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TESE DE DOUTORADO EM BIOLOGIA COMPUTACIONAL E SISTEMAS

Rangeline Azevedo da Silva

Os ultimos vinte anos foram de intenso crescimento na agricultura brasileira, com
base na produtividade e expansado das fronteiras agricolas. Diversas medidas de
manejo das lavouras sdo empregadas, a exemplo da rotativdade de culturas,
fertilizacdo quimica, uso de cultivares resistentes e o uso de agrotoxicos. Os
agrotoxicos sao uma das principais medidas de controle de pragas e doencas mais
amplamente usadas em cultivos de plantas e seu uso indiscriminado representa um
risco direto a saude das populacdes e ao ambiente em todo o mundo. Os riscos para
a saude humana incluem doencas agudas, como tonturas, enjéos, vomitos,
infeccbes de pele e doencas cronica a exemplo de malformacéo fetal, doencas
neurologicas e neoplasias malignas. Os danos ao meio ambiente vdo desde a
contaminacgdo dos corpos d'agua até a morte de polinizadores e microbiota do solo.
Como resultado, existe uma grande necessidade de desenvolvimento de novas
moléculas menos téxicas a serem empregadas contra patégenos de plantas. Neste
trabalho, empregamos uma abordagem in silico para estudar os genes que
codificam enzimas dos genomas de trés plantas comercialmente importantes, soja
(Glycine max), tomate (Solanum lycopersicum) e milho (Zea mays), bem como 15
patdgenos de plantas (4 bactérias e 11 fungos), com foco em revelar um conjunto de
enzimas analogas essenciais que poderiam ser priorizadas como alvos de drogas.
Combinando sequéncia e dados estruturais, obtivemos um conjunto inicial de 568
casos de analogia, dos quais 97 foram validados e refinados, revelando um
subconjunto de 29 atividades enzimaticas essenciais com um total de 119 formas
estruturais diferentes, a maioria pertencentes a rotas metabdlicas centrais, incluindo
0 metabolismo de carboidratos e de aminoacidos, entre outros. Além disso, outro
subconjunto de 26 atividades enzimaticas possui uma estrutura terciaria especifica
para o patdgeno, ndo presente em plantas, homens e polinizadores, o que pode ser
importante para o desenvolvimento de inibidores enzimaticos especificos contra
doencas de plantas menos nocivas ao homem e ao meio ambiente.



INSTITUTO OSWALDO CRUZ

IN SILICO MINING OF ESSENTIAL ANALOGUE ENZYMES IN BACTERIAL AND FUNGIC
PATHOGEN GENES OF Glycine max, Zea mays E Solanum lycopersicum

ABSTRACT

THESIS IN COMPUTATIONAL BIOLOGY AND SYSTEMS

Rangeline Azevedo da Silva

The last twenty years have been intense growth in Brazilian agriculture, based on
productivity and expansion of agricultural frontiers. Various measures of crop
management are employed, such as crop rotation, chemical fertilization, use of
resistant cultivars and the use of pesticides. Pesticides are one of the most widely
used pest and disease control measures in plant crops and their indiscriminate use
represents a direct health risk to populations and the environment around the world.
Risks to human health include acute diseases such as dizziness, nausea, vomiting,
skin infections, and chronic diseases such as poor fetal formation, neurological
diseases, and cancer. Damage to the environment ranges from the contamination of
water bodies to the death of pollinators and soil microbiota. As a result, there is a
great need for the development of novel, less toxic molecules to be employed against
plant pathogens. In this work, we used an in silico approach to study genes that
encode for enzymes derived from three commercially important genomes, soybean
(Glycine max), tomato (Solanum lycopersicum) and maize (Zea mays), as well as 15
plant pathogens (4 bacteria and 11 fungi) focusing to reveal a set of essential and
non-homologous isofunctional (NISEs) enzymes that could be prioritized as drug
targets. Combining sequence and structural data, we obtained an initial set of 568
cases of analogy, out of which 97 were validated and refined, revealing a subset of
29 essential enzymatic activities with a total of 119 different structural forms, most
belonging to the central metabolic pathways, including carbohydrate and amino acids
metabolism, among others. In addition, another subset of 26 enzymatic activities has
a specific tertiary structure for the pathogen, not present in plants, men and Apis
mellifera, which may be important for the development of specific enzyme inhibitors
against diseases of plants less harmful to humans and the environment
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1. INTRODUCAO

1.1 Producdo agricola brasileira

No cenario da agricultura brasileira, os ultimos vinte anos foram de intenso
crescimento com base na produtividade, na expanséo e consolidacéo das fronteiras
agricolas, principalmente nas regides Centro-Oeste e Norte do pais. Apesar do
mercado interno absorver a maior parte da producdo, esse crescimento foi
impulsionado principalmente pela expansdo da producédo destinada a exportacédo [1,
2].

Nos anos de 2016/2017 a agricultura brasileira vivenciou um salto, com uma
supersafra de 238 milhdes de toneladas de graos, registrando um marco histérico,
consolidando o pais como um destaque no agronegoécio mundial [3]. Segundo dados
dilvulgados pela Secretaria de Relagcfes Internacionais do Ministério da Agricultura,
Pecuaria e Abastecimento (MAPA), as exportacdes do agronegdécio brasileiro
alcacaram a marca de U$ 9,21 bilhdes em junho de 2018, os grdos soja
representam um dos principais destaques do setor atingindo a marca recorde para o
mesmo periodo alcancando 10,42 milhdes de toneladas [4]. Ainda de acordo com
dados MAPA, o Brasil apresenta uma das maiores taxas de produtividade quando
comparado a outros paises, com potencial de expansao da sua area agricola em 70
milhdes de hectares, onde seria possivel obter incrementos de 136% em relacédo a
atual producao nacional de graos e fibras [5].

Segundo relatério da Divisdo de Populacdo do Departamento de Assuntos
Econbmicos e Sociais (DESA) das NacbGes Unidas, o crescimento das atividades
agricolas esta diretamente relacionado com o crescimento da populacdo mundial, as
projecdes para 0s proximos anos estimam que a populacdo passara de 7,4 bilhdes
em 2016 para 8,5 bilhdes em 2030, sendo que 0 maior incremento sera proveniente
de paises em desenvolvimento [6]. Assim, para atender a demanda mundial por
alimentos, houve um aumento nas pesquisas no campo das Ciéncias Agricolas,

onde o principal desafio dos melhoristas de plantas é o desenvolvimento de uma

19



agricultura sustentavel, focada na qualidade dos produtos gerados e diminuicdo dos

danos causados ao meio ambiente.

1.2 Uso de agrotoxicos no Brasil

As medidas atuais de manejo de culturas incluem cultivares resistentes,
rotacdo de culturas, manejo de solo, fertilizacdo quimica, irrigacdo e controle de
pragas e doencas [7]. Os agrotoxicos sdo uma das alternativas mais utilizadas para
controle de pragas e doencas que causam grandes perdas anuais. Segundo dados
divulgados pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA) e do
Observatério da Industria dos Agrotoxicos da Universidade Federal do Parana,
realizado em Brasilia, DF, em abril de 2012, desde 2008, o Brasil ocupa o primeiro
lugar no ranking mundial de consumo de agrotoxicos: o crescimento do setor foi de
190%, enquanto o aumento do consumo mundial foi de 93% [8].

De acordo com a Lei n°® 7.802, de 11 de julho de 1989 os agrotéxicos ou

designacdes afins sdo definidos como:

"...produtos e os agentes de processos fisicos, quimicos ou
biolégicos, destinados ao uso nos setores de producdo, no
armazenamento e beneficiamento de produtos agricolas, nas pastagens,
na protegcdo de florestas, nativas ou implantadas, e de outros
ecossistemas, e também de ambientes urbanos, hidricos e industriais,
cuja finalidade seja alterar a composicdo da flora ou da fauna, a fim de

preserva-las da acdo danosa de seres vivos considerados nocivos" [9].

Os agrotoxicos ou defensivos agricolas, utilizados para o controle
fitossanitario das mais diversas doencas de plantas, sdo geralmente produtos com
elevados custos e riscos ambientais e tém se mantido em evidéncia devido a
resposta rapida que proporcionam, bem como por ndo exigir conhecimento

detalhado dos patdgenos envolvidos [10]. O uso indiscriminado de agrotoxicos
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provoca o acumulo de substéncias nocivas no solo e na agua, leva ao surgimento de
populacées de fitopatdgenos e pragas resistentes aos compostos quimicos, além do
desequilibrio ambiental pela falta de seletividade dos produtos utilizados [11,12].
Assim, a utilizacdo do manejo ecoldgico de doencas é preconizada com 0 objetivo
de reduzir o uso de bactericidas, fungicidas, herbicidas, dentre outros [13].

Desde 2008, o Brasil € o maior consumidor mundial de agrotoxicos,
superando a sua marca a cada ano; Entre 2000 e 2012 o aumento do uso de
agrotoxicos foi de 288%. O aumento dos indices de consumo esta diretamente
relacionado com a expansdo das lavouras de culturas transgénicas, como a soja e
milno. Em 1994 foram consumidas cerca de 800 toneladas de herbicidas,
coincidindo com a liberacéo e introducédo da soja transgénica no pais [14]. Em 2009,
dos seis pedidos de liberacdo de sementes com transgenia, quatro sementes foram
modificadas geneticamente para tolerar o uso de herbicidas e outros agrotoxicos
[15]. Recentemente, em 2014, a Associacdo Brasileira da Industria Quimica
(ABIQUIM) contabilizou um incremento de 13% nas vendas de agrotoxicos no Brasil
com faturamento de R$ 25 bilhdes [16]. Dados do Censo Agropecuario 2017
mostram que aproximadamente 1.681.000 produtores utilizaram agrotoxicos,
ressaltando que ndo houve necessidade de aplicacdo no periodo de referéncia,
representando um crescimento de 20,4% em relacdo a 2006, quando 1.396.077
produtores declararam ter feito uso de agrotéxicos [17].

A ANVISA possui um Programa de Analise de Residuos de Agrotoxicos em
Alimentos (PARA), onde relatérios apontam irregularidades para o uso de
agrotoxicos para os principais alimentos consumidos pela populacdo. Segundo o
acompanhamento do PARA 2011/2012, 36% das amostras de 2011 e 29% das
amostras alimentares de 2012 apresentaram resultados insatisfatorios; a pesquisa
foi realizada com o levantamento de amostras de todas as 26 unidades federativas
do Brasil. As irregularidades séo divididas em dois grupos, uma quando a amostra
contém agrotoxico acima do Limite Maximo de Residuo (LMR) permitido e outra
guando a amostra apresenta residuos de agrotoxicos ndo permitidos por lei para
aguele alimento. Das amostras insatisfatérias, cerca de 30% se referem a
agrotoxicos em que seu uso esta sendo reavaliado pela ANVISA, incluindo casos de
agrotoxicos em que o uso ja foi extinto em diversos paises, devido a sua elevada

toxicidade [18].
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Os resultados do periodo de 2013 a 2015 apresentam uma melhora nos
resultados, mas € importante ressaltar que nao entram soja e milho (forma in natura)
nestes estudos, culturas com os maiores consumo de agrotoxicos do pais. Na
avaliacdo mais recente do PARA foram analisadas 12.051 amostras de 25 tipos de
alimentos divididos em seis categorias: raiz, tubérculo e bulbo; cereal/leguminosa;
hortalica folhosa; hortalica n&do folhosa e fruta. Um total de 9.680 (80,3%) amostras
foram consideradas satisfatérias e 4.618 (38,3%) amostras apresentaram residuos
abaixo do LMR. O numero de amostas consideradas insatisfatorias foi de 2.371
(19,7%). Do total de 232 agrotdxicos pesquisados, 134 foram dectados nos

alimentos [16].

1.3 Agrotoxicos e a saude humana

Os impactos na saude publica atingem diretamente diferentes grupos
populacionais, desde trabalhadores do campo, moradores do entorno das areas de
agricultura e os consumidores. Segundo o Sistema Nacional de Informacdes
Toxico-Farmacologicas (Sinitox), 6rgao ligado a Fundacao Oswaldo Cruz (Fiocruz),
entre 1999 a 2016 foram registradas 2947 mortes decorrentes de intoxicacdes
causadas por agrotoxicos de uso agricola no Brasil [20]. De acordo com dados do
Sistema de Informacao de Agravos de Notificacdo (Sinan) do Ministério da Saude,
os dados referentes a intoxicacdo por defensivos agricolas no periodo
compreendido entre 2007 a 2017 sdo de aproximadamente 40 mil pessoas, deste
total 26 mil pacientes tiveram intoxicacdo confirmada [21]. Esses dados sao
subestimados, pois nem todas as ocorréncias sédo registradas; a Organizagao
Mundial da Saude estima que, para cada caso de intoxicacdo por agrotéxico
notificado, outros 50 casos acabam sendo omitidos ou nao registrados [22-24].

A exposicdo ocupacional aos agrotoxicos é responsavel por intoxicacoes
agudas, causando problemas respiratorios e cutaneos, colicas, vomitos, diarréias,
convulsdes e morte. Os produtores rurais de pequenas propriedades detém o maior
namero de casos de intoxicacdes registradas, uma vez que ndo possuem

conhecimentos prévios sobre a manipulacdo adequada dos defensivos agricolas
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[25]. Os demais grupos populacionais sofrem com as intoxicagdes cronicas, sendo
expostos a diversos tipos de agrotoxicos presentes nos alimentos e no meio
ambiente [26]. Os sintomas por vezes sao tardios, o que dificulta a correlacdo com
0s agentes, além de apresentarem efeitos cumulativos que podem causar
infertilidade, impoténcia, abortos, malformacdes, neurotoxicidade, desregulacao
hormonal e o surgimento de céncer [27].

A maioria dos pequenos e médios agricultores desconhece a forma adequada
de manuseio e destinacdo de embalagens de agrotoxicos, e o tempo que o principio
ativo permanece agindo na planta, bem como os efeitos nocivos dos mesmos.
Assim, a populacéo acaba consumindo niveis elevados de agrotéxicos [28]. Medidas
alternativas ao seu uso precisam ser amplamente estudadas e divulgadas visando a
diminuicdo dos danos ao meio ambiente e a saude humana. Diversos fatores
contribuem para o aumento dos niveis de contaminacdo ambiental e intoxicacao
humana por agrotoxicos, entre 0os quais podemos citar o nivel de escolaridade dos
agricultores, que esta diretamente relacionado ao desconhecimento de técnicas de
manejo de cultura, descarte de residuos contaminantes, protocolo de aplicacdo do
produto, uso de equipamentos de protecdo individual, dentre outros, além da
deficiéncia de politicas publicas para o controle da venda destes produtos [29].

Os agrotoxicos podem ser classificados de acordo com o grupo de
organismos para o qual é direcionado (pragas ou patdgenos), segundo a estrutura
guimica das substancias ativas e de acordo com a toxicidade para o homem e o

meio ambiente (Tabela 1).
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Tabela 1. Classificacdo toxicoldégica dos agrotoxicos em funcdo do DL50. Em
toxicologia, DL siginifica Dose Letal Média, e € definido como a dose necesséria de
uma determinada substancia para matar 50% de uma populacdo em estudo.
Adaptado [30,31].

Classe . Faixa indicativa  Dose letal em humanos
toxicologica Formulagdo DL50 Oral (mg/kg) de cor (quantidade aproximada)
I Extremamente toxicos (DL50 <50 Vermelho vivo Algumas gotas

mg/kg de peso vivo)

Muito toxicos (DL50 — 50 a 500 mg/kg
Il de peso Amarelo intenso 1-2col. Cha

Vivo)

Moderadamente téxicos (DL50 — 500 a .
i 5000 mg/kg de peso vivo) Azul intenso 2 col. Sopa - 1 copo
v Pouco toxicos (DL50 > 5000 mg/kg de Verde intenso 1 copo — 1 litro

peso

Os principais tipos de agrotoxicos, de acordo com o grupo de organismos
para 0s quais sdo direcionados sao: i) os inseticidas, controle de insetos; ii)
fungicidas, controle de infec¢des fangicas; iii) bactericidas, acdo contra bactérias
(partes aéreas das plantas); iv) herbicidas, controle do crescimento de plantas
invasoras; v) fumigantes, acao contra bactérias do solo; vi) raticidas, combatem
ratos e outros roedores; vii) moluscocidas, combatem moluscos; viii) nematicidas,
acao contra nematdides; ix) acaricidas, controle de proliferacdo de acaros (Peres, et
al 2003). Quanto aos grupos quimicos, sdo classificados em organofosforados
(Malation), organoclorados (DDT), carbamatos (Carbaril), piretroides (Permetrina),
dipiridilos, fenoxi-acéticos, dinitrofendis e clorofendis, arseniais e inorganicos,
mercuriais organicos, dentre outros [32].

Os defensivos agricolas mencionados a seguir foram encontrados nos
alimentos analisados pelo PARA da ANVISA, tanto em niveis acima dos valores do
LMR permitidos ou em culturas para as quais ndo sdo destinados. O LMR é um
indice agronémico, estabelecido pela ANVISA que delimita a quantidade maxima de

residuo de agrotéxico permitido no alimento, levando em consideracdo parametros
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como a aplicacdo adequada em fase especifica desta cultura, desde a cadeia
produtiva até o consumo [33]

Os ditiocarbamatos (DTC) sédo agrotoxicos pertencentes a classe de
fungicidas, com classificacdo toxicolégica e ambiental |, usados nas lavouras de
soja, milho, tomate, arroz, feijdo, batata, café, dentre outros. Diversos estudos
apontaram evidéncias da atuacdo do DTC no metabolismo celular, que é modificado
por interacfes diretas com diferentes moléculas, como por exemplo proteinas de
sinalizacdo, peptideos e enzimas. O DTC atua no metabolismo éxidoredutor das
células, inibindo peréxidos e ions superoxidos. Suas propriedades quelantes de
metais contribuem para seus efeitos pro-oxidativos, podendo influenciar nas fungbes
de enzimas dependentes de metais tais como zinco e cobre. Em humanos, das trés
proteinas da classe superoxido dismutase (SOD) presentes no genoma, duas sao
dependentes de metais. As células em contato com o DTC sofrem estresse oxidativo
e desregulacbes metabdlicas que conduzem a danos nos tecidos e apoptose. A
familia da SOD contribui para a defesa de linha de frente através da desintoxicacéo
de anions radicais superoxidos reativos. Sdo pertencentes as familias das
metaloenzimas, ocorrendo em trés formas moleculares diferentes, e contém os
metais Mn, Fe ou Cu / Zn como grupos prostéticos [34]. Como todas as
metaloproteinas, as enzimas SOD enfrentam os desafios de adquirir o cofator
apropriado em condicbes de disponibilidade limitada de metal. Estas formas nao
possuem o nivel de similaridade de sequéncia de aminoacidos, mas convergiram
para catalisar a dismutacao de superoxido evolutivamente. O radical superéxido (O2
), participa ativamente das respostas de defesa das plantas, inclusive atuando na
sinalizacao celular [35-37]. No entanto, em situacdes de acumulacéo de radicais Oy,
SOD atua sobre a molécula de peréxido de hidrogénio (H.O,) e oxigénio molecular
(O2) (20, + 2H30 + — O, + H,0, + 2H20), e H,0, € convertido em agua (H,O) para
APX (Ascorbato Peroxidase), Catalase (CAT) ou Peroxidase (POX), para eliminar o
estresse oxidativo nas células [38]. Estudos usando Fusarium graminearum como
modelo revelaram a importancia da SOD no crescimento das hifas e na viruléncia
de F. graminearum. Os resultados dos experimentos apontaram que a germinagao
dos conidios sob estresse oxidativo extracelular foi significativamente retardada nos
mutantes para SOD; e que a producdo de desoxinivalenol mediada por SOD;

contribui para a viruléncia de F. graminearum durante a infecgdo em trigo [39].
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O procloraz € um fungicida pertencente ao grupo quimico
imidazolilcarboxamida com classificacdo toxicoldgica I, utilizado nas lavouras de
tomate, trigo, cenoura, cevada, manga e mamao. O composto é absorvido via
sistema respiratério, via cutdnea e mucosas. E um desregulador enddcrino, que
afeta a producgéo e sintese de hormdénios corticosterdides e sexuais masculinos e
femininos, sendo o0s principais danos relacionados ao aparecimento de
malformacdes fetais (observado em ratos), infertilidade, metabolismo de nutrientes e
regulacdo do sistemas imunologicos [40-46].

