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RESUMO

Azopirillum brasilense é uma bactéria fixadora de nitrogénio que promove o
crescimento vegetal e é utilizada como bio-fertilizante na agricultura. Uma vez
que o processo demanda um alto gasto de energia, a reducao de N2 para NH4 *
pela enzima nitrogenase ocorre apenas em condi¢des limitantes de NH4* e Oz.
Além disso, a sintese e atividade da nitrogenase sao altamente reguladas para
evitar o desperdicio de energia. Em A. brasilense, a atividade da nitrogenase é
regulada pelo produto dos genes draG e draT. O produto do gene draB,
localizado a jusante do gene draG no operon draTGB, pode estar envolvido na
regulacao da atividade da nitrogenase, por um mecanismo ainda desconhecido.
Uma analise in silico do produto do gene draB foi realizada com o objetivo de
definir a sua fungdo e provavel envolvimento na regulacdo da fixagdo de
nitrogénio em A. brasilense. Neste trabalho, apresentamos uma abordagem
envolvendo inteligéncia artificial/rede neural de aprendizado de maquina para a
classificacao de proteinas. Esta ferramenta, denominada ProClaT, sugere que o
gene draB codifica para a proteina NifO associada a nitrogenase. Esta
ferramenta permitiu a reclassificacdo de proteinas homologas, hipotéticas,
conservadas hipotéticas ou anotadas como provaveis arsenato redutases, ArsC,
depositadas nos bancos de dados bioldgicos, em NifO. Com os resultados
obtidos, uma analise de co-ocorréncia dos genes draB, draT e draG e outros
genes nif foi realizada, sugerindo o envolvimento do draB (nifO) na fixacdo de
nitrogénio, embora sem a definicdo de uma funcéo especifica.

Palavras-chave: Bioinformatica, Fixa¢ao Biologica de Nitrogénio, Redes
Neurais Artificiais, Classificacao de Proteinas, Nitrogenase.



ABSTRACT

Azopirillum brasilense is a plant-growth promoting nitrogen-fixing bacteria used
as bio-fertilizer in agriculture. Since this process has a high energy demand, the
reduction of N2 to NH4* by nitrogenase occurs only under limiting conditions of
NH4* and O2. Moreover, the synthesis and activity of nitrogenase is highly
regulated to prevent energy waste. In A. brasilense nitrogenase activity is
regulated by the products of draG and draT. The product of the draB gene,
located downstream in the draTGB operon, may be involved in the regulation of
nitrogenase activity by an, as yet, unknown mechanism. A deep in silico analysis
of the product of draB was undertaken aiming at defining its function and probable
involvement in the regulation of nitrogenase activity in A. brasilense. In this work,
we present an artificial inteligence/neural network, machine-learning approach
for protein classification. This tool, named ProClaT, suggests that the draB gene
codes for the nitrogenase associated NifO-like protein. This tool allowed the
reclassification of homologous proteins, hypothetical, conserved hypothetical or
annoted as putative arsenate reductase, ArsC, deposited in biological databases,
into NifO. Based on these results, an analysis of co-ocurrence of draB, draT, draG
and the others nif genes was performed, suggesting the involvement of draB
(nifO) in nitrogen fixation, without a definition of a specific function.

Keywords: Bioinformatics, Biological Nitrogen Fixation, Artificial Neural
Networks, Protein Classification, Nitrogenase.



LISTA DE FIGURAS - ARTIGO CIENTIFICO

FIGURE 1 Flowchart representing the algorithm to develop ProClaT.................. 33

FIGURE 2 Conserved domain of NifO-like proteins generated with Expasy PRATT
tool after the refinement phase, and the regular expression

(el ] g =TS oTe] oo [T o | AP PP TP PUPPPPRR 34
FIGURE 3 NifO-like CONSENSUS regION........ueeiiiiiiie it 34
FIGURE 4 Annotation of all complete genome NifO-like proteins...........cccceeeeeen. 37

FIGURE 5 Bacterial species containg gene coding to NifO-like and to some Nif
(1] (=] ] 1= PP PPUPRPRPPPRRRN 38
FIGURE 6 Bacterial species containing genes group with the presence of nifO ...39
FIGURE 7 Pearson Correlation Coefficient of the co-occurrence of nifO, nifH, nifD,
nifK, nifE, nifN, nifB and draT and draG genes in complete bacterial

[0 =T aT 0] 0 0 T= T PP 40



TABLE 1
TABLE 2
TABLE 3
TABLE 4
TABLE 5
TABLE 6

LISTA DE TABELAS - ARTIGO CIENTIFICO

Features of the ProClaT Pattern Recognition model..............c.cccoeee... 32
Version Of SOftWAIES........ccuuiiiiei e 35
Correctly classified proteins by Weka algorithms...........ccccooiiienenns 36
Genes present in the nifO neighborhood...........ccccoiiiiiiiiiiiiiee 41
Sensitivity and specificity of protein prediction methods...................... 41

ProClaT Nit 1A, . e 42



LISTA DE ABREVIATURAS E SIGLAS

BLAST Basic Local Alignment Search Tool

DNA Acido desoxirribonucléico

ExPASy Expert Protein Analysis System

FBN Fixag&o Biologica de Nitrogénio

FeMoCo Cofator Ferro Molibdénio

GO Gene Ontology

HMM Hidden Markov Model (Modelo Oculto de Markov)
MATLAB Matrix Laboratory

MLP MultiLayer Perceptron

NCBI National Center for Biotechnology Information

NCBI NR NCBI Non-redundant protein sequences

ORF Open Reading Frame
PDB Protein Data Bank
ProClaT Protein Classifier Tool
RNA Acido ribonucleico

Weka Waikato Environment for Knowledge Analysis



SUMARIO

g 1N 170 0 11 Lo o J 0 13
2 FUNDAMENTAGCAO TEORICA ........coooerececererereresnsasasasas s s s s sesaeseseseesenens 15
2.1 FIXAGAO BIOLOGICA DE NITROGENIO.........cceeeceeeeeeeereeas 15

2.2 IMPORTANCIA DA FBN.......oovieeeeeeeteeee e ee e 15

2.3 AZosPirillum Brasilense ................uuueeeueeuieiiiiiiieieeaae 16

2.4 CLUSTER Nlf oo 17

2.5 NITROGENASE ... e e 18

2.6 REGULAGCAQO DA NITROGENASE ..o 19

2.7 PROTEINADIEB .......oovcveeeeeeeeeeeeeeeeeeeee e 20

2.8 PROTEINA NifO — NITROGENASE-ASSOCIATED PROTEIN....... 21

2.9 PROTEINA ArsC — ARSENATE REDUCTASE .....ccoooveveeeeeeeae 22

2.10 DOMINIOS CONSERVADOS ...t 22

2.11 CLASSIFICACAO FUNCIONAL DE PROTEINAS........cccevevrnnee 22
2,111 GO e 23

2.11.2 Ferramentas para classificagéo de proteinas...........cccccuuvuneee 24

2.11.3 Geragédo da estrutura tercidria da proteina..........cccccceevvveeeene 25

2.12 BIOINFORMATICA ...ttt 26

2.13 MINERAGAQ DE DADOS ......oouieeeeeeeeeeeeeeeee e, 27

2.13.1 Reconhecimento de padrOes ...............eueeeummmmemmmmmemniiiiienennnnnnns 27

2.13.2 Extracdo de caracteriStiCas .........cccuvurrriirrrieeieei e 28

2.13.3 Redes Neurais Artificiais € MLP ..., 28

2.14 COEFICIENTE DE CORRELACAO DE PEARSON ........ccccoou.... 29

2.15 EXPRESSAO REGULAR ....oviiiiieeeeerecieiseeseee e nennneees 29

3 ARTIGO CIENTIFICO ....coueueecerereresseessssssssesesssssssssssssssssssenssssssssssnssssasassenes 30
4 CONSIDERAGOES FINAIS .......coeeeeererarceresesasesesesssssassesesssasassesssssasasssnes 52
5 DOCUMENTAGAO ......coeeerrccereraseeseessasssesesssasassesssssssassesssssssassssssssasasssnes 54
5.1 LOGO ettt e e e e nneeeas 54

5.2 PACOTES. ...t e e e e e e e e e s 54

5.3 FUNCIONALIDADES. ... 55

5.4 DISPONIBILIZAGAO E REQUISITOS .......cocveieeieecreeeeeeevee e 56



5.5 PASSOS PARA UTILIZAGAO ..o
REFERENCIAS COMPLEMENTARES .......ocnsumsmsnsssssssssssssssssssssssssssssssanes

APENDICES



13

1 INTRODUGCAO

Azospirillum brasilense € uma bactéria fixadora de nitrogénio, utilizada como
biofertilizante na agricultura, promovendo o crescimento vegetal (PEDROSA, 1987).
Dotada de uma via metabdlica especifica para a conversao do nitrogénio gasoso em
amoénia, o N2 é fixado sob condi¢des limitantes de NH4* e Oz, através da atividade da
enzima nitrogenase, cuja sintese e atividade sdo reguladas por mecanismos
especificos (PICHETH et al., 1999; POSTGATE, 1982 [2]).

Por ser um processo de alto custo energético para a célula, a fixacdo de
nitrogénio sé ocorre em condi¢des favoraveis, ou seja, em condigdes limitantes de
NH4* e O2 (HALBLEIB et al., 2000). Um dos controles da nitrogenase € o pos-
traducional (ZUMFT e CASTILLO, 1978) [3], sendo em A. brasilense, através do
sistema DraG-DraT. A DraT (dinitrogenase ADP-ribosil transferase) é uma enzima que
atua no desligamento da nitrogenase pela inativacédo da dinitrogenase redutase (NifH)
em resposta a adicdo de ions de aménio no meio de cultivo, enquanto a DraG
(dinitrogenase redutase glicohidrolase) € a enzima que restaura a atividade da NifH,
apds o consumo dos ions amoénio (HUERGO et al., 2012) [4]. Segundo Zhang et al.
(1992) [5], as enzimas DraT e DraG sao codificadas pelos genes draTG, que
constituem um operon draTGB em A. brasilense. A jusante do gene draG foi
sequenciada uma pequena regido, similar ao produto do gene draB em Rhodospirillum
rubrum (ZHANG et al., 1992) [5]. Nessa bactéria, estudos sugerem que o gene draB
regula a atividade das proteinas DraT e DraG (LIANG et al, 1991) [6]. Em A.
brasilense, o gene draB estd anotado como codificante para putative arsenate
reductase no GenBank e, segundo Zhang et al. (2001), apresenta similaridade com
os genes nifO de A. vinelandii e arsC de E. coli.

O estudo do produto do gene draB devera contribuir para uma melhor
compreensao do mecanismo de regulagdo pos-traducional da enzima nitrogenase,
néo apenas em A. brasilense mas em outros organismos fixadores de nitrogénio.

Por ser ainda uma proteina sem funcdo biolégica conhecida, o
desenvolvimento de um método in silico que permita a analise de seus dominios

estruturais em comparagcdo com aqueles de proteinas homologas presentes nos
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bancos de dados podera sugerir eventuais fungbes para a proteina DraB de
Azospirillum brasilense e outros diazotrofos.

O objetivo geral do trabalho, portanto, € desenvolver uma metodologia de
Bioinformatica para a classificagdo de proteinas, visando determinar in silico a
provavel fungéo da proteina codificada pelo gene draB de A. brasilense.

Os objetivos especificos sao:

1. Desenvolver abordagem geral para a reclassificagdo de proteinas,
utilizando aprendizado de maquina/ redes neurais artificiais;

2. Realizar andlise de co-ocorréncia do gene draB em relagdo aos genes nif
essenciais, nifHDK e nifENB;

3. Realizar analise de co-ocorréncia do gene draB em relagdo aos genes dral
e draG;

4. Realizar andlise de vizinhanga do gene draB;

5. Reclassificar a proteina DraB de A. brasilense;

6. Reclassificar proteinas hipotéticas e putativas com a abordagem

desenvolvida.

Os resultados deste estudo originaram o artigo cientifico “ProClaT, a new
bioinformatics approach for in silico protein reclassification: case study of DraB,
a putative arsenate reductase protein of Azospirillum brasilense”, apresentado na

secao 3 do trabalho.
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2 FUNDAMENTACAO TEORICA

2.1 FIXACAO BIOLOGICA DE NITROGENIO

O nitrogénio- elemento fundamental para manutencao da vida- compde cerca
de 80% da atmosfera terrestre, porém em sua forma mais abundante: N2 (gas
dinitrogénio). A forma metabolicamente assimilavel pelos organismos é NH4 (amdnio).
A Fixacéo Biolégica de Nitrogénio (FBN) € um processo do Ciclo do Nitrogénio (Figura
1), na qual ocorre a reducdo de N2 a NHs pela enzima nitrogenase, presente nas
bactérias diazotrdficas, ou fixadoras de nitrogénio. Esta capacidade esta presente nos
Dominios Archea e Bacteria (POSTGATE, 1982 [2]; HAYNES, 1986).

Atmeospheric
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FIGURA 1 — GENERALIZACAO DO CICLO DO NITROGENIO
Fonte: HAYNES (1986)

2.2 IMPORTANCIA DA FBN

A FBN tem papel importante numa das principais bases da economia do Brasil:
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a agricultura. O nitrogénio é um fator limitante no desenvolvimento de plantas, levando
a utilizagéo de fertilizantes quimicos que podem alterar o ciclo de nitrogénio, emitir
oxidos de nitrogénio na atmosfera, acidificar o solo e poluir rios e lagos. A utilizagdo
da FBN, processo natural que faz parte do ciclo do nitrogénio como repositor de
nitrogénio na atmosfera, representa uma alternativa barata, limpa e sustentavel para
a agricultura (PEDROSA, 1987; HUNGRIA et al., 2010 [1]).

2.3 Azospirillum brasilense

A bactéria Azospirillum brasilense (Figura 2) € uma espécie de Azospirillum,
género que naturalmente € encontrado na rizosfera e superficie de raizes de
gramineas de importancia agricola (como milho, trigo, sorgo, cana-de-agucar e arroz)
(ELMERICH e NEWTON, 2007).

—

0.5 um

FIGURA 2 — MICROGRAFIA ELETRONICA DE TRANSMISSAO DO TIPO SELVAGEM A. brasilense
SP7
Fonte: MOENS et al. (1995)

As bactérias desse género possuem grande potencial como biofertilizantes,
influenciando o crescimento da planta, a produtividade da safra e o conteudo de
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nitrogénio do vegetal. Com o uso da A. brasilense é possivel reduzir 50% do fertilizante
nitrogenado mantendo a produtividade, representando no pais uma economia de
aproximadamente US$ 1,2 bilhdes por ano (HUNGRIA et al., 2010) [1].

2.4 CLUSTER nif

Nos anos 1980 foi estabelecido o grupo de genes requeridos para a fixagcao de
nitrogénio pela Mo-nitrogenase (genes nif), para o organismo Klebsiella pneumoniae.
Nessa bactéria foram identificados e sequenciados 20 genes nif, conforme a Figura 3,
numa regiao de 20 kb do genoma (NEWTON et al., 2007).
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FIGURA 3 — GENES NIF IDENTIFICADOS EM Klebsiella pneumoniae, E AS FUNGOES DAS SUAS
RESPECTIVAS PROTEINAS CODIFICADAS. GENES COM MESMO PADRAO DE LINHAS
POSSUEM FUNCOES RELACIONADAS.

FONTE: Adaptado de NEWTON et al. (2007)

Em 2012, Dos Santos e colaboradores [10] propuseram um novo critério para
predicdo computacional de fixagdo de nitrogénio em organismos: a presenca de 6
genes nifs, que codificam para componentes estruturais e biosintéticos: nifHDK e
nifENB. Com esse critério, identificaram 149 potenciais espécies fixadoras, sendo 67
até entdo ndo conhecidas como diazotrdficas. A determinagéo dos seis genes nif
essenciais para a fixagdo de nitrogénio foi realizada apos o estudo da ocorréncia

desses genes em sistemas caracterizados, na qual foi verificado que quase todos
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diazotréficos conhecidos contém esses genes conservados. Apesar de apresentar
algumas excecdes, a presenca desses seis genes nif pode ser utilizada em
ferramentas in silico para a identificacdo de novos diazotréficos (DOS SANTOS et al.,
2012) [10].

