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RESUMO
OLIVEIRA GS, Caracterizacdo de Discrete Typing Units (DTUs) utilizando protebmica e
ferramentas de bioinformatica. Dissertacdo (Mestrado em Parasitologia) — Instituto de
Ciéncias Biomédicas, Universidade de Sdo Paulo, Sdo Paulo, 2017.

A doencga de Chagas é uma das doengas negligenciadas mais importantes com um numero
estimado de 12 milhdes de individuos infectados, a maioria vivendo na América Central e do
Sul. O parasito protozodrio Trypanosoma cruzi (T. cruzi) é o agente etioldgico da doenga de
Chagas. O T. cruzi é genéticamente diversificado. Uma nova nomenclatura foi adotada para
classificar as cepas de T. cruzi (Tcl-TcVI e Tcbat), denominados Discrete Typing Units (DTUs),
com base em suas caracteristicas bioquimicas, imunoldgicas e fenotipicas. As DTUs de T. cruzi
foram correlacionadas a diversos desfechos clinicos, destacando a importancia de testes
epidemioldgicos e moleculares especificos. Apesar do desenvolvimento de métodos de
caracterizacdo de T. cruzi baseados em assinaturas genéticas, cada método apresenta
vantagens e desvantagens. O nosso trabalho mostra a aplicacao da espectrometria de massas
para o ensaio de caracterizacdo de cepas de Trypanosoma cruzi usando bibliotecas espectrais
MS? de peptideos (Trypanosoma cruzi Strain Typing Assay using MS?, Tc-STAMS?). A novidade
do método é o uso de espectros de fragmentacdo de peptideos como impressdes digitais
especificas para classificar e identificar as DTUs. Inicialmente, uma biblioteca de espectros é
gerada a partir das DTUs de T. cruzi. A biblioteca é subsequentemente desafiada usando
espectros MS/MS das DTUs desconhecidas e confiadamente atribui a uma DTU especifica em
uma abordagem automatica e computacional. Utilizando o método Tc-STAMS? foram testadas
diferentes varidveis como preparacdo e tipo de amostra, configuracdo do instrumento e
plataforma de identificagdo, proporcionando alta confianca e robustez na caracteriza¢ao das
DTUs de T. cruzi. O método Tc-STAMS? representa uma estratégia complementar aos métodos
atuais de genotipagem de T. cruzi baseados em DNA. Além disso, o método permite a
identificacdo de caracteristicas especificas das DTUs que poderiam estar relacionadas a

biologia de T. cruzi.

Palavras-chave: Trypanosoma cruzi. Discrete Typing Units (DTUs). Espectrometria de massas.
Comparacdo espectral. Métodos de tipificacdo.



ABSTRACT
OLIVEIRA GS, Characterization of Discrete Typing Units (DTUs) using proteomics and
bioinformatics tools. 2017. Masters thesis (Parasitology) - Instituto de Ciéncias Biomédicas,
Universidade de Sao Paulo, Sdo Paulo, 2017.

Chagas disease is one of the most important neglected diseases with an estimated number of
12 million infected individuals, the majority living in Central and South America. The
Trypanosoma cruzi (T. cruzi) protozoan parasite is the etiological agent of Chagas’ disease. T.
cruzi is highly genetically diverse and a new nomenclature separated each strain into seven
different genetic groups (Tcl-TcVI and Tcbat), named Discrete Typing Units (DTUs) based on
their biochemical, immunological and phenotypical characteristics. T. cruzi DTUs have been
correlated to diverse clinical outcomes highlighting the importance of molecular
epidemiological screens. Despite the development of T. cruzi typing methods based on genetic
signatures, each method presents its own advantages and challenges. The work presented
here shows the application of mass spectrometry for Trypanosoma cruzi Strain Typing Assay
using MS? peptide spectral libraries (Tc-STAMS?). The novelty of the method is based on the
use of peptide fragmentation spectra as strain-specific fingerprints to classify and identify
DTUs. Initially, a spectra library is generated from characterized T. cruzi strains. The library is
subsequently inspected using MS/MS spectra from unknown strains and confidently assigned
to a specific strain in an automated and computationally driven approach. The Tc-STAMS?
method was employed to test several variables such as sample type and preparation,
instrument setup and identification platform. Tc-STAMS? provided high confidence and
robustness in T. cruzi strain typing. The Tc-STAMS? method represents a proof-of-concept of a
complementary strategy to the current DNA-based T. cruzi genotyping methods. Moreover,
the method allows the identification of strain-specific features that could be related to the

biology of T. cruzi strains and their clinical outcomes.

Keywords: Trypanosoma cruzi. Discrete Typing Units (DTUs). Mass spectrometry. Spectral

matching. Strain typing methods.
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1 INTRODUCAO

1.1 Trypanosoma cruzi

A Doenga de Chagas (DC), também conhecida como Tripanossomiase americana, foi
descoberta e descrita por Carlos Ribeiro Justiliano Chagas em 1909 (1). De acordo com a Organizacado
Mundial de Saude (World Health Organization, WHO), a doencga afeta por volta de 8 milhGes de
pessoas, principalmente na América Latina, e é causada pelo protozoario Trypanosoma cruzi (T. cruzi)
(2). Estima-se que 10 mil pessoas morram todos os anos devido as manifestagées clinicas da Doenga
de Chagas e que cerca de 25 milhGes de pessoas corram risco de adquirir a doenga (2) (Figura 1). A
transmissdo da DC pode ocorrer por animais silvestres (ex. gamba, tatus) e domésticos infectados
(ex. Cachorro e gato), por transfusGes sanguineas e de forma congénita (3, 4). Transplantes de érgados
e ingestdo de bebidas contaminadas representam outras formas de infecgdo (4). Contudo, a principal
forma de transmissdo ocorre pela picada do inseto contaminado, os insetos hematdfagos da
subfamilia Triatominae, principalmente o Triatoma infestans, Triatoma dimidiata e Rhodnius prolixus,

conhecidos vulgarmente como "barbeiros" (2).
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Figura 1 — Distribuigdo geografica da Doenca de Chagas ao redor do mundo (4).
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No Brasil, um pais de propor¢Ges continentais que vem passando por rapidas transformacoes
demogrificas, sociais e ambientais, onde as desigualdades socioeconémicas e regionais continuam
muito evidentes, doencas negligenciadas atingem grande parte da populacao (5). Estima-se que no
Brasil o nimero de pessoas com DC varie entre 1,9 a 4,6 milhdes (6-8). Devido ao nimero elevado
de doentes, é um grande desafio para os préoximos anos estabelecer e sustentar planos consistentes

para o diagndstico e tratamento de dos pacientes (9).

1.2 Prevaléncia

Em relacdo a morbimortalidade da DC no Brasil, ha poucos estudos sistematicos de base
populacional, dificultando sua estimativa (8). Por volta de 1950 a DC era reconhecida como uma
endemia rural, porém, com o processo de industrializacdo do Brasil e aumento da migracdo da
populacdo rural para areas urbanas, a doenca foi tomando cardter urbano (8). Apenas a partir de
2014, quando foi publicado o primeiro estudo utilizando dados de publicacdes de 1980 a 2012,
chegou-se a prevaléncia da DC no Brasil: 4,2% variando de 4,4% na década de 1980 a 2,4% apds o
ano 2000 (6). Tendo como base esse e outros estudos, a variagdo fica por volta de 1,0% a 2,4% da

populacdo (6-8).

1.3 Mortalidade

A mortalidade da DC no Brasil persiste em niveis elevados (6, 10-13). Em um estudo realizado
utilizando dados de 1999 a 2007 foram identificados 53.924 &bitos relacionados a DC, sendo 44.537
tendo a DC como causa bdsica e 9.387 como causa associada (12). Adicionalmente, entre os periodos
de 2000 a 2010, notou-se que as mortes causadas pela DC ocorreram preferencialmente em pessoas
do sexo masculino acima de 60 anos (85,9%) (14). Em um periodo de 14 anos, a letalidade anual
média foi de 2,7% (37,9). Entre os anos de 2005 e 2013 houve um aumento da letalidade, que
passou para 20,0%, periodo que coincide com o surto de transmissdo oral ocorrido em Santa
Catarina no ano de 2005 (15). A letalidade continuou elevada em 2006 (5,9%), porém diminuindo

constantemente ao passar dos anos (15).

1.4 Género Trypanosoma

O Trypanosoma cruzi pertence ao filo Euglenozoa, do qual fazem parte a ordem dos
Kinetoplastideos Euglenoidea e Diplonemea (16). A caracteristica da ordem dos Kinetoplastideos é
sua mitocondria Unica, o kDNA (17). O kDNA contém em sua composi¢cdo moléculas dupla-fita

circulares denominadas maxicirculos e minicirculos que formam uma rede, sendo responsdvel pela
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codificacdo de proteinas ou RNAs mitocondriais que sdo responsaveis pela edicdo dos genes
transcritos (18).

A ordem dos Kinetoplastideos se divide em dois subgrupos, Prokinetoplastina, que engobla
o subgrupo Prokinetoplastida e Metakinetoplastina, que possui quatro subordens: os biflagelados
Bodonideos (Neobodonida, Parabodonida e Eubodonida) e a ordem Trypanosomatida, dentro da
qual se encontraa familia dos uniflagelados Trypanosomatidae (17, 19, 20).

Os parasitos da familia Trypanosomatidae podem ser encontrados nos mais variados
ambientes, parasitando todas as classes de vertebrados, invertebrados e plantas, (21-25). A familia
Trypanosomatidae é composta por 14 géneros, sendo divididos em monoxénicos e heteroxénicos.
Os monoxénicos, que utilizam em seus ciclos de vida hospedeiros invertebrados como os artrépodes
hematofagos da ordem Diptera (moscas e mosquitos) e Hemiptera (triatomineos), compreende os
géneros Paratrypanosoma, Blechomonas, Crithidia, Blastocrithidia, Wallaceina, Leptomonas,
Herpetomonas, Sergeia, Strigomonas e Angomonas. Ja os heteroxénicos, cujo ciclo de vida envolve
hospedeiros invertebrados e vertebrados (mamiferos, anfibios, répteis, peixes e aves) ou
invertebrados e vegetais, compreende os géneros Phytomonas, Endotrypanum, Leishmania e

Trypanosoma (21-27).

1.5 Ciclo de Vida do Trypanosoma cruzi

Como descrito por Carlos Chagas em 1909 (1), o T. cruzi apresenta um ciclo de vida complexo
gue ocorre em dois hospedeiros: insetos triatomineos hematdfagos e mamiferos. Durante seu ciclo
de vida o T. cruzi apresenta trés formas distintas: amastigota, epimastigota e tripomastigota. O
triatomineo durante o repasto sanguineo no mamifero adquire as formas tripomastigotas
sanguineas (Figura 2). Os tripomastigotas sanguineos migram para o intestino médio do inseto e se
diferenciam em epimastigota, que sao formas replicativas. Os parasitos multiplicam-se por divisao
binaria e, em seguida, migram para a por¢dao posterior do intestino. Na porcdo final, as formas
epimastigotas ligam-se a parede do intestino posterior (ampola retal) antes de se diferenciarem em
tripomastigotas metaciclicos (28, 29). A metaciclogénese parece ser desencadeada pela interacdo
hidrofébica entre o flagelo e o substrato ao qual ele se anexa (28). Apds se diferenciarem em
tripomastigotas metaciclicos, estes se separam da parede do intestino e sdo excretados junto com
as fezes (30). As formas tripomastigotas metaciclicas sdo capazes de infectarem uma ampla gama de
células e tecidos de mamiferos como macréfagos, células epiteliais, fibroblastos e musculatura lisa

e estriada (31).
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Durante o repasto sanguineo, proximo ao local da picada, o inseto libera nas fezes as formas
tripomastigotas metaciclicos, que entram no hospedeiro através do ferimento causado pela picada
ou por ferimentos causados pelo ato de cocar, realizado pelo préoprio mamifero. No hospedeiro
(Figura 2), os tripomastigotas metaciclicos sao internalizados por fagocitose por macréfagos, ou por
outras células do hospedeiro por endocitose (31). Essa internalizacdo da origem ao chamado vacuolo
parasitéforo, local onde o parasito se encontra. Os vacuolos parasitéforos sao formados por fusdes
de lisossomos com a membrana plasmatica (32). O interior acido (pH abaixo de 6.0) do vacuolo
parasitéforo parece favorecer o escape dos parasitos por ativar a molécula porin-like Tc-Tox que
apresenta homologia com a perforina, proteina que é responsavel por criar poros na membrana
plasmatica (33). Apds formas tripomastigotas metaciclicas escaparem do vacuolo parasitoforo e
passarem para citosol, estas comecam a se diferenciar em amastigotas intracelulares. Os
amastigotas se multiplicam por divisao bindria, se diferenciam em tripomastigotas sanguineas e em
seguida, sdo liberados na corrente sanguinea para infectar novas células e refazer o ciclo (Figura 2)

(4).
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Figura 2 — Ciclo Trypanosoma cruzi, 1- Dentro do mamifero, que no exemplo é o ser humano. Os tripomastigotas
metaciclicos invadem células préximas ao local de invasdo, se diferenciam em amastigotas. 2 — Amastigotas
se diferenciam por divisdo binaria. 3 — Os tripomastigotas sanguineos saem da célula e caem na corrente
sanguinea. 4 — Os tripomastigotas invadem novas células e repetem o ciclo, ou 5 - sdo ingeridos por outro
triatomineo durante o repasto sanguineo. 6 - Os tripomastigotas ingeridos se diferenciam em epimastigotas
no intestino médio do inseto. 7 — Os epimastigotas se multiplicam por divisdo binaria. 8 — Diferenciam-se em
tripomastigotas metaciclicos na porc¢édo fina do intestino. Fonte: modificado de: Centros de Controle e
Prevencdo de Doengas (CDC) (34).

1.6 Discrete Typing Units

O T. cruzi é geneticamente e morfologicamente diverso. Com o objetivo de uniformizar a
nomenclatura e a comunicagao entre os cientistas, as cepas do T. cruzi foram inicialmente divididas
em seis grupos (T. cruzi |-VI) de Discrete Typing Units (DTUs) (Tabela 1 e Figura 3) (35, 36), uma nova
cepa associada a morcegos foi caracterizada (Tc-Bat/DTU-VI) (37, 38). Cada grupo representa um
conjunto de isolados que s3ao geneticamente semelhantes e que podem ser identificados por

marcadores moleculares ou imunoldgicos comuns (Tabela 1) (35).
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Tabela 1 - Representacdo das cepas e sua correspondéncia nas DTUs. Alguns exemplos sao

reportados.
Cepa DTU Pais Hospedeiro/Vetor
Sylvio X10 cl1 I Para, Brasil Homo sapiens
Y Il Sao Paulo, Brasil Homo sapiens
3869 1] Amazonas, Brasil Homo sapiens
Canlll cl1 v Para, Brasil Homo sapiens
MN cl2 \" Region 1V, Chile Homo sapiens
CL Brener W Rio Grande do Sul, Brasil Triatoma infestans

Nota - Tabela com as diferentes DTUs e sua distribuicdes. Adaptado de Zingales et al (35) .

Anteriormente a atribuicdo das DTUs, os isolados de T. cruzi eram classificados de acordo
com alguns critérios, como por exemplo, sua morfologia. Outros critérios como viruléncia,
suscetibilidade a farmacos, patogenicidade e perfil eletroforético de isoenzimas (39-43) também
foram utilizados. Além disso, estudos utilizando o perfil eletroforético de isoenzimas permitiu a
separacdo de trés grupos principais, nomeados como Zimodemas (44, 45). Posteriormente,
Tibayrenc e Ayala com a utilizacdo de maior nimero de isolados foram capazes de aumentar
significativamente o numero de zimodemas, que agora conta com 43 zimodemas (43). Estas
evidéncias reforcaram a ideia que o T. cruzi € um organismo dipldide, que sua reproduc¢do ocorre
majoritariamente por divisdo binaria (reproducdo assexuada) e que a reproducdo por processo de
hibridizacdo (reproducdo sexuada) é rara. Esses fatos mostram a estabilidade do organismo que
ocorreu ao logo do tempo (45, 46).

A caracterizagdo das cepas de T. cruzi é extremamente importante para entender as
diferentes caracteristicas epidemioldgicas e patoldgicas, sua distribuicdo geografica e suas
manifestacdes clinicas (35). Devido a isso, varias metodologias de caracterizacdo tem sido
introduzidas para melhorar a genotipagem das cepas de T. cruzi. Em particular, as diversidades
genéticas das populacdes de T. cruzi foram reconhecidas primeiramente por MLEE (Multilocus
Enzyme Electrophoresis) (44, 47) (46), RAPD (Random Amplified Polymorphic DNA) (48) e
posteriormente por analises de restricdo do DNA (49), gel de eletroforese em campo pulsado (50) e
DNA fingerprint (51), demonstrando que existe uma infinidade de métodos para tipificacao.

As metodologias mencionadas anteriormente demonstraram que algumas DTUs consistem
de linhagens hibridas. Como revisado por Zingales et al (36), as linhagens Ill e IV podem ter se

formado a partir de um ancestral em comum entre | e Il. Adicionalmente, as linhagens V e VI podem
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ter ocorrido pela combinacdo entre Il e Il (52-55). Portanto, conclui-se que, embora raros, trocas
genéticas entre as cepas podem acontecer (56).

Quando o parasito infecta um hospedeiro, o mesmo pode sofrer uma sele¢do clonal (57),
com isso, os parasitos isolados de insetos e humanos podem apresentar genétipos diferentes entre
si (57). A heterogeneidade genética do T. cruzi torna dificil o entendimento epidemioldgico e
patoldgico da DC. Ainda estd pouco elucidado até que ponto a infecgao por diferentes variantes do
T. cruzi influencia a severidade da doenca. Além disso, tem-se demonstrado que outros fatores
podem estar associados, como fatores geograficos, a linhagem do parasito, aspectos clinicos da

doenca e variagdo genética entre o parasito e o hospedeiro (56).

DTU-l e Il

DTU-| e TcBat
DTU-le Il
DTU-lell DTU-II e TcBat
DTU-V
DTU-V
DTU-V e VI

Figura 3 — Distribuicdo epidemiologia das DTUs em humanos na América do Sul. Fonte: Adaptado de: Zingales et al; Lima
L, Espinosa-Alvares O, Ortiz PA et al (38, 58).

Atualmente, os métodos utilizados para tipificacdo das linhagens de T. cruzi sdo baseados na

caracterizacdo dos genes do ribossomo, 24S o-rRNA e 18S rRNA. Outras analises envolvem
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amplificacdo do DNA genomico (59), porém, necessita padroes complexos eletroforéticos (60). Esses
métodos sao capazes de discriminar as linhagens, entretanto, as interpretacdes dos resultados
podem levar ao erro, como por exemplo a interpretacdo das analises de diferencas entre bandas de
géis de eletroforese (61). Outro método introduzido recentemente é a MLST (Tipificagdo de
Sequéncias Multilocus) que tem a capacidade de discriminar genétipos Unicos em DTUs, porém, a
sua implementac¢do nao é simples para uma caracterizagao rapida em grandes cole¢des de isolados
(59). Métodos simples de caracterizagdo como o RFLP (Polimorfismo de Comprimento de
Fragmento) e o MTg-PCR (PCR em Tempo Real Multiplex) téem sido aplicados em amostras de

isolados clinicos demonstrando seus potenciais em aplicages na clinica (62).

1.7 GenOmica e expressao génica do T. cruzi

O T cruzi teve seu primeiro genoma sequenciado em 2005 por El-Sayed et. al., utilizando a
metodologia de WGS (Whole-Genome Shotgun), na qual o DNA é clivado aleatoriamente e os
fragmentos sdo sequenciados pelo método de terminacdo de cadeia (63). A cepa utilizada para o
estudo foi a cepa hibrida CL Brener (DTU-VI) (64). A montagem atual do genoma (ASM20906v1) tem
tamanho de 89 Mb, com 23,696 genes codificando 19,607 proteinas. Adicionalmente, 50% genoma
do T. cruzi contém sequéncias repetidas, consistindo em um grande nimero de genes de proteinas
de superficie como as MASPs (Mucin-Associated Surface Proteins), transialidases (TS), glicoproteina
gp63, retrotransposons e repeticdes subteloméricas (64). Além do mais, mais de 50% das proteinas
sdo reportadas como hypothetical ou uncharacterized. Essa falta de anotacdo, prejudica a associacdo
com fungdes especificas e mais estudos sao necessarios para identificar e validar a fungao dessas
proteinas.

Em particular, pelo fato da cepa CL Brener (DTU-VI) ser uma hibridizacdo entre duas
divergentes DTUs, como as Esmeraldo-like (DTU-II) e non-Esmeraldo-like (DTU-III), e pelo seu
conteldo genOmico repetitivo, a montagem fica prejudicada, afetando a primeira montagem do
genoma do T. cruzi e deixando-o incompleto (64, 65). Com a ideia de obter um genoma mais
completo, Frazén et al., (65) sequenciaram uma cepa ndo-hibrida, a cepa Sylvio X10/1 (DTU-I). A
cepa Sylvio X10/1 contém poucas repeticGes, baixos niveis de heterozigose, genoma menor e
também é uma referéncia em estudos in vivo e in vitro (65, 66).

Ao comparar as cepas Sylvio X10/1 (DTU-I) e CL Brener (DTU-VI) Frazén et al., notaram que
os genomas das cepas eram similares e que continham regides conservadas intercaladas com
regioes de sequéncias repetitivas. Apesar da boa cobertura do genoma, as regides que continham

repeticdes prejudicaram a montagem do genoma. Para contornar essa dificuldade, os autores
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complementaram a montagem baseando-se na analise de leitura. Sendo assim, foi possivel
caracterizar os genes repetidos de ambos genomas. A comparagao entre os representantes das DTU-
| e DTU-VI mostraram que hd uma grande diferenca entre as duas cepas, principalmente em relacdo
a proporg¢do de sequéncias com homologia multigénicas. Adicionalmente, as andlises dessas duas
cepas deixaram clara a sua diferenca, a cepa CL Brener possui um genoma de aproximadamente de
55 Mb, esse nimero esta relacionado a expansao de genes relacionados a proteinas de superficie,
enquanto que cepa Sylvio X10/1 possui um genoma de aproximadamente de 44 Mb. Os autores
notaram que o tamanho menor do genoma é caracteristica da DTU-I (65).

Além das cepas Sylvio X10/1 (DTU-1) e CL Brener (DTU-VI), outras cepas também foram
sequenciadas tais como o T. cruzi JR CL4 (genBankassembly accession: GCA 000331405.1), T. cruzi
Tula CL2 (genBank assembly accession GCA 000365225.1), T. cruzi Dm28c (67) e T. cruzi marinkellei
cepa B7 (68). Muitas dessas cepas encontram-se atualmente com o genoma em “draft”.

Devido a mudancas de hospedeiros durante o ciclo biolégico, o T. cruzi sofre alteragdes
morfoldgicas e moleculares que sdo consequéncia da expressao génica e das vias metabdlicas (69).
Essas alteracdes necessitam de um controle refinado e rdpido da expressdao génica. Desde a
transcricdo do DNA até a traducdo do RNA mensageiro, o parasito desenvolveu mecanismo
diferentes de outros eucariotos, gerando processos Unicos na regulacdo (70), tais como: a
transcricdo policistronica (71-73), o processamento do pré-mRNA por trans-splicing e poliadenilacdo
(74, 75) e um mecanismo para a reconstituicdo da fase de leitura aberta do transcrito, no qual a
uridina é removida ou inserida por edi¢cao do pré-RNA mitocondrial (73, 76, 77). Adicionalmente, em
alguns tripanossomatideos, a RNA polimerase | é responsavel pela transcricdo de alguns genes
codificadores de proteinas, como por exemplo, as glicoproteinas variantes de superficie (VSG) e
proteinas PARP (procyclic acidic repetitive protein) de T. brucei (78, 79).

Nos eucariotos a transcricdao ocorre da seguinte maneira: a RNA polimerase |l liga-se ao gene
promotor iniciando a transcricdo do gene (80). O processo acaba resultando no transcrito primario
ou pré-RNA, contendo sequéncias de introns e éxons. Com a adi¢do de 7-metilguanosina (m7G cap)
na extremidade 5 do RNA, ocorre a remocao dos introns por cis-splicing e adicdo da cauda de
adenina (poli-A) na extremidade 3’, gerando o mRNA maduro (73, 81). Por outro lado, a transcri¢do
em tripanossomatideos (Figura 4) ocorre pelo reconhecimento das regiées promotoras tanto pela
RNA polimerase | quanto a RNA polimerase Il (78, 82-84). Porém, para a maioria dos genes, nao
existe sequéncia consenso para a polimerase Il. Sendo a RNA polimerase Il de baixa especificidade e
devido a ambas as fitas do DNA poderem ser transcritas (72), a RNA polimerase inicia a transcri¢cdo

indiscriminadamente no genoma e forma longos RNAs policistronicos sem introns (85). Com isso,
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esses pré-RNAs policistronicos sdo processados por poliadenilacdo na extremidade 3’ e trans-
splicing na extremidade 5’ pela adicdo de uma sequéncia lider de aproximadamente 39 nucleotideos
chamada de spliced leader (Figura 4) (86). Ao contrario do que ocorre nos procariotos, nos
tripanossomatideos as unidades monocistronicas maduras codificam proteinas que ndo pertencem
a uma mesma via metabdlica e os niveis de mRNAs sao modulados por eventos pds-transcricionais

(73).
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Figura 4 — Representa¢do da maquinaria de transcrigdo e processamento de mRNAs em tripanossomatideos. Os genes
do genoma sdo transcritos como pré-RNAs policistrénicos que por sua vez sdo processados por poliadenilacdo
na extremidade 3’ e trans-splicing na extremidade 5 pela adicdo de spliced leader, gerando mRNAs
monocistronicos maduros (87).

1.8 Doenca de Chagas

1.8.1 Fase Aguda

Esta fase inicia-se apds a infeccdo das formas metaciclicas em hospedeiros humanos. A
infeccdo pode ocorrer pela mucosa dos olhos (sinal de Romafia) ou por ferimento causado pelo
inseto ou pelo ato de cogar (chagoma de inoculagdo) (Figura 5). Caso a contaminag¢do ocorra por via
oral, congénita ou por transfusdo sanguinea ndo havera sinal aparente (88). A fase aguda é
normalmente assintomatica, porém manifestacdes ndo especificas podem ser observadas, como
febre, ndusea, vomito, anorexia, miocardite, linfadenopatia e hepatoesplenomegalia. Esses sintomas
iniciam-se de 1 a 2 semanas apds a picada do inseto infectado, ou apds alguns meses se a
transmissdo ocorrer por transfusdo de sangue infectado. Apds esse periodo, os anticorpos IgM sao

encontrados em niveis elevados no soro dos pacientes portadores da DC (89) e também sdo
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detectados anticorpos IgG nessa fase (90). O diagndstico é realizado em menos de 10% dos casos,

devido aos sintomas ndo especificos, e mais de 95% dos casos curam-se espontaneamente (91).

Figura 5 — Via de entrada. a) Sinal de Ronafia; b) Chagoma de inoculagdo. Fonte: Neves DP et al (92).

.

1.8.2 Fase Crénica

Apds a fase aguda, 60-70% dos pacientes entram na fase latente, na qual ndo ha
desenvolvimento dos sinais clinicos da doenca. Essa fase pode durar anos ou a vida inteira do
paciente. Os outros 40-30% desenvolvem a fase cronica, que caracteriza-se por comprometimento
cardiaco ou digestivo (megacdlon e megaes6fago) como revisto em Rassi A Jr (4). Além disso, A DC
pode comprometer o sistema nervoso central e periférico (93). Essa fase pode iniciar-se 10-30 anos

apos o contato com o parasito.

1.8.3 Tratamento

O tratamento da doenca de Chagas iniciou-se nas décadas de 60-70 com a utilizacdo do
Nifurtimox (Lampit®, Bayer) e do Benzonidazol (Rochagan® ou Rodoni®, Roche), ambos farmacos de
escolha para o tratamento da fase aguda da doenca (94). O modo de a¢do do Nifurtimox se da pela
reducdo metabdlica de grupos nitro por nitronucleases, que por sua vez, leva a producdo de radicais
nitrodnios. Como o mecanismo de desintoxicacdo do T. cruzi é ineficiente, uma diminuicdo no
oxigénio leva a morte do parasito. A utilizagao do Nifurtimox foi descontinuada na década de 80 no
Brasil, Chile e Argentina devido a seus efeitos colaterais. Ja o modo de acdo do Benzonidazol se da
por ligacGes covalentes ou outras interacdes intermedidrias de nitroreducdo de componentes do
parasito, ou por ligacdo ao DNA, lipideos ou proteinas do parasito (95). O Benzonidazol também
apresenta efeitos colaterais e ndo é recomendado para pacientes gravidas, com insuficiéncia

cardiaca e renal, infec¢des sistémicas, neoplasias, idosos e pessoas com baixa imunidade (95). Os
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tratamentos usuais contra o T. cruzi ainda estdo abaixo do ideal, necessitando o desenvolvimento de

novas abordagens.

1.9 Diagndstico da Doenca de Chagas

O diagnéstico da doenca de Chagas na fase aguda normalmente n3do ocorre, devido aos
sintomas dessa fase serem inespecificos, prejudicando o tratamento da doenca (90). O teste para a
fase aguda baseia-se em exame parasitolégicos diretos, nos quais uma grande quantidade de
tripomastigotas pode ser visualizada por microscopia utilizando sangue fresco com anticoagulantes
(96). Para o diagndstico da fase cronica, é realizado o teste soroldgico para detectar anticorpos
contra T. cruzi, por exemplo, testes de IFl (Teste de Imunofluorescéncia Indireta), HAI (Teste de
Hemaglutinagdao Indireta) e o teste ELISA (Ensaio de Imunoabsor¢do Enzimatica). Esses testes
apresentam alta sensibilidade, porém baixa especificidade por apresentar reacdo cruzada com
Leishmania sp. e Trypanosoma rangeli (97). A PCR (Rea¢do em Cadeia da Polimerase ) ndo é utilizada
para diagnostico clinico e sim em pesquisa laboratorial, devido a falta de padronizacao dos métodos
(4). O diagndstico da doenca de Chagas congénita é realizado utilizando-se o corddo umbilical ou
sangue venoso do recém-nascido, sendo um método muito invasivo (98). Embora os métodos
apresentados sejam utilizados rotineiramente no laboratério para o diagndstico da doenca de
Chagas, nenhum deles apresenta sensibilidade e precisdo de 100%, tornando necessario o

desenvolvimento de novas metodologias para a caracteriza¢ao da doenca.

1.10 Protebmica Baseada em Espectrometria de Massas

Em 1994 durante a “First Siena Conference, 2D Electrophoresis: From Maps to Genomes”
surgiu o termo “PROTEOME”, cuja autoria foi dada a Marc R. Wilkins, Vitaliano Pallini e Denis
Hochstrasser (99, 100). Além do mais, o termo “The PROTEin complemente expressed by a genOME”
foi definido por Wilkins (100). Em outras palavras, o proteoma pode ser definido como um conjunto
de proteinas expressas por um genoma em um determinado tempo, espaco, estado (patolégico ou
ndo) e estimulos externos (101, 102), definindo diferentes proteomas para a mesmo genoma.

O estudo do transcriptoma (conjuntos de transcritos) pode analisar o estado pontual da
célula em determinado tempo, condi¢cdo, modificacdes pds-transcricionais ou splicing alternativos,
porém, essas andlises ndo irdo fornecer informacdes sobre as proteinas expressas pelo fato de
ocorrerem inumeras modificacdes pds-traducionais (fosforilagcdo, glicosilagdo, ubiquitinacdo,

arginilacdo, etc) (102, 103). A protedmica é utilizada como ferramenta para a caracterizacdo
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detalhada do proteomas, suas modificacées pds-traducionais (PTMs), quantificacdo de todas as
proteinas de uma amostra como também a interacdo entre proteinas (104).