O clorotaonil pertence ao grupo quimico benzimidazol e Isoftalonitrila, inserido
na classe toxicoldgica Il, e é um fungicida de amplo espectro utilizado nas lavouras
de tomate, soja, banana, batata, dentre outros. E classificado pela Agéncia
Ambiental Norte-Americana (U.S.EPA) como provavel carcinégeno humano (Grupo
B2) e pelo International Agency for Research on Cancer (IARC) como possivel
carcindogeno humano (Grupo 2B) [47].

Carbendazim é um fungicida (classe toxicologica lll), utilizado nas lavouras de
soja, feijao, trigo, algoddo e citros. Estudos comprovaram que a contaminacao por
carbendazim causa aberracdes cromossdmicas, apresentando forte interagdo com
os microtubulos celulares e inibindo fungfes vitais como o transporte intracelular e a
divisdo celular [48-49]. Esse agrotoxico ainda foi apontado como um dos fatores
responsaveis pela desregulacdo enddcrina do sistema reprodutivo masculino de
ratos [50-54].

Outro grupo de agrotéxicos sdo os triazois, fungicidas de amplo espectro, com
modo de acdo sistémico e mesostémico. Em 2017 o Ministério da agricultura
Pecuaria e Abastecimento (MAPA), suspendeu o uso de 63 fungicidas utilizados
contra a ferrugem asiatica (Phakopsora pachyrhizi) na cultura da soja. Destes, a
metade possui 0 ingrediente ativo Tebuconazol, pertencente ao grupo quimico
Triazol. A medida foi aplicada devido a eficiéncia reduzida por adaptacédo do fungo
[55]. O uso desses agrotoxicos era recomendado para as culturas de soja, milho,
tomate, arroz, cenoura, trigo, feijdo, dentre outros. De acordo com a bula dos
agrotoxicos a base de triazol os mecanismos de toxicidade em humanos ndo sao
conhecidos, com classe toxicologica Il para o meio ambiente e Ill para os seres

humanos. No entato, pesquisas apontam que este produto interfere na producédo dos
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hormdnios sexuais feminino e masculino em analises utilizando sistemas in vitro de
linhagens celulares humanas e in vivo [41, 56, 57].

Os riscos para a saude humana apontados pela exposicdo aos agrotoxicos
sdo extensos, partindo do principio da existéncia de mdltiplas formas de
contamina¢des envolvendo diversas classes de defensivos agricolas. As despesas
concernentes com saude publica poderiam ser melhor remanejadas ou reduzidas
caso houvessem estimulos por parte de 6rgaos responsaveis, no intuito de informar

e divulgar sobre uso consciente dos agrotoxicos.

1.4 Agrotoxicos e meio ambiente

Segundo a Associacdo Brasileira de Saude Coletiva (ABRASCO) dos 50
produtos mais utilizados nas lavouras brasileiras, 22 sdo proibidos na Uniéo
Europeia, Estados Unidos e outros paises, onde foram comprovados seus potenciais
riscos a saude humana e ao meio ambiente [58].

O modo de aplicagcdo dos agrotoxicos pode ser determinante para a dispersao
de particulas para as regides circunvizinhas as areas agricultaveis, atingindo
organismos nao alvos e influenciando diretamente na desestruturacdo da
biodiversidade. Um dos organismos atingidos diretamente pela aplicacdo de
defensivos agricolas sdo os polinizadores, que sdo pecas fundamentais para o
correto funcionamento dos ecossistemas [59]. Durante a reunido da Plataforma
Intergovernamental sobre Biodiversidade e Servicos de Ecossistémicos (IPBES)
realizada na Turquia em 2014, foram divulgados documentos que apontam que ao
menos 75% das culturas do mundo dependem da polinizacdo por abelhas e outros
polinizadores para gerar frutos [60, 61]. Em 2017 o IBAMA (Instituto Brasileiro do
Meio Ambiente) lancou o Manual de avaliacdo de risco ambiental de agrotdxicos
para abelhas. O protocolo objetivou apresentar as bases conceituais da avaliagéo de
risco de agrotoxicos e as orientacdes gerais sobre os novos procedimentos de
avaliacdo. O documento também chamou a atenc&o para as principais culturas de

plantas e seus polinizadores (Tabela 2). A acdo do IBAMA é uma forma de avaliagéo
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mais abrangente para que os produtos atendam as diretrizes e exigéncias da area

ambiental, utilizando os agrotoxicos de maneira racional e sustentavel [62].

Tabela 2. Principais culturas brasileiras e seus respectivos polinizadores. Adaptado
[62].

Ordens, familias, géneros, espécies visitantes

Referéncias
das culturas

Culturas

Ameqgilla chlorocyanea/ Apis mellifera/ Augochlora
sp./ Augochlorini spp./ Augochloropsis cf. sparsilis/
Augochloropsis electra/ Bombus atratus/ Bombus
brevivillus/ Bombus morio/ Centris fuscata/ Centris
tarsata/ Centris varia/ Dialictus sp./ Epicharis flava/
Euglossa spp./ Eulaema nigrita/ Exomalopsis

Tomate (S. analis/ Exomalopsis auropilosa/ Melipona

lycopersicum) fasciculata/ Melipona quadrifasciata/ Nannotrigona
perilampoides/ Oxaea flavescens/ Partamona sp./
Pseudaugochlora erythrogaster/ Pseudaugochlora
graminea/ Tetragonisca angustula/ Tetrapedia
diversipes/ Trigona fulviventris/ Trigona spinipes/
Xylocopa frontalis/ Xylocopa muscaria/ Xylocopa
nigrocincta/ Xylocopa suspecta

[60, 63-65]

Apis mellifera/ Scaptotrigona sp./ Tetragonisca

Soja (G. max) angustulla/ Trigonas

[66-68]
Apis mellifera/ Augochlora cf. morrae/ Augochlora.

/ Augochlorella acarinata/ Augochloropsis

caerulans/ Augochloropsis cupreola/ Exomalopsis
auropilosa/ Exomalopsis aureopilosa/ Melipona

Pimentdo (Capsicum quadrifasciata/ Melipona scutellaris/ Melipona [60,69-72]

annuum) subnitida/ Nannotrigona testaceicornis/ Paratrigona

lineta/ Pereirapis rhizophila/ Trigona spinipes/

Tetragonisca angustula/ Toxomerus sp./ Trigona

recursa
Mandioca (Manihot Apis mellifera/ Melipona compressipes/ Tetragona [73, 74]
esculenta) clavipes/ Trigona spinipes/ Xylocopa aeneipennis '
Milho (Z. mays) Apis mellifera/ Tetragonisca angustula/ Trigona [75]

spinipes

Estudos revelam que as contaminacdes por agrotoxicos atingem também o
solo e as aguas superficiais e/ou subterraneas. Os fertilizantes e agrotoxicos séo a
segunda causa de contaminacdo das aguas no pais, seja por eroséo e lixiviagdo do
solo, pulverizacbes aéreas, escoamento superficial e destinacdo inadequada de

embalagens [76]. As contaminacgfes dos corpos d'agua sdo um fator preocupante,
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pois os residuos podem atingir um maior numero de pessoas e ecossistemas [77].
As pesquisas realizadas pelo Instituto Brasileiro de Geografia e Estatistica (IBGE)
sobre saneamento basico em 2011 divulgaram que diversos municipios afirmaram
existir poluicdo por agrotoxicos na captacdo de agua para o abastecimento urbano, o
que abrange os corpos d'agua superficiais, poc¢os rasos e pocos profundos (Figura
1). Tal fato pode ser justificado pelo grande volume destas substancias aplicado nas
lavouras, e sua proximidade dos pontos de captacdo. O problema pode ser
agravado devido a algumas propriedades dos agrotéxicos, que podem ser

persistentes, moveis e toxicos na agua [78].
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Figura 1 Municipios que relataram poluicdo por agrotéxicos em agua, Brasil, 2011.

Fonte: Atlas do saneamento IBGE 2011.
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1.5 Commodities brasileiras

E considerada uma commodity uma cultura que é produzida em larga escala
e por ter seu preco controlado pelo mercado mundial (comercializado em dolares).
Exemplos de commodities sdo milho (Zea mays L.), soja (Glycine max, L. Merril.) e
tomate (Solanum lycopersicum), sendo as principais regides produtoras o Centro-
Oeste, Sul e Sudeste do Brasil [79].

1.5.1 Glycine max L. Merr. (soja)

A soja (Glycine max L. Merr.) € a quarta cultura mais importante do mundo
em termos producdo e area plantada [80]. De acordo com dados fornecidos pela
Companhia Nacional de Abastecimento (CONAB) no segundo semestre desse ano,
a estimativa de 35,2 milhdes de hectares semeados na atual safra é 3,7% superior
ao que foi cultivado na safra 2016/17 e 69,9% maior do que a safra 2006/07,
constituindo-se no décimo primeiro aumento consecutivo na area total cultivada com
soja no Brasil. A area cultivada com essa proteoleaginosa ultrapassou a area de
milho total na safra 1997/98 e, desde entdo, ocupa o primeiro lugar no raking em
area semeada no pais. O Brasil teve um incremento de 14,5 milhées hectares novos
de soja nas ultimas 12 safras, sendo a cultura que mais cresce em area cultivada no
pais. Atualmente corresponde a cerca de 57% da area total semeada com gréos no
pais [81].

A soja € rica em proteina vegetal, que uma vez ingerida por humanos ou
animais, transforma-se em proteina animal. Dezenas de alimentos proteicos
possuem esta proteoleginosa na sua composicao [82]. Desde o gréo in natura como
alimento funcional até o Oleo de soja, o gréo é utilizado em diversas preparacdes
alimenticias, a exemplo de chocolates, farelos para alimentacdo animal, molhos
prontos, massas, bebidas, alimentos diéteticos, derivados de carne, dentre muitos

outros. Seu uso também é bastante difundido na indUstria farmacéutica, industria de
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comesticos, fertilizantes, fabricacdo de fibras e biocombustivel, um combustivel
sustentavel que contribui para reduzir a emisséo de poluentes [83].

Para sustentar toda essa cadeia produtiva, diversas medidas de manejo de
culturas sdo empregadas, como ja descritas anteriormente, sendo a mais difundida o
de uso de agrotoxicos. No periodo comprendido entre 2002 a 2011 o consumo
médio de agrotoxicos vem aumentando em relacdo a area plantada, onde passou de
10,5 para 12 litros por hectare [84-88]. Do montante de 852,8 milhdes de litros de
agrotoxicos utilizados nas culturas de plantas em 2011, a soja consumiu 40% do
volume total entre herbicidas, inseticidas, fungicidas, acaricidas, dentre outros
produtos. Logo apos estdo o milho com 15%, a cana e o algoddo com 10%, depois
0s citricos com 7%, o café com 3% e o tomate (1%). As demais culturas consumiram
24% do total de agrotéxicos [84,85]. Em 2015 a éarea plantada de soja foi de
32.206.787 hectares, com uma média de 17,7 litros de agrotéxicos por hectare
perfazendo um total de 570.060.129,90 litros [89].

1.5.2 Zea mays L. (milho)

O milho (Zea mays L.) € pertencente a familia Poaceae, uma espécie
alégama cultivada em diversas partes do mundo. A sua grande plasticidade
gendtipica e adaptabilidade permitem o seu cultivo em areas tropicais, temperadas e
subtropicais. O milho é utilizado principalmente na alimentacdo humana e racéo
animal devido as suas elevadas qualidades nutricionais, contendo quase todos 0s
aminoacidos conhecidos, com excecao da lisina e do triptofano. A espécie ainda é
utilizada para producao de energia a partir do biodiesel e etanol [90].

O milho é um dos principais produtos do agronegdécio nacional. A safra 2017
atingiu a marca de 68.481.488 toneladas [91]. Diversos cultivares séao
disponibilizados para os pequenos e grandes produtores, sendo 50% da
produtividade de uma lavoura é atribuida ao cultivar escolhido, de maneira geral. De
acordo com a EMBRAPA 315 cultivares foram disponibilizados na safra 2016/2017,

dos quais, 214 cultivares (67,93%) apresentavam tecnologias transgénicas: desde o
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potencial genético visando produtividade, resisténcia a doencas, pragas e moléculas
de herbicidas como glifosato e glifosinato para o controle de plantas daninhas [92].

A éarea plantada de milho em 2015 foi de 15.846.517 de hectares, com uma
média de 7,4 litros de agrotoxicos por hectare perfazendo um total de
117.264.225,80 de litros [89]. Na cultura do milho as doengas podem ocorrer de
forma epidémica, com sintomas manifestados em até 100% das plantas na lavoura.
Os problemas com os patdgenos podem ter suas proporcdes ampliadas em areas
de plantio direto. Nestas situacdes, € fundamental o manejo da cultura, como a
rotatividade, escolha de cultivares tolerantes as principais doencas e uso de
agrotoxicos a fim de evitar reducdo de produtividade. Todos os produtos comerciais
registrados no MAPA para o manejo de doencas do milho sdo pertencentes aos

grupos quimicos dos triazéis e das estrobilurinas [93].

1.5.3 Solanum lycopersicum L. (tomate)

O tomate (S. lycopersicum L.) é um fruto pertecente a familia solanacea,
originario da Ameérica do Sul, sendo umas das culturas mais difundidas no mundo
[94]. No Brasil, € uma das oleraceas mais consumidas sendo o estado de Goias o
maior produtor com 32% da producdo nacional, o que reflete na sua participacao
expressiva nho mercado nacional [95]. A safra nacional do fruto para 2018 foi
estimada em 4.432.739 toneladas, um crescimento de 0,6% em relacdo a safra de
2017 que atingiu a marca de 4.373.047 toneladas [91].

O fruto é comumente consumido em sua forma natural, em preparacdes
industrializadas como extratos, enlatados, purés, molhos, alimentos congelados,
papinhas, sopas, dentre outros. O tomate é rico em vitaminas B e C, ferro e fésforo,
aminoacidos essenciais, acgucares, fibras e o licopeno, um carotendide que pode
ajudar na prevencdo do cancer de prostata e no fortalecimento do sistema
imunoldgico [96-99].

Sua cadeia produtiva apresenta custos elevados por ser uma cultura que
demanda tratos culturais rigorosos, disponibilidade de altos niveis tecnoldgicos e
utilizacdo de mao-de-obra. E caracterizada também por ser uma cultura suscetivel a
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estresses abibticos (déficit hidrico) e bidticos (pragas e doencas). Diversas doencas
acometem o tomateiro, ocasionando grandes perdas de produtividade e qualidade
do fruto. Para controle é recomendado o uso de cultivares resistentes as principais
doencas, vistorias frequentes na lavoura, tratos culturais exigentes e uso de
defensivos agricolas [100]. O tomate ja foi apontado como um grande consumidor de
agrotoxicos. No ultimo relatério ANVISA-PARA as detec¢des foram menores do que
nos anos anteriores. Foram analisadas 730 amostras de tomate de mesa e dessas,
450 amostras apresentaram residuos em concentracdes iguais ou inferiores ao
LMR. No total, foram detectados 63 agrotéxicos diferentes dentre os 202
pesquisados: acefato (353 amostras), imidacloprido (333 amostras) e carbendazim
(272 amostras). Ainda foram detectadas 126 amostras irregulares de tomate
contendo o defensivo agricola clorpirifés, ndo autorizado para a cultura em questao
[19].

1.6 Genbmica comparativa e a proposicao de alvos

Com o crescente desenvolvimento das tecnologias de sequenciamento do
tipo NGS (next generation sequencing), a quantidade de informacdes genéticas
depositadas nos bancos de dados aumentou exponencialmente o que estimulou a
demanda por abordagens rapidas, acuradas e automatizadas para analisar genomas
de forma comparativa [101]. Assim, a gendmica comparativa emergiu como uma
poderosa ferramenta para identificar elementos gendmicos funcionalmente
importantes nos mais diversos organismos [102,103].

A Bioinformatica € uma ciéncia que tem por objetivo a manipulacdo de
informacOes derivadas dos grandes projetos de gendmica, transcriptbmica e
protedmica, dentre outros. A partir do uso de suas técnicas torna-se possivel o
armazenamento, distribuicdo, andlise e interpretacdo de dados e possibilita a anélise
em larga escala e em curto periodo, gracas aos avancos no campo da informatica e
engenharia de softwares [104-106].

O setor farmacéutico teve uma grande participacdo no desenvolvimento da

bioinformética. O processo de desenvolvimento de farmacos inicia-se com uma
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ampla selecdo de potenciais alvos, onde a grande parte é descartada por néo
atender a pré-requisitos necessarios. Ao final, somente alguns candidatos s&o
selecionados para testes, e as vezes nenhum alvo atende aos critérios
selecionados. No entanto em qualquer situagéo, o custo € oneroso [107]. Estima-se
que 75% dos custos empregados para desenvolver um novo medicamento Sao
usados nas moléculas que serdo descartadas. Assim, um dos principais focos da
bioinforméatica tem sido a descoberta de alvos especificos de inibidores enziméaticos
a partir do extenso estudo do genoma do hospedeiro e do patdgeno, onde alvos com
caracteristicas desejaveis sdo selecionados, minimizando os custos. Os alvos
possuem definicdo abrangente e podem ser genes, RNAs e mais comumente
proteinas; estas desempenham um papel fundamental no processo de patogénese
[108]. Avancos na Biologia Estrutural permitiram o desenvolvimento da técnica de
desenho racional de farmacos, onde inibidores enzimaticos comecaram a ser
planejados para alvos especificos [109].

Apesar de toda a importancia biolégica e econémica das plantas, os dados
provenientes do sequenciamento de plantas crescem de uma maneira mais lenta se
comparado com o sequenciamento de outros organismos, devido & complexidade na
montagem do seu genoma [110]. Assim como nos genomas de outros eucariotos, as
plantas possuem sequéncias de DNA repetitivas, sequéncias invertidas e
transposons. No entanto, 0 genoma das plantas € mais complexo que os demais
genomas eucarioticos e isso se deve ao fato de que plantas apresentam tamanho
cromossémico e niveis de ploidia muito variados, o que modifica ainda mais seu
conteddo genético [111].

Um problema muito comum no complexo de interacdo entre uma planta e
fitopatdgeno € a dificuldade de conter a infeccdo por meio de técnicas de manejo da
cultura, como podas, rotacdo de culturas, dentres outros, dada a resisténcia de
individuos dentro da populacéo de fitopatdgenos [112]. Em decorréncia deste fato,
técnicas de obtencdo de genotipos resistentes a doenca tém sido amplamente
utilizadas. No entanto, este tipo de pratica promove a reducdo do numero de
genotipos cultivaveis, favorecendo a seleg¢éo de cultivares com uma base genética
estreita. Visto que as plantas selvagens possuem um alto grau de heterozigose e
ampla adaptabilidade frente as adversidades, no geral elas sdo pouco produtivas e

muito heterogéneas. Com o surgimento das tecnologias que permitiram a selecéo
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gendmica em larga escala, muitos genes ja foram perdidos durante 0os sucessivos
eventos de segregacdo, recombinacdo e sele¢do, gerando uma base genética
estreita nas culturas modernas [113].

As técnicas avancadas de biologia molecular e genética permitem a
identificacdo de genes diferencialmente expressos no complexo da interacdo planta
vs fitopatdégeno, e dessa forma é possivel identificar genes que se apresentam como
provaveis indutores de resisténcia em genaotipos especificos [114].

No ambito na interagdo homem vs patdégeno, na maioria das vezes, desde a
proposicdo de farmacos até sua liberacdo comercial, um longo caminho de testes é
percorrido [115-116]. Com o intuito de contornar este problema, novas abordagens
vém sendo propostas. A triagem de alvos por técnicas de bioinformatica aumentam
as chances de escolher um gene que tenha seu produto validado como alvo,
resultando em economia de tempo e custos. Uma abordagem com poucos estudos
na area da agricultura tem como base a identificagdo de enzimas isofuncionais ndo-
homologas, ou simplemente analogos funcionais, entre o hospedeiro e seu
fitopatogeno. A identificacdo destas enzimas permite que eventualmente
determinadas enzimas chave com fun¢des similares e com conformacdes diferentes
sejam identificadas em vias metabdlicas essenciais, onde inibidores especificos
podem ser produzidos visando ao bloqueio de um ou mais passos em vias

metabdlicas importantes do fitopatdgeno [117-118].