2.5 NITROGENASE

A nitrogenase € um complexo enzimatico que cataliza o processo de reducéo
do dinitrogénio a aménia, composto por duas proteinas: dinitrogenase redutase
(proteina Fe ou NifH) e a dinitrogenase (proteina Fe-Mo ou NifDK). A Figura 4
apresenta a estrutura dessas proteinas. A primeira é produto do gene nifH e serve
para transportar elétrons a segunda, que por sua vez € produto dos genes nifDK. A

reagao catalisada pela enzima é a seguinte:

N2 + 10H* + 8" + 16Mg.ATP ---> 2NH4* + Hz + 16Mg.ADP + 16Pi,
(1)

que representa a redugéo do dinitrogénio (N2) a amonio, hidrolizando 16 moléculas de
ATP para cada molécula de Nz fixada (POSTGATE, 1982 [2]; EADY, 1986). Como
essa reacgao possui alto gasto de energia (ATP), esse processo é regulado tanto na

atividade da enzima como na expressao dos seus genes.
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FIGURA 4 — ESTRUTURA TERCIARIA DA NITROGENASE DE A. VINELANDII. A MOLECULA FOI
CRIADA COM A FERRAMENTA JMOL, UTILIZANDO O ARQUIVO PDB RETIRADO DO RCSB PDB
(IDENTIFICACAO DA ESTRUTURA: 4WZB). A ESTRUTURA DE COR MARROM ESCURO
REPRESENTA A PROTEINA NifH (OU COMPONENTE 1), EM AZUL CLARO A CADEIA ALFA DA
PROTEINA FE-MO (NifD), EEM MARRON CLARO NO CENTRO A CADEIA BETA DA PROTEINA FE-
MO (NifK).

FONTE: A autora.

2.6 REGULACAO DA NITROGENASE

A regulagéo da enzima nitrogenase ocorre tanto a nivel transcricional quanto a
nivel pds-traducional. Na regulag&o transcricional, a sintese da enzima é regulada de
acordo com as condi¢des ambientais de oxigénio e amoénio (niveis altos reprimem sua
transcricdo) (DOBEREINER e PEDROSA, 1987). Ja na regulacéo pds-traducional, é
a atividade da nitrogenase que é regulada, sendo inativada com a adicao de ions
amonio no meio de cultivo, e restaurada quando todo aménio € consumido pela
bactéria, num processo conhecido como “switch-off / switch-on” (desligamento e
religamento da nitrogenase) (ZUMFT e CASTILLO, 1978) [3]. Em A. brasilense, a
inibicdo da enzima acontece pela inativagcao da proteina NifH num processo catalisado
pela proteina DraT em resposta a adigéo de ions amonio (“switch-off’), enquanto que
a restauracao da atividade da NifH ocorre por um processo catalisado pela proteina
DraG (“switch-on”) (HUERGO et al., 2012) [4], como pode ser visto na Figura 5. Esse
sistema responde a presencga de ions aménio e a mudangas no estado energético da
célula (ZHANG et al., 1993).
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FIGURA 5 — SISTEMA DraT-DraG: INATIVAGAO REVERSIVEL DA PROTEINA NifH POR ADP-
RIBOSILAGAO (DraT) E SUA REATIVAGAO PELA PROTEINA DraG.
FONTE: HUERGO (2006)

2.7 PROTEINA DraB

Segundo Zhang et al. (1992) [5], em A. brasilense as proteinas DraT e DraG
sao codificadas respectivamente pelos genes draT e draG, formando um operon. A
jusante do gene draG foi sequenciada uma pequena regido cujo primeiros 14 cédons
formam uma ORF (fase de leitura aberta) similar a ORF presente em Rhodospirillum
rubrum, conhecida como draB. Em R. rubrum o produto desse gene parece controlar
parcialmente a atividade das enzimas DraT e DraG, visto que mutantes draB
demonstraram semelhanca na regulagao da nitrogenase com a estirpe selvagem, mas
com desligamento da nitrogenase mais rapido que na estirpe selvagem (LIANG et al.,
1991) [6], 0 que sugere que em A. brasilense 0 mesmo pode ocorrer. De acordo com
Zhang et al. (2001), além de em R. Rubrum e em A. brasilense, o gene draB também
é encontrado a jusante do draG em A. lipoferum.

Segundo outro artigo publicado por Zhang et al. (2001) [7], em um estudo da
regulagcdo da atividade da nitrogenase em Rhodospirillum rubrum, a proteina
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codificada pelo gene draB estaria envolvida na regulagdo da atividade da proteina
DraG. A proteina codificada pelo gene draB aparentemente é co-transcrita com os
genes draTG e o gene apresenta pequena similaridade com nifO de A. vinelandii e
alguma similaridade com arsC de E. coli. Em A. vinelandii a proteina NifO pode estar
envolvida no metabolismo de molibdénio. Em E.coli, o gene arsC codifica para enzima
arsenate reductase, que catalisa a redugao de arseniato em arsenito. Segundo Zhang
et al. (2011) [7], embora em R. rubrum a mutagdo do draB cause a reducdo da
atividade da proteina DraG, na bactéria Klebsiella pneumoniae 0 mesmo nao ocorre.
Esse resultado foi obtido através de um experimento que verificou que a proteina DraB
ndo estd envolvida na regulacdo da atividade da enzima DraG pelas proteinas Pll ' e
GInK 2 em K. pneumoniae (ZHANG et al., 2001) [7].

Embora em R. rubrum existem estudos que indicam a funcao de regulacao
dessa proteina, uma investigacao in silico € necessaria para uma melhor andlise da

fungéo da proteina DraB e seu envolvimento na fixagcao de nitrogénio.

2.8 PROTEINA NifO — NITROGENASE-ASSOCIATED PROTEIN

Em AZzotobacter vinelandii, bactéria fixadora de nitrogénio, a proteina NifO
(nitrogenase-associated protein ou proteina associada a nitrogenase), codificada pelo
gene nifO (nome proposto por Quifiones et al., 1993) [8], localiza-se no operon
nifBfdxNnifOQ.

Através de estudos realizados em laboratdrio, foi sugerido que a proteina NifO
possui papel de regulacao da atividade de reducgé&o do nitrato (nitrate reductase), visto
que mutantes NifO- ndo podem fixar nitrogénio sob algumas condi¢cbes como na
presencga de baixas concentragdes de nitrato (Quifiones et al., 1993 [8]; Gutierrez et
al., 1997 [9]).

' Proteinas da familia Pl sdo proteinas transdutoras dos niveis de nitrogénio intracelular.
2 Proteina da familia Pl que controla a atividade inibitéria de NifL sobre a proteina NifA em resposta
aos niveis de amoénio.
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2.9 PROTEINA ArsC — ARSENATE REDUCTASE

O gene que codifica a proteina ArsC em Staphylococcus aureus, plasmideo
pl258, esta presente em um operon junto com o arsR (que codifica a proteina
reguladora do repressor) e arsB. A proteina ArsC converte arsenato intracelular para
arsenito, tendo sua atividade de redugédo do arsenato estudada em Escherichia coli
(JI'e SILVER, 1992). Sua filogenia sugere que trata-se de uma enzima evolutivamente
antiga (JACKSON et al.; 2003).

A familia de proteinas ArsC encontra-se nas superfamilias Thioredoxin _like
Superfamily e LMWPc Superfamily (Low molecular weight phosphatase Family), que

utiliza glutationa e glutarredoxina ao invés de tioredoxina na reducao do arsenato.

2.10 DOMINIOS CONSERVADOS

Os dominios conservados de proteinas permitem a identificagdo de novos
membros de familias e auxiliam na compreensao do relacionamento entre sequéncia,
estrutura e fungédo. O dominio conservado representa o resultado de um ancestral
comum, podendo evidenciar a manutencao de residuos importantes nos sitios ativos
e outras partes funcionais das proteinas. O dominio conservado é utilizado como
padrao (pattern) para localizar assinaturas de familias (JONASSEN et al., 1995) [16].
O ExPASy PROSITE do Swiss Institute of Bioinformatics (SIB) € um banco de dados
de familias de proteinas e dominios, no qual dominios de proteinas ou proteinas de
uma mesma familia possuem os mesmos atributos funcionais e sao derivadas de um
ancestral comum (SIGRIST, 2010) [29].

2.11 CLASSIFICACAO FUNCIONAL DE PROTEINAS

A classificag&o de proteinas permite a identificagdo de sua fungao, que pode
ser o transporte de nutrientes, catdlise de reagbes bioldgicas (como as enzimas),

horménios, entre outras, e com isso caracterizar processos celulares, realizar o
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mapeamento em vias metabdlicas e compreender o funcionamento do organismo.
Para atribuir funcdo a proteinas, existem duas estratégias: a) realizacéo de testes em
laboratdrio, que gera maior confiabilidade, porém demanda mais tempo e recursos, e
b) predicdo usando métodos computacionais (in silico), mais adequada ao tratamento
de grande volume de dados. A comparacéo de proteinas € uma operagao fundamental
desses métodos computacionais, e geralmente é feita através de suas estruturas
primdrias, ou seja, a sequéncia de aminodcidos, na qual a funcdo da proteina é
inferida pela homologia (LESK, 2008). A sequéncia de aminoacidos de uma proteina
contém informagdes sobre suas caracteristicas que permitem a sua classificacdo em
propriedades especificas, como localizagao, fun¢édo ou solubilidade. Com isso, houve
um aumento no ndmero de ferramentas de bioinformatica disponibilizadas para a
classificagao de proteinas (VAN DER BERG et al., 2014).

Além da similaridade, outros meétodos para classificar proteinas sé&o
(SIVASHANKARI e SHANMUGHAVEL, 2006):

e |Interagdo proteina-proteina, na qual as fungdes das proteinas s&o inferidas
com base nos seus parceiros de interagao;

e Genbmica comparativa, que parte do pressuposto de que as proteinas que
funcionam em conjunto numa via metabdlica ou num complexo estrutural
evoluem juntas;

e Estrutura 3D, na qual séo realizadas comparagdes com base na estrutura da
proteina;

o Clusterizagao, processo de agrupamento dos genes com base em que genes
do mesmo conjunto estdo envolvidos em fungdes semelhantes.

e Contexto no genoma, na qual sdo utilizados métodos pra prever associagdes
funcionais entre proteinas, como interagdes fisicas.

e Qutros, como mineragao de dados e abordagem Bayesiana.

2.11.1 GO

O Gene Ontology Consortium surgiu como uma iniciativa para unificar a

representacdo dos atributos de genes e proteinas de todas as espécies. Através de
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um vocabulario dindmico e controlado que pode ser aplicado a todos genes e seus

produtos, possui trés ontologias independentes: processos bioldgicos, fungéo

molecular e componente celular. Com uma nomenclatura comum, possibilita a

anotacao de sequéncias de genes e proteinas homodlogas e a consulta dos mesmos
com base em sua biologia compartilhada (ASHBURNER et al., 2000).

2.11.2 Ferramentas para classificagcao de proteinas

Com base na literatura, algumas ferramentas existentes para predigao/

classificagao de proteinas sdo:

1.

SPICE, ferramenta web que realiza as trés etapas de classificagdo: extracao
de caracteristicas, treinamento e predicdo da classe, fornecendo graficos e
permitindo parametrizacdo. Para a utilizacao, € necessario possuir a lista de
proteinas e suas respectivas classes (VAN DER BERG et al., 2014).
ConFunc, uma abordagem de predicao de funcdo de proteinas automatica e
baseada no GO que utiliza residuos conservados para gerar perfis de proteinas
utilizados para inferir fungao (WASS, 2008) [24].

GOtcha, que utiliza a estrutura GO para combinar os e-values dos resultados
do BLAST para fazer predi¢des para termos GO individuais, cada um associado
com um escore (MARTIN et al., 2004) [30].

PFP, abordagem similar ao GOtcha, que realiza predicbes com base na
frequéncia dos termos GO juntamente com retorno do PSI Blast (HAWKINS et
al., 2006) [31].

Blast2GO, ferramenta de bioinformatica ampla para anotag¢édo funcional das
sequéncias de genes e proteinas e de mineragdo de dados sobre as anotagdes
resultantes, tendo como base o vocabulario GO. Através de um algoritmo
elaborado de similaridade, otimiza a transferéncia de func&o de sequéncias
homdlogas. Possui integragédo com InterPro, cddigos de enzimas (CE), as vias
KEGG, grafos aciclicos diretos (DAGs) e GOSIlim, sendo uma ferramenta
adequada para a investigagdo gendmica devido a sua versatilidade e uso
amigavel (CONESA e GOTZ, 2008) [25].
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6. InterPro, que classifica proteinas em familias e realiza predicdo de dominios e
sitios importantes, unificando as assinaturas de proteinas de diversos bancos
de dados produzindo um poderoso banco de dados integrado. Fazem parte do
InterPro Consortium as bases de dados PROSITE, HAMAP, Pfam, PRINTS,
ProDom, SMART, TIGRFAMs, PIRSF, SUPERFAMILY, CATH-Gene3D e
PANTHER (THE INTERPRO CONSORTIUM, 2015) [26].

7. PANTHER (Protein ANalysis THrough Evolutionary Relationships), sistema de
classificacado de proteinas (e seus genes) em familias e subfamilias, fungéo
molecular, processo bioldgico e pathway (caminho e relacionamentos entre as
interacdes moleculares). A classificagao é feita por algoritmos de bioinformatica
em dados curados e utiliza HMMs (THOMAS et al., 2003) [27].

8. Pfam, colegcdo de familias de proteinas, cada uma representada por
alinhamentos de sequéncias e modelos HMMs. A identificagdo de dominios de
proteinas pode fornecer informacgdes da sua fungédo. No banco de dados Pfam-
A estdo as familias com curadoria manual, enquanto que no Pfam-B,
encontram-se as familias de menor qualidade, também uteis para identificar
regides funcionalmente conservadas quando ndo ha entradas Pfam-A (FINN et
al., 2014) [28].

9. PROSITE, base de dados de familias de proteinas e seus dominios, na qual
proteinas ou dominios proteicos pertencentes a uma familia particular podem
partilham atributos funcionais, e geralmente sdo derivados a partir de um
antepassado comum. Contém padrdes e perfis especificos para mais de mil
familias de proteinas ou dominios, cada uma destas assinaturas com
documentagéo sobre a estrutura e fungéo destas proteinas (SIGRIST, 2010)
[29].

2.11.3 Geracgao da estrutura tercidria da proteina

Um arquivo PDB contém dados de coordenadas 3D, informagdes quimicas e
descritores qualitativos sobre a estrutura macromolecular, obtidas por métodos como
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difragéo de raios-X. O formato PDB, criado nos anos 1970 como uma representagao
padrdo para a estrutura de moléculas, permite a geragcdo de sua estrutura
tridimensional (BERMAN et al., 2007). O banco de dados Protein Data Bank — PDB
contém informagdes curadas sobre as estruturas 3D de proteinas, acidos nucleicos, e
montagens complexas, criando recursos para pesquisa nas areas biologia molecular,
biologia estrutural, biologia computacional, entre outras (RCSB PDB, 2015).

Com os arquivos PDB, as imagens da estrutura 3D das proteinas podem ser
alinhadas e geradas em ferramentas como a PyMOL, sistema de visualizagdo
molecular que permite a visualizagdo de imagens biomoleculares em 3D. Com mais
de 600 configuragdes e 20 representagdes, por exemplo ribbon e cartoon, usadas para
identificar estruturas secundarias, a ferramenta PyMOL recebe arquivos PDB como
entrada e gera a estrutura tercidria da proteina (PyMOL, 2015) [33].

