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Resumo

Corynebacterium pseudotuberculosis (Cp) pertence ao grupo CMNR (Corynebacterium,
Mycobacterium, Nocardia, Rhodococcus), € uma bactéria patogénica intracelular facultativa,
gram-positiva, possui fimbrias, porém ndo se move, ndo forma capsulas e ndo esporula,
apresenta-se nos biovares ovis e equi. O biovar equi infecta equinos e bovinos. O biovar
ovis infecta principalmente rebanhos de ovinos e caprinos, sendo o agente etiolégico de
linfadenite caseosa (LC). Cp é prevalente em diversos paises, causando significantes
perdas econémicas devido a baixa qualidade de carcacas, queda na producdo de carne, la e
leite. Os métodos para diagnéstico e tratamento de LC ainda ndo sdo suficientemente
eficazes devido Cp apresentar baixa resposta terapéutica e habilidade em persistir no meio
ambiente e no hospedeiro, sendo importante entender a biologia deste patégeno a nivel
sistémico. Neste aspecto, conhecer as proteinas e suas interacdes é fundamental para
compreender os mecanismos moleculares da célula, sendo as redes de interacdo proteina-

proteina uma boa ferramenta para este tipo de estudo.

Visando gerar a rede de interagdo para Cp, nos preocupamos em validar uma metodologia
para a predicAo de interacdbes com dados experimentais e curados disponiveis
publicamente. Como resultado, além de aumentarmos a cobertura da rede, obtivemos uma
area sobre a curva (AUC) entre 0,93 e 0,96, cujo ponto de corte de 0,70 representa uma

especificidade de 0,95 e a uma sensibilidade de 0,90.

Com a metodologia validada, foram geradas as redes de interagdo para nove linhagens do
biovar ovis de Cp, sendo ~99% das interacdes mapeadas do género Corynebacterium e
possuindo 15.495 intera¢des conservadas entre as linhagens. Validagdo quanto ao menor
caminho e distribuicdo do grau de interacdo sugerem que as redes preditas possuem
caracteristicas de redes biologicas. Adicionalmente, comparamos os valores do Coeficiente
de Clusterizacdo, Correlacdo e R? contra redes geradas aleatoriamente e submetemos as
redes geradas ao teste de normalidade Shapiro-Wilk. Todos os resultados demonstraram
gue as redes de interacdo preditas ndo possuem uma distribuicdo aleatéria, sugerindo que
as redes nédo foram formadas por interacdes espurias, existindo uma influéncia biol6gica em
sua predicdo. Com as redes validadas, selecionamos os primeiros 15% das proteinas com
maior nimero de interacdes e identificamos 181 proteinas essenciais. Apenas a proteina
DNA repair protein (RecN) ndo teve homologia com a base de dados de genes essenciais
(DEG) e outras trés tiveram homologia em apenas um organismo em DEG: Catalase (KatA),
Endonuclease IlIl (Nth) e Trigger factor (Tig), sugerindo que podem ser bons alvos para

diagnéstico ou desenvolvimento de drogas.



Abstract

Corynebacterium pseudotuberculosis (cp) belongs to the group CMNR (Corynebacterium,
Mycobacterium, Nocardia, Rhodococcus), is a gram-positive facultative intracellular
pathogenic bacterium, have fimbriae, is non-motile, do not form capsules and not sporulate,
is presented in serovar ovis and equi. The serovar equi infects horses and cattle. The
serovar ovis mainly infects herds of sheep and goats, and is the etiological agent of caseous
lymphadenitis (CLA). Cp is prevalent in many countries, causing significant economic losses
due to poor quality carcasses decrease in the production of meat, wool and milk. Methods for
diagnosis and treatment of CLA are not yet effective enough due Cp have low therapeutic
response and ability to persist in the environment, making it an important organism to be
researched and understood the systemic level. In this regard, knowing the proteins and their
interactions is crucial to understand the molecular mechanisms of the cell, being protein-

protein interaction networks an important tool for this type of study.

Aiming to generate the Cp interaction network, we worry about validate a methodology for
the prediction of interactions with experimental and cured data publicly available. As a result,
in addition to increasing the coverage of the network, we obtained an area under the curve
(AUC) between 0.93 and 0.96, representing the cutoff of 0.70 a specificity of 0.95 and a
sensitivity 0.90.

With the validated methodology, the interaction networks were generated for nine serovar
ovis Cp strains, being ~99% of interactions mapped from Corynebacterium gender,
possessing 15,495 interactions conserved between strains. The shortest path and the degree
interaction distribution analysis suggests the predicted networks have biological
characteristics. Additionally, we compared the values of the clustering coefficient, Correlation
and R? against randomly generated networks and submit the networks generated to the
Shapiro-Wilk normality test. All results show that the predicted interaction networks do not
have a random distribution, suggesting the networks were not formed by spurious
interactions, existing biological bias its prediction. With validated network, we selected the
first 15% of the proteins with more interactions and we identified 181 essential proteins. Only
the protein DNA repair protein (RecN) had no homology against database of essential genes
(DEG) and other three had homology in just one DEG organism: Catalase (KatA),
Endonuclease 11l (Nth) and trigger factor (Tig ), suggesting they may be good targets for

diagnosis and drug development.
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Contextualizacéo

Coordenados pelo grupo de pesquisa do Laboratério de Genética Celular e Molecular
(LGCM) da Universidade Federal de Minas Gerais (UFMG) e do Laborat6rio de Polimorfismo
e DNA (LPDNA) da Universidade Federal do Para (UFPA), até o ano de 2014, quando esta
tese comegcou a ser desenvolvida, haviam 21 genomas de Corynebacterium
pseudotuberculosis sequenciados. Destes genomas, 15 estavam completos e publicamente

disponiveis, sendo nhove genomas do biovar ovis e seis genomas do biovar equi.

Os grupos de pesquisa, objetivando desenvolver projetos relacionados a gendmica
comparativa e um grande projeto de patogendomica, estavam sequenciando ainda outras
novas linhagens do biovar equi de C. pseudotuberculosis, enquanto outras montagens
antigas estavam sendo aperfeicoadas e resequenciadas com as novas tecnologias.

Os varios genomas de C. pseudotuberculosis e outros organismos disponiveis, possibilitou
ao grupo desenvolver em 2013 o primeiro trabalho de redes de interac@o proteina-proteina
baseado no interactoma conservado entre patégeno-hospedeiro (Barh et al., 2013). Com o
interesse do grupo em fortalecer o desenvolvimento de projeto na area de redes de
interacdo, foi proposto em se gerar as redes de interacdo proteina-proteina interna para a
bactéria C. pseudotuberculosis. Visto que o biovar ovis possuia a maior quantidade de
genomas disponiveis (nove) e também ser mais clonal, este biovar foi selecionado para a
predicdo das redes de interacdo proteina-proteina, visando futuramente comparar estas

redes com as redes de interagdo do biovar equi.

Limitacbes como custo e tempo foram impeditivos para realizar este trabalho
experimentalmente para 0s nove proteomas disponiveis, optando-se assim pelo
desenvolvimento in silico das redes de interacdo. A revisdo bibliografica apontou a
existéncia de diversos métodos computacionais para a predi¢éo de rede de interagdo, sendo
gue cada método usa como entrada distintos tipos de dados biolégicos. Uma caracteristica
comum entre estes meétodos foi a auséncia de informacdes na literatura sobre os detalhes
de suas implementacdes e também sobre as formas de validagdo em larga escala que

comprovasse a eficacia nas predices.

Assim, antes de aplicar um destes métodos para a predicdo das interacbes em C.
pseudotuberculosis biovar ovis, houve a preocupagdo de selecionar um método que
pudesse oferecer uma boa cobertura na predicdo das interacdes e, a0 mesmo tempo,

oferecesse uma boa raz&o entre sensibilidade e especificidade na predicdo. Adicionalmente,
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houve a preocupacédo em validar este método com dados experimentais e curados em larga

escala, visando identificar exatamente os indices de erros e acertos na predi¢cao.

Pensando em todo este contexto, ao contrario de estruturas tridimensionais de proteinas
gue ndo sdo abundantes para C. pseudotuberculosis e outros organismos ndo modelo, foi
selecionado um método que permitisse o uso dos dados mais abundantes de C.
pseudotuberculosis, ou seja, 0s seus genomas e proteomas. Assim, considerando os
recursos fisicos e conhecimento disponivel no laboratério para a implementacdo do projeto,
foi selecionado o método denominado mapeamento de interacBes ortdlogas (interolog
mapping) para ser usado nas predicbes das redes de interacdo proteina-proteina de C.
pseudotuberculosis biovar ovis, cuja validagdo seria possivel com dados experimentais e

curados disponiveis publicamente.
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Estrutura da Tese

Esta tese estd organizada em formado de artigos e foi dividida em cinco capitulos. Mesmo
estando em formato de artigo, a tese segue a linha classica de escrita de trabalhos
cientifico, apresentando inicialmente a introducdo sobre os principais temas abordados na
tese, seguido da apresentacdo da metodologia, dos resultados obtidos e finalizando com a

discussao geral, concluséo e perspectivas.
Segue uma breve apresentacao dos cinco capitulos que compde esta tese:

a. No primeiro capitulo é apresentado a introducéo da tese. Como esta tese é referente ao
desenvolvimento e validacdo de uma metodologia para a predicdo de interagbes
proteina-proteina, seguido da aplicacdo desta metodologia para a predicdo das
interacdes de Corynebacterium pseudotuberculosis, a introducéo foi também dividida em
trés secles, duas destacando as redes de interacdo proteina-proteina e a ultima
destacando o organismo estudado:

e A primeira secdo, com o subtitulo “Application to a Bacterial Protein-Protein
Interaction”, foi publicada em fevereiro de 2015 pela revista SM Online Publishers
LLC e apresenta o capitulo de livro intitulado “Genomics”, do livro “A Textbook of
Biotechnology’.

e A segunda sec¢do, com o titulo “In silico protein-protein interactions: avoiding data and
method biases over sensitivity and specificity” foi publicado em maio de 2015 pela
revista Current Protein & Peptide Science.

e A terceira sec¢do apresentando a introdugdo sobre C. pseudotuberculosis e as

caracteristicas principais deste organismo.

b. No segundo capitulo é apresentado a metodologia. O artigo referente a validacao do
método intitulado “An improved interolog mapping-based computational prediction of
protein-protein interactions with increased network coverage”, foi publicado na revista
Integrative Biology em novembro de 2014, cuja validacao das métricas permitiu realizar a
predicéo in silico de redes de interacdo proteina-proteina para C. pseudotuberculosis.

c. No terceiro capitulo sdo apresentados os resultados obtidos no desenvolvimento desta

tese, relacionados a aplicagdo da metodologia validada para a predicdo das redes de

interacd@o de C. pseudotuberculosis. Este capitulo esta dividido em dois trabalhos:
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e O primeiro trabalho, com o titulo “In silico protein-protein interaction analysis
reveals conserved essential proteins in nine Corynebacterium pseudotuberculosis
serovar ovis strains”, submetido a revista Integrative Biology em agosto de 2015.

e O segundo trabalho, com o titulo “Label-free proteomic analysis to confirm the
predicted proteome of Corynebacterium pseudotuberculosis under nitrosative
stress mediated by nitric oxide”, publicado em dezembro de 2014 pela revista
BMC Genomics.

d. No quarto capitulo é apresentado uma discussdo geral considerando todos o conteudo
desenvolvido nesta tese.

e. No quinto capitulo sdo apresentadas as conclusbes e as perspectivas de trabalhos
futuros.

Durante o desenvolvimento desta tese, colaborando com outros integrantes dos grupos de
pesquisa, outros trabalhos foram desenvolvidos. Assim, estes trabalhos publicados estdo

relacionados no anexo desta tese, também em formato de artigo.

Por uma questdo de organizacdo, quando constar na tese um artigo publicado, este sera
apresentado integralmente em seu respectivo capitulo, conforme publicado pela revista.
Como as figuras, tabelas, referéncias bibliograficas e materiais suplementares recebem
formatagcdo e numeragdo propria em cada artigo, estes itens figurardo somente no
respectivo artigo, no capitulo que descreve o artigo, sem serem apresentados na lista de
figuras ou tabelas da tese. Da mesma forma, visando ndo misturar as referéncias
bibliograficas dos artigos publicados, que sao distintas na forma de apresentacdo e
organizacdo para cada revista, estas estardo exclusivamente ao final da apresentacdo de

cada artigo ou do respectivo material suplementar quando este existir.
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1.1- Genomics: Application to a Bacterial Protein-
Protein Interaction

Flavia Figueira Aburjaile, Mariana P. Santana, Marcos Vinicius Canario Viana, Wanderson
Marqgues Silva, Edson Luiz Folador, Artur Silva e Vasco Azevedo

Neste capitulo de livro, foi feito uma breve revisdo sobre gen6mica estrutural, genémica
funcional (transcriptomica) e proteomica, destacando os métodos de andlise experimentais
de cada area. Adicionalmente, foram revisados os conceitos basicos relacionados as redes
de interacdo proteina-proteina com uma breve discussdo para possiveis aplicacdes
biotecnoldgicas.

Uma rede de interacdo € composta por nodos, no contexto deste trabalho, representando as
proteinas e, por arestas, que ligam dois nodos e caracteriza uma interagdo. Independente do
método usado, par-a-par, é possivel formar uma complexa rede de interagdo proteina-
proteina que viabiliza o estudo e compreensdo de um organismo a nivel de biologia de
sistemas. Além de possibilitar um melhor conhecimento do organismo, uma rede de
interagcdo pode ser utilizada para direcionar o desenvolvimento de novas pesquisas em
laboratorio e novas aplicagbes biotecnologicas, bem como auxiliar na selecdo de proteinas
para o desenvolvimento de drogas, inclusive para inibir interagdes especificas.

A secao “Application to a Bacterial Protein-Protein Interaction” que integra o capitulo
intitulado “Genomics” do livro “A Textbook of Biotechnology”, foi publicada em fevereiro de
2015 pela revista SM Online Publishers LLC, disponivel em http://www.smgebooks.com/a-
textbook-of-biotechnology/index.php.com com ISBN nimero 978-0-9962745-3-1.
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ABSTRACT

In the last few years, the technologies have revolutionized new areas in science especially
those involving genomics, proteomics and transcriptomics. This chapter approached each of
these areas showing their concepts, importance and applications.

Keywords: Genomics; Structural genomics; Functional genomics; Transcriptomics;
Proteomics

STRUCTURAL GENOMICS
Introduction

Structural genomics is the analysis of sequence and structure of the genome elements as
genes, regulators and mobile elements. Sequencing is necessary to obtain this information.
The identification of variants among genomes has application in evolution studies, health,
biotechnology and the comprehension of relation between genotype and phenotype. Knowledge
of genome sequence is fundamental to obtain this kind of information. Sequencing is the process
of characterization of nucleotide sequence at a region (Targeted Genome Sequencing, TGS) or in
the entire genome (Whole Genome Sequencing, WGS).
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The first complete genome sequence of organism was achieved in 1995, from the Gram-
negative Haemofilus influenzae. Since then, the number of sequenced genomesis increasing, mainly
because of new technologies that reduce the required cost and time, and new bioinformatics tools
able to process the volume of data generated. Initiated formally in 1990, The Human Genome

Project (HGP) was an international, collaborative project that sequenced the human genome in
13 years at a cost of approximately US $ 2.7 billion [1].

Genome Sequencing

The procedure for sequencing of complete genomes involves fragmentation of DNA molecule,
creation of genomic libraries, reading nucleotide sequence of each fragment and reassembles the
genome by alignment of the reads. Since the 1970s, different methods have been developed to

determine the nucleotide sequence of a DNA molecule.
Sequencing generations and technologies

In 1977, Sanger and Nicklen published a DNA sequencing method by chain termination.
This method required the creation of libraries by insertion of DNA fragments to be sequenced
into cloning vectors (plasmids or artificial chromosomes) and amplification in vivo. Four
sequencing reactions are performed for each fragment, each one containing a proportion of one
nucleotide with no 3’ OH group (dideoxy nucleotides), which causes termination of synthesis
of new DNA strands in random positions. The generated fragments are separated by size
on gel electrophoresis and nucleotide sequence is determined by the last nucleotide of each
fragment [2]. Over the years, improvements have been incorporated into the method, such as
in vitro amplification and automation by thermal cyclers, labeling the amplified fragments with
fluorescent dideoxynucleotides (ddNTP’s), as well as automatic sequencing based on reading
fragments by capillary electrophoresis. The sequenced fragments generated by this method
have a maximum size between 800 and 1000 bases. According to the National Human Genome
Research Institute (NHGRI), in 2001, the cost to sequence 1 Mb (1,000,000 bases) and a human
genome were respectively U$ 5,292 and U$ 95,293,072. In 2007, the cost was reduced to U$ 397
and U$ 7,147 [3]. The amount of data generated by chain termination technology was inadequate
for sequencing projects and obtains complete genomes, even with the reduction of required costs
and time.

In 2005, Next Generation Sequencing (NGS) platforms were launched, belonging to the second
generation. These platforms are characterized by (i) the use of genomic libraries independent
of cloning and (ii) a higher throughput compared to the first generation, by means of parallel
sequencing of thousands or millions of fragments. However, the necessity of amplification for
preparing libraries can bias the quantification of fragments, insert sequence errors during the
replication and increase the complexity of sample preparation. In addition, the smaller size of
the reads and the large amount of generated data make the assembly of genome more complex

and creates a demand for computational structures with greater processing and storage capacity.
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With the use of these platforms in 2014, the cost for sequencing 1Mb and a human genome
decreased to, respectively, U$ 102 and U$ 3.063 million in 2007 to $ 0.05 to U$ 4905 [3]. The
first released NGS technology was pyrosequencing technology. The sequencing reaction occurs
in emulsion oil droplets distributed in wells of a fiber optic slide. Each oil droplet contains one
bead linked to a single library fragment and PCR reagents. The reaction receives a flow of each
nucleotide at a time followed by a wash step. The incorporation of a nucleotide is detected by the
releasing of pyrophosphate. This technology is used in 454 Genome Sequencer platform (Roche),
launched in 2005, being able to generate 200.00 reads of 110 base pairs (bp), and generating
approximately 20MB of data. In 2007, Illumina/Solexa launched 1G Genetic Analyzer platform.
In this technology, the fragments connected to adapters are denatured and its ends hybridized
to complementary sequence adapters present on the surface of a solid blade. Complementary
strand are synthesized by extension of the adapter attached to a solid plate. Also in 2007, Applied
Biosystems launched SOLiD platform, based on ligation sequencing. A new complementary DNA
strand is synthesized by ligation of an oligonucleotide to a primer and cleavage of oligonucleotide
3’ end, releasing a fluorescent color, which represents the first two nucleotides of the incorporated
oligonucleotide. The new DNA strand is removed by cleavage of the last nucleotide primer and a
new cycle begins, initiated one position behind in relation to previous cycle. A color code and the
sequence of each cycle colors are used to determine the nucleotide sequence. In 2010, Ion Torrent
(Applied Biosystems) released the Personal Genome Machine, which sequencing chemistry is
similar to pyrosequencing, however the incorporation of nucleotides is detected by pH variation.
This technology uses a semiconductor in place of fluorescence and a scanning camera, resulting
in higher speed, lower cost and smaller equipment. Since then, updates of each platform were
launched, in order to increase the size of fragment sequences and reduce the required time, cost
and labor.

The third generation is characterized by (i) non-interruption of the sequencing reaction to
detect each nucleotide incorporated (flow type of each nucleotide), (ii) larger reads and (iii)
sequencing of a single molecule. This has reduced the sequencing time and simplified genome
assembly in relation to the second generation, as reads sizes exceeds 1000pb. This generation
technologies are based on imaging of singles molecules of DNA polymerase as they synthesize
a single molecule of DNA; threading DNA polymerase to or next a nanopore and detection of
nucleotide passage; or imaging of individual DNA strands by advanced microscopy. One example
is the Platform II PacBio RS (Pacific Biosciences), launched in 2013, that generate reads longer
than 20kb.

Genomic libraries

The DNA library preparation is one of the fundamental steps for the success of a genome
project. Despite the variation in protocols, the similarities are fragmentation of the sample to sizes
between 50 and 500 nucleotides, selection of fragments by size, ligation to adapters. The adapters

often contain elements for ligation on a solid surface, primer annealing sites for amplification
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and sequencing, and a barcode sequence that makes possible to sequence samples of different
sources.

In single-end or fragments libraries, adapters are ligated to one fragment, generating one read.

In paired-end libraries, the ends of a DNA fragment are read, generating two reads, separated
by a gap of known size. In mate-pair libraries, DNA fragments are connected to an adapter,
circularized, and their ends are read, generating two reads, separated by a gap of known size.
The difference between paired-end and mate-pair library is circularization and larger fragments
of the second one. The latter two libraries provide an approximate distance between two reads,
and this information facilitates the genome assembly and makes it possible to detect genome

deletions, inversions, duplications and nucleotide insertions.
Applications

In studies with the genomic DNA, NGS technologies have been used in sequencing of complete
genomes or fragments, analysis of genetic variation, chromatin immunoprecipitation followed by
sequencing (ChIP-Seq), epigenetic markers, identification of genes associated with disease, genetic
screening, monitoring of infectious agents, forensic research, metagenomics and agrogenomics.
Thousands of sequencing projects and millions of genomes were released [4]. Among the RNA
sequencing applications are analysis of gene expression and single cell transcriptome. In gene
expression studies, NGS made the prior knowledge of genes unnecessary to the identification
and quantification of transcripts, alternative splicing and sequence variations. The various
applications of NGS led to the launch of benchtop sequencers, cheaper, faster, easier to use and
accessible to small laboratories. These include GS Junior (Roche), Mi Seq (Illumina) and Personal

Genome Machine (Life Technologies).
Genome Assembly

After sequencing the genome is reconstructed from fragments reads, in a process called
genome assembly. The assembly is performed by means of alignment and overlap of reads to
generate contigs (Figure 1), and contigs overlap. It is important that all nucleotides of a genome
are represented among the sequence reads. The theoretical (or expected) coverage of a genome
refers to the average expected times a nucleotide is sequenced. The calculation is performed by
multiplying the size of the reads by the number of reads, and dividing the result by the size of the
sequenced genome. The depth of coverage refers to the number of times a particular nucleotide
of the genome is represented in the reads. This number varies because the fragment library
preparation, sequencing and the process of assembling the genome generate deviations in the
distribution of reads. The breadth of coverage is the percentage of a given genome sequenced by a
number of reads.
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Figure 1: Assembly of contigs sequences by reads alignment.
Data analysis

The first assembly step is data analysis. Raw data from sequencer is converted to file formats
used by assembly software. The main formats are FASTQ and FASTA. FASTA (Fast Alignment)
format stores nucleotide sequences (Figure 2), while FASTQ stores nucleotide sequence and
quality scores. Removal of poor quality sequences, and barcode reads is required, usually
performed automatically by the assembly software. Reads quality is measured by the Phred index,
a measure of error probability in identification of each nucleotide in a read.

>Sequencia_l

ATCGATCGATGCTAGCATCGATCGATCGATCAGCTAGCTAGCTACTACGATCGATCA
GTCAGCTAGCATGCATCGATCGATCGATCGATCGATCAGCTAGCTAGCTAGCATCGA
GCTAGCTAGCATCGATCGATCGATCAGTCAGCATGCATGCATCGATGCACACACACA
CACACCACACACACGTGTGTCAGC TAGGC TCGCGCGCGCGCCCGTACGATCGGCCAC
ATCGATCGATGCTAGCATCGATCGATCGATCAGCTAGCTAGCTACTACGATCGATCA
>Sequencia_2|

ATCGATCGATGC TAGCATCGATCGATCGATCAGCTAGC TAGCTACTACGATCGATCA
GTCAGCTAGCATGCATCGATCGATCGATCGATCGATCAGC TAGC TAGCTAGCATCGA
GCTAGCTAGCATCGATCGATCGATCAGTCAGCATGCATGCATCGATGCACACACACA
ATCGATCGATGCTAGCATCGATCGATCGATCAGCTAGCTAGCTACTACGATCGATCA
GTCAGCTAGCATGCATCGATCGATCGATCGATCGATCAGCTAGCTAGCTAGCATCGA

Figure 2: Fasta file containing two sequences (multifasta file).
Assembly

To assembly a genome is necessary to find overlaps between reads and generate a consensus, or
contiguous, sequence. The assembly software uses algorithms that create substrings of each read,
called k-mers, and test alignments with k-mers of other reads (Figure 3) to generate contiguous
sequences. The use of paired libraries facilitates the assembly process because the known distance
among the pairs of readings. For example, if each paired reading belongs to a different contig, it is
possible to determine the distance and orientation between these two contigs. A genome can be
assembled using de novo or ab initio methods and by reference method.
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(a) aaccgg

k-mers Iaacc l—~| accg ]_‘I ccgg I

(b) aaccgg
ccggtt

k-mers | aacc —= accg m* ccgg ™ cggt — ggtt

Figure 3: (A) k-mers of 4 nucleotides based on the read sequence “aaccgg”.
(B) Alignment of the reads “aaccgg” and “ccggtt” based on k-mers.

The de novo assembly is performed only by reads overlapping, not requiring the use of a
reference genome mapping (Figure 1). The most commonly used algorithms are the Greedy, OLC
(Overlap-consensus) and De Bruijn graph. This method allows identification of absent regions in
areference genome. The difficulty of this method is repetitive regions where reads can be aligned
in wrong places.

In the assembly by reference, the reads are mapped in a phylogenetically close genome. This
method has lower computational cost and is useful in identifying SNPs, insertions and deletions
between the reference and the new genomes (Figure 4). Another advantage is the resolution of
repetitive regions, because the reads are distributed at the reference regions. However, absent

sequences in the reference genome will not be mapped.

REFERENCIA: | ATGTCGTAGTCGATCGATCAGCTAG CATGCATCAGCTAGCATCGATCGATCGATCAGCGATGT

ATGTCGTAG GAGCATGCATCAGCT
GTCGTAGTC GCATGCATCAGCTAGC
LEITURAS: CGTAGTCGATCG CATCAGCTAGCATCGAT
GTCGATCGATCAGC CAGCTAGCATCGATCGAT
ATCAGCTAGCLWGCATG CATCGATCGATCGATCA
CAGCTAGCERGCATG GATCGATCAGCGATGT

Figure 4: Mapping reads on a reference genome.
Scaffolding and closure of gaps

The contigs have to be ordered and oriented by overlaps between their ends (de novo
assembly), mapping on reference genome or optical mapping. The latter is done by mapping

restriction sites in vitro and comparison to the contigs. A contig is called scaffold after its position
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and orientation is defined. The not identified overlaps between the contigs and, mainly, uncovered
regions cause gaps in the assembly. Gaps can be closed in silico by overlapping scaffold ends,
extension of scaffold by paired reads libraries, mapping reads in another reference genome in the
region equivalent to the gap. The closing is accomplished by in vitro primer design which is long

to the edge of two adjacent scaffolds and subsequent amplification of the region of the gap, usually
by the Sanger method by generating sequences which can cover or extend the gap ends of the
scaffolds. The third-generation sequencing platforms which generate long readings are becoming
obsolete closing gaps in vitro, mainly due to the cost required. If a genome is still contains gaps
after assembly, it is called a draft. The most commonly used parameters to measure the quality
of an assembly is the number of contigs, minimum and maximum contig size and N50. In a good
assembly, the number of contigs and its sizes is, respectively, the minimum and the maximum
possible. The N50 is the size of the contig which the sum with the others, in descending order of
size, is greater than or equal to 50% of the assembled genome.

Genome Annotation (Automatic and Manual Steps)

After assembly, the structure and function of genome elements as genes, regulators and other
non-coding sequences have to be identified to posterior analysis. This process is called genome
annotation.

Gene prediction can be made empirically, by similarity with known sequences in databases
and proteins, or ab initio, by computational techniques, using algorithms to find stop codons,
coding sequences (CDS), start codons.

Normally, the algorithms to predict coding sequences are based on Markov chain models. In
Prokaryotes, gene prediction is based on Open Reading Frames (ORFs) in the six possible frames.
An ORF is a sequence that initiates at a start codon and finish at the nearest 3’ stop codon. The
prediction of false positives, incorrect start codons and overlapping genes are the main problems
of this method. This problem can be minimized by searching for ribosome binding sites (RBS) to
indicate a true start site and homologies in closely-related organisms.

The occurrence of introns and alternative splicing makes Eukaryotic gene prediction more
complex. The prediction is based on recognizing signal functions on DNA strand and posterior
accurate prediction of gene structure and organization. Sequences are classified as coding and
non-coding and functions are assigned by alignments with functionally-related documented

sequences, involved in transcription, translation and splicing.

After prediction, annotation can be done automatically, by align similarity with sequences at
databases and transferring the information about their function to the new sequence. Databases
can hold information of nucleic acids (e.g. NCBI, EMBL), protein sequences (e.g. UniProtKB),
domains (e.g. Pfam) and structures (e.g. Protein

Data Bank), metabolic pathways (e.g. Kyoto Encyclopedia of Genes and Genomes), gene
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expression (e.g. dbEST), gene ontology and evolutionary relationships. Different databases are
integrated by automatically annotation services, as provided by RAST (Rapid Annotation using
Subsystem Technology). Automatic annotation can provide a great amount of information about
a new genome from its sequence. However, not all databases are fully curated, updated or have

standard terminology. Manual curation is done by checking the results for different databases to
identify protein domains and functions, correct start codon positions, gene names, gene products
and to identification of frameshift.

After annotation, the genome can be submitted to a database, as submission is a pre-requisite
to publication in scientific journals. Once this data is available, it can be used researches about
genetic diversity, evolution, biotechnology and health.

Comparative Genomics

After sequencing, assembly and annotation of a genome, different analyzes will try to find out
to remove as much information as possible from a genome of an organism. In this context, there
is the comparative genomics in order to seek from genomic data, which are the between intra
and inter-specific relationships. This can be studied using the homology the genes, loci, functions,

processes and categories.

Currently, there are a number of tools available for the comparison of genomes at the level
of their genes and proteins, among them: BLAST, but their visualization is somewhat limited,
hindering an overview of the genomes studied. However, emerged over the last decades other
tools, which integrate different databases and integrate visualization and their processing, widely
used by bioinformatics are they: CGView [5] and BLAST Ring Image Generator (BRIG). With these
tools you can see the structure and organization of genes in one or more genomes through a
graphical interface (Figure 6). The other programs, such as the PIPS, are already able to report
data pathogenicity, improving the entire information and providing the user various relevant
information to do exploration of the body [6].

All of these tools require a computing power to process a large amount of data, since genomes
can be processed genomes from of simple organisms (prokaryotes) to more complex organisms
(eukaryotes). Another important detail to highlight is the fact that numerous incomplete genomes
are being deposited in the National Center for Biotechnology Information (NCBI). Incomplete
genomes are those assigned “draft”, which will have a percentage of genetic information lost one
time analyzed using these tools,this is because part of the “gap” cannot be correlated to anything
since it is said to be unknown. Therefore, we emphasize the importance of finalizing a genome in

all steps, assembly and annotation, thus avoiding the loss of biological information.
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FUNCTIONAL GENOMICS
Transcriptomics
Concepts and evolution

Transcriptomics is the global study of gene expression levels of all the genes in an organism
(genome-wide expression profiling), in the order words, set of gene transcripts detected in a given
cell. Transcripts of the profiles are modulated by factors such as environment, time, diseases and
response to adverse processes.

The first idea of transcriptome emerged in the late70s, emerged the Dot-Blot technique in
order to use nucleic acids for the simultaneous analysis of some genes in arrays. In 1995, with
the evolution of different Technologies, this method has been enhanced by improving their level
of sensitivity in optical detection. In 2002, the Affymetrix launch the expression of identification
of unknown genes and detection to splice variants. Finally, in 2008, the RNA-seq technique
revolutionizes history with sequencing from new generation technologies (Figure 5 shows the
timeline of transcriptome).

The evolution of transcriptomics

8 ¥ E ] - -
=) SR | am G

| | |

1995 2002 Affymetrix (genomes) 2008 RNA-seq

Gene expression profiling Identify profiles to new genes Approach to transcriptome
- expression levels of genes and splice variants profiling that uses deep-
known sequencing technologies

Figure 5: The evolution of transcriptomics.
Different RNAs

Total RNA is the combination of coding and noncoding; being the first comprises the messenger
RNA (mRNA), transcript that carries the code information for proteins synthesis. In prokaryotes,
the mRNA can be transcribed in operons or single genes and contain the exact transcript, and in
eukaryotes, the mRNA has fragments that are translated in proteins (exons) and other regulatory
regions (introns) that are removed by a process call splicing.
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The noncoding RNAs are a combination of different classes: ribosomal RNA (rRNA), transfer
RNA (tRNA), small RNA (sRNA) and long noncoding RNA (IncRNA). This topic will focuses in the
non-coding ones, since the coding ones represents less than 2% of the total transcripts of human
cells, and to be more precisely the emphases will be given to the regulatory RNAs, which are need
to maintain genetic integrity and gene expression in a fine tune. There is still a lot to find out about
those types of RNA and as a result of the use of new technologies there set are continually rising.

The tRNAs were known to be responsible for transport specific amino acids for protein
synthesis and also recognize their specific codons, but recently another function were attribute
to this RNA, when they are exposed to environmental stress in eukaryotes. After cleaved by
ribonucleases, tRNAs derived fragments are able to inhibits translation and consequently forms
stress granules where the non-translated mRNAs are storages [7]. Therewith, now the tRNAs are

also recognized as a new class of regulatory RNAs in response to stress.

sRNA are responsible for mediate posttranscriptional gene silence (PTGS) and transcriptional
gene silence (TGS). In PTGS, the target is cleaved or transcriptionally repress after is bound with
the small RNA. TGS is a protective mechanism of genome integrity that keeps a heterochromatic
state through DNA methylation or histone modifications. One of the most known type of SRNA,
in eukaryotes, are the miRNA, noncoding RNAs responsible for regulates the expression of genes
in a sequencing specific matter. Others types are siRNA, piRNA and sRNAs (prokaryotes). siRNAs
are double-stranded RNA (dsRNA), like miRNA, which directs transcriptional silence of targets,
participates in histone modification, heterochromatin formation. Piwi-interacting RNA (piRNA)
is a defense system against transposons that acts through deposition of modifications in histones,
inducing a heterochromatic state. The piRNAs are present in the genome in clusters and are
a germ line specific class from both male and female organisms, and different from the others
classes of SRNAs, piRNA requires the Piwi protein to be generated.

In prokaryotes, regulatory noncoding RNAs are transcripts of 50 to 250 nucleotides known
as sRNAs that can either bound to mRNA and regulates gene expression or bind to proteins and
alter their function. SRNAs can act on a target in cis or trans, and are involved in stress response,
virulence, quorum sensing, DNA elimination, among others. A recently discover mechanism is
the clustered regularly interspaced short palindromic repeat (CRISPR) pathway which are
responsible for direct sequence-specific cleavage of foreign DNA.

Another type of regulatory RNA are the IncRNAs, transcripts with proximally 200 nucleotides
or more that is not translate into proteins. They include different classes of RNA like enhancer
RNAs (eRNA), small nucleolar RNA (snoRNA), intergenic and overlapping transcripts. Independent
of the class, the IncRNA are cell specific with high selective pressure, considering the genetic
sequences, the promoters and there function structure, and also can function in cis and in trans,

affecting neighbor genes or more distant ones.
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An important aspect of the IncRNAs is that they interact with diverse proteins, forms nucleus
domains, interacting two distinct chromosomal regions and modulates the chromatin. The
IncRNA can act as a regulatory element, having an influence in histone modification, activating
and repressing, even silence alleles of several genes (genomic imprinting). One example is XIST, a
IncRNA involved in the inactivation of the X chromosome in mammals, and aberrant XIST showed
to be involved in human cancer and an alteration on a XIST regulator (TSIX - antisense noncoding
regulator) result in alteration X inactivation and embryonic lethality. IncRNA are also involved

in the development of central nervous system, heart among other organs and environment

responses.

The field of study of the ncRNA is just getting started and there is still a lot to learn about
then and what they influence in the eukaryote and prokaryotes life, and because of that the
scientific world is focusing all efforts on the study of those transcripts, the real responsible for the
complexly of organisms.

METHODOLOGY OF STUDY: ADVANTAGES AND DISADVANTAGES
Microarray X RNA-seq

Microarray and RNA-seq are experimental techniques to measure the expression levels of
the transcripts. These technologies have driven the functional genomics research in different
organisms, prokaryotes and eukaryotes, for studies of physiological or pathological conditions.
Microarrays allow a quantification of nucleic acids (mRNA form of genomic DNA or cDNA) by
hybridization to complementary array. However, the RNA-seq technique, by sequencing of RNAs,
can apply the same protocol for various interests, such as total RNA, mRNA, small RNA, such as
miRNA, tRNA and rRNA.

There are a number of advantages and disadvantages about these two techniques. Microarray
techniques are limited to detect transcripts, whose genomic sequences are their known; however,
the microarrays are excellent for specific identification of knownvariants, for example in
diagnostic testing, such as: cystic fibrosis. Nevertheless, RNA-seq is used for detection of known
and unknown transcripts and detectssplicing and variants, especially you used for further depth
studies in any organism, prokaryotes and eukaryotes.

Real Time PCR

Real time PCR is a golden standard technique of gene expression that detects the product as
soon it amplifies. The sample (RNA of study) is first reverse transcribed and then a mix similar
with the conversional PCR plus a fluorescent agent is added in the sample for amplification. Real
time PCR are applied in a variety of biological fields such as microbiology, veterinary science,
pharmacology, biotechnology among others and can be useful in detecting SNP variation, allelic
discrimination, forensic studies, quantification of pathogens and genetically modified organisms

(GMOs), food quality, besides gene expression and ncRNA analysis.
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This methodology has some advantages over the conversional PCR considering specially the
measure of the DNA concentration, and another relevant fact is that the results obtained can be
either qualitative or quantitative (qPCR), different from de conventional. Real time PCR is widely
used technique and so became necessary an experimental protocol with detail information, being
a simple and efficient instrument of research is require a maximal quality control so the results
can be more reliable and possible to compare. Real-time PCR is very good for the few genes
already known, however when do you want to see all a comprehensive analysis already exist

other techniques are more suitable and effective.
Applied Biotechnology: Looking in to the Future

In the past, the focuses of genetics studies were or in the genome or in proteins, but the
discovery of new classes of RNA and what they can do opened up a whole world of different
approaches to old problems. Besides the knowledge of the biology of the specie at a given moment
and situation, obtained especially by the mRNA, now the RNA is also being used in medical
treatment, agriculture improvement, and in others fields involving biotechnology.

The development of global transcriptome profile using next generation sequencing as a
functional genomics tool permitted a better selection of possible target for further studies. With
that in mind plus the fact that constant improvement and discoveries are being made in the field
of science, the techniques applied now that focused on RNA made incredible breakthrough and
are a promise in a varied of areas.

Ageing

The use of non-coding RNA like miRNA was first tested in the improvement of lifespan by in
Caenorhabditis elegans and from that different authors pursued this topic. miRNAs modulates
protein homeostasis, mitochondrial metabolism, stress response, including DNA damage [7].
Using new sequencing technologies among other, researchers discovered that many C. elegans
miRNA including lin-4 changed their expression during life and in the absence of lin-4 the animals
decreased their lifespan [8]. This and other breakthroughs demonstrated that miRNAs as capable
of predicting the longevity and remaining lifespan, and that possibly others ncRNAs are also
involved in ageing [7].

Gene function and vaccine production

Next generation sequencing became an extremely important tool for the understanding of gene
function, since the costs of sequencing for the whole genome and transcriptome is more cheap and
fast than previously methodologies. The study of the transcriptome allows us to understand what
happens with the microorganism and the host during the infection and select potential virulent
factors with more precision. This selection is possible thanks to studies of different expression in
environment (e.g. culture medium) that simulates the conditions faced by the pathogen or by a
double transcriptome study where both the microorganism and the host are analyzed in vitro or

in vivo.
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Insect management

Insects pests are a major problem in agriculture and the use of pesticides are slowly decreasing
since it is toxic for humans, fact that brought the necessity for nontoxic approaches. RNA
interference (RNAIi), a process of specific gene silence based on dsRNA, was susceptibly tested in
deleting essential genes in insects and by doing so caused lethality [9]. Both miRNA and siRNA are
pathways endogenous of insects and plants, and the siRNA are recognizing as a major antivirus
defense mechanism of insects. Even so this strategy proved to have potential not only in killing
pests but also in the control of diseases transmitted by insects [10]. The problem encounter for
this method was the way of delivery, since dsRNA apply do not replicate in the host and because
of that need to be constantly supplied. Two popular approaches are the use of RNAI pesticides
that are safe for humans and beneficial insects, and use of transgenic plants that already produce
dsRNAs [10] but in this case brings further problems that will not be discussed here.

Disease therapy

The RNAI therapy shown to be effective in treating a variety of disease from viral disease to
single nucleotide polymorphisms (SNP) and oncogenes, but as mentioned in the topic above the
delivery and possible toxicity of the RNAI are still a concern [11].

Human immunodeficiency virus (HIV) was one of the first target by RNAI in the attempt to
silence an infectiousness targets, but since it is a highly mutate virus there is stilla lot to figure it out
until this approach be successful. A second method were then tested to improve the effectiveness
of the treatment which instead of focusing on the virus the target were a host receptor require for
the infection [12].

The use of RNAI to treat disease are in progress and apart from HIV others illness are also in
experimental testing and among then are hepatitis C virus (HCV), amyotrophic lateral sclerosis
(ALS), Huntington, different types of cancer and more [11,13].

Approaches that manipulates splicing also function as disease therapy by correcting aberrant
splicing or inducing then. Mutation that disrupt or create new splice sites are very common,
in both intronic and exonic location, and are known to cause genetic diseases (e.g. Duchenne
muscular dystrophy, Miyoshi myopathy, Cancer) [13].

PROTEOMICS

The development of new technologies, involved in next-generation sequencing technology
and access the complete genomes has promoted an increase of information about genomic data
for several organisms. Thus, the functional genomics come with aim of complementing genomic
data, where through of transcriptomic and proteomic studies, has promoted the description
of the gene and protein functions as well their interactions. However, unlike of genomic and
transcriptomic studies, the proteomic try to evaluate the protein expression at a given condition.
Thus, a proteomic study provides valuable information about: protein synthesis, qualitative and
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quantitative information of protein product, post-translational modifications, protein-protein

interaction and subcellular localization.

Currently, due the great advances both in classical and high-throughput proteomic
technologies, new advances has been observed in the identification of targets for infectious
diseases, inflammatory diseases, chronic conditions, cancer, drug discovery. Furthermore, through
of comparative proteomic screening, between two conditions, i.e normal and diseased cells, allow
the identification of differentially expressed proteins, that can promoted the identification of
novel targets and biomarkers.

The proteomic allows the analysis of the gene expression on a large scale; this study is basically
divided into two steps: (i) separation of the protein extract through of the intrinsic fundamental
properties of each protein and (ii) identification of proteins through of the sequencing of peptides
predigested enzymatically. However, the success of a proteomic study is due the complimentarily
by bioinformatics analysis; where several softwares are developed to auxiliary in the data analysis,
i.e, correlation with genomic data, furthermore, several public data repository for proteomics data
were created. Thus, proteomics is presented as a multidisciplinary discipline in the investigation
medical, biologic and biochemistry.

Gel-Based Proteomic

Gel-based methods like gel electrophoresis are routinely used in proteomic analysis to
separation of molecules or peptides. Two-dimensional gel electrophoresis (2-DE) is a classical
proteome technique, applied to resolution of protein from complex protein mixture. 2-DE is
used to separate proteins in two dimensions: (i) during the process of isoelectric focalization
(IEF) the proteins are separated according to the isoelectric point (pI) and (ii) using a SDS-PAGE
the proteins are separate by molecular weight. After the electrophoretic resolution the spot/
protein are submitted to tryptic digestion and identified by mass spectrometry (MS). Thus, the
combination of the 2-DE with the technique MALDI-TOF-MS (matrix-assisted laser desorption/

ionization - time of flight), has promoted great insight in the study proteomics.

The 2-DE analysis allows the generation of proteins maps, where spots/proteins differentially
expressed are visualized, as well the presence of post-translational modifications (PTM) and
isoform of proteins. However, a disadvantage of 2-DE classical is gel-to-gel variation, thus to
suppress this variation the two-dimensional fluorescence difference gel electrophoresis (2-D
DIGE) was developed. This technique allows the simultaneous separation of two samples different
pre-labeled with cyanine dye (CyDye) fluorophores in the same 2-DE. Furthermore, the great
advance of this technique is the realization of a multiplex assay, where an internal standard is
used for normalization of data that minimize the experimental variation between gels and favor
the quantitative analysis of the proteins [14].
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Gel-Free Proteomic

Due the great advances in the biotechnological, new technologies also has been developed
in proteomic area, where several advances have been observed in recent years, in order to
address the weaknesses observed in 2-DE. Thus, the development of gel-free methods, such
as liquid chromatography (LC) MS/MS revolutionized the proteomic field, where are obtained
higher sensitivity, accuracy and resolution in proteomic study of large-scale. In this approach

normally utilize a microcapillary reverse phase (RP) pLC system to separate the protein extract
previously cleaved into peptides and in tandem analyzed by MS/MS, using electrospray ionization
(ESI) coupled the mass analyzer (time-of-flight (TOF), quadrupole and ion trap). Thus, LC-MS/MS
analysis associated the database searching has promoted a high-throughput proteomic analysis.

The abundance changes of proteins present in complex biological mixtures is a major
challenge in the proteomic study, thus with the introduction of gel-free methods, several
workflows to quantification have been developed such as: (1) Chemical labeling: utilize thiol-
specific tags to covalently label in cysteine residues through of the isotope-coded affinity tag
(ICAT) reagent approach, in addition other approach used to quantification using the chemical
labeling is the technique iTRAQ, where is based in the labeling of an amine reactive, isobaric,
isotope tag. (2) Metabolic labeling: metabolic precursors (amino acids, carbohydrates, organic
salts) are introduces in the culture media and changed the molecular weight of the proteins, these
metabolic precursors are labeling, through of the technique of stable isotope labeling of amino
acids in cell culture (SILAC). (3) Label-free quantification: no label type is used to quantify the
samples. The quantification is based on (i) spectral counting; where the quantification is achieved
by total number of MS/MS spectra for a protein, and (ii) intensity of the chromatographic peak
area under the curve or intensity of the precursor ion MS spectra.

Proteomic in Applied Microbiology and Biotechnology

The proteomic study offer a global survey of cellular changes in different physiological states
at protein level, thus several studies using distinct or combined proteomic approach has been
applied both in the applied microbiology and biotechnology.

In the microbiology field several proteomic studies have been performed with lactic bacteria,
due the importance of this group of bacteria in the alimentindustry, actas components of probiotic
products and mainly in the fermentation process of yoghurt and cheese as well in the long-term
storage of these products. Thus, proteomic studies related to knowledge of the process adaptive
of Lactobacillus, Propionibacterium and Bifidobacterium, to acid condition and bile salts, showed a
set of proteins that favor the survival and adapt theses bacteria in theses environmental that are
present in the gastro-intestinal tract [15-17]. In addition, the combination of bioinformatics tools
and proteomic techniques has been applied to explore the host-bacteria interaction process,

through of the characterization of surface-exposed proteins main protein fraction used by bacteria
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to promote the interaction with receptors of the host-cell [18,19]. However, these studies favor

the selection of strain bacterial that can be used in the alimentary industry.

The genomic data from cancer patients has promoted information about variations, mutations
and molecular pathways this disease. However, these alterations reflect in the gene expression
of the cell cancer and consequently affected the function and stability of the proteins coding by
these genes. Thus, proteomic study allow unveil this alteration and identify proteins involved in
this pathway. In addition, currently the proteomic has been applied in the research of potential
biomarker to have utilized in diagnostic of various type of cancer. In this type of study the
biological samples evaluated from blood specimens like serum or plasma, thus quantitative
proteomic both label-based and label-free has promoted the identification of several regulated
differentially proteins, when compared the normal cell and tumor cell [18-20].

Currently with the technology advances, great efforts have been directed to the study of
sustainable energy using mainly the bioenergetics process, which aims at energy production
from biological materials and photosynthetic organism. A of the applied bioenergetics process
is at production of biofuels. Thus, several proteomic studies are used to characterize the main
raw material used to produce biofuels. Proteomic study performed with the plants: Sorghum
sugarcane and maize, and algae and cyanobacteria that also are used in biofuels fabrication, have
promoted the characterization of proteins present in different subcellular compartments, involved
in several biological process as well the identification of proteins associated the resistance and
adaptation to several stress conditions. These studies combined different proteomic approach
and the results obtained in these studies theses several source used in the bio-ethanol production,
promote information about of the physiology of this organism as well the identification of targets
that can be used in its improvement main during the cultivation in different climatic conditions,
favoring the biofuels production [21].

Application to a Bacterial Protein-Protein Interaction

With the advent of second and third generation of sequencing technologies of there has a
significant reduction of cost and time, in addition to increasing simultaneously the amount of
readings in sequenced genomes. This made more accessible the genomes sequencing, therefore
increasing the amount of biological data how DNA, RNA and proteins available in public databases
about various organism [22-24].

These molecules of DNA, RNA and proteins do not act individually in a living organism they
work together interacting with each other in order to carry out its regulatory or physical biological
processes. By knowing how these elements are grouped and interact is a relevant area of study
and research, enabling understands an organism, a disease or a biological process at systemic
level. Thus, data generated from DNA, RNA, proteins and other molecules, enabled researchers to
broaden the fields of research to better understand organisms and/or diseases and more, search
for new pharmaceuticals, veterinary, agricultural and biotechnology compounds.
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An important tool for understanding how these molecules act in complex biological systems
are protein-protein interactions (PPI) that, pair-to-pair, form a complex set of biological
interactions called interactome [25, 26]. A PPI is composed of nodes that represent proteins (A
and B), and edges that connect these proteins (nodes). The edge that connects both proteins do
not have source and destination, thus forming a non-directional interaction, being equivalent the
interpretation that the protein A interacts with protein B or that protein B interacts with the
protein A (Figure 6).

P B

Figure 6: Representation of the interaction between two proteins using the graphs theory
where the nodes A and B are connected by an edge.