1.7 Enzimas isofuncionais ndo homdélogas

A reconstrucdo de vias metabdlicas pode expor determinados compostos
essenciais a manutencdo das fungbBes vitais dos organismos. Dentre estes
compostos podemos citar as enzimas, componentes fundamentais para qualquer
processo bioquimico, por apresentarem elevada eficiéncia catalitica, alto grau de
especificidade por seus substratos e por funcionarem em solu¢cdes aquosas sob
determinadas condi¢des de pH e temperatura. Dentre os grupos de moléculas que
posuem atividade catalitica, com excecdo de alguns RNA especificos, todas as

enzimas cumprem essa funcdo e séo proteinas [119,120].
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Dada a sua importancia na maioria dos processos biologicos, as enzimas
tém sido alvo de investigacado, principalmente no que tange a regulacao e catalise de
processos vitais nas vias metabodlicas onde elas atuam. Nestas, as enzimas
catalisam centenas de reacfes sucessivas envolvidas na degradacdo de nutrientes,
sendo a energia quimica conservada e transformada, consistindo em processos
altamente coordenados e indispensaveis para a manutencdo da vida de um
organismo [121].

Recentemente, pesquisadores tém empenhado esforcos em identificar,
caracterizar e reconstruir rotas bioquimicas com as quais estdo envolvidas as
enzimas isofuncionais ndo homologas, (Non-homologous isofunctional enzymes -
NISEs). Compreende-se por NISEs enzimas que desempenham a mesma funcéo
bioquimica, mas sdo provenientes de origens evolutivas distintas, possuindo
diferencas em suas estruturas primarias o que, geralmente, é refletido em diferencas
em suas estruturas terciarias [122-123]. Os estudos disponiveis na literatura sobre
as NISES ainda sdo poucos, principalmente no que diz respeito ao reino Plantae
[124,125]. Diversas NISEs foram identificadas em organismos de importancia
médica, onde foram identificados candidatos que podem ser estudados como
potenciais novos alvos terapéuticos para o desenvolvimento de medicamentos
contra Leishmania major, Trypanosoma brucei, e Trypanosoma cruzi [118, 126].
Além da importancia na area da terapéutica, o estudo das NISEs tem se tornado
interessante pelo fato de apresentarem um um tema de estudo evolutivo e por
auxiliar na reconstrucdo de vias metabodlicas em uma gama de organismos [123].

As Omicas, que constituem em plataformas biotecnoldgicas de andlises de
sequéncias, seus produtos génicos, proteinas, metabdlitos primarios e secundario,
tomaram forca desde entdo e tém possibilitado muitas descobertas a respeito da
identificacdo, funcdo e comparacdo de genes, transcritos e proteinas bem como
suas interacdes [127]. Estas informacdes, quando comparadas as de outros
organismos, apresentam-se como uma fonte poderosa na na caracterizagdo de
espécies, permitindo a realizacdo de estudos evolutivos e filogenéticos além da
exposicao de moléculas e rotas bioquimicas exclusivas que podem ser essenciais
na descoberta de farmacos e/ou vacinas e, no caso da agricultura, podem auxiliar no

combate aos ataques por fitopatdbgenos [128-130].
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Para atender a demanda mundial por alimentos, houve um aumento na
pesquisa no campo das Ciéncias Agricolas, a fim de expandir a producéo e resolver
problemas de pragas e doencas das culturas. Assim, os estudos envolvendo o
melhoramento genético de plantas tomaram impulso com as investigacdes por meio
do uso extensivo de marcadores moleculares tais como Single Nucleotide
Polimorfism (SNPs) [131], Sequence Short Repeat (SSR) [132], Expresse Sequence
Tags - Sequence Short Repeat (EST-SSR) [133], estudos de expressdo génica
envolvendo a construcdo de bibliotecas subtrativas de cDNA [134], técnicas de
microarranjos [135] e a Reverse transcription - polymerase chain reaction
guantitative real time (RT-gPCR) [136]. O uso destas metodologias permitiu
selecionar caracteres quantitativos e qualitativos de determinadas plantas, onde o
objetivo é a obtencdo de um cultivar com alta produtividade e resisténcia as
principais linhagens ou cepas de espécies fitopatogénicas. No entanto, o problema
persiste, pois com o passar dos anos os fitopatdgenos sdo capazes de suplantar a
resisténcia de um determinado cultivar, sendo necessarias outras medidas de
controle [137-144].

Mesmo com o0s avangos tecnoldgicos, as vantagens de ser um pais
essencialmente agricola com forte potencial de ascensdo — com disponibilidade de
recursos hidricos e material genético — ndo atendem as necessidades atuais. Sao
necessarias medidas para minimizar a atual degradacdo do meio ambiente e os

riscos para a saude humana.

1.8 Bancos de dados Bioldgicos

1.8.1 KEGG

O Kyoto Encyclopedia of Genes and Genomes (KEGG) € uma colecdo de
banco de dados extensivo que integra informacdes funcionais genémicas, quimicas
e sistémicas [145-147]. O banco de dados KEGG/PATHWAY é uma colegdo de

mapas de vias metabdlicas curadas manualmente representando o conhecimento
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sobre as redes de interacdo molecular para as redes metabolicas ja descritas. Cada
mapa de referéncia pode ser visualizado como uma rede de enzimas ou uma rede
de numeros ECs (Enzyme Comission) interconectados. O EC é um esquema de
classificagdo numerica atribuida as enzimas; tal nomenclatura foi estabelecida pela
Internacional Union of Biochemistry and Molecular Biology Nomeclature Committe
(NC-IUBMB). O numero EC é formado por quatro digitos, o primeiro corresponde a
classe, o segundo digito corresponde a subclasse, o terceiro a sub-subclasse e o
quarto digito indica a atividade catalitica. As enzimas estdo dubvididas em seis
principais classes: oxidorredutases (EC 1), transferases (EC 2), hidrolases (EC 3),
liases (EC 4), isomerases (EC 5), ligases (EC 6) [148].

Uma vez que 0s genes correspondentes a enzima sao identificados no
genoma, com base na similaridade de sequéncia e na correlacdo posicional dos
genes, 0s numeros de ECs séo atribuidos. As vias especificas de um determinado
organismo podem ser construidas computacionalmente usando a gendmica
comparativa, correlacionando genes e enzimas nas vias de referéncia de acordo
com os numeros EC correspondentes. As vias metabdlicas sdo conservadas entre a
maioria dos organismos, especialmente para o metabolismo central de mamiferos a
bactérias. Assim, € possivel planejar manualmente uma via de referéncia e, em
seguida, gerar vias especificas de organismos. Em contrapartida, as vias
regulatorias sdo muito mais divergentes e dificeis de combinar em diagramas de vias

de referéncia comuns [146].

1.8.2 SUPERFAMILY e SCOP

SUPERFAMILY (http://supfam.org) € um banco de dados de acesso livre,
onde o principal objetivo da ferramenta é prever a presenca de dominios protéicos
de estrutura conhecida. O banco de dados possui um repertério de 15.438 modelos
ocultos de Markov (hidden Markov models- HMM) curados manualmente que
representam todos os dominios de estrutura proteicas que se tem conhecimento. A

classificacdo desses dominios proteicos é retirada do banco de dados Structural

Classification of Protein (SCOP) (http://scop.mrc-Imb.cam.ac.uk/scop/). O SCOP é
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organizado de maneira hierarquica, classificando os dominios proteicos de acordo
com a similaridade estrutural, em niveis crescentes de similaridade e relacéo
evolutiva, incluindo: niveis de classe e padrdes de enovelamento (folds) [149].

Uma superfamilia pode agrupar dominios de familias diferentes que possuem
um ancestral evolutivo comum. Essa inferéncia é baseada em analise de dados
estruturais, funcionais e de sequéncia. Dois dominios séo estritamente agrupados na
mesma Superfamilia desde que haja evidéncia estrutural de um ancestral comum.
Em geral, a anotacdo SCOP ao nivel da familia também foi considerada
funcionalmente consistente, e tem uma relacdo evolutiva mais proxima, muitas

vezes diretamente observavel ao nivel da sequéncia de aminoacidos [150-151].

1.8.3 BRENDA

O BRaunschweing ENzyme DAtabase (BRENDA) € um banco de dados
abrangente que armazena informagbes funcionais e moleculares de todas as
enzimas que se tem conhecimento com base em uma extensiva reviséo de literatura
ligadas ao PuBMed. O banco de dados BRENDA ainda inclui informagdes sobre as
propriedades de todas as enzimas classificadas, dados sobre a ocorréncia, reagao
catalisada, cinética, substratos/ produtos, inibidores, co-fatores, ativadores, estrutura
e estabilidade [152,153].

As informacdes disponibilizadas constituem em importantes ferramentas para
a pesquisa de mecanismos enzimaticos, vias metabdlicas, evolucdo do
metabolismo, diagndsticos de doencas e desenvolvimento de farmacos. As enzimas
séo classficadas de acordo com o sistema EC do IUBMB e as todas as demais
informacBes séo cruzadas com outras bases de dados, como o Protein DataBank
(PDB) [154-156] e o Universal Protein knowledgebase (Uniprot) [157], fornecendo
dados com a classificacdo do organismo, sequéncia e estrutura proteica e

referéncias bibliograficas.
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1.9 Pipelines de identificagdo de enzimas

1.9.1 Analogous Enzyme Pipeline (AnEnPi)

O AnEnPi é um pipeline desenvolvido em linguagem de programacao perl que
faz uma combinacédo de ferramentas como o BLAST, HMMer e scripts caseiros, para
auxiliar na identificacdo, anotacdo e comparacao de enzimas analogas e homadlogas.
Para a detecgdo de casos de analogia o algoritmo baseia-se em duas principais
etapas: construcdo de grupamentos de enzimas homoélogas e identificacdo de casos
em que uma dada atividade enzimatica € realizada por duas ou mais proteinas sem
similaridade significativa entre suas estruturas priméarias (enzimas analogas). O
AnENPi é ferramenta eficiente para a deteccdo e anotacdo de enzimas anélogas e
na construcdo de conjuntos de dados iniciais que podem ser posteriormente
curados, principamente em estudos envolvendo evolucdo e metabolismo molecular e

na identificacdo de novos alvos potenciais de farmacos. [117].
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2. OBJETIVOS

2.1 Objetivo Geral

Identificar enzimas analogas essenciais entre plantas e seus fitopatégenos
com o objetivo de propor potenciais novos alvos para o desenvolvimento de

inibidores enzimaticos, no intuito de conter infec¢gées causada por fitopatégenos.

2.2 Objetivos Especificos

e Construir grupamentos de atividades enziméticas similares de acordo com o0s
nameros EC correspondente;

e Inferir a func@o das proteinas dos patdgenos através da similaridade com os
grupos obtidos pelo pipeline AnEnPi;

e Identificar e validar enzimas analogas entres as plantas e seus respectivos
patdgenos;

e Verificar a presenca das enzimas analogas validadas para os fitopatégenos
em Homo sapiens, Appis melifera, Trichoderma harzianum e Bacilus subitillis;

¢ Identificar as enzimas essenciais nos patégenos candidatas para o alvos de

inibidores a partir da lista de enzimas analogas obtidas;
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3. METODOLOGIA

3.1 Identificacdo de enzimas anélogas

3.1.1 Organismos estudados

Trés genomas de plantas (G. max, Z. mays e S. lycopersicum) foram
extraidos do RefSeq e Uniprot e analisados. Os fitopatégenos foram escolhidos de
acordo com a disponibilidade dos genomas nas bases de dados; a maioria de
ocorréncia cosmopolita. Os patégenos estudados compreendem 11 genomas de
fungos e 4 genomas de bactérias, todos patogénicos para uma ou mais espécies de
plantas estudadas (Tabela 3). Também foram incluidos os genomas de Homo
sapiens, Apis mellifera (polinizador), Trichoderma harzianum (agente de controle
bioldgico encontrado no solo) e Bacillus subtilis (bactéria promotora do crescimento

em plantas) (Tabela 4).
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Tabela 3. Descricdo das doencas e sintomas causados pelos fitopatbgenos

avaliados neste estudo.

Producéo

Plantas . Fitopatégenos Doenca Sintomas Distribuicdo  Referencia
anual / ton

Aspergillus Podridao Podridao de sementes, liberagao .

de . Cosmopolita  [158]
flavus de aflatoxinas

sementes

Amarelecimento de folhas,
Fusarium Podriddo nanismo em plantas jovens, .
Cosmopolita  [159]

oxysporum basal murchamento de ramos e morte

de plantas

Glycine max  30.651.925 mi Phytophthora  Podriddo  Podriddo de sementes, raizes e

sojae radicular caules Cosmopolita  [160]

Ramos laterais e caule

Sclerotinia Mofo mostrando lesdes, resultando em .
; : Cosmopolita  [161]
sclerotiorum branco pobre preenchimento de vagem
ou morte de planta
Xanthomo_nas Manch_a Pequenas pustulas, rodeadas de Cosmopolita  [162]
axonopodis bacteriana halos.

Mofo cinzento em vérias partes

Botrytis cinerea (';/ilr(\];(énto da planta, como folhas, brotos, Cosmopolita  [163,164]
calices jovens, flores e frutos
Amarelecimento das folhas
Fusarium Murcha de inferiores, murchamento Cosmopolita  [165]
oxysporum Fusarium  progressivo de folhas e caule, P
morte da planta.
Hipertrofia, rebentamento, América do
Solanum_ 170750767mi Mon!llt_)phthora Vassoura- proliferacéo de botbes _Iaterals e Sul,‘ Ilhas do [166]
lycopersicum perniciosa de-Bruxa  espessamento dos tecidos Caribe e
infectados. Panama
Psgudomonas Pinta . Peqt{e_nos pontos de~aparenC|a Cosmopolita  [167]
syringae Bacteriana necrética, desfolhagao
Aparéncia flacida das folhas mais
Ralstonia Murcha jovens, degradagao dos vasos e .
. - ) Cosmopolita  [168]
solanacearum  bacteriana tecidos circundantes, morte da
planta
. Podridao Oidio em gréos, producéo de
Aspergillus da orelha fl : ~ AR i
flavus de aflatoxinas que sdo prejudiciais Cosmopolita  [169,170]
. para aves e mamiferos
Aspergillus
As folhas apresentam lesdes
. Podridédo irregulares, ovais a alongadas,
Colletotrichum .
L de com margens marrons de Cosmopolita  [171]
graminicola
antracnose amarelo a avermelhado
caracteristicas
1037791 518 Os graos desenvolvem estrias
Zea mavs Dol 194, Gibberella Podriddo  brancas. Producéo de .
Y bi moniliformis de orelha  micotoxinas conhecidas como Cosmopolita  [172]
fumonisinas
Exsg—zrohllum Ferrugem Les_oes necroticas alongadas e Cosmopolita  [173]
turcicum da folha fusiformes

Formacao de manchas cloréticas
Mancha
Pantoea branca de verde-escuras, com aspecto de
ananatis . alagamento, causando necrose
milho ix .
na regido do tecido afetado

Cosmopolita  [174,175]

*[176,177].
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3.1.2 lIdentificagdo de enzimas iso-funcionais ndo homologas e

essenciais
As analises foram realizadas em cinco estagios principais: preparacdo dos

dados, clusterizacao, inferéncia funcional e validacéo estrutural e essencialidade de

acordo com o fluxograma da metodologia (Figura 2).
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Figura 2 A. Fluxograma: Identificacdo de enzimas iso-funcionais ndo homologas e essenciais.
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Figura 3 B. Fluxograma: ldentificagdo de enzimas iso-funcionais ndo homaologas e essenciais.

VALIDAGAO ESTRUTURALE ESSENCIALIDADE

S H N N N N NN NN N N NN N NN N G N N R N N R N N NN N N N NN N N N N RN N N N N RN N N N RN N N E N N AN AN NN AN NN AN NN NN ENEEEEEEEEEEEEEEE N,
o** L
K
.
*

Busca HMM no
/ Anélogas k.IIIIIIIIIIIIIIIIIIIIIIIII> SUPERFAM'LYparaCada

‘.

sequéncia

l’ Enzimas
/ Dados de / homologas

putativas

As sequéncias enovelamento

possuem
folds/estrutura no ‘l’
SUPERFAMLY Para cada EC Fim
identificado

Analogas

g RN NN NN NN NN NN NN EEEEEENEEEEEEEEEEEEEEEEEENEg,
- -
\d L]

preditas
Blastp contra a
— base de dados
N S3o sequéncias do DEG
AS sequencias alocadasem
possuem diferentes l
diferentes clusters/grupos?
folds/estruturas Listade
? enzimas
analogas
_ Input: lista de essenciais
Enzimas enzimas
analogas analogas _
., Nao séo validadas Fim
. .
...’ analogas
. .

. [
"N A EEEEEEEEEEEEE NN NN NN N NN NN NN NN NN NN N NN NN EEEEEEEEEEEENNEEEEENENENNENEEEEENENEEEENEEEEENEEEEEEEEEEEEEEEEEEEEmnmmnet?

47

. .
. .
s s EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEmEEs®



3.1.3 KEGG e clusterizacao

O conjunto de todas as sequéncias de enzimas anotadas de acordo com a
sua atividade enzimatica foi extraido do KEGG (versdo 73.0, janeiro de 2015) que
continha 1,524,871 sequéncias de proteinas. A base de dados continha sequéncias
de 298 Eucariotos, 3014 Eubacterias e 175 Archaea. As sequéncias com menos de
60 aminoacidos foram removidas, dado que estas poderiam representar fragmentos
de proteinas.

Para organizar as sequéncias de proteinas em grupos, realizamos a
clusterizacdo das sequéncias contidas no banco de dados do KEGG. Para este
passo, utilizamos o pipeline AnEnPi [117]. Foi utilizado um indice de similaridade
com um valor de corte de 120 para todas as comparacdes par a par BLASTp entre
todas as proteinas incluidas em um conjunto de dados especificado. Apds esta
etapa, para cada grupo de sequéncias inicialmente separadas pelo numero EC e,
portanto, compartilhando a mesma atividade funcional, obtivemos arquivos contendo
um ou mais grupos de estruturas primarias, com base na similaridade de sequéncia.
Se, para uma determinada atividade enzimética (conforme definido pelo seu nimero
EC), apenas um grupo foi produzido no final do passo de agrupamento, entdo todas
as seqléncias seriam consideradas homélogas e consequentemente a atividade
enzimatica foi removida da analise. Por outro lado, se mais de um cluster fosse
produzido, as sequéncias agrupadas no mesmo cluster foram consideradas
homélogas, com uma pontuacdo acima de 120. Caso contrario, com uma pontuacao
menor que 120 as enzimas alocadas em diferentes clusters foram consideradas

como potenciais enzimas analogas [122,123].

3.2 Inferéncia da funcéo das proteinas preditas dos organismos

Os conjuntos de dados das proteinas preditas para cada genoma estudado
neste trabalho foram obtidos a partir do UniprotKB (versdo 2015 10 and 2016 12,
http://www.uniprot.org/) e RefSeq (Versdo 70, http://www.ncbi.nlm.nih.gov/). A

inferéncia funcional das proteinas preditas dos organismos também foi realizada
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com AnEnPi usando os grupos de sequéncias homologas obtidas apds agrupamento
(Tabela 4)

Tabela 4. Descricdo dos conjuntos de dados das proteinas preditas dos

organismos incluidos neste estudo.

Organismos Database  Accesso NCBI Referéncia #Ptn Nao Carac. Hip. Put. (/_‘\J/';)Ot.
Glycine max RefSeq NC_016088 [178] 59374 23618 o 1566 61
Aspergillus flavus ** RefSeq GCA_000006275.2 [179] 13287 5380 - o 59
Fusarium oxysporum % Uniprot GCA_000222805.1 [180] 17385 16,684 o 1 8
Phytophthora sojae * RefSeq AAQY00000000 [181] 26106 o 25279 125 2,8
Sclerotinia sclerotiorum * RefSeq AAGT00000000.1 [182] 12902 12,042 o 3 6,6
Xanthomonas axonopodis **  RefSeq CP004399 [183] 4496 1413 _ 35 67
Solanum lycopersicum Uniprot AEKEO00000000 [184] 31683 28785 o o 9,1
Botrytis cinerea * RefSeq NZ_AAID00000000.1  [185] 14687 . 8,696 40
Fusarium oxysporum 3 Uniprot GCA_000149955.2 [186] 15811 15,148 o o 4,3
Moniliophthora perniciosa * Uniprot ABRE00000000 [187] 12915 12,741 o o 1,3
Pseudomonas syringae ** RefSeq NC_004578.1 [188] 5449 o 1446 73
Ralstonia solanacearum ** RefSeq NC_003295.1 [189] 4400 696 135 1292 56
Zea mays RefSeq LPUQO0000000 [190] 59384 _ 2363 2300 92
Aspergillus flavus ** RefSeq GCA_000952835.1 [191] 13561 o 5423 5884 16
Colletotrichum graminicola * RefSeq ACOD00000000 [192] 11910 . 5381 54
Gibberella moniliformis* Uniprot AAIM00000000.2 [193] 17384 13,71 _ _ 21
Exserohilum turcicum * RefSeq AIHT00000000 [194] 4248 o 11159 1 3,6
Pantoea ananatis ** RefSeq CP001875 [195] 4302 707 _ 14 83
Apis mellifera Uniprot AADG00000000 [196] 13514 12511 _ 5 73
Trichoderma harzianum * Uniprot MRYKO00000000 [197] 11480 7704 . 3 32
Bacillus subtilis** Uniprot NC_000964 [198] 26433 1299 _ 301 93
Homo sapiens Uniprot CM000663 [199] 63487 1338 o 1071 96

-Sem proteinas nesta categoria

* Fungo

** Bactéria

! A. flavus NRRL3357, 2 F. oxysporum Fo5176, ® F. oxysporum 4287, * A. flavus AF70.