O Expasy SwissModel é um sistema de modelagem de proteinas a partir da
sequéncia de aminoacidos que utiliza homologia para gerar arquivos PDB de
proteinas sem correspondentes no banco de dados PDB. Com o SwissModel, a
modelagem de proteinas é acessivel a todos bioquimicos e bidlogos no mundo, sendo
a modelagem das estruturas terciaria e quaternaria da proteina obtidas atraves de
informacao evolutiva, tendo como parametro a sua estrutura primaria (BIASINI et al.,
2014) [32].

2.12 BIOINFORMATICA

A Bioinformatica, juntamente com a Biologia Computacional, visa resolver
problemas bioldgicos por meio de técnicas computacionais, envolvendo aplicagdes
como alinhamento de sequéncia, projeto genoma, reconhecimento de padrdes e
construcao de arvores filogenéticas. Com os bancos de dados bioldgicos publicos, é
possivel recuperar informacdes de descricdo e classificacdo de espécies, sequéncia
genética de organismos, comentarios gerais e literatura associada (ATTWOOQD,
2011).
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2.13 MINERACAO DE DADOS

De acordo com Fayyad et al. (1996), a mineracao de dados, ou Data Mining
(DM) do inglés, € uma técnica de Informatica que tem por objetivo extrair
conhecimento (padréo ou caracteristica) de grandes quantidades de dados. Com o
aumento de registros de dados como DNA, RNA e proteinas nos bancos de dados
bioldgicos, a mineragéo de dados é fundamental na busca de novas informacdes a
partir de um grande acervo de dados biologicos. Exemplos de aplicagédo da mineragéo
de dados séo os algoritmos de recuperagéo de informacdes, de aprendizagem de

dados, redes neurais artificiais e algoritmos genéticos (FAYYAD et al., 1996).

2.13.1 Reconhecimento de padrdes

O objetivo principal do Reconhecimento de Padrdes (RP) € a classificagéo de
padroes. O RP é a aplicagdo de técnicas de raciocinio indutivo em cima de um
conjunto de dados visando a criagcdo de um modelo que classifique dados nao
conhecidos, ou seja, o RP é a ciéncia que descreve ou classifica medidas. A
abordagem geralmente utilizada € dividir o problema na extragéo de caracteristicas e
no modulo de classificagao propriamente dito (KASABOV, 1996).

De acordo com Kasabov (1996), alguns exemplos da utilizagéo de RP:

* Andlise, segmentacao e pré-processamento de imagens;

* Reconhecimento de faces;

* Identificagdo de impressdes digitais;

» Reconhecimento de caracteres;

» Analise de manuscritos;

* Visdo computacional;

» Entendimento e reconhecimento de voz;

* Diagndstico médico;

« Sinais biolégicos.

Ha técnicas de RP que envolvem desde estatistica e matematica até a
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Inteligéncia Artificial (IA), por meio de processo supervisionado de aprendizagem de

maquina (como as redes neuronais e conjuntos difusos) (KASABOV, 1996).

2.13.2 Extragao de caracteristicas

Caracteristica ¢ uma medigao util extraida no processo de identificagdo de
padréo, podendo ser simbdlica, numérica ou ambas, e ainda, ser variavel ou discreta.
A extragcdo de caracteristicas, processo utilizado em aprendizagem de maquina, tem
grande relevancia no reconhecimento de padrdes, evidenciando a necessidade na
bioinformatica das técnicas de selecao de caracteristicas (KASABOV, 1996).

A extracdo das caracteristicas € a simplificagao do problema, ou o resumo, para
que possa ser tratado computacionalmente. Apds a extracao das caracteristicas, no
modelo supervisionado ocorre o aprendizado do sistema, através do treinamento com
um conjunto de padrdes ja classificado. A seguir € realizado o teste, para verificar a
capacidade de classificagdo do sistema, através da taxa de acerto obtida (RAITTZ,
1998).

2.13.3 Redes Neurais Artificiais e MLP

A neurocomputagéo é area da ciéncia que lida com métodos e sistemas de
processamento de informagdes usando redes neurais (ou neuronais) artificiais. Uma
rede neural artificial € um modelo computacional inspirado no neurénio bioldgico que
consiste no processamento e conexdes de neurénios artificiais. As conexdes possuem
coeficientes (pesos) vinculados, que sdo a memdria do sistema, e constituem a
estrutura neuronal e os algoritmos de treino e recordagéo atrelado com a estrutura
(KASABOV, 1996).

A MLP, ou Perceptrons de multiplas camadas, € uma rede de multiplas
camadas fortemente conectada com conexdes feedfoward, na qual os neurdnios de
uma camada estimulam todos os neurdnios da camada seguinte. A estrutura é
formada por uma camada de entrada, com os sinais de entrada, uma camada de

saida, que gera a resposta da rede ao estimulo, e camadas escondidas ou
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intermediarias (KASABOV, 1996).

2.14 COEFICIENTE DE CORRELACAO DE PEARSON

O Coeficiente de Correlagcdo de Pearson é uma medida de correlagéo,
originada por Galton ao final do século XIX, que possui o alcance de +1, que significa
a correlagéo perfeita entre duas varidveis aleatdrias, -1, que indica a correlagao
perfeita porém negativa, e 0 indicando a auséncia de relagdo entre as variaveis, ou
seja, as duas nao dependem linearmente uma da outra (ADLER e PARMRYD, 2010)
[22].

2.15 EXPRESSAO REGULAR

Expressao regular € um método formal de se especificar um padrao de texto,
formado por simbolos e caracteres com fungdes especiais. Uma vez agrupados entre
si e com caracteres literais, formam uma sequéncia que atua como uma regra que
indica sucesso se a entrada de dados obedecer exatamente as suas condicdes
(JARGAS, 2005). Segundo Jargas (2015), embora as expressdes regulares tenham
surgido em 1943, foi em 1968 que foram utilizadas computacionalmente, em um
algoritmo de busca do editor de textos dos sistemas Unix (dando origem ao aplicativo

grep - "Global Regular Expression Print”).
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3 ARTIGO CIENTIFICO

Esta secao apresenta o artigo cientifico a ser submetido a BMC Bioinformatics
como um artigo de metodologia, ou seja, um artigo que apresenta um novo método,
exame ou procedimento experimental ou computacional, neste caso, a metodologia
de classificagcdo desenvolvida.

A BMC Bioinformatics (ISSN: 1471-2105) é um periédico cientifico de acesso
aberto que publica pesquisas na area de Bioinformatica e Biologia Computacional,
envolvendo todos aspectos do desenvolvimento, testes, novas aplicacdes
computacionais e métodos estatisticos para a modelagem e andlise de dados
bioldgicos. Fundada em 2000, faz parte da série de jornais BMC - BioMed Central,
publicados no Reino Unido (BMC Bioinformatics, 2015).

O periddico foi selecionado para a submissao do artigo porque, além de
apresentar fator de impacto 2,67, e ser indexado em 13 bancos de dados de
bibliografia, incluindo o PubMed, possui 0 escopo mais alinhado com o trabalho
desenvolvido. Além disso, os autores mantém os direitos autorais de seus artigos,

podendo reproduzir e divulgar seu trabalho 3.

3 Conforme http://www.biomedcentral.com/about/copyright
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BACKGROUND

Azospirillum brasilense is a diazotrophic organism used as commercial
inoculants, since it promotes plant growth [1]. As a nitrogen-fixing bacterium, A.
brasilense has a specific metabolic pathway for the conversion of gaseous dinitrogen
into ammonia. The Nz is fixed under limiting conditions of NH4* and Oz, through the
activity of nitrogenase [2]. A post-translational control of nitrogenase occurs via the
DraG-DraT system, in which the DraT enzyme (dinitrogenase reductase ADP-
ribosyltransferase) acts in the nitrogenase shutdown by inactivating the NifH
(dinitrogenase reductase) in response to the presence of ammonium ions in the
environment, while the DraG enzyme (dinitrogenase reductase activating-
glycohydrolase) restore the activity of NifH, after ammonium ions consumption [3] [4].
The DraT and DraG enzymes are encoded by the draTG genes, forming an operon in
A. brasilense [5]. Participates in this operon the draB gene [5], which its product is
annotated as a putative arsenate reductase [GenBank:CCC97498]. No specific
function for the draB gene product of Azospirillum brasilense has been ascribed to
date, although in Rhodospirillum rubrum, this protein seems to regulate the activity of
DraG [6]. The draB gene has some similarity to nifO of A. vinelandii and arsC of E. coli
[7]. The A. vinelandii nitrogenase-associated NifO protein, part of operon
nifBfdxNnifOQ, has a role in regulating the activity of nitrate reductase, whereas
mutants NifO- can not fix nitrogen in the presence of low concentrations of nitrate [8]
[9].

To test the hypothesis that the draB gene codes for the NifO protein, since DraB
protein has no known homologous in Gene Ontology database, we developed a
methodology for the classification of hypothetical or little known proteins, named
ProClaT - Protein Classifier Tool. Therefore, we could classify the draB gene product
and identify homologous and related genes. We used a neural network as a machine
learning tool, protein sequences to compose the classifier features and the protein
conserved pattern to consolidate and label classes. Beyond the draB product
classification, we also analysed the relationship and co-occurrence of draB with other
genes related to nitrogen fixation, the minimum nif gene set, nifHDKENB [10], and with

the draT and draG genes.
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METHODS

We present ProClaT, a new machine learning approach to classify proteins
based on protein sequence features and conserved domains. ProClaT was used to
classify the draB product and to find NifO-like proteins.

Data
ProClaT was applied to 2,773 complete bacterial genomes obtained from the
NCBI database [11] via FTP, containing 5,182 GenBank data downloaded in July

2014. The download file size was 78.1 GB.

ProClaT Pattern Recognition sequence-based features

The features used by the pattern recognition model are divided into three

categories:

1) Amino acid composition

The relative occurrence of each amino acid residue and its number in each
functional group (polar with charge positive, polar with charge negative, apolar and
hydrophobic) was calculated by dividing the number of the occurrence by the protein

sequence length. The protein sequence length as also used to composed the features.

2) Consensus region alignment scores

The consensus region, whose determination will be described, was used for
measuring alignment score of each protein sequence. A self-alignment function and
the global and local alignments score sequences using the Needleman-Wunsch
algorithm (identity and positive scores) were also used as features.
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3) Protein physic-chemical properties

The protein physic-chemical features were the isoelectric point (pl), charge,

nominal mass, aromaticity, instability, hydropathy, entropy and energy.

Isoelectric point: The estimated pl for an amino acid sequence were calculated
with Matlab and the Bioinformatics Toolbox ™, using the pK values described on
http://www.mathworks.com/help/bioinfo/ref/isoelectric.html.

Charge: The estimated charge of the protein sequence for a given pH (default
is typical intracellular pH 7.2), calculated by the same Matlab function of the
Bioinformatics Toolbox ™ of the pl described above.

Nominal mass: The expected protein nominal mass was calculated by a Matlab

function of the Bioinformatics Toolbox ™ by the analyzes of a peptide sequence
(http://www.mathworks.com/help/bioinfo/ref/isotopicdist.html).

Aromaticity: The aromaticity value of a protein was calculated according to
Lobry [12] (the relative frequency of Phe+Trp+Tyr).

Instability: The protein instability index was calculated according to Guruprasad
et al [13], used to test a protein for stability (which any value above 40 means the
protein is unstable, or has a short half life).

Hydropathy or GRAVY (Grand Average of Hydropathy) Index: The protein

GRAVY was calculated according to Kyte and Doolittle methodology [14]. This index
indicates the solubility of a protein, where a positive GRAVY value corresponds to a
hydrophobic protein and a negative GRAVY value corresponds to a hydrophilic protein.
The GRAVY value of a peptide/protein is calculated by adding the values of hydropathy
of each amino acid, divided by the number of residues found in sequence.

Entropy and Energy: In this context, the descriptors Energy and Entropy

represent, respectively, the degree of uniformity and disorder of each protein
sequences. Co-occurrence matrices 3x3 were generated from amino acids based on
the sequences, and for each entry, the sequence was read from the right to the left
and stored in a 3x3 amino acids arrangement. Based on this list, the combinations in
pairs were analyzed one by one, and in case of co-occurrence, the count and recording
of data was updated. This calculation were based on the Haralick methodology [15]

called "matrix of co-occurrence", developed for the description of textures images
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based on second-order statistics.

The Aromaticity, Instability and Hydropathy were calculated using the package
Biopython. The features extraction is part of the tool. Table 1 shows the summary of

the three feature categories, including the number of features generated and the

functions used to extract them.

Table 1 — Features of the ProClaT Pattern Recognition model

Feature Category Number of Function (matlab or python)
features

AA composition *

AA composition * 20 aacount (sequence)

AA functional property * 5 codon2aa (sequence)

Protein length 1 length (sequence)

Scores alignment with consensus region

Self align with consensus region 1 selfalign (sequence,CSeq)

Global alignment score with consensus 2 getldentity (sequence,CSeq,'G")

region

Local alignment score with consensus region 2 getldentity (sequence,CSeq,'L")

Protein physico-chemical properties

pl 1 isoelectric (sequence)

Charge 1 isoelectric (sequence)

Nominal mass 1 isotopicdist (sequence)

Aromaticity 1 ProtParam.ProteinAnalysis
(seq).aromaticity() (python)

Instability 1 ProtParam.ProteinAnalysis
(seq).instability_index() (python)

Hydropathy 1 ProtParam.ProteinAnalysis
(seq).gravy() (python)

Entropy 1 function developed in python

Energy 1 function developed in python

*AA: amino acid

ProClaT algorithm

ProClaT development algorithm flow can be seen in Figure 1.
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Flowchart representing the algorithm to develop ProClaT
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Figure 1 - Flowchart representing the algorithm to develop ProClaT. In the first step, the domain
conserved protein and the consensus region are generated. In the second step, a search is performed
in NCBI NR with the generated region consensus as query. With the list of similar proteins, the features
are extracted and the classifier is trained and tested.

The protein conserved domain and consensus region were determined using
the curated sequences protein deposited in the SwissProt database. Since there are
no reviewed NifO proteins in the SwissProt database, the NifO proteins deposited in
the Uniprot database were used. To generate the protein conserved domain, we used
the Expasy PRATT tool [16]. This conserved domain may be a common ancestor
consequence with the evolutionary pressure to maintain important residue in the active
site and other relatively important parts of the protein and are useful to identify new
family members [16]. The conserved NifO domain generated by PRATT (P-X-L-I-R-R-

P-L-[ILM]) originates a regular expression, shown in Figure 2.
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Figure 2 - Conserved domain of NifO-like proteins generated with Expasy PRATT tool after the
refinement phase, and the regular expression correspondent. Considering that the number of coded
amino acids residues in proteins is 20, the probability of this amino acids sequence occur randomically
is 1.1719*10-10,

The consensus region (Figure 3) was used as a query in a PSI-Blast search in
the NR NCBI proteins library, returning 5,000 hits of similar proteins using the Blast
default values. The regular expression allowed the identification of proteins among the
5,000 that have the conserved domain. These proteins were submitted to the feature
extractor and were used to create the classifier treinament and test files, as the Label
1 class (“TRUE to NifO”). To compose the Label O class (“FALSE to NifO”), were used
the proteins with the lowest similarity levels that does not have the conserved domain.
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Figure 3 - NifO-like consensus region, generated from the multiple alignment of the NifO proteins.

ProClaT was parameterized in order to classify the NifHDK, NifENB, DraT and
DraG proteins. Instead of a single TRUE/FALSE classifier, its returns 1 for NifH, 2 for
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NifD, 3 for NifK, 4 for NifE, 5 for NifN and 6 for NifB. For DraT and DraG, it returns 1
and 2 respectively.

ProClaT only ranks candidate proteins, with at least 0.2 of identity calculated by
a self-alignment function. This function returns the average of the global alignment of

two sequences using the Needleman-Wunsch algorithm:

globalAlign(seq1,seq2)  globalAlign(seqi,seq2)
globalAlign(seqi,seq1)  globalAlign(seq2,seq2)

2

selfalign =

Implementation

As shown in Table 2, ProClaT was developed in the programming language
Matlab ®, which also worked as Integrated Development Environment (IDE), using the
Bioinformatics Toolbox ™. Some feature extractions were performed in Python using

the Biopython package [17].