Each interaction has two elements, being called binary. Several binary interactions form a
complex network of PPl and may represent all interactions of an organism or between a pathogen
and its host (Figure6).In the literature are described methods for the identification of PPI, being
classified as: (i) experimental- yeast-two-hybrid (Y2H), protein chip, tandem affinity purification
followed by mass spectrometry (TAP-MS); - biophysical- atomic force microscopy (AFM),
analytical ultracentrifugation (UC), nuclear magnetic resonance (NMR)or (ii) computational
- three-dimensional structure, text mining, phylogenetic profile, phylogenetic tree, gene co-
localization, interolog mapping-basedand machine learning.

i

L

Figure 7: Example of a protein-protein interaction network, made up of several pairs of

interaction.
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Intime, the methods can be classified also as for the volume of data generated aslow-throughput
or high-throughput. High-throughput methods are able to detect a greater amount of interactions,
but have low specificity. While the low-throughput methods, which test specific interactions,
have high specificity. As more specific is the method, most sure has that the interaction occurs
within the organism and, the more sensitive is the method, the more interactions are known.
Experimental and computational methods complement each other, both being necessary for the
scientific community to better explore the data [27,28].

Regardless of the method used, a network interaction can provide researchers with more
knowledge about an organism, making possible to think about new biological hypotheses and
direct new experiments. In this sense, though indirectly, network interaction can be used for
biotechnological purposes. By better knowing the organism, this can be genetically modified and
have his behavior changed, aiming at greater efficiency or quality in the production of a product
of our interest, as well as, can be genetically modified to produce or metabolize a product that is
harmful to human, animal health or the environment, such as bio-remediation of soils. Aided by a
network of PPI this is possible.

Assuming that some gene, 6peron or protein involved in a biotechnological process of interest
be known, with the help of a PPI network, it is possible to identify the proteins that interact with
(partner) the protein of interest. By identifying proteins an interaction, may also be known their
functions allowing to better understand the biological process or even the biochemical pathway
involved in biotechnological process of interest. This information, aggregated to the knowledge
about the organism, can help a researcher to understand the organism at systemic level, allowing
new hypotheses to be tested in the laboratory. Still, with a network of interaction topological
analysis can performed to identify biologically important proteins as proteins Hubs that have
a high degree of interaction with other proteins, and proteins Betweenness that make the
connection between the functional modules in a network of interaction. These both protein class,
Hub and Betweenness, are considered essential proteins [28].

Information of interactions, protein Hubs and between allies proteomic experiments or
information to RNA-Seq, which test a condition of biotechnological interest and measure the
expression of transcripts or proteins, extend the prospects of identifying targets or metabolic
pathways relevant. Besides allowing know which existing proteins and the expression of these,
it is possible to meet with who these proteins interact and work together for the realization of
biotechnological condition tested.
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1.2 - In silico protein-protein interactions: avoiding
data and method biases over sensitivity and
specificity

Edson Luiz Folador, Alberto Fernandes de Oliveira Junior, Sandeep Tiwari, Syed Babar
Jamal, Rafaela Salgado Ferreira, Debmalya Barh, Preetam Ghosh, Artur Silva, Vasco

Azevedo

O estudo de redes de interacdo proteina-proteina permite se ter uma visdo sistémica dos
mecanismos celulares de um organismo, possibilitando conhecer o organismo a nivel
molecular. Considerando os diversos métodos existentes para a identificacdo dos pares de
interagdo, experimentais e computacionais, aqui nos concentramos em descrever 0s
métodos computacionais. Desconsiderando detalhes da implementacdo de cada método,
destacamos principalmente a natureza do dado biolégico usados para a predigcdo e como
estes dados causam viés sobre a sensibilidade e especificidade destes métodos, visando
levar o leitor a refletir sobre o0s pontos positivos e negativos de cada método.
Secundariamente nos preocupamos em relatar em quais organismos 0s métodos foram
usados, citando ainda onde pode ser encontrada informacdes mais detalhadas sobre o
funcionamento de cada método. Adicionalmente, conforme os dados usados como entrada
para a predicdo, cada método foi classificado como primario ou n&do primério. Foi
considerado primario o método capaz de identificar interagcdes proteina-proteina ainda nao
identificadas em algum organismo e, método ndo primario, aquele que depende da

existéncia de interagdes entre duas proteinas para que outras interagfes sejam preditas.

O artigo referente a esta secéo foi publicado em 2015 pela revista Current Protein & Peptide
Science com DOI nimero 10.2174/1389203716666150505235437.
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Abstract: The study of protein-protein interactions (PPIs) can help researchers raise new hypotheses
uide new experiments. Various methods for the identification and analysis of PPIs have

about an organism or disease an
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Vasco Azevedo

been discussed in the literature. These methods are Fenerally categorized as experimental or computational - each having

its own advantages and disadvantages. Experimenta

methods provide insights into the real state of biological interactions

but tend to be time-consuming and costly. Computational methods, on the other hand, can study thousands of PPIs at a
very low cost and in much less time; however, the accuracy of such in silico prediction results heavily depends on the spe-
cific computational approach used. Furthermore, there is no gold standard for these computational methods; a method that
works well for predicting one PPI may perform poorly (by generating false positives and false negatives) for a different
PPL. Therefore, all such predictions must be carefully validated, preferably with experimental data. In this paper, we re-
view the existing computational approaches and emphasize the use of biological data as inputs for accurate predictions of
PPIs. We also discuss how such mnput datasets and approaches may influence the sensitivity and specificity of the pre-

dicted PPI networks.

Keywords: Computational approaches, in silico prediction, protein-protein interaction, protein network, system biology.

1. INTRODUCTION

Most of the data related to protein interaction networks
have come from high-throughput experiments that provide
information about interacting protein pairs [1]. However,
such high-throughput experimental methods have their own
limitations because they often produce a high number of
false positives and false negatives, while also being time-
consuming and labor-intensive [2]. The advent of second and
third generation sequencing has allowed genomes to be se-
quenced with significant reductions in cost and time, which
has resulted in an ever-increasing number of sequenced ge-
nomes. Consequently, the amounts of biological data related
to DNA, RNA, transcripts, proteins, and other molecules
have also increased, opening up new opportunities to explore
these data and better understand organisms and diseases,
thereby aiding the search for new pharmaceuticals or prod-
ucts for use in veterinary, agriculture, or biotechnology in-
dustries [3-9].
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DNA, RNA, and proteins all work together to perform
the biological functions of living cells. To understand how

these molecules interact and are grouped, is an important
area of study that can help develop a better understanding of
an organism, a disease, or a biological process at a system
level. An important tool for understanding complex biologi-
cal systems is the study of protein-protein interactions
(PPIs), which form complex networks of biological interac-
tions called interactomes [10-14]. In the literature, several
experimental and computational methods for the identifica-
tion of PPIs have been reported. Important experimental
methods include yeast-two-hybrid [15-17], protein chip [18,
19], tandem affinity purification followed by mass spec-
trometry [20-22], and biophysics-based methods, such as,
atomic force microscopy [23-27], analytical ultracentrifuga-
tion [28-30], and nuclear magnetic resonance (NMR) [31-
33]. We focus on only the computational methods in this
paper and provide a detailed review of such computational

methods used to predict PPIs [34] specifically.
Based on the volume of data that they generate, computa-

tional methods can also be classified as low-throughput or
high-throughput methods. When using computational tools
to predict PPIs, an important aspect is to validate the results
© 2015 Bentham Science Publishers
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with experimental data that have preferably been manually 3D structures of proteins that show the arrangement of
curated. In the validations, statistical measures such as sensi-atoms in space can help researchers understand the connec-
tivity, specificity, accuracy and area under the curve (AUC),tions between biomolecules at the atomic level. Most of the
represented as Receiver Operating Characteristics (ROC)PPI prediction methods use as template a file, obtained from
curve, have been used to associate a degree of confidence to X-ray crystallography or NMR spectroscopy, which contains
a predicted interaction [12, 35-41]. Today, the large amountthe representation of macromolecular protein structures. A
of information that is available in public PPI databasespioneering work that solved the 3D structures of many pro-
makes the validation task easier and more effective than itteins originated in the 20" century [69-72] and used X-ray
was some years ago. Currently, tens of thousands of positive crystallography - a method that is still widely used today. On
interactions [42-46] and curated PPI data [47] are availablethe other hand, NMR is a newer experimental technique that
in public databases, while datasets of non-interacting pro-is also capable of producing 3D protein structures using the
teins have also been published [48, 49]. different magnetic resonance frequencies of the atomic nu-
clei in the bio-molecule [73]. However, these experimental
methods are often difficult to implement because of the long
time required to determine a 3D structure at high resolution,
especially for membrane proteins that present molecular
weight and size limitations [68, 74, 75]. Other template-
based approaches have also been used to obtain 3D protein

tally in an organism. However, this fact does not reduce the
importance of in silico predictions that can quickly identify X G :
structures. These approaches were described as “comparative

thousands of interactions with a certain degree of confidence. s : 22
Tl S modeling”, “homology modeling”, “template-free”, or ab
Such predictions can lead to new biological hypotheses’. . . .
. vyt . initio, and have been used to provide reasonable models for
about an organism and can help to guide in vitro experiments 2 . .
; : . protein structures using computational tools [76, 77]. Such
to obtain the best results, thereby reducing both time and cost w !
methods depend on the availability of experimentally deter-
[50]. > : ;
) mined 3D models from which an unknown structure is pre-
In the last two years, several reviews on PPI in silico dicted using an algorithm that parses the 3D domains of the
predlctlon schemes were pubhshqd wherein the computa-known structure. Today, most 3D models of structures are
tional methods were thoroughly discussed [10-14, 51, 52].obtained by comparative modeling methods that follow the
Our focus in this paper is to review only those computational protocol described by Sali (1997) [76]. This protocol lists the
methods that use biological theories to support the m;thpd following four fundamental steps for the creation of a model:
and different types of biological data as inputs for predicting i) identification of homologous structures that can be used
the interacting pairs. We will discuss the advantages andas templates for modeling; (ii) alignment of the target se-
disadvantages of each such computational method and exam- quence with the template sequences; (iii) construction of the
ine their sensitivity and specificity that are negatively corre-model for the target based on the alignment; and (iv) model

It is important to remember that no matter how strong the
PPI validation methodology or high degree of confidence
associated with the interactions, the veracity of any predic-
tion can only be absolute when it is demonstrated experimen-

lated [53]. validation. . .
2. COMPUTATIONAL METHODS USED FOR PRO- When the 3D structures of two proteins are known, it is
T:EIN-PR OTEIN INTERACTION PREDICTION possible to predict the corresponding protein-protein [78] or

protein-ligand interactions [79, 80]. From analyses of several

Computational methods for predicting PPIs can be classi- protein-protein complexes at atomic resolution, it was de-
fied in various ways based on the techniques or the datatermined that the interactions occurred at surface regions
sources used. However, these classifications are not mutually (Fig. 1) that were highly complementary to each other [81,
exclusive. In PPI predictions, the specific algorithm lever-82]. Molecular docking methods have been developed to
ages biological data to achieve better prediction results [54-help understand the degree of interatomic interaction
58]; for example, the biological data can be three-(chemical bonds) between two or more molecules, for exam-
dimensional (3D) protein structures while the algorithm canple, between two protein molecules. By using a scoring sys-
use machine learning-based approaches. In the following, wetem, such predicted interactions can also indicate the strength
review the popular computational methods that can be classi- of association or binding affinity between the two molecules.
fied under five main categories: (i) docking-based methods, A wide range of tools is currently available to model mo-
(i1) text-mining based methods, (iii) amino acid sequencelecular docking between interacting proteins [14, 83-89].
similarity based methods, (iv) protein domain based meth- Most of these methods are based on the assumption of “hard-

ods, and (v) machine learning based methods. body” interactions, meaning that the two molecules interact
as solid, rigid bodies. Geometric surface models and data
2.1. Docking-Based Methods structures have been developed to predict connection modes

of reasonable complexity whereas heuristic functions are
used to classify candidates of greater complexity [90]. How-
ever, even though such methods based on “rigid-body” struc-
tures can precisely match the surfaces of 3D structures, they
have an inherent limitation as the molecular flexibility of
proteins, which is important in numerous biological proc-
esses, cannot be taken into consideration [91]. Molecular
dynamics based approaches, which take into account the
atomic motion in biomolecules, have been proposed to

Understanding the physicochemical characteristics of the
proteins that interact in a network, and also the details of
how an interaction is established at the molecular level, can
provide details on the working of cells and organisms as a
whole [59-62]. In silico methods can then be used to investi-
gate such interactions and predict how these molecules might
interact at the atomic level [63, 64]. In this way, important
regions in a protein’s structure can be identified and targeted,
e.g., for drug design [65-68].
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Fig. (1). Circle: complementarity at the interaction interface between proteins involved in promoting cancers. Left structure: RAF1 (PDB ID:

IC1Y_A). Right structure: MAP2K2 (PDB ID: 1S91_A) [97].
overcome this limitation [92]. This methodology calculates
the atomic positions of different constituents at consecutive

time intervals in the order of femtoseconds (1fs = 10~ sec-
onds). A set of coordinates for the nucleus of each atom in
the system and its temporal evolution describe the system
trajectory [92-95]; hence this methodology incurs high com-
putational costs to model an interactome having large num-
ber of interactions. Recently, the field of interactome model-
ing has emerged with the goal of understanding the complex-
ity of molecular interaction networks between the proteins in
a cell using 3D structures. Although interactome modeling
refers to the numerous molecular contacts among intracellu-
lar proteins, in some cases, it is also possible to understand

the interactions between genes. A great challenge however,
is to use molecular dynamics to model a network of interac-

tions between proteins on a large scale that would incorpo-
rate their 3D structures at the atomic level [96].

Such 3D structure based approaches can be considered
primary as they can predict new interactions that have not
yet been reported in the literature. However, these ap-
proaches are highly specific and depend only on the exis-
tence of 3D structures, which is a major disadvantage be-
cause of the small number of 3D structures that are currently
available and also the high computational cost required to
generate them in silico (Table 1). Nevertheless, approaches
using 3D structure data were used to predict PPIs in human
cancer cells [97], human immunodeficiency virus (HIV)
[98], a human-virus PPI network [99], metabolic processes

and binding sites [96], and binding patterns of hub protein
[100].

2.2. Text Mining-Based Methods

Text mining techniques have been used in many areas,
from science to business. Text mining uses computational
tools, information retrieval techniques, statistics, natural lan-
guage processing, and machine learning to render, extract,
organize, and view information stored in a natural (human)
language. In other words, these methods use algorithms to
understand and retrieve contextualized information stored in
a natural format; for example, the information published in
abstracts or in scientific articles [101-105]. Thus, text mining
is an important tool for the extraction of knowledge in sys-
tems biology [106-108]. Grammatical rules are used to seek
and recognize the co-occurrence of predefined entities and

the relationships between these entities in a literary database
(Fig. 2). Here, an entity can be any object (noun) of interest,
for instance, diseases, chemicals, pharmaceuticals, ligands,
enzymes, inhibitors, etc. In biology, entities can be the
names of genes or proteins. Relations between entities can be
identified, but not limited to, action verbs and their conjuga-
tions like bind, interact, regulate, and inhibit. In the case of
PPIs, an interaction can also be determined if the grammati-
cal rules include an active or passive voice verb, such as "x
regulates y" or "x is inhibited by y". The more standardized
and accurately described these entities are in the literature,
the more efficient the text mining technique will be. For
more details please see the references [12, 45, 105, 106, 108-
111].

Compared with other methods used to predict PPIs, the
prediction made by the text mining approach is secondary, in

the sense that a PPI can be described as soon as it is pub-
lished, but interactions that have not been described in the

literature cannot be retrieved. However, an advantage is that
text mining does not depend on data for training or on the
existence of a PPI in a public database. Thus, in the litera-
ture, it is possible to identify new interactions between enti-
ties in one organism that may also be present in a different
organism of interest. Because the identification of PPIs by
text mining is based on the co-occurrence of entities (genes
or proteins), it is difficult to predict an interaction if it is re-
ported as hypothetical or when a locus_tag is used as the
identifier of the reported interaction (Table 1).

Text mining has been used to identify PPIs in Es-
cherichia coli and Brucella spp. [112], and in Arabidopsis
thaliana [113] and was used in the STRING database to
gather PPI information from the literature [44].

2.3. Similarity of Amino Acid Sequence-Based Methods

Multiple sequence alignments have been used to identify
biological properties such as amino acid conservation, con-
servation of proteins between different organisms, homology
between interacting proteins, location of nearby genes in a
genome, and gene fusion [12, 13, 26]. These biological prop-
erties can be used alone or in combination to predict possible
PPIs. Each property or combination of properties requires a
distinct methodology with different advantages and disadvan-
tages. Here we describe the approaches used for the predic-
tion of PPIs based on the similarity of amino acid sequence.
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Table 1.

Comparison between the biological data type and methods

Folador et al.

actions described in the literature

Method Primary? Sensitivity / Specificity
Dickifi Yes, depends on molecular tests to There are few three-dimensional structures available when compared to other types
© determine the interaction of biological data used in other methods
: ; Usually the interactions described in scientific texts are derived from experimental
5 No, depends on the existence of inter- o v -
Text mining approaches; predictions depend on co-occurrence of genes/proteins in corresponding

model organisms

Phylogenetic profile and
Phylogenetic tree

Yes, depends only on sequences of
amino acids

Depends on the phylogenetic proximity of organisms used in the prediction. Organ-
isms phylogenetically very close (same species) can result in low specificity while
phylogenetically very distant organisms can result in low sensitivity

Co-localization or neigh-
borhood

Yes, depends only on the location of
genes in the genome

Influenced by the number of neighbor genes considered because genes that are not

considered neighbors may also interact.

; No, depends on the existence of
Interolog mapping . .
interaction to be mapped

Depends on how true are the interactions in the primary database, and also on the
origin of mapping. Also depends on the cut-off value used to determine whether the

mapped interaction pairs are homologous

; Yes, depends on the identification of
Domain e . R
domains involved in interaction

Depends on number of considered domains and if domains are in proper functional

status

. . Yes, after learning the algorithm is
Machine learning . . .
able to identify new interactions

Depends on whether the algorithm was trained properly to distinguish between true
and false interactions; the training dataset must include both true and false interac-

tions (negatome)

rimary: Identifies whether the method 1s able to predict new interactions without relying on interactions already described. Sensitivity / Specificity: Characteristics of biological data

that can bias the sensitivity or specificity.

2.4. Phylogenetic Profile-Based Approach

In this approach, pairs of proteins are used to identify
pairs of homologous proteins in other organisms, thus creat-

ing a phylogenetic profile that describes the presence or ab-
sence of these protein pairs in various organisms (Fig. 3).
The biological premise that underpins this approach is that if
two genes are related to implementation of a function, they
probably were inherited together, a situation that the loss of
either of the two genes could derail a given function of the
organism [26]. When using a phylogenetic profile-based
approach, it is especially important to check if the conserved
sequences occur as a result of selective pressure over a long
period of time and not simply because the corresponding
organisms were phylogenetically close. Thus, the selection
of phylogenetically close organisms, without considering
enough time to accommodate selective pressure, may cause
the identification of false-positive interactions.

By testing the conservation of pairs of interactions in a
large set of organisms, this approach tends to be more spe-
cific and less sensitive especially while selecting phyloge-
netically distant organisms and considering that proteins
must exist in all the organisms [46, 53]. For more details,
please see the references [12, 13, 46, 52].

The predictions made by this approach can be considered
primary as new interactions can be identified without prior
knowledge of interaction between protein participants. The

predictions are dependent only on the amino acids sequences
to construct a phylogenetic profile and, the presence of both
proteins in organisms infers that they interact (Table 1). This
approach has been used to predict PPIs in Mus musculus

[53], E. coli and yeast [114], 4. thaliana [56], and Plasmo-
dium falciparum [115].

2.4.1. Phylogenetic Tree-Based Approach

In this approach, in addition to the presence or absence of
protein pairs in various organisms, a pair of proteins has to
possess the same evolutionary history. The premise that un-
derlies this approach is based on the assumption that, if only
one of the proteins in a pair of interacting proteins undergoes
modification as a result of evolutionary pressure, then the
interaction will not exist. On the other hand, if one of the
proteins in a pair undergoes modification and the other pro-
tein changes in order to adapt, the interaction can be main-
tained [14] and the proteins can be said to have co-evolved.
When proteins co-evolve, the topology of the phylogenetic
trees will be similar and they interact; thus, this approach,
also called the mirror tree approach, compares the differ-
ences between these trees [10]. Each branch of a phyloge-
netic tree is converted to a numeric value and stored as an
array or vector, enabling calculations, analyses, and large-
scale computational comparisons [50, 116] (Fig. 4). Similari-
ties between trees can also occur when a pair of proteins
evolved and maintained their similarity simply by the posi-

tive selective pressures on organisms, even though the par-
ticular protein pairs do not interact. To eliminate this bias,

normalization of such phylogenetic trees using the 16S
rRNA has been proposed [117]. For more details, please see
the references [13, 46, 52].

This approach is also considered as primary because new

interactions can be identified without relying on them having
been reported in literature or existing in a public database.
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Fig. (2). Text-mining schema, the entities (proteins) are identified in texts and the relationship between these entities are retrieved from sen-

tences allowing the extraction of the protein pair.

Depending on the number of organisms used to generate
and compare the phylogenetic trees, this approach tends to
be more specific an(f, less sensitive Table 1). This approach
has been used to redict the mteractome of E. co}) 116],
human [118], and Saccharomyces cerevisiae [119].

2.4.2. Gene Colocalization-Based Approach

In this approach, the assumption is that when two genes
are located in the same region of a genome and the region is
conserved in several species, the products of these genes will

;grobably interact [13]. This a%proach allows genes that may
orm operons to be 1dent1ﬁ assuming that the proteins
expressed by these genes interact in a cluster to perform their
roles (Fig. 5). In bacteria these neighbor genes, organized in
an o;l)1 ron, are transcribed as a single unit while in eukaryo-
tes, they are co-regulated usually possessing a closely related
function and probably interacting [34]. The number of ge-
nome sequences used to identify the conservation of gene
locations, as well as how phylogenetically close the genomes
are, can generate bias; however it is more specific than the
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approach in which phylogenetically distant genomes are Organism 1 "
compared [12]. For more details, please see the references P - 3 \
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Fig. (3). Phylogenetic profile schema, representing the conserva-
tion of protein pairs in various organisms.
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Fig. (4). Phylogenetic tree schema: represent the conservation of
phylogenetic profile in various organisms besides selective pres-
sure. When the topology of phylogenetic trees are close, their dis-
tance matrices are correlated.

Fig. (5). Gene colocalization schema: represents the conservation
of neighbor genes and their localization in various organisms.

The predictions made by this approach can also be con-
sidered as primary because new interactions can be identified

without relying on them having been reported in the litera-
ture or existing in a public database. Compared with other
methodologies, this approach is more specific and less sensi-
tive, and has a tendency to generate false negatives because

although neighboring genes are expected to actually interact,
distant genes can also interact and these interactions would

not be detected by this approach (Table 1). This approach
has been used to predict the interactome of 4. thaliana [56].

2.4.3. Interolog Mapping-Based Approach

Interolog mapping can be used for PPI prediction by con-
sidering the mapping of orthologous interactions. This ap-
proach uses a premise similar to that used for gene annota-
tion, where a gene function is inferred based on the function
of homologous genes in other organisms. Similarly, this ap-
proach is based on the biological principle that, if two pro-
teins (pl and p2) from one organism are known to interact,
then the homologous proteins in an organism for which we
wish to predict the interactions (il and i2) will also interact
[13]. That is, if pl and p2 interact, and pl is homologous to
il and p2 is homologous to i2, then il and i2 will interact in
the organism of interest (Fig. 6). This premise is more realis-

tic in prokaryotes however, in eukaryotes other factors such
as the cellular location of the proteins and their possible tis-

sue-specific expression have to be taken into account.

The basic premise used in this approach is the identifica-
tion of pairs of PPI counterparts in any organism, preferably
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phylogenetically close, requiring this primary source of in- combinations of metrics such as similarity, identity, and cov-
teractions. Today, there is a large amount of public data on erage seemed to better differentiate homologous protein pairs
PPI and amino acid sequences available [42-44, 120], where when compared with metrics such as e-value, score, or bit
the homology of these bases against the organism of interest score; this might be because the latter metrics are sensitive to
can be identified with programs like Blast+ [121], and thethe length of the amino acid sequences and the size of the
homologous pairs of interactions can be mapped to the or- database [41, 122].

ganism of interest (Fig. 6). For more details, please see the

refarsncea1d, 122], This approach is useful to transfer PPIs from model or-

ganisms to other less studied organisms. It has been used to
predict PPIs in human cancer proteins [36], human [123,

124], rice [125], A. thaliana [56, 126], M. musculus [53],
Tetraselmis subcordiformis [127], S. cerevisiae [128],
Caenorhabditis elegans [129], Danio rerio [130], yeast
[131], and Leishmania braziliensis, Leishmania major, and
Leishmania infantum [41].

Reciprocal

Multifasta Blast+ Multifasta 2.5. Protein Domain-Based Approach

file file Protein domains are functional and/or structural units in a
protein and are conserved through evolution. Currently, the
interest in domain-based protein interaction prediction is
increasing, and several methods based on this approach have
been proposed. Sprinzak and Margalit [132] were the first to
use an association method for the identification of PPIs in S.
cerevisiae. Different approaches such as the association
method, domain association method, Bayesian networks
| method, domain pair exclusion method, and P-value method
have been applied to predict PPIs [34].

Homologous

Blast+ PPI predicted

output e o ..
The association method looks for characteristic se-

quences or structural motifs that are present in the proteins in
an interacting pair and that are not present in non-interacting
Interolog Mapping proteins [132]. Protein interaction data are used to compute
log-odds scores and to find correlated domains. The log-odds
Fig. (6). Interolog mapping schema. Left box: amino acid se-gcore is computed as:
quence and interaction pairs from public databases. Right box: the | Pii /PiPi
amino acid sequence of the organism of interest. Center box: recig- o 0g> (Pij /PiPj), o .

rocal gllgnmgnt of public data sequences against sequences of t e where, Pij is the observed frequency of domains i and j that
organism of interest. Down box: mapping of interactions from pub- occur in one protein pair; Pi and Pj are the background fre-
lic database and transfer of homologous interactions to the organ- quencies of domains 1 and j in the interaction data. Predicted

ism of interest along with the alignment and coverage values of domain interactions are defined as interactions that have
Blast+. positive log-odds scores and several occurrences of the given

domain pair in the database.

The major bottleneck of this approach is the volume of
data that revolves around millions of sequences, hundreds of
millions of interactions and hundreds of millions of results of
alignments to be crossed, requiring expertise in Bioinformat-
ics.

In the association method, other domains in a given pair
of interacting proteins are ignored because the method is
based only on the correlated sequence signatures and each
pair of interacting domains is considered separately (Fig. 7).
In Bayesian network methods, this type of data are also

The predictions made by interolog mapping approach are measured [133]. To estimate the parameters of Bayesian
secondary, because only after the PPI are known in any or- models, the maximum likelihood estimation method can be
ganism, can homologous interactions be predicted in theused. This method maximizes the probability of interactions
organism of interest. Currently, the large numbers of PPIs of all putative domain pairs and incorporates the experimen-
that are available in the various public databases [42-45, 56, tal errors of protein interaction data into the scoring scheme.
123] tend to make this approach extremely sensitive. There- The likelihood function is expressed by the following pa-
fore, the specificity of the interactions should be tested care- rameters:
fully because, in general they have negative correlations 0 (O
[122]. The specificity of this approach depends on two fac- (64j.fp, fn),
tors: (i) whether both proteins are homologous and (ii) the where ©ij is the probability that domains i and j interact, fp
reliability of the interactions in the public databases that areis the false positive rate, and fn is the false negative rate
used to map the homologous interaction pairs (Table 1). The derived from experimental data. Because of the large number
use of different measures of similarity and different datasets of interacting domains, it can be difficult to maximize the
to validate this methodology have generated conflicting re- likelihood function directly. This problem was resolved us-
sults [14]. To identify the pairs of homologous proteins,ing the expectation maximization algorithm [34].
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Known pairs of domain interaction Interaction  The p-value method is based on the assessments of null

C. hypothesis and performs well for multi-domain protein pairs
A where the presence of a particular domain pair in a protein
pair has no effect on whether or not two proteins interact
[135]. This method calculates the statistics of each domain of
protein pairs and takes into account the experimental error
and incompleteness of the dataset. The theoretical distribu-

. A | A 2 1 tion is obtained by shuffling protein domains so that the net-

work of protein interactions remains fixed. The obtained p-
values indicate the dependability of domain interactions be-
tween two proteins.

Protein domains are highly conserved and are therefore

protein a protein e considered for structure-based drug design. For more details

! 2 A Balae please see the references [13, 136, 137]. The predictions

made by domain-based methods are considered primary as
new interactions can be identified without relying on interac-
tions already reported in the literature or that exist in a public
database. Tze use of domain interactions for the prediction
of PPIs can be extremely sensitive, especially when interac-
protein b protein e tions between single or multi domains are considered in pro-
lﬁl é True tein pairs [138]. However, if only domain interactions are
considered and external factors (prosthetic groups) are ig-
nored, false positives could reduce the specirglcity because a
particular domain may not be in a functional state because of
the 3D conformation of the protein or the presence of inhibi-
protein ¢ protein f tors in the binding site [139] (Table 1). Domain-based meth-

~ ods were applied to predict PPIs in A. thaliana [56], S. cere-
e e @ Tre i 1132], and E. coli [137],
Fig. (7). Domain interaction schema. The known interacting do-
mains are accounted for between the tested protein pairs. The pre-
diction method uses different criteria to determine whether the pair ~ Machine learning-based approaches have been used in
of proteins interacts or not. many areas, from science to business. These approaches use
a gold standard dataset as input and assume that the classifier
The pair exclusion method is an extension of the maxi-can be trained to learn from these data. For PPI predictions
mum likelihood estimation method [34], which is not capa-based on biological data, it is assumed that the algorithm can
ble of detecting specific domain interactions. The specificbe trained to differentiate between true and false interactions
domain interactions were estimated using an Eij score func-(Fig. 8). Therefore, after training, the classifier should be
tion [134] that measures the evidence that domains i and jable to infer if a given pair of proteins interacts or not. To
interact and is defined as the logarithm of a ratio of twotrain the classifier, any kind of biological information, e.g.,
probabilities. The numerator matches the probability thatattributes or characteristics, including those data used in the
two proteins interact when domains i and j interact,prediction approaches described here, can be used. For ex-
whereas the denominator corresponds to the probabilityample, the data can be the position of the genes in the ge-
that proteins interact when domains i and j do not interact.nome, the phylogenetic profile, the conservation of proteins
To compute E-scores for a given domain pair, the probabil-between different species, sequence homology, domains, the
ity in the numerator is calculated using the expectationpositions of the amino acids in a sequence, the degree of
maximization procedure. To compute the probability in theconservation, and physicochemical or biochemical character-
denominator, the procedure is repeated with the likelihoodistics of the proteins etc. that may influence the PPIs [56,
of a given pair of interacting domains interacting is set to111, 140-146]. The learning component of the algorithm
zero. This allows the competing domains to maximize Oij.uses the values of the attributes supplied. Machine learning-
A high E-score indicates a high tendency for two domainsbased methods use diverse strategies to learn from the train-
to interact, while a low E-score indicates that competinging data set and to identify attribute values that can differen-
domains from the same protein pair are more likely to betiate between true and false interactions. Such differentiation
responsible for the interaction. Therefore, specific domaincan occur through algorithms of pattern recognition, sorting,
interactions can be identified by screening for low © valuesgrouping, or the generation of rules for attributes and their
and high E-scores [34]. Although this model does not ex-values [140, 147-152]. The learning process aims to divide
plain the false positives and false negatives in the experi-the attributes and their values into two categories: those that
mental data, the E-score has been shown to perform betterrepresent interactions and those that do not represent interac-
than its constituent quantities by identifying 2.9 times moretions. Sometimes, this division is not binary but rather based
true positives than random assignments, whereas h valueson a scale of statistical confidence. If the features or combi-
yield 1.4 times more true positives than random assign-nations of these attributes and values are not conclusive for
ments [134]. determining whether an interaction is true or not (e.g., in

protein a protein d

2.6. Machine Learning-Based Approach
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case of a random distribution of characteristics), the resultssporidium parvum [115], human cancer [145], and human
also may not be conclusive and a high number of false posi-and hepatitis C virus [146]; (iii) support vector machines,
tive and false negative predictions will be produced [153].which have been used to predict PPIs in 4. thaliana [56], M.
For more details, please see the references [146, 154]. musculus [53], human and hepatitis C virus [146], Helico-

bacter pylori [156], and human and mouse [156]; (1v) the K-

— Foigt: nearest neighbors approach, which has been used to identify
= Training data = Prediction data genes related to diseases in human PPIs [157], H. pylori and
human [142], and water-mediated ligand interactions [143];

and (v) the decision tree [144, 158], which was used to pre-
dict PPIs in Drosophila melanogaster [159].

CONCLUSION

Experimental and computational methods that are used to
test specific interactions in biological data both tend to be
specific, but have the disadvantage of low sensitivity. Be-

) cause the correlation between sensitivity and specificity is
Algorithm Fatten usually negative, a good strategy is to use combined ap-
Leaming proaches; for example, a sensitive method to identify possi-

ble interactions and a more specific method to select the

—

most reliable interactions. Another strategy could be to use a

sensitive method with a carefully selected cutoff point based

on the characteristics of the data, to help achieve a good bal-
l ance between sensitivity and specificity [122].

»e—{D

When combining different methods, it is a good idea to

consider that experimental and computational approaches

Output: can complement each other [26, 160]. Experimental methods

Predicted data file ¢ pe used to generate data that can be used as inputs to

computational methods that can extract patterns and make

predictions based on algorithms and machine learning tech-

niques. The more representative the experimental dataset, the

more reliable are the results obtained in silico. In a second

Fig. (8). Machine learning schema. The input training data setstep, additional experimental data can be used to validate the
must contain true and false interactions. predictions made by the computational methods. On the
other hand, computational methods can work with large vol-

To train an algorithm, it is important to have a dataset ofumes of data and, for example, predict millions of interac-
positive interactions, preferably curated, as well as a datasettions that generate new knowledge about organisms and dis-
of negative interactions [35, 48] because this will help theeases, besides creating new biological hypotheses and guide

algorithm learn the characteristics that determine an interac-new experiments [130, 137, 153, 157, 160].
tion and the characteristics that do not. When the positive
CONFLICT OF INTEREST

and negative interactions are clearly differentiated in the

training dataset, machine-learning is likely to be accurate,  The authors confirm that this article content has no con-
meaning that the predictions will be reasonably precise. Inflict of interest.

other words, the accuracy of a prediction is related directly to

the quality of the learning of each method [12, 35]. Today, ACKNOWLEDGEMENTS
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1.3 - Corynebacterium pseudotuberculosis

Corynebacterium pseudotuberculosis (Cp) faz parte do grupo de bactérias CMNR
(Corynebacterium, Mycobacterium, Nocardia, Rhodococcus) (Butler, Ahearn e Kilburn,
1986). E uma bactéria patogénica intracelular facultativa, gram-positiva, possui fimbrias

porém ndo se move, ndo forma capsulas e ndo esporula (Selim, 2001).

Cp se apresenta em dois biovares: ovis e equi (Songer et al., 1988). O biovar equi infecta
principalmente equinos e bovinos, jA o biovar ovis € o agente etioldgico de linfadenite
caseosa (LC), uma doenca cronica que afeta principalmente rebanhos de ovinos e caprinos,
sendo a infeccdo em humanos associada a exposicao profissional durante 0 manuseio dos

rebanhos (Hémond et al., 2009; Ivanovi¢ et al., 2009).

Estudo realizado no estado de Minas Gerais, Brasil, mostrou que 78.9% dos animais
testados foram soropositivos para LC (Seyffert et al., 2010). Entretanto, o estudo de Cp se
torna importante também pela prevaléncia em diversos paises no globo (Windsor, 2011),
como estado de Granada e ilhas Carriacou na India (Hariharan et al., 2014), Coréia (Jung et
al., 2015), Franca (Trost et al., 2010), Patagbnia na Argentina (Cerdeira et al., 2011), Brasil e
Austréalia (Ruiz et al., 2011), Israel (Silva et al., 2011), Africa (Hassan et al., 2012), norte da
Califérnia (Lopes et al., 2012), Escdcia (Pethick et al., 2012; Voigt et al., 2012), Espanha
(Colom-Cadena et al., 2014), Argélia (Mira et al., 2014), regido Selangor na Malasia (Osman
et al., 2015), Egito (Oreiby et al., 2014), Turquia (SakmanogLu et al., 2015) e mais
recentemente na Etidpia (Abebe e Sisay Tessema, 2015). A LC causa significantes percas
econdmicas em diversos paises devido a baixa qualidade de carcacas, queda na producao
de carne, 1a e leite (Dorella et al., 2006; Baird e Fontaine, 2007), além de mortalidade de

animais causada por meningoencefalite supurativa (Santarosa et al., 2015).

Até o ano de 2014, haviam sido sequenciadas e disponibilizadas publicamente pelo grupo
de pesquisa do Laboratério de Genética Celular e Molecular (LGCM) da Universidade
Federal de Minas Gerais (UFMG) e do Laboratério de Polimorfismo e DNA (LPDNA) da
Universidade Federal do Para (UFPA) 15 genomas de Cp, sendo nove linhagens do biovar
ovis e seis do biovar equi. Mesmo com todas as informag¢des genéticas disponiveis, 0s
métodos desenvolvidos para diagnéstico e tratamento de LC ainda néo sdo suficientemente
eficazes devido Cp apresentar baixa resposta terapéutica aos medicamentos disponiveis e
habilidade em persistir no meio ambiente (Williamson e Nairn, 1980; Dorella et al., 2006;
Oreiby et al., 2014).
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Considerando a resisténcia e prejuizos causados, Cp se torna um importante organismo
para ser investigado, demandando ainda mais pesquisas da comunidade cientifica
objetivando melhorar nosso conhecimento sobre os mecanismos moleculares e sua
patogenicidade, viabilizando entdo, pensar em diferentes hipGteses e estratégias para o
desenvolvimento de novos farmacos. Por estas razfes, além dos genes, transcritos e
proteinas, se faz necessario conhecer como estas moléculas interagem umas com as outras
dentro da célula e com o meio ambiente para desempenharem suas funcfes biologicas
(Barabési e Oltvai, 2004; Sharan et al., 2005; Flérez et al., 2010; Garma et al., 2012;
Gonzalez e Kann, 2012). Neste aspecto, conhecer as proteinas e suas interacbes é
fundamental para entender os mecanismos moleculares da célula a nivel de sistémico

(Wetie et al., 2013; Peng et al., 2014).

As redes de interacdo proteina-proteina (PPI) nos possibilitam ter uma visdo sistémica da
biologia de um organismo a nivel celular, viabilizando ainda fazer diversas analises. Além da
identificacao das interacdes e dos clusteres de proteinas que possibilita entender melhor o
organismo, através de analise topolégica da rede de interacdo, € possivel identificar
proteinas importantes, com potencial uso como alvos para drogas (Li et al., 2012; Cui e He,
2014; Li et al., 2014; Mulder et al., 2014; Wetie et al., 2014). Andlises computacionais em
uma rede de interagdo podem auxiliar no desenvolvimento de novas hipéteses sobre o
organismo e no desenho de novos experimentos em laboratorio conduzidos por estas

hipoteses (Braun e Gingras, 2012; Zhang, Xu e Xiao, 2013).

Em caso de organismos patogénico, entender a rede de interagdo proteina-proteina,
viabiliza a identificacdo de proteinas importantes, oferecendo consequentemente,
oportunidades para o desenvolvimento de novas drogas, vacinas ou outros produtos
biotecnoldgicos (Mosca et al.,, 2013; Zoraghi e Reiner, 2013; Hauser et al., 2014; Lage,
2014; Li et al., 2014).

Devido a importancia veterinaria de C. pseudotuberculosis e conhecendo o potencial das
redes de interagdo, visando fornecer recursos para que outros pesquisadores conhegcam
melhor este organismo a nivel molecular e também identificar proteinas essenciais com
potencial uso para diagndéstico ou alvos para farmacos, neste trabalho, foi validada uma
metodologia para posterior aplicacdo na predicao das redes de interacdo proteina-proteina

de nove linhagens do biovar ovis de C. pseudotuberculosis.
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2 - Metodologia
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2.1 - An improved interolog mapping-based
computational prediction of protein—protein
interactions with increased network coverage

Edson Luiz Folador, Syed Shah Hassan, Ney Lemke, Debmalya Barh, Artur Silva, Rafaela
Salgado Ferreira e Vasco Azevedo

Existem diversos métodos computacionais para a predicdo de interacdo proteina-proteina,
cada um com vantagens e desvantagens, devendo cada metodologia ser cuidadosamente
validada para que tenha sua viabilidade comprovada, principalmente quanto a sensibilidade
e especificidade. Cada método computacional exige como entrada para a predicdo um
determinado tipo de dado biolégico, sendo as sequéncias de nucleotideos e aminoacidos os
tipos mais abundantes, principalmente devido ao surgimento das tecnologias de

sequenciamento de nova geragao.

O mapeamento de interagBes ortélogas (Interolog mapping) € um método que usa as
sequéncias de aminoacidos como entrada para a predicdo de interagbes. Este método é
baseado na premissa bioldgica que, se um par de proteinas interage em um organismo “a” e
este par de proteinas é ortélogo no organismo “b”, a interacdo também ocorrerd no
organismo “b”. Como existem varios bancos de dados de interacdo proteina-proteina
disponiveis publicamente, o desafio em usar este método consiste em garantir que somente

os pares de proteinas ort6logos sejam mapeados para o organismo de interesse.

Antes de usarmos este método para construirmos as redes de interacdo de C.
pseudotuberculosis, tivemos a preocupacao de o validar, comparando as interagfes preditas
com interagOes experimentais e curadas (Xenarios et al., 2000; Orchard et al., 2012). Como
resultado da validacdo, além de obtermos uma cobertura maior da rede de interacao,
identificamos um ponto de corte que melhor representasse a razdo entre sensibilidade e

especificidade.

O artigo referente a este trabalho foi publicado na revista Integrative Biology em setembro de
2014 com DOI numero 10.1039/c4ib00136b, estando também disponivel no endereco
eletrénico http://pubs.rsc.org/en/content/articlehtml|/2014/ib/c4ib00136b.
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An improved interolog mapping-based
computational prediction of protein—protein
interactions with increased network coveraget

Edson Luiz Folador,*® Syed Shah Hassan,” Ney Lemke,” Debmalya Barh,*
Artur Silva,® Rafaela Salgado Ferreirai® and Vasco Azevedoi®

Automated and efficient methods that map ortholog interactions from several organisms and public
databases (pDB) are needed to identify new interactions in an organism of interest (interolog mapping). When
computational methods are applied to predict interactions, it is important that these methods be validated
and their efficiency proven. In this study, we compare six Blast+ metrics over three datasets to identify the
best metric for protein—protein interaction predictions. Using Blast+ to align the protein pairs, the ortholog
interactions from DIP were mapped to String, Intact and Psibase pDBs. For each interaction mapped to each
pDBs, we retrieved the alignment score, e-value, bitscore, similarity, identity and coverage. We evaluated
these Blast+ values, and combinations thereof, with the Receiver Operating Characteristic (ROC) curves and
computed the Area Under Curve (AUC). To validate these predictions, we used a subset of the Database of
Interacting Proteins (DIP) composed of experimental interactions curated by the International Molecular
Exchange (IMEx). The cut-off point for each metric/pDB was computed aiming to identify the best one
that separates the true and false predicted interactions. In contrast to other methods that only compute
the first Blast hit, we considered the first 20 hits, thus increasing the number of predicted interaction pairs.
In addition, we identified the contribution of each individual pDB, as well as their combined contribution
to the prediction. The best metric had an AUC of 0.96 for a single pDB and AUC of 0.93 for combined
pDBs. Compared to other studies, with a cut-off point of 0.70 representing a specificity of 0.95 and a
sensitivity of 0.90 for individual pDB, our method efficiently predicts protein—protein interactions.

Insight, innovation, integration

The identification and validation of effective metrics for protein-protein interaction (PPI) predictions and mainly an increase in the coverage of the interaction
network, our methodology has the potential to efficiently predict PPI in an organism. This will allow a comparison of features at the network level and a better
knowledge about the target organism, thereby, driving new biological postulations and new experiments. A validated computational method to predict PPI allows
the selection of specific interactions of our interest, reducing costs and increasing the success rate in the future experimental results. Likewise, identifying the
contribution of each metric for each individual public database and removing the inefficient metrics are important to prevent misuse in PPI network predictions.
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1 Introduction

Understanding the dynamic nature of activities that take place
inside the cell of a living organism is necessary at the systems
biology level. To achieve this, it is necessary to know how the
elements of cells such as the genes, transcripts, proteins and
various other cellular molecules interact each other and with
the outer environment to facilitate the biological functions.'
In this aspect, proteins and their interactions play an important
role, and therefore understanding protein—protein interactions
(PPIs) is an important aspect to reveal the molecular mechanism
of cell at the system level.” Analysis of PPIs helps in better

This joumal is © The Royal Society of Chemistry 2014
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understanding the biology of phylogenetically close and even the
distance organisms. PPI networks form complex systems and
when such networks are computationally depicted in a graphical
form; the nodes represent proteins and non-directional lines
connecting these nodes represent the interactions between the
proteins.*® Computationally analyzed PPIs help in developing
new hypotheses about an organism and designing the laboratory
experiments driven by the hypotheses.'®'" In the case of infec-
tious microorganisms, studying PPI networks offers identification
of pathogenic proteins and therefore offers new opportunities
for developing novel drugs and vaccines.'*™** The interactions of
proteins within a cell depend on several biological or physico-
chemical factors' and the PPI can be physical interactions,
regulatory associations, genetic interactions, structural inter-
actions, functional similarity associations among others. Such
associations are not mutually exclusive and may occur simulta-
neously.® Several methods have been developed for studying
PPIs that can be categorized as genetic, biochemical, biophysical,
high throughput, and computational approaches.'® The important
experimental methods include yeast-two-hybrid (Y2H),'” protein
chip, tandem affinity purification followed by mass spectrometry
(TAP-MS),"® atomic force microscopy (AFM)**¥'?* and analytical
ultracentrifugation (UC).® Each approach has its advantages and
disadvantages and therefore more than one technique may require
to eliminate the false positives.'® Computational methods can
handle entire proteome interactions but generate false-positive
interactions similar to the high throughput techniques.>®?!
Computational prediction of PPIs and their analysis can be done
using machine learning techniques,""**™° protein sequence
homology or interolog mapping,*” > three-dimensional protein
structure analysis,’®>* docking studies,® domain interactions,*
text mining,*®° protein co-evolution approaches,*”***’ the Mirror
tree method," phylogenetic profile analysis®® or a combination
of these methods,*” which have also been described and reviewed
in other studies.”™® Computational methods, individually or
in combination, have been used to develop and analyse PPI
interaction networks in several organisms such as Drosophila
melanogaster,”®  Arabidopsis thaliana,”® Leishmania brasiliensis,
Leishmania major and Leishmania infantum,> yeast,"” Saccharomyces
cerevisiae,”  Xanthomonas ~oryzae,"® Helicobacter pylori" and
Human.”® When the interaction network is predicted using
sequence homology or interolog mapping, it is assumed that, if a
pair of proteins interacts in a particular organism, the ortholog
proteins in another organism will interact in a similar pattern®'®
and is used to identify the conservation of protein interactions
between two organisms when there is high similarity in the
sequence of proteins® and transfer annotations between genomes.*>
But the prediction efficiency of interolog mapping is not yet
satisfactory as compared to other computational methods.” This
may be due to the use of only the first Blast hit.”* Therefore there is
scope of improving the method for its efficacy and accuracy in
predicting and analyzing the PPI. Here, using publicly available
PPI databases (pDB) both individually and collectively and a
less stringent criterion for Blast+; we tried to increase the
efficacy and sensitivity of interolog mapping based PPIs with
minimal false-positive and false-negative interactions.

This journal is © The Royal Society of Chemistry 2014
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1.2 Materials and methods

1.2.1 Databases used. In this work, we have used four pDB:
Database of Interacting Proteins (DIP),>" String,> Intact,’® and
Psibase® (ESIf S1). Since the DIP contains experimental and
curated data®® for PPIs, it was used as the gold standard to evaluate
our prediction. Aiming to increase the coverage of the interaction
network prediction while also reducing the false negatives and false
positives, we mapped the ortholog interactions and conducted the
prediction of those interaction pairs found in the DIP database
by comparing against three other pDBs instead of only one.*

1.2.2 Blast+. The BLASTp program from the Blast+ package™
was used to align and map the ortholog proteins between the
databases. All the six alighment values of BLASTp: the score,
e-value, bit score, similarity, identity and coverage were considered
to compose the metrics that will be evaluated. Aiming to validate
a methodology that is able to classify non-orthologous and ortho-
logous proteins, we run the Blast+ with the e-value parameter set to
0.1, all other parameters at their default value. To compare the
metrics and how much each pDB contributes to the prediction of
interaction pairs, we ran Blast+ to generate two distinct datasets:
the first contains only the first Blast+ hit (num_alignments 1) and
the second contains the first 20 Blast+ hits (num_alignments 20).

1.2.3 Interolog mapping. To map the ortholog proteins
between pDBs using Blast+, we first used the DIP proteome
as the query and the proteomes of the other pDBs (String, Intact
and Psibase) as the subject. We then inverted this process,
using the latter pDBs as the query and the DIP proteome as the
subject. For the interaction analysis, only those proteins that
had a reciprocal hit (RH), i.e., when protein “a” from DIP align
to protein “A” from the pDB and protein “A” from the pDB
align to protein “a” from the DIP were considered. Specific
datasets and metrics were generated for each pDB versus DIP
combination. For each identified RH, we extracted six values
from the Blast+ alighment results as mentioned before. For each
reciprocal hit, the minimum value of its metric was calculated
using the following formula:

RH(a) = min(BlastValue (a — A), BlastValue (a « A))

Here, “BlastValue” represents each of the six values extracted
from the Blast+ alignhment that will be evaluated, “a” represents
the protein in our gold standard (DIP), and “A” represents the
PDB protein. The reciprocal hit (RH) is represented by both “a — A”,
indicating that the protein “a” in the DIP was used as the query and
was aligned against the protein “A” in the pDB, and by “a « A”,
indicating that the protein “A” in the pDB was used as the query and
was aligned against the protein “a” in the DIP. The following thus
represents an interaction pair:

RH(a), RH(b)

Here, the proteins “a” and “b” are reciprocal hits of proteins
“A” and “B”, respectively. Moreover, “A” and “B” are the
identifiers of the interaction pairs found in the pDBs and were
used to map the interaction pairs “a” and “b” in our gold
standard DIP. The metric about each predicted interaction
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pairs was assessed by two distinct manners: using the average
metric value and using the smallest metric value, which were,
respectively, denoted by the following formulas:

avg(ab) = (RH(a) + RH(b))/2
min(ab) = min(RH(a), RH(b))

Moreover, each pDB has its own confidence score that was also
evaluated both individually and in combination with the other
metrics extracted from the RHs. In addition, we have evaluated
the contribution of each pDB to the interaction pair, for which we
combined the other metrics with the number of times that the
interaction pair was predicted in the pDBs (qt_pDB), giving
greater weight to interaction pairs predicted by different pDBs.

1.2.4 Validation and precision prediction. To assess the
efficiency of our predictions, in addition to a positive set of
interactions, a set of negative interactions is also necessary.
Because the DIP database contains only positive interactions,
the negative interaction pairs were randomly generated from
the DIP protein identifiers through an in-house script at a ratio
of five times the number of positive interactions. This negative
dataset is composed of protein interaction pairs that are not
found in the set of known interactions.””®' We created metrics
with each value extracted from Blast+, with the pDB score, with
the number of databases in which the interaction was predicted
(qt_pDB), or by combining these values. These metrics were
validated for each pDB both individually and collectively, seeking
to identify which metric variation versus pDB best represents the
set of positive and negative interactions found in our gold
standard (DIP). To validate the metrics and their combinations,
we used the Receiver Operating Characteristic (ROC) curve plots
and calculated the Area Under Curve (AUC) for each metric using
the software package ROCR.®* For metrics with a better AUC
value, when seeking to identify a cut-off point that best repre-
sented the positive and negative sets of predicted interactions, we
tested values from zero to one as cut-off points and compute the
sensitivity, specificity and precision by the following formulas:

Sensitivity = TP/(TP + FN)
Specificity = TN/(TN + FP)

Precision = TP/(TP + FP)
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The best cut-off point was chosen using the formula
Sensitivity x Specificity

because, aside from being easy to implement, its result is
equivalent to the Matthews Correlation Coefficient (MCC)."*
The entire method is represented in the ESI, S2.

2 Results and discussion

2.1 Comparison of predictions based on different numbers of
blast alignments

One motivation for this study was the hypothesis that, when only
the first hit returned by Blastt+ is considered, important results
might be disregarded. To test this hypothesis, we performed the
analysis using two datasets: one containing only the first Blast+ hit
(num_alignments 1) and another containing the first 20 Blast+ hits
(num_alignments 20). We compared these two datasets and
observed a general 16.95-fold increase in the number of align-
ments and a 5.10-fold increase in the number of distinct
predicted interaction pairs. Proportionally, there was a larger
increase in the number of alignments than in the number of
interaction pairs. This fact is explained by comparing, especially
in the case of the String pDB, the total number of interaction
pairs (25343 169) with the number of distinct interaction pairs
(5382086), becoming evident the number of repeated inter-
action pairs (Table 1). When we used 20 Blast+ alignments, it
is natural to expect that, if there are homolog proteins among
the pDBs, these will be aligned against the same sequence in the
DIP, thus mapping the same DIP identifier. Consequently, it
reduces the number of distinct DIP interaction pairs identified
in relation to the number of Blast+ alignments.

Consideration of first 20 Blast+ alignments generates a large
number of repeated interaction pairs. But we were able to
increase the number of distinct interaction pairs five times
more with an aim to increase >5 times the network coverage
for more informative interactions. After a significant increase
in the number of distinct interaction pairs generated by Blast+
(num_alignments 20), we investigated the amount of said align-
ments in relation to the number of hits that Blast+ returned after
each run. It was done to identify how much distinctiveness is
actually contributed by increasing the parameter num_alignments
to 20. From the total 812 907 alignments returned by Blast+ for

Table 1 Quantification of the alignments and interaction pairs comparing 1 and 20 blast hits dataset

Blast+ output alignment hits

Interaction pairs mapped from the pDBs

pDB 1 hit 20 hits Proportion 1 hit 20 hits 20 hits(*) Proportion(*)
String 44 660 853234 19.10 1651858 25343169 5382086 3.25

Intact 41 846 450308 10.76 101439 5023022 3518501 34.6
Psibase 9392 322272 34.31 112 314280 47951 428.13

Total 95 898 1625814 16.95 1753409 30680471 8948538 5.10

1 hit: corresponds to reciprocal hits from Blast+ running with the parameter num_alignments set to 1. 20 hits: corresponds to reciprocal hits from
Blast+ running with the parameter num_alignments set to 20. Proportion(*): proportion of the quantity of interaction revealed by Blast+ with
num_alignments 20 had over num_alignments 1 (20 hits(*)/1 hit). Hits were counted in both the a — A and a « A directions. (*) Represents the

number of distinct interaction pairs for Blast+ 20 hits.
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Fig. 1 Distribution of Blast+ alignments grouped by the number of hits.
The alignments were generated with the Blast+ parameter num_align-
ments set to 20. All pDB: is the sum of String, Psibase and Intact. (*)
Alignments in which the coverage to identity ratio is above 80%.

the three pDBs, 71.8% had 20 hits, indicating that an even
higher cut-off value for num_alignments, may be 30 or 40,
could be considered (ESL S3). In addition, we investigated the
quality of these alignments because better alignments have a
greater chance of participating in positive interactions. We then
considered only those hits with >80% identity versus coverage
ratio. Most Blast+ alignments (41.4%) had exactly 20 hits indicating
that num_alignments to a value above 20 might return significant
alignments too (ESLT S3). Considering that these Blast+ alignment
results are not homologous proteins, which would map identical
identifiers in the DIP, they certainly should contribute to the
identification of new interaction pairs. Hence, we investigated
the number of distinct identifiers mapped to the DIP that would
be returned when the Blast+ parameter num_alignments is set to
values between 1 and 20. For this analysis, we considered that
identifiers found with num_alignments 2 were unique. This was
done successively until num_alignments was set to 20, and only
the unique identifiers that were not found in identifier sets for
num_alignments below 20 were considered (Fig. 1). As expected,
most distinct DIP identifiers were found when num_alignments
was set to 1 (76.65%) and only 1.4% when num_alignments 20.
Of the total 23 680 distinct identifiers present in the DIP, 23 280
were found with the Blast+ parameter num_alignments set to 20,
achieving a total identifier coverage of 98%. Comparing the use
of num_alignment set to 1 and 20, there was an increase of
approximately 23% in the number of distinct identifiers (ESL} S3).
Although it is small, this increase may contribute to increase the
number of predicted interacting pairs therefore may increase the
network coverage.

2.2 Analysis of interaction pairs

In our gold standard database DIP, there are positive and negative
interaction pairs. The positive set consists of experimental inter-
actions curated by the IMEX consortium,*® whereas the negative
set was randomly generated at a proportion of five times the
number of positive interactions. In the DIP, all predicted inter-
action pairs cannot be mapped. Therefore, it is impossible to
assess whether these predicted interactions are true or false. To
avoid the doubtful inference, we considered only those inter-
action pairs predicted in the pDBs that were also mapped in the
DIP to analyze our metrics. Given the difference in the number

This journal is © The Royal Society of Chemistry 2014
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Table 2 AUC values relating to metrics from the dataset created with

Blast+ parameter num_alignments set to 1 and the average interaction pair
metric value (avg(ab))

AUC Metric pDB Intact ~ pDB String  pDB Psibase  All pDB
Score 0.44 0.52 ? 0.51
Bitscore 0.44 0.52 ? 0.51
Conserved 0.46 0.49 ? 0.49
Identity 0.46 0.49 ? 0.49
Expected 0.47 0.50 ? 0.50
pDB_score 0.72 0.70 ? 0.69
Combined 1 0.58 0.82 ? 0.80
Combined I 0.72 0.82 ? 0.90

All pDB: contains the combined data of Intact, String and Psibase pDBs.
The values ? of pDB Psibase column could not be computed. The ROC
curves related to the AUC values are detailed in the ESI S4.

Table 3 AUC values relating to metrics from the dataset created with
Blast+ parameter num_alignments set to 20 and the average interaction
pair metric value (avg(ab))

AUC Metric pDB Intact ~ pDB String  pDB Psibase  All pDB
Score 0.83 0.60 0.58 0.68
Bitscore 0.83 0.60 0.58 0.68
Conserved 0.95 0.73 0.67 0.80
Identity 0.96 0.74 0.68 0.81
Expected 0.88 0.61 0.60 0.71
pDB_score 0.57 0.72 0.50 0.65
Combined I 0.79 0.84 0.50 0.80
Combined I 0.96 0.91 0.72 0.92

All pDB: contains the combined data of Intact, String and Psibase pDBs.
The ROC curves related to the AUC values are detailed in the ESI S5.

of Blast+ hits when comparing the two datasets generated with
num_alignments set to 1 and 20, we studied the pattern of each
metric in the interactions generated by each dataset. To do this,
we predicted the PPI pairs, generated ROC curves and computed
the respective AUC values for both the datasets: num_alignments 1
(Table 2) and num_alignments 20 (Table 3). For both the datasets,
we used the metric avg(ab) to compute the six proposed
blast values; score, bitscore, conserved, identity, expected and
pdb_score, in addition to a combination of two other metrics.
For the first dataset, the score, bitscore, conserved, identity and
expected blast values displayed a random behavior with an AUC
close to 0.50. Therefore, it was not possible to distinguish
between positive and negative interactions. In contrast, the
pDB_score metric showed considerable improvement for the
String (AUC 0.70) and Intact (AUC 0.72) pDBs individually.
However, when these pDBs were combined the AUC value
became 0.69. We then tested the Combined I metric (pDB
score*qt_pDB), which showed considerable improvement for
the pDB combination (0.80) and for the String pDB (AUC 0.82),
whereas the result was poorer for the Intact pDB (0.58). After
observing the behavior of the metrics, we combined the best
metric of each individual pDB (pDB score*qt_pDB for String
and pDB score*3 for Intact) to compose the Combined II
metric. This approach yielded the best result for each pDB
individually (AUC of 0.82 for String and 0.72 for Intact) as well as
the best result for the combined pDBs (AUC 0.90). We evaluated
all metrics for the Psibase pDB in an identical manner, but only
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a small number of positive interactions were mapped without a
set of negative interactions as required to generate an ROC
curve (Table 2). In all ROC curves, “All pDB” corresponds to the
union of the data from all the other pDBs which, in theory,
would be expected to contain a value close to the average AUC
of the individual pDBs. However, in some cases, the AUC value
was below the average. This suggested that joining the data
from distinct pDBs and assessing them using the same metric
will not always improve prediction and that this condition
should be carefully tested. We can improve predictions by
combining these metrics (Table 2 — Combined I). Still, if the
best metrics of each individual pDB are normalized, they may
collectively produce better results than if they are individually
analyzed (Table 2 - Combined II).

Other combinations of values may generate better metrics
for predicting interactions in these datasets (num_alignments 1).
Our priority, however, was to perform larger analyses for the
dataset generated with the Blast+ parameter num_alignments
set to 20 (Table 3). This parameter value is justified by the
increased number of predicted interaction pairs, the improve-
ment in the ROC curves and the AUC values together makes
this dataset more biologically relevant for analysis. Because it
contains more interaction pairs, it was possible to generate the
plots for the Psibase pDB, even though the AUC values for this
pDB were not good. For the String and Psibase pDBs, the AUC
values showed considerable improvement for all metrics. The
Conserved and Identity metrics yielded the best AUC values for
each individual pDB, especially for Intact, with AUC of 0.95 and
0.96, respectively. The Identity metric was used to compose the
Combined II metric, which yielded the best AUC value for this
dataset, both for the individual pDBs and for their combination
(AUC 0.92 - Table 3). To improve the AUC values obtained with
avg(ab) metrics (Table 3), we also computed the min(ab) metrics
to the interaction pair (Table 4). The comparison of the plots
generated for the ROC curves shows that both the metrics obtained
from the average value for the interaction pair (Table 3) and those
obtained from the minimum value (Table 4) yielded good results,
indicating that, these two metrics are similar in predicting
interaction networks. A considerable improvement is observed
for the Psibase pDB when the metric is computed using the
minimum value of each interaction pair. In both datasets
analyzed in this study, the AUC value for the Combined II
metric (0.92 - Table 4) obtained by joining all pDBs was very
close to that was found in another study,?” where an AUC equal
to 0.94 was obtained (Fig. 2).

By analyzing the pDBs individually, we identified their
individual contribution to the composition of the general AUC
value of all pDBs. The largest contribution was from the Intact
pDB (0.96), followed by the String (0.90) and Psibase pDBs (0.79)
(Table 4 - Combined II). Each pDB gave a different AUC for
each metric, contributing in different ways to the composition of
the general AUC value. Distinct pDB combinations can also
contribute differently to prediction, a fact observed when analyzing
the ROC curve generated using both the String and Intact pDB.
Without the Psibase pDB, the ROC curve yielded a better general
AUC (0.93 - Fig. 2 - Combined II).
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Table 4 AUC values relating to metrics from the dataset created with

Blast+ parameter num_alignments set to 20 and the minimum interaction
pair metric value (min(ab))

AUC Metric pDB Intact ~ pDB String ~ pDB Psibase  All pDB
Score 0.88 0.61 0.73 0.71
Bitscore 0.88 0.61 0.73 0.71
Conserved 0.95 0.74 0.74 0.80
Identity 0.96 0.74 0.77 0.81
Expected 0.89 0.61 0.73 0.71
pDB_score 0.57 0.72 0.50 0.65
Combined 1 0.79 0.84 0.50 0.80
Combined 11 0.96 0.90 0.79 0.92

All pDB: contains the combined data of Intact, String and Psibase pDB.
The ROC curves related to the AUC values are detailed in the ESI S6.
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Fig. 2 Combined Il ROC curve. ROC curve corresponding to the metrics
generated with the Blast+ parameter num_alignments set to 20 and the
minimum interaction pair metric value (min(ab)).

Independent of using the average (avg(ab)) or the minimum
(min(ab)) value in the metrics, the individual values extracted
from Blast+ that were most effective in predicting interaction
pairs were Coverage and Identity. When an interaction pair is
predicted by more than one pDB, the chances of this inter-
action being true are higher. We used this premise to improve
the ROC curves of the String and Psibase pDBs by giving greater
weight to interactions that were predicted in more than one
pDB (qt_pDB in Combined II). For the Psibase pDB, this change
did not improve the curve; however, it significantly improved for
the combination of all pDBs (0.92) and for the String + Intact
pDB combination (0.93). Individually, the Intact pDB had the
best AUC value (0.96) (Fig. 2 - ESL,} S6).

For the best ROC curves, we assessed several cut-off points to
choose the one having the best relationship between sensitivity
and specificity. We tested cut-off points for the Combined II
metric in relation to the Intact pDB on its own (Fig. 3) and for
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Fig. 3 Sensitivity and specificity analysis for the Combined Il metric ROC
curve of the Intact pDB.
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Fig. 4 Sensitivity and specificity analysis for the Combined Il metric ROC
curve of the String + Intact pDB.

the union of the String and Intact pDBs (Fig. 4). For both the
tested sets, the sensitivity and specificity were inversely correlated,
which made it difficult to choose the best suited cut-off point.
We also tested the sensitivity to specificity ratio, a measure that
is equivalent to the Matthews Correlation Coefficient (MCC),
which has been used to predict interaction networks."" For both
the Intact pDB dataset and the String + Intact combination,
the best cut-off point of the Combined II metric was at 0.70,
representing the highest sensitivity to specificity ratio (Fig. 3
and 4). The cut-off point at 0.70 corresponded to a sensitivity of
0.90 and a specificity of 0.95 for the Intact pDB and to a
sensitivity of 0.83 and specificity of 0.95 for the String + Intact
pDB (Table 5). This cut-off point was more specific than sensi-
tive, which, in practice, means that less interaction pairs would

Table 5 Summary of the Roc curve obtained by applying the Combined Il
metric

Cut- Sens. x
Data AUC off Sensitivity Specificity spec. Precision
Intact 0.96 0.70 0.90 0.95 0.86 0.99
String + Intact 0.93 0.70 0.83 0.95 0.79 0.99

The following formulas were used to compute the values in this table:
sensitivity = TP/(TP + FN); specificity = TN/(TN + FP); precision: TP/(TP + FP).

This journal is © The Royal Society of Chemistry 2014
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be selected (0.90-0.83). However, the generated results have a
higher probability of being true (0.95).

The Combined II metric consists of the identity and cover-
age values extracted from Blast+. The cut-off point is a ratio of
these two values, e.g., equivalent to a coverage of 0.837 and an
identity of 0.837 or a combinations of these values for which
the product is 0.70. This cut-off point was higher than those
were recommended (0.30 for identity and 0.80 for coverage) to
avoid the identification of false positives using the method of
homolog interaction mapping.'® The value corresponding to
the score of each pDB itself (pDB score) used in the Combined I
metric (Table 4) considerably improved the individual predic-
tion for the String pDB. Thus, the pDB score could be used in
combination with other values extracted from Blast+ to further
improve the ROC curve of the String pDB individually or
together with other pDBs. The use of the pDB score, even if
justified by improvements in the ROC curve, would lead us to
use different metrics for each pDB in the same ROC curve.
Because this practice is not reported in the literature, we
adopted a conservative posture and did not add this value for
the String pDB. Each pDB sets its own criteria to classify the
interactions as true, and as a consequence, the use of different
metrics for each pDB may normalize these criteria and improve
the prediction of interaction networks when several pDBs are used.
In addition to the values extracted from the Blast+ alignments
and the pDB score, the way we use the negative interaction set
of the gold standard to evaluate metrics can also influence the
final results (ESI, S7 - the negative dataset).

2.3 Comparison to similar studies

Several other methods and metrics have been developed and
have shown themselves viable when applied to the prediction of
interaction networks (Table 6). A comparison of the metrics found
in other studies with the one presented herein, considering the
different methods, techniques and datasets used by each, has
shown our method to be effective: it obtained an AUC of 0.93 for
the String + Intact pDB combination and an AUC of 0.96 for the
Intact pDB individually. The prediction of interactions using the
interolog mapping method was shown to be viable for application,
due to both the results presented in this study and the compar-
ison to other studies (Table 6).

Table 6 Comparison of the AUC value of our methodology against other
methods

Method AUC value Ref.
Structure Not informed 33
Support Vector Machine (SVM) 0.69 24
Support Vector Machine (SVM) Not informed 26
Text-mining” 0.91 37
Interolog mapping 0.71 28
Mirrortree 0.73 41
Interolog mapping” 0.94 27
Interolog mapping* 0.96 and 0.93 This study

“ Organism-specific method that makes predictions only for annotated
genes. i Using only a single first hit of the Blast®® program and only
702 interactions as the positive gold standard dataset. © Using the first
20 Blast+>? hits for prediction.
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Finally, we used to evaluate our work a data set consisting
of 70.630 experimental and cured interactions as the gold
standard.>*® Considering the different metrics used to measure
the efficiency of the prediction methods and the cut-off point of
0.70, we obtained a precision of 0.99 for both metrics, a value
higher than the precision of 0.74 obtained with a method based
on text mining.*® In addition, comparing the results from our
methodology obtained here with the methodology using Support
Vector Machine (SVM) and 1.500 protein interactions, though the
specificity (0.98) and precision (0.8) values are approximate in both
studies, the sensitivity value (0.15 and 0.28)*° was much lower
than the obtained value in this study (0.83 and 0.90, Table 5).
These results, thus, reinforce the efficiency of our metrics and
the good ratio between sensitivity and specificity.

3 Conclusions

This is the first study that uses the first 20 Blast+ hits to
compare the combinations of values extracted from alignments for
the prediction of PPIs using ortholog interaction mapping and, in
addition, evaluates these values for each pDB individually and in
combination. Based on our observations in this study, we concluded
that each pDB contributes differently to the prediction of interac-
tions, and when used in combinations, the results must be carefully
analyzed because adding another pDB does not necessarily improve
prediction. This study contributes to the scientific community the
good AUC values obtained from the pDB Intact (0.96) and pDB
Intact + String (0.93). Most importantly, it also contributes to the
possibility of increasing the coverage of a predicted interaction
network for an organism by using the first 20 Blast+ hits instead
of only the single first hit, thus maintaining a decent performance.
In addition, despite identifying the metrics that yield good AUC
values, we also identified the metrics that are not adequate for
predicting PPIs using the interolog-mapping method. The blast
values such as the e-value, score and bit score are good metrics
for indicating the best alignments for one query protein against a
group, but they fail to generally differ true and false homology for all
query proteins of a group. In this way, it becomes difficult to identify
a cut-off point to distinguish true homologous proteins. This
phenomenon is explained by the bias that these metrics are due
to the size of the subject database (e-value) or even due to the length
of the amino acid sequence (score and bit score). After all, two small
proteins with good alignments receive a lower score than two larger
proteins with good alignments. The combination of the coverage
and identity metrics was effective to mapping orthologous interac-
tions. It joins in a single metric, both the quality (identity) and
quantity (coverage) of an alignment between two proteins. In this
case, the database size does not influence these metrics and the
percentage values act as normalizers for the protein size. With the
results obtained in this study, we intend to use and apply our
methodology to predict the pan-interactome of fifteen strains of
the gram-positive bacterium Corynebacterium pseudotuberculosis,
a pathogen of great veterinary and economic importance.
In addition, we will use the properties of the predicted
interaction network to improve the functional annotation of
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C. pseudotuberculosis genes.””® Likewise, we hope that the
scientific community will also make use of the in silico meth-
odology that we have validated here, to predict the interaction
networks of their organisms of interest. The approach we have
followed can be reproduced using public-domain computer
programs and databases that are freely available.
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2.1.6 - Supplementary material

Supplementary Material

Table S1: Public databases used for predicting and validation of the interactions

Database Proteins Interactions
DIP(*)%* 23,680 70,630
String® 5,214,234 673,123,356
Intact>® 60,846 314,019
Psibase’’ 105,725 60,532

(*) The gold standard data used to validation. Note: Because interactions in the String database are represented both in the
A -> B and B -> A directions, there are only 336,561,678 distinct interactions.
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Supplementary Material

Figure S2: A) Proteins sequence in fasta format from public databases String, Intact and
Psibase. B) Proteins sequence in fasta format from DIP database. C) Blast+ reciprocal hits
from alignment of A versus B, and B versus A. Represents the hits generated from Blast+
running with the parameter set to 1 and 20. D) Pairs of PPI (protein-protein interactions) from
public databases String, Intact and Psibase. E) Our predicted dataset, generated from the
orthologous pairs of PPI mapped from D. The metrics avg(Ab) and min(ab) were used to
generated the ROC curves. (C) is used to map each pDB identifier (D) to the ortholog DIP
identifier. F) Our gold standard dataset, contain experimental and curated true PPI pairs (T),
used to validade the predicted PPI pairs in E. The false PPI set were randomly created, having

about five times more pairs than the true PPI set.

DR Drote > A D A 1F JIF DIo

>pDBO1 >DIPO1
SEQUENCEA... = = SEQUENCEL...
>pDBO2 >DIPO2
SEQUENCEB... pDB DIP Min(value) SEQUENCE]...
2ebans pDBO1 DIPO2 0.75 2olRos
SEQUENCEC... SEQUENCEK...
>pDBO4 pDBO2 DIPO3 0.92 >DIP04
SEQUENCED... pDB03 DIPOS 0.68 SEQUENCEL...
>pDBO5 >DIPOS
SEQUENCEE... pDB04 DIPO1 0.90 SEQUENCEM...
>pDB06 pDBOS DIPO7 0.45 >DIP06
SEQUENCEF... SEQUENCEN...
>pDBO7 pDBO6 DIPO4 0.86 >DIPO7
SEQUENCEG.. pDBO7 DIPOG 0.75 SEQUENCEO...
>pDB08 >DIPn
SEQUENCEN... pDBO8 DIPO8 0.62 SEQUENCEX...
String: 5,214,234 String: 853,234 Values: score, e-value, DIP: 23,680
Intact: 60.846 A Intact: 450,308 bitscore,  similarity, GoldStandard B
Psibas'e- 105' 725 Psibase: 322,272 identity and coverage

Predicted PPI Min DIP
Protein A Protein B Ortholog pairs (a,b) Experimental PPI (T)
pDB02  pDBO4 DIPO3 DIPO1 0.90 0.91 T —
DB02 DBOS DIPO3 DIPO8 0.62 0.77
£ B ~—<—+ DIPO3 DIPO8 T
pDB04  pDBO6 DIPO1 DIP04 0.86 0.88 |
DIPO4 DIPO6 T

pDB04  pDBO7 DIPO1 DIPO6 0.75 0.83 /
pDBO5  pDBO7 DIPO7 DIPO6 0.45 0.60 piPos DiPar T
pDBO5S  pDBOS DIPO7 DIPO8 045 054 DIPOS DIPO7  F
pDBO6  pDBO7 DIPO4 DIPO6 0.75 0.81 \ DIPO5S DIPO8  F
pDB08 pDB08 DIPO8 DIPO8 0.62 062 |, DIPO6 DIPO7 F

| DIPO8 DIPO8 F
String: 673,123,356 String: 25,343,169
Intact: 314,019 Intact: 5,023,022
Psibase: 60,532 Psibase: 314,280 F=5*T TP, TN, FP, FN




Supplementary Material

Table S3: Distribution of Blast+ alignments grouped by number of hits. Number of reciprocal hits returned by Blast+ but counted in only one

direction. (*) Alignments in which the coverage to identity ratio is above 80%. All: sum of String, Psibase and Intact. Blast Total: equal to All

multiplied by Hits, adding up to 812,907 Blast+ hits in one direction or 1,625,814 if reciprocal hits are counted. Contribution: number of distinct

identifiers found in alignments with x number of hits, also considering that these identifiers are not found in the sets of identifiers found with x-1

or less hits.

Hits Blastl String Intact Psibase All AlL(*) Contribution(*) Blast Total
20 19,229 4,592 5398 29,219(0.718%) 4,169(0.414%) 326(0.0140%) 584,380
19 486 732 212 1,430(0.033%) 135(0.012%) 14(0.0006%) 27,170
18 228 570 197 995(0.022%) 150(0.013%) 14(0.0006%) 17,910
17 169 585 192 946(0.019%) 166(0.014%) 16(0.0006%) 16,082
16 160 538 273 971(0.019%) 220(0.017%) 16(0.0006%) 15,536
15 175 509 197 881(0.016%) 253(0.018%) 26(0.0011%) 13,215
14 146 574 222 942(0.016%) 333(0.023%) 36(0.0015%) 13,188
13 174 565 223 962(0.015%) 357(0.023%) 42(0.0018%) 12,506
12 161 588 272 1,021(0.015%) 378(0.022%) 60(0.0025%) 12,252
11 168 629 256 1,053(0.014%) 365(0.019%) 44(0.0018%) 11,583
10 175 616 336 1,127(0.013%) 375(0.018%) 38(0.0016%) 11,270

9 163 725 294 1,182(0.013%) 347(0.015%) 73(0.0031%) 10,638
8 244 788 407 1,439(0.014%) 954(0.037%) 540(0.0231%) 11,512
7 365 891 344 1,600(0.013%) 1,501(0.052%) 163(0.0070%) 11,200
6 319 1,068 437 1,824(0.013%) 835(0.024%) 154(0.0066%) 10,944
5 244 1,079 401 1,724(0.010%) 1,167(0.029%) 238(0.0102%) 8,620
4 187 1,250 604 2,041(0.010%) 1,735(0.034%) 439(0.0188%) 8,164
3 99 1,471 522 2,092(0.007%) 2,110(0.031%) 783(0.0336%) 6,276
2 116 1,843 828 2,787(0.006%) 5,418(0.053%) 3,413(0.1036%) 5,574
1 47,949 420 3,474 993 4,887(0.006%) 24,371(0.121%) 17,845(0.7665%) 4,887

Total hits 200,970 23,280(0.98%) 812,907
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Figure S4: ROC curves corresponding to the metrics generated with the Blast+ parameter
num_alignments set to 1. Conserved uses the metric Conserved/100*Coverage/100. Identity uses
the metric Identity/100*Coverage/100. Combined I uses the metric pDB score * qt pDB.
Combined II uses the metrics pDB score*qt_pDB for String and pDB score*3 for Intact.
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Figure S5: ROC curves corresponding to the metrics generated with the Blast+ parameter
num_alignments set to 20 and average interaction pair metric value (avg(ab)). Conserved
uses the metric Conserved/100*Coverage/100. Identity wuses the metric
Identity/100*Coverage/100. Combined I uses the metric pDB score*qt pDB. Combined
IT uses the metric pc_identity/100*pc_coverage/100 for the Intact pDB and the metric
pc_identity/100*pc_coverage/100*qt pDB/2 for the String and Psibase pDBs.
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3 - Resultados
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3.1 - In silico protein-protein interaction analysis
revels conserved essential proteins in nine
Corynebacterium pseudotuberculosis biovar ovis
strains

Edson Luiz Folador, Paulo Vinicius Sanches Daltro de Carvalho, Wanderson Marques Silva,

Syed Shah Hassan, Rafaela Salgado Ferreira, Artur Silva, Jan Baumbach, Vasco Azevedo

Tendo uma metodologia com métricas validadas para a predicdo de redes de interacdo, a
aplicamos na predicdo de nove redes de interacdo de nove linhagens do biovar ovis de C.

pseudotuberculosis.

O biovar ovis de C. pseudotuberculosis é um organismo extremamente clonal (Soares et al.,
2013) e todas as redes preditas tiveram caracteristicas semelhantes, sendo a grande
maioria das interagdes conservadas entre as nove linhagens. As redes foram validadas
considerando o menor caminho (Shortest Path) (Jeong et al., 2001; Wang et al., 2010;
Taylor e Wrana, 2012) e considerando a distribuicdo do grau de interacdo (Barabasi e Oltvai,
2004). As redes formadas possuem uma topologia livre de escala (scale-free) com a
distribuicdo do grau de interacdo se aproximando a lei do poder (power law), demostrando
possuirem caracteristicas de rede biolégica. Adicionalmente, comparando as redes de
itneracdo preditas com redes de interacdo geradas aleatoriamente, os valores de Coeficiente
de Clusterizacdo, Correlacdo e R? foram extremamente diferentes. Em tempo, o teste de
normalidade Shapiro-Wilk descartou definitivamente que as interacdes preditas tivessem
uma distribuicdo normal (Shapiro e Wilk, 1965). Todas as validag6es sugerem que as redes
ndo foram formadas por interagdes espurias ou aleatorias, existindo um viés bioldgico na
rede, provavelmente devido a pressao biolégica exercida sobre as interacdes e os clusteres
(Galeota et al., 2015).

Este viés biolégico é confirmado na analise dos clusteres, cujo apoio na literatura reforca a
integridade da rede predita. Dos cinco clusteres analisados todos estavam descritos na
literatura, reforcando a consisténcia das redes preditas e que as interagdes realmente
podem ocorrem em C. pseudotuberculosis, sendo um bom exemplo o mecanismo de
aquisicao de ferro, recentemente revisado e que, com apoio das rede de interagéo, contribui
para melhor entendimento da dindmica deste mecanismo em C. pseudotuberculosis
(Sheldon e Heinrichs, 2015).

79



Finalmente, pela andlise do grau de interacdo das proteinas, foram identificadas 181
proteinas essenciais has redes de interacdo de C. pseudotuberculosis, sendo que somente
a proteina DNA repair (RecN) ndo teve sua essencialidade confirmada na base de dados de
genes essenciais (DEG) (Luo et al., 2014). Dentre estas proteinas, 41 ndo tiveram
homologia contra as proteinas do hospedeiro, sendo boas candidatas para propositos
terapéuticos ou diagndstico. Este fato faz das redes de interacdo uma valiosa ferramenta
para pesquisadores entenderem melhor o mecanismo celular do organismo estudado e
identificarem proteinas ou interagdes como potencial alvo para drogas (Pelay-Gimeno et al.,
2015).

O artigo referente a este trabalho ser4 em breve submetido a revista Integrative Biology ou
outra revista com similar importancia, como para a revista BMC series, cuja avaliagdo prévia

indicou que o artigo pode ser considerado para publicagéo.
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3.1.1 - Abstract

The Corynebacterium pseudotuberculosis is a gram-positive bacterium that belongs to the
CMNR group (Corynebacterium, Mycobacterium, Nocardia, Rhodococcus), exhibits
characteristics of both equi and ovis serovars. The serovar ovis is the etiological agent of
caseous lymphadenitis, a chronic infection affecting sheep and goats, causing economic losses
due to carcass condemnation and decrease in the production of meat, wool and milk. The
protocols for diagnosis or treatment are not fully effective, requiring further research for a
better understanding of C. pseudotuberculosis pathogenesis. In this context, the protein-
protein interaction network serves as a tool for researchers to get a systemic view of an
organism. We mapped the orthologous interactions from public databases to nine strains of C.
pseudotuberculosis. The validations suggest that the interactions are not spurious and the
networks possess the basic characteristics of biological networks. Based on literature support,
the clustering analyses further reinforce the biological reliability of the predicted networks.
For each strain we predicted on average 16,669 interactions, ~99% of which were mapped
from Corynebacterium genus, resulting in 15,495 conserved interactions among the nine C.

pseudotuberculosis strains. Analyzing these networks we identified 181 conserved essential
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proteins, of which 41 are non-host homologous and serve as good targets for diagnosis or drug

development.

Keywords: Protein-protein interaction, biologic network, system biology, essential proteins,
interolog mapping, Corynebacterium Pseudotuberculosis, caseous lymphadenitis.

3.1.2 - Introduction

Corynebacterium pseudotuberculosis (Cp) belongs to the supra generic CMNR group
(Corynebacterium, Mycobacterium, Nocardia, Rhodococcus) of bacteria (Butler, Ahearn e
Kilburn, 1986). It is an intracellular pathogen and Gram-positive bacterium that is fimbriated,
non-motile and non-capsulated (Selim, 2001) and is present in two serovars: ovis and equi
(Songer et al., 1988). The serovar equi infects mainly horses and cattle while the serovar ovis
is the etiological agent of caseous lymphadenitis (CLA), a chronic infectious disease affecting
mainly sheep and goat populations, that can lead to infection in humans associated to
occupational exposure (Hémond et al., 2009; Ivanovi¢ et al., 2009). Furthermore, CLA
disease is prevalent in several countries around the world (Jung et al.; Seyffert et al., 2010;
Trost et al., 2010; Cerdeira et al., 2011; Ruiz et al., 2011, Silva et al., 2011; Windsor, 2011;
Hassan et al., 2012; Lopes et al., 2012; Pethick et al., 2012; Voigt et al., 2012; Colom-Cadena
et al., 2014; Hariharan et al., 2014; Mira et al., 2014; Oreiby et al., 2014; Osman et al., 2015)
and causes significant economic losses due to low carcass quality, a decrease in the
production of meat, wool and milk (Dorella et al., 2006; Baird e Fontaine, 2007), while also
causing animal mortality due to suppurative meningoencephalitis (Santarosa et al., 2015). The
available methods for CLA diagnosis or treatment are not effective enough, requiring further
research to tackle the threats posed by C. pseudotuberculosis. Hence, it becomes important to
know how the genes, transcripts, proteins and other molecules inside the bacterial cells
interact with each other and also with the outer environment to perform their biological
functions (Barabasi e Oltvai, 2004; Sharan et al., 2005; Flérez et al., 2010; Garma et al.,
2012; Gonzalez e Kann, 2012). From this perspective, the study of proteins and their
interactions allows for a better understanding of the molecular mechanism of cells at a system
level (Wetie et al., 2013; Peng et al., 2014). The protein-protein interactions (PPI) form a
complex network represented as a graph, where the nodes represent proteins and undirected
edges connecting these nodes represent the interactions between the proteins (Wang et al.,
2010; De Las Rivas e Fontanillo, 2012). Computationally analyzed PPI supports developing

new hypotheses and designing novel laboratory experiments driven by such hypotheses
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(Braun e Gingras, 2012; Zhang, Xu e Xiao, 2013). A PPI network provides a systematic view
of the biology of an organism at the cellular level, hence, essential proteins and potential drug
targets can be identify by topological analysis (Li et al., 2012; Cui e He, 2014, Li et al., 2014;
Mulder et al., 2014; Wetie et al., 2014), enabling the development of new drugs against
pathogenic microorganisms (Mosca et al., 2013; Zoraghi e Reiner, 2013; Héuser et al., 2014;
Lage, 2014). In this paper, we predict and validate the PPl networks of nine strains of C.
pseudotuberculosis serovar ovis (Cp). Additionally, to better understand the organism and its
pathogenicity we perform a cluster analysis and identify the conserved essential proteins in

the PPIs, suggesting potential drug or diagnostic targets to be experimentally verified.

3.1.3 — Materials and methods

3.1.3.1 - Data sources

The prediction of the PPl networks is based on the protein sequence similarity and the
information of already known PPIs. The protein sequences for the nine Cp were downloaded
from NCBI, while known PPIs and their respective protein sequences were retrieved from

three publicly available databases (Table 1).

Table 1 - Overview of the public data sources.

Data Proteins Interactions Reference

DIP 23,680 70,630 (Xenarios et al., 2000)

String 5,214,234 673,123,356 (Franceschini et al., 2013)

Intact 60,846 314,019 (Hermjakob et al., 2004)

Cp1002 2,090 n/a (Rezende et al., 2012)

Cp267 2,148 n/a (Lopes et al., 2012)

Cp3995 2,142 n/a (Pethick et al., 2012)

Cp4202 2,051 n/a (Pethick et al., 2012)

CpC231 2,091 n/a (Ruiz et al., 2011)

Cpfrc4l 2,110 n/a (Trost et al., 2010)

Cpl19 2,095 n/a (Silva et al., 2011)

CpP54B96 2,084 n/a (Hassan et al., 2012)

CpPAT10 2,079 n/a (Cerdeira et al., 2011)
Note: The interactions in the String database are represented both in the A -> B and B -> A directions, having
336,561,678 distinct interactions. The Cp proteomes were downloaded from

ftp://ftp.ncbi.nlm.nih.gov/genomes/Bacteria/. The interactions for nine Cp strains (n/a) will be predicted in this
work.

3.1.3.2 - The Interolog Mapping

The interolog mapping method was used to map the homologous pairs of interacting proteins
from public databases to Cp biovar ovis. This method was already successfully applied to

predict the interactions in organisms such as Mycobacterium tuberculosis (Liu et al., 2012),
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Leishmania (Rezende et al., 2012) and Mouse (Lo et al., 2015). We were already able to show
that when using the method, whose previous validation with experimental interactions from
DIP database (Xenarios et al., 2000) cured by IMEX (Orchard et al., 2012) consortium, we
obtained an Area Under Curve (AUC) of 0.93, a specificity of 0.95, sensitivity exceeding 0.83
and a precision of 0.99, whose detailed flow-diagram was presented in (Folador et al., 2014).
The NCBI BLASTYp in the latest version was used to perform the reciprocal alignment of
proteins from nine Cp strains against the proteins from public databases for which there are
known interactions (Camacho et al., 2009). Aiming to eliminate false alignments that would
only slow down the prediction process, the BLASTp e-value parameter was set to 1e for
proteins from DIP and Intact databases, and set to 1e”® for proteins from the String database.
All other BLASTp parameters were kept at their default values. To map the homologous
proteins we used each of the nine Cp ovis proteomes as queries and the proteome of the public
databases as subject. In a second step we inverted the search direction, i.e., we switched
subject and query. In the remaining, we only consider those proteins alignments that yield a
hit in both directions (a reciprocal hit). For each reciprocal hit, we retrieved the minimum
identity and coverage values from BLASTp alignment, based on the following formula:

RH(a) = min( identity x coverage(a—A), identity x coverage(a<—A) )

Here ‘a’ represents a protein of Cp and ‘A’ the homologous counterpart of the known
interaction. We assign for each known interaction for which we have homologous proteins in

Cp an interaction conservation score. Thus, an interaction pair (IP) is represented by:
IP =RH(a), RH(b)

Here, the Cp proteins "a" and "b™ are reciprocal hits of public databases proteins "A™" and "B",
respectively. Moreover, "A" and "B" are the public databases identifiers used to map the
interaction pairs "a" and "b" to Cp ovis. The smallest value of each RH was assessed to

compose the interaction score pair (ISP), which is denoted by the following formula:
ISP(ab) = min( RH(a), RH(b) )

The ISP(ab) equates to the lower value of identity and coverage identified among the four
alignments composing the interaction pair. Aiming to map homologous protein pairs from
public databases we considered only interactions with an ISP(ab) greater than 0.5625
(corresponds to on average 75% identity and 75% coverage) as conserved. Furthermore,

aiming to map high confidence and experimental interaction, we regarded only interactions of
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the String database with a confidence score greater than 700. To ensure the accuracy of

predictions, we validated the networks both statistically and with literature support.

3.1.3.3 - In silico PPI network validation

Additionally to utilizing our previously reported and validated methodology (Folador et al.,
2014), we verify if the nine Cp PPI networks have typical characteristics of biological
networks. We submit the PPI networks to Cytoscape plugin NetworkAnalyzer (Assenov et al.,
2008) and analyzed the PPI distribution, the node degree distribution (Barabasi e Oltvai,
2004) and the Shortest Path (Jeong et al., 2001; Wang et al., 2010; Taylor e Wrana, 2012).
Aiming verify if the predicted interactions are spurious, we compared the clustering
coefficient, correlation and R-Squared regression values from predicted networks against
random networks containing 16,000 interactions for Cp267 lineage.

As an additional validation, in order to check whether the networks have random distribution,
the predicted networks were subjected to distribution analysis by the Shapiro-Wilk normality
test (Shapiro e Wilk, 1965), available in the statistical R package (Royston, 1982). Finally, the
clusters in the predicted networks were identified by using Markov Cluster Algorithm (MCL)
(Van Dongen, 2000), implemented in the ClusterMaker (Morris et al., 2011) plug-in available
in the Cytoscape (Shannon et al., 2003) software, with MCL inflation value parameter set to
3.0. To reinforce that these interactions do occur in Cp, a literature search was performed to

verify the existence of these clusters in phylogenetically close organisms.

3.1.3.4 - Essential proteins

In Saccharomyces cerevisiae the degree interaction of nodes was observed to be correlated
with the lethality of removing such proteins from the network (Jeong et al., 2001; Estrada,
2006).Large degree and centrality measures are the means for identifying the essential
proteins (Betul e Eric, 2013; Tang et al., 2014), explained by the disruption that knockout of
one could cause in the interaction network (Han et al., 2004). With the modeled interaction
network, we perform topological analysis to identify the Cp essential proteins by selecting the
top 15% proteins with high degree interaction, named as hub proteins. Next, to validate the
essential hub proteins, we searched for homologous sequences in the bacterial protein
sequences from DEG (Zhang, Ou e Zhang, 2004; Luo et al., 2014) (v11.2, updated on July 3,
2015). For the alignment of Cp proteins against DEG, the BLASTp parameters were set to: e-

value = 1e®, low complexity filter = false and matrix = BLOSUM®62. Finally, the BLASTp
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program was used to align the essential proteins of Cp against the proteins from five hosts:
Ovis aries (taxid: 9940), Capra hircus (taxid: 9925), Bos Taurus (taxid: 9913), Equus
caballus (taixd: 9796) and Homo sapiens (taxid: 9606).

3.1.4 - Results and discussion

3.1.4.1 - The C. pseudotuberculosis PPl network prediction

Among the 18,890 proteins present in nine Cp strains, 10,370 participated in interactions,
accounting for in total 150,019 predicted interactions (16,669 on average per Cp strain). The

contribution of each public database to the formation of networks is shown in (Table 2).

Table 2 - Amount of proteins and interactions for echa serovar ovis strain

Linhagem Proteins Proteome Interactions DIP Intact String
Cp1002 1.156 2.090 16.710 103.514 121.035 39.276.922
Cp267 1.164 2.148 16.728 102.140 120.193 39.415.241
Cp3995 1.141 2.142 16.600 100.868 119.895 39.454.010
Cp4202 1.148 2.051 16.712  99.881 118.356 38.973.203
CpC231 1.151 2.091 16.647  95.314 116.142 38.866.646
cpfrc 1.165 2.110 16.897 106.993 126.679 41.393.479
Cpl19 1.158 2.095 16.715 96.181 117.188 38.957.265
CpP54B96 1.149 2.084 16.537  95.231 114.476 38.776.672
CpPAT10 1.138 2.079 16.473 94.058 115.149 38.730.691

Proteins: amount of proteins participating in the interaction network for each strain. Proteome: amount of
proteins for each strain. Interactions: amount of predicted interactions used for network composition. DIP:
amount of interactions mapped from DIP. Intact: mount of interactions mapped from Intact. String: amount of
interactions mapped from String.

Despite the large number of interaction pairs predicted from each public database
individually, only a small percentage were harnessed to generate the Cp ovis interactome. The
reduced number of harnessed interaction pairs is due the following three reasons: (i) despite
the cut-off point defined for the BLASTp alignments, by having ISP(ab) lower than 0.5625,
the majority of the interactions were not considered homologous; (ii) in addition, only the
interactions with String score >= 700 (Franceschini et al., 2013) were mapped and; (iii) when
redundant interactions were found, the one with highest ISP(ab) was utilized. The latter
condition occurs when the interaction is mapped to more than one public database or mapped
multiple times due to the existence of homologous interactions in the same database. Hence,
little more than 50% of the total proteins for each Cp strain composed the interaction
networks, demonstrating the need for further research to learn about all interactions among the
proteins of this organism. Only a small fraction of the interactions were mapped and,

considering the predicted interactions came from organisms whose interactions are already
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known (interolog mapping), we indirectly realize that we still have a lot to learn about Cp

ovis and others phylogenetically close organisms until all interactions became known.

The phylogenetically close organisms are the most similar and hence their genotypes and
phenotypes probably will also be similar. As this work uses interolog mapping to predict the
interactions, we verify from which organism the Cp ovis interactions came. The vast majority
of interactions were mapped from phylogenetically close organisms and the genus
Corynebacterium accounted for ~99% of the mappings (Figure 2). This fact reinforce the
reliability of the method and the interaction networks generated, after all, being the
homologous PPl mapped from phylogenetically close organisms, greatly increases the

chances they are realized in Cp.

Mapped organisms

0,06%

0,05%
0,03%

3,61% 0,19%

4,50% 0,09%

2,68% 0,15%

2,34%
= 1,21%
0,64%
85,66%

m Corynebacterium diphtheriae NCTC 13129 = Corynebacterium efficiens YS-314
= Corynebacterium aurimucosum ATCC 700975 Corynebacterium glutamicum ATCC 13032 Bielefeld
m Corynebacterium glutamicum R m Corynebacterium jeikeium K411
m Corynebacterium urealyticum DSM 7109 m Corynebacterium kroppenstedtii DSM 44385
m Arthrobacter aurescens TC1 m Mycobacterium KMS
m Arthrobacter FB24 m Others

Figure 1 - Organisms from which the interactions were mapped.

Although, such evidences suggest that these interactions really occur in Cp ovis, we further
perform both statistical and literature-based validation to check the reliability of the predicted

interaction networks.

3.1.4.2 - In silico PPI network validation

We were able to show that the node degree distribution follows a power-law and together with
shortest-path analysis suggest that the predicted networks have a scale-free distribution,
possessing relevant characteristics pertaining to biological networks (Supplementary Material

S1). Comparing the clustering coefficient, correlation and regression analysis using the R-
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Squared metric from predicted Cp interaction networks, we observed that the values are
higher than those obtained from random networks. With p-value < 2.2e-16 the Shapiro-Wilk
normality test demonstrated that the predicted interaction networks do not show a normal
distribution (Supplementary Material S2). All analyses suggest the networks were not formed
by spurious interactions, and may have a biological bias, probably due to evolutionary
pressure exerted over the interactions (Shapiro e Wilk, 1965). Moreover, the high Clustering
Coefficient of the predicted networks suggest the existence of self-organization inside the
biological cell motivated by the interactions (Galeota et al., 2015). The statistical analysis
values from the predicted networks are quite close to other works using the same
methodology (Rezende et al., 2012). Finally, based on biological literature support, we
validate some conserved clusters identified in the networks, showing that the predicted
interactions indeed exist in nature and therefore take place in C. pseudotuberculosis
(Supplementary Material S3).

With the predicted and validated PPl networks, for each Cp strain we also modeled the
networks (Supplementary Material S4 to S12). Almost all pairs of the predicted interactions
are common to the nine Cp ovis strains (core-interactome), a fact which is not surprising since
Cp is extremely clonal (Soares et al., 2013). For each Cp ovis strain were predicted on average
16,669 interactions. In this work, we focused primarily on validating these interactions with
computational methods or through literature support. The strain specific interactions or the
accessory interactions are also important and cannot be ignored as they can explain the
biology of a specific strain. However, here we focused on exploring the common PPIs for
nine Cp ovis strains (core-interactome) aiming to better understand the serovar ovis instead of
only a specific strain. Based on our predicted networks, we identified the conserved essential

proteins in the serovar ovis.

3.1.4.3 - Essential proteins

The hub proteins are highly interconnected, forming a dense network of interactions, probably
participating in various cellular processes and metabolic pathways. Thus, these proteins are
termed essential, where the knockout of any one of them can disrupt the interaction network
(Han et al., 2004). From the interaction network view point, essentiality is measured by the
degree of interaction of a protein (Khuri e Wuchty, 2015). So it is natural to conclude that
these essential proteins interact with many other proteins, perhaps exerting various biological

activities and participating in several metabolic pathways; thus the inhibition of these proteins
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could interrupt their activity in various biological complexes (Han et al., 2004). Laboratory
studies are necessary to confirm this hypotheses in Cp because every organism may have a
particular and alternative repertoire of proteins to various stress type responses (Caufield et
al., 2015).

In order to identify the essential proteins from Cp ovis PPI network, we select the top 15%
proteins with more interactions, termed hubs, conserved in all nine strains. Thus, we identified
181 hub essential proteins having 68 or more interactions. In the set of essential proteins, we
find proteins involved in biological processes related to carbon metabolism, cell envelope and
cell wall, DNA metabolism, nucleotides biosynthesis, folding, translocation, ribosomal
translation factors, tRNA synthetase, RNA metabolism and respiratory pathways, among
others. Aiming to verify the essentiality of these Cp proteins, we searched for homologous
proteins in the DEG database. Among the 181 essential proteins, only one had no homology
against bacterial DEG proteins, showing the effectiveness of our methods for identifying the
essential proteins (Supplementary Material S13). Perhaps fewer essential proteins would be
identified in DEG if we used a more restrictive cut-off point, which would reveal more Cp-
exclusive list of essential proteins without homologous in DEG.

The DNA repair protein (RecN), was the only Cp essential protein not found in DEG. RecN is
responsible for maintaining DNA integrity when exposed to various stress conditions. Despite
the conserved mechanism, both metabolic pathways and proteins can differ in each species
(Eisen e Hanawalt, 1999). In E. coli and Clostridium difficile, the LexA repressor interacts
with RecA regulating the DNA damage response (Walter et al., 2014); LexA is also reported
to regulate RecN (Rostas et al., 1987), keeping the same expression pattern in Shewanella
oneidensis when submitted to stress (Brown et al., 2006). All these interactions are also found
in the C. pseudotuberculosis PPI network, wherein the interactions between LexA and RecN
in the biovar ovis interact with proteins encoded by the following genes: recA, recO, recR,
reck and recG are too conserved (Figure 2). This suggests an important role for both RecN
and LexA proteins. Using RNA-Seq data, we verified that RecN and LexA had no significant
change in their expression, thereby indicating a constitutive expression in conditions of
thermal shock, acid and osmotic stress (Pinto et al., 2014), which is an expected characteristic

for essential genes.
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Figure 2 - Partial C. pseudotuberculosis DNA repair RecN interactions network.

The vast majority of proteins have homologous proteins in DEG however, this does not
reduce the importance of describing their essentiality. Considering Cp is not covered by DEG
till date, the description of essentiality in this organism is novel for all 181 proteins. However,
while most essential proteins have homologs from over 20 organisms, three proteins have
homologs in a single organism covered by DEG, showing either the lack of experiments
which would support their essentiality, the lack of protein conservation across species or that
the essentiality of these proteins is not conserved across species (Caufield et al., 2015). These
proteins are Catalase (KatA), Endonuclease 111 (Nth) and Trigger factor Tig (Tig). KatA has
DEG homology against KatE from Salmonella enterica. KatA is an oxidoreductase enzyme
which decomposes hydrogen peroxide (H20.) at a rate of 40 million molecules per second
(Nelson e Cox, 2002). In C. glutamicum, levels of KatA are increased quickly in response to
the H20O2 addition (Milse et al., 2014) and, was highly up-regulated for the SOS and stress
response (Park et al., 2014); the same occurring in C. pseudotuberculosis when exposed to
acid medium (Pinto et al., 2014). Due to the fast response to oxidative stress, KatA is an
important survival mechanism in host macrophages, and therefore may have biotechnological
or pharmaceutical applications (Cutler, 2005; Mitra, 2014). Endonuclease 111 (Nth) has DEG
homology against Haemophilus influenzae. Nth is a base excision repair enzyme (Sahbani et
al., 2014) that participates in a pathway to prevent the loss of DNA functionality e.g., by
spontaneous mutagenic lesion (Saito et al., 1997) or near-UV radiations (Serafini e
Schellhorn, 1999). This mechanism was well studied and is conserved in the Corynebacterium
species (Resende et al., 2011). Trigger factor Tig (Tig) has DEG homology against
Pseudomonas aeruginosa. Tig participates in the protein folding process. In Escherichia coli,
Tig cooperates with Chaperone protein DnaK to promote protein folding, however, is not

essential for intermediate growth temperatures (Deuerling et al., 1999). In Exiguobacterium
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antarcticum, a gram-positive psychrotrophic bacteria, only Tig was overexpressed in response
to cold; the remaining chaperone proteins were underexpressed at 0°C (Dall et al., 2014). For
C. pseudotuberculosis at 50°C, no significant change was observed in Tig expression, where
the same also occurs with the Chaperonins GroEL, however DnaK was overexpressed (Pinto
et al., 2014). It would be necessary to submit C. pseudotuberculosis to lower temperature to

check the behavior of Tig.

Additionally, in order to identify potential biomarkers or therapeutic targets among the
essential proteins, a search for homologous proteins in the host organisms O. aries, C. hircus,
B. taurus, E. caballus and H. sapiens was performed. Considering the Blastp alignment
results (Supplementary Material S14), we identified 41 non-host homologous proteins, 24
having no alignment hit against O. aries and C. hircus proteins and 17 having both low
identity (0-38%) and low coverage (0-44%) (Figure 3). Alignment details against hosts can
be observed in Supplementary Material S15.

Homologous essential proteins against hosts
15 (8,3%) 9 (5,0%)

40 (22,1%)

17 (9,4%)

100 (55,2%)

Figure 3 - Homology distribution of Cp essential proteins aligned against hosts.

Dark green: proteins homologous to host; Yellow: Proteins with low identity against hosts (identity < 30%).
Dark red: non-host homologous proteins, proteins with low identity and low coverage alignment against hosts
(identity x coverage <= 10%). Dark blue: non-host homologous proteins, proteins with no alignment hits against
0. aires and C. hircus. Light blue: non-host homologous proteins, proteins with no alignment hits against the
five hosts. The alignment details can observed in Supplementary Material S15.

The 24 non-host homologous proteins without hits against hosts are: chorismate synthase
(aroC), dihydrodipicolinate reductase (dapB), DNA primase (dnaG), elongation factor P (efp),
cell division protein (ftsZ), ATP phosphoribosyl transferase (hisG), dihydroxy-acid
dehydratase (ilvD), aspartate kinase (lysC), UDP-N-acetylglucosamine (murA), transcription
anti-termination protein (nusG), uridylate kinase (pyrH), DNA repair protein (recN),
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transcription termination factor (rho), 50S ribosomal protein L1 (rplA), 50S ribosomal protein
L10 (rplJd), 50S ribosomal protein L31 (rpmE), DNA-directed RNA polymerase subunit alpha
(rpoA), 30S ribosomal protein S3 (rpsC), 30S ribosomal protein S6 (rpsF), 30S ribosomal
protein S13 (rpsM), holliday junction DNA helicase subunit (ruvA), SsrA-binding
protein/SmpB superfamily (smpB), indole-3-glycerol phosphate synthase (trpC2) and
anthranilate synthase (trpE). These 41 (24+17) non-host homologous essential proteins of Cp
are good choices for therapeutic and diagnostic propose, not only by the disruption which may
cause in the intra-species interactions but also by having greater potential to participate in
inter-species interactions with host (Zhou et al., 2014). From the set of non-host homologous
essential proteins, two classes draw special attention, both participating in the beginning of
aromatic amino acids metabolic pathways, well characterized in Corynebacterium glutamicum
(Ikeda, 2006), the proteins encoded by the trp operon, involved in tryptophan biosynthesis,
and the protein prephenate dehydratase (pheA).

The cluster analysis draws attention to the Cp iron acquisition system, which is a well
characterized system contributing to the survival and virulence of microorganisms (Koster,
2001; Kunkle e Schmitt, 2005). The Cp cluster presents the interaction among proteins of
multiple iron acquisition systems, a strategy to acquire iron from different sources or in low
availability (Wandersman e Delepelaire, 2004), suggesting both, alternative metabolic
pathways and alternative proteins from different operons exerting the same function. In Cp
networks, these multiple systems interact and consist mainly of proteins from operon fag, ciu,
fec and hmu (Supplementary Material S3).

The use of interaction networks for identifying essential proteins can have a better sensitivity
than other approaches. While we identified 181 essential proteins, of which 41 were non-host
homologous, approaches using three-dimensional structures identify less than 10 essential
protein units (Hassan et al., 2014). Besides the essential proteins, the identified interactions
are equally important in Cp as it allows to search for small molecules inhibitors of binding
interactions (Mora e Donaldson, 2012; Zoraghi e Reiner, 2013; Villoutreix et al., 2014),
making feasible modern drug discovery research (Sheng et al., 2015). Such interaction
network can also be used with RNA-Seq or proteomics experiments to assist in data
interpretation. As an example of a biological application, the PPI network from C.
pseudotuberculosis 1002 strain was used to investigate the interactions among the proteins
identified as exclusive and differentially regulated in cells exposed to nitrosative stress (Silva

et al., 2014). The results obtained in this work might serve as a basis for further essentiality
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studies in other organisms by using the interaction network. By knowing the interaction
partners of a protein, it is hence possible to provide a systemic view of the organism (Anh et
al., 2015).

3.1.5 - Conclusions

Here, for the first time we reported the PPl networks for nine Cp ovis strains and the
biological relevance of the essential proteins identified in the networks. In addition to the
validated networks, our contributions include the identification of 181 Cp essential proteins,
41 of them being non-host homologous, hence becoming good candidates for drug
development or CLA diagnosis (Supplementary Material S13-S15). Since the essential
proteins (hubs) interact with many others, it is natural to assume they associate differentially
in various biological processes, in their own species well as the host, thereby participating in
the formation of different clusters with other proteins to perform their functions, and hence are
attractive targets for therapeutic and diagnostic propose. Similarly for the essential proteins,
each specific interaction is a potential candidate to be subjected to identification of inhibitors
(Villoutreix et al., 2014; Gowthaman, Lyskov e Karanicolas, 2015), thus opening several drug
development opportunities about C. pseudotuberculosis. The PPI networks reported here are
valuable tools for researchers to identify proteins or interactions as potential targets that may
have a better sensibility than other approaches. The experimental validation for the predicted
interactome is out of the scope of this study but is, vital and will be carried out in the near

future.
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3.1.8 — Supplementary Material

3.1.8.1 — Shortest path and Degree distribution analysis.
Supplementary Pictures S1: Shortest path and Degree distribution analysis.

Shortest Path analysis of the nine Corynebacterium pseudotuberculosis serovar ovis strains (Figure 1-
9). Degree distribution analysis of the nine C. pseudotuberculosis serovar ovis strains. The red line
indicate the perfect power-law distribution (Figure 10-18).

Path g ) Pam g )

Figure 4 - Cp1002 Shortest Path analysis Figure 5 - Cp267 Shortest Path analysis

b b

Figure 6 - Cp3995 Shortest Path analysis Figure 7 - Cp4202 Shortest Path analysis
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Figure 8 - CpC231 Shortest Path analysis

b

Figure 10 - Cpl19 Shortest Path analysis

b

Figure 12 - CpPAT10 Shortest Path analysis

.

Figure 9 - Cpfrc Shortest Path analysis

b

Figure 11 - CpP54B96 Shortest Path analysis

,,,,,,

“ Figure 13 - CpPAT10 Degree distribution analysis.

Clustering coefficient = 0.407, Correlation = 0.938,
R-Squared = 0.790, Shapiro-Wilk test = p-value <
2.2e-16.
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Figure 14 - Cp1002 Degree distribution analysis.  Figure 15 - Cp267 Degree distribution analysis.
Clustering coefficient = 0.408, Correlation = 0.933, Clustering coefficient = 0.402, Correlation = 0.953,
R-Squared = 0.822, Shapiro-Wilk test = p-value < R-Squared = 0.785, Shapiro-Wilk test = p-value <
2.2e-16. 2.2e-16.

Degse o page

Figure 16 - Cp3995 Degree distribution analysis.  Figure 17 - Cp4202 Degree distribution analysis.
Clustering coefficient = 0.410, Correlation = 0.933, Clustering coefficient = 0.410, Correlation = 0.928,
R-Squared = 0.798, Shapiro-Wilk test = p-value < R-Squared = 0.799, Shapiro-Wilk test = p-value <
2.2e-16. 2.2e-16.

;;;;;;;;;;;;

Figure 18 - CpC231 Degree distribution analysis. ~ Figure 19 - Cpfrc Degree distribution analysis.
Clustering coefficient = 0.407, Correlation = 0.936, Clustering coefficient = 0.408, Correlation = 0.930,
R-Squared = 0.825, Shapiro-Wilk test = p-value < R-Squared = 0.786, Shapiro-Wilk test = p-value <
2.2e-16. 2.2e-16.
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Figure 20 - Cpl19 Degree distribution analysis. Figure 21 - CpP54B96 Degree distribution analysis.
Clustering coefficient = 0.403, Correlation = 0.932, Clustering coefficient = 0.404, Correlation = 0.935,
R-Squared = 0.813, Shapiro-Wilk test = p-value < R-Squared = 0.800, Shapiro-Wilk test = p-value <
2.2e-16. 2.2e-16.
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3.1.8.2 — In silico PPI network validation

Supplementary Pictures S2: In silico PPI network validation. Degree distribution analysis of nine

interaction networks formed from 16,000 pairs of interactions randomly selected among all possible

distinct interactions of Corynebacterium pseudotuberculosis Cp267 strain. The pairs distribution was

analyzed by the plugin NetworkAnalyzer (Assenov et al., 2008). The red line indicate the perfect

power law distribution (Barabasi e Oltvai, 2004). All random networks had a normal distribution and a

clustering coefficient of 0.007.

Figure 22 — Random interaction network 01.

Correlation = -0.064, R-squared = 0.038

B

Figure 23 - Random interaction network 02.

Correlation = -0.015, R-squared = 0.001

Figure 24 - Random interaction network 03.

Correlation = -0.028, R-squared = 0.073

)

Figure 25 - Random interaction network 04.

Correlation = -0.031, R-squared = 0.017
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Figure 26 - Random interaction network 05.

Correlation = -0.072, R-squared = 0.059

Figure 28 - Random interaction network 07.

Correlation = -0.042, R-squared = 0.021

Figure 30 - Random interaction network 09.

Correlation = -0.012, R-squared = 0.020

Figure 27 - Random interaction network 06.
Correlation = -0.049, R-squared = 0.027

sssss

Figure 29 - Random interaction network 08.
Correlation = -0.029, R-squared = 0.003
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Table 3 - Statistical comparison between the Cp ovis predicted networks against random networks.

Organism Clustering Correlation R-Squared Shapiro-Wilk

Coefficient normality test
Cp1002 0.408 0.933 0.822 p-value < 2.2e-16
Cp267 0.402 0.953 0.785 p-value < 2.2e-16
Cp3995 0.410 0.933 0.798 p-value < 2.2e-16
Cp4202 0.410 0.928 0.799 p-value < 2.2e-16
CpC231 0.407 0.936 0.825 p-value < 2.2e-16
Cpfrcal 0.408 0.930 0.786 p-value < 2.2e-16
Cpl19 0.403 0.932 0.813 p-value < 2.2e-16
CpP54B96 0.404 0.935 0.800 p-value < 2.2e-16
CpPAT10 0.407 0.938 0.790 p-value < 2.2e-16
Random 0.007 -0.012 0.001 Not performed
Networks (for all) to -0.072 to 0.073

The Clustering Coefficient, Correlation and R-Squared were calculated by NetworkAnalyzer
plugin (Assenov et al., 2008). The Shapiro-Wilk test was performed in R (Royston, 1982).

3.1.8.2.1 — References
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3.1.8.3 — Analyses of protein clusters

Supplementary Material S3: Analyses of protein clusters formed from Corynebacterium
pseudotuberculosis biovar ovis protein-protein interaction network. In the figures we provide
further details and information; in addition to proteins that form the cluster, same proteins
were included interacting within the cluster. Their respective coding genes represent the
proteins. In the network pictures, the color and size of nodes and edges were configured to
show specific properties of the network, always from the lowest to the highest value of the
chosen property. The node size (from smallest to largest) and color (in a range of yellow, light
green to dark green) represent the property Degree. The border node size (from smallest to
largest) and color (in a range of white, pink and dark red) represent the “Betweenness
Centrality” property. The edge color, on a scale of red, yellow, light green to dark green,
represents the score from public database where the interaction was mapped. The lowest score
represents 0.70 in all networks. The edge width, from thinner to widest, represents the

interaction score pair (ISP). The lowest value of ISP is 0.5625.

3.1.8.3.1 - Complex analysis

Complexes are formed by groups of identical proteins (homomers) or different proteins
(heteromers), and their organization is important in performing specific biological activities in
a biological process (Dai et al., 2014). Such complexes are subject to evolutionary selection to
form metabolic pathways (Marsh et al., 2013). In an interaction network, complexes are large
groups of densely connected proteins forming clusters (Morris et al., 2011). To identify the
clusters in the predicted networks, we used the Markov Cluster Algorithm (MCL) with
inflation value set to 3.0 (Van Dongen, 2000), implemented in the Plugin ClusterMaker
(Morris et al., 2011) available in the Cytoscape (Shannon et al., 2003) software. In addition,
to validate the interaction networks, a literature search was performed to verify the existence
of these clusters in other organisms, in the form of operons or metabolic pathways. For the
PPI network and the complex visualization, we used the Circular or Edge-weighted Spring
Embedded Cytoscape Layout (Kohl, Wiese e Warscheid, 2011).

3.1.8.3.2 - Ribosomal and RNA polymerase cluster

The complex is a network representation of protein-protein interactions (PPI) formed during
the translational process of ribosomes (ribosomal RNAs + protein) in C. pseudotuberculosis.
This complex is formed by 53 ribosomal proteins (RP) and four of the five proteins comprise

the RNA polymerases (RNAP). All proteins are conserved in C. pseudotuberculosis biovar
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ovis strains where the presence of transcriptional and translational machinery components is
noted. The RPs in the network are encoded by 23 genes rpl
(rpIBICEMKAQSDNLTFPOVJRWUXY), 10 genes rpm (rpmAEHBDCGIFJ) and 20 genes rps
(rpsLBKIDEOJGCMHARSPNFQT) (Haddadin e Harcum, 2005). The RNAP proteins are
encoded by genes rpoA, rpoB, rpoC and rpoZ (Coenye e Vandamme, 2005; Teixeira et al.,
2008) (Figure 31). In the interaction network it can be observed that operon containing genes
encode ribosomal proteins and genes encode proteins that form the subunits of RNAP, for
example, the rplKAJL-rpoBC operon encoding the proteins of the large subunit of ribosome
and also the B and B' subunits of RNAP (Teixeira et al., 2008). As in prokaryotes, the
transcriptional and translational systems are coupled and synchronized in space and time; such
information may be relevant for understanding the dependence between these two processes
(Mcgary e Nudler, 2013). It is because when transcripts are generated for RP, probably
transcripts for RNAP proteins are also generated and therefore will join with other
components to assemble the respective machinery. Escherichia coli was the first organism
having the ribosomal component (rRNA + proteins) elucidated (Stelzl et al., 2001), and hence
is being widely used as a model for studies of ribosomal gene clusters in bacteria due to the
similarity in the formation and organization of these clusters. In C. Glutamicum and C.
diphtheriae, eleven gene clusters encoding 42 ribosomal proteins have been described.
Comparing with the E. coli gene clusters, seven of them are organized in the same way and
four have high similarity (MartiN et al., 2003). Furthermore, when we look at the different
bacterial genomes or even between different strains, we do not observe the conservation of all
RPs (Coenye e Vandamme, 2005). This can possibly modify the pattern of interactions
between the components of the translational and transcriptional machinery and somehow

influence the expression of different genes in a given environmental condition.
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Figure 31 - Network formed by the interaction of RNA polymerase and ribosomal proteins, represented by their
encoding gene.

Recent studies have attempted to identify and establish in vitro analyses in terms of possible
physical-molecular contact between the components of the ribosomal machinery and RNAP
and hence determine the influence of one machinery over the other. In one study, it was
observed that the complex formed by the proteins encoded by the genes nusG-rpsJ, bind
RNAP to the 30S subunit of the prokaryotic ribosome (Castro-Roa e Zenkin, 2012). In
another study, the gene that encodes the S1 protein also binds to RNAP and stimulates
transcriptional activity (Sukhodolets e Garges, 2003); these interactions are also observed in
the networks of the present study. Other important observations can be found in the network,
such as: large interaction of proteins encoded by genes rpoB, rpoC and rpoA with RP and no
interactions of the protein encoded by the gene rpoZ with RP. This can be justified by the fact
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that rpoZ is a sigma factor responsible for recognizing the binding site. After the protein beta
subunits (B-encoded by rpoB gene), beta' (B'- encoded by gene rpoC) and alpha (a-encoded by
rpoA gene) form the RNAP, rpoZ disconnects from the binding site. The network analysis can
help us also select molecular targets for possible drug action. By observing the proteins
encoded by the rpoA gene, rpoB and rpoC, we could note that they are highly connected
proteins to RP. Thus, they can all potentially serve as candidate targets for drug development.
An example in the literature is the RNAP B subunit inhibition (encoded by the rpoB gene) by
antibiotic Rifampicin. There are also antibiotics like tetracycline, paromomycin,
spectinomycin and streptomycin that exert their inhibitory activity on some proteins in the

ribosomal 30S complex (Adékambi, Drancourt e Raoult, 2009).

3.1.8.3.3 - Oligopeptide transport system cluster

The Opp transporters belonging to the ABC transporters family (ATP-binding cassette) were
identified and characterized in several bacterial species, both in gram-positive and gram-
negative (Braibant e Gilot, 2000; Monnet, 2003). This system consists of five protein
subunits: OppA, responsible for the peptides capture of extracytoplasmic means; OppB and
OPPC form the transmembrane channel through which the oligonucleotides will be
transported to the intracellular environment; OppD and OppF, are located in the bacterial
cytoplasm and are responsible for the hydrolysis of ATP molecules generating power for the
process of internalizing peptides (Braibant e Gilot, 2000). From a genetic point of view, the
genes encoding these subunits are organized as an operon oppABCDF (Hiron et al., 2007)
(Figure 32). In bacteria, the main function of Opp is probably the peptides acquisition to be
used as carbon and nitrogen source. In E. coli, it was demonstrated that this system is
associated with the residues internalization of various amino acid types (Naider e Becker,
1975). A study of Lactococcus lactis has shown that the presence of a functional peptide
transport system is required for the growth of bacteria in milk (Smid, Plapp e Konings, 1989).
According to the generated interaction network, the Opp system is directly linked to the
protein dihydrodipicolinate synthase (nanL) participating in L-lysine biosynthesis suggesting

that this system may be associated with L-lysine metabolism.
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Figure 32 - Network formed by the interaction of Opp proteins, represented by their encoding genes

To date, no study was conducted to demonstrate the role of the Opp system in the transport of
essential and nonessential amino acids in C. pseudotuberculosis. However, it was shown that
the Opp system could contribute to the adhesion process of this pathogen. In tests conducted
in experimental infection in a murine model, oppD mutant strains showed the same potential
virulence compared to the wild type strain (Moraes et al., 2014). In Moraxella catarrhalis, it
was demonstrated that the Opp system is also involved in the acquisition of arginine and
contributes to the fitness and persistence of the pathogen in the respiratory tract (Jones et al.,

2014). These studies demonstrate the versatility of the Opp system in pathogenic bacteria.

3.1.8.3.4 - Cobalamin biosynthesis cluster

The cobalamin (CBL - Vitamin Bi2), members of the structurally complex cofactors class
(Rodionov et al., 2003; Croft et al., 2005), is synthesized by a number of Archaea and
Bacteria (Roth, Lawrence e Bobik, 1996; Scott e Roessner, 2002). However, the prosthetic
group CBL is essential for the enzymatic activity of several enzymes in all the three biological

domains (Yin e Bauer, 2013). In Bacteria and Archaea, the functional dependency is present
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in the CBL methionine synthase, ribonucleotide reductase, glutamate, methylmalonyl-coA
mutases, ethanolamine ammonia lyase, etc. (Rodionov et al., 2003). The biosynthesis
pathways of CBL cofactors, chlorophyll and haem begin with the compound 5-aminolevulinic
acid (ALA). This, through some enzymatic steps, is converted into Uroporphyrinogen I, the
last common intermediate compound (Frankenberg, Moser e Jahn, 2003; Heldt et al., 2005;
Yin e Bauer, 2013). It is noteworthy that all the co-factors are derived from tetrapyrroles
molecules (Rondon, Trzebiatowski e Escalante-Semerena, 1996; Frankenberg, Moser e Jahn,
2003; Heldt et al., 2005). In the predicted PPl network for C. pseudotuberculosis CBL
complex, we note the presence of several holoenzymes (HemABCDEL) interconnected with
the holoenzymes (CobABDFGHJKLMNOQST) (Figure 33).

cobQ ey
7 T femD -+ hemB
b AN
cobS | $ .
F em
hemA
cobD
cobG

Figure 33 - Network formed by the interaction of Cob proteins, represented by their encoding genes

This may suggest a co-evolutionary dependence between clusters. A correspondence can be
made with the Rhodobacter sphaeroides where excess haem inhibits 5-aminolevulinic acid
synthase enzyme, affecting the biosynthesis of chloroplast (Yin e Bauer, 2013). Thus,
observing the CBL network and the interaction between the different protein clusters, we can
assume the existence of several regulatory mechanisms that are much more complicated. For
cobalamin production, multiple steps and structural rearrangement of transmethylation are
required (Rodionov et al., 2003). In C. pseudotuberculosis, 15 cob genes catalyze these
reactions, with most of them being in the main cob operon, while the remaining genes (CobA,
cobB, cobC and cobD) are not present in the main operon. This fact may indicate the
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contribution of these genes to external assimilation of vitamin Bi> precursors or secondary
processes of de novo biosynthesis, as identified in Pseudomonas denitrificans (Roth,
Lawrence e Bobik, 1996). The cbi gene cluster (cobinamide), responsible for CBL
biosynthesis by anaerobic pathway (Moore e Warren, 2012), is absent in the network; so we
can postulate that C. pseudotuberculosis use solely the aerobic pathway as an alternative to
produce CBL (Rodionov et al., 2003), remembering that C. pseudotuberculosis is an

anaerobic facultative microorganism (Dorella et al., 2006).

3.1.8.3.5 - Iron uptake and intracellular regulation cluster

This complex is a representation of the PPI network for the capture process and intracellular
regulation of iron (Fe) in C. pseudotuberculosis. Fe is an essential cofactor for diverse
enzymatic activities that work in different metabolic processes (e.g., DNA replication, ATP
synthesis, DNA repair and respiration etc.) in all eukaryotic organisms and various
prokaryotes (Smith, 2004; Trost et al., 2010; Schalk, 2013). In pathogenic bacteria such as C.
pseudotuberculosis, the Fe* ions acquisition system contributes to the survival and virulence
of the microorganism (Kdoster, 2001; Kunkle e Schmitt, 2005). A single bacterium can have
multiple Fe acquisition systems. This feature is used as a strategy to acquire Fe from different
sources and in low availability of this cofactor (Wandersman e Delepelaire, 2004). Thus, the
complex represents these multiple systems and consists of 22 proteins encoded by genes
fagABCD, ciuABCD, fecCDE (CD), hmuUVTO, htaA, pstA, fhuD, fpeCl, hemE and dtxR
(Figure 34).
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Figure 34 - Network formed by the interaction of Iron uptake proteins, represented by their encoding genes.

During the infection process, C. pseudotuberculosis is able to survive and multiply within
macrophages and hence escape from the host immune system response (Trost et al., 2010).
One of these abilities can be related to the use of distinct or multiple siderophores (SIDS)
(Correnti e Strong, 2012) synthesized by C. pseudotuberculosis or captured from the external
environment (Schalk, 2013). In C. pseudotuberculosis, the SIDS are synthesized by genes
fagD (Contreras et al., 2014) (represented in the network) and ciuE (Trost et al., 2010) (not
present in the network). Probably these SIDS compete for the Iron ion (Fe™) with iron
transporters used by the macrophage (Schalk, 2013). Another source of Fe™ can be derived
from the transfer of the prosthetic group heme-Fe to the inside of C. pseudotuberculosis
through hmuT receiver, whose interactions between hmuT and hemE can be seen in the
network. This interaction occurs for the transfer of Heme-Fe to the inside of C.
pseudotuberculosis; it then suffers a degradation process, releasing Fe*. In this process of
degradation, hmuO operates in the cleavage of the tetrapyrrole ring of the group Heme-Fe
(Contreras et al., 2014). Additionally, in the network the protein Cell-surface hemin receptor
(htaA) exclusively interacts with proteins encoded by the hmuTUV genes, responsible for
hemin binding and transport. These interactions agree with the literature in C. diphtheriae,

wherein the HtaA was able to acquire hemin from hemoglobin and transport to cytosol by an
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ABC transporter (Allen e Schmitt, 2011). These observations suggest that the interaction
network is consistent and also C. pseudotuberculosis can use the same strategy for iron
acquisition. In the network, there are also other systems for capturing iron, such as: Fag, Fec
and Ciu proteins, as part of C. pseudotuberculosis strategy to acquire Fe™. One strategy that
has been adopted to combat resistant bacteria is the ‘Trojan Horse’, which uses the iron
uptake system to enter and kill the cell. The idea is based on the synthesis of the siderophore-
drug complex, thus making the iron acquisition pathways through siderophore as potential
targets for drug delivery (Gorska, Sloderbach e Marszatt, 2014). Recently, a detailed review
about iron acquisition strategies of gram-positive pathogens was published where the cluster
proteins are cited, confirming the integrity of the predicted interaction network. Iron, being an
important substance for survival and infection in gram-positive bacteria, the mechanisms of
iron acquisition, transportation and processing become important areas of study, whose
understanding might enable the development of new strategies to combat these organisms
(Sheldon e Heinrichs, 2015).

3.1.8.3.6 - Cell division and peptidoglycan biosynthesis

In various bacteria, there is a coupling and fine coordination between the processes related to
cell division (cytokinesis), the formation of the peptidoglycan layer that makes up the cell
walls, and DNA replication and segregation systems (Lutkenhaus And e Addinall, 1997; Buss
et al., 2015). The 36 proteins from C. pseudotuberculosis represents this process and their
interactions are shown in the predicted network (Figure 35), highlighting the FtsZIWHY XE
protein involved in cell division (Lutkenhaus And e Addinall, 1997; Errington, Daniel e
Scheffers, 2003) and the MurAFDEGIBC proteins responsible for the biosynthesis of
peptidoglycans (ElI Zoeiby, Sanschagrin e Levesque, 2003). In the cytokinesis process, the
FtsZ protein plays a central role in the formation of the cytoplasmic membrane ring
constriction and, in the anchoring and recruitment of another protein set related to the cell
division process (Lutkenhaus And e Addinall, 1997; Errington, Daniel e Scheffers, 2003). In
the network, the FtsZ protein is highly connected to their neighbors, thereby suggesting the
multiple connections as a representative element of the recruitment activity and anchoring
conducted by FtsZ. As FtsZ is the main component of the cell division process, there is a need
to maintain a harmony with the enzymes relating to the new cell wall synthesis (Carballido-
Lopez e Errington, 2003). In the C. pseudotuberculosis network, these enzymes are mainly
represented by MurABCDEFGI and mraY proteins, related to the synthesis of new multilayer
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peptidoglycans cell wall (Vollmer, Blanot e De Pedro, 2008). Thus, the network clearly shows
a possible harmony between the components responsible for the peptidoglycan biosynthesis
and FtsZ protein. It is worth noting the role of FtsW protein in nascent peptidoglycan
transport to the outside of the plasma membrane. In the network, we could observe the
presence of the proteins encoded by parA, parB and smc genes related to the chromosome
partitioning process; soj with ATPase activity and scpA related to the condensation process
and the bacterial chromosome segregation during cytokinesis. These proteins mainly interact
with FtsZ, showing that FtsZ serves as a support for these proteins to perform their activities
accordingly. Complementary approaches using PPl networks can be of great value to
overcome the challenges related to the increasing number of resistant pathogenic bacteria to
several current therapies. Thus, the organization and the connection between the network
elements can help us in the identification and selection of new molecular targets for the
development of more effective therapies. Currently, there are several compounds being
synthesized and directed to act in the inhibition of peptidoglycan synthesis and in cell division
steps (Den Blaauwen, Andreu e Monasterio, 2014). For example, compounds such as
fosfomycin (phosphomycin), 4-thiazolidinone and phosphinic acid derivatives that act as
inhibitors of MurA, MurB and MurCDEF respectively (El Zoeiby, Sanschagrin e Levesque,
2003). In this case, the bacteria does not survive by not forming the peptidoglycan layers.
Inhibitors directed to block the beginning of cell division by preventing the formation of the
constriction ring has been explored and tested against FtsZ, for example, the sanguinarine
inhibitor that although showing inhibitory activity is not specific only to the target FtsZ (Den
Blaauwen, Andreu e Monasterio, 2014). Therefore, further studies are needed to find more
efficient inhibitors and most promising targets against various bacteria, especially against C.
pseudotuberculosis; the protein-protein interaction networks are an important tool for this

purpose.
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Figure 35 - Network formed by the interaction of proteins involved in cell division and peptidoglycan
biosynthesis, both represented by their encoding genes.

In general, the clusters whose proteins are described in the literature (although in other
organisms), prove the consistency of our predicted interaction network, reinforcing that the
interactions can truly occur in Cp ovis. An example is the iron acquisition cluster participants
whose proteins were cited in a recent review (Sheldon e Heinrichs, 2015). Despite the clusters
identified and characterized individually in the interaction networks, it is common that some
proteins also interact in several clusters, possibly exerting different function in each cluster.
This is the case of Iron uptake, Cobalamin biosynthesis and Heme clusters, whose cooperation

was characterized and described in other organisms (Kdoster, 2001).

Likewise, clusters or interactions not previously described, or those poorly characterized in

the literature, could bring further new and relevant information about Cp ovis. From the
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clusters analysis, we conclude the following: some proteins, operons and interaction
participants in the clusters are well described in the literature for other gram-positive
organisms, fortifying that the predicted interaction networks are biologically feasible for Cp
ovis and; although some proteins and operons are well described in the literature, in some
cases, the interactions between these elements are not; hence, the interaction network has the
potential to contribute more information leading to a better understanding of Cp ovis, and
generating new testable hypotheses. A lack of information in the literature regarding certain
interactions makes the PPI networks an important tool to better understand cellular behavior
and to raise new hypotheses about the biochemical processes of Cp ovis, making possible

direct future experiments to test the essentiality or druggability of these interactions.
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3.1.8.4 - Cp267 PPI network

Figure 36 - Cp267 PPl network
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3.1.8.5 - Cp3995 PPI network
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Figure 37
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3.1.8.6 — Cp4202 PPI network

Figure 38 - Cp4202 PPI network
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3.1.8.7 - CpC231 PPI network

Figure 39 - CpC231 PPI network
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3.1.8.8 - CpFRC PPI network

Figure 40 - CpFRC PPI network
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3.1.8.9 — Cpl19 PPI network

Figure 41 - Cpl19 PPI network
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3.1.8.10 — CpP54B96 PPI network

CpP54B96 PPI network

Figure 42 -
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3.1.8.11 — CpPAT10 PPI network

Figure 43 - CpPAT10 PPI network
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3.1.8.12 - Cp1002 PPI network

e

r.S
—
==

.

Figure 44 - Cp1002 PPI network
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3.1.8.13 — List of top 15% proteins with higher degree against DEG
Supplementary Material

Supplementary Table S13: List of top 15% proteins with higher degree interaction, totaling
181 hub essential proteins. The amino acid sequence of hubs proteins was compared
against bacterial proteins sequence from Database of Essential Genes (DEG) (Zhang, Ou e
Zhang, 2004), v. 11.2, updated on July 3, 2015.

DEG Blast Genome Result - 8Xblk57KOz

Your job ID: 8Xblk57KOz, which was completed in Tue Jul 28 01:32:28 2015 Beijing time.
The result will be stored for 7 days and download Here.

Acinetobacter baylyi ADP1; Bacillus subtilis 168; Bacteroides fragilis 638R; Bacteroides
thetaiotaomicron VPI-548 ; Burkholderia pseudomallei K96243; Burkholderia thailandensis E264;
Campylobacter jejuni subsp. jejuni NCTC 11168 = ATCC 700819; Caulobacter crescentus;
Escherichia coli MG1655 I; Escherichia coli MG1655 II; Francisella novicida U112; Haemophilus
influenzae Rd KW20; Helicobacter pylori 26695; Mycobacterium tuberculosis H37Ry;
Mycobacterium tuberculosis H37Rv II; Mycobacterium tuberculosis H37Rv IlI; Mycoplasma
genitalium G37; Mycoplasma pulmonis UAB CTIP; Porphyromonas gingivalis ATCC 33277,
Pseudomonas aeruginosa PAO1; Pseudomonas aeruginosa PAO1; Pseudomonas aeruginosa
UCBPP-PA14; Salmonella enterica serovar Typhi; Pseudomonas aeruginosa PAO1; Salmonella
enterica serovar Typhimurium SL1344; Salmonella enterica subsp. enterica serovar
Typhimurium str. 14028S; Salmonella typhimurium LT2; Shewanella oneidensis MR-1;
Sphingomonas wittichii RW1; Staphylococcus aureus N315; Staphylococcus aureus NCTC
8325; Streptococcus pneumoniae; Streptococcus pyogenes MGAS5448; Streptococcus
pyogenes NZ131; Streptococcus sanguinis; Vibrio cholerae N16961;

Organism:

deg.py -i /var/wmwwi/tubic/cgi-bin/blast/temp_seq/8Xblk57KOz/seq.txt -db /var/www/tubic/cgi-
Parameters: bin/blast/temp_seq/8Xblk57KOz/db -type seq -score 100 -email edson.folador@gmail.com -job
8Xblk57KOz -F F -e 0.00001 -M BLOSUM®62 -g T -v 100 -b 100 -blastprogram blastp

Total protein-coding genes

in your sequence: 181 genes

In your sequence, the No. of
genes having homologs 180 genes.
with DEG:

In DEG, the No. of genes
having homologs with your 4356 genes.
sequence:

Your Query Protein homologs|DEG AC Number

DEG10140081; DEG10060294; DEG10180359; DEG10030589; DEG10220242;
DEG10020202;

ackA 96 acetate kinase 6

DEG10170313; DEG10160162; DEG10010056; DEG10030207; DEG10060142;
DEG10120257; DEG10340158; DEG10320059; DEG10130162; DEG10210026;

adk 172 adenylate kinase 24 DEG10190055; DEG10110036; DEG10310077; DEG10330165; DEG10240056;
DEG10140221; DEG10290187; DEG10180089; DEG10380017; DEG10220167,
DEG10020257; DEG10350054; DEG10200155; DEG10070123;
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http://211.81.50.195/deg/result/8Xblk57KOz.zip
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10140081&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10140081&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10180359&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10180359&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10220242&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10220242&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10020202&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10170313&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10170313&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10010056&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10010056&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10060142&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10060142&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10120257&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10120257&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10320059&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10320059&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10210026&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10210026&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10190055&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10190055&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10310077&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10310077&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10240056&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10240056&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10140221&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10140221&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10180089&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10180089&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10220167&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10220167&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10020257&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10020257&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10200155&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10200155&db=p

alaS 106 alanyl-tRNA
synthetase

29

apt 72 Adenine 8
phosphoribosyltransferase

argC 86 N-acetyl-gamma-
glutamyl-phosphate reductase

argF 115 ornithine
9
carbamoyltransferase

argG 77 argininosuccinate
synthase

argS 112 arginyl-tRNA
synthetase

27

aroB 86 3-dehydroquinate
synthase

aroC 125 Chorismate synthase 9

asd 98 Aspartate-semialdehyde
dehydrogenase

aspS 101 Aspartyl-tRNA
synthetase

71

atpA 127 ATP synthase subunit
alpha

44

atpD 111 ATP synthase subunit
beta

52

DEG10220278;

DEG10380163;

DEG10270472;

DEG10050295;

DEG10340311,;

DEG10060236;

DEG10160188;

DEG10360038;

DEG10290291;

DEG10100415;

DEG10200338;

DEG10030105;

DEG10010189;

DEG10110153;

DEG10170223;

DEG10340111;

DEG10350227;

DEG10020178;

DEG10230270;

DEG10130175;

DEG10320224;

DEG10140212;

DEG10250501;

DEG10330190;

DEG10210070;

DEG10310060;

DEG10180418;

DEG10370149;

DEG10120181;

DEG10080089;

DEG10030222;

DEG10290185;

DEG10050439;

DEG10310120;

DEG10180087;

DEG10140122;

DEG10060229;

DEG10270317;

DEG10130194;

DEG10180564;

DEG10280024;

DEG10250346;

DEG10100280;

DEG10300019;

DEG10130179;

DEG10130195;

DEG10280190;

DEG10100218;

DEG10250256;

DEG10100284;

DEG10280094;

DEG10270250;

DEG10240054;

DEG10280324;

DEG10130167;

DEG10240014;

DEG10350178;

DEG10270318;

DEG10100285;

DEG10250348;

DEG10160081;

DEG10230168;

DEG10240020;

DEG10180318;

DEG10120144;

DEG10350020;

DEG10270225;

DEG10380228;

DEG10140084;

DEG10330083;

DEG10320175;

DEG10340516;

DEG10290353;

DEG10170056;

DEG10200407;

DEG10060311,;

DEG10100191,;

DEG10010259;

DEG10210210;

DEG10360303;

DEG10130019;

DEG10190126;

DEG10220065;

DEG10250230;

DEG10280448;

DEG10020056;

DEG10370219;

DEG10130454;

DEG10280002;

DEG10050099;

DEG10250498;

DEG10310131;

DEG10100410;

DEG10200369;

DEG10080112;

DEG10050092;

DEG10130248;

DEG10330069;

DEG10360070;

DEG10250499;

DEG10280523;

DEG10100412;

DEG10200378;

DEG10010139;

DEG10220113;

DEG10330298;

DEG10130082;

DEG10360111;

DEG10340074;

DEG10050206;

DEG10240377;

DEG10230221;

DEG10160294;

DEG10150120;

DEG10250719;

DEG10100582;

DEG10320294;

DEG10190236;

DEG10180519;

DEG10230041;

DEG10290198;

DEG10160082;

DEG10230108;

DEG10270474;

DEG10070142;

DEG10160126;

DEG10150090;

DEG10290095;

DEG10060109;

DEG10030264;

DEG10370220;

DEG10100563;

DEG10010153;

DEG10340426;

DEG10180315;

DEG10330200;

DEG10120021;

DEG10020181;

DEG10270631,;

DEG10350280;

DEG10140128;

DEG10380068;

DEG10380229;

DEG10070078;

DEG10280009;

DEG10350040;

DEG10320174;

DEG10320231;

DEG10330084;

DEG10110114;

DEG10240217;

DEG10130100;

DEG10220240;

DEG10180155;

DEG10030140;

DEG10360151,;

DEG10370076;

DEG10030238;

DEG10380076;

DEG10330128;

DEG10170227,

DEG10170035;

DEG10130158;

DEG10290234;

DEG10340280;

DEG10110060;

DEG10060092;

DEG10370069;

DEG10080027;

DEG10340389;

DEG10120036;

DEG10230258;

DEG10190083;

DEG10190125;

DEG10220253;

DEG10320103;

DEG10220043;

DEG10160197;

DEG10250503;

DEG10010018;

DEG10010192;

DEG10020159;

DEG10250697;

DEG10020039;

DEG10360043;

DEG10110164;

DEG10210138;

DEG10240043;

DEG10200246;

DEG10060025;

DEG10030559;

DEG10380085;

DEG10200418;

DEG10380087;

DEG10060328;

DEG10150334;

DEG10200416;

DEG10360331,;

DEG10120357;

DEG10230082;

DEG10120359;

DEG10210080;

DEG10130026;

DEG10350417;

DEG10310006;

DEG10290397;

DEG10350419;

DEG10130028;

DEG10270237;

DEG10250245;

DEG10140165;

DEG10280104,

DEG10280102;

DEG10250243;

DEG10100207;

DEG10240356;

DEG10100205;

DEG10240358;

DEG10060330;

DEG10270239;

DEG10030561;

DEG10070182;

DEG10020238;

DEG10370084;

DEG10070184;

DEG10360329;

DEG10080206;

DEG10140095;

DEG10140097;

DEG10140079;

DEG10370086;

DEG10210078;

DEG10140273;

DEG10290395;

DEG10030559;

DEG10380085;

DEG10200418;

DEG10310006;

DEG10060328;

DEG10150334;

DEG10200416;

DEG10080206;

DEG10120357;

DEG10360316;

DEG10120359;

DEG10210080;

DEG10130026;

DEG10240272;

DEG10350417;

DEG10380087;

DEG10290397;

DEG10290395;

DEG10340350;

DEG10130028;

DEG10230082;

DEG10250245;

DEG10140165;

DEG10280104;

DEG10280102;
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http://tubic.tju.edu.cn/deg/information.php?ac=DEG10220278&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10220278&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10270472&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10270472&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10340311&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10340311&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10060236&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10060236&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10360038&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10360038&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10100415&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10100415&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10200338&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10200338&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10010189&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10010189&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10170223&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10170223&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10340111&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10340111&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10020178&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10020178&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10130175&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10130175&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10320224&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10320224&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10250501&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10250501&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10210070&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10210070&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10310060&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10310060&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10370149&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10370149&db=p
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http://tubic.tju.edu.cn/deg/information.php?ac=DEG10180087&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10060229&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10270317&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10270317&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10180564&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10180564&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10250346&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10250346&db=p
http://tubic.tju.edu.cn/deg/information.php?ac=DEG10100280&db=p
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atpG 85 ATP synthase subunit
gamma

carA 93 carbamoyl-phosphate
synthase small chain

cysK 78 cysteine synthase

dapA 74 Dihydrodipicolinate
synthase

dapB 72 Dihydrodipicolinate
reductase

dnaB 90 Replicative DNA
helicase

dnaG 109 DNA primase

dnaK 239 Chaperone protein
DnaK

efp 133 elongation factor P

engA 105 GTP-binding protein
EngA
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eno 232 enolase 21

ffh 123 Signal recognition

particle protein 56
fmt 116 Methionyl-tRNA 38

formyltransferase

folA 71 Dihydrofolate reductase 25

folD 126 bifunctional protein folD 20

frr 147 Ribosome-recycling

factor (RRF) 30
ftsH 90 cell division protein 26

ftsY 91 cell division protein FtsY 58
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groEL 105 Chaperonin

agroEL1 125 Chaperonin GroEL

guaA 142 GMP synthase

quaB 93 Inosine-5'-
monophosphate dehydrogenase

ayrA 158 DNA gyrase subunit A

ayrB 121 DNA gyrase subunit B

hemE 180 uroporphyrinogen
decarboxylase

hisD 98 histidinol
dehydrogenase

hisF 79 Imidazole glycerol
phosphate synthase subunit

hisG 73 ATP phosphoribosyl
transferase

hisS 151 histidyl-tRNA
synthetase
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ileS 129 isoleucyl-tRNA
synthetase

ilvA 72 Threonine dehydratase

ilvC 117 ketol-acid
reductoisomerase

ilvD 89 Dihydroxy-acid
dehydratase

infA 75 translation initiation
factor IF-1

infB 144 translation initiation
factor IF-2

infC 121 translation initiation
factor IF-3

katA 74 catalase
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miaA 92 tRNA
dimethylallyltransferase

murA 100 UDP-N-
acetylglucosamine

ndk 162 nucleoside diphosphate

kinase

nth 73 Endonuclease Il

nusA 73 Transcription
elongation protein

nusG 121 Transcription anti-
termination protein NusG

obgE 122 GTPase ObgE

pai 73 glucose-6-phosphate
isomerase

pak 194 phosphoglycerate
kinase

pheA 69 Prephenate
dehydratase

pheS 121 phenylalanyl-tRNA
synthetase subunit alpha

pnp 176 Polyribonucleotide
nucleotidyltransferase

polA 73 DNA polymerase |
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pyrD 85 Dihydroorotate
dehydrogenase 2

pyrH 124 uridylate kinase

recA 105 recombinase A

rho 105 Transcription
termination factor Rho

rnc 81 Ribonuclease IlI

rpe 80 Ribulose-phosphate 3-

epimerase

rplA 115 50S ribosomal protein
L1

rplB 126 50S ribosomal protein
L2

rplC 124 50S ribosomal protein

L3

rplD 113 50S ribosomal protein

L4

rplE 123 50S ribosomal protein
L5

rplF 107 50S ribosomal protein
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rpll 126 50S ribosomal protein
L9

rplJ 100 50S ribosomal protein
L10

rplK 118 50S ribosomal protein
L11

rplL 111 50S ribosomal protein
L7/L12

rplM 121 50S ribosomal protein

L13

rpIN 112 50S ribosomal protein
L14

rplO 102 50S ribosomal protein
L15

rplP_102 50S ribosomal protein
L16

rplQ 115 50S ribosomal protein
L17

rpIR 98 50S ribosomal protein
L18

rplS 114 50S ribosomal protein
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rpIT 110 50S ribosomal protein
L20

rplU 92 50S ribosomal protein
L21

rplV 101 50S ribosomal protein
L22

rplW 94 50S ribosomal protein
L23

rplX 81 50S ribosomal protein
L24

rpmA 86 50S ribosomal protein
L27

rpmE 78 50S ribosomal protein
L31

rpmH 68 50S ribosomal protein

L34

rpoA 177 DNA-directed RNA
polymerase subunit alpha

rpoB 182 DNA-directed RNA
polymerase subunit beta

rpoC 148 DNA-directed RNA
polymerase subunit beta
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rpsA 111 30S ribosomal protein
S1

rpsB 138 30S ribosomal protein
S2

rpsC 118 30S ribosomal protein
S3

rpsD 128 30S ribosomal protein
S4

rpskE 127 30S ribosomal protein
S5

rpsF 101 30S ribosomal protein
S6

rpsG 118 30S ribosomal protein

S7

rpsH 111 30S ribosomal protein
S8

rpsl 129 30S ribosomal protein
S9

rpsJ 119 30S ribosomal protein
S10
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rpsK 129 30S ribosomal protein
Si1

rpsL 174 30S ribosomal protein
S12

rpsM 117 30S ribosomal protein

S13

rpsN 102 30S ribosomal protein
Si4

rpsO 125 30S ribosomal protein
S15

rpsP 103 30S ribosomal protein
S16

rpsQ 93 30S ribosomal protein
Si7

rpsR 111 30S ribosomal protein
S18

rpsS 108 30S ribosomal protein
S19

rpsT 68 30S ribosomal protein
S20

ruvA 70 Holliday junction DNA
helicase subunit RuvA

ruvB 83 Holliday junction DNA
helicase subunit RuvB
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DEG10160304;
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DEG10170330;
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DEG10340056;
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valS 185 valyl-tRNA synthetase 95

ychF 89 GTP-binding protein
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3.1.8.14 — Alignment output for 181 essential proteins agains five hosts
Supplementary Material S14: Alignment output for 181 essential proteins against five hosts.

Este material contém o resultado do alinhamento feito pelo programa Blastp das 181
proteinas essenciais contra 0os hospedeiros naturais Ovis aries, Capra hircus, Bos taurus,

Equus caballus e Homo sapiens; disponibilizado no CD que acompanha esta tese.
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3.1.8.15 - Essential proteins homology against hosts

Supplementary Material

Supplementary Table S15: Blast result of 181 Corynebacteria pseudotuberculosis essential protein against the hosts Ovis aries, Capra hircus, Bos taurus,
Equus caballus and Homo sapiens from non-redundant database of protein sequences (nr). The identity and coverage values were calculated by blastp program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?’PAGE=Proteins). The following parameters were used: Max sequene target = 100, Expected threshold = 10, Matrix =
BLOSUMS62, Low complexity regions filter = false. The coverage and identity values represent the better alignment agaist host protein. Yellow rows: proteins
with identity alignment value less than 30% against host. Green rows: non-host homologous proteins, proteins with low identity and low coverage alignment
value against host. Green rows withou values: non-host homologous, proteins without significant hits against host.

Corynebacterium Pseudotuberculosis biovar ovis Oviis aries Capra Hircus Bos Taurus Equus Caballus Homo Sapiens
Gene Product Degree Coverage Identity Coverage Identity Coverage Identity Coverage Identity Coverage Identity
ackA  acetate kinase 96 35% 28% 14% 33%
adk adenylate kinase 172 94% 33% 100% 36% 100% 35% 100% 36% 100% 38%
alas alanyl-tRNA synthetase 106 97% 35% 97% 35% 97% 35% 98% 34% 98% 35%
apt Adenine phosphoribosyltransferase 72 84% 42% 55% 44% 84% 41% 61% 41% 83% 42%
argC  N-acetyl-gamma-glutamyl-phosphate reductase 86 15% 31% 25% 27% 15% 31% 15% 31% 15% 31%
argF  ornithine carbamoyltransferase 115 93% 36% 93% 35% 92% 36% 87% 36% 93% 36%
argG  argininosuccinate synthase 77 97% 36% 97% 36% 97% 36% 97% 36% 97% 37%
argS  arginyl-tRNA synthetase 112 94% 24% 94% 25% 94% 24% 94% 24% 94% 24%
aroB  3-dehydroquinate synthase 86 20% 34% 16% 30%
aroC  Chorismate synthase 125 20% 35% 13% 32%
asd Aspartate-semialdehyde dehydrogenase 98 38% 26% 38% 26% 11% 44% 17% 31% 38% 25%
aspS  Aspartyl-tRNA synthetase 101 97% 41% 97% 41% 97% 41% 97% 41% 99% 40%
atpA  ATP synthase subunit alpha 127 89% 54% 89% 54% 89% 54% 89% 54% 89% 54%
atpD  ATP synthase subunit beta 111 96% 62% 96% 62% 97% 61% 97% 61% 97% 61%
atpG  ATP synthase subunit gamma 85 97% 23% 97% 23% 97% 23% 97% 23% 97% 23%
carA  carbamoyl-phosphate synthase small chain 93 88% 39% 82% 38% 88% 39% 88% 39% 88% 38%
cysK  cysteine synthase 78 97% 41% 97% 42% 97% 41% 97% 40% 97% 41%
dapA Dihydrodipicolinate synthase 74 93% 27% 93% 27% 92% 26% 93% 27% 93% 27%
dapB  Dihydrodipicolinate reductase 72 20% 37%
dnaB  Replicative DNA helicase 90 10% 33% 13% 32% 13% 32% 14% 28%
dnaG DNA primase 109 16% 29%
dnaK  Chaperone protein DnaK 239 95% 55% 94% 50% 95% 55% 95% 55% 95% 55%
efp elongation factor P 133 47% 26% 32% 33%
engA  GTP-binding protein EngA 105 66% 28% 54% 29% 60% 28% 31% 37% 48% 30%
eno enolase 232 99% 54% 99% 54% 99% 54% 99% 55% 99% 55%
ffh Signal recognition particle protein 123 52% 29% 52% 29% 52% 29% 52% 29% 95% 33%
fmt Methionyl-tRNA formyltransferase 116 72% 33% 72% 33% 72% 33% 91% 30% 73% 30%
folA Dihydrofolate reductase 71 58% 32% 58% 32% 58% 33% 58% 33% 57% 34%

144



folD
frr
ftsH
ftsy
ftsz
fusA
gap
glm$S
gltA
gltX1
glyA
gmk
greA
groEL
groELl
guaA
guaB
gyrA
gyrB
hemE
hisD
hisF
hisG
hisS
ileS
ilvA
ilvC
ilvD
infA
infB
infC
katA
ksgA
Idh
lepA
leuB
leuC
leuS
lysA
lysC

bifunctional protein folD
Ribosome-recycling factor (RRF)

cell division protein

cell division protein FtsY

Cell division protein ftsZ

Elongation factor G
glyceraldehyde-3-phosphate dehydrogenase
glucosamine--fructose-6-phosphate
Citrate synthase

glutamyl-tRNA synthetase

Serine hydroxymethyltransferase
guanylate kinase

Transcription elongation factor GreA
Chaperonin

Chaperonin GroEL

GMP synthase

Inosine-5'-monophosphate dehydrogenase
DNA gyrase subunit A

DNA gyrase subunit B

uroporphyrinogen decarboxylase

histidinol dehydrogenase

Imidazole glycerol phosphate synthase subunit
ATP phosphoribosyl transferase
histidyl-tRNA synthetase

isoleucyl-tRNA synthetase

Threonine dehydratase

ketol-acid reductoisomerase
Dihydroxy-acid dehydratase

translation initiation factor IF-1

translation initiation factor IF-2

translation initiation factor IF-3

catalase

Dimethyladenosine transferase

L-lactate dehydrogenase

GTP-binding protein LepA
3-isopropylmalate dehydrogenase
3-isopropylmalate dehydratase large subunit
leucyl-tRNA synthetase

diaminopimelate decarboxylase

Aspartate kinase

126
147
90
91
184
171
122
87
125
129
251
99
82
105
125
142
93
158
121
180
98
79
73
151
129
72
117
89
75
144
121
74
122
77
82
89
80
143
84
91

87%
98%
65%
74%

97%
99%
99%
85%
97%
89%
97%
31%
97%
96%
97%
93%
36%
89%
94%
11%
59%

98%
93%
73%
19%

74%
52%
100%
95%
86%
97%
96%
91%
79%
98%
83%

44%
27%
48%
27%

44%
48%
35%
28%
32%
45%
40%
30%
44%
46%
36%
42%
26%
24%
35%
39%
23%

23%
41%
29%
34%

29%
41%
25%
43%
32%
41%
46%
33%
29%
28%
23%

87%
98%
66%
74%

97%
98%
96%
85%
96%
89%
97%
31%
97%
96%
97%
90%
36%
89%
84%

59%

98%
93%
73%
19%

74%
52%
91%
95%
87%
97%
96%
73%
79%
98%
77%

44%
27%
47%
27%

44%
48%
35%
28%
31%
45%
40%
30%
44%
46%
36%
42%
26%
24%
34%

23%

22%
41%
29%
34%

29%
41%
26%
43%
32%
41%
46%
36%
28%
29%
25%

87%
98%
65%
57%

97%
99%
99%
85%
97%
89%
97%
31%
97%
96%
98%
91%
37%
89%
94%
18%
59%

98%
93%
77%
19%

61%
52%
97%
95%
87%
97%
96%
91%
79%
98%
83%

44%
30%
48%
29%

44%
48%
35%
28%
32%
45%
40%
30%
44%
46%
36%
43%
26%
24%
35%
31%
23%

23%
41%
29%
34%

32%
41%
25%
43%
31%
40%
45%
33%
29%
28%
23%

93%
98%
73%
57%

98%
99%
96%
85%
97%
90%
97%
44%
97%
95%
97%
93%
36%
89%
94%
31%
59%
18%
92%
93%
77%
18%
29%
61%
52%
64%
95%
76%
97%
96%
91%
79%
98%
81%

44%
31%
45%
29%

39%
48%
34%
28%
32%
45%
41%
29%
44%
23%
37%
42%
25%
25%
35%
23%
23%
35%
23%
42%
29%
26%
23%
30%
41%
33%
43%
34%
41%
45%
33%
29%
28%
23%

87%
98%
72%
47%

95%
99%
99%
85%
97%
95%
97%
31%
97%
96%
97%
91%
36%
89%
94%
21%

25%
99%
93%
73%
19%
15%
61%
52%
57%
95%
86%
97%
97%
91%
79%
98%
81%

45%
30%
46%
31%

44%
49%
34%
29%
31%
43%
41%
33%
44%
46%
36%
43%
24%
25%
35%
29%

30%
25%
41%
30%
34%
32%
30%
41%
28%
43%
31%
40%
45%
33%
29%
27%
22%
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metG
metK
miaA
murA
ndk
nth
nusA
nusG
obgE
pgi
pgk
pheA
pheS
pnp
polA
ppa
prfA
proA
proS
prsA
purA
purD
purE
purF
purH
pyk
pyrB
pyrD
pyrH
recA
recN
rho
rnc
rpe
rplA
rplB
rplC
rplD
rplE
rplF

methionyl-tRNA synthetase
S-adenosylmethionine synthase

tRNA dimethylallyltransferase
UDP-N-acetylglucosamine

nucleoside diphosphate kinase
Endonuclease Il

Transcription elongation protein
Transcription anti-termination protein NusG
GTPase ObgE

glucose-6-phosphate isomerase
phosphoglycerate kinase

Prephenate dehydratase
phenylalanyl-tRNA synthetase subunit alpha
Polyribonucleotide nucleotidyltransferase
DNA polymerase |

inorganic pyrophosphatase

Peptide chain release factor 1
gamma-glutamyl phosphate reductase
prolyl-tRNA synthetase
Ribose-phosphate pyrophosphokinase
Adenylo succinate synthetase
Phosphoribosylamine--glycine ligase
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194
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121
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rplP
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50S ribosomal protein L9
50S ribosomal protein L10
50S ribosomal protein L11

50S ribosomal protein L7/L12

50S ribosomal protein L13
50S ribosomal protein L14
50S ribosomal protein L15
50S ribosomal protein L16
50S ribosomal protein L17
50S ribosomal protein L18
50S ribosomal protein L19
50S ribosomal protein L20
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50S ribosomal protein L22
50S ribosomal protein L23
50S ribosomal protein L24
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DNA-directed RNA polymerase subunit alpha
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rpsT
ruvA
ruvB
secA
secY
serS
smpB
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thrS
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tkt
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trmD
trpC2
trpD
trpE
trpG
trpS
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truB
trxAl
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tsf
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30S ribosomal protein S19

30S ribosomal protein S20

ay junction DNA helicase subunit RuvA
Holliday junction DNA helicase subunit RuvB
Preprotein translocase subunit SecA
Preprotein translocase subunit secY
seryl-tRNA synthetase

SsrA-binding protein/SmpB superfamily
Manganese superoxide dismutase
Threonyl-tRNA synthetase

Thymidylate synthase

trigger factor Tig

transketolase

DNA topoisomerase |

triosephosphate isomerase

tRNA (guanine-N(1)-)-methyltransferase
Indole-3-glycerol phosphate synthase
Anthranilate phosphoribosyl transferase
anthranilate synthase

Anthranilate synthase component II
tryptophanyl-tRNA synthetase

tRNA pseudouridine synthase A

tRNA pseudouridine synthase B
Thioredoxin

Thioredoxin reductase

elongation factor Ts

Elongation factor Tu

tyrosyl-tRNA synthetase

uracil phosphoribosyltransferase
UvrABC system protein B

UvrABC system protein C

valyl-tRNA synthetase

GTP-binding protein YchF
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134
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3.2 - Label-free proteomic analysis to confirm the
predicted proteome of Corynebacterium
pseudotuberculosis under nitrosative stress
mediated by nitric oxide

Wanderson M. Silva, Rodrigo D. Carvalho, Siomar C. Soares, Isabela F. S. Bastos, Edson
Luiz Folador, Gustavo H. M. F. Souza, Yves Le Loir, Anderson Miyoshi, Artur Silva e Vasco
Azevedo

No trablalho experimental de proteémica comparativa conduzido pelo Dr. Wanderson M.
Silva, quando comparado uma amostra da linhagem 1002 de C. pseudotuberculosis
submetida a estresse nitrosativo com uma amostra controle, foram identificadas proteinas

diferencialmente expressas.

Em posse das redes de interagdo, neste trabalho foi criado uma subrede, contendo as
interacdoes entre um conjunto especifico de proteinas. Assim, a rede de interacédo parcial
para a linhagem 1002 foi formada pela interacdo entre as proteinas diferencialmente

expressas somadas as proteinas exclusivamente expressas na condi¢do de estresse.

A rede de interacdo propiciou uma visdo sistémica das proteinas envolvidas na resposta ao
estresse nitrosativo e, junto com outros experimentos, auxiliou na interpretagdo dos
mecanismos biolégicos que permite a resisténcia e sobrevivéncia de C. pseudotuberculosis

guando exposta a condi¢édo de stresse.

O artigo referente a este trabalho foi publicado na revista BMC Genomics em dezembro de
2014, tendo DOI nimero 10.1186/1471-2164-15-1065, estando também disponivel no
endereco eletrénico http://www.biomedcentral.com/1471-2164/15/1065.
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Abstract

regulation, and DNA synthesis and repair.

stress, Nitric oxide

Background: Corynebacterium pseudotuberculosis biovar ovis is a facultative intracellular pathogen, and the
etiological agent of caseous lymphadenitis in small ruminants. During the infection process, the bacterium is
subjected to several stress conditions, including nitrosative stress, which is caused by nitric oxide (NO). In silico analysis of
the genome of C. pseudotuberculosis ovis 1002 predicted several genes that could influence the resistance of this
pathogen to nitrosative stress. Here, we applied high-throughput proteomics using high definition mass spectrometry

to characterize the functional genome of C. pseudotuberculosis ovis 1002 in the presence of NO-donor Diethylenetriamine/
nitric oxide adduct (DETA/NO), with the aim of identifying proteins involved in nitrosative stress resistance.

Results: We characterized 835 proteins, representing approximately 41% of the predicted proteome of C.
pseudotuberculosis ovis 1002, following exposure to nitrosative stress. In total, 102 proteins were exclusive to the proteome
of DETA/NO-induced cells, and a further 58 proteins were differentially regulated between the DETA/NO and control
conditions. An interactomic analysis of the differential proteome of C. pseudotuberculosis in response to nitrosative stress
was also performed. Our proteomic data set suggested the activation of both a general stress response and a specific
nitrosative stress response, as well as changes in proteins involved in cellular metabolism, detoxification, transcriptional

Conclusions: Our proteomic analysis validated previously-determined in silico data for C. pseudotuberculosis ovis 1002. In
addition, proteomic screening performed in the presence of NO enabled the identification of a set of factors that can
influence the resistance and survival of C. pseudotuberculosis during exposure to nitrosative stress.

Keywords: Corynebacterium pseudotuberculosis, Caseous lymphadenitis, Proteomics, Label-free proteomics, Nitrosative

Background

Corynebacterium pseudotuberculosis is a Gram-positive,
facultative, intracellular pathogen belonging to the Coryne-
bacterium, Mycobacterium, Nocardia, or CMN, group. This
group belongs to the phylum Actinobacteria. The defining
characteristics of the CMN group are a specific cell wall
organization, consisting of peptidoglycan, arabinogalactan,
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and mycolic acids, and a high chromosomal G + C content
[1]. C. pseudotuberculosis ovis is the etiological agent of the
chronic infectious disease caseous lymphadenitis, which af-
fects small ruminants worldwide. As a result, C. pseudotu-
berculosis ovis is responsible for significant economic losses
in the goat and sheep industries, mainly stemming from de-
creased meat, wool, and milk production, reproductive dis-
orders, and carcass contamination [1,2]. Bacterial factors
that contribute to the virulence of C. pseudotuberculosis in-
clude phospholipase D [3], toxic cell wall lipids [4], and the
iron transporter fagABC complex [5].

© 2014 Silva et al; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.
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In silico analysis of the genome of C. pseudotuberculo-
sis ovis 1002 [6], as well as the pan-genome analysis of
15 other strains of C. pseudotuberculosis [7], identified
genes involved in the response of this pathogen to differ-
ent types of stress. Recently, the functional genome of C.
pseudotuberculosis ovis 1002 was evaluated at the tran-
scriptional level following exposure to different types of
abiotic stress, including heat, osmotic, and acid stresses
[8]. This allowed the characterization of several genes in-
volved in distinct biological processes that favor the sur-
vival of the pathogen under the given stress condition.

However, during the infection process, C. pseudotubercu-
losis encounters nitrosative stress, caused by nitric oxide
(NO), in the macrophage intracellular environment. A re-
active nitrogen species (RNS) found in mammalian sys-
tems, NO is produced from L-arginine by NO synthases
(NOS), and is present in three isoforms: endothelial NOS,
neuronal NOS, involved in blood pressure control and
neural signaling, and inducible NOS, associated with host
defenses [9,10]. The NO produced during bacterial infec-
tion has antimicrobial properties, killing pathogens by caus-
ing damage to DNA, RNA, and proteins [11]. However,
several pathogens contain pathways that allow bacterial sur-
vival under nitrosative stress conditions, including NO-
sensitive transcriptional regulators [12], DNA and protein
repair systems [13], and antioxidant systems [14].

Currently, little is known about the factors involved in
the resistance of C. pseudotuberculosis to nitrosative stress.
Pacheco et al. [15] showed that the alternative sigma (o)
factor, o, plays a role in the survival of C. pseudotuberculo-
sis in the presence of RNS. A o" null strain showed in-
creased susceptibility to nitric oxide compared with the
wild-type, and, in an in vivo assay, was unable to persist in
mice. However, in iNOS-deficient mice, the mutant strain
maintained its virulence [15]. In the same study, the extra-
cellular proteome of C. pseudotuberculosis was analyzed in
response to nitrosative stress, allowing the characterization
of proteins that contribute to the adaptive processes of the
pathogen in this environment [15].

To complement the results obtained in previous stud-
ies, and to identify factors involved in the survival of C.
pseudotuberculosis under nitrosative stress conditions,
we applied high-throughput proteomics using an liquid
chromatograph high definition mass spectrometry (LC-
HDMSF) (data-independent acquisition, in ion mobility
mode) approach to evaluate the global expression of the
functional genome of C. pseudotuberculosis ovis 1002 at
the protein level under nitrosative stress conditions.

Methods

Bacterial strain and growth conditions

C. pseudotuberculosis biovar ovis strain 1002, isolated
from a goat, was maintained in brain heart infusion broth
(BHIL; HiMedia Laboratories Pvt. Ltd., Mumbai, India) at
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37°C. For stress-resistance assays, strain 1002 was culti-
vated in a chemically-defined medium (CDM), containing
Na,HPO,7H,0 (1293 g/l), KH,PO, (2.55 g/l), NH,Cl
(1 g/1), MgSO,4.7H,0 (0.20 g/1), CaCl, (0.02 g/1), 0.05% (v/
v) Tween 80, 4% (v/v) MEM vitamin solution (Invitrogen,
Gaithersburg, MD, USA), 1% (v/v) MEM amino acid solu-
tion (Invitrogen), 1% (v/v) MEM non-essential amino acid
solution (Invitrogen), and 1.2% (w/v) glucose, at 37°C [16].

Nitric oxide assay and preparation of whole bacterial lysates
Diethylenetriamine/nitric oxide adduct (DETA/NO) re-
sistance of C. pseudotuberculosis was characterized as
previously described [15]. When strain 1002 reached ex-
ponential growth phase (ODgy = 0.6) in the chemically-
defined medium, the culture was divided into two ali-
quots (control condition, strain 1002_Ct; NO exposure,
strain 1002_DETA/NO), and DETA/NO was added to
the appropriate aliquot to a final concentration of
0.5 mM. The growth of strain 1002 in the presence of
DETA/NO was then evaluated for 10 h. For proteomic
analysis, protein was extracted after 1 h of exposure to
DETA/NO. Both the control and DETA/NO cultures
were centrifuged at 4,000 x g for 10 min at 4°C. The cell
pellets were washed in phosphate buffered saline and
then resuspended in 1 ml of lysis buffer (7 M urea, 2 M
thiourea, 4% (w/v) CHAPS, and 1 M dithiothreitol
(DTT)). The cells were then sonicated using five 1-min
cycles on ice. The resulting lysates were centrifuged at
14,000 x ¢ for 30 min at 4°C. The extracted proteins
were then submitted to centrifugation at 13,000 x g for
10 min using a spin column with a threshold of 10 kDa
(Millipore, Billerica, USA). Proteins were denatured with
(0.1% (w/v) RapiGEST SF surfactant at 60°C for 15 min
(Waters, Milford, CA, USA), reduced using 10 mM
DTT for 30 min at 60°C, and alkylated with 10 mM
iodoacetamide in a dark chamber at 25°C for 30 min.
Next, the proteins were enzymatically digested with 1:50
(w/w) trypsin at 37°C for 16 hours (sequencing grade modi-
fied trypsin; Promega, Madison, W1, USA). The digestion
process was stopped by adding 10 pl of 5% (v/v) Trifluoroa-
cetic acid (TFA) (Fluka, Buchs, Germany). Glycogen phos-
phorylase was added to the digests to a final concentration
of 20 fmol/pl as an internal standard for normalization
prior to each replicate injection. Analysis was carried out
using a two-dimensional reversed phase (2D RP-RP)
nanoUPLC-MS (Nano Ultra Performance Liquid Chroma-
tography) approach, using multiplexed HDMSF label-free
quantitation as described previously [17].

LC-HDMSE analysis and data processing

Qualitative and quantitative by 2D nanoUPLC tandem
nanoESI-HDMS® (Nano Electrospray High Definition
Mass Spectrometry) experiments were conducted using
a 1-h reversed phase (RP) acetonitrile (0.1% v/v formic
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acid) gradient (7-40% (v/v)) at 500 nl/min on a
nanoACQUITY UPLC 2D RP x RP Technology system
[18]. A nanoACQUITY UPLC High Strength Silica
(HSS) T3 1.8 um 75 pmx 15 c¢cm column (pH 3) was
used in conjunction with a RP XBridge BEH130 C18
5 pm 300 pm x 50 mm nanoflow column (pH 10). Typ-
ical on-column sample loads were 250 ng of the total
protein digests for each of the five fractions (250 ng/
fraction/load). For all measurements, the mass spec-
trometer was operated in resolution mode, with a typical
effective m/z conjoined ion-mobility resolving power of
at least 1.5 M FWHM, an ion mobility cell filled with ni-
trogen gas, and a cross-section resolving power at least
40 Q/AQ. All analyses were performed using nano-
electrospray ionization in the positive ion mode nanoESI
(+), and a NanoLockSpray (Waters) ionization source.
The lock mass channel was sampled every 30 s. The
mass spectrometer was calibrated with a MS/MS
spectrum of [Glul]-ﬁbrinopeptide B (Glu-Fib) human
solution (100 fmol/pl) delivered though the reference
sprayer of the NanoLockSpray source. The double-
charged ion ([M + 2H]*" = 785.8426) was used for initial
single-point calibration, and MS/MS fragment ions of
Glu-Fib were used to obtain the final instrument calibra-
tion. Multiplexed data-independent scanning with added
specificity and selectivity of a non-linear “T-wave” ion
mobility (HDMSF) experiments were performed using a
Synapt G2-S HDMS mass spectrometer (Waters). The
mass spectrometer was set to switch automatically be-
tween standard MS (3 eV) and elevated collision ener-
gies HDMSF (19-45 eV) applied to the transfer “T-wave”
collision-induced dissociation cell with argon gas. The
trap collision cell was adjusted for 1 eV using a millisec-
ond scan time adjusted based on the linear velocity of
the chromatography peak delivered though nanoAC-
QUITY UPLC, to obtain a minimum of 20 scan points
for each single peak at both low-energy and high-energy
transmission, followed by an orthogonal acceleration
time-of-flight from 50-2000 m/z. The radio frequency
(RF) offset (MS profile) was adjusted so that the
nanoUPLC-HDMSF data were effectively acquired from
an m/z range of 400-2000, which ensured that any
masses observed in the high energy spectra of less than
400 m/z arose from dissociations in the collision cell.

Data processing

Protein identification and quantitative data packaging
were generated using dedicated algorithms [19,20], and
by searching against a C. pseudotuberculosis database
with default parameters for ion accounting [21]. The da-
tabases were reversed “on-the fly” during the database
query searches, and appended to the original database to
assess the false positive rate of identification. For proper
processing of spectra and database searching conditions,
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ProteinLynxGlobalServer v.25.2 (PLGS) with Identity"
and ExpressionE informatics v.2.5.2 (Waters) were used.
UniProtKB (release 2013_01) with manually-reviewed
annotations was also used, and the search conditions were
based on taxonomy (C. pseudotuberculosis), maximum
missed cleavages by trypsin allowed up to one, and vari-
able carbamidomethyl, acetyl N-terminal, phosphoryl, and
oxidation (M) modifications [21,22]. The IdentityE algo-
rithm with Hi3 methodology was used for protein quanti-
tation. The search threshold for accepting each individual
spectrum was set to the default value, with a false-positive
value of 4%. Biological variability was addressed by analyz-
ing each culture three times. Normalization was per-
formed using the Expression”™ tool with a housekeeping
protein that showed no significant difference in abundance
across all injections. The proteins obtained were organized
by the PLGS Expression” tool algorithm into a statistically
significant list corresponding to increased and decreased
regulation ratios among the different groups. The quanti-
tation values were averaged over all of the samples, and
the quoted standard deviations at p <0.05 in the Expres-
sion” software refer to the differences between biological
replicates. Only proteins with a differential expression log,
ratio between the two conditions greater than or equal to
1.2 were considered [23].

Bioinformatics analysis

The identified proteins were analyzed using the predic-
tion tools SurfG+ v1.0 [24], to predict sub-cellular
localization, and Blast2GO, to predict gene ontology
functional annotations [25]. The PIPS software predicted
proteins present in pathogenicity islands [26]. The
protein-protein interaction network was constructed
using interolog mapping methodology and metrics ac-
cording to Rezende et al. [27]. A preview of the inter-
action network was generated using Cytoscape version
2.8.3 [28], with a spring-embedded layout. CMRegNet
was used to predict gene regulatory networks [29].

Results

Effects of nitric oxide on the growth of C.
pseudotuberculosis

In this study, we examined the exponential growth of C.
pseudotuberculosis strain 1002 under nitrosative stress.
The growth and cell viability of strain 1002 was moni-
tored for 10 h with and without DETA/NO supplemen-
tation (Figure 1). The control culture reached stationary
phase by 5 h post-inoculation, while the culture contain-
ing DETA/NO did not reach stationary phase until ap-
proximately 10 h post-inoculation. However, these
results showed that although DETA/NO (0.5 mM) af-
fected the growth rate, C. pseudotuberculosis likely
contains factors that promote survival in the presence
of RNS.
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Figure 1 Growth and survival profile of C. pseudotuberculosis during NO exposure. (A) Growth of C. pseudotuberculosis after 10 h exposure
to 0.5 mM DETA/NO. (B) Survival of C. pseudotuberculosis evaluated by colony forming units. The results shown in A and B represent an average
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Label-free proteomic analysis of C. pseudotuberculosis
grown under nitrosative stress conditions

Total proteome digests from three biological replicates
of each individual condition were subjected to LC/MSF.
In total, we identified more than 31,000 peptides, with a
normal distribution of 10 ppm error of the total identi-
fied peptides. Peptides as source fragments, peptides
with a charge state of at least [M + 2H]*", and the ab-
sence of decoys were factors considered to increase data
quality. A combined total of 2,063 proteins were present
in at least two of the three biological replicates for the
two conditions tested, with an average of 15 peptides per
protein, and a false discovery rate (FDR) of 0% when
decoy detection was set at agreement of two out of three
replicates. The proteins referred to as exclusive to one
condition or another was only identified in one condi-
tion within the detection limits of the experiment
(LOD). The dynamic range of the quantified proteins is

about 3 logs, and proteins unique to one condition or an-
other were only observed above the LOD of the experi-
ment, which was determined by the sample normalization
prior to injection. Therefore, in our study, all samples were
normalized using “scouting runs” taking into account the
stoichiometry between the intensity and molarity propor-
tion prior to the replicate runs per condition. The dynamic
range was similar for each sample, and the total amount
of sample used in fmol was nearly the same. We generate
a graph of protein amounts of the identified proteins from
all samples against protein ranks (Figure 2A).

After, analysis by PLGS v2.5.2 software, the 2,063 pro-
teins originally identified in two out of three replicates
were narrowed down to 699 proteins with p<0.05.
Among these proteins, 44 were up-regulated in the pres-
ence of DETA/NO, while 14 proteins were down-
regulated (Table 1, Figure 2B and C). The remaining 641
proteins with p < 0.05 and log, < 1.2 that were common to
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Figure 2 2D nanoUPLC HDMSE analysis showing: (A) Dynamic range of the method based on protein abundance estimates, data
points derived from LC-HDMSE analysis. (B and C) Proteins that were significantly differentially-regulated during NO exposure. The distribution
of identified proteins with p < 0.05, and differentially-regulated proteins with an I:C log, ratio < 1.2 in relation to the number of peptides identified
for each protein. (B) Proteins with p < 0.05 and an I:C log, ratio < 1.2. (C) Proteins with p < 0.05 and an I:C log, ratio > 1.2.

the two treatments are summarized in Additional file 1. In
addition to the 699 identified proteins that were present
under both control and stress conditions, 34 proteins were
exclusively expressed under the control conditions, and
102 proteins were exclusively expressed in response to
DETA/NO stress (Additional files 2 and 3). Thus, our final
list of proteins is composed of 835 proteins from C.
pseudotuberculosis.

In silico analysis of LC-HDMSE data

The 835 proteins were then analyzed using the SurfG+
tool to predict sub-cellular localization. According with
SurfG+, our data set included approximately 41% of the
predicted proteome of strain 1002 (Figure 3A). In addition,
we characterized proteins belonging to the following cell
fractions: cytoplasmic (CYT) (668 proteins), membrane

(MEM) (59 proteins), potentially surface-exposed (PSE) (69
proteins), and secreted (SEC) (39 proteins) (Figure 3B).

To evaluate whether the proteins identified in our prote-
omic analysis could represent a protein set expressed by
C. pseudotuberculosis during exposure to nitrosative
stress, we correlated our proteomic data with the pre-
dicted core-genomes of 15 C. pseudotuberculosis strains
[7]. Of the open reading frames (ORFs) coding for the
differentially-regulated proteins and exclusive proteome of
DETA/NO-exposed cells, 86% (50/58 proteins) and 82%
(84/102 proteins) were identified, respectively, in the core-
genome of C. pseudotuberculosis (Figure 3C and D). In
addition, of the 835 total proteins identified from the prote-
ome of strain 1002 following exposure to nitrosative stress,
83% (696 proteins) of the ORFs coding for these proteins
were present in the core-genome of C. pseudotuberculosis,
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this result correspond approximately 46% of the predicted
core-genome of C. pseudotuberculosis (Figure 3E).

Functional classification of the proteome of

C. pseudotuberculosis expressed under exposure to
nitrosative stress

The strain 1002 proteome was functionally classified using
the Blast2Go tool [24]. A large proportion of the
differentially-regulated proteins and those exclusive to one
condition were identified as hypothetical proteins. Accord-
ing to the biological function prediction, 18 biological pro-
cesses were classified as differentially regulated (Figure 4A).
In addition, the analysis of the exclusive proteome of each
condition revealed 12 common processes between the con-
trol and stress conditions (Figure 4B). However, seven bio-
logical processes were identified only in stress-exposed cells.
These processes were antibiotic metabolism (six proteins),
nucleotide metabolism (five proteins), oxidative phosphoryl-
ation (three proteins), translation (three proteins), glycolysis
pathways (one protein), iron-sulfur clusters (one protein),
and starch and sucrose metabolism (one protein). Among
all processes identified, DNA synthesis and repair proteins
(14 proteins) were most common. An overview of the C.
pseudotuberculosis response to nitrosative stress according
with the proteins identified is shown in Figure 5.

The proteins that were grouped into of transcriptional
process were evaluated by CMRegNet and among regu-
lators identified; we identified the GntR- family regula-
tory protein (D9Q5B7_CORP1), genes regulated by
GntR-type regulators are usually involved in carbohy-
drate metabolism. The CMRegNet analysis showed that
of the four genes under the control of this regulator, the
N-acetylglucosamine kinase (D9Q5B6_CORP1) protein
was highly expressed by C. pseudotuberculosis in response
to DETA/NO. We identified other regulator the LexA re-
pressor (D9Q8W2_CORP1) that was down regulated in
the DETA/NO condition. According with CMRegNet, two
proteins regulated by this repressor were detected in the
DETA/NO proteome specific, pyridoxal biosynthesis lyase
(PdxS; D9Q5T9_CORP1) and DNA translocase (D9Q
876_CORP1). Others proteins under the control of this re-
pressor was detected, however not presented significant
differential regulation like RecA protein

Protein-protein interaction network

To investigate the interactions among the proteins iden-
tified as exclusive and differentially regulated in cells ex-
posed to DETA/NO, we generated a protein interaction
network using Cytoscape. The interactome analysis re-
vealed 67 protein-protein interactions (Figure 6). DnaB/
DNA helicase (D9Q578_CORP1), identified in the ex-
clusive proteome for strain 1002_DETA/NO, and PyrE/
orotate phosphoribosyltransferase (D9Q4S2_CORP1),
which was down-regulated in strain 1002_DETA/NO,
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showed the greatest number of interactions with other
proteins (eight interactions each). Moreover, both of
these proteins interact with proteins that are involved in
metabolic processes, DNA processes, antibiotic metab-
olism, cell cycling, and translation.

Discussion

C. pseudotuberculosis is exposed to different forms of
oxidative and nitrosative stress during the infection
process. A previous study showed that C. pseudotubercu-
losis resists nitrosative stress generated by the NO-donor
DETA/NO, and that a low concentration of DETA/NO
(100 uM) induces a change in the extracellular proteome
this pathogen [15]. To better understand the physiology
of C. pseudotuberculosis in response to nitrosative stress,
we analyzed the proteome of whole bacterial lysates of
C. pseudotuberculosis in response to exposure to DETA/
NO (0.5 mM).

The strain 1002 proteome under nitrosative stress reveals
proteins involved in bacterial defense against DNA damage
Proteomic analysis identified proteins involved in DNA
repair systems in both the exclusive proteome of DETA/
NO-exposed cells and in the differentially-regulated prote-
ome. We detected the proteins formamidopyrimidine-
DNA glycosylase (Fpg) (D9Q598_CORP1), RecB (D9Q8
C9_CORP1), and methylated-DNA-protein-cysteine meth-
yltransferase (Ada) (D9Q923_CORP1), the genes for which
were previously identified in a transcriptome analysis of
strain 1002 in response to different abiotic stresses [8].
Activation of these proteins in response to nitrosative
stress confirms that they belong a group of general
stress-response proteins in C. pseudotuberculosis.

The expression of Fpg was up-regulated in response to
acid stress [8]. We also identified endonuclease III (Endo
III) (D9Q615_CORP1), which, in addition to Fpg, is in-
volved in the base excision repair (BER) system of various
bacteria. This system cleaves N-glycosidic bonds from
damaged bases, allowing their excision and replacement. In
Salmonella enterica serovar Typhimurium, the BER system
repairs DNA damaged by exposure to NO. In addition, an
S. Typhimurium strain defective in Fpg demonstrated re-
duced virulence in a murine model [30]. Our interactome
analysis showed that Endo III had one of the highest num-
bers of interactions with other proteins, including interac-
tions with proteins involved in DNA replication such zinc
metalloprotease (D9Q378_CORP1) and DNA translocase
(D9Q8Z6_CORP1), suggesting that this protein could play
an important role in the defense pathway against RNS.

The Ada and RecB protein were up-regulated in re-
sponse to osmotic stress [8]. Ada is involved in the re-
pair of DNA-methylation damage, this protein have
plays important in the pathway DNA damage [31]. RecB
is a component of the RecBC system, which is part of
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Table 1 Proteins identified as differentially-expressed following exposure to nitrosative stress
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Table 1 Proteins identified as differentially-expressed following exposure to nitrosative stress (Continued)

Amino acid

metabolism

D9Q622_CORP1 Phosphoserine phosphatase 949.15 9 158 099 PSE serB Core

D9Q4N1_CORP1 Carboxylate-amine ligase 20554 16 124 1 T Cp1002_1819 Core

D9Q6H4_CORP1 L-serine dehydratase | 284.11 17 -137 0 MEM sdaA Core

Lipid metabolism

D9Q520_CORP1 Glycerophosphoryl 24178 21 134 1 PSE glpQ Core
diester phosphodiesterase

Oxidative

phosphorylation

D9Q8I5_CORP1 Cytoghrome aa3 controlling 6762 6 128 1 MEM Cp1002_1095 Core
protein

Specific metabolic

pathways

D9Q5M9_CORP1 Inositol-3-phosphate synthase 7473.38 18 225 1 aT inol Core

D9Q721_CORP1 Hypothetical protein 46029 7 144 1 SEC Cp1002_0573 Core

D9Q689_CORP1 3-Hydroxyisobutyrate 213724 12 134 1 aT mmsB Core
dehydrogenase

D9Q4X1_CORP1 Urease accessory protein UreG 1532.39 12 -16 0 T ureG Core

Nucleotide

metabolism

D9Q452_CORP1 Orotate phosphoribosyltransferase ~ 2618.52 8 -1.26 0 o) pyrE Core

Unknown function

D9Q6Y9_CORP1 Hypothetical protein 491.89 10 287 1 T Cp1002_0540 Core

D9Q6C7_CORPI Hypothetical protein 689.6 25 225 1 PSE Cp1002_0320 Core

D9Q3P3_CORP1 Hypothetical protein 5703.38 3 187 1 (@) Cp1002_1474 Core

D9Q5V4_CORP1 Hypothetical protein 99452 1 17 1 avr Cp1002_0143 Core

D9Q610_CORP1 Hypothetical protein 2721736 2 167 1 YT Cp1002_0202 Core

D9Q8D8_CORP1 Hypothetical protein 232412 7 157 098 T Cp1002_1048  Shared

DIQ6W1_CORP1 Hypothetical protein 930391 4 154 1 T Cp1002_0512 Core

D9Q6V5_CORP1 Hypothetical protein 1346.2 4 1.5 0.99 T Cp1002_0506 Core

D9Q5R7_CORP1 Hypothetical protein 2090.7 8 142 1 T Cp1002_0105 Core

D9Q917_CORP1 Hypothetical protein 55589 10 137 1 PSE Cp1002_1281 Core

DIQ3P5_CORP1 Hypothetical protein 11217 6 129 1 SEC Cp1002_1476 Core

D9Q7U5_CORP1 Hypothetical protein 517.06 8 128 1 T Cp1002_0852 Core

D9Q7L1_CORP1 Hypothetical protein 1569397 6 128 1 SEC Cp1002_0766 Core

D9Q3P6_CORP1 Hypothetical protein 172959 5 122 1 T Cp1002_1477 Core

D9Q6Z7_CORP1 Hypothetical protein 1835.7 13 122 1 T Cp1002_0548 Core

D9Q8V8_CORP1 Hypothetical protein 29323 8 -148 0 Cp1002_1221 Core

D9Q6C8_CORP1 Hypothetical protein 41331 12 -1.52 0 PSE Cp1002_0321 Core

D9Q5HO_CORP1 Hypothetical protein 12376.2 6 =171 0 QYT Cp1002_0007 Core

D9Q4DS5_CORP1 Hypothetical protein 1016164 4 -4.29 0 YT Cp1002_1721  Shared

Others

D9Q5N5_CORP1 Iron-regulated MEM protein 992.54 8 201 0 PSE piuB Core

D9Q922_CORP1 CobW/HypB/UreG, 1771.22 20 1.88 1 (o) Cp1002_1286  Core

nucleotide-binding
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Table 1 Proteins identified as differentially-expressed following exposure to nitrosative stress (Continued)

D9Q8C4_CORP1 Prokaryotic ubiquitin-like 2194.86
protein Pup

D9Q7B8_CORP1 Ribosomal-protein-alanine 2791.1
n-acetyltransferase

D9Q7K9_CORP1 Arsenate reductase 514754

184 1 (@A) pup Core
10 134 1 [@7) rimJ Shared
132 1 YT arsC Core

(a) Ratio values to: strain 1002_DETA/NO:strain 1002_Ct, Log(2) Ratio > 1.5, p > 0.95 = up-regulation, p < 0.05 = down-regulation.
(b) Core-genome analysis of 15 strains of C. pseudotuberculosis: shared = present in two or more strains; core = present in 15 strains of C. pseudotuberculosis.
(c) CYT =cytoplasmic, MEM = membrane, PSE = potentially surface-exposed, SEC = secreted.

the SOS response the more regulatory network encoded
by prokaryotic involved in DNA repair [32]. The RecBC
system acts in the recombination or degradative repair
of arrested DNA replication forks. Studies in S. Typhi-
murium showed that recBC mutant strains are more at-
tenuated than recA mutants in a murine model of
infection [33]. In addition, unlike recA mutants, recBC
mutants were susceptible to RNS [34], indicating that
RecBC is highly important in the bacterial response to
nitrosative stress. The LexA repressor (D9Q8W2_CORP1),

which forms part of the general SOS system along with
RecA [35], was down-regulated in C. pseudotuberculosis
cells exposed to DETA/NO. We also detected the RecA
protein (D9Q8Y3_CORP1); however, despite having a p-
value <0.05, the fold-change of —0.50 showed that this pro-
tein was not activated under the experimental conditions.
Studies performed in Mycobacterium tuberculosis showed
that recA was not induced until cells had been exposed to
DETA/NO (0.5 mM) for 4 h, but that hydrogen peroxide
induced the immediate expression of recA [36], suggesting
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Figure 3 Correlation of in silico predicted data with proteome results. (A) Percentage of coverage of the C. pseudotuberculosis 1002 in silico
proteome. (B) Prediction of the subcellular localization of the proteins identified by LC/MS. (C) Analysis of the differentially-regulated proteins of
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that RecA is involved in the later stages of the nitrosative  transcriptional family is composed of iron-sulfur (Fe-S) clus-
stress response. Nevertheless, CMRegNet analysis identified  ter proteins. These proteins are O,- and NO-sensitive, and
other proteins that are regulated by LexA in the DETA/ allow the sensing of both external environmental signals
NO-specific proteome, including pyridoxal biosynthesis and the redox state for intracellular bacteria [37,38]. In M.
lyase (PdxS; D9Q5T9_CORP1) and DNA translocase  tuberculosis, the reaction of the iron-sulfur cluster of WhiB3

(D9Q8Z6_CORP1). with NO generates a dinitrosyl iron complex (DNIC), which

activates a sensing mechanism in response to the NO, con-
NO-sensitive transcriptional regulators are activated in sequently activating a system of defense against nitrosative
the presence of NO stress [12]. In addition, other in vivo and in vitro studies

To activate these DNA repair systems, it is essential that  have also demonstrated that WhiB regulators play a role in
bacteria can detect ROS and RNS, and concomitantly acti-  the adaptation and survival of M. tuberculosis during expos-
vate the transcriptional regulators needed for the expression  ure to redox environments [12,39-41].

of genes involved in protection against these compounds. In We identified other regulators that are activated in re-
the DETA/NO-specific proteome, we detected the transcrip- ~ sponse to environmental stimuli, such as a MerR-family
tion factor WhiB (D9Q6Y2 CORP1). The WhiB transcriptional regulator (D9Q889_CORPI) and a LysR-
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Figure 5 Overview of C. pseudotuberculosis response to nitrosative stress. All proteins detected by proteomic analysis are marked in red
(differentially-regulated proteins or exclusive to the proteome of DETA/NO-stressed cells).

type transcriptional regulator (LTTR) (D9Q7H8_CORP1).
This regulator was also highly expressed in the transcrip-
tional response of C. pseudotuberculosis 1002 to acid
stress [8]. MerR-type regulators have been described in
the detoxification of toxic metal in several pathogenic and
non-pathogenic bacteria [42]. Other studies have shown
that this class of regulator plays a role in bacterial resist-
ance to oxidative and nitrosative stress [43,44]. LTTRs are
associated with the regulation of several biological pro-
cesses, as well as in the adaptive response of bacteria to
different types of stress [45]. In Vibrio cholerae, LTTRs are
associated with efflux pump regulation, which contribute
to antimicrobial resistance, and are involved in
colonization of the human host [46]. In pathogens like E.
coli [47], Enterococcus faecalis [48], S. enterica [49], and
Pseudomonas aeruginosa [50], LTTRs are involved in re-
sistance to oxidative stress.

The detoxification pathways of C. pseudotuberculosis
following NO exposure

Our proteomic analysis identified proteins specifically
expressed by cells exposed to DETA/NO that are involved

in the detoxification process. Two of these proteins were
thioredoxin (trxA) (D9Q7U6_CORP1) and glutathione per-
oxidase (D9Q4E5_CORP1). The thioredoxin and glutathi-
one systems play major roles in thiol and disulfide balance,
respectively [14]. In pathogens such as Helicobacter pylori,
Streptococcus pyogenes, and M. tuberculosis, this system is of
great importance in combating the presence of ROS/RNS
[36,51,52]. A glyoxalase/dioxygenase (D9Q5T5_CORP1)
was identified in the differential proteome of cells exposed
to DETA/NO. This protein was previously detected in the
proteome of C. pseudotuberculosis strain 1002 in response
to 0.1 mM DETA/NO [15]. The presence of this protein
suggests that glyoxalase/dioxygenase plays a role in the re-
sistance of this pathogen to nitrosative stress.

Nevertheless, unlike P. aeruginosa, which contains a
complete denitrification pathway [53], the predicted genome
of C. pseudotuberculosis ovis 1002 revealed a truncated de-
nitrification pathway. However, we detected the nitric-oxide
reductase cytochrome b (NorB) (D9Q5T6_CORP1) in
the exclusive proteome of DETA/NO-stressed cells.
norB, which codes for this nitric-oxide reductase, is or-
ganized into the norCBQDEF operon in Paracoccus
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networks were visualized using Cytoscape.

Figure 6 Protein-protein interactions. Protein-protein interactions of the proteins identified in DETA/NO-exposed cells. Exclusive proteome,
circle; up-regulated, square; and down-regulated, rhombus. The sizes of the nodes represent the degree of interaction for each gene/protein; the
major nodes demonstrate greater interactions. The colors of nodes and lines are in an increasing gradient scale from yellow to green to blue. The

denitrificans [54], and into the norCBD operon in P. aer-
uginosa [55]. The C. pseudotuberculosis genome was
predicted to only contain norB. Moreover, norB is lo-
cated in the Cpl002PiCpl2 pathogenicity island, sug-
gesting horizontal acquisition of the gene by this
pathogen. Nitric-oxide reductase is an important protein
in the denitrification process of some bacteria [56]. In P.
aeruginosa, NorB plays a role in both the growth of the
pathogen in the presence of NO, and in its survival in
macrophages [55]. The flavohemoglobin Hmp is involved
in the NO detoxification pathway in S. Typhimurium, and
levels of Hmp are increased approximately two-fold in

macrophages [57]. Interestingly, in N. meningitidis, NorB
levels are increased ten-fold in macrophages [58], demon-
strating the great power of this protein in the detoxifica-
tion process.

Metabolic profile of C. pseudotuberculosis in response to
nitrosative stress

In addition to the presence of proteins involved in bac-
terial defense and detoxification pathways, strain 1002
needs to undergo metabolic adaptation to favor bacterial
survival. We observed a metabolic readjustment in this
pathogen in the proteomic analysis. Of the proteins
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involved in central carbohydrate metabolism, we de-
tected only phosphoglycerate mutase (D9Q533_CORP1)
and N-acetylglucosamine kinase (D9Q5B6_CORP1) in
the proteome of DETA/NO-exposed cells. Other essen-
tial proteins involved in glycolysis (the Embdem-
Meyerhof pathway), the pentose phosphate pathway, and
the citric acid cycle were not detected. Similar results
were found in a metabolomic study of V. cholerae in re-
sponse to nitrosative stress [59].

However, we hypothesized that C. pseudotuberculosis
uses oxidative phosphorylation to obtain energy. This is
supported by the presence of cytochrome C oxidase
polypeptide I (D9Q486_CORP1), succinate dehydrogen-
ase cytochrome b556 subunit (D9Q650_CORP1), and
ubiquinol-cytochrome C reductase cytochrome C subunit
(D9Q3J7_CORP1) in the exclusive proteome of DETA/
NO-stressed cells, and by the up-regulation of the cyto-
chrome oxidase assembly protein (D9Q8I5_CORP1)
under the same conditions. However, this oxidative phos-
phorylation may be associated with the bacterial culture
conditions used in this work, in which C. pseudotuberculo-
sis was cultivated in the presence of DETA/NO under aer-
obic conditions. Studies have shown that growing M.
tuberculosis in a low concentration of NO with low levels
of O, can induce anaerobic respiration as a result of
the inhibition of the respiratory proteins cytochrome ¢
oxidase and NADH reductase by irreversible ligation
of NO. The ligation of NO to the respiratory proteins
is an effect that may be both short-term reversible and
long-term irreversible [60]. Thus, we suggest that acti-
vation of the oxidative phosphorylation system may be
a more effective pathway for this pathogen to obtain
energy [61].

Another metabolic adjustment was observed in rela-
tion to amino acid biosynthesis. Transporters and en-
zymes involved in the synthesis of methionine,
tryptophan, and serine were identified. However, the
presence of these proteins can be associated with the
bioavailability of these amino acids during exposure to
NO. In addition, we detected two oligopeptide trans-
port ATP-binding proteins (OppD) (D9Q6G5_CORP1/
D9Q3X0_CORP1) that compose the oligopeptide permease
system (Opp). This complex is associated with the internal-
ization of peptides from the extracellular environment to
be used as a source of carbon and nitrogen in bacterial nu-
trition [62]. We also identified proteins that are cofactors
of metabolism, such as CoaBC (D9Q8L2_CORP1), phos-
phopantetheine adenylyltransferase (D9Q809_CORP1),
and 2-dehydropantoate 2-reductase (D9Q7J9_CORP1).
The presence of these proteins demonstrates activity in
pantothenic acid metabolism and the biosynthesis of coen-
zyme A (CoA). Studies performed in species such as Cor-
ynebacterium diphtheriae [63], Streptococcus haemolyticus
[64], and M. tuberculosis [65] showed that pantothenic
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acid and CoA could have an important role in the growth
and viability of these pathogens.

Conclusions

In this work, we applied high-throughput proteomics to
characterize the proteome of C. pseudotuberculosis ovis
1002 following exposure to NO. Our proteomic analysis
generated two profiles, which together validated findings
from previous in silico analyses of C. pseudotuberculosis
ovis 1002. The proteomic profile generated after the
addition of the NO-donor, DETA/NO (0.5 mM), re-
vealed a set of proteins that are involved in distinct bio-
logical process. We detected proteins related to both the
general stress response and to a more specific nitrosative
stress response, which together form a network of factors
that promote the survival of this pathogen under stress
conditions. However, more detailed studies are needed to
assess the true role of these proteins in response to nitro-
sative stress in C. pseudotuberculosis. In conclusion, this
functional analysis of the genome of C. pseudotuberculosis
shows the versatility of this pathogen in the presence of
NO. Moreover, the results presented in this study provide
insights into the processes of resistance of C. pseudotuber-
culosis during exposure to nitrosative stress.
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4 - Discussao Geral

Como resultado do trabalho desenvolvido nesta tese, obtivemos dois resultados principais.
O primeiro resultado foi a validagdo de uma metodologia genérica para a predicdo de
interacdo proteina-proteina, descrito no capitulo de metodologia. O segundo resultado foi
obtido com a aplicacdo desta metodologia validada para a predicdo das redes de interacdo

para nove linhagens de Corynebacterium pseudotuberculosis biovar ovis.

No primeiro trabalho, objetivamos identificar e validar métricas, extraidas dos valores dos
alinhamentos feito pelo BLASTp, que pudessem ser usadas para diferenciar interacdes
falsas e positivas. Para isto, usamos a base de dados publica DIP, contendo interacdes
experimentais e curadas, como padrdo ouro. Usamos também as bases de dados publicas
(pDB) String, Intact e Psibase para mapearmos as interagbes. Assim, usando o programa
BLASTp e as sequéncias de aminoacidos cada interacdo em formato FASTA, fizemos o
alinhamento reciproco, mapeamos e transferimos as interagcées encontradas nas pDB para
DIP. Sendo DIP nosso padrdo ouro, contabilizamos estatisticamente as interagfes falsas e
verdadeiras. Como DIP contém somente interagfes verdadeiras, o conjunto de interacdes
negativas foi criado com identificadores da mesma base de dados, contendo em proporcéo
de cinco vezes a quantidade de interacdes positivas, criadas aleatoriamente.

Para isto, geramos dois conjuntos de dados distintos para serem avaliados, ambos contendo
os alinhamentos reciprocos entre as pDB e DIP, gerados pelo BLASTp. No primeiro conjunto
de alinhamentos, somente o primeiro alinhamento do BLASTp foi considerado, justificado
pela maior probabilidade de ser uma proteina homoéloga. No segundo conjunto de
alinhamentos, foram considerados os 20 primeiros alinhamentos do BLASTp, visando assim,
identificar outros alinhamentos entre proteinas homoélogas. Para ambos conjuntos de dados,
os valores dos alinhamentos retornados pelo BLASTp foram recuperados, sendo eles o
score, e-value, bitscore, similaridade, identidade e cobertura. Adicionalmente, geramos
subconjuntos com combinacdes dos valores obtidos dos alinhamentos feitos com o BLASTp.
Assim, no total foram gerados 42 subconjuntos distintos de predi¢cdes a serem avaliados

(dois conjuntos de dados com sete métricas para trés pDB).

Cada subconjunto ou combinacdo destes foram submetidos a avaliacio com a curva
Receiver Operaing Characteristic (ROC), visando identificar a métrica com maior Area Under
Curve (AUC) que pudesse melhor diferenciar as interacdes verdadeiras das falsas. Assim,
nés identificamos, para cada pDB, os valores retornados do alinhamento feito pelo BLASTp

gue melhor contribuem para as predi¢coes.
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A combinacdo dos valores de identidade e cobertura extraidos dos alinhamentos
compuseram a melhor métrica, correspondendo a um AUC de 0,96 para pDB individual e um
AUC de 0,93 para a combinacdo de pDB. O ponto de corte de 0,70 para a métrica
identidade vezes cobertura, corresponde a especificidade de 0,95 e sensibilidade de 0,90,

demostrando que nosso método prediz eficientemente as interacdes proteina-proteina.

Adicionalmente, em vez de usarmos somente o0 primeiro alinhamento do BLASTp, nés
usamos os 20 primeiros alinhamentos, aumentando a quantidade de pares de interacdo
preditos e a cobertura na rede de interacdo. Consequentemente, aumentamos também
exponencialmente a quantidade de alinhamentos e pares de interagcdo para serem
manipulados e tratados. Ao usar mais que um alinhamento do BLASTp, gera-se redundancia
de pares de interacao preditos entre as pDB e entre as proteinas homaélogas contidas dentre
os 20 alinhamentos do BLASTp. Sob o ponto de vista tecnol6gico esta quantidade de dados
nao util pode gerar problemas, exigindo computadores mais potentes ou algoritmo mais
eficiente para o processamento.

No segundo trabalho, aplicamos esta metodologia com as métricas validadas para gerar as
redes de interagdo para nove linhagens do biovar ovis de C. pseudotuverculosis (Cp).
Assim, seguindo a metodologia, executamos o alinhamento reciproco entre as nhove
linhagens de Cp contra as pDBs, identificamos os pares de interagdo e usamos os valores
de identidade vezes cobertura extraidos dos alinhamentos do BLASTP para calcular a
métrica e gerar as redes de interacdes.

Como resultado, foram preditos aproximadamente 16.000 pares de interagdo para cada
linhagem de Cp, sendo ~99% mapeado do género Corynebacterium, ou seja, de um
organismo filogeneticamente préximo, aumentando biologicamente a probabilidade que as
interacBes preditas realmente ocorram em Cp. Destes pares de interagdo preditos, 15.495
sdo conservados entre as nove linhages do biovar ovis de Cp. Este conjunto de interacdes
conservadas foi usado para fazer analise dos clusteres e identificacdo de proteinas

essenciais.

Antes, porém, nos preocupamos em validar as redes de interagdo preditas e verificar se
possuiam caracteristicas de redes bioldgicas. Submetemos entdo as redes de interacéo
preditas para validacdo quanto a menor caminho (Shortest Path) e verificar se o grau de
interacdo seguia uma distribuicdo livre de escala (Scale Free) com aproximacédo a lei de
poderes (Power Law). Ambas analises topoldgicas sugerem que todas as redes de interacao

preditas possuem caracteristica pertencentes as redes bioldgicas.
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Adicionalmente, foi verificado se as redes de interacdo preditas tinham alguma chance de
serem geradas aleatoriamente. Assim, submetemos as redes de interacdo geradas ao teste
de distribuicdo normal denominado Shapiro-Wilk teste, qual descartou definitivamente a
probabilidade que as redes de interacéo tivessem uma distribuicdo normal, obtendo um p-
value < 2.2e-16 (Shapiro e Wilk, 1965). Ainda, comparamos as redes de interacdo preditas
contra redes de interacdo geradas aleatoriamente. Nesta comparacdo, os valores do
Coeficiente de Clusterizacdo, Correlcdo e R? obtidos sdo extremamente diferentes entre os
dois tipos de redes, sugerindo que as redes preditas ndo foram formadas por interacoes
expurias ou aleatérias, possuindo um viés bioldgico, possivelmente devido a pressao
evoluciondria exercida sobre estas interacfes no organismo. Em tempo, o alto valor do
Coeficiente de Clusterizacao sugere uma auto organizacao nas célula de Cp motivada pelas

interacOes (Galeota et al., 2015).

Seguros de estarmos analisando redes de interagéo biolégicas, procedemos com a analise
dos clusteres de proteinas e das proteinas essenciais. Dentre os clustes encontrados,
selecionamos cinco com maior quantidade de proteinas para serem analisados com suporte
da literatura, sendo eles principalmente formados por proteinas Ribossomais e de RNA
Polimerase, Sistema de transporte de Oligopeptideos, Biosintese de Cobalamina, Aquisicéo
de Ferro e regulacgédo intracelular e, Diviséo celular e biossintese da parede celular.

Ao analisar os clusters, o viés biolégico exercido sobre estes e as interacfes, € identificado
e apoiado pela descricdo na literatura e caracterizagdo por métodos experimentais, mesmo
gue em outros organismos filogeneticamente proximos. Este conhecimento a nivel de
biologia de sistemas, obtidos na literatura, pode entdo ser transferido, via rede de interacéo,
para Cp, possibilitanto melhor entendimento do organismo. Da mesma forma, a falta de
informacdo na literatura sobre algumas interacbes, faz das redes de interacdo proteina-
proteina uma importante ferramenta para melhor analisar e entender o comportamento
celular de Cp, permitindo levantar novas hipéteses e direcionar novos experimentos em

laborat6rio, visando testar a drogabilidade e essencialidade destas proteinas e interacdes.

Entre as 15.495 interacbes conservadas nas nove redes de interacdo preditas para Cp,
considerando principalmente o grau de interacdo, 181 proteinas essenciais foram
identificadas (Khuri e Wuchty, 2015); participando principalmente no metabolismo de
carbono, envelope celular e sintese da parede celular, biossintese de nucleotideos,
enovelamente, translocacdo, formacédo do ribossomo, fatores de transcricdo, sintese de
tRNA, metabolismo de RNA e, via metabdlica respiratéria. Dentre estas proteinas essencias,

somente a DNA repair (RecN) néo foi identificada como essencial na base de dados DEG.
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Enquanto a maioria das proteinas essenciais possuem mais proteinas em mais de 20
organismos de DEG, outras trés proteinas essenciais em Cp tiveram homologia com apenas
um organismo de DEG: Catalase (KatA), Endonuclease Il (Nth) and Trigger factor Tig (Tig).
Isto pode ser explicado pelo fato de que a essencialidade nem sempre é conservada entre
as espécies (Caufield et al., 2015). Dentre as proteinas essenciais 41 nao tiveram homologia
contra seus hospedeiros, sendo boas candidatas para uso em diagnéstico ou alvos para

drogas.

Além da identificacdo de clusteres e proteinas essenciais, as redes de interacdo podem ser
usadas em conjunto com outras técnicas experimentais para auxiliar na interpretacdo dos
resultados. Assim, em posse da rede de interacao proteina-proteina gerada para a linhagem
1002 de C. pseudotuberculosis, foram identificadas as interacbes entre as proteinas com
baixa e alta expressdao, bem como as proteinas exclusivamente expressas, quando
submetidas a stresse nitrosativo. A viséo sistémica das proteinas envolvidas na condicdo de
estresse, propiciada pela rede de interacdo, auxiliou na interpretacdo dos resultados do

experimento de protedbmica comparativa.

Ao analisar as redes de interacdo com mais atengcdo aos detalhes e considerando os
resultados obtidos durante o desenvolvimento desta tese, é perceptivel que muitos outros
trabalhos derivados ou somados as redes de interacdo poderdo ser desenvolvidos, sejam

eles de natureza experimental ou computacional.
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5 - Concluséao e Perspectivas

Neste trabalho, analisamos e validamos um conjunto de métricas capaz de mapear com
eficiéncia interacbes ortdlogas de bases de dados publicas, aumentando inclusive a
cobertura em uma rede de interacdo. Pela primeira vez usamos esta metodologia validada
para mapear as interacdo proteina-proteina para nove linhagens do biovar ovis de C.
pseudotuberculosis. Adicionalmente, geramos a rede de interacdo dos genes
diferencialmente e exclusivamente expressos para auxiliar na interpretacdo dos resultados

gerados por experimento de proteomica comparativa.

Mais importante que a validacé@o estatistica aplicada sobre as redes preditas, evidenciando
gue possuem caracteristicas de redes biologicas, sdo as evidéncias biolégicas encontradas,
apoiadas pela literatura, na analise dos clusteres e proteinas essenciais. Assim, 0 método
para predicdo de redes de interagdo proteina-proteina se mostra uma importante ferramenta
para bidlogos estudarem e entenderem os organismos de interesse a nivel de biologia de
sistemas, bem como, uma valiosa ferramenta para a predi¢cdo de proteinas essenciais, com

potencial uso em diagndstico ou como alvos para drogas.

Neste trabalho, além das 181 proteinas essenciais preditas, existem aproximadamente
15.000 interacbes conservadas entre as nove linhagens para ser exploradas

experimentalmente e gerar trabalhos futuros.
Dentre algumas perpectivas de trabalhos, experimentais ou computacionais, podemos citar:

- Estudar os clusteres e intera¢des identificadas que tenham relevancia biolégica visando
entender melhor C. pseudotuberculosis e sua patogenicidade, direcionando novos trabalhos

em laborat6rio (Marsh et al., 2013);
- Testar experimentalmente as proteinas essenciais identificadas;

- Re-anotar as proteinas hipotéticas baseado na funcéo de seus parceiros de interacdo

encontrados na rede (Peng et al., 2014; Hao et al., 2015);

- Desenvolver uma base de dados publica e disponibilizar as interacbes preditas para C.

pseudotuberculosis, bem como uma forma eficiente e amigavel para sua visualizacao;

- Aplicar a metodologia desenvolvida na predicdo das redes de interacdo proteina-proteina

de outros organismos de interesse biotecnoldgico;
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- Considerando as montagens geradas para 0s hovos genomas sequenciados do biovar
equi, fazer a predicdo de interacdo proteina-proteina e comparar as diferencas e

semelhancas com o biovar ovis.

- Cruzar as redes de interacdo com os dados gerados por experimentos de RNA-Seq, SNPs,
proteomica ou outros experimentos bioldgicos, visando extrair informacgédo e entender como

estas proteinas interagem e cooperam nas condicfes testadas.

Neste sentido, em colaboracdo com o Dr. Wanderson Marques Silva, esta em adamento um
trabalho para caracterizar o proteoma total das linhagens 1002 (biovar ovis) e 258 (biovar
equi) e explorar as diferencas entre os dois biovares que possam fornecer dados a respeito
da biologia deste patégeno. Experimentos com protedmica ja foram feitos e foram
caracterizadas aproximadamente 1.321 proteinas de C. pseudotuberculosis. Estas proteinas
serdo analisadas nas redes de interacao considerando o nivel de expresséo e se pertencem

ao interactoma central ou especifico de cada biovar.
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| - C. pseudotuberculosis Phop confers virulence
and may be targeted by natural compounds

Sandeep Tiwari, Marcilia Pinheiro da Costa, Sintia Almeida, Syed Shah Hassan, Syed Babar
Jamal, Alberto Oliveira, Edson Luiz Folador, Flavia Rocha, Vinicius Augusto Carvalho de
Abreu, Fernanda Dorella, Rafael Hirata, Diana Magalhdes de Oliveira, Maria Fatima da Silva
Teixeira, Artur Silva, Debmalya Barh e Vasco Azevedo

Apbés a construcdo de uma rede de interacdo proteina-proteina, seja por método
experimental ou computacional, diversas andlises podem ser executadas. Dentre estas
analises, podemos citar a compara¢ao entre duas ou mais redes de interacdo, a andlise de
um conjunto especifico de proteinas como um cluster, a analise de uma via metabdlica de

interesse ou mesmo analise de interacdo entre proteinas especificas.

Neste trabalho, foi gerada a rede de interacdo parcial para as proteinas codificadas por dois
genes especificos de interesse: phoP e phoR. A rede de interagéo, contendo do primeiro até
o terceiro nivel de interacdo do sistema phoPR, permitiu o planejamento de experimentos
em laboratério para verificar como a expressao destes dois genes poderiam regular a
expressao de outras proteinas. Apdés submissao do artigo, visto que haviam evidéncias
experimentais comprovando os resultados, a pedido dos revisores, a imagem da rede de

interacdo foi retirada (Figure 45).

Figure 45. Rede de interacdo parcial das proteinas codificadas pelos genes phoPR.

Este trabalho desenvolvido em colaboragdo com o MSc. Sandeep Tiwari e foi publicado em
setembro de 2014 pela revista Integrative Biology com DOI nimero 10.1039/C4I1B00140K,
disponivel em http://pubs.rsc.org/en/content/articlehtml|/2014/ib/c4ib00140k.
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@gggggmgg}g C. pseudotuberculosis Phop confers virulence and
may be targeted by natural compoundsf

Cite this: DOI: 10.1039/c4ib00140k
Sandeep Tiwari,#* Marcilia Pinheiro da Costa, 1" Sintia Almeida,® Syed Shah Hassan,?
Syed Babar Jamal,® Alberto Oliveira,” Edson Luiz Folador,” Flavia Rocha,®
Vinicius Augusto Carvalho de Abreu,” Fernanda Dorella,” Rafael Hirata,”
Diana Magalhaes de Oliveira,” Maria Fatima da Silva Teixeira,” Artur Silva,®
Debmalya Barh" and Vasco Azevedo**

The bacterial two-component system (TCS) regulates genes that are crucial for virulence in several
pathogens. One of such TCS, the PhoPR system, consisting of a transmembrane sensory histidine kinase
protein (PhoR) and an intracellular response regulator protein (PhoP), has been reported to have a major
role in mycobacterial pathogenesis. We knocked out the phoP in C. pseudotuberculosis, the causal
organism of caseous lymphadenitis (CLA), and using a combination of in vitro and in vivo mouse system, we
showed for the first time, that the PhoP of C. pseudotuberculosis plays an important role in the virulence

Received 18th June 2014, and pathogenicity of this bacterium. Furthermore, we modeled the PhoP of C. pseudotuberculosis and our
Accepted 22nd August 2014 docking results showed that several natural compounds including Rhein, an anthraquinone from Rheum
DOI: 10.1039/c4ib00140k undulatum, and some drug-like molecules may target PhoP to inhibit the TCS of C. pseudotuberculosis, and

therefore may facilitate a remarkable attenuation of bacterial pathogenicity being the CLA. Experiments are
www.rsc.org/ibiology currently underway to validate these in silico docking resullts.

Insight, innovation, integration

Here, we report for the first time the importance of PhoP protein of the PhoPR system of C. pseudotuberculosis that plays a vital role in the virulence and
pathogenicity of this bacterium. For this, we developed a mutant phoP gene of Corynebacterium pseudotuberculosis Cp1002 strain and subsequently evaluated
the consequences of this mutation via in vitro and in vivo analyses. Furthermore, by extrapolating the results of our analyses, we modeled this PhoP protein of
C. pseudotuberculosis and computational analyses were performed. Our docking results showed that several natural compounds, including Rhein from Rheum
undulatum and some other drug-like compounds acquired from public drug database/s, targeted the N-terminal response regulator domain of the PhoP protein
to inhibit the TCS of C. pseudotuberculosis and might facilitate a remarkable attenuation of the pathogenicity of this important veterinary pathogen.

Introduction lymphadenitis (CLA), or cheesy gland disease, an illness that

affects small ruminants (sheep and goats) worldwide." CLA
The Gram-positive bacterium Corynebacterium pseudotuberculosis  is mainly characterized by abscess formation in superficial
of the class Actinobacteria is the etiological agent of caseous and internal lymph nodes.” In some cases, the visceral organs,
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such as the lungs, kidneys, liver and spleen, are also infected.’
The development of CLA compromises these animals and
generates significant economic losses due to reduced wool,
meat and milk yields, decreased reproductive efficiency and
increased condemnation of carcasses and skins in abattoirs.”*
Once disseminated, CLA eradication is difficult due to the
inefficacy of currently available drug therapies.>” The insufficiency
of available control procedures and the lack of knowledge regard-
ing the molecular mechanisms of the virulence of this disease
require an aggressive search for efficient treatment strategies.®
Recently, novel virulence determinants of C. pseudotuberculosis
Cp1002 have been identified; however, little is known about this
complex pathogen. Phospholipase D and mycolic acids are the
most important virulence factors identified in C. pseudotuberculosis
Cp1002.°

The role of two-component signal transduction systems
(TCS) in bacteria and certain eukaryotes, such as protozoa, is
to detect and respond to the milieu vicissitudes.” Many studies
have reported the involvement of the versatile TCS systems in
the regulation of a variety of processes, including cell division,
nutrient acquisition, regulation of osmolarity, redox potential,
nitrogen fixation, phosphate uptake, sporulation, pilus formation,
adhesion, drug resistance and expression of virulence factors.*™!
The PhoPR system consists of a transmembrane sensory histidine
kinase protein (PhoR) that phosphorylates the receiver domain
of the response regulator protein (PhoP) of this system.
Phosphorylation induces a conformational change in the response
regulator, which activates the effectors domain and thereby
triggering the cellular response.'?

More than 4000 TCSs have been identified in bacterial genomes,
demonstrating a broad range of interactions and environmental
adaptation of bacteria. Interestingly, the PhoPR system from
M. tuberculosis has shown a high degree of similarity to PhoPQ
from a diverse range of intracellular bacterial pathogens such as
Salmonella sp., Shigella sp. and Yersinia sp.”* The development and
application of specific inhibitors against TCS systems operate
differently from conventional antibiotics. It is possible to transform
such inhibitors into new drugs, which perform selectively against
various drug-resistant bacteria."*'® Furthermore, inhibiting the
function of TCSs that control the expression of virulence factors
may attenuate the virulence of the pathogenic bacteria.'®

PhoP gene is the response regulator of the PhoPR two-
component systems, which plays a crucial role in the virulence.
Progresses in the understanding of M. tuberculosis biology have
promoted the rational development of attenuated strains, and,
currently, the phoP mutant is used as a main vaccinal strategy

Table 1 Strains and plasmids used in this work

View Article Online

Integrative Biology

against tuberculosis.'” Recent studies have demonstrated that
this mutant has shown a variety of changes, including the loss of
expression of lipids of the cell envelope, impaired intracellular
growth in infected macrophages, which persists in in vitro
cultured-macrophages and in mouse organs, lack of secretion
of the major T-cell antigen ESAT-6, virulence attenuation and
protective efficacy against tuberculosis.'®"?

In this work, we have attempted to study the possible role of
the PhoP protein of the two-component signal transduction
systems in C. pseudotuberculosis Cp1002 through the generation
of mutant strain by disrupting the phoP gene by simple homo-
logous recombination. After the AphoP genotype analysis, tests
were performed to confirm the role of PhoP in the virulence and
pathogenicity of C. pseudotuberculosis. This mutant strain was also
assessed for adhesion and viability in macrophages and for
virulence in mice to analyze the persistence of infection and
mortality rates. After confirming the possible role of PhoP protein
in virulence, we followed an in silico approach with a focus on the
PhoP protein of the TCS of animal pathogen C. pseudotuberculosis
Cp1002 for identifying putative therapeutic inhibitors.

Materials and methods
Bacterial strains and culture conditions

All bacterial strains and plasmids used in this study are listed in
Table 1. Escherichia coli DH50 was grown in Luria-Bertani broth
(LB, Difco Laboratories, Detroit, USA) at 37 °C under agitation for
18 h and on 1.5% (w/v) LB agar plates at 37 °C for 18 h. Plasmid-
containing transformants were selected by adding ampicillin
(Amp) (Invitrogen, San Diego, CA) and X-Gal (Invitrogen, San
Diego, CA) to the media. The supplement concentrations were
ampicillin (100 pg ml ') and X-Gal (40 pg ml "), respectively.
C. pseudotuberculosis biovar ovis strain 1002 was used as the wild
type parental. Bacteria were aerobically grown in brain heart
infusion broth (BHI, Acumedia Manufacturers, Inc., Baltimore,
MD, USA) and on 1.5% (w/v) BHI agar plates at 37 °C for 72 h.**
C. pseudotuberculosis phoP mutant (4phoP) was aerobically grown
in brain heart infusion broth (BHI) and on BHI agar plates at
37 °C for 72 h. For the selection of recombinants, kanamycin
(Km) 50 pg ml~* was added to the media.

Genomic DNA extraction and the construction of
C. pseudotuberculosis AphoP strain

Genomic DNA extraction was performed according to a pre-
viously described protocol.>® For the amplification of a segment

Strain or plasmid Description and relevant characteristics Source
Escherichia coli DH50/[sup44AlacU169 (¢ 80 lacZAM15) hsdR17 recAl endA1 gyrA96 thi-1 relA1] Invitrogen
Corynebacterium pseudotuberculosis” 1002 strain (wild-type) UFBA
Corynebacterium pseudotuberculosis AphoP strain (phoP mutant) This study
pCR"2.1-TOPO™ Cloning vector/Am’-Km'/pUC ORI Invitrogen
pPCR"“2.1-TOPO" :phoP Cloning vector pCR"2.1-TOPO"™ containing the Cp 436 bp fragment from the ORF phoP  This study

“Virulent C. pseudotuberculosis biovar ovis strain isolates from caprines; obtained from the Universidade Federal da Bahia, UFBA, Brazil.

Integr. Biol.
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of phoP ORF of 436 bp of C. pseudotuberculosis Cp1002 the
following primers were used: sense (5'-GGATCCGATGGAAGG
CGTGAACGAG-3') antisense (5'- GCGTAAGATCGGCGTACACC-3').
The PCR assays were carried out in a final volume of 50 pl,
containing 50 ng of genomic DNA, 1 pmol ml ' of each primer,
0:25 mM dNTPs, 0.1 units of Taq DNA polymerase (Invitrogen),
2 mM MgCl,, and 1x concentrated enzyme buffer (Invitrogen).
Amplification was performed using the thermal cycler
(PTC-100, MJ Research, Inc.) as follows: first denaturation at
95 “C for 4 min, 30 cycles followed by denaturation at 95 °C for
30 s, 58 °C annealing for 30 s, extension at 72 °C for 1.5 min;
and final extension for 5 min at 72 °C. The DNA fragment was
purified from bands in 1.0% (w/v) agarose gels using the
Consert TM Rapid Gel Extraction System kit (Gibco-BRL,
Gaithersburg, MD, USA). The retrieved fragment of phoP was
then ligated into the pCR2.1-TOPO vector, as described in
the manufacture’s protocol. The recombinant plasmid pCR
2.1-TOPO/phoP was then introduced into the competent
E. coli DH cello, and single recombinant colonies were selected.
The presence of insert DNA fragment was confirmed by colony
PCR of seven clones selected using the same primers described
above. In this reaction, for final volume of 10 L, 1 pmol ml~" of
each primer was used; 0.25 mM dNTPs; 0.1 unit of Taqg DNA
polymerase (Invitrogen); 2 mM MgCl, buffer and 1x enzyme
concentrate (Invitrogen). After the identification of E. coli clone
in the genomic library that contained the phoP fragment cloned
into pCR2.1-TOPO (Invitrogen), plasmid DNA extraction was
performed using the Wizard Plus Maxipreps DNA Purification
System (Promega). The extracted plasmid was directly trans-
formed into C. pseudotuberculosis strain 1002 according to
Dorella et al.' The selection of the phoP mutant clones was
performed in BHI medium supplemented with 50 pg mL™*
kanamycin. For the construction of C. pseudotuberculosis
AphoP by simple homologous recombination,”* a clone of
C. pseudotuberculosis genome library was used, which contained
a fragment of the open reading frame (ORF) of the cloned phoP
gene. To confirm phoP inactivation by the insertion of the
suicide vector, polymerase chain reaction (PCR) was performed
using primers aligned with phoP as well as m13 and km. All
other molecular biology techniques were performed according
to Sambrook et al.”’

The constructed suicide plasmid was then introduced into
competent C. pseudotuberculosis cells. This plasmid did not
replicate in C. pseudotuberculosis and it should integrate into
the genome by homologous recombination between the phoP
gene on the chromosome and the cloned sequence on the
plasmid (Fig. 3). The resistant strain of C. pseudotuberculosis
was confirmed by mPCR. The disruption of phoP gene of this
strain was evaluated by PCR using pair primers listed in
Table 2. Amplicons could also be observed in Table 3.
Compared with the parent strain Cp1002, mutant (AphoP)
strain was confirmed by the detection of phoP sequence in
C. pseudotuberculosis. A 5.2 kb fragment was obtained in
mutant phoP, indicating the presence of plasmid into genomic
DNA (Fig. 4a, lane 15), while the wild type yielded a 0.8 kb
product (Fig. 4a, lane 14).
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Table 2 Primers used to confirm the deletion of phoP gene of
C. pseudotuberculosis strain

Primer designation Orientation Sequence (5’ — 3')

phoPF Forward GGATCCGATGGAAGGCGTGAACGAG
phoPR Reverse AAGCTTTTACGTATTCCGAGGCTTAC
phoPRfrag Reverse GCGTAAGATCGGCGTACACC
phoPFext Forward CTTTACTAAGAGATCGGGG
phoPRext Reverse GCTCATCTACTACTTTCTGC

KmF Forward ATGATTGAACAAGATGGATTG

KmR Reverse TTAATAATTCAGAAGAACTC

M13F Forward GTAAAACGACGGCCAG

M13R Reverse CAGGAAACAGCTATGAC

Generation and characterization of phoP mutant of
C. pseudotuberculosis

High concentrated plasmid DNA was isolated from cells using the
Wizard® Plus Maxipreps DNA Purification System kit (Promega,
Madison, WI). The recombinant plasmid (pCR"2.1-TOPO"™/phoP
fragment) was then introduced into competent C. pseudotuberculosis
cells.*? Plating recognized strains with homologous recombination
of recombinant plasmid at the phoP locus on medium containing
kanamycin. Resistant colonies appeared after 72 h at 37 °C, and
single recombinant colony was selected and characterized.

The chosen mutant strain of C. pseudotuberculosis Cp1002
was evaluated by mPCR, as described by Pacheco et al., 2007.%°
To compare the growth rate of C. pseudotuberculosis wild type
and phoP mutant, a growth curve was made in BHI T80 (0.05%
Tween 80), and the ODgo and serial plate agar dilution were
measured at 0, 30, 60, 120, 180, 240, 300 and 360 min. The
difference between the bacterial size and colony morphology
were also observed between the wild type and mutant strains.

The proper integration of the plasmid was further determined
by PCR using the primers of Table 2. PCR primer pairs, melting
temperature and amplicon lengths of each PCR reaction can be
seen in Table 3.

In vitro assays of C. pseudotuberculosis strains in macrophage
cells

The J774 murine macrophage cells were cultured in suspension in
Dulbecco’s Modified Eagle’s medium (DMEM, Sigma Chemical Co.,
St. Louis, MO, USA) supplemented with gentamicin (50 pg ml™?),
fungizone (2.5 pg ml ') and 5% fetal calf serum (Gibco BRL,
NY, USA) at 37 °C in an atmosphere of 5% (v/v) CO,. Confluent
monolayers were trypsinized at two day intervals with
saline containing 0.2% trypsin (w/v) and 0.02% EDTA (w/v).

Table 3 Initiator combinations and melting temperatures used in each
PCR reaction, and fragments produced by amplification

Primer pair Mt (°C) Amplicon (bp)
PphoPF and phoPR 58 714
PphoPF and phoPRfrag 58 436
M13F and phoPRfrag 58 548
M13F and phoPR 58 825
PphoPF and M13R 58 525
KmF and KmR 56 795
phoPR and KmR 56 2532
phoPFext and phoPRext 57 5152
Integr. Biol
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After 3 min of interaction, the culture medium was removed
and the cells were incubated in DMEM, counted and diluted to
1 x 10° cells per ml. For adherence assay, an average of 500 pL
of cell suspension cultures (~5 x 10> cells per well) were
cultured in 24-well plates. Then, the cells were incubated for
48 h in a 5% CO, incubator to allow the cells to grow to about
95% confluency. C. pseudotuberculosis wild type and phoP mutant
strains were cultivated in BHI and incubated for 24 h at 37 °C.
Microorganisms were washed three times with Dulbecco’s
phosphate-buffered saline solution, resuspended in DMEM and
diluted to a concentration of 10” colony-forming units (CFU) ml ™.
The suspension was diluted to 1:10 (~5 x 10° CFU ml ') with
DMEM (500 pL per well). After interaction times (1, 3 and 6 h), the
supernatants were removed, diluted and counted. Then, the
monolayers were washed six times with Dulbecco’s phosphate-
buffered saline solution and resuspended with 500 pL of lysis
buffer (0.1% Triton X-100 (Sigma) in Dulbecco’s phosphate-
buffered saline solution). The lysates were diluted and cultivated
in BHIL Inoculated cells corresponded to the number of viable
bacterial cells in supernatant plus the number of viable bacteria
(intracellular plus extracellular) associated with cell monolayers.
The total number of adhered cells was expressed as the
percentage of the inoculum recovered from monolayers after
1, 3 and 6 h incubation. For the determination of intracellular
viable bacteria after incubation times (1, 3 and 6 h), monolayers
were washed six times with PBS, and treated with 150 pug ml "
gentamicin sulphate (Sigma) for 1 h. The number of intra-
cellular bacteria was determined by viable counts in BHI after
the lysis of monolayers with 0.5 ml of 0.1% Triton X-100
(Sigma) in PBS. The percentage of intracellular bacteria was
deduced from J774 cell-associated bacteria.

Immunization assay, challenge and easement of protection
level

The standardization of parameters such as animal model, calcu-
lating the lethal dose (LD50) to be employed in the immunization
studies, the volume of the cultures to be inoculated in animals,
most appropriate route of inoculation, intervals between immu-
nizations and challenges, and use of Glanvac™ 3 (P-fazer) as
control of immune response were already performed by Dorella
(2009)°* and Moraes (2014).>* All procedures with animals were
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carried out according to the regulations of the Ethics Committee
for Animal Experimentation of the Federal University of Minas
Gerais, Brazil. For experiments evaluating virulence through
experimental infection, 6-8 weeks-old BALB/c mice were divided
into four groups of 10 animals each. All groups of animals used in
immunization trials were submitted to blood sampling on days 0
and 14 starting from the time of immunization. The blood was
collected from the retro-orbital vein plexus with the help of
Pasteur pipettes. After coagulation, the blood was centrifuged at
3000 rpm for 10 min. The serum was removed and stored at
—20 °C until the determination of specific immunoglobulins by
ELISA. In pilot immunization experiments, mice were grouped
into four (Group 1, 2, 3 and 4) groups with each group consisting
of ten animals. On day 0 (¢ = 0), the Group 1 mice were immunized
with a commercial vaccine Glanvac™ 3 (P-fazer) subcutaneously in
a volume of 300 pL. Four weeks later, on day 28 (¢ = 28), the
same group of mice received a second dose of the vaccine
(re-vaccination) under the same conditions as the initial dose.
Group 2 were vaccinated with 0.9% saline (negative control)
intraperitoneally in a volume of 100 pL (¢ = 0). Group 3 was
immunized with the parental strain C. pseudotuberculosis
Cp1002 intraperitoneally in a volume of 100 pL containing
10 CFU per ml (t = 0). The fourth group was immunized
intraperitoneally with C. pseudotuberculosis mutant strain PhoP
in a volume of 100 pL containing 10 CFU per ml (¢ = 0). The
animals were challenged intraperitoneally 14 days after immuniza-
tion with 10 CFU per ml of the virulent strain of C. pseudotuberculosis
MIC-6 strain. The protection conferred by the immunization process
was evaluated by comparing the survival of immunized animals to
those inoculated with the commercial vaccine Glanvac™ and the
wild strain of C. pseudotuberculosis. Mice were evaluated for
four weeks after the challenge, and the entire experiment was
performed in triplicate (Fig. 1).

Detection of specific IgG, IgG1 and IgG2a antibodies

Serum samples were taken 14 days after immunization. Blood
samples were collected through retro-orbital bleeding. After
coagulation, the blood was centrifuged at 3000 rpm for ten minutes.
The serum samples were collected and stored at —20 °C. These
samples were analyzed using an enzyme-linked immuno-sorbent
assay (ELISA) to measure the total levels of specific IgG, IgG1 and

1% dose 2*dose
Glanvac Glanvac Challenge
a) L 1 1
I I I
0 28 days 14 days 4 weeks
Immunization
Groups: C. pseudotuberculosis wild type
and phoP mutante strains
Group: control Challenge
1 1
b) I I
0 14 days 4 weeks

Fig. 1 Vaccination plan. (a) Schematic diagram illustrating the timelines of the vaccination of Glanvac™ 3 group in two doses, infectious challenge and
monitoring time after challenge; (b) Illustration of the immunization of other groups, infectious challenge and monitoring time after challenge.
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IgG2a antibodies. ELISA was performed according to a pre-
viously describe protocol by Ribeiro et al.**

Statistical analysis

All data were expressed as means + standard deviation (S.D)
and analyzed using GraphPad Prism (v4.03, GraphPad Software,
San Diego, CA). Statistical differences among groups were
identified using one-way ANOVA. A one-tailed Student’s t-test
was used to determine if there were any significant differences
between the experimental and control groups. A P value of 0.05
or less was considered to be significant.

Homology modeling and protein model validation

The amino acid sequences of C. pseudotuberculosis Cp1002
PhoP protein were retrieved from the UniProt (http://www.
uniprot.org) that has 237 amino acids (Accession number:
D8KPL7). The query sequence was searched for identity analysis
using the Basic Local Alignment Search Tool (BLAST)* against
Protein Data Bank (PDB) for the corresponding template structure.
The structure of PhoP protein from Mycobacterium Tuberculosis
(PDB ID: 3R0J-A) was found to be the best template for the PhoP
protein with an identity of 64% and a sequence similarity of
80%. PhoP protein was modeled in 2012 by Moraes et al.*®
where the identity was 39% and the sequence similarity was
60% with the selected template from T. maritima (PDB ID:
1KGS); up to 2012, the crystal structure of PhoP protein from
Mycobacterium Tuberculosis (PDB ID: 3R0J-A) was not present in
the PDB database. The computational 3D (three-dimensional)
structure of C. pseudotuberculosis for PhoP was generated by
comparative homology modeling using 3R0J-A template struc-
tures by through SWISS-MODEL.?” The protein structure was
validated using various bioinformatics tools such as Procheck®
and ANOLEA (Atomic Non-Local Environment Assessment).*’
The best model structure was then compared with the template
protein structure by superimposing both the structures via the
Chimera program.””

Ligand library preparation

A selection of active antimicrobial compounds isolated from
different natural sources was carried out following a literature
review. The structures of these compounds were retrieved from
PubChem (http://pubchem.ncbi.nlm.nih.gov/) and the Drug
Bank databases (http://www.drugbank.ca/). Calculation for
various drugs properties, such as mutagenic, tumorigenic,
irritant nature and an adverse effect of the compounds on the
reproductive system, was performed using Molinspiration
(http://www.molinspiration.com/cgi-bin/properties) and Osiris
Property Explorer (http://www.organic-chemistry.org/prog/peo/).
The tools also give the drug-likeness and total drug-score of the
compounds based on the “Lipinski rule of five”. The overall
drug score of a compound is the drug-likeness, ie., clogP
(logarithm of the partition coefficient between 1-octanol and
water, for the hydrophilicity of the compound, where low log P
refers to high absorption or permeation, value less than 5), log S
(a unit stripped logarithm (base 10) for the aqueous solubility
of a compound in mol 1 '), molecular weight and toxicity risk
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were calculated by Osiris Property Explorer for each compound,
thus having an overall potential to qualify for a drug. Furthermore,
a second set of the ligand library was developed from the ZINC
database,®" by extracting 11 000 drug-like molecules with Tanimoto
cut-off level of 60%, and was subsequently screened against the
Phop protein for the identification of putative inhibitors.

Active site residues identification and docking analysis

The 3D structure of the PhoP protein from C. pseudotuberculosis
Cp1002 was further checked for their active site amino acid
residues. For this, the published structural data related to the
PhoP protein from C. pseudotuberculosis Cp1002 and the tem-
plate structure of the target protein was also checked to confirm
a key role of these potential residues in substrate recognition.
The docking analyses was performed using Molegro Virtual
Docker.*

Result and discussion
Construction and characterization of phoP mutant

To study the importance of the phoP regulatory gene in the regu-
lation of virulence and pathogenicity in C. pseudotuberculosis,
a phoP mutant was generated. We investigated the consequences
of this mutation using a combination of in vitro and in vivo assays.
The construction of C. pseudotuberculosis strain carrying chromo-
somal deletion for the phoP gene was obtained by the insertion of
a plasmid containing a part of the phoP gene into the chromoso-
mal copy of phoP by homologous recombination. To do this, we
first amplified a fragment of the phoP gene of 436 bp by PCR using
primers listed in Table 2. Subsequently, the gene sequence was
cloned in the pCR®2.1-TOPO™ plasmid (Fig. 2). The presence
or absence of the insert was confirmed by restriction enzyme
digestion with EcoRI (Fig. 2).

The wild type and mutant strains observed under optical
microscopy showed no obvious difference in the shape and size
of the bacteria (data not shown). No change was verified in the
morphology of colony compared with both the strains (data not
shown). No difference was observed in the in vitro growth curves
of the parent and mutant strains, implying that the deletion
of the phoP gene had no significant influence on the growth of
C. pseudotuberculosis (Fig. 5).

Macrophages adhesion and intracellular viability of
C. pseudotuberculosis

Intracellular pathogens, such as C. pseudotuberculosis, have the
ability to adhere to host cells, internalize, survive and replicate
within infected cells, thereby causing the illness. Thus, to
understand the changes caused by mutation in phoP gene of
C. pseudotuberculosis, we studied the adhesion and invasion of
wild type and mutant strains in J774 murine macrophage cells.
The bacterial adherence and the invasion rates of wild type and
mutated strains are given in Table 4.

The results correlated with the percentage of bacteria that
adhered to macrophage cells are shown in Fig. 6a. In the
adherence assay, in three times post-infection (1, 3 and 6 h),
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436 bp

Fig. 2 (a) Schematic representation of recombinant plasmid pCR®2.1-TOPO™ /phoP fragment with restriction sites. Plasmid was used to clone the
C. pseudotuberculosis phoP fragment linked to promoter T7. (b) Plasmid isolated, purified and then visualized on 1% agarose gel. The 1 kb Ladder plus
molecular marker (Invitrogen) is indicated as MW (first lane); lane 2: amplification of the C. pseudotuberculosis phoP fragment (436 bp amplicon); lane 3:
recombinant plasmid pCR"2.1-TOPO™ /phoP fragment, after digestion with EcoRl; lane 4: recombinant plasmid pCR"2.1-TOPO™/phoP fragment did
not undergo digestion. Molecular masses are indicated.
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Fig. 3 Integration of suicide plasmid (pCR™2.1-TOPO™ /phoP fragment) disrupted the phoP gene. Homologous recombination (X) to give the fragments
indicated on the diagram. The solid boxes represent fragments from suicide plasmid. The size of portions and primers also are indicated.
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Lane Strain Primers Amplicon (bp)

1 Wildtype (Cp1002) DhoPF + phoPR 714

_2 phoP Mutant phoPF + phoPR 714

-3 Wild- (Cp1002) hoPF + phol 436

5000 4 ﬁ oP Mutant phoPF + phol 436
d-type {Cp1002) M13F + phoPRfrag =

2000 ‘phoP Mutant M13F + phoPRfrag 548
&y Wild-type (Cp1002) M13F + phoPR —

=4 hoP Mutant M13F + phoPR 825

1000 Wild-type (Cp1002) M13R + phoPF =
A phoP Mutant M13R + phoPF 525
1 Wild-type (Cp1002) KmF + KmR =

12 phoP Mutant KmF + KmR 795

13 phoP Mutant phoPR + KmR 2532

14 Wild-type (Cp1002] PphoPFext + phoPR ext 787

15 phoP Mutant phoPFext + phoPR ext 5152

Fig. 4 Confirmation of phoP gene mutation in C. pseudotuberculosis. (a) Analysis of PCR products amplified from genomic DNA of the wild type and
mutant strains visualized on 1% agarose gel electrophoresis. The 1 kb Ladder Plus Molecular Marker (Invitrogen) is indicated as MW (first and last lanes).
Molecular masses are indicated. (b) Detail of the amplicons of the agarose gel. Lanes in the gel, strains, pair primers in each PCR reaction and the length of
amplification fragments are shown.

a statistically significant difference was observed between the viable in macrophages, compared with wild-type, while no

wild type and mutated strains. At all times, the adherence rate
remained low in the mutated strain. After evaluating the
percentage of viable intracellular bacteria in both the strains
at two points in time (1 and 3 h post-infection), it was possible
to observe a significant increase in the number of phoP mutant

Integr. Biol

difference was noted at 6 h (Fig. 6b). Intracellular viability was
low for the wild-type bacteria at 1 and 3 h post-infection. The
number of cells of mutant strain adhered at 1 and 3 h post-
infection (35.44% and 60.37%, respectively) and the high per-
centage of internalized cells (65.54% and 74.28%, respectively)

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Growth curves of wild type and mutant C. pseudotuberculosis strains. Cultures were grown in BHI medium supplemented with Tween 80 (0.05%).
Growth profiles of both strains in (@) ODggonm and (b) CFU per milliliter were measured during 360 min. No significant differences could be detected
between both the groups. Mean values are the result of three independent experimental data + S.D.

Table 4 Percentages of adhesion and internalization of C. pseudotuberculosis strains in J774 macrophage cells during three different time intervals.

Each value represents the mean + S.D. from triplicate measurements

Interaction time (h)
Wild-type strain of C. pseudotuberculosis 1 3 6
Adhered bacteria (%) 72.77 £ 3.65 90.1 £ 1.21 99.49 + 0.06
Viable intracellular bacteria (%) 30.67 + 2.80 48.83 + 3.98 16.9 + 0.79
Interaction time (h)
AphoP strain of C. pseudotuberculosis 1 3 6
Adhered bacteria (%) 35.44 + 3.70 60.37 + 6.70 74.13 + 2.41
Viable intracellular bacteria (%) 65.54 + 14.83 74.28 + 4.38 18.48 + 4.00
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Fig. 6 Percentage of (a) adhered bacteria and (b) viable intracellular bacteria of wild-type and phoP mutant strains in J774 murine macrophage after
three times. Mean + S.D. for three independent replicated experiments are shown. Asterisks (*) indicate statistically significant differences between wild
type and phoP mutant groups. Statistical analyses were performed using Student's t-test; p < 0.05 considered to be significant.

suggested that the reduced cell-adhesion rates were due to
the rapid recognition and internalization of the mutant by
macrophages. These results are in accordance with a study in
M. tuberculosis phoP mutant, which reported that deficiency in
some forms of cell envelope lipids affects the surface properties
of bacteria and results in enhanced interaction with host cells.**

This journal is © The Royal Society of Chemistry 2014

In Salmonella typhimurium, phoP-regulated gene products
decrease the processing and presentation of antigens because
activated macrophages process phoP mutant with greater
efficiency than wild type.>* Therefore, the molecular basis for
infecting macrophages by C. pseudotuberculosis still remains
poorly understood.
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Immunization assay, challenge and easement of protection
level

To assess the protection against CLA in mice, immunization
assays were performed by intra-peritoneal inoculation with
doses of C. pseudotuberculosis wild-type 1002 and phoP mutant
strain, Glanvac, as well as a saline control. This was done by the
determination of mice survival, after a challenge dose with the
wild-type C. pseudotuberculosis MIC-6 strain.

All the mice vaccinated with the wild-type strain showed
clinical signs of morbidity, and most mortality happened before
the challenge. In this group, animals resistant to infection died
within 2 days after the challenge. Mice immunized with saline
died between 1 and 2 days after the challenge. Mice vaccinated
with Glanvac presented a survival rate of 55% (Fig. 7). The
survival rate of mice given the AphoP strain was the highest
among the vaccine groups (60% survival) and was significantly
different than that of the saline group. A single immunization
with phoP mutant strain as a live vaccine conferred a significant
protection against the bacterial infection in mice. These data
provide the evidence that the deletion of phoP gene may have
caused an attenuation of virulence in mice.

Detection of specific IgG, IgG1 and IgG2a antibodies

To verify the production of specific IgG antibodies, the serum
samples from mice immunized with C. pseudotuberculosis AphoP
were compared with saline (control) and Glanvac immunized
mice by ELISA. IgG1 and IgG2a were investigated separately
because IgG1 is related to a Th2 cellular immune response
whereas IgG2a is related to a Th1 response in the same species.
The preliminary results from the immunological assays showed
that mice immunized with C. pseudotuberculosis AphoP strain
developed high levels of IgG antibodies when compared to
the control group. Similar substantial levels were observed in
animals immunized with the vaccine Glanvac™ 3 (Fig. 8a).
Immunization with the phoP mutant strain also induced the
production of IgG1 (Fig. 8b) in all the immunized mice.
Analyzing the results shown in the graph indicate that IgG1
production rates in the group vaccinated with Glanvac™ 3 was
significantly higher relative to the control group. This increase
was also observed in the group inoculated with the phoP
mutant showing a significant increase in the production of
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Fig. 8 Profile of total IgG antibody response after immunization in mice.
(a) 1gG antibody titer; (b) IgG1 iso-type titer; (c) IgG2a iso-type titer. Groups of
mice were immunized as follows: intra-peritoneal injection of saline 0.9%
(control), phoP mutant strain and Glanvac. Data are expressed as mean =+ S.D.
values. Results are representative of n = 5. Statistically significant differences
between phoP mutant and Glanvac groups and control mice are denoted
with an asterisk (p < 0.05).

this immunoglobulin; thus exhibiting a Th2 pattern immune
response. Regarding the levels of IgG2a induced after immuni-
zation (Fig. 8c), inoculation with phoP mutant induced quite
significant immunoglobulin response compared to the control
group. The production of IgG2a in mice is characteristic of a
Th1 type of immune response, which is responsible for the
elimination of intracellular pathogens C. pseudotuberculosis,®
suggesting that the protection type induced by mutant PhoP
response is consistent with that expected in combating bacteria. Our
results showed that the C. pseudotuberculosis phoP mutant conferred
with a single dose partial protection against CLA. 60% of mice
vaccinated with phoP mutant strain survived the lethal challenge
with C. pseudotuberculosis MIC-6 strain. In contrast, other groups of
animals (control, wild-type) were not protected against the same
dose. These findings indicate an attenuated phenotype conferred by
mutation in the phoP gene of C. pseudotuberculosis. Supporting this
argument, other studies have also shown virulence attenuation in
pathogens such as M. tuberculosis and S. typhimurium.*® Vaccination
with the phoP mutant induced significant production of mutant-
specific IgG, IgG1 and IgG2, producing a mixed Th1/Th2, which is
necessaty for the effective protection against C. pseudotuberculosis.

This journal is © The Royal Society of Chemistry 20_1_4_
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The protection conferred by C. pseudotuberculosis AphoP
strain may be associated with changes conferred in phoP gene
mutation, as observed in M. tuberculosis.’’” Absence of the
expression of important virulence genes may be the main factor
justifying partial protection observed after challenge with the
virulent strain of C. pseudotuberculosis. It has been reported in
previous studies that TCS systems are involved in the regulation
of a variety of processes, including cell division, nutrient acquisi-
tion, regulation of osmolarity, redox potential, nitrogen fixation,
phosphate uptake, sporulation, pilus formation, adhesion, drug
resistance and expression of virulence factors.*®* Therefore, we
further expanded our analyses to find out some inhibitors for this
protein obtained from natural sources and ZINC database and
performed docking analysis.

PhoP protein homology modeling and structure validation

The PhoP protein 3D model was generated using SWISS-MODEL
server and the best models were selected based on the PROCHECK
and QMEANG scores analyses. PROCHECK is an analysis tool that
provides an idea of the stereo-chemical quality of all the protein
chains of a given PDB structure and generates a Ramchandran
plot, as shown in ESIt (Fig. S1). The atomic empirical mean force
potential analysis tool ANOLEA was used to assess the packing
quality of the modeled structures. The Y-axis of the plot represents
the energy for each amino acid of the protein chain. Negative
energy values (in green) represent favorable energy environment
whereas positive energy values (in red) represent unfavorable
energy environment for a given amino acid. The ANOLEA results
for PhoP protein are shown in Fig. S3, (ESIT). Inside the SWISS-
MODEL Workplace, the QMEAN6"” score evaluated the generated
models. QMEANG is a reliability score for the entire model, which
can be used to compare and rank alternative models for the same
target protein structure. The structure quality ranges between
values of 0 to 1 with higher values representing better models.
The QMEANG score for the PhoP protein structure (0.689) is shown
in Fig. S3 (ESIf). To observe the structural quality, we compared
the template-query protein structures in Chimera using root mean
square deviation metric (RMSD = 0.78), which measures the
difference in the positions of corresponding Carbon x-atoms
between two structures. The smaller the deviation, the better is
the spatial arrangement of the two protein structures. The super-
imposition of protein structures was performed using the Chimera
program, and the comparison is shown in Fig. S2 (ESIt).

Active site residues identification and docking analysis

As mentioned before, the two-component signal transduction
system PhoPR of C. pseudotuberculosis consists of the Histidine
kinases (PhoR protein) and the response regulator (PhoP protein).
These systems are conserved in many bacterial species because
they play an vital role in regulating cell cycle progression and
development, which is vital for bacterial survival as well as for
their adaptation to environmental changes.”" The active site
residues of the N-terminal receiver domain of the template
crystallographic structure (PDBID: 3R0J-A from M. tuberculosis)**
for PhoP protein were identified through the structural compari-
son of the model structure with the template protein and the

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Conserved residues of the PhoP protein (from N-terminal receiver
domain) based on comparison with the corresponding template structure
(PDB ID: 3R0J-A). PhoP Protein model is shown in limone and the template
is shown in light blue.

residues are labeled in the target protein via the PyMol program
(www.pymol.org/). Based on this comparison, the conserved resi-
dues found in the N terminal receiver domain of PhoP protein are:
Asp15, Aspl6, Asp59, Glul7, Thr87 and Tyr106 (Fig. 9). These
amino acid residues were considered for docking analyses.

The docking analyses were performed using two set of ligands,
one ligand library was developed using compounds isolated from
different natural sources and the other ligand library of 11000
drug-like compounds obtained from ZINC database were further
considered for docking analysis. Natural compounds have
already been reported to show antimicrobial activities and have
fulfilled molecular and drug-like properties in accordance
with the “Lipinski Rule of Five” and the result obtained from
Molinspiration and Osiris scores (Table 5). The first library
contained 30 compounds while the second library contained
11 000 compounds that were docked against the aforementioned
identified conserved residues for PhoP protein. From our docking
studies with these 30 compounds, we made an attempt to find
out computationally the antibacterial compounds that showed
strong binding affinities toward the aforementioned identified
active site residues of the target PhoP protein. The compounds
showing the best MolDock scores, their structures and inter-
actions with the respective target protein residues are shown in
Table 6 and Fig. 10. According to our observations, the com-
pound Rhein (CID 10168), which is an anthraquinone sub-
stance obtained from various plant sources (Rheum undulatum,
Rheum palmatum®® and Cassia reticulate*®), ranked as the best
inhibitor molecule. It has already been established experimentally
that this compound possesses antibacterial activity.** Thus,
we consider Rhein to be the best inhibitor molecule with a
drug-likeness of 0.18 and a drug-score of 0.61, showing good
MolDock score and considerable binding interactions with the
negatively charged acidic residues Asp15, Asp16, Asp59 and
Glu17 of the receiver domain (Fig. 10 and Table 6). It has been
reported that the aspartate receptor of the activation signal is
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Table 5 Molinspiration and Osiris results of compounds selected for further
docking analyses

View Article Online
Integrative Biology
Table 7 ZINC codes, MolDock scores and predicted hydrogen bonds for

the five compounds selected among the top ranking 100 molecules
against PhoP protein

No. of H-bonds/

Mol. Drug- Drug-
Compounds clog P Solubility weight likeness score
Liriodenin (CID 10144) 4 —6.25 275 -2.39 0.28
Pinostrobin (CID 73201) 3 —3.24 270 2.05 0.8
Axisonitrile-3 (CID 181226) 4.5 —3.47 231 —9.44 0.36
Ileabethoxazole (CID 9549062) 5.47 —5.77 325 —13  0.26
Rhein (CID 10168) 244 —4.15 284 0.18 0.61
Pilocarpine (CID 5910) 04 12 208 1.17  0.85
Voacangine (CID 73255) 2.97 -3.86 368 1.8 0.7
Texalin (CID 473253) 2.8 -4.9 266 0.56  0.58
Araguspongine (CID 5276744) 5.98 —4.22 478 —1.7  0.24
Jacarandic acid (CID 73645)  3.88 —5.36 488 0.19 0.37
Leptophyllin B (CID 10447482) 4.06 —3.66 299  —8.03 0.37

residues-compound

ZINC IDs MolDock score interactions
ZINC02127223 —85.678 4

Asp59, Asp16, Asp15, Lys109
ZINC00078435 —84.6183 3

Asp15, Asp16, Met61
ZINC01423999 —=97.227 4

Asp16, Asp59, Ays109
ZINC00406666 —95.2886 2

Asp15, Asp59
ZINC01408034 —85.216 3

Table 6 Docking results of the best-predicted natural compound (Rhein)
that showed good interaction in our in silico analysis, with their MolDock
Score and the interacting residues

No. of H-bonds/

Compound MolDock residues-compound
name score interactions
Rhein (CID 10168) —59.8635 3

Asp15, Asp16, Asp59

the Asp59 residue (phosphorylation is absolutely conserved)*®
that is located at the N-terminal receiver domain of the response
regulator of the PhoP protein, which along with Asp15 has an
important role in Mg*? binding.*? In addition, after the virtual
screening of 11 000 compounds, the top ranked 200 compounds
were analyzed in Chimera for shape complementarity and hydro-
gen bond interactions, leading to the selection of a final set of
5 compounds (Table 7) for PhoP target protein, demonstrating
that these compounds are binding to some of the same residues

Fig. 10 (a) 3D cartoon representation of the docking analyses for PhoP
protein structure with Rhein compound (CID 10168). (b) 3D surface
representation of the docking analyses for the structures of Rhein com-
pound with Phop receiver domains. (c) Two-dimensional representation of
Rhein compound using PoseView*® interacting with the conserved resi-
dues of the N-terminal receiver domain of the PhoP protein. The residues
are negatively charged acidic Asp15, Asp59, Phelll and Lys109.

Integr. Biol.

Asp16, Asp59, Lys109

such as the natural antimicrobial Rhein compound. For example,
the compound ZINC ID: 02127223 showed almost similar bind-
ing affinity with the target protein residues as Rhein (Fig. 11). The
considerable binding affinities of Rhein compound isolated from
natural sources and of other drug like compounds from the ZINC
database support the poly pharmacological idea of promiscuous
target protein. Because Rhein showed good interactions with the
conserved residues of the PhoP receiver domain, compounds
from the ZINC database might also act as putative drug molecules
in accordance with the aforementioned drug likeness properties,
which may possibly hinder the normal phosphorylation process
of the target protein and inhibit the normal functioning of the
PhoPR signaling cascade. It is obvious from our in silico analyses
that the putative TCS inhibitors targeted the receiver domain of
the response regulator protein and they might interfere with the
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Fig. 11 (a) 3D cartoon representation of the docking analyses for PhoP
protein structure with compound ZINC ID: 02127223. (b) 3D surface repre-
sentation of the docking analyses for the structures of compound ZINC ID:
02127223 with Phop receiver domains. (c) Two-dimensional representation of
compound ZINC ID: 02127223 using PoseView interacting with the conserved
residues of the N-terminal receiver domain of the PhoP protein. The residues
are negatively charged acidic Aspl5, Aspl6, Asp59 and Lys109.

This journal is © The Royal Society of Chemistry 2014
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domain normal function. Here, after verifying a possible role of
the PhoP protein in the virulence of C. pseudotuberculosis, an
additional computational approach has been taken to identify
new TCSs specific inhibitors with potential drug-like properties
for future experimental efforts (Fig. 10 and 11).

Conclusion

An effective prophylaxis for CLA requires the development of
novel vaccine and drug candidates capable of generating an
adequate immune response and protection against the disease.

Several virulence-attenuated mutants of intracellular pathogens
have been used with promising vaccine strategy, including mutants
of the gene phoP."** Alternatively, due to the importance of the
TCS system, the same PhoP protein could be an attractive target for
designing rational and target specific molecular inhibitors. In this
context, we have initially described, in the present report, the
development and use of a C. pseudotuberculosis Cp1002 vaccine
strain based on the disruption of phoP gene. At a later stage, the 3D
model of the PhoP protein has been subjected to detailed compu-
tational analyses via in silico approaches as a therapeutic target for
the identification of novel inhibitors.

Our results confirm that the phoP mutated C. pseudotuberculosis
lacked certain properties or functions associated with PhoPR
system, and were affected by the absence of the PhoP protein.
Under normal conditions, no significant differences were detected
between the growth rate of C. pseudotuberculosis phoP mutant and
wild-type strains. Similar result was found in M. tuberculosis phoP
mutant during logarithmic and stationary phases of the growth
curve."® Bacterial adhesion and invasion to the host cell are
important steps in bacterial infection. Here, we reported the
adhesion and invasion abilities of both C. pseudotuberculosis
strains (wild-type and phoP mutant) in macrophages. Possible
changes in the lipid composition of the cell envelope may have
affected the interaction of phoP mutant strain with macro-
phages. Intracellular viability was related with the adhesive
ability of strains. Our analyses suggest that the disruption of
phoP gene might be involved in the alteration of some surface
receptors. The elucidation of this bacterial strategy for in vitro
infection is an important subject for understanding the dynamics
of gene regulation during host interactions and for the develop-
ment of a novel attenuated vaccine. The protective immunity of
the vaccine based on phoP mutant of C. pseudotuberculosis was
evaluated by determining the survival rates and the serum anti-
body titers of the mice. Our data indicate that immunization with
C. pseudotuberculosis phoP mutant promoted cellular immune
response and generated partial protection in mice possibly
due to reduction of the virulence; however, further studies are
required to understand the mechanisms of attenuation.

The overall importance and a promiscuous role of the PhoP
protein brought us to follow some in silico approaches for the
development of novel drugs. In this context, comparative
studies are very important to predict new target genes. Based
on this identification strategy, many bacterial genes have
been revealed, and the genes of the PhoP regulatory locus,

This journal is © The Royal Society of Chemistry 2014
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initially studied in Enterobacteria, are among them. Based on
our observations, we have proposed that targeting the PhoP
protein of the PhoPR system of the C. pseudotuberculosis, which
have a similar role in regulating the expression of several genes to
the closely related M. tuberculosis,"*® might help in attenuating
pathogen growth in disease condition. The relationship of virulence-
associated two-component PhoPR system in phylogenetically distant
bacteria also supports our hypothesis. However, further experi-
mental studies are required to discover the relationship between
C. pseudotuberculosis PhoPR system and a possible virulence effect.
Furthermore, our docking results have revealed that Rhein from
Rheum undulatum and Rheum palmatum might be good therapeutic
molecules for future wet lab studies. This might potentially inhibit
the response regulator domain of the two-component signal
transduction system, resulting in decreased pathogen virulence
in in vitro experimentation. Because the PhoP protein is homo-
logous and the residues are conserved across a broad range of
closely related pathogenic bacteria (keeping in mind the non-
pathogenic as well), the proposed drugs could target as many
TCSs in the pathogenic bacteria as possible. In this context the
PhoP inhibitors could be regarded as the broad-spectrum
inhibitors and not only for C. pseudotuberculosis. The work
presented here is the first ever conducted on the PhoP protein
of C. pseudotuberculosis Cp1002 and optimistically the avail-
ability of these in silico information might serve as a basis for
further future investigation.
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Il - Qutros resultados

Aqui, serdo apresentados cinco trabalhos publicados na forma de artigo cujo resultados ndo
possuem relacdo direta com redes de interacdo proteina-proteina, mas que foram
desenvolvidos durante o periodo de doutorado. Estas atividades, por serem diferentes do
tema principal desenvolvido na tese, complementam o conhecimento na &rea de
Bioinformatica, sendo estes momentos de colaboracdo uma grande oportunidade para

novos aprendizados.

Se tratando de montagem, anotacdo e curadoria de genomas, este aprendizado é
extrapolado ainda mais, pois, além das técnicas e ferramentas usadas no processo de
montagem e anotagao, a atividade de curadoria, apesar de ser uma tarefa “manual” e
trabalhosa, conduz a uma reflexdo biolégica sobre o organismo, viabilizando conhecer
melhor os genes, proteinas e sua organizacéo. Apesar de pouco valorizada cientificamente,
o trabalho de montagem, anotacado e curadoria de genomas € extremamente relevante, pois,
€ a base para o desenvolvimento de futuros trabalhos cientificos, inclusive para predigfes in

silico de interacdo proteina-proteina, como desenvolvido nesta tese.

Adicionalmente a curadoria manual de genoma mas ainda relacionados a esta atividade,
foram desenvolvidos dois scripts na linguagem de programacdo Perl com as seguintes
finalidades: (i) corrigir a posicdo de start e stop cdédon dos elementos estruturais apos
curadoria de genomas fragmentado e distribuido para varios curadores, situacdo que ocorre
principalmente apés corre¢bes de frame-shifts gerados por regides de homopolimeros,
guando as coordenadas dos elementos estruturais do genoma se alteram,
consequentemente modificando as coordenadas subsequente do genoma curado por outro
pesquisador, necessitando ser corrigida e; (ii) transferir automaticamente a anotacdo de um
genoma ja curado para outro genoma em processo de anotacdo. Estes scripts ndo foram
desenvolvidos com intuito de gerar publicagdo, mas sim de serem utilizados pelo grupo para
agilizar o processo de anotagdo automatica e curadoria de genomas, dentre os quais, alguns

dos quais eu tive oportunidade de participar.

A seguir estdo relacionados quatro artigos cientificos publicados nos quais colaborei
principalmente nas etapas de anotagéo funcional e curadoria de genoma. No quinto artigo
publicado, as atividades de colaboracdo se resumem principalmente na execucdo de

programas de bioinformética e andlises dos resultados retornados.
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Lactococcus lactis subsp. lactis NCDO 2118 is a nondairy lactic acid bacterium, a xylose fermenter, and a gamma-aminobutyric
acid (GABA) producer isolated from frozen peas. Here, we report the complete genome sequence of L. lactis NCDO 2118, a strain

with probiotic potential activity.
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Lactic acid bacteria (LAB), in general, acquire energy from the
conversion of sugars into lactic acid (1) and are used for pro-
duction of many fermented products, such as cheese, yogurt, but-
ter, and wine. Food conservation is due to the medium acidifica-
tion and production of molecules that inhibit the growth of
undesirable microbiota, contributing to the development of de-
sirable organoleptic properties in the final product (2). Moreover,
some specific LAB strains produce bioactive molecules such as
gamma-aminobutyric acid (GABA) (3), a product of glutamate
decarboxylation by the glutamic acid decarboxylase (GAD) en-
zyme. Usually, GABA acts by modulating the central nervous sys-
tem, contributing to smooth muscle relaxation and presenting
hypotensor activity (4). Also, GABA can immunomodulate the
immune system (5). Therefore, GABA-producing bacteria gener-
ally present probiotic properties (6). Lactococcus lactis NCDO
2118 is a nondairy strain, a xylose fermenter (a common trait of
plant-associated strains), and a GABA producer isolated from fro-
zen peas (6, 7).

L. lactisNCDO 2118 was sequenced three times, due to assem-
bling complexity. First, the genome was decoded with the SOLiD
5500 platform with mate-paired libraries, generating a total of
5,133,057,360 bp, (coverage of 2,053 times). The reads were sub-
jected to a Phred 20 quality filter using Quality Assessment soft-
ware (8) and assembled with the CLC Genomics Workbench, gen-
erating a total of 1,641 overlapping sequences. These sequences
were removed with the Simplifier (9), ordered and oriented based
on the reference L. lactis KF147 genome sequence (a plant-
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associated strain, accession number CP001834). Then manual cu-
ration was performed using Artemis (10), and SSPACE (11) and
Gapfiller (12) were used to generate the scaffold and resolve gaps,
respectively. At the end of curation and sequence assembly, a total
of 409 scaffolds (2,874,854 bp) were obtained.

L. lactis NCDO 2118 was then decoded with the Ton PGM
platform with fragment libraries generating a total of
187,303,001 bp (coverage of ~71 times). Genome assembly was
performed using Mira 3.9 (13), and the assembled genome se-
quence was reference aligned with CONTIGuator (14). The re-
dundant overlapping sequences were removed with “in-house
scripts,” closing the remnant gaps. Annotation and frameshifts
curation were then performed using Artemis and CLC, reducing
the initial 1821 pseudogenes to 480.

Finally, the DNA was sequenced using the Ion Torrent PGM
with fragment libraries, yielding a total of ~1,249,154,478 bp (cov-
erage of 474 times). Assembly was performed with Mira 4.0.1 and
Newbler 2.9 (15). We used CONTIGuator and FGAP 1.7 (16) to
perform the alignment and gap closure steps, respectively. We
followed the same previously explained steps for annotation and
frameshift curation, reducing the pseudogenes to 52.

The complete genome of L. lactis NCDO 2118 consists of a
single circular chromosome of 2,554,693 bp, containing 2,386
coding sequences (CDS), which had 52 pseudogenes, 66 tRNA
genes, and 6 TRNA operons, with a G+C content of 34.9%. There
is one plasmid, pNCDO2118 (37,571 bp), with 48 CDS, from
which 4 are pseudogenes with a G+C content of 32.33%.
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Nucleotide sequence accession numbers. The Lactococcus lac-
tis NCDO 2118 chromosome and the plasmid were deposited at
DDBJ/EMBL/GenBank under the accession numbers CP009054
and CP009055, respectively.
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The genome of Corynebacterium pseudotuberculosis MB20 bv. equi was sequenced using the Ion Personal Genome Machine
(PGM) platform, and showed a size of 2,363,089 bp, with 2,365 coding sequences and a GC content of 52.1%. These results will
serve as a basis for further studies on the pathogenicity of C. pseudotuberculosis bv. equi.
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ecent advances have been made in the genomic analysis of

Corynebacterium pseudotuberculosis, a species of veterinary
and biotechnological interest. Molecular diagnosis of several dis-
eases caused by this species was achieved using multiplex PCR
(PCR) (1), and a description of its pangenome was published us-
ing 15 strains of C. pseudotuberculosis bv. ovis and equi (2). C.
pseudotuberculosis bv. equi comprises strains that infect horses
and cattle and cause infection of cutaneous lymphatic vessels,
termed ulcerative lymphangitis, which is characterized by the de-
velopment of multiple waxy ulcerative lesions. The incidence of
this disease in horses has been reported in the literature since the
1910s (3) and remains prevalent in animals worldwide (4, 5);
moreover, this infection is likely underreported and has been
characterized as a neglected zoonosis (6).

The host-pathogen interaction in this disease has been studied
using omics approaches (7). For instance, the differential gene
expression of a C. pseudotuberculosis bv. ovis strain was analyzed
using RNA-seq, and genes involved in the molecular responses of
the bacterium to different stresses during infection were identified
(8). A study of reverse vaccinology reported by Soares et al. (9)
identified 49 possible antigens from the genome of the C. pseudo-
tuberculosis bv. equi strain 258 that may serve as targets for the
development of effective vaccines. In addition, a new C. pseudotu-
berculosis bv. equi strain was isolated and sequenced, which will
aid in future broader studies. These new data combined with those
already reported will serve as a basis for the development of studies
aimed at a better understanding of the pathogenic potential of C.
pseudotuberculosis bv. equi.

The MB20 strain was isolated from a pectoral abscess of a
4-year-old horse of the breed Oldenburg, raised in the city of
Vacaville, CA, USA. Genomic DNA was sequenced from a fragment
library on a 318 chip of the Ion Torrent Personal Genome Machine
(PGM) platform (Life Technologies). A total of 2,331,864 reads were
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generated with an average length of 420 bp, which were used for
genome assembly using the software Mira (10). The contigs gen-
erated with Mira were analyzed using the SeqMan Pro tool of the
software Lasergene 11 Core Suite (DNASTAR) to remove redun-
dant sequences. This approach resulted in 3 contigs, which were
sorted with the Artemis Comparison tool (11) using the genome
of C. pseudotuberculosis 316 as a reference. The scaffold produced
at the end of the assembly was 2,363,089 bp in size and underwent
automatic annotation using Rapid Annotation using Subsystem
Technology (RAST) (12). As a result, 2,365 coding sequences
(CDSs), 11 rRNA genes, 51 tRNA genes and a 52.1% GC content
were identified. Of the 2,365 CDSs, 790 (33.4%) were classified as
hypothetical proteins.

Nucleotide sequence accession numbers. The genomic se-
quence obtained in this study was deposited in the DDBJ/EMBL/
GenBank under accession number JPUV00000000. The version
described in this paper is version JPUV01000000.
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In this work, we present the complete genome sequence of Corynebacterium ulcerans strain 210932, isolated from a human. The
species is an emergent pathogen that infects a variety of wild and domesticated animals and humans. It is associated with a grow-

ing number of cases of a diphtheria-like disease around the world.
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orynebacterium ulcerans is a toxogenic zoonotic agent and

Gram-positive bacterium that belongs to the Actinobacteria
class, which includes the genera Corynebacterium, Mycobacterium,
Nocardia, and Rodococcus and is referred to as a CMNR group.
Studies using the 16S rRNA gene showed that Corynebacterium
pseudotuberculosis and Corynebacterium diphtheriae are closely re-
lated to C. ulcerans. The species is facultative anaerobic, non—
spore forming, nonmotile, catalase positive, and nitrate and oxi-
dase negative. It differs from other species of the genus by
fermentation of glycogen and starch (1).

The species can infect a variety of wild and domesticated ani-
mals and humans (2). It causes bovine mastitis and other infec-
tions in cats, dogs, monkeys, squirrels, otters, orcas, camels, lions,
pigs, and goats. In humans, it causes diphtheria-like disease, phar-
yngitis, sinusitis, tonsillitis, pulmonary nodules, and skin ulcers
(3). Contaminations in humans have been associated with raw
milk and derivatives and contact with cattle and infected domestic
pets (4). C. ulcerans is considered an emergent pathogen because
the number of cases of infection in humans has been constantly
increasing in the last two decades in the United States, Brazil,
Western Europe, and Japan (5).

This species has a varied set of virulence factors, including
diphtheriae-like toxin, phospholipase D, neuraminidase H, en-
doglycosidase EndoE, and a novel type of ribosome-binding pro-
tein with structural similarity to Shiga-like toxins. The sequencing
of more C. ulcerans genomes, both toxigenic and non-toxigenic,
will help in the identification of distinctive features of strains from
human and animal sources, as well as in describing the zoonotic
transmission in more detail (6). In addition, the data generated by
newly sequenced genomes is helpful in identifying antibiotic and
vaccine targets by comparative analysis (7). To date, only three
complete genomes of C. ulcerans and two drafts have been depos-
ited in the NCBI database.

Herein, we present the complete genome sequence of Corynebac-
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terium ulcerans strain 210932, isolated from a human. Its genome
sequencing was performed by the Ion Personal Genome Machine
(PGM) System, using a fragment library. A total of 1,606,464
genomic reads were filtered by quality using the software FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc), and
de novo assembling was done using Mira software version 3.9.18. The
assembling step generated 12 contigs with a mean coverage of
129.23 X and an N, 0f487,508. The contigs were scaffolded using the
C. ulcerans strain 0102 as reference. The gaps were closed using
CONTIGuator software (http://contiguator.sourceforge.net/)
via the web tool SIMBA (SImple Manager for Bacterial Assem-
blies) (http://Igcm.icb.ufmg.br/simba/). CLC Workbench ver-
sion 7 was used for manual curation of homopolymers, gener-
ating a final assembled genome with 2,484,335 bp.

An automatic annotation was done by RAST (http://
rast.nmpdr.org/), followed by manual curation using Artemis
software (http://www.sanger.ac.uk/resources/software/artemis/)
and the Uniprot database (http://www.uniprot.org/). The ge-
nome has 2,282 coding sequences (from which 654, or 28.65%,
were annotated as “hypothetical proteins”), 12 rRNAs, 51 tRNAs,
and a G+C content of 53.32%.

Nucleotide sequence accession number. This whole-genome
shotgun project has been deposited in GenBank under the acces-
sion number CP009500.
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Corynebacterium ulcerans is a bacterium that presents catalase-
positive, nitrate-negative, and urease-positive biochemical
proprieties (1). This bacterium belongs to the Actinobacteria class,
which includes the genera Corynebacterium, Mycobacterium, No-
cardia,and Rodococcus, collectively termed the CMNR group. This
is a very heterogeneous group; however, most of the species share
particular characteristics, such as (i) a specific organization of the
cell wall, which is mainly composed of peptidoglycans, arabinoga-
lactans, and mycolic acids, and (ii) high G+C content (2—4).

Although C. ulcerans has increasing medical and veterinary
importance, little is known about its lifestyle and associated viru-
lence factors (5). The sequencing of more C. ulcerans genomes of
both toxigenic and nontoxigenic strains will help in the identifi-
cation of distinctive features of strains from human and animal
sources (6). In addition, the data generated by newly sequenced
genomes are helpful for identifying antibiotic and vaccine targets
by way of a comparative analysis (7).

Nowadays, only seven complete genomes and two drafts are
available in the National Center for Biotechnology Information
(NCBI) database (http://www.ncbi.nlm.nih.gov/genome/). This
scenario shows that more genomic knowledge is required in order
to better characterize the virulence mechanisms of this emergent
pathogen.

In the current study, we present the genome sequence of C. ul-
cerans strain FRC11, isolated from a 74-year-old human a with leg
ulcerans infection in Toulouse, France. This strain was first iden-
tified as Corynebacterium pseudotuberculosis (8), but recent anal-
ysis shows that it belongs to C. ulcerans.

The sequencing, assembly, and annotation of this strain were
performed by the teams from the Laboratory of Cellular and Mo-
lecular Genetics (LGCM) and the National Reference Laboratory
for Aquatic Animal Diseases (AQUACEN), both located at the
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Federal University of Minas Gerais, Belo Horizonte, Minas Gerais,
Brazil, and the Laboratory of Polymorphic DNA (LPDNA) at the
Federal University of Par4, Belém, Pard, Brazil.

The platform used for sequencing was the Ion Torrent Per-
sonal Genome Machine (PGM) system (Life Technologies),
using a fragment library. The quality of the raw data was ana-
lyzed using the Web tool FastQC (http://www.bioinformatics
.babraham.ac.uk/projects/fastqc/). The assembly was done using
the Simple Manager for Bacterial Assemblies (SIMBA) interface
(http://ufmg-simba.sourceforge.net). The reads with good quality
were assembled using a de novo strategy with the software MIRA
4.0 (9).

The assembly produced a total of 30 contigs, with a coverage of
179.14X and an N5, contig length of 236.335. Additionally, a scaf-
fold was created using the CONTIGuator 2 software (10), using
the genome sequence of C. ulcerans strain 0102 (accession no.
NC_018101.1) (11) as a reference. The gap closure was performed
automatically using SIMBA and manually using the CLC Genom-
ics Workbench 7 software.

The genome was automatically annotated using Rapid Anno-
tations using Subsystems Technology (RAST) (12). The manual
curation of the annotation was performed using the Artemis soft-
ware (13) and the UniProt database (http://www.uniprot.org).
The CLC Genomics Workbench 7 software was used to correct
indel errors in the regions of homopolymers.

The genome includes one circular chromosome of 2,442,826 bp
(53.35% G+C content), and 2,210 genes were predicted, 2,146 of
which are putative protein-coding genes, with 12 rRNAs and 51
tRNAs; 1 pseudogene was also identified.

Nucleotide sequence accession number. This genome has
been deposited in GenBank under the accession no. CP009622.

genomea.asm.org 1
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[1.V.l - Abstract

Corynebacterium pseudotuberculosis (Cp) is a pathogenic bacterium that causes caseous
lymphadenitis (CLA), ulcerative lymphangitis, mastitis, and edematous to a broad spectrum of
hosts, including ruminants, thereby threatening economic and dairy industries worldwide.
Currently there is no effective drug or vaccine available against Cp. To identify new targets,
we adopted a novel integrative strategy, which began with the prediction of the modelome
(tridimensional protein structures for the proteome of an organism, generated through
comparative modeling) for 15 previously sequenced C. pseudotuberculosis strains. This pan-
modelomics approach identified a set of 331 conserved proteins having 95-100% intra-species
sequence similarity. Next, we combined subtractive proteomics and modelomics to reveal a
set of 10 Cp proteins, which may be essential for the bacteria. Of these, 4 proteins (tcsR,
mtrA, nrdl, and ispH) were essential and non-host homologs (considering man, horse, cow
and sheep as hosts) and satisfied all criteria of being putative targets. Additionally, we
subjected these 4 proteins to virtual screening of a drug-like compound library. In all cases,
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molecules predicted to form favorable interactions and which showed high complementarity
to the target were found among the top ranking compounds. The remaining 6 essential
proteins (adk, gapA, glyA, fumC, gnd, and aspA) have homologs in the host proteomes. Their
active site cavities were compared to the respective cavities in host proteins. We propose that
some of these proteins can be selectively targeted using structure-based drug design
approaches (SBDD). Our results facilitate the selection of C. pseudotuberculosis putative
proteins for developing broad-spectrum novel drugs and vaccines. A few of the targets
identified here have been validated in other microorganisms, suggesting that our modelome
strategy is effective and can also be applicable to other pathogens.

[I.V.1l - Background

Antimicrobial resistance involving a rapid loss of effectiveness in antibiotic treatment and the
increasing number of multi-resistant microbial strains pose global challenges and threats.
Thereby, efforts to find new drug and/or vaccine targets to control them are becoming
indispensible. Corynebacterium pseudotuberculosis (Cp) is a pathogen of great veterinary and
economic importance, since it affects animal livestock, mainly sheep and goats, worldwide,
and its presence is reported in other mammals in several Arabic, Asiatic, East and West
African and North and South American countries, as well as in Australia [1]. C.
pseudotuberculosis is a Gram-positive, facultative intracellular, and pleomorphic organism; it
is non-motile, although presenting fimbriae [2]. Based on rpoB gene (a B subunit of RNA
polymerase), it shows a close phylogenetic relationship with other type strains of CMNR
(Corynebacterium, Mycobacterium, Nocardia and Rhodococcus), a group that comprises
genera of great medical, veterinary and biotechnological importance [1,3]. A recent study
showed that phylogenetic analysis for the identification of Corynebacterium and other CMNR
species based on rpoB gene sequences are more accurate than analyses based on 16S rRNA
[4]. Its pathogenicity and biological impact have already led to the sequencing of various
strains of this pathogen from a wide range of hosts [3]. The pathogen causes several infectious
diseases in goat and sheep population (biovar ovis), including caseous lymphadenitis (CLA), a
chronic contagious disease characterized by abscess formation in superficial lymph nodes and
in subcutaneous tissues. In severe cases, biovar equi infects the lungs, kidneys, liver and
spleen, thereby threatening the herd life of the infected animals [2,5]. The disease has been
rarely reported in humans, as a result of occupational exposure, with symptoms similar to
lymphadenitis abscesses [6-8]. The bacteria can survive for several weeks in soil in adverse
conditions, what seems to contribute to its resistance and disease transmission [9,10]. Direct
contact to infectious secretions or contaminated materials are the primary sources of pathogen
transmission between animals, but most frequently the infection occurs through exposed skin
lacerations [5]. Given the medical importance of Cp and a lack of efficient medicines, in this
study we applied a computational strategy to search for new molecular targets from this
bacterium.
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Recently, computational approaches such as reverse vaccinology, differential genome
analyses [11], subtractive and comparative microbial genomics have become popular for rapid
identification of novel targets in the post genomic era [12], [13]. These approaches were used
to identify targets in various human pathogens, like Mycobacterium tuberculosis [14],
Helicobacter pylori [15], Burkholderia pseudomalleii [16], Neisseria gonorrhea [17],
Pseudomonas aeruginosa [18] and Salmonella typhi [19]. In general, such approaches follow
the principle that genes/proteins must be essential to the pathogen and preferably have no
homology to the host proteins [20]. Nevertheless, essential targets that are homologous to
their corresponding host proteins may also be molecular targets for structure-based selective
inhibitors development. In this case, the targets must show significant differences in the active
sites or in other druggable pockets, when pathogenic and host proteins are compared [21-23].

Once a molecular target is chosen, the conventional experimental methods for drug discovery
consist of testing many synthetic molecules or natural products to identify lead compounds.
Such practices are laborious, time consuming and require high investments [24,25]. On the
other hand, computational methods for structure-based rational drug design can expedite the
process of ligand identification and molecular understanding of interactions between receptor
and ligand [26]. Such approaches are dependent on the availability of the structural
information about the target protein. Considering the availability of experimental structures in
PDB (Protein Data Bank) only for a low percentage of the known protein sequences,
comparative modeling is frequently the method of choice for obtaining 3D coordinates for
proteins of interest [27] for the development of specific drugs and docking analyses [28,29].

In this work, we used a modelomic approach for the predicted proteome of C.
pseudotuberculosis species. This served to bridge the gap between raw genomic information
and the identification of good therapeutic targets based on the three dimensional structures.
The novelty of this strategy relies in using the structural information from high-throughput
comparative modeling for large-scale proteomics data for inhibitor identification, potentially
leading to the discovery of compounds able to prevent bacterial growth. The predicted
proteomes of 15 C. pseudotuberculosis strains were modeled (pan-modelome) using the
MHOLIline workflow. Intra-species conserved proteome (core-modelome) with adequate 3D
models was further filtered for their essential nature for the bacteria, using the database of
essential genes (DEG). This led to the identification of 4 essential bacterial proteins without
homologs in the host proteomes, which were employed in virtual screening of compound
libraries. Furthermore, we investigated a set of 6 essential host homologs proteins. We
observed residues of the predicted bacterial protein cavities that are completely different from
the ones found in the homologous domains, and therefore could be specifically targeted. By
applying this computational strategy we provide a final list of predicted putative targets in C.
pseudotuberculosis, in biovar ovis and equi. They could provide an insight into designing of
peptide vaccines, and identification of lead, natural and drug-like compounds that bind to
these proteins.
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1.Vl - Materials and methods

ILV.II.I - Genomes selection

Proteomes predicted based on the genomes of fifteen C. pseudotuberculosis strains, including
both biovar equi and biovar ovis (Table 1) were used in this study. Most of these genomes
were sequenced by our group and are available at NCBI. We downloaded the genome
sequences in gbk format from the NCBI server (ftp://ftp.ncbi.nih.gov/genomes/Bacteria
webcite) and the corresponding protein sequences (curated CDSs) were exported using
Artemis Annotation Tool [30] for further analyses.

Table 1. Strains of C. pseudotuberculosis employed in the pan-modelome study, and their
respective information regarding genomes statistics, disease prevalence and broad-spectrum
hosts.

ILV.IIl - Pan-modelome construction

A high throughput biological workflow, MHOLIline (http://www.mholline.Incc.br webcite),
was used to predict the modelome (complete set of protein 3D models for the whole
proteome) for each Cp strain. MHOLIine uses the program MODELLER [31] for protein 3D
structure prediction through comparative modeling. Furthermore, the workflow includes
BLASTp (Basic Local Alignment Search Tool for Protein) [32], HMMTOP (Prediction of
transmembrane helices and topology of proteins) [33], BATS (Blast Automatic Targeting for
Structures), FILTERS, ECNGet (Get Enzyme Commission Number), MODELLER and
PROCHECK [34] programs. The protocol used here was modified accordingly from the
original work by Capriles et al., 2010 [35]. Briefly, the input files of protein sequences were
used in FASTA format for all strains because the MHOLIine accepts only .faa format files for
the whole process. Firstly, MHOL Iline selected the template structures available at the Protein
data Bank (PDB) via BLASTp (version 2.2.18), using the default parameters (e-value < 10¢e™).
Secondly, the program BATS refined the BLASTp search for template sequence identification
into different groups namely GO, G1, G2 and G3. Only the protein sequences in the group G2,
which are characterized by an e-value < 10e™®, Identity > 0.25 and LVI < 0.7 (where LVI is a
length variation index of the BATS program for sequence coverage, the lower the LVI value,
the higher the sequence coverage and vice versa) were selected. Among the MHOLIine output
files, the group G2 contained the largest number of protein sequences (> 50% for each input
file). Subsequently, the "Filter" tool classified the group G2 sequences into seven distinct
quality models groups, from "Very High" to "Very Low" depending on the quality of the
template structure for a given query protein sequence. The program MODELLER then
modeled all these groups in an automated manner. The number of sequences in the group G2
varies for each C. pseudotuberculosis strain. Only the first four distinct quality model groups
of G2 were taken into consideration in this study, these were: 1- Very High quality model
sequences (identity > 75%) (LVI < 0.1), 2- High quality model sequences (identity > 50%)
and < 75%) (LVI £0.1), 3- Good quality model sequences (identity > 50%) (LVI > 0.1 and <
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0.3) and 4- Medium to Good quality models (identity > 35% and < 50%) (LVI < 0.3)
(http://www.mbholline.Incc.br webcite). The percentage of identity represents identity between
query and template sequences, a LVI < 0.1 is equivalent to coverage of more than 90%, while
LVI < 0.3 corresponds to coverage of more than 70%. Therefore, all protein 3D models
considered in this study were built from sequences for which there existed a template with
identity > 35% and LVI coverage over 70%. Later on, the ECNGet tool assigned an Enzyme
Commission (EC) number to each sequence in G2, according to the best PDB template. The
MODELLER (v9v5) program performed the automated global alignment and 3D protein
model construction. Finally, the program PROCHECK (v3.5.4) evaluated the constructed
models based on their stereo-chemical quality. Additionally, transmembrane regions in the
input protein sequences were predicted by HMMTOP, for putative vaccine and drug targets
identification.

ILV.1ILII - Identification of intra-species conserved genes/proteins

The words genes and proteins are interchangeably used here but they refer to the same protein
target of the pathogen. For the identification of highly conserved proteins with 3D models in
all Cp strains (> 95% sequence identity), the standalone release of NCBI BLASTp+ (v2.2.26)
was acquired from the NCBI ftp site
(ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/ webcite), installed on a local
machine and a search was performed for all strains using Cp1002 as a reference genome. The
highly conserved proteins were selected using a comparative genomics/proteomics approach
using an all-against-all BLASTp analysis with cut off values of E = 0.0001 [12,17,20,36].

ILV.ILIV - Analyses of essential and non-host homologous (ENH) proteins

To select conserved targets that were essential to the bacteria, a subtractive genomics
approach was followed [20]. Briefly, the set of core-modelome proteins from C.
pseudotuberculosis were subjected to the Database of Essential Genes (DEG) for homology
analyses. DEG contains experimentally validated essential genes from 20 bacteria [37]. The
BLASTp cutoff values used were: E-value = 0.0001, bit score >100, identity > 35% [20].

Furthermore, the pool of essential genes was subjected to NCBI-BLASTp (E-value = 0.0001,
bit score >100, identity > 35%) against (human, equine, bovine and ovine proteomes) to
identify essential non-host homologs targets [12]. The set of essential non-host homologous
proteins were further crosschecked with the NCBI-BLASTp PDB database using default
parameters to find any structural similarity with the available host homologs protein
structures, keeping cutoff level to < 15% for query coverage. These proteins were checked for
their biochemical pathway using KEGG (Kyoto Encyclopedia of Genes and Genomes) [38],
virulence using PAIDB (Pathogenicity island database) [39], functionality using UniProt
(Universal Protein Resource) [40], and cellular localization using CELLO (subCELIlular
LOcalization predictor) [41]. The final list of targets was based on 12 criteria as described
previously [20].
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ILV.IILV - Analyses of essential and host homologous (EH) proteins

We have extrapolated our analyses and also considered protein targets that were predicted as
essential to bacterial survival but showed homology to host proteins. This was based on the
possibility to find differences between bacterial and host proteins to rationally design
inhibitors. The pool of essential protein targets that showed cut off values equal or higher than
those for essential non-host homologs through NCBI-BLASTp was treated as host
homologous proteins. These were also analyzed for pathway involvement, virulence,
functional annotation and cellular localization like essential non-host homologous proteins.
To verify the presence of significant residue differences in druggable protein cavities, a
structural comparison was performed for each pathogen and their corresponding host protein
through the molecular visualization program PyMOL (v1.5, Schrodinger, LLC)
(http://www.pymol.org webcite). The related published data of each template structure for
each host homolog was also crosschecked for information about these residues, based on the
PDB code of each template structure as input in the PDBelite server [42]. Catalytic Site Atlas
(CSA) was also consulted to get robust information of the active site residues for the
druggable enzyme targets [43]. CSA is a database documenting enzyme active sites and
catalytic residues in enzymes of 3D structure and has 2 types of entry, original hand-annotated
entries with literature references and homologous entries, found by PSI-BLAST alignment to
an individual original entry, using an e-value cut-off of 0.00005. CSA can be accessed via a 4-
letter PDB code. The equivalent residue that aligns in the query sequence to the catalytic
residue found in the original entry is documented. Though the DoGSiteScorer predicts the
druggable protein cavities, the host homologous proteins were further subjected to CASTp
(Computed Atlas of Surface Topography of Proteins) [44], Pocket-Finder and Q-SiteFinder
[45] to get more reliable and robust results about the druggable cavities of the target proteins.

ILV.1IL.VI - Prediction of druggable pockets

3D structure information and druggability analyses are important factors for prioritizing and
validating putative pathogen targets [46,47]. As aforementioned, for druggability analyses, the
final list of essential non-host and host homologous protein targets in PDB format, were
subjected to DoGSiteScorer [48], an automated pocket detection and analysis tool for
calculating the druggability of protein cavities. For each cavity detected the program returns
the residues present in the pocket and a druggable score ranging from 0 to 1. The closer to 1
the obtained values are, the more druggable the protein cavity is predicted to be, i.e. the
cavities are predicted to be more likely to bind ligands with high affinity [48]. The
DoGSiteScorer also calculates volume, surface area, lipophilic surface, depth and other
related parameters for each predicted cavity.
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ILV.LVII - Virtual screening and docking analyses

The ligand library was obtained from the ZINC database, containing 11,193 drug-like
molecules, with Tanimoto cutoff level of 60% [49]. Proteins were inspected for structural
errors such as missing atoms or erroneous bonds and protonation states in MVD (Molegro
Virtual Docker) [50]. The cavities predicted with DogSiteScorer (druggability > 0.80) for all
protein targets, were compared with the cavities detected by MVD. The most druggable
cavity, according to DogSiteScorer, was subjected to virtual screening. MVD includes three
search algorithms for molecular docking namely MolDock Optimizer [50], MolDock Simplex
Evolution (SE), and Iterated Simplex (IS). In this work the MolDock Optimizer search
algorithm, which is based on a differential evolutionary algorithm, was employed. The default
parameters used for the guided differential evolution algorithm are a) population size = 50, b)
crossover rate = 0.9, and c) scaling factor = 0.5. The top ranked 200 compounds for each
protein were analyzed in Chimera for shape complementarity and hydrogen bond interactions,
leading to the selection of a final set of 10 compounds for each target protein.

[I.V.IV - Results and discussion

ILV.IV.l - Modelome and common targets in C. pseudotuberculosis species

Here we report the identification of common putative targets among 15 strains of C.
pseudotuberculosis species based on the construction of genome scale protein three-
dimensional structural models. Structural information of target proteins can aid in drug and/or
vaccine design and in the discovery of new lead compounds [51]. The approach employed
here generated high-confidence structural models through the MHOLIline workflow (Figure 1)
from orthologous protein. To identify the common conserved proteins with a sequence
similarity of 95-100%, a comparative genomics approach was performed where all the BATS
classified G2 sequences from "Very High" to "Medium to Good" quality, from 14 Cp strains,
were aligned to the G2 sequences of Cp1002, assumed as a reference genome for this study.
In total, a set of 331 protein sequences was selected, being conserved in all strains. An
overview of the different steps involved in this computational approach for genome scale
modelome and prioritization of putative drug and vaccine targets is given in Figure 2a-b.

Figure 1. High-throughputness (efficiency) of the MHOL.line biological workflow for
genome-scale modelome (3D models) prediction. Predicted proteomes from the genomes of
15 C. pseudotuberculosis strains were fed to the MHOLIline workflow in FASTA format. The
blue line represents the number of input data, according to the left-hand side y-axis. The bars
show the number in the form of MHOL Iline output data (according to the right-hand side y-
axis) of: not aligned sequences (GO, green bars); sequences for which there is a template
structure available at RCSB PDB (yellow bars); sequences with acceptable template structures
that where modeled in the MHOL Iline workflow (G2, red bars); sequences with predicted
transmembrane regions (HMMTOP, purple bars) and the number of sequences that were
predicted as enzymes in each genome and were assigned an EC number (ECNGet, gray bars).
The x-axis represents the C. pseudotuberculosis genomes used in this study.
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Figure 2. Overview of different computational steps employed in the identification of
putative essential targets (non-host homologous and host homologous) for drugs and
vaccines from the core-proteome of 15 C. pseudotuberculosis strains. Figure 2b. Intra-
species subtractive modelomics workflow for conserved targets identification in C. pseudo
tuberculosis species. The table (from left to right) represents the total number of protein
sequences as an input data in fasta format fed to the MHOLIline workflow (upper forward
arrow). The remaining columns show the output data of group G2 (upper backward arrow),
first by BATS and then by Filter tools of the MHOLIline workflow respectively. Columns 4t"-
7' constitute the number of protein sequences of different qualities of all 15 Cp strains, where
the sequences of 14 Cp strains were compared using BLASTp, to the sequences of Cp1002
strain as reference, for the identification of conserved protein targets (core-modelome). The
funnel shows how this workflow processes and filters a large quantity of genomic data for
putative drug and vaccine targets identification of a pathogen.

ILV.IV.1l - Identification of ENH and EH proteins as putative drug and/or vaccine targets

To identify essential proteins as putative therapeutic targets in C. pseudotuberculosis, from
the set of core-modelome, these were compared to the Database of Essential Genes (DEG).
Based on this filter, the number of selected targets was reduced drastically to a final set of
only 10 targets. These were compared to the aforementioned corresponding host proteomes,
leading to the identification of 4 essential non-host homologous proteins (ENH, Table 2) and
6 essential host homologous proteins (EH, Table 3).

Table 2. Drug and/or vaccine targets prioritization parameters and functional annotation of
the four essential non-host homologous putative targets.

Table 3. Drug and/or vaccine targets prioritization parameters and functional annotation of
the six essential host homologous putative targets.

Among the ENH proteins, two targets were selected from a bacterial unique pathway, the two
component signaling system. These targets are tcsR (two-component response regulator) and
mtrA (two component sensory transduction transcriptional regulatory protein). While the tcsR
is a novel protein target, as it is has not been described so far as a target in any organism,
mtrA has been already reported as a target in Mycobacterium [52] and provides multidrug
resistance to Mycobacterium avium [53]. Therefore, targeting mtrA in C. pseudotuberculosis
may also be effective in controlling the infection of CLA. The remaining ENH protein targets,
nrdl and ispH, also participate in biochemical pathways. Nrdl (ribonucleoside-diphosphate
reductase alpha chain) is a flavodoxin which contains a diferric-tyrosyl radical cofactor and it
is involved in nucleotide metabolism in E. coli [54]. It has been reported as a putative target in
several pathogens including C. pseudotuberculosis, Corynebacterium diphtheriae and
Mycobacterium tuberculosis [20]. The target ispH (4-hydroxy-3-methylbut-2-enyl
diphosphate reductase; EC 1.17.1.2) is an essential cytoplasmic enzyme in Escherichia coli
[55]. This iron-sulfur protein plays a crucial role in terpene metabolism of various pathogenic
bacteria [56,57] and it is a predicted target in Salmonella tyhpimurium [58] and Plasmodium
falciparum [59]. It should be noted that according to the cut off threshold for NCBI-BLASTp
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that we have followed, ispH shows homology only to the human host. So, if human is not
considered as a possible host, ispH can also be considered as a common putative target. The
roles of these proteins in different metabolic pathways was confirmed from KEGG [38] and
METACYC [60] databases.

ILV.IV.1II - Prioritization parameters of drug and/or vaccine targets

Previous studies have shown several factors that can aid in determining the suitability of
therapeutic targets [46]. The availability of 3D structural information, the main approach of
our study, is very helpful in drug development. Other important factors for drug targets
include preferred low MW and high druggability. On the other hand, for vaccine targets the
information about subcellular localization is important and proteins that contain
transmembrane motifs are preferred [36,46,61,62]. We have determined most of these
prioritizing properties for the 10 essential proteins (Table 2 &3). Interestingly, according to
the target-prioritizing criterion, all targets have a low MW, and are predicted to be localized in
the cytoplasmic compartment of the Cp. Druggability evaluation with DoGSiteScorer [48] for
all conserved targets allowed the prediction of numerous druggable cavities with at least one
druggable cavity for each Cp target. For the 4 ENH proteins tcsR, mtrA, nrdl, and ispH, 3, 5,
5 and 2 cavities with score > 0.80 were observed respectively. For each protein, the cavity that
exhibited the highest druggability score was selected for docking analyses. For 6 EH targets,
adk, gapA, glyA, fumC, gnd, and aspA, 1, 3, 3, 2, 8 and 6 cavities were observed respectively
according to the aforementioned druggability score criteria (Table 2 &3). Here, in each case,
the most druggable predicted cavity was structurally compared with the cavities in respective
host proteins.

ILV.IV.IV - Virtual screening and molecular docking analyses of ENH targets

For each ENH target protein (mtrA, ispH, tcsR and nrdl), the top 200 drug-like molecules
from virtual screening were visually inspected to select 10 molecules that showed favorable
interactions with the target. The biological importance of each target and an analysis of the
predicted protein-ligand interaction are described below. ZINC codes and MolDock scores of
selected ligands, the number of hydrogen bonds as well as protein residues involved in these
interactions, are shown in a table for each target protein (Tables 4, 5, 6, 7. Figures showing
the predicted binding mode for one of the 10 selected ligands are also shown for each target
(Additional files 1, 2, 3, 4, 5).

Table 4. ZINC codes, MolDock scores and predicted hydrogen bonds for the ten compounds
selected among the top ranking 200 molecules against Cp1002_0515 (MtrA, DNA-binding
response regulator).

Table 5. ZINC codes, MolDock scores and predicted hydrogen bonds for the ten compounds
selected among the top ranking 200 molecules against Cp1002_0742 (IspH, 4-hydroxy-3-
methyl but-2-enyl diphosphate reductase).
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Table 6. ZINC codes, MolDock scores and predicted hydrogen bonds for the ten compounds
selected among the top ranking 200 molecules against Cp1002_1648 (TcsR, Two component
transcriptional regulator).

Table 7. ZINC codes, MolDock scores and predicted hydrogen bonds for the ten compounds
selected among the top ranking 200 molecules against Cp1002_1676 (Nrdl).

Additional file 1. Docking representation of the best drug-like compound ZINC75109074 in
the most druggable protein cavity of Cp1002_0515 (MtrA, DNA-binding response regulator).
Three hydrogen bonds were observed with Thr73, Asp48 and Argl116.

Additional file 2. Docking representation of compound ZINC00510419 in the most
druggable protein cavity of Cp1002_0742 (IspH, 4-hydroxy-3-methyl but-2-enyl diphosphate
reductase). Residues Cys39, Thr225, Ser250, His68 and Asn252 are predicted to make seven
hydrogen bonds to this ligand.

Additional file 3. Docking representation of the best drug-like compound ZINC00510419 in
the most druggable protein cavity of Cp1002_1648 (TcsR, Two component transcriptional
regulator). Hydrogen bonds were observed with residues Val76, GIn185 and Asn193.

Additional file 4. Docking representation of the best drug-like compound ZINC04721321 in
the most druggable protein cavity of Cp1002_1676 (Nrdl protein). Hydrogen bonds were
observed with residues Ser8, Thrl3 and Leull6.

Additional file 5 (a-f). Comparison among the most druggable cavities from essential
bacterial and the respective host homologue proteins. Protein structures are shown as cartoon
(green for the bacterial protein and gray for Ovis aries host protein). Other host proteins are
not shown for simplicity, but the same substitutions were present in all host proteins analyzed.
Residues that differ in the bacterial and host cavity are highlighted in sticks and labeled
(bacterial labels in green and host labels in black). a) Cp1002_0692 (Glyceralderayde 3-
phosphate dehydrogenase); b) Cp1002_0385 (adenylate kinase); ¢c) Cp1002_0728 (serine
hydroxymethyltransferase); d) Cp1002_0738 (fumarate hydratase class Il) the site shown is
formed by three monomers, which are represented in green, blue and orange. No residues are
highlighted, since the active sites are identical between bacteria and host; e) Cp1002_1005 (6-
phosphogluconate dehydrogenase); f) Cp1002_1042 (aspartate ammonia-lyase). Figures were
prepared with the PyMol.

Cp1002_0515 (MtrA, DNA-binding response regulator) is part of the two-component signal
transduction system consisting of the sensor kinase (Histidine protein kinases, HKs) and the
response regulator, MtrB and MtrA respectively. This system is highly conserved in
Corynebacteria and Mycobacteria and it is essential for their survival to adapt to
environmental changes. Homologs of MtrA and MtrB are present in many species of the
genera Corynebacterium, Mycobacterium, Nocardia, Rhodococcus (CMNR), and others like
Thermomonospora, Leifsonia, Streptomyces, Propionibacterium, and Bifidobacterium [63].
MtrA represents the fourth family member of the OmpR/PhoB family of response regulators.
Like other family members, MtrA has been reported to be essential in M. tuberculosis [64]. It
possesses an N-terminal regulatory domain and a C-terminal helix-turn-helix DNA-binding
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domain, already indicating that this response regulator functions as a transcriptional regulator,
with phosphorylation of the regulatory domain modulating the activity of the protein [65].
Based on a comparison with a crystallographic structure of the MtrA template 2GWR, MtrA
from M. tuberculosis), the active site residues involved in H-bond interactions with the
crystallographic ligand are Vall145, GIn151, 1le152 and Leul54. Although none of these
residues is predicted to form hydrogen bonds with the ten selected docked ligands, these
molecules were predicted to interact with other residues in the pocket. Table 4 shows the 10
selected ligands according to their minimum energy values and number of hydrogen bond
interactions. ZINC75109074 (N-benzyl-N-[[2-(2-thienyl)-1H-imidazol-4-yl] methyl] prop-2-
en-1-amine) is shown here as the top scoring ligand (Additional file 1).

Cp1002_0742 (IspH, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase) is an iron-sulfur
oxidoreductase enzyme that plays a key role in the metabolism of terpenes in several
pathogens. Terpenes constitute a large class of natural compounds. Their biosynthesis initiates
with the building blocks isopentenyl-diphosphate (IPP) and dimethylallyldiphosphate
(DMAPP), and differs in bacteria and mammals [57]. In bacteria and other pathogenic
microorganisms the enzyme IspH catalyzes the last step in the production of IPP and
DMAPP. The three structural units of the enzyme harbor a cubic iron-sulfur cluster at their
center, enabling the enzyme to accomplish a challenging reaction by converting an allyl
alcohol to two isoprene components. The iron-sulfur proteins normally participate in electron
transfers. The IspH enzyme, thereby, in a similar fashion, binds the substrate directly to the
iron-sulfur cluster [57]. In the template crystal structure of IspH (PDB 3KES8), it has been
shown that His41, His74, His124, Thrl67, Ser225, Ser226, Asn227 and Ser269 are the active
site residues that are involved in hydrogen bond interactions with the ligand 4-hydroxy-3-
methylbutyldiphosphate (EIP). Also, Cys12, Cys96, Cys197 and EIP have been shown to
make metal interaction with the FesS4 (Iron/Sulfur Cluster). Although the ten selected drug-
like compounds (Table 5) did not show any interaction with the aforementioned IspH
residues, they are predicted to make very good hydrogen bond interactions with other
surrounding residues of the predicted cavity. The predicted binding mode of the best scoring
compound, ZINC00510419 is shown in Additional file 2. Good shape complementarity and 6
hydrogen bond interactions are observed in this complex.

Cp1002_1648 (TcsR, Two component transcriptional regulator) is a novel target without host
homologs proteins. Differently from MtrA and IspH, in this case the template structure from
Escherichia coli for TcsR did not contain any ligand (PDB 1A04), and no reported
information was found about the ligand-residues interactions in their cavities. Therefore,
among the cavities identified by MVD, the best cavity for virtual screening analysis was
simply chosen based on the highest druggability score by the DogSiteScorer. Compound
ZINC00510419 (Additional file 3) was the top-ranking compound, forming a network of 3
hydrogen bonds with Val76, GIn185 and Asn193. Table 6 lists the 10 compounds selected for
this target.
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Cp1002_1676 (Nrdl, protein) belongs to the nrdl protein family, a unique group of
metalloenzymes that are essential for cell-proliferation [66]. It is classified as a ribonucleotide
reductase (RNR), an iron-dependent enzyme that belongs to class Oxidoreductases (EC
1.17.4.1) acting on CH or CH> groups with a disulfide as acceptor [67]. The class la enzyme
supplies deoxynucleotides during normal aerobic growth. The class Ib RNR plays a similar
role although its function in E. coli is not clear, but it is reported to be expressed under
oxidative stress and iron-limited conditions [68]. Class | RNR enzymes have two
homodimeric subunits, a2 (NrdE), where nucleotide reduction takes place, and B2 (NrdF)
containing an unidentified metallocofactor for initiating nucleotide reduction in a2. Although
the exact function of Nrdl within RNR has not yet been fully characterized, it is found in the
same operon as NrdE and NrdF, and encodes an unusual flavodoxin, a bacterial electron-
transfer protein that includes a flavin mononucleotide that has been proposed to be involved in
metallocofactor biosynthesis and/or maintenance. It has also been proposed that Nrdl plays an
important role in E. coli class Ib RNR cluster assembly. Recent in vitro studies have shown
that a stable diferric-tyrosyl radical (Felll2-Y-) and dimanganese (I1I)-Y- (Mnlli2-Y")
cofactors are active in nucleotide reduction [69]. The first one can be formed by self-assembly
from Fell and Oz while the later cofactor can be generated from Mnll-2-NrdF, but only in the
presence of Oz and Nrdl protein [54,69]. RNR is responsible for the de novo conversion of
ribonucleoside diphosphates into deoxyribonucleoside diphosphates and it is essential for
DNA synthesis and repair [70]. The active site residues of RNR, in the template structure of
Nrdl protein (PDB 3N3A), include Ser8, Ser9, Serll, Ser48, Asnl3, Asn83, Thrl4, Tyr49,
Ala89 and Gly91, all of which are involved in a hydrogen bond network with the cofactor
flavin mononucleotide isoalloxazine ring (FMN, PDB 3N3A) [71]. Interestingly, two of these
residues, Ser8 and Tyr49, were predicted to make hydrogen bonds with all 10 selected ligands
(Table 7). The interaction between the top scoring compound ZINC01585114 (5-nitro-3, 4-
diphenyl-2-furamide) and the residues from the predicted target cavities are shown in
Additional file 4.

Furthermore, the drug-like molecule ZINCO00510419 (3,4-bis (5-methylisoxazole-3-
carbonyl)-1,2,5-oxadiazole 2-oxide was among the top ten selected molecules for three of the
pathogen target proteins, showing good H-bond interactions. It ranked first against the targets
Cp1002_0742 (MolDock score = -151.376, no. of H-bonds = 7) and Cp1002_1648 (MolDock
score = -167.633, no. of H-bonds = 3) and ranked fourth against the target Cp1002_1676
(MolDock score = -154.064, no. of H-bonds = 4).

ILV.IV.V - Essential host homologous as putative targets

To compare the predicted EH protein targets to their host homologs, two approaches were
taken. First, ClustalX (v2.1, http://www.clustal.org webcite), a multiple sequence alignment
program, was used to find different residues between bacterial and host proteins. As expected,
a high percentage of residues was found to be conserved, but significant differences were also
observed. Most percentage identities are between 35 and 50 (Table 8), except for fumarate
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hydratase, which shows 54% sequence identity to human and equine homologous proteins,
but no hits in bovine and ovine proteomes.

Table 8. Percentage of sequence identity between C. pseudotuberculosis and host
homologous proteins.

Next, to determine if the observed differences could be exploited in rational design of ligands
selective to bacterial proteins, we focused on the predicted druggable cavities. A structural
alignment to the host homologous proteins was performed and the cavities were compared in
PyMol. In most cases, the DogSiteScorer predicted more than one cavity for each input Cp
protein structure. The number of residues in the bacterial predicted cavity that differ from the
residues in the cavity of the host protein, for all druggable pockets, varied from zero to seven
(Table 9).

Table 9. Comparison of the residues from druggable cavities in C. pseudotuberculosis
proteins and the corresponding residues in structurally aligned host protein cavities.

For conserved host-homologous targets Cp1002_0385 (adk, Adenylate kinase), Cp1002_0692
(gapA, Glyceraldenhyde 3-phosphate dehydrogenase), Cpl002_0728 (glyA, Serine
hydroxymethyltransferase), Cp1002_0738 (fumC, Fumarate hydratase class Il/fumarase),
Cp1002_1005 (gnd, 6-Phosphogluconate dehydrogenase) and Cp1002_1042 (aspA, Aspartate
ammonia-lyase/aspartase), three, four, five, zero, seven and three different residues were
observed, respectively. Then, a more detailed analysis was performed for the predicted highest
druggable cavity for each protein. The results are described below, together with information
about the biological importance of each target protein.

Cp1002_0692 (GapA, Glyceraldehyde 3-phosphate dehydrogenase, GAPDH/G3PDH, EC
1.2.1.12) catalyzes the sixth step of glycolysis. In addition, GAPDH has recently been shown
to be involved in several non-metabolic processes, including transcription activation, initiation
of apoptosis [72] fast axonal or axoplasmic transport and endoplasmic reticulum to Golgi
vesicle shuttling [73,74]. This enzyme has been reported as an anti-trypanosomatid and anti-
leishmania drug target in structure-based drug design efforts [21-23]. Furthermore, it has been
shown as an interesting putative drug and vaccine target in malaria pathogenesis [75].
Comparison of protein cavities reveals significant differences between bacterial and host
proteins, with replacement of bacterial Lys157, Arg229 and Asn311 by Asp, Thr and Ala,
respectively. Such differences result in a more basic cavity in bacteria, making it possible to
rationally design selective ligands, especially negatively charged molecules, which interact
with Lys157 and Arg229, or compounds able to form hydrogen bond to Asn311 (Additional
file 5).

Nucleoside monophosphate kinases vitally participate in sustaining the intracellular
nucleotide pools in all living organisms. Cp1002_0385 (Adk, Adenylate kinase, EC 2.7.4.3)
is a ubiquitous enzyme, which catalyzes the reversible Mg2*-dependent transfer of the
terminal phosphate group from ATP to AMP, releasing two molecules of ADP [76]. Only one
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highly druggable cavity was predicted for adenylate kinase, with a druggability score = 0.81.
Three residues in the bacteria cavity were different from the hosts: Leu, Met and Val in the
hosts replaced Phe35, 11e53 and Thr64, respectively (Additional file 5). These differences
impact the cavity volume, since aromatic and bulky Phe is replaced by Leu, and the ability to
make hydrogen bonds, through the replacement of a Thr by a Val. Therefore; the bacterial
cavity is smaller and more hydrophilic, making it possible to envision rational design of
selective ligands that interact with Thr64.

Cp1002_0728 (GIlyA, Serine hydroxymethyltransferase EC 2.1.2.1) is an enzyme that plays
an important role in cellular one-carbon pathways by catalyzing the reversible, simultaneous
conversions of L-serine to glycine (retro-aldol cleavage) and tetrahydrofolate to 5,10-
methylenetetrahydrofolate [77]. In Plasmodium, serine hydroxymethyltransferase (SHMT)
has been reported as an attractive drug target [78]. For this protein 3 residues were observed
different between bacteria and host: Ala99 and AlalOl replaced two Ser residues while
Trpl77 replaced Thr (Additional file 5). At first glance these changes could have a big impact
in the active site, generating a considerably more hydrophilic pocket in the hosts. However,
careful inspection of the pocket reveals that the side chains of these residues are not turned
towards the pocket, in such a way that these differences probably would not allow rational
design of selective ligands.

Cp1002_0738 (FumC, Fumaratehydratase class Il/fumarase EC 4.2.1.2) catalyzes the
reversible hydration/dehydration of fumarate to S-malate during the ubiquitous Krebs cycle,
through the aci-carboxylate intermediate subsequent to olefin production [79]. There are two
classes of fumarases; Class | fumarases, composed of heat-labile, iron-sulfur (4Fe-4S)
homodimeric enzymes, only found in prokaryotes; and Class Il fumarases, made of
thermostable homotetrameric enzymes [80] found in both prokaryotic and eukaryotic
mitochondria. Class Il belongs to a superfamily that also includes aspartate-ammonia lyases,
arginino-succinatases, d-crystallins and 3-carboxy-cis, cis-muconate lactonizing enzymes. All
these enzymes release fumarate from different substrates, ranging from adenylosuccinate to
malate [81-84]. FumC of Escherichia coli is the first member of class Il fumarases family
whose structure has been solved and provided most of the structural information [85].
Inhibition of fumarase in the tricarboxylic acid cycle (TCA) has been reported as a potential
molecular target of bismuth drugs in Helicobacter pylori [86]. Comparison of the active site
cavity of this protein, which is formed in the interface of three monomers, revealed no
differences between bacteria and hosts (additional file 5).

Cp1002_1005 (Gnd, 6-Phosphogluconate dehydrogenase EC 1.1.1.44) is an enzyme from the
pentose phosphate pathway. It forms ribulose 5-phosphate from 6-phosphogluconate. The
enzyme 6-phosphogluconate dehydrogenase is a potential drug target for the parasitic
protozoan Trypanosoma brucei, the causative organism of human African trypanosomiasis
[87]. Three druggable sites with score > 0.80 were detected in this protein. As opposed to the
observation for other proteins, the most druggable predicted cavity (score = 0.88) was not the
active site. Leu, Lys and Val residues in the hosts replace residues Met94, GIn96 and lle148

CCXX


http://www.biomedcentral.com/1471-2164/15/S7/S3/suppl/S5

in the bacterial cavity, respectively (Additional file 5). The most significant of these
differences is the replacement of GIn by Lys, which could make binding of negative
molecules more favorable to the host proteins.

Cpl1002_1042 (AspA, Aspartate ammonia-lyase/aspartase EC 4.3.1.1) catalyzes the
deamination of aspartic acid to form fumarate and ammonia [88]. Recent progresses to
prepare enantiopure l-aspartic acid derivatives, highly valuable tools for biological research
and chiral building blocks for pharmaceuticals and food additives, make it a target of interest
for industrial applications. On the other hand, the important role that it plays in microbial
nitrogen metabolism makes it a putative drug target in overcoming bacterial pathogenesis
[89]. Based on the sequence alignment for this protein, two significant differences in residues
are observed in the most druggable pocket: bacterial His447 and 11e428 are replaced by Leu
and Lys in host proteins. Such differences should allow rational ligand design. It is interesting
to note that additional differences in the position of helices that contain these residues increase
the difference between the active sites (Additional file 5).

Based on the above-mentioned analyses, we conclude that it would be difficult to rationally
design selective ligands for Cp1002_0738 (FumC, Fumaratehydratase class Il), since no
residue differences were observed in the most druggable cavity, and for Cp1002_0728 (GlyA,
Serine hydroxymethyltransferase), where the side chains of differing residues are not turned
toward the druggable pocket. On the other hand, for putative essential and homologous targets
that include Cpl002_ 0692 (GapA, Glyceraldehyde 3-phosphate dehydrogenase),
Cpl1002_0385 (Adk, Adenylate Kkinase), Cpl1002_ 1005 (Gnd, 6-Phosphogluconate
dehydrogenase) and Cp1002_1042 (AspA, Aspartate ammonia-lyase), significant differences
were observed in druggable pockets, suggesting that despite the existence of a host
homologous protein they could be good targets for the design of ligands, selective only to the
bacterial proteins.

[I.VV.V - Conclusion

Here, for the first time, the genomic information was used to determine the conserved
predicted proteome of 15 strains of C. pseudotuberculosis, along with their three-dimensional
structural information. Even though the structural information discussed is fully
computationally predicted, and could therefore deviate from eventually solved experimental
structures, we have been careful to concentrate on the analysis of protein models for which
there were good templates which provided high quality models, minimizing this concern. The
data presented here can effectively contribute in guiding further research for antibiotics and
vaccines development. The final dataset can provide valuable information in designing
molecular biology and immunization experiments in animal models for validating the targets
of a pathogen, as well as in experimental structure determination protocols.

The criterion for target selection in C. pseudotuberculosis was stringent, resulting in a small
set of prioritized putative drug and vaccine targets, of which four are essential and non-

CCXXi



homologous and six are essential and host homologous proteins. For the latter, a detailed
structural comparison between the residues of the predicted cavities of host and pathogen
proteins has been performed, showing in most cases the potential for the development of
selective ligands. Therefore, we suggest that the whole set can be considered for antimicrobial
chemotherapy, especially the four essential non-host homologous targets.

The in silico approaches followed in this study might aid in the development of novel
therapeutic drugs and vaccines in a broad-spectrum of hosts at intraspecies level against C.
pseudotuberculosis. Furthermore, the strategy described here could also be applied to other
pathogenic microorganisms.
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1998 - 1998 Curso de curta duragdo em Como Calcular Custo e Preco de Venda no Comércio.
Servigo Brasileiro de Apoio as Micro e Pequenas Empresas, SEBRAE, Brasilia,
Brasil

1997 - 1998 Lingua Espanhola.
Centro de Linguas Estrangeiras Modernas, CELEM, Brasil

1993 - 1993 Curso de curta duracdo em Criatividade Em Vendas.
Servigo Nacional de Aprendizagem Comercial, SENAC, Brasil

1993 - 1993 Curso de curta duragdo em Como Implantar Os Controles Financeiros Basicos na.
Servigo Brasileiro de Apoio as Micro e Pequenas Empresas, SEBRAE, Brasilia,
Brasil

1993 - 1993 Curso de curta duracdo em Como Calcular Os Custos e Formar Precos de Venda.
Servico Brasileiro de Apoio as Micro e Pequenas Empresas, SEBRAE, Brasilia,
Brasil

1992 - 1992 Curso de curta duracdo em Técnica de Atendimento e Motivacdo Em Vendas.

Servigo Nacional de Aprendizagem Comercial, SENAC, Brasil
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[I.VLIV - Atuacéo profissional

1. Universidade Federal de Minas Gerais - UFMG
Vinculo institucional

2013 - Atual Vinculo:  Bolsista, Enquadramento funcional:  Analista em
Bioinformatica, Carga horaria: 40, Regime: Dedicacéo exclusiva

Atividades

08/2014 - Atual Pesquisa e Desenvolvimento, Instituto de Ciéncias Bioldgicas
08/2013 - Atual Outra atividade técnico-cientifica, Instituto de Ciéncias Biolégicas
08/2013 - 07/2014 Pesquisa e Desenvolvimento, Instituto de Ciéncias Bioldgicas

2. Centro de Pesquisa René Rachou - CPQRR
Vinculo institucional

2012 - 2013 Vinculo: Bolsista, Enquadramento funcional: Bolsista, Carga horaria:
40, Regime: Dedicacao exclusiva

Atividades

03/2012 - 06/2012 Treinamento, LPCM

03/2012 - 05/2013 Servico Técnico Especializado, LPCM
3. Instituto Nacional de Cancer - INCA

Vinculo institucional

2009 - 2011 Vinculo: Bolsista CNPQ DTI-1, Enquadramento funcional: Analista em
Bioinformatica, Carga horaria: 40, Regime: Dedicacao exclusiva
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Atividades

11/2009 - 11/2009 Pés-graduacao, Programa de Pds-Graduacdo em Oncologia (PPGO)

03/2009 - 06/2012 Servico Técnico Especializado, Coordenagdo de Pesquisa,
Laboratério de Bioinformatica e Biologia Computacional (LBBC)

03/2009 - 02/2012 Servico Técnico Especializado, Coordenagdo de Pesquisa,
Laboratério de Bioinformatica e Biologia Computacional (LBBC)

4, Instituto de Estudos Avancados e Pds-Graduacao - ESAP
Vinculo institucional

2006 - 2008 Vinculo: Celetista formal, Enquadramento funcional: Professor titular,
Carga horaria: 8, Regime: Parcial

Atividades

07/2008 - 12/2008 Graduacdo, Sistema de informacéo

02/2008 - 07/2008 Graduacéo, Sistema de informacéo

10/2007 - 12/2008 Dire¢do e Administracdo, Curso Sistemas de Informacéo
08/2007 - 12/2007 Graduacéo, Sistema de informacéo

02/2007 - 06/2007 Graduacdo, Sistema de informacao

02/2007 - 06/2007 Graduacéo, Administracéo

07/2006 - 12/2006 Graduacdo, Sistema de informacao
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5. Universidade Estadual do Oeste do Parana - UNIOESTE

Vinculo institucional

2005 - 2005 Vinculo: Colaborador, Enquadramento funcional: Colaborador em
projeto de pesquisa, Carga horaria: 2, Regime: Parcial
2003 - 2005 Vinculo: Colaborador, Enquadramento funcional: Professor titular,

Carga horaria: 24, Regime: Parcial

Atividades

07/2004 - 07/2004 Conselhos, Comissdes e Consultoria, Conselho de Ensino, Pesquisa
e Extenséo

01/2004 - 12/2004 Graduacao, Engenharia Agricola

01/2004 - 12/2004 Graduacéo, Engenharia Civil

01/2004 - 12/2004 Graduacéo, Informética

07/2003 - 12/2003 Graduacdo, Informatica

07/2003 - 12/2003 Graduacéo, Engenharia Civil

6. Unido Panamericana de Ensino - UNIPAN

Vinculo institucional

2004 - 2007 Vinculo: Outro, Enquadramento funcional: Professor titular, Carga
horaria: 4, Regime: Parcial

Atividades

01/2007 - 07/2007 Graduacéo, Ciéncia da Computacdo
01/2006 - 12/2006 Graduacdo, Ciéncia da Computacao
01/2005 - 12/2005 Graduacéo, Ciéncia da Computacdo
03/2004 - 12/2004 Graduacdo, Ciéncia da Computacao
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7. Unido Educacional do Médio Oeste Paranaense Ltda - UNIMEO
Vinculo institucional

2004 - 2004 Vinculo: Outro, Enquadramento funcional: Professor titular, Carga
horéria: 8, Regime: Parcial

Atividades
07/2004 - 10/2004 Graduacéo, Sistema de Informacédo
02/2004 - 06/2004 Graduacdo, Sistema de Informacédo

8. Maxicon System Ltda - MAXICON

Vinculo institucional

2002 - 2003 Vinculo: Funcionério, Enquadramento funcional: Programador Sénior,
Carga horaria: 44, Regime: Dedicacao exclusiva
2001 - 2002 Vinculo: Estagiario, Enquadramento funcional: Programador, Carga

horaria: 40, Regime: Integral

Atividades
07/2001 - 02/2003 Servico Técnico Especializado, Desenvolviemnto de sistemas

9. Salgado & Haddad Ltda - CDI
Vinculo institucional

1995 - 1996 Vinculo: Funcionério, Enquadramento funcional: Instrutor Informatica,
Carga horaria: 20, Regime: Parcial

Atividades
08/1995 - 09/1996 Treinamento

10.  Comercial de Calcados Ancora Ltda - ANCORA
Vinculo institucional

1992 - 1995 Vinculo: Funcionéario, Enquadramento funcional: Gerente, Carga
horéaria: 44, Regime: Integral

Atividades
02/1992 - 03/1995 Direcédo e Administracéo
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11. Grisa & Grisa Ltda - GRISA
Vinculo institucional

1989 - 1991 Vinculo: Funcionario, Enquadramento funcional: Vendedor Interno,
Carga horaria: 44, Regime: Integral

Atividades

03/1989 - 02/1991 Servico Técnico Especializado

[I.VLV - Linhas de pesquisa

1. Predicdo e analise comparativa da rede de interacdo proteina-proteina para 15
linhagens dos biovares ovis e equi de Corynebacterium pseudotuberculosis

2. Validacdo de metodologia computacional para predicdo de redes de interacdo
proteina-proteina

[I.VL.VI - Projetos

Projetos de pesquisa

2015 - Atual Estudo do interatoma e exossoma em Corynebacterium pseudotuberculosis para
pesquisa de novos alvos terapéuticos

Descricdo: Existe uma dificuldade na eliminacdo da C. pseudotuberculosis por macréfagos, e

desvendar como ocorre a interacdo entre patdgeno e hospedeiro, conhecer a cascata de resposta em

nivel transcricional, nos dois organismos simultaneamente, bem como elucidar o efeito do exossoma

secretado na resposta imune do hospedeiro, abriria um leque de tentativas para busca de solugbes

eficazes contra este problema enfrentado. Tanto o patégeno quanto o hospedeiro buscam uma

resposta rdpida, adaptativa, eficaz para a prépria sobrevivéncia. Assim, perceber a alteracdo no

ambiente e transmitir a informacdo montando uma rede de resposta ideal é o ponto chave para

entender todo o processo para manutencdo dos organismos no ambiente. Chamada de projetos

MEC/MCTI/CAPES/CNPg/FAPs n° 09/2014.

Situag¢do: Em andamento Natureza: Projetos de pesquisa

Alunos envolvidos: Mestrado académico (4); Doutorado (2);

Integrantes: Edson Luiz Folador; Adriana Ribeiro Carneiro (Responsavel)

2013 - Atual Rede de cooperacdo académica para o estudo e desenvolvimento de ferramentas
para a gendmica Estrutural e Funcional

Descrigdo: Fortalecer e ampliar o intercAmbio académico entre os programas inter-unidades de Pés-

Graduacdo em Bioinforméatica da UFMG (CAPES 6) e da USP (5), o de Biotecnologia da UFPA

(CAPES 5) e o de Bioinformética da UFPR (CAPES 3) com a criagdo de uma rede voltada a aumentar

a formacéo de recursos humanos em Biologia Computacional, em resposta a presente chamada.

Edital n® 51/2013 BIOLOGIA COMPUTACIONAL.

Situacdo: Em andamento Natureza: Projetos de pesquisa

Alunos envolvidos: Mestrado académico (7); Doutorado (6);
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Integrantes: Edson Luiz Folador; HASSAN, SYED SHAH; TIWARI, SANDEEP; ALMEIDA, SINTIA;
OLIVEIRA, ALBERTO; Diego Cesar Batista Mariano; Leticia C. Oliveira; Vinicius Augusto Carvalho de
Abreu; Vasco Azevedo (Responsavel); Rafaela Salgado Ferreira

ILVIL.VIIl - Producéo bibliografica

Artigos completos publicados em periédicos

1. FOLADOR EL, OLIVEIRA, ALBERTO, TIWARI, SANDEEP, JAMAL, SYED BABAR, FERREIRA, R.
S., BARH, D., Ghosh, P., SILVA, A., AZEVEDO, V.

In silico protein-protein interactions: avoiding data and method biases over sensitivity and specificity.
Current Protein and Peptide Science., v.16, p.1 -, 2015.

2. FOLADOR, EDSON LUIZ, HASSAN, SYED SHAH, LEMKE, NEY, BARH, DEBMALYA, SILVA,
ARTUR, FERREIRA, RAFAELA SALGADO, AZEVEDO, VASCO

An improved interolog mapping-based computational prediction of protein&#45;protein interactions
with increased network coverage. Integrative Biology., v.6, p.1080 - 1087, 2014.

3. SILVA, WANDERSON M, CARVALHO, RODRIGO D, SOARES, SIOMAR C, BASTOS, ISABELA
FS, FOLADOR, EDSON L, SOUZA, GUSTAVO HMF, LE LOIR, YVES, MIYOSHI, ANDERSON,
SILVA, ARTUR, AZEVEDO, VASCO

Label-free proteomic analysis to confirm the predicted proteome of Corynebacterium
pseudotuberculosis under nitrosative stress mediated by nitric oxide. BMC Genomics., v.15, p.1065 -,
2014.

4. TIWARI, SANDEEP, DA COSTA, MARCILIA PINHEIRO, ALMEIDA, SINTIA, HASSAN, SYED
SHAH, JAMAL, SYED BABAR, OLIVEIRA, ALBERTO, FOLADOR, EDSON LUIZ, ROCHA, FLAVIA,
DE ABREU, VINICIUS AUGUSTO CARVALHO, DORELLA, FERNANDA, HIRATA, RAFAEL, DE
OLIVEIRA, DIANA MAGALHAES, DA SILVA TEIXEIRA, MARIA FATIMA, SILVA, ARTUR, BARH,
DEBMALYA, AZEVEDO, VASCO

C. pseudotuberculosis Phop confers virulence and may be targeted by natural compounds. Integrative
Biology., v.9, p.1 - 12, 2014.

5. HASSAN, S. S., TIWARI, SANDEEP, GUIMARAES, LUIS CARLOS, JAMAL, SYED BABAR,
FOLADOR, EDSON LUIZ, SHARMA, N. B., SOARES, SIOMAR DE CASTRO, ALMEIDA, SINTIA,
ALI, A., ISLAM, A., POVOA, F. D., ABREU, V. A. C., JAIN, N., BHATTACHARYA, A., JUNEJA, L.,
MIYOSHI, A., SILVA, A., BARH, D., TURJANSKI, A. G., AZEVEDO, V., FERREIRA, R. S.

Proteome scale comparative modeling for conserved drug and vaccine targets identification in
Corynebacterium pseudotuberculosis. BMC Genomics., v.15, p.S3 -, 2014.

6. REZENDE, ANTONIO M., FOLADOR, EDSON L., RESENDE, DANIELA DE M., RUIZ, J. C.
Computational Prediction of Protein-Protein Interactions in Leishmania Predicted Proteomes. Plos
One., v.7, p.e51304 -, 2012.

7. BARAUNA, R. A., GUIMARAES, L. C., VERAS, A. A. O., DE SA, P. H. C. G., GRACAS, D. A,
PINHEIRO, K. C., SILVA, A. S. S.,, FOLADOR, E. L., BENEVIDES, L. J., VIANA, M. V. C,,
CARNEIRO, A. R., SCHNEIDER, M. P. C., SPIER, S. J., EDMAN, J. M., RAMOS, R. T. J., AZEVEDO,
V., SILVA, A.

Genome Sequence of Corynebacterium pseudotuberculosis MB20 bv. equi Isolated from a Pectoral
Abscess of an Oldenburg Horse in California. Genome Announcements., v.2, p.e00977-14 - e00977-
14, 2014.

8. BENEVIDES, LEANDRO DE JESUS, VIANA, MARCUS VINICIUS CANARIO, MARIANO, DIEGO
CESAR BATISTA, ROCHA, FLAVIA DE SOUZA, BAGANO, PRISCILLA CAROLINNE, FOLADOR,
EDSON LUIZ, PEREIRA, FELIPE LUIZ, DORELLA, FERNANDA ALVES, LEAL, CARLOS AUGUSTO
GOMES, CARVALHO, ALEX FIORINI, SOARES, SIOMAR DE CASTRO, CARNEIRO, ADRIANA,
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RAMOS, ROMMEL, BADELL-OCANDO, EDGAR, GUISO, NICOLE, SILVA, ARTUR, FIGUEIREDO,
HENRIQUE, AZEVEDO, VASCO, GUIMARAES, LUIS CARLOS

Genome Sequence of Corynebacterium ulcerans Strain FRC11. Genome Announcements., V.3,
p.e00112-15 -, 2015.

9. VIANA, M. V. C., DE JESUS BENEVIDES, L., BATISTA MARIANO, D. C., DE SOUZA ROCHA, F.,
BAGANO VILAS BOAS, P. C., FOLADOR, E. L., PEREIRA, F. L., ALVES DORELLA, F., GOMES
LEAL, C. A, FIORINI DE CARVALHO, A., SILVA, A.,, DE CASTRO SOARES, S., PEREIRA
FIGUEIREDO, H. C., AZEVEDO, V., GUIMARAES, L. C.

Genome Sequence of Corynebacterium ulcerans Strain 210932. Genome Announcements., V.2,
p.e01233-14 - e01233-14, 2014.

10. OLIVEIRA, L C, SARAIVA, TD L, SOARES, S C, RAMOS, R T J, SA, PHC G, CARNEIRO, AR,
MIRANDA, F, FREIRE, M, RENAN, W, JUNIOR, A F O, SANTOS, A R, PINTO, A C, SOUZA, B M,
CASTRO, C P, DINIZ, C A A, ROCHA, C S, MARIANO, D C B, DE AGUIAR, E L, FOLADOR, E L,
BARBOSA, E G V, ABURJAILE, F F, GONCALVES, L A, GUIMARAES, L C, AZEVEDO, M,
AGRESTI, P C M, SILVA, R F, TIWARI, S, ALMEIDA, S S, HASSAN, S S, PEREIRA, V B, ABREU, V
A C, PEREIRA, U P, DORELLA, F A, CARVALHO, A F, PEREIRA, F L, LEAL, C A G, FIGUEIREDO,
H C P, SILVA, A, MIYOSHI, A, AZEVEDO, V

Genome Sequence of Lactococcus lactis subsp. lactis NCDO 2118, a GABA-Producing Strain.
Genome Announcements., v.2, p.e00980-14 - e00980-14, 2014.

11. TAVARES, RAPHAEL, SCHERER, NICOLE DE MIRANDA, PAULETTI, BIANCA ALVES,
ARAUJO, ELOI, FOLADOR, EDSON LUIZ, ESPINDOLA, GABRIEL, Ferreira, Carlos Gil, LEME,
ADRIANA FRANCO PAES, DE OLIVEIRA, PAULO SERGIO LOPES, Passetti, Fabio

SpliceProt: a protein sequence repository of predicted human splice variants. Proteomics (Weinheim.
Print)., v.14, p.181 - 185, 2014.

12. Santos, Paula F, Santos, Paula F, Ruiz, Jerdnimo C, Soares, Rodrigo PP, Moreira, Douglas S,
Rezende, Antbnio M, Folador, Edson L, Oliveira, Guilherme C, Romanha, Alvaro J, Murta, Silvane
MF, Oliveira, Guilherme C, Ruiz, Jerdnimo C, Rezende, Antdnio M, Soares, Rodrigo PP, Murta,
Silvane MF, Moreira, Douglas S, Folador, Edson L, Romanha, Alvaro J

Molecular characterization of the hexose transporter gene in benznidazole resistant and susceptible
populations of Trypanosoma cruzi. Parasites & Vectors., v.5, p.161 - 186, 2012.

13. WAINBERG, G., BRAIT, M., FOLADOR, E.L., PARRELLA, P., CAIMS, P., BARBANO, R.,
FERREIRA, C.G., PASSETTI, F., SIDRANSKY, D., HOQUE, M.O.

573 Copy Number Variation Analysis for Identification of Novel Disease-related Regions in Bladder
Cancer. European Journal of Cancer., v.48, p.S136 -, 2012.

14. Renaud, Gabriel, Neves, Pedro, Folador, Edson L, Ferreira, Carlos Gil, Passetti, Fabio
Segtor: Rapid Annotation of Genomic Coordinates and Single Nucleotide Variations Using Segment
Trees. Plos One., v.6, p.e26715 -, 2011.

15. BIDARRA, Jorge, Folador, Edson L, CAVASIN, Rodrigo José, MARCON, Marlon
xListas - Um léxico eletrbnico para a Lingua Portuguesa. Linguas & Letras (UNIOESTE)., v.1, p.6 - 6,
2005.

Capitulos de livros publicados

1. ABURJAILE, F. F., SANTANA, M. P., VIANA, M. V. C., SILVA, WANDERSON M, FOLADOR EL,
SILVA, A., AZEVEDO, V.

Genomics In: A Textbook of Biotechnology.1 ed.Irving, TX 75039, USA : SM Online Publishers LLC,
2015, v.1, p. 32-50.

Trabalhos publicados em anais de eventos (resumo)

1. Folador, Edson L, Gomes, Renata B., Neves, Pedro, Renaud, Gabriel, Ferreira, Carlos Gil,
Abdelhay, Eliane, Passetti, Fabio
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pLIMS: an innovative approach to manage and analyze 2D/1D protein gel In: International Workshop
on Genomic Databases - IWGD, 2010, Buzios.
IWGD'10 Abstracts book., 2010.

2. Folador, Edson L, Gomes, Renata B., Neves, Pedro, Renaud, Gabriel, Ferreira, Carlos Gil,
Abdelhay, Eliane, Passetti, Fabio

PLIMS: A Bioinformatic tool for the 2D/1D protein gel electrophoresis experiments management and
analysis In: X-meeting, 2009, Angra dos Reis.

X-meeting abstracts book 2009., 2009.

3. Folador, Edson L, SUCOLOTTI, Angelo A.

Estudo da Viabilidade do Uso de Tabelas Resumo em Banco de Dados Relacional In: 11l Encontro de
iniciacdo Cientifica, Ill Férum de Pesquisa, 2004, Umuarama.

3° Encontro de Iniciagdo Cientifica e FOrum de Pesquisa. Unipar - Umuarama - PR:
DEGPP/Unipar, 2004. v.3. p.249 - 250

ILVI.VIII - Apresentacéo de trabalho e palestra

1. VIANA, M. V. C., BENEVIDES, L. J., MARIANO, D. C. B., ROCHA, FLAVIA, FOLADOR, E. L.,
PEREIRA, F. L., DORELLA, F. A., LEAL, C. A. G., CARVALHO, A. F,, SILVA, A, SOARES, S. C,,
FIGUEIREDO, H. C. P., AZEVEDO, V., GUIMARAES, L. C.

Complete genome sequence of Corynebacterium ulcerans strain 210932, 2014. (Congresso,
Apresentacédo de Trabalho)

2. BENEVIDES, L. J., VIANA, M. V. C., MARIANO, D. C. B., ROCHA, FLAVIA, FOLADOR, E. L.,
PEREIRA, F. L., DORELLA, F. A., CARVALHO, A. F., LEAL, C. A. G, SILVA, A,, SOARES, S. C,,
FIGUEIREDO, H. C. P., AZEVEDO, V., GUIMARAES, L. C.

Complete genome sequence of Corynebacterium ulcerans 210931, 2014. (Seminario,
Apresentacédo de Trabalho)

3. Mariano, D. C. B, OLIVEIRA, L. C., Folador EL, DE AGUIAR, E. L., BENEVIDES, L. J., PEREIRA,
F. L., RAMOS, R. T. J., AZEVEDO, V.

SIMBA: A web tools for complete assembly of bacterial genomes, 2014. (Congresso,
Apresentacédo de Trabalho)

4. Folador, Edson L, Gomes, Renata B., Neves, Pedro, Renaud, Gabriel, Ferreira, Carlos Gil,
Abdelhay, Eliane, Passetti, Fabio

Current status of the pLIMS project: a Bioinformatics tool to promote collaborative 1D/2D-
PAGE proteomics experiments, 2011. (Congresso, Apresentacdo de Trabalho)

5. Madeira, Humberto M. F., MAlucelli, Andreia, Folador, Edson L
GO-SIEVE - A method to aid the assignment of evidence codes in genome annotations, 2010.
(Congresso, Apresentacdo de Trabalho)

6. Folador, Edson L, Gomes, Renata B., Renaud, Gabriel, Neves, Pedro, Ferreira, Carlos Gil, Passetti,
Fabio

pLIMS: uma abordagem inovadora para gerenciamento e andlise de experimentos em gel de
eletroforeses 2D/1D de proteina para projetos colaborativos, 2010. (Congresso, Apresentacdo de
Trabalho)

7. Folador, Edson L, Gomes, Renata B., Renaud, Gabriel, Neves, Pedro, Ferreira, Carlos Gil, Passetti,
Fabio

pLIMS: Ferramenta de bioinformatica para gerenciamento e andlise de experimentos em gel de
eletroforese 1D/2D, 2009. (Congresso, Apresentacdo de Trabalho)

8. Folador, Edson L, MAlucelli, Andreia, Madeira, Humberto M. F.
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GO-SIEV - Software system for inferring annotation evidence from already annotated genes,
2007. (Congresso, Apresentacdo de Trabalho)

[I.VI.IX - Programa de computador sem registro

1. Folador, Edson L, Passetti, Fabio
pLIMS: uma abordagem inovadora para gerenciamento e andlise de experimentos em gel de
eletroforeses 2D/1D para projetos colaborativos, 2009

2. Folador, Edson L
GO-SIEVe - Software para inferir cédigos de evidéncia em anotacdo genética, 2008

3. Folador, Edson L
Sistema de Controle de Auto Pecas, 2001

4. Folador, Edson L
Sistema de Cotrole para pedidos de Compras Bibliograficas, 2001
Demais produgdes técnicas

1. Folador EL
Introducdo a Bioinformatica, 2012. (Extensdo, Curso de curta duragdo ministrado)

2. Folador EL

O uso de ferramentas de Bioinformatica para a inovac¢éo cientifica em Oncologia, 2012.
(Extenséo, Curso de curta duracdo ministrado)

3. Passetti, Fabio, Folador, Edson L

| Curso prético de introdugcdo a programacgdo para Bioinformatica, 2011. (Extenséo, Curso de
curta duragcdo ministrado)

[I.VI.X - Orientacdes e Supervisdes

Orientagdes e supervisdes concluidas
Trabalhos de concluséo de curso de graduacgéao
1. Jeferson do Nascimento. Aplicacdo de data mining na busca de padrdes de dados referente a

criminalidade no municipio de Cascavel. 2006. Curso (Ciéncia da Computacdo) - Unido Pan-
Americana de Ensino

[I.VI.XI - Eventos

Participacdo em eventos

1. Apresentacédo de Poster / Painel no(a) X-Meeting, 2014. (Congresso)
SIMBA: A web tools for complete assembly of bacterial genomes.

2. Publications Ethics and Optimizing your Chances of Acceptance in Journals, 2014.
(Seminario).

3. X-Meeting, 2013. (Congresso).
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4. Apresentacdo de Poster / Painel no(a) X-Meeting, 2011. (Congresso)

Current status of the pLIMS project: a Bioinformatics tool to promote collaborative 1D/2D-PAGE
proteomics experiments.

5. Il Férum de Integracédo dos Alunos de P4ds-Graduacéo, 2011. (Encontro).

6. Curso de Bioinformatica - Algoritmos e técnicas computacionais para montagem e analise
de genomas., 2011. (Seminario).

7. Apresentacéo de Poster / Painel no(a) X-Meeting, 2010. (Congresso)

GO-SIEVE - A METHOD TO AID THE ASSIGNMENT OF EVIDENCE CODES IN GENOME
ANNOTATIONS.

8. Apresentacdo Oral no(a) International Workshop on Genomic Databases - IWGD, 2010.
(Congresso)

pLIMS: uma abordagem inovadora para gerenciamento e andlise de experimentos em gel de
eletroforeses 2D/1D de proteina para projetos colaborativos.

9. Curso de verdo em bioinforméatica (USP), 2010. (Seminario).

10. Apresentacédo de Poster / Painel no(a) X-meeting, 2009. (Congresso)

pLIMS: Ferramenta de bioinformatica para gerenciamento e analise de experimentos em gel de
eletroforese 1D/2D.

11. GE Day, 2009. (Encontro).

12. Apresentacéo Oral no(a) X-meeting, 2007. (Congresso)
GO-SIEV - Software system for inferring annotation evidence from already annotated genes.

13. I EPAC - Encontro Paranaense de Computacgéo, 2007. (Encontro).
14. | EPAC - Encontro Paranaense de Computagao, 2005. (Encontro).

15. 32 Semana de Informética, 2003. (Encontro).

[1.VL.XIl - Organizacéo de evento

1. Passetti, Fabio, Folador, Edson L
| Curso prético de introducéo a programagao para Bioinformatica, 2011. (Outro, Organizagao de
evento)

2. Kessler, Neivor, Oliveira, Lindomar S., Folador, Edson L, Santos, Vera B.
Empresa Destaque 2007, 2007. (Outro, Organizacdo de evento)

[.VLXIIl - Participacdo em banca de trabalhos de conclusao

Graduacéo

1. Konopatzki, Angélica Lima, Gavioli, Alan, Folador, Edson L

Participagdo em banca de Susana Paula Saretto Ferronatto. Mapeamento tecnoldgico dos
estabelecimentos de ensino médio de Cascavel nas intituic6es publicas e privadas, 2007
(Ciéncia da Computacao) Unido Pan-Americana de Ensino
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2. Konopatzki, Angélica Lima, Folador, Edson L, Wagner, Emerson

Participacdo em banca de Matheus de Lima Boza. Mineragdo de dados para definicdo do perfil da
saude publica em Cascavel com relagdo as doencas crénicas nao-transmissiveis, 2007

(Ciéncia da Computacao) Unido Pan-Americana de Ensino

3. Wagner, Emerson, Chrusciak, Daniele, Folador, Edson L

Participacdo em banca de Giancarlo E. C. Fiorenza. Modelo para implantacdo de tecnologia da
informacao em prefeituras municipais de pequeno porte, 2007

(Ciéncia da Computacao) Unido Pan-Americana de Ensino

4. Antiquera, Paulo R. da Silva, Folador, Edson L, Chrusciak, Daniele

Participagdo em banca de Alexandre Magno Semmer. Persisténcia em banco de dados relacional
para sistemas web, 2007

(Ciéncia da Computacao) Unido Pan-Americana de Ensino

5. Piovesan, Suzan Lelly Borges, Gavioli, Alan, Folador, Edson L
Participacdo em banca de Jony Carlos Palaoro. Prot6tipo de algoritmo genético para roteamento

de rodovias, 2007
(Ciéncia da Computacao) Unido Pan-Americana de Ensino

I.VLXIV - Participacdo em banca de comissdes julgadoras

1. Processo de Selecdo de Monitores, 2004
Universidade Estadual do Oeste do Parana

[I.VI.XV - Outras informacg0des relevantes

1 Aprovado em 3° lugar no cuncurso publico do CEFET/MG para a disciplina de Algoritmos e
Programacéo de Computadores.
Edital geral N° 149/2014 e Edital especifico N° 62/14.

http://www.jusbrasil.com.br/diarios/72348349/dou-secao-3-30-06-2014-pg-60.
http://pesquisa.in.gov.br/imprensa/serviet/INPDFViewer?jornal=3&pagina=60&data=30/06/2014&captc
hafield=firistAccess
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