#Ptn, ndmero total de proteinas; N&o carac., proteinas néo caracterizadas; Hip., proteinas hipoteticas; Put., proteinas putativas;

Annot.%, porcentagem de proteinas anotadas.

Neste passo, as enzimas foram agrupadas usando BLASTp [200] de acordo
com o numero EC: as proteinas preditas de plantas e patdgenos foram comparadas
par a par com cada estrutura de proteica dentro de cada grupo funcional do KEGG.

Para a inferéncia da funcdo bioquimica, utilizou-se um e-valor 10%°, um valor
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altamente restritivo que proporciona maior confiabilidade aos resultados [117,126,
201,202]. As sequéncias com pontuacdes acima deste limiar foram removidas da

analise.

3.3 NISEs: identificacéo, validacédo estrutural e essencialidade

A busca de casos de analogia foi realizada através da analise dos grupos
produzidos apds o passo de clusterizacédo e inferéncia funcional. Outro médulo do
AnENPi foi usado para rastrear enzimas analogas entre plantas e patdégenos. Para
validar as NISEs identificadas, classificamos as sequéncias de acordo com seus
enovelamentos usando o banco de dados SUPERFAMILY. A informacdo neste
banco de dados é baseada em uma colecdo de modelos HMM [203], que
representam os dominios estruturais das proteinas classificadas a partir da base de
dados SCOP [204].

Para refinar a predicdo de casos de analogia funcional, as enzimas hetero-
multiméricas (codificadas por diferentes genes), as enzimas anotadas com o termo
subunidade e as sequéncias sem dobra associada (predita) foram excluidas da lista
final. As enzimas com a mesma classificacdo enzimética mas apresentando dobras
diferentes e, consequentemente, pertencentes a diferentes superfamilias, foram
consideradas analogas.

A base de dados de genes essenciais (DEG, 14.7, outubro / 2016,
http://www.essentialgene.org/) foi utilizada como referéncia para a busca de
atividades essenciais nos patdégenos estudados. Uma pesquisa no BLASTp foi
realizada entre todas as sequéncias enziméticas identificadas com analises contra o
banco de dados DEG. Um e-valor de 10~ foi usado como limite.

Foi realizado um BLASTp entre todas as sequéncias enzimaticas identificadas
como analogas contra as proteinas preditas dos organismos que nao devem ser
afetados (H. sapiens, A. mellifera, T. harzianum e B. subtilis) por um eventual
inibidor para o alvo identificado no fitopatégeno. Um e-valor de 10 foi usado como

limite.
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4. RESULTADOS

4.1 Preparacgao dos dados, clusterizagdo e inferéncia da atividade funcional

Apos a limpeza e preparacao, o conjunto de dados inicial obtido do KEGG foi
reduzido para 1.225.682 sequéncias de proteinas distribuidas em 3.893 atividades
enzimaticas. Apds 0 agrupamento, este conjunto de dados foi utilizado para a
reanotacdo das proteinas preditas das plantas e fitopatogenos, compreendendo
444,198 sequéncias individuais em 2.096 atividades enziméaticas das trés plantas e
seus 15 patogenos. As proteinas preditas de H. sapiens, A. mellifera, T. harzianum e
B. subtilis também foram reanotadas, compreendendo 114.914 sequéncias
individuais em 2.008 atividades enzimaticas. Houve heterogeneidade na anotacéo
dos conjuntos baixados de proteinas preditas. Antes do procedimento de
reanotacdo, o melhor organismo anotado entre as plantas era Z. mays, com
aproximadamente 90% de suas proteinas caracterizadas, enquanto S. lycopersicum
apresentou apenas 9% de suas proteinas anotadas. Entre os agentes patogénicos,
P. ananatis apresentou 83% de todo o seu proteoma conceitual anotado e M.
perniciosa apresentou apenas 1,3% de suas proteinas caracterizadas. Apos a etapa
de inferéncia funcional, onde apenas as enzimas foram reanalisadas, em média,
15% das proteinas de cada organismo foram associadas a uma atividade enzimética

(dados nédo apresentados).

4.2 Potenciais NISEs: identificacdo e validacao

Inicialmente, foram identificados 568 casos de NISEs potenciais, e deste
conjunto 97 casos foram validados (Tabela 2, ver Tabela Suplementar 1 para mais
detalhes). As sequéncias rotuladas com "subunit® ou "chain" (324 casos),
correspondentes a enzimas que exibem a mesma dobra (55 casos) e sequéncias

sem dobramento associado na base de dados SUPERFAMILY (92 casos) foram
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excluidas. Casos de analogia foram validados para todos os patdgenos estudados:
apenas um caso foi encontrado para P. sojae e S. sclerotiorum, enquanto 14 casos
foram encontrados para A. flavus AF70. No total, 13 casos de analogia foram
encontrados nas comparacgfes entre G. max e seus agentes patogénicos, 23 casos
entre S. lycopersicum e seus patdgenos e 61 casos entre Z. mays e seus patégenos
(Tabela 5).

Tabela 5 . Numero de NISEs potenciais, validadas, especificas e essenciais.
Os numeros entre parénteses indicam o numero de atividades enzimaticas

identificadas no total.

Hospedeiros Patégenos Potenciais NISEs Validadas Especificas* Essenciais
G. max A. flavus® 25 4 3 2
F. oxysporum? 21 4 4 1
P. sojae 25 1 1 1
S. sclerotiorum 21 1 1 0
X. axonopodis 12 3 2 2
S. lycopersicum B. cinerea 18 3 2 1
F. oysporum® 30 6 5 2
M. perniciosa 23 4 2 2
P. syringae 38 5 4 5
R. solanacearum 32 5 5 5
Z. mays A. flavus® 64 14 8 7
C. graminicola 69 13 7 9
E. turcicum 62 12 7 9
G. moniliformis 65 10 6 5
P. ananatis 63 12 11 7
Total 568 97 (39) 68 (26) 58 (29)

*NUmero de estruturas terciarias especificas dos patégenos
! A. flavus NRRL3357

2 F. oxysporum Fo5176

% F. oxysporum 4287

* A. flavus AF70.

As NISEs validadas (97 casos), que compreendem 39 atividades enzimaticas
diferentes, participam de vias metabdlicas centrais, incluindo o metabolismo de
carboidratos (13 atividades enziméticas), metabolismo de aminoacidos (8),
metabolismo energético (6), biossintese de metabdlitos secundarios (4) e
metabolismo lipidico (4). Oito atividades enzimaticas pertencem a outras vias, CoOmo
a degradacdo dos xenobidticos, o metabolismo dos cofatores e vitaminas, o

metabolismo de nucleotideos e o metabolismo de outros aminoacidos (Figura 3). E
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importante lembrar que uma atividade enzimatica pode participar em mais de uma

via.

Figura 4 Classificacdo funcional das NISEs validados. Os numeros entre

parénteses indicam a quantidade de atividades enzimaticas essenciais.

2(1)

® Metabolismo de aminoacidos

m Biossintese de outros metabdlitos secundarios
u Metabolismo de carboidratos

m Metabolismo energético

= Metabolismo de lipideos

u Metabolismo de cofatores e vitaminas

= Metabolismo de outros aminoacidos

u Metabolismo de nucleotideos

u Metabolismo de degradacio de xenobiédticos

4(3) 4(3)

4.3 NISEs essenciais

ApOs a etapa de validagéo, realizou-se uma busca por enzimas essenciais,
revelando 58 casos de analogia (Tabela 6), envolvendo 29 atividades enzimaticas
essenciais diferentes, correspondentes a 119 estruturas diferentes, para todos os
organismos analisados neste estudo. No metabolismo de carboidratos, o caso mais
frequente foi a enzima catalase, classificado como essencial para trés patégenos de
G. max (A. flavus, F. oxysporum e P. sojae), trés patdgenos de S. lycopersicum (F.
oxysporum, P. seryngae e R. solanacearum) e trés patdgenos de Z. mays (A. flavus,
E. turcicum e C. graminicola). Os membros da via das pentoses, como 5-fosfato

isomerase de ribose, 3-epimerase de ribulose-fosfato e glioxalase 1, foram
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identificados em trés patdgenos de Z. mays (A. flavus, G. moniliformis e C.
graminicola). Outro caso frequente, quinases dependentes de ciclina (CDKSs), foi
encontrado para quatro dos cinco patégenos de Z. mays (A. flavus, E. turcicum, C.

graminicola e G. moniliformis).
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Tabela 6 Enzimas analogas e essenciais.

NISEs Dados de Essencialidade
Hospedeiros ID Seq. Hospedeiros Patégenos ID Seq. Pat6genos Nimero EC Enzima ID DEG** E-value
G. max NP_001235974.1 A. flavus XP_002384918.1 1.11.1.6* Catalase DEG10110209 2,00E-68
G. max XP_003557098.2 A. flavus XP_002377297.1 1.11.1.7* Peroxidase o .
G. max XP_006600684.1 A. flavus XP_002376298.1 1.2.1.3 Aldehyde dehydrogenase (NAD+) DEG20180006 1,00E-65
G. max XP_006600243.1 A. flavus XP_002382374.1 26.1.1 Aspartate transaminase o .
G. max NP_001235974.1 F. oxysporum 9FP11|F9FP11_FUSOF 1.11.1.6* Catalase DEG10110209 0
G. max XP_003555725.2 F. oxysporum F9FYF1_FUSOF 1.15.1.1* Superoxide dismutase _ _
G. max XP_006600243.1 F. oxysporum F9G466_FUSOF 26.1.1 Aspartate transaminase _ o
G. max XP_006598804.1 F. oxysporum F9G2J4_FUSOF 4415 Lactoylglutathione lyase _ _
G. max NP_001235974.1 P. sojae XP_009521283.1 1.11.1.6* Catalase DEG10110209 8,00E-115
G. max XP_003557098.2 S. sclerotiorum XP_001585507.1 1.11.1.7* Peroxidase o .
G. max NP_001235974.1 X. axonopodis WP_042823856.1 1.11.1.6* Catalase o _
G. max XP_006605648.1 X. axonopodis WP_054320474.1 1.15.1.1* Superoxide dismutase DEG20241649 6,00E-18
G. max XP_006601861.1 X. axonopodis WP_033483073.1 6.4.1.2 Acetyl-CoA carboxylase DEG10030125 4,00E-57
S. lycopersicum K4CN29_SOLLC B. cinerea XP_001560519.1 3.1.3.2 Acid phosphatase _ _
S. lycopersicum LGUL_SOLLC B. cinerea XP_001550649.1 4415 Lactoylglutathione lyase _ _
S. lycopersicum P21568|CYPH_SOLLC  B. cinerea XP_001545186.1 5.2.1.8 Peptidylprolyl isomerase DEG20241291 1,00E-46
S. lycopersicum K4BVX3_SOLLC F. oxysporum AOAOD2YKD1_FUSO4 1.11.1.6* Catalase DEG10110209 0
S. lycopersicum Q7XAV2_SOLLC F. oxysporum AOAOD2YE80_FUSO4 1.15.1.1* Superoxide dismutase _ _
S. lycopersicum K4CN29_SOLLC F. oxysporum AOAOD2YGA3_FUSO4 3.1.3.2 Acid phosphatase _ _
S. lycopersicum Q42875_SOLLC F. oxysporum AOAOD2XJE6_FUSO4  3.2.1.4 Cellulase _ _
S. lycopersicum Q8GZD8_SOLLC F. oxysporum AOAOD2XCV3_FUSO4 3.4.11.5 Prolyl aminopeptidase DEG20210010 7,00E-14
S. lycopersicum LGUL_SOLLC F. oxysporum AOAOD2XLV4 _FUSO4 4.4.1.5 Lactoylglutathione lyase _ _
S. lycopersicum P15003|PER1_SOLLC M. perniciosa E2LX62_MONPE 1.11.1.7* Peroxidase _ _
S. lycopersicum Q9FVNOJAMT13_SOLLC M. perniciosa E2M162_MONPE 2.7.13.3 Histidine-kinase DEG20070330 4,00E-36
S. lycopersicum Q8GzD8 SOLLC M. perniciosa E2LYM3_MONPE 3.4.11.1 Leucyl aminopeptidase . .
S. lycopersicum K4CJ01_SOLLC M. perniciosa E2LAS1_MONPE 5.4.2.8 Phosphomannomutase DEG20020210 5,00E-30
S. lycopersicum K4BVX3_SOLLC P. seryngae NP_794283.1 1.11.1.6* Catalase DEG10270348 0
S. lycopersicum P15003|PER1_SOLLC P. seryngae NP_794565.1 1.11.1.7* Peroxidase DEG10180459 4,00E-10
S. lycopersicum K4CN29 _SOLLC P. seryngae NP_791387.1 3.1.3.2 Acid phosphatase DEG10290292 1,00E-84
S. lycopersicum QO05539|CHIA_SOLLC P. seryngae NP_794777.1 3.2.1.14 Chitinase DEG10250423 5,00E-19
S. lycopersicum P21568|CYPH_SOLLC  P. seryngae NP_791005.1 5.2.1.8 Peptidylprolyl isomerase DEG10470303 2,00E-59
S. lycopersicum K4BVX3_SOLLC R. solanacearum  AGH83314.1 1.11.1.6* Catalase DEG10270348 0
S. lycopersicum P15003|PER1_SOLLC R. solanacearum  AGH86619.1 1.11.1.7* Peroxidase DEG10350205 2,00E-08
S. lycopersicum  Q9FVNOJAMT13_SOLLC R. solanacearum  AGH84344.1 2.7.13.3 Histidine kinase DEG10330275 1,00E-65
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S. lycopersicum QO05539|CHIA_SOLLC R. solanacearum  AGH83721.1 3.2.1.14 Chitinase DEG10260021 1,00E-17
S. lycopersicum K4C2F1_SOLLC R. solanacearum  AGH86735.1 4211 Carbonic anhydrase DEG10050308 4,00E-38
Z. mays NP_001304298.1 A. flavus BBNGNO_ASPFN 1.10.2.2 Quinol-cytochrome-c reductase DEG20091193 1,00E-54
Z. mays XP_008660914.1 A. flavus B8NX24_ASPFN 1.11.1.6* Catalase DEG10110209 2,00E-68
Z. mays XP_008664058.1 A. flavus B8NC39_ASPFN 1.11.1.7* Peroxidase o .

Z. mays NP_001145525.1 A. flavus B8N164_ASPFN 1.11.1.15* Peroxiredoxin o .

Z. mays XP_008664254.1 A. flavus B8NB79_ASPFN 2.1.1.43 Histone-lysine N-methyltransferase DEG20051547 7,00E-12
Z. mays XP_008665261.1 A. flavus BBNIN8_ASPFN 2.5.1.18 Glutathione transferase . .

Z. mays XP_008660232.1 A. flavus BBNQM9_ASPFN 2.6.1.1 Aspartate transaminase . .

Z. mays XP_008663534.1 A. flavus B8N9A7_ASPFN 2.7.11.22 Cyclin-dependent kinase DEG20010254 6,00E-67
Z. mays XP_008664470.1 A. flavus B8NB93_ASPFN 3.1.3.2 Acid phosphatase _ _

Z. mays XP_008656307.1 A. flavus BBNQT3_ASPFN 3.2.2.22 rRNA N-glycosylase - -

Z. mays XP_008655471.1 A. flavus B8NWM8_ASPFN 4211 Carbonic anhydrase DEG20101870 2,00E-11
Z. mays NP_001148888.1 A. flavus B8NT23_ASPFN 4415 Lactoylglutathione lyase _ o

Z. mays NP_001149850.1 A. flavus B8N7U5_ASPFN 5.1.3.1 Ribulose-phosphate 3-epimerase DEG20210336 6,00E-110
Z. mays X|P_008644870.1 A. flavus B8NFW5_ASPFN 5.3.1.6 Ribose-5-phosphate isomerase DEG10140248 3,00E-12
Z. mays XP_008657765.1 E. turcicum XP_008026270.1 1.1.1.27 L-lactate dehydrogenase DEG20010346 1,00E-86
Z. mays NP_001105310.2 E. turcicum XP_008029291.1 1.11.1.6* Catalase DEG10110209 0

Z. mays XP_008664058.1 E. turcicum XP_008030871.1 1.11.1.7% Peroxidase DEG10400636 4,00E-80
Z. mays NP_001145525.1 E. turcicum XP_008025877.1 1.11.1.15* Peroxiredoxin o o

Z. mays XP_008664254.1 E. turcicum XP_008025860.1 2.1.1.43 Histone-lysine N-methyltransferase DEG20240496 3,00E-18
Z. mays XP_008663534.1 E. turcicum XP_008024068.1 2.7.11.22 Cyclin-dependent kinase DEG20090883 2,00E-41
Z. mays XP_008651541.1 E. turcicum XP_008029497.1 3.1.1.31 6-phosphogluconolactonase . .

Z. mays XP_008664470.1 E. turcicum XP_008024834.1 3.1.3.2 Acid phosphatase DEG10390008 1,00E-63
Z. mays NP_001148888.1 E. turcicum XP_008026072.1 4415 Lactoylglutathione lyase _ _

Z. mays NP_001136955.1 E. turcicum XP_008024266.1 46.1.1 Adenylate cyclase DEG10030767 2,00E-10
Z. mays NP_001149850.1 E. turcicum XP_008028934.1 5.1.3.1 Ribulose-phosphate 3-epimerase DEG20210336 1,00E-108
Z. mays XP_008644870.1 E. turcicum XP_008028444.1 5.3.1.6 Ribose-5-phosphate isomerase DEG10080091 8,00E-15
Z. mays XP_008657765.1 C. graminicola XP_008097388.1 1.1.1.27 L-lactate dehydrogenase DEG20010346 1,00E-91
Z. mays XP_008660914.1 C. graminicola XP_008098502.1 1.11.1.6* Catalase DEG10110209 0

Z. mays XP_008664058.1 C. graminicola XP_008095952.1 1.11.1.7* Peroxidase DEG10400636 3,00E-79
Z. mays NP_001145525.1 C. graminicola XP_008093145.1 1.11.1.15* Peroxiredoxin _ _

Z. mays XP_008663534.1 C. graminicola XP_008094831.1 2.7.11.22 Cyclin-dependent kinase DEG20010254 6,00E-50
Z. mays XP_008651541.1 C. graminicola XP_008100128.1 3.1.1.31 6-phosphogluconolactonase o .

Z. mays XP_008675577.1 C. graminicola XP_008100081.1 3.114 Phospholipase A2 DEG20240063 2,00E-26
Z. mays XP_008664470.1 C. graminicola XP_008094949.1 3.1.3.2 Acid phosphatase . o

Z. mays XP_008658269.1 C. graminicola XP_008092609.1 3.1.134 Poly(A)-specific ribonuclease DEG20240339 7,00E-92
Z. mays XP_008677367.1 C. graminicola XP_008097450.1 3.1.3.3 Phosphoserine phosphatase DEG20211963 6,00E-52
Z. mays NP_001148888.1 C. graminicola XP_008096879.1 4415 Lactoylglutathione lyase _ _
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Z. mays NP_001149850.1 C. graminicola XP_008091175.1 5.1.3.1 Ribulose-phosphate 3-epimerase DEG20210336 8,00E-113
Z. mays XP_008644870.1 C. graminicola XP_008098210.1 5.3.1.6 Ribose-5-phosphate isomerase DEG10080091 1,00E-15
Z. mays NP_001145525.1 G. moniliformis W7LPB7_GIBM7 1.11.1.15* Peroxiredoxin . .

Z. mays XP_008660232.1 G. moniliformis W7MC41_GIBM7 26.1.1 Asparate transaminase o .

Z. mays XP_008663534.1 G. moniliformis W7MSL6_GIBM7 2.7.11.22 Cyclin-dependent kinase DEG20011066 2,00E-36
Z. mays XP_008651541.1 G. moniliformis W7MOK8_GIBM7 3.1.1.31 6-phosphogluconolactonase o .

Z. mays XP_008658269.1 G. moniliformis W7M4G2_GIBM7 3.1.13.4 Poly(A)-specific ribonuclease DEG20240339 1,00E-88
Z. mays XP_008664470.1 G. moniliformis W7NDR6_GIBM7 3.1.3.2 Acid phosphatase DEG10390008 2,00E-13
Z. mays XP_008655784.1 G. moniliformis W7M5R3_GIBM7 3.2.1.4 Cellulase . .

Z. mays NP_001148888.1 G. moniliformis W7LNQ2_GIBM7 44,15 Lactoylglutathione lyase . .

Z. mays NP_001136955.1 G. moniliformis W7MFF7_GIBM7 46.1.1 Adenylate cyclase DEG20090256 1,00E-90
Z. mays NP_001149850.1 G. moniliformis W7M917_GIBM7 5.1.3.1 Ribulose-phosphate 3-epimerase DEG20210336 1,00E-107
Z. mays NP_001105310.2 P. ananatis DA4GMF4_PANAM 1.11.1.6* Catalase . o

Z. mays XP_008667406.1 P. ananatis D4GL47_PANAM 1.11.1.15* Peroxiredoxin DEG10030767 1,00E-06
Z. mays XP_008672910.1 P. ananatis D4GCI2_PANAM 1.16.3.1* Ferroxidase o o

Z. mays XP_008660532.1 P. ananatis D4GJ68_PANAM 2.1.3.3 Ornithine carbamoyltransferase DEG10350142 9,00E-55
Z. mays XP_008657589.1 P. ananatis D4GHC5_PANAM 2.3.151 1-acylglycerol-3-phosphate O-acyltransferase DEG10480294 2,00E-93
Z. mays XP_008656415.1 P. ananatis D4GHA1_PANAM 2.7.2.3 Phosphoglycerate kinase _ _

Z. mays XP_008662013.1 P. ananatis D4GMMO_PANAM 2.7.4.8 Guanylate kinase DEG10030351 9,00E-64
Z. mays XP_008672924.1 P. ananatis DAGGT2_PANAM 3.1.15 Lysophospholipase - -

Z. mays XP_008651541.1 P. ananatis DAGFB8_PANAM 3.1.1.31 6-phosphogluconolactonase o .

Z. mays XP_008650400.1 P. ananatis D4GCE1_PANAM 3.1.3.11 Fructose-bisphosphatase DEG10480226 2,00E-90
Z. mays XP_008672875.1 P. ananatis DAGMQ4_PANAM 4.2.1.96 4a-hydroxytetrahydrobiopterin dehydratase DEG10470424 3,00E-34
Z. mays NP_001105425.1 P. ananatis D4GK89 PANAM 4.3.3.7 4-hydroxy-tetrahydrodipicolinate synthase DEG10180422 1,00E-20

*Enzimas do sistema antioxidante.

** Nimero de acesso do DEG.
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No metabolismo de aminoacidos, muitas enzimas identificadas como
essenciais e analogas, como a anidrase carbdnica para R. solanacearum e. A. flavus
AF70; prolyl aminopeptidase, para F. oxysporum 4287; transaminase, para A. flavus
AF70, G. moniliformis, A. flavus NRRL3357 e F. oxysporum Fo5176. (Tabela 6).

Enzimas analogas essenciais também foram encontradas no metabolismo de
lipidios e na via de biossintese de metabdlitos secundarios. Acetyl-CoA carboxylase
foi identificada em X. axonopodis e a fosfolipase A2 em C. graminicola. A ornitina
carbamoiltransferase, identificada em P. ananatis, participa do metabolismo dos
aminoacidos (Tabela Suplementar 2). Algumas atividades enziméticas encontradas
essenciais para alguns agentes patogénicos nao foram identificadas como
essenciais em outros: esses casos sao representados por enzimas codificadas por
diferentes genes. Neste grupo, podemos citar enzimas pertencentes ao sistema
antioxidante (AS), composto por enzimas envolvidas com a desintoxicagdo de
espécies reativas de oxigénio (ROS), como catalase, peroxidase, superoxido

dismutase, peroxiredoxina, dentre outras.

4.4 Enzimas anélogas no sistema antioxidante

Um grupo de enzimas que se destacaram entre as NISEs validadas e
essencias, incluindo atividades ndo essenciais, foram as enzimas que compdem o
sistema antioxidante (SA). Em todas as comparacdes feitas entre plantas e seus
agentes patogénicos, exceto no caso de B. cinerea, para pelo menos uma das
atividades funcionais do sistema antioxidante, a enzima do hospedeiro e sua
contraparte no patégeno séo estruturalmente diferentes (Tabela 4). No total, foram
encontrados 27 casos de analogia para o sistema antioxidante, incluindo catalase
(CAT), peroxidase (POX), superoxido dismutase (SOD), ferroxidase (HEPH) e
peroxiredoxina (PRDX). Em nossos resultados, o CAT foi identificado como uma
enzima essencial para 9 dos 14 patogenos estudados, e POX foi identificado como
essencial em E. turcicum, C. graminicola, P. seryngae e R. solanacearum. SOD foi
identificada como uma enzima essencial para X. axonopodis. Entre os patdgenos

analisados, existem duas espécies com cepas distintas, A. flavus (NRRL3357, AF70)
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e F. oxysporum (Fo5176, 4287), no entanto ndo foram observadas diferencas entre
as linhagens. E importante enfatizar que as atividades enzimaticas do SA estdo
presentes em todos os genomas incluidos no presente trabalho; no entanto, apenas
os casos de NISEs validados foram mostrados, o que explica lacunas no padrdo de

auséncia/presenca observado para HEPH, PRDX e SOD (Tabela 7).

Tabela 7 Formas enzimaticas alternativas encontradas entre as enzimas do

sistema antioxidante.

Formas estruturais
CAT POX SOD HEPH PRDX

@0 ® 6 0

Organismos

3
&
®@
)
®
®

. flavus (2]

. OXysporum (2] (4]
sojae (2]

. sclerotiorum (2]
. axonopodis [3)
. lycopersicum @® ® ® ® © ® e O
. cinerea
. oysporum (2] (4]
M. perniciosa (2]

. syringae (2] (1]

. solanacearum (6] ®
mays ® ® ® ® ® ©) ©
flavus (2]

. graminicola (2] (]
. turcicum (2]

TWOXOTT>e

O MO > N|DT T

. moniliformis

©0o060

o

. ananatis [3) [7) [2)

" A. flavus NRRL3357, ° F. oxysporum Fo5176, ° F. oxysporum 4287, * A. flavus AF70.

* Os numeros representam os grupos em que uma sequéncia foi localizada. Apenas casos validados

de analogia sdo mostrados. Circulos pretos indicam formas estruturais validadas encontradas apenas
nos patoégenos.

4.5 Formas estruturais especificas das enzimas analogas

Apds a obtencdo da lista final de NISEs validadas e essenciais entre 0s
hospedeiros da planta e seus agentes patogénicos, a busca dessas atividades

enzimaticas foi realizada nas proteinas preditas de H. sapiens, A. mellifera, B.
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subtilis e T. harzianum. O objetivo desta comparacao foi encontrar estruturas das
enzimas especificas do patbgeno em comparacdo aos genomas de espécies que
ndo devem ser afetadas por um eventual inibidor visando essa forma estrutural
particular, principalmente entre H. sapiens e A. mellifera. Das 97 NISEs validadas,
foram encontradas 68 formas estruturais especificas do patégeno (em relacdo ao
hospedeiro da planta, homens e abelhas) (Tabela 8). Elas estdo distribuidas em 26
atividades enzimaticas (16 delas s&@o essenciais). A partir destas 68 formas
estruturais, 39 foram encontradas em T. harzianum e 17 em B. subtilis, o que é
esperado, uma vez que esses oOrganismos pertencem aos mesmos reinos dos

fitopatdogenos estudados neste trabalho (fungi e monera).
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Tabela 8. Formas estruturais enzimaticas especificas dos fitopatdbgenos. Os nimeros representam 0s grupos em que

foram alocadas as enzimas dos organismos, as enzimas alocadas em um mesmo grupo sdo consideradas homologas, as

alocadas em diferentes grupos séo consideradas analogas.

Comparagéo Formas estruturais
Planta** Pat6geno** Numero EC ID Sequencia dos Patégenos Patégenos Planta H. sapiens A. mellifera T. harzianum B. subtillis
Gm Af 1.11.1.6% XP_002384918.1 1,2 1,5 1,5 1,5 1, 2* 1,38
Gm Af 1.11.1.7 XP_002377297.1 3,6,12 3, 6,20 13 1,36 3,6, 12* 7
Gm Af 2.6.1.1 XP_002382374.1 1,5 1 1 1 1, 5* 1
Gm Fo 1.11.1.6% FOFP11_FUSOF 1,2 1,5 1,5 1,5 1, 2* 1,38
Gm Fo 1.15.1.1% FOFYF1_FUSOF 1,4,7,14 1,4,6,7 1,4,7 1,4,7 1,4,7,14* 1,4
Gm Fo 2.6.1.1 F9G466_FUSOF 1,5 1 1 1 1, 5* 1
Gm Fo 4.4.15 F9G2J4_FUSOF 1,3 1,8 1 1 1, 3* 1,3,6,7,11
Gm Ps 1.11.1.6% XP_009521283.1 1,2 1,5 1,5 1,5 1, 2* 1,38
Gm Ss 1.11.1.7 XP_001585507.1 3,6,12 3, 6,20 13 1,36 3,6, 12* 7
Gm Xa 1.11.1.6 WP_042823856.1 3 1,5 1,5 1,5 1,2 1,3%8
Gm Xa 6.4.1.2% WP_033483073.1 1,6 1 1 2 1 1, 6%
Sl Bc 3.1.3.2 XP_001560519.1 2,3,7,13 2,6,9,11 2,4,7 2,4,5,7,20 2,3,4,57,13 | __
Sl Bc 4.4.15 XP_001550649.1 1,3 1,8 1 1 1,3* 1,3
Sl Fo 1.11.1.6% AOAOD2YKD1_FUSO4 1,25 1,5 1,5 1,5 1, 2* 1,3,8
Sl Fo 1.15.1.1 AOAOD2YESO_FUSO4 1,4,7,14 1,4,6,7 1,4,7 1,4,7 1,4,7,14* 1,4
Sl Fo 3.1.3.2 AOAOD2YGA3_FUSO4 1,2,3,47,13 2,4,6,9 2,4,7 2,4,5,7,20 2,3,4,5,7,13 _
Sl Fo 3.2.1.4 AOAOD2XJE6_FUSO4 1,6 1 _ 1 1 1,3
Sl Fo 4.4.15 AOAOD2XLV4_FUSO4 1,3 1,8 1 1 1,3* 1,3%6,7,11
Sl Mp 1.11.1.7 E2LX62_MONPE 6,12 3,6 1,3 1,3,6 3, 6, 12* 7
Sl Mp 3.4.11.1 E2LYM3_MONPE 1,11 1 1 1 _ 1
Sl Psy 1.11.1.6% NP_794283.1 1,2 1,5 1,5 1,5 1, 2* 1,3,8
Sl Psy 1.11.1.7% NP_794565.1 6, 16, 18, 19 3,6 1,3 1,3,6 3,6, 12 7
Sl Psy 3.1.3.2% NP_791387.1 1,3 2,6,9,11 2,4,7 2,4,5,7,20 1%,3,4,5,7,13 | __
Sl Psy 3.2.1.14% NP_794777.1 13 1 1,10 1,4 1 .
Sl Rs 1.11.1.6% AGH83314.1 6 1,5 1,5 1,5 1,2 1,3,8
Sl Rs 1.11.1.7¢ AGH86619.1 6,18 3,6 1,3 1,3,6 3,6,12
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Sl

Sl

Sl

Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm
Zm

2.7.13.3f
3.2.1.14%
421.1%
1.11.1.15
1.11.1.6%
1.11.1.7
2.6.1.1
3.1.3.2
3.2.2.22
4415
5.3.1.6%
1.1.1.27¢
1.11.1.15
1.11.1.6%
3.1.1.31
3.1.3.2
4415
5.3.1.6%
1.11.1.15
1.11.1.6%
3.1.1.31
3.1.3.2%
4415
46.1.1%
5.3.1.6%
1.11.1.15
2.6.1.1
3.1.1.31
3.1.3.2%
3.2.1.4
4415
1.11.1.15¢
1.11.1.6
1.16.3.1
2.1.3.3t
2.7.2.3
2.7.4.8

AGH84344.1
AGH83721.1
AGH86735.1
|BSN164_ASPFN
B8NX24_ASPFN
BSNC39_ASPFN
BSNQM9_ASPFN
BSNB93_ASPFN
BSNQT3_ASPFN
BSNT23_ASPFN
BSNFW5_ASPFN
XP_008100733.1
XP_008093145.1
XP_008098502.1
XP_008100128.1
XP_008094949.1
XP_008096879.1
XP_008098210.1
XP_008025877.1
XP_008029291.1
XP_008029497.1
XP_008024834.1
XP_008026072.1
XP_008024266.1
XP_008028444.1
W7LPB7_GIBM7
W7MC41_GIBM7
W7MOK8_GIBM7
W7NDR6_GIBM7
W7M5R3_GIBM7
W7LNQ2_GIBM7
D4GL47_PANAM
D4GMF4_PANAM
D4GCI2_PANAM
D4GJ68_PANAM
D4GHAL_PANAM
DAGMMO_PANAM

1,21, 23, 24, 33, 36
3

1,3,13
1,9

1,2
3,6,12
1,5

2,13

5

1,3

1,2

2,12

1,9
1,25
1,2
2,3,5,13
1,3

1,2

1,9
1,25
1,2
1,2,3,13
1,3
2,8,10
1,2
1,29
1,5

1,2
1,2,8,7,13
1,6

1,3

1,2
3,56
2,7

2

3

1,4,7

1,20

1,2,5
1,10
1,5

2,4,6,9
1,7
1,8

1,12
1,10
1,5

2,4,6,9
1,8

1,10
1,5

2,4,6,9
1,8
2,17,18

1,10

2,4,6,9

1,8
1,10
1,5
2,6
1,10

2,12,13, 20
1,10
1,2

1,5
1,4
2,4,7

=
N

6]

1
1
1
1
1
1
2,4,5,7,20
1
1
1
1
2

2,4,5,7,20
1

1

1

1,5

2,6

10

1

1

1,2

1, 9*

1, 2%

3, 6,12*

1, 5%
2,3,4,5,7,13*
1, 3*

1, 2*

1, 2% 12

1,9*

1, 2*

1, 2*
2,3,4,5,7,13*
1,3

1, 2*

1,9*

1, 2*

1, 2*
1*,3,4,5,7,13
1,3

2,8

1, 2*

1,9*

1,5*

1

B R R OR R R RN

1
1,3,5,12
1

1,3,8

7

1

1,3%6,7,11
1,11

1, 9%

1,38

2*

1,3%6,7,11
2*

1

1,38

2*

1,3%6,7, 11
4

I\)*l—‘l—‘|

1,3
1,3%6,7,11
1

1,358

1

1,10

1,359

1,7
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Zm
Zm
Zm
Zm
Zm

Pa
Pa
Pa
Pa
Pa

3.1.131
3.1.15
3.1.3.11%
4.2.1.96%
4.3.3.7%

DAGFBS_PANAM
DAGGT2_PANAM
DAGCEL_PANAM
DAGMQ4_PANAM
D4GK89 PANAM

2,6
2,5
10, 12
2

1,2

1,4

1,4,6,7,9, 10, 17,18
1,8

1

1
1,6,7,9,17,18
1
1

N

*Gm: G. Max, Af: A. flavus, Fo: F. oxsyporum, Ps: P. sojae, Ss: S. sclerotiorum, Xa: X. axonopodis, Sl: S. lycopersicum, Rs: R. solanacearum, Psy: P.

syringae, Mp: M. perniciosa. Bc: B. cinerea, Zm: Z. mays, Pa: P. ananatis, Gm: G. moniliformis, Et: E. turcicum, Gg: C. graminicola.

AOs numeros representam as diferentes estruturas. Os nimeros em negrito sdo as formas estruturais enzimaticas especificas dos fitopatégenos.

t Enzimas essenciais.
— Atividade enzimatica ndo encontrada.
* Forma estrutural homologa ao patégeno.
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5. DISCUSSAO

As enzimas sao um dos principais alvos para o desenvolvimento de inibidores
de qualquer tipo; no entanto, espécies que compartilham funcdes enzimaticas
essenciais podem ser inadvertidamente afetadas por produtos desenvolvidos com
outras aplicacbes em mente [203]. Os agrotdéxicos sdo comumente orientados para
essas funcoes, e seus efeitos prejudiciais em varias espécies, incluindo o proprio
homem e vérias espécies vitais, como polinizadores e microorganismos benéficos,

sdo motivo de grande preocupacao [204-207].

5.1 Essencialidade enzimatica

A partir da comparagdo de dados de estrutura priméria, dados de estrutura
terciaria e dados de essencialidade, comecando com 444198 sequéncias individuais,
compreendendo 2096 atividades enzimaticas em 3 plantas e 15 fitopatdgenos,
descrevemos um subconjunto de sequéncias analogas em 29 atividades enziméaticas
essenciais presentes tanto na planta como no patdgeno. Estes pertencem a Varios
componentes do metabolismo central das plantas e agentes patogénicos, envolvidos
no metabolismo dos carboidratos, metabolismo dos aminoacidos, detoxificacdo de
espécies reativas de oxigénio e outros, oferecendo assim varias oportunidades como
alvos. As enzimas selecionadas neste estudo constituem um grupo forte de
candidatos pois sua maioria pertencem a rotas essenciais a manutencdo do
metabolismo de agentes patogénicos.

Algumas das diversidades encontradas para as enzimas do sistema
antioxidante, tanto em termos de atividades enziméticas como em formas
estruturais, podem ser explicadas por pressdes evolutivas: durante a co-evolugéo
entre plantas e seus agentes patogénicos, é provavel que diferentes enzimas
antioxidantes das plantas se adaptaram para superar 0os mecanismos de viruléncia
dos patégenos [208,209]. O papel dessas enzimas em mecanismos de viruléncia,
susceptibilidade a infec¢bes, desenvolvimento de alvos de drogas e avaliagdo de
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efeitos de pesticidas foi estudado para SOD [39, 210-213], CAT [214-216] e POX
[217].

As enzimas essenciais do metabolismo central também foram estudadas como
potenciais alvos de farmacos em diversos organismos. A enzima glicose-6-fosfato
isomerase foi estudada como alvo para infec¢cbes causadas por Plasmodium
falciparum [218], Trypanossoma spp [219], Toxoplasma gondii [220] e Leishmania
spp. [221], acetil-CoA carboxilase para L. major [222-223] e ribose-5-fosfato
isomerase para Escherichia coli [224]. Dezoito das 29 atividades enzimaticas
identificadas neste estudo como analogas e essenciais foram identificadas em
bancos de dados de alvos de farmacos, como TDR Drug Targets
(http://tdrtargets.org/), DrugBank (https://www.drugbank.ca/) e Potential Drug Target
Database (PDTD) (https://omictools.com/pdtd-tool), o que significa que elas estao
sendo estudadas ou empregadas como alvo de famarcos para pelo menos um
patégeno. Entre elas, podemos citar enzimas do metabolismo de carboidratos e
aminoacidos, tais como a lactoilglutationa liase, a acetil-CoA carboxilase, a anidrase
carbbnica e enzimas do SA como catalase, peroxidase, peroxiredoxina e superoxido
dismutase. Uma vez que estas atividades enziméticas apresentam multiplas
estruturas terciarias, ndo podemos dizer, a partir desses dados publicos, qual forma
em particular estd sendo estudada; no entanto, essas descobertas dédo suporte
direto as nossas analises, corroborando a ideia de que as enzimas analogas
essenciais com formas estruturais especificas tém um grande potencial como alvos
de drogas, conforme descrito em nosso estudo. As melhorias na anotagéo de genes
e seus produtos e uma melhor caracterizacdo experimental das atividades
enzimaticas permitiiam o0 uso de critérios menos rigorosos em NnoSsOoS
procedimentos, principalmente na limpeza e filtragem de dados, mas também em
agrupamento e validacdo estrutural, aumentando o nimero de enzimas essenciais e

analogas que poderiam ser estudadas como potenciais alvos de farmacos.
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5.1. 2 Enzimas do Sistema Antioxidante

Um grupo que se destacou entre as enzimas essenciais foram as que
compdem o Sistema Antioxidante (SA). Os organismos possuem multiplos
mecanismos de defesa contra espécies reativas de oxigénio (EROs), com um
sistema enzimatico muito eficiente, composto por diversas enzimas, tais como:
superéxido dismutase (SOD), catalase (CAT), peroxidase (POX), glutationa redutase
(GR), ferroxidase, dentre outros [225-227]. As EROs séo geradas a partir de fontes
ambientais ou por fungdes celulares normais do organismo, e incluem radicais livres
(superdxido e radicais hidroxilicos), espécies ndo-radicais de oxigénio (peréxido de
hidrogénio e peroxinitrito) e lipidios reativos e carboidratos (cetoaldeidos,
hidroxinonais) [228-229].