Table 2 - Version of softwares

Software Version Application

Matlab r2012B (8.0.0.783) Functions to get the conserved
domain, features extraction and create
the classifier.

Python 3.4.2 Functions to performe PSI-Blast and
features extraction.

Expasy PRATT 2.1 Generate the protein conserved
domains

Weka 3.6.12 Test of the classifiers algorithms

The ProClaT algorithm for supervised classification chosen was the Multilayer
Perceptron Neural Network (MLPNN), a feed-forward back-propagation machine
learning method [18]. MLPNN returned the best results, according to the Weka data
mining software [19], as shown in Table 3. In this case, the implementation without the
cross-validation technique showed better results. For the algorithm selection, were
considered the best algorithms according to the Top 10 data mining algorithms
identified by the IEEE International Conference on Data Mining (ICDM) presented in
December 2006 in Hong Kong [20].
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Table 3 — Correctly classified proteins by Weka algorithms

Algorithm Options Correctly Correctly
Classified Classified
Instances Instances with
without cross- cross-validation
validation
Multilayer -L0.3-M0.2-N500-V0-S 99.61% 99.41%
Perceptron 0-E20-Ha
Simple Cart -S1-M20-N5-C1.0 99.09% 99.22%
Nnge -G5-15 99.09% 99.02%
J48 -C0.25-M2 98.96% 98.71%
Ada BoostM1 -P100-S1-10-W 32.51% 33.35%

weka.classifiers.trees.
DecisionStump
Naive Bayes - 99.22% 98.90%

Using the default parameters proposed by Weka, the neural network training and test files were
submitted to the six algorithms above. MLPNN showed the best number of correctly classified
proteins.

For the nifO neighbourhood analysis, we identified the nifO neighboring genes

in a five window genes upstream and downstream using ProClaT.

RESULTS AND DISCUSSION

ProClaT was used to classify the draB gene product into NifO-like protein and
to find homologous proteins. Additionally, confirming its general applicability, it was
applied in the classification of NifHDK, NifENB, DraT and DraG, allowing the analysis
of co-occurrence of these proteins with NifO in completed bacterial genomes.

Using ProClaT, the Azospirillum brasilense DraB protein was classified as a
NifO-like protein. With the classifier, we found 82 NifO-like proteins belonging to 76
complete bacterial genomes, representing 56 bacterial species. Figure 4 shows the

annotation of the 82 NifO-like proteins revealed using ProClaT.
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Annotation of all complete genome NifO-like proteins

u Arsenate Reductase
u Hydrolase

Hypothetical protein
m NifO

m Mitrogenase-associated
protein

m Outras

Figure 4 — Annotation of all complete genome NifO-like proteins. Of the 82 proteins classified as
NifO-like with ProClaT, most corresponds to nitrogenase-associated protein, NifO. The proteins
annotated as arsenate reductase, hypothetical and others, totaling 21 proteins, might be re-classified
as NifO-like, also.

The product of the PST1305 gene of Pseudomonas stutzeri A1501, classified
as NifO-like with ProClaT, was suggested to participate in biological nitrogen fixation,
probably involved in electron transport or in an oxygen protection mechanism for
nitrogenase [21]. Fan et al [21] considered this gene product to be required for optimal
nitrogenase activity of Pseudomonas stutzeri A1501.

Moreover, the A. vinelandii NifO protein was also classified as NifO-like, as
expected. Laboratory tests suggests that this protein has a role on ammonium
repression of the nitrite-nitrate (nasAB) assimilatory operon of Azotobacter vinelandii.
Considering that the nifO gene is present in the molybdenum (Mo) metabolism operon
in A.vinelandii, and that nitrogenase and nitrate reductase contain Mo cofactors, NifO
may be involved in regulating the conversion of Mo into the nitrogenase FeMoco,
rendering Mo inaccessible to the synthesis of the nitrate reductase cofactor [9].

The Additional file 1 lists all bacteria species containing at least five essencial
nif genes, and the presence of nifHDK, nifENB, nifO, draT and draG genes, according
to ProClaT. Of the 80 bacterial species (or 119 strains) that have the six essential nif
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genes, 42 (or 61 strains) have also the nifO, including Acidithiobacillus ferrivorans,
Bradyrhizobium japonicum, Burkholderia xenovorans, Magnetospirillum magneticum,
Pseudomonas stutzeri and Rhodospirillum rubrum. However, 41 bacterial species (or
58 strains) have no nifO-like genes, incluing Herbaspirillum seropedicae, Klebsiella
oxytoca, Enterobacter sp and Burkholderia phenoliruptrix.

All the genes coding for NifO-like identified belong to bacteria having at least
three of the essential nif genes. Figure 5 shows the number of genes coding for NifO-
like in the presence of some gene coding for a essential Nif protein in complete
genomes, analyzing the bacterial species.

Bacterial species having genes coding for NifO-like and
other Nif proteins

NifO and at NifOQ and at NifO and at NifQ and at NifO and at  NifO and all six
least one MNif  least two Nifs  least three Nifs  least four Nifs  least five Nifs  essential Nifs

Figure 5 — Bacterial species containg gene coding for NifO-like and to some Nif proteins. ProClaT
identified 56 bacterial species containing genes coding for nifO- like. All belong to a genome that contain
at least three genes coding for a essential Nif protein. 53 species contain at least 4 nif genes, 49 contain
at least 5 nif genes and 42 contain all the 6 essential nif genes.

Figure 6 shows the number of gene groups found in the complete genome with
ProClaT, analyzing the bacterial species.
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Mumber of bacterial species containing the genes coding for NifO-like, NifHDK,
NifENB, DraT and DraG proteins
160
140
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144 145
80 83 82 o
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B0 49 49
42 42 44 45
a0 25
. [
, ||

NifHDKENE NifHDKEN NifHDK NifENB NIifEN NifHD DraTG

M Bacterial species containing the indicated genes

m Bacterial species containing the indicated genes + NifO-like

Figure 6 — Bacterial species containing gene groups with the presence of nifO. In blue, the number
of species of bacterial complete genomes containing the genes indicated below, and in red, the number
of the species containing these genes in addition with the gene coding for NifO- like.

In Additional file 2 are the same information but analyzing the bacterial strains.
Interestingly, the species Azospirillum sp., Azospirillum brasilense, Azospirillum
lipoferum and Azotobacter vinelandii have two genes coding for NifO-like protein, in
the same genome, according to ProClaT. Moreover, no genes coding for NifO-like
were found in plasmids.

The co-occurrence of the genes coding for NifO-like, NifHDK-like, NifENB-like,
DraT-like and DraG-like proteins in the genomes was determined, using the Pearson
Correlation Coefficient. Figure 7 shows this correlation for the complete bacterial
genomes analysed.
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Figure 7 - Pearson Correlation Coefficient of the co-occurrence of nifO, nifH, nifD, nifK, nifE, nifN,
nifB and draT and draG genes in complete bacterial genomes. The Pearson Correlation Coefficient
is a well-established measure of correlation whose has range of +1 (perfect correlation) to -1 (perfect
but negative correlation), in which 0 is the absence of a relationship [22]. The highest p-value found was
6.7*103°, indicating that all pairs of variables have correlation significantly different from zero. Image
generated by Matlab.

There is a likely co-occurrence correlation of nifO and other nif genes. NifO gene
also has correlation with the draT and draG, though smaller. Among the nifs, the
correlation is obviously high. The low correlation of draB and nif genes with draG is
explained by the fact of DraG-like proteins are necessarily not related to nitrogen
fixation, since they are found in organisms unable to fix nitrogen such as Escherichia
coli ([GenBank:WP_001634525]) and Salmonella enterica ((GenBank:WP_010835]).
The Pearson correlation coefficient of nifO co-occurrence with all the six nif genes is
0.6350, and with the presence of both draT and draG genes is 0.4544 (as can be seen
in Additional file 2, item 2.3).
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The analysis of neighbourhood genes, in a five window genes upstream and
downstream, showed that nifO is regularly located close to at least one nif gene, as
weel as with draT or draG. Table 4 shows the number of the nif genes present in the

nifO neighbourhood.

Table 4 — Genes present in the nifO neighborhood

Gene Absolute number of occurrences of the
genes in the nifO neighborhood

nifH 24
nifD 12
nifK

nifE 1
nifN 0
nifB 19
draT 11
draG 13

The number of genes present in the nifO neighborhood, in a five window
gene upstream and downstream.

ProClaT comparison and validation

Table 5 compares the NifO-like proteins predicted by ProClaT with those
predicted by cut-off score, conserved domain and both cut-off score and conserved

domain.

Table 5 — Sensitivity and specificity of protein prediction methods

Method TP' |[TN2 |FP3 FN* Calculated Calculated
sensitivity (%) |specificity (%)

1. Cut-off score (> 30% local identity [229 |2704 |0 67 77.36 100
and > 50% positive)

2. Conserved domain 231 2704 |10 55 80.77 99.63
3. Conserved domain with cutoff 219 (2704 |0 77 73.99 100

score

4. ProClaT 289 2704 |0 7 97.64 100
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1 TP: True Positive

2 TN: True Negative
3 FP: False Positive
4 FN: False Negative

A PSI-Blast was performed on the NCBI NR proteins library, using the consensus region of NifO as input

query. It returned 3,000 hits of similar proteins, which 296 are NifO-like, after curation. All these proteins
were submitted to the above methods. ProClaT showed the best sensitivity.

We also tested ProClaT sucess rate applying it on a list of known Nif proteins,
obtained from the SwissProt database. Table 6 shows its hit rate.

Table 6 - ProClaT hit rate

Protein Class Quantity of curated ProClaT Hits Calculated hit
proteins rate
NifH 1 92 91 98.91 %
NifD 2 23 22 95.65 %
NifK 3 17 16 9412 %
NifE 4 14 14 100 %
NifN 5 10 10 100 %
NifB 6 13 12 92.31 %

A search was performed in the SwissProt protein database by the proteins name NifHDK and NifENB,
cured manually. Each found protein was applied to ProClaT, and the hit rate was calculated. The
average of sucess rate was 96.83%.

DraB classification with existents prediction proteins tools

Additional file 3 contains in detail DraB prediction results using some existing
Bioinformatics tools.

Since A. brasilense DraB protein has no homologous in GO database, as
BLAST performed with AmiGO web tool [23], the functional classification services
based on GO terms were not specific or reliable. ConFunc [24] predicted for the DraB
protein terms GO: 0008794 (ontology: molecular function, description: arsenate
reductase glutaredoxin activity) with probability 0.667, and GO: 0006351 (ontology:
biological process, description: transcription, DNA- templated) with probability 0.306.
With Blast2GO [25], the terms suggested to the DraB protein are GO: 0055114
(ontology: biological process, description: oxidation-reduction process) and GO:
0016491 (ontology: molecular function, description: oxidoreductase activity), although
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based on only two homologous proteins. Other tools not based on the term GO
predicted that DraB can be part of the families Arsenate reductase-like (InterPro[26]
and PANTHER[27]), Thioredoxin-like fold (InterPro[26], Pfam[28] and PROSITE[29])
and Nitrogenase-associated protein (InterPro[26]). The protein prediction methods
based on its tertiary structure are either not recommended in this case, since there are
no models of tertiary structure of DraB / NifO homologous obtained via experiments

laboratory in protein structure databases.

CONCLUSIONS

This in silico study suggests that draB gene codes for a NifO-like protein. There
is evidence that NifO is involved in nitrogen fixation, probably involved in electron
transport or in an oxygen protection mechanism for nitrogenase [21]. We found four
bacterial species containing two nifO-like genes, and all the nifO genes in
chromosomes.

All the genes coding for NifO-like found with ProClaT belong to a bacteria having
at least three of the six essential nif genes, nifHDK and nifENB [10]. With a correlation
analysis of co-occurrence of these genes in complete bacterial genomes, we observed
that the nifO/draB gene has a higher correlation coeficient with the essential nif genes
than with draT and draG.

Analysis of neighbourhood revealed that nifO may have both nif and draT and
draG genes as neighbours, but no clear pattern was identified.

Of the 80 bacterial species containg the six essential nif genes, 42 contain also
the nifO, however, 41 bacterial species have no nifO-like genes, which suggests that
nifO is not necessarily essential for the nitrogen fixation by nitrogenase.

ProClaT found nine genes annotated as arsenate reductase, six as
hypotheticals and six with variable names in complete bacterial genomes. This
suggests that these gene product should be reclassified as NifO-like.

This tool was developed to this case, since the existentes methods and tools for
protein prediction were not useful for the A. brasilense DraB protein. The prediction

using only conserved domain and identity/similarity (cut-off) also were not the most
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appropriate, as seen in the comparative table between the methods.
ProClaT was tested with curated Nif proteins and showed average hit rate of
96.83% in classifying known Nif proteins, confirming that it can be useful in the

(re)classification of other proteins.
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4 CONSIDERACOES FINAIS

Com o trabalho, foi desenvolvida uma metodologia para classificagdo de
proteinas denominada ProClaT — Protein Classifer Tool, com o objetivo de classificar
a proteina codificada pelo gene draB e buscar proteinas homaélogas, uma vez que 0s
métodos e ferramentas disponiveis nao atenderam ao objetivo. Como a proteina DraB
nao possui homdlogos no banco de dados do GO, conforme o BLAST realizado com
a ferramenta AmiGO, os servigcos de classificagao funcional baseados no GO néo se
mostraram eficientes ou confidveis. ConFunc previu para proteina DraB os termos
GO:0008794 (ontologia: funcdo molecular), cuja descricdo € Arsenate reductase
(glutaredoxin) activity, com 0.667 de probabilidade, e GO:0006351 (ontologia:
processo bioldgico), cuja descricdo é transcription, DNA-templated, com 0.306 de
probabilidade. Com Blast2GO, os termos sugeridos para a proteina DraB séo
G0:0055114 (ontologia: processo bioldgico), cuja descrigao é processo de oxidagédo-
reducao e GO:0016491 (ontologia: fungdo molecular), cuja descricdo € atividade de
oxireductase, porém baseado na anotacdo de apenas duas proteinas. A ferramenta
SPICE néo foi utilizada neste estudo de caso, uma vez que necessita dos grupos de
proteinas ja consolidados (proteinas rotuladas). Outras ferramentas ndo baseadas no
termo GO predisseram que DraB pode encontrar-se nas familias Arsenate reductase-
like (InterPro e PANTHER), Thioredoxin-like fold (InterPro, Pfam e PROSITE) e
Nitrogenase-associated protein (InterPro). Os métodos de predicdo de proteinas
baseados na sua estrutura terciaria tampouco sao recomendados neste caso, pois até
a presente data ndo ha registros de modelos da estrutura terciaria de proteinas
homdlogas a DraB/NifO obtidos via experimentos em laboratdrio nos bancos de dados
de estrutura de proteinas. As predi¢6es utilizando apenas dominio conservado e/ou
nota de corte também apresentaram falhas, como visto na tabela comparativa entre
os métodos. ProClaT obteve a melhor sensibilidade.

ProClaT é uma abordagem de aprendizagem de maquina que utiliza redes
neuronais (no caso, a MLP) cujas caracteristicas do modelo de reconhecimento de
paddres sao provenientes da sequéncia primaria das proteinas (composi¢cao de

aminoacidos, escore de alinhamento com regido consenso e propriedades fisico-
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quimicas das proteinas). ProClaT fez a predigéo do produto do draB de A. brasilense
como NifO-like. A andlise da correlagao de co-ocorréncia permitiu verificar que o gene
draB/nifO possui relagao com os genes nif, draT e draG. Com a andlise da vizinhanca
do gene draB e homdlogos, numa janela de cinco genes upstream e downstream,
verificamos que o gene draB/nifO possui com certa frequéncia em sua vizinhanga
genes nif, draT e draG, embora nao tenha sido possivel perceber algum padréao de
operon. Embora todos os genes draB/nifO encontrados pertencem a uma espécie
bactéria que contém pelo menos 3 genes nif, nem todas bactérias fixadoras de
nitrogénio necessariamente possuem o gene draB/nifO, como a H. seropedicae.

A aplicagao de ProClaT na base de dados NCBI NR sugere a reclassificagao
de 143 proteinas hipotéticas, 42 arsenate reductase (ArsC) e trés hidrolases em
nitrogenase associated protein NifO-l/ike, totalizando 188 proteinas. Analisando os
genomas completos de bactérias, nove proteinas arsenate reductase (ArsC), seis
hipotéticas, trés hidrolases e seis proteinas com outros nomes poderiam ser
reclassificadas para NifO-like, totalizando 24 proteinas. Dos genes enquadrados como
NifO-like com ProClaT, além do NifO de A. vinelandii, outro que possui estudos que
sugerem seu envolvimento na fixagdo de nitrogénio é o gene PST1305 de
Pseudomonas stutzeri A1501 (FAN et al., 2009) [21]. Seu produto, estudado em 2009,
sugere que o gene esta envolvido no transporte de elétrons ou no mecanismo de
protecdo de oxigénio da nitrogenase, considerado necessario para uma atividade
otimizada da nitrogenase de Pseudomonas stutzeri A1501.

O dominio conservado gerado pela ferramenta Expasy PRATT atuou como
um ponto de partida eficaz para selecionar proteinas para treinar o classificador. As
propriedades das proteinas utilizadas foram satisfatérias como caracteristicas do
modelo de reconhecimento de padrdes.

Embora a ferramenta ProClaT tenha sido projetada e construida visando este
estudo de caso especifico, sua arquitetura genérica permite a sua utilizagdo em outras
situagdes. Como exemplo, foram criados classificadores para as proteinas Nif
essenciais e para as proteinas DraG e DraT, usando a mesma metodologia. Esta
metodologia de classificagdo de proteinas se demonstrou util neste estudo de caso e
pode ser aplicado a outras proteinas.
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5 DOCUMENTAGCAO

5.1 LOGO

A logo de ProClaT — Protein Classifier Tool foi elaborada pela autora juntamente
com uma equipe especializada em identidade visual de produtos. Como pode ser visto
na Figura 6, a logo representa uma rede neural para classificagdo de informagdes
bioldgicas, no caso, proteinas.

PROCLACT

FIGURA 6 — LOGO DA FERRAMENTA PROCLAT.
FONTE: A autora

5.2 PACOTES

A arquitetura geral do sistema pode ser dividida em trés pacotes, conforme
Figura 6.
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Classificacdo global

]
1) ProClaT

1

Consolidacdo dos grupos de proteinas

Geracao dos
—I classificadores para
= = NifQ, DraT, DraG e
Extracao de caracteristicas | [T 7777 MNIfHDKENB.

Treinamento da rede neural

I Aplicacéo do ProClaT nos
2) Classificagdo dos genomas | | genomas e andlise da
vizinhanca
I alidacéo do classificador de
3) Testes e validagdo | _ | Mifs e comparacéao do ProClaT
com outros métodos

FIGURA 7 - DIAGRAMA DE PACOTES CONTENDO OS MODULOS DA CLASSIFICAQAO GLOBAL.
FONTE: A autora

5.3 FUNCIONALIDADES

As funcionalidades gerais do sistema podem ser vistas no Diagrama de Casos
de Uso (Figura 7). Cada caso de uso corresponde a uma funcionalidade, disponivel
ao usuario que pode ser um Dbioinformata, bidlogo, bioquimico ou
pesquisador/cientista. O caso de uso “Gerar Classificador” refere-se a geracao do
ProClaT, que aciona os casos “Buscar Registros”, “Gerar Regido Consenso”, “Gerar
Expressdao Regular” e “Extrair caracteristicas”. “Classificar Proteina” descreve a

aplicacéo do ProClaT na classificagdo de uma proteina enviada pelo usuario (query).
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O caso de uso “Classificar Genomas” permite a classificagcdo de proteinas de
genomas completos, e permite a andlise de vizinhanga, a geracao de correlagédo de

co-ocorréncia e gravagao dos dados para posterior analise.

Buscar
registros

\

<<extend=s

P - Gerar Regido Expasy PRATT b

<<extendzz------- Consenso
Gerar ELEELS %
Classificador <,‘_ -

== -‘<e}{‘tend>=\'
\..\‘ Tt ---. _~Gerar
- Expressao
-:-aexpend:-:- Regular
N

roteina - Tl
Usuario J “"~=-a=,-<em§gq::>
“““““ Extrair
Caracteristicas
<<extendzz---"" =
Classificar
Genomas T - - ==include>=>
- -
i’ ~

D

Analisar
vizinhanca

o -:-:i\ﬁelude:-:-
==inclydes==> x
’

f—‘
Salvar Setan
correlacées
resultados &

FIGURA 8 - DIAGRAMA DE PACOTES CONTENDO AS FUNCIONALIDADES DESENVOLVIDAS.
FONTE: A autora

5.4 DISPONIBILIZAGAO E REQUISITOS

Os scripts para geragao e aplicagéo do classificador ProClaT estédo disponiveis

no endereco: https://sourceforge.net/projects/proclat/.

Para criar e executar ProClaT, sdo necessarios 0s seguintes softwares:
¢ Matlab e Bioinformatics Toolbox;
e Python e pacote Biopython 4;

e Navegador (sem restricdo) e acesso a internet.

4 Obter do endereco: http://biopython.org/wiki/Download
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5.5 PASSOS PARA UTILIZAGAO

Apds o download dos scripts, o diretério ProClaT/Matlab deve ser adicionado

ao PATH do Matlab, conforme Figura 8.

4

- - e mmmm—m
E ':ll:::' (e [ Find Files &l

New MNew Open IECon'pare Import Save
N - - Data  Waork

E Lz, New Variable
" [ Open Variable ~

|77 Clear

MATLAB R2012b

|s Analyze Code

[T
(15}
{5 Run and Time

~ [’ Clear Commands ~  Library

E {0} Preferences

(5 Set Path

Simulink  Layout

(3 Parallel >

@ [‘?5 Community

Help. 3 Request Support
-

FILE VARIABLE CODE EIMULINK ENVIRONMENT REEQOURCES
Gep EHE LT b ProClaT ¢ M
Current Folder Command Window ®  Workspace @
Jro»> Mame =
=p h
o i od] ans
. Python Open Ctrl+D 1] arg
Waorkspace Show in Explorer E‘ cmd
E‘ newstring
Create Zip File [E] protexp
Rename F2 E‘ result
Delete Delete £| sequencias
EE‘ status v
MNew Folder < | >
Mew File 3 -
Command Hi.. ®
A
- gequencia
Compare Against 3 - sequencia
Source Control L4 --classifvP
~-load prot
Cut CtrbX oac pee
~~load trFr
Copy Ctrl+C .
) classifyP
il clagsifyP
Add to Path v Selected Folders classifyP
Indicate Files Mot on Path Selected Folders and Subfolders classifyR
~~classifyP w
Refresh F5
Matlab (Fie Folder = < >

FIGURA 9 — ADIQAO DA PASTA CONTENDO OS SCRIPTS DO PROCLAT NO PATH DO MATLAB.
FONTE: A autora

A seguir, executar as fung¢des na seguinte ordem:
>> createProClaT(1,0,5000,'nifO') % a TRUE/FALSE classifier
% esta funcao ira criar o classificador, de acordo com os parametros
informados.
% Neste exemplo, esta sendo criado o classificador para NifO, conforme o
utilizado no trabalho. Os parametros de entrada s&o:
% numero de classes, neste caso, apenas 1 (NifO)
% indicativo se sistema deve procurar proteinas curadas (1) ou ndo curadas
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(0) no SwissProt

% numero de registros retornados do Blast, para compor os grupos
consolidados

% nome da(s) proteina(s), neste caso, apenas NifO.
SequenciasSwissProt.fasta file created. Please generate the conserved
domain via PRATT (http://web.expasy.org/pratt/) and inform:

>> ‘P-x-L-I-R-R-P-L-[ILM]’ % informar dominio conservado gerado no PRATT
% nome da(s) proteina(s), neste caso, apenas NifO.

Performing search homologous proteins nifO through blast, returning 5000
hits. This option can be time consuming.

Blasting with python

Generating consolidated group of the protein nifO

Creating the classifier...

Classifier successfuly created! It will return 1 to TRUE to nifO and 0 to FALSE
(not nifO).

O classificador ProClaT foi gerado com sucesso. Para aplicar o classificador,
primeiro é necessario carregar os classificador e dados da proteinas, que o sistema

salvou. Acesse o diretdrio ProClaT/Data e execute os comandos:

>> load protexp % rede neural gerada
>> load trProt % arquivo com informacdes da(s) proteina(s), como dominio

conservado e regido consenso

O diretdrio ProclaT/Workspace é pasta de trabalho onde o usuario pode
trabalhar com suas sequencias. Acesse esse diretdrio e execute os comandos

abaixo:

>> sequencias = fastaread('sequencias.fasta'); % onde sequencias.fasta é
0 arquivo contendo as sequéncias a serem classificadas

>> classifyProtein(sequencias, protexp, trProt) % executando o
classificador. Retorna um vetor com o resultado da classificagéo.
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Classifing protein 1
Classifing protein 2
Classifing protein 3
Classifing protein 4
Classifing protein 5
mret =
1 1 0 0 O
% neste exemplo, as duas primeiras proteinas foram classificadas com TRUE,

e as trés ultimas, como FALSE
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APENDICE 1 - LIST OF BACTERIAL SPECIES HAVING AT LEAST 5 GENES nif
AND THE PRESENCE OF THE GENES nif, nifO, draT AND draG

In the list below are all bacterial species that contains at least five essential nif
genes according to ProClaT, analyzing the complete genomes of bacteria. The

columns indicate the presence of nifHDK, nifENB, nifO, draT and draG genes.

Acidithiobacillus ferrivorans
Acidithiobacillus ferrooxidans
Allochromatium vinosum
Anabaena cylindrica
Anabaena sp.
Anaeromyxobacter sp.
Arcobacter sp.

Azoarcus sp.

Azoarcus sp.

Azorhizobium caulinodans
Azospirillum brasilense
Azospirillum lipoferum
Azospirillum sp.

Azotobacter vinelandii CA
Beijerinckia indica
Bradyrhizobium diazoefficiens
Bradyrhizobium japonicum
Bradyrhizobium oligotrophicum
Bradyrhizobium sp.
Burkholderia phenoliruptrix
Burkholderia phymatum
Burkholderia sp.

Burkholderia vietnamiensis
Burkholderia xenovorans
Calothrix sp.

Candidatus Accumulibacter phosphatis
clade

Chlorobaculum parvum
Chlorobium luteolum
Chlorobium phaeobacteroides
Chlorobium tepidum
Chroococcidiopsis thermalis
Clostridium kluyveri
Clostridium
saccharoperbutylacetonicum
Cupriavidus taiwanensis
Cyanobacterium UCYN-A
Cyanothece sp.
Cylindrospermum stagnale
Dechloromonas aromatica

X X X X X
X X X X

X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X
X X X X X

X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X
X X X X X X X

xX X

X X X X X
>

X X X X X

X X X X X

X X X X X

X X X X X

X X X X

X X

(continues)



Dechlorosoma suillum PS
Denitrovibrio acetiphilus
Desulfovibrio vulgaris
Dickeya dadantii
Enterobacter sp.
Ethanoligenens harbinense
Frankia alni

Frankia sp.

Frankia symbiont
Gluconacetobacter diazotrophicus
Halorhodospira halophila
Halothece sp.

Heliobacterium modesticaldum
Herbaspirillum seropedicae
Hyphomicrobium sp.
Klebsiella oxytoca
Leptospirillum ferrooxidans
Leptothrix cholodnii
Magnetococcus marinus
Magnetospirillum magneticum
Mesorhizobium australicum

Mesorhizobium ciceri biovar biserrulae

Mesorhizobium loti
Mesorhizobium opportunistum
Methylacidiphilum infernorum
Methylobacterium nodulans
Methylobacterium sp.
Methylococcus capsulatus
Methylocystis sp.
Methylomonas methanica
Microcoleus sp.

Nostoc punctiforme

Nostoc sp.

Paenibacillus polymyxa
Paenibacillus terrae
Paludibacter propionicigenes
Pantoea sp.

Pectobacterium atrosepticum
Pelodictyon phaeoclathratiforme
Pleurocapsa sp.

Polaromonas naphthalenivorans
Pseudomonas stutzeri
Rahnella aquatilis

Rhizobium etli

Rhizobium leguminosarum
Rhizobium tropici
Rhodobacter capsulatus
Rhodobacter sphaeroides
Rhodomicrobium vannielii
Rhodopseudomonas palustris
Rhodospirillum centenum SW
Rhodospirillum photometricum
Rhodospirillum rubrum
Sideroxydans lithotrophicus

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

b

X X X X X X X X X X X X X X X X X X X X X X X X X X X X

>

X X X X X X X X X X X X X X X

X X X X X X X

xX X

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

X X X X
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X X
X
X
X
X X
X X
X
X X
X
X
X
X
X
X X
X X
X X
X X

(continues)



Sinorhizobium fredii
Sinorhizobium medicae
Sinorhizobium meliloti
Spirochaeta smaragdinae
Sulfuricurvum kujiense
Sulfurospirillum barnesii
Synechococcus sp.
Syntrophobacter fumaroxidans
Syntrophobotulus glycolicus
Teredinibacter turnerae
Thermoanaerobacterium
thermosaccharolyticum
Thioflavicoccus mobilis
Tolumonas auensis
Treponema primitia
Trichodesmium erythraeum
Xanthobacter autotrophicus
Zymomonas mobilis

X X X X X X X X X X X

X X X X X X

X X X X X X X X X X X

X X X X X X

X X X X X X X X X X X

X X X X X X

X X X X X X X X X X X

X X X X X X

X X X X X X X X X X X

X X X X X X

66
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APENDICE 2 - ADDITIONAL RESULTS

This section provides additional information about the proteins classification

with ProClaT.

2.1 NCBI NR PROTEINS CLASSIFICATION USING PROCLAT

Figure 1 shows how the NCBI NR proteins classified as NifO-like are currently

annoted.

Annotation of NCBI NR NifO-like proteins found
with ProClaT

B ArsC - Arsenate Reductase
B Hydrolase
Hypothetical protein
| NifO
B Nitrogenase-associated

protein
B Other

FIGURE 1 — ANNOTATION OF PROTEINS CLASSIFIED AS NifO-LIKE WITH PROCLAT. WERE
SELECTED 5,000 PROTEINS BY A PSI-BLAST IN NCBI NR USING NifO CONSENSUS REGION AS
QUERY. 289 NifO-LIKE PROTEINS WERE FOUND, ACCORDING TO PROCLAT. ALMOST HALF OF
THEM ARE ANNOTATED AS HYPOTHETICAL PROTEIN.
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2.2 PROTEINS CLASSIFICATION USING PROCLAT IN COMPLETE BACTERIAL
STRAINS

Figure 2 shows the number of genes group found in the complete genome with
ProClaT, analyzing all bacterial strains.

Number of bacterial genomes containing the genes coding for NifO-like,
NifHDK, NifENB, DraT and DraG proteins

250
200

150

192 194
145 122 122 37
100
51 61 &8 64 &5 53
5 33
23
E, Hm

NifHDKENB NifHDKEN NifHDK NIifENE NIfEMN NifHD DraTG

(=]

B Bacterial genomes containing the indicated genes

B Bacterial genomes containing the indicated genes + NifQ-like

FIGURE 2 — IN BLUE, THE NUMBER OF ALL STRAINS OF BACTERIAL COMPLETE GENOMES
CONTAINING THE GENES INDICATED BELOW, AND IN RED, THE NUMBER OF THE GENOMES
CONTAINING THESE GENES IN ADDITION WITH THE GENE CODING FOR NifO- LIKE. DATA
GENERATED WITH PROCLAT APPLICATION.

Figure 3 shows the number of genes coding for NifO-like in the presence of
some gene coding for a essential Nif protein in complete genomes, analyzing bacterial

strains.
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Bacterial genomes having genes coding for NifO-like
and other Nif proteins

76 76 76
73

NifO and at NifO and at NifO and at NifO and at NifOand at  NifO and all six
least one Nif  least two Nifs least three Nifs least four Nifs least five Nifs  essential Nifs

FIGURE 3 - PROCLAT IDENTIFIED 76 BACTERIAL STRAINS CONTAINING GENES CODING FOR
NifO- LIKE. ALL BELONG TO A GENOME THAT CONTAIN AT LEAST THREE GENES CODING FOR
A ESSENTIAL Nif PROTEIN. OF THE 73 STRAINS THAT CONTAIN AT LEAST 4 nif GENES, 69
CONTAIN AT LEAST 5 nif GENES AND 61 CONTAIN ALL THE 6 ESSENTIAL nif GENES.

2.3 CO-OCCURRENCE CORRELATION COEFFICIENTS

With the classification process in the complete bacterial genomes with the
ProClaT tool, we found the genomes containing the genes coding for NifO-like,
NifHDK, NifENB, DraT and DraG. Thus, the co-occurring correlations of the genes
coding for these proteins were generated using the Pearson coefficient. Table 1 shows
the coefficient correlation between the gene coding for NifO-like with all six essential
nif genes, while Table 2 shows the correlation with draTG genes.



70

TABLE 1 - PEARSON'S CORRELATION COEFFICIENT OF CO-OCCURRENCE OF GENES CODING
FOR NifO-LIKE WITH SIX ESSENTIAL nif GENES

Gene nifHDKENB nifHDK nifENB

nifO 0,6350 0,5539 0,6586

TABLE 2 - PEARSON'S CORRELATION COEFFICIENT OF CO-OCCURRENCE OF GENES CODING
FOR NifO-LIKE WITH draT AND draG GENES.

Gene draTG draT draG

nifO 0,4544 0,4923 0,1901
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APENDICE 3 — CLASSIFICATION OF A. brasilense DraB PROTEIN WITH
EXISTING BIOINFORMATICS TOOLS

The A. brasilense DraB protein was subjected to some existing Bioinformatics

tools to predict function / Gene Onthology (GO) terms.

3.1 AmiGO

Searching for homologous proteins, it was performed a BLAST in GO
database using DraB as query with AmiGO [23] (collection of web tools for searching
and browsing in the GO database), version 1.8. No results were found.

3.2 Blast2GO

The A. brasilense DraB protein was submitted to Blast2GO [25] version 3.0.9
PRO in 04/06/2015. With the mapping process, seen in Figure 1, two GO descriptors
have been selected for the DraB protein: GO: 0055114 (ontology: biological process,
description: oxidation-reduction process) and GO: 0016491 (ontology: molecular

function, description: oxidoreductase activity).

Blast2GO PRO - 0N

File Analysis Tools View Help

E.l j.-.. ||".\S\D'o mspping ‘-E.‘.-_ a.!m -.-..Iu\u
Al ar sh | st

annct [[] Hide unselected sequences

Saghame Description Leng eNalue sim mean | #GD GO It Enzyme list IrterPro Sean

IPROOGEEO [PFAM]: IPRO12336
Proxidation.-reduction 1G305A3.40.30.GENESD]:
Wi GU356676725embICCC. nitrogenase-associated protein 142 0 23E-82 8525% 2 process; Fowdoreductase - IPROOG503 MIGRFAM; IFRODES60
acthvity (PROSITE_PROFILESK, IPRO12336
[SUPERFAMILY)
® Progress (® Application M. | = B || (® InterProScan Result of gi[35687... | (® Blast Result of gif356875725lemb.—. | (% GO Descriptions of gil 356876725 2 | (B GO Graph of GO:0055114 = B
Mapping: dene [015] 1D (Linked to
I Amigo)
Blasting: done [2min11s] Term oxidation-reduction process
I Type P
Annctation: done Definition A metabolic process that results in the removal or addition of ona or more elecirons to or from a substance, with or without the
N concomitant removal or addition of a proton or profons.
Mapping: done GO Graph (DAG)
|
1D (Linked to P
InterProScan: done [435] Amigo) o
I i
Term axidoreductase activity
Open drabZ fasta: done Type F

Caftalysis of an cxidation-reduction (redox) reaction, a reversile chemical reaction in which the cxidation state of an atom or atoms:
within a molecule i altered. One subsirale Sc1s 85 3 hydrogen oF electron donor and becomes cxidized, while the olfver acts as
hydrogen of electron acceplor and becomes reduced

GO Graph {DAG)
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FIGURE 1 — RESULT OF MAPPING PROCESS OF DraB PROTEIN, PERFORMED IN BLAST2GO.

In Figure 2 are the graphics mapping of the biological process and molecular
function suggested to DraB protein by Blast2GO tool. The results were supported by
two hits, ie, only two proteins similar to query have GO description.

FIGURE 2 - GRAPHICS OF BIOLOGICAL PROCESS AND MOLECULAR FUNCTION,
RESPECTIVELY, SUGGESTED FOR DraB PROTEIN BY BLAST2GO.

Figure 3 shows the homologous proteins that the tool used to infer the
molecular function and biological process for the input protein.
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0i[612172531|gb|EZQ09150.1| hypothetical protein ABAZ30_11405 EZQ09150.1
[Azospirillum brasilense] AlB123191
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UniProt
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Q44085
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FIGURE 3 — RESULT OF NCBI NR BLAST PERFORMED IN BLAST2GO, BEFORE THE MAPPING
PROCESS. MARKED IN RED, THE SEQUENCES USED IN PREDICTION OF THE GO VALUE FOR

DraB PROTEIN.

3.3 ConFunc

The DraB protein also was subjected to ConFunc [24] on 04/04/2015 under
the Job Unique ldentifier dc7d735a2a8da%e1. The results can be seen in Table 1.

TABLE 1 — PREDICTION OF MOLECULAR FUNCTION AND BIOLOGICAL PROCESS GO TERMS
FOR THE DraB PROTEIN BY CONFUNC, USING COMBINED METHODS.

GO Term Description

SVM

Probability

Prediction of molecular function — combined methods

GO0:0008794 Arsenate reductase (glutaredoxin)

activity

10

0.667

G0:0005488 Binding

10

0.348

GO0:0016209 Antioxidante activity

9

0.294

Prediction of the biological process - combined methods

GO0:0006351 Transcription, DNA-templated

10

0.306

G0:0045892
DNA-templated

Negative regulation of transcription,

10

0.306

GO0:0050896 Response to stimulus

9

0.301

THE FIRST COLUMNS DISPLAY THE GO TERMS AND THEIR CORRESPONDENT DESCRIPTIONS,
THE THIRD COLUMN SHOWS THE NUMBER OF SVM THAT HAVE PREDICTED THIS TERM (OF
10), AND THE LAST COLUMN INDICATES THE CONFIDENCE OF THE PREDICTED TERM.
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According to ConFunc, DraB protein has 66.7% probability of having arsenate
reductase activity, 34.8% of binding, and 29.4% antioxidant activity. Regarding the
cellular processes, DraB has 30.6% probability of being related to transcription, DNA-
templated or negative regulation of transcription, DNA-templated and 30.1% of
response to stimulus.

The results of ConFunc individual analysis are catalytic activity (GO: 0003824)
and oxidoreductase activity (GO: 0016491), both with z-score of 7.7508 for function
prediction; and oxidation-reduction process (GO: 0055114), metabolism (GO:
0044710) and process only body (GO: 0044699), all having z-score 8.0931; being z-
score calculated for the significance of the result.

3.4 GOtcha

The A. brasilense DraB protein was submitted to the GOtcha [30] on
04/04/2015, under the job 1428170538-14922. The results can be seen in Table 2.

TABLE 2 - GO TERMS PREDICTION FOR CELLULAR COMPONENT, MOLECULAR FUNCTION AND
BIOLOGICAL PROCESS FOR DraB PROTEIN WITH GOtcha TOOL

GO Term Description Confidence Confidence level

Cellular componente

GO0:0005575 Cellular componente 0.2 Low
Molecular function

G0:0003674 Molecular function 1 Low
Biological process

G0:0008150 Biological process 1 Low

G0:0008152 Metabolism process 0.4 Low

With GOtcha, could not perform the prediction of DraB protein because the

returned GO terms are not specific and the confidence level is low.

3.5 PFP

The DraB protein was subjected to PFP [31] on 04/04/2015, under the job id



37765. Results can be seen in Table 3.

TABLE 3 — GO TERMS PREDICTION FOR CELLULAR COMPONENT, MOLECULAR FUNCTION
AND BIOLOGICAL PROCESS FOR DraB PROTEIN WITH PFP TOOL

GO Term Description Confidence Confidence level
Cellular componente
GO0:0005737 Cytoplasm 121.98 Low
G0:0005622 Intracellular 113.70 Low
GO0:0044424 Intracellular part 111.72 Low
Molecular function
GO0:0000166 Nucleotide binding 49.67 Very low
G0:0005488 Binding 38.77 Very low
G0:0005524 ATP binding 37.04 Very low
Biological process
G0:0006351 Transcription- 88.75 Very low
dependent DNA
G0:0032774 RNA biosynthesis 87.26 Very low
Process
G0:0008152 Metabolism process 68.35 Very low

FONTE: A autora
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With PFP, could not perform the prediction of DraB protein because the

returned GO terms are not specific and the confidence level is low or very low.

3.6 InterPro

With InterPro [26] 51.0 web tool, using the default values as parameters, were

found to DraB the Thioredoxin-like fold domain (IPR012336), and families arsenate

reductase-like (IPR0O06660) by applications/databases Pfam and PrositeProfiles and
Nitrogenase -associated protein (IPR006503) by application/ database TIGRFAM. The

results can be seen in Figure 4. The prediction of GO terms returned no results.
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& Protein
Length 142 amino acids
Protein family membership
v Arsenate reductase-like (IPRODS650)
@ Mi 5E-355 0T in (1P 6503]
Domains and repeats
kD
Detailed signature matches
@ IPROGEGGE0 Arsenate reductase-like
P PS51353 (ARSC)
ks > B PEOZ9E0 (arsc)
B IPROOES03 Nitrogenase-associated protein
[ * TIGRO1G1E
@ 1FR01Z336 Thioredoxin-like fold

» GRDSA;R.40,30.10
P SSF52833 (Thioredoo...)

FIGURE 4 — RESULT OF SEARCH FOR DOMAINS AND FAMILIES OF DraB PROTEIN WITH
INTERPRO.

3.7 PANTHER

With the PANTHER tool [27] we performed a search in the database
PANTHER by the sequence of DraB protein, and the HMM model returned was
arsenate reductase (PTHR30041). The protein class in database or its pathway were
not returned. The results were based on 48 genes, including Escherichia coli ArsC.
The e-value of 8.6e°% presents the "distantly related" indication, i.e., the DraB protein
is evolutionarily related with the model protein found by the tool, but its function may
have diverged. The results can be seen in Figure 5. The prediction of GO terms

returned no results.
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PANTHER HMM SEQUENCE SCORING RESULTS @

The top scoring HMM is reported, along with the E-value (the number of expected
false-positive hits expected). If the E-value iz less than 1e-3, ne hits are reported.

PANTHER Hit: ARSENATE REDUCTASE (PTHR30041)
HMM E-value score: 8.6e08 e @

Seguence Domain seq-T seq-t hmm-f hmm-t score E-walue

sequence  1/1 1z 134 .. 9@ 2383 .] 35.9 B8.6e-B8

Alignments of top-scoring domains:
sequence: domain 1 of 1, from 13 to 134: score 35.9, E = B.6e-08
*-raaspelkglLekvgkngveytvidyledpptldellkilkllgGlep
a + ++k 1L++ g  + +d+l++pttdtly +H+ g+ +
sequence 13 AGHNNRQEALLAE - --AGHTVQARDLLSEPWTADRLRPFF - - -GDRPY 53

rkllntlrilggwermfpipndgskgklykelnlkdlklsslteas1lkl
+ +n+ +++ + ++d  + l+eatsldl
sequence 54 AEWFMR-------------------5APAVESGEVD--PDALDEASALAL B2

llehPkLikRPivvdggkllvGfpecavlkllprsgrgallkeagelvdd
+1+ P+Li+RP++ +g++  GF edv +++ + +H+k +g +
sequence 83 MLKTPLLIRRPLMQVGDRRDCGFEAERVDAWIGLAAGAPEGKLEGCARAG 132

ege-*
+
sequence 133 MP 134

FIGURE 5 - RESULT OF SEARCH FOR HMM CORRESPONDENT MODEL TO DraB PROTEIN WITH
PANTHER.

3.8 Pfam

With EMBL-EBI Pfam web tool [28], the DraB protein was classified in ArsC
family (PFO3960 - or IPR006660), related to glutaredoxinas, part of the Thioredoxin
family with e-value of 9.3 e 2, same result returned by InterPro tool.

3.9 PROSITE
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According to Expasy PROSITE [29], the DraB protein belongs to the ArsC
family (Thioredoxin family), same result obtained by InterPro and Pfam tools, but

results based on only one hit.

3.10 EXPASY SwissModel

In order to compare the structure of A. brasilense DraB protein, E.coli ArsC
and A. vinelandii NifO, PDB files containing information of protein tertiary structures
were generated with Expasy SwissModel tool [32] as well as scripts (in Python) to
perform the alignment of the proteins and generation of protein structure image with
PyMOL tool [33].

Figures 6 and 7 show the possible structures of DraB x NifO and DraB x ArsC
proteins, respectively, generated with SwissModel (PDB) and aligned by PyMOL.

FIGURA 6 — ALIGNMENT AND OVERLAP OF POSSIBLE 3D STRUCTURES OF PROTEINS A.
brasilense DraB (RED) AND A. vinelandii NifO (GREEN) GENERATED WITH SWISSMODEL AND
PyMOL TOOLS.
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FIGURA 7 — ALIGNMENT AND OVERLAP OF POSSIBLE 3D STRUCTURES OF PROTEINS A.
brasilense DraB (RED) AND E. coli ArsC (BLUE) GENERATED WITH SWISSMODEL AND PyMOL
TOOLS.

Figure 8 shows a comparison of the possible structures of proteins DraB, NifO

and ArsC at two different angles.

v Js
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FIGURA 8 — ALIGNMENT OF POSSIBLE 3D STRUCTURES OF PROTEINS A. brasilense DraB (RED),
A. vinelandii NifO (GREEN) AND E. coli ArsC (BLUE) AT TWO DIFFERENT ANGLES, GENERATED
WITH SWISSMODEL AND PyMOL TOOLS.

Although it appears a structural similarity of DraB with both NifO and ArsC, the
generated structures via theoretical modeling (non-experimentally) may contain errors,
especially in automatic modeling, where there is no human intervention during building
model [32]. The structure of DraB protein was generated based on the template
"2kok.1.A" - arsenate reductase (obtained by the NMR method) with cover 0.80 and
28.07% of identity. The structure of NifO protein was generated based on the template
"3f0i.1.A", also an arsenate reductase (obtained by X-ray) with 0.76 coverage and
25.89% of identity. The ArsC structure was based on the template "1j9b.1.A", arsenate
reductase (obtained by X-ray), with a cover 1 and 100% of identity. The 3D structures
of the three proteins were assembled based on arsenate reductase, since the

SwissModel tool did not found closest templates for DraB and NifO.
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APENDICE 4 - MATERIAIS E METODOS - INFORMAGCOES COMPLEMENTARES

Nesta secdo sao apresentadas informagdes complementares sobre os

materiais e métodos utilizados no trabalho.

4.1 MAQUINAS DE TRABALHO

e Computador LENOVO Intel Core i5 CPU 650 3.2 GHz — 64 bits — Memdria RAM
1.7 GB. Sistema operacional Ubunto 12.04 LTS e Windows 7 (alocado no
laboratério UFPR - Bioinfo).

e HP Pavilion dm1 Notebook PC, Sistema Operacional Windows 7, Processador
AMD 1.60 GHz, Memdria RAM de 3 GB (propriedade da aluna).

e Computador Intel ® Core ™ i5-4460 CPU 3.20 GHz — 64 bits - Memdria RAM

16 GB. Sistema operacional Windows 8 (propriedade da aluna).

4.2 PROTEINAS DE REFERENCIA

Numero de acesso (Gl °) das proteinas utilizadas:

e DraB de A. brasilense: 356876725;
e DraB de R. rubrum: 83575257,

e NifO de A. vinelandii: 502038043;

e DraT de A. brasilense: 356876723,
e DraG de A. brasilense: 356876724;
e ArsC de E. coli: 693150965.

4.3 PROCLAT

4.3.1 Escolha do algoritmo de classificagéo

5 O numero Gl é uma série de digitos atribuidos consecutivamente a cada sequéncia registrada pelo
NCBI, usado como identificador do registro.
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O algoritmo de classificagdo escolhido para o ProClaT foi o MLP. A escolha
foi feita através do emprego dos arquivos de treinamento e teste em seis algoritmos,

conforme consta no artigo. A ferramenta KnowledgeFlow do Weka foi utilizada para
realizar as comparagobes, conforme as Figuras 1 e 2.

1]
a_ DataSources | DataSiics | Fiters | Classfiers | Clusterers | Associasons  Svahustion  visusizs

- ,,.

Weka KnowledgeFlow Environment

Lt
L

- o
em~ i

e

mmmmm

;;;;;

[KnoviedgeFion]

FIGURA 1 — WORKFLOW PARA APLICAGAO DOS ARQUIVOS DE TREINAMENTO E TESTE EM

VARIOS ALGORITMOS DE CLASSIFICAQAO, SEM A OPQAO CROSS-VALIDATION, GERADO NA
FERRAMENTA KNOWLEDGEFLOW DO WEKA .
FONTE: A autora.
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FIGURA 2 — WORKFLOW PARA APLICAGAO DOS ARQUIVOS DE TREINAMENTO E TESTE EM

VARIOS ALGORITMOS DE CLASSIFICACAO, COM A OPCAO CROSS-VALIDATION, GERADO NA
FERRAMENTA KNOWLEDGEFLOW DO WEKA .

FONTE: A autora.

A Figura 3 mostra o treinamento da rede neural MLP realizado no Matlab.
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4 Neural Network Training (nntraintool) = =

Neural Network

Hidden Layer QutputLayer
Input Output
24 |i E Ii |E 1
100 1
Algorithms
Data Division: Random (dividerand)
Training: Levenberg-Marquardt (trainlm)
Performance: Mean Squared Error  (mise)
Derivative: Default (defaultderiv)
Progress
Epoch: 0 || 12 iterations | 1500
Tirme: 0:00:03
Performance: 573 [ gEsas I | 0.00
Gradient: 32 [ 000eR0 T | 1.00e-07
Mu: 0.00100 1.00e-05 1.00e+10
Validation Checks: 0 6 6
Plots

Training State (plottrainstate)

Regression (plotregression)
Plot Interval: 1 epochs
v Validation stop.

@ Stop Training @ cancel

FIGURA 3 - EXECUQAO DO TREINAMENTO DA REDE NEURAL MLP REALIZADO NO MATLAB.
FONTE: A autora.

4.3.2 Tempo de processamento

O tempo de processamento da classificagdo de todos os genomas
bacterianos foi de 136,11 horas, ou 5,67 dias ininterruptos. Considerando que foram
5.182 genomas classificados, presentes nas 2.773 estirpes bacterianas, a média foi

de 1,57 minutos por genoma.

4.3.3 Informagbes técnicas sobre os classificadores gerados

A seguir, s&o apresentados a URL contendo o endereco para obtenc&o das
proteinas utilizadas para gerar os dominios conservados do banco de dados
UniProt/SwissProt, a regido consenso gerada, o dominio conservado gerado pelo
Expasy PRATT e os valores de desempenho de cada classificador. Para as proteinas



84

Nif, as proteinas com sequéncia menor que 50 aminodacidos foram descartadas. Para
a DraG e DraT, proteinas com sequéncia maior que 400 aminoacidos foram
descartadas. ProClaT utiliza o dominio conservado apés a fase de refinamento
(aplicagédo de um algoritmo nos padrdes encontrados durante a fase de pesquisa
inicial, na qual simbolos mais ambiguos podem ser adicionados ). Para compor a
classe “TRUE”, as proteinas devem possuir o dominio conservado e possuir escore

de alinhamento global maior que 0.2 com a regido consenso gerada.

4.3.3.1. CLASSIFICADOR DE NifO-LIKE

Para gerar o dominio conservado e regidao consenso de NifO-like, foram
utilizadas 14 proteinas, retornadas da URL:

http://www.uniprot.org/uniprot/?query=name%3Anifo&format=xml|

A regido consenso gerada com essas proteinas foi:

MHWFWAFRRQGLLSHHFSGYQGCRHADASTVPSVPPGSTGDDAARLRMKGTRSMANVVFYEKPGCRNNTKQ
KNLLLAAGHNLEERNLLTEPWKPENLRPFFGDLPVNEWFNPSAPRIKSGEVIPDNLNPEQALELMIADPLLIRRPLI
HVDGRRRVGFDPEKIDAWIGLNPDDPVTEDLETCPRSHEEQGCTHDNVHTHHKCACKER

O Quadro 1 mostra o dominio conservado gerado para proteina NifO-like.

, , Expressao
Fase Fitness Hits (seqs) | Pattern Regular
Antes 29.1904 14(14) P-x-L-I-R-R-P-L P.LIRRPL
refinamento
Apés
. 32.0793 14(14) P-x-L-I-R-R-P-L-ILM] | P.LIRRPLJ[ILM]
refinamento

QUADRO 1 — DOMINIO CONSEBVADO DA PROTEINA NifO-LIKE GERADO COM A FERRAMENTA
EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

O Quadro 2 mostra o desempenho do classificador MLP para proteina NifO-
like.

Acertos Matriz confusao

6 Conforme documentagéo: http://web.expasy.org/pratt/pratt_doc.html
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71 1
0 67

QUADRO 2 - DESEMPENHO DO CLASSIFICADOR PARA PROTEINA NifO-LIKE.
FONTE: A autora

99.28

O ndmero total de registros de treinamento é 323 e de teste, 139.

Na Figura 4, encontra-se a arvore filogenética com 40 proteinas aleatdrias
utilizadas no arquivo de treinamento do classificador, sendo metade pertencente a
cada classe (1 e 0). E possivel perceber que a classe 0 (em vermelho) deriva de um

mesmo ancestral comum.
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uncultured_sSulfuricurvum_NIFO_ 0.30635
Granulicoccus_phenolivorans_NOT 0.29815
Ralstonia_solanacearum_NOT 0.27077
Pseudomonas_fluorescens_NOT 0.12952
Pseudomonas_sp._NOT 0.10527
Pseudomonas_putida_NOT 0.03844
Pseudomonas_MOT 0.03848

Klebsiella_MOT 0.16689

Dickeya_zeae_NOT 0.14451
Yersinia_enterocolitica_NOT 0.14609
Kangiella_aquimarina_MOT 0.2883
Streptococcus_suis_MNOT 0.33644
Sporolactobacillus_vineae_NOT 0.30786
Erysipelothrix_rhusiopathiae_ NOT 0.30645
Carnobacterium_pleistocenium_MOT 0.27244
Streptococcus_NOT 0.24665
Lactobacillus_fabifermentans_NOT 0.24959
Haemophilus_influenzae_NOT 0.2837
Endozoicomonas_montiporae_MNOT 0.2777
Bifidobacterium_subtile_NOT 0.33713
Virgibacillus_NOT 0.33237
Teredinibacter_turnerae_MNIFO_ 0.29594
Paludibacter_propionicigenes_NIFO_ 0.29336
Bradyrhizobium_oligotrophicum_NIFC_ 0.22023
Bradyrhizobium_japonicum_NIFO_ 0.13458
Bradyrhizobium_sp._NIFO_ 0.1068
Bradyrhizobium_elkanii_NIFO_ 0.12989
Magnetospirillum_sp._NIFO_ 0.24504
Methylomonas_NIFO_ 0.02223
Methylomonas_denitrificans_MNIFO_ 0.02032
Burkholderia_sp._MNIFO_ 0.23127
gi|2130077]|pir]|JC4746_hypothetical _NIFO_ 0.1973
Rivularia_sp._NIFO_ 0.20911
Methylobacter_sp._NIFO_ 0.21842
Meosynechococcus_sphagnicola_NIFO_ 0.20265
Kamptonema_NIFO_ 0.20119
Crocosphaera_watsonii_NIFO_ 0.10367
Cyanothece_NIFO_ 0.09352
Calothrix_parietina_NIFO_ 0.2181
Methylocystis_sp._NIFO_ 0.23425

el ﬁ

FIGURA 4 — ARVORE FILOGENETICA DE PROTEINAS UTILIZADAS NO TREINO DA REDE. PARA
MONTAR A ARVORE, FORAM SELECIONADAS 40 PROTEINAS ALEATORIAS UTILIZADAS PARA
TREINAR O CLASSIFICADOR, SENDO 20 PERTENCENTES A CLASSE 1 (“NIFO”)
REPRESENTADAS EM VERDE, E OUTRAS 20 A CLASSE 0 (“NOT NIFO”), REPRESENTADAS EM
VERMELHO. O ALINHAMENTO DAS PROTEINAS FOI REALIZADO COM A FERRAMENTA EMBL-
EBI CLUSTAL OMEGA E A ARVORE, GERADA COM EMBL-EBI CLUSTALW2 — PHYLOGENY.
FONTE: A autora

4.3.3.2. CLASSIFICADOR DE NifH-LIKE

Para gerar o dominio conservado e regido consenso da NifH, foram utilizadas



proteinas, retornadas da URL.:
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http://www.uniprot.org/uniprot/?query=reviewed%3Ayes+AND+%28name%3Afemo+

or+name%3Anitrogenase%29+AND+gene_exact%3ANifH&format=xml

A regido consenso gerada com essas proteinas foi:

MSRNSQGFLTTIRIVTSATDQPSNFIHSLSNKRDENLRQIAFYGKGGIGKSTTSQNTVAALAEEMGQKIMIVGCDP

KADSTRLILHGKAQDTVLDLAAEEGSVEDLELEDVMKTGYGGFNPEQPSPSGGWVKCVESGGPEPGVGCAGRG
VITSINFLEENGAYDDEDDLDYVFYDVLGDVVCGGFAMPIREGKAQEIYIVCSGEMMAMYAANNICKGILKYAHRV

SGGVRLGGLICNSRKVDREQELIEALAKRLGTQMIHFVPRDNIVQHAELRRMTVIEYDPDSKQADEYRQLAKKIHN
NDMFGVIPTPITMDELEELLMEFGIMDDEDESIVGIAAKEAAAAATRAAAAAA

O Quadro 3 mostra o dominio conservado gerado para proteina NifH.

Fase Fitness gi;s) Pattern Expressao Regular

Antes G-x(2)-G-x-G-x(2)-T-

reiimamento | 20-3508 | 168(02) | TG G{21G.G. {2T.{(2,3]N
Cx(029GXO0D | | 0o
[PV]-x-[AC]-[DG}-GS]- | H19:2G:

, {0,1}D[PV].ACI[DG]

Apés X(2J-LM]-X-[ILMV]-

refinamento | 47:0221 | 93(92) |\ (4) [AQ]-x-[DET-[IV}- {SEH[";{H-{“Q]}'['LMV]'{4}[AQ]'
X(2)-[LVIHACTV]- [LV][ACTV][AST]
[AST]

QUADRO 3 - DOMINIO CONSERVADO DA PROTEINA NifH GERADO COM A FERRAMENTA
EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

O Quadro 4 mostra o desempenho do classificador MLP para proteinas Nif.

Acertos Matriz confusao
27 0 0 0 0 0
0127 0 0 0 0
0 11310 0 0
99.2198 0 0 0123 3 0
0 0 0 2 132 0
0O 0 0 0 0 123

QUADRO 4 — DESEMPENHO DO CLASSIFICADOR PARA AS PROTEINAS Nif.
FONTE: A autora

O numero total de registros de treinamento é 1.794 e de teste, 769.

4.3.3.3. CLASSIFICADOR DE NifD-LIKE
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Para gerar o dominio conservado e regido consenso da NifD, foram utilizadas
proteinas, retornadas da URL:
http://www.uniprot.org/uniprot/?query=reviewed%3Ayes+AND+%28name%3Afemo+

or+name%3Anitrogenase%29+AND+gene_exact%3ANifD&format=xml|

A regiao consenso gerada com essas proteinas foi:

MSFSMTDSDAEIPARKIPDNKELIQEVLKAYPEKAAKRRAKHLNVHDEGKPDCGCPQHRCEMKCVKSNIKSIPGV
MTVRGCAYAGSKGVVWGPIKDMIHISHGPVGCGYYSWGGRRNYYVGTTGVDSFVFPIENFNLTMQFTSDFQEKD
IVFGGDKKLKKIIDEIEELFPLNNGISIQSECPIGLIGDDIEAVARKKSKEIGGKPVVPVRCEGFRGVSQSLGHHIAND
AIRDWIFGKADPEKKDNKPKFEPTPYDVAIIGDYNIGGDAWSSRILLEEMGLRVIAQWSGDGTLNEMEWTPKAKLN
LIHCYRSMNYISRHMEEKYGIPWMEYNFFGPTKIAESLRKIAAYFDDPKIKEKAEKVIAKYQPQVDAVIAKYRPRLE
GKTVMLYVGGLGKRPRHVIPAYEDLGMEVVGTGYEFGHNDDYQRTTVIPTIKIDADSKNIPEITVTPDEQKYRVVIP
EDKVEELKKAGVPLSSYGGFQHYVKDGTLIYDDVNGYEFEEFVEKLKPDLVGSGIKEEKYIFQKMGVPFRQMHSW
DYSGPYHGYDGFAIFARADMDMAINNPVWKLLKAPWKKASSESKAKVDAAE

O Quadro 5 mostra o dominio conservado gerado para proteina NifD.

. Hits ~
Fase Fitness (seqs) Pattern Expresséao Regular
N-x(4)-P-G-x(2)-T-x(3)- N.{4}PG.{2}
Antes 66.7208 | 23(23) | CAXACXR)-GV- T iaca G {21GV.(BIKD{
refinamento x(5)-K-D-x(5)-H-x-P-x- 5JH.P. GC
G-C T

N-x(2)-[ST]-x-P-G-x-
[ILM]-T-x(2)-[GP]-C-A- N.{2}[ST].PG.[ILM]T.
[FY]-A-G-[ACSV]-x-G-V- | {2}[GP]CA[FY]AG

Apés 1140485 | 2323) | IVIX[GSHAPLIVIK- | [ACSV].GV[IVL[GS]IAP] [IV]

refinamento : (23) | Dox-JAILV]-x-[IMV]-x-H- | KD.[AILV].[IMV].H[GS]
[GS]-P-[AIV]-G-C- P[AIV]GC[AGST].{2}[AGST]
[AGST]-x(2)-[AGST]-x- | .[AGS] [EGQST]
[AGS]-{EGQST]

QUADRO 5 — DOMINIO CONSERVADO DA PROTEINA Nifb GERADO COM A FERRAMENTA
EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

4.3.3.4. CLASSIFICADOR DE NifK-LIKE

Para gerar o dominio conservado e regido consenso da NifK, foram utilizadas
proteinas, retornadas da URL:

http://www.uniprot.org/uniprot/?query=reviewed%3Ayes+AND+%28name%3Afemo+
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or+name%3Anitrogenase%29+AND+gene_exact%3ANifK&format=xml

A regiao consenso gerada com essas proteinas foi:

MSMSPHHTSQNADKVLDHYDLFRQPEYQELFANKKKMFEKGPHPPEEVQRVAEWTKTWEYREKNFAREALTVN
PAKACQPLGAMFAALGFEGTLPFVHGSQGCVAYFRSHFNRHFKEPASCVSSSMTEDAAVFGGLNNMIDGLQNS
YALYKPKMIAVCTTCMAEVIGDDLNAFIKNAKEEGSVPQDFPVPNKIKIVFAHTPSFVGSHITGYDNMMKGILDHFW
EGKGGTNPKLERKPNGKINIIPGFDGYTVGNMREIKRMLSLMGVDYTILSDTSDVFDSPLRPSKADGEFRMYDGG
TPLEDMKDAINAKATISLQQYCTEKTAKFIKKHWQQPKVSLNYPIGVKGTDEFLMALSRISGKPIPEELEDERGRLV
DAMADISHAWLHGKKFAIYGDPDLCMGMARFLLELGAEPVHVLCGNGNKKWQEEMKAILAASPYGEDANVWPG
KDLWHLRSLLFTEPVDFMIGNSYGKYLQRDTLHKGKEFGIPLIRIGFPIFDRHHHHRYPVWGYQGALNLLNWIVNTI
LDEMDRNTNIMGKTDYSFDLVRAAL

O Quadro 6 mostra o dominio conservado gerado para proteina NifK.

Fase Fitness Z;f,s) Pattern Expressao Regular
-X(3 )-G—S—Q—G-C—

Antes P.{3}GSQGC.{4}R.{4}RH {2
refinamento 45.8706 17(17) P( )-R-x(4)-R-H-x(2)-E \EP

P-x-[SV]-x-G-S-Q-G-C-

[CSTV]-[AST]-[FY]-x-R- | P.[SV].GSQGC|[CSTV]
Apos 93.9813 17(17 X(2)-[FL]-[ANST]-R-H- | [AST][FY].R.{2}[FL][ANST]
refinamento ' (17) [FY]-[KR]-E-P-x(3)- RH[FY][KR]EP.{3}[ASV][ST

[ASV]-[STV]-[ADST]-S- | V] [ADST]S[FLM].E.[AP][AS]

[FLM]-x-E-x-[AP]-[AS]

QUADRO 6 — DOMINIO CONSERVADO DA PROTEINA NifKk GERADO COM A FERRAMENTA
EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

3.3.3.5. CLASSIFICADOR DE NifE-LIKE

Para gerar o dominio conservado e regiao consenso da NifE, foram utilizadas
proteinas, retornadas da URL:
http://www.uniprot.org/uniprot/?query=reviewed%3Ayes+AND+%28name%3Afemo+

or+name%3Anitrogenase%29+AND+gene_exact%3ANifE&format=xml

A regiao consenso gerada com essas proteinas foi:
MKHNTDNCNRKMQDGNNDDDFDIEYQIPNSISLKAKIQEIFDEPGCEHNRSKDDDGRPKCCSQSLPPGATQGGC
AFDGARVVLMPITDAAHLVHGPIGCAGNSWDNRGSASSGPELYRTGFTTDLSEKDVVFGHGEKKLFKAIREINEA
YHPPAIFVYSTCVTALIGDDIDAVCKAAQEKFGTPVIPVNSPGFAGFSKNLGNKLAGDALLDHVIGTREPEDEHEGS
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EFPPATPYDINLIGEFNIAGEFWQVKPLLDKLGIRVLACITGDARYAEIASAHRAKLNMMVCSKAMINLARKMEERY
GIPYFEGSFYGIDDTSESLRQIAEFLVKQGGDEDLLKRTEALIAEEEAKAWKALEPYRPRLKGKRVLLYTGGVFKS
WSIVSAFQDLGMEVVGTGTKKSTPEDKERIRELMGDDTIMFDDANPRELYQMLKEYKADIMISGGRNQYIALKAGI
PWCDINQERHHPYAGYQGMIEFAREIDQAIHSPIWEQVRKPAPWDCGPARQEQMSSSQPDHDSTSIAESFRRAR
NICVCNRVDLGTIEDAISVHGLRSVAAVREHTNAAGGCCQGRIEDMLMSEPDAHRFGER

O Quadro 7 mostra o dominio conservado gerado para proteina NifE.

Fase Fitness Hits Pattern Expresséao Regular
(seqs)
Antes C-x(3)-G-A-x(3)-L-x-P-x(3,4)-A- C.{3}GA.{3}L.P.{3,4}A.{0,1
. 49.0406 | 14(14) | x(0,1)-H-x(2)-H-x(4)-C-x(4)-W-x(2)- | }H.{2}H.{4}C.{4}W .{2}R.{3}
refinamento R-x(3)-S S

G [ASVIFY]-[CDG]-G-Ax(2)- CIASV][FY][CDGIGA.{2}]A

STV]L.P.
. [ASTV]-L-x-P-x(3,4)-A-x(0,1)-H-
Apds {3,4}A {0, 1}H[IL][IVIH[AG]
rofinamento | 948287 | 14(14) | ILI-IVI-H-AGLPSHAILVITAGE | perai\n

[ché'][_’[*ESST]if‘);_[g_?ST]T']VV'[DGN]'X'R' [AG]C.[AGS].[GSTIW
[DGN].R[GS][AST].S[ST]
QUADRO 7 — DOMINIO CONSERVADO DA PROTEINA NifE GERADO COM A FERRAMENTA

EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

4.3.3.6. CLASSIFICADOR DE NifN-LIKE

Para gerar o dominio conservado e regiao consenso da NifN, foram utilizadas
proteinas, retornadas da URL:
http://www.uniprot.org/uniprot/?query=reviewed%3Ayes+AND+%28name%3Afemo+
or+name%3Anitrogenase%29+AND+gene_exact%3ANifN&format=xml|

A regido consenso gerada com essas proteinas foi:

MARILRPNKAAAVNPLKSSQPLGAALAFLGIEGAMPLFHGSQGCTAFALVLFVRHFREAIPLQTTAMDEVSTILGGA
DHIEQAILNIKKRAKPKIIGICSTGLTETRGDDIAGYLRDIRQKHAPELKGTPIVFVNTPDFDGAMQDGWAKAVEAMV
EQWVPRPQQAPRSRKATLIEAITRPGEQTRRPRQVNILPGCHLTPGDIEELRDMVESFGLRPIILPDLSGSLDGHLP
DGRWSPTTYGGTSIEEIRELGRSAYCIAIGREHMRGAAEILQDRTGVPYRVFQRLTGLEAVDRFIQLLSEISGNRCD
HHFPIVQPVPAKYRRQRAQLQDAMLDGHFHFRGGKKIAIAAEPDLLYQLATFLTSMGAQIVAAVTTTGQSPILEKIP
VEQVQIGDLEDLEDLGTKGAFARAAHADLLITHSHGRQAAERLGIPLYRVGFPIFDRGLGSGHRCTVGYRGTRDLI
FEIANIIQAHHHAPTPEQTDAWRKPEGFDHHVGHRNHSTGPPTAPG

O Quadro 8 mostra o dominio conservado gerado para proteina NifN.
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Fase Fitness Hits Pattern Expressao Regular
(seqs)

Antes F-G-L-x-P-x(3)-P-D- FGL.P.{3}PD.{1,3}S.{1,3}

refinamento 85.5305 10(10) x(1,3)-S-x(1,3)-D-G DG

P-[LVI-[FLMV]-H-G-
[AS]-Q-G-C-[ST-[AS]- | P[LV][FLMV]HG[AS]
F-[AG]-x-[TV]-x(2)-[IV]- | QGC[ST][AS]

[QR]-[DH]-F-[HKR]- FIAG].[TV].{2}[IV]
Apés [DE]-[APST]-[IV]-P-L- [QR][DH]F[HKR][DE]
refinamento ' AQS]-[ST]-T-A-M- APST][IV]PL[AQS
131.9818 10(10) [ ST] [ IIVIPL] ]
[DNST]-[DEPQ]-x- [ST]ITAM[DNST][DEPQ].
[AST]-x(2)-[LM]-G-[AG]- | [AST].{2}[LM]G[AG].
x-[ADEG]-x-[ILV]-x(2)- [ADEG].[ILV].{2}A[ILV]
A-[ILV]

QUADRO 8 — DOMINIO CONSERVADO DA PROTEINA NifN GERADO COM A FERRAMENTA
EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

4.3.3.7. CLASSIFICADOR DE NifB-LIKE

Para gerar o dominio conservado e regidao consenso da NifB, foram utilizadas
proteinas, retornadas da URL.:
http://www.uniprot.org/uniprot/?query=reviewed%3Ayes+AND+%28name%3Afemo+
or+name%3Anitrogenase%29+AND+gene_exact%3ANifB&format=xml

A regiao consenso gerada com essas proteinas foi:

MTSCMIFGIQDIREPPTTGSSVTEHTQCAASSGGCGSSCSSSSEPSDMDPEIWEKIKNHPCYSEEAHHHFARMHV
AVAPACNIQCNYCNRKYDCANESRPGVVSEKLTPEQAVRKVIAVANEIPQMSVLGIAGPGDPCANWKKTFRTFELI
AEQIPDIKLCLSTNGLALPDHVDRLADMNVDHVTITINMVDPEIGAKIYPWIFYNHRRYTGVEAARILHERQMEGLE
MLTERGILCKVNSVMIPGINDEHLVEVNKMVKERGAFLHNIMPLISAPEHGTHFGLTGQRGPSAQELKALQDRCEQ
DDSGNMNMMRHCRQCRADAVGLLGEDRGQEFTLDKIPEMEPEYDAAKRQAYHEHVEREREDHKAAKEKAQIAT
GGRSPAAASAESAASNPSILVAVATKGGGRINQHFGHAKEFQVYEVSQSGVRFVGHRRVYDQYCQGGWGCDPQ
EEEATLDNIIRALKDCDAVLCAKIGDCPKEKLMQAGIQPVDAYAHDYIEKAVMAFYRQWLGSEPPAEIHHLPRGDP
PRWPGDYISVQSTQATA

O Quadro 9 mostra o dominio conservado gerado para proteina NifB.

. Hits 5
Fase Fitness (seqgs) Pattern Expresséao Regular
H-x(3)-A-R-M-H- H.{3JARMH.{2}VA.
Antes x(2)-V-A-x(2)-C-N- | {2}CN.QC.{2}CNRK.
refinamento | 1209315 113(13) | 1 /Q.Cx(2)-C-N-R- | DC.NESRPGV.S.
K-x-D-C-x-N-E-S- | {2]LTP.{2]A
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R-P-G-V-x-S-x(2)-
L-T-P-x(2)-A
H-x(2)-[FY]-A-R-
M-H-[LVIAPS]-V- H.{2}[FY]JARMHILV]

, . | APSIVAPSIAG]

o o | 1596465  |13(13) | N-R-K[FY]-D-C- &'i[]'é]&g-s[ﬁqc"m’(
E\%T)]((B'%SST(S NESRPGV.{0,1}S.{2}LTP[DE]
L-T-P-[DEDEQ]. | [PEQIAIALVLIKR]
A-[ALV]-x-[KR]

QUADRO 9 — DOMINIO CONSERVADO DA PROTEINA NifBe GERADO COM A FERRAMENTA
EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

4.3.3.8. CLASSIFICADOR DE DraT-LIKE

Para gerar o dominio conservado e regido consenso da DraT, foram utilizadas
proteinas, retornadas da URL:
http://www.uniprot.org/uniprot/?query=name%3A%22dinitrogen+reductase%22+%22
adp+d+ribosyltransferase%22+gene_exact%3Adrat&format=xml

A regido consenso gerada com essas proteinas foi:

MSDASDDSGRRPARAPELDPTTPRAARWILCAGYNARHFPGPAGGGIMAPMNDAGQRPRRGIGHSTNLCGLPP
WILASRHFNDHPQPLHIQGVREMNPSLFEMLDQAPDAEEAGEVFQDYMSAMFGLDPEQQQAHGASAPGARRRF
RSSYLRLLRGWGFDSNGPEGAVLKGWVESRFGLVPTFHKEPIGRIHSPAWMTYVEERMSGRFHNNAIWSQLDLL
YEFCQWELRRFWPDAPMFPGQRHLTLYRGVNDFDEHQIVERLGKGKGRLREAVIRLNNLVSFSSDRDRAGCFG
DTILEVRVPLSKILFFNDLLPSHPLKGEGEYLVIGGEYRVRMVMCSYL

O Quadro 10 mostra o dominio conservado gerado para proteina DraT.

. Hits 5
Fase Fitness (seqs) Pattern Expressédo Regular

16.1802 | 29(29) | A-x(2)-K-x(5)-R-x(0,1)-G | A{2}K.{5}R.{0,1}

Antes
refinamento

L-x(4)-G-x(3,4)-D-[AEST]-
[EGNQ]-[AGNSV]-x(2)-
[AGLJ-[AV]-{GIV]-[LMV]-x-
29(29) | [AGI-x-[AV]-[AEQ]-[GS]-x-
[FIMV]-[GV]-[GIL]-x(4)-
[DH]

L.{4}G.{3,4}D[AEST]
[EGNQ]J[AGNSV].{2}
Apds 52.7477 [AGL][AV][GIV][LMV].[A
refinamento Gl].
[AV][AEQ][GS].[FIMV]
[GV][GIL].{4}[DH]

QUADRO 10 — DOMINIO CONSERVADO DA PROTEINA DRAT GERADO COM A FERRAMENTA
EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora




93

O Quadro 11 mostra o desempenho do classificador MLP para proteinas
DraT e DraG.

Acertos Matriz confusao
61 O
97.4138 3 52

QUADRO 11 — DESEMPENHO DO CLASSIFICADOR PARA AS PROTEINAS DraT E DraG.
FONTE: A autora

O numero total de registros de treinamento é 268 e de teste, 116.

4.3.3.9. CLASSIFICADOR DE DraG-LIKE

Para gerar o dominio conservado e regido consenso da DraG, foram utilizadas
proteinas, retornadas da URL:
http://www.uniprot.org/uniprot/?query=name%3AADP-
ribosyl-%5Bdinitrogen+reductase%5D+glycohydrolase+AND+gene_exact%3Adrag&f

ormat=xml

A regido consenso gerada com essas proteinas foi:

MDMDLMNRMNALDKYVFKYRRYLPISNPSVQRRMQYTYDNKPLESPSNSDVQKQWDLTPSCNISLAESRDRAL
GALLGLAVGDALGTTVEFMPRDEIKARYGYLRDMTGGGWFRNAACYLKPGEWTDDTSMALCLAESLLEKGGED
DICDRNRICEWFAHWYNSSPGICFDIGNTCRRALERYMTGGSMWAGNNHSAHMKDPQDAGNGAIMRMAPVALF
FYNDPDKMEKFHYAKEQSRITHGHPESIDACLMFARMLMHLINGSNKQEAFKPAKELFDQYYDIKGFNFSASLSA
RLELPQEIPRFMRINEHEYFQFDEYQIRSSGYVVDTLEAAMWCFWNTDNFRDAILQAVNLGDDADTVGAIAGQLA
GAYYGYDGIPQEWLDKLDKKERIETMAQALYLLAPAQKMEEQNEGGDAGNGEDTMS

O Quadro 12 mostra o dominio conservado gerado para proteina DraG.

Hits

Fase Fitness (seqs) Pattern Expresséao Regular
Antes 15.1802 A-x(3)-A-x(0,2)-L-
refinamento 24(18) x(0,1)-G A.{3}A.{0,2}L.{0,1}G
. G-x(3)-G-x(0,1)-D-
rAeFf);samento 22.7123 18(18) [ALI-[ILMV]-[GP]x- IC;‘._.r{]3}G.{0,1 }D[AL][ILMV][GP].[AGN
[AGNPT]

QUADRO 12 — DOMINIO CONSERVADO DA PROTEINA DRAG GERADO COM A FERRAMENTA



EXPASY PRATT E A EXPRESSAO REGULAR CORRESPONDENTE.
FONTE: A autora

94