O surgimento da protedmica como a conhecemos hoje teve inicio na década de 1980, com a
utilizacdo da separagdo de proteinas por gel bidimensional (two-dimensional gel electrophoresis,
2DE) (105, 106). Essa técnica consiste na separacdo de proteinas utilizando dois parametros, o ponto
isoelétrico (carga) e a massa molecular, e ambos sao definidos baseados na mobilidade das proteinas
em uma matriz de gel de poliacrilamida (106). Mesmo sendo o 2DE uma metodologia poderosa para
identificacdo de proteinas, a mesma tem limitagdes, como por exemplo, a dificuldade em identificar
proteinas de membranas, estando limitado a deteccdo de proteinas associadas a membranas e
proteinas com baixa hidrofobicidade (107).

O estudo do proteoma de tecidos, células ou organismos inteiros sdo conduzidos na maioria
dos laboratdrios utilizando a estratégia de bottom-up, também denominada shotgun. Esse método
baseia-se na caracterizagdo de proteinas de uma dada mistura pela andlise de seus peptideos
gerados através de protedlise enzimatica (108, 109). O nome shotgun foi dado por Yates pela
analogia do sequenciamento gendmico (101). A abordagem shotgun permitiu a determinacao de
proteomas e tem sido largamente utilizada por sua alta reprodutibilidade, sobressaindo-se ao
método classico de andlise 2DE (110). A vantagem sobre os géis 2DE se dd pela limitacdo desta uUltima
técnica na identificacdo de proteinas que compartilham determinadas caracteristicas, como por
exemplo, hidrofobicidade acentuada, ponto isoelétrico extremo e alta massa molecular (111, 112).
Sendo assim, proteinas importantes podem deixar de ser identificadas casos as analises sejam
baseadas apenas na separacao em géis (113, 114). Na estratégia bottom-up (Figura 6) amostra de
proteinas de interesse sofre protedlise por tripsina, passa por um processo de dessalinizacdo e
injetadas no espectrometro de massas (explicado mais detalhadamente adiante).

A protedmica foi beneficiada com o desenvolvimento tecnoldgico dos equipamentos para
analise qualitativa e quantitativa de proteinas e peptideos. Anteriormente, o maior desafio era o
desenvolvimento de métodos que permitissem que peptideos pudessem ser ionizados e detectados
sem sua destruicdo nesse processo (99). Essa limitacdo foi ultrapassada com o surgimento de novas
metodologias para o sequenciamento de peptideos utilizando metodologias denominadas soft
ionization, como o ESI (lonizacdo por Electrospray), concebida por John Fenn, e MALDI (lonizacdo
por Dessorcdo a Laser Assistida por Matriz) por Koichi Tanaka, Franz Hillenkamp e Michael Karas,
acompanhado pela miniaturizagdo e automacao da cromatografia liquida (Cromatografia Liquida, LC)
(115), permitindo quantificacdo e identificacdo de peptideos com maior velocidade e precisdo (116).

Adicionalmente, com a rdpida melhora nos equipamentos de cromatografia e espectrometros de



32

massas e o desenvolvimento de algoritmos mais precisos nas andlises dos dados gerados, a
prote6mica baseada em espectrometria de massas tornou-se uma ferramenta valiosa no estudo das
proteinas.

Com a maior utilizagdo de métodos de separagao livre de géis, foram desenvolvidos novos
métodos de separacdo baseados na cromatografia liquida acoplada a espectrometria de massas em
tandem (LC-MS/MS). A prote6mica baseada em espectrometria de massas tem ajudado nas analises
de sistemas bioldgicos e a cada dia que passa vao surgindo novas melhorias nas metodologias
empregadas nas analises em protedmica. De fato, a protedmica auxilia na compreensdo de
processos biolégicos e nos ultimos anos tem ajudado na descoberta de muitos potenciais
biomarcadores, embora poucos deles de fato passaram para a fase de clinica (117-119). Alguns
detalhes importantes da protedmica dizem respeito ao desenho experimental, na qual sofre grande
influéncia a preparacao da amostra, isto €, qual é o melhor experimento a se fazer para responder a
pergunta em questdo. Outro detalhe muito importante é a andlises dos dados, necessitando de
pessoas qualificadas e treinadas (116). A Figura 6 mostra as a diversas estratégias que podem ser

utilizadas na protedmica baseada em espectrometria de massas.
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Figura 6 — Visdo geral da protedmica baseada em espectrometria de massas bottom-up. Adaptado de Steen H, Mann
M (120).

1.10.1 Avancos Tecnoldgicos na Proteébmica Baseada em Espectrometria de Massas

Um espectrdmetro de massas tem quatro partes fundamentais: a fonte de ionizagao, o
analisador de massas, o detector e o sistema de aquisicdo de dados (mostrado na Figura 7).
Primeiramente a amostra a ser analisada é introduzida na fonte de ioniza¢do. No caso do ESI as
moléculas (peptideos) serdo dissolvidas em solugdo polar e volatil, para entdo serem bombardeadas
através de um fino capilar de metal (que é mantido entre 3 a 5 kV), e nebulizadas na ponta do capilar
com aplicacao de forte campo elétrico, permitindo a formacdao de pequenas goticulas carregadas.
As goticulas carregadas sao evaporadas por aplicacdo de calor e nitrogénio seco e as cargas residuais
sdo transferidas para os peptideos (evento denominado droplet fission) (121). Logo em seguida, os

peptideos ionizados sdo conduzidos através de campo elétrico até o analisador de massas. E possivel
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manipular a fragmentacdo aumentando a tensdo, e consequentemente aumentando a colisdo com
as moléculas de nitrogénio (122).

No analisador de massas ocorre a separacdao de acordo com as suas respectivas razoes
massa/carga (m/z) (123). Os analisadores de massas nessa fase da andlise tém grande influéncia na
identificacdo dos peptideos, isto porque, cada analisador de massa tem parametros diferentes tais
como, resolugdo, sensibilidade e exatidao diferentes uns dos outros, implicando na qualidade do
dado adquirido (espectro) (124). Os analisadores de massas mais utilizados na pesquisa proteémica
atualmente sdo: Tempo de voo (TOF); Quadrupolo; Armadilha de ions (lon Trap, IT) e Orbitrap (123-
129). O elemento final do espectrometro é o detector, cuja funcdo sera a de registrar os dados de
abundancia relativa e os valores de m/z dos ions, e apresenta-los como espectros de massas (130).

A Figura 7 sumariza todos os componentes do espectrometro de massas.
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Figura 7 — Componentes do espectrometro de massas. Fontes de ions ESI. Diferentes modelos de analisadores de massas
e os diferentes métodos de detector. Mddulo de processamento de dados. Adaptado de Hart-Smith G,
Blanksby SJ (131).

1.10.2 Fragmentacdo de Peptideos

Na prote6mica utiliza a espectrometria de massas para analisar peptideos e identificar
proteinas em banco de dados. Um dos primeiros métodos desenvolvidos, que usa a informacdo da
massa molecular dos peptideos (digeridos enzimaticamente), foi o PMF (Peptide Mass Fingerprint).

Com o surgimento dos analisadores hibridos (dois analisadores acoplados), permitiu-se o
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surgimento de experimentos em sequéncia (tandem), sendo entdo possivel detectar um
determinado ion e submete-lo a uma etapa de fragmentacdo (101, 132).

Na etapa de fragmentacdo um método que é bastante utilizado é a dissociacdo induzida por
colisao (CID)(133). O processo de fragmentagdo comega com os ions sendo introduzidos na regiao
do vacuo do espectrometro de massas (por meio de ESI ou MALDI). Em seguida, os ions precursores
sao acelerados seguidos de colisdes em gds neutro (hélio, argbnio ou nitrogénio), levando a
conversdo de energia cinética em energia vibracional. Conforme a energia vibracional excede um
limiar, as ligacGes peptidicas covalentes podem quebrar. Os ions fragmentos resultantes sdo usados
para obter a sequéncia peptidica em busca em banco de dados.

Seguindo o modelo de mobilidade do préton (134), que descreve como a energia adquirida
induz a transferéncia intramolecular dos prétons em cada peptideo, culminando na desestabilizagao
das ligacOes do esqueleto polipeptidico, e por consequéncia, induzindo a formacdo de dos ions
fragmentos (135), os ions fragmentos sdo classificados como ions que retém a carga residual (préton)
no lado N-terminal (gerando fragmentos -a, -b e -¢, dependendo da ligacdo fragmentada) e ions que
retém a carga residual (préton) na regido C-terminal (gerando os fragmentos -x, -y e -z, dependendo
da ligacdo que é fragmentada), segundo a nomenclatura proposta por Roepstof-Fohlman-Biemann
(136) (Figura 8). Outro detalhe é a formacdo do ion denominado iménio: esse ion formado da
clivagem simultanea das regides C- e N-terminais de um residuo de aminodcido. Esse ion é util para
diagndstico fornecendo informagdes do ion precursor (99).

Outros métodos de fragmentacao utilizados sdao a dissociacdo por captura de elétrons
(Electron Capture Dissociation, ECD) e a dissociacdo de transferéncia de elétrons (Electron Transfer
Dissociation, ETD) (137, 138).

Recentemente um método de fragmentacdo baseado na dissociacdo induzida por alta
energia de colisdo (HCD) vem sendo muito utilizado (139). Esse método foi disponibilizado
comercialmente pela empresa Thermo® (LTQ-Orbitrap™) em 2007. Com um processo de
fragmentacdo semelhante ao CID, os ions sdao primeiramente fragmentados na camara de colisao,
em seguida sdo enviados ao C-trap (que é um LIT curvado), que comprime eletrodinamicamente os
ions no tempo e espaco e os acelera, através de um gradiente rdpido de voltagem para serem
ejetados para o orbitrap (140). A fragmentacdo do HCD gera ions b e y, podendo gerar outros ions
menores (Figura 8). O HCD permite observar ions de baixo m/z, tornando-o adequado para andlises

iTRAQ (Isobaric Tags for Relative and Absolute Quantitation) ou TMT (Tandem Mass Tags) (141-144).
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Figura 8 — Representagao dos ions gerados nos diferentes métodos de fragmentagdo. Quando a fragmentagao ocorre
clivagem no N-terminal os fragmentos sdo chamados de A, B e C, e quando ocorre no C-terminal do peptideo
os fragmentos sdo chamados de X, Y e Z. (A) — A numeracdo indica qual ligacdo peptidica é clivada contando
a partir do N e C, respectivamente. (B) — As cargas a direita significam que houve um rearranjo de cargas no
processo de fragmentacdo, esses ions sdo denominados B. (C) — Os ions Y sdo os fragmentos mais comuns
gerados pela clivagem da regido C-terminal. Laranja: Fragmentacdo CID e HCD; Azul: Fragmentagdo ECD e
ETD. Adaptado de Roepstorff P, Fohlman J. (136).

A espectrometria de massas sequencial (MS/MS) consiste em varios processos: isolamento
das amostras de interesse, digestdo enzimatica, ionizacdo por um gas neutro, selecdo de massa do
ion precursor, dissociacdo (por exemplo CID), deteccdo dos ions e aquisicdo dos dados. Em especial,
ela surge como uma alternativa para a obtencdo de maior seletividade nos experimentos
gquantitativos.

Quando o experimento em espectrometria de massas MS/MS ocorre em regies separadas
do aparelho (como no triplo quadrupolo), diz-se que é espectrometria de massas sequencial no
espaco (tandem mass spectrometry in space). Porém, quando todos esses processos ocorrem no
mesmo espaco fisico (como no ion trap), nomeia-se como espectrometria de massas sequencial no
tempo (tandem mass spectrometry in time), permitindo a realizacdo de varios estagios de MS" (145).

Dependendo do objetivo do trabalho, espectrometria sequencial oferece quatro tipos de
analises: varredura de ions produtos, varredura de ions precursores, varredura de perda neutra e
monitoramento seletivo de reacdes. Nesse trabalho foi utilizado um espectrometro de massas LTQ-
Orbitrap Velos com aquisicdo dependente de dados (DDA) (Figura 9). Esse tipo de analise é baseado

na analise de varredura de ions precursores (product ion scanning): o primeiro analisador seleciona
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o ion de interesse (MS?) que serdo fragmentados na cdmara de colis3o, e os ions fragmentos serdo

analisados no segundo analisador de massas (MS?) (146, 147).
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Figura 9 - Visdo geral do funcionamento do LTQ-Orbitrap Velos em modalidade de aquisigdo dependente de dados (DDA).
O funcionamento do LTQ-Orbitrap Velos baseia-se na analise de varredura de ions precursores, o primeiro analisador
seleciona os ions de interesse (MS1), que serdo fragmentados na cadmara de colisdo, e os ions fragmentos serdo
analisados no segundo analisador de massas (MS2). Para esse exemplo foi utilizada a cepa Tc Sylvio X10 CL1.

1.10.3 Andlise de Dados Prote6émicos

Apds todo o procedimento de preparacao da amostra, processamento no espectrometro de
massas e obtencdo dos espectros MS/MS, a préxima etapa é realizar a busca em banco de dados de
proteinas. Inicialmente, é necessario realizar um pré-processamento e para isso existem métodos
que classificam espectros MS/MS em bons ou ruins, levando em consideracdo a boa relagdo sinal-
ruido, fragmentacdo uniforme e extracdo precisa das massas de cada pico no espectro de massas.
Para isso, utilizam-se algoritmos que s3ao responsaveis pela classificacdo dos espectros antes de
submete-los a busca em banco de dados (148).

Um dos softwares para buscas em bancos de dados utilizando espectros MS sdo o Sequest,
Mascot e o Andromeda.

O Sequest, que usa um modelo descritivo, é baseado na previsdo de como os peptideos se
fragmentam no modo em tandem (MS/MS), que é entdo quantificado para determinar a qualidade

da combinacdo entre a predicdo e o espectro experimental (149).
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O Mascot e Andromeda usam o modelo probabilisticos. Resumidamente, o modelo
probabilistico determina a probabilidade da relacdo entre os espectros MS/MS e as sequéncias no
banco de dados (149).

O MaxQuant utiliza o algoritmo Andromeda, que estd disponivel gratuitamente

(www.maxquant.org), sendo essa uma das vantagens em relacdo ao Mascot. O Maxquant pode ser

executado em computadores mais modestos. Outra vantagem é sua capacidade de analisar
peptideos co-fragmentados, possibilitando a andlise de espectros MS/MS de alta resolucdo,

melhorando as identificagGes principalmente em misturas complexas (150).

1.11 Biblioteca Espectral

A busca de sequéncia proteicas em bancos de dados usando espectros MS/MS é um processo
computacionalmente caro, propenso a erros e muito trabalhoso. Ela tem sido objeto de pesquisa
desde os primérdios da proteémica (151, 152). Muitas ferramentas foram desenvolvidas no intuito
de alcancar o equilibrio entre sensibilidade e precisdo (152), mas mesmo com a evolucdo do
hardware e software, as buscas ainda continuam dispendiosas necessitando de grandes
processamentos quando se quer analisar grande conjuntos de dados, deixando essas analises para
grandes grupos de pesquisas. (152).

O conceito de uso da biblioteca espectral inicia-se por volta da década de 70, quando a
estrutura de uma espécie quimica era inferida pelo seu padriao de fragmentacdo gerado pelo
espectrometro de massas (153). Esse método envolvia curagem manual e era demorada.

O uso inicial de bibliotecas espectrais foi em analises de pequenas moléculas, em particular
na cromatografia gasosa acoplada a plataforma de espectrometria de massas (GC-MS) empregando
ionizagdo eletronica (El) que fragmenta os analitos na fonte de ions. As bibliotecas construidas eram
distribuidas pelos fornecedores de espectrdmetros de massas e também para outras entidades
como o Instituto Nacional de Padrbes e Tecnologia dos Estados Unidos (National Institute of
Standards and Technology, NIST- USA) (154). Essa biblioteca era formada por uma grande cole¢do
de espectros de massas tedricos de compostos conhecidos. Logo em seguida, um espectro de massa
gerado experimentalmente podia ser comparado com a biblioteca buscando a melhor
correspondéncia possivel. O Unico impedimento da sua utilizacdo na época era a disponibilidade de
bibliotecas confiaveis (154, 155).

No ambito da protedémica, uma idéia semelhante de busca espectral foi apliado por Yates et
al em 1998 (155, 156). Yates et al obtiveram sucesso no uso de uma “correlacdo cruzada”

normalizada para medir a semelhanca entre um espectro CID e um espectro de referéncia obtido do
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mesmo instrumento. Mesmo que essa ideia tenha sido revelada bem a frente do seu tempo,
bibliotecas espectrais de peptideos ndo existiam antes de 1998, lancando bases para as buscas em
bibliotecas espectrais como conhecemos hoje (157).

Com a evolugao dos equipamentos e dos métodos de preparagaos de amostras, atualmente
a protedmica pode rever métodos utilizados anteriormente (156, 158). Além disso, tem aumentado
a disponibilidade on-line dos dados gerados por varios laboratérios, e os dados protedmicos shotgun
tem sido padronizados (159-163). Todavia, para que a biblioteca espectral seja abrangente é
importante construi-la com espectros MS/MS de uma grande variedade de fontes para prover
precisdo, qualidade e evitar os falsos positivos. Para tal, o NIST- USA em colaboragdo com o projeto
PeptideAtlas estdo responsaveis pela qualidade dos espectros MS/MS disponiveis on-line (160, 164).

A busca espectral é uma forma de agregar conhecimento de experimentos anteriores em
novos estudos, ja que normalmente esses dados gerados ficariam sem uso. Assim, a busca espectral
é ideal para a protedmica direcionada, isto é, quando ndao se buscam novas informacgbes e sim
informacdes repetitivas de um certo conjunto pré-definido de peptideos (152, 165). Os softwares
mais usados para busca espectral sdo o SpectraST (Spectra Search Tool) (152, 166), X!Hunter (158) e
Bibliospec (156), (Figura 10 e 11).

O Bibliospec desenvolvido por Frewen et al em 2006 (156), e mostraram que é possivel
comparar espectros adquiridos de diferentes modelos de equipamentos em diferentes laboratodrios.
No mesmo ano foi apresentado o X!Hunter (161) por Craig et al, que utiliza abordagem semelhante
para inferir a significancia estatistica de correspondéncias espectrais. Por volta de 2007 Lam et al
revela o Spectrast (152, 166) que foi integrada na suite da Trans-Proteomic Pipeline (167-169), uma
suite completa para andlise de dados proteémicos que possibilita a realizacdo de todas as etapas de
analise de dados desde a conversao de formato de dados até a validacdo estatistica.

A busca por biblioteca espectral vem adquirindo importancia nesses anos e para explica-la
melhor, é importante compara-la com o método de busca em banco de dados de sequéncia. A busca
em banco de dados de sequéncia de proteinas é frequentemente o método de escolha para
identificar espectros de massas. Quando se compara um espectro de massas MS/MS com espectros
previstos teoricamente de peptideos com precursor m/z semelhantes, o algoritmo de busca de
banco de dados de sequéncias atribui a sequéncia a melhor correspondéncia ao espectro de massas
observado como identificacdo putativa (157). Desde que os peptideos estejam incluidos no banco
de dados de sequéncias e que as modificacdes sejam consideradas nas buscas, o algoritomo é
teoricamente capaz de identificar os peptideos. Por essa razdo, a busca de banco de dados de

sequéncias é ideal para descobrir novos peptideos que ndo tenham sido observados
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experimentalmente. Por outro lado, a busca em bibliotecas espectrais € menos utilizada para esse
proposito, porque ndo depende do genoma para a identificacdo, e esse aspecto fica restrito a

identificacdo de peptideos previamente identificados (157).
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LLLOWCWENGK
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GDAVFVIDALNR
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‘ —
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z
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\ Espectro da biblioteca

il ‘M' |
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Saida: Lista ranqueada dos peptideos E

Peptideo Score

VSTPNVSVVDLTCR 5.6 N Melhor correspondéncia
ISLLDAQSAPLR 1.3 VSTPNVSVVDLTCR
CDVVSNTIIAE 1.1

Figura 10 - IdentificacOes dos peptideos podem ser realizadas comparando os espectros experimentais contra B - um
banco de dados de espectros tedricos contidos em um banco de dados de sequéncias proteicas ou C— Busca
em biblioteca espectral. D — Lista dos melhores candidatos obtidos e E — Melhor correspondéncia dos dados
experimentais contra um banco de dados de sequéncia proteica. Adaptado de Nesvizhskii Al (170).

Porém, as buscas em bibliotecas espectrais apresentam algumas vantagens em relagdo a
busca em banco de dados de sequéncias. A primeira delas é o principio de correspondéncia espectral,
e ndo requer qualquer informacdo prévia sobre os fragmentos do analito ou do espectrometro de
massas. Além do mais, a busca em biblioteca espectral faz uso de toda as informacdes contidas no
espectro de massas para distinguir entre boas e mas comparagdes, significando que a sensibilidade
é geralmente maior do que a busca em banco de dados. Segundo, a biblioteca espectral representa
uma fracdo do proteoma do organismo estudado, com isso, o “espaco de busca” é muito menor em
comparacgdo com busca em banco de dados. Este fato revela ndo s6 uma melhora na velocidade de
busca como também a sensibilidade, reduzindo os falsos negativos (155, 158). Terceiro, a biblioteca
espectral conecta experimentos passados com futuros, enquanto que a busca em banco de dados
de sequéncias ndo traz conhecimentos prévios no processo de identificacdo (157). Se o objetivo do

experimento nao é descobrir peptideos novos, mas sim identificar o mesmo peptideo em diferentes
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amostras, a busca por biblioteca espectral é mais adequada do que busca por banco de dados de
sequéncias. E por fim, as limitacbes mencionadas na busca por biblioteca espectral podem ser
parcialmente superadas pelo aumento da biblioteca espectral e também pela utilizacdo de métodos
de previsdao de espectros.

A construcdo de uma biblioteca espectral MS/MS pode ser resumidamente dividida em cinco
passos. O primeiro passo envolve a analise dos espectros por ferramentas tradicionais de buscas de
bancos de dados de proteinas. No segundo passo, é realizado a validacdo estatistica para dar
confiabilidade as identificages. A terceira etapa envolve a consolidagao de todas as identificagGes,
incluindo a tarefa de integrar dados e resultados de diferentes formatos e lugares, que é realizada
manualmente. No quarto passo, quando a biblioteca “bruta” é construida, os espectros com varias
identificacOes sdo unidos, formando-se um espectro de consenso, isto é, um “consenso” para esse
peptideo. Esse passo diminui a redundancia da biblioteca. Neste passo pode-se usar uma abordagem
alternativa: alternativamente a formar um espectro de consenso, seleciona-se o “melhor” espectro
gue representa as repeticdes. E por fim, no quinto passo é realizado o controle de qualidade, ou seja,
nesse passo os espectros erroneamente identificados ou ruidosos sdo removidos da biblioteca (171).

De modo geral, a busca em biblioteca espectral inclui trés etapas para a identificacdo correta.
A primeira etapa é o pré-processamento, nesta etapa o ruido e outros picos que oferecem baixa
discriminacdo serdo removidos do espectro de consulta. O propdsito do pré-processamento é reter
a informacao discriminativa utilizando por exemplo, picos intensos e discriminativos que sao Uteis
para a correspondéncia espectral. Para tal, a intensidades de picos sao transformadas por alguma
funcdo matematica (por exemplo o produto escalar), para reduzir aimportancia relativa de combinar
intensidades de picos, que estdo sujeitas a variagdes experimentais. A segunda etapa é a
guantificacdo do grau de similaridade entre o espectro de consulta e os espectros da biblioteca, essa
guantificacdo pode ser por compara¢dao do espectro de consulta com cada um dos espectros
candidatos da biblioteca. A etapa final é a validacdo estatistica, ou seja, atribuir uma probabilidade

a identificacdo, que é considerada a combinacdo espectral mais préoxima (157).
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Figura 11 — Fluxograma para a constru¢do de uma biblioteca espectral. 1 — Apds todo o procedimento de obtengdo de
espectros MS/MS realiza-se uma busca em banco de dados de sequéncia. 2 — Apds a busca, valida-se os
peptideos com testes estatisticos. 3 — Integra-se todos os dados de diferentes lugares e formatos. 4 —
Espectros semelhantes sdo unidos em um consenso. 5 — Aplicacdo de filtros de qualidade para prover
melhor qualidade da biblioteca espectral. Adaptado de: Lam, H. (172).

5. Filtro de qualidade

O uso de biblioteca espectral estd expandindo consideravelmente. Mais recentemente, a
metodologia ja foi utilizada para identificar fontes de alimentos de carrapatos (173), microrganismos
(174) (como bactérias) e neste caso protozodrios. A busca espectral é um recurso muito Util para
pesquisas em protedmica principalmente quando o objetivo é identificar os mesmos peptideos em

diferentes amostras (171).

1.12 Protebmica no Trypanosoma cruzi

Devido a capacidade da protedmica baseada em espectrometria de massas em identificar e
guantificar proteinas e também suas PTMs (104), é interessante aplica-la para o estudo do T. cruzi ja
gue seus diferentes estagios de desenvolvimento provavelmente tém expressdao diferencial de
proteinas.

Seguindo essa linha de raciocinio, o primeiro estudo realizado em T. cruzi utilizando LC-
MS/MS foi feito em 2004 por Paba et. al. (175). Neste estudo foram identificadas 1573 proteinas de

1710 espectros MS/MS. Uma analise mais rigorosa resultou na identificacdo de 41 proteinas com no
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minimo 2 peptideos por proteina. Das proteinas identificadas, 7 estavam relacionadas a organizacao
celular, 7 ao metabolismo e o restante pertenciam a destinos proteicos. Além disso, 29 proteinas
apresentaram expressao conservada e 9 proteinas foram mais expressas em tripomastigotas e 3 em
amastigotas (175). A maioria das proteinas encontradas pertenciam a classe de proteinas de choque
térmico (Heat-Shock Proteins, HSPs). Para validar os resultados obtidos deste estudo e de um estudo
anterior, na qual foi utilizada a metodologia gel 2DE (176), Paba et al., utilizando metodologia ICAT
(Isotope-Code Affinity Tag Technology, ICAT), encontraram taxas similares entres as duas
metodologias.

Posteriormente, em um trabalho realizado por Atwood et al. envolvendo a andlise do
proteoma do T. cruzi durante seu desenvolvimento (177) foram gerados 139.147 espectros MS/MS.
Desse total de espectros foram identificados 1168 grupos de proteinas contendo 2784 proteinas
totais e 5.720 peptideos Unicos de alta confiabilidade. Das 2784 proteinas identificadas, 1008 s3do
anotadas como proteinas hipotéticas. Adicionalmente, nas anadlises das diferentes formas do
parasito, foram identificadas 1871 proteinas totais na forma amastigota, 1486 em tripomastigotas,
2339 em tripomastigotas metaciclicos e 1861 em epimastigotas. A melhora nas identificacdes de
proteinas no trabalho de Atwood et al., em comparacdo com o trabalho de Paba et al,
provavelmente se deu devido a publicacdo do genoma do T. cruzi em 2005 (64), melhorando
consideravelmente as identificagdes.

Com o objetivo de caracterizar a expressao de proteinas na metaciclogénese, Parodi-Talice
et al. (178) utilizaram géis 2DE e MALDI-TOF. Com a utilizacdo dos géis 2DE foram obtidos 500 spots
de géis, das quais foram selecionados 100 spots para andlises em MALDI-TOF. Dos 100 spots de géis,
20 spots apresentaram baixa qualidades dos espectros de massas. Os 80 spots restantes
apresentaram otima qualidade, sendo que 66 spots (82%) foram identificados em buscas em bancos
de dados correspondendo a 43 proteinas diferentes. Além disso, as proteinas foram agrupadas em
categorias funcionais, sendo 33% relacionadas com atividades metabdlicas, 16% relacionadas com
transporte de elétrons e atividades antioxidantes, 16% com biossintese, protedlise e catabolismo,
12% estavam relacionados com proteinas estruturais, 14% foram identificadas como proteinas
hipotéticas, os restantes 9% reuniam proteinas como as calmodulinas, adenilato ciclase e proteinas
de superficie como a glicoproteina GP90. Em particular, os autores sugerem que as PTMs durante a
metaciclogénese podem ser de grande importancia na regulacdo da expressdo génica durante a
diferenciacdo e que a glutamato desidrogenase (GluDH) pode desempenhar um papel importante

durante o estresse oxidativo por aumentar a capta¢do de aminodcidos como fonte de nutrientes.
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Um dos primeiros estudos com o objetivo de relacionar filogeneticamente as seis DTUs
utilizando a protedmica foi realizado pelo grupo de Telleria et al. (179). Para tal, foi utilizada a
metodologia 2DE-DIGE com MALDI TOF-TOF em um conjunto de 26 clones de T. cruzi representando
as seis DTUs. Os resultados do trabalho sugerem que algumas proteinas podem ser especificamente
associadas a diferentes DTUs, ou sua expressao diferencial podem ser correlacionadas. A maioria
das proteinas identificadas sdo estruturais, como as a- e B-tubulinas.

Visando a aplicagao clinica, Diaz et al. analisaram e identificaram a expressao diferencial das
formas tripomastigotas e amastigotas de isolados clinicos da DTU-I (180). Para esse estudo os
autores utilizaram géis 2DE para a obtencdo do perfil proteico e MALDI-TOF ou LC-MS/MS para a
identificacdo das proteinas. As analises revelaram que em média, os géis 2DE revelaram 325 spots
em cada forma do parasito. Comparando as duas formas do parasito, foram encontrados 33 spots
de peptideos exclusivas de tripomastigota e 28 de amastigota. Além disso, 21 spots de géis foram
expressos com mais intensidade em tripomastigotas, enquanto que 30 spots foram mais intensos
em amastigotas. As 16 proteinas estavam associadas principalmente ao metabolismo glicolitico e
enquadravam-se em proteinas estruturais.

Outros trabalhos foram realizados para obter diferentes fracbes do T. cruzi, como por
exemplo, o trabalho de Queiroz et. al. (181) que avaliaram o subproteoma das formas epimastigotas
do T. cruzi utilizando duas metodologias. A primeira baseando-se na tripsinizagao da superficie
celular (Shave) das células vivas intactas, e a segunda abordagem utilizava a biotinilacdo das
proteinas de superficie seguido de isolamento cromatografico de afinidade com estreptavidina.
Ambos os métodos foram analisados por LC-MS/MS. Os resultados obtidos mostraram que as duas
metodologias s3ao complementares e abrangentes, revelando muitas informagdes sobre o
subproteoma do parasito. Adicionalmente, em outro trabalho desenvolvido pelo grupo de Queiroz
et. al. (182), utilizando-se da mesma metodologia, porém estudando outras formas do parasito
(tripomastigota e amastigota axénico) os autores mostraram um grande repertério de proteinas no
subproteoma da membrana plasmatica, revelando possiveis alvos para farmacos. Além disso, a
analise de bioinformatica mostrou que a maioria das proteinas preditas estdo envolvidas na infeccdo
das células hospedeiras, na adesao celular e na modulacao da resposta imune do mamifero.