Durante uma invasao por agentes patogénicos, observa-se o mecanismo de
explosdo oxidativa, que consiste em uma producdo rapida e transitéria de EROs
como peréxido de hidrogénio (H.O,) e superédxido (O,); estes acumulam-se no
apoplasto durante a explosdo oxidativa e sao extremamente tOxicos para 0S
microorganismos invasores. Os danos causados a dupla fita de DNA podem resultar
em modificacbes dos pares de bases de nucleotideos causando mutacoes,
envelhecimento celular e morte celular [53]. As EROs ainda podem produzir
polimeros reticulados na parede celular para fortalecer as barreiras fisicas contra 0s
patbgenos invasores ou atuar como um mensageiro em uma via de sinalizacdo
celular, levando a expressédo de genes PR (PR - pathogenesis related) relacionados
a patogénese provocando uma resposta rapida de hipersensibilidade [230-232].

As plantas desenvolveram um sistema complexo e elaborado para combater
os danos causados pelas EROs. Como dito anteriormente, é provavel que durante a
co-evolucdo entre plantas e fitopatégenos, diferentes enzimas antioxidantes das
plantas sofreram adaptacdes para superar 0 mecanismo de viruléncia dos
patdogenos [233,234]. Estes casos sdo particularmente interessantes, porque o0
sistema antioxidante apresenta-se com a primeira linha de defesa de ambas as
partes. Este arsenal desempenha um papel critico na detoxificacdo de espécies
reativas de oxigénio durante as interagfes hospedeiro-patdégeno, sendo, portanto,

um importante fator de viruléncia [235,236]. Bloquear ou inibir essas enzimas, em
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principio, podera diminuir a viruléncia do patégeno e / ou atrasara a resposta de
defesa contra os radicais livres utilizados pela planta como mecanismos de defesa
durante os ataques.

Dada a importancia dessas enzimas, diversos estudos foram conduzidos a
fim de elucidar mecanismos de viruléncia e susceptibilidade envolvidos na interagéo
planta vs patégeno. A Superoxido Dismutase (SOD) € um exemplo de enzimas que
possuem um papel critico na defesa do organismo contra as EROs e €& um
importante fator de viruléncia. Estudos conduzidos com Cryptococcus neoformans,
utilizando cepas mutantes para o gene SOD1, o qual codifica a SOD dependente de
Cu/ Zn, é facilmente atacado por EROs do hospedeiro e € significativamente menos
virulento do que a cepa selvagem [211]. Em experimentos envolvendo o fungo
patogénico Isaria fumosorosea, o uso de Cu + Zn provou ser o indutor mais ativo da
atividade de SOD. O tratamento com Cu + Zn aumentou a tolerancia flngica ao
estresse oxidativo gerado pela menadiona (Vitamina K) no meio (0-3 mM), conforme
avaliado pelo crescimento de colonias [237].

Os agrotoxicos ciprodinil e fludioxonil, pertecentes ao grupo quimico
anilinopirimidina e cianopirrole, de classificacdo téxicologica nivel |, sdo fungicidas
de amplo espectro comumente utilizados nas lavouras de soja, milho, tomate e
batata, dentre outros. Estudos anteriores reportaram que o modo de acdo do
ciprodinilactos inibem a biossintese de metionina e outros aminodacidos tibnicos em
fungos [238-240]. Devido as propriedades lipofilicas do ciprodinil e a ruptura das
membranas celulares pelo fludioxonil, estes defensivos agricolas penetram nos
eritrocitos e afetam a enzima CuzZnSOD em humanos. Experimentos envolvendo
estes defensivos agricolas revelaram que o fludioxonil inibiu o CuZnSOD néo
de ciprodinil ndo se assemelhem a moléculas de superdxido, estas constituem
radicais que competem com moléculas de superoxido para se ligar a regido ativa da
enzima [241]. Outro estudo, observou a inibicdo da atividade da CAT induzida por
competitiva e o fludioxonil inibiu a enzima de forma n&o competitiva [212].

Outros estudos envolvendo mutantes para catB (silenciamento do gene que
codifica catalase) de X. oryzae e X. oryzicola mostrou diminui¢cdo da atividade total

da CAT e aumento da sensibilidade ao acido fenazina-1-carboxilico, um produto
67



natural isolado de Pseudomonas spp. usado para controlar muitas doencas
importantes do arroz [242]. Também, experimentos envolvendo a técnica de qPCR
em tempo real revelaram que 0s niveis de expressédo de catB e oxyR (um provavel
regulador de genes desintoxicantes de ROS) em X. oryzae foram significativamente
induzidos por H,O, e a auséncia de um desses genes reduz drasticamente a
viabilidade da bactéria na presenca de H,O, extracellular [L01]. Em andlises de
cepas mutantes de P. seryngae pv tomato para o gene OxyR, observou-se a
reducdo dos sintomas da doenca e reducdo da populacdo de bactérias em S.
lycopersicum e Arabidopsis thaliana [216]. Estudos prévios com Pseudomonas
seryngae demonstraram a relacédo de trés isoformas de CAT (Katb, KatE, KatG) com
a viruléncia, e como a manutencado das funcdes destas enzimas (que tém diferentes
papéis biolégicos no organismo) é essencial para o sucesso da infeccdo e
colonizag&o do hospedeiro [243].

As enzimas do sistema antioxidante, por serem enzimas de carater ubiquo
nas vias de desintoxicacdo enzimatica, sdo encontradas em todos 0s organismos
aerobicos e podem catalisar a dismutacéo direta de peréxido de hidrogénio (H205)
em agua (H20) e oxigénio (O, modo catalitico) ou H,O, para oxidar substratos, como
o metanol, etanol, formaldeido, formato ou nitrito (modo peroxidatico). Ainda
participam de uma grande rede de sinalizagdo altamente conservada entre
organismos aerébicos e controla uma ampla gama de processos biolégicos, como
crescimento, desenvolvimento e respostas a estimulos biéticos e / ou abiéticos [244-
246].

5.1.3 Enzimas do metabolismo central, metabolismo de carboidratos e

metabolismo enérgetico

As enzimas ribulose-fosfato 3-epimerase (Rpe) e ribose-5-fosfato isomerase
(Rpi) participam das vias das pentoses-fosfato [247]. Rpi € necessario para a
geracdo de NADPH, que é uma fonte de reducdo de energia e uma via chave do
metabolismo da glicose na maioria dos organismos, sendo também necessaria para

a biossintese de &cidos nucleicos e aminoacidos [248]. Esta via também tem sido
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descrita como importante para a protecao de leveduras contra o estresse oxidativo,
uma vez que o NADPH é um cofator essencial para enzimas dependentes de
glutationa e tiorredoxina, as quais defendem as células contra o dano oxidativo
[249]. Em estudos com cancer em humanos, a via da pentoses-fosfato tem sido
amplamente estudada, oferecendo potenciais alvos de farmacos contra a doenca
[250]. Existem duas formas da enzima Rpi, RpiA e RpiB, ambas sem similaridade
detectavel, tanto entre suas sequéncias como estruturas [251,252]. A essencialidade
da enzima Rpi também foi observada em Escherichia coli, que possui ambas as
formas (RpiA e RpiB). O duplo mutante da RpiA/RpiB resulta em disfungéo severa
do crescimento bacteriano [253]. Em Leishmania donovani, agente causal de um tipo
de leishmaniose, esta enzima tem sido utilizada para direcionar o desenvolvimento
de farmacos antileishmania [254]. Em Trypanosoma brucei, o silenciamento de Rpi
por RNAI resultou em lentiddo no crescimento e infectividade do patdgeno,
destacando a importancia desta enzima como um alvo de famarcos [255].

A anidrase carbonica (CA) foi descrita como NISE na interacdo S.
lycopersicum e R. solanacearum. Esta enzima desempenha um papel importante no
transporte idnico e na regulacdo do pH em varios organismos. Estudos utilizando A.
melifera como modelo determinaram o risco de agrotéxicos na enzima CA, que foi
exposta a pesticidas, incluindo tebuconazol, propoxur, carbaryl, carbofurano,
simazina e atrazina. Os seis pesticidas inibiram, de uma forma dependente da dose,
a atividade CA in vitro em concentragdes micromolares. O mecanismo pelo o qual
estes compostos inibem a CA é desconhecido até o presente momento, mas é
evidente os danos causados aos polinizadores pelo uso desses pesticidas [256].

A via da glioxalase envolve a participacao de duas enzimas, Glyoxalase | e Il
(GLX-1 e GLX-II). Estas enzimas desintoxicam o metilglioxal (MG), um 2-oxoaldeido
toxico que ocorre em todas as células vivas como subproduto da glicolise. Em altas
concentracfes, o metilglioxal pode danificar proteinas, acidos nucléicos e lipidios
através da modificacdo de arginina, lisina, cisteina, adenina e guanina, formando
varios produtos finais de glicagdo avangada [257,258]. A via do glioxilato € funcional
ao longo da vida do organismo e de carater onipresente, sugerindo sua importancia
na funcdo celular. Trabalhos anteriores mostraram as diferencas estruturais entre
glioxilases de humanos e de tripanossomatideos, e dada a essencialidade da via,

essas enzimas foram identificadas como alvos potenciais para o tratamento de
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leishmanioses [259,260]. Outros estudos indicam que o gene responsavel pelo
silenciamento da expressédo de GLX-I em fungos patogénicos de plantas tem sido
eficaz na diminuicdo da viruléncia; esta enzima tem sido relatada por possuir um
papel importante de apoio envolvendo os processos de desintoxicacdo do fungo

juntamente com o sistema antioxidante [261-264].

5.2 Enzimas ndo essenciais

Curiosamente, o subconjunto de NISEs ndo essenciais contém varias enzimas
importantes no contexto das interacbes hospedeiro-patdbgeno, como celulases,
quitinases, glutationa transferase e lisofosfolipase. Bloquear ou inibir essas enzimas,
em principio, também diminuira a viruléncia e/ou atrasara os mecanismos de defesa
do patégeno [265]. A inibicdo de celulases e quitinases também foi proposta como
estratégia para o desenvolvimento de novos farmacos antifingicos para a
aspergilose em seres humanos [266]. A glutationa transferase desempenha um
papel essencial na protecdo de fungos necrétrofos contra metabdlitos toxicos
derivados de plantas e espécies reativas de oxigénio [267], enquanto que a
lisofosfolipase foi relacionada com a viruléncia em C. neoformans [262].

A enzima 6-fosfogluconolactonase, que participa do segundo passo da via
das pentoses-fosfato, foi detectada em varios organismos neste estudo. Foi descrito
em E. coli que mutantes para a 6-fosfogluconolactonase mostram um retardo
expressivo do crescimento com a diminui¢cdo da eficéncia do segundo passo da via
das pentoses-fosfato. A enzima 6-fosfogluconolactonase catalisa a hidrolise de uma
ligacéo éster, resultando na formacéo de 6-fosfogluconato a partir do 6-fosfato de D-
gluconolactona. A enzima 6-fosfogluconato desidrogenase catalisa a oxidagdo do
aldeido (hemiacetal) no C1 da glicose-6-fosfato, para um &cido carboxilico, numa
ligacdo éster (lactona). Ao final, forma-se CO, e ocorre reducdo do NADP+ a
NADPH. O NADPH é usado pela célula como um agente redutor em uma variedade
de processos biossintéticos, bem como para a defesa contra as espécies de

oxigénio, mantendo glutationa em seu estado reduzido [268].
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5.3 Enzimas descartadas

Durante o processo de validacdo das enzimas analogas foi observada a
presenca de enzimas heteromultiméricas, que sdo formadas por diferentes
subunidades e codificadas por genes néo relacionados, com diferentes funcdes e
origens evolutivas. Na maioria dos casos, as proteinas estavam anotadas com 0s
termos “subunit”. A ocorréncia destes casos diminui a precisdo da detecgcdo de
NISEs e por isso foram excluidas da lista final de alvos [121,122]. Quanto as
ocorréncias de enzimas anélogas classificadas como preditas pelo banco de dados
SUPERFAMILY, estas possuiam informacdes incompletas em relacdo a sua
superfamilia e ao seu padrdo de enovelamento. Para estas enzimas so foi possivel
obter a informacé&o sobre as diferencas entre suas estruturas primarias, e inferir sua
atividade enzimatica. Com o0 aumento do numero de estruturas resolvidas
depositadas no PDB, logo serd possivel classificar estas enzimas quanto ao seu
padrdao de enovelamento. Estudos mais aprofundados dos casos de enzimas
anélogas preditas podem contribuir para enriquecer o panorama atual de

enovelamentos proteicos.
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6. PERSPECTIVAS

A metodologia empregada neste estudo pode ser aperfeicoada e informacdes
adicionais podem ser incorporadas, a fim de ampliar a listas de alvos validados com
potencial biotecnoldgico para aplicagdo na agricultura. Com informagbes mais
precisas de estudos futuros sobre dados de estrutura proteica, sera possivel refinar
ainda mais os dados obtidos e as estratégias de comparacdo. As principais

perpectivas sdo pontuadas a seguir:

e Realizacdo de busca extensiva dos provaveis alvos apontados neste
estudo nos genomas de outras espécies inadvertidamente afetadas
pela aplicacédo de agrotéxicos, a fim de excluir casos de homologia;

e Validacdo experimental dos provaveis alvos apontados nos patdégenos
incluidos neste estudo;

e Identificacdo dos sitios ativos das enzimas para comprovacao da
essencialidade dos alvos propostos para cada patdégenos;

e Ampliar a lista de culturas de plantas e patégenos estudados,

priorizando culturas que detém o maior consumo de agrotoxicos;

72



7. CONCLUSOES

e A abordagem empregada neste estudo permitiu a elaboragao de listas de
enzimas essenciais e analogas, pertencendo ao metabolismo central e /
ou envolvidas em interacfes hospedeiro-patdégeno, com potencial para ser

alvo de fungicidas e bactericidas;

e Essas enzimas proporcionam uma oportunidade para a descoberta de
alvos com diferengas estruturais consideraveis em relacdo a suas
contrapartes em organismos benéficos, como polinizadores, fungos e

bactérias promotoras do crescimento em plantas;

e A inclusdo de dados estruturais permite a divulgacdo de formas
estruturais especificas, facilitando o desenvolvimento de inibidores
enzimaticos amigaveis ao meio ambiente, que podem ser de grande

importancia para o uso agricola;

e O tema abordado no estudo aponta para um problema de saude publica
por vezes negligenciado. A pesquisa se concentrou em apontar uma
alternativa ao uso de agrotoxicos, evidenciando a necessidade de estudos

e investimentos na em uma agricultura limpa e sustentavel.
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9. ARQUIVOS SUPLEMENTARES

Tabela Suplementar 1. Validacdo das sequéncias de acordo com seus enovelamentos usando o banco de
SUPERFAMILY e SCOP.

dados

. Clusters
lelgmero Nome da Enzima (Oficial) Organismos  (Formas Anotacéo original Classificacdo de FOLD [SCOP ID]
Estruturais) Identificagdo da Sequéncia
111.16*  cCatalase G. max 1,5 Catalase-3 351734412|ref|[NP_001235974.1] Heme-dependent catalase-like
A. flavus 1,2 Bifunctional catalase-peroxidase Cat2 238507433|ref|XP_002384918.1 Heme-dependent peroxidases
11117 PREDICTED: cationic peroxidase 2-like,
R Peroxidase G. max 3,6,20 partial 571572675|ref|XP_003557098.2 Heme-dependent peroxidases
A. flavus 3,6,12 conserved hypothetical protein 238492121 |ref|XP_002377297.1 Dimeric alpha+beta barrel
PREDICTED: delta-1-pyrroline-5-
1.2.1.3* Aldehyde dehydrogenase carboxylate dehydrogenase 12A1,
(NAD+) G. max 1 mitochondrial-like isoform X4 571535254|ref|XP_006600684.1| ALDH-like
Phosphotransferase enzyme family
A. flavus 1,6 protein 238490122|ref|XP_002376298.1 Protein kinase-like (PK-like)
26.1.1 PREDICTED: aspartate
e Aspartate transaminase G. max 1 aminotransferase isoform X1 571532333|ref|XP_006600243.1 PLP-dependent transferases
A. flavus 1,5 conserved hypothetical protein 238502281 |ref|XP_002382374.1 Dimeric alpha+beta barrel
111.16*  Catalase G. max 1,5 Catalase-3 351734412|ref|[NP_001235974.1 Heme-dependent catalase-like
F. oxysporum 1,2 catalase-peroxidase FOFP11|F9FP11_FUSOF Heme-dependent peroxidases
. . PREDICTED: probable indole-3- FAD/NAD(P)-binding domain/ FAD/NAD(P)-binding
11511 Superoxide dismutase G. max 1,4,6,7 pyruvate monooxygenase YUCCA3-like 571565271|ref|[XP_003555725.2 domain
F. oxysporum 1,4,7,14 Uncharacterized protein FOFYF1|FOFYF1_FUSOF Double-stranded beta-helix
2.6.1.1 Aspartate transaminase PREDICTED: aspartate
e p G. max 1 aminotransferase isoform X1 571532333|ref|XP_006600243.1 PLP-dependent transferases
F. oxysporum 1,5 iron-dependent peroxidase FI9G466|F9G466_FUSOF Dimeric alpha+beta barrel
4415 Lactoylglutathione lyase PREDICTED: uncharacterized protein Glyoxalase/Bleomycin resistance
e V' Y G. max 1,8 LOC102662470 571524316|ref|XP_006598804.1 protein/Dihydroxybiphenyl dioxygenase
F. oxysporum 1,3 Uncharacterized protein F9G2J4|F9G2J4_FUSOF Metallo-hydrolase/oxidoreductase
111.16* Catalase G. max 1,5 Catalase-3 351734412|ref[NP_001235974.1 Heme-dependent catalase-like
Heme-dependent peroxidases/ Heme-dependent
P. sojae 1,2 heme peroxidase 695395873|ref| XP_009521283.1 peroxidases
111.1.7 Peroxidase PREDICTED: cationic peroxidase 2-like,
D G. max 3,6, 20 partial 571572675]|ref|XP_003557098.2 Heme-dependent peroxidases
S.
sclerotiorum 3,6,12 hypothetical protein SS1G_13391 156033342|ref|XP_001585507.1 Dimeric alpha+beta barrel
11116 Catalase G. max 1 catalase-3 351734412|ref[NP_001235974.1 Heme-dependent catalase-like
X. axonopodis 3 hypothetical protein 757568059|ref|WP_042823856.1 Ferritin-like
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1.15.1.1*

6.4.1.2*

3.1.3.2

4415

5.2.1.8*

1.11.1.6*

11511

3.1.32

3214

3.4.11.5*

4415

11117

2.7.13.3*

3.4.11.1

5.4.2.8*

Superoxide dismutase

Acetyl-CoA carboxylase

Acid phosphatase

Lactoylglutathione lyase

Peptidylprolyl isomerase

Catalase

Superoxide dismutase

Acid phosphatase

Cellulase

Prolyl aminopeptidase

Lactoylglutathione lyase

Peroxidase

Histidine-kinase

Leucyl aminopeptidase

Phosphomannomutase

G. max

X. axonopodis

G. max

X. axonopodis

S.
lycopersicum

B. cinerea
S.
lycopersicum

B. cinerea
S.
lycopersicum

B. cinerea
S.
lycopersicum

F. oxysporum
S

lycopersicum

F. oxysporum

S.
lycopersicum

F. oxysporum
S.
lycopersicum

F. oxysporum
S.
lycopersicum

F. oxysporum
S.
lycopersicum

F. oxysporum
S.
lycopersicum

M. perniciosa
S.
lycopersicum

M. perniciosa
S.
lycopersicum

M. perniciosa
S.
lycopersicum

1,4,6,7
1,4

2,6,9,11
2,3,7,13

1,8,21
1,3

1,2,24
1,2,7,24

1,5
1,2,5

1,4,6,7
1,4,7,14

2,4,6,9,11
1,2,3,4,7,13
1

1,6

1,2

1,3

1,8,21

1,3

3,6

6,12
1,20,31,33
1,2

1

1,11

PREDICTED: putative germin-like
protein 9-2-like

superoxide dismutase
PREDICTED: alpha-carboxyltransferase
aCT-1 precursor isoform X1

nitrogen regulatory protein P-II 1
PREDICTED: pentatricopeptide repeat-
containing protein At5g64320,
mitochondrial

hypothetical protein BC1G_00547

Lactoylglutathione lyase

hypothetical protein BC1G_11057

Peptide-proxy cis-trans isomerase
hypothetical protein BC1G_11305

Catalase
Catalase-peroxidase 2

Superoxide dismutase

Uncharacterized protein
PREDICTED:pentatricopeptide repeat-
containing protein At5964320,
mitochondrial

Hypothetical protein FOXG_21887

Endogyucanase
Hypothetical protein FOMG_03162

Leucine aminopeptidase 2

Uncharacterized protein

Lactoylglutathione lyase

Hypothetical protein FOXG_04928
Suberization-associated anionic
peroxidase 1+F1

Hypothetical protein MPER_11863

Ammonium transporter 1 member

Nucleoside diphosphate kinase

Leucine aminopeptidase 2, chloroplastic

Urcharacterized protein

Phosphomannomutase

571564643|ref| XP_006605648.1
933621128|ref|WP_054320474.1

571541778|ref| XP_006601861.1
704483492|ref|WP_033483073.1

K4CN29|K4CN29_SOLLC
XP_001560519.1

Q42891|LGUL_SOLLC
XP_001550649.1

P21568|CYPH_SOLLC
XP_001549835.1

K4BVX3|K4BVX3_SOLLC
AOAOD2YKD1|AOAOD2YKD1_FUSO4

Q7XAV2|Q7XAV2_SOLLC
AOAOD2YES0JAOAOD2YES0_FUSO4

KACN29|KACN29_SOLLC
AOAOD2YGA3|AOAOD2YGA3_FUSO4

Q42875|Q42875_SOLLC
AOAOD2XJEG|AOAOD2XJE6_FUSO4

Q8GZD8|Q8GZD8_SOLLC
AOAOD2XCV3|A0AOD2XCV3_FUSO4

Q42891|LGUL_SOLLC
AOAOD2XLV4|AOAOD2XLVA_FUSO4

P15003|PER1_SOLLC
E2LX62|E2LX62_MONPE

Q9FVNO|AMT13_SOLLC
E2M162|E2M162_MONPE

Q8GZD8|Q8GZD8_SOLLC
E2LYMB3|E2LYM3_MONPE

K4CJ01|K4CJO1_SOLLC

RmIC-like cupins

Cu,Zn superoxide dismutase-like

ClpP/crotonase
GInB-like

TPR-like

p53-like transcription factors
Glyoxalase/Bleomycin resistance
protein/Dihydroxybiphenyl dioxygenase

Metallo-hydrolase/oxidoreductase
Cyclophilin-like
RING/U-box

Heme-dependent catalase-like
Heme-dependent peroxidases / Heme-dependent
peroxidases

Cu,Zn superoxide dismutase-like

Double-stranded beta-helix

TPR-like
SurE-like

Six-hairpin glycosidases
SGNH hydrolase

Zn-dependent exopeptidases

alpha/beta-Hydrolases
Glyoxalase/Bleomycin resistance
protein/Dihydroxybiphenyl dioxygenase

Metallo-hydrolase/oxidoreductase

Heme-dependent peroxidases

Dimeric alpha+tbeta barrel

Ammonium transporter

Nucleoside diphosphate kinase, NDK

Zn-dependent exopeptidases / Macro domain-like

alpha/beta-Hydrolases

HAD-like
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1.11.1.6*

11117

3.1.3.2*

3.2.1.14*

5.2.1.8*

1.11.1.6*

11117

2.7.13.3*

3.2.1.14*

4.2.1.1*

1.10.2.2*

1.11.1.15

1.11.1.6*

11117

Catalase

Peroxidase

Acid phosphatase

Chitinase

Peptidylprolyl isomerase

Catalase

Peroxidase

Histidine kinase

Chitinase

Carbonic anhydrase

Quinol-cytochrome-c
reductase

Peroxiredoxin

Catalase

Peroxidase

M. perniciosa
S.
lycopersicum

P. seryngae
S.
lycopersicum

P. seryngae
S.
lycopersicum

P. seryngae
S.
lycopersicum

P. seryngae
S.
lycopersicum

P. seryngae
S

lycopersicum
R.
solanacearum
S.
lycopersicum

R.
solanacearum
S.
lycopersicum
R.
solanacearum
S.
lycopersicum
R.
solanacearum
S.
lycopersicum
R.
solanacearum

Z. mays

A. flavus

N

mays

flavus
mays
flavus

mays

>N >N »

flavus

1

1,5

1,2

3,6

6, 16, 18, 19

2,6,9, 11
1,3

1

1,3

1,2,24

1,2, 14,22, 23,
33, 34

1,5

6

0, 31, 33
1, 23, 24, 33,

=

1,3
1,2,5
1,3,13

2,3,4,5,8,17
23,5,8,17
1,10

1,9
1,5
1,2

3
3,6,12

Hypothetical protein MPER_03193
Catalase

Catalase/peroxidase HPI
Suberization-associated anionic
peroxidase 1

PAP2 superfamily protein/DedA family
protein
Phospho-2-dehydro-3-deoxyheptonate
aldolase 2, chloroplastic

stationary-phase survival protein Surg

Acidic 26 kDa endichitinase
NLP/P60 family protein
Peptide-proxy cis-trans isomerase

oxidoreductase FAD/FMN-binding
protein

Catalase

Catalase

Suberization-associated anionic
peroxidase 1

Type Il/IV secretson system ATPase
TadZ/CpaE, assocsated wsth Flp pslus
assembly (plasmsd)

Ammonium transporter 1 member 3
Phosphate transport system rerulatory
protesn PhoU

Acidic 26 kDa endichitinase
Lipoprotein spr precursor

Sulfate transporter 4.1-like protein
Molybdopterin-guanine dinucleotide
biosynthesis protein B (MobB) (plasmid)
uncharacterized protein LOC100216756
Cytochrome ¢

uncharacterized protein LOC100278941
4-carboxymuconolactone
decarboxylase family protein

PREDICTED: aquaporin NIP1-4-like
Bifunctional catalase-peroxidase Cat2
PREDICTED: peroxidase 5-like

Uncharacterized protein

E2LAS1|E2LAS1_MONPE
K4BVX3|K4BVX3_SOLLC
NP_794283.1
P15003|PER1_SOLLC
NP_794565.1

K4CN29|K4CN29_SOLLC
NP_791387.1

QO5539|CHIA_SOLLC
NP_794777.1

P21568|CYPH_SOLLC
NP_791005.1
K4BVX3|K4BVX3_SOLLC
|469773124|rb|AGH83314.1|

P15003|PER1_SOLLC

|469776536|rb|AGH86619.1]
QYFVNO|AMT13_SOLLC
|469774154|rb|AGH84344. 1]
QO5539|CHIA_SOLLC
|469773531[rb|AGH83721.1]
KAC2F1|K4C2F1_SOLLC
|469776652|rb|AGH86735.1]

959092556|ref[NP_001304298.1
BSNGNO|BSNGNO_ASPFN
226533359|ref[NP_001145525.1

BSN164|BSN164_ASPFN
670441254|ref|XP_008660914.1
B8NX24|B8NX24_ASPFN
670447712|ref|XP_008664058.1|
BSNC39|BSNC39_ASPFN

Phosphoglucomutase, first 3 domains

Heme-dependent catalase-like

Heme-dependent peroxidases / Heme-dependent

peroxidases

Heme-dependent peroxidases

Acid phosphatase/Vanadium-dependent
haloperoxidase

TPR-like
SurE-like

Lysozyme-like

Cysteine proteinases
Cyclophilin-like
FMN-linked oxidoreductases

Heme-dependent catalase-like

Heme-dependent peroxidases / Heme-dependent

peroxidases
Heme-dependent peroxidases

P-loop containing nucleoside triphosphate
hydrolases

Ammonium transporter
PhoU-like
Lysozyme-like
Cysteine proteinases

Spollaa-like

P-loop containing nucleoside triphosphate
hydrolases

Non-heme 11 kDa protein of cytochrome bcl
complex (Ubiquinol-cytochrome c reductase)

Cytochrome ¢

Thioredoxin fold

AhpD-like

Aquaporin-like
Heme-dependent peroxidases
Heme-dependent peroxidases

Ferredoxin-like
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Histone-lysine N-

PREDICTED: probable histone-lysine

21.1.43" methyltransferase Z. mays 1,2 N-methyltransferase ATXR3 670448064|ref|XP_008664254.1 F-box domain
SET and MYND domain protein,
A. flavus 1,2 putative B8NB79|B8NB79_ASPFN beta-clip
25118 PREDICTED: uncharacterized protein
e Glutathione transferase Z. mays 1,4 LOC100216831 isoform X1 670358514|ref|XP_008665261.1 MAPEG domain-like
2-hydroxychromene-2-carboxylate
A. flavus 1,3 isomerase, putative BBNIN8|B8NON8_ASPFN Thioredoxin fold
PREDICTED: probable LL-
26.11 diaminopimelate aminotransferase,
Aspartate transaminase Z. mays 1 chloroplastic 670439790|ref|XP_008660232.1 PLP-dependent transferases
A. flavus 1,5 Uncharacterized protein BB8NQM9|BBNQM9_ASPFN Ferredoxin-like
2.7.11.22* PREDICTED: putative kinase-like
N Cyclin-dependent kinase Z. mays 1,7 protein TMKL1 670446665|ref| XP_008663534.1 Protein kinase-like (PK-like)
CDK-activating kinase assembly factor
A. flavus 9 MAT1 B8N9A7|BBN9A7_ASPFN RING/U-box
PREDICTED: pentatricopeptide repeat-
3.1.32 containing protein At5g14770,
Acid phosphatase Z. mays 2,4,6,9 mitochondrial-like 670448433|ref| XP_008664470.1 alpha-alpha superhelix
A. flavus 2,13 Uncharacterized protein B8NB93|B8NB93_ASPFN p53-like transcription factors
3.0.022 PREDICTED: ribosome-inactivating
e rRNA N-glycosylase Z. mays 1,7 protein 670431358|ref|XP_008656307.1 Ribosome inactivating proteins (RIP)
A. flavus 5 GPI anchored protein, putative BB8NQT3|BENQT3_ASPFN alpha/alpha toroid
4.21.1* PREDICTED: gamma carbonic
o Carbonic anhydrase Z. mays 1,2,5 anhydrase 1, mitochondrial-like 670429179|ref| XP_008655471.1 RRF/tRNA synthetase additional domain-like
A. flavus 1,2 Carbonic anhydrase, putative B8NWM8|BEBNWM8_ASPFN Carbonic anhydrase
4415 Glyoxalase/Bleomycin resistance
B Lactoylglutathione lyase Z. mays 1,8,21 lactoylglutathione lyase 226500150|ref[NP_001148888.1 protein/Dihydroxybiphenyl dioxygenase
A. flavus 1,3 Metallo-beta-lactamase family protein B8NT23|B8BNT23_ASPFN Metallo-hydrolase/oxidoreductase
51.3.1% Ribulose-phosphate 3-
e epimerase Z. mays 1,4 ribulose-phosphate 3-epimerase 226497150|ref[NP_001149850.1 TIM beta/alpha-barrel
A. flavus 1,4,15 Coronin B8N7U5|B8N7U5_ASPFN 7-bladed beta-propeller
5.3.1.6% Ribose-5-phosphate PREDICTED: probable ribose-5-
T isomerase Z. mays 1 phosphate isomerase 2 670406652|ref| XP_008644870.1 Ferredoxin-like
A. flavus 1,2 Uncharacterized protein B8NFW5|B8NFW5_ASPFN Ribose/Galactose isomerase RpiB/AlsB
11.1.27% PREDICTED: L-lactate dehydrogenase
e L-lactate dehydrogenase Z. mays 1,12 B-like 670434471|ref| XP_008657765.1 LDH C-terminal domain-like
C. graminicola 2, 12 FMN-dependent dehydrogenase 827078716]|ref|XP_008100733.1 FMN-linked oxidoreductases
111.1.15 Peroxiredoxin Z. mays 1,10 uncharacterized protein LOC100278941 226533359|ref|[NP_001145525.1 Thioredoxin fold
C. graminicola 1,9 carboxymuconolactone decarboxylase 827063182|ref|XP_008093145.1 AhpD-like
111.16*  catalase Z. mays 1,5 PREDICTED: aquaporin NIP1-4-like 670441254]ref|XP_008660914.1 Aquaporin-like
Heme-dependent peroxidases // Heme-dependent
C. graminicola 1,2,5 catalase/peroxidase HPI 827074149|ref|XP_008098502.1 peroxidases
11117 Peroxidase Z. mays 3 PREDICTED: peroxidase 5-like 670447712|ref|XP_008664058.1| Heme-dependent peroxidases
C. graminicola 3,6, 8 AhpC/TSA family protein 827068931 |ref|XP_008095952.1 Thioredoxin fold
27 11.92% PREDICTED: putative kinase-like
T Cyclin-dependent kinase Z. mays 1,7 protein TMKL1 670446665|ref| XP_008663534.1 Protein kinase-like (PK-like)
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3.1.1.31

3.1.1.4*

3.1.13.4*

3.1.3.2

3.1.3.3*

4.4.1.5

5.1.3.1*

5.3.1.6*

1.1.1.27*

1.11.1.15

1.11.1.6*

1.11.1.7*

2.1.1.43*

2.7.11.22*

6-phosphogluconolactonase

Phospholipase A2

Poly(A)-specific
ribonuclease

Acid phosphatase

Phosphoserine phosphatase

Lactoylglutathione lyase

Ribulose-phosphate 3-

epimerase

Ribose-5-phosphate

isomerase

L-lactate dehydrogenase

Peroxiredoxin

Catalase

Peroxidase

Histone-lysine N-
methyltransferase

Cyclin-dependent kinase

o

o

o N

N

. graminicola

mays
graminicola
mays

graminicola

. mays

graminicola

. mays

graminicola

mays

graminicola

. mays

graminicola

mays

graminicola

. mays

graminicola

. mays

E. turcicum

Z. mays

E. turcicum

Z. mays

E. turcicum

Z. mays

. turcicum

. mays

. turcicum

. mays

. turcicum

2,3,56,7

2,4,6,9
2,3,5,13

1,8
1,8

1,8, 21

1,3

CDK-activating kinase assembly factor
MAT1

PREDICTED: LOC100285062 isoform
X1

hypothetical protein GLRG_11252
PREDICTED: LOC100281846 isoform
X1

Cytosolic phospholipase A2 zeta
PREDICTED: uncharacterized protein
LOC100273611 isoform X1

Hypothetical protein GLRG_04615
PREDICTED: pentatricopeptide repeat-
containing protein At5g14770,
mitochondrial-like

NDT80/PhoG like DNA-binding family
protein

PREDICTED: LOC100285190 isoform
X1

MJ0936 family phosphodiesterase

lactoylglutathione lyase
metallo-beta-lactamase superfamily
protein

ribulose-phosphate 3-epimerase

WD domain-containing protein
PREDICTED: probable ribose-5-
phosphate isomerase 2

ribose 5-phosphate isomerase
PREDICTED: L-lactate dehydrogenase
B-like

hypothetical protein
SETTUDRAFT_184979

uncharacterized protein LOC100278941
hypothetical protein
SETTUDRAFT_163404

catalase isozyme 2
hypothetical protein
SETTUDRAFT_164921

PREDICTED: peroxidase 5-like
hypothetical protein
SETTUDRAFT_165877
PREDICTED: probable histone-lysine
N-methyltransferase ATXR3
hypothetical protein
SETTUDRAFT_163388
PREDICTED: putative kinase-like
protein TMKL1

hypothetical protein
SETTUDRAFT_27723

827066639|ref|XP_008094831.1

|670421290|ref|XP_008651541.1
827077465|ref|XP_008100128.1

670359988|ref|XP_008675577.1
827069253|ref|XP_008096109.1|

670435395|ref|XP_008658269.1|
827063896|ref|XP_008093491.1

670448433|ref|XP_008664470.1
827066884|ref|XP_008094949.1

670393897|ref[XP_008677367.1
827071996|ref|XP_008097450.1

226500150|ref|[NP_001148888.1
827070823 |ref|XP_008096879.1

226497150]ref|[NP_001149850.1
827059158|ref|XP_008091175.1

670406652|ref|XP_008644870.1
827073555|ref|XP_008098210.1

670434471|ref|XP_008657765.1

636590563|ref|XP_008026620.1
226533359|ref[NP_001145525.1

636589077|ref[XP_008025877.1
806776638|ref|[NP_001105310.2

636595905|ref[XP_008029291.1
670447712|ref|XP_008664058.1]

636599065|ref|XP_008030871.1
670448064]ref|XP_008664254.1
636589043|ref|XP_008025860.1
670446665|ref|XP_008663534.1

636585459|ref|XP_008024068.1

RING/U-box

NagB/RpiA/CoA transferase-like
8-bladed beta-propeller

Phospholipase A2, PLA2
FabD/lysophospholipase-like

DNase I-like
Protein kinase-like (PK-like)

alpha-alpha superhelix
Common fold of diphtheria toxin/transcription
factors/cytochrome f

HAD-like

Metallo-dependent phosphatases
Glyoxalase/Bleomycin resistance
protein/Dihydroxybiphenyl dioxygenase

Metallo-hydrolase/oxidoreductase

TIM beta/alpha-barrel
7-bladed beta-propeller

Ferredoxin-like

Ribose/Galactose isomerase RpiB/AlsB
LDH C-terminal domain-like
FMN-linked oxidoreductases
Thioredoxin fold

AhpD-like

Heme-dependent catalase-like
Heme-dependent peroxidases / Heme-dependent
peroxidases

Heme-dependent peroxidases
Thioredoxin fold

F-box domain
S-adenosyl-L-methionine-dependent
methyltransferases

Protein kinase-like (PK-like)

RING/U-box
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3.1.1.31

3.1.3.2*

4415

4.6.1.1*

5.1.3.1*

5.3.1.6*

1.11.1.15

26.11

2.7.11.22*

31131

3.1.13.4*

3.1.3.2*

3.2.14

6-phosphogluconolactonase

Acid phosphatase

Lactoylglutathione lyase

Adenylate cyclase

Ribulose-phosphate 3-
epimerase

Ribose-5-phosphate
isomerase

Peroxiredoxin

Asparate transaminase

Cyclin-dependent kinase

6-phosphogluconolactonase

Poly(A)-specific

ribonuclease

Acid phosphatase

Cellulase

. mays

. turcicum

. mays
. turcicum

. mays

E. turcicum

Z. mays

E.

Z.
G

. turcicum

. mays

. turcicum

. mays

turcicum

mays

moniliformis

Z.
G

mays

moniliformis

Z.
G

mays

moniliformis

Z.
G

mays

moniliformis

Z.
G

mays

moniliformis

Z.
G

mays

moniliformis

Z.
G

mays

moniliformis

1

1,2

2,4,6,9
1,2,3,13
1,8,21

1,3
2,8,17

2,8,10
1,4

1,4,15

1,2
1,10

1,2,9

1

1,5
1,7
7,9
1

1,2
1,2,3

2,3,56,7

2,4,6,9
1,2,3,7,13
1

1,6

PREDICTED: LOC100285062 isoform
X1

hypothetical protein
SETTUDRAFT_43562

PREDICTED: pentatricopeptide repeat-
containing protein At5g14770,
mitochondrial-like

hypothetical protein
SETTUDRAFT_169046

lactoylglutathione lyase
hypothetical protein
SETTUDRAFT_131356

adenylate cyclase
hypothetical protein
SETTUDRAFT_149731

ribulose-phosphate 3-epimerase
hypothetical protein
SETTUDRAFT_164582
PREDICTED: probable ribose-5-
phosphate isomerase 2
hypothetical protein
SETTUDRAFT_92221

uncharacterized protein LOC100278941

Uncharacterized protein
PREDICTED: probable LL-
diaminopimelate aminotransferase,
chloroplastic

Iron-dependent peroxidase
PREDICTED: putative kinase-like
protein TMKL1

Cyclin H
PREDICTED: LOC100285062 isoform
X1

Uncharacterized protein
PREDICTED: uncharacterized protein
LOC100273611 isoform X1

Uncharacterized protein

PREDICTED: pentatricopeptide repeat-
containing protein At5g14770,
mitochondrial-like

5'/3'-nucleotidase SurkE
PREDICTED: endoglucanase 2-like
isoform X2

Uncharacterized protein

|670421290|ref|XP_008651541.1

636596317|ref| XP_008029497.1

670448433|ref|XP_008664470.1
636586991 |ref| XP_008024834.1
226500150|ref|[NP_001148888.1

636589467|ref| XP_008026072.1
219363285|ref|[NP_001136955.1

636585855|ref[XP_008024266.1
226497150|ref[NP_001149850.1
636595191 |ref[XP_008028934.1
670406652|ref[XP_008644870.1

636594211|ref[XP_008028444.1
226533359|ref|NP_001145525.1

W7LPB7|W7LPB7_GIBM7

670439790|ref|XP_008660232.1
W7MCA41|W7MC41_GIBM7
670446665|ref|XP_008663534.1
W7MSL6|W7MSL6_GIBM7
|670421290|ref|XP_008651541.1
W7MOK8|W7MOK8_GIBM7
670435395|ref[XP_008658269.1|

W7M4G2|W7M4G2_GIBM7

670448433|ref|XP_008664470.1
W7NDR6[W7NDR6_GIBM7
|670429955|ref| XP_008655784.1

W7M5R3|W7M5R3_GIBM7

NagB/RpiA/CoA transferase-like

8-bladed beta-propeller

alpha-alpha superhelix

SurE-like

Glyoxalase/Bleomycin resistance
protein/Dihydroxybiphenyl dioxygenase

Metallo-hydrolase/oxidoreductase

CYTH-like phosphatases
OsmC-like

TIM beta/alpha-barrel
7-bladed beta-propeller
Ferredoxin-like

Ribose/Galactose isomerase RpiB/AlsB

Thioredoxin fold

AhpD-like

PLP-dependent transferases
Ferredoxin-like

Protein kinase-like (PK-like)
Cyclin-like // Cyclin-like
NagB/RpiA/CoA transferase-like
8-bladed beta-propeller

DNase I-like

Ribonuclease H-like — motif

alpha-alpha superhelix
SurE-like
alpha/alpha toroid

Flavodoxin-like
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44.15 Lactoylglutathione lyase Z. mays 1,8,21 lactoylglutathione lyase 226500150|ref[NP_001148888.1 protein/Dihydroxybiphenyl dioxygenase
G.
moniliformis 1,3 Metallo-hydrolase/oxidoreductase W7LNQ2|W7LNQ2_GIBM7 Metallo-hydrolase/oxidoreductase
4.6.1.1* Adenylate cyclase Z. mays 2,8,17 adenylate cyclase 219363285|ref[NP_001136955.1 CYTH-like phosphatases
G. Leucine-rich repeat, LRR (right-handed beta-alpha
moniliformis 2,8 Adenylate cyclase W7MFF7|W7MFF7_GIBM7 superhelix)
5.1.3.1% Ribulose-phosphate 3-
e epimerase Z. mays 1,4 ribulose-phosphate 3-epimerase 226497150|ref[NP_001149850.1 TIM beta/alpha-barrel
G.
moniliformis 1,15,4 Coronin W7M917|W7M917_GIBM7 7-bladed beta-propeller
111.1.15* PREDICTED: uncharacterized protein
R Peroxiredoxin Z. mays 1,10 LOC100272300 isoform X1 670372214|ref|XP_008667406.1 Thioredoxin fold
P. ananatis 1,2 PANAM OsmC D4GL47|D4GL4A7_PANAM OsmC-like
11116 Catalase Z. mays 1,5 catalase isozyme 2 806776638|ref[NP_001105310.2 Heme-dependent catalase-like
P. ananatis 3,56 YciF D4AGMF4|D4GMF4_PANAM Ferritin-like
11631 PREDICTED: frataxin isoform 1 isoform
T Ferroxidase Z. mays 2,6 X1 670359635|ref| XP_008672910.1 N domain of copper amine oxidase-like
P. ananatis 2,7 Ferroxidase D4GCI2|D4GCI2_PANAM Ferritin-like
2133 Ornithine PREDICTED: ornithine
e carbamoyltransferase Z. mays 1,10 carbamoyltransferase, chloroplastic-like 670440524 |ref|XP_008660532.1 ATC-like
P. ananatis 2 PotC D4GJ68|D4GJI68_PANAM Metl-like
23151 1-acylglycerol-3-phosphate PREDICTED: uncharacterized protein
T O-acyltransferase Z. mays 1,6 LOC103637104 670434153|ref|XP_008657589.1 Glycerol-3-phosphate (1)-acyltransferase
P. ananatis 1,11 Single-stranded DNA-binding protein D4GHC5|D4GHC5_PANAM OB-fold
2723 PREDICTED: phosphoglycerate kinase,
e Phosphoglycerate kinase Z. mays 1 chloroplastic-like 670431622|ref|XP_008656415.1 Phosphoglycerate kinase
P. ananatis 3 YjbB D4GHA1|D4GHAL1_PANAM Spectrin repeat-like
2.7.48¢ PREDICTED: LOC100284281 isoform P-loop containing nucleoside triphosphate
e Guanylate kinase Z. mays 1 X1 670443226|ref|XP_008662013.1 hydrolases
P. ananatis 1,4,7 Pal D4GMMO|D4GMMO_PANAM Bacillus chorismate mutase-like
31131 PREDICTED: LOC100285062 isoform
T 6-phosphogluconolactonase  Z. mays 1 X1 |670421290|ref|XP_008651541.1 NagB/RpiA/CoA transferase-like
P. ananatis 2,6 YkgB D4GFB8|DAGFB8_PANAM 8-bladed beta-propeller
3115 PREDICTED: acyl-protein thioesterase
B Lysophospholipase Z. mays 2,6,7,18,22 2 isoform X1 670384215|ref|XP_008672924.1 alpha/beta-Hydrolases
P. ananatis 2,5 TesA OS DAGGT2|DAGGT2_PANAM Flavodoxin-like
31.3.11% PREDICTED: fructose-1,6-
e Fructose-bisphosphatase Z. mays 1 bisphosphatase, cytosolic-like, partial 670419266|ref| XP_008650400.1 Carbohydrate phosphatase
P. ananatis 10, 12 Threonylcarbamoyl-AMP synthase D4AGCE1|D4GCE1_PANAM YrdC/RibB
4a-
4.2.1.96* hydroxytetrahydrobiopterin PREDICTED: pterin-4-alpha-
dehydratase Z. mays 1 carbinolamine dehydratase isoform X1 670384123|ref|XP_008672875.1 DCoH-like
Molybdenum cofactor biosynthesis
P. ananatis 2 protein B DAGMQ4|D4GMQ4_PANAM Molybdenum cofactor biosynthesis proteins
4-hydroxy-
4.3.3.7* tetrahydrodipicolinate 4-hydroxy-tetrahydrodipicolinate
synthase Z. mays 1 synthase, chloroplastic precursor 162462912|ref|[NP_001105425.1 Aldolase

Glyoxalase/Bleomycin resistance
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*Analogous enssetial enzymes

P. ananatis

1,2 YgbK

D4GK89|D4GK89_PANAM YgbK-like

Tabela Suplementar 2. Enzimas selecionadas no presente estudo e suas respectivas vias metabdlicas.

Namero
Hospedeiros Patégenos EC Enzimas Vias Metabolicas
G. max A. flavus 1.11.1.6  Catalase Carbohydrate metabolism / Amino acid metabolism

Carbohydrate metabolism / Amino acid metabolism / Xenobiotics biodegradation and

G. max A. flavus 1.2.1.3 Aldehyde dehydrogenase (NAD+) metabolism/ Lipid metabolism
G. max F. oxysporum 1.11.1.6 Catalase Carbohydrate metabolism / Amino acid metabolism
G. max P. sojae 1.11.1.6 Catalase Carbohydrate metabolism / Amino acid metabolism
G. max X.axonopodis  1.15.1.1  Superoxide dismutase No such data*
G. max X. axonopodis  6.4.1.2 Acetyl-CoA carboxylase Carbohydrate metabolism / Biosynthesis of other secondary metabolites / Lipid metabolism
S. lycopersicum B. cinerea 5.2.1.8 Peptidylprolyl isomerase No such data
S. lycopersicum F. oxysporum 1.11.1.6  Catalase Carbohydrate metabolism / Amino acid metabolism
S.lycopersicum  F. oxysporum  3.4.11.5  Prolyl aminopeptidase Amino acid metabolism
S.lycopersicum M. perniciosa ~ 2.7.13.3  Histidine-kinase No such data
S. lycopersicum M. perniciosa 5.4.2.8 Phosphomannomutase Carbohydrate metabolism
S. lycopersicum P. seryngae 1.11.1.6  Catalase Carbohydrate metabolism / Amino acid metabolism
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S. lycopersicum P. seryngae 1.11.1.7 Peroxidase Biosynthesis of other secondary metabolites

S. lycopersicum  P. seryngae 3.1.3.2 Acid phosphatase Metabolism of cofactors and vitamins

S. lycopersicum P. seryngae 3.2.1.14  Chitinase Carbohydrate metabolism

S. lycopersicum P. seryngae 5.2.1.8 Peptidylprolyl isomerase No such data

S. lycopersicum sRéIanacearum 1.11.1.6 Catalase Carbohydrate metabolism / Amino acid metabolism
S. lycopersicum sRélanacearum 1.11.1.7 Peroxidase Biosynthesis of other secondary metabolites

S. lycopersicum sRéIanacearum 2.7.13.3  Histidine kinase No such data

S. lycopersicum SR(;Ianacearum 3.2.1.14  Chitinase Carbohydrate metabolism

S. lycopersicum sRéIanacearum 4211 Carbonic anhydrase Energy metabolism

Z. mays A. flavus 1.10.2.2  Quinol-cytochrome-c reductase Energy metabolism

Z. mays A. flavus 11116 Catalase Carbohydrate metabolism / Amino acid metabolism
Z. mays A. flavus 2.1.1.43 Histone-lysine N-methyltransferase Amino acid metabolism

Z. mays A. flavus 2.7.11.22 Cyclin-dependent kinase No such data

Z. mays A. flavus 4211 Carbonic anhydrase Energy metabolism

Z. mays A. flavus 5.1.3.1 Ribulose-phosphate 3-epimerase Carbohydrate metabolism / Energy metabolism

Z. mays A. flavus 5.3.1.6 Ribose-5-phosphate isomerase Carbohydrate metabolism / Energy metabolism

Z. mays E. turcicum 1.1.1.27 L-lactate dehydrogenase Carbohydrate metabolism / Amino acid metabolism
Z. mays E. turcicum 11116 Catalase Carbohydrate metabolism / Amino acid metabolism
Z. mays E. turcicum 11117  Peroxidase Biosynthesis of other secondary metabolites

Z. mays E. turcicum 2.1.1.43 Histone-lysine N-methyltransferase Amino acid metabolism

Z. mays E. turcicum 2.7.11.22 Cyclin-dependent kinase No such data

Z. mays E. turcicum 3132 Acid phosphatase Metabolism of cofactors and vitamins

Z. mays E. turcicum 46.1.1 Adenylate cyclase Nucleotide metabolism

Z. mays E. turcicum 5.1.3.1 Ribulose-phosphate 3-epimerase Carbohydrate metabolism / Energy metabolism

Z. mays E. turcicum 5.3.1.6 Ribose-5-phosphate isomerase Carbohydrate metabolism / Energy metabolism

Z. mays C. graminicola  1.1.1.27 L-lactate dehydrogenase Carbohydrate metabolism / Amino acid metabolism
Z. mays C. graminicola 1.11.1.6  Catalase Carbohydrate metabolism / Amino acid metabolism
Z. mays C. graminicola  1.11.1.7 Peroxidase Biosynthesis of other secondary metabolites
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. graminicola
. graminicola
. graminicola
. graminicola
. graminicola
. graminicola
. moniliformis
. moniliformis
. moniliformis
. moniliformis
. moniliformis
. ananatis

. ananatis

. ananatis
. ananatis
. ananatis
. ananatis

. ananatis

2.7.11.22
3114
3.1.13.4
3.1.33
5131
5.3.1.6
2.7.11.22
3.1.13.4
3.1.3.2
46.1.1
5131
1.11.1.15
2.1.3.3

2.3.151
2.7.4.8
3.1.3.11
4.2.1.96
4.3.3.7

Cyclin-dependent kinase
Phospholipase A2
Poly(A)-specific ribonuclease
Phosphoserine phosphatase
Ribulose-phosphate 3-epimerase
Ribose-5-phosphate isomerase
Cyclin-dependent kinase
Poly(A)-specific ribonuclease
Acid phosphatase

Adenylate cyclase
Ribulose-phosphate 3-epimerase
Peroxiredoxin

Ornithine carbamoyltransferase
1-acylglycerol-3-phosphate O-
acyltransferase

Guanylate kinase
Fructose-bisphosphatase
4a-hydroxytetrahydrobiopterin dehydratase
4-hydroxy-tetrahydrodipicolinate synthase

No such data

Lipid metabolism

No such data

Amino acid metabolism / Energy metabolism
Carbohydrate metabolism / Energy metabolism
Carbohydrate metabolism / Energy metabolism
No such data

No such data

Metabolism of cofactors and vitamins
Nucleotide metabolism

Carbohydrate metabolism / Energy metabolism
Metabolism of other amino acids

Amino acid metabolism

Lipid metabolism

Nucleotide metabolism

Energy metabolism / Carbohydrate metabolism
Metabolism of cofactors and vitamins

Biosynthesis of other secondary metabolites /Amino acid metabolism
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10. ANEXOS

10.1 Artigo relacionado a tese publicado em periodico Qualis Al.
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Abstract

Pesticides are one of the most widely used pest and disease control measures in plant
crops and their indiscriminate use poses a direct risk to the health of populations and envi-
ronment around the world. As a result, there is a great need for the development of new,
less toxic molecules to be employed against plant pathogens. In this work, we employed an
in silico approach to study the genes coding for enzymes of the genomes of three commer-
cially important plants, soybean (Glycine max), tomato (Solanum lycopersicum) and corn
(Zea mays), as well as 15 plant pathogens (4 bacteria and 11 fungi), focusing on revealing a
set of essential and non-homologous isofunctional enzymes (NISEs) that could be priori-
tized as drug targets. By combining sequence and structural data, we obtained an initial set
of 568 cases of analogy, of which 97 were validated and further refined, revealing a subset
of 29 essential enzymatic activities with a total of 119 different structural forms, most belong-
ing to central metabolic routes, including the carbohydrate metabolism, the metabolism of
amino acids, among others. Further, another subset of 26 enzymatic activities possess a
tertiary structure specific for the pathogen, not present in plants, men and Apis mellifera,
which may be of importance for the development of specific enzymatic inhibitors against
plant diseases that are less harmful to humans and the environment.

Introduction

One of the major challenges for plant breeders is to maintain high levels of quality and produc-
tion of cultures. Diseases caused by plant pathogens are one of the main factors limiting the
productivity of large commodities, such as soybean (Glycine max), corn (Zea mays) and
tomato (Solanum lycopersicum) [1,2]. Use of pesticides is one of the most commonly used
alternatives to plant pathogens control, being used in a wide variety of crops [3].
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Pesticides affect various population groups, including farm workers, residents in neighbor-
ing areas, consumers and wild animals [4,5]. Handling and consumption of these products are
responsible for a series of conditions including acute intoxications [6], Parkinson’s disease [7],
skin diseases [8], congenital malformations [9] and the onset of cancer after long periods of
exposure [10]. An increase of 93% in the world’s consumption of pesticides was observed in
the last two decades, while in Brazil, the largest consumer of pesticides in the world [11, 12],
this increase was of 190%. New control alternatives are desired, where the new measures do
not affect the development and production of the plant and present a lower risk of contamina-
tion for man and the environment [13,14].

Enzymes catalyze hundreds of successive reactions, consisting of highly coordinated pro-
cesses indispensable for the maintenance of the life of an organism [15, 16]. Essential enzymes,
which tend to be conserved between closely related organisms [17, 18] have been the subject of
study as targets for diseases caused by a variety of organisms [19-25], including plant pathogens
like Pseudomonas syringae [26] and Xanthomonas spp. [27]. Comparative genomic approaches,
taking advantage of the huge amount of sequence data generated in the last decade, may contrib-
ute in several ways to the identification of key enzymes in the phytopathogens” genomes [28, 29].

Enzyme classification follows rules defined by the International Union of Biochemistry and
Molecular Biology Nomenclature Committee (NC-IUBMB), in association with the Interna-
tional Union of Pure and Applied Chemistry (IUPAC). A four-digit classification scheme
known as the Enzyme Commission Number (EC) was proposed by this committee [30]. The
first three digits are those that define the catalyzed reaction, the second and third comprise the
subclasses of the reactions, and the fourth digit is a unique identifier that corresponds to the
catalytic activity itself. Enzymes can also be grouped into families based on sequence similarity,
and families are organized into superfamilies according to the catalytic activity [31]. Sequence
motifs and domain architecture are the main criteria employed, but other characteristics can
be used [32]. This diversity may result in functional overlap: these cases are known as non-
homologous isofunctional enzymes (NISEs), also known as functional analogous enzymes [33,
34]. Analogous enzymes perform the same biochemical function, but have different evolution-
ary origins, with distinct primary structures whose differences are reflected in their tertiary
structures [35]. Convergent evolution, initially thought to be a rare phenomenon in enzyme
evolution, has been demonstrated for several enzymes including superoxide dismutase [36-
38] and proteases [39]. Later, cases of functional analogy were found in most biochemical
pathways [40-42]. Most importantly, the structural differences found between analogous
enzymes from the plant and the phytopathogen, a consequence of their different evolutionary
origins, may be exploited for the design of specific molecules that will interact only with the
form found in the phytopathogen, leaving the plant and other important species, particularly
men itself and Apis mellifera, one of the most important pollinators [43,44], unharmed.

Thus, the objective of this study was to develop and implement a computational approach
to 1) identify and validate a set of NISEs, ii) reveal a subset of essential analogous enzymes and
iii) disclose a subset of specific enzymatic structures, possessed only by the pathogens. To test
our approach, we studied the genomes of three plants of great economic importance and
worldwide distribution, Glycine max, Zea mays and Solanum lycopersicum, 15 bacterial and
fungal plant pathogens, the genomes of Homo sapiens, Apis mellifera and two beneficial micro-
organisms, Bacillus subtilis and Trichoderma harzianum.

Material and methods

The analyzes were performed in four main stages: data preparation, clustering, functional infer-
ence, structural validation, and essentiality. A flowchart of the methodology is shown in Fig 1.
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Fig 1. Identification of essential, non-homologous isofunctional enzymes.

https://doi.org/10.1371/journal.pone.0197511.g001
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Datasets and clustering

The datasets of predicted proteins for each genome studied in this work were obtained from
UniprotKB (version 2015_10 http://www.uniprot.org/) and RefSeq (Version 70, http://www.
ncbi.nlm.nih.gov/). These datasets contained several proteins annotated as "uncharacterized”,
"hypothetical” and / or "putative". Three plant genomes were analyzed: G. max, Z. mays and S.
lycopersicum. Pathogens were chosen according to the geographic distribution of the disease,
most of them with a cosmopolitan occurrence. The pathogens analyzed comprise eleven fungal
and four bacterial genomes, all pathogenic to one or more species of the plants studied. Also
included were the genomes of Homo sapiens, Apis mellifera (pollinator), Trichoderma harzia-
num (soil fungus) and Bacillus subtilis (plant growth promoting bacteria) (Table 1).

The complete, annotated set of enzymes was extracted from KEGG (release 73.0, January
2015) and contained 1,524,871 protein sequences, from 298 Eukaryotes, 3014 Eubacteria and
175 Archaea genomes. Sequences with less than 60 amino acids were removed. To clusterize the
sequences into groups based on sequence similarity, we used the AnEnPi pipeline [67]. A simi-
larity score with a cut-off value of 120 was used for all BLASTp pairwise comparisons since this

Table 1. Description of the predicted proteins datasets of the organisms included in this study.

Organisms Database Accession NCBI Reference #Ptn Unch. Hyp. | Put. Annot. (%)
Glycine max [ RefSeq | NC_016088 | [45] | 59374 | 23618 | — | 1566 ‘ 61
Aspergillus flavus ' | RefSeq | GCA_000006275.2 | [46] 13287 | 5380 | — _ | 59
Fusarium oxysporum ** Uniprot GCA_000222805.1 [47] 17385 16,684 - 1 8
Phytophthora sojae * | RefSeq | AAQY00000000 | [48] | 26106 | — | 25279 | 125 i 2,8
Sclerotinia sclerotiorum * | RefSeq | AAGT00000000.1 | [49] 12902 | 12,042 _ 3 | 6,6
Xanthomonas axonopodis ** RefSeq CP004399 [50] 4496 1413 = 35 67
Solanum lycopersicum | Uniