. 

 

ü Felipe V. Leprevost, Richard H. Valente, Diogo Borges, Jonas Perales, Rafael 

Melani, John R. Yates III, Valmir C. Barbosa, Magno Junqueira, and Paulo C. 

Carvalho, “PepExplorer: a similarity-driven tool for analyzing de novo 

sequencing results”, Molecular & Cellular Proteomics 13, 2480–2489, 2014. 
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ü Lima, Daniel C; Duarte, Fábio T ; Medeiros, Viviane ; Lima, Diogo B ; 

Carvalho, Paulo ; Bonatto, Diego ; Batistuzzo de Medeiros, Silvia R, “The 

influence of iron on the proteomic profile of Chomobacterium 

violaceum”, BMC Microbiology, v. 14, p. 267, 2014. 

 

ü Daniela F. S. Chaves, Paulo C. Carvalho, Diogo B. Lima, Humberto Nicastro , 

Fabio M Lorenzeti , Mario S. Filho , Sandro M Hirabara , Paulo H.M. Alves , 

James J Moresco , John R. Yates , Antonio H. Lancha, “Comparative 

proteomic analysis of the aging soleus and extensor digitorum longus rat 

muscles using TMT labeling and mass spectrometry”, Journal of Proteome 

Research 12 (10), pp 4532–4546, 2013. 

 

ü Felipe da Veiga Leprevost, Diogo Borges Lima, Juliana Crestani, Yasset 

Perez-Riverol, Nilson Zanchin, Valmir C. Barbosa, Paulo Costa Carvalho, 

“Pinpointing differentially expressed domains in complex protein 

mixtures with the cloud service of PatternLab for Proteomics”, Journal of 

Proteomics (89): 179-182, 2013. 
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8 Perspectivas 
Como perspectivas, o aprimoramento do score do SIM-XL é uma das 

prioridades, refinando a forma de como a métrica verifica a verossimilhança entre os 

espectros teórico e experimental, aplicando uma pós filtragem estatística a fim de 

facilitar a interpretação dos resultados.  Outra perspectiva é melhorar a identificação 

de proteínas com estruturas de homodímeros, as quais possuem duas subunidades 

idênticas (secção 7.1). A possibilidade da ferramenta de busca identificar peptídeos 

covalentemente ligados que reagiram com agentes de ligação cruzada do tipo ácido, 

os quais possuem como resíduo específico, aminoácidos ácidos (ácido glutâmico e 

ácido aspártico), também é uma das prioridades a serem desenvolvidas e 

implementadas no SIM-XL. Esse tipo de reação é bastante desafiadora, uma vez que 

favorece a geração de fragmentos internos, e atualmente não há softwares disponíveis 

que tenham a capacidade de identificar espectros compostos por esse tipo de 

fragmento. A capacidade de poder trabalhar com novos ALC ampliará, ainda mais, as 

possibilidades experimentais, aumentando o poder preditivo de estudos com interação 

proteína-proteína e a determinação de estruturas proteicas a partir da espectrometria 

de massas. 
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Chemical cross-linking has emerged as a powerful approach for the structural character-
ization of proteins and protein complexes. However, the correct identification of covalently
linked (cross-linked or XL) peptides analyzed by tandem mass spectrometry is still an open
challenge. Here we present SIM-XL, a software tool that can analyze data generated through
commonly used cross-linkers (e.g., BS3/DSS). Our software introduces a new paradigm for
search-space reduction, which ultimately accounts for its increase in speed and sensitivity.
Moreover, our search engine is the first to capitalize on reporter ions for selecting tandem
mass spectra derived from cross-linked peptides. It also makes available a 2D interaction
map and a spectrum-annotation tool unmatched by any of its kind. We show SIM-XL to be
more sensitive and faster than a competing tool when analyzing a data set obtained from
the human HSP90. The software is freely available for academic use at http://
patternlabforproteomics.org/sim-xl. A video demonstrating the tool is available at http://
patternlabforproteomics.org/sim-xl/video. SIM-XL is the first tool to support XL data in the
mzIdentML format; all data are thus available from the ProteomeXchange consortium
(identifier PXD001677).

© 2015 Elsevier B.V. All rights reserved.
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Recently, chemical cross-linking coupled to high-resolution
mass spectrometry (XL-MS) emerged as a powerful strategy to
broaden the toolset for protein structural characterization and
for determining protein–protein interactions. In this ap-
proach, the side chains of amino acids in proteins and/or
their complexes are covalently linked by reactions with
cross-linkers. After enzymatic digestion of the cross-linked

protein(s), cross-linked peptides can be identified by tandem
mass spectrometry, generating spatial constraints between
amino acid residues. In other words, the distance between
two interacting partners (e.g., amino acids of the same protein
or different ones or even lipids, RNA, DNA, and carbohydrates)
can be inferred through the establishment of the covalent
bond, therefore allowing for low-resolution characterization.

J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 5 ) X X X – X X X

⁎ Corresponding authors.
E-mail addresses: diogobor@gmail.com (D.B. Lima), fabio@iqm.unicamp.br (F.C. Gozzo), paulo@pcarvalho.com (P.C. Carvalho).

http://dx.doi.org/10.1016/j.jprot.2015.01.013
1874-3919/© 2015 Elsevier B.V. All rights reserved.

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

ScienceDirect
www.e l sev i e r . com/ loca te / j p ro t

JPROT-02042; No of Pages 5

Please cite this article as: Lima DB., et al, SIM-XL: A powerful and user-friendly tool for peptide cross-linking analysis, J Prot (2015),
http://dx.doi.org/10.1016/j.jprot.2015.01.013

http://patternlabforproteomics.org/sim-xl
http://patternlabforproteomics.org/sim-xl
http://patternlabforproteomics.org/sim-xl/video
http://patternlabforproteomics.org/sim-xl/video
http://dx.doi.org/10.1016/j.jprot.2015.01.013
mailto:diogobor@gmail.com
mailto:fabio@iqm.unicamp.br
mailto:paulo@pcarvalho.com
http://dx.doi.org/10.1016/j.jprot.2015.01.013
http://dx.doi.org/10.1016/j.jprot.2015.01.013


Ultimately, these distance restraints enable a variety of
structural information to be obtained, unraveling important
information for understanding protein folding, complex
topology and interaction regions [1,2].

Although identifying unmodified peptides (i.e., linear pep-
tides) by mass spectrometry is a rather solved problem in
proteomics, reliably identifying pairs of covalently linked pep-
tides (i.e., interpeptide / type 2 cross-links and intrapeptide / type
1 cross-links) is still a bottleneck. To date, there are only a few
reference engines for XL search, most prominently Crux [3],
CrossWork [4], StavroX[5], and pLink[6]. Differently than in
classical proteomics, where proteins are identified from a
large redundancy of peptides, generally allowing a 1% false-
discovery rate (FDR), we argue that XL-MS studies should avoid
false-positives at all costs, as the structural information brought
by each cross-link is not only fundamental but also unique. We
therefore advocate that the FDR control of classical proteomics is
not sufficient in the context of cross-linking: besides having each
identification associated with a stringent family-wise error rate
estimate or empirically derived score, a personal assessment
must be carried out. This is because a single wrong XL
identification is enough to create a conflicting protein model or
to incorrectly suggest an interaction between proteins. Yet the
problem of identifying XL peptides is far more challenging than
those of conventional proteomics, as the search space for
cross-linked peptides grows quadratically with the number of
peptides, which naturally decreases sensitivity and selectivity in
the classical search engine approach [7]. Moreover, the popula-
tion of XL spectra in an LC/MS/MS run isminutewhen compared
to those originating from linear peptides and from type 0
cross-links (i.e., peptides containing dead-end modifications).
Consequently, XL identification tools need to be very sensitive
and selective to provide means for the user to easily interpret
and verify each identification. In our hands, existing tools
presented false-positives among their top-scoring hits and were
computationally costly (data not shown). Additionally, they
provided limited or no resources at all for viewing, editing, and
manually validating XL peptide identifications, which is a
fundamental and time-consuming step in any experiment
addressing XL-MS.

Here we present the Spectrum Identification Machine for
Cross-Linked Peptides (SIM-XL), a fast and sensitive XL search
engine that is part of the PatternLab for proteomics environ-
ment [8]. The SIM-XL software was programmed in C# with
.NET Framework 4.5. The software requires a computer with
Windows 7 or later, and at least 4 GB of RAM. To perform a
search, the user begins by specifying the tandem mass
spectrum file, the FASTA sequence database file, as well as
parameters related to sample preparation (e.g., modifications)
and mass spectrometry features (e.g., ppm). A detailed
description of each SIM-XL parameter is available in its
integrated manual, which is accessible through the Help
menu, Read Me option. The current version is compatible
with the Mascot Generic Format [9], MS2 [10], and mzML[11]
and can work directly with Thermo .RAW files if the freely
available MSFileReader is locally installed.

Among its novelties,wepoint out three: (I) SIM-XL buildson a
new paradigm for search-space reduction. As previously men-
tioned, the larger the search space (i.e., the set of possibilities of
theoretical peptides or, in this case, combinations of peptides

originating from a database matching the experimental precur-
sor mass), the lower the sensitivity of the search engine [12]. To
address the quadratic growth arising from cross-linked peptide
candidates, our search engine employs a dynamic database
reduction heuristic to eliminate possibilities by considering only
combinations that contain at least one linear peptide identified
with a dead-end modification. (II) SIM-XL search engine takes
advantage of reporter ions [13], i.e., fingerprints ofmass spectral
peaks found almost exclusively in tandem mass spectra
derived from cross-linked peptides. By searching only tan-
dem mass spectra with these reporter ions, the chance of
false-positive identifications is decreased and the search
speed increases considerably. We note that feature I and II
are optional and therefore can be switched on or off. (III)
Our search engine provides a user-friendly Graphical User
Interface (GUI) that allows the user to assess each identifica-
tion interactively through a spectrum viewer and annotation
tool.

As described, SIM-XL can reduce the search space when
working in dynamic database reduction mode. To do this, it
begins by wrapping the Comet [14] search engine to perform a
preliminary search aiming to identify peptide spectrum
matches (PSMs) of linear peptides with a user-configurable
XCorr cutoff (default value: 1.5). A secondary database is then
dynamically generated with all possible pairs containing a
linear peptide with a dead-end and a peptide from the
identified proteins having a reactive site on the sequence.
When this mode is not activated, by contrast, all pairs of
peptides containing a reactive site in the sequence database
are considered. SIM-XL makes use of reporter ions by only
considering tandem mass spectra that contain reporter ions
from cross-linked peptides [13]. The idea of using reporter
ions for different strategies has been previously reported
[7,15–17]. This significantly decreases the number of spectra
to be searched and thus improves on both selectivity and
processing time, especially on large data sets. As previously
reported, these so-called reporter fragment ions are specific
to Lys-Lys cross-linked or dead-end modified peptides and
consist of a rearranged lysine side chain and the spacer arm
of the linker. SIM-XL can work with any set of diagnostic ions
that are specified in its GUI or XML parameter file. Yet we
note that to take advantage of reporter-ion filtering, MS/MS
acquisition should start at least at m/z of the lowest mass
reporter ion (in the case of DSS/BS3, m/z 220). Although this is
usually not a problem for TOF instruments, special attention
should be paid when acquiring data using Orbitrap analyzers,
as the m/z range is more restricted. For cases such as these,
mass spectra from the same precursor can optionally be
acquired in different ranges of m/z and our tool will
automatically generate consensus (merged) spectra.

SIM-XL uses multi-threading to take advantage of multiple
hardware cores and therefore significantly increase the
search speed. These speedups become evident especially in
those cases in which (i) no dead-end modifications are
specified, so the software has to work on the full search
space; (ii) MS/MS acquisition does not contain reporter ions,
so no reporter-ion spectrum filtering is possible; or (iii) the
number of proteins in the database is large, so the search
space is huge, even using the two filtering options described
previously.

2 J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 5 ) X X X – X X X

Please cite this article as: LimaDB., et al, SIM-XL: A powerful and user-friendly tool for peptide cross-linking analysis, J Prot (2015),
http://dx.doi.org/10.1016/j.jprot.2015.01.013

http://dx.doi.org/10.1016/j.jprot.2015.01.013


Fi
g.

1
–
Pa

ne
lA

sh
ow

s
th

e
2D

in
te
ra
ct
io
n
m

ap
fo
r
a
da

ta
se

tf
ro

m
a
pr

ot
ei
n
co

m
pl
ex

co
ns

is
ti
ng

of
fiv

e
pr

ot
ei
ns

(d
at
a
un

di
sc

lo
se

d)
.B

y
cl
ic
ki
ng

on
th

e
Re

su
lts

ta
b,

th
e
dy

na
m

ic
re
po

rt
is

di
sp

la
ye

d.
M
as

s
sp

ec
tr
a
ca

n
be

ac
ce

ss
ed

by
ei
th

er
cl
ic
ki
ng

on
th

e
2D

-m
ap

lin
k
or

on
an

y
dy

na
m

ic
re
po

rt
re
su

lt.
D
yn

am
ic

cu
to
ff
sc

or
es

ca
n
be

ap
pl
ie
d
an

d
co

m
bi
ne

d
w
it
h
pe

rs
on

al
as

se
ss

m
en

ts
(i.
e.
,e

xc
el
le
nt

,g
oo

d,
m

ed
iu
m

,f
ai
r,

or
po

or
).

3J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 5 ) X X X – X X X

Please cite this article as: Lima DB., et al, SIM-XL: A powerful and user-friendly tool for peptide cross-linking analysis, J Prot (2015),
http://dx.doi.org/10.1016/j.jprot.2015.01.013

http://dx.doi.org/10.1016/j.jprot.2015.01.013


Once the search engine finishes, SIM-XL presents its
results in three interconnected modes: the 2D interaction
map and the dynamic report (Fig. 2) and a “Heat map” of a
pairwise comparison (not shown). The former provides a
graphical representation of all XL links among the protein(s)
and the latter allows the user to sort identifications by several
criteria (e.g., primary score and ppm) and to make an
assessment for each spectrum. This assessment can be
saved in SIM-XL's dynamic report to help in keeping track of
which spectra were already evaluated and approved to be
considered, say, when determining a protein's structure or
inferring protein–protein interactions. Fig. 1 shows a
screenshot of SIM-XL's main GUI exemplifying its 2D interac-
tion map and the dynamic report.

We note than in the dynamic report, buttons are made
available to allow for the upload of high-quality annotated
XL-MS spectra to the online database we are developing to
support the creation of even more effective machine learning
approaches for identifying cross-linked peptide species orig-
inating from different cross-linkers, mass spectrometers, etc.
When a spectrum is uploaded, only information pertaining to
that single spectrum, including which peptides were
cross-linked, is sent to our server. As the number of XL mass
spectra is generally low for an experiment, we advocate that
libraries such as in this initiative can become fundamental for
the development of future, more sensitive tools.

SIM-XL's spectrum viewer and 2D interaction map are its
high points, constituting unique features that greatly simplify
the assessment of identification candidates, each of which
can be easily visualized by double-clicking on the identifica-
tion provided in the dynamic search engine report or in the
graphical representation in the 2D map. The spectrum viewer
allows the user to view the annotated ions and to zoom in on
a region of interest in the mass spectrum. Its importance to a
SIM-XL user resides in that it allows for the manual validation
of all assignments given by the software and, importantly, for
the easy verification of other assignment possibilities for the
same mass spectrum, thus supporting unbiased judgments,
independent of SIM-XL's scoring heuristic through an imme-
diate comparison assisted by SIM-XL's theoretical spectrum
predictor. We strongly encourage viewing further details and
functionalities in our online supplementary video available at
http://patternlabforproteomics.org/sim-xl/video.

We demonstrate the effectiveness of SIM-XL by analyzing a
data set aiming to aid in establishing a structural model for
the Human HSP90; the data set was generated as previously
described [13]. Briefly, disuccinimidyl suberate (DSS)
cross-linker was dissolved in dimethylformamide (DMF,
Thermo Scientific) at a stock concentration of 27.1 mM. DSS
was added to the human C-terminal of HSP90 at a 1:50
(protein: DSS) ratio and incubated with the sample for 2 h at
room temperature. Cross-linking reaction was quenched with
ammonium bicarbonate 100 mM. Reduction and alkylation of
cysteine residues were performed using dithiothreitol and
iodacetamide during 30 min at 60 °C and at room tempera-
ture, respectively. The sample was digested with trypsin
(Promega) at 1:50 for 16 h at 37 °C. The peptides were
fractionated using an Oasis HLB cartridge (Waters Corp.) and
eluted with different concentration of acetonitrile and anal-
yses were performed using a Thermo Q-Exactive mass

spectrometer equipped with a nano-electrospray source
coupled to a nano EasyLC (Thermo, San Jose – CA).

The search engines used were Crux v. 2.0 and SIM-XL 1.0.
All searches were performed using carbamidomethylation of
cysteine as fixed modification; for SIM-XL, the variable
modifications were a dead-end DSS of 156.0786 Da and a DSS
cross-linker mass modification of 138.0681 Da; the remaining
parameters were defaults. The precursor and fragment
ion-mass tolerances were of 20 ppm. The sequence database
comprised the sequence of HSP90 plus those from five decoy
sequences. Benchmarking was performed on a MacPro with
Intel Xeon X5670 processors.

The searching times were 1 h 4 min 10 s, 1 h 5 min, 1 min
49 s, and 37 s, respectively, for Crux, SIM-XL in normal mode
(i.e., with features I and II off), SIM-XL with dynamic database
reduction activated, and SIM-XL with both dynamic database
reduction and the use of reporter ions activated. Plots of the
cumulative number of non-decoy hits among the 50
top-scoring spectra for these searches are found in Fig. 2.

Our data set consisted of 1,788 tandem mass spectra, of
which 973 contained at least one XL reporter ion. Among the
top-50 mass spectra reported by SIM-XL with both dynamic
database reduction and reporter ion modes turned off, three
XL originated from an HSP90-decoy peptide pair, two of which
presented reporter ions; in this case, an HSP90 peptide could
actually be there, but having its counterpart wrongly attribut-
ed. As for the remaining non-decoy identifications, all but four
did not have at least one reporter-ion peak. We also note that

Fig. 2 – Plots of the cumulative number of non-decoy hits
for SIM-XL operating in different modes and for Crux,
considering in all cases the 50 top-scoring mass spectra. The
“SIM-XL w/ Dynamic Database Reduction” and “SIM-XL
w/ Dynamic Database Reduction + Reporter Ions” lines
coincide.
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among all non-decoy identifications appearing in normal
mode, at least one of the cross-linked peptides had their
linear peptide version identified with a dead-end. Two of the
three HSP90-decoy duets did not have dead-end counterparts.

We recommend using SIM-XL with both the dynamic
database reduction and the reporter ion modes activated.
These can drastically decrease the chances of a false-positive
and significantly increase search speed; for the task at hand,
this resulted in reducing the search time from 1 h 5 min to
37 s. We believe these two features underscore SIM-XL as a
promising tool for addressing next generation challenges
such as in vivo cross-linking [19].

Finally, we note that SIM-XL is the first XL tool capable of
exporting results in the forthcoming mzIdentML 1.2 format
[18], established by the Proteomics Standards Initiative (PSI).
This has enabled us to perform the first complete submission
of an XL data set to the ProteomeXchange consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner
repository [20] (data set identifier PXD001677, DOI 10.6019/
PXD001677). Consequently, all our data are readily available
to the scientific community. The remaining files, which
include the search results, parameter files, and the sequence
database, are available at the project's website (http://
patternlabforproteomics.org/sim-xl).
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Abstract
State-of-the-art structural mass spectrometry-based proteomics is often accomplished by
using  cross-linkers  to  covalently  bind  two  or  more  amino-acid  groups.  This  strategy  is
complementary  to  classical  structural  biology  and  therefore  broadens  the  toolset  for
analyzing protein and protein-protein complex structures. One of the greatest challenges in
identifying cross-linked peptides in complex protein mixtures is computationally dealing with
the  large  search  space,  which  grows  quadratically  with  each  peptide  included  in  the
sequence database. The Spectrum Identification Machine for Cross-Linked Peptides
(SIM-XL)  software  uses  an  algorithm  that  overcomes  this  limitation  by  capitalizing  on
experimental features that allow it to effectively address the massive combinatorial problem
at hand, and presents the results in a user-friendly manner. Thus, SIM-XL is recommended
for studies dealing with protein structure and protein-protein interaction in either simple or
complex protein mixtures.  SIM-XL also allows the sharing of  results through PRIDE  by
exporting them in the mzIdentML format.

Introduction
One of the goals of systems biology is to determine how a system works, beginning

at the molecular-level characterization of proteins and their interactions up to the level of
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cellular physiological pathways1. In a broad sense, the determination of protein structures
and  protein-protein  interactions  has  an  immediate  impact  on  many  biological  and
biotechnological fields, including medicinal chemistry, immunology, and molecular medicine,
to name a few. For example, the determination of a protein’s three-dimensional structure
allows us to better understand its biological function and consequently opens the doors to
the design of new drugs or even provides new insights into how to completely engineer new
proteins  to  fulfill  specific  biological  functions2.  This  qualifies  the  understanding  of  cell
biology,  at  the  atomic  level,  as  a  key  to  answering  a  number  of  important  biological
questions and thus providing a roadmap for numerous biotechnological applications such
as the design of new drugs. The current gold-standard methods for determining a protein’s
structure  are  X-ray  diffraction3  and nuclear  magnetic  resonance (NMR)4.  However,  the
majority  of  proteins and their  complexes are not  amenable to these strategies,  as they
either do not crystallize, require large amounts of high-purity protein, or the system is just
too  large  to  be  analyzed5.  These  facts  make  evident  the  need  for  developing  novel
structural approaches that are applicable to a larger number of systems.

Chemical cross-linking coupled to high-resolution mass spectrometry (XL-MS) has
become a key method to broaden the toolset for protein structural characterization and in
determining protein-protein interactions. During sample preparation, synthetic cross-linkers
are included; these covalently link to the side chains of amino acids in proteins and/or their
complexes. The sample is then digested, ultimately allowing the cross-linked peptides to be
identified by analyzing the mixture using tandem mass spectrometry. The covalently linked
peptides carry a very unique piece of information, i.e., distance constrains, which allows for
further elucidation of tertiary structures and protein-protein interactions6,7.

In this protocol we describe the key steps for using the Spectrum Identification
Machine for Cross-linked Peptides (SIM-XL), a fast and sensitive XL search engine that
is  part  of  the  PatternLab  for  proteomics  environment8,  to  analyze  tandem  mass
spectrometry data derived from cross-linked peptides. A video demonstrating SIM-XL v1.0
in action is available at http://patternlabforproteomics.org/sim-xl/video.

Equipment
Hardware
• A computer with at least a 4 GB RAM and 2 computing cores is recommended.

Software
• Windows 7 (32 or 64 bits) or later.
• For reading Thermo RAW files, the MSFileReader must be installed.
• The .NET framework 4.5, which will be automatically updated by SIM-XL if necessary.
• The SIM-XL software is available at http://patternlabforproteomics.org/sim-xl/.
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Data files
• SIM-XL v1.0 is compatible with data files in the formats mzML 1.0, MS29, and Mascot
Generic  Format  (MGF)10,  and  can  work  directly  with  Thermo  RAW  files  if  the  freely
available MSFileReader is locally installed.

• SIM-XL exports results to its own format (i.e., *.simxlr) and in the mzIdentlML 1.2 draft
format that is currently under development by the HUPO Proteomics Standards Initiative to
support the identification of cross-linked peptides. We note this is the first search engine
that  enables  complete  submissions  of  XL-MS  data  to  PRIDE11,  being  therefore  is
compatible with the PRIDE Inspector software.

Procedure
1. Software installation:
Download SIM-XL by clicking on the Download button at http://patternlabforproteomics.org
/sim-xl.

2. Workflow
The following workflow demonstrates how to perform a search using the SIM-XL search
engine.

2.1. Execute the Spectrum Identification Machine for Cross-liked Peptides (Figure 1)
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Figure 1: Graphical User Interface for the main window of SIM-XL.

2.2. Specify the protein sequence database file by clicking on the Browse button. The file
extension has to be *.FASTA, *.T-R, or *.T. We refer the reader to Basic Protocol 1:
Preparing a sequence database to be searched by Prolucid or the academic Sequest8

for more on how to generate target-decoy (*.T-R) databases compatible with PatternLab.

2.3. Specify a directory containing XL-MS data in any of the following formats: mzML 1.1.0,
MS2, MGF, or Thermo RAW. If Recursive Search is checked, all subdirectories will be
searched.

2.4. Select one of the pre-registered cross-linkers in the drop-down list. By default, there are
five cross-linkers registered:
• Disuccinimidyl Suberate (DSS);
• Disuccinimidyl Glutarate (DSG);
• Disuccinimidyl Glutarate (DSSeb);
• Disulfide; and
• Zero-length.

Optionally including a new cross-linker in the XL library
2.4.1. To register a new cross-linker, click on the Edit button beside the Cross-linker field
and the XL library window will pop up (Figure 2).
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Figure 2: XL library. A cross-linker can be inserted or removed in this window.

2.4.2. Fill out the fields XL Name, XL Mass Shift (reaction XL mass) in Daltons, Reaction
Sites, and optionally, the Modification Mass Shift and Reporter Ions masses.

Parameter descriptions
2.4.2.1. XL Name is a user-defined identifier for the cross-linker.

2.4.2.2. XL Mass Shift is the net mass of the cross-linker that will be added to the peptide
masses.

2.4.2.3. Reaction Sites are all the combinations of amino acids that react with the cross-
linker. If the cross-linker reacts with the N-terminus, the keyword N-TERM should be
included. For example, the entry for the DSS cross-linker should be KK KS SS KN-TERM
SN-TERM. Similarly, C-terminal reactivity can be specified using the keyword C-TERM.
Note that reaction sites must be separated by a single space. Also, when N-TERM is
specified SIM-XL performs an unspecific digestion on the first 20 amino acids of all
database entries, starting with Methionine; this is done to address the possibility of signal
peptides, frequently present in public databases.
The optional Modification Mass Shift field defines an artificial modification caused by the
cross-linker. For example, DSS/BS3 can react with a single lysine residue, generating the
so-called dead-end modification. If this field is filled out and the Dynamic DB Reduction box
(see item 2.10.5) is checked, SIM-XL will use Comet12 to identify the modified peptides and
use this information to only consider theoretical cross-linked peptides that had at least one
chain identified with the modification. Consequently, this reduces the search space and is
thus indicated when searching complex samples. If the _Modification Mass Shift field is left
blank, SIM-XL will always consider all possible combinations of cross-linked peptides.
The optional Reporter Ions field defines the m/z of fragments that are specific to cross-
linked peptides13. If these _m/z values are given, SIM-XL will only search MS/MS spectra
containing at least one of the corresponding fragments, thus speeding up the search;
otherwise, SIM-XL will search all spectra.
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2.4.3. To finish the new cross-linker inclusion, click on the Update button and then on the
OK button. This will make the new cross-linker available within the library and usable for
searching.

2.4.4. In order to delete a cross-linker entry from the library, the whole line must be selected
(by clicking on the row’s header cell) and then the DEL key must be pressed, followed by a
click on the Update button and another on the OK button.

2.5 Select an enzyme from the drop-down enzyme list. By default, Trypsin and Lys-C are
registered.

Optionally including a new enzyme in the Enzyme library
2.5.1. To include a new enzyme, click on the Edit button beside the Enzyme field; the
enzyme library window will pop-up (Figure 3). In an empty line, complete the corresponding
fields with the enzyme’s name and a regular expression encoding the enzymatic cleavage.

Figure 3: Enzyme library. An enzyme can be inserted or removed in this window. A
regular expression is required to specify the cleavage sites of a new enzyme. For
example, the regular expressions for Trypsin and Lys-C are ‘[KR](?!P)’ and ‘[K]’,
respectively. For more on building regular expressions we refer the reader to
http://www.regular-expressions.info/.

2.5.2. In case one wishes to remove an enzyme from the library, the whole line must be
selected (by clicking on the row’s header cell) and then the DEL key must be pressed,
followed by a click on the Update button and another on the OK button.

2.6. Choose Enzyme Specificity from the drop-down list; the options are: Semi-Specific or
Fully Specific. The latter refers to peptides originating from a complete digestion (i.e., with
enzyme cleavage sites at both the C- and the N-terminus). Semi-specific means that the
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constraint of having a cleavage site at one end is lifted. For example, in the sequence
R.APBCK.A, where “.” denotes the occurrence of cleavage, selecting Semi-Specific will
make SIM-XL consider A, AP, APB, APBC, K, CK, BCK, PBCK, and APBCK. Otherwise
(i.e., if Fully Specific is selected), the search space is limited to APBCK.

2.7. Specify the Precursor and Fragment ppm tolerances.

2.8. Check the Deconvoluted MS/MS option if the spectra in the data files are deconvoluted
(i.e., decharged and de-isotoped). We refer the reader to YADA as a tool for deconvoluting
mass spectra14.

Considering modifications
2.9. To include a modification from the Modification library, select it from the drop-down list
and then click on the OK button found in the Modifications group box (Figure 4).

Figure 4: Select a pre-defined modification or add a new one. To edit a pre-defined
modification, click on the Edit button.

Optionally including new modifications in the Modification library
2.9.1. To include a new modification or edit an existing one, click on the Edit button.

2.9.1.1. A new window will open. To include a new modification, fill out the fields Name,
monoisotopic Mass Shift, and Amino acid(s) to can carry the modification.

2.9.1.2. To delete a modification from the library, select the whole line by clicking on the
row’s header cell, then press the DEL key, click on the Update button, and then on the OK
button.

2.9.2. The user should indicate whether the modification is a variable one and whether it
applies to the C-term and/or the N-term by checking the corresponding boxes. For example,
if not all Methionines in the sample are expected to be oxidized, the modification should be
checked as variable; however, for modifications that are expected in all occurrences of the
amino acid, such as, say, carbamidomethylation of cysteine, the variable option should
remain unchecked.

Using SIM-XL to identify and annotate cross-linked peptides ... http://www.nature.com/protocolexchange/protocols/3533

7 of 33 8/19/15, 9:15 PM



2.9.3. To remove a modification, select the desired one, then click on the Remove
Modification button and confirm the exclusion.

2.10. The XL Advanced Parameters tab allows access to various parameters that are not
usually required to be changed for XL-MS analyses. In this tab, the parameters are divided
into three groups: SIM-XL Parameters, Dynamic DB Reduction (which uses Comet12 for
performing a preliminary search), and _Common Parameters (indicating that the
parameters belong to both the SIM-XL and the Comet search engines).

SIM-XL Parameters
2.10.1. Number of Isotopic Possibilities: The precursor mass stored in raw data files may
not correspond to the monoisotopic peak. This option allows the software to find the correct
monoisotopic peak, which is required to identify the molecule but at the cost of opening up
the search space. So, for example, for a peptide with a monoisotopic mass of 4000 Da, the
most intense peak in the isotopic envelope is M+2 (that is, 4002 Da), which will most likely
be selected as the precursor mass. If the number of possibilities is set to three, SIM-XL will
search this MS/MS spectrum considering the precursor masses 4002, 4001, and 4000, plus
or minus the given ppm tolerance. In this example, the correct monoisotopic precursor
mass is 4000 and thus can be correctly identified by SIM-XL. If a high number of isotopic
possibilities is set, the search space will increase accordingly and impact SIM-XL’s
sensitivity negatively.

2.10.2. Minimum AA Residues per chain: Minimum number of amino acids a peptide should
have to be considered a candidate for cross-linking.

2.10.3. Maximum results to report: Number of top-scoring XL candidates to be reported for
each queried spectrum.

2.10.4. Intra-link charge: Maximum charge of precursor ions to be searched in an intra-
molecular cross-link candidate. All candidates are also considered for the inter-molecular
searches.

Dynamic DB Reduction parameters
2.10.5. Enable: If enabled, SIM-XL will run Comet12 to perform a preliminary search to
identify peptides containing the modification specified in the cross-linker definition as
modification mass shift (see item 2.4.2). These identifications are used to generate a
theoretical cross-linked peptides database in which all entries contain at least one chain
previously identified with the modification.

2.10.6. XCorr Threshold: Minimum Comet XCorr value for identifying peptides containing
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the modification mass shift specified in item 2.4.2.

2.10.7. Minimum number of peptides: Minimum number of peptides required to include a
protein to be later used during the generation of the theoretical cross-linked peptide
sequence database.

Common Parameters
2.10.8. Maximum missed cleavages: Maximum number of missed cleavages allowed during
the theoretical digestion of the sequence database.

2.10.9. Minimum and Maximum MH: Minimum and maximum masses of singly-charged
peptide ions to be searched.

2.10.10. Peaks Matched cutoff: Minimum number of matching fragments between the
theoretical and experimental spectra. Identifications not satisfying this constraint will be
discarded.

2.10.11 Merge High Resolution Spectra: Enabling this option will let the search engine
merge two or more high-resolution spectra that likely belong to the same precursor. The
motivation is that several MS/MS spectra may be acquired from the same precursor during
its elution peak; the merged spectrum will have a better signal-to-noise ratio than the
individual spectra.

2.10.11.1 Chromatogram Tolerance (seconds): Maximum time difference, in seconds,
between tandem mass spectra having the same precursor mass to be merged.

Note: The Log field reports notes on the progress of the search.

Using SIM-XL to identify and annotate cross-linked peptides ... http://www.nature.com/protocolexchange/protocols/3533

9 of 33 8/19/15, 9:15 PM



Figure 5: XL Advanced Parameters tab.

2.11 Once all parameters have been set, we strongly recommend saving them for future
searches. This is accomplished by selecting Save SIM-XL Params from the File menu or
pressing CTRL + S (Figure 6).

2.12. To load a previously saved search parameter file, select Load SIM-XL Params from
the File menu or press ALT + L (Figure 6).

Figure 6: Save or Load SIM-XL params.

2.13. To begin searching, click on the GO button in the XL Search tab.

________________________________________________________________________________

3. Exploring the results
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Note: At this point we recommend saving the results by selecting Save results from the File
menu or pressing CTRL + S (Figure 7).

Figure 7: Results Browser’s File menu. Here the user can access many features,
such as loading or saving the search results, exporting the 2D-Map to an image or
PDF file, exporting the Protein Heat map to an image or Excel© (XLS) file, and
printing or exporting the results to a spreadsheet with all protein interactions and
their hit details.

3.1. 2D-Map
3.1.1. The 2D-Map is an interactive map showing all the cross-links identified with a score
above the cutoff value given in the Score field. In this map (Figure 8), each protein is
represented as a rectangle of size directly proportional to its sequence length, with residue
numbers marking the ticks at the bottom. The protein’s ID is shown outside the rectangle,
on the left. Each intra-protein cross-link is represented as a red arc. Likewise, inter-protein
cross-links are given in blue straight lines. The position of each linker corresponds to the
amino-acid number. The user can customize the view by left-clicking on the rectangles and
dragging them around, as well as zoom in or out using the zoom bar. By letting the mouse
pointer hover over the cross-linker representation, a window will pop up showing linker
details such as the linking amino acids and their positions.

3.1.2. By right-clicking on a cross-linker representation, a pop-up window will be displayed
showing all the identified cross-links, with corresponding scan numbers, scores, and charge
states. The user can then left-click on a desired identification to access the spectrum with
the Spectrum Viewer (see item 4).

3.1.3. The 2D-Map can be exported as a PNG, TIFF, or JPG image, or as a PDF file: On the
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File menu, select 2D-Map, then Save Image (ALT + I), or select Export 2D-Map (ALT + R)
(Figure 7).

Figure 8: Protein-protein interaction map (2D-Map).

3.2. Loading results

3.2.1. SIM-XL can load results in the SIM-XL (*.simxlr) or mzIdentlML 1.2 draft file formats.
This can be accomplished in several ways, the easiest one being to double-click on a
SIM-XL results file. If the Result Browser window is open, select Load Results from the File
menu or press ALT + S, as seen in Figure 7. Otherwise, if the main window is open, select
Load SIM-XL Results from the File menu (or press ALT + R), as seen in Figure 6.
We note that mzIdentML results can only be loaded within SIM-XL by accessing the Load
Results option, which will open another windows where the user can specify both required
files, the Result file (*.mzIdentML) and the Data file (e.g, *.mzML, *.MGF, *.MS2, or *.RAW).

Figure 9: Input file window. SIM-XL accepts the mzIdentML format, in addition to its
own format (simxlr).

3.3. Dynamic Result Report
3.3.1. A dynamic report is made available by clicking on the Dynamic Result Report tab
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(Figure 10). The user can sort/search the results according to user-specified criteria. By
double-clicking on an entry, the Spectrum Viewer will open, enabling access to the
spectrum for the identification in that entry (see item 4).

Figure 10: Dynamic Result Report.

3.3.1.1. Filtering results
3.3.1.1.1. ScanNumber: In case this field is not empty, only spectra whose scan numbers
match that of this field will be displayed.

3.3.1.1.2. Score: Only results containing identification scores greater than or equal to this
value will be displayed.

3.3.1.1.3. ppm: Only results containing a ppm less than or equal to this value will be
displayed.

3.3.1.1.4. Sequence: Only results from peptides containing the sequence input to this field
will be displayed. The user can further specify whether only results from intra-link or
inter-link peptides/proteins are to be displayed.

3.3.1.1.5. Assessment: Only results containing a Personal Assessment equal to this value
will be displayed.

All criteria specified in these fields will be reflected in all tabs (2D-Map, Dynamic Result
Report, and Protein Heat map).

Fields in the Dynamic Result Report
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3.3.2. The Peptide Sequence field shows the search result’s identified peptides. The amino
acids interacting with the cross-linker are shown in a bold typeface. Double-clicking on this
field makes the Spectrum Viewer (see item 4) pop up, enabling the user to assess the
spectrum that resulted in the respective identification.

3.3.3. The Protein 1 and Protein 2 columns display the protein(s) that contain the identified
peptide sequence(s). The remaining proteins having conserved regions containing the
peptide(s) can be assessed by double-clicking on one of these columns (Figure 11).

Figure 11: Proteins containing identified peptides window. The header displays the
identified peptides: TDEQALLSSILAKTASNIIDVSAADSQGMEQHEYMDR and
LAVLSSSLTHWKK. Below, the protein that contains these sequence(s) (PROTEIN1) is
listed.

3.3.4. The Upload Spectra column is part of a global effort for improving cross-linker
identification scoring functions. By checking beside the desired spectra and then selecting
Send Spectra to Server from the Utils menu (or pressing ALT + S), the user will donate the
identifications and spectra for further research on the topic.

3.3.5. The Personal Assessment column allows the user to input a personal assessment on
the quality of each identification. This is accomplished by selecting from the drop-down list
one of the five choices ranging from Excellent to Poor.

3.3.6. At this point, we recommend saving the results once again so that the personal
assessments can be included. This is done by selecting Save Results from the File menu or
pressing CTRL + S.

3.4. Protein Heat map
3.4.1. The Protein Heat map (Figure 12) displays regions where inter-protein cross-linkers
were identified. To generate such a map, two proteins must be selected by using the
horizontal-axis and the vertical-axis drop-down lists. The heat map can be limited to desired
amino acids by selecting them in the Reaction Site field.
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Figure 12: A Protein Heat map showing the interaction regions defined by cross-
linkers. The red scale is associated with the number of identified XL spectra. By
clicking on a cell, all identifications supporting that interaction will be displayed.

3.4.2. The Protein Heat map can be exported as an image or a spreadsheet file containing
the information about the interactions. To export the map as an image, select Save Image,
then Protein Heat map, from the File menu (or press CTRL + I); to export it as a
spreadsheet, select Spreadsheet from the Export Data menu (or press ALT + T), or Hit
Details (i.e., information of the identifications contained in each cell) (ALT + H) (Figure 7).

3.5. Utils menu
3.5.1. Report Fusion: This option allows merging several SIM-XL results into a single report.
To accomplish this, select Report Fusion from the Utils menu (or press ALT + F) and select
all files to be joined.

3.5.2. Custom Report Results: This option allows the addition or removal of columns in the
Dynamic Result Report. For this, select Custom Report Results from the Utils menu (or
press ALT + C). Following that, a new window containing all columns that can be included
or removed will be displayed. After checking beside the features of interest, click on the OK
button.

________________________________________________________________________________

4. Spectrum Viewer
4.1. The Spectrum Viewer (Figure 13) displays an annotated XL mass spectrum. The
Spectrum View tab allows the user to browse the spectrum, zoom in and out, and easily
view which peak was attributed to the corresponding fragment. To zoom in, click and drag
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the mouse over the desired m/z range (Figure 14). To zoom out, double left-click.

Figure 13: XL Spectrum Viewer. The Spectrum View tab allows the user to browse the
spectrum, zoom in and out, as well as easily view which peaks were attributed to
which series. A ppm deviation plot is available above the annotated mass spectrum.

Figure 14: Zoom-in on a specific m/z range of the XL mass spectrum.

4.2. A ppm deviation plot is available above the annotated mass spectrum (Figure 13). This
plot displays the deviation between the theoretical and experimental peaks, in ppm, along
the m/z range. The continuous blue line represents the Random Sample Consensus
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(RANSAC), which is a linear regression of matched peaks. The blue dotted lines represent
three standard deviations from the regression line. To save this plot, right-click on the image
and choose between Copy to clipboard or Save.

4.3. The Peptide Annotation tab (Figure 15) shows a fragmentation diagram of the cross-
linked peptide. The plot can be saved by right-clicking on the image and choosing between
Copy to clipboard or Save.

Figures 15: The Peptide Annotation tab displays the fragmentation diagram of the
cross-linked peptides.

4.4. The Spectrum Prediction Parameters tab (Figure 16) provides a table showing all
theoretical fragments and their assignments when matched. Matching criteria are shown in
the panel on the left. Changes in these parameters, followed by pressing the Plot button,
will update the assignments. These features allow the user to verify, for example, the effects
of changing the cross-linker position or even, say, to evaluate the impact on the score of
oxidizing a methionine or even changing the sequence of the matched peptide(s).

4.4.1. Peptide Sequence 1 and 2: These are the sequences of α and β chains. For intra-
links, fill out the Peptide Sequence 1 field only. Any modification mass shift must be
enclosed in parentheses after the modified amino acid. For example: oxidation of
methionine should be input as ‘M(15.9949)’.

4.4.2. Position XL 1 and 2: These are the positions of the cross-linked residues in both
chains. For intra-links, both fields correspond to the cross-linking positions in the α chain.

4.4.3. Deconvoluted MS/MS: Check this option if the spectrum is deconvoluted (see item
2.8).

4.4.4. XL Mass: The cross-linker mass shift (see item 2.4.2.2).

4.4.5. ppm: The tolerance of each spectrum peak match.

4.4.6. Precursor Charge and Precursor Mass: The charge and mass of the precursor ion.
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4.4.7. Ion Series: Check the series to be considered by the Spectrum Viewer. For inter-
links, both α and β series should be checked.

4.4.8. Click on the Plot button to update the Spectrum Viewer.

4.4.9. The Load Example button loads an example spectrum.

Figure 16: Spectrum Prediction Parameters tab. The user can adjust parameters to
check assignments.

4.5. The Spectrum Plotting Parameters tab (Figure 17) allows the user to enter an
individual experimental mass-spectral peak list. The user can also specify the XL reporter
ions.
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Figure 17: Spectrum Plotting Parameters tab. The user can add individual
mass-spectral peak lists to visualize the spectral assignments.

4.6. To save the annotated XL mass spectrum, select Save Spectrum from the File menu or
press CTRL + S. An image can be saved by selecting Export Image, then Spectrum Image,
from the File menu or pressing CTRL + I. To load the annotated XL mass spectrum, select
Load Spectrum from the File menu or press ALT + L.

4.7. The user can customize the XL mass spectrum annotation by selecting Custom
Spectrum View from the Utils menu or pressing CTRL + L. A new window will open with
several options, as shown in Figure 18.

Figure 18: Custom Spectrum View. Spectrum annotations can be customized by
checking the option in this menu.

4.8. By selecting Send Spectrum to Server from the Utils menu (or pressing ALT + S),
SIM-XL will upload the annotated spectrum to a server and thus contribute to a global effort
aiming towards creating more sophisticated cross-linker scoring functions through machine
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learning.
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Figure 1: SIM-XL Main GUI
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In this window the user will perform the search filling out all fields according to each analysis.

Figure 2: Cross-linker (XL) library
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A cross-linker can be inserted or removed in this window.

Figure 3: Enzyme library

An enzyme can be inserted or removed in this window. A regular expression is required to
specify the cleavage sites of a new enzyme. For example, the regular expressions for Trypsin
and Lys-C are ‘[KR](?!P)’ and ‘[K]’, respectively. For more on building regular expressions we
refer the reader to http://www.regular-expressions.info/.

Figure 4: Add/Remove Modifications

Select a pre-defined modification or add a new one. To edit a pre-defined modification, click on
the Edit button.

Figure 5: SIM-XL Advanced Parameters
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Figure 6: Save or Load SIM-XL parameters
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Figure 7: Menu File of results
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Here the user can access many features, such as loading or saving the search results, exporting
the 2D-Map to an image or PDF file, exporting the Protein Heat map to an image or Excel©
(XLS) file, and printing or exporting the results to a spreadsheet with all protein interactions and
their hit details.

Figure 8: Protein-protein interactions Map (2D-Map)

Figure 9: Input file window

SIM-XL accepts the mzIdentML format, in addition to its
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own format (simxlr).

Figure 10: Dynamic Result Report

Figure 11: Protein interactions window

Proteins containing identified peptides window. The header displays the identified peptides:
TDEQALLSSILAKTASNIIDVSAADSQGMEQHEYMDR and LAVLSSSLTHWKK. Below, the
protein that contains these sequence(s) (PROTEIN1) is listed.

Figure 12: Protein interactions map
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A Protein Heat map showing the interaction regions defined by crosslinkers. The red scale is
associated with the number of identified XL spectra. By clicking on a cell, all identifications
supporting that interaction will be displayed.

Figure 13: XL Spectrum Viewer

Using SIM-XL to identify and annotate cross-linked peptides ... http://www.nature.com/protocolexchange/protocols/3533

28 of 33 8/19/15, 9:15 PM



The Spectrum View tab allows the user to browse the spectrum, zoom in and out, as well as
easily view which peaks were attributed to which series. A ppm deviation plot is available above
the annotated mass spectrum.

Figure 14: Spectrum zoom-in
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Zoom-in on a specific area of the XL mass spectrum

Figure 15: Peptide Annotation

The Peptide Annotation tab displays the fragmentation diagram of the cross-linked peptides.

Figure 16: Spectrum Prediction Parameters tab

The user can adjust parameters to check assignments.
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Figure 17: Spectrum Plotting Parameters tab

The user can add individual mass-spectral peak lists to visualize the spectral assignments.

Figure 18: Custom Spectrum View
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Spectrum annotations can be customized by checking the option in this menu.
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ABSTRACT    
Apolipoprotein (apo)A-I mediates many of 

the anti-atherogenic functions attributed to high 
density lipoprotein (HDL). Unfortunately, 
efforts toward a high-resolution structure of 
full-length apoA-I have not been fruitful, though 
there have been successes with deletion mutants. 
Recently, a C-terminal truncation (apoA-IΔ185-

243) was crystallized as a dimer. The structure 
showed two helical bundles connected by a long, 
curved pair of swapped helical domains. To 
compare this structure to that existing under 
solution conditions, we applied small angle X-
ray scattering and isotope-assisted chemical 
cross-linking to apoA-IΔ185-243 in its dimeric and 
monomeric forms. For the dimer, we found 
evidence for the shared domains and aspects of 
the N-terminal bundles, but not the molecular 
curvature seen in the crystal. We also found that 
the N-terminal bundles equilibrate between 
open and closed states. Interestingly, this 
movement is one of the transitions proposed 
during lipid binding. The monomer was 
consistent with a model in which the long shared 
helix doubles back onto the helical bundle. 
Combined with the crystal structure, these data 
offer an important starting point to understand 
the molecular details of HDL biogenesis. 

Apolipoprotein (apo)A-I is the most common 
protein constituent of human high density 
lipoprotein (HDL), comprising up to 70% of protein 
mass. As such, it is often credited with defining the 
functionality of HDL as related to its proposed 
cardioprotective benefits. For example, apoA-I 
dramatically stimulates lecithin:cholesterol acyl 
transferase (LCAT) which esterifies cholesterol to 
create a concentration gradient that promotes free 
cholesterol movement from peripheral cells to HDL 
(1). ApoA-I also interacts with the ATP binding 
cassette transporter A1 in the liver and periphery (2-
5), an event that produces the bulk of circulating 
HDL. Given the recent revelations that HDL also 
contains greater than 90 “minor” proteins (HDL 
Proteome Watch 
http://homepages.uc.edu/~davidswm/HDLproteom
e.html), apoA-I is likely an important scaffold that 
coordinates these factors to affect functions related 
to lipid metabolism, inflammation, innate immunity 
and more (6).  

Since the first descriptions of amphipathic 
helices inferred in the sequence of apoA-I in the 
1970’s (7,8), considerable effort has been put into 
understanding apoA-I structure in its lipid-free 
form or when bound to lipid in HDL. With its 
flexibility and propensity to interact with lipid or 
itself (oligomerization), it has not yet been possible 
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to apply traditional high-resolution structural 
techniques such as nuclear magnetic resonance or 
X-ray crystallography to full-length, wild-type 
apoA-I. However, there has been success using 
deletion mutants. Borhani et al. crystallized human 
apoA-I lacking the N-terminal 43 amino acids (9). 
The structure showed a ring-like tetramer with 
amphipathic helical domains coiled around each 
other. This was thought to reflect the lipid-bound 
form and became the basis for the double belt 
model of apoA-I (10). However, information about 
the monomeric, lipid-free form remained elusive 
but highly sought after - even prompting the 
publication of a falsified structure (11). 

Recently, Mei and colleagues published a 
crystal structure of a mutant lacking the C-terminal 
60 amino acids, apoA-IΔ185-243 (12). It showed a 
curved dimer in which two four helical bundles 
were connected by a pair of long antiparallel 
helices. This strongly resembled a structure of a 
dimeric apoA-IV mutant that we reported (13). 
These “helix swapped” models are attractive in that 
they offer clear predictions of how: i) a four helical 
bundle can transition to the widely accepted double 
belt orientation upon lipid binding, and ii) the dimer 
can transition to monomeric or trimeric forms (14). 

Since apolipoproteins exhibit significant 
conformational flexibility, we investigated the 
structure of the truncated apoA-IΔ185-243 in both its 
dimeric and monomeric forms in solution to draw 
comparisons to the crystal structure. We used the 
lower resolution, but solution-based, techniques of 
chemical cross-linking and small angle X-ray 
scattering (SAXS). Our results confirm some of the 
general features of the Mei crystal structure 
including the long antiparallel helices participating 
in the domain swap, but we note important 
differences in the flexibility of the N-terminal 
domain and the overall shape of the molecule. 
 
EXPERIMENTAL PROCEDURES 

ApoA-IΔ185-243 Protein Expression and 
Purification - Our previously reported construct for 
recombinant, full-length apoA-I (15) was modified 
with a stop codon (TAG) after Asn-184. The mutant 
apoA-IΔ185-243 was then expressed and purified as 
described (15). pET30 vectors (Novagen) 
containing mutant apoA-IΔ185-243 were transformed 
into BL-21 E. coli cells. Cells were grown at 37°C 
in Luria-Bertani culture media containing 
kanamycin for selection of pET30 transformants. 
Protein expression was induced by addition of 

isopropyl ß-ᴅ-thiogalactopyranoside (0.1 mM) 
followed by shaking at 225 RPM for 2 h at 37°C. 
Cells were pelleted by centrifugation, supernatant 
was discarded, and cells were resuspended in 
binding buffer (5 mM imidazole, 500 mM NaCl, 20 
mM Tris-HCl, pH 7.9) and lysed at 4°C by probe 
sonication. The cell lysate was pelleted and the 
supernatant was applied to His-bind columns. 
Fractions containing apoA-IΔ185-243 were pooled and 
the His-tag was cleaved by tobacco etch virus 
(TEV) protease at a mass ratio of 20 (apoA-
I):1(TEV) for 2 h at room temperature. The sample 
was reapplied to the His-bind resin to remove the 
His-tag and fractions containing apoA-IΔ185-243 were 
pooled, concentrated and dialyzed into 10 mM 
NH4HCO3 pH 8.1, lyophilized to dryness, and 
stored at -80°C until ready for use. The recombinant 
protein contained an additional glycine at the N-
terminus after cleavage of the his-tag by TEV. The 
sequence was confirmed by the Cincinnati 
Children’s Hospital Sequencing Core. 15N-labeled 
apoA-IΔ185-243 was generated as previously 
described (16).  

14N and 15N versions of apoA-IΔ185-243 were 
solubilized individually in 3 M guanidine in Tris-
HCL. The 14N and 15N apoA-IΔ185-243 were mixed at 
a 1:1 molar ratio at 37°C for 1 h with intermediate 
vortexing. Protein was refolded with exhaustive 
dialysis against PBS, pH 7.4. Where indicated, 
apoA-IΔ185-243 was not subjected to denaturation (i.e. 
left in solution) to characterize any differences that 
may occur in the denaturation/reassembly process. 
All protein preparations were further purified using 
size exclusion chromatography using a single 
Superdex 200 gel filtration column (10/300 GL; GE 
Healthcare) on a ӒKTA FPLC system (GE 
Healthcare) in PBS to ensure removal of any 
bacterial protein contamination. Appropriate 
fractions were pooled and concentrated by 
ultrafiltration for cross-linking and SAXS. Protein 
concentration was determined by the Markwell 
modified Lowry assay (17). Purity was routinely 
>95% as determined by SDS-PAGE and mass 
spectrometry.  

Cross-linking - All proteins were cross-linked 
with bis-(sulfosuccinimidyl) suberate (BS3) 
(Thermo Scientific) as previously described (16). 
Protein was cross-linked at a molar ratio of 50:1 
cross-linker to protein for 12 h at 4°C and quenched 
by excess Tris-HCl. Cross-linked monomeric and 
dimeric apoA-IΔ185-243 were separated by gel 
filtration chromatography on three Superdex 200 
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gel filtration columns (10/300 GL; GE Healthcare) 
in series on a ӒKTA FPLC system (GE Healthcare) 
in PBS at a flow rate of 0.3 ml/min. 0.25 ml 
fractions were collected and analyzed by SDS 
PAGE. Fractions containing the pure monomeric 
and dimeric apoA-IΔ185-243 were pooled and 
concentrated. Samples undergoing MS analysis 
were dialyzed into 10 mM NH4HCO3 pH 8.1. 50 µg 
aliquots were digested with sequencing grade 
trypsin (Promega) at 1:20 mass ratio of trypsin to 
protein for 16 h at 37°C. Peptides cross-linked with 
BS3 were lyophilized to dryness and stored at -20°C 
until MS analysis. Crosslinking experiments were 
performed on two independent preparations of 
protein. 

Mass Spectrometry and Identification of Cross-
linked Peptides - Mass spectrometry analyses were 
performed as previously described (16). Nano-LC-
MS/MS analyses were performed on a TripleTOF® 
5600+ (AB Sciex, Toronto, Canada) coupled to an 
Eksigent (Dublin, CA) NanoLC-Ultra® nanoflow 
system. Dried samples were reconstituted in formic 
acid/H2O 0.1/99.9 (v/v), and 5 µl (~1-2 µg of 
digest) was loaded onto C18 IntegraFritTM trap 
column (New Objective, Inc.) at 2 µl/min in 
FA/H2O 0.1/99.9 (v/v) for 15 min to desalt and 
concentrate the samples. For the chromatographic 
separation, the trap-column was switched to align 
with the analytical column, Acclaim® PepMap100 
(Dionex-Thermo Fisher Scientific). Peptides were 
eluted at 300 nl/min using a varying mobile phase 
gradient from 95% phase A (FA/H2O 0.1/99.9, v/v) 
to 40% phase B (FA/ACN 0.1/99.9 v/v) for 35 min 
(1% per min), then from 40% B to 85% B in 5 min 
with re-equilibration. Effluent was introduced to 
the mass spectrometer using a NANOSpray® III 
Source (AB Sciex, Toronto, Canada). The 
instrument was operated in positive ion mode for 65 
min, where each cycle consisted of one TOF-MS 
scan (0.25 s accumulation time, in a 350 to 1500 
m/z window) followed by 30 information 
dependent acquisition mode MS/MS-scans on the 
most intense candidate ions selected from initially 
performed TOF-MS scan during each cycle. Each 
product ion scan had an accumulation time of 0.075 
s and CE of 43 with an 8 unit scan range. The .wiff 
files were converted to Mascot generic files using 
PeakView® v1.2.0.3 software (AB Sciex).  

Mascot generic files were loaded into the SIM-
XL search engine (18) for cross-linked peptides 
link version 1.1. Briefly, this latest version is 
optimized for characterizing interaction between 

homodimers by allowing the user to specify which 
proteins(s) in the sequence database have light (e.g., 
14N) and heavy (e.g., 15N) versions. The 
carbamidomethylation of the cysteine and the BS3 
cross-linker mass modification of 138.0681 at the 
N-terminus and lysine was considered as fixed. A 
tolerance of 20 ppm was accepted at the MS1 and 
MS2 levels. All initial identification of cross-linked 
peptides required a SIM-XL primary score greater 
than 1.5. As a single incorrect cross-link 
identification may lead to an erroneous model, a 
manual post-validation of the search engine results, 
at the MS/MS level, was independently performed 
by two experienced analysts. 

Small-Angle X-ray Scattering - SAXS data was 
collected using the SIBYLS beamline (Berkeley, 
CA) (19). Cross-linked, monomeric and dimeric 
apoA-IΔ185-243 were separated by gel filtration 
chromatography as described above. Purified 
samples were shipped overnight at 4°C for SAXS 
data collection within 24 hours of isolation to avoid 
aggregation artifacts. Three concentrations of the 
purified monomeric and dimeric apoA-IΔ185-243 in 
PBS were sampled at 10°C with four exposure 
times; 0.5, 1.0, 2.0, and 5.0 s. Scattering profiles 
from samples suffering radiation damage were 
discarded. ScÅtter (SIBYLS) and ATSAS program 
suite (EMBL) were used for data analysis. 20 
independent ab initio molecular envelope 
reconstructions were generated using the online 
DAMMIF server (EMBL-Hamburg) (20). The 
envelopes were superimposed and averaged using 
SUPCOMB and DAMAVER (ATSAS, EMBL-
Hamburg). The averaged molecular envelope 
graphics were rendered using UCSF Chimera. 

Model Generation and Evaluation 3-D 
composite models were generated based on the 
dimeric crystal structure of apoA-IΔ185-243 [Protein 
Data Bank (PDB) entry 3R2P]. The structure was 
manually manipulated in Pymol guided by 
experimentally derived cross-links and SAXS data. 
Modeller v9.14 (21) was used to perform a 
sequence alignment and generate 100 iterations of 
each starting model. Models were constrained with 
identified cross-links with an upper bound of 26.0 
± 0.001 Å from C-α to C-α. The starting model for 
reported structures were chosen based on the best-
fit to experimental SAXS data using FoXS (22,23). 
An energy minimization was performed on the 
initial structure using the AllosMod-FoXS web 
server (23,24) to generate 3000 intermediate 
conformations consistent with the input structure 

3 
 

 at C
A

PES/M
EC

 - U
FSM

 on January 12, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Solution Structure of Truncated ApoA-I 
 

using a temperature scan (300K) (16). The final 
models were presented based on satisfaction of all 
cross-linking constraints and best-fit to the 
experimental SAXS scattering profile. 
 
RESULTS 

Concept of Isotope Assisted Cross-linking-A 
problem with using chemical crosslinking to 
understand the structure of a homodimer is the 
inability to distinguish between intra- and 
intermolecular cross-links. In previous work with 
apoA-IV, we solved this problem by isotopically 
labeling one polypeptide of the dimer with 15N, 
leaving the other with naturally occurring 14N (16). 
The two forms were expressed in bacteria grown 
with the appropriate nitrogen isotope, denatured in 
guanidine HCl, mixed together at a 1:1 molar ratio, 
and then allowed to refold into dimers with mixed 
isotopic species. We pursued the same strategy with 
apoA-IΔ185-243 (see Methods). Fig. 1 illustrates the 
concept. Intermolecular cross-links between two 
peptides (A and B) result in four possible mass 
combinations depending on the isotopic makeup of 
the two species in a dimer: 14A to 14B, 15A to 15B, 
14A to 15B, and 15A to 14B and a MS spectrum 
containing four sets of peaks (top panel). 
Alternatively, intramolecular cross-links only have 
two possibilities, 14A to 14B and 15A to 15B, resulting 
in two sets of peaks (bottom panel). 

Oligomerization Properties of ApoA-IΔ185-243—
Fig. 2a contrasts WT apoA-I (28 kDa) with apoA-
IΔ185-243 (22 kDa). The high purity of both 
preparations is apparent on the SDS gel and by 
direct injection MS of a mixture of both 14N apoA-
IΔ185-243 and 15N apoA-IΔ185-243 (Fig. 2b). 14N apoA-
IΔ185-243 exhibited an experimental molecular mass 
of 21624 Da, nearly identical to its theoretical mass 
of 21623.96 Da. 15N apoA-IΔ185-243 had an 
experimental molecular mass of 21890 Da 
compared to a theoretical 21894.25 Da. From both 
direct injection MS and peptide analyses, we 
determined that our labeling efficiency was > 95%. 

We observed that unfolding the protein in 
guanidine HCL affected the relative 
monomer/dimer distribution of the truncation 
mutant (Fig. 3). When 14N apoA-IΔ185-243 was 
isolated directly from the bacteria without a 
refolding step, the preparation contained about 60% 
monomer and 40% dimer by gel filtration 
chromatography at room temperature. However, 
denaturation in guanidine and refolding via dialysis 
resulted in a shift to the monomeric state (~90%) 

with only about 10% dimer. This agrees with a 
previous characterization of this mutant (25).  This 
may result from concentration differences between 
compartments within the bacteria and bulk solution 
in vitro. Since it is not possible to perform the dual 
isotope technique with non-refolded protein, we 
scaled up our separations in order to isolate enough 
dimer for the current cross-linking studies. 

Cross-Linking—We used the homobifunctional 
cross-linker BS3, an NHS ester with a preference for 
lysines within its spacer arm length of 12 Å. 
However, it can also react with serine at a lower 
frequency (26,27). Mixed 14N and 15N apoA-IΔ185-

243 was cross-linked yielding the monomeric and 
dimeric species shown in Fig. 4a, Lane 1. Monomer 
and dimer were then isolated by gel filtration 
chromatography (Fig. 4b lanes 1 and 2, 
respectively). The samples were subjected to tryptic 
digestion and MS was used to identify the cross-
links. In total, 29 cross-linked peptide pairs were 
identified in both monomeric and dimeric apoA-
IΔ185-243; intramolecular cross-links are listed in 
Table 1 and intermolecular links are in Table 2. As 
expected, all cross-links in the monomer sample 
showed the two mass peak pattern described in Fig. 
1 and exemplified in Fig. 4c and 4d (blue) 
indicating intramolecular span. The dimer sample 
contained a mixture of intra and intermolecular 
cross-links (the four peak pattern). 13 of the 
identified cross-links were shared between 
monomer and dimer. Monomeric apoA-IΔ185-243 had 
9 unique cross-links while dimeric apoA-IΔ185-243 
had 7 unique cross-links. This indicates that the 
dimer and monomer structures are related, but not 
identical. There were several examples of cross-
links that were intramolecular in the monomer, but 
intermolecular in the dimer, despite linking the 
same Lys or Ser residues. This is a signature of a 
domain swap model of oligomerization. 

We also compared the cross-links observed in 
monomeric apoA-IΔ185-243 to those reported in the 
same region for WT apoA-I in solution.  Including 
the current study, there have been 35 total cross-
links reported in this region in 4 studies (28-30).  
This study reports 9 previously observed cross-
links and 13 unique cross-links not previously 
found in WT apoA-I.  This may suggest a general 
similarity in the structural fold of the two proteins, 
but we caution that the large deletion makes direct 
comparisons with full length apoA-I difficult. 

Small Angle X-ray Scattering—To assess the 
molecular shape of apoA-IΔ185-243, we performed 
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SAXS experiments. Stability experiments 
demonstrated that the dimer slowly dissociated into 
monomer after purification by size-exclusion 
chromatography (not shown). Therefore, to insure 
the molecular homogeneity of the samples during 
SAXS data collection, we used BS3 to lock the 
dimer and monomers into their respective states and 
separated them by gel filtration as for the cross-
linking/MS studies. The SAXS parameters for all 
samples are listed in Table 3. In all samples, the 
scattered intensity I(q) increased proportionally 
with sample concentration and the Guinier range 
(used to calculate the radius of gyration, Rg) showed 
a linear response at low scattering angles (not 
shown) indicating high quality data with no 
evidence of protein aggregation. 

Dimer - We compared dimeric apoA-IΔ185-243 
derived natively from E. coli (never denatured) or 
after denaturation/refolding. The SAXS profiles 
showed no difference in Rg (Guinier and real space), 
Dmax and the two samples were of comparable 
molecular volumes across all concentrations tested. 
Furthermore, scattering profiles and the pairwise 
distribution plots of both dimers were nearly 
identical (Fig. 5a and 5b, respectively) indicating 
similar structures. Dimeric apoA-IΔ185-243 had an Rg 
value of 36.17 ± 0.50 Å which, taken together with 
the pairwise distribution plot (Fig. 5b, violet) 
suggested an elongated rod-like structure. 
Transformation of the SAXS data exhibited a 
plateau in the q3·I(q) plot and lack of plateau in the 
q4·I(q) plot (Fig. 5c and 5d, respectively) indicating 
structures were folded yet contained a flexible 
domain (31,32). Indeed, the low-resolution 
envelope generated via ab initio reconstructions 
(Fig. 5e) confirmed the elongated, rod-like 
appearance. Interestingly, although a slight 
curvature was apparent, there was no evidence of 
the crescent shape observed in the crystal structure. 
The normalized spatial discrepancy (NSD), shown 
in Table 3, was reasonable suggesting high 
quantitative similarity between independent 
reconstructions. 

Monomer - Monomeric apoA-IΔ185-243 had Rg 
values of 23.20 ± 0.26 Å and a parabolic pairwise 
distribution plot (Fig. 5b, tan), consistent with a 
more globular structure than the dimer. 
Transformation of the monomer SAXS scattering 
profile showed a similar plateau in the q3·I(q) plot 
and lack of plateau in the q4·I(q) as compared to the 
dimer indicating a rigid structure with a flexible 
domain. In agreement with the pairwise distance 

distribution profile, the ab initio reconstruction of 
the monomeric envelope (Fig. 5f) confirmed the 
globular appearance having similar width, but half 
the length of the dimer envelope. Indeed, the 
monomer envelope yielded a diameter of ~78Ȧ 
with an average volume of 53100 Ȧ3, roughly half 
of the dimer (95700 Å; Table 3).    

Comparison to the Crystal Structure—We used 
the cross-linking and SAXS experimental data 
derived in solution to test the predictions from the 
Mei crystal dimer. Fig. 6a shows a contact plot 
rendered from the crystal structure. Colored areas 
represent amino acids that fall within 26 Ȧ of each 
other; i.e. within possible cross-linking distance. 
The cross-links in Tables 1 and 2 were placed on 
the contact plot showing that 13 out of 20 were 
consistent. The majority of the violations were in 
the N-terminal region highlighted in Fig. 6b. 

Next, the crystal structure was compared to the 
SAXS data using FoXS (22,23). Fig. 7a and 7b 
shows significant deviation between the theoretical 
scattering profile and the experimental data with a 
poor χ of 3.25. We solvated the crystal structure and 
generated a theoretical pairwise distribution curve 
using Scatter (Fig. 7c, red). The biphasic pattern for 
the crystal structure clearly deviates from the 
experimental pairwise distribution curve. Lastly, 
we superimposed the crystal structure on the 
molecular envelopes generated from the SAXS 
experimental data (Fig. 7d) revealing large 
inconsistencies. Taking the cross-link violations 
with the SAXS discrepancies, we concluded that 
apoA-IΔ185-243 adopts an alternate configuration in 
solution. Thus, we set out to generate a solution-
state model of apoA-IΔ185-243. 
Derivation of a Dimeric ApoA-IΔ185-243 Solution 
Model—Since many of the experimental cross-links 
were consistent with the crystal structure, we used 
it as a starting model. We used as few 
manipulations as possible to bring it in line with the 
cross-linking and SAXS data. Previous studies on 
discoidal HDL suggest the antiparallel 5/5 helices 
can form a hairpin (10,33). Implementation of 
hairpins and juxtaposition to residues 106-116 
resolved some of the problematic cross-links and 
resulted in the overall shortening of the structure 
imposed by the SAXS data. Focusing on the N-
termini, we observed cross-links consistent with the 
crystal structure (Fig. 8, top inset) but also links that 
strongly suggested an interaction between the N-
terminus and middle of the molecule (Fig. 8 bottom 
inset). We concluded that: (i) satisfying all cross-

5 
 

 at C
A

PES/M
EC

 - U
FSM

 on January 12, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Solution Structure of Truncated ApoA-I 
 

links in a single dimer model was only feasible by 
collapsing the structure into a compact, spherical 
globular protein or (ii) the N-terminus is dynamic 
and moving back and forth from the end to the 
middle of the molecule and the cross-linker was 
capturing it in both positions. The elongated 
structure implied by the SAXS data ruled out 
possibility #1. Therefore, we generated two initial 
models differing in the placement of the N-terminus 
(residues 1-37). The “open” conformation has the 
N-terminus folded across the ends of the dimer to 
complete four helical bundles on each end (like the 
crystal structure). A second “closed” conformation 
uses the N-terminal minor helix (residues 37-42) as 
a hinge so the N-terminus can flip over and interact 
with the middle of the molecule. 

Modeller v9.14 was used to generate 100 
iterations of each initial structure constrained by 
experimental cross-links respective to the “open” 
and “closed” conformations. The best initial model 
for each conformation was determined using FoXS 
which gave improved fits (χ=1.32 and χ=0.95 for 
the “open” and “closed”, respectively) compared to 
the crystal structure (χ=3.25). We performed an 
energy minimization on each best-fit conformation 
and then used AllosMod-FoXS (23,24) to generate 
3000 alternate structures of each model. These were 
constrained to their respective cross-link sets and 
simulated at 300K to determine whether an 
alternate model at a physiological temperature 
better represents the SAXS profile. Fig. 9a and 9b 
show the final “open” and “closed” models 
superimposed onto the SAXS molecular envelope. 
Both show good visual fit to the molecular 
envelopes and excellent agreement with the 
experimental SAXS profile shown in Fig. 9c 
(χ=0.73 and 0.83 for the “open” and “closed”, 
respectively). Additionally, MultiFoXS was used 
on a pool of all 6000 independent models (3000 
each of the open and closed) to determine if a two-
state model better fit the SAXS profile. The crystal 
structure was included in the pool as a control. 
Indeed, MultiFoXS picked a single model from 
each conformation for an improved fit of χ=0.67 
weighted at 64% open and 36% closed (Fig. 9c, 
orange). Lastly, contact plots were generated and 
superimposed for both conformations in Fig. 9d 
showing that 100% of the observed cross-links are 
accounted for between the two models. 

Derivation of a Monomeric ApoA-IΔ185-243 
Solution Model—Mei et al. postulated that 
monomeric apoA-IΔ185-243 occurs when the long 

helix (residues 118-184), which participates in the 
dimer domain swap, doubles back onto the four 
helix bundle in the exact same position that the 
same sequence from the other monomer would sit 
in the dimer (12). We generated a starting model of 
this concept based on the crystal structure (Fig. 
10a). Interestingly, Fig. 10b shows that the cross-
linking pattern was 100% compatible, even on the 
un-optimized model. Using Modeller 9.14, 100 
iterations of the model were generated with the 
imposed cross-link constraints. The best-fit model 
was then run through AllosMod-FoXS to generate 
3000 alternate structures at 300K. The final best-fit 
model is shown superimposed on the molecular 
SAXS envelope for monomeric apoA-IΔ185-243 (Fig. 
10c) with an excellent fit of χ=0.78 (Fig. 10d).  
 
DISCUSSION 

Deletion mutants have become a valuable 
work-around to the notorious problem of getting 
full-length exchangeable apolipoproteins to 
crystallize for high-resolution structural studies. 
Typically, apolipoproteins have low 
thermodynamic stability with highly dynamic 
domains that are poised to interact with lipid 
(34,35). Removing these domains may make 
crystallization more tractable, but there are 
drawbacks to this approach. First, it is never clear 
how the structure of the deletion mutant relates to 
that of the full-length protein. Even though the 
missing domain is flexible, it may participate in 
interactions that are key to the global structure of 
the WT protein. Second, apolipoproteins are likely 
more sensitive than most proteins to high 
concentrations and non-physiological precipitants 
required for crystallization. Therefore, we believe 
that it is critical to evaluate predictions from crystal 
structures on proteins that are in solution. 

We previously reported the crystal structure of 
a deletion mutant of apoA-IV which showed a 
remarkably similar helical “swap” as that reported 
by Mei et al for apoA-IΔ185-243. SAXS and cross-
linking analyses of dimeric apoA-IV64-333 in 
solution agreed quite well with the crystal structure 
(13) and we went on to propose a structure for full-
length apoA-IV using the crystal structure as a 
template. In the case of apoA-IΔ185-243, however, it 
was immediately clear that both the SAXS analysis 
and the cross-linking patterns were not fully 
compatible with the crystal structure, at least in the 
dimer. Despite these differences, important 
predictions of the crystal structure were clearly 
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borne out in solution. For example, the long 
swapped helix between the dimers was confirmed. 
Intermolecular cross-links observed between Lys-
96 and Ser-167, Lys-118 and Lys-140, Lys-118 and 
Ser-142, and Lys-118 to Lys-133 are consistent 
with the extended helix swap. There was also 
confirmatory evidence of the folded helical hairpins 
at each end of the dimer with the intramolecular 
cross-link between Lys-23 and Lys-59, for 
example. 

However, we reproducibly noted interactions 
that could not be reconciled in the rigid crystal 
structure. Implementation of the hairpins in helix 5 
and their subsequent juxtaposition to residues 106-
116 satisfied critical cross-links constraints while 
also improving the fit to the SAXS data. Several 
studies have postulated the existence of a hairpin in 
helix 5 despite its absence in either crystal structure 
(9,12). In the double belt disc model (10), Li and 
colleagues hypothesized that helix 5 hairpins could 
reduce the diameter of discoidal HDL. Applying to 
the Mei crystal structure (12), helix 5 flexibility 
might allow the formation of a “presentation 
tunnel” for the docking of LCAT and the 
subsequent influx of cholesterol ester; an idea 
supported by molecular dynamics studies (10,36). 
We also observed interactions between the N-
terminus and the central domain of the dimer. For 
example, the intermolecular cross-link between the 
N-terminus and Lys-118 can only occur if the N-
terminal major helix (residues 7-34) swings back 
across the dimer as illustrated in our closed model. 
However, we also saw the N-terminus interacting 
intramolecularly with Lys-77 which is consistent 
with the crystal structure. Since the N-terminus 
cannot be in two places at once, we were forced to 
postulate at least two models in equilibrium. 

This result is intriguing when considering the 
transition of apoA-I to a lipid–bound species. Mei 
et al postulated that the crystal structure could form 
a discoidal HDL particle through a “sequential 
unhinging of the N-terminal bundle” (12). They 
proposed that the hairpin at each end of the dimer 
can swing away from the AB-repeating backbone 
and then unfurl to form a ring that approximates the 
double belt model of lipid-bound apoA-I (10). This 
movement is quite analogous to our “closed” (i.e. 
closed ring) conformation of the lipid-free dimer. 
Both transitions are predicted to occur using the N-
terminal minor helix as a hinge. 

Mei et al proposed that the N-terminal bundles 
are stabilized by two hydrophobic clusters at each 

end of the bundle (Fig. 11a). The N-terminal 
aromatic cluster holds the first helix, the second 
helix B of H1, and the helix of the first A unit of H2 
together. The C aromatic cluster holds the N-
terminal helix and H4(AB2) together through π-π 
interactions. Influx of lipid was suggested to open 
the N-terminal helix bundle by disrupting one or 
both staple domains. Our data suggests that, in 
solution, these helical bundles may be more 
dynamic (Fig. 11b and c). Interestingly, we found 
similar aromatic clusters in the closed model that 
might contribute to its stability (Fig. 11c). Trp-8 is 
in close proximity to Trp-108 and Phe-104 in the 
long swapped helix. Additionally, Phe-33 from 
both N-terminal major helices are in close 
proximity in the middle of the molecule. Thus 
hydrophobic clusters could be pseudo-stabilizing 
features in both conformers in solution. 

We caution that this proposed structural 
equilibrium is only relevant in the context of this 
particular deletion mutant and its role with respect 
to lipid binding or other functions in the full length 
protein is less clear. The missing C-terminus has 
been shown repeatedly to play a major role in lipid 
binding (34,37-40). It is possible that, when 
present, the C-terminus stabilizes the N-terminal 
bundles in much the same way they appear to be 
under crystallization conditions (30). Indeed, in 
apoA-IV, there are extensive stabilizing 
interactions between the N- and C-termini at both 
ends of its dimer (41). Engagement of the apoA-I 
C-terminus, by lipid or perhaps ABCA1, may free 
up the N-terminal helix to swing away from the 
helical bundle as part of the particle assembly 
process. Nevertheless, the absence of the C-
terminus may have allowed the fortuitous 
visualization of a transition step (the opening of the 
N-terminal bundles) during lipid binding that 
would otherwise not be apparent in a static full-
length structure.  

Based on our SAXS data, the half circle 
curvature likely manifests as lipid accumulates. The 
curvature in the crystal structure may have arisen 
from a pseudo-lipid-like environment contributed 
by PEG or other additives during crystallization. 
Indeed, additives like isopropanol can induce a 
lipid-bound-like structure to otherwise lipid-free 
apoA-I (42). Crystal packing and other factors 
could also be responsible (43). 

With regard to monomeric apoA-IΔ185-243, our 
results are highly compatible with the monomer 
scheme proposed by Mei et al. The idea is quite 
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similar to the “pocket knife closing” model that we 
proposed for apoA-IV (13).  The overall α-helicity 
of our model is 61% which matches nicely with 
circular dichroism data estimating 59% helicity for 
this mutant in solution (12). Although it is 
dangerous to make direct comparisons from a 
deletion mutant to the monomeric full-length 
version of apoA-I, we did find it interesting that our 
final model exhibited α-helical character in many of 
the same regions assigned by the hydrogen-
deuterium exchange experiments of Chetty et al 
(44) in WT apoA-I; there was 65% overlap of 
helical residues (Fig. 10e).  There was also some 
cross-link overlap between apoA-IΔ185-243 vs those 
reported for full-length apoA-I.  These data imply 
that some of the structural features of apoA-IΔ185-243 
could apply to WT apoA-I.  Confirmation awaits 
more detailed studies on WT apoA-I.  

Finally, we acknowledge the strong 
experimental evidence showing that apoA-I 
exhibits molten globule characteristics in solution 
(29,30,35,45). ApoA-I has a free energy of 

denaturation that is well below that of most soluble 
proteins (45,46) with helical segments that are 
constantly folding and unfolding on a timescale of 
seconds (44). Although the molecules must have a 
distinct shape as evidenced by the SAXS data, the 
two dimeric structures reported here are probably 
best thought of as two general conformational 
classes, each representing a set dynamically related 
structures which co-exist at any given time. 

In summary, we report two related models for 
soluble dimeric apoA-IΔ185-243 that differ by the 
location of the N-terminus. We also provided strong 
evidence supporting the postulated monomeric 
structure of apoA-IΔ185-243. This work emphasizes 
that high-resolution structural studies should be 
coupled with innovative in-solution experiments to 
better understand the dynamics of the exchangeable 
apolipoproteins. Such understanding will allow us 
to better understand how they transition in response 
to lipid. Current work is focused on deriving a 
structure for full-length apoA-I using these models 
as a foundation. 
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FIGURE LEGENDS 
 
Figure 1: Principle behind isotope-assisted cross-linking: Recombinant proteins produced with either 
14N amino acids (light gray) or 15N amino acids (dark gray) are mixed at a 1:1 ratio under denaturing 
conditions and allowed to reassemble resulting in the four combinations on the left. Proteins are locked into 
position by cross-linking and digested with trypsin. Intermolecular cross-links result in four mass peaks as 
shown in the top panel while intramolecular cross-links result in two mass peaks shown in the bottom panel.  

Figure 2: Expression and purification of lipid-free apoA-IΔ185-243. ApoA-IΔ185-243 was expressed and 
purified from bacteria as described in Methods. (a): SDS-PAGE analysis of wild-type apoA-I (lane 1) and 
apoA-IΔ185-243 (Lane 2). (b): Resolution and molecular weight determination of 14N and 15N apoA-IΔ185-243 
using mass spectrometry. 

Figure 3: Redistribution of lipid-free apoA-IΔ185-243 after denaturation and reassembly. Distribution of 
dimeric and monomeric apoA-IΔ185-243 before (dotted line) and after denaturation and reassembly (solid line) 
using size exclusion chromatography.  

Figure 4: Separation and purification of monomeric and dimeric lipid-free ApoA-IΔ185-243 by gel 
filtration and resulting MS spectra of intramolecular and intermolecular cross-links identified from 
each species. 14N and 15N ApoA-IΔ185-243 were denatured, mixed 1:1, and reassembled as described in 
Methods. Proteins were cross-linked and subjected to gel filtration chromatography. (a): Mixture of cross-
linked monomeric and dimeric apoA-IΔ185-243. (b): Purified monomeric (lane 1) and dimeric (lane 2) samples 
after separation by gel filtration chromatography. Gels were stained with Coomassie Blue. (c): Mass spectra 
for the [M+4H]4+ ion of the cross-linked peptides spanning residues 107-116 and 117-123. Monomeric 
(blue) and dimeric (green) molecules exhibit a clear intramolecular span in both. (d): Mass spectra for the 
[M+4H]4+ ion of the cross-linked peptides spanning residues 117-123 and 132-140 exhibiting a clear inter-
molecular span in the dimer and intramolecular span in the monomer. 

Figure 5: Small Angle X-ray Scattering (SAXS) analysis of lipid-free apoA-IΔ185-243 dimer and 
monomer. (a): Intensity distribution of the SAXS scattering function of both dimer isolations (purple and 
green) and the monomer (tan). (b): Pairwise distribution function where AU equals arbitrary units. (c): 
q3·I(q) versus q3(Å-1)3. (d): q4·I(q) versus q4(Å-1)4. (e): The SAXS ab initio reconstructions of the dimeric 
and monomeric (f) apoA-IΔ185-243. The envelopes were generated using DAMMIF and DAMAVER. The 
averaged envelope was rendered and displayed using UCSF Chimera.  Data was from 3 samples each at a 
different concentration.  Each concentration was run at 4 different exposure times. 

Figure 6: Comparison of dimeric apoA-IΔ185-243 crystal structure with experimental cross-links. (a): 
The cross-linking data from Tables 1 and 2 are superimposed on a molecular contact plot generated for the 
reported crystal structure of dimeric apoA-IΔ185-243(PDB entry 3R2P). The X and Y axes delineate the residue 
number of apoA-I from 1-243. Dark areas represent the truncated C-terminal segments of the protein. The 
diagonal line bisects the figure with the bottom/right showing intramolecular interactions and the upper left 
showing intermolecular interactions. (b): Structural representation showing the cross-links (red dots circled 
in the contact plot) that deviate from predictions from the crystal structure.  

Figure 7: Comparison of dimeric apoA-IΔ185-243 with experimental SAXS data. (a): The theoretical 
scattering profile of the crystal dimer generated by FoXS superimposed onto the experimental scattering 
profile from the SAXS analysis with the Chi distribution values in parenthesis. (b): The residuals 
normalized to the experimental scattering profile (black dotted line). (c): The pairwise distribution function 
of the experimental dimer (black) and the theoretical distribution generated after solvation using ScÅtter 
where AU equals arbitrary units. (d): the crystal structure superimposed onto the molecular envelopes 
generated from the SAXS analysis.  

Figure 8: Derivation of the starting model(s) of dimeric apoA-IΔ185-243. The open model of apoA-IΔ185-

243 was generated by applying a hairpin in helix 5 of each apoA-I molecule. The “open” model consists of 
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cross-links consistent with the placement of the N-terminus (red) in the crystal structure (top inset). The 
“closed” initial model was generated by folding the N-terminal segments (red) to the middle of the molecule 
guided by remaining intermolecular cross-links observed in that region (right inset). 

Figure 9: AllosMod-FoXS modeling of the open and closed conformations of dimeric apoA-IΔ185-243. 
The best-fit “open” and “closed” conformations are superimposed onto the ab initio dimeric apoA-IΔ185-243 

molecular envelope in panels (a) and (b), respectively. (c): Comparison of the experimental dimeric apoA-
IΔ185-243 x-ray scattering profile (black line) to the best-fit “open” (green line), “closed” (purple line) and 
two-state (orange line) theoretical profiles with the Chi distribution in parenthesis. (d): The residual scatter 
plot normalized to the experimental scatter profile (black dotted line). (e): Cross-linking data from Tables 
1 and 2 superimposed on a molecular contact blot generated from the best fit of the combined “open” (dark) 
and “closed” (light) models. 

Figure 10: AllosMod-FoXS modeling of the monomeric apoA-IΔ185-243. (a): Derivation of the initial 
model as postulated by Mei. et. al. (b): Cross-linking data from Tables 1 and 2 superimposed on a molecular 
contact blot generated for the theoretical model. (c): Single best fit conformation from AllosMod-FoXS 
output superimposed on the molecular envelope. (d): Comparison of the experimental monomeric apoA-
IΔ185-243 x-ray scattering profile (black line) to the single best-fit initial (green line) and final (purple line) 
profiles generated by AllosMod-FoXS.  (e): Regions of α-helicity in our final model of monomeric apoA-
I Δ185-243 (magenta) vs that determined in monomeric full-length apoA-I by Chetty et. al. (black) and the 
crystal structure (green).  The boxes represent α-helical segments. 

Figure 11: Disruption of hydrophobic “staples” that allow mobility of the N-terminus in solution. (a): 
One monomer of the Mei crystal structure of apoA-I showing the C aromatic cluster (comprised of residues 
Phe33, Phe104, Trp108) and an N aromatic cluster (Trp8, Phe71, Trp72) that is proposed to stabilize the 
four helical bundles on each end of the dimer structure. (b): The open form of the solution model reported 
here showing the plausibility of both interactions. (c): The closed form of the solution model showing 
disruptions of the N aromatic cluster allowing the N-terminal major helix, using the N-terminal minor helix 
(blue) as a hinge, to swing toward the middle of the dimer. Stabilization of the N-terminal helix is postulated 
to occur with two alternative aromatic clusters, i) between Phe33 on the N-terminal major helices of each 
molecule and ii) Trp8 at the end of the N-terminal major helix with Trp108 and Phe104 on the domain 
swap. 
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Table 1 

Identified INTRA-peptide BS3 cross-links in isolated lipid-free apoA-IΔ185-243 monomeric and 
dimeric samples derived from mixed 14N and 15N labeled proteins 

Cross-
link 

Peptides involveda Mod.b Sample 14N 
massc 

15N 
mass 

    Da 

K88-K94 84-QEMSKDLEEVKAK-96 XL M 1671.86 1688.81 
  XL D 1671.86 1688.81 
K12-K23 11-VKDLATVYVDVLKDSGR-27 XL M 2015.13 2037.07 
  XL D 2015.12 2037.06 
K23-S25 11-VKDLATVYVDVLKDSGR-27 XL,H M 2171.22 2193.16 
  XL,H D 2171.21 2193.15 
K133-K140 132-QKLHELQEKLSPLGEEMR-149 XL M 2302.24 2329.16 
  XL D 2302.23 2329.15 
K133-S142 132-QKLHELQEKLSPLGEEMR-149 XL M 2302.24 2329.16 
   D --d -- 
K140-S142 132-QKLHELQEKLSPLGEEMR-149 XL,H M 2458.31 2485.24 
   D -- -- 
K106-K107 97- VQPYLDDFQKKWQEEMELYR -116 XL M 2782.39 2811.32 
   D -- -- 

a Lysines or Serines involved in cross-links are in bold. 
b Chemical modifications: XL = 1 complete cross-link (+138.068 Da), H = 1 hydrolyzed cross-
linker (+156.079 Da). 
c Experimentally derived monoisotopic mass for each peptide with each isotope and the 
combinations. 
d Not detected. These ions were detectable in one sample (i.e. monomer or dimer) but not in the 
other. 
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Table 2 
Identified INTER-peptide BS3 cross-links in isolated lipid-free apoA-IΔ185-243 monomeric and dimeric samples derived from 

mixed 14N and 15N labeled proteins 

Cross-
link Peptides involveda Mod.b Samplec 

Peptide massc 
Span 

14N 14N/15N 15N/14N 15N 

    Da  
K118-S142 117-QKVEPLR-123 XL M 2037.12 -- -- 2061.06 Intra 
 141-LSPLGEEMR-149  D --d -- -- -- -- 
K118-K133 117-QKVEPLR-123 XL M 2158.25   2185.17 Intra 
 132-QKLHELQEK-140  D 2158.24 2170.21 2173.20 2185.17 INTER 
NT-K182 -1-GDEPPQSPWDR-10 XL M 2236.10 -- -- 2261.03 Intra 
 178-LEALKEN-184  D --d -- -- -- -- 
NT-K118 -1-GDEPPQSPWDR-10 XL M --d -- -- -- -- 
 117-QKVEPLR-123  D 2289.17 2301.13 2305.12 2317.07 INTER 
K12-K182 11-VKDLATVYVDVLK -23 XL M 2415.39 -- -- 2439.32 Intra 
 178-LEALKEN-184  D --d -- -- -- -- 
K107-K118 107-KWQEEMELYR-116 XL M 2417.28 -- -- 2445.20 Intra 
 117-QKVEPLR-123  D 2417.27 -- -- 2445.19 Intra 
K12-K118 11-VKDLATVYVDVLK-23 XL M --d -- -- -- -- 
 117-QKVEPLR-123  D 2468.46 2480.42 2483.42 2495.38 INTER 
NT-K107 -1-GDEPPQSPWDR-10 XL M --d -- -- -- -- 
 107-KWQEEMELYR-116  D 2831.32 2847.28 2847.28 2863.25 INTER 
NT-K12 -1-GDEPPQSPWDR-10 XL M 2882.52 -- -- 2913.43 Intra 
 11-VKDLATVYVDVLK-23  D 2882.50 -- -- 2913.42 Intra 
K96-S167 95-AKVQPYLDDFQK-106 XL M 2889.50   2921.41 Intra 
 161-THLAPYSDELR-171  D 2889.49 2905.45 2905.45 2921.41 INTER 
K118-K140 117-QKVEPLR-123 XL M --d -- -- -- -- 
 134-LHELQEKLSPLGEEMR-149  D 2914.60 2926.55 2937.53 2949.50 INTER 
K118-K142 117-QKVEPLR-123 XL M --d -- -- -- -- 
 134-LHELQEKLSPLGEEMR-149  D 2914.60 2926.55 2937.53 2949.50 INTER 
K88-K96 84-QEMSKDLEEVK-94 XL M 2923.50 -- -- 2953.41 Intra 
 95-AKVQPYLDDFQK-106  D 2923.49 -- -- 2953.41 Intra 
K40-K118 28-DYVSQFEGSALGKQLNLK-45 XL M --d -- -- -- -- 
 117-QKVEPLR-123  D 3002.65 3014.62 3025.55 3037.54 INTER 
K118-K140 117-QKVEPLR-123 XL M 3326.85 -- -- 3365.74 Intra 
 132-QKLHELQEKLSPLGEEMR-151  D --d -- -- -- -- 
NT-K23 -1-GDEPPQSPWDR-10 XL,H M 3453.79 -- -- 3491.68 Intra 
 11-VKDLATVYVDVLKDSGR-27  D 3453.77 -- -- 3491.67 Intra 
K77-K182 62-EQLGPVTQEFWDNLEKETEGLR-83 XL M 3570.84 -- -- 3609.73 Intra 
 178-LEALKEN-184  D --d -- -- -- -- 
NT-140 -1-GDEPPQSPWDR-10 XL,H M --d -- -- -- -- 
 132-QKLHELQEKLSPLGEEMR-149  D 3740.87 3756.79 3767.81 3783.76 INTER 
NT-K77 -1-GDEPPQSPWDR-10 XL M 4037.97 -- -- 4083.85 Intra 
 62-EQLGPVTQEFWDNLEKETEGLR-83  D 4037.95 -- -- 4083.82 Intra 
K23-K59 11-VKDLATVYVDVLKDSGR-27 XL,H M 4052.22 -- -- 4096.09 Intra 
 46-LLDNWDSVTSTFSKLR-51  D 4052.19 4074.11 4074.11 4096.07 Intra 
K40-K140 28-DYVSQFEGSALGKQLNLK-45 XL,H M 4454.38 -- -- 4504.24 Intra 
 132-QKLHELQEKLSPLGEEMR-149  D 4454.35 -- -- 4504.22 Intra 
K88-K107 95-AKVQPYLDDFQKKWQEEMELYR-116 XL,H,H M 4628.35 -- -- 4674.21 Intra 
 84- QEMSKDLEEVK-94  D --d -- -- -- -- 

a Lysines or Serines involved in cross-links are in bold. 
b Chemical modifications: XL = 1 complete cross-link (+138.068 Da), H = 1 hydrolyzed cross-
linker (+156.079 Da). 
c Experimentally derived monoisotopic mass for each peptide with each isotope and the 
combinations. 
d Not detected. These ions were detectable in one sample (i.e. monomer or dimer) but not in the 
other. 
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Table 3 
Experimental parameters from SAXS sampling of apoA-IΔ185-243 

apoA-IΔ185-243 

Species 
I(O) 

(Guinier) 
Rg 

(Guinier) 
Real Space 

Rg Dmax Volume DAMMIF 
NSD 

 cm-1 Å Å Å Å3 Å 
Monomer        
4.0 mg/ml 1460 22.9 23.34 80 45642 

0.678 ± 0.059 2.0 mg/ml 859 23.4 23.75 78 49575 
1.0 mg/ml 396 23.3 23.55 76 64078 

Dimer 
(Denatured/Refolded)        

4.0 mg/ml 2270 34.5 37.76 123 89421 

1.204 ± 0.529 2.0 mg/ml 1530 37.4 38.08 130 94124 
1.0 mg/ml 890 40.2 38.41 125 103611 

Dimer 
(Not Denatured)        

2.6 mg/ml 1400 36.1 37.4 119 83759 

0.906 ± 0.324 1.7 mg/ml 925 36.7 37.7 122 83373 
1.0 mg/ml 522 35.7 37.7 120 103468 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20 
 

 at C
A

PES/M
EC

 - U
FSM

 on January 12, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Solution Structure of Truncated ApoA-I 
 

Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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INTRODUCTION
Shotgun proteomics has revolutionized biochemical and bio-
medical research by enabling the identification and quantifi-
cation of thousands of proteins in complex biological samples 
such as organelles, cell lysates, biological fluids and tissues1.  
The field’s denomination of shotgun proteomics describes a  
strategy developed in the Yates laboratory to characterize proteins  
that are analyzed indirectly through peptides obtained by pro-
teolysis, in analogy to shotgun genomic sequencing2. The core 
of the discipline relies on state-of-the-art nanochromatography 
coupled with mass spectrometry, which is one of the most sensi-
tive methods of analytical chemistry, in order to dissociate peptide 
ions in the mass spectrometer and to ultimately obtain peptide 
sequences; from these sequences, one can infer and quantify the 
proteins found in complex mixtures. Hundreds of thousands of 
tandem mass spectra are commonly generated in an experiment, 
and therefore advanced bioinformatics algorithms are required 
to make sense of all the data. In a typical experiment, peptides 
are fractionated by liquid chromatography on-line with tan-
dem mass spectrometry, and protein identification is achieved 
by comparing experimental spectra against those theoretically 
generated from a sequence database. Proteins are then inferred 
by matching the identified peptide sequences to the sequences 
in the database; as peptides can match more than one protein, 
proteins can be further grouped according to a maximum parsi-
mony criterion3. Peptide spectrum-matching (PSM) algorithms 
commonly leverage data from existing genomic projects. As a 
postgenomic discipline, the goals of shotgun proteomics are far 
more ambitious than those of genome sequencing, as shotgun 
proteomics aims to report protein expression, interaction, locali-
zation, post-translational modifications, turnover time and so on, 
when comparing different biological states. During the past dec-
ade, shotgun proteomics has been applied in many different ways 
to advance biological discovery. Notable examples can be found  
in studies describing differential protein expression between 
subcellular compartments4, pinpointing changes in proteomic 

profiles of cancer biopsies5 and describing the contents of venoms 
to ultimately aid in biotechnological applications6,7.

The field was jump-started by the creation of SEQUEST, an algo-
rithm that correlates tandem mass spectra with theoretical spectra 
generated from a sequence database8. In what followed, the coupling 
of strong cation-exchange chromatography with reversed-phase chro-
matography on-line with tandem mass spectrometry set new heights 
in terms of the number of peptide identifications. This technology, 
later renamed as multidimensional protein identification technol-
ogy (MudPIT)9, as well as competing strategies that use ultra-long 
chromatography gradients10, was adopted and thus raised the bar in 
terms of challenges, both in the handling of the new computational 
burden and in how to statistically deal with what was considered  
‘big data’ at the time. In response, a new class of algorithms appeared, 
geared toward postprocessing the search engine results in order to 
statistically pinpoint identifications with confidence; examples of 
pioneering efforts are Peptide Prophet11 and DTASelect12. At the 
same time, breakthroughs on how to quantify complex peptide  
mixtures analyzed by mass spectrometry were being attained;  
the two main pillars of these breakthroughs were labeled and label-
free approaches. Examples of the former are the isobaric tags13 and 
stable isotope amino acid labeling14, and examples of the latter are 
spectral counting15,16 and extracted-ion chromatograms (XICs)17. 
Naturally, intensive software development tailored toward enabling 
these quantification approaches became necessary. As the possibili-
ties for how to mine the ‘proteomosphere’18 continued to expand, a 
plethora of new software programs began to be sparsely distributed 
among members of the community, each addressing very specific 
niches. These have included, for example, algorithms for scoring 
phosphosites19, deconvoluting mass spectra20 and even for dealing 
with unsequenced organisms18.

PatternLab and other widely adopted proteomic pipelines
With so many options to choose from for analyzing shotgun pro-
teomic data, efforts were shifted toward the creation of unified 
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pipelines: indeed, deciding which software to pick and making 
them interact with one another were challenging problems. Thus, 
the first pipelines emerged, including the trans-proteomic pipe-
line (TPP)21,22, OpenMS23, MaxQuant24,25 and PatternLab for 
proteomics26, each having its own set of advantages and limi-
tations. In what followed, SkyLine27 and Galaxy28 emerged to 
overcome some of the limitations of the aforementioned tools at 
the time. Although there is great overlap among these software 
pipelines, each has a special set of features that provides advan-
tages when analyzing data originating from a certain setup.

TPP and Galaxy are tailored to (but not limited to) working 
on computing clusters, thus relieving users from the burden of 
processing large amounts of data (and therefore vastly mobilizing  
resources, such as storage) locally on their own computers. As 
these tools are generally remotely accessed through a web-based 
interface or command-line tools, no requirements are imposed on 
the local operating system or hardware configuration. Through 
the years, several leading groups have worked together on devel-
oping modules for TPP, and thus ultimately questions regarding 
details of how each module works can be addressed directly by 
the corresponding specialists. In contrast, the team behind Galaxy 
focuses on making available a customizable workflow management 
system, and thus efforts have been channeled toward providing  
a sophisticated environment for users to integrate several data 
analysis tools and protocols (as opposed to developing the data 
analysis modules themselves). In fact, this strategy culminated in 
making Galaxy an environment capable of integrating genomic, 
transcriptomic, proteomic and metabolomic data29.

In contrast, MaxQuant, OpenMS, Skyline and PatternLab are 
all designed exclusively to be used locally on one’s computer, with 
some clear benefits over their web-based counterparts. For example,  
when an update is done on a web-based pipeline, there is the 
possibility of immediate (and sometimes undesired) impact on 
ongoing analyses. Desktop users, on the other hand, have control 
over when to update their software. Moreover, it must be noted 
that today’s high-end desktops, and even notebooks, have become 
so powerful that they are fully capable of analyzing the data from 
large-scale proteomic experiments efficiently.

MaxQuant, Skyline and PatternLab all require Microsoft’s 
Windows 7 (or later) operating system, as they are based on .NET, 
which is a software framework that runs primarily on Microsoft 
Windows. In contrast, OpenMS can be executed on any operating 
system, as it is based on the C++ programming language. Another 
advantage of OpenMS is that its modules are all available as  
stand-alone tools, which facilitates integration into third-party 
workflows or the design of custom, local bioinformatics pipelines. 
As for the other tools, MaxQuant has been known to excel in  
stable isotope labeling by amino acids in cell culture (SILAC) 
experiments and Skyline in its unmatched capabilities in experi-
ments addressing selected reaction monitoring (SRM) and 
parallel reaction monitoring (PRM). More recently, Skyline 
became capable of analyzing data-independent acquisition 
(DIA) data, as described in a previous protocol30. PatternLab, 
in turn, provides one of the most complete and user-friendly 
experiences, owing to its very refined and interactive graphical 
user interface. As for its hallmarks, we believe that they lie in 
analyzing label-free data through the T-Fold31 module and in 
the isobaric (e.g., isobaric tags for relative and absolute quantifi-
cation (iTRAQ) or tandem mass tags (TMT)) analyzer module.  

Some of its unique features include providing an integrated 
cloud service32, modules for statistically filtering and perform-
ing assembly of de novo sequencing data33, statistically scoring 
phosphopeptides34, dealing with time-course experiments35 
and offering a module for integrated Gene Ontology analysis36. 
Modules yet to be integrated in future versions are capable of dei-
sotoping and decharging mass spectra18, and of identifying cross-
linked peptides to address protein-protein interaction and to aid 
in providing structural data37 (the latter is described in a recent 
protocol38). Therefore, even though all mentioned tools, web- and 
desktop-based alike, overlap substantially with one another, each 
has its own hallmarks and unique features and may, as such, be 
more suitable for one’s working style and needs.

PatternLab is freely available software, and it is flexible enough 
to be used in the analysis of most shotgun proteomic experiments. 
We advise using PatternLab on any experiment requiring label-
free quantification, or on experiments in which the data have been 
chemically labeled with isobaric markers.

Development of the protocol
Since its launch in 2008, PatternLab has undergone continual 
improvement and expansion. The very first version was limited 
to working with spectral counting, and it offered strategies for 
pinpointing differentially expressed proteins, but all modules 
from that time have since been replaced by more sophisticated 
versions. Such major updates led us to release the system’s first 
major protocol in 2010 (ref. 39). Thanks to the continual influx 
of suggestions from their various users, the modules continued 
to evolve and new modules appeared, such as the Search Engine 
Processor40 (SEPro) for filtering and organizing shotgun pro-
teomics data, and a module for XICs. A revised version of that 
first protocol was then published in 2012 (ref. 41). The PatternLab 
version at the time, PatternLab for proteomics 2.0, consisted of a 
series of modular software. A major request from its community 
of users was for the installation process of so many modules (one 
at a time) to be simplified. In addition, there was a desire for 
greater integration among the (then-independent) modules so 
that they would not have to be dealt with separately. Moreover, 
installing the modules could sometimes require installing third-
party software such as the Java Runtime Environment, as well as 
having to deal with configuration files. Simply put, PatternLab 
needed to be reengineered to be completely installable at a single  
click of the mouse, as well as to work as a unit. PatternLab for  
proteomics 3.0 achieved this in 2013, by uniting all modules 
under a single graphical user interface and thus fulfilling all user 
requests of that time.

Since 2013, PatternLab has acquired new modules and func-
tionalities. Some examples are as follows: Búzios, which allows the 
clustering of similar proteomic profiles5; the XD Scoring system, 
for evaluating the confidence in phosphosites34; PepExplorer, a 
tool for analyzing shotgun proteomic data of unsequenced organ-
isms33; tools for performing analysis of variance (ANOVA); the 
incorporation of the Comet search engine, wrapped in a graphical 
user interface42, for analyzing isobaric experiments (e.g., iTRAQ 
and TMT); and a cloud service that enables large-scale quantita-
tive predictions and comparisons of protein domains32. Some 
existing modules were significantly upgraded, such as the one for 
XICs. PatternLab for proteomics 4.0 is the culmination of these 
various changes; some of these changes are major, to the point of 
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spanning the complete workflow, but they always aim to simplify 
the process of analyzing shotgun proteomic data in an increas-
ingly integrated environment . This protocol introduces the freely 
available PatternLab for proteomics 4.0, and it shows how to oper-
ate the latest modules and how to deal with the new, simplified 
workflow. For those modules that underwent no changes, read-
ers are referred to the corresponding sections of the previously 
published protocols.

Experimental design
PatternLab is adaptable to many experimental designs, and as 
such it is applicable to analyzing data from most proteomic exper-
iments. The topic of sample preparation and data acquisition in 
the mass spectrometer is an extensive one, and it encompasses 
tasks that must be performed before analyzing the data; in this 
regard, we recommend following the steps in the protocol by 
Richards et al.43.

Sequence database preparation. Databases of protein sequences 
are required so that theoretical mass spectra generated from 
them can be compared with experimental spectra. For the widely 
adopted PSM approach, we recommend downloading sequences 
from UniProt44, as some downstream analysis tools (e.g., the Gene 
Ontology explorer) can take advantage of this knowledgebase. 
Regardless, any type of sequence database in the FASTA format is 
supported, so users can download sequences from the US National 
Center for Biotechnology Information (NCBI) or even use an  
in-house-generated database. The UniProt knowledgebase  
comprises the Swiss-Prot and the TrEMBL databases; the former 
contains manually annotated and reviewed sequences, whereas the 
latter’s sequences are automatically annotated but not reviewed. 
We recommend downloading, whenever possible, only the species-
specific database, which contains entries from both Swiss-Prot and 
TrEMBL. This is achieved by navigating to the UniProt website at 
http://www.uniprot.org, clicking on the large ‘Proteomes’ square, 
and then naming the species in the search box. The sequences can be 
obtained by clicking on the number in the ‘Protein count’ column 
beside the desired species, clicking on the download button, and 
then selecting the FASTA format. If wishes to use the Gene Ontology 
as a downstream tool, an additional download of the sequences, in 
the ‘Text’ format, must be done.

Subsequently, a target-decoy database must be generated 
before searching with PatternLab’s integrated version of Comet. 
PatternLab contains a module that allows the automatic genera-
tion of decoys by reversing each sequence of the target database. 
A PatternLab option that we strongly recommend is to automati-
cally include the 127 common contaminants found in proteomic 
experiments (keratin, BSA and so on). Even though there are many 
possible ways to generate decoy sequences, sequence reversal has 
been the most widely adopted one, as it conserves the complexity 
of the database (e.g., approximately the same number of decoy 
peptides and target peptides after an in silico digestion45).

Peptide identification from tandem mass spectra. PatternLab 
adopts Comet for the comparison of experimental and theo-
retically generated mass spectra. Comet is a fast and sensitive 
open-source search engine that stemmed from the widely adopted 
SEQUEST8. Comet is constantly being updated, and PatternLab’s 
automatic updates may include an updated built-in Comet search 

engine. A complete description of Comet’s parameters is available 
at the Comet project’s website http://comet-ms.sourceforge.net/
parameters/parameters_201502/; PatternLab allows the setting of 
these parameters through its graphical user interface.

When searching for peptide candidates within a database, a 
precursor mass tolerance must be specified. When using high-
resolution instruments such as an Orbitrap Velos (Thermo, San 
Jose), we recommend using no less than 40, even if the mass 
spectrometer used provides, say, 5 p.p.m. The suggestion for the 
adoption of wide search windows is empirical and comes from 
experimenting with the search engine. Nevertheless, our experi-
ence is aligned with that of John S. Cottrell and David M. Creasy, 
from whom we quote, “The common observation is that FDR 
(false discovery rate) increases rather than decreases for very nar-
row precursor tolerances because the reliability of the scoring is 
reduced by the small numbers of candidates”46. Finally, we note 
that Comet’s results will later be statistically filtered and postproc-
essed by SEPro. At that final stage, any matching containing more 
than a tighter tolerance (e.g., 5 p.p.m.), will be discarded.

Peptides absent from the database cannot be identified by clas-
sical PSM. The PSM strategy is therefore blind to mutations and 
polymorphisms, and it may not work satisfactorily on organisms 
that lack a reference peptide sequence database. Moreover, post-
translational modifications must be specified a priori. Often these 
are unknown for the experiment at hand, so usually only carbami-
domethylation of cysteine and oxidation of methionine are speci-
fied as fixed and variable modifications, respectively. By having 
a quick look at UniMod (http://www.unimod.org), the protein 
modification for mass spectrometry database, one can take note 
of the variety of modifications that can occur in a sample. To 
cope with these limitations, approaches stemming from de novo 
sequencing have emerged. Among them we highlight Spectral 
Networks47, Mod-A48, MS-Blast49 and PepExplorer33. The first two 
are capable of pinpointing unanticipated modifications, whereas 
the last two start with de novo sequencing results and align them 
against sequence databases of homolog organisms so that similar 
proteins can be determined. In particular, PepExplorer is inte-
grated into PatternLab’s workflow, but notwithstanding this we 
recommend that the user consider other applications when work-
ing with unsequenced organisms. Being based on different para-
digms, such applications may provide complementary results.

Statistically filtering peptide spectrum matches. The sensitivity 
of a PSM search engine is intimately related to how the search 
results are postprocessed. PatternLab relies on SEPro40 to statis-
tically filter its results in order to achieve a predetermined FDR. 
The filtered results can be saved as a ‘sepr’ file and shared with 
collaborators. In this regard, anyone can open these files and have 
access to a dynamic report that enables sorting proteins accord-
ing to various criteria (coverage, normalized spectral abundance 
factors, spectral counts, and so on), as well as access to annotated 
mass spectra and search engine scores, and also accomplish much 
more within a few clicks of the mouse. Even though PatternLab 
houses Comet, SEPro (and consequently PatternLab) is compati-
ble with ProLuCID50, SEQUEST8 and the Spectrum Identification 
Machine for PITC51. Our 2012 protocol provides the main steps 
for using SEPro41. At the time of this writing, PatternLab still 
required several separate downloads for installation and relied 
mostly on ProLuCID, but SEPro has now been ported to the  

http://www.uniprot.org
http://comet-ms.sourceforge.net/parameters/parameters_201502/
http://comet-ms.sourceforge.net/parameters/parameters_201502/
http://www.unimod.org
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main interface. Only the features that were implemented since 2012  
are highlighted herein.

Quantitative proteomics. PatternLab can work with label-free 
quantification and with chemically labeled relative quantifica-
tion. Among the label-free strategies, spectral counting has often 
been used in experiments with multidimensional separation (e.g., 
MudPIT). A spectral count refers simply to the number of tandem 
mass spectra associated with a protein, and it is used as a surrogate 
for the protein’s relative abundance. The community has proposed 
various ways for normalizing data of this type, and PatternLab 
optionally allows normalization by the normalized spectral 
abundance factor (NSAF) approach, which takes into account a 
protein’s length during the normalization process52. PatternLab 
also allows quantification by XICs, which are frequently used in 
single-shot experiments and are obtained by plotting the intensity 
of a given m/z value, plus or minus a given tolerance, over a given 
span of time. The area underneath this curve, or integral, can then 
be used as a surrogate for a peptide’s relative abundance in the 
mixture and as such provide a basis for comparison against the 
XIC of the same peptide in different mixtures.

A popular strategy for chemically labeling peptides to increase 
confidence in relative quantification has been the use of isobaric 
tags; PatternLab also makes available modules for analyzing such 
data. Examples of widely adopted, commercially available tags 
are iTRAQ13 and TMT53, which enable experiments to be mul-
tiplexed. Currently, the most commonly adopted configurations 
are the 4-plex iTRAQ, 6-plex TMT and 8-plex iTRAQ; we point 
out that higher degrees of multiplexing are also available. These 
reagents rely on stable isotope-labeled molecules that covalently 
bind to the side-chain amines and the N terminus of polypeptide 
chains. PatternLab used to rely on the now deprecated SEProQ 
module (then available as a separate download) for dealing with 
XICs and isobaric tag data, but this module has been substantially 
re-designed and integrated into PatternLab for proteomics 4.0. 
A limitation of relative quantification by isobaric tags has been 
the interference of the nearly isobaric peptides that are cofrag-
mented in the mass spectrometer along with the desired precursor 
ion, which generates a false relative quantification as the reporter 
ions’ signals get mixed with those from the nearly isobaric mol-
ecules. To overcome this limitation, elaborate methods such as 
MultiNotch, which is only applicable to state-of-the-art or cus-
tomized mass spectrometers, have been developed54. As far as we 
know, PatternLab’s isobaric module, described herein, is the only 
one to support MultiNotch acquisition while still providing a 
solution to standard data acquisition by automatically identifying 
and discarding multiplexed spectra.

The project must be organized in terms of what run belongs 
to which condition. This is performed using PatternLab’s Project 
Organization module, which ultimately generates a file that  
contains all identifications and the quantification data of all 

runs from the entire experiment for use in downstream analyses  
by several modules. Examples of such analyses are clustering 
proteins or peptides with similar expression profiles for time-
course experiments, clustering data, pinpointing differentially 
expressed proteins or proteins found in only one condition, 
performing ANOVA and even Gene Ontology analyses. In this 
protocol, we provide the main steps, highlighted in the graphical 
summary in Figure 1, involved in these analyses. An accompa-
nying video, which demonstrates PatternLab for proteomics 4.0 
in action, is available that provides an overview of the software 
(Supplementary Video 1).

Limitations of PatternLab for proteomics 4.0
The following are the major limitations of the current PatternLab 
version:

•  No handling of data from N15 labeling quantitative proteomic  
experiments.

•  No handling of SILAC data.
•  No handling of SRM or PRM data55.
•  Not yet fully integrated with a public repository such as PRIDE56.

(i) Generate a target-decoy
sequence database (Steps 1–7)

.ms2

.mzML

.sqt

.sepr

.plp

.plp

(v) Spectral counting
(Step 30A)

(v) Isobaric analyzer
(Step 30C)

(v) XIC Browser (Step  30B)

(vi)

Búzios (Box 3)

Venn diagram (Box 3)

GO explorer (Box 5)

PatternLab for Proteomics

TrendQuest (Box 3) XD Scoring (Box 4)

PepExplorer (Step 30A)

ACFold/TFold (Box 3) ANOVA (Box 3)

(iv) Project organization (Step 30)
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(iii) Filtering Comet results with
SEPro (Steps 21–29)
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(ii) Search with the integrated
Comet (Steps 8–20)

Thermo .raw

Figure 1 | Overview of PatternLab’s workflow. In a general workflow,  
a target-decoy database is prepared (i), the mass spectra are searched  
(ii) and statistically filtered to meet a user-defined FDR (iii), the project is 
organized in terms of which mass spectral files belong to what biological 
conditions (iv), quantitative information is extracted (v) and then the 
various downstream modules for data analysis can be used (vi). The main 
modules for database generation, peptide identification, statistical filtering 
and quantification of PSMs, and data analysis are presented. The protocol 
steps pertinent to each module are also given.
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•  Cannot handle top-down data (that is, mass spectrometry of 
intact proteins).

•  The seamless integration with raw data from mass spectrom-
eters other than those from Thermo requires exporting data to 
text-based formats such as MS2, mzXML, mzML or MGF.

•  Requires a computer with Microsoft Windows 7 or later.

We are working to overcome most of these limitations, although 
we are not currently looking into addressing the third limita-
tion, as Skyline already does a good job on that. Tackling the  
seventh limitation requires updates in the .NET environment 
from Microsoft’s end. The sixth limitation can be overcome by 
referring to the ProteoWizard project57.

MATERIALS
EQUIPMENT
Hardware requirements

A personal computer with at least 6 GB of RAM and an ×86–64 processor 
 CRITICAL We strongly recommend having a multicore processor, as it 

can effectively deal with the parallel computation performed by some of the 
modules, and having at least 16 GB of RAM.
Local storage is required for processing mass spectrometer RAW files.  
The space occupied by these files can vary substantially, depending on the 
mass spectrometer used

Data files
Mass spectra data files in any of these formats: mzML58, mzXML,  
MS2 (ref. 59) or Thermo’s RAW

Software requirements
Microsoft Windows 7 or later (64-bit version)  CRITICAL ‘Regional and 
Language Options’ have to be set to English, as several modules are tied to 
its decimal system.
.NET Framework 4.5 or later needs to be installed. The .NET Framework  
is made freely available by Microsoft; a new computer should already  
have this requirement fulfilled. Nonetheless, if the .NET Framework is  

•

•

•

•

•

not detected during PatternLab’s installation, an attempt will be made  
to automatically install it through Microsoft’s website. The latest version,  
as of the time of this writing, is available from http://www.microsoft.com/
en-us/download/details.aspx?id=42642
Thermo Scientific MSFileReader should be installed in case the user wishes 
to work directly from the RAW instrument files. Instructions on obtaining 
this file are available from https://thermo.flexnetoperations.com/control/
thmo/download?element=6306677

EQUIPMENT SETUP
PatternLab setup  Go to the PatternLab home page at http://patternlab 
forproteomics.org and click on the ‘Download’ link. If the .NET Framework 
4.5 or later is already installed on the computer, clicking on the ‘launch’  
link will automatically install PatternLab; otherwise, click on the ‘Install’  
button. After PatternLab is installed for the first time, its main screen  
will pop up (Fig. 2).  CRITICAL Administrative access privileges are  
required for installation.  CRITICAL If PatternLab fails to install,  
you may need to update to .NET 4.5 or later. You can manually download  
and install the latest version of the .NET framework from Microsoft’s  
website.

•

PROCEDURE
Generating a target-decoy sequence database  TIMING 5 s to several hours, depending on settings

 CRITICAL A target-decoy sequence database must be generated before PSM.
1| Click on ‘Generate Search DB’ in the upper-left corner of the interface. The sequence database module will load  
(Supplementary Fig. 1).

2| Select an input database file format (UniProt, NCBI, and so on). A generic format called ‘Identifier Space Description’ 
can be used for any FASTA file.

3| Choose the output database format. We strongly recommend using the target-decoy approach that automatically  
includes a reverse version of each sequence in the database (with a ‘Reverse_’ attached to the beginning of the identifier). 
The other formats are made available for very specific purposes of software benchmarking.

4| Check the ‘Include common  
contaminants in the Targets’ checkbox 
to include the sequences of 127 common  
contaminants to mass spectrometry 
(e.g., keratins) at the beginning of the 
output sequence database.

Figure 2 | PatternLab’s main screen. The general 
PatternLab workflow is indicated by the order in 
which the pull-down menus appear. Generally, 
a target-decoy sequence database is prepared, 
searched with Comet and filtered to achieve a 
given FDR using SEPro or PepExplorer (in the 
case of de novo sequencing). The project is then 
organized in order to indicate which files belong 
to which biological condition. Downstream 
analysis is achieved by using the modules in the 
‘Select and Analyze’ menus.

http://www.microsoft.com/en-us/download/details.aspx?id=42642
http://www.microsoft.com/en-us/download/details.aspx?id=42642
https://thermo.flexnetoperations.com/control/thmo/download?element=6306677
https://thermo.flexnetoperations.com/control/thmo/download?element=6306677
http://patternlabforproteomics.org
http://patternlabforproteomics.org
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5| Click on the ‘Browse’ button in the Input group box and select sequence databases that were downloaded from the Internet. 
More than one database can be selected by pressing the Ctrl key while clicking on the file names in the file selection window.

6| Click on the ‘Save as’ button in the Output group box, and specify the name of the new database. A checkbox reading 
‘Eliminate subset sequences’ is available for the elimination of sequences that meet a user-specified identity within other seq-
uences in the database. When this happens, a note is appended to the remaining protein’s sequence description with a reference 
to the eliminated sequence. Specifying an identity below 100% will significantly increase the time for generating the database.

7| Press the ‘Go’ button to generate the new database. For proteogenomic studies, consider taking the extra measures 
described by Nesvizhskii60 so that the FDR is not underestimated. This is recommended.

Performing PSM with the integrated Comet search engine  TIMING 1–2 min to >1 d, depending on sample complexity 
and equipment used
8| Click on the ‘Search (Comet PSM)’ option from the main menu. The Comet graphical user interface will appear (Fig. 3).

9| Indicate a directory containing Thermo RAW, MS2, mzXML or mzML mass spectra files in the topmost textbox.  
The ‘Recursive Directory Search’ box must be checked for multiple directories to be searched.

10| Specify a target-decoy sequence database.

11| Specify a precursor mass tolerance. We suggest using the default 40 p.p.m., even for high-resolution mass  
spectrometers, as discussed in the INTRODUCTION.

12| For species-specific databases, set the parameter ‘Enzyme specificity’ to ‘semi-specific’. This is recommended, and it  
will increase the search space and reduce the search engine speed. However, having an estimate of how many semi-tryptic 
peptides were obtained after a tryptic digest can shed light on how well the sample was digested. If the sample was  
markedly degraded, we expect >20% of the peptides to be semi-specific. Contrasting with this, samples with no more than 
5% semi-specific peptides should be taken as having undergone almost no degradation (optional; see Box 1). We note  
that some degradation is always expected.

13| Specify the number of missed cleavages allowed. We recommend allowing up to two misses for standard shotgun  
proteomic searches.

14| Specify the ‘Fragment Bin Tolerance’, ‘Fragment Bin Offset’ and ‘Theoretical Fragment Ions’ parameters. For low-resolution  
tandem MS, as generally provided in a Thermo LTQ, we recommend setting these values to 1.0005, 0.4 and ‘M peak only’, 
respectively. For high-resolution  
tandem MS, provided by a Thermo  
Q-Exactive, we recommend experiment-
ing also with 0.02, 0 and ‘default  
peak shape’, respectively. The latter 
setting may slow the software  
substantially and, in our hands, it has 
usually led to little improvement  
in the search results.

15| Post-translational modifications 
(PTMs) should be specified by  
clicking on the ‘Add Modification  
from Lib’ button, which makes the 
modification library window pop  
up (Supplementary Fig. 2). To select 
one or more PTMs, click on the  
corresponding row header, which  
highlights the entire row, and then  
on the ‘Add selected row to my  
Search.xml’ button. Figure 3 | PatternLab’s Comet search engine graphical user interface.
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16| Optionally, new PTMs can be saved to the library. To do this, simply fill out the empty row (always the bottommost one) 
with the corresponding information and click on the ‘Update my Lib’ button.

17| Indicate whether the modification is variable, and which of the two termini it applies to, by checking the corresponding  
boxes. For example, if not all methionines in the sample are expected to be oxidized, then the modification should be 
checked as variable. However, for modifications that are expected in all occurrences of the amino acid, such as, say,  
carbamidomethylation of cysteine, leave the variable option unchecked. Figure 3 exemplifies a situation in which the  
iTRAQ 8-plex is to be considered as a fixed modification on the N terminus and for the K and Y amino acids, whereas  
variable oxidation is expected for the M amino acid.

18| For experiments making use of isobaric tags (e.g., iTRAQ or TMT), enter the m/z range that spans the reporter ions  
as a ‘Clear MZ Range’ option. This will have the software ignore the signal of these reporter ions when matching the  
theoretical spectra with the experimental one.

19| Click on the ‘Generate Comet Params’ button. The user will be transferred to the next tab, ‘Step 2: Verify and Execute’. 
The user should then simply click on the ‘Save Comet Params’ button, thus saving all search engine specifications in a text 
file in the search directory. We note that the contents of this file are made available in the upper section of the window, 
which provides the experienced user with the possibility of manually altering the search engine specifications.

20| Click on the ‘Go!’ button. The user will be automatically transferred to the ‘Step 3: Monitor progress’ tab, which in  
turn is automatically updated as the search makes progress. Comet’s terminal screen will also pop up for each new search. 
The results files in the SQT format will be generated.
! CAUTION Closing the Comet pop-up terminal screen will terminate the search.
? TROUBLESHOOTING

Statistically filtering Comet results with SEPro  TIMING ~30 s
21| Load SEPro by clicking on the ‘Filter’ menu and then on ‘Search Engine Processor (SEPro – for PSM)’. SEPro’s entry  
screen will appear as in Supplementary Figure 3.

22| Copy and paste the directory containing the SQT files into the topmost textbox. This can also be achieved by  
clicking on the corresponding ‘Browse’ button and navigating to the directory. If the corresponding directory contains  
a comet.params file, then SEPro will automatically detect the path to the sequence database and fill out the next  
textbox (Protein DB).

23| Choose from one of SEPro’s default filtering parameter configurations. For this, click on one of the appropriate radio  
buttons in the lower panel, ‘High Resolution MS1’ or ‘Low Resolution MS1’. Regardless, all SEPro parameters, as described in 
the 2012 protocol41, can be set, and they are readily available by clicking on the ‘Advanced parameters’ tab.

 CRITICAL STEP The ‘High Resolution MS1’ mode is advised for data from instruments that provide less than 20 p.p.m.  
for MS1 and more than 20k resolution. For example, if an Orbitrap was used to obtain MS1 and an LTQ to obtain the MS2,  
then the ‘High Resolution MS1’ option should be chosen; this configuration is also suitable for instruments that provide  
high-resolution MS2, such as a Q-Exactive HF instrument. The ‘Low Resolution MS1’ mode is recommended when all data  
are obtained, for example, on an LTQ-Velos instrument (Thermo, San Jose).

24| Check the ‘Include MS2 in results’ box in case inclusion of the mass spectra of the identified peptides in the report  
is desired. This will allow double-clicking on an identification, and thus enabling the spectrum browser to be opened.

 CRITICAL STEP If the experiment uses isobaric tags for downstream relative quantification, checking this option  
is required.

Box 1 | On enzymatic specificity 
The Comet search can be performed in the fully specific or semi-specific search spaces. Fully specific refers to considering only peptides 
originating from a complete digestion (i.e., with enzyme cleavage sites at both the C terminus and the N terminus). Semi-specific 
makes Comet lift the constraint that both cleavage sites be present, allowing instead the presence of only one. For example, in the  
sequence R.APBCK.A, where ‘ . ’ denotes the occurrence of cleavage, selecting semi-specific will make Comet consider A, AP, APB, APBC, K,  
CK, BCK and PBCK, in addition to APBCK. Otherwise (i.e., if fully specific is selected), the search space will be limited to APBCK.
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25| Select the ‘Experiment with more than 50k spectra’ option in case it is estimated that there are ~50,000 or more  
mass spectra in the data; such volume is easily obtained when performing MudPIT experiments or using last-generation 
instruments (e.g., Orbitrap Elite) with long (3 h or more) gradients. This will make SEPro group identifications according  
to precursor charge state and enzymatic status (i.e., fully specific and semi-specific) in order to generate discriminatory 
functions that are independent of both charge state and enzymatic status.

26| Click on the ‘Go’ button. The user will be redirected to the ‘Follow up’ tab, where the tool’s progress is reported.
? TROUBLESHOOTING

27| When the tool finishes processing, click on the ‘Result Browser’ tab to access the results (Fig. 4 and Supplementary Fig. 3).

28| Save the results by accessing the ‘File’ menu and then by choosing ‘Save SEPro results’. Note that many formats are made 
available other than SEPro’s own; for example, one can save in the DTASelect format12 or in a tab-delimited file for use with 
spreadsheet software.

 CRITICAL STEP If the user performed a ‘Batch Processing’ by checking the corresponding box in the entry page, the SEPro 
results files will be automatically saved to their corresponding directories. Batch processing is useful when there are several 
directories lying directly one level below a main directory; in this case, the user needs only to specify the path to filter the 
main directory, select the batch processing option and press the ‘Go’ button. Figure 4 shows SEPro’s graphical user interface 
while browsing through filtered results.

Figure 4 | SEPro’s Result Browser. SEPro provides 
a dynamic report that can be sorted according 
to any column. The top panel lists protein 
identifications, and clicking on any one of them 
causes the lower panel to display all matches 
associated with the corresponding protein, 
together with their respective scores. Double-
clicking on a protein result brings up a window 
(in the upper-right corner) displaying a graphical 
coverage representation, a FASTA coverage 
representation and a group view (i.e., other 
proteins that share peptides). By double-clicking 
on a row in the lower panel, the annotated mass 
spectrum pops up. The lower-left corner displays 
one of the many new features in PatternLab for 
proteomics 4.0; clicking on the ‘Tools’ menu 
and then on ‘Evaluation of Enzyme Specificity’ 
will display a window informing how many fully 
specific, semi-specific and nonspecific peptides 
were identified in the mixture.

Box 2 | Project organization 
One of the goals of proteomics is the study of differences in protein expression throughout different biological states. Others include 
analyzing time series data or samples originating from different tissues. In this regard, PatternLab must be informed which samples 
come from which biological condition or point in time. The Project Organization module deals with this matter. For example, suppose 
that one performed a five-point time-course experiment with three biological replicates at each point. Data were acquired using  
12-step MudPIT, and now the user wishes to perform relative quantification by spectral counting. This hypothetical experiment would 
encompass a total of 180 LC-MS/MA files. These files would need to be arranged in directories as follows. First, a directory for each 
time point would need to be created: for this example, say, T0, T1, T2, T3 and T4. Within each directory, directories for each biological 
replicate would also need to be created, so, for example, within the T0 directory we would create the directories T0B1, T0B2 and T0B3. 
(We urge the user not to provide simplified names as, say, B1, because this same name might ambiguously refer to B1 in directory  
T1 and some modules of PatternLab require each directory to have a unique name.) Finally, within T0B1, for example, the RAW files, 
SQT files and the sepr file would be placed. We note that this organization can also be arranged before using Comet; in this way, only 
the main directory would need to be provided and PatternLab would have Comet search within each directory (consequently making the 
SQT files already appear in the corresponding directories). Similarly, SEPro can perform batch filtering if the main directory is provided. 
Structuring the files as described enables PatternLab to ultimately compile a PatternLab project file, which contains cross-experiment 
identification and quantification data; in turn, these are required for downstream analysis. During the next steps of the protocol,  
the user should decide whether quantification should be performed by spectral counting, by XICs or through reporter ion signals  
provided by isobaric markers. Although the latter originates from sample preparation, the former two remain an open choice;  
we recommend using spectral counting for MudPIT experiments and XICs for single shots.
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29| (Optional) A frequent community request has been for the user to be able to concatenate the results of several SEPro 
files. To do this, place the desired files in the same directory, select the option ‘SEPro Fusion’ from the ‘Tools’ menu and then 
click on the ‘Save new SEPro file’ button in the pop-up window. A new SEPro file will be generated that joins the data from 
all the SEPro files pertaining to that directory.

Quantification analysis using spectral counting, XIC or analysis of multiplex experiments with isobaric tags
30| At this point, it is possible to choose option A for quantification analysis by spectral counting, option B for XIC or 
option C for analysis of experiments using isobaric labels. For project organization, see Box 2. Once this step is finalized, 
downstream data analysis involving differential proteomics (Box 3), scoring phosphopeptide sites (Box 4) or analyzing 
results under the light of the Gene Ontology (Box 5) is then possible.
(A) Quantification analysis with spectral counting  TIMING ~20 s
 (i)  Project organization. Click on the ‘Project Organization’ menu, and then on the ‘SEPro or PepExplorer’ button.  

The interface will look like that shown in Figure 5.
 (ii)  Include each directory, prepared as specified in Box 2, in the Input Control. For the example in Figure 5,  

two biological conditions were inserted (i.e., BiologicalCondition1 and BiologicalCondition2).
 (iii) Include a brief (~10 words) description of the experiment in the Project Description text box.
 (iv) Click on the ‘Load’ button.
 (v)  To obtain Spectral counting data for downstream analysis, click on the ‘Step 2: Spectral Counting’ tab. There you can 

optionally select for NSAF52 normalization, and choose whether the quantification will be mapped at the peptide or 
protein level. Next, click on the ‘Go’ button, followed by the ‘Save PatternLab project’ button.

Box 3 | Differential proteomics using the ACFold/T-Fold/Venn diagram  
modules/principal component analysis  TIMING <3 s 
Once a PatternLab project file is generated, the ACFold or T-Fold31 and area-proportional Venn diagram modules can be used for pinpointing  
differentially expressed proteins and proteins exclusive to a biological condition, respectively. Other modules for performing ANOVA, 
principal component analysis (PCA) (Búzios) and for analyzing time-course experiment data (TrendQuest) are also available.
 These modules are all demonstrated in Supplementary Video 1, and they have been described in our previous protocols, so we  
refer the reader to them41. Notwithstanding this, we note that these modules’ previous versions required the use of the ‘index.txt’  
and ‘sparseMatrix.txt’ files to store all the identification and quantification data of the experiment. In the current version, they were 
replaced by a single PatternLab project file, generated in the Project Organization module as explained in Box 2. PatternLab for  
proteomics 4.0 provides a tool for migrating the legacy format to the updated PatternLab project file in the ‘Utils’ menu.
?  TROUBLESHOOTING

Box 4 | Scoring phosphopeptide localizations with the XD Scoring module  
 TIMING ~35 s 

Confidently determining phosphorylation sites is crucial to understanding the regulatory mechanisms in biological systems. PatternLab 
for proteomics 4.0 includes a false-localization rate probabilistic module, termed XD Scoring, that enables unbiased phosphoproteomics 
studies25. Briefly, the XD Scoring algorithm infers a probabilistic function from the distribution of the identified phosphopeptides’  
XCorr delta scores (XD scores) and provides P values by relying on Gaussian mixture models and a logistic function.
 For a mass spectrum whose top-scoring candidate is a phosphopeptide, the XD score is calculated as the difference between the top 
two XCorr scores of alternative phosphorylation sites in the same peptide sequence. In this regard, for this module to work efficiently, 
we recommend having the search engine report at least the top 20 scoring candidates in its search results. When using the Comet 
search in PatternLab, this amounts to editing the line that starts with ‘num_output_lines = ‘ to indicate 20, after clicking on the  
‘Generate Comet Params’ button.

1. Access the XD Scoring module by clicking on the ‘Utils’ menu and then on ‘XD Scoring (Phosphosite)’.
2. Click on the ‘Load SQT files’ button and select the Comet results files by pressing and holding the ‘Ctrl’ key while left-clicking on the 
desired search results files.
3. Click on the ‘Calculate’ button. A list containing the logarithms of the delta scores for all phosphopeptides will appear in the lower textbox.
4. Click on the ‘Generate GMM’ button. This will enable PatternLab to generate a Gaussian mixture model whose two Gaussians come 
from a histogram on the natural logarithms of the XD score. At the bottom of the interface, a green curve shows the cumulative 
distribution of the green Gaussian and a red curve shows the complementary cumulative distribution of the red Gaussian (Supplemen-
tary Fig. 6). A complementary logistic function is then generated based on the former two distributions (purple curve). The desired P 
values are given by this function.
5. Specify a SEPro file; this enables the program to output a table associating a P value to each site attribution.
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 (vi)  Optionally, map spectral counts to protein domains by selecting the ‘Step 2: Differential Domain Expression’ tab.  
This tab offers controls that enable the generation of a PatternLab project file, as previously described32.

(B) Quantification analysis with XIC  TIMING ~30–40 s for each mass spectrum raw file
 (i) Follow Step 30A(i–iv).
 (ii)  Click on the ‘Step 2: XIC Analysis’ tab if XICs are to be obtained. This tab offers controls that will ultimately produce 

an XIC file, viewable within PatternLab’s XIC Browser module, which is available through the ‘Quant’ menu by selecting 
‘XIC Browser’. The XIC Browser module is then used to generate a PatternLab project file, as described in the Using  
PatternLab’s XIC Browser section.

 (iii) Click on the ‘Quant’ menu and then select ‘XIC Browser’.
 (iv)  Click on ‘File’, and then on ‘Load’ and ‘Bin’ to load an .xic file generated using PatternLab’s Project Organizer.  

This is a binary file by default, yet the XIC Browser allows files to be saved in the JavaScript Object Notation (JSON), 
which is a lightweight text-data-interchange format that simplifies the parsing by other software.

 (v)  Review the list of cross-experiment identified peptides that will appear as soon as the file finishes loading. Note that 
each column will be named after a search file (e.g., SQT) and list the XIC values for each peptide. Double-click on an XIC 
value to open an XIC plot together with a table discriminating the plotted values, as exemplified in Figure 6. The table 
discriminating the quantification values can also be copied and the values pasted onto some spreadsheet software.

 (vi)  Click on the ‘Graphical Analysis’ tab to view a histogram of the label-free quantification values for all peptides  
(Supplementary Fig. 4). Note that many experiments can be simultaneously assessed.

 (vii)  Optionally, use the XIC Browser 
to reduce the effects from  
undersampling. Undersampling  
is a common problem in  
proteomics, as not all peptides  
are sampled by the mass spec-
trometer. The XIC Browser can 
help with this limitation by  
relying on the retention times 
and precursor masses of  
peptides identified in a run to 
estimate the XIC of a peptide  

Box 5 | The gene ontology explorer  TIMING ~5 min 
The Gene Ontology Explorer (GOEx) allows users to analyze their data under the light of the Gene Ontology; this module has been 
well documented21,40. In order to analyze the data, a ‘precomp’ object must be generated; this is done by joining the Gene Ontology 
OBO-format file (available at http://geneontology.org/page/download-ontology) with an annotation file. Our original version worked 
only with annotation files provided at the Gene Ontology website, but the updated GOEx module can work with any organism available 
in the UniProt base. As this has been the only update to this module, what follows pertains exclusively to the steps for generating a 
precomp file using UniProt.

1. Download the data for the desired organism from UniProt as previously described, but instead of selecting the FASTA format choose 
the text format.
2. Download the latest Gene Ontology OBO file.
3. Access the Gene Ontology by clicking on the ‘Analyze’ menu and then on ‘GOEx (Gene Ontology Explorer)‘. The GOEx interface will appear.
4. Click on the ‘Load GO DAG’ button and select the GO.OBO file. This will cause GOEx to perform some optimizations that should take ~2 min.
5. Click on the ‘Load Associations’ button; a window will pop up. The new option for using UniProt text files will be available and 
selected by default.
6. Click on the ‘Browse for conversion file’ button and load the file downloaded from UniProt.
7. Click on the ‘Save Precomp’ button. The next time a GO analysis is performed, instead of having to repeat all these steps the  
user can proceed directly to loading the precomp file by clicking on the ‘Load precomp’ button.
8. Refer to the previous publications on GOEx36,39 for a complete set of instructions for operating this module.

Figure 5 | PatternLab’s Project Organizer. This 
module is responsible for joining the information 
of the various biological or technical replicates 
from all biological conditions. Directories 
containing results filtered by SEPro should be 
indicated for each biological condition.

http://geneontology.org/page/download-ontology
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in another run, one in which 
that peptide was not sampled. 
To accomplish this, first click on 
the ‘Completion’ tab; a list of all 
liquid chromatography–tandem 
mass spectrometry (LC-MS/MS) 
runs in the experiment will be 
provided in one column, along 
with another column to which 
the user can input a number for 
each run. Label the runs that 
should be grouped for inferring 
XICs by placing the same number 
beside each one (Fig. 7). Finally, 
click on ‘Filter’ and then on  
‘Fill in the gaps’. The new XICs, completed by using the retention times and the precursor masses of peptides  
identified in compatible runs, will be listed in the XIC Browser in green. Identifications with no XICs, or XICs not  
passing a minimum quality criterion, will have values of -1 and be listed in red.

 (viii)  The same peptide is usually identified through different charge states and consequently with different precursor  
m/z values. The XIC Browser makes available an option, through the ‘Filter’ menu and then by selecting ‘Retain  
Optimum Signal’, for only the best (higher-value) XICs for a given charge state to be retained. So, for example, if  
in general the charge-(+2) peptide precursors for a given peptide have XIC values greater than their charge-(+3)  
counterparts, then all XICs from the latter version of that peptide will be discarded. Arguably, by considering only the 
more intense XIC versions of the peptide, less noise gets into the model and a more accurate relative quantification 
can be obtained (data not shown).

 (ix)  Click on the ‘File’ menu followed by ‘Save’ and then by ‘PatternLab project file’ to generate a PatternLab project file  
for downstream analysis.

(C) Analyzing multiplex experiments labeled with isobaric tags  TIMING 20–50 s for each mass spectrum raw file
 CRITICAL SEPro files to be analyzed with the ‘Isobaric module’ must have been processed using the ‘include MS2 in results’ option.

 (i)  Click on the ‘Quant’ menu, and then on ‘Isobaric Analyzer’.
 (ii)  If data were acquired according to the MultiNotch approach, extract the MS3 data from the RAW file. For this,  

click on PatternLab’s ‘Utils’ menu, select the RawReader module, then check the ‘MS3’ checkbox and the directory  
containing the mass spectra raw files and click on the ‘Go’ button. We note that this step can also be accomplished by 
any software that is capable of extracting MS3 files, such as RawExtractor, for example, made available at http://fields.
scripps.edu/researchtools.php (ref. 59). Once this is done, click on the ‘MultiNotch’ tab, specify the path to the SEPro 
file and to the MS3 directory, and click on the ‘Go’ button. This procedure will patch the SEPro file to include the MS3 
data from the reporter ions so that downstream analysis can be performed.

 (iii)  (Optional) Remove multiplexed tandem mass spectra from the data set. This step is recommended for data not  
acquired using MultiNotch. For this, execute YADA20 with its default configuration on the extracted MS1 and MS2 files. 
This will generate a corrected batch of MS2 files in which the multiplexed MS2 data have their multiple precursors  

Figure 6 | PatternLab’s XIC Browser. By clicking 
on the XIC values (blue numbers), a window 
displaying the corresponding XIC plot will pop up.

Figure 7 | The XIC Browser’s completion tab 
allows for establishing rules for grouping 
files that can be used to search for m/z and 
chromatographic retention times of possibly 
undersampled peptides. Search results originating 
from each biological condition have their column 
header in a different color to facilitate the 
process. In this example, the user labeled runs 
from biological conditions 1 and 2 are shown 
with ‘1’ and ‘2’, respectively, as indicated by the 
blue arrows. This will make the software use as 
references only files with the same labels to try 
and complete the XICs of undersampled peptides.

http://fields.scripps.edu/researchtools.php
http://fields.scripps.edu/researchtools.php
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indicated in the spectrum heading. Then, back in PatternLab’s Isobaric Analyzer module, specify the YADA output 
directory; multiplexed spectra will no longer be considered.

 (iv)  Specify the reporter ion masses in the third textbox from the top; predefined masses can be automatically filled in  
by pressing the ‘iTRAQ 4’, ‘TMT6’ or ‘iTRAQ8’ buttons.

 (v)  Specify a data normalization strategy; we strongly recommend using the ‘Channel Signal’ normalization (default).  
This normalization adds up the signals of all spectra for each channel (i.e., isobaric marker), and the normalized values 
for each spectrum are obtained by dividing each reporter ion signal by the corresponding channel’s sum.

 (vi)  (Optional) Check the ‘Apply purity correction’ box to correct for the distortions inherent to isobaric tags. These are 
not 100% pure, and therefore they come with a datasheet per batch, which indicates for each reporter ion reagent the 
percentages by which its mass differs from the quoted mass by −2, −1, +1 and +2 Da. This enables PatternLab to use 
Cramer’s rule to account for and correct such distortions. If the purity correction numbers provided by the manufactur-
er differ from those provided in the Isobaric Analyzer’s ‘Purity Correction’ tab, manually alter the values in the software 
to reflect those provided by the manufacturer. This correction tends to yield very subtle improvements, particularly 
when compared with the normalization of Step 49.

 (vii)  Click on the ‘Generate Report’ button. This will generate a text file discriminating each peptide contained in the SEPro 
results, together with its spectral count and redundancy (i.e., how many proteins in the database it matches), followed 
by the scan numbers and the corresponding normalized TMT or iTRAQ signals in each channel. PatternLab’s screen will 
look like the one in Supplementary Figure 5.

 (viii)  Generate a PatternLab project file by clicking on the ‘PatternLab project file’ radio button, and then on the ‘Generate 
Report’ button. This file is useful when analyzing experiments with more than two biological conditions.

 (ix)  Comparing isobaric tag results from different channels: Click on the ‘Two conditions experiment’ button; a new window 
will pop up.

 (x)  Specify the ‘Class labels’ parameter for each channel. As this is a pairwise comparison, only 1 and 2 should be used 
as labels. In case a channel is not to be included in the statistics, it should be labeled as −1. So, for example, if an 
iTRAQ 8-plex experiment was carried out, channels 1, 2 and 3 are related to biological condition 1 (i.e., class 1), and 
channels 5, 6 and 7 are related to class 2. Channels 4 and 8 are not related to the experiment, so the class labels 
should be 1, 1, 1, −1, 2, 2, 2 and −1, respectively.

 (xi) Click on the ‘Browse’ button and select the peptide quantification report generated in Step 30C(vii).
 (xii)  Press the ‘Go’ button. The software will load the report and then automatically switch to the next tab, ‘Result Browser’, 

and display results as in Figure 8.

a b

Channel 1

3.5E-003

2.3E-003

1.2E-003

Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 Channel 7 Channel 8

Figure 8 | Result Browser for PatternLab’s Isobaric Analyzer, two conditions experiment. (a) The main view when browsing results. The top section displays 
controls that allow the user to dynamically filter acceptable results according to only unique peptides, only peptides that present an absolute fold change 
greater than a specified log fold change value, peptides with a binomial or paired t-test P value lower than a given cutoff and, finally, only proteins containing 
at least a user-specified number of peptides satisfying these constraints. In what follows, the software reports the total number of peptides identified in the  
experiment and how many mass spectra, peptides and proteins abide by the cutoff values. The software also suggests a P value cutoff at the protein level 
(corrected P value) based on the Benjamini-Hochberg procedure. The the upper portion of a displays the protein identifications and various details. For example,  
we note the ‘StouffersPValue’ column, which represents a meta-analysis of the P values of the various peptides belonging to that protein as to whether the 
protein can be considered as presenting a differential abundance or not. Another key column is ‘Coverage’, where green sections represent identified peptides 
with a higher abundance in condition 1, red for condition 2 and gray sections for peptides not satisfying the user-established criteria. When clicking on  
a protein row, the lower portion of a refreshes to provide details, at the peptide level, for that protein. (a,b) Double-clicking on a peptide row (a) causes  
a window to pop up (b), which displays the reporter ion signals for each pertinent mass spectrum, as exemplified in the lower portion of b. 
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 (xiii) Specify values for the parameters given in the following table.

Parameter Description

Only unique peptides Makes the software consider only peptides that map to one protein in the sequence database

No. of peptides For example, setting this to 2 means that only proteins that have 2 or more peptides will be  
considered in the analysis

Peptide log fold change  
 cutoff

Establishes a lower boundary on the absolute value of the natural logarithm of peptides’ fold 
changes. Peptides falling below the bound will be eliminated

Peptide P value cutoff Peptides whose paired t test or binomial P value does not fall below this cutoff will be eliminated

Corrected P value for q Allows the user to control the theoretical false-discovery rate by specifying a q value. A corrected  
P value is calculated according to the Benjamini-Hochberg procedure

 (xiv)  Click on the ‘File’ menu, and then on ‘Export Protein Results’, to export the filtered proteins, together with information 
on the corresponding peptides, to a text file.

 (xv)  Click on the ‘Peptide Browser’ tab to review the list of identified peptides. Recall that peptides appearing only in  
one biological condition achieve low binomial P values. The paired t-test P value, in contrast, indicates whether the 
peptide achieved a statistical change in the mean of its reporter ions when comparing the two biological conditions.

 (xvi)  Click on the ‘Peptide Distribution’ tab to view a volcano plot at the peptide level. Green circles indicated peptides  
having a higher abundance in condition 1, and red circles indicate those with a higher abundance in condition 2.  
The gray translucent circles indicated peptides that did not pass the user-specified criteria. Hover the mouse over  
a circle to review the pop-ups that discriminate the corresponding peptide sequence, fold change and P value.  
An iTRAQ 8-plex example data set is available for practice. It can be downloaded and the results obtained with it  
can be compared against those provided on PatternLab’s website.

? TROUBLESHOOTING
Troubleshooting advice can be found in Table 1. If you require help for anything not covered in this protocol, describe  
the problem in our PatternLab Google group, which is made available through the project’s website at http://patternlab 
forproteomics.org, or through the ‘Help’ menu in the graphical user interface by clicking on ‘Troubleshooting and user forum’.

 TIMING
Steps 1–7, generating a target-decoy sequence database: this step usually takes 5 s of computing time. However, when the 
‘Eliminate subset sequences’ option is selected, time quickly scales up to minutes or even hours, growing quadratically with 
the number of sequences in the database. For the RefSeq Homo sapiens database (20,247 sequences), selecting this option 
led to ~2 min for the step to complete
Steps 8–19, performing PSM with the integrated Comet search engine: 1–2 min

TABLE 1 | Troubleshooting table.

Step Problem Possible reason Possible solution

20 Comet tries to read Thermo RAW files  
and displays the message: ‘Retrieving the 
COM class factory for component with 
CLSID failed due to the following error: 
80040154 Class not registered’

The MSFileReader lib is not installed Install the MSFileReader, available from 
Thermo’s website

26 The message ‘Not enough spectra in decoy 
or target class to make robust statistic. 
ANALYSIS WILL BE DISCONTINUED’

There are not sufficient decoy  
peptides or spectra

Disable the options ‘Group by charge state’ 
and/or ‘Group by enzymatic no termini’  
in SEPro’s advanced parameter tab

Box 3 There are results from previous versions of 
PatternLab (i.e., index and sparse matrix) 
that cannot be opened in the current  
version

Results must be upgraded to the  
new PatternLab project file

Use the module ‘IndexSparseMatrixLegacy’ 
available in the ‘Utils’ menu

http://patternlabforproteomics.org
http://patternlabforproteomics.org
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Step 20, by far, the most time-demanding step is the search itself: search time can range from a few minutes up to more  
than a day, varying mostly with sample complexity, the number of variable PTMs considered, the mass spectrometer  
used, LC gradient length and so on, as well as the computer’s processor. We exemplify the computational burden of an  
iTRAQ 8-plex experiment obtained from human biopsies of gastric cancer; two fractions of HILIC were obtained and each 
analyzed using a 2-h RP chromatography coupled online to an Obritrap Velos instrument. This example data set and sequence 
database are made available on PatternLab’s website as an exercise to certify that one can reproduce our results as indicated. 
The search, considering only the fixed modifications of carbamidomethylation of cysteine, and the iTRAQ 8 modification  
at the N terminus and at the K and Y residues, took 1,035 s on our 24-core (2 × X5675 Xeon) server. All other steps happen 
almost instantaneously (30 s at most), but users will want to spend time on the modules to assess results (browse through 
the list of identified proteins and the annotated spectra, experiment with the Gene Ontology and so on)
Steps 21–29, statistically filtering Comet results with SEPro: filtering time can vary greatly according to the experimental 
design and the number of spectra. It is expected to fall somewhere near 30 s for a typical 2-h LC-MS/MS analysis acquired  
on an Orbitrap Velos instrument
Step 30A, quantification analysis with spectral counting: computing time should be ~20 s per SEPro file, assuming each file 
originated from a typical 2-h LC-MS/MS analysis acquired on an Orbitrap Velos
Step 30B, quantification analysis with XIC: computing time should be ~30–40 s for each mass spectrum raw file, assuming 
that each file originated from a typical 2-h LC-MS/MS analysis acquired on an Orbitrap Velos
Step 30C, analyzing multiplexed experiments labeled with isobaric tags: computing time should be ~20–50 s for each mass 
spectrum raw file, assuming that each file originated from a typical 2-h LC-MS/MS analysis acquired on an Orbitrap Velos
Box 3, differential proteomics: typically takes <3 s of computing time for any of the modules
Box 4, scoring phosphopeptides: the overall computing time is ~35 s
Box 5, setting up the Gene Ontology Explorer module: generating or loading a .precomp file can take ~5 min. Computing time 
for exploring one’s data is practically negligible

ANTICIPATED RESULTS
PatternLab for proteomics 4.0 is the culmination of the interaction between our group and the proteomics community since 
2008. It has been tested on millions of spectra by various groups and aided in the research of a wide range of biological  
questions. Indeed, PatternLab’s goal has been to help scientists identify, quantify and attempt to make sense of the thousands  
of proteins identified by shotgun proteomics in order to ultimately make a difference in the understanding of biological 
processes61,62. The present protocol emphasizes only the new features and major changes, including some modules that 
were replaced with completely re-designed substitutes. For example, PatternLab’s new Project Organizer replaces the former 
‘Regrouper’, doing away with the ‘index.txt’ and ‘SparseMatrix.txt’ files and introducing the PatternLab project file instead, 
which is used by many modules for performing quantitative proteomic analyses. The current version also includes a tool, which 
is accessible through the ‘Utils’ menu, that allows one to upgrade the legacy format to the new one. In addition, the SEProQ 
functionalities (XIC and Isobaric browser) were substantially upgraded, and they are now integrated into the same graphical 
user interface. New modules, such as PepExplorer, whose functionality is similar to that of SEPro but for de novo sequencing33, 
and the XD Scoring system (Supplementary Fig. 6) for phosphopeptide localization, are also part of the new version.

Some representative works illustrating the types of results that can be expected from this protocol are the following.  
Webb et al. used PatternLab to analyze data originating from an online two-dimensional liquid chromatography separation 
consisting of 39 strong cation-exchange steps followed by a short 18.5-min reversed-phase gradient63. This large-scale  
data generation approach enabled the identification of 4,269 proteins from 4,189 distinguishable protein families from yeast 
during log phase growth. In this study, PatternLab’s T-Fold module was used to pinpoint differentially abundant proteins,  
according to spectral counting, during the yeast cellular quiescence, thus providing an overview of most of the yeast  
proteome. The works from Christie-Oleza et al.64,65 constitute another example in which PatternLab and spectral counting 
were used to pinpoint differentially abundant proteins, this time comparing marine bacteria under several natural conditions. 
Aquino et al.5 used PatternLab’s XIC module to explore the proteomic landscape of a gastric tumor biopsy. In the latter, the 
biopsy was sectioned into ten parts, and each part was subjected to MudPIT analysis; the authors identified several proteins 
whose abundance gradually increases/decreases as a function of the distance to the center of the tumor. Chaves et al.66  
used PatternLab’s Isobaric analyzer module to analyze TMT data from aging soleus and extensor digitorum longus rat  
muscles, disclosing quantitative data for more than 4,000 proteins. Finally, Shah et al.67 used PatternLab’s TrendQuest  
module to group protein expression profiles of Jatropha curcas seeds during five developmental stages.

One should always be able, when following a protocol, to reproduce previous results. To help make sure that this is the 
case, PatternLab’s project website (http://www.patternlabforproteomics.org) makes available, through its download tab, 
previously analyzed data sets whose download and re-analysis we recommend strongly to those using PatternLab for the first 
time. All intermediate files, acquired step by step along the protocol, are also available. The new user can then practice with  
the protocol to reproduce our results. Figure 9 exemplifies good results provided by PatternLab’s Isobaric module on data  

http://www.patternlabforproteomics.org
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acquired using the MultiNotch approach  
on TMT-labeled peptides analyzed us-
ing an Orbitrap Fusion (Thermo, San 
Jose). This is so because peptides 
(dots) are evenly distributed along the 
y-axis and assume a disposition similar 
to the eruption of a volcano, thus  
constituting a so-called volcano plot.

As with any software pipeline or even individual scientist, it is the feedback from collaborators and other peers that drives 
improvement. In the case of PatternLab, all the feedback, suggestions and even bug fixes have been the most important  
assets we could count on, helping our suite of tools become more and more sophisticated and hopefully ever closer to  
supporting answers to questions that were previously intangible. In this regard, we look forward to receiving user feedback 
through the newly created forum so we can continue to improve on this community-driven and freely available tool.

Figure 9 | PatternLab’s Isobaric Analyzer.  
The screenshot shows the result of an analysis. 
Each dot represents a peptide that is mapped 
according to its log fold change (y-axis) and  
its differential abundance P value (x-axis). 
Peptides colored in green or red are those  
that satisfied user-specified cutoff criteria for 
fold-change and P value.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ABSTRACT: Accessing localized proteomic profiles has emerged as a fundamental strategy to understand the biology of
diseases, as recently demonstrated, for example, in the context of determining cancer resection margins with improved precision.
Here, we analyze a gastric cancer biopsy sectioned into 10 parts, each one subjected to MudPIT analysis. We introduce a software
tool, named Shotgun Imaging Analyzer and inspired in MALDI imaging, to enable the overlaying of a protein’s expression heat
map on a tissue picture. The software is tightly integrated with the NeXtProt database, so it enables the browsing of identified
proteins according to chromosomes, quickly listing human proteins never identified by mass spectrometry (i.e., the so-called
missing proteins), and the automatic search for proteins that are more expressed over a specific region of interest on the biopsy,
all of which constitute goals that are clearly well-aligned with those of the C-HPP. Our software has been able to highlight an
intense expression of proteins previously known to be correlated with cancers (e.g., glutathione S-transferase Mu 3), and in
particular, we draw attention to Gastrokine-2, a “missing protein” identified in this work of which we were able to clearly
delineate the tumoral region from the “healthy” with our approach. Data are available via ProteomeXchange with identifier
PXD000584.
KEYWORDS: chromosome 15, shotgun imaging, gastric cancer, Gastrokine

■ INTRODUCTION

The study of proteomic landscapes has surfaced as a key
technology, with applications in diagnosing and in better
understanding pathologies. One of the pioneers of this field,
Richard Caprioli, has continually used MALDI (matrix-assisted
laser desorption ionization) imaging to pinpoint molecular
changes previously undetected by immunohistochemistry or
morphological assessments, and thus diagnosed as “normal” but
having nevertheless many characteristics in common with
tumors.1,2 The widely adopted MALDI imaging approach is
capable of profiling tissues by describing their landscape as a

group of mass spectral peaks with corresponding intensities.
Software applications are then used to perform image analyses
to allow the visualization of tissue areas where some mass
spectral peak appears that is more commonly found in tumors.
One of the limitations of this strategy is that protein
identification is fairly compromised, given the limited
availability of samples (thin tissue slices) and the challenges
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associated with locally trypsinizing and identifying in-depth a
variety of components, although efforts have been made to
overcome these issues compared to that of shotgun proteomic
strategies. Shotgun proteomics is a “bottom-up” approach that
enables large-scale protein analysis of almost complete
proteomes;3 here we employ a shotgun approach for imaging,
yielding as a disadvantage the lack of spatial resolution that
MALDI imaging does. Thus, advantages and disadvantages of
each methodology make them complementary. Nevertheless,
we show shotgun imaging to be an important research tool
perfectly suited to collect and supply qualitative and
quantitative protein data that are unavailable by other
techniques; MALDI and shotgun complement each other.
The multidimensional protein identification technology

(MudPIT) embodies a powerful shotgun proteomic strategy
that employs two-dimensional liquid chromatography (LC/
LC) online with tandem mass spectrometry (MS/MS).4 We
previously employed this approach to compare gastric cancer
biopsies with both resection margins and healthy tissues and
concluded that resection margins “looked more proteomically
alike” to cancer biopsies than to healthy tissues.5 Among the
conclusions, we postulated that resection margins play a key
role in Paget’s “soil to seed” hypothesis, which states that
cancer cells require a special microenvironment to nourish and
that understanding it could ultimately lead to more effective
treatments. With this as motivation, here we take an additional
step by further exploring the spatial proteomic landscape of
gastric cancer biopsies. To this end, we sliced a biopsy into 10
sections and then meticulously analyzed each piece by
MudPIT. While the widely adopted approach would be to
use MALDI imaging to characterize a profile for the tissue at
hand, we believe that this would have the drawback of not
leading to as large-scale protein identification as that of
MudPIT.6 Although our proposed data analysis strategy does
not offer the spatial resolution from MALDI imaging
approaches, it is nonetheless backed up by an in-depth
quantitative MudPIT analysis that, in all, we have termed
shotgun imaging.
Another motivation for this work stems from the

chromosome-centric human proteome project (C-HPP)
initiated by the Human Proteome Organization (HUPO),
whose goal is to map the entire human protein set, which lacks
any mass spectrometric evidence, the so-called “missing
proteins”. One of the goals of NeXtProt has therefore been
to keep track of which proteins have mass spectrometric
identifications. NeXtProt is then helping to pave the way along
the C-HPP roadmap by filling in as a human protein
knowledgebase that includes data on protein expression from
tissues and cells and by tracking the progress in identifying the
remaining 3844 missing proteins. With this as motivation, we
have taken the foundations of HUPO (C-HPP and B/D-HPP)
as core guidelines for our shotgun imaging pipeline and
exemplify it with the proteomic profiles of gastric cancer to
search for missing proteins and provide information linked to
this disease. As a result, we have tailored our imaging analysis
software to be able to join MudPIT results with images and to
extract information from NeXtProt, aiming to address C-HPP
goals such as browsing proteins by chromosomes, easily listing
the identifications of missing proteins, and helping to track the
ones whose expressions correlate with diseased regions. The
entire workflow described herein is integrated into the
PatternLab for Proteomics pipeline, which offers an arsenal of
tools for analyzing shotgun proteomic data, ranging from

protein quantitation, to differential proteomics, to gene
ontology analysis, to name a few.7

In summary, here we present a software application that
allows for overlaying quantitative shotgun proteomic data onto
images. As described above, there are well-established
approaches for achieving this goal, but they are not backed
up by in-depth protein identification nor easily integrated with
a software. Regardless, existing strategies are complementary,
and therefore, the purpose determines what methods are best.

■ MATERIALS AND METHODS

Subjects

This study was approved by the Ethics Committee of the
Clementino Fraga Filho University Hospital of the Federal
University of Rio de Janeiro (HUCFF/UFRJ: MEMO, No.
10252913.5.0000.5257, CAAE). The tumor biopsy was
collected at the Oncology Control Foundation Center of the
Amazonas State (FCECON) after the signing of informed
consent. The biopsy was acquired from an area along the
stomach that included tumor and resection margin, during the
operation procedures on a male patient. Briefly, the tumor was
located in the gastric antrum, and the resection margin was
macroscopically defined during the surgery as a 10 cm rim of
healthy-looking tissue surrounding the tumor. The biopsy was
then subtyped, and the clinical stage of the disease was
determined according to the tumor, node, and metastasis
(TNM) classification of the American Joint Committee on
Cancer (AJCC). The histological type was determined to be
adenocarcinoma and classified as T4. Subsequently, the biopsy
was vertically divided into 10 sections of equal length to be
further analyzed by MudPIT.
Protein Solubilization with RapiGest and Digestion with
Trypsin

All biopsy sections were pulverized with liquid nitrogen. Each
protein pellet was resuspended independently with RapiGest
SF according to the manufacturer’s instructions to a final
concentration of 0.1%. The samples were quantified using the
Qubit fluorimetric quantitation (Invitrogen) as described in the
manufacturer’s instructions. One hundred micrograms of each
sample was reduced with 20 mM dithiothreitol (DTT) at 60 °C
for 30 min. The samples were cooled to room temperature and
incubated in the dark with 66 mM of iodoacetamide (IAA) for
30 min. Afterward, all samples were digested overnight with
trypsin (Promega) at the ratio of 1/50 w/w (E/S) at 37 °C.
Following digestion, all reactions were acidified with 10%
formic acid (1% final concentration) to stop the proteolysis.
The samples were centrifuged for 30 min at 20 800 rcf to
remove insoluble material.
LC/LC/MS/MS Data Acquisition

Sixty micrograms of the digested peptide mixture was desalted
using a reversed-phase column manually packed in a tip using
the Poros R2 resin (Applied Biosystems). The desalted
peptides were resuspended in solution A (5 mM KH2PO4 +
25% ACN pH 3) and loaded into a strong cation exchange
microspin column from Harvard Apparatus. Peptides were
eluted from the column in a stepwise manner by applying
solution A with increasing KCl concentrations of 85, 150, 250,
and 400 mM. Each fraction was desalted once again and
analyzed on a reversed-phase column coupled to an Orbitrap
Velos mass spectrometer (Thermo, San Jose, CA). The peptide
mixtures were separated in a 20 cm analytical column (75 μm
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inner diameter) that was packed in-house with 3 μm C18 beads
(Reprosil-AQ Pur, Dr. Maisch). The flow rate at the tip of the
reverse column was 200 nL/min when the mobile phase
composition was 5% acetonitrile in 0.1% formic acid. We then
applied a 120 min gradient: using first 5−50% acetonitrile in
0.1% formic acid for 100 min, then 50−95% acetonitrile in
0.1% formic acid for 20 min. The effluent from the nLC
column was directly electrosprayed into the mass spectrometer.
The LTQ Orbitrap Velos instrument was operated in data-

dependent acquisition mode to automatically switch between
full scan MS and MS/MS acquisition with a dynamic exclusion
of 90 s. For the HCD/CID top 6 method, survey full scan MS
spectra (from m/z 350−2000) were acquired in the Orbitrap
system with resolution of 60 000 at m/z of 400. The six most
intense peptide ions with charge states of 2+ or 3+ were
sequentially isolated and fragmented in the CID and HCD
collision cells using normalized collision energies of 35 and 50,
respectively. The resulting fragments were detected in the
Orbitrap system with a resolution of 7500. Standard mass
spectrometric conditions for all experiments were as follows:
2.5 kV spray voltage, no sheath and auxiliary gas flow, heated
capillary temperature of 235 °C, predictive automatic gain
control (AGC) enabled, and an S-lens RF level of 70%. Mass
spectrometer scan functions and nLC solvent gradients were
controlled by the Xcalibur data system (Thermo, San Jose,
CA).
Peptide Spectrum Matching

Mass spectra were extracted to the MS2 format using
PatternLab’s RawReader (available at: http://proteomics.
fiocruz.br/Softwares.aspx). The NeXtProt database release
2013-07-15 was downloaded. A target decoy database was
then generated using PatternLab to include a reversed version
of each sequence found in the database plus those from 127
common mass spectrometry contaminants. The ProLuCID
search engine (v 1.3) was used to compare experimental
tandem mass spectra against those theoretically generated from
our sequence database and to select the most likely peptide
spectrum matches (PSMs).8 Briefly, the search was limited to
fully and semitryptic peptide candidates and imposed
carbamidomethylation and oxidation of methionine as fixed
and variable modification, respectively. The search engine
accepted peptide candidates within a 50 ppm tolerance from
the measured precursor m/z and used the XCorr and Z-Score
as the primary and secondary search engine scores, respectively.
Assessment of PSMs

The validity of the PSMs was assessed using the Search Engine
Processor (SEPro)9 (v 2.1.0.23). Identifications were grouped
by charge state (+2 and ≥+3) and then by tryptic status (fully
tryptic, semitryptic), resulting in four distinct subgroups. For
each result, the ProLuCID XCorr, DeltaCN, and Z-Score values
were used to generate a Bayesian discriminator. The
identifications were sorted in nondecreasing order according
to the discriminator score. A cutoff score was established to
accept a false-discovery rate (FDR) of 1% based on the number
of labeled decoys. This procedure was independently
performed on each data subset, resulting in an FDR that was
independent of tryptic status or charge state. Additionally, a
minimum sequence length of six amino acid residues was
required. Results were postprocessed to only accept PSMs with
less than 5 ppm and proteins supported by two or more
independent evidence (e.g., identification of a peptide with
different charge states, a modified and a nonmodified version of

the same peptide, or two different peptides). This last filter led
to a 0% FDR in all search results. For our quantitative shotgun
imaging analysis, we only considered proteins having at least
one unique peptide identified.
Relative Protein Quantitation
The MS1 was extracted with RawReader and deconvoluted
using YADA’s default settings for bottom-up shotgun
proteomics.10 Extracted ion chromatograms (XICs) were
obtained utilizing SEPro’s Quantitation module as previously
described.7 In what followed, PatternLab’s Regrouper module
normalized the quantitative data according to the distributed
normalized ion abundance factor (dNIAF)5 approach, which is
an adaptation of dNSAF for XICs.11 Finally, PatternLab’s index
and sparse matrix files were generated;7 briefly, these are text
files that summarize all the results from all MudPIT runs (i.e.,
identification and quantification) and serve as input to our
imaging software together with NeXtProt and the tumor’s
image.
Shotgun Imaging Software
We have developed a shotgun imaging software to allow the
visual assessment of proteomic results. We henceforth refer to it
as the shotgun imaging analyzer (SIA). SIA was implemented in
C# NetFramework 4.5 for the Windows operating system (7 or
later) and is available for download at http://proteomics.
fiocruz.br/software/shotgunImaging. Its graphical user interface
(GUI) displaying an image of the biopsy used in this work is
shown in Figure 1. The GUI contains two main tabs: one for

viewing the results and the other for entering the index and
sparse matrix files generated with PatternLab for Proteomics,7

NeXtProt, and a path to an image file of the biopsy to overlay
an expression heat map. From there on, the user can then
generate the heat map’s wireframe, indicating the locations
where the biopsy was sectioned. Technically, this translates into
each section corresponding to a class label of the sparse matrix
that should be generated according to a previously published
bioinformatics protocol.7

SIA has been tailored to take advantage of NeXtProt and
therefore fits well in the context of C-HPP. A pull-down menu
enables the browsing of identified proteins according to a
chromosome of interest. By proceeding in this way, only
proteins identified in the experiment at hand for that respective
chromosome will be listed. Once a protein is selected, the GUI
will overlay a heat map using a gray/light-bluish scale to
indicate regions (lanes) where the protein was not identified
and different tones of red to indicate its relative abundance in
the lanes where it was identified. Quantitative values are made

Figure 1. Shotgun imaging graphical user interface displaying an image
of the gastric biopsy analyzed in this work.
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available in a table located in the Utils menu. Another option is
that this menu allows a report to be displayed containing the
identified proteins that were marked as missing by NeXtProt.
Once all the data have been loaded through the GUI and the

biopsy sections have been determined using the controls on the
right, the user can save all information into a unified file for
sharing with colleagues by means of the Save option available in
the File menu; this file has an “.sip” extension for shotgun
imaging project. Finally, SIA offers an option to automatically
search for proteins that present a higher expression in a region
of interest (ROI). For the experiment at hand, this translates
into informing the software the numbers of the lanes that
correspond to the tumor in order to enable the sorting by SIA
of the identified proteins in a nonincreasing order according to
the Golub index (i.e., the difference of the means of the
quantitation values divided by sum of their standard
deviations).

■ RESULTS AND DISCUSSION
We have described SIA, a software for shotgun imaging that
enables the correlation of high-throughput identification and
quantitation of proteins with a visual assessment of their
locations. SIA follows a chromosome-centric approach that
enables the listing of identified proteins according to the
chromosomes to which they correspond. Moreover, it can
automatically pinpoint proteins that show a higher expression
in a given ROI (e.g., the diseased area) and is aligned with some
of the goals of C-HPP.12,13 Our analysis has identified up to
1936 proteins (with redundancy), of which 657 have at least
one unique peptide. Our identifications are made available
through the *.sepr files and can be viewed with the Search
Engine Processor viewer; more on their availability in the end
of this article; Supporting Information Table 1 lists the proteins
identified in each of the 10 biopsy sections. A desired feature in
the quest for novel biomarker candidates is to pinpoint tissue-
specific proteins.
Gastrokines have been described as abundant proteins that

are specifically expressed in the superficial gastric epithelium
and have high evolutionary conservation. In particular, we draw
attention to the identification of gastrokine isoform 2 (GKN2),
a chromosome 2 protein that lacks mass spectrometric evidence
of expression according to NeXtProt and therefore belongs to
the list of the so-called missing proteins. Most importantly,
GKN2 poses as a key protein for gastric cancer prognosis
according to complementary approaches (e.g., western, PCR,
microarray).14−16 That said, as far as we know, this is the first
report to demonstrate the protein expression of GKN2 and its
use for delineating the tumoral region using mass spectrometric
evidence. Interestingly, GKN2, an abundant protein for the
tissue at hand, is down-regulated and many times described as
absent in gastric cancer.17 In a previous report, Moss and
collaborators used a transcriptional profiling approach to
describe a decreased expression of GKN2 and its relation to
tumor prognosis; the authors reported an expression loss of
GKN2 in 85% of diffuse intestinal-type cancers and correlated
this with a significantly worse outcome (p < 0.03).16 More
recently, Mao and collaborators corroborated these results
using RT-PCR, Western blot, and immunohistochemistry for
GKN1.14,15 They further discuss that this isoform function is to
protect and maintain the integrity of the gastric epithelium, and
that a restoration of GKN1 expression can suppress the gastric
cancer cell viability. Our shotgun imaging result for GKN2 is
found in Figure 2; we note that the shotgun image

identification of GKN1 isoform is very similar to that of Figure
2 (data not shown). Our identification of GKN2 contains four
unique peptides, of which we exemplify the mass spectrum of
one of them in Figure 3. Results clearly demonstrate increasing
expressions in slices further apart from the tumoral region (1−
4).
It is worthy to note that we also identified trefoil factor

isoform 1 (TTF1) from chromosome 21 (NX_P04155), a
protein that has been found in high levels in the upper gastric
mucosal cells and known to interact with GKN2. Their modes
of action remain unsolved; however, there was a recent
demonstration of the existence of a GKN2−trefoil factor 1
heterodimer.18 TFF1 expression was found in all tissue sections
except in lane 3, which lies within the tumoral region. Although
we cannot make a statistical claim (i.e., p > 0.05), the average
values of DNIAF are 1.7 higher in the nontumoral region. This
result is supported by the literature that states that TTF1
should be absent (or under-expressed) in the tumor area.16

As previously described, SIA can sort all protein
identifications acording to the Golub index when comparing
differences in ROIs, which for the case at hand are sections 1−4
(the tumor ROIs). Among the top-ranking proteins in the
results of the automatic search, we point out annexin,
glutathione S-transferases Mu 3, and lumican. We discuss
these proteins next and then take further note of the role played
by tropomyosins in tumor development and of their presence
in the biopsy in question.
Annexin is one of the calcium and membrane-binding

proteins. The literature correlates this protein with a wide
variety of cellular functions, such as membrane aggregation,
phagocytosis, proliferation, apoptosis, and even tumorigene-
sis.19 A lower abundance of annexin has been associated with a
poor prognosis in prostate cancer,20 head and neck cancer,21

sinonasal adenocarcinomas,22 and hepatocellular cancer.23

Figure 2. Shotgun imaging analyzer result for protein NX_Q86XP6,
Gastrokine 2 isoform. The top panel refers to the overlaid quantitation
heat map. The bluish colors indicate absence of NX_Q86XP6, darker
red (e.g., as found in lane 10) is correlated with a higher expression of
this protein by XIC. In the panel below, the y-axis represents the
distributed normalized spectral abundance factor values (i.e.,
quantitation values), and the x-axis was aligned to the shotgun
image to correspond to the slice numbers. A spline regressor was used
to plot the area chart in blue. Lanes 1−4 are the tumoral regions, and
regions 6−10 were classified as nontumoral.
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Interestingly, at the molecular level, our results have shown
annexin A1 (chromosome 9, NX_P04083) to be less abundant
in cancer ROIs, which is in good agreement with previous work
that, by complementary approaches such as DNA microarrays,
immunoblotting, and immunohistochemistry,19,24,25 pinpoint
the annexin gene as a potential marker for gastric cancer. While
the role of this protein in gastric cancer is still unknown, there
is increasing evidence that changes in annexin expression and
its subcellular localization can contribute to the development
and progression of the disease.
Glutathione S-transferases (chromosome 1) constitute a class

of proteins that have been correlated with detoxification and a
protective mechanism against the development of cancer. The
gene family for this class has been shown to be highly
polymorphic, being expressed in only 50% of individuals.26−28

A previous study correlated an elevated expression of this
protein’s mRNA with a poor prognosis.29 Our results indicate a
higher abundancy of glutathione S-transferases Mu 3 in the
tumoral ROIs.
Lumican is one of the small leucine-rich proteoglycans

(SLRPs), with molecular weight of about 40 kDa comprised in
four domains.30 Previous works suggest that it plays a key role
in cell−cell adhesion, in regulating stromal collagen matrix
assembly, and it may also serve as a regulatory molecule of
several cellular functions, such as cell migration and
proliferation, apoptosis, differentiation, and inflammatory
responses.30−32 In cancers, lumican expression has been
correlated with tumoral growth and metastasis in colorectal
and pancreatic tumors, benign prostatic hyperplasia, and
especially in breast tumors, where it has been detected in
stromal cells adjacent to tumor cells.33,30,34,35 Furthermore,
high expression levels of this protein can be associated with
high pathological tumor grades.35 Its role in tumorigenesis
remains elusive, but recent studies demonstrate that over-
expression of lumican suppresses transformation induced by v-
src and v-K-ras.30,34 These observations may be explained by
the possibility that the lumican receptors mediate different
signaling transduction pathways in a cell-type-specific manner,
which in turn provides a scaffold for macrophage infiltra-
tion.30,35,36 In our imaging results, lumican expression is mostly
found in the tumoral area.
Tropomyosins are components of actin filaments that play a

critical role in regulating the interaction of actin and myosin.
They are, therefore, important modulators of the adhesion
dynamics that determines cell migration.37 Previous studies
demonstrate that different tropomyosin isoforms perform

distinct physiological roles, and that their expression profile is
profoundly changed during the malignant progression of cancer
cells since such cells change the organization of cytoskeletal and
cellular morphology.38,39 In some types of cancers, such as
breast cancer, a low expression of these proteins in the primary
carcinoma has been detected, while on the other hand, high
levels have been observed in metastatic tumors.40 Similar results
are reported for gastric cancer in the literature.39 In our results,
tropomyosins were found with elevated and approximately
uniform expression levels throughout all biopsy sections.
We would also like to point out that in this work we

identified E-cadherin only in the resection margin; this result is
aligned with our previous report.5 In the literature, this protein
has been associated with an important role in the early stage of
tumorigenesis by modulating intracellular signaling which can
promote tumor growth and be associated with metastasis.41

Finally, we wish to conclude with some remarks concerning
the methodology we have used. First of all, we fully concur with
the wider community in recognizing that MALDI imaging, with
its remarkable spatial resolution, is arguably the current gold
standard for exploring proteomic landscapes. On the other
hand, we do also recognize that electrospray approaches are
emerging as competitors. An example comes from the recently
published work headed by L. Eberlin and R. Graham Cooks, in
which they propose the use of ambient mass spectrometry
(DESI) in a lipidomic approach to the intraoperative molecular
diagnosis of brain tumors.42 Moreover, their work demonstrates
the potential of DESI-MS to identify the histological type of
brain tumors. These authors’ approach includes a statistical
classifier trained from the same mass spectrometry imaging
used for histopathology diagnosis. Another example is a work
led by Vladislav Petyuk and Richard Smith, where the authors
utilized shotgun proteomics with electrospray ionization to
profile a mammalian brain; they were able to produce shotgun
images with in-depth identification but bound by similar spatial
resolution as in our work.43,44 Reports such as this demonstrate
the ever-growing importance of in-depth, high-throughput
biomolecular mapping correlated with spatial disposition in
potentially impacting medical treatment. While our approach
exhibits poor spatial resolution, it is backed up by MudPIT,
itself the gold standard in terms of number of identifications,
which enabled us to identify a key missing protein and its
partner related to gastric cancer. Taken together, these three
strategies (MALDI, DESI, and shotgun imaging) can work in
complementary ways to aid in developing more effective
treatments for diseases.

Figure 3. Tandem mass spectrum of the tryptic peptide K.DVDWFLLGSPIEK.L uniquely found in the GKN-2 sequence.
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Availability

SIA and the project file analyzed in this work are available
through our site, http://proteomics.fiocruz.br/software/
shotgunImaging. By downloading the project file into SIA,
one can view shotgun imaging heat maps for any of our protein
identifications. The RAW data, together with all ProLuCID
(*.sqt) and SEPro files, are available at http://dm64.ioc.fiocruz.
br/sia/. The mass spectrometry proteomics data have also been
deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner
repository45 with the data set identifier PXD000584.
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PepExplorer: A Similarity-driven Tool for
Analyzing de Novo Sequencing Results*□S
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Peptide spectrum matching is the current gold standard
for protein identification via mass-spectrometry-based
proteomics. Peptide spectrum matching compares exper-
imental mass spectra against theoretical spectra gener-
ated from a protein sequence database to perform iden-
tification, but protein sequences not present in a database
cannot be identified unless their sequences are in part
conserved. The alternative approach, de novo sequenc-
ing, can make it possible to infer a peptide sequence
directly from a mass spectrum, but interpreting long lists
of peptide sequences resulting from large-scale experi-
ments is not trivial. With this as motivation, PepExplorer
was developed to use rigorous pattern recognition to as-
semble a list of homologue proteins using de novo se-
quencing data coupled to sequence alignment to allow
biological interpretation of the data. PepExplorer can read
the output of various widely adopted de novo sequencing
tools and converge to a list of proteins with a global
false-discovery rate. To this end, it employs a radial basis
function neural network that considers precursor charge
states, de novo sequencing scores, peptide lengths, and
alignment scores to select similar protein candidates,
from a target-decoy database, usually obtained from phy-
logenetically related species. Alignments are performed
using a modified Smith–Waterman algorithm tailored for
the task at hand. We verified the effectiveness of our
approach using a reference set of identifications gener-

ated by ProLuCID when searching for Pyrococcus furio-
sus mass spectra on the corresponding NCBI RefSeq
database. We then modified the sequence database by
swapping amino acids until ProLuCID was no longer ca-
pable of identifying any proteins. By searching the mass
spectra using PepExplorer on the modified database, we
were able to recover most of the identifications at a 1%
false-discovery rate. Finally, we employed PepExplorer to
disclose a comprehensive proteomic assessment of the
Bothrops jararaca plasma, a known biological source of
natural inhibitors of snake toxins. PepExplorer is inte-
grated into the PatternLab for Proteomics environment,
which makes available various tools for downstream data
analysis, including resources for quantitative and differ-
ential proteomics. Molecular & Cellular Proteomics 13:
10.1074/mcp.M113.037002, 2480–2489, 2014.

Very often, groundbreaking discoveries with a significant
impact on the biotechnological and biomedical fields have
emerged from studying “non-canonical” organisms. For ex-
ample, the study of Thermus aquaticus allowed us to ulti-
mately pave the way to modern molecular biology with the
characterization of that organism’s thermostable DNA po-
lymerase (1). The characterization of the green fluorescent
protein in Aequoria victoria led to a revolution in cellular
biology and to a Nobel Prize being awarded to Osamu
Shimomura, Martin Chalfie, and Roger Tsien. In Brazil, Ser-
gio Ferreira’s work on the venom of the Brazilian poisonous
snake Bothrops jararaca enabled the development of the
first angiotensin-converting enzyme inhibitor drug (Capto-
pril) for the treatment of hypertension (2).

In scenarios such as these, proteomics has the potential to
allow a better understanding of the complexity of biological
systems and the process of evolution than the study of the
genetic code alone. It enables the characterization of molecular
processes according to their protein content, facilitating new
discoveries. In proteomics, the most frequently used strategy
for protein identification is so-called peptide spectrum matching
(PSM),1 or the comparison of experimental mass spectra ob-
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tained by fragmenting peptides in a mass spectrometer to the-
oretical spectra generated from a sequence database. In gen-
eral, the identification process follows from the sequence
whose theoretical spectrum yields the highest matching score
according to some empirical or probabilistic function. Examples
of search engines adopting this strategy are SEQUEST (3),
X!Tandem (4), and Mascot (5).

Back in the 1990s, establishment of a cutoff score for
confident identification relied mostly on user experience; for
example, given a specific charge state, Washburn et al. es-
tablished cross-correlation and deltaCn cutoff values for
SEQUEST in order to allow the selection of a subset of con-
fident identifications from LCQ data. This has since been
termed “the Washburn criterion.” In what followed, target-
decoy databases were implemented to allow for more sophis-
ticated refinements in filtering the data (6). In 2007, Elias and
Gygi published a seminal paper on the target-decoy approach
to shotgun proteomics (7) that ultimately firmed this approach
as a standard and motivated the development of several
statistical filters capable of converging to a list of confident
identifications satisfying a user-specified false-discovery rate
(FDR) with significantly more sensitivity than the conservative
Washburn criterion. Such statistical filters include mixtures of
probabilities (8), quadratic discriminant analysis (9), semi-
supervised learning with support vector machines (10), and
Bayesian logic (11) using a semi-labeled decoy analysis to
account for overfitting (12). With so many advances, the PSM
workflow has become the gold standard, as it is very sensitive
and the least error-prone method when a database is avail-
able with the corresponding proteins. The latter factor limits
the application of PSM to those organisms for which accurate
sequence databases have been established. If a peptide’s
sequence is not contained within the sequence database, it
cannot be identified via the PSM method. However, efforts in
developing error-tolerant PSM approaches such as imple-
mented in Mascot have made it possible to handle minor
sequence modifications constrained by a simple set of rules.
Nevertheless, increasing the search space in the PSM ap-
proach leads to decreased sensitivity (13).

Even though the concept of computer-aided de novo se-
quencing predates that of PSM (14), advances in the quality of
mass spectrometry data and the power of computer hardware
have allowed it to reemerge at the heart of a highly active field.
De novo sequencing is unbiased insofar as it is not con-
strained by a sequence database, and it is therefore comple-
mentary to PSM. However, it has remained the most error
prone of the two methods (15). The challenges of de novo
sequencing notwithstanding, a few recent and notable im-
provements in computer-aided de novo analysis are PepNovo
(16), which combines graph theory with machine learning;
pNovo! (17), which is optimized for high-resolution HCD
data; NovoHMM (18), relying on hidden Markov models for
increased sensitivity; and PEAKS (19), which creates a spec-
trum graph model by performing dynamic programming on

the mass values regardless of the presence of an observed
fragment ion. By considering the complementarities of differ-
ent fragmentation strategies (e.g. collision induced dissocia-
tion, electron transfer dissociation (20), and electron capture
dissociation (21)), computational proteomics scientists have
also demonstrated significant advances in de novo accuracy
(22). In particular, the Bandeira group has continually pushed
the limits and redefined the notion of what de novo sequenc-
ing can do by introducing the spectral networks paradigm
(23–25). Briefly, this strategy can assemble mass spectra into
spectral pairs by joining overlapping spectra obtained from
sample aliquots digested by different enzymes. As a conse-
quence, it reduces noise and significantly improves protein
coverage. Its latest version also combines data from different
fragmentation techniques.

These algorithm developments have improved de novo se-
quencing, shifting the bottleneck to post-sequence process-
ing of data. This is because the output of de novo software is
a long list of highly similar full and partial peptide sequence
and scores. An initial attempt to overcome these limitations
consisted of a tag approach that was a hybrid of de novo
sequencing and database searching: short sequence tags
were derived from tandem mass spectra and used to search
a sequence database (26). In what followed, a modified ver-
sion based on the FASTA homology search tool was pro-
posed for homology-driven proteomics (27). This strategy was
implemented as part of the CIDentify tool, whose novelty was
to account, in the alignment score, for limitations of mass
spectrometry sequencing such as switching between leucine
and isoleucine or other combinations of amino acids having
the same mass. The next steps were taken mainly by the
Shevchenko group through the introduction of the MS-Blast
algorithm, which relies on a different set of scores and uses
the PAM30MS substitution matrix, itself tailored for mass-
spectrometry-based proteomics (28, 29). For a complete re-
view of de novo sequencing and homology searching, we
suggest Ref. 30.

The current de novo post-processing paradigm presents
several limitations that are similar to those of the early PSM
workflow. Output files generally consist of a peptide list with
corresponding scores, demanding an experienced user to
assess trustworthy identifications. If the same peptide is an-
alyzed by different mass spectrometers, different scores
might be generated, which makes data comparison between
different groups a challenging task. In a sense, problems are
similar to those encountered when adopting the early Wash-
burn criterion. Assembling protein information from a list of
peptides is not a simple task, and usually it is not performed
using state-of-the-art de novo tools. Although there are great
tools for doing this at the PSM level, there is still a lack of
similar tools for de novo sequencing.

To tackle the aforementioned shortcomings, and in line with
our strong interest in diversity-driven proteomics (29), we
present a methodology for post-processing de novo sequenc-

PepExplorer: De Novo Sequencing Post-processing Tool
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ing data that allows inference of protein identification through
statistical mapping of de novo sequencing results to a protein
sequence database. Our approach begins with the use of
Gotoh’s version of the Smith–Waterman algorithm, based on
affine gap scoring (31) for increased scalability, to align de
novo sequences against those in a target-decoy database.
Then a radial basis function neural network (RBF-NN) is used
to rank results according to alignment score, de novo score,
precursor charge state, and peptide length. Finally, a heuristic
method is used to present protein identification results in a
user-friendly, interactive report. The resulting algorithm was
implemented as the software PepExplorer. In essence, its
goal is somewhat similar to that of post-processing tools such
as DTASelect (9), Percolator (10), and SEPro (11), but with an
extra layer of complexity inherent from de novo sequencing.
PepExplorer can handle the output of several widely adopted de
novo tools, such as PepNovo, pNovo!, and PEAKS, and ac-
cepts a generic format to enable result analysis from a broader
range of tools once results are run through simple parsers.
Similarly, the software accepts a series of database formats for
input analysis. These features are not found in other tools.
PepExplorer is freely available to the scientific community and is
provided with the necessary documentation.

The effectiveness of our methodology has been verified in
two distinct scenarios, the first a real but controlled experi-
ment and the other pertaining to comprehensive profiling of
the plasma components of Bothrops jararaca, a venomous
viper endemic to Brazil, southern Paraguay, and northern
Argentina. The first scenario’s purpose was to validate the
effectiveness of the tool in analyzing a published Pyrococcus
furiosus dataset (11). We note that this organism is recognized
by the proteomics community as well suited for benchmark-
ing, because it allows for the rigorous testing of identification
algorithms at the peptide and protein levels (32, 33). We
modified the P. furiosus sequence database in such a way
that no more peptides were identified via the PSM approach
or another widely adopted error-tolerant search tool, Mod-A
(34). We then found that we could recover protein identifica-
tions using our tool. The B. jararaca scenario has allowed us
to explore uncharted territory, as this organism has an incom-
plete sequence database and we were therefore required to
rely on those of orthologous organisms. In particular, B. jararaca
plasma was chosen because it is a main research model stud-
ied at the Laboratory of Toxinology (FIOCRUZ, Brazil), and
several natural inhibitors of snake toxins have already been
identified/characterized from this biological matrix (35–37).

MATERIALS AND METHODS

Bothrops jararaca Plasma Sample Preparation—B. jararaca plasma
was supplied to the Laboratory of Toxinology (FIOCRUZ, Brazil) dur-
ing the experimental procedures described in the research project,
approved by the Ethics Committee of the Butantan Institute (555/
2008), of the Biomedical Science Institute of the University of São
Paulo (138/2009). This project was also approved by the Brazilian
Institute for Environment and Renewable Natural Resources, a Bra-

zilian Ministry of the Environment’s enforcement agency (IBAMA,
License 01/2009). Protein concentration was determined via bicin-
choninic acid assay (38), and 40 !g were processed to complete
dryness via lyophilization. Next, 20 !l of a 0.25% (m/v) RapiGest SF
(Waters) in 50 mM ammonium bicarbonate solution were added to
solubilize the proteins, which were then heated for 5 min at 100 °C.
Disulfide bridges were reduced with 20 mM dithiothreitol for 30 min at
60 °C and subjected to cysteine alkylation with 68 mM iodoacetamide
for 15 min at room temperature in the dark. Four microliters of a
0.2-!g/!l (in 50 mM acetic acid) porcine trypsin solution (catalog
number V511, Promega) were added, and incubation proceeded for
22.5 h at 37 °C followed by 45 min at 56 °C. The reaction was stopped
by the addition of 2.4 !l of 5% (v/v) trifluoroacetic acid in water. For
RapiGest removal, samples were incubated for 45 min at 37 °C and
centrifuged at 16,000 " g for 10 min at room temperature. The
supernatant was collected and desalted/concentrated with in-house-
made columns packed with Poros R2 resin (Invitrogen), eluted with
60% acetonitrile in 0.1% (v/v) trifluoroacetic acid, and completely
dried using a SpeedVac (Thermo Scientific) vacuum centrifuge con-
centrator. Samples were resuspended in 30 !l of 1% (v/v) formic acid
and submitted to a 10-min ultrasonic bath cycle before analysis via
nano-LC-MS/MS.

Mass Spectrometry Analysis—The sample was analyzed in techni-
cal triplicate via LC-MS/MS. Tryptic digests were separated via re-
versed-phase capillary liquid chromatography coupled to nano-elec-
trospray high-resolution mass spectrometry for identification. For
each sample, 2 !l of desalted tryptic peptide digest were initially
applied to a 2-cm-long (100-!m internal diameter) trap column
packed with 5-!m, 200 Å Magic C18 AQ matrix (Michrom Biore-
sources) and then separated on a 30-cm-long (75-!m internal diam-
eter) column that was packed with the same matrix, directly on a
self-pack 15-!m PicoFrit empty column (New Objective). Chromatog-
raphy was carried out on an EASY-nLC II instrument (Thermo Scien-
tific). Samples were loaded onto the trap column at 2000 nL/min while
chromatographic separation occurred at 200 nL/min. Mobile phase A
consisted of 0.1% (v/v) formic acid in water, and mobile phase B
consisted of 0.1% (v/v) formic acid in acetonitrile. Gradient conditions
were as follows: 2% to 40% B during 162 min; up to 80% B in 4 min;
and maintenance at this concentration for 2 min. Eluted peptides
were directly introduced to the LTQ XL/Orbitrap mass spectrometer
(Thermo, San Jose, CA) for analysis. The source voltage was set at
1.9 kV, the capillary temperature at 200 °C, and the tube lens voltage
at 100 V. Fourier transform MS full and multi-stage MS automatic gain
control target values were set at 500,000 and 200,000, respectively.
MS1 spectra were acquired on the Orbitrap analyzer (300 to 1700
m/z) at a 60,000 resolution (for m/z 445.1200). We acquired tandem
mass spectra from the 10 most intense ions by means of HCD
fragmentation (minimum signal of 10,000 required; isolation width of
2.0; normalized collision energy of 45.0; and activation time of 30 s)
followed by MS2 acquisition on the Orbitrap analyzer at 15,000 res-
olution. The dynamic exclusion option was enabled and set with the
following values for each parameter: repeat count # 1; repeat dura-
tion # 30 s; exclusion list size # 500; exclusion duration # 45 s; and
exclusion mass width # 10 ppm. Charge state rejection was enabled
for unassigned charges and for those equal to 1.

Preparation of Sequence Databases Used for Similarity-driven
Identification and PSM—Reference sequences for P. furiosus were
obtained from UniProt, and those for Reptilia together with Amphibia
are from the NCBI RefSeq; all were downloaded in June 2013. The
sequences obtained from the Reptilia and Amphibia databases were
merged into a single structure and then joined by 127 sequences of
common mass spectrometry contaminants, as well as, for each da-
tabase entry, a reversed version of the corresponding sequence
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(a decoy sequence). The final P. furiosus and Reptilia plus Amphibia
databases had 4347 and 302,287 sequences, respectively.

Three P. furiosus proof-of-concept databases were generated by
repeatedly adding “mutations” and insertions to the sequence
database. These databases are referenced as PFU_Gap25_
Substitution15, PFU_Gap20_Substitution10, and PFU_Gap15_
Substitution8. In the PFU_Gap25_Substitution15 database, for ex-
ample, an amino acid was inserted at every 25th position, and every
15th amino acid was replaced by some other, randomly chosen
amino acid. These databases provide increasing distance from the
original database and thereby presented the algorithms with different
levels of difficulty. As no new proteins were added to obtain any of
them, each of these databases has the same number of sequences as
the initial P. furiosus database. Our goal has been to modify the native
sequences from an organism’s database to simulate the appearance
of different, but phylogenetically close, organisms that would render
PSM useless.

Peptide Spectrum Matches and Quality Assessment—The mass
spectra were exported to the MS2 format (39) from the RAW files
using PatternLab’s RawReader module. The ProLuCID (40) search
engine was used to compare experimentally obtained spectra against
theoretical spectra generated from a sequence database and select
the most similar. Briefly, the search was limited to fully tryptic peptide
candidates, as we imposed only carbamidomethylation as a fixed
modification. The search engine accepted peptide candidates within
a 50-ppm tolerance from the measured precursor m/z and 550 ppm
for the MS2, and we used XCorr and ZScore as the primary and
secondary search engine scores, respectively.

The validity of the peptide spectrum matches was assessed using
the Search Engine Processor (SEPro) (11). Identifications were
grouped by charge state (!!2 and "!2), resulting in two distinct
subgroups. For each result, the ProLuCID XCorr, DeltaCN, and
ZScore values were used to generate a Bayesian discriminator. The
identifications were sorted in nondecreasing order according to the
discriminator score. A cutoff score was established to accept an FDR
of 1% based on the number of labeled decoys. This procedure was
independently performed on each data subset, resulting in a false-
positive rate that was independent of charge state. Additionally, an
amino acid sequence at least six residues long was required. Results
were post-processed to only accept matches with less than 5 ppm
and proteins supported by at least two spectral counts. This last filter
led to a 0% FDR in the search results.

De Novo Sequencing—De novo sequencing was performed using
PEAKS Studio 6.0 (Bioinformatics Solutions Inc., ON, Canada). The
parent mass error tolerance was 7 ppm, and the fragment mass error
tolerance was 0.05 Da. Carbamidomethylation of cysteine was con-
sidered as a fixed modification. Acceptable results required an aver-
age local confidence score of at least 70% and a total local confi-
dence score of at least 5 and were exported to a CSV file using the
export option built into the software.

Blind Post-translational Modification Search with Mod-A—Mod-A
was used to search the original and modified versions of the PFU
dataset using its automatic precursor mass detection mode and
allowing for arbitrary modifications in the peptides. The parameter
files used by Mod-A are included in the supplemental material.

PepExplorer Algorithm—The PepExplorer algorithm was coded in
C# 4.5. It has a graphical user interface but can also be executed from
the command prompt, which enables it to work in cluster environ-
ments. The algorithm’s workflow can be summarized in four steps: de
novo result parsing, sequence alignment, result filtering, and result
presentation (Fig. 1). Below we detail each of these steps. All param-
eters can be adjusted using the graphical user interface (Fig. 2).

De Novo Result Parsing—PepExplorer currently contains parsers
for three widely adopted de novo sequencing algorithms: PepNovo,

pNovo!, and Peaks. PepExplorer treats the de novo algorithm with
an abstraction layer that allows for the inclusion of new parsers upon
request. The software also allows one to analyze a list of peptides by
copying and pasting them in the corresponding text box found in the
de novo output box (Fig. 2). However, in this scenario its neural
network runs in a simplified mode and does not consider precursor
charge states, scan numbers, or de novo score quality.

Sequence Alignment—PepExplorer relies on Gotoh’s version of the
Smith–Waterman algorithm (31), built into its core for aligning peptide
sequences against a target-decoy sequence database specified by
the user. The user can specify several alignment parameters, such as
the open gap and extend gap penalties, the number of de novo
sequence results to be considered per spectrum, and a substitution
matrix of choice. For this study these values were 13, 5, 1, and the
PAM30MS matrix, respectively.

These default open gap and extend gap parameters resulted from
a grid search also made available in PepExplorer through the “Ad-
vanced Analysis” menu. This enables the algorithm to explore the
landscape of combinations of these two parameters within user-
predefined bounds and report the combination yielding the greatest
number of alignments under a user-defined FDR. For this work, we
performed the grid search in the PFU dataset allowing both the open
gap and the extend gap penalties to vary from 2 to 30. The grid search
results are available as part of the online supplementary files in the
software’s website.

Result Filtering with the RBF-NN—Each obtained sequence align-
ment is internally treated by PepExplorer as an alignment object
containing the following properties: peptide length, de novo score,
precursor charge, number of gaps, identifier, similarity, and alignment
scores. All these parameters are used for result quality assessment,
together with complementary information relevant to report assembly,
such as scan number, raw file name, and details on the sequence
alignment.

As a first step, these alignment objects are separated into two lists:
those originating from peptide ions with charge state less than or
equal to 2, and those from peptide ions with charge states greater

FIG. 1. A de novo tool is used to generate candidate sequences
from mass spectra. The output from the de novo tool, together with a
target-decoy database, serves as input to PepExplorer. PepExplorer
uses the Smith–Waterman algorithm to align the de novo sequences
against the target-decoy database (1). An RBF neural network is em-
ployed to rank the de novo alignments according to a confidence score
that takes into account the de novo sequencing score, the alignment
score, and the number of amino acids contained in the peptide (2).
Finally, a dynamic report is generated (3).
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than 2. Each of these lists is handled by a different RBF-NN. This
enables convergence to a list of alignment objects satisfying an FDR
that is independent of precursor charge state.

Given a list of alignment objects, the RBF-NN is based on defining
six clusters; to this end, PepExplorer relies on the k-means!! algo-
rithm (41) applied to the normalized values (i.e. between 0 and 1) of
the alignment score, the de novo score, and the peptide length of
each alignment object. We note that k-means!! employs a “careful
seeding” to address the NP-hard problem of minimizing the average
squared distance between points in the same cluster. The “careful
seeding” is performed by choosing the first cluster center randomly
from among the data points to be clustered. Subsequent cluster
centers are chosen from locations coinciding with the remaining data
points with probability proportional to each point’s squared distance
to the closest existing center. The algorithm then continues with the
established k-means optimization procedure. The initial “careful
seeding” is justified by the resultant faster convergence and better
solutions. PepExplorer runs k-means!! 50 times in search of the
best solution.

The RBF-NN is then trained to capture the nonlinear relationship
between target and decoy alignment objects. The network we used was
a single-hidden-layer feed-forward neural network whose three input
nodes forwarded the input signal to the hidden nodes directly, with no
weights. The kernel transfer function used in the jth hidden node was

!j"x# " exp!$Px # $jP2

2%j
2 " (Eq. 1)

where $j is the jth cluster center determined by k-means!! and %j is
a width parameter given by the smallest Euclidean distance between
any two cluster centers. The latter is used to better capture the
localness and thus the smoothness and continuity of the fitted func-
tion. The connections from the six hidden nodes to the single output
node are weighted, and the value of the output node is given by

y"x# " #
j%1

6

wj!j"x#, (Eq. 2)

where wj is the connection weight between the jth hidden node and
the output node. During training, y(x) is either !1 or $1, depending
respectively on whether the alignment object in question corresponds
to a target sequence or a decoy sequence (alignment objects map-

ping to sections of sequences found in both target and decoy se-
quences are not considered). The weights of the RBF-NN equations
are determined by means of linear regression using a least-squares
objective function. All identifications are sorted in a nondecreasing
order according to the classification function. Finally, a cutoff score
can be established to achieve an FDR based on the decoy
identifications.

Result Presentation—Results are presented in the form of a dy-
namic, interactive report that allows the user to sort them according
to a criterion of choice and interact with the report by setting param-
eters of interest. The report can quickly adjust to a user-specified FDR
or provide a list of maximum-parsimony alignments, as all alignments
are stored to enable the algorithm to quickly converge to various
settings. Among the threshold parameters we highlight the global
FDR, the minimum alignment count (the closest to spectral count), the
maximum alignment parsimony, the use of distinct RBF-NN for pre-
cursors of different charge states, and the minimum identifier. The
report is provided as two interactive panels, the upper one being
related to protein information and the lower to identification data. The
upper panel provides information such as protein identifier, protein
length, coverage percentage, sequence count, alignment count, and
description. When a protein is selected, detailed information is made
available in the lower panel of all alignments that mapped to it such as
the scan number, file name, de novo score, precursor charge state,
identifier, similarity, number of gaps, alignment score, sequence
found in the database, and sequence provided by the de novo se-
quencing tool (Fig. 3). When a row of interest is selected in this lower
panel, a new window displaying the sequence alignment is made
available. In this window, when a row is selected in the upper panel
with the protein information, a graphical coverage report is displayed
(Fig. 4). This report is integrated with the cloud service of PatternLab
for Proteomics (42), enabling the use of the Infer Domains function to
instantly access predicted on-demand protein domains inferred with
HMMER3 over Pfam-A (43).

RESULTS

PFU Proof of Concept—A Venn diagram showing the over-
lap of the protein identifications from ProLuCID/SEPro,
Mod-A, and PepExplorer on the unmodified PFU database is
found in Fig. 5. We recall that only proteins having two or more
spectral counts were considered.

FIG. 2. The PepExplorer graphical user interface.
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We further manually examined the non-decoy proteins
uniquely identified by PepExplorer; because we individually
analyzed each case, based on spectral quality, alignment
scores, and coverage, we feel comfortable in considering
them as correctly identified, even though they were not found
in our gold-standard search, ProLuCID.

The results of the application of these tools to the modified
versions of the PFU dataset are discriminated in Table I.

All results are made available as part of the supplemental
material or at the PepExplorer website.

Bothrops jararaca Plasma Proteomic Assessment—Pep-
Explorer generated 3862 alignments (1% FDR), correspond-
ing to 1333 peptides mapping to 199 proteins arranged into
86 protein groups. The ProLuCID/SEPro pipeline identified
349 spectra corresponding to 83 peptides mapping to 17
proteins arranged into 12 protein groups (0% FDR). All pro-
tein groups identified by ProLuCID were present in the
PepExplorer results. Moreover, all but five proteins identified
by ProLuCID had their identifiers contained in the PepExplorer
results. These five remaining identifications shared peptides
or had at least 80% identity with one protein provided by
PepExplorer. The detailed lists of identifications, SEPro
files, and PepExplorer files are provided in the supplemental
material.

A 100% overlap between our similarity-driven approach
and a PSM approach might not occur because of the conver-
gence strategy adopted by PepExplorer, as it will opt for
proteins having greater numbers of alignment mappings to

converge to a maximum-parsimony list. When we compared
the average sequence coverages obtained for the same pro-
teins identified by the PepExplorer and PSM approaches, we
found an approximately 64% increase with the former ap-
proach (supplemental Table S1).

Recently, De Morais-Zani and co-workers (44) analyzed the
plasma composition of juvenile and adult B. jararaca snakes
seeking ontogenetic variability. They used an experimental
strategy consisting of two-dimensional electrophoresis sepa-
ration followed by mass spectrometry analysis and protein
identification by PSM, using MASCOT as the search engine.
The authors were able to report eight plasma protein groups,
with one of them possibly due to sample contamination during
collection (!-actin). With the exception of transferrin, all
plasma proteins reported in that study were also detected in
our PSM approach (ProLuCID/SEPro); furthermore, we were
also able to identify other proteins such as fibronectin 1,
"-2-macroglobulin, apolipoprotein B100, fibrinogen ! chain,
and small serum protein (supplemental Table S1). One pos-
sible explanation for our extended list of PSM identifications
might be our experimental approach (shotgun proteomics) as
opposed to theirs (two-dimensional electrophoresis).

Finally, when we compared the PepExplorer results (for
proteins displaying a sequence count greater than two) we
were able to identify all the plasma protein families mentioned
above and additional ones, namely, # phospholipase inhibitor
type IV, plasminogen, ceruplasmin, IgG Fc-binding protein-
like, complement C4-B-like, inter-"-trypsin inhibitor heavy

FIG. 3. Graphical user interface of the results browser. The results browser is composed of two panels. The upper panel displays
information related to protein identification. When the user clicks on a protein of interest, further details on the peptides and their corresponding
alignments are displayed in the lower panel.
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chains H4- and H3-like, Ig ! light chain variable region, cal-
nexin, multiple EGF-like domains protein 6, collagen "-1(XXIV)
chain, kininogen-1, anionic trypsin-like, fibrinogen " chain-
like, Ig #-1 chain C region, and heparin cofactor 2 (supple-
mental Table S1). Supplemental Fig. S1 exemplifies peptide
identifications provided by PepExplorer that were missed in
the PSM approach.

DISCUSSION

Error-tolerant, similarity-driven tools have as an ultimate
goal the listing of “true” identifications. However, defining
what it means for an identification to be true is far from trivial,

so in general one seeks to define trueness based on how the
sequences in question differ according to some measure
relating to the evolutionary distance between them. Among
the first successful attempts at quantifying an evolutionary
distance, we highlight the point accepted mutation (PAM)
divergence, defined for two given sequences as the average
number of accepted point mutations per 100 amino acids
required in order to convert one sequence into the other
without any insertions or deletions (45). The PAM matrices
are substitution matrices that summarize an expected evo-
lutionary change at the amino-acid level through log-odds
substitution ratios. Theoretically, this approach is designed

FIG. 4. Example of report provided by PepExplorer for each identified protein. A, the graphical report of the protein sequence coverage
shows the extension of the area covered by predicted peptides. B, the result from the domain inferred by the cloud service running HMMER3
over Pfam-A on the fly is shown.
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to compare sequences that are within a known evolutionary
PAM divergence in evolution. Conversely, it is common ex-
perience that PAM matrices are, in general, very effective in
finding “true alignments” that reflect biological phenomena
even though PAM divergences do not always correspond to
true evolutionary distances. In the experiment at hand, we
chose one of the so-called low-order PAM matrices (e.g.
PAM30MS), which theoretically should favor “closer” se-
quences and therefore such true alignments. Future versions
and tools should incorporate strategies for automatically se-
lecting substitution matrices tailored for the problem at hand.
This could ultimately help in determining a subset of se-
quences for maximizing the sensitivity of the algorithm. We
argue that the current version of PepExplorer helps by show-
ing which peptides (and ultimately proteins) can be taken into
consideration confidently enough. However, selecting an ad-
equate substitution matrix remains an issue for the user’s
careful consideration.

The results provided herein can be used to compare three
paradigms for performing spectral identification: PSM, an
error-tolerant/blind post-translational modification approach,
and a similarity-driven approach. The strategies are shown to

be complementary, each having advantages and disadvan-
tages. For example, the PSM approach was found to be the
most sensitive one on the PFU dataset. This happened be-
cause we were dealing with a model organism, and thus fully
(and tightly) relying on the restrictions provided in the se-
quence database would yield the best sensitivity. However, its
performance rapidly degraded as more distractions and mod-
ifications were inserted into the database. Although Mod-A
did not outperform PSM on the original PFU database, it was
able to retain significantly more identifications as more dis-
tractions were inserted in the database. Mod-A most likely did
not outperform the PSM approach on the original PFU dataset
because the latter takes into account many more possibilities,
resulting in a larger search space and sacrificing sensitivity
(13). However, it would not be surprising if Mod-A outper-
formed PSM with higher organisms, as it will tolerate amino
acid substitutions and unanticipated post-translational mod-
ifications. Indeed, taking into account multiple post-transla-
tional modifications can also quickly degrade the perform-
ance of de novo tools, and for this reason Mod-A will always
provide results that are complementary to those of
PepExplorer. Finally, PepExplorer presented the least sensi-
tive results on the original PFU dataset, as de novo ap-
proaches are know to be error prone. However, the alignment
paradigm is able to effectively retain the results as distractions
are included in the database.

Finally, we would like to point out some potential applica-
tions of PepExplorer. Our algorithm is used to pinpoint a
subset of de novo results that are similar to the database at
hand. Yet there can be several de novo results, having a very
high de novo sequencing score, that are not included in the
PepExplorer output. These results should be given special
attention: what PepExplorer discards could actually turn out
to be truly novel molecules, given the high confidence of the
de novo results.

CONCLUDNG REMARKS

PepExplorer is recommended for large-scale shotgun pro-
teomic experiments, that is, those in which a considerable
number of spectra are generated, as in the datasets pre-
sented. Its use is not recommended for analyzing small col-
lections of spectra such as those obtained when analyzing a
two-dimensional gel spot. In such cases MS-BLAST (28)
should be used instead.

FIG. 5. A Venn diagram comparing the protein identification
overlap of ProLuCID, Mod-A, and PepExplorer in the PFU dataset
using the unmodified database.

TABLE I
Performance of ProLuCID, Mod-A, and PepExplorer on the four PFU datasets. The first number represents the number of proteins having at

least two spectral counts identified under a 1% FDR. The number in parentheses is the average sequence coverage

Number of proteins (Average Coverage)

PFU PFU_Gap_25_Substitution_15 PFU_Gap_20_Substitution_10 PFU_Gap_15_Substitution_8

ProLuCID 585 (0.16) 45 (0.04) 7 (0.04) 0
Mod-A 499 (0.16) 63 (0.06) 45 (0.05) 0
PepExplorer 311 (0.17) 190 (0.17) 143 (0.17) 102 (0.17)
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A key realization brought about by modern biotechnology
has been that underneath the myriad unknown organisms lies
great potential (46). Current strategies inspired by this real-
ization include exploring extreme biomes for so-called ex-
tremophiles, a peculiar class of organisms that are generally
responsible for the biosynthesis of molecular components
useful for pharmaceutical or industrial applications. Perhaps
one of the best examples has been the discovery of Thermus
aquaticus and its heat-resistant polymerases, elected by Sci-
ence in 1989 as the “molecules of the year” (47) and which
have since aided in the development of biotechnology tools
and ultimately facilitated the engineering of more effective
drugs. The molecular characterization of venoms has also
resulted in the engineering of new drugs (48). In conclusion,
the literature is full of examples demonstrating the vast rich-
ness of biomolecular components and drug candidates that
are naturally produced by different organisms already existing
in our fauna and flora.

Recent advances in proteomic technologies are signifi-
cantly impacting similarity-driven proteomics and, conse-
quently, the exploration of novel organisms. Recently, Coon
and coworkers benchmarked a new hybrid mass spectrome-
ter, the Orbitrap Fusion (Thermo). The authors mention events
in which they identified up to 19 sequences within less than a
second, enabling them to achieve 90% coverage of the yeast
proteome in one hour (49). Through this, the authors have
raised the bar, in terms of the number of proteins identified
per minute, to 70. High scanning rates coupled with ever-
increasing resolving power are ingredients to boost the per-
formance of de novo sequencing algorithms. As the general
quality of predicted peptides is increasing, we foresee de
novo sequencing playing a key role in the efficient handling of
data from organisms with no available genomic information.

The field of genomics is also constantly going through
significant advances. For example, next-generation sequenc-
ers are enabling the single-cell transcriptome (50) and per-
sonal genomics (51). Indeed, the coupling of “omics” sciences
such as proteomics and metabolomics with next-generation
sequencers will pave the way to true systems biology ap-
proaches, as these strategies are complementary to each
other. The ever-growing amount of data on sequenced organ-
isms, powered by next-generation sequencers, adds to sim-
ilarity-driven approaches, as even more organisms will have
their genomic information available. However, instrument
time, expertise in data analysis, and financial resources are
current bottlenecks for many groups.

Here we described a new methodology for dealing with de
novo sequencing approaches, taking into account rigorous
statistical criteria. We clearly demonstrated its efficiency in a
controlled but real experiment with the PFU modified data-
base and then presented the most comprehensive proteomic
profile of B. jararaca plasma. Efforts such as the present work
are necessary, as they expand the possibilities of what can be
achieved in proteomics and in the study of organism biology.

In the near future we plan to automate the integration of data
between different strategies like PSM and de novo, aiming at
a wider perspective for mass-spectral analyses.

Availability of PepExplorer, the Raw Data, and Results—
PepExplorer and supplementary files, including the B. jararaca
raw data and all the results described in this work, are made
freely available for academic purposes at our website. In order
to view the full PSM results, installation of SEPro is required.
PepExplorer is required for viewing results.
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Abstract

Background: Chromobacterium violaceum is a bacterium commonly found in tropical and subtropical regions and
is associated with important pharmacological and industrial attributes such as producing substances with therapeutic
properties and synthesizing biodegradable polymers. Its genome was sequenced, however, approximately 40% of its
genes still remain with unknown functions. Although C. violaceum is known by its versatile capacity of living in a wide
range of environments, little is known on how it achieves such success. Here, we investigated the proteomic profile of
C. violaceum cultivated in the absence and presence of high iron concentration, describing some proteins of unknown
function that might play an important role in iron homeostasis, amongst others.

Results: Briefly, C. violaceum was cultivated in the absence and in the presence of 9 mM of iron during four hours.
Total proteins were identified by LC-MS and through the PatternLab pipeline. Our proteomic analysis indicates major
changes in the energetic metabolism, and alterations in the synthesis of key transport and stress proteins. In addition,
it may suggest the presence of a yet unidentified operon that could be related to oxidative stress, together with a set
of other proteins with unknown function. The protein-protein interaction network also pinpointed the importance of
energetic metabolism proteins to the acclimatation of C. violaceum in high concentration of iron.

Conclusions: This is the first proteomic analysis of the opportunistic pathogen C. violaceum in the presence of high
iron concentration. Our data allowed us to identify a yet undescribed operon that might have a role in oxidative stress
defense. Our work provides new data that will contribute to understand how this bacterium achieve its capacity of
surviving in harsh conditions as well as to open a way to explore the yet little availed biotechnological characteristics
of this bacterium with the further exploring of the proteins of unknown function that we showed to be up-regulated
in high iron concentration.

Keywords: Energetic metabolism, Coordinated adaptation, Sod

Background
Chromobacterium violaceum is a mobile bacillus, a
facultatively aerobic and free-living organism that is
associated with opportunistic infections in immuno-
suppressed individuals. Its ability to withstand various
antibiotics poses this organism as responsible to a
considerable number of deaths [1,2]. Research on
pharmaceutical applications of C. violaceum have
been carried out since the 1970’s with reported pro-
duction of antitumor peptides, compounds with

analgesic and antibiotic capability [3-5], and synthesis
of biodegradable polymers [6]. C. violaceum’s hall-
mark is the production of the purple pigment viola-
cein that has innumerous therapeutic properties such
as anti-tumoral activity [7].
Pharmacological and industrial attributes motivated

the scientific community to sequence its approximately
4.7 Mbp genome [8]. To date, approximately 40% of its
ORFs remain with unknown functions which make this
organism a target for prospecting genes with biotech-
nological properties. Previous reports have described
several key aspects of C. violaceum, such as having great
metabolic versatility presenting several ORFs related to
osmotic stress, response to heat, oxidative stress, DNA
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repair, and a large number of proteins involved in iron
metabolism [9,10].
In general, microorganisms need iron to survive; it is

essential in key biological processes such as cellular
respiration, electron transfer, gene regulation, DNA
synthesis [11,12] and is known to play key roles in metab-
olism of various pathogenic microorganisms [13-16].
Despite its importance in catalysis of biological pro-
cesses, an excess of iron can damage cells through the
Fenton reaction in which ferrous ions react with
hydrogen peroxide and produce hydroxyl radical [17].
Thus, high concentrations of this metal can lead to
oxidative stress which causes damage to biomolecules
and ultimately the death of the organism or cell [17].
The aim of this study was to compare the proteomic

profiles of C. violaceum cultivated in absence and presence
of iron. Taken together, a further comprehension on
the metabolism of this metal in pathogenic organisms
can aid in the discovery of therapeutic targets and
further understanding in the biology of its adaptation
mechanisms. Briefly, our results showed an increased
synthesis of proteins mainly related with the tricarboxylic
acid cycle (TCA), transportation, oxidative stress, and lists
key proteins possibly linked to its adaptation in an iron
rich medium. In addition, under the light of proteomic
and RT-PCR data, we identified a new non-characterized
operon possibly related to oxidative stress, composed with
sodB2 and two other genes of unknown function.

Methods
Culture conditions and treatment with FeSO4

Isolated colonies of Chromobacterium violaceum, ATCC
12472 strain, were inoculated in liquid Luria Bertani
(LB) medium for 16–18 hours at 28°C and shaken at
200 rpm.
The treatment was performed in an Erlenmeyer flask

diluting the pre-cultivated bacteria with liquid LB
medium (1:10) in a final volume of 100 mL. The FeSO4

solution was prepared at an initial concentration of
500 mM and was further filtered with 0.22 μm GHP
membrane disc filters [Acrodisc] and added at a final
concentration of 9 mM. This concentration was chosen
after a screening of treatment concentrations in which at
only 9 mM of iron we observed different patterns of
proteins synthesis at 1D-SDS-PAGE, in contrast to the
negative control as well as previous results of our group
that have demonstrated the high resistance of C. violaceum
to iron (data not shown). The negative control consisted of
C. violaceum grown in a LB broth. The treatment exposed
the culture for four hours under the same conditions as
described above. A measurement of C. violaceum growth
was performed between 0–4 hours and the optical density
was read at 600 nm in a 96-well spectrophotometer. The

negative control and the experimental conditions were
performed in biological triplicate.

Total intracellular iron measurement
Total intracellular iron concentration was estimated as
described at Barbehenn et al. [18]. First, C. violaceum
cultures (100 mL) were grown until reaching 0.4–0.5
OD when the treatment began. After the four-hour
treatment, the samples were centrifuged at 4°C, 2700 g for
15 min. Then, samples were washed with 50 mM EDTA,
followed by another wash with ultrapure water. Finally,
the phenanthroline assay was performed as described by
Barbehenn et al. [18]. The negative control and the experi-
mental condition were performed in biological triplicate.

Protein extraction
After four hours of treatment, the samples were centri-
fuged at 2880 g and 4°C for 20 minutes. The supernatant
of all samples (including negative control) were discarded
and then the samples were washed in 50 mM EDTA
pH 8.0 and centrifuged under the same conditions previ-
ously mentioned. Then the samples were washed once
more in 10 mM Tris–HCl, pH 8.5 solution and centri-
fuged at 2880 g, 4°C for 25 minutes. Cells were lysed in a
300 μL – 400 μL extraction buffer containing 7 M urea,
thiourea 1 M, 50 mM DTT, 0.5% CHAPS, and 30 mM
Tris pH 8.5. Proteins were precipitated by adding 1 mL of
acetone, vortexing the samples and then centrifuging at
10,000 g, 4°C for 3 minutes. This process was performed a
second time, and the sample was centrifuged again for
5 minutes. Finally, the proteins were solubilized in the
same extraction buffer (300 μL–900 μL).

Antioxidant activity evaluation of Chromobacterium
violaceum
In order to evaluate if the iron treatment promotes oxi-
dative stress in Chromobacterium violaceum, antioxidant
enzymes catalase (CAT) and superoxide dismutase (SOD)
activities were measured on total protein extracts. Catalase
Assay Kit 707002 and Superoxide Dismutase Assay Kit
706002 (Cayman Chemical, Ann Arbor, MI) were used
according to manufacturer’s recommendations to quantify
the catalase and superoxide dismutase activity level,
respectively. The total antioxidant activity was evaluated
using the Antioxidant Assay kit from Sigma-Aldrich
(CS0790) according to manufacturer’s instructions. The
protein concentration values were used to normalize
the enzyme activity. The experiment was performed in
biological triplicate.

SDS-PAGE
The total protein extracts were quantified by the Bradford
method [19] and 20 μg of protein from each sample was re-
solved on a polyacrylamide gel under denaturing conditions
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(SDS-PAGE) at 12%. The marker used was the Precision
Plus Proteins™ WesternC™ Standard from Bio-Rad. The
gel was stained using the Coomassie Colloidal from
Sigma-Aldrich.

In gel digestion and peptides extraction
Following electrophoresis, each lane was excised in nine
fragments according to the protein’s density. All the
proteins from each lane were excised and each group of
proteins was analyzed independently by mass spectrom-
etry (see below). Proteins were extracted and digested
from these fragments as in accordance to the revised
Shevchenko et al. protocol [20]. The dye and the SDS
were quickly removed by washing the fragments three
times in 50% acetonitrile solution (ACN) and 10 mM
ammonium bicarbonate. Then the bands were dehydrated
in ACN at 100%, reduced with 10 mM dithiothreitol
(DTT) at room temperature and alkylated with 50 mM
iodacetamide (IAA) in a dark environment. Then, the
bands were washed again with 100 mM ammonium bicar-
bonate, dehydrated with 100% ACN, and rehydrated with
100 mM ammonium bicarbonate; this was done twice.
The bands were then hydrated in a trypsin solution
(Trypsin Gold, Mass Spectrometry Grade from Promega
[v5280]) prepared according to manufacturer’s instruc-
tions. 35–50 μL of trypsin at 20 μg/mL was added to
the samples kept on ice. Then we added 50 mM of
ammonium bicarbonate, sufficient to cover the bands
during incubation at 37°C for 16–18 hours.
For peptide extraction, 10–30 μL of 5% formic acid were

added to the bands. After 10 minutes of incubation at
room temperature, the supernatant containing peptides
was transferred to another tube. Then a second extraction
solution (5% formic acid and 50% ACN) was added in
enough volume to cover the bands. The supernatant
was transferred to a previously prepared tube contain-
ing the already extracted peptides. The extraction of
the peptides performed with the second solution was
repeated once again. Finally, the solution containing
the digested peptides was concentrated in Eppendorf ’s
Concentrator Plus.

Mass spectrometry data acquisition
After the in gel digestion, the samples were loaded onto
the liquid chromatography NanoAcquity UPLC system
(Waters) connected with an ESI-Q-Tof premier (Waters)
mass spectrometer. The tryptic peptides from each sam-
ple (4.5 μL) were separated on a BEH130-C18 column
(100 μm × 100 mm) at a 600 nL/min flow rate. The
gradient varied from 2 to 98% ACN in 0.1% formic acid
for 45 minutes. The instrument’s data acquisition mode
was set to a data dependent “top three” and controlled
using MassLynx v.4.1.

Protein identification
The ProLuCID search engine v 1.3 [21] was used to
compare experimental spectra against those theoretically
generated from C. violaceum ATCC 12472 sequence
downloaded from Uniprot in January 2013, plus those
from 127 common contaminants to proteomic experi-
ments (e.g., Keratin, BSA, etc.). The search was limited to
tryptic and semi-tryptic peptide candidates; carbamido-
methylation and oxidation of methionine were imposed as
fixed and variable modifications, respectively. The search
engine accepted peptide candidates within a 50-ppm toler-
ance from the measured precursor m/z and used the
XCorr and Z-Score as the primary and secondary search
engine scores, respectively.
The validity of the Peptide Sequence Matches (PSMs)

was assessed using the Search Engine Processor (SEPro)
v.2.2.0.1 [22]. Briefly, identifications were grouped by
charge state (+2 and ≥ +3) and then by tryptic status
(tryptic or semi-tryptic), resulting in four distinct sub-
groups. For each group, the XCorr, ZScore, DeltaCN,
and DeltaMass values were used to generate a Bayesian
discriminant function. The identifications were sorted in
a non-decreasing order according to the discriminator
score. A cutoff score was established to accept a false-
discovery rate (FDR) of 1% based on the number of
decoys. This procedure was independently performed
on each data subset, resulting in a false-positive rate
that was independent of tryptic status or charge state.
Additionally, a minimum sequence length of six amino
acid residues was required. Results were post processed
to only accept PSMs with less than 10 ppm and proteins
supported by two or more independent evidences (e.g.,
identification of a peptide with different charge states, a
modified and a non-modified version of the same peptide,
or two different peptides). This last filter led to a 0% FDR
in all search results for all our sample analyses.

Differential proteomics and functional analysis
The PatternLab’s updated ACFold module was employed
to pinpoint differentially expressed proteins between the
control and iron exposed condition [23,24]. The revised
ACFold module presents increased sensitivity under the
Benjamini-Hochberg q-value [25] bound by applying a
variable fold-change that varies with the AC-test p-value
as a power law [24].
Proteins uniquely identified in one condition (control or

iron) were pinpointed according to PatternLab’s Approxi-
mate Area Proportional Venn Diagram module. To better
cope with the limitations from undersampling, we only
considered proteins identified in two replicates of each
condition, and not found in any replicates of the other
condition.
The functional categorization of the proteins was

assessed using PatternLab’s Gene Ontology Explorer
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(GOEx) module [26]. Our data analysis used the gene
ontology database (OBO v1.2 - http://www.geneontology.
org/GO.format.obo-1_2.shtml), downloaded February 16th,
2013 and the C. violaceum gene ontology annotation in the
Uniprot text file format of its protein sequences.

Functional domain analysis
The protein sequences were compared [27] against the
protein database from NCBI for automatic annotation
and functional domains were predicted using the Con-
served Domain Database (CDD) [28].
The structural prediction of hypothetical ORFs was per-

formed using the server for protein homology detection
HHpred (data not shown) [29]. FASTA sequences from
each hypothetical protein were submitted to the server
and the PDB database from February 23rd of 2013 was
used. No specific organism proteome was selected, the
method for multiple sequence alignment (MSA) gener-
ation was HHblits [30], up to 3 MSA generation iterations
was used, the secondary structure score was applied, and
the alignment mode was set to local.

Protein-protein interaction network analysis
The metasearch tool STITCH 3.1 (http://stitch.embl.de)
was used to estimate protein-protein interaction networks
related to iron response. STITCH is a tool used to explore
known and predicted interactions between proteins, and
chemical or physical agents. These agents interconnected
by evidences derived from experiments, databases, and lit-
erature. One network was generated composed of proteins
that were identified exclusively in the iron treatment or
having an increased expression after being exposed to
the metal. As the interaction targets were derived from
experimental data, a high confidence index (0.700) was
used to generate the networks. All prediction methods
were activated: neighborhood, gene fusion, co-occurrence,
co-expression, experiments, and databases text mining.
The assembled network was exported to be subse-

quently analyzed in Cytoscape 2.8.2 and Cytoscape 3.0
[31]. The former was used to calculate the centrality
indexes and the later for the remaining analysis. The
most relevant proteins sub-networks were selected using
the Cytoscape MCODE v. 1.4.0 plugin (Molecular Com-
plex Detection) [32]. The MCODE analysis parameters
were: loops inclusion; degree cutoff of 2; haircut option
enabled (which leads to deletion of nodes cluster with a
single connection); fluff option enabled, node score
cutoff at 0.2; K-core at 2, and maximum depth of 100.
The only clusters used were those in which the MCODE
index score was greater or equal to 2.5.
The network centrality calculations were computed from

local networks and topologies. The network’s bottlenecks
were identified through a Betweenness vs. Node Degree
chart with the values generated by the CestiScaPe 1.21

plugin installed at Cytoscape 2.8.2. Betweenness indicates
the extent to which a particular node is among all other
nodes in a network and usually shows the influence of this
node on information propagation within the network
[33,34]. Node Degree corresponds to the number of con-
nections that a particular node has with other adjacent
nodes. High node degree levels are called “hubs” [35]. Thus,
a particular node with high node degree and betweenness
values represents a bottleneck, or a protein that intercon-
nects many biological processes [34].

Total RNA extraction from C. violaceum and cDNA synthesis
Isolated colonies of C. violaceum were cultured in absence
and the presence (9 mM) of iron in the previously men-
tioned conditions. Further, 2 mL of the culture was used
to extract and purify total RNA using the RNAspin Mini
Isolation kit according to manufacturer’s instructions (GE,
catalog number 25-0500-72).
Once extracted, the total RNA was used to synthesize

cDNA with random primers with the High capacity cDNA
reverse transcriptase kit according to manufacturer’s in-
structions (Applied Biosystems, catalog number 4368814).

RT-PCR analysis
The Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR) was used to validate the expression of the
hypothesized operon as a unique transcript. As such, RT-
PCR was performed to provide the transcript evidence of
regions encompassing the ORFs CV_0869 (the first) and
CV_0867 (the last). Primers for the above mentioned
genes were designed using Primer 3 (v. 0.4.0) software.
RT-PCR was performed using AmpliTaq Gold® 360

Master Mix (Catalog Number 4398881, Applied Biosys-
tems). One microlitrer of cDNA was used and a final
volume of 25 μL was used according to the manufacturer’s
instructions. Then, the PCR steps were the following:
initial denaturation at 98°C for 5 min, 40 cycles of 98°C
for 30 sec, 59.8°C for 30 sec, 72°C for 90 sec and a final
extension at 72°C for 7 min were followed. Reactions
using water and RNA instead of cDNA were carried out
as negative controls. To verify the size of the amplicons,
5 μL of the PCR reaction was loaded on 1% agarose gel
and submitted to electrophoresis. The DNA ladder of 1
Kb (Promega) was used as reference. An additional file
(Additional file 1) shows the sequence of the primers used
in this work.

Validation of expression by Real-Time quantitative PCR
The quantitative real-time PCR was used to validate the
proteome analysis by verifying the expression of the
genes CV_0868 and CV_0867, both comprising what we
hypothesized as a newly described operon. Seven nano-
grams of cDNA (produced as mentioned above, from
the iron-culture and control) and a final concentration
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of 0.25 nM of each primer were applied in a 10 μL reaction
using Power SYBR® Green PCR Master Mix (Applied
Biosystems, 4367659) in an One-Step cycling with the
following conditions: 95°C for 3 min, 40 cycles of
denaturation at 95°C for 3 sec, annealing/extension at
60°C for 15 sec. The 16S rRNA was used as endogenous
control and to normalize the expression of the other two
genes. The relative quantification was assessed by ΔCt
comparative analysis. The primers were designed using
Primer 3 (v. 0.4.0). Primers sequences are described in
Additional file 1. Statistical analysis was performed
according to the t-test. Results were considered signifi-
cant for p <0.05. Two biological replicates were used.

Results
C. violaceum growth and intracellular iron estimation
The phenanthroline assay showed that the treatment is,
as expected, leading to a significant increase in the total
intracellular iron in C. violaceum (Figure 1) when com-
pared with the bacterium grown in the absence of the
metal. The OD measurement (Additional file 2) showed
that the iron treatment leads to a growth arrest in C. vio-
laceum although, from this assay, we cannot see a death
tendency caused by the experimental condition, suggest-
ing that this bacterium has a mechanism to withstand
this elevated iron exposure.

C. violaceum antioxidant profile
We evaluated if the iron concentration used in the
experiment can induce oxidative stress by assessing the
catalase and superoxide dismutase enzymatic activities
and the total antioxidant activity from the C. violaceum
protein extract. The catalase activity (Figure 2A), the
superoxide dismutase activity (Figure 2B), and the total
antioxidant activity (Figure 2C) increased significantly
during the treatment performed with 9 mM iron, which

suggests that the presence of metal is inducing an oxidative
stress scenario in C. violaceum.

LC-MS/MS analysis
PatternLab’s analysis allowed us to identify 230 proteins
found in at least two biological replicates and in both
biological conditions of which 28 were only identified in
the control and 9 in the iron-responsive proteome. We
note that identifying a protein exclusively in a condition
does not exclude the hypothesis that it is present in the
other condition; it can be below the detection sensitivity
or not identified given the random sampling nature and
undersampling of our data acquisition strategy. Never-
theless, for the experimental design at hand, identifying
proteins on a single condition for two technical replicates
suggests a differential expression [36].
The differentially expressed proteins found in the Con-

trol versus Iron treatment were accessed according to
the updated ACFold module; 45 proteins were pointed
as differentially expressed (Blue dots in Additional file 3)
(q <0.05). Table 1 lists the differentially expressed proteins
while the Additional files 4 and 5 list the proteins identified
only in the iron-responsive proteome or control condition,
respectively.
The PatternLab’s Gene Ontology Explorer module shows

the most representative class of proteins according to the
Gene Ontology classification. As can be noted in Figure 3,
the majority of the proteins were mapped was the “Organic
substance metabolic process” (11.2%) GO term which
includes proteins belonging to many different biological
processes. Other worth-mentionig categories are: transfer-
ase activity (5.9%), ion binding (5.9%), and oxireductase
activity (4.9%). For the sake of completeness, we used
more specific classifications retrieved from Uniprot server
to describe each class of proteins in the tables.

Protein-protein interaction network analysis
We created interaction networks from the proteomic data
using the STITCH tool to look for proteins candidates
coordinating the response of C. violaceum in response to
the high concentration of iron. For this, proteins identified
exclusively in the iron-responsive proteome and those
found to be up-regulated served as input for the interac-
tomes tools.
Cystoscape’s interactome analysis revealed a network

comprised of 27 nodes and 44 edges (Figure 4). The
MCODE plug-in identified two main clusters in the
network. The first (Red nodes in Figure 4), corresponds
to proteins belonging to energetic metabolism; the sec-
ond is composed of ribosomal proteins (Blue nodes in
Figure 4). Indeed, these were two classes of proteins
significantly abundant in our data; a possible role of
these proteins in response to iron in C. violaceum will
be discussed further.

Figure 1 Intracellular iron concentration of C. violaceum before
and after the treatment. NC = Negative Control.
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Finally, the centrality indexes provided by the CentisS-
cape allowed the identification of the central nodes control-
ling the communication between the biological processes
(Additional file 6). The nodes with high betweenness
were the Fumarate Hidratase (AspA) and α-oxoglutarate
dehydrogenase (SucA). This indicates the importance of
the energetic metabolism in the iron-responsive proteome
of C. violaceum.

Proteins with unknown function
Possible roles for the proteins with unknown function
from the iron-responsive proteome were investigated
using BLAST and CDD (Conserved Domain Database).
The identification of conserved domains may be the
only clue to estimate the location and function of some
proteins, as their domains have a high similarity with
previously characterized proteins [28].
Of the five hypothetical ORFs that were up-regulated

in the presence of iron, we were unable to identify any
conserved domain in two of them (CV_1472 and
CV_3099). The ORF CV_4300 contains the USP-like
functional domain that is related to stress defense.
According to the CDD, the synthesis of proteins in the
USP family is increased when the bacteria is exposed to

stressful agents, increasing its survival rate during expos-
ure to the agent.
CV_0868 has a domain of unknown function (DUF1842).

This protein was previously detected in C. violaceum in
another proteomic work from our group that studied
this bacterium when submitted to hydrogen peroxide
(personal communication). Thus, we inferred this protein
to be related to a stress response. The HHpred analysis
showed that the primary structure of CV_0868 to be
associated to the tertiary structure of a Cu-Zn Super-
oxide Dismutase from different organisms (Additional
file 7). Analyzing the genomic context of CV_0868, we
observed that this ORF is adjacent to two other ORFs,
one encoding a putative SodB (CV_0867) and the other
encoding a protein of unknown function (CV_0869). Thus,
we hypothesized C. violaceum possess a yet non-described
operon related to oxidative stress.
To further investigate our assumption, we performed a

RT-PCR of the possible new operon. The results showed
the presence of an individual transcript comprising the
three mentioned ORFs, leading us to suggest that this is,
indeed, a new operon (Additional file 8). We further
verified this hypothesis by Real Time PCR for the two
ORFs comprising the operon (CV_0868 and CV_0869).

Figure 2 Antioxidant profile of Chromobacterium violaceum. A) Catalase activity assay. B) Superoxide dismutase activity assay. C) Total antioxidant
activity assay of the total proteic extract of Chromobacterium violaceum.
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Table 1 Differential expressed proteins distributed in functional categories
Uniprot identifier Fold change Coverage Description Spectral count

Up-regulated

Energetic metabolism

Q7NZ60 2.01267122691591 0.3865 Malate dehydrogenase (Mdh) 76

Q7NY63 2.12401648386714 0.4413 Formate C-acetyltransferase (PflB) 139

Q7NZ52 2.52323856021444 0.1701 Citrate synthase (GtlA) 30

Q7NQM5 3.90695002871913 0.2484 Fumarate hydratase class II (AspA) 35

Q7NZ50 3.90695002871913 0.2054 Dihydrolipoamide succinyltransferase E2 component (SucB) 21

Proteins of
unknown function

Q7NZQ3 3.32090752441126 0.3605 Putative uncharacterized protein (CV_0868) 26

Q7NQ40 3.71160252728317 0.4051 Putative uncharacterized protein (CV_4300) 20

Oxidative metabolism

Q7NWH0 15.6278001148765 0.2869 Probable aldehyde dehydrogenase 15

Q7NUH0 1.73292138370606 0.3369 Probable alcohol dehydrogenase 61

Stress response

Q7P1C4 10.7441125789776 0.2365 Glutathione S-transferase family protein 10

Translation

Q7NQG5 12.6975875933372 ND 30S ribosomal protein S14 ND

Q7NVZ4 1.65034958109687 0.4815 30S ribosomal protein S2 60

Transport

Q7NZ25 2.4154454569446 0.5273 Probable binding protein component of ABC dipeptide transporter 212

Q7NQ13 3.6278821695249 0.1415 Probable oligopeptide ABC transporter system, substrate-binding protein 24

Q7NQN4 11.7208500861574 0.1116 Outer membrane protein W 11

Q7NSK0 2.05114876507754 0.6229 Porin signal peptide protein 347

Q7NXT7 4.23252919777905 0.2015 Probable amino acid ABC transporter 12

Others

Q7NYA8 1.7992533026996 0.6141 Probable phasin 46

Q7NYB1 2.27905418341949 0.4851 Probable trans-acting regulatory HvrA protein 30

Q7NX40 28.3253877082137 0.2368 Protein kinase 30

Down-regulated

Energetic metabolism

Q7P0K7 −10.238165245516 0.241 Glyceraldehyde-3-phosphate dehydrogenase (GapA) 18

Q7NX09 −3.75399392335588 0.1019 Probable ribonuclease E 13

Stress response

Q7NXP2 −9.21434872096442 0.3333 Thioredoxin 7

Q7NXI3 −2.18117433491428 0.2897 Chaperone protein DnaK 50

Q7NYF6 −13.3096148191708 0.1268 Chaperone protein HtpG 12

Q7NQ87 −13.3096148191708 0.3355 DNA-binding stress protein 15

Translation

Q7NQH5 −9.21434872096442 0.2214 30S ribosomal protein S11 8

Q7NQH1 −9.21434872096442 0.3916 50S ribosomal protein L15 16

Q7NRL5 −4.35122022934431 0.4286 30S ribosomal protein S21 17

Q7NQF6 −2.27514783233689 0.3696 30S ribosomal protein S19 20

Q7NQE5 −2.13295109281584 0.374 50S ribosomal protein L7/L12 27
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The expression analysis (Additional file 9) of these two
genes showed that after four hours of treatment, an
up-regulation of these ORFs could be observed and
therefore strongly suggests these proteins to be a response
of C. violaceum to the iron treatment.

Discussion
Energetic metabolism
Energetic Metabolism describes one of the most expressive
groups containing up-regulated or exclusively identified
proteins in the presence of iron (Table 1 and Additional
file 4). Many enzymes from this metabolic pathway have
an Fe-S cluster in its active center, which helps to explain

the metabolic exchange to pathways in which enzymes do
not use iron in their catalytic core. Supporting our results,
Nwugo et al. [37] observed a boost in the expression of
TCA cycle related proteins when exposing Acinetobacter
baumannii to an iron rich medium.
Four proteins that were up-regulated after the iron

treatment belong to the tricarboxylic acid cycle (SucB,
AspA, GtlA, and Mdh). Moreover, the protein Formate
c-acetyltransferase (PflB) was up-regulated in the experi-
mental condition. This protein is not known to be
directly related to the tricarboxylic acid cycle but could
be indirectly playing a role through an anaplerotic path-
way. Figure 5 summarizes the energetic metabolism of

Table 1 Differential expressed proteins distributed in functional categories (Continued)

Q7NQF0 −1.87507970226867 0.4355 Elongation factor G 178

Q7NQH7 −1.82506423941807 0.3639 DNA-directed RNA polymerase subunit alpha 51

Q7NQE6 −1.62879901633209 0.182 DNA-directed RNA polymerase subunit beta 36

Q7NQF3 −1.59971331961188 0.6311 50S ribosomal protein L4 99

Q7NQF4 −13.3096148191708 0.3922 50S ribosomal protein L23 23

P60100 −12.2857982946192 0.2168 50S ribosomal protein L11 16

Q7M7F1 −1.04957291510636 0.6061 Elongation factor Tu 524

Q7NQG9 −2.0476330491032 0.4477 30S ribosomal protein S5 36

Q7NRP0 −10.238165245516 0.1005 Aspartate–tRNA ligase 9

Proteins of
unknown function

Q7NQ36 −11.2619817700676 0.3807 Putative uncharacterized protein (CV_4304) 10

Others

Q7NXX7 −9.21434872096442 0.0967 N-succinylglutamate 5-semialdehyde dehydrogenase 8

Q7NXU5 −2.51300419662666 0.2443 Acetate kinase 26

All the proteins listed below has a q value <0.05.

Figure 3 Pie chart distribution of the Gene Ontology category analysis.
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C. violaceum in response to the high concentration of
iron used in the culture.

Stress response
The relationship between iron and oxidative stress is
well established. Although iron cannot directly damage
biomolecules, it enables the Fenton Reaction, leading to
the production of Reactive Oxygen Species (ROS), which

harms molecules such as DNA and proteins [38]. The
total protein extract from C. violaceum was submitted to
TAA assay and we observed an increase in the antioxidant
activity in the protein extract from the iron treatment
(Figure 2C). Additionally, the activity of the antioxidant
enzymes Kat and Sod was also increased when the bacter-
ium was cultured in the presence of the metal (Figure 2A
and B). Although these assays showed the generation of

Figure 4 Protein interaction network of the iron-responsive proteome. The protein input was the data obtained from the proteomics
analysis. Only the proteins that were up-regulated or exclusively identified in the iron responsive proteome were used in the construction of the
protein-protein interaction network. The red and blue nodes represents the two clusters obtained with the MCODE plug-in, in which the red ones
are the proteins related to energetic metabolism and the blue dots are ribosomal proteins.
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oxidative stress in the experimental condition, we were
unable to detect these enzymes in our mass spectrometry
analysis. In fact, we observed the down-regulation of many
enzymes clearly related to antioxidant defense (DnaK,
HtpG, Dps, and Thioredoxin) (Table 1). Nonetheless, the
down-regulation of these enzymes is not necessarily corre-
lated to a decrease in their activities. On the other side,
two Glutathione S-transferase proteins were up-regulated
in our iron-responsive proteome which suggests that the
iron treatment induced an oxidative stress in C. violaceum.
Two other proteins that were up-regulated in the iron

treatment were a Phasin and an outer membrane protein
(OmpW). The former is a granule-associated protein
that affects the synthesis and accumulation of Polyhy-
droxyalkanoates (PHAs) [39]. These polymers contribute
to the redox balance and are known to be accumulated
when the organism is subject to unfavorable conditions
[40]. Thus, to compensate the down-regulation of the
usual stress-related proteins, C. violaceum might be
enhancing the expression of PHAs synthesis-related
proteins as Phasin.
OmpW is a porin widely distributed among Gram-

negative bacteria and is associated to stress resistance
[41]. For example, Gil et al. [42] showed that OmpW
becomes up-regulated when Salmonella enterica is sub-
mitted to Paraquat, a generator of superoxide, promoting
the efflux of this ROS. The superoxide anion is yielded as
a by-product of electron transporter chain and is a harm-
ful reactive oxygen species. In this way, C. violaceum may
be up-regulating the synthesis of OmpW to counteract

the harmful effects of superoxide, as the main antagonist
enzyme of this component (Superoxide dismutase) was
not detected in our work.

General metabolism
General metabolism proteins (replication, translation, cell
cycle) were the proteins most abundantly detected in this
study, especially between those that were down-regulated
in the presence of iron. Indeed, in other proteomics studies,
ribosomal proteins, proteins related to the biomolecules
synthesis, such as tRNAs, have the greatest representations
[43-45]. As one can note from Additional file 2, the
iron is inducing a growth arrest in C. violaceum. The
fact that many proteins from general metabolism were
down-regulated in the iron responsive proteome could
explain this growth halt.

Protein-protein interaction network analysis
The bottlenecks from the protein-protein interaction
network are key nodes as they represent proteins that con-
nect various functional clusters [35]. Yu and colleagues
[35] provide an interesting discussion on importance of
the bottleneck proteins in the maintenance of biological
systems and that the deletion of some of these proteins
may lead to a disruption of signal cascades, and ultimately
to cell death. The protein-protein interaction study pin-
pointed two proteins with high degree of betweenness and
node degree inside the iron-responsive network; the AspA
and SucA. Both proteins are part of the energetic metabol-
ism, more specifically the Tricarboxylic Acid Cycle,

Figure 5 Integration of energetic metabolism in C. violaceum. The up-regulation of enzymes with iron in its catalytic center is leading to a
boost of the TCA.
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suggesting that the great connectivity between these pro-
teins with the whole iron-responsive network is part of
the response of C. violaceum to the treatment. The im-
portance of the energetic metabolism to adaptation of
many microorganisms in the presence (and absence) of
iron has been well established in previous works [14,46].

An oxidative stress related operon candidate
Our data suggests the identification of a new operon
that encompasses the ORFs CV_0867, CV_0868, and
CV_0869. The RT-PCR results indicated that all three
genes are transcribed as a single transcript. We hypothesize
that this operon could be related to oxidative stress mainly
because our HHPred analysis indicated CV_0868 as being
a Superoxide Dismutase (Sod). Moreover, CV_0868 was
up-regulated in the iron-responsive proteome. Further
functional characterization experimentation is required to
confirm if the protein CV_0868 is a Superoxide Dismutase.

Conclusions
This is the first proteome study of Chromobacterium
violaceum in response to a high concentration of iron.
The analysis reveals the importance of energetic metab-
olism and stress proteins to the adaptation of the
bacterium to the iron-repleted environment. Most import-
antly, we identified a new operon, encompassing the ORFs
CV_0867, CV_0868 and CV_0869, that is probably related
to oxidative stress response. Our data analysis supports
the hypothetical protein CV_0868 as a Type C Superoxide
Dismutase (SodC). Biochemical studies in our laboratory
are being carried out to confirm the dismutation capacity
of this protein. The other proteins with unknown function
are good candidates to have their role determined in the
involvement of iron homeostasis.

Data availability
All the .raw, .sqt and .sepr files from this work are avail-
able for download at http://proteomics.fiocruz.br/dchaves/
2014-1.
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biological replicates.

Additional file 5: Proteins exclusively expressed in the control
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amplicon. The result suggests the amplification of a single transcript,
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Moraes, 65, 05508-900 Saõ Paulo, SP, Brazil
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ABSTRACT: Sarcopenia describes an age-related decline in
skeletal muscle mass, strength, and function that ultimately
impairs metabolism and leads to poor balance, frequent falling,
limited mobility, and a reduction in quality of life. Here we
investigate the pathogenesis of sarcopenia through a proteomic
shotgun approach. In brief, we employed tandem mass tags to
quantitate and compare the protein profiles obtained from
young versus old rat slow-twitch type of muscle (soleus) and a
fast-twitch type of muscle (extensor digitorum longus, EDL).
Our results disclose 3452 and 1848 proteins identified from
soleus and EDL muscles samples, of which 78 and 174 were
found to be differentially expressed, respectively. In general,
most of the proteins were structural related and involved in
energy metabolism, oxidative stress, detoxification, or transport. Aging affected soleus and EDL muscles differently, and several
proteins were regulated in opposite ways. For example, pyruvate kinase had its expression and activity different in both soleus and
EDL muscles. We were able to verify with existing literature many of our differentially expressed proteins as candidate aging
biomarkers and, most importantly, disclose several new candidate biomarkers such as the glioblastoma amplified sequence, zero
β-globin, and prolargin.
KEYWORDS: aging, EDL, proteome, rat, sarcopenia, soleus, TMT

■ INTRODUCTION

Sarcopenia describes an age-related decline in skeletal muscle
mass, strength, and function1−4 that ultimately results in
impaired metabolism, poor balance, frequent falling, limited
mobility, and reduction in quality of life.5,6 Therefore, the
identification of new disease markers will aid in understanding
the biology of this disease and therefore pave the way to more
effective diagnostic methods and treatments to stop or at least
delay age-related muscle wasting.
Sarcopenia is a multifactorial disease that is highly correlated

with aging. Alterations in cells have been found to occur such as
increased oxidative stress, increased apoptosis, metabolic
abnormalities, alterations in hormone response, decreased
protein synthesis of myofibrillar components, and impaired

signal transduction.3,7−10 Although contractile proteins are lost
during atrophy, alterations can occur in noncontractile proteins,
increasing the complexity of such alterations.
Aging affects the metabolic capacity of skeletal muscle and

changes the activity of specific enzymes. In general, there is a
decline in the oxidative capacity of skeletal muscles of aged rats
as well as a decline in energy-rich molecules such as ATP and
creatine phosphate (CrP).11,12 However, the effect on enzyme
activity and expression cannot be generalized because data
suggest that distinct muscles may respond differently to aging.
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During aging there is a progressive loss of skeletal muscle
proteins. Fractional synthesis rates of myofibrillar proteins are
reduced in the elderly, indicating that the old muscles have
reduced capacity to synthesize new proteins. Furthermore,
decline in mitochondrial proteins has also been reported
(reviewed by Carmeli et al.13).
Oxidative stress appears to be a key component of

sarcopenia, and it has been suggested that the deleterious
effects of reactive oxygen species (ROS) are at least partially
responsible for the aging process.14 Free radicals are also
responsible for dysfunctional mitochondria, which play a major
role in muscle function decline. Alterations in mitochondrial
volume, increased oxidative stress, reduced oxidative capacity,
and an increase in mitochondrially mediated apoptosis have
been described (reviewed by Peterson et al.15).
Thirty-month old wistar rats represent an established animal

model of skeletal muscle aging, and a variety of studies have
been performed using this animal strain.16−18 Over the past
decade, several muscle proteomic studies, following such
biological model, have been completed using different
techniques such as two-dimensional gel electrophoresis
(2DE)19−21 and shotgun-based proteomics18,22−24 to catalogue
muscle skeletal proteins. Within the 2DE universe, we note that
several staining methods have been evaluated, such as
Coomassie blue,22 fluorescent Deep Purple labeling,23 and
fluorescent difference in-gel electrophoresis (DIGE).24 Taken
together, these results describe various differentially expressed
proteins related to structure or metabolic enzymes or involved
in ion homeostasis and stress response.25 Previous reports have
also investigated post-translational modifications such as
phosphorylation,26,27 glycosylation,28−30 carbonylation,31 and
nytrosylation.17

Because soleus and extensor digitorum longus (EDL)
muscles have different fiber composition, function, and
metabolic features, we argue that an in-depth proteomic
analysis of these tissues could unveil complementary aspects
in the biology of aging. Skeletal muscle is composed of two
major types of muscle fibers, the slow- and the fast-twitch
fibers, which can be distinguished by the enzymatic character-
istics of myosin ATPase and species of myosin heavy chain
isoforms. Slow-twitch fibers express type I, while type II
predominates in the fast-twitch fibers.32 Among skeletal
muscles in the rat hind limb, the soleus muscle is a typical
muscle composed mainly of slow-twitch fibers (>90% of type I
fibers), which allow them prolonged, steady contractions. The
EDL muscle is composed mainly of fast-twitch fibers (>90% of
type II fibers), which ensures rapid and delicate movements.33

Therefore, the aim of our study was to evaluate the effect of
aging in the protein expression patterns of soleus and EDL
muscles. To accomplish this, we employed state-of-the-art
proteomic techniques such as multidimensional protein
identification technology (MudPIT),34 high-resolution mass
spectrometry with an Orbitrap Velos (Thermo, San Jose)́ and
an isobaric labeling quantitation approach using the tandem
mass tags (TMTs).35

■ EXPERIMENTAL PROCEDURES

Animals

This research was approved by the Local Ethical Committee,
and the experiments were conducted in accordance with the
National Research Council’s Guidelines for the Care and Use of
Laboratory Animals. Male Wistar rats were housed under

controlled environmental conditions (temperature, 22 °C; 12 h
dark period starting at 6:00 p.m.). Young rats had an average
weight of 0.370 kg ± 0.01 g (3 months of age), and old rats had
an average weight of 0.500 kg ± 0.08 g (24 months of age).
Serum and Muscle Oxidative Stress

Serum oxidative stress was determined using ferrous
oxidation−xylenol orange (FOX) assay, as previously de-
scribed.36

Creatine Kinase and Pyruvate Kinase Enzyme Activity

Samples were homogenized in extraction buffer (0.05 M
Imidazole-HCl, 0.12 M KCl, and 0.062 M MgSO4; pH 7.6) at
1:10 dilution (w/v). Homogenates were centrifuged at 7000g
for 10 min at 4 °C, and the supernatants were used for the
further assays. An aliquot of each homogenate was used for
determining total protein content using BSA a standard
(Bradford et al., 1979), which was used for normalization of
the results. Evaluation of CK and PK activities was performed
by the methodologies described by Ainsworth and MacFar-
lane37 and Dinovo et al.,38 respectively. Results are shown as
μmol/min/mg protein.
Histological Analysis

Muscles were embedded in tissue tek, cooled in isopentane,
frozen in liquid nitrogen, and sectioned with a cryostat. The
resulting 10 μm transverse sections were stained with
hematoxylin and eosin (HE) for morphological analysis and
NADH-TR. Fibers from soleus muscle were classified as slow-
oxidative (SO) and fast-oxidative-glycolytic (FOG); fibers from
EDL muscle were classified as SO, FOG, and fast-glycolytic
(FG). Cross-sectional areas (CSAs) of ∼400 muscle fibers of a
muscle from each rat were measured using the Image Pro-Plus
software.
Trypsin Digestion

One hundred micrograms of protein were precipitated using
the methanol/chloroform precipitation method. In brief, 4
volumes of methanol and 1 volume of chloroform was added,
and the samples were mixed, centrifuged, and then washed
once with 4 volumes of methanol. The samples were then
dissolved in 45 μL of TEAB 200 mM pH 8.0 and 5 μL of 2%
SDS, and ultrapure water was added to complete 100 μL.
Reduction was performed with 10 μL TCEP 200 mM for 60
min at 55 °C, followed by 5 μL of 375 mM iodoacetamide for
30 min in the dark at RT. The sample was precipitated in cold
acetone (1:6) at −20 °C overnight and dissolved in 45 μL of
TEAB 200 mM pH 8.0, 2.5 μL of SDS 2%, and ultrapure water.
Trypsin digestion was carried out overnight at 37 °C with 2.5
μg of enzyme.
TMT Labeling

Six-plex TMT labeling (Thermo Scientific) was performed
according to the manufacturer’s instructions to isobarically label
primary amino groups and thus allow us to simultaneously
compare six samples. In brief, each tube (0.8 mg) was
reconstituted with 41 μL of anhydrous acetonitrile at RT,
and the reagents were dissolved by vortexing for 5 min. Each
sample was labeled by adding 10 μL of tag, followed by
incubation for 1 h at RT. The reaction was quenched with the
addition of 5% hydroxylamine for 15 min of incubation at RT.
Samples were then pooled and stored at −80 °C until further
analysis. Young muscle samples were labeled with 126, 127, and
128, while old muscle samples were labeled with 129, 130, and
131.
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Multidimensional Protein Identification Technology
Analysis (MudPIT)

Analysis was performed on an LTQ Orbitrap Velos (Thermo
Scientific, San Jose, CA) interfaced with a quaternary HP 1100
series HPLC pump (Agilent Technology, Santa Clara, CA).
The analytical column was a 100 μm diameter fused-silica
capillary (J/W Scientific, Agilent Technology), pulled with a P-
2000 laser (Sutter Instrument, Novato, CA), and packed with
12 cm of 5 μm C18 resin (Aqua, Phenomenex, Torrence, CA).
The biphasic microcapillary trapping column (5 cm of 250 μm
diameter) consisted of a fritted capillary with Kasil 1624,
packed with 2.5 cm reversed-phase C18 (Aqua, Phenomenex)
and 2.5 cm of strong cation exchange (5 μm Partisphere,
Whatman, Maidstone, Kent, U.K.) packing material. The
biphasic column was loaded offline with sample using a
pressure pump at ∼800 psi.
An automated 11-step chromatographic run was performed

on each sample using three mobile phases consisting of buffer A
(5% acetonitrile (ACN); 0.1% formic acid (FA)), buffer B
(80% ACN, 0.1% FA), and buffer C (500 mM ammonium
acetate, 5% ACN, 0.1% FA). Step one consisted of a linear
gradient from 0 to 100% buffer B (120 min). Steps 2−9 had the
following profile: 1 min of 100% buffer A; 4 min of (100 − X)%
buffer A, X% buffer C; 80 min of 100% buffer A to 50% buffer A
and 50% buffer B; 10 min of 50% to 100% buffer B; 1 min of
100% buffer B to 100% A; 10 min of 100% buffer A. For buffer
C, X% was, respectively, 10, 20, 30, 40, 50, 60, 70, and 100%.
Steps 10 and 11 had the following profile: 2 min of 100% buffer
A; 4 min of 10% buffer B, 90% buffer C; 45 min of 100% buffer
A to 50% buffer A and 50% buffer B; 10 min of 50% to 100%
buffer B; 1 min of 100% buffer B to 100% A; and 10 min of
100% buffer A.
The application of the distal voltage of 2.5 kV electrospayed

the eluted peptides directly into LTQ Orbitrap Velos (Thermo
Scientific). A cycle of one full scan was applied (300−2000 m/
z, resolution 30 000), followed by 10 data-dependent HCD
dual MS/MS and repeated continuously through each MudPIT
step. Full scans and higher energy collisional activated

dissociation (HCD) scans were in Orbitrap, at resolutions of
30 000 and 7500, respectively. The normalized collision energy
in the HCD was of 45% in HCD. The following parameters for
dynamic exclusion were applied: 1 repeat count, 30 s repeat
duration, 180 exclusion list size, 60 s exclusion duration, and a
dynamic exclusion list of 60 s and an HCD fragmentation
energy of 45. The number of microscans for ms1 and ms2 was
1 and a 2 m/z isolation window. The mass spectrometer and
HPLC were controlled by the Xcalibur data system (Thermo,
San Jose, CA).

Database Searching

Tandem mass spectra were extracted from the raw files using
RawExtract 1.9.3.39 (The RAW data, .sqt files, and SEPro files
are available via Internet at http://proteomics.fiocruz.br/
daniela/jpr2013-1.) Database searching for protein identifica-
tion was performed using the ProLuCID algorithm v.1.3.1,40

with the following parameters: carbamidomethylation of
cysteines (57.021464 C) and TMT-labeled in the primary
amino group (229.1629 K) as static modifications; trypsin as
enzyme (KR) allowing for semispecific peptides; tolerance of
50 ppm; and the ProLuCID isotopic peaks parameter was set to
3.41 The search was performed against all Rattus sequences
available for download from Uniprot on April 1, 2013; these
comprised 41 772 sequences plus another 127 sequences that
we added because they are known to be common mass
spectrometry contaminants. For each sequence, a reversed
decoy sequence was included, doubling the number of
sequences in the final database.

Assessment of PSMs

The validity of the Peptide Sequence Matches (PSMs) was
assessed using the Search Engine Processor (SEPro).42 In brief,
identifications were grouped by charge state (+2 and +3) and
then by tryptic status (fully tryptic, semitryptic), resulting in
four distinct subgroups. For each group, the ProLuCID XCorr,
DeltaCN, δ ppm, number of peaks matched, and ZScore values
were used to generate a Bayesian discriminator. The
identifications were sorted in a nondecreasing order according

Table 1. Animal Characteristics

rat body weight (g) soleus weight (g) EDL weight (g) SI (soleus)a SI (EDL)b

young

1 0.37 0.23 0.17 0.62 0.45
2 0.36 0.20 0.17 0.55 0.47
3 0.37 0.20 0.17 0.54 0.45
4 0.39 0.21 0.18 0.53 0.45
5 0.38 0.20 0.16 0.52 0.42
6 0.33 0.17 0.16 0.51 0.48
7 0.37 0.18 0.16 0.51 0.45
8 0.36 0.18 0.15 0.51 0.42
9 0.36 0.18 0.19 0.50 0.53

MEAN ± SEM 0.369 ± 0.00574 0.196 ± 0.00599 0.168 ± 0.00409 0.532 ± 0.0117 0.458 ± 0.0117

old

1 0.52 0.16 0.19 0.31 0.37
2 0.41 0.13 0.10 0.33 0.26
3 0.55 0.25 0.23 0.46 0.43
4 0.52 0.22 0.15 0.43 0.30
5 0.54 0.23 0.31 0.44 0.57
6 0.61 0.29 0.19 0.48 0.32
7 0.35 0.20 0.16 0.42 0.46
8 0.49 0.18 0.18 0.38 0.38
9 0.51 0.21 0.19 0.41 0.37

MEAN ± SEM 0.502 ± 0.0250 0.210 ± 0.0158 0.193 ± 0.0187 0.404 ± 0.0189 0.384 ± 0.0313
aSI = sarcopenia ińdex = soleus weight/body weight. bSI = EDL weight/body weight.
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to the discriminator score. A cutoff score was established to
accept a false-discovery rate (FDR) of 1% based on the number
of decoys. This procedure was independently performed on
each data subset, resulting in a false-positive rate that was
independent of tryptic status or charge state. Additionally, a
minimum sequence length of six amino acid residues was
required. Results were postprocessed to only accept PSMs with
<8 ppm.
Quantitation and Pinpointing Differentially Expressed
Proteins

The quantitation of confident identifications was assessed using
SEPro’s quantitation module SEProQ41, which is another
module from PatternLab for proteomics suite. In brief, this
module reads the intensity corresponding to each of the six
TMT reporter ions (i.e., 126, 127, 128, 129, 130, and 131), of
which the first three and the last three correspond to samples
from different biological conditions. The data treatment
options selected for this analysis were signal normalization by
channel sum and impurity correction. For the latter, we
included the impurity and isotopic overlap information
provided together with the TMT kit. SEProQ uses a peptide
centric approach to pinpoint differentially expressed proteins.
For this, it relies on the paired Student’s t test to pinpoint
differentially expressed proteins by considering, for each mass
spectrum associated with a given protein, the differences in
average of the reporter ions associated with each biological
state. Finally, after associating a differential expression p value
to each protein, SEProQ applies the Benjamini−Hochberg43 to
control the theoretical FDR to q < 0.05.

■ RESULTS

Animal Characteristics

The body weight, soleus muscle wet weight, EDL muscle wet
weight, and the muscle wet weight to body ratio (sarcopenia
index (SI)) are shown in Table 1. The mean body weight for
the young animals was 0.369 kg ± 0.00574, and for the old
group it was 0.502 kg ±0.0250 (p < 0.0001). Despite
differences in body weight, soleus wet weight (0.196 g ±
0.00599 and 0.210 g ± 0.0158; p = 0.415 for young and old,
respectively) and EDL wet weight (0.168 g ± 0.00409 and
0.193,g ± 0.0187; p = 0.2243 for young and old, respectively)
were not statistically different between the groups.
The SI is defined as the relation between body weight and

muscle weight25 and was calculated for both soleus and EDL
muscles. For young and old soleus, the SIs were 0.532 ± 0.0117
and 0.4044 ± 0.0189, respectively, with p < 0.0001. For EDL,
the young and old SIs were 0.458 ± 0.00117 and 0.384 ±
0.031, respectively, with p < 0.04 (Figure 1). A drop in the SI,
as observed for both muscles, but more significantly in soleus,
indicates muscle wasting.
Histological Analysis

In soleus muscles, both SO and FOG fiber areas were
significantly reduced in the old group when compared with
the young group (Supplementary Figure 1A in the Supporting
Information; 1418 ± 334.7 vs 115.2 ± 7.4 mm2 of SO fibers
and 1719 ± 310.2 vs 136.0 ± 2.7 mm2 of FOG fiber in young
and old groups, respectively; p = 0.0065 and 0.0013).
Furthermore, soleus CSA was significantly decreased in the
old group when compared with the young group (Supple-
mentary Figure 1C in the Supporting Information; 3137 ±
640.2 vs 251.2 ± 9.0 mm2 in young and old groups,

respectively; p = 0.0028). Additionally, soleus muscles
presented an increased number of centrally located nuclei,
extensive variability in diameter, and increased connective tissue
(Supplementary Figure 2B in the Supporting Information).
In contrast with soleus, EDL muscles presented no significant

differences in fiber areas (Supplementary Figure 1B in the
Supporting Information; 890.4 ± 150.9 vs 642.2 ± 185.3 mm2

of SO fibers, 1595 ± 281.1 vs 1015 ± 303.3 mm2 of FOG
fibers, and 2605 ± 533.9 vs 1489 ± 458.3 mm2 of FG fibers in
young and old groups, respectively; p > 0.05) and in CSA area
(Supplementary Figure 1C in the Supporting Information;
5091 ± 959.9 vs 3146 ± 932.7 mm2 in young and old groups,
respectively; p > 0.05). Likewise, EDL muscles presented an
increased number of centrally located nuclei, extensive
variability in diameter, and increased connective tissue
(Supplementary Figure 2A in the Supporting Information).
Differentially Expressed Proteins
Our soleus muscle shotgun proteomic analysis identified 3452
proteins (FDR at protein level = 0.98%) and a total of 6756
peptides (FDR at peptide level = 0.33%). PatternLab for
proteomics41,44 provides an additional report indicating that
these 3452 proteins can be reduced to 2027 when applying the
bipartite maximum parsimony algorithm to converge to a
maximum parsimony protein list45 (i.e., a reduced list of
proteins that explains all identified peptides). We note that
1006 of these proteins had at least one unique peptide. In our
EDL muscle analysis, we identified 1848 proteins (FDR =
0.97%, 1075 with maximum parsimony of which 523 had at
least one unique peptide) and a total of 4255 peptides (FDR at
peptide level = 0.19%). To determine which proteins were
differentially regulated, we used a fold change cutoff of 1.3 and
a q value of 0.05 (viz., for the experiment at hand, a corrected p
value cutoff of 0.03). Overall, 78 proteins had a change in
abundance in soleus muscles, of which 57 were down-regulated
in old muscles and 21 up-regulated (considering maximum
parsimony) (Table 2). Accordingly, for EDL muscles, the
number of up- and down-regulated proteins in the old muscles
were 145 and 29, respectively, totaling 174 (Table 3).
Most of the differentially expressed proteins are involved in

metabolism (glycolysis, oxidative metabolism, and cellular
processes), contractile apparatus, cellular stress response, and
detoxification.
Energy Metabolism
Most of the differentially expressed proteins in soleus muscles
were down-regulated in the old tissue (Table 2). Glycolitic

Figure 1. Relation between body weight and soleus and EDL muscles
is shown as the sarcopenia index (SI, muscle wet weight over whole
body weight). In aged animals, there is a loss of muscle weight, which
results in a drop in the sarcopenia index. (A) young soleus SI (0.5323
± 0.01169) versus old (0.4044 ± 0.01892) p < 0.0001; (B) young
EDL SI (0.4576 ± 0.001169) versus old (0.3845 ± 0.03129) p < 0.04.
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Table 2. Differentially Expressed Proteins in Soleus Muscles

protein accession no. p value −Log2 fold changea description

Energy Metabolism
Q6IMX3 0.017 −0.8 acetyl-coenzyme A dehydrogenase, short chain, isoform CRA_a
P13221 <0.001 −0.8 aspartate aminotransferase, cytoplasmic
P13221 0.001 −1.1 aspartate aminotransferase, mitochondrial
F1LP05 <0.001 −0.9 ATP synthase subunit α
P15429 <0.001 −0.6 β-enolase
Q68FY0 0.003 −0.7 cytochrome b-c1 complex subunit 1, mitochondrial
P32551 <0.001 −0.7 cytochrome b-c1 complex subunit 2, mitochondrial
P10888 <0.001 −1.3 cytochrome c oxidase subunit 4 isoform 1, mitochondrial
Q68FU3 0.005 −1.0 electron transfer flavoprotein subunit β
Q66HF3 0.019 −0.4 electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial
P42123 <0.001 0.6 L-lactate dehydrogenase B chain
G3 V6H5 0.001 0.4 mitochondrial 2-oxoglutarate/malate carrier protein
P04636 <0.001 −1.2 mitochondrial 2-oxoglutarate/malate carrier protein
P16617 <0.001 −0.9 phosphoglycerate kinase 1
P25113 <0.001 −1.4 phosphoglycerate mutase 1
F1LPA6 0.001 3.7 protein-arginine deiminase type-2 (fragment)
Q6P7S0 0.001 −0.9 pyruvate kinase
P15651 0.017 −0.8 short-chain specific acyl-CoA dehydrogenase, mitochondrial
Q5RK08 0.010 −22.1 glioblastoma amplified sequence
Q64428 0.005 −0.7 trifunctional enzyme subunit α, mitochondrial
Structure and Cell Motility
F1LYK7 0.001 0.4 protein Cfl2 (cofilin 2)
P85972 0.002 −0.5 vinculin
F1LMC6 0.016 17.8 troponin I, slow skeletal muscle (fragment)
G3 V885 <0.001 1.0 myosin-6 (Myh6)
G3 V8B0 <0.001 1.0 myosin-7 (Myh7)
Q9EQP5 0.018 1.0 prolargin
F1LRV9 0.006 0.9 myosin-4 (Myh4)
F1M789 <0.001 0.7 protein Myh13 (fragment)
G3 V6E1 0.002 0.6 myosin-4 (Myh4)
Q62920 0.015 −0.4 PDZ and LIM domain protein 5
F1LNH3 0.001 −0.5 protein Col6a2 (fragment)
D3ZCV0 <0.001 −0.7 protein Actn2
D3ZHA0 <0.001 −0.8 protein Flnc
F2Z3T2 0.003 −0.9 tropomyosin α-3 chain
P08733 <0.001 −0.9 myosin regulatory light chain 2, ventricular/cardiac muscle isoform
P68136 0.004 −0.9 actin, α skeletal muscle
Q63781 0.002 −1.0 myosin regulatory light chain
Q8K551 0.003 −1.1 truncated α-actinin
P04466 0.009 −1.5 myosin regulatory light chain 2, skeletal muscle isoform
P04692 <0.001 −2.0 tropomyosin α-1 chain
P58775 <0.001 −18.2 tropomyosin β chain
P09495 <0.001 −18.4 tropomyosin α-4 chain
Oxidative Stress, Detoxification and Degradation
Q2TA66 0.018 2.6 ferritin (fragment) GN=Fth1 PE=2 SV=1
F1LVC6 0.002 1.2 glutathione S-transferase (fragment)
B6DYQ2 0.011 1.1 glutathione S-transferase mu 2
P63018 <0.001 −0.4 heat shock cognate 71 kDa protein
Q66HD0 0.003 −1.5 endoplasmin
P97541 <0.001 −2.8 heat shock protein β-6
P35565 0.010 −0.5 calnexin
D4ACB8 0.013 −0.7 chaperonin subunit 8 (theta) (predicted), isoform CRA_a
P11598 0.003 −0.7 protein disulfide-isomerase A3 GN=Pdia3 PE=1 SV=2
G3V8T4 0.011 −1.1 DNA damage-binding protein 1 GN=Ddb1 PE=4 SV=1
P0CC09 0.018 −1.2 histone H2A type 2-A
Transport and Catabolism
P02770 <0.001 −1.0 serum albumin
Q63011 0.006 −16.9 zero β-globin (Fragment)
Q6MG90 0.013 −0.4 complement component 4, gene 2
P11442 0.004 −0.4 clathrin heavy chain 1
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enzymes such as β-enolase, phosphoglycerate kinase, and
pyruvate kinase (PK) were down-regulated during aging. PK
mediates one of the rate-limiting steps catalyzing the final stage
of the glycolytic pathway. Decreased expression of PK during
aging were previously described;23,46 however, some authors
have found increased levels of this protein with aging.47,48

Proteins involved in oxidative metabolism, such as ATP
synthase (subunit α), electron transfer flavoprotein and
mitochondrial cytochrome complex subunits 1 and 2 were
also down-regulated.
Among the up-regulated proteins were protein-arginine

deiminase type-2, L-lactate dehydrogenase β chain (LDH)),
and mitochondrial 2-oxoglutarate/malate carrier protein.
The glioblastoma amplified sequence (GAS), also known as

NIPSNAP2, is most abundant in brain, heart and skeletal
muscle.49,50 Interestingly, this protein was one of the most
down-regulated proteins in our study (−Log2 fold change =
−22.10), and it may be at least partially responsible for the
reduction in oxidative capacity that is found in sedentary elderly
adults.51 To the best of our knowledge, this is the first report of
altered levels of this protein with aging and its specific role in
the process requires further studies.
Most of the differentially regulated proteins identified in EDL

muscles are metabolic enzymes, and in contrast with what was
observed in soleus muscles, the majority of the proteins (56)
were up-regulated in the aged muscle, while only 10 proteins
were down-regulated in this condition (Table 3). Glycolitic
enzymes such as β-enolase, α enolase, γ-enolase, PK,
glyceraldehyde-3-phosphate dehydrogenase, fructose-biphos-
phate aldolase, phosphoglycerate kinase, and phosphoglycerate
mutase were up-regulated during aging. Several proteins
involved in oxidative metabolism were also up-regulated in
the old EDL muscles. Among them were subunits of ATP
synthase (subunit α, b, β, and δ), NADH-ubiquinone
oxidoreductase, malate dehydrogenase, isocitrate dehydrogen-

ase, and citrate synthase. Increased levels of the mitochondrial
enzymes such as ATP synthase, malate dehydrogenase, and
isocitrate dehydrogenase have also been found during the aging
of rat gastrocnemius muscles.46,48,52,53

Structural Proteins

Several structural proteins were up-regulated in old soleus
muscles (Table 2). Among them were troponin I, several
isoforms of myosin heavy chain (4, 6, 7, and 13), and prolargin.
We hypothesize that troponin (Tn) may be strongly correlated
with scarponia. Recently, Zhang et al.54 have demonstrated a
role for Tn in nuclear imbalance and muscle aging, and
overexpression of TnT fragments resulted in defects in nuclear
shape and caused high levels of apoptosis.
Among the down-regulated proteins were actin, myosin

regulatory light chain, Actn2, Col6a2, Fln C, and different
chains of tropomyosin (Tm) (α-1, α-3, and α-4). Other
proteins that are involved in myofibrils assembly such as PDZ
and LIM domain protein 5 were also down-regulated.
In EDL muscles, among the up-regulated proteins were two

α chains of type-VI collagen (Col6a2 and Col6a3), FlnC
(filamin C), myosin-binding protein C, α-actinin 1, tropomyo-
sin β chain, Actn2 (actinin, α 2), and several chains of myosin
regulatory light chain (light chain 1/3, light chain 2, and light
chain 4) (Table 3).
Collagen proteins play a role in maintaining the integrity of

various tissues. Age-related studies of collagen indicate that
collagen content varies with age and type of muscle, and a 40%
increase in total collagen has been found in fast-twitch type of
muscles.55 Col6a2 and prolargin were the two proteins with the
greatest increase in expression (−Log2 fold change = +23.10
and +23.5, respectively).
The down-regulated group of proteins contained myosin

heavy chain (chains 4, 7, and 8), cytoskeletal type II keratin,
collagen α, and vimentin. Vimentin is a constituent of

Table 2. continued

protein accession no. p value −Log2 fold changea description

Transport and Catabolism
Q4V8H8 0.014 −0.9 EH domain-containing protein 2
Additional Differentially Expressed Proteins
Q5M7V3 0.013 1.8 LOC367586 protein
P08932 0.002 1.4 T-kininogen 2
F1LPQ6 <0.001 0.9 uncharacterized protein (Fragment)
B2RZB2 0.005 0.7 putative uncharacterized protein
Q63041 <0.001 0.6 α-1-macroglobulin
B0BNM1 0.013 0.6 NAD(P)H-hydrate epimerase
A0JPJ7 0.001 0.4 Obg-like ATPase 1
O08557 0.002 −0.4 N(G),N(G)-dimethylarginine dimethylaminohydrolase 1
Q8R490 0.015 −0.5 cadherin 13
D4ABR6 0.002 −0.5 annexin
P14046 0.017 −0.9 α-1-inhibitor 3
Q9WTT7 0.015 −1.1 basic leucine zipper and W2 domain-containing protein 2
D3ZHA7 0.001 −1.2 protein LOC100359980
D3ZCI9 <0.001 −1.5 uncharacterized protein
D3ZH98 <0.001 −21.1 uncharacterized protein
P05197 <0.001 −0.9 elongation factor 2
P11762 <0.001 −1.1 galectin-1 GN=Lgals1 PE=1 SV=2
Q62881 0.003 −1.2 nucleolar protein 3
Q7TP38 0.016 −1.3 Ab2−371
O35814 0.003 −1.0 stress-induced-phosphoprotein 1

aFold change = young/old.
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Table 3. Differentially Expressed Proteins in EDL Muscles

protein accession
no. p value

−Log2 fold
changea description

Energy Metabolism
Q52KS1 <0.001 0.6 6-phosphofructokinase
G3V796 0.005 −0.4 acetyl-coenzyme A dehydrogenase, medium chain
Q9ER34 0.014 0.9 aconitate hydratase, mitochondrial
P10760 0.009 1.4 adenosylhomocysteinase
F1LN88 <0.001 1.6 aldehyde dehydrogenase, mitochondrial
Q63041 <0.001 0.8 α-1-macroglobulin
P04764 <0.001 1.1 α-enolase
D4AEH9 <0.001 0.6 amylo-1,6-glucosidase, 4-α-glucanotransferase, isoform CRA_a
P13221 <0.001 1.3 aspartate aminotransferase, cytoplasmic
P00507 <0.001 1.1 aspartate aminotransferase, mitochondrial
P15999 <0.001 0.8 ATP synthase subunit α, mitochondrial
P19511 <0.001 0.7 ATP synthase subunit b, mitochondrial
P10719 <0.001 0.9 ATP synthase subunit β, mitochondrial
G3V7Y3 0.001 0.6 ATP synthase subunit δ, mitochondrial
Q06647 <0.001 −0.4 ATP synthase subunit O, mitochondrial
Q7TP35 0.002 0.7 ATPase family AAA domain-containing protein 1
B4F7E5 <0.001 −0.4 ATPase, Ca++ transporting, cardiac muscle, fast twitch 1
P15429 <0.001 1.2 β-enolase
G3V936 <0.001 1.3 citrate synthase
B0BNC0 <0.001 0.7 Ckmt2 protein (creatine kinase, mitochondrial)
P32551 <0.001 0.7 cytochrome b-c1 complex subunit 2, mitochondrial
P10888 <0.001 0.7 cytochrome c oxidase subunit 4 isoform 1, mitochondrial
P11951 <0.001 −0.5 cytochrome c oxidase subunit 6C-2
P62898 0.003 0.8 cytochrome c, somatic
D3ZFQ8 0.011 −0.6 cytochrome c-1 (predicted), isoform CRA_c
P11348 0.002 −26.4 dihydropteridine reductase
Q68FU3 <0.001 0.4 electron transfer flavoprotein subunit β
D3ZJT8 0.007 1.0 enolase
Q5BJ93 <0.001 1.1 enolase 1, (α)
G3V900 <0.001 0.7 fructose-bisphosphate aldolase
P09117 0.004 1.0 fructose-bisphosphate aldolase C
Q5M964 <0.001 0.7 fumarate hydratase 1
P07323 <0.001 1.0 gamma-enolase
Q6P6V0 <0.001 0.7 glucose-6-phosphate isomerase
D4A6J7 <0.001 0.8 glyceraldehyde-3-phosphate dehydrogenase
D4A3W5 <0.001 0.6 glyceraldehyde-3-phosphate dehydrogenase
P04797 <0.001 0.5 glyceraldehyde-3-phosphate dehydrogenase
O35077 <0.001 0.5 glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic
P41565 <0.001 −0.4 isocitrate dehydrogenase [NAD] subunit gamma 1, mitochondrial
P56574 <0.001 0.5 isocitrate dehydrogenase [NADP], mitochondrial
P04642 <0.001 1.9 L-lactate dehydrogenase A chain
P42123 <0.001 0.8 L-lactate dehydrogenase B chain
P15650 <0.001 1.3 long-chain specific acyl-CoA dehydrogenase, mitochondrial
O88989 <0.001 1.5 malate dehydrogenase, cytoplasmic
P04636 <0.001 1.0 malate dehydrogenase, mitochondrial
P08503 0.005 −0.4 medium-chain specific acyl-CoA dehydrogenase, mitochondrial
Q02253 0.007 0.5 methylmalonate-semialdehyde dehydrogenase [acylating], mitochondrial
G3V6H5 <0.001 −0.6 mitochondrial 2-oxoglutarate/malate carrier protein
Q5RJN0 <0.001 −0.4 NADH dehydrogenase (ubiquinone) Fe−S protein 7
B0BNE6 0.002 0.7 NADH dehydrogenase (ubiquinone) Fe−S protein 8 (predicted), isoform CRA_a
Q641Y2 0.006 1.6 NADH dehydrogenase [ubiquinone] iron−sulfur protein 2, mitochondrial
Q66HF1 0.013 1.2 NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial
A1A5L2 <0.001 1.2 Pgm1 protein (Fragment)
Q499Q4 <0.001 1.2 phosphoglucomutase 1
P16617 <0.001 0.8 phosphoglycerate kinase 1
P25113 <0.001 0.8 phosphoglycerate mutase 1
P16290 <0.001 0.7 phosphoglycerate mutase 2
D3ZAP9 0.004 0.7 protein Gpd1l (glycerol-3-phosphate dehydrogenase 1-like)
D4ADX5 <0.001 −0.4 protein Ndufs7(NADH dehydrogenase (ubiquinone)Fe−S protein 7)
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Table 3. continued

protein accession
no. p value

−Log2 fold
changea description

Energy Metabolism
P49432 0.001 5.3 pyruvate dehydrogenase E1 component subunit β, mitochondrial
Q6P7S0 <0.001 0.8 pyruvate kinase
P11980 <0.001 0.8 pyruvate kinase isozymes M1/M2
F8WG21 <0.001 1.3 succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial
Q64428 <0.001 1.0 trifunctional enzyme subunit α, mitochondrial
Q60587 0.009 0.7 trifunctional enzyme subunit β, mitochondrial
P48500 0.001 1.1 triosephosphate isomerase
Structure and Cell Motility
P51886 <0.001 1.2 lumican
D4A6M0 0.003 1.1 mitsugumin 29 (predicted)
D4A111 <0.001 1.5 procollagen, type VI, α 3 (predicted), isoform CRA_a
P45592 0.014 1.2 cofilin-1
P50609 <0.001 0.8 fibromodulin
D3ZVD7 <0.001 −0.9 keratocan (predicted)
D3ZVB7 <0.001 1.2 osteoglycin (predicted)
Q9EQP5 <0.001 23.5 prolargin
F1LYK7 <0.001 1.2 protein Cfl2 (fragment)
F1M7Q6 <0.001 −1.9 protein Myh13 (fragment) (myosin heavy chain 13)
F2Z3S8 <0.001 1.2 protein Tnnc2 (fragment) (troponin C type 2)
F1LNH3 0.003 23.1 protein Col6a2 (fragment)
F2Z3T2 0.019 1.6 tropomyosin α-3 chain
D4A115 <0.001 1.6 protein Col6a3
D3ZHA0 0.015 1.4 protein Flnc
D4A2S4 <0.001 1.3 myosin-binding protein C, slow-type
Q9Z1P2 0.006 1.2 α-actinin-1
P60711 <0.001 1.2 actin, cytoplasmic 1
Q63518 <0.001 1.2 myosin-binding protein C, slow-type (Fragment)
P68136 0.013 1.2 actin, α skeletal muscle
D3ZCV0 <0.001 1.0 protein Actn2
F1LP83 <0.001 0.6 tropomyosin β chain
P27768 <0.001 0.6 troponin I, fast skeletal muscle
P17209 <0.001 0.5 myosin light chain 4
P04466 <0.001 0.5 myosin regulatory light chain 2, skeletal muscle isoform
Q63781 0.001 0.5 myosin regulatory light chain
Q5FVG5 <0.001 0.4 similar to tropomyosin 1, embryonic fibroblast-rat, isoform CRA_c
G3V7K1 <0.001 0.4 myomesin 2
P02600 <0.001 0.4 myosin light chain 1/3, skeletal muscle isoform
G3V8B0 <0.001 −0.5 myosin-7 (Myh7)
G3V6E1 <0.001 −0.7 myosin-4 (Myh4)
F1M8F6 <0.001 −0.7 myosin-8 (Myh8)
F1LRV9 <0.001 −0.8 myosin-4 (Myh4)
Q4FZU2 0.010 −0.9 keratin, type II cytoskeletal 6A
Q6P6Q2 0.014 −1.0 keratin, type II cytoskeletal 5
P02454 <0.001 −1.1 collagen α-1(I) chain
P31000 0.006 −1.2 vimentin
F1LMU0 <0.001 −1.3 myosin-4 (Myh4)
Oxidative Stress, Detoxification, and Degradation
P15865 <0.001 1.2 histone H1.4
D3Z8U0 <0.001 1.7 histone H2B
Q6PDW8 0.028 26.8 glutathione peroxidase
P04785 <0.001 0.7 protein disulfide-isomerase
P08009 <0.001 4.2 glutathione S-transferase Yb-3
P08010 0.001 3.3 glutathione S-transferase Mu 2
P07895 <0.001 1.5 superoxide dismutase [Mn], mitochondrial (SOD 2)
B6DYQ7 <0.001 1.5 glutathione S-transferase pi
P63018 <0.001 1.2 heat shock cognate 71 kDa protein
P07632 0.002 0.9 superoxide dismutase [Cu−Zn] (SOD 1)
P34058 <0.001 0.7 heat shock protein HSP 90-β
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Table 3. continued

protein accession
no. p value

−Log2 fold
changea description

Transport and Catabolism
P02770 0.016 2.8 serum albumin
Q7TP52 0.026 2.7 carboxymethylenebutenolidase homologue
Q62669 <0.001 1.1 protein Hbb-b1
Q05962 <0.001 1.0 ADP/ATP translocase 1
P12346 <0.001 0.9 serotransferrin
Q9ER30 <0.001 0.9 Kelch repeat and BTB domain-containing protein 10
P02767 <0.001 −0.5 transthyretin
Additional Differentially Expressed Proteins
P35213 <0.001 0.4 14−3−3 protein β/α
P62260 <0.001 1.0 14−3−3 protein epsilon
P68511 0.018 −1.5 14−3−3 protein ETA
P63102 0.015 22.8 14−3−3 protein ζ/δ
P39069 <0.001 1.0 adenylate kinase isoenzyme 1
P14046 <0.001 1.2 α-1-inhibitor 3
P08461 0.002 2.1 dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex, mitochondrial
P06399 0.002 0.8 fibrinogen α chain
P06866 <0.001 0.7 haptoglobin
Q5I0J0 0.004 1.8 immunoglobulin heavy chain (gamma polypeptide)
F1MAN9 <0.001 1.2 myelin protein P0
P19804 <0.001 1.2 nucleoside diphosphate kinase B
P02625 <0.001 0.7 parvalbumin α
G3 V6L9 0.017 −0.4 peptidyl-prolyl cis−trans isomerase
P49744 0.008 1.1 thrombospondin-4
Q63581 <0.001 3.9 rat T-kininogen (T-KG)
Q63654 <0.001 2.8 polyubiquitin (fragment)
P14141 <0.001 2.5 carbonic anhydrase 3
F1LPQ6 0.004 1.7 uncharacterized protein (fragment)
P08932 <0.001 1.6 T-kininogen 2
P31044 <0.001 1.4 phosphatidylethanolamine-binding protein 1
Q5BJZ2 <0.001 1.4 LOC367586 protein
P20717 0.005 1.3 protein-arginine deiminase type-2
P07943 0.001 1.3 aldose reductase
F1LNB5 <0.001 1.2 murinoglobulin-2
Q01129 <0.001 1.2 decorin
F1LX07 0.002 1.2 protein LOC100360985 (fragment)
P11517 <0.001 1.3 hemoglobin subunit β-2
P02650 <0.001 0.6 apolipoprotein E
P62632 <0.001 1.0 elongation factor 1-α 2
P05197 0.004 1.0 elongation factor 2
F8WG42 0.002 −0.4 eukaryotic translation initiation factor 3 subunit J (fragment)
Q3T1J1 <0.001 0.7 eukaryotic translation initiation factor 5A-1
B1H216 <0.001 1.3 hemoglobin α, adult chain 2
P02091 <0.001 1.9 hemoglobin subunit β-1
P20059 <0.001 1.0 hemopexin
F1LNF1 <0.001 0.7 heterogeneous nuclear ribonucleoproteins A2/B1 (fragment)
P85125 0.004 1.3 polymerase I and transcript release factor
F1LWG8 <0.001 1.1 uncharacterized protein (fragment)
P19633 <0.001 1.0 calsequestrin-1
D3ZYG6 0.009 0.9 protein Rtn2 (reticulon 2)
Q6WN19 0.009 0.9 RTN2-B
Q6IMZ3 <0.001 0.9 annexin
Q07936 0.004 0.8 annexin A2
D3ZQT0 <0.001 0.8 uncharacterized protein
Q9ERS3 0.030 0.8 voltage-dependent calcium channel subunit α-2/δ-1
P04276 0.004 0.6 vitamin D-binding protein
D4AAC3 <0.001 0.6 protein Sh3bgr
D4A3D2 <0.001 0.4 protein Smyd1
Q64649 0.024 −0.5 phosphorylase b kinase regulatory subunit α, skeletal muscle isoform
Q6IRH6 <0.001 −0.6 phosphate carrier protein, mitochondrial
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cytoskeletal filaments, and in gastrocnemius rat muscle it is
increased with age.47

Oxidative Stress, Detoxification, and Degradation

In the up-regulated proteins of the soleus muscle, we identified
two isoforms of glutathione S-transferase (GST) and ferritin
(Table 2). Increased levels of GST suggest increased
detoxification of cytotoxic products, while higher levels of
ferritin indicate an altered iron metabolism.
Some heat shock proteins such as Hsp90, heat shock 71 kDa

protein, Hspb6, endoplasmin, and chaperonin subunit 8 were
down-regulated. Deficits in chaperone function have been
reported in several age-related diseases, and literature also
supports that synthesis of heat shock proteins is impaired in
aging.56−58 The DNA damage-binding protein 1 is responsible
for repair of UV-damaged DNA;59 therefore, reduced levels of
this protein may leave the DNA more susceptible to damage.
In EDL muscles, proteins involved in scavenging of ROS as

well as enzymes involved in the detoxification of cytotoxic
products were found to be up-regulated in old muscles (Table
3). Among them were several isoforms of GSTs, glutathione
peroxidase (GPx), heat shock proteins (71 kDa protein and
HSP 90-β), and the antioxidant enzymes superoxide dismutase
(SOD) [Cu/Zn] and SOD [Mn]. The up-regulation of
glutathione transferase suggests increased detoxification of
cytotoxic products, while the up-regulation of GPx may be a
counterbalance for increased levels of oxidative stress. Higher
levels of chaperones may be needed to fold an increased
number of misfolded proteins in aged muscles.

Transport and Catabolism

In the transport and catabolism class, all of the identified
proteins were down-regulated in aged soleus muscles (Table 2).
These proteins are clathrin heavy chain 1, complement
component 4, the EH domain-containing protein 2, serum
albumin, and zero β-globin.
The complement component 4 (C4) is involved in classical

complement activation, and there is evidence in the literature
suggesting that the immune system deteriorates with age,
rendering old animals less able to mount an immune
response.61 C4 prevents early stage autoimmune diseases,62

and mice with a disrupted C4 locus show impaired immune
response.63

In EDL muscles an ADP/ATP translocase 1, BSA,
carboxymethylenebutenolidase, kelch repeat and BTB do-
main-containing protein, protein Bgg-b1, serum albumin, and
serotransferrin were up-regulated with aging, while trans-
thyretin was down-regulated (Table 3).
Serum albumin was found to be increased, suggesting a shift

to more aerobic-oxidative metabolism in aged fibers.23 Serum
albumin plays a crucial role in maintaining the osmotic blood
pressure and apparently also plays a role as radical and heme
scavenger.64 Serotransferrin was also increased, and it is
involved in the control of stress and iron levels by increasing
iron uptake.

Additional Differentially Expressed Proteins

In soleus muscles (Table 2), among the up-regulated proteins
present were putative uncharacterized proteins: T-kininogen 2,
α-1-macroglobulin, NAD(P)H-hydrate epimerase, and Obg-like
ATPase 1. T-kininogens (T-KG) expression has been shown to
be considerably increased during aging in the liver of Sprague−
Dawley rats65 and serum of Fisher rats. Some authors66,67 have
suggested that T-KG may be a reliable biomarker for
senescence in rats.66,67 This protein may be involved in the
deterioration of the immune system that occurs with aging.
Annexin, cadherin 13, α-1-inhibitor 3, N(G),N(G)-dimethy-
larginine dimethylaminohydrolase 1, basic leucine zipper, W2
domain-containing protein 2, GBAS, and two uncharacterized
proteins were present at reduced levels.
Several proteins were up-regulated in old EDL muscles

(Table 3). Among them, T-KG was also up-regulated in soleus
muscles, presenting a greater increase in EDL (−Log2 fold
change =1.8 and 3.9 for soleus and EDL, respectively).
Calsequestrin and parvalbumin (PV) are Ca2+ binding proteins
that were up-regulated in old EDL muscles. Ca2+ translocation
from the myofibril to the sarcoplasmic reticulum (SR) is
facilitated by PV in the fast-twitch skeletal muscle. The energy-
dependent Ca2+ uptake into the SR is mediated by the SR
ATPase, which is regulated by both Ca2+- and CaM-dependent
phosphorylation. The Ca2+ cycle is completed by binding of
Ca2+ to the high-capacity, low-affinity Ca2+-binding protein
calsequestrin. Therefore, altered levels of both PV and
calsequestrin may be related to the age-related impairment of
intrinsic SR function and influence the speed of contraction in
old fast-twitch motor units.68

A voltage-dependent calcium channel (Q9ERS3) was also
up-regulated in old muscles. Up-regulation of anion-selective
channel proteins in aging has already been reported,47 and it
may be a way to facilitate the access of kinases to ATP,
therefore bypassing the restriction exerted by the mitochondrial
outer membrane on the permeability for metabolites.69

Carbonic anhydrase III (CAIII) is a cytosolic zinc-containing
enzyme that facilitates the transport of CO2 in skeletal muscle
by catalyzing the reversible hydration of CO2. This activity is
probably involved in the maintenance of ionic balance and
acid−base homeostasis within the muscle tissue. This enzyme is
detected in large amounts in red slow-twitch muscles such as
soleus70,71 but is virtually absent from adult white fast-twitch
muscle, such as rodent anterior tibialis (AT) and EDL.70 The
age-dependent expression of this protein is still controversial in
the literature. Whereas some authors have demonstrated down
regulation of CA3 in slow-type muscles such as gastro-
cnemius,24,46,60 others have shown up-regulation47,72 in the
same muscle type.

Oxidative Stress in Plasma and Muscle

Taking in consideration the increased levels of antioxidant and
enzymes involved in detoxification such as GST, SOD [Mn],
and SOD [Cu/Zn] that were up-regulated in both soleus and
EDL muscles, we decided to verify whether there were

Table 3. continued

protein accession
no. p value

−Log2 fold
changea description

Additional Differentially Expressed Proteins
D3Z8G0 0.019 −0.6 phosphorylase b kinase regulatory subunit α, skeletal muscle isoform

aFold change = young/old.
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increased levels of oxidative stress in plasma and muscle of the
old animals.
We determined oxidative stress levels in plasma and muscle

of young and old animals using the FOX assay.36 For the
experiment at hand, we were unable to show statistical
differences in the plasma of young versus old animals (1.08
± 0.10 mmol·mg−1 and 1.12 ± 0.07 mmol·mg−1, p = 0.33,
respectively). However, muscle oxidative stress was higher in
old animals for both soleus and EDL muscles (17.71 ± 1.42
mmol·mg−1 and 110.69 ± 16.21 mmol·mg−1, p < 0.0001, for
young and old soleus, respectively, and 16.54 ± 1.13 mmol·
mg−1 and 131.89 ± 26.06 mmol·mg−1, p < 0.0001 for young
and old EDL, respectively) (Figure 2).

Creatine Kinase and Pyruvate Kinase Activity
Creatine kinase catalyzes the reversible transfer of phosphate
between ATP and creatine. The effect of aging on the levels of
muscle CK has been controversial. We found that creatine
kinase was up-regulated in old EDL muscles, while there were
no changes in expression for soleus muscles. Capitanio et al.47

and O’Connell et al.23 found decreased levels of this enzyme in
gastrocnemius muscles, while Doran et al.46 found a two-fold
increase in the same muscle type and Donoghue et al.48

reported differential effects of CK in 2D-gels of gastrocnemius
muscles.
Therefore, we evaluated CK activity to investigate whether

an altered expression also resulted in different activities. When
comparing the different muscles, we found that CK activity was
higher in EDL muscles for both young and old (506.88 ±
145.62 and 159.74 ± 63.22, p < 0.0001 for young EDL and
young soleus, respectively, and 347.52 ± 194.31 and 128.52 ±
78.52, p = 0.0022 for old EDL and old soleus muscles,
respectively) (Figure 3).
When we compared young versus old soleus muscles, we

found that CK activity was not different (159.74 ± 63.22 and
128.52 ± 78.52, p = 0.25 for young old muscles, respectively)
(Figure 3). On the other hand, CK activity was lower in old
EDL muscles (506.88 ± 145.62 and 347.52 ± 194.31, p = 0.01
for young and old muscles, respectively) (Figure 3). Therefore,
increased levels of CK may be a physiological response to
counterbalance the reduced activity of this enzyme with aging.
An age-related decline in this enzyme’s activity has been shown
to occur in humans and rodents.73,74

PK, a key enzyme in the glycolytic pathway, was differentially
regulated in both soleus and EDL muscles. In EDL, it was up-
regulated in the old muscles, while in soleus muscles, the result
was the opposite. We evaluated PK activity and found that it
was higher for EDL when compared with soleus (7.43 ± 1.09
and 3.30 ± 0.42, p < 0.0001 for young EDL and young soleus
muscles, respectively, and 16.55 ± 9.25 and 2.47 ± 0.79, p <
0.0001 for old EDL and old soleus, respectively) (Figure 4).

Furthermore, in EDL old muscles, there was an increased
activity for this enzyme (7.43 ± 1.09 and 16.55 ± 9.25, p <
0.0001 for young and old, respectively) (Figure 4), while for
soleus muscles, PK activity decreased with age (3.30 ± 0.42 and
2.47 ± 0.79, p = 0.0018 for young and old, respectively) (Figure
4).

■ DISCUSSION
Over the past few years several proteomic studies have
investigated changes in the protein complement of aging
skeletal muscles in humans and animal considered as aging
models (reviewed by Doran et al.24). Most of these studies used
2DE and mass spectrometry as the main tool to identify
differentially regulated proteins (reviewed by Doran et al.24).
As far as we know, the use of TMT coupled to LC/LC/MS/

MS mass-spectrometry-based proteomics allowed us to identify
and quantify a larger number of proteins from both soleus and

Figure 2. Soleus and EDL FOX values in the young and old group.
Y_Sol = young group, soleus; O_Sol = old group, soleus; Y_EDL =
young group, EDL; O_EDL = old group, EDL. a = p < 0.0001 vs
Y_Sol; b = p < 0.0001 vs Y_EDL; c = p < 0.0001 vs YH. No statistical
differences were found between O_Sol × O_EDL and Y_Sol ×
Y_EDL.

Figure 3. Soleus and EDL creatine kinase (CK) activity in the young
and old group. Y_Sol = young group, soleus; O_Sol = old group,
soleus; Y_EDL = young group, EDL; O_EDL = old group, EDL. (a)
Young EDL × young soleus, p < 0.0001; (b) old EDL × old soleus, p =
0.0022; (c) young EDL × old EDL, p = 0.01.

Figure 4. Soleus and EDL pyruvate kinase (PK) activity in the young
and old group. Y_Sol = young group, soleus; O_Sol = old group,
soleus; Y_EDL = young group, EDL; O_EDL = old group, EDL. (a)
Young EDL × young soleus, p < 0.0001; (b) old EDL × old soleus, p <
0.0001; (c) young EDL × old EDL, p < 0.0001; and (d) young soleus
× old soleus, p = 0.0018.
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EDL muscles than any preceding report (total of 5300 proteins,
out of which 252 were differentially regulated in aging).
We chose to analyze two different muscles, one in which fast-

twich type-II fibers predominate (EDL) and the other in which
the type-I, slow-twich fibers are more abundant (soleus) to
have a comprehensive overview of the effects of aging on
different types of muscles. Our investigation revealed many
differences in the protein expression pattern of young versus
old muscles, and there were considerable differences between
soleus and EDL muscles as well.
Histological analysis of soleus and EDL showed striking

features of aged muscles which include extensive variability in
fiber diameter, a higher frequency of longitudinal splitting, an
increased number of centrally located nuclei and thickening of
the endomysium,25,75 which indicate that the old rats used in
this study (24 months old) did show signs of sarcopenia.
Furthermore, the SI, which indicates the degree of muscle

wasting, was decreased for both muscles, and the decrease was
more pronounced in the soleus than in the EDL muscle.
Although sarcopenia is widely considered to preferentially
impact fast twitch muscles,76 this notion may not be applied at
more advanced ages. Hagen et al.77 have shown that the relative
protection of the slow twitch soleus muscle from age-related
atrophy is present only until middle age with a great degree of
atrophy present thereafter.
Our results are in agreement with those of Carter et al.,78

which have shown that slow twitch soleus muscles undergo
large phenotypic alterations in very old age and also that, for
several measures, it is of greater magnitude than fast twitch
muscle. Furthermore, there are several reports of atrophy, force
decline, altered MHC expression, and myofiber loss in aged rat
soleus muscles.77,79,80

The identification of several metabolic enzymes among the
differentially regulated proteins suggests perturbations in the
energy metabolism of old skeletal muscles. Only one enzyme, L-
lactate dehydrogenase (LDH), was up-regulated in both soleus
and EDL muscles. The effect of aging in the expression levels of
this enzyme is still controversial in the literature. While Doran
et al.46 and Donoghue et al.48 found LDH to be one of the
most drastically up-regulated proteins in old gastrocnemius
muscle, Capitanio et al.47 showed decreased levels of this
enzyme in the same muscle type.
The mitochondria is the major cellular site for ATP

production. During aging, the respiratory chain function
(RCF) falls considerably in humans between ages 17 and 90
accompanied by an impaired function of cytochrome c oxidase
in old muscles.81

Down-regulation of several components of the respiratory
chain was observed for soleus muscles, while this trend was not
true for EDL muscles, in which some components were up
while others were down-regulated. Soleus muscles may be more
susceptible to oxidative stress that plays a role in mitochondrial
dysfunction and may therefore contribute to decreased
expression of mitochondrial enzymes.
Interestingly, 11 metabolic enzymes were regulated in

opposite ways in both muscles (down-regulated in soleus and
up-regulated in EDL) (Table 4). These enzymes are involved in
amino-acid metabolism (aspartate aminotransferase, both the
cytoplasmic and mitochondrial isoforms), glycolysis/gluconeo-
genesis (β-enolase, phosphoglycerate kinase, phosphoglycerate
mutase, and pyruvate kinase), and oxidative metabolism (ATP
synthase subunit β, cytochrome c oxidase, and electron-transfer
flavoprotein).
The GAS, according to our quantitative strategy, showed to

be the most down-regulated protein (Log2 fold change =
−22.1), along with a yet uncharacterized protein (D3ZH98,
Log2 fold change = −21.1). Zero β-globin, a protein that
participates in oxygen transport, was also drastically decreased
(Log2 fold change = −16.9). Therefore, the down-regulation of
both GAS and zero β-globin may contribute for the reduction
of oxidative capacity in the elderly.
In muscle, the interaction between myosin and actin

filaments is responsible for force production and several of
the differentially expressed proteins belong to the myosin-actin
complex, suggesting that force production may be compro-
mised in old rats due to a more disorganized structure (some of
the components were down- and other components were up-
regulated). In soleus muscles, the structural proteins Tm (α and
β chains) were among the most down-regulated proteins (Log2
fold change = −18.4 and −18.2, respectively), while troponin I
was among the most up-regulated (Log2 fold change = 17.8).
The thin filament regulatory proteins Tn and Tm are

essential for contraction of striated muscle (skeletal and
cardiac), which is regulated by the concentration of intracellular
calcium.82,83 Such a drastic decrease in Tm proteins may be
responsible for a lower force contraction and muscle velocity in
the elderly. The up-regulation of Tn confirms previous studies
that have described this protein as a potential new biomarker
for sarcopenia.45

During aging there is an increase in the production of ROS
due to the functional deterioration of mitochondria, and the
increase in free radicals generation may contribute to several
age-related pathologies.84−86 Enhanced ROS production may
contribute to an accumulation of mtDNA damage and

Table 4. Metabolic Enzymes Regulated in Opposite Ways in Soleus and EDL Muscles

SOLEUS EDL

protein accession no. description p value −Log2 fold change p value −Log2 fold change

P13221 aspartate aminotransferase, cytoplasmic <0.001 −0.8 <0.001 1.3
P13221 aspartate aminotransferase, mitochondrial 0.001 −1.1 <0.001 1.1
F1LP05 ATP synthase subunit α <0.001 −0.9 <0.001 0.8
P15429 β-enolase <0.001 −0.6 <0.001 1.2
P10888 cytochrome c oxidase subunit 4 isoform 1, mitochondrial <0.001 −1.3 <0.001 0.7
Q68FU3 electron transfer flavoprotein subunit β 0.005 −1.0 <0.001 0.4
P42123 L-lactate dehydrogenase B chain <0.001 0.6 <0.001 0.8
P16617 phosphoglycerate kinase 1 <0.001 −0.9 <0.001 0.8
P25113 phosphoglycerate mutase 1 <0.001 −1.4 <0.001 0.8
Q6P7S0 pyruvate kinase 0.001 −0.9 <0.001 0.8
Q64428 trifunctional enzyme subunit α, mitochondrial 0.005 −0.7 <0.001 1.0
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increased apoptosis of muscles fibers, which may represent a
key mechanism underlying sarcopenia.87 GST was up-regulated
in both muscles, while two of the main antioxidant enzymes,
GPx, which controls the levels of hydrogen peroxide, and SOD,
were up-regulated only in EDL muscles. In EDL muscles, GPx
was among the most up-regulated (Log2 fold change = 26.8).
Up-regulation of GPx has been reported in Duchenne muscular
dystrophy (DMD), a progressive muscle wasting disorder that
impairs muscle function and ultimately results in muscle
degeneration and death.88 Therefore, an increase in GPx
expression is most likely a compensatory attempt to counter-
balance increased levels of oxidative stress.
We also performed an assay (FOX) to determine the levels

of oxidative stress in plasma and muscles. We confirmed that
old muscles had significantly higher oxidative stress than young
muscles, which suggests that a higher level of antioxidant
enzymes may be an attempt to counterbalance oxidative stress.
However, we were unable to find a convincing statistical
difference between soleus and EDL. Nevertheless, we
encourage future studies to consider complementary features
such as the activity of specific antioxidant enzymes or the
content of reduced glutathione to further investigate the
difference between these muscles. The soleus muscle is known
to be more susceptible to oxidative stress than EDL due to its
higher oxidative potential when compared with a fast-twitch
muscle.89

There is still controversy in the literature to whether aging
increases or decreases the enzymatic antioxidant defenses in the
cell. Studies conducted in both humans and rats have indicated
that although the antioxidant system undergoes significant
changes, both up- and down-regulation or no change of the
antioxidant enzymes may occur, suggesting that the results may
be dependent on muscle fiber composition and other factors
such as age and sex.48,60,87,90

Our results show that aging affects slow-twich and fast-twitch
muscles in different ways and that the most significant
differences were found for metabolic enzymes. Furthermore,
EDL muscles had a higher number of differentially expressed
proteins (16.2% of the total identified proteins had a change in
abundance against 3.8% of the total proteins for soleus
muscles), suggesting that aging affects protein expression
more drastically in a fast-twitch type of muscle.
Compared with previous age-related muscle proteome

studies,24 we identified novel muscle proteins with a change
in abundance during aging. Among these were the GAS, with a
marked down-regulated in old soleus muscles, the uncharac-
terized protein D3ZH98, zero β-globin, and prolargin.
Therefore, the confirmation of many already identified

proteins involved with aging and the identification of new
candidate biomarkers will help in the establishment of a more
comprehensive database for the study of sarcopenia and aid in
the development of new diagnostic methods and treatment for
age-associated muscular disorders.
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Mass-spectrometry-based shotgun proteomics has become a widespread technology for
analyzing complex protein mixtures. Here we describe a new module integrated into
PatternLab for Proteomics that allows the pinpointing of differentially expressed domains.
This is accomplished by inferring functional domains through our cloud service, using
HMMER3 and Pfam remotely, and then mapping the quantitation values into domains for
downstream analysis. In all, spotting which functional domains are changing when
comparing biological states serves as a complementary approach to facilitate the
understanding of a system's biology. We exemplify the new module's use by reanalyzing
a previously published MudPIT dataset of Cryptococcus gattii cultivated under iron-depleted
and replete conditions. We show how the differential analysis of functional domains can
facilitate the interpretation of proteomic data by providing further valuable insight.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

One of the goals of shotgun proteomics is to provide in-depth,
holistic insights into cellular biology by first pinpointing
differentially expressed proteins when comparing physiolog-
ical states. Inferring exactly which proteins are in a mixture is
an extremely challenging task, especially when analyzing
data from higher-order organisms, in which case the number
of peptides shared among proteins increases rapidly [1].

Typically, peptide spectrum matches (PSMs), the building
blocks of computational shotgun proteomics, aremapped into
protein groups that share identified peptides (Supplementary
Fig. 1). In more complex scenarios, proteins share subsets of
peptides, with different proteins giving rise to complex
dependency graphs for treatment by protein-inference algo-
rithms. The problem of deciding which proteins are truly in
the mixture has been very well characterized by Nesvizhskii
and collaborators [2,3], and computational solutions to tackle
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it have been proposed [4,5]. It is now consensual in the
proteomics community that a maximum-parsimony list of
proteins is to be reported; i.e., one reports the smallest subset
of proteins that explains all identified peptides. As a result,
proteomic experiments cannot in general determine a
mixture's correct protein contents. For example, a typical
result for a Homo sapiens analysis might report somewhere
near 2000 proteins according to the maximum-parsimony
criterion but about 4000 when considering redundancies.

These limitations can, to some extent, obfuscate downstream
functional analysis. In an attempt to help circumvent such
difficulties, we introduce a data-analysis strategy stemming from
the fact that proteins are composed of one or more regions that
establish their biochemical functions. These “building blocks”,
known as functional domains, tend to be strongly conserved in
nature. As such, inferring functional domains at a large scale and
mapping peptide identifications into them, instead of into
proteins, provides key benefits such as: a) simplifying (and
eliminating redundancies in) the process of gaining functional
insight into the biological system at hand; b) specifically address-
ing differentially expressed domains, and thus the key functional
content of a given biological sample; c) providing direct access to
the current functional state, thereby helping drive biochemical
conclusions and culminating in an easier way to understand the
relevant biochemical mechanisms.

PatternLab for Proteomics is a one-stop shop for proteomic
data analysis, providing tools to handle data from mass
spectra, conduct differential proteomics analyses, and more
[6–8]. Within this environment, a cloud service has now been
implemented that infers domains from the FASTA sequences
of all proteins identified in the experiment at hand and maps
peptide quantitation values into the corresponding functional
domains. Recently, the growth of MS/MS data has motivated
the proteomics community to seek cloud computing tools to
enable small laboratories to analyze complex datasets [9,10].
Because inferring domains at a large scale is computationally
intensive, resource demanding, and requires installing spe-
cialized software and databases, all this functionality is

already integrated into PatternLab following a cloud-client
model. In essence, FASTA sequences of identified proteins are
transmitted to our cloud servers, which perform domain
inference by executing HMMER3 [11] on demand. The latter,
briefly, uses a hidden Markov model (HMM) approach to scan
profiles against the Protein Family (Pfam) database. Detailed
instructions on how to use PatternLab are available [7,8].
The new option for performing a differential proteomic
domain analysis (DPDA), or simply “differential dominomics”,
is integrated into the Regrouper module of the PatternLab
pipeline and can be used by simply choosing to map values
into domains instead of proteins. A brief overview of the
pipeline is presented in Fig. 1.

We note that our cloud service, termed FioCloud, is hosted
at the Fiocruz foundation (http://fiocruz.br), more specifically
at Fiocruz Paraná. Fiocruz is one of the world's largest
governmental agencies devoted to public health and research.

Our method significantly simplifies the process of under-
standing an organism's biology; therefore, some sensitivity
loss may occur as a side effect. For example, for a group of
proteins that share a common domain it is possible that while
some are up-regulated others are down-regulated. Whenever
this happens, dispersion is generated in the quantitation
values and the proteins in question, consequently, are missed
by our differential domain approach. Moreover, our method
is blind to high-quality PSMs that do not map into any
functional domain. On the other hand, we advocate that a
differential domain prediction strategy can pave the way to a
more effective analysis of organisms with poorly annotated
genomes or when performing homology-driven proteomics
[17], since protein domains tend to be more conserved than
full-length protein sequences and are easier to predict [18].
That is, the method described herein is to be regarded as
complementary to others, such as those based on homolo-
gous sequences. Note also that our method is blind to
proteoforms, so these should be accounted for in standard
differential proteomics analyses. Moreover, while a comple-
mentary strategy for inferring functional biology is by

Fig. 1 – Workflow. Biological samples are analyzed by mass spectrometry. Mass spectra must be analyzed from a
.sqt-compliant output [12], such as that generated by SEQUEST [13], ProLuCID [14], or the Spectrum IdentificationMachine (SIM)
[15]. The PSMs are statistically filtered and organized using the Search Engine Processor (SEPro) [16]. The SEPro files are
combined into PatternLab's index and sparse-matrix files for a single experiment using Regrouper, which offers the user the
possibility of mapping quantitation values into protein functional domains. Differentially expressed domains are pinpointed
using PatternLab's differential analyzer.
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mapping quantitation values into Gene Ontology (GO) terms
(in fact, PatternLab includes specialized tools tailored to doing
this [19]), usually an effective GO analysis can only be easily
accomplished on well annotated organisms.

We exemplify the use of the new PatternLab functionality
by reanalyzing the data of Crestani and collaborators, who
have compared proteins from Cryptococcus gattii cultivated
under iron-depleted and replete conditions [20]. The data
were acquired using MudPIT [21] and searched with SEQUEST
[13]. We then filtered for significant hits using the default
parameters of SEPro [16] and used Regrouper for automatical-
ly inferring domains and mapping spectral counts into
them by relying on HMMER3 and Pfam-A over the cloud,
with Pfam accepting domains with HMMER E-Value < 10E-6
and i-EValue < 10E-3. Finally, PatternLab's statistical Venn
Diagram [22] and TFold [23] modules were used for pin-
pointing domains exclusively identified in a single condition,
as well as those differentially expressed (Fig. 2). Each domain
out of a total of 1303 had at least one peptide mapped to it,
and similarly none of 340 domains had any peptides mapped
to it. Following domain identification, the information on
which proteins were mapped to each domain is included in
the domains' descriptions located in the index file. Down-
stream analysis in PatternLab can retrieve this information.
We point out that the domain search results revealed
interesting aspects that had remained unnoticed in the
differential expression analysis. Examples are a FeoB_N
domain, related to iron transportation and over-expressed
in the iron-depleted condition, and three mitochondria-
related domains (Mito_carr, FAD_binding_3, and Cyt-b5), over-
expressed in the iron-replete condition. The complete results of
all differentially expressed domains and all SEPro files discrim-
inating our identified proteins and peptides are available at
http://proteomics.fiocruz.br/pcarvalho/dominomics. A detailed
protocol on how to use the new feature is available in
Supplementary Part II.

2. Availability

All PatternLab modules are available for download at http://
proteomics.fiocruz.br. All results of our C. gatti analysis are
available at http://proteomics.fiocruz.br/dpda.
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