Em um estudo para analisar a fracdo organelar da forma epimastigotas do T. cruzi conduzido
por Ferrela et. al. (183) baseando-se na metodologia de Scott e Docampo (184) com utilizacdo da
LC-MS/MS, os autores identificaram 396 proteinas, das quais 138 foram anotadas como hipotéticas.
Uma analise comparativa com um estudo de proteoma de células inteiras resultou na validacdo de

173 novas proteinas, sendo 38 proteinas ndo encontradas em estudos anteriores em epimastigotas.
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A conclusdo a que os autores chegaram é que o enriquecimento de fracGes subcelulares pode ajudar
na deteccdo de novas proteinas que ndo sao encontradas em estudo protedOmicos em larga escala.
Além da fragdo organelar, um outro estudo foi realizado com a fragdo nuclear de células de
epimastigotas de T. cruzi, em que Santos et. al. (185) adaptaram duas metodologias (186, 187) para
isolar a fracdo nuclear do parasito. As analises por 2D-nLC-MS/MS (Two-Dimensional nano-Scale
Liquid Chromatography) revelaram 12875 peptideos de 864 proteinas. Esse foi o primeiro estudo
protedmico em larga escala realizado de fracdo nuclear. Dentre as 864 proteinas, 272 foram
anotadas como nado caracterizadas, e 275 ndo foram encontraras em analise global do proteoma do
T. cruzi. Para confirmar o método desenvolvido, analises de bioinformatica foram realizadas,
revelando 65 cluster de genes, em que foi mostrado o agrupamento de membros com organizagao
de cromatina e fungdes ligadas ao DNA.

Todos esses estudos reforcam a importancia da protedmica como ferramenta de apoio para
outras metodologias. Sabendo que as manifestagdes da DC podem estar relacionadas com a
variabilidade genética dos parasitos (58, 188), o desenvolvimento de uma nova ferramenta que
utiliza espectros de massas para caracterizagdo de DTUs em T. cruzi associada a utilizacdao de
ferramentas de bioinformatica, ajudara a determinar qual DTU estd envolvida em uma determinada
regido de um modo mais rapido comparado com os testes rotineiros.

Além disso, a espectrometria de massas pode ser uma importante ferramenta para
caracterizacao das diferentes cepas de T. cruzi, pelo fato de ser uma tecnologia robusta, sensivel,
precisa e simples.

Os métodos recentes para a caracterizacdo das DTUs contém limitagdes , como por exemplo,
erro na interpretacdo das analises (61). Outros métodos nao sdao simples para serem utilizados para
uma caracterizacdo rapida, principalmente quando ha grandes colecbes de isolados (59). Por outro
lado, podemos utilizar a espectrometria de massas para complementar analises moleculares
ajudando a caracterizar as DTUs e, consequentemente levando a um melhor diagndstico e
abordagem da doenca no paciente. Tendo em vista que cada DTU tem um grau de viruléncia (58), a
caracterizacdo das diferentes DTUs pode levar a um melhor diagndstico da doenca.

Este é o primeiro estudo de classificacdo das DTUs de T. cruzi utilizando somente a

informacdo dos espectros MS/MS, sem nenhum conhecimento prévio sobre a sequéncia proteica.
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2 OBJETIVOS

2.1 Objetivo Geral

Desenvolver um método de caracterizacdo das diferentes cepas de T. cruzi (DTUs) utilizando

espectrometria de massas e ferramentas de bioinformatica.

2.2 Objetivos Especificos

1.

Desenvolver uma plataforma baseada na analise de espectrometria de massas para
discriminar as diferentes cepas de T. cruzi;

Desenvolver métodos computacionais para gerar banco de dados de espectros de massas de
fragmentacao das diferentes DTUs;

Validar o método proposto através de espectros de fragmentacdo (MS/MS) obtidos das
amostras ndo conhecidas com o banco de dados;

Identificar e quantificar as sequéncias de peptideos/proteinas expressas em cada cepa por
meio de database searching em banco de dados;

Analisar quais redes de interagcdo proteina-proteina estdo reguladas nas diferentes DTUs.



3 MATERIAL E METODOS

3.1 Cultura Celular de Trypanosoma cruzi

As formas epimastigotas de T. cruzi foram cultivadas em meio LIT (Liver Infusion Tryptose)

suplementado com 10% soro fetal bovino em pH 7.2 a 28 °C (189), em fase exponencial. Neste

estudo foram utilizadas apenas cepas sequenciadas e validada (Tabela 2).

Tabela 2 — Lista de cepas utilizadas para o desenvolvimento e validacdo do método Tc-STAMS?.

DTUs

Tripanossomatideo

Hospedeiro

Localidade

VI

Tc bat
Outros

T. cruzi sylvio X10/4
Sylvio X10 CL1
T. cruzi G mucurae

T.cruziY

T. cruzi esmeraldo
T. cruzi M-6241 Cl 6
3869
T. cruzi
T. cruzi Can lll Cl 1
T. cruzi Jose Julio
T. cruzi NR Cl 3
T. cruzi 92:80 Cl 2
MN cl2
T. cruzi CL 14

T. cruzi CL Brener CL 1

T. cruzibat Cl 1.1
T. marinkellei

T. dionisii
T. erneyi

T. rangeli AM-80

Homo sapiens
Homo sapiens
Didelphis
marsupialis
Homo sapiens

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens

Triatoma infestans

Triatoma infestans

Myotis levis
Carollia
perspicillata
Epitesicus
brasiliensis

Mops condylurus

Homo sapiens

Belém, PA, BR
Para, Brasil
Manaus, AM, BR

Rio Grande do Sul,
RS, BR
Sao Felipe, Bahia, BR
Belém, PA, BR
Amazonas, Brasil
Carauari, AM, BR
Belém, PA, BR
Amazonia, AM, BR
Bolivia
Bolivia, Santa Cruz
Region 1V, Chile
Rio Grande do Sul,
BR
Rio Grande do Sul,
BR
Sao Paulo, SP, BR
Monte Negro, RO,
BR
Sao Paulo, SP, BR

Mogcambique,
Chupanga, Sofala
Amazonia, AM, BR

Nota - Tabela com todas as informacgdes a respeito das DTUs utilizadas neste estudo.
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3.2 Influéncia das Condic¢des de Cultivo do Trypanosoma cruzi

As células da cepa Sylvio X10/1 foram coletadas em fases exponencial e estacionaria de
crescimento. Duas réplicas bioldgicas para a fase estaciondria (St1 e St2) e duas para a fase

exponencial (Expl e Exp2) foram analisadas.

3.3 Preparacdo das Amostras e Analise nLC-MS/MS

As formas epimastigotas (5 x 108 células em fase exponencial) foram lavadas trés vezes em
PBS (Phosphate-Buffered Saline) pH 7.2 (8,000 g por 10 minutos em temperatura ambiente), foram
resuspendida em 400 pL de tampado de lise (7 M Uréia, 2 M Tiouréia, 1 mM DTT (DL-Dithiothreitol —
SIGMA-Aldrich) e inibidores de protease (Amersham) e foram incubadas em agitag¢dao por 30 minutos
para a solubilizacdo das proteinas. As proteinas foram reduzidas com DTT 10 mM final, alquiladas
com iodo-acetamida 40 mM final (Sigma-Aldrich), digeridas com tripsina (Promega) na proporgao
1:50 (ug tripsina/ug proteinas) em 50 mM final de solugdo bicarbonato de amonio por 16 horas a
37 °C. A reagao foi interrompida com acido formico 1% (pH menor que 3) e em seguida, as amostras
foram dessalinizadas em colunas de C18 (StageTips). O StageTips ou extracao stop-and-go é um
método de dessanilizagao simples que é bastante utilizado em laboratérios de protedmica (190).
Foram preparadas quatro réplicas para cada DTU. Para a validacao de diferentes laboratdrios, as
amostras A (DTU-III) e B (DTU-I) foram preparadas usando um minimo de trés réplicas de acordo

com o protocolo descrito acima.

3.3.1 Preparacdo da Amostra para as Condicdes Acidas e Bdsicas

Os peptideos foram dessalinizados em condi¢Ges acidas (acido 1 e dcido 2) e basicas (basico
1 e basico 2). Em particular, para a purificacdo acida, os peptideos tripticos foram acidificados com
0,1% de TFA (pH 3) e carregados em uma microcoluna StageTip ativada com acido antes de serem
eluidos com 50% de acetonitrila com 0,1% de acido trifluoroacético (TFA). Para a purificacdo basica,
os peptideos tripticos foram dissolvidos em bicarbonato de aménio a 0,1% (pH 10) e carregados em
uma Stage-tips de base ativada antes de serem eluidos com acetonitrila a 50% com bicarbonato de

amonio a 0,1%. Os peptideos eluidos foram secos e analisados por espectrometria de massa.
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3.3.2 Andlises Nano LC-MS/MS

Os peptideos foram separados em colunas Reprosil-Pur C18-AQ (3um; Dr. Maisch GmbH,
Germany) usando Easy-LC nano_HPLC (Proxeon, Odense, Dinamarca). O gradiente utilizado foi 0-34%
de solvente B (A =0.1% de acido férmico; B = 90% ACN, 0.1% de acido férmico), em 70 min com um
fluxo de 250 nL/min. As andlises MS/MS foram realizadas utilizando o LTQ-Orbitrap Velos (Thermo
Scientific, Bremen, Alemanha). As aquisi¢des dos espectros de massas foram feitas em 400-1500
m/z com resolugdo de 30,000. Em cada espectro de massa os 20 ions mais intensos foram
selecionados para fragmentagao utilizando CID no ion trap linear. Os parametros para aquisicao dos
dados foram: tempo de ativacdo = 15 ms, energia normalizada = 35, Q-ativacdo = 0,25, exclusdo
dinamida =1 repeti¢do, tempo da exclusdo = 30 segundos e limiar de intensidade = 30,000, ions alvo

= 2e* como descrito por Palmisano et. al, (191).

3.3.4 Quantidades de Amostra, Gradientes Cromatogrdficos e Tipos de Fragmentagdo MS/MS
Utilizados no Teste de Conceito.

A robustez do método Tc-STAMS? foi testada usando diferentes pardmetros: 1) quantidade
de amostra, 2) gradientes cromatograficos e 3) técnicas de fragmentacdo. Diferentes quantidades
(0,5 e 1 ug) e concentracdes de amostras (Low e High) foram carregadas na coluna analitica antes
da andlise MS. O tempo de eluicdo cromatografica foi ajustado para 20, 70 e 130 minutos de 0-34%
de solvente B em 250 nL/min. A fragmentacdo CID foi utilizada para desenvolver o método Tc-
STAMS?. O HCD foi avaliado como tipo de fragmentacdo peptidica alternativa em peptideos tripticos
separados por gradiente cromatografico de 70 minutos. Para a fragmentac¢do HCD, cada varredura
de MS foi adquirida na resolucdao 30.000 FWHM (Full Width at Half Maximum, FWHM) seguido de 7
scans MS/MS de ions mais intensos com um tempo de ativacdo de 0,1 ms e energia de colisdo
normalizada de 35. A biblioteca espectral para cada DTU foi desenvolvida em um LTQ-Orbitrap Velos
localizado no PR Group do Departamento de Bioquimica e Biologia Molecular da Universidade do
Sul da Dinamarca (Odense, DK). Todos os outros testes para validar o método foram realizados em
um LTQ-Orbitrap Velos (Thermo Fisher Scientific™) na unidade de espectrometria de massas
Biomass-CEFAP (Centro de Facilidades para a Pesquisa) (S3o Paulo, Brasil). Para as andlises adicionais
foi utilizado o espectrometro de massas Orbitrap Fusion Lumos Tribrid (Thermo Fisher Scientific™)
disponivel no Instituto de Quimica da Universidade de Sdo Paulo. As configuracdes do aparelho
foram: tempo de aquisi¢do de 74 minutos a cada ciclo de MS/MS de 3 segundos. O MS* foi analisado
no Orbitrap com resolu¢do de 120,000 com alcance de m/z de 375-1600 com maximo tempo de

injecdo de 50 milissegundos. Os peptideos foram analisados em modo positivo. Os espectros MS?2
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foram isolados no quadrupolo com janela de isolamento de 1,2 Da. Os peptideos foram
fragmentados via HCD com energia de colisdo de 30, os ions fragmentos foram detectados no
Orbitrap com resolucdo de 30,000 e tempo maximo de injecao de 54 milessegundos com AGC target
de 50,000. No MS a primeira massa foi de 110. A intensidade minima para os ions precursores serem

selecionados foram de 50,000. Os ions precursores fragmentados foram excluidos por 45 segundos.

3.4 Bioinformatica e Analises Estatisticas

3.4.1 Geracgdo da Biblioteca Espectral MS/MS e Correspondéncia Espectral

A geracdo da biblioteca espectral MS/MS e a comparacgdo espectral foram realizadas usando
o software SpectraST (versdo 4.8) (152, 174, 175). Em particular, os espectros adquiridos por LC-
MS/MS foram convertidos para um formato aberto (mzXML) pelo Msconvert (192), que faz parte da
suite oferecida pela TPP (Trans-Proteomic Pipeline) (167-169). O SpectraST foi utilizado para
construir a biblioteca espectral e executar a correspondéncia espectral MS/MS (152). A biblioteca
espectral de referéncia foi gerada com trés arquivos “raw” (arquivos gerados pelo espectrometro de
massas) para cada DTU, e um arquivo raw de cada DTU foi utilizado para compara¢do com a
biblioteca de referéncia para validacao do método. A biblioteca espectral foi construida com as cepas
das DTUs na forma epimastigota em fase exponencial. O primeiro passo para a gera¢ado da biblioteca
espectral de referéncia envolve a aplicacdo de um limiar, dos quais os espectros MS/MS originados
a partir do mesmo ion precursor peptidico sdo combinados para criar o espectro de consenso. Além
disso, os espectros de baixa qualidade sdo excluidos da biblioteca (152). Para determinar a
similaridade entre o espectro de consulta e a biblioteca, o SpectraST utiliza a funcdo SDSS (Spectral
Dataset Similarity Score) (168, 173). Em particular, o produto do ponto Unico (unique dot product)
SDSS, foi abreviado como “score” ao longo do texto, e foi escolhida como func¢do de discriminacdo
entre as cepas de T. cruzi das DTUs (173). As confidéncias estatisticas nas identificacdes das DTUs
corretas foram realizadas por bootstrap de dados (173, 193). Todas as ocorréncias obtiveram um
bootstrap de 1, a menos que fossem relatados bootstrap menores.

O software DiagnoProt (194) também foi utilizado para construcdo da biblioteca espectral e
para a analise de similaridade. O DiagnoProt utiliza o mesmo método de comparacao espectral, ele
foi utilizado para validacdo computacional entre os diferentes softwares. Foram utilizados os
parametros padrdes para a criacao do banco de dados espectral: Limite de similaridade de 0,70;
tolerancia ao precursor: 4,50; tipo de ativagdo: CID; nimero minimo de picos: 50; deslocamento do
compartimento 0,40; tamanho da caixa: 1,0005; minimo bin m/z 200,00; maximo bin m/z: 1700,00.

O banco de dados espectral foi utilizado para combinar a identidade de cada amostra desconhecida.
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3.4.2 Busca em Banco de Dados

Os arquivos raw MS/MS foram analisados usando: Proteome Discoverer, MaxQuant e Trans-
Proteomic Pipeline. Com o Proteome Discoverer v2.1 (Thermo Fisher Scientific®) os espectros foram
comparados com a base de dados de T. cruzi usando Mascot e Sequest. As buscas em banco de
dados foram realizadas com os seguintes parametros: Tolerancia de massa de precursor de 20 ppm;
tolerancia de massa MS/MS 0.5 Da (dados CID). A tripsina foi selecionada como enzima e
carbamidometil cisteina como modificacdo fixa. As modificacdes das varidveis foram a oxidacdo da
metionina e desamidagdo da glutamina e asparagina. As sequéncias peptidicas compartilhadas
foram agrupadas como proteinas de acessos agrupadas (grouped accessions proteins). As taxas de
falsos positivos (False Discovery Rates, FDR), foram realizadas usando o algoritmo Percolator com g
igual ou inferior a 0.01. O FDR da proteina foi calculado no Proteome Discoverer e mantida abaixo
de 1%.

Os arquivos raw também foram processados usando o MaxQuant (154) (versao 1.2.27.429).
Os espectros MS/MS foram pesquisados utilizando o algoritmo Andromeda (150) contra o banco de
dados de proteinas Uniprot do T. cruzi (11 de julho, 2017; 51.738 entradas). A tolerancia de massa
maxima permitida foi ajustada para 20 ppm para o precursor e depois ajustada para 4.5 ppm na
busca principal, e para ions fragmentados foi de 0.5 Da. A especificidade enzimatica foi ajustada para
tripsina com um maximo de duas clivagens perdidas. A carbamidometilacdo cisteina (15.99 Da) foi
fixada como modificacdo fixa, desaminacdo (NQ) e acetilacdo de proteinas N-terminal (42.01 Da)
foram selecionadas como modificagdo varidvel. A andlise bioinformatica foi realizada utilizando o
software Perseus v.1.5.2.6 (154), disponivel no ambiente MaxQuant, e as sequéncias reversas e
contaminantes foram excluidas nas andlises posteriores. O FDR das proteinas foi calculado no
MaxQuant e mantido abaixo de 1%. Os valores de intensidade do LFQ foram considerados para
comparar relativamente a abundancia de proteinas presentes nas diferentes DTUs.

A suite Trans-Proteomic Pipeline (TPP) foi utilizada para pesquisar arquivos raw convertidos
para mzXML (167-169). Os arquivos mzXML foram pequisados pelo algoritmo de busca Comet
incorporado na plataforma do TPP (195). O FDR das proteinas e peptideos foram estimados usando
o algoritmo PeptideProphet incorporado ao ProteinProphet na TPP (196). A identificacdo com
menos de 1% de FDR foi mantida.

Os dados raw de tecido humano (197) e T. vivax (Metal, BSF1 e EP1) (198) foram obtidas do

repositério publico PRIDE (PRoteomics IDEntifications), e utilizados como controle negativo.
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3.4.3 Andlise de Redes Interacdes Proteina-Proteina
Para as analises de interagGes proteina-proteina foi utilizado o software String (199)

(https://string-db.org/). A tabela utilizada para essa analise esta na Tabela suplementar S6. Para

essas analises foram utilizadas a cepas CL14 com CL Brener (ambas DTU-VI).

3.4.4 Andlises Estatisticas

As quantificagdes livres de marcadores (Label-Free Quantification, LFQ) das proteinas e
peptideos foram quantificadas pelo Perseus (200). Valores significativamente regulados com valor
de p menor que 0.05 e corrigidos com o teste Bonferroni post-hoc foram utilizados para agrupar
diferentes DTUs. Os agrupamentos hierdrquicos de proteinas e peptideos significativamente
regulados foram realizados usando o calculo Z-score nos valore de intensidades de log2 e foram
representados como heat maps. As andlises de componentes principais (PCA), foram realizadas

utilizando o mesmo procedimento descrito acima no Perseus.


https://string-db.org/
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4 RESULTADOS

4.1 A Estratégia Tc-STAMS? Permitiu a Discriminacdo das DTUs

Neste estudo, a combinacdo de espectrometria de massas e abordagens computacionais foi
utilizada para desenvolver um método para a discriminagao de cepas de T. cruzi nas DTUs, chamado
de ensaio de caracterizacdo de cepas de Trypanosoma cruzi usando bibliotecas espectrais MS? de
peptideos (Trypanosoma cruzi Strain Typing Assay using MS?, Tc-STAMS?). Uma visdo geral
esquematica da identificacdo de T. cruzi nas DTUs utilizando espectros MS/MS de peptideos tripticos
é resumida na (Figura 12).

Construgdo do Banco de Dados DTU I-VI
Banco de Dados de

Ev J» Espectros MS/MS
l M L o o

TSN

A: Construcdo do Banco de Dados MS/MS

= ise . . ‘ /
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B: Andlise das Amostras Desconhecidas
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1 C: Comparagdo espectral

Comparagdo
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Identificagdo de
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Figura 12 — Tc-STAMS? fluxograma. (A) As proteinas foram extraidas da dorma epimastigotas, digeridas e submetidas a
analise nLC-MS/MS. Os espectros MS/MS foram agrupados e mesclados para gerar uma biblioteca espectral de massa
de referéncia utilizando o SpectraST (http://tools.proteomecenter.org/wiki/index.php?title=Software:SpectraST) ou
DiagnoProt (http://patternlabforproteomics.org/diagnoprot/). (B) Os mesmos passos descritos no painel A foram
utilizados para as amostras desconhecidas. Em particular, as DTUs foram lisadas, as proteinas foram digerindas utilizando
tripsina. Os peptideos foram analisados por nLC-MS/MS. (C) Os espectros gerados foram comparados com a biblioteca
de referéncia para atribuir todas as amostras desconhecidas a uma DTU particular de T. cruzi. OS passos A, B e C foram
utilizandos em todas as analises de correspondéncia espectral. (D) Os dados obtidos pela espectrometria de massa
MS/MS foram pesquisados contra a base de dados da proteina T. cruzi. Foram utilizados trés plataformas computacionais:
MaxQuant (154) Proteome Discoverer (Thermo Fisher) e Trans-Proteomic Pipeline (167-169).

Uma biblioteca espectral foi construida utilizando um total de 586513 espectros uUnicos
MS/MS de peptideos tripticos pertencentes a trés arquivos raw de cada uma das seis cepas de T.
cruzi (Figura 12 - A). Cada DTU foi processada e adquirida em quatro réplicas técnicas. Os espectros

MS/MS adquiridos a partir de trés réplicas de cada DTU foram utilizados para construir a biblioteca


http://tools.proteomecenter.org/wiki/index.php?title=Software:SpectraST
http://patternlabforproteomics.org/diagnoprot/
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espectral de referéncia usando o SpectraST (152). Apds a construcdo da biblioteca MS/MS de
referéncia, as proteinas da DTU desconhecida foram digeridas por tripsina antes de serem analisadas
por nLC-MS/MS (Figura 12-B). Um perfil de LC-MS das quatro réplicas é mostrado na Figura 13 e o
score de correlagdo de Pearson indica alta semelhanga entre as diferentes corridas. O perfil
cromatografico LC-MS dos peptideos tripticos pertencentes as DTUs mostram alta semelhanca entre
as diferentes DTUs (Figura 14). Os espectros MS/MS das diferentes DTUs foram comparados contra
a biblioteca usando o SpectraST (166). As identificagdes foram realizadas quando houve
correspondéncias entre a biblioteca e o conjunto de dados espectrais das amostras testadas, neste
caso, as diferentes DTUs. O resultado do SDSS foi utilizado para fornecer uma medida de similaridade
guantitativa entre dois conjuntos de dados espectrais (abreviado de score) (Figura 12-C) (173).
Foram realizadas buscas dos espectros MS/MS em banco de dados do proteoma do T. cruzi,

conforme descrito na (Figura 12-D).

RT: 0.00 - 73.05

66.89

100 17.05 18.86 21.87 33.13 10

] 14.24 - —*3 a030 5114845 5286

1. 53.26

507 504 1023 >

] 53.86 57.66 67.44

0] i .
100 66.85
1729 5545 2091 3315 4532 48.62

] 1904 34.18 62 53.09

. 14.32 2 R2=0.9]
507 54p 1020 1137

] 8.70

J131 i 67.42
100— 22,03 33.12 66.91

] 34,15 4525 48.

] 14.30 aga0 4047 O20 4855 5294

| 53.34 2

50 1032 11.30 49.25 | 99. R?=0.924

1 509 goo

] 5. 57.68

1 316 5923 6751

66.86

100 21.87 33.08

] 17.01 28.02 i 4516 40 4 5280

. -
7 s 1020 121 R2=0.924

] 57.70

] 6562 | o7 75

0 L e e e

35 40
Time (min)

20 25 30

45

50 55

60

65 70

Figura 13 — Perfil cromatografico LC-MS dos peptideos pertencentes as quatro réplicas da cepa Sylvio X10 cl1 (DTU-I). O
indice de correlagdo de Pearson é relatado no lado direito do cromatograma. Utilizando a primeira réplica
como referéncia, temos: A primeira réplica comparada com ela mesma resulta em R? = 1, segunda em R? =
0.91, terceira em R2 =924 e a quarta em R? = 924,
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Figura 14 — Perfil cromatografico LC-MS dos peptideos pertencentes das seis DTUs T. cruzi.
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Baseado no score de similaridade entre os espectros de massas MS/MS das amostras

desconhecidas e a biblioteca espectral, o Tc-STAMS? foi capaz de diferenciar e identificar com

precisdo as diferentes DTUs. Nés observamos que o score ficou entre 0.75-0.86 para identificacbes

corretas e 0 para casos de nao identificagdes, como mostrado na Tabela 3.

Tabela 3 - Identificacdes das DTUs baseadas nas buscas de similaridade espectral. As seis DTUs

(Sylvio X10 cl1, Y, M6241 cl6, Canlll cl1, MN cl2 e CL Brener). Os scores sao relatados
juntamente com o numero de correspondéncias de espectro MS/MS. As similaridades sdo
identificadas com alta pontuacdo e destacadas em cinza.

DTUs DTU-I DTU-II DTU-III DTU-IV DTU-V DTU-VI
| 0.861 0.005 0.008 0.008 0.016 0.013
(2858/20232)  (11/13450) | (24/13419) | (26/14135) = (65/13470) = (33/14469)
1 0.010 0.754 0.032 0.023 0.007 0.020
(23/14212) = (1169/20004) = (72/14820) = (62/15126) = (22/14198) = (35/16038)
1 0.006 0.020 0.817 0.013 0.017 0.015
(18/13177) (45/13838) | (2086/19587)  (42/13135) = (42/13689) = (35/14200)
v 0.011 0.013 0.010 0.849 0.004 0.019
(38/14307) (28/14213) | (32/13412)  (2648/20199) (16/12889) @ (48/14722)
Y 0.008 0.009 0.013 0.004 0.863 0.011
(35/12560) (20/12405) | (37/12771) @ (16/11687) @ (3086/19777) (28/14215)
Vi 0.016 0.017 0.013 0.017 0.022 0.800
(51/14230) (27/14880) | (32/14101) = (51/14047) @ (57/14849) @ (1463/20238)
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Os cromatogramas LC-MS obtidos para cada réplica e para cada DTU (Figuras 13 e 14)
apresentam alta similaridade. No entanto, o método desenvolvido foi capaz de diferenciar e
identificar cada um deles. Para excluir a possibilidade de que diferentes fases de crescimento
pudessem influenciar a atribuicdo do algoritmo, foram coletadas formas epimastigotas Sylvio X10/1
(DTU-I) na fase exponencial e estacionaria. Independentemente da fase de crescimento, o algoritmo
foi capaz de atribui-lo a DTU correta (Tabela 4). Isso demonstra que o método de identificagdo ndo

é afetado pelas fases do parasito.

Tabela 4 - Comparacdo das correspondéncias espectrais MS/MS usando diferentes fases de
crescimento da forma epimastigota de T. cruzi Sylvio X10/1 (DTU-I).

Amostras | DTU-I DTU-l | DTU-lll | DTU-IV @ DTU-V | DTU-VI | CL14(DTU-VI)
A (St1) 0.283 0.032 0.068 0.017 0.075 0.032 0.034
A (St2) 0.288 0.035 0.067 0.015 0.068 0.029 0.030
B (Ex1) 0.296 0.036 0.057 0.026 0.104 0.058 0.046
B (Ex2) 0.301 0.041 0.056 0.027 0.099 0.053 0.051

Nota - Tabela construida com score do SpectraST das identificagdes da forma epimastigota de T. cruzi Sylvio X10/1
(DTU-I). Foi construida outra biblioteca com as seis DTUs e a cepa CL14 da DTU-VI. St1 — Fase estaciondria; St2
— Réplica bioldgica da fase estaciondria; Ex1 — Fase exponencial; Ex2 — Réplica bioldgica da fase exponencial.

Além disso, o desempenho da abordagem de correspondéncia espectral Tc-STAMS? foi
testado para identificar corretamente os conjuntos de dados MS/MS de: 1) uma cepa de T. cruzi que
é conhecida por pertencer a DTU-VI (CL14) (35), 2) de uma espécie filogeneticamente relacionada,
como T. vivax e 3) de espécies com genoma completamente distantes (ex: humano, E. coli e
camundongo). Para esta analise, foi construida uma nova biblioteca MS/MS utilizando os espectros
de todas as seis DTUs, incluindo T. cruzi CL14 e T. vivax na forma metaciclica (metal e meta2).
Primeiramente, os espectros MS/MS da cepa T. cruzi CL14 foram comparadas com a biblioteca e o
score de similaridade correspondente ao CL14 foi de 0.417. Curiosamente, embora os scores de
similaridade de CL14 com DTU-I e V foram préximas de zero, a semelhanca entre CL14 e DTU-VI foi
comparativamente alta (score = 0.133), indicando que muitos espectros MS/MS de CL14 sdo

compartilhados com a DTU-VI (CL Brener), como mostra a Figura 15.
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Figura 15 — Matrix de validacdo do método Tc-STAMS?. Foi construida uma biblioteca com o score do SpectraST das seis
DTUs, cepa CL14 e T. vivax. A abordagem Tc-STAMS? foi testada contra: 1) a cepa CL14 T. cruzi (DTU-VI), 2) o
conjunto de dados T. vivax e 3) conjuntos de dados LC-MS/MS de E. coli e tecido humano e camundongo. A
sensibilidade da abordagem Tc-STAMS? foi testada para a detecc3o de cepas intra-DTU, tais como a cepa CL14
e CL Brener pertencentes a DTU-VI. Além disso, a especificidade da abordagem Tc-STAMS? foi testada para a
atribuicdo de espectros MS/MS derivados de organismos filogeneticamente distantes, como camundongos e
humanos. Em particular, a biblioteca espectral MS/MS usando sete cepas pertecentes as seis DTUs, tais como,
Sylvio X10 cl1 (DTU-I), Y (DTU-II), M6241 cl6 (DTU-IN), Canlil c/1 (DTU-IV), MN cl2 (DTU-V), CL Brener e CL14
(DTU-VI) e dados MS/MS de T. vivax (formas epimastigota, metaciclica e sanguinea) foram adicionadas a
biblioteca espectral. Corridas de LC-MS/MS independentes das diferenstes DTUs, fases de vida de T. vivax,
tecido de camundongo, tecido humado e E. coli foram comparadas contra a abiblioteca espectral MS/MS
utilizando o software SpectraST. A discriminagdo intra-DTU foi conseguida para CL14 e CL Brener e ndo foi
feita nenhuma atribuicdo para as amostras de E. coli, tecido de camundongo e humano. Os espectros MS/MS
de T. vivax foram atribuidos especificamente a T. vivax sem nenhuma identificacdo de T. cruzi.

Deve-se notar que os perfis cromatograficos LC-MS da cepa CL14 e CL Brener tem alta
semelhanca, (Figura 16). No entanto, o Tc-STAMS? foi capaz de diferenciar entre as duas cepas dentro

da mesma DTU.
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Figura 16 — Perfil cromatografico LC-MS dos peptideos pertencentes as cepas CL Brener e CL14 ambas DTU-VI. Trés
réplicas para cada cepa.

Posteriormente, os espectros MS/MS de trés diferentes formas de vida do T. vivax, Meta3 —
forma metaciclica, BSF1 — forma sanguinea e EP1 — forma epimastigota, foram comparadas contra a
biblioteca espectral. Com base no score de similaridade, o Tc-STAMS? foi capaz de identificar
corretamente as amostras de T. vivax (Figura 15).

Para testar o método com controle negativo, os espectros MS/MS de espécies ndo
relacionadas com o T. cruzi, como tecido humano e E. coli, foram comparados com a biblioteca. Para
essas amostras, os scores de similaridade foram proximos de zero, indicando que os scores de
similaridade encontrados entre dois conjuntos de dados MS/MS sdo especificos e ndo aleatérios
(Figura 15).

Para complementar as analises, foi realizado outro teste no intuito de verificar se mais de
uma cepa em uma mesma DTU comprometeria a identificacdo. Para tal, foi construida outra
biblioteca espectral com cepas adicionais, como mostrado na Tabela 5, com as cepas T. cruzi Sylvio
X10/4 e T. cruzi G mucurae ambas DTU-I; T. cruzi esmeraldo DTU-II; T. cruzi 3869 e TCC T. cruzi
(Trypanosomatid culture collection, TCC) DTU-III; T. cruzi jose julio DTU-IV; T. cruzi NR CL3 e T. cruzi
92:80 CL2 DTU-V; T. cruzi bat CL1.1 como representante do grupo Tc bat (DTU-VII) e outras como T.
marinkellei, T. dionisii, T. erneyi e T. rangeli AM-80. Como mostra a Tabela 5, a metodologia Tc-
STAMS? foi capaz de identificar cada uma das cepas mesmo algumas mostrando similaridade. A

metodologia mostrou-se ser muito sensivel, como por exemplo, T. cruzi mucurae e T. cruzi Sylvio
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X10/4 ambas DTU-I mostraram similaridade (0.636 e 0.119 respectivamente). Em alguns casos as
similaridades ocorreram com cepas pertencentes a mesma DTU, como as cepas T. cruzi jose julio e
T. cruzi camlll CL1 (0.443 e 0.233, respectivamente) ambas cepas sdo da DTU-IV. Em outros casos
ocorreram similaridade entre diferentes DTUs, como no caso das cepas TCC T. cruzi (DTU-IIl), T. cruzi
NR CL3 e T. cruzi 92:80 CL2 (ambas DTU-V) que mostraram scores de similaridade de 0.175, 0.400 e
0.112, respectivamente. Outro caso foi o das cepas T. cruzi 92:80 CL2 com T. cruzi NR CL3 (ambas
DTU-V) e T. cruzi CL14 (DTU-VI) que mostraram scores de 0.126, 0.381 e 0.140 respectivamente. As
similaridades das diferentes DTUs, como as DTUs lll e V, e as DTUs V e VI, podem ser explicados pelas
suas origens, ambas DTUs V e VI tiveram origem provavel entre as DTUs Il e lll (52-55), portanto, as
similaridades entre essas DTUs podem confirmar as suas origens.

Também foi avaliado se misturas de DTUs interferem na identificacdo. Para tal, utilizamos as
cepas T. cruzi Sylvio X10 CL1 (DTU-l) e T. cruzi Y (DTU-1l) na proporc¢do 1:1. Os resultados mostraram
gue houve a identificagcdo da cepa T. cruzi Sylvio X10 CL1 mostrando score de 0.276 contra 0.073 de
scores para T. cruzi Y (Tabela 5). Na proporcdo de 1:0.5 ndo houve mudancas, a identificacdo
continuou no T. cruzi Sylvio X10 CL1, porém com um aumento no score (score = 0.349). Quando se
comparou uma mistura com trés cepas diferentes na proporc¢do de 1:1:1, das cepas T. cruzi Sylvio
X10 CL1 (DTU-l), T. cruzi Y (DTU-Il) e T. cruzi M6241 CL1 (DTU-IIl), os scores foram 0.161, 0.062 e
0.144, respectivamente. O resultado para T. cruzi bat CL1.1 (Tc bat/DTU-VII) com score de 0.887 ndo
mostrou similaridade com nenhuma DTU, fornecendo mais uma indicativa que este grupo é distinto
dos outros.

Adicionalmente, foi comparado cepas de outros tripanossomatideos, como o, T. marinkellei,
T. dionisii, T. erneyi e T. rangeli AM 80 (Tabela 5). Os resultados mostraram que nao houve nenhuma
similaridade com as DTUs, sendo que os scores obtidos ficaram por volta de 0.8-0.9, notando que
esses tripanossomatideos estdao bem distantes das DTUs. Todas as ocorréncias obtiveram um

bootstrap de 1.



Tabela 5 - Todas as identificagdes das DTUs e T. cruzi-like.
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DTUA DTUAI DTUAII DTU-V DTUV DTU-VI Tc bat Outros
Cepas Tc Sylvio X10/4 [Tc Sylvio X10 CL1 |Tc 6 mucurae [Tc ¥ [Tc Esmeraldo [Tc 3869 [T M 6241 ¢l6 [1CCTe [T Canli CL1 [Tc jose julio [TeMN L2 [1e NR €13 [1c 9280 €12 [Tc cL14 [Tc CLBrener |Tc bat CL1.1 [T marinkelli [T dionisi |T emeyi [T rangeli AM 80
TeSyhioX10/4 || 057) 0.003] 0065 0 0 0] 0.017] 0.021] 0012 0.01 o] 0009 0007 0 0 0.002] 0.01 0 0001 0
Tc Sylvio X10 CL1 ol o7 0001 0 0001 0014 0 0 0 ol oo 0 0 0 0015 0.002 0 0 0001 0
T 6 mucurae® | | 0419/ 003l 066 0 0o o 002 0015] 0027 oot ol o7 oo o 0 o003  oou 0 0001 0001
TcY 0| 0.021 ofas 0.002] 0.056 o ol  o003% ol o017 0 0 ol 003 0.001 0 0 0001 0
Tc Esmeraldo 0 0002 0000 o | 0314 0001 0 0 0 0 0002 0 0 0 o002l 0043 0 0004 0005 0002
Tc 3869 0 0.013 0001 0 0.001F 0691 0 0 0 o o0 0 0 o o014 0.001 0 0 0 0
Tc M 6241 CL6 0.019 0| 0025 0 0 o | 0465| 0.024] 0013 002 ol 0013 0015 0029 0 0.001 | 0012 0 0 0
TCCTe 0.072 0| 0009 0 0002 0.005] 0.033 0,743 0,015 001  o0o00t] 0036 0021 0054 0.001 | 0.013 0017 0 0001 0.001
TeCanllicll | 0.036 0| 0023 0 0 of 0041 00190 0686  0.085 o/ 0015|0025 003 0 0.003 0.019 0 0001 0.001
Tc jose julio 0047 o 0035 0 o o 00| 00al 02338 043 ooot] 0023] 00| oos o o007l 00 0 000t 0.001
Tc M CL2 0 0017 0001 0 0001 0021 0 0 0 ol 0752 0 0002 o 0016 0002 0 0 0 0
Te NR (L3¢ 0.059 0.001 | 0016 0 000t o 0019} 0.175/ o0t  oou ool | osf  01n2] oo 0 o003 003 0 0 0
79280 ¢12° 0072 0.001 | 0021 0 o o 00| 007] 00| oo ooo2| o126 | o03st] o014 o o004l 002 0 000L 0
TcCL14 0| 0.023 0001 0 0003] 0044 0 0 0 ol 003 0 0 of 0103 0.001 0 0001 0001 0
Tc CLBrener 0001) 0033 0001 0 0002 0022 0 0001 0 ol 0039 0 0 o o554 0003 0 0 0 0
Tc bat CL1.1 0 0001 0 o 0.014 0 0 0 0 0 0 0 0 0 o os87 0 0003 0003 0001
T marinkellei 0.008 0 0005 0 0 0001 0008 0.005 0007 0,005 0 0007 0005 0012 0 0001 0874 0002 0001 0
T dionisii 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0002 0 0928 0004 0002
Terneyi 0 0 0 o 0.002 0 0 0 0 0 0 0 0 0 0 0002 0 0004 0923 0002
T rangeli AM 80 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0001 0001 0936
DTU-HI(L-L of 0276 000tf 0.1 000s| 0027 0 0 0 of 0039 0 o ol o0l oou 0 0001 0001 0.001
DTU-HI(1-0.5) 0 0349 of 01/ 0002] 0031 0 0 0 ol o0 0 o ol o003 001 0 0001 0001 0
DTU-HHII(1-1-1F o o 0001] 04| 0004] 0144 0 0 0 of oo 0 o ol 0037 o008 0 000l 0001 0

Tabela 5 — Discriminacdo de cepas das DTUs de T. cruzi e outros tripanossomatideos baseados em busca de similaridade espectral. Legenda: a - T. cruzi mucurae contem similaridade
com T. cruzi Sylvio X10/4; b - T. cruzi jose julio contem similaridade com T. cruzi camlll CL1; ¢ - T. cruzi NR CL3 contem similaridade com TCC T. cruzi, T. cruzi 9280 CL2; d - T.
cruzi 92:80 CL2 contem similaridade com T. cruzi CL14 e T. cruzi NR CL3; e - T. cruzi Sylvio X10 CL1 e T. cruzi Y; f - T. cruzi Sylvio X10 CL1 e T. cruzi Y; g - T. cruzi Sylvio X10 CL1
com T.cruziYe T cruzi M 6241 CL6. Os espectros de massas MS/MS das cepas adicionais foram adquiridos pela metodologia HCD no Orbitrap Fusion Lumos.
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Amostras DTU-I Scores
Al B 0.139
A2 | 0.137
B X L 10.246
B/acido 1 X L 0.32
B/acido 2 X L 0.309
B/bésico 1 X L 0.294
B/bésico 2 X [ 0.312
B (20min CID) X | 0.203
B (70min CID) X | 1 0.267
B (130min CID) X L 0.297
B (70min HCD) X | 0.113
B (20min CID) X | 0.21
B (70min CID) X 0.279
B (130min CID) X L 0.262
B (70min HCD) X | 0.104

Figura 17 — Teste do Tc-STAMS? quanto a sua robustez para variagdes técnicas e experimentais. Inicialmente, foram

testadas duas comparagdes interlaboratoriais. Duas DTUs desconhecidas (A e B) foram processadas como
descrito na Figura 12 e adquiridas utilizando o espectrometro de massas EasynLC acoplado ao LTQ-Orbitrap
Velos na facility de espectrometria de massas do CEFAP em S3o Paulo, Brasil. A biblioteca espectral foi
construida utilizando a DTU-I (Sylvio X10 cl1) , DTU-II (Y), DTU-III (M6241 cl6), DTU-IV (Canlll cI1), DTU-V (MN
cl2), DTU-VI (CL Brener) com dados adquiridos no grupo PR em Odense na Dinamarca, usando configuragées
LC-MS/MS semelhantes (EasynLC acoplado ao LTQ-Orbitrap Velos). As amostras Al e A2 sdo uma duplicata
bioldgica da DTU-IIl (M6241 cl6). A amostra B é a DTU-I (Sylvio X10 cl1). B/4cido: Os peptideos derivados da
amostra B foram purificados utilizando condi¢des acidas (0,1% de TFA). B/basico: Os peptideos derivados da
amostra B foram purificados utilizando condi¢des basicas (0,1% de dgua com amdnia). Além disso, diferentes
pardmetros analiticos foram alterados a fim de testar a robustez da abordagem Tc-STAMS?, como tipo de
fragmentacdo MS/MS, CID (Dissocia¢do induzida por colisdo) e HCD (Dissociag¢do induzida por alta energia
de colisdo). High e Low indicam a quantidade de amostra injetada no sistema LC-MS, 1 e 0,5 ug,
respectivamente. A abordagem foi robusta em relagdo a diferentes testes analiticos e experimentais.

Além disso, também avaliamos a capacidade dessa estratégia em fornecer a identificacao

correta de amostras independentes, que foram coletadas e processadas em dias diferentes ou em

condicOes diferentes. Em particular, os diferentes conjuntos de dados foram obtidos em: 1) estudo

entre laboratérios, 2) diferentes estratégias de preparacao de amostras, 3) diferentes gradientes LC

e 4) diferentes métodos MS de fragmentac3o. Para avaliar a robustez da plataforma Tc-STAMS?,

outro lote de DTUs foram processados e adquiridos utilizando as condi¢gdes cromatograficas e de

espectrometria de massas semelhantes, conforme descrito na (Figura 12), em uma perspectiva de

estudo entre laboratdrios. Sendo assim, a biblioteca de espectros de massas foi construida com

dados adquiridos no grupo PR em Odense, Dinamarca e as amostras de variacOes técnicas e

esperimentais foram adquiridas na facility de espectrometria de massas do CEFAP em S3o Paulo.

Embora o tipo de instrumento e as condicdes fossem semelhantes, obteve-se um perfil
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cromatografico diferente (Figura 18). No entanto, as duplicatas bioldgicas desconhecidas Al e A2 da
DTU-IIl corresponderam corretamente a DTU-Il (score de similaridade = 0.139) (Figura 17). A
amostra desconhecida B da DTU-lI também apresentou maiores scores de similaridade com
espectros MS/MS da DTU-I da biblioteca (score de similaridade = 0.246). A amostra B foi avaliada em
diferentes: 1) condi¢gdes de preparagao, tais como, dessalinizacdo acida e basica dos peptideos, 2)
diferentes gradientes cromatograficos, tal como, 20, 70 e 130 minutos, 3) diferentes métodos de
fragmentacdo, como CID e HCD com gradiente cromatografico de 70 minutos e 4) diferentes
guantidades de amostra injetada na coluna. Mesmo considerando todas essas fontes técnicas de
variagoes, os scores de similaridade continuam a corresponder corretamente a DTU-I mostrando a

robustez do Tc-STAMS? em diferentes condi¢des experimentais.
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Figura 18 - Perfil cromatografico LC-MS dos peptideos pertencentes a cepa Sylvio X10 c/1 (DTU-I) adquirido no Grupo PR
em Odense na Dinamarca e na facility de espectrometria de massas do CEFAP na USP, Sao Paulo, Brasil.

Adicionalmente, foi utilizada outra plataforma de buscas em biblioteca espectral MS/MS, o
DiagnoProt, no lugar do SpectraST (194). O DiagnoProt conseguiu diferenciar as diferentes DTUs e
associar a cepa CL14 com o grupo DTU-VI, conforme mostrado no SpectraST, (Tabela 6). Tendo em
vista esse resultado, dois softwares de busca em biblioteca espectral diferentes poderiam ser

implementados no pipeline Tc-STAMS? e usados para identificar cepas de T. cruzi (Tabela 3 e 6).
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Tabela 6 - Correspondéncia espectral entre as diferentes DTUs utilizando o DiagnoProt. Sete cepas
de T. cruzi (Sylvio X10 cl1, Y, M6241 cl6, Canlll cl1, MN cl2, CL Brener e CL14) pertencentes a seis
DTUs foram selecionadas para testar o método Tc-STAMS?. O banco de dados foi construido com seis
linhagens (Sylvio X10cl1, Y, M6241 cl6, Canlll cl1, MN cl2 e CL Brener) e foi utilizado para comparagao
das diferentes linhagens, incluindo CL14.

DTUs DTU-I DTU-II DTU-III DTU-IV DTU-V DTU-VI
| 0,174 0,078 0,082 0,089 0,079 0,094
Il 0,092 0,172 0,093 0,105 0,088 0,104
n 0,081 0,075 0,162 0,079 0,088 0,092
v 0,095 0,084 0,082 0,155 0,079 0,089
Vv 0,070 0,065 0,077 0,063 0,155 0,095
Vi 0,088 0,084 0,089 0,077 0,100 0,162
CL14 0,215 0,237 0,246 0,214 0,262 0,360

4.2 Analise de Clustering Utilizando IdentificagGes de Peptideos e Proteinas

As buscas em bancos de dados foram realizadas para avaliar a semelhanca entre as DTUs
usando o resultado das identificacdes de peptideos e proteinas. Foram utilizadas trés plataformas
de buscas em bancos de dados (MaxQuant, TPP e Proteome Discoverer™). A partir de quatro réplicas
de cada DTU foram identificados mais de 7000 peptideos e 4000 proteinas (Figura 19 e Tabelas
Suplementares S1, S2, S3 e S4). A DTU-I e DTU-VI obtiveram o maior numero de identificacGes
devido ao banco de dados de proteinas utilizado para a busca. A cepa Sylvio (DTU-I) e CL Brener
(DTU-VI) sdo duas cepas de T. cruzi cujo genoma foi sequenciado e seu proteoma anotado e
depositado no banco de dados Uniprot. Como esperado, apenas 30% do MS/MS totais foram

assinados, deixando uma ampla proporc¢ao deles ndo identificados (Tabela Suplementar S4).
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Figura 19 - A - Identificacdo dos peptideos utilizando os softwares MaxQuant, TPP e Proteome Discoverer™ das cepas
Sylvio X10 cl1 (DTU-l), Y (DTU-II), M6241 cl6 (DTU-IIl), Canlll c/1 (DTU-IV), MN cl2 (DTU-V), CL Brener (DTU-VI).
B — Identificacdo de proteinas utilizando o MaxQuant, TPP and Proteome Discoverer™ das cepas Sylvio X10
cl1 (DTU-I), Y (DTU-II), M6241 cl6 (DTU-III), Canlli cI1 (DTU-IV), MN cl2 (DTU-V), CL Brener (DTU-VI).
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A andlise de variancia (ANOVA p<0.05 seguido de correcdo FDR Benjamin-Hochberg) foi
aplicada para as proteinas transformadas em log2 ou suas intensidades peptidicas previamente
identificadas usando o MaxQuant. Assim, 1096 proteinas e 6130 peptideos apresentaram diferenca
significativa na abundancia entre as seis DTUs (Tabela Suplementar S5). Os peptideos e proteinas
diferencialmente expressos foram submetidos a analise de agrupamento (clustering) e visualizados
em heat maps, (Figura 20A e B). A cepa CL14 foi agrupada com CL Brener (DTU-VI), indicando alta

semelhanca no perfil de expressao de proteinas e peptideos.

=N
)
3
|

O 0O 0O O O ©O O O 0 O O O O 0O 0O O O C O O 0 O v) o 0 0 0 0
4 4 4 4 4 4 4 4 4 4 4 4 4 4 49 49 49 49 49 4 4 4 49 949 £ F F
S G S S € G C € - C G G C € € G C €& & G C G C G r 2 3
€ € € € &£ &8 &8 8 Q2 Qe - == = 88 8 &8 =8 g 8 5 5

Intensity
? 0.5 1 1.6 i




65

ANLa
ANLa
ANLa
ANLa
AlNLa
AlNLa
AINLa
AINLAa
1nnia
nn.La
1nn.La
nNn.ia
InLa
inLa
inLa
InLa
mniLa
mnita
mniLa
nmnLa
IANLa
AN.La
AN.La
iAN.La
|4t
| 4]
LA te]
L0

Intensity

5 0 0.5 1 15 2
I [ 1 [ 1

Figura 20 - Heat map das A) Proteinas e B) Peptideos diferencialmente regulados entre as seis DTUs com q<0,05 foram
agrupados hierarquicamente com base na distancia Euclidiana utilizando o software Perseus.
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A andlise de componentes principais (PCA) que foi aplicada nas proteinas diferencialmente
expressas, conseguiu discriminar as seis DTUs mostrando um repertério de proteoma quantitativo
DTU especifico (Figura 21). Como esperado, CL14 e CL Brener, cepas pertencentes a DTU-VI foram
encontradas préximas umas das outras, confirmando o resultado de agrupamento Euclidiano obtido

anteriormente.
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Figura 21 - Analise de componentes principais (PCA) das proteinas reguladas das setes cepas de T. cruzi pertecentes as
seis DTUs. Dados LC-MS/MS adquiridos de Sylvio X10 c/1 (DTU-I), Y ( DTU-Il), M6241 cl6 (DTU-IIl), Canlll cl1
(DTU-IV), MN cl2 (DTU-V), CL14 e CL Brener (DTU-VI). Busca realizada contra o banco de dados de T. cruzi do
UniProt (11 de julho de 2017; 51,738 entradas) utilizando a plataforma do MaxQuant como descrito no passo
C da Figura 12. As proteinas quantificadas foram analisadas pelo teste ANOVA com corre¢do de Benjamin-
Hochnerg. As 1096 proteinas diferencialmente expressas (qvalue<0,05) foram usadas para construir o PCA.
DTU I - Vermelho, DTU Il - Azul, DTU Ill - Amarelo, DTU IV - Laranja, DTU V - Preto, CL Brener - Verde e CL14 -
Cinza. Todas as DTUs foram separadas e duas cepas pertencentes ao DTU-VI (CL Brener e CL14) se agruparam.

Para verificar a reprodutibilidade dos dados protedmicos, uma andlise de correlacdo (R?)
entre as réplicas bioldgicas de cada DTU e entre as diferentes DTUs foi realizada usando as
intensidades normalizadas em log2. Conforme mostrado na (Figura 22), valores elevados de
correlacdo foram observados entre as réplicas (R? > 0.9). Interessantemente, quando comparamos
DTUs diferentes (Figura 23), o R% para 0.6-0.7, mas observou-se uma alta correla¢do entre CL14 e CL

Brener (R% = 0.83), confirmando uma vez mais a semelhanca entre essas duas cepas (Figura 23).
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Figura 22 - Multi Scatter Plot obtido comparando as proteinas quantificadas das quatros réplicas das seis DTUs utilizando
cada uma das proteinas quantificadas. A - Sylvio X10 c/1 (DTU-I), B - Y (DTU-II), C - M6241 cl6 (DTU-III), D -
Canllil cl1 (DTU-IV), E - MN cl2 (DTU-V), F - CL Brener (DTU-VI).
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Figura 23 - Multi Scatter Plot obtido comparando os peptideos quantificados das seis DTUs. A - Sylvio X10 c/1 (DTU-I), B
- Y (DTU-II), C - M6241 cl6 (DTU-III), D - Canlli cl1 (DTU-IV), E - MN cl2 (DTU-V), F - CL Brener (DTU-VI).

4.3 Andlise de Rede Interacdo Proteina-Proteina

Para analisar quais redes de interacdo proteina-proteina estao reguladas entre as cepas CL14
e CL Brener que pertencem a DTU-VI, foram utilizadas 306 proteinas estatisticamente significantes
(Tabela Suplementar S6) (ANOVA p<0.05 seguido de corre¢do FDR Benjamin-Hochberg). Utilizando
o software String (199), os processos mais enriquecidos foram proteinas envolvidas com os
ribossomos e tradugdo, biossintese de aminodcidos, metabolismo de tRNA, processos redox,

metabolismo de acidos graxos, glicélise, quinases e fosfatases, como mostrado na Figura 24.
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Figura 24 - Rede de interagOes proteina-proteina utilizando 306 proteinas construida utilizando o software String.
Foram comparadas as cepas CL14 e CL Brener que pertencem a DTU-VI. Os processos mais enriquecidos
sdo: proteinas envolvidas com os ribossomos e tradugao, biossintese de aminodcidos, metabolismo de
tRNA, processos redox, metabolismo de acidos graxos, glicélise, quinases e fosfatases.
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5 DISCUSSAO

Muitos estudos empregaram metodologias baseadas em espectrometria de massas para
identificar organismos, como bactérias (119). Onder et al. foi o pioneiro no uso de bibliotecas
espectrais MS/MS para identificar com precisdo de qual animal o carrapato Ixodes scapularis se
alimentou, mesmo que a alimentacdo tenha ocorrido meses antes (173). Outras estratégias
combinaram a informacdo genética em conjunto com a identificacdo de peptideos baseado em
espectrometria de massas para a correta identificagdo de microorganismos (201-203). Mais
recentemente, Shao et. al. (174) demonstrou que é possivel identificar cepas de E. coli s6 com o
espectro de fragmentagdo MS/MS sem a necessidade de identificagdo dos peptideos (174).

No presente estudo, descrevemos uma metodologia de correspondéncia espectral MS/MS,
independente de genoma, rapido, preciso e projetada para identificar diferentes DTUs de T. cruzi,
denominada de Tc-STAMS?. Em primeiro lugar, foi construida uma biblioteca espectral de peptideos
MS/MS usando trés réplicas de cada uma das seis DTUs. A quarta réplica foi utilizada para testar a
capacidade do método para diferenciar cada DTUs usando a biblioteca de referéncia. Conforme
mostrado na Tabela 3, 4 e Figura 21 essa abordagem foi capaz de diferenciar DTUs usando o software
SpectraST. Foi realizada uma atribuicao Unica para a DTU correta. O método foi testado usando um
conjunto de dados de espectros de peptideos MS/MS obtido a partir de diferentes condicbes de
crescimento de T. cruzi.

O proximo passo foi testar a biblioteca espectral MS/MS em relagdo a organismos
filogenéticamente relacionados, como T. vivax e organismos distantes como E. coli e homo sapiens
(Figura 15). Para tal teste, foi construido outro banco de dados com os mesmos espectros MS/MS
das DTUs e da cepa CL14 e T. vivax. Claro que, mesmo com milhares de espectros de fragmentacao,
os scores obtidos ao comparar amostras de organismos como o humano ou E. coli com a biblioteca
foram préximos de zero, demonstrando a especificidade do método na identificacdo de amostras da
espécie/cepa cujo espectro MS/MS esta presente na biblioteca.

Também mostramos que o método de correspondéncia espectral é robusto, mesmo com
fontes de variacGes inter e intra-laboratoriais usando o mesmo ou diferentes espectrometros de
massas. Além do mais, mesmo com dados obtidos de diferentes laboratérios, mudanca na
preparacdo da amostra, na cromatografia e no método de fragmentacdo, ainda foi possivel

identificar corretamente amostras de DTU-IIl e DTU-I, como mostrado na Figura 17.
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E para complementar as analises anteriores, foi realizada uma segunda comparagao, com
mais representantes de cada DTU e também com outros tripanossomatideos. Como foi mostrado na
Tabela 5, a metodologia Tc-STAMS? foi capaz de distinguir cada DTU como também verificar
similaridade entre cepas da mesma DTU e entre DTUs. Em relagdo a similaridade entre DTUs, como
no caso das DTUs lll, V e VI podem estar relacionadas a sua origem. Essas DTUs sado resultado de
hibridizacdo entre as DTUs Il e Il (36, 52-55), portanto esse resultado pode ser utilizado como mais
uma prova para confirmar sua origem de hibridizacdo. Também verificamos se a metodologia era
capaz de distinguir co-infecgdo. No primeiro momento foi simulado uma co-infecgdo em um
microtubulo, isto &, misturamos duas DTUs, a DTU-I (Sylvio X10 cl1) e DTU-II (Y), na proporgdo 1:1.
O resultado foi positivo para DTU-I (Tabela 5). Depois queridmos verificar se a mistura entre DTU-l e
DTU-Il com proporgdes de 1:0.5 poderiam influenciar na identificagdo. Como mostra a Tabela 5,
houve identificacdo somente da DTU-I. E por fim, verificamos se com trés DTUs com proporg¢des de
1:1:1 a metodologia Tc-STAMS? teria capacidade de identificar cada uma delas. Para tal, utilizamos
as cepas Sylvio X10 cl1 (DTU-I), Y (DTU-Il) e M6241 cl6 (DTU-III). Foi identificado a DTU-I e DTU-III
ndo identificando a DTU-Il. A metodologia mostrou-se ser incapaz na identificacdo de co-infeccao,
tendo tendéncia de identificar apenas uma DTU (Tabela 5). O que pode ter influenciado os
resultados podem ter relacdo com a preparacao das amostras, como fatores 1) manuais, na hora de
misturar as DTUs podem ter ido mais células de uma DTU do que de outra, 2) se tivéssemos
misturado peptideos ao invés de células poderia ter sido mais uniforme a quantidade de cada DTU
ou 3) na hora da pipetagem pode ter ocorrido algum erro e ter ido uma maior quantidade de uma
certa DTU do que outra.

Adicionalmente, comparamos outros tripanossomatideos, como o T. cruzi bat CL1.1, T.
marinkellei, T. dionisii, T. erneyi e T. rangeli AM 80, como mostra a Tabela 5, os resultados foram
especificos para cada tripanossomatideo, indicando que mesmo sendo morfologicamente
indistinguiveis, esses tripanossomatideos apresentam proteinas diferentes resultando em
marcadores moleculares distintos, caracteristicas bioquimicas, imunolégicas e fenotipicas que os
caracterizam como T. cruzi-like (204-212).

Curiosamente, nds observamos que o score de similaridade é dependente do nimero de
espectros MS/MS adquiridos. Quanto maior o tempo de gradiente utilizado, maior a separagdo de

peptideos antes da andlise de MS e maior o nimero de espectros adquiridos, resultando em maiores
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scores para a mesma amostra em comparacao com a biblioteca. O uso de diferentes métodos de
fragmentacdo também mostrou que (CID) fornece pontuacGes maiores que HCD em 70 min de
tempo de gradiente. Embora o HCD forneca alta resolucdo de espectros MS/MS, CID fornece uma
sequenciamento MS/MS mais rapido, gerando assim mais espectros que podem ser combinados
com a biblioteca.i

Os métodos atuais utilizados para identificar DTUs sdo dificeis de implementar exigindo
pessoal muito bem treinado (59, 61). Outros métodos requerem o conhecimento do genoma para
identificar as DTUs e muitos dos métodos ndo podem diferenciar cepas com genoma similar. Nossa
plataforma é projetada para complementar as metodologias ja desenvolvidas e para auxiliar nas
identificacdes das DTUs ou qualquer outro parasita. Esta plataforma é facil de implementar, rapida
e requer apenas o espectro MS/MS para identifica¢do.

Além disso, os espectros de fragmentacdo também foram submetidos a analise de busca em
banco de dados para identificacdo do peptideos e proteinas usando os softwares MaxQuant, Trans-
Proteomic Pipeline (TPP) e Proteome Discoverer. Em geral, o nimero de identificacdes de proteinas
e peptideos foi reprodutivel e consistente entre diferentes softwares de busca de banco de dados.
O maior numero de proteinas e peptideos foi observado para DTU-I e VI. Embora o nimero de
proteinas anotadas no banco de dados UniProt seja maior para DTUs | e VI, o nimero de proteinas
identificadas para DTUs V, lll e IV ndo foi significativamente menor. Devido a isso, uma abordagem
protebmica baseada em espectrometria de massas pode ser usada para comparar
guantitativamente a expressao protéica de diferentes DTUs, mesmo com diferencas na anotacdo do
genoma entre elas, e usar essas informagdes para identificar vias especificas das DTUs e
correlaciona-las com o fendtipo da cepa.

Além do mais, foi possivel agrupar a DTU-VI e CL14 usando as proteinas diferencialmente
expressas ou os peptideos obtidos pelo teste de ANOVA (Figuras 20 e 21). Este resultado valida o
dado que o CL14 pertence a DTU-VI (35), e também validou os resultados obtidos com a
correspondéncia espectral, onde o score de similaridade entre CL14 e DTU-VI foi maior em
comparacgdo com as outras DTUs. Além disso, a analise de PCA também foi capaz de discriminar as
seis DTUs e determinar a semelhanca entre a CL14 e DTU-VI, como observado pela proximidade

entre esses dois grupos.
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A analise de clustering utilizando a identificacdo das proteinas em diferentes DTUs também
foi realizada por Telleria et, al. (179), no entanto, apenas 261 (experimento 1) e 172 (experimento 2)
dos spot dos géis 2-DE foram considerados para esta andlise. Em nosso estudo, a andlise de clustering
foi realizada usando 1096 proteinas diferencialmente expressas entre DTUs, aumentando o nimero
de caracteristicas para construir um agrupamento robusto do T. cruzi (Figura 20).

Os resultados quantitativos foram utilizados para estudar as diferengas de sinalizagdo
molecular entre as vdrias cepas. Em nossa andlise de interacdo proteina-proteina, escolhemos as
cepas CL14 e CL Brener que pertencem a DTU-VI. A cepa CL Brener é uma cepa de referéncia que
teve sua origem de isolado de Triatoma infestans (213) tem preferencialmente tropismo para células
musculares do coracdo e esquelética (214). J4 a cepa CL14 é uma cepa de baixa viruléncia (215)
comparado com sua cepa de origem (cepa CL) (216). Essas cepa estdo na mesma DTU (DTU-VI),
porém com caracteristicas bem diferentes. Na andlise de interacdo proteina-proteina entre as cepas
(Figura 24), foram identificados processos especificos, alguns deles relacionados com a viruléncia,
por exemplo, as proteinas envolvidas nos processos de resisténcia ao estresse oxidativo como a
Tripanotiona redutase (Trypanothione reductase TR, processos redox Figura 24) (217) estdao up-
regulada em CL Brener em relacdo ao CL14. reducdo da tripanotiona disulfeto (T[S]2) em
tripanotiona ditiol (T[SH]2), desencadeando, assim, uma cascata de eventos responsaveis pela
neutralizagdo de espécies reativas de oxigénio. Desta forma, a TR mantém um ambiente redutor no
interior do parasito, protegendo-o contra o estresse oxidativo. A TR é uma molécula antioxidante
muito importante em tripanossomatideos e foi proposta como alvo terapéutico (217). O nivel de
tripationa redutase foi identificado aumentado durante a diferencia¢cdo da forma epimastigota para
tripomastigota metaciclico, sugerindo uma correlagdo com o processo de viruléncia. As cepas (por
exemplo CL Brener) mais virulentas mostraram uma up-regulacdo dessa proteina (218, 219).

Entre as proteinas reguladas encontramos as calpainas, proteinases cdlcio dependentes
envolvidas em varios processos como apoptose, transducdo de sinais e remodelamento do
citoesqueleto (220). As nossas analises revelaram que a calpaina estd relacionada com a proliferacdo
do parasito e a resisténcia a farmacos (221). Adicionalmente, encontramos diferentemente regulada
a enzima bifunctional diidrofolato redutase-timidase sintase (DHFR-TS), responsavel pela replicacdo
celular. A perda dessa enzima resulta em parasitos atenuados, como mostrado por Perez Brandan C,

et al., (222). Todos esses processos estdao up-regulados em CL Brener (Tabela Suplementar S6). Essa
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metodologia demonstrou a capacidade de identificar fatores de viruléncia, e estudos com um
nimero maior de cepas poderiam identificar novos alvos de viruléncia.

A estratégia Tc-STAMS? é robusta, precisa, rapida, facil de realizar e completamente
automatizada. Trabalhos de Dworzanski, J. P. (203) e Shao W. et al., (174) usaram uma metodologia
similar para a identificacdo de bactérias, no entanto, esta é a primeira vez que a combinagao
espectral é aplicada para discriminar diferentes DTUs de T. cruzi.

Recentemente, foi desenvolvido em nosso laboratério uma estratégia baseada em MALDI-
TOF para a identificacdo direta de tripanossomatideos com base no perfil MS, denominado de
Identificacdo Direta de Tripanossomatideos por lonizacdo por Dissorcdo a Laser Assistida por Matriz
por Tempo de V6o (DIT-MALDI TOF) (223). No entanto, esse método nao tem resolugdo para
discriminar DTUs usando o perfil MS. Diferentemente do Tc-STAMS? que é capaz de discriminar cepas

de uma mesma DTUs e de DTUs diferentes (Tabelas 3 e 5).
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6 CONCLUSAO

Neste estudo, apresentamos uma caracterizagdo de DTUs de T cruzi com base na
correspondéncia espectral MS/MS. O método Tc-STAMS? é robusto, sensivel e poderoso com base
na identificacdo pelo espectro MS/MS mostrando ser um método de caracterizagdo para
complementar outros ja estabelecidos. O método proposto pode ajudar pesquisadores na
caracterizacao das DTUs sem a necessidade de dados gendmicos, o que é muito escasso para esse

parasito.
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Chagas disease, also known as American trypanosomiasis, is a neglected tropical disease caused by the
Trypanosoma cruzi parasite. In order to develop diagnostic and therapeutic solutions, there has been an intense
investigation on the parasite biology using omics technologies such as genomics, transcriptomics lipidomics and
proteomics. In particular, large scale mass spectrometry-based proteomics studies have allowed the identification
and quantification of proteins and selected PTMs in different biological con- ditions. In this study, we investigated
the unassigned MS/MS spectra commonly observed in large scale bottom up proteomics experiments looking at the
T cruzi (Sylvio X10/1) proteome. A deep proteomics data analysis using proteogenomic and unrestrictive PTMs
search approaches allowed us to annotate 30% more MS/MS spectra and identify novel DNA coding regions and
uncharacterized PTMs in Trypanoso- matids, such as protein arginylation. Overall, this study shows: (1) the
importance of assigning protein modifications, analytical artefacts and PTMs, in large-scale mass spectrometry-
based proteomics data to deeply profile the trypanosomatids proteome. (2) The need of a better characterization of
the influence of sample preparation steps on the identification of proteins and protein modifications. (3) The
identification of novel DNA coding regions in T. cruzi. (4) The discovery of protein arginylation in trypanosomatids.
© 2016 Elsevier B.V. All rights reserved.
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Introduction

Chagas Disease affects millions of
people around the world, mainly in Latin
America. The etiological agent is the
trypanoso- matid flagellate parasite
Trypanosoma cruzi which is transmitted
by the triatomine insect vector.
Transmission can also occur through
blood transfusion, organ transplantation
and congenital [1,2] which makes this

disease a public health problem worldwide.

Trypanosoma cruzi infection is
characterized by two phases, an acute
phase which can be asymptomatic, and a
chronic phase that affects 60-70% of
patients, which is characterized by cardiac
and digestive injuries. Currently, no
vaccine is available on the market and
treatment of Chagas’ disease is prevalently
based on two drugs, benznidazole and
nifurtimox both with side effects [3].

* Corresponding author at: GlycoProteomics Laboratory, Department of
Parasitol- ogy, ICB, University of Sdo Paulo, Rua Avenida Lineu Prestes 1374,
Séo Paulo, SP 05508-900, Brazil.
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T cruzi strains are divided
phylogenetically into six discrete typ- ing
units (DTUs) [4] named Tcl-TcVI. Recently,
anew strain infecting bats was characterized
and named TcBat [5,6]. The genetic differ-
ences between DTUs are reflected on the
geographical distribution, clinical effects
and drug resistance [7,8]. Tcl is found in
northern Brazil and central South America
and it is prevalent in the sylvatic cycle. The
most characteristic manifestations of
Chagas disease caused by Tcl are acute and
cardiac Chagas’ disease, with rare cases of
“mega” syndromes [9-11].

The first T cruzi genome sequenced was
the hybrid strain CL Brener (belonging to
TcVI) in 2005, showing that the genome
size is 89 Mb, containing 23.696 genes,
that encode for 19.607 pro- teins [12]. The
first assembly of the strain Sy/vio X10/1
genome was performed in 2011 [13].
Currently, the genome of Sylvio X10/1 v2
contains 38 Mb and 41 chromosomes,
corresponding to 10.861 genes of which
10.847 are protein-coding and 47 are
genomic DNA. Furthermore, other strains
were also sequenced, like Esmeraldo
(genBank assembly accession: GCA
000327425.1),JR cl. 4 (genBank assembly
accession: GCA 000331405.1), Tula cl2
(genBank assem- bly accession GCA
000365225.1), Marinkellei [14] and
DM28¢ [15]
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T. cruzi Sylvio x10/1

Lysis

Proteins

Tripsin Digestion

Peptides
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Data
Analysis

Fig. 1. Proteins were extracted from lysates of Sy/vio X10/1 grown invitro, digested with trypsin and these were subjected to analysis by nLC—-MS/MS in different
concentrations of ACN (5%, 10%, 20%, 25%, 70%) in acid and basic pH. The five biological samples (X 5) were subjected to LC-MS/MS with each duplicates (X2), and in

single run 0f 20, 70 and 130 min, respectively.
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and others species, such as Trypanosoma
brucei gambiense [16] and Leishmania
major [17]. Beside a large effort to
sequence genome of parasites causing
neglected tropical diseases, the majority
are still fragmented and poorly annotated.

Gene annotation can be improved with
proteomics data, since the it could provide
information about splice variant, open
read frame identification (ORFs) and
patterns of gene expression at the level of
protein [18-20]. In addition, proteomics
could pro- vide information about post-
translational = modifications  (PTMs).
Proteogenomic search mass spectra
against genome database translated in six-
frame, potentially increasing the
information of protein-coding genes [21].
Additionally, proteogenomic has the

ability to identify new peptides/proteins
from genome regions that primarily were
not predicted to be translated, i.e., peptides
in inter- genic and intragenic regions, and
the identification of alternative translation
start site [22,23].

Proteogenomic improved annotation
confirming the ORFs expression in
various organisms, for example, in

eukaryotes 224 hypothetical protein found
in humans [24] and confirmed new
transcripts in Drosophila melanogaster
[25]. In addition, proteoge- nomic was also
applied to map the products of ORFs in
Mycoplasma pneumoneae [18] and
Shewanella oneidensis [26].

Since the first large scale proteomic
analysis of T cruzi [27], several mass
spectrometry-based proteomics studies
have been
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Fig. 2. Deep MS data analysis. First step, Sylvio X10/1 MS/MS spectra were used to perform a database search in MaxQuant with specific trypsin and semi-specific,
and in the Proteome Discoverer with specific trypsin, both with the UniProt database. Second step, the unassigned MS/MS spectra were extracted and filtered file was
created with only the unassigned MS/MS spectra. These spectra were used to perform another search in Proteome Discoverer, but with the Sylvio X10/1 six-frame
translated database. The peptides identified in the second step were searched using BLASTp algorithm against the six-frame translated database. Third step, the peptides
identified in BLASTp were manually validated using several criteria described in the material and methods section and the gene annotation was performed. Fourth step,
the unassigned spectra from step 2 were searched using the Byonic and Novor software. Finally, all peptides and proteins identified in each step were assembled.



performed using different model strains
and stages of develop- ment of the parasite
[28-36]. These studies demonstrated the
importance of proteomics to understand
the metabolic and cell sig- nalling rewiring
upon biotic and abiotic stress. These
studies have helped to prioritize molecular
targets for the development of ther- apeutic
drugs. Moreover, several T cruzi PTMs
have been mapped [35,37-40] using well-
established enrichment methods [41.42].
However, there are several PTMs that are
usually undetected due to the lack of
specific  enrichment methods and
dedicated data anal- yses workflows. The
development of  unbiased PTMs
assignment has been targeted using mass
tags [43], error tolerant search [44], de
novo sequencing [45] or a combination of
them [46]. Recently, it was reported a
novel method based on database search
with a large precursor ion mass window
[47].

In this study, we analysed the proteome
of T cruzi Sylvio X10/1 strain in the
epimastigote  stage. @A  bottom-up
proteomic work- flow was applied using
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from 200 to +400 m/z) and allowed us to
map novel protein modifications previously
unknown in Trypanosoma cruzi such as
protein arginylation with site-specific
peptide mapping. The poten- tial T cruzi
aminoacyltransferase that could be involved
in protein arginylation was identified by
sequence similarity with the ATE- like
aminoacyl-tRNA-protein transferase
described in Plasmodium Falciparum.
Moreover, chemical and enzymatic artefacts
due to sample preparation were identified
and discussed.

Overall, this study shows: (1) the
importance of assigning pro- tein
modifications, and analytical artefacts in
large-scale mass spectrometry-based
proteomics data (2) The need of better
eluci- date the influence of sample
preparation steps on the identification of
proteins and protein modifications. (3) The
identification of novel DNA coding
regions in T cruzi. (4) The discovery of
protein arginy- lation in trypanosomatids.

high-resolution mass spectrometry-based yjaterial and methods

analyses for peptide sequencing. An
innovative and deep data analysis
workflow using a proteogenomic approach
of unmatched mass spectra allowed us to
identify five novel DNA coding regions
and one N-terminal gene extension.
Unrestrictive search signif- icantly
improved the number of matched MS/MS
spectra (with a total number of 64,320
high confidence matched MS/MS spec-
tra, of which 20,520 were matched with
unrestricted modification

.1. Trypanosoma cruzi cell culture

Epimastigotes form of the T cruzi Sylvio
X10/1 were grown in Liver Infusion
Tryptose (LIT) supplemented with 10%
fetal bovine serum at pH 7.2 at 28 °C as
described before [48].



1.2. Protein extraction and digestion

Epimastigote forms (1 10e7) were
washed three times in phosphate buffered
saline (PBS), pH 7.2 (8000 g for 10 min at
room temperature), re-suspended in 200
puL of lysis buffer (7 M urea, 2 M thiourea,
1 mM DTT, 50 mM Ammonium
bicarbonate and pro- tease inhibitors
(Merck)) and incubated under stirring for
30 min to solubilize the proteins. Proteins
were quantified using Qubit flu- orometric
detection (Thermo Fisher).

Proteins were reduced with 10 mM DTT
(DL-Dithiothreitol — SIGMA) at 30 C for
45 min, alkylated with 40 mM
iodoacetamide (GE-Healthcare) for 30 min
in the dark and diluted 10 times before

being digested with trypsin (proteomics
grade Promega) in the ratio 1:50 (pg
trypsin/pg protein) in 50 mM ammonium
bicar- bonate solution ammonium at 37 °C
for 16 h. The reaction was

stopped with 1% formic acid (pH less than
3) and then the sample was desalted with
C18 microcolumns using Poros Oligo R3
resin (Applied Biosystem). Peptide
fractionation was performed at high pH
using ammonia water and low pH using TFA,
as described below.

1.3. Peptide fractionation

Peptide fractionation was performed
using OligoR3 reversed- phase resin
(Applied Biosystems) packed in a p200
pipette tip blocked with a CI18 disk
(Millipore). Peptides were eluted in a
stepwise gradient of  increasing
acetonitrile concentrations. High pH
fractionation was done using 0.1%
ammonia (pH = 10) through the gradient
described below while low pH
fractionation was per- formed using 0.1%
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TFA (pH = 3) through the gradient described
below. A stepwise fractionation was
implemented using different concentrations
of acetonitrile (5, 10, 20, 25, 70%).

1.4. Mass spectrometry analysis

Peptides were loaded onto a pre-column
(Reprosil-Pur C18-AQ (5 p; Dr. Maisch
GmbH)) using an EASY nanoL.C system. The
pep- tides were eluted onto an analytical
column (20 cm Reprosil-Pur C18-AQ (3 w; Dr.
Maisch GmbH)) using the Easy-nLC HPLC.
The HPLC gradient was 0—-34% B solvent (A =
0.1% formic acid; B =90% ACN, 0.1% formic
acid) at a flow of 250 nL/ min. Single run
analy- ses were performed using 20, 70 and 120
min gradient while high pH peptide fractions
were separated using a 70 min gradient. The
mass spectrometer analysis was performed
using the LTQ-Orbitrap Velos (Thermo
Scientific). A MS scan of the mass area 400—
1500 m/z at a resolution of 30,000 at 400 m/z
for an AGC target of 1e6 ions was performed.
For subsequent MS/MS analysis CID was
performed on the 20 most intense ions from the
MS analysis. The parame- ters for data
acquisition were: activation time = 15 ms,
normalized energy = 35, Q-activation = 0:25,
exclusion = available with repeat count 1,
exclusion duration = 30 s and intensity
threshold = 30.000, AGC target ions = 2e4.
Five biological replicates were acquired in a
single run while biological duplicates were
fractionated as reported in Fig. 1.

1.5. Data analysis

Deep data analysis was performed according
to Fig. 2. The data analysis workflow was
divided in 4 steps: (1) raw data searched
against the UniprotDB database; (2)
unassigned spectra searched against the six-
frame translated T cruzi Sylvio X10/1 genome;



(3) matched spectra from step 2 were
manually validated and matched in the
ORF regions; (4) unassigned spectra from
step 1 were searched using de novo
sequencing and unrestrictive search.
These steps were performed sequentially
in order to improve pep- tide IDs and to.

2.5.1. Database search against UniprotDB

Raw data were analyzed using two
software, Proteome Dis- coverer v2.1
(Thermo Scientific) and MaxQuant [49].
Proteome Discoverer searched were
performed using SequestHT and Amanda
[50,51] database search engines while
MaxQuant uses the embed- ded
Andromeda search engine [52]. The
database used in the first step was the T
cruzi Uniprot protein Database (July 2016;
54,387 entries) with the addition of
common contaminants. The following
parameters were used: precursor mass
tolerance of 20 ppm; mass tolerance
MS/MS 0.5 Da. Trypsin was selected as
enzyme cleavage and carbamidomethyl
cysteine as fixed modification. The vari-
ables modifications were methionine
oxidation, protein N-terminal acetylation
and asparagine and glutamine
deamidation. Shared peptide sequences
were grouped as grouped accessions
proteins. Proteome Discoverer False
Discovery Rates (FDR) at peptide spec-
trum matching (PSMs) level was
calculated using the Percolator algorithm
with q value equal or less than 0.01.
Protein FDR was also kept at less than 1%.

Database search was also performed
using MaxQuant soft- ware v1.5.3.30 [53]
using Uniprot database of T cruzi proteins
database release (July 2016; 54,387
entries) with the addition of common
contaminants. A mass tolerance of 4.5
ppm for MS and

0.5 Da for MS/MS. Enzyme specificity was
set to trypsin with a maximum of two missed
cleavages. Carbamidomethylation of cys-
teine (57.02 Da) as fixed modification, and
oxidation of methionine (15.99 Da),
deamidation NQ (+0.984 Da) and protein N-
terminal acetylation (42.01 Da) were
selected as  variable  modifications.
Identifications with less than 1% FDR at
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PSMs and protein level were accepted for
further analyses. The iBAQ parameter
was used as a surrogate of protein
expression [54].

In order to identify processed
proteins, a database search was
performed using the same parameters
and semi-trypsin as enzyme to account
for semi-tryptic peptides. This database
search was defined “closed”.

Spectra that did not produce any PSM
were separated in an mgf data file for
further analyses.

2.5.2. Database search using six-frame translated genome

The unmatched spectra from step 1
were searches against a database
consisting of the genomic sequences of
T cruzi Sylvio X10/1 |12] after 6-frame
translation by version 6.6.0 of
EMBOSS’ transeq [55] of the complete
contig sequences into the correspond-
ing peptide sequences; each contig’s
translation was then split based on stop
signals and only peptides longer than
20 residues were kept for subsequence
analyses.

Proteome Discoverer software with
SequesHT and Amanda database search
algorithm was used to perform database
search as reported in step 1.

2.5.3. Manual validation and genome annotation

Peptide spectrum matches that passed
step 2 were manually validated. The
criteria for MS/MS spectra filtering were
the follows:

(a) the MS scan should have less than 10% “signal
contamination”;

(b) all the most abundant ions should be assigned. (c) three
con- secutive y and b ions should be assigned and (d) neutral
losses are not considered when are the only ions used to
build the peptide sequence. Peptides that passed manual
validation were mapped into the T cruzi Sylvio X10/1
genome using the BLAST algorithm as described below. All
BLAST searches had low complexity filter and

composition-based statistics options turned off to assure that the
whole sequences would match their targets and results were
manually analyzed to eliminate false positive matches.

Peptide sequences identified in the
database searches against the 6-frame
translated T cruzi Sylvio X10/1 genome and
filtered by manual validation were analyzed,
together with available anno- tation data for
this genome, with TBLASTN [56]
(demanding 100%
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sequence identity and 100% query length
coverage) and bedtools

[57] in order to identify any peptides that
partially overlap an already known gene.
Also, given the fragmentary nature of the
T cruzi Sylvio X10/1 genomic sequences
used, contigs where the pep- tides mapped
were searched against NCBI’s NR protein
database using BLASTX, for the
identification of peptides matching genes
that have not been predicted in this

genome due to sequence incom- pleteness.

The open reading frames in T. cruzi Sylvio
X10/1 correspond- ing to each of the final
“intergenic” peptides were identified and
searched by BLASTP against NR to identify
any previously predicted trypanosomatid
proteins. Next, these same ORFs were
searched by TBLASTX against all genomic
sequences available for trypanoso- matids
(as well as Bodo saltans and Parabodo
caudatus), in order to find any possible
gene candidates for further analyses.
Regions matching the ORFs (plus 2000
bases on either side of the match) were then
isolated with the aid of custom Perl scripts
and EMBOSS’ extractseq, translated as
above, and analyzed by EMBOSS’ getorf
ORF prediction and BLASTP searches to
identify the genomic frag- ments
corresponding to the peptides of interest.

All sequences putatively corresponding to
each novel T cruzi Sylvio X10/1 gene were
aligned using Muscle v. 3.8.31 [58] and
manually examined and edited in Seaview v.
4.5.4 [59] to remove badly aligned and
incomplete  sequences. The putative
translation start of each novel gene was
determined by manual analysis of con-
servation along the corresponding translated
sequence alignments.

2.5.4. Unrestricted PTMs search analysis
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Unknown or unexpected modifications
were determined by searching the non-
identified filtered spectra (.mgf) against the
Uniprot Trypanosoma cruzi fasta database
as in step 1 using Byonic software v.2.6.46
(http://www.proteinmetrics.com/ Protein
Metrics Inc.). Searches were performed with
the following fixed modifications: precursor
mass tolerance of 10 ppm, product ion mass
tolerance of 0.5 Da, carbamidomethylation
Cys, and fully trypsin specific cleavage with
a maximum of two missed cleav- ages.
Searches were also conducted with oxidation
of methionine (15.994 Da) as variable
modification. Initial searches allowed a wild
card modification (any mass delta from 200
to +200 Da on any one amino acid residues).
Subsequently, a Byonic search was
performed using a wild card modification
from +200 to +400 delta mass.

High confident PSMs were selected based
on the 2D FDR system developed in the
Byonic software [60]. Specific protein
modifica- tions were further characterized
considering delta mass shift with less than
10ppmaccuracy and MS/MS fragmentation
spectral qual- ity as reported in step 3. This
database search is defined as “open”.

2.6. Bioinformatics analysis

The five newly annotated coding DNA
sequences were further investigated for
possible conserved domains that could
elucidate their function. The Conserved
Domain Database [61] (CDD) and Motif
Scan [62] was used to perform the searches.
Moreover, the presence of signal peptides
was evaluated using SignalP v4.1 Server
[63], which consists in predicting the
presence and location of sig- nal peptide
cleavage sites in amino acid sequences
from different organisms. Proteins that
contained a signal peptide according to
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SignalP prediction were further evaluated
using SecretomeP [64].

Prediction of possible PTMs was
conducted using the software- based family
Group Prediction System (GPS). For
phosphorylation we used Group-based
Phosphorylation Scoring v3.0 (GPS) [65];
For acetylation was used Prediction of
Acetylation on Inter- nal Lysines [66]
(PAIL); GPS-Small Ubiquitin-like
Modifier v1.0

[67] (GPS-SUMO) for Sumoylation;
GPS-Pupylation [68] (GPS- PUP) for
pupylation; Tyrosine Sulfation Protein [69]
(GPS-TSP) for tyrosine sulfation; GPS-
SNO [70] for S-nitrosylation. For lipid
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modifications was used GPS-Lipid [71]. In
addition, was used the softwares available in
the Center for Biological Sequence analy-
sis (CBS), such as (NetNGlyc 1.0 Server)
(http://www.cbs.dtu.dk/ services/NetNGlyc/)
for N-glycosylation; NetOGlyc 4.0 [72]
Server for O-glycosylation
(http://www.cbs.dtu.dk/services/NetOGlyc/);
YinOYang 1.2 [72] for O-GlcNAc
(http://www.cbs.dtu.dk/services/
YinOYang/). It should be noted that the
entire ORF was imputed for bioinformatics
prediction.

2.7. Phylogenetic analysis of the putative arginyltransferase

The Plasmodium falciparum ATE-like
aminoacyl-tRNA-protein transferase
(ATEL1) protein sequence (accession
number Q195H6) was used as a query to
identify putative candidates for this func-
tion in kinetoplastids and other organisms.
Identification was performed by BLASTP
search (E-value threshold of 1E-3) against
the complete NCBI non-redundant database.
All matches were extracted and aligned with
Muscle v.3.8.31, and alignments were
manually examined with Seaview v.4.5.4 in
order to identify and remove badly aligned
sequences. The remaining sequences were
analyzed by RAXML v.8.2.9 [73] in order to
infer the maximum likelihood phylogeny.
The substitution model was chosen automat-
ically by the program, using gamma-
distributed rate heterogeneity rates, and an
automatically determined number of
bootstrap pseu- doreplicates were run to
assess statistical support for the individual
branches. Resulting trees were processed
and drawn in TreeGraph2

[74] and Dendroscope [75].

Results and discussion
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1.6. Understanding the mass spectrometric
behavior of the T. cruzi (Sylvio X10/1 strain)
proteome

Trypanosoma cruzi cells from Sylvio
X10/1 strain in epimastig- ote stage were
lysed and proteins were extracted,
digested with trypsin and analyzed using
nanoflow LC-MS/MS. In order to deeply
sequence the proteome, tryptic peptides
were fractionated using reversed-phase
chromatography in acidic (pH = 3) and
basic (pH = 10) conditions with a
stepwise acetonitrile concentrations (5%,
10%, 20%, 25% and 70%). Due to that,
we implemented an offline RP-RP 2D
chromatographic system using two
mobile phase additives such as TFA for
low pH and ammonia for high pH in the
first dimension, separately. The intrinsic
complexity and dynamic range of the
Tcruzi proteome required peptide
fractionation using an orthogonal
chromatographic system and allowed us
to reduce peptide co-elution and ion
suppression and to improve protein IDs
[76,77]. Fractionated samples were
prepared in a biological dupli- cate, while
five biological replicates (x5) were
directly injected in the nLC-MS/MS
system without fractionation, as shown in
Fig. 1.

The raw mass spectrometric data were
analyzed wusing the data analysis
workflow illustrated in Fig. 2. Initially, a
database search approach using the T
cruzi UniProt database was performed
using MaxQuant and Proteome Discoverer
software. For MaxQuant search trypsin
with specific and semi-specific cleavage
was used. A summary of the
identifications is reported in Table 1.

Table 1 shows the identifications
obtained from each soft- ware; Proteome
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Discoverer identified 169585 MS/MS
spectra out of 493492 whereas MaxQuant
identified 124661 and 124732 MS/MS
spectra out of 535437 using trypsin and
semi-trypsin  specificity, respectively
(Table 1). It is worth mentioning that there
is redun- dancy for features identified by
both programs. Thus, of the total analysis,
17752 peptides are unique in the identified
by Proteome Discoverer, Supplementary
Table Sla, while 17999 and 18030 are
unique in MaxQuant trypsin and semi-
trypsin specificity, respec- tively, with 1%
FDR, Supplementary Table S1b. We noted
that there
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Table 1
Deep data analysis of the T. cruzi (Sylvio X10/1 strain) proteome.

#High confident sequences.
? Redundant features.
" PSMs.

¢ Manual validation used stringent criteria such as: (1) all high intense fragments should be annotated, (2) three subsequent ions y and b.

d Only modified peptides.

¢ Total unique peptide sequences without modifications. The wild card search in Byonic is excluded.

Data Database Software Features Unique Observations
peptides/Proteins
1
RAW UniProt Proteome Discoverer 169586/493492% 17752/3851 Trypsin
RAW UniProt MaxQuant 124661/535437 17758/3647 Trypsin
RAW UniProt MaxQuant 124732 /535437 17776 /3636 Semi-trypsin
2
Filtered Six-frame translation Proteome Discoverer 3886/361 647" 354
3
Peptide sequences Manual Validation 239/354° 239
after BLASTp
Peptide sequences Six-frame translation Genome annotation 5/239° 5
validated
4
Filtered UniProt Byonicd 64320/361647 8327/2771
Total® 23374/5262
©Peptides.



was no significant difference in the unique
peptides identified from the trypsin and
semi-trypsin searches in the MaxQuant,
indicat- ing very low nonspecific cleavage
due to sample degradation or
chymotryptic activity in the trypsin batch.

Using the results from the MaxQuant
database search, we observed that the most
expressed proteins are related to glycolysis
21%, heat shock protein (HSP) 9%,
histones 9% and tubulin 6% and other
highly expressed proteins are involved in
carbon, arginine, proline metabolism and
biosynthesis of secondary metabolites,
Supplementary Fig. S1A. In the low
expression range, proteins are mostly
unannotated (68%) or uncharacterized
(32%), Supplemen- tary Fig. S1B. The
high number of unannotated proteins in
low abundance can contribute to the lack
of biochemical information and calls for
more studies. The identified proteins can be

visualized in the Supplementary Table S1c.

In total, the number of matched tandem
mass spectra, using database searching
against a reference database such as the
Unipro- tKB, was 34%. This is slightly
higher compared to the first large scale
proteome analysis of T cruzi that was
reported to be 12% [29]. In order to
increase the identification rate of the
unassigned MS/MS spectra, we performed
a deep data analysis strategy as reported in
Fig. 2. In particular, MS/MS spectra that
were not identified using a database search
approach with the UniProtKB database
were fil- tered, extracted and converted to
mgf format. This filtered file was then used
to perform a database search against six-
frame translated

T cruzi Sylvio X10/1 database, step 2 and 3.
Moreover, the filtered unassigned spectra
were searched with a wide mass tolerance
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using the Byonic software against the UniProt
database.

The database search using the six-frame
translated T cruzi genome allowed us to
identify 3886 of 361647 MS/MS spectra.
These 3886 PSMs matched to 354 unique
peptide sequences Sup- plementary Table
S2a. The MS/MS spectra of these 354 unique
peptides were subjected to manual validation
using the rules reported in the Materials and
Methods section [78]. A total of 239 unique
peptide sequences passed the manual
validation filter, Sup- plementary Table S2b
and Table 1.

Moreover, we performed similarity
searches of the 239 manu- ally curated
peptides that did not match predicted T. cruzi
Sylvio X10/1 against the six-frame translation
of this organism’s contigs, and we found that
all peptides matched, completely and
perfectly, at least one genomic region.
However, given the very fragmented nature
of the available genome sequence, which
leads to many



unpredicted genes at the contigs’ ends,
another filtering step was necessary. In
this case, all contigs were searched by
BLASTX against the complete NCBI
non-redundant (nr) protein database, in
order to find any fragments of genes
that were missed in the annota- tion
most likely due to genomic sequence
incompleteness. Next, bedtools was
used to find all intersections between
the coordi- nates of nr matches (i.c.
unpredicted genes) and peptide
matches on the contigs. All but five of
the 239 manually curated peptides were
found to be part of an incompletely
sequenced and annotated gene. The five
peptides were: pep76, pepl198, pep206,
pep304 and pep314, Supplementary
Table S2b. Open reading frames of T
cruzi Sylvio X10/1 genome containing
these novel intergenic peptides were
identified and are reported in
Supplementary Table S3a and b.

1.7. Novel protein coding regions in the T. cruzi
Sylvio X10/1 strain genome

In order to understand the nature of
these novel DNA coding regions, we
applied several bioinformatics tools to
calculate their molecular weight and
predict their subcellular localization
and PTMs, Table 2. These novel ORFs
codes for relatively small pro- teins
with a theoretical molecular weight
between 6 and 23 kDa. None of them
contains a conserved domain that could
indicate their biochemical function.
The predicted subcellular localization
was diverse from nucleus (pep76),
cytoplasm (pepl198 and pep304),
endoplasmatic reticulum (pep206) and
Golgi (pep314). Interest- ingly, pep314
and pepl98 were predicted to be
secreted with a signal peptide. The
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number of transmembrane domains was
low in the majority of the novel proteins
indicating their solu- ble or membrane-
associated nature. Furthermore, we looked
at predicted PTMs, such as
phosphorylation, N- and O-glycosylation,
O-GIcNAcylation, lysine  acetylation,
SUMOylation, tyrosine nitra- tion, and
lipidation. Phosphorylation sites were
predicted in all the 5 proteins with pep198,
pep206, pep304 and pep314 containing
predicted tyrosine phosphorylation sites.
Tyrosine phosphoryla- tion is an important
regulator of signal transduction with the
ability to switch on/off specific signaling
cascades |[79] and pro- tein kinase
inhibitors have been suggested with the
potential for treating parasitic diseases
[80,81]. Interestingly, several predicted
phosphorylation sites were also predicted
to contain an O-GIcNAc modification.
None of the novel genes were predicted to
contain N-



Table 2

Predicted Post-translational Modifications of novel DNA coding regions in T. cruzi.
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Co/Post-
translation
modifications

Predicted PTMs

Novel DNA coding regions

pep76 ADWP
02021363 139

pep198 ADWP
02017124 21

pep206 ADWP
02006304 64

pep304 ADWP
02015018 214

pep314 ADWP
02013302 220

Predicted MW*
SecretomeP"”

Subcellular®

localization

Transmembrane
domains?

Phosphorylation

N-
Glycosylation
O-
Glycosylation
O-GIcNAc
Acetylation

Methylation
SUMOylation

Pupylation
Tyrosine
Nitration
S-nitrosylation
Palmitoylation
Farnesylation

Geranylgeranylation

Myristoylation

6596.41
0.944

Nucleus

0

S-4,5-15, T-17,
T-32, S-36,
T-46, S-55,
T-57

S4;T32;,T57
K 6,9, 25,29,
30, 31, 38

X

50-54
NIFTEEQLIALL
SDTH***

X

X

XX X

X
G8

23116.50
0.641

Signal peptide
Cytoplasm

3

S-5, T-7, T-12,
S-21, T-25,
S-27, T-55,
S-56, T-96,
T-102, T-104,
S-122, Y-132,
Y-175, T-185,
T-193,T-196

X

193 T;196 T
K9, 47, 89, 106,
108, 200, 201

X

142-146
DVKLPEA
VGILGPNGEVIP
X

X

c2
C2,4,16,168
X

X

X

7820.11
X

Endoplasmatic
reticulum;
mitochondrion
1

S-9, T-11, S-26,
S-31, Y-39,
Y-42,5-43,
T-44, S-55

S31
K68

R70
59K

X

X X X X X

9217.21
0.885

Cytoplasm

0

T-3, T-7, Y-16,
S-19, S-29,
Y-33, Y-34,
Y-44, S-58,
S-61, S-66,
T-69, S-76,
S-78, S-79

S29;S76
K5,6,8, 9,10,
12,14, 17, 47
K12

X

K43
Y 16

Cc28
X

X
X
X

9680.47

0.883

Signal peptide
Golgi;
Mitochondrion

S-4, S-29, T-46,
Y-55,5-57,
T-61, S-63,
S-69, T-73,S-77

X
X

T73

K 59,71,72,75,
76

X

72 K

C1,33
C1

£ Prediction of methylated arginine and lysines was performed using the Methylation Modification Prediction Server (http://www.bioinfo.tsinghua.edu.cn/~tigerchen/

memo/).

# Molecular weight was predicted using the Compute pI/MW webtool at the expasy site (http://web.expasy.org/cgi-bin/compute pi/pi tool).
b Non-classically secreted proteins were predicted based on the NN-score. Score exceeding the threshold of 0.5 for bacterial sequences and 0.6 for mammalian
sequences were considered. The recommended thresholds are 0.5 for bacterial sequences and 0.6 for mammalian sequences.

¢ Amino Acids. 2007 Jul;33(1):57-67. Epub 2007 Jan 19. Euk-PLoc: an ensemble classifier for large-scale eukaryotic protein subcellular location prediction. Shen

HBI1, Yang
J, Chou KC.

9 The number of transmembrane domains were predicted using the TMHMM webtool (http://www.cbs.dtu.dk/services/ TMHMMY/).
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and O-linked indicating that these proteins
are not predominantly located to the cell
membrane. In a recent study we quantita-
tively mapped the T cruzi N- and O-linked
glycoproteome  showing  widespread
changes during life stage development
[40].

All five novel proteins were predicted to
contain a lysine acety- lation on more than
one site. The importance of acetylation in
T cruzi was shown by using inhibitors of
sirtuins, (deacetylases), that prevented
parasite growth and multiplication after
host-cell inva- sion [82]. Pep206 and
pep304 were predicted to be methylated in
the R70 and K12, respectively. Lysine and
arginine methylation has been reported on
T cruzi histone H4 at position K18 and
R53 [83]. Another PTM of great
importance in eukaryotes is SUMOylation,
which is characterized by addition of an
ubiquitin-like protein that is covalently
attached to lysine residue in the target
protein by an isopeptide bond and has
been reported to be involved in sev- eral
roles such as cell cycle progression,
subcellular localization, protein—protein
interaction, transcription and DNA repair
[84]. All five proteins analyzed had
predicted SUMOylated lysines. Bayona et
al. showed by proteomic and
immunological methods, using polyclonal
anti-TcSUMO, that SUMOylation is
present in all the T cruzi life stages
parasite and involved in several processes
such as
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chromatin organization and remodelling,
DNA repair and transcrip- tional processes
[84].

Recently, it was described a prokaryotic
ubiquitin-like protein, Pup (Rv2l11lc),
which was specifically conjugated to
protea- some substrates in the pathogen
Mycobacterium tuberculosis and involved
in protein degradation [85]. The pep304
had a predicted K 43 pupylation.
Interestingly, in our wide tolerant search
we found 28 peptides with a delta mass
shift that could correspond to pupy- lation
addion to lysine. However, careful
considerations are needed as reported
below.

After macrophage infection, the T cruzi
trypomastigoste stage is exposed to several
protein oxidation reactions due to the NO
and its derivatives production [86]. Two of
the  post-translational  oxida- tive
modifications are cysteine nitrosylation
and tyrosine nitration. Tyrosine nitration
caused by T cruzi in host proteins might
pro- mote the survival of the parasite [87].
Recently, these two PTMs were found to
be modulated by T cruzi incubation with
extracellu- lar matrix [37]. The novel T
cruzi proteins identified in this study were
predicted to be nitrated in Y16 (pep304)
and nitrosylated in C2 (pepl198), C28
(pep304) and C1, 33 (pep314).



Subsequently, protein lipid
modifications were predicted in these five
novel proteins. In particular, protein
palmitoylation, far- nesylation,

myristoylation and geranylation were
investigated. The

T. cruzi phosphoinositide (PI)-specific
phospholipase C gene (TcPI- PLC) was
shown to be expressed during the
trypomastigote to amastigote
differentiation and it was N-myristoylated
in vivo [88]. Protein palmitoylation was
predicted on C 2, 4, 16, 168 (pep198) and
on C1 (pep314). Myristoylation was
predicted on G on pep76. A sequence
similarity search of these novel proteins
showed high homology in
Trypanosomatids, although with some
differ- ences. In particular pep76, pep198
and pep314 are conserved in
Trypanosomehs except T brucei. Fig. 3 and
Supplementary Figs. S2 and S5,
respectively. On the other end, pep206 and
pep304 are con- served across all
Trypanosomatids including Leishmania
species,

Supplementary Figs. S3 and S4.

Taken together these data show the five T
cruzi DNA coding regions identified in this
study are translated into relatively small
proteins that are conserved in all
Trypanosomatids and are pre- dicted to have
several PTMs.

In the first large scale mass
spectrometry-based analysis of the T
cruzi proteome, 12% of the MS/MS
spectra were assigned (17225/139147)
using database search against T cruzi (CL
Brener strain) reference genome [27]. In
our case 169586/493492 (34%) MS/MS
spectra were assigned using database
search against a ref- erence genome, Table
I-step 1. In a recent study it was reported
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a 50% success in MS/MS spectra assignment
using new generation Orbitrap analyzer [89].
After database search using the six-frame
translated T cruzi genome, we observed that
357761/493492 MS/MS  spectra  still
remained unassigned, Table 1-step 2, 3.
These unassigned spectra correspond to 65%
ofthe total MS/MS acquired, meaning that 35%
of the spectra were assigned after database
search using UniprotDB and six-frame
translated genome. Since using a six-frame
translated genome improved the number of
PSMs by 1%, we questioned if there were
unknown/unassigned modifica- tions of
peptides that could significantly contribute to
the number of unassigned MS/MS spectra.

1.8. Modified peptides identified in 200 Da precursor
ion window revealed “neglected” PTMs in T. cruzi

After exporting the unassigned spectra
from the database search using Proteome
Discoverer, we performed a wide-tolerance
database search (using a 200 Da window)
aiming at identify- ing unanticipated as well
as novel modifications in the peptide
sequences from the T cruzi proteome
database. This analysis allowed us to identify
127,120 spectra assigned to peptides in 3908
proteins with a time cost of more than 10
days using our compu- tational facility (data
not shown). From these, we filtered only for
the high scoring matched peptides (PEP 2D
score < 0.001), which resulted in 48,893
assigned spectra, Table 1-step 4. Besides,
spectra matched to peptides in the reverse
database (total 27 spectra, 0.1% FDR) or
identified in the contaminant database (total
552 spectra) were excluded. The peptides
identified with “Wildcard” as wvariable
modification ( 200 Da) were obtained as
reported in Materials and Methods section,
resulting in 21,388 spectra, Supplementary
Table S4, which was used for the further
analysis. These modified pep- tides covered



a total of 1500 proteins. Interestingly, 53
proteins were able to explain 50% of all
modified peptides, Supplementary Fig.
S6a; among them, 21 were found in the
top 100 most abun- dant proteins (e.g.
Beta tubulin, Pyruvate phosphate dikinase
1, Paraflagellar rod protein 3, putative,
Tyrosine aminotransferase,
Methyltransferase, ATP synthase subunit
beta, Glutamate dehydro- genase, Heat
shock protein (HSP70) and Histidine
ammonia-lyase). Additionally, using the
unrestrictive database search, 743 proteins
that were not identified in the database
search were identified
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(25%), resulting in a total number of
identified proteins of 3751 in the T cruzi
proteome (Supplementary Fig. S6b).

We compared the identified modification
in the proteome from

T cruzi with the recently published dataset
that performed an i‘open” database search
( 500) in a shotgun proteomic data from
human HEK?293 cell line [47]. Firstly, wé
compared the frequency distribution of the
mass change identified in 149457 spectra
(only spectra with Omass modifications >
0 Da and in range of 200 Da) from Chick
et al., and from our data. We observed that
the distribu- tion of the Omass
modifications is very similar between
Human and Trypanosoma cruzi dataset,
especially in the most abundant modifi-
cations (Fig. 4). Slight differences were
observed when the Omass range was
divided into smaller bins (Fig. 4a—d). For
example, the modification +152 Da was
mainly observed in the T cruzi compared
to the human dataset, whereas +183 Da was
mainly observed in the Human dataset (Fig.
4d). We observed the +152 Da
modification  occurred with  more
frequency in cysteine, but because all
cysteine had previously set as fixed
carbamidomethylation modification (+57
Da), the actual modification is +209 Da. We
found that +209 Da is annotated in the
Unimod.org database as
“carbamidomethylated DTT modification
of cysteine”, which was reported before to
be an artefact due to excess of DTT used
during sample preparation [90]. In the
Human dataset, the +183 Da modification
was reported to be a
aminoethylbenzenesulfonylation that
occurs when using AEBSF (Pefabloc) as a
serine protease inhibitor [47]. Therefore,
specific dif- ferences in the sample
preparation step may affect the number of



peptides with unanticipated chemical
modification.

The percentage of each Omass

modification per amino acid was
calculated and the distribution of these
modifications in the twenty different
amino acids was visualized as a heat
map using the top 40 most frequent
modifications observed. We also
showed the anno- tation available in the
Unimod.org database for each Omass
binin Fig. 5.

Known PTMs were detected such as
phosphorylation (Omass = +79.96, 355
counts, mainly in serine), acetylation
(Omass = +42.01, 890 counts, mainly in
serine), dimethylation (Omass = +28.03,

647 counts, mainly in lysine residues) etc.

Amino acid substitutions were also
observed, for example in Ser- > Tyr
(Omass = +76.0, 127 counts), Thr- > Ala
(Omass = +30.0, 89 counts), Ser- > Asn
(Omass =+27.0, 90 counts), Leu/Ile->
Val substitution (Omass = 14.0, 181
counts) (Fig. 5).

Known chemical modifications were
identified, for example oxi- dation with
increased frequency on methionine and
tryptophan (Omass = +16.0, 1105
counts), carbamylation on lysine and
methi- onine (Omass = +43.0, 946
counts) and deamidation on asparagine
(Omass=+1.0, 1172 counts) (Fig. 5).

We found four abundant
modifications with transpeptidation in
lysine and arginine-related annotation in
Unimod.org database. The Omass
corresponding to a  predicted
modification of the addition of lysine
(Omass=+128.1) and arginine (Omass
=+156.1) was iden- tified in 709 and
607 spectra, respectively, whereas loss
of lysine (Omass = 128.1) and arginine
(Omass = 156.1) due to transpep-
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tidation was identified in 72 and 354
spectra (Fig. 5).

Modification occupancy was calculated
by dividing the number of spectra counts
from modified peptides by the sum of the
total spectra counts from the modified and
respective non-modified peptide, which
was identified using MaxQuant for
database search. The distribution of the%
values was compared using different
datasets: total number of peptides
identified in the modified and non-
modified database search, peptides with
+80 Da modification (predicted by
Unimod.org  database to be a
phosphorylation), pep- tides with +43 Da
modification  (predicted to be a
carbamylation) and peptides with +156
and +128 Da (predicted to be an addition of
arginine and lysine due to transpeptidation,
respectively) (Supple- mentary Fig. S6c¢).
We observed that the modifications are
generally in low stoichiometry compared
to the non-modified peptides,
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Fig. 3. (a) Sequence homology of the pep76 protein, (b) MS/MS spectrum and (c) identified product ions of the peptide (ENIFTEEQLIALLSDTH) identified using
database search against the T. cruzi (SylvioX10/1 strain) six-frame translated genome.



but for PTMs which are known to be low
abundant, for exam- ple, phosphorylation,
we found that the occupancy is increased,
meaning that the modification is likely to be
specific with more peptides found in the
modified form compared to the non-
modified form (Supplementary Fig. S6c¢).
For a known chemical modification derived
by urea (+43, carbamylation) which is
frequently used in proteomics sample
preparation, we found modified low
stoichiom- etry compared to the non-
modified form (Supplementary Fig. Séc).
The distribution of the +156.1 and +128.1
modification was very similar and most of
the peptides were identified with less than
20% of modification occupancy
(Supplementary Fig. S6c). It is impor- tant
to remember that this is an estimation
analysis of modification occupancy because
we might have different ionization
properties in the non-modified and modified
peptides.

Additionally, we also found 83
peptides with a +129.11 mod- ification,
which is annotated in the Unimod.org
database as a potential mono-glutamyl
modification (Supplementary Table S5).

Finally, we performed additional
unrestricted search analysis using a delta
mass window from 200 to 400 Da. From

this analy- sis, 1482 peptides were
identified with high score (PEP 2D <
0.001) (Supplementary Table S6). Among
the most abundant modification in this
range, we identified the delta mass of
+243.1 in 40 pep- tides, with increased
frequency in the amino acid K (28/40).
This modification is annotated in
Unimod.org database as pupylation,
which is known as a post-translational
modification in prokary-
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otes, but have never been described in
Trypanosoma cruzi. Tryptic peptides with a
pupylated lysine contain the addition Q*GG
where Q* is a deamidated glutamine.
However, careful analysis of MS/MS
spectra should be carried out to discriminate
peptides contain- ing sumoylated lysine
(QGG) and deamidation (Q/N). The
peptides identified in this study, carrying the
delta mass of +243.1, con- tained one or
more Q/N, so it is not possible to distinguish
these peptides from formerly sumoylated
peptides. Further analyses are needed to
confirm this observation. Moreover, a
BLASTp search using the Prokaryotic
ubiquitin-like protein Pup from Mycobac-
terium tuberculosis against
Trypanosomatids gave no match (data not
shown) indicating that these peptides might
be SUMOylated (QGG) and deamidated on
another residue in the same peptide. We also
observed an abundant modification with
delta mass of +209.01 on tryptophan, (40
out of 44 peptides) opening new avenues to
unknown modifications occurring in
biological systems.

1.9. Protein arginylation and transpeptidation
contribute to the addition of 156.1 m/z

We were interested to investigate deeper
the modification of

+156.1, which corresponds to arginine
addition. Arginine addition can be due to:
(1) transpeptidation or (2) protein
arginylation.

In this study, a bottom up proteomic
approach was applied to study the T cruzi
proteome. Although several proteolytic
enzymes
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have been described to improve sequence
coverage [91,92], trypsin is still the most
widely used since it generates with
relatively high specificity peptides with an
average of 14 amino acids, based on the
Uniprot human protein database, which is
ideal for LC-MSMS. In addition, tryptic
peptides contain minimum two charges at
the N-terminus and the C-terminal Arg/Lys,
respectively. However, this enzymatic
process produces side reactions such as

missed cleavages [93], trypsin auto-
digestion, semi-tryptic peptides due to
chymotryptic  activity  [94,95]  and

transpeptidation [96]. Transpep- tidation
reaction results in the addition/substitution
of an amino acid or an oligopeptide. In a
previous study using a set of standard
proteins, it was shown that transpeptidation
reaction can generate the addition of a single
arginine (+156.101) and lysine (+128.101)
to the N-terminal of peptides. Moreover,
peptides with the addition of two or more
amino acids were detected [54] and the
percentage of the transpeptidated peptides
compared to the unmodified ones was
relatively low (1-10%).

In order to discriminate transpeptidation
from protein arginy- lation, which is a
known PTM catalyzed by the ATEIl
enzyme in humans, we started comparing
the site specific distribution of the Omass
= +156.1 on the different amino acids
detected in our large- scale mass
spectrometry-based proteomics approach
on T cruzi proteins. We observed that this
modification occurred mainly in the
amino acids E (14%) and D (10%)
(Supplementary Fig. S7A and Table S7),
which is in accordance with previous
studies that reported protein arginylation
on these amino acids [97,98]. Besides,
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59% of all matched spectra contained the
modification in the pep- tide N-terminal, 37%
occurred within the peptide sequence and 4%
occurred in the C-terminal (Supplementary
Fig. S7B and Table S7). As described above,
N-terminal addition of arginine or lysine to
peptides has  been  observed as
transpeptidation side reaction of trypsin [96].
Besides, Xu et al. specified mass
ambiguities which can mimic the addition
of arginine onto the N-terminus of peptides
and can confuse the results of the mass
spectrometry  analysis. For instance,
carbamylation of N-terminal Leu and Ile
results in a mass shift that makes these two
residues virtually indistinguishable from
Arg [99]. Therefore, we filtered for only
arginylation localized on the amino acids D
or E, anywhere in the peptide sequence,
except the N and C-terminal. Following
these criteria, a total of 61 peptides, from 21
unique sequences were identified with
potential arginylation (Supplementary Table
S7).

We next performed a “closed” database
search with +156.10111 and +128.1011
as variable modification in the N-
terminal and

+156.1011 in specific amino acids such as D
and E to confirm these modifications and
identify the exact amino acid sites using a
con- trolled database search. We identified
321 peptides with +156.1011 and 291
peptides with +1280.1011 localized to the
N-terminal (Supplementary Table S8). The
overlap of wunique peptide sequence
identified using the “open” database search
and “close” database search was 73 for the
+156.1011 modification (Supplementary
Fig. S7C) and 72 for the +128.1011
modifications in the N-terminal. Con-
sidering the total of wunique sequence
identified using the “open”
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Predicted Modification (Unimod)

di-Methylation
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MethylamineST
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Carboxyethyl, Ethoxyformylation
Unknown

Car i [Plag ification of cysteine *
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Loss of arginine due to transpeptidation
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Carbamidomethyl (N-term) + in source dissociation of Lor | (N-term)
Unknown

Leu/lle->Val substitution

Unknown

Methylation

Unknown

Addition of arginine due to transpeptidation
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Deamidation

Unknown

Deamidation

Unknown
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Amidation

Unknown

Loss of ammonia, Pyro-glu from Q

Fig. 5. Top 40 most abundant modification from —200 to +200 Da and their distribution over the twenty aminoacid are shown as heat map using the percentage of
each modification per aminoacid.



database search, the overlap coverage 86%
(73/85)and 90% (72/80) of +156.1011 and
+128.1011 modifications, respectively. To
con- firm the presence of transpeptidation,
we investigated peptides modified with
delta mass shift of ( 156.101) and
( 128.101). Inter- estingly, the majority of
the peptides modified with 156 contained
arginine at the C-terminus, while the ones
modified with 128 contained lysine at the
C-terminal position (Supplementary Table
S4). The localization of these
modifications was at the peptide C-
terminus, indicating that after trypsin
cleavage these peptides could be the donor
of arginine and lysine for the transpeptida-
tion reaction. Furthermore, we also
performed “closed” database search using
the modification of +156.1011 on the
amino acids D and E and we compared the
identification with the modified pep- tides
retrieved by Byonic. We filtered only the
peptides identified with score localization >
0.9, resulting in 245 redundant peptides,
from 191 unique sequence
(Supplementary Table S9). The overlap
between the 22 unique sequence identified
using “open” database search with the
“closed” database search was 10 peptides
(45%)  (Supplementary Fig. S7D).
Representative spectra of peptides iden-
tified with the +156.1 modification in the
internal amino acids D or E are shown in
Supplementary Fig. S8. These identified
peptides pointed towards the presence of
arginylated peptides which could be added
post-translationally in a process called
protein arginyla- tion [100]. Recently it
was reported that Atel arginyltransferase
had no significant activity toward non-
canonical N-terminal or internal aspartic
and glutamic acid residues [101]. These
data were obtained using an in vitro
system on 11-residues immobilized pep-
tides array and pulse-chase arginylation
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reaction raising concerns towards the mass
spectrometry-based analyses. More studies
are needed to validate the site-specific
identifications obtained so far.

1.10.Protein arginylation in trypanosomatids

Protein arginylation is a post-
translational modification cat- alyzed by
the addition of arginine to proteins in a
ribosome-free



and tRNA-dependent reaction [ 102]. This
modification is catalyzed by the arginyl-
tRNA protein transferase (Atel) enzyme
[102] [103]. The enzyme is present in all
eukaryotes from yeast to humans in sin-
gle or multiple isoforms, respectively
[97,104]. Initially, Atel was known to
arginylate N-terminally exposed aspartic
and glutamic acid [105,106], but recently
it was shown that this modification can
occur on various positions in the protein
and on various amino acids side chains
such as aspartic and glutamic acid
[98,107]. Initial studies recognized the
importance of protein arginylation related
to the N-end rule of protein degradation
[108]. Indeed, the addition of arginine, a
primary destabilizing N-terminal residue,
to proteins N-terminus regulates their in
vivo half-life since it is recognized by
ubiquitin ligase that lead to protein
ubiquitination and degra- dation. This
mechanism shows a direct interplay
between protein arginylation and protein
degradation. Nowadays, protein arginy-
lation is recognized as a central biological
pacemaker involved in a diverse array of
physiological  processes such as
embryogenesis, aging [109],
angiogenesis, response to stress [ 110] and
brain phys- iology [109]. Deletion of the
arginyltransferase enzyme has been
shown to be fatal for mouse embryo and
lead to severe pathologi- cal
complications such as cardiovascular
diseases [111], thrombosis [112],
neurodegeneration [113] and tumor
metastasis [114]. Due to that, protein
arginylation is nowadays recognized as a
widely present and functional post-
translational modification.

The identification of Atel substrates
has been lacking behind [115,116] until
mass spectrometry-based proteomic
analyses have allowed the identification
of, 43 [117] and over hundreds pro- teins
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[98] in two seminal studies. The initial
amino acid specificity described at the N-
terminally exposed aspartic acid, glutamic
acid and oxidized cysteine was revised
since it was shown that arginyla- tion could
occur on any N-terminally exposed residue
[117] and on aspartic and glutamic acid
side chain [98,107]. Moreover, several
nuclear  proteins  contained  post-
translationally added arginines in
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the methylated and dimethylated form and
were shown to regulate nuclear structure
[118].

In our study, one of the arginylated
proteins was pyruvate phosphate dikinase
1(ppdk2) that had the highest count for
Omass=+156.1 inthe amino acids Eand D
retrieved by the “closed” database search.
We demonstrated the distribution of
peptides identified with +156.1011 across
the annotated domains for ppdk2,
according to InterPro database (Fig. 6a).
Two  peptides, contain- ing the
modification +156.1 on glutamic acid,
were identified in the PEP/pyruvate-
binding domain (“closed’ database search);
one peptide containing the modification
+156.1 was identified using both closed
and open database search and was
localized in the PEP-utilizing enzyme.
The role of these potential arginylations in
ppdk2 on the activity and function is not
known, but it is the first time, to our
knowledge, that these modifications are
identified in

T cruzi. An example of annotated spectra
retrieved by Byonic and MaxQuant for
peptide EGDYITLDGS with Omass
modification of

+156.1 in the amino acid E are provided
to demonstrate the con- fidence of
identification of these modified peptides
(Fig. 6b and c).

The addition of amino acids to proteins
in a tRNA-dependent and protein
translation-independent manner has been
described
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in eukaryotes and prokaryotes. In
eukaryotes the atel enzyme is responsible
for the post-translationally addition of
arginine. In prokaryotes leucine and
phenylalanine are conjugated to protein N-
terminus by the Leu/Phe-tRNA-protein
transferase [119]. Although these enzymes
share similar function, there is low
similarity in the primary amino acid
sequence. Moreover, these enzymes can
have mixed -characteristic such as the
bacterial protein trans- ferase (Bpt) from
Vibrio vulnificus has a sequence similarity
with the eukaryotic atel but has a mixed
enzymatic function transfer- ring leucine to
aspartic and glutamic acid. On the other
hand, the ATE-like aminoacyl-tRNA-
protein transferase, termed ATELI, from
Plasmodium falciparum, has sequence
similarity with the prokary- otic Leu/Phe-
tRNA-protein transferase but transfers
arginine, as the eukaryotic atel [119]. The
ATELI1 enzyme has an N-Acyltransferase
superfamily (NAT SF) domain. So far, no
enzyme with this func- tion has been
described in  Trypanosomatids.  We
performed a BLASTp analysis of the
ATEL1 sequence (Q195H6 accession in
the UniprotKB) and found high similarity
with the hypothetical protein (Q4DBYS5
UniprotKB, Tc00.1047053506977.40 gene
name, Trypanosoma cruzi strain CL
Brener), Supplementary Fig. S9. Phylo-
genetic distance analysis showed that this
enzyme is conserved in all trypanosomatids
from Trypanosoma to Leishmania, Fig. 7.
Inter-
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pro  domain  search  identified a
leucyl/phenylalanyl-tRNA protein
transferase unintegrated signature motif
(data not shown). More experiments are
underway to confirm the enzymatic activity
of this protein.

Conclusions

In this study, we present a deep mass
spectrometry data analysis of T cruzi
proteins and PTMs. A proteogenomic
approach allowed us to identify five novel
DNA coding regions, their subcellular local-
ization and predicted PTMs. Moreover, an
innovative application of unrestrictive
database search to Trypanosomatids is
shown. This analysis allowed us to map for
the first time several unknown PTMs on T
cruzi proteins. These modifications derived
from artefactual sample preparation and/or
cellular biosynthesis processes such as
arginine addition (Omass = +156.1). This
modification can be due to transpeptidation
and protein arginylation. Protein
arginylation has been reported in several
organisms such as E. coli, Arabidopsis
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and humans but not in Trypanosomatids.
In this study, we report the presence of
protein argynylation in T. cruzi. It should
be noted, that the addition of arginine has
been also described as a sample
preparation artifact due to transpeptidation
by trypsin. Due to that, it is very important
to discriminate between them to avoid
false positives. The correct localization of
this modification has been a matter of
concern due to the fact that chemical
artefacts can gen- erate similar mass shifts
and generate false positives. High mass
accuracy combined with stringent cutoffs
and manual validation are needed to
confirm the presence of  post-
translationally added protein arginylation
[99]. However, transpeptidation is a
common trypsin-catalyzed artefact that
occurs during sample preparation and it is
independent on the level of mass accuracy
or computa- tional cutoffs [ 120]. An initial
solution to this dilemma was shown using
a combination of inhibitors of protein
synthesis, atel gene knockout and
bidimensional electrophoresis focusing on
protein spots that were significantly
regulated [117]. It should be noted, that
although this approach significantly
minimizes potential arte-
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facts, it does not remove transpeptidation reaction that occurs during the proteolytic step.
To address the issue of transpeptida- tion it was proposed to use alternative proteolytic
enzymes such as AspN and GluC for shorter incubation times and alkaline pH [ 120]. Taken
together these data show the need of further studies to iden- tify, quantify and minimize
transpeptidation reaction in common trypsin-based bottom up proteomic workflows and
identify true protein arginylation sites.

Overall, this study shows how it is important to evaluate the presence of
unknown/unassigned PTMs in a bottom up mass spectrometry-based proteomic analysis.
Indeed, by using an unre- stricted database search we showed an improvement of more than
30% in PSMs, Table 1, and protein identification, Supplementary Fig. S10. Beside the
enormous improvement in MS/MS spectra assignment shown here, there are several
spectra that remained unassigned calling for further improvements in data analysis.

Moreover, this manuscript represents the first unbiased PTMs discovery in
Trypanosomatids using large-scale mass spectrometry-based proteomics. Certainly, latest
mass spectrom- eters with higher acquisition speed, resolution and accuracy will improve
the current dataset and move towards the discovery of novel PTMs in Trypanosomatids.
An initial step would be to start with data already present in the literature or deposited in
public repositories.

Several large-scale mass spectrometry-based proteomic anal- yses have been performed
using T cruzi parasite. These studies have revealed differential expression of proteins and
PTMs dur- ing development across life stages and biotic or abiotic stimuli. However,
different strains have been used through these stud- ies making a proper comparison a hard
task. Due to that, it is envisaged that the scientific community, working on Trypanosoma
cruzi, establishes a reference strain with a sequenced and anno- tated genome for initial
studies to be further compared with other strains. Indeed, after basic research and initial
studies on a ref- erence strain, other strains belonging to different DTUs should be
investigated to understand the genotype-phenotype-pathotype linkage. Moreover, it is
advisable that an international effort such as the well-established platform TriTrypDB
(http://tritrypdb.org/ tritrypdb/) focus on trying to centralize and share the raw data of
Trypanosomatids Proteomics.

Acknowledgements

This work was supported by a generous grant from the VIL- LUM Foundation for a VILLUM

Center for Bioanalytical Sciences at the University of Southern Denmark (MRL). GP supported
by CNPQ (441878/2014-8) and FAPESP (2014/06863-3). RK 1is supported by FAPESP
(2015/02866-0) and GO is supported by Capes. Maria Julia

M. Alves from the 1Q, USP, is acknowledged for suggestions during the proofreading of the manuscript.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/5.ijms.2016.11.020.


http://tritrypdb.org/tritrypdb/
http://tritrypdb.org/tritrypdb/
http://dx.doi.org/10.1016/j.ijms.2016.11.020

123

References

[1] A.Rassilr., A.Rassi,J.A. Marin-Neto, Chagas disease, Lancet(London, England) 375 (9723) (2010) 1388-1402.

[2] WHO, Chagas Disease (American trypanosomiasys), World Health Organization, 2016 (2016 [cited 2016).

[3] J.R.Coura, S.L. De Castro, A critical review on chagas disease chemotherapy, Mem. Inst. Oswaldo Cruz (2002) 3-24.

[4] B. Zingales, et al., A new consensus for Trypanosoma cruzi intraspecific nomenclature: second revision meeting recommends TcI to TeVI, Mem. Inst. Oswaldo
Cruz 104 (7) (2009) 1051-1054.

[5] Pinto, et al., TcBat a bat-exclusive lineage of Trypanosoma cruzi in the Panama Canal Zone, with comments on its classification and the use ofthe 18S rRNA
gene for lineage identification, Infect. Genet. Evol. 12 (6) (2012) 1328-1332.
[6] L.Lima, et al., Genetic diversity of Trypanosoma cruzi in bats, and multilocus phylogenetic and phylogeographical analyses supporting Tcbat as an independent
DTU (discrete typing unit), Acta Trop. 151 (2015) 166—177.
[7] P.N.B. Lanura, et al., Caracterizac@o de cepas do Trypanosoma cruzi isoladas de doentes nos quais foi realizado transplante de coracdo, Rev. Soc. Bras. Med.
Trop. 28 (1995) 351-356.
[8] B. Zingales, et al., The revised Trypanosoma cruzi subspecific nomenclature: rationale, epidemiological relevance and research applications, Infect. Genet.
Evol. (2012) 240-253.
[9] J.M. Burgos, et al., Differential distribution of genes encoding the virulence factor trans-sialidase along Trypanosoma cruzi discrete typing units, PLoS One 8
(3)(2013).
[10] B. Zingales, Trypanosoma cruzi: um parasita, dois parasitas ou varios parasitas da doenga de chagas? Revista da Biologia 6b (2011) 44-48.
[11] J.C. Carranza, et al., Trypanosoma cruzi maxicircle heterogeneity in Chagas disease patients from Brazil, Int. J. Parasitol. 39 (9) (2009) 963-973.
[12] N.M. El-Sayed, et al., Comparative genomics of trypanosomatid parasitic protozoa, Science (New York, N.Y.) 309 (5733) (2005) 404-409.
[13] N.M. El-Sayed, et al., The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease, Science (New York, N.Y.) 309 (5733) (2005) 409-415.
[14] O. Franzen, et al., Comparative genomic analysis of human infective Trypanosoma cruzi lineages with the bat-restricted subspecies T. cruzi marinkellei,
BMC Genom. 13 (2012) 531.
[15] E.C.Grisard, etal., Trypanosoma cruzi Clone Dm28c Draft Genome Sequence, Genom. Announc. 2 (1) (2014) 2-3.
[16] A.P.Jackson, et al., The genome sequence of Trypanosoma brucei gambiense, causative agent of chronic human African Trypanosomiasis, PLoS Negl. Trop. Dis. 4
(4) (2010).
[17] A.C.lvens, etal., The genome of the kinetoplastid parasite: leishmania major, Science 309 (5733) (2005) 436-442.
[18] J.D. Jaffe, H.C. Berg, G.M. Church, Proteogenomic mapping as a complementary method to perform genome annotation, Proteomics 4 (1) (2004) 59—77.
[19] C. Ansong, et al., Proteogenomics: needs and roles to be filled by proteomics in genome annotation, Brief. Funct. Genomic. Proteomic 7 (1) (2008) 50—62.
[20] J. Armengaud, A perfect genome annotation is within reach with the proteomics and genomics alliance, Curr. Opin. Microbiol. (2009) 292-300.
[21] J.R. Yates,J.K. Eng, A.L. McCormack, Mining genomes: correlating tandem mass spectra of modified and unmodified peptides to sequences in nucleotide
databases, Anal. Chem. 67 (18) (1995) 3202-3210.
[22] N. Castellana, V. Bafna, Proteogenomics to discover the full coding content of genomes: A computational perspective, J. Proteomics. (2010) 2124-2135.
[23] A.IL Nesvizhskii, Proteogenomics: concepts, applications and computational strategies, Nat. Methods 11 (11) (2014) 1114-1125.
[24] S. Tanner, et al., Improving gene annotation using peptide mass spectrometry, Genome Res. 17 (2) (2007) 231-239.
[25] E. Brunner, et al., A high-quality catalog of the Drosophila melanogaster proteome, Nat. Biotechnol. 25 (5) (2007) 576-583.
[26] N. Gupta, et al., Whole proteome analysis of post-translational modifications: applications of mass-spectrometry for proteogenomic annotation, Genome
Res. 17 (9) (2007) 1362-1377.
[27] J.A. Atwood 3rd, et al., The Trypanosoma cruzi proteome, Science 309 (5733) (2005) 473-476.
[28] J.Paba,ctal., Proteomicanalysis of the human pathogen Trypanosoma cruzi, Proteomics 4 (4) (2004) 1052—1059.
[29] J.a. Atwood, etal., The Trypanosoma cruzi proteome, Science (New York, N.Y.) 309 (5733) (2005) 473-476.
[30] A. Parodi-Talice, et al., Proteomic analysis of metacyclic trypomastigotes undergoing Trypanosoma cruzi metacyclogenesis, J. Mass Spectrom. (2007).
[31] S.A.Kikuchi, et al., Proteomic analysis of two Trypanosoma cruzi zymodeme 3 strains, Exp. Parasitol. 126 (4) (2010) 540-551.
[32] D. Pérez-Morales, et al., Proteomic analysis of Trypanosoma cruzi
epimastigotes subjected to heat shock, J. Biomed. Biotechnol. (2012) 2012.
[33] G.V.F. Brunoro, et al., Reevaluating the Trypanosoma cruzi proteomic map: the shotgun description of bloodstream trypomastigotes, J. Proteomics 115 (2015)
58-65.
[34] L.M. de Godoy, etal., Quantitative proteomics of Trypanosoma cruzi during metacyclogenesis, Proteomics 12 (17) (2012) 2694-2703.
[35] R.M. Queiroz, et al., Quantitative proteomic and phosphoproteomic analysis of Trypanosoma cruzi amastigogenesis, Mol. Cell. Proteomics 13 (12) (2014)
3457-3472.
[36] E. Bayer-Santos, et al., Proteomic analysis of Trypanosoma cruzi secretome: characterization of two populations of extracellular vesicles and soluble
proteins, J. Proteome Res. 12 (2) (2013) 883-897.
[37] M. Pereira, etal., Down regulation of NO signaling in Trypanosoma cruzi upon parasite-extracellular matrix interaction: changes in protein modification by
nitrosylation and nitration, PLoS Negl. Trop. Dis. 9 (4) (2015) ¢0003683.
[38] F.K.Marchini, etal., Profiling the Trypanosoma cruzi phosphoproteome, PLoS One 6 (9) (2011) e25381.

[39] E.S. Nakayasu, et al., GPIomics: global analysis of glycosylphosphatidylinositol-anchored molecules of Trypanosoma cruzi, Mol. Syst. Biol. 5 (2009) 261.

[40] M.J. Alves, et al., Comprehensive glycoprofiling of the epimastigote and trypomastigote stages of Trypanosoma cruzi, J. Proteomics (2016).

[41] M.R. Larsen, etal., Highly selective enrichment of phosphorylated peptides from peptide mixtures using titanium dioxide microcolumns, Mol. Cell. Proteomics
4 (7) (2005) 873-886.

[42] G. Palmisano, et al., Selective enrichment of sialic acid-containing glycopeptides using titanium dioxide chromatography with analysis by HILIC and mass
spectrometry, Nat. Protoc. 5 (12) (2010) 1974-1982.

[43] M. Mann, M. Wilm, Error-tolerant identification of peptides in sequence databases by peptide sequence tags, Anal. Chem. 66 (24) (1994) 4390-4399.

[44] D.M. Creasy, J.S. Cottrell, Error tolerant searching of uninterpreted tandem mass spectrometry data, Proteomics 2 (10) (2002) 1426-1434.

[45] S. Kim, et al., Spectral dictionaries: integrating de novo peptidesequencing with database search of tandem mass spectra, Mol. Cell. Proteomics 8 (1) (2009)
53-69.

[46] M. Bern, Y. Cai, D. Goldberg, Lookup peaks: a hybrid of de novo sequencing and database search for protein identification by tandem mass spectrometry, Anal.
Chem. 79 (4) (2007) 1393—-1400.

[47] J.M. Chick, etal., A mass-tolerant database search identifies alarge proportion of unassigned spectra in shotgun proteomics asmodified peptides, Nat.
Biotechnol. 33 (7) (2015)743—-749.

[48] E.P.Camargo, Growth and Differentiation in Trypanosoma Cruzi. 1. Origin of metacyclic trypanosomes in liquid media, Rev. Inst. Med. Trop. Sao Paulo 6 (1964)
93-100.

[49] J. Cox, M. Mann, MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wideprotein quantification,
Nat. Biotechnol. 26 (12) (2008) 1367—1372.

[50] J.K.Eng, A.L.McCormack, J.R. Yates, An approach to correlate tandem mass spectral data of peptides with amino acid sequences in a protein database, J. Am.
Soc. Mass Spectrom. 5 (11) (1994) 976-989.

[51] V. Dorfer, et al., MS Amanda: a universal identification algorithm optimized for high accuracy tandem mass spectra, J. Proteome Res. 13 (8) (2014) 3679-3684.

[52] J. Cox, et al., Andromeda: a peptide search engine integrated into the MaxQuant environment, J. Proteome Res. 10 (4) (2011) 1794-1805.

[53] J. Cox, M. Mann, MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-wideprotein quantification,
Nat. Biotechnol. 26 (12) (2008) 1367-1372.

[54] B. Schwanhausser, et al., Global quantification of mammalian gene expression control, Nature 473 (7347) (2011) 337-342.

[55] M. Goujon, et al., A new bioinformatics analysis tools framework at EMBL-EBI, Nucleic Acids Res. 38 (Web Server issue) (2010) W695-W699.

[56] Z.Zhang,etal., A greedy algorithm foraligning DNA sequences, J. Comput. Biol. 7 (1-2) (2000) 203-214.

[57] A.R.Quinlan, .M. Hall, BEDTools: a flexible suite of utilities for comparing genomic features, Bioinformatics 26 (6) (2010) 841-842.

[58] R.C.Edgar, Quality measures for protein alignment benchmarks, Nucleic Acids Res. (2010).

[59] M. Gouy, S. Guindon, O. Gascuel, SeaView version 4: a multiplatform graphical user interface for sequence alignment and phylogenetic tree building,
Mol. Biol. Evol. 27 (2) (2010) 221-224.

[60] M.W. Bern, Y.J. Kil, Two-dimensional target decoy strategy for shotgun proteomics, J. Proteome Res. 10 (12) (2011) 5296-5301.

[61] A.Marchler-Bauer, etal., CDD: NCBI’s conserved domain database, Nucleic Acids Res. 43 (D1) (2015) D222-D226.

[62] C.J.A.Sigrist, etal., New and continuing developments at PROSITE, Nucleic Acids Res. 41 (D1) (2013).

[63] T.N. Petersen, et al., SignalP 4.0: discriminating signal peptides from transmembrane regions, Nat. Methods 8 (10) (2011) 785-786.

[64] J.D. Bendtsen, et al., Feature-based prediction of non-classical and leaderless protein secretion, Protein Eng. Des. Sel. 17 (4) (2004) 349-356.

[65] Y. Xue, et al., GPS: a comprehensive www server for phosphorylation sites prediction, Nucleic Acids Res. 33 (Suppl. 2) (2005).


http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0005
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0010
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0015
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0020
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0025
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0030
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0035
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0040
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0045
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0050
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0055
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0060
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0065
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0070
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0075
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0080
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0085
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0090
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0095
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0100
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0105
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0110
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0115
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0120
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0125
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0130
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0135
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0140
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0145
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0150
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0155
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0160
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0165
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0170
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0175
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0180
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0185
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0190
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0195
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0200
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0205
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0210
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0215
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0220
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0225
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0230
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0235
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0240
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0245
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0250
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0255
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0260
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0265
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0270
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0275
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0280
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0285
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0290
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0295
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0300
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0305
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0310
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0315
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0320
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0325

222
223
224
225
226

124

[66] A.Li, et al.,, Prediction of nepsilon-acetylation on internal lysines implemented in Bayesian discriminant method, Biochem. Biophys. Res. Commun. 350

(4) (2006) 818-824.

[67] Q.Zhao, et al., GPS-SUMO: a tool for the prediction of sumoylation sites and SUMO-interaction motifs, Nucleic Acids Res. 42 (W1) (2014).
[68] Z.Liu, etal., GPS-PUP: computational prediction of pupylation sites in prokaryotic proteins, Mol. Biosyst. 7 (10) (2011) 2737-2740.
[69] Z. Pan, et al., Systematic analysis of the in situ crosstalk of tyrosine modifications reveals no additional natural selection on multiply modified residues, Sci.

Rep. 4 (2014) 7331.

[70] Y. Xue, et al., GPS-SNO: computational prediction of protein s-nitrosylation sites with a modified GPS algorithm, PLoS One 5 (6)(2010).

[71] Y. Xie, et al., GPS-Lipid: a robust tool for the prediction of multiple lipid modification sites, Sci. Rep. 6 (2016) 28249.

[72] R. Gupta, S. Brunak, Prediction of glycosylation across the human proteome and the correlation to protein function, Pac. Symp. Biocomput. (2002) 310-322.
[73] A. Stamatakis, RAXML version 8: a tool for phylogenetic analysis and

post-analysis of large phylogenies, Bioinformatics (Oxford, England) 30 (9) (2014) 1312—-1313.

[74] Stéver, K.F. Miiller, TreeGraph 2: combining and visualizing evidence from different phylogenetic analyses, BMC Bioinf. 11 (1) (2010) 1-9.
[75] D.H. Huson, et al., Dendroscope: an interactive viewer for large phylogenetic trees, BMC Bioinf. 8 (1) (2007) 1-6.
[76] D.R. Stein, et al., High pH reversed-phase chromatography as a superior fractionation scheme compared to off-gel isoelectric focusing for complex

proteome analysis, Proteomics 13 (20) (2013) 2956-2966.

[77] F. Yang, et al., High-pH reversed-phase chromatography with fraction concatenation for 2D proteomic analysis, Expert Rev. Proteomics 9 (2) (2012) 129—

134.

[78] A.M. Nichols, F.M. White, Manual validation of peptide sequence and sites of tyrosine phosphorylation from MS/MS spectra, Methods Mol. Biol. 492 (2009)

143-160.

[79] T.Hunter, Tyrosine phosphorylation: thirty years and counting, Curr. Opin. Cell Biol. 21 (2) (2009) 140-146.

[80] C. Doerig, Protein kinases as targets for anti-parasitic chemotherapy, Biochim. Biophys. Acta (2004).

[81] F. Canduri, et al., Protein kinases as targets for antiparasitic chemotherapy drugs, Curr. Drug Targets 8 (3) (2007) 389-398.

[82] N.S. Moretti, et al., Characterization of Trypanosoma cruzi Sirtuins as possible drug targets for chagas disease, Antimicrob. Agents Chemother. 59 (8) (2015)

4669-4679.

[83] J.P.da Cunha, et al., Post-translational modifications of Trypanosoma cruzi

histone H4, Mol. Biochem. Parasitol. 150 (2) (2006) 268-277.

[84] J.C. Bayona, et al., SUMOylation pathway in Trypanosoma cruzi: functional characterization and proteomic analysis of target proteins, Mol. Cell.

Proteomics: MCP 10 (2011) (p. M110.007369-M110.007369).

[85] M.J. Pearce, et al., Ubiquitin-like protein involved in the proteasome pathway of mycobacterium tuberculosis, Science 322 (5904) (2008) 1104-1107.
[86] L. Piacenza, et al., Fighting the oxidative assault: the Trypanosomacruzi

journey to infection, Curr. Opin. Microbiol. 12 (4) (2009) 415-421.

[87] M. Dhiman, et al., Enhanced nitrosative stress during Trypanosoma cruzi infection causes nitrotyrosine modification of host proteins: implications in Chagas’

disease, Am. J. Pathol. 173 (3) (2008) 728-740.

[88] T. Furuya, et al., A novel phosphatidylinositol-phospholipase C of Trypanosoma cruzi that is lipid modified and activated during trypomastigote to

amastigote differentiation, J. Biol. Chem. 275 (9) (2000) 6428-6438.

[89] A.S.Hebert,etal., The onehouryeast proteome, Mol. Cell. Proteomics 13 (1) (2014) 339-347.
[90] R.J. Chalkley, et al., In-depth analysis of tandem mass spectrometry data from disparate instrument types, Mol. Cell. Proteomics 7 (12) (2008) 2386—2398.
[91] D.L.Swaney, C.D. Wenger, J.J. Coon, Value of using multiple proteases for large-scale mass spectrometry-based proteomics, J. Proteome Res. 9 (3) (2010)

1323-1329.

[92] P. Giansanti, et al., An augmented multiple-protease-based human phosphopeptide atlas, Cell Rep. 11 (11) (2015) 1834—1843.
[93] B. Thiede, et al., Analysis of missed cleavage sites: tryptophan oxidation and N-terminal pyroglutamylation after in-gel tryptic digestion, Rapid Commun. Mass

Spectrom. 14 (6) (2000) 496-502.

[94] J.M. Burkhart, et al., Systematic and quantitative comparison of digest efficiency and specificity reveals the impact of trypsin quality on MS-based

proteomics, J. Proteomics 75 (4) (2012) 1454—-1462.

[95] P. Picotti, R. Aebersold, B. Domon, The implications of proteolytic background for shotgun proteomics, Mol. Cell. Proteomics 6 (9) (2007) 1589-1598.
[96] H. Schaefer, et al., Tryptic transpeptidation products observed in proteome analysis by liquid chromatography-tandem mass spectrometry, Proteomics 5 (4)

(2005) 846-852.

[97] R.Rai, A. Kashina, Identification of mammalian arginyltransferases that modify a specific subset of protein substrates, Proc. Natl. Acad. Sci U. S. A. 102 (29)

(2005) 10123-10128.

[98] J. Wang, etal., Arginyltransferase ATE1 catalyzes midchain arginylation of proteins at side chain carboxylates in vivo, Chem. Biol. 21 (3) (2014) 331-337.
[99] T. Xu, et al., Identification of N-terminally arginylated proteins and peptides by mass spectrometry, Nat. Protoc. 4 (3) (2009) 325-332.
[100] A. Kashina, Protein arginylation: a global biological regulator that targets actin cytoskeleton and the muscle, Anat. Rec. (Hoboken) 297 (9) (2014) 1630—

1636.

[101] B. Wadas, et al., Analyzing N-terminal arginylation through the use of peptide arrays and degradation assays, J. Biol. Chem. 291 (40) (2016) 20976

20992.

[102] A.Kaji, H. Kaji, G.D. Novelli, A soluble amino acid incorporating system, Biochem. Biophys. Res. Commun. 10 (5) (1963) 406—409.
[103] E.Balzi, etal., Cloning and functional analysis of the arginyl-tRNA-protein transferase gene ATE1 of Saccharomyces cerevisiae, J. Biol. Chem. 265 (13) (1990)

7464-7471.

[104] Y.T. Kwon, A.S. Kashina, A. Varshavsky, Alternative splicing results in differential expression: activity, and localization of the two forms of arginyl-tRNA-

protein transferase, a component of the N-end rule pathway, Mol. Cell. Biol. 19 (1) (1999) 182—-193.

[105] R.L.Soffer, Enzymatic modification of proteins. 4. Arginylation of bovine thyroglobulin, J. Biol. Chem. 246 (5) (1971) 1481-1484.

[106]

[107]
[108]
[109]
[110]
[111]
[112]

[113]

[114]

[115]
[116]
[117]
[118]
[119]
[120]

R.L. Soffer, H. Horinishi, Enzymic modification of proteins. I. General characteristics of the arginine-transfer reaction in rabbit liver cytoplasm, J. Mol. Biol. 43
(1) (1969) 163-175.

E. Eriste, et al., A novel form of neurotensin post-translationally modified by arginylation, J. Biol. Chem. 280 (42) (2005) 35089-35097.

A. Bachmair, D. Finley, A. Varshavsky, In vivo half-life of a protein is a function of its amino-terminal residue, Science 234 (4773) (1986) 179-186.
K.D.Lamon, H. Kaji, Arginyl-tRNA transferase activity as amarker of cellular aging in peripheral rat tissues, Exp. Gerontol. 15 (1) (1980) 53-64.

K.D. Lamon, W.H. Vogel, H. Kaji, Stress-induced increases in rat brain arginyl-tRNA transferase activity, Brain Res. 190 (1) (1980) 285-287.

Y.T. Kwon, et al., An essential role of N-terminal arginylation in cardiovascular development, Science 297 (5578) (2002) 96-99.

L.Lian, etal., Loss of ATE1-mediated arginylation leads to impaired platelet myosin phosphorylation: clot retraction, and in vivo thrombosis formation, Haematologica
99 (3) (2014) 554-560.

C.S. Brower, K.I. Piatkov, A. Varshavsky, Neurodegeneration-associated protein fragments as short-lived substrates of the N-end rule pathway, Mol. Cell 50 (2)
(2013) 161-171.

Pavlyk, et al., Arginine deprivation affects glioblastoma cell adhesion: invasiveness and actin cytoskeleton organization by impairment of beta-actin
arginylation, Amino Acids 47 (1) (2015) 199-212.

1.V.Davydov, A. Varshavsky, RGS4 is arginylated and degraded by the N-end rule pathway in vitro, J. Biol. Chem. 275 (30) (2000) 22931-22941.

J. Kopitz, B. Rist, P. Bohley, Post-translational arginylation of ornithine decarboxylase from rat hepatocytes, Biochem. J. 267 (2) (1990) 343-348.

C.C.et al. Wong, Global analysis of posttranslational protein arginylation, PLoS Biol. 5 (10) (2007) e258.

S. Saha, et al., Arginylation and methylation double up to regulate nuclear proteins and nuclear architecture in vivo, Chem. Biol. 18 (11) (2011) 1369-1378.
J.W. Tobias, et al., The N-end rule in bacteria, Science 254 (5036) (1991) 1374-1377.

S. Hara, R. Rosenfeld, H.S. Lu, Preventing the generation of artifacts during peptide map analysis of recombinant human insulin-like growth factor-I, Anal.
Biochem. 243 (1) (1996) 74—79.


http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0330
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0335
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0340
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0345
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0350
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0355
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0360
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0365
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0370
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0375
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0380
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0385
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0390
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0395
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0400
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0405
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0410
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0415
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0420
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0425
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0430
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0435
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0440
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0445
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0450
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0455
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0460
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0465
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0470
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0475
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0480
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0485
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0490
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0495
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0500
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0505
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0510
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0515
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0520
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0525
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0530
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0535
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0540
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0545
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0550
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0555
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0560
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0565
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0570
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0575
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0580
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0585
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0590
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0595
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600
http://refhub.elsevier.com/S1387-3806(16)30306-2/sbref0600

227

228
229
230
231
232
233

234
235
236
237
238
239
240
241
242
243
244
245

246
247

248
249
250
251
252
253
254
255
256
257
258
259
260

125

APENDICE B
ARTIGO SUBMETIDO

Title: Development of a Trypanosoma cruzi Strain Typing Assay using MS2 peptide spectral libraries
(Tc-STAMS2).
Running title: Tc-STAMS?2 as a novel tool for T.cruzi DTUs discrimination

Gilberto Santos de Oliveiral, Rebeca Kawahara?, Livia Rosa-Fernandes?, Carla Cristi Avilal, Marta M.

G. Teixeiral, Martin R. Larsen? and Giuseppe Palmisano®*

Affiliations:

!Department of Parasitology, Institute of Biomedical Sciences, University of Sdo Paulo, Sdo Paulo,
Brazil

’Department of Biochemistry and Molecular Biology, University of Southern Denmark, Odense,

Denmark

* To whom correspondence should be addressed: GlycoProteomics Laboratory, Department of
Parasitology, Institute of Biomedical Sciences, University of Sdo Paulo, Avenida Lineu Prestes 1374,

CEP: 05508-000, Sao Paulo, Brazil. Email: palmisano.gp@usp.br; palmisano.gp@gmail.com

Abstract

Background: Chagas disease also known as American trypanosomiasis is caused by the protozoan
Trypanosoma cruzi. Over the last 30 years, Chagas disease has expanded from a neglected parasitic
infection of the rural population to an urbanized chronic disease, becoming a potentially emergent
global health problem. T. cruzi strains were assigned to seven genetic groups (Tcl-TcVI and TcBat),
named discrete typing units (DTUs), which represent a set of isolates that differ in virulence,
pathogenicity and immunological features. Indeed, diverse clinical manifestations (from
asymptomatic to highly severe disease) have been attempted to be related to T.cruzi genetic variability.
Due to that, several DTU typing methods have been introduced. Each method has its own advantages
and drawbacks such as high complexity and analysis time and all of them are based on genetic
signatures. Recently, Shao W. et al.(Shao et al., 2015) discriminated bacterial strains using a peptide
identification-free, genome sequence-independent shotgun proteomics workflow. Here, we aimed to
develop a Trypanosoma cruzi Strain Typing Assay using MS/MS peptide spectral libraries, named Tc-

STAMS?2.
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Methods/Principal findings: The Tc-STAMS2 method uses shotgun proteomics combined with spectral
library search to assign and discriminate T. cruzi strains independently on the genome knowledge.
The method is based on the construction of a library of MS/MS peptide spectra built using genotyped
T. cruzi reference strains. For identification, the MS/MS peptide spectra of unknown T. cruzi cells are
identified using the spectral matching algorithm SpectraST. The Tc-STAMS2 method allowed correct
identification of all DTUs with high confidence. The method was robust towards different sample
preparations, length of chromatographic gradients and fragmentation techniques. Moreover, a pilot
inter-laboratory study showed the applicability to different MS platforms.

Conclusions and significance: This is the first study that develops a MS-based platform for T. cruzi strain
typing. Indeed, the Tc-STAMS2 method allows T. cruzi strain typing using MS/MS spectra as
discriminatory features and allows the differentiation of Tcl-TcVI DTUs. Similar to genomic-based
strategies, the Tc-STAMS2 method allows identification of strains within DTUs. Its robustness towards
different experimental and biological variables makes it a valuable complementary strategy to the
current T. cruzi genotyping assays. Moreover, this method can be used to identify DTU-specific
features correlated with the strain phenotype.

Author summary: Chagas disease is one of the most important neglected diseases with an estimated
number of 12 million infected individuals, the majority living in Central and South America. The
Trypanosoma cruzi (T.cruzi) protozoan parasite is the etiological agent of Chagas disease. T.cruzi is
highly genetically diverse and a new nomenclature assigned each strain to seven genetic groups (Tcl-
TcVI and Tcbat), named Discrete Typing Units (DTUs), based on their biochemical, immunological and
phenotypical characteristics. T.cruzi DTUs have been correlated to diverse clinical outcomes
highlighting the importance of molecular epidemiological screens. Despite the development of T.cruzi
typing methods based on genetic signatures, each method presenting its own advantages and
challenges. The work presented here shows the application of mass spectrometry for Trypanosoma
cruzi Strain Typing Assay using MS? peptide spectral libraries (Tc-STAMS2). The novelty of the method
is based on the use of peptide fragmentation spectra as strain-specific fingerprints to classify and
identify DTUs. Initially, a spectra library is generated from characterized T.cruzi strains. The library is
subsequently inspected using MS/MS spectra from unknown strains and confidently assigned to a
specific strain in an automated and computationally-driven approach. The Tc-STAMS2 method was
challenged to test several variables such as sample type and preparation, instrument setup and
identification platform. Tc-STAMS2 provided high confidence and robustness in T.cruzi strain typing.

The Tc-STAMS2 method represents a proof-of-concept of a complementary strategy to the current
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DNA-based T. cruzi genotyping methods. Moreover, the method allows the identification of strain-
specific features that could be related to the biology of T.cruzi strains and their clinical outcomes.
Keywords: Trypanosoma cruzi; Discrete Typing Units (DTUs); Mass spectrometry; Spectral matching;

Strain typing methods.

Introduction

Chagas disease also known as American trypanosomiasis affects around 12 million people
especially in Latin America. The etiologic agent of Chagas diseases is the protozoan Trypanosoma cruzi
(Who, 2015) that infects several mammalian hosts and is primarily transmitted through the
contamination with feces of triatomine bugs. Besides, congenital, blood transfusions, transplants and
ingestion of contaminated foods represent other ways of infection (Rassi a Jr, 2010). Chagas disease
is characterized by an acute and chronic phase. The acute phase lasts a few weeks and present mild
symptoms such as fever and swelling around the site of infection. The chronic phase is in general
lifelong and asymptomatic. However, 20-30% of patients develop cardiac or gastrointestinal
complications(Rassi a Jr, 2010).
T. cruzi is highly genetically diverse. In order to standardize the nomenclature facilitating the
communication among scientists, T. cruzi strains were divided into six (Tc I-VI) discrete typing units
(DTUs) plus Tcbat, a novel strain associated with bats. Each group represents a set of isolates that are
genetically similar and can be identified by common immunological, biochemical, pathological and
molecular markers (Zingales et al., 2009b). T. cruzi strains characterization is extremely important to
understand different epidemiological and pathological characteristics such as geographical
distribution and clinical outcomes (Zingales, 2011b). Several technigues have been introduced to
improve the genotyping. In particular, the genetic diversity of T cruzi was first recognized by
multilocus enzyme electrophoresis (MLEE) and restriction analysis of kinetoplastid DNA minicircles
(Henriksson et al., 1990b; Macedo et al., 1992b). Currently, the methods used for typing of strains of
T. cruzi are based on polymorphism of the mini-exon gene (Spliced Leader) and the 24Sa and 18S
ribosomal RNA (Brisse et al., 2001a). Other assays involve the analysis of complex electrophoretic
patterns generated by restriction polymorphisms of PCR amplified genomic DNA (Tibayrenc et al.,
1993b; Cosentino e Aguero, 2012a; Messenger et al., 2015). These methods are able to discriminate
T.cruzi strains, but they are work and time consuming and the interpretations of the results may be
misleading. Multiplex Real-Time PCR Assay Using TagMan Probes proved useful to determine DTUs of
cultured T.cruzi, vector and blood samples from patients in acute infection (Cosentino e Aguero,

2012a; Cura, Carolina I. et al., 2015; Messenger et al., 2015).
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Proteomics methods using mass spectrometry have emerged as a powerful strategy to discriminate
bacteria and have been established as a valuable alternative to DNA-based bacterial identification.
Indeed, MALDI-TOF MS generates an intact protein profile that is compared to a MS database of
known species. This method is easy to perform, rapid and provide accurate results and has been
introduced as routine in most hospitals (Singhal et al., 2015). However, this method is currently not
able to distinguish at the strain level. Shotgun sequencing of peptides, derived from enzymatically
digested proteins, using LC-MS/MS in combination with database search of in silico digested proteins
derived from publicly available protein sequence has been proposed as a method to discriminate
bacterial strains such as Helicobacter pylori and Yersinia persis (Shao et al., 2015). This approach has
great discrimination power compared to MALDI-TOF MS since it allows the identification of thousands
of peptides with higher dynamic range. However, this method suffers from lack of suitable databases
since many species have not been sequenced. Recently, a novel method based on MS/MS spectral
matching has been shown to identify the blood meal of ticks (/xodes scapularis) (Onder et al., 2013)
and has also been applied to discriminate E.coli strains from different isolates (Shao et al., 2015).
Few studies have explored the possibility of using mass spectrometry as a diagnostic tool for Chagas
disease. Using mass spectrometry, Ndao M. et al. (Ndao, 2009) were able to identify full-length Apol
as a serum biomarker of chronic Chagas disease patients using a SELDI-TOF approach. Despite several
proteomic studies to understand the molecular features of T. cruzi in different biological conditions
(Atwood, J. A. et al., 2005; Parodi-Talice et al., 2007; De Godoy et al., 2012; Perez-Morales et al., 2012;
Brunoro et al., 2015). To date, there is no report on the use of mass spectrometry for assaying various
T. cruzi strains.

A pioneer work developed a peptide identification-free shotgun proteomics workflow to trace the
vertebrate host that a tick (Ixodes scapularis) was feeding on (Onder et al., 2013). This workflow used
MS/MS spectral matching. The same strategy, named UNID, was used to profile bacterial strains (Shao
et al., 2015). In this study, we developed a platform to discriminate T. cruzi strains using MS/MS
peptide spectral matching (Tc-STAMS2). The method was able to discriminate T. cruzi strains from
different origins with high sensitivity and accuracy. The method was robust towards sample
preparation and instrumental parameters, such as peptide purification, chromatographic gradient
time, peptide fragmentation techniques and MS instruments. The MS/MS spectra were subjected to
database search. More than 4000 proteins were identified in the combined six DTUs strains analyzed.
A total of 1096 proteins were differentially expressed between the six DTUs and multivariate analysis
allowed the discrimination of T. cruzi strains using the quantitative MS signal. In conclusion, this study

describes a mass spectrometry-based method to discriminate T. cruzi strains. The Tc-STAMS2 method
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represents a proof-of-concept of an alternative strategy to DNA-based T. cruzi genotyping. Further

studies are needed to show its applicability to biofluids in clinical isolates.

Methods

1) T. cruzicultures

Epimastigote forms of T. cruzi cultivated in LIT (Liver Infusion Tryptose) supplemented with 10% fetal
bovine serum (Camargo, E., 1964) at 28°C of exponential culture phase were employed in the present
study. DTU classification of all T.cruzi strains were confirmed by sequencing (Lima, Espinosa-Alvarez,

Pinto, et al., 2015). Only validated DTUs strains were used in this study (Table 1).

1.1) Cell growth challenging test

T. cruzi cells from the Sylvio X10/1 DTU | strain were collected in the exponential and stationary phase
and processed as described below. Two biological replicates for the stationary (St_1 and St_2) and

exponential (Exp_1 and Exp_2) growth phase were analyzed.

2) Sample preparation and nLC-MS/MS analysis

2.1) Protein extraction and digestion

Epimastigote forms (5x108) were washed three times in phosphate buffered saline (PBS), pH 7.2
(8,000g for 10 minutes at room temperature), and was re-suspended in 400 pL of lysis buffer (7M
urea, 2M thiourea, 1 mM DTT and protease inhibitors (Amersham) and incubated under stirring for
30 minutes to solubilize the proteins. Proteins were reduced with 10 mM DTT (DL-Dithiothreitol—
Sigma-Aldrich), alkylated with 40 mM iodoacetamide (Sigma-Aldrich), digested with trypsin
(Promega) in the ratio 1:50 (ug trypsin/ug protein) in 50 mM ammonium bicarbonate solution at 37°C
overnight. The reaction was stopped with 1% formic acid (less than pH 3) and then the sample was
desalted with C18 columns (StageTips). Four biological replicates were prepared for each DTU. Blind
test samples A (DTU-IIl) and B (DTU-I) were prepared using a minimum of three biological replicates

according to the protocol described above.

2.2) Sample preparation for the challenging tests

Peptide desalting was performed in acid (acid 1 and acid 2) and basic (basic 1 and basic 2) conditions.

In particular, for the acid purification tryptic peptides were acidified with 0.1% TFA (pH 3) and loaded
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onto an acid-activated StageTip microcolumn before being eluted with 50% acetonitrile: 0.1% TFA.
For the basic purification, tryptic peptides were dissolved in 0.1% ammonia water (pH 10) and loaded
onto a base-activated StageTip before being eluted with 50% acetonitrile: 0.1% ammonia water. The
eluted peptides were lyophilized and analyzed by liquid chromatography tandem mass spectrometry

(LC-MS/MS).

2.3) Nano LC-MS/MS Analysis

Peptides were separated by Reprosil-Pur C18-AQ column (3um; Dr. Maisch GmbH, Germany) using
Easy nano-LC HPLC (Proxeon, Odense, Denmark). The HPLC gradient was 0-34% B solvent (A = 0.1%
formic acid; B = 90% ACN, 0.1% formic acid) in 70 min at a flow of 250 nL/min. The MS analysis was
performed using the LTQ-Orbitrap Velos (Thermo Scientific, Bremen, Germany). The mass range was
400-1500 m/z at a resolution of 30,000 at 400 m/z for a target value of 1e® ions. For each MS scan,
collision induced dissociation (CID) fragmentation was performed on the 20 most intense ions in the
linear iontrap. The parameters for data acquisition were: activation time = 15 ms, normalized energy
= 35, Q-activation = 0:25, exclusion = available with repeat count 1, exclusion duration = 30s and
intensity threshold = 30.000, target ions = 2e* (Palmisano et al., 2012b). All raw data have been

submitted to PRIDE archive (https://www.ebi.ac.uk/pride/archive/).

2.4) Sample amounts, chromatographic gradients and MS/MS fragmentation types used for the

challenging test

The robustness of the Tc-STAMS2 method was tested using different parameters: 1) sample amounts,
2) chromatographic gradients and 3) MS fragmentation techniques. For the different sample
amounts, 0.5ug and 1ug, were loaded onto the analytical column before MS analysis and named low
and high, respectively. The chromatographic elution time was set to 20, 70 and 130 min from 0-34%
B solvent at 250nL/min. CID fragmentation was used to develop the Tc-STAMS2 method. Higher
energy collision induced dissociation (HCD) was evaluated as alternative peptide fragmentation type
on tryptic peptides separated on a 70min chromatographic gradient. For the HCD fragmentation,
each MS scan was acquired at resolution of 30,000 FWHM followed by 7 MS/MS scan of the most
intense ions with an activation time of 0.1 ms and normalized collision energy of 35. The spectral
library for each DTU was developed on a LTQ-Orbitrap Velos Pro instrument (Thermo Fisher Scientific)
located in the PR group, Department of Biochemistry and Molecular biology, University of Southern

Denmark. All the other tests for testing and validating the method were performed on a LTQ-Orbitrap
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Velos Normal at the Biomass mass spectrometry facility (Sdo Paulo, Brazil).

3) Bioinformatics and statistical analyses

3.1) MS/MS spectral library generation and spectral matching

MS/MS spectral library generation and spectral matching were performed using the SpectraST
software (version 4.8) as previously described (Lam et al., 2007; Onder et al., 2013; Shao et al., 2015).
In particular, the LC-MS/MS acquired spectra were converted to an open format (mzXML) by
MSconvert (Kessner et al., 2008), forming part of the software suite offered by TPP (Trans-Proteomic
Pipeline) (Deutsch et al., 2010). SpectraST (version 4.8) was used to build the reference spectral library
and perform MS/MS spectral matching (Lam et al., 2007). The reference spectral library was
generated with three raw files for each one of the six DTUs and one raw file for each DTU was
compared against constructed reference library. The first step for the reference spectral library
generation involves the application of a threshold at which MS/MS spectra originated from the same
peptide precursor ion are combined to create the consensus spectrum. Moreover, low quality spectra
are excluded from the library (Lam et al., 2007). To determine the spectrum of similarity between the
query spectrum and the reference library, SpectraST uses the Spectral Dataset Similarity (SDSS)
function (Stein, S. E. e Scott, D. R., 1994; Onder et al., 2013). In particular, the unique dot product
SDSS, abbreviated as “score” along the text, was chosen as T.cruzi DTU strain discrimination function
and reported (Onder et al., 2013). The statistical confidence in the identification of the correct DTU is
made by data bootstrap (Onder et al., 2013). All the spectral matching experiments reported below
had a bootstrap of 1 unless reported.

DiagnoProt software was used also to match the MS/MS spectra of unknown samples against a
database of genotyped T. cruzi strains (Silva et al., 2017b). Default parameters for creating the
spectral database were used: similarity threshold 0.70, precursor tolerance 4.50; activation type CID;
minimum number peaks: 50; minimum relativity intensity: 0.01; minimum retention time 10.00; bin
offset 0.40; bin size: 1.0005; minimum bin m/z 200.00; maximum bin m/z 1700.00. The spectral

database was used to match the identity of each unknown sample.

3.2) Database searches

The raw LC-MS/MS files were analyzed using: Proteome Discoverer, MaxQuant and the
TransProteomic Pipeline. Proteome Discoverer v2.1 (Thermo Scientific) was used with the T. cruzi
database using Mascot and Sequest. The searches in the database were conducted with the following

parameters: precursor mass tolerance of 20 ppm; MS/MS mass tolerance 0.5 Da (CID data). Trypsin
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was selected as enzyme and carbamidomethyl cysteine as fixed modification. The variables
modifications were oxidation of methionine and deamidation (NQ). Shared peptide sequences were
grouped as grouped accessions proteins. The False Discovery Rates (FDR) was calculated using the
algorithm Percolator with g equal or less than 0.01. Protein FDR was calculated in the Proteome
Discoverer software and kept below 1%.

The raw files were also processed using the MaxQuant (Cox e Mann, 2008) version 1.2.7.429 and the
MS/MS spectra were searched using the Andromeda search engine (Cox et al., 2011) against the
Uniprot T. cruzi Protein Database (release July 11, 2017; 51,738 entries). The initial maximal allowed
mass tolerance was set to 20 ppm for precursor and then set to 4.5 ppm in the main search and to
0.5 Da for fragment ions. Enzyme specificity was set to trypsin with a maximum of two missed
cleavages. Carbamidomethylation of cysteine (57.02 Da) was set as a fixed modification, and
oxidation of methionine (15.99 Da), deamidation (NQ) and protein N-terminal acetylation (42.01 Da)
were selected as variable modifications. Bioinformatics analysis was performed using the software
Perseus v.1.5.2.6 (Cox e Mann, 2008) available in the MaxQuant environment and reverse and
contaminant entries were excluded from further analysis. Protein FDR was calculated in the
MaxQuant software and kept below 1%. Label Free Quantification (LFQ) intensity values were
considered to relatively compare the abundance of proteins present in the different DTUs.
TransProteomic Pipeline software suite was also used to search raw files converted to mzXML (Pedrioli,
2010). The mzXML files were searched by the Comet search algorithm embedded into the TPP
platform (Eng et al., 2013). Peptide and protein FDR was estimated using the PeptideProphet and
ProteinProphet algorithm embedded in the TransProteomic Pipeline (Keller et al., 2002).
Identifications with less than 1% FDR were kept.

Raw data from human placental tissue (Lee et al., 2013) and T. vivax (Meta, BSF1 and EP1) (Jackson
et al., 2015) were obtained from the public MS spectra databank PRoteomics IDEntifications (PRIDE)

and used for the negative control test.

4) Statistical analyses

Label-free quantified peptides/proteins were analysed by the Perseus software (Tyanova et al., 2016).
Significantly regulated features with a p value less than 0.05 corrected with the Bonferroni post-hoc
test were used to cluster the different DTUs. Hierarchical clustering of significantly regulated

proteins/peptides was performed using the Z-score calculation on the log2 intensity values and it was
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represented as a heat map. The Principal Component Analysis (PCA) was performed using the same
procedure described above in Perseus software. In addition, for generation of Venn diagram we used

Venn Diagrams (http://bioinformatics.psbh.ugent.be/webtools/Venn/ Bioinformatics & Evolutionary

Genomics).

Results
Tc-STAMS? strategy allows DTUs discrimination
In this study, the combination of mass spectrometry and computational approaches was used to

develop a method for T. cruzi DTU discrimination, named Tc-STAMS2. A schematic overview of the T.
cruzi DTUs identification using MS/MS spectra from tryptic peptides is summarized in Fig. 1. A
reference spectral library was built using a total of 586513 unique MS/MS spectra of tryptic peptides
derived from three raw MS files of each one of the six T. cruzi strains (Figure 1A). Each T. cruzi strain
was processed and acquired in four biological replicates. MS/MS spectra acquired from three
replicates of each DTU were used to build the reference spectral library using SpectraST software (Lam
et al., 2007). Following the construction of the reference MS/MS library, proteins from unknown T.
cruzi strain samples were extracted and digested with trypsin before being analyzed by nLC-MS/MS
(Figure 1B). A LC-MS profile of four replicates of DTU-I is reported in Supplementary Figure S1 and the
Pearson correlation score indicates high similarity between the different runs. The LC-MS
chromatographic profile of the tryptic peptides belonging to the six T.cruzi strains shows high
similarity between the different DTUs, Supplementary Figure S2. MS/MS spectra from different DTUs
were subjected to spectral matching comparison with the library using SpectraST software (Lam et al.,
2008)). The identification was made by finding the reference library with the highest similarity to the
sample spectral dataset, in this case, the different DTUs, to be tested. Unique dot product SDSS score
was used to provide a quantitative similarity measure between two spectral datasets (Figure 1C)
(Onder et al., 2013). MS/MS spectra were searched against the T. cruzi proteome database as

described below (Figure 1D).

Based on the similarity scores between the MS/MS spectra from an unknown sample with the mass
spectral library, the Tc-STAMS2 was able to differentiate and accurately identify the different DTUs.
We observed that the score values were between 0.75 to 0.86 for true matches and close to 0 in
unmatched cases, as shown in Table 2.

The LC-MS chromatograms obtained for each replicate and for each DTU (Supplementary Figure S1

and S2) showed high similarity; however, the developed method was capable of differentiating and
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identifying each of them. In order to rule out the possibility that different growth phases could
influence the assignment of the algorithm, Sylvio X10/1 (DTU-I) epimastigotes in the exponential and
stationary phase were collected. Independently of the growth phase, the algorithm was able to assign
it to the correct DTU, Table 3. This demonstrates that the identification method is not affected by the

phases of the parasite.

Moreover, the performance of the Tc-STAMS2 spectral matching approach were tested to correctly
identify MS/MS data sets from: 1) a T. cruzi strain that is known to belong to DTU-VI (CL14) (Zingales
et al., 2009b) but was not included in the spectral library, 2) from a species phylogenetically related,
such as Trypanosoma vivax and 3) from species with completely distant genome (ex: human, E. coli,
mouse). For this analysis, a new MS/MS library was constructed, using the MS/MS spectra from the
six DTUs, including T. cruzi CL14 and T. vivax in metacyclic stage (metal e meta2). Firstly, MS/MS
spectra from T. cruzi strains CL14 were compared with the library and the similarity score matched to
the CL14 (score = 0.417). Interestingly, although the similarity scores of CL14 with DTUs | to V were
close to zero, the similarity between CL14 and DTU-VI was comparatively high (score = 0.133),
indicating that many spectra MS/MS of CL14 are shared with DTU-VI (CL Brener), as shown in Figure
2. It should be noted that the LC-MS chromatographic profiles of the CL14 and CL Brener strains have
very high similarity, Supplementary Figure S3. However, the Tc-STAMS2 was able to clearly differentiate
between the two strains within the same DTU.

Subsequently, MS/MS spectra from three different life stages of T. vivax, Meta3 — metacyclic phase,
BSF1 — bloodstream phase and EP1 — epimastigote were compared using the mass spectral library.
Based on the similarity scores, the Tc-STAMS2 was able to correctly identify these samples to T. vivax,
Figure 2.

In order to test the method with negative control, MS/MS spectra from unrelated T. cruzi species such
as human, mouse and E. coli were compared to the library. For these samples, the similarity scores
were close to zero, indicating that the similarity scores found between two MS/MS datasets is library-
specific and not random, Figure 2.

Moreover, we also evaluated the ability of this strategy to provide correct identification from an
independent sample (blind test), which was collected and processed at different days or under
different conditions. In particular the different datasets were obtained in: 1) inter-laboratory studies,
2) different sample preparation strategies, 3) different LC gradients and 4) different MS fragmentation
methods. To assess the robustness of the Tc-STAMS2 platform, another batch of T. cruzi strains were

processed and acquired using similar chromatographic and MS conditions as described in Figure 1 in
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an inter-laboratory study perspective. Indeed, the mass spectra library was built with data acquired
in the PR group in Odense, Denmark and the blind samples were acquired in the CEFAP mass
spectrometry facility in Sdo Paulo, Brazil. Although the instrument type and conditions were similar, a
different chromatographic profile was obtained, Supplementary Figure S4. However, the biological
duplicate unknown samples A1 and A2 from DTU-IIl matched correctly to DTU-III, Figure 3. The
unknown sample B from the DTU-I also showed higher similarity scores with the MS/MS spectra
library from DTU-I. The sample B was evaluated on different parameters: 1) sample preparation
conditions such as acid and basic peptide desalting, 2) different chromatographic gradient such as 20
min, 70 min, 130 min, 3) different fragmentation methods, such as CID or HCD with a chromatographic
gradient of 70 min and 4) different sample amount injected into the LC column. Even considering all
these technical sources of variation, the similarity scores continued to match correctly to DTU-I
showing the robustness of the Tc-STAMS2 towards different experimental conditions.

In addition, another MS/MS spectral library search software platform, DiagnoProt, was used instead
of SpectraST (Silva et al., 2017b). DiagnoProt was able to differentiate the different DTUs and to
associate the CL14 strain with the DTU -VI group as shown for the SpectraST software, Table 4. Due
to that, two different spectral library search software could be implemented in the Tc-STAMS2

pipeline and used to identify T. cruzi strains, Table 2 and 4.

Clustering Analysis Using Peptide and Protein Identification
Database search was also performed to evaluate the similarity among the DTUs using peptide and

protein identification results. Three database search platforms were used (MaxQuant, TPP and
Proteome Discoverer). From four replicates of each DTU more than 7000 peptides and 4000 proteins
were identified (Supplementary Figure S5, Supplementary Table S1, S2 and S3). DTU-I and DTU-VI had
the highest number of identifications due to the protein database used for the search. Indeed, Sylvio
(DTU-I) and CL Brener (DTU-VI) are the two T.cruzi strains whose genome has been sequenced and
their proteome annotated and deposited in the Uniprot database. Interestingly, only 30% of the
MS/MS spectra were assigned, leaving behind a wealth of information for T.cruzi strain discrimination
(Supplementary Table S4).

Analysis of variance (ANOVA p<0.05 followed by Benjamin-Hochberg FDR correction) was
applied for the log2-transformed protein or peptide intensities previously identified using MaxQuant.
A total of 1096 proteins and 6130 peptides showed significant difference in abundance among the six
DTUs (Supplementary Table S5). The differentially expressed peptides and proteins were subjected to

clustering analysis and visualized as heat-maps, Supplementary Figure 6A and B. CL14 clustered
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together with CLBrener (DTU-VI), indicating high similarity in the protein and peptide expression
profile.

In addition, principal component analysis (PCA), which was applied in the differential
expressed proteins, were able to discriminate the six DTUs showing a DTU-specific quantitative
proteome repertoire (Fig 4). Interestingly, CL14 and CLBrener, strains belonging to the DTU-VI, were
also found close to each other, confirming the Euclidean clustering result obtained previously.

Additionally, to check the proteomic data reproducibility, a correlation analysis (R squared)
between biological replicates from each DTU or between the different DTUs was performed using
the log2-normalized intensities. As shown in Supplementary Figure S7, high correlation values were
observed among replicates (R squared>0.9). Interestingly, when we compared different DTUs
(Supplementary Figure S8), the R squared dropped to 0.6-0.7, but high correlation was observed
between CL14 and DTU-VI (R squared = 0.83), confirming once more the similarity between these

two DTUs (Supplementary Fig S8).

DISCUSSION

Many studies have employed MS-based techniques to identify organisms, such as bacteria
(Patterson e Aebersold, 2003). Onder et, al. pioneered the use of MS/MS spectral libraries to precisely
identify which animal the tick Ixodes scapularis was fed even if the feeding occurred months earlier
(Onder et al., 2013). Other strategies combined genetic information in conjunction with MS-based
peptide identification for the correct assignment of microorganisms (Jabbour et al., 2010)
(Dworzanski et al., 2004; Dworzanski et al., 2006). More recently, Shao et al. demonstrated that it is
possible to identify E. coli strains with only the MS/MS fragmentation spectra, with no need for
peptide identification (Shao et al. 2015).

In the present study, we describe a genome-free, MS/MS spectral-matching methodology
designed to identify different 7. cruzi DTUs, named Tc-STAMS2. Firstly, a peptide MS/MS spectral
library using three replicates from each of the six DTUs was built. The fourth replicate was used to
test the ability of the method to differentiate each DTUs using the reference library. As shown in Table
2, this approach was able to differentiate DTUs using the SpectraST software. A unique assighment to
the correct DTU was achieved. The method was tested using a dataset of peptide MS/MS spectra
obtained from different growth conditions of T.cruzi.

The next step was to test the MS/MS spectral library against phylogenetically related species

such as Tvivax and distant organisms such as E.coli, mus musculus and homo sapiens (Fig. 2). For such
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a test, another spectral library database was built with the same DTUs and MS/MS spectra from the
CL14 strain and T. vivax. Interestingly, it is clear that even with thousands of fragmentation spectra,
the scores obtained when comparing samples of human organism or E.coli with the library were close
to zero, demonstrating the specificity of the method in identifying only samples of the species/strain,
whose MS/MS spectrum is present in the library.

We also showed that the spectral matching method is robust even with inter and intra-
laboratory source of variations using similar MS instruments, but from different laboratory and even
performing changes in the sample preparation, chromatography and fragmentation method, it was
still possible to correctly identify samples from DTU-IIl and DTU-I, as shown in Fig. 3.

As expected, we also observed that the similarity score is dependent on the number of MS/MS
spectra acquired. The longer the gradient time used, the greater the separation capacity of peptides
prior to MS/MS analysis and the larger the number of acquired spectra, resulting in higher scores for
the same sample when compared to the library. Using different fragmentation methods we also
observed that CID provides scores higher than HCD when using 70 min gradient time. Although HCD
provides high resolution MS/MS spectra CID provides faster MS/MS sequencing, thus generating
more spectra that can be match with the spectral library.

The current methods used to identify DTUs are difficult to implement requiring very well
trained personnel. Other methods require the knowledge of the genome to identify DTU and many
of the methods cannot differentiate strains with similar genome. Our platform is designed to
complement the already developed methodologies and to assist in identification DTUs or any other
parasite. This platform is easy to implement, fast and only requires the MS/MS spectra for
identification.

In addition, fragmentation spectra were also subjected to database search analysis for peptide
and protein identification using the MaxQuant software, TPP and Proteome Discoverer. In general,
the number of identifications of proteins and peptides were reproducible and consistent among
different database search software. The larger number of proteins and peptides were observed for
DTU-I and VI. Although the number of annotated proteins in UniProt database is greater for DTUs |
and VI, the number of proteins identified to DTUs V, Il and VI, was not significantly smaller. Due to
that, a MS-based proteomic approach can be used to quantitatively compare the protein expression
of different DTUs, even with differences in genome annotation among them and use these
information’s to identify DTU-specific pathways correlated with the strain phenotype.

Moreover, it was possible to cluster together DTU-VI and CL14 using the differential expressed

proteins or peptides given by ANOVA test, Supplementary Fig S6. This result validates which is already
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known in the literature, where the CL14 belong to DTU-VI (Zingales et al., 2009b) and also validates
the results obtained with the spectral matching, where the similarity score between CL14 and DTU-
VI was higher compared to the other DTUs. Moreover, PCA analysis was also able to discriminate the
six DTUs and determine the similarity between the DTUVI and CL14, as seen by the close proximity
between these two groups.

Clustering analysis using protein identification in different DTUs was also performed by Telleria
et, al., (Telleria et al., 2010) however only 261 (experiment 1) and 172 (experiment 2) 2DE protein
spots were considered for this analysis. In our study, the clustering analysis was performed using 1096
proteins differentially expressed among DTUs, increasing the number of features to build a robust T.
cruzi clustering (Supplementary Fig S6).

The Tc-STAMS2 strategy presented here is robust, accurate, easy to perform and completely
automated. Dworzanski, J. P. (Dworzanski et al., 2006) and Shao, W. et al. (Shao et al., 2015) used a
similar methodology for identification of bacteria, however this is the first time that spectral matching

is applied to discriminate different T. cruzi DTUs.

CONCLUSION

The transmission of Chagas disease through blood transfusion and organ transplant, besides
the triatomine vector, poses several public health challenges. Due to that, novel methods identify and
characterize DTUs can offer opportunities to understand the DTUs diversity, link with their phenotype
and provide another tool for molecular epidemiology. Recently, MALDI-based strategy was developed
for the direct identification of trypanosomatids based on the MS profile, named DIT-MALDI TOF (Avila
et al., 2016). However, this method does not have the resolution to discriminate DTUs using the MS
profile. In this study we present a T. cruzi strain typing based on MS/MS spectral matching. The Tc-
STAMS2 method is robust, sensitive and powerful and it is based on the identification of peptides
from their MS/MS spectra. The method could be used to complement other already established
methods. The proposed method can help in the research of epidemiology to identify T. cruzi strains
only with the use of fragmentation spectra without the need for genomic data, which is very scarce
for this parasite. Since MS/MS spectra are available to the research community further data mining is
possible in order to improve our understanding on the biology of the different T. cruzi strains. The
methodology shown in this study will provide a complementary tool to the current nucleic-based

testing and have the possibility to be extended to other parasitic diseases.
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695 Table 1. Cultured stocks representing the known T. cruzi lineages (DTUs) used to build the MS/MS
696 library and to validate the method.

Trypanosomatid DTUs Strains Form Culture médium

T cruzi DTU-I Sylvio X10/1 | Epimastigote LIT- Liver Infusion-
Tryptose supplemented

DU Y with 10% fetal bovine
DTU-II M6241 clé serum at pH 7,2; 28 °C.
DTU-IV CAN Il cl1
DTU-V 92:80 cl2
DTU-VI CL Brener
DTU-VI Clone 14

697  Adapted by Camargo, E. (Camargo, E., 1964).

698
699 Table 2. T cruzi strain identification based on spectral similarity searches. The unique dot product

700  SDSS score is reported along with the number of MS/MS spectra matches.
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DTUs DTU-I DTU-II DTU-III DTU-IV DTU-V DTU-VI
DTU-I 0.861 0.005 0.008 0.008 0.016 0.013
(2858/20232 (11/13450) (24/13419) (26/14135) (65/13470) (33/14469)
)
DTU- 0.010 0.754 0.032 0.023 0.007 0.020
[ (23/14212) | (1169/20004 = (72/14820) | (62/15126)  (22/14198)  (35/16038)
)
DTU- 0.006 0.020 0.817 0.013 0.017 0.015
I (18/13177) = (45/13838)  (2086/19587 | (42/13135)  (42/13689) = (35/14200)
)
DTU- 0.011 0.013 0.010 0.849 0.004 0.019
\Y (38/14307) = (28/14213)  (32/13412) | (2648/20199 = (16/12889) = (48/14722)
)
DTU- 0.008 0.009 0.013 0.004 0.863 0.011
v (35/12560) | (20/12405) | (37/12771)  (16/11687) (3086/19777  (28/14215)
)
DTU- 0.016 0.017 0.013 0.017 0.022 0.800
\ (51/14230) (27/14880) (32/14101) (51/14047) (57/14849) | (1463/20238
)
701  Table made with spectral counting (unique/total), and dot product unique square root (score) of the
702  result of SpectraST.
703
704
705  Table 3. MS/MS spectral matching comparison using different growth phases of Sylvio X10/1 (DTU-I).
Samples = DTU-I DTU-II DTU-III DTU-Iv | DTU-V DTU-VI CL14 (DTU-VI)
A(St_1) 0.283 0.032 0.068 0.017 0.075 0.032 0.034
A (St_2) 0.288 0.035 0.067 0.015 0.068 0.029 0.030
B (Ex_1) 0.296 0.036 0.057 0.026 0.104 0.058 0.046
B (Ex_2) 0.301 0.041 0.056 0.027 0.099 0.053 0.051
706  Table made with spectral counting (unique/total), and score of the result of SpectraST. St 1 -
707  Stationary phase; St_2- Biological replicate stationary phase; Ex- Exponential phase; Ex_2- Biological
708  replicate exponential phase.
709

710
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Table 4: Spectral matching of different T.cruzi strains using the DiagnoProt software

DTUs DTU-I DTU-II DTU-III DTU-IV DTU-V DTU-VI

DTU-I 0,174 0,078 0,082 0,089 0,079 0,094
DTU-II 0,092 0,172 0,093 0,105 0,088 0,104
DTU-IN 0,081 0,075 0,162 0,079 0,088 0,092
DTU-IV 0,095 0,084 0,082 0,155 0,079 0,089
DTU-V 0,070 0,065 0,077 0,063 0,155 0,095
DTU-VI 0,088 0,084 0,089 0,077 0,100 0,162
CL14 0,215 0,237 0,246 0,214 0,262 0,360

Table 4- Comparison of the spectral library against the 6 DTUs and CL14 strain. The database was
constructed with six DTUs (DTU-I — DTU-VI) after the library was constructed and it was used for
comparison of the DTUs and CL14, which is not included in the database.

Figures:

Figure 1: Tc-STAMS2 workflow. (A) Proteins were extracted from T. cruzi cells, digested and subjected
to nLC-MS/MS analysis. MS/MS spectra were clustered and merged to generate a reference mass
spectral library. (B) The same steps described in panel A were used for the unknown samples. C) The
generated spectra were compared with the reference library in order to assign every unknown
sample to a particular T.cruzi strain. (D) The data obtained by MSMS mass spectrometry were
searched against the T.cruzi protein database.

Figure 2: Tc-STAMS2 approach tested against : 1) the CL14 T.cruzi strain, 2) T. vivax dataset and 3) LC-
MS/MS datasets from E.coli and human placental tissues.

Fig 3. Tc-STAMS2 was tested for its robustness towards technical and experimental variations. Two
unknown T.cruzi strains (A and B) were processed as described in figure 1 and acquired in the CEFAP
mass spectrometry facility in Sao Paulo, Brazil. The spectral library was built with data acquired in
the PR group, Odense, Denmark using a similar LC-MS/MS setup. Al and A2 are a biological
duplicate of T.cruzi DTU-III. B is the T.cruzi DTU-I. B/acid: Peptides derived from sample B were
purified using acidic conditions (0.1% TFA). B/basic: Peptides derived from sample B were purified
using basic conditions (0.1% ammonia water). CID- Collision-Induced Dissociation and HCD- Higher-
energy collisional dissociation. High and Low indicate the amount of sample injected into the LC-MS
system, 1 and 0.5 ug, respectively.

Fig. 4 - Principal component analysis (PCA) of the proteins of the six DTU plus CL14. DTU I- Red, DTU
[I- Blue, DTU llI- Yellow, DTU IV- Orange, DTU V — Black, DTU VI — Green and CL14- Grey.

Supplementary figures:

Supplementary Figure S1: LC-MS chromatographic profile of peptides belonging to the four
replicates from DTU |. The Pearson correlation score is reported on the right side of the
chromatogram.

Supplementary Figure S2: LC-MS chromatographic profile of peptides belonging to the six T.cruzi
strains.

Supplementary Figure S3: LC-MS chromatographic profile of peptides belonging to the CLBrener and
CL14 Tcruzi strains.

Supplementary Figure S4: LC-MS chromatographic profile of peptides belonging to the DTU-I
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acquired in the PR Group, Odense, Denmark and in the CEFAP mass spectrometry facility at USP, Sao
Paulo, Brazil.

Supplementary Fig S5. A. Peptide identifications using MaxQuant, TPP and Proteome Discoverer™
softwares. B. Protein identifications using MaxQuant, TPP and Proteome Discoverer™ softwares.

Supplementary Figure S6: Heat map of differentially regulated A) peptides and B) proteins.

Supplementary Figure S7- Multi Scatter Plot of the six DTUs with four technical replicates each using
peptides. A—DTU I, B—=DTU Il, C=DTU lIl, D=DTU IV, E-DTU V and F—DTU VL.

Supplementary Figure S8- Multi Scatter Plot constructed using the peptides with all DTUs + CL14,
using only a technical replica for each DTU.

Supplementary tables:

Supplementary table S1, S2 and S3: number of protein IDs using the MaxQuant, TPP and Proteome
Discoverer platforms.

Supplementary table S4: Number of PSMs and unannotated MS/MS spectra.

Supplementary table S5: Regulated peptides and proteins among the six DTUs.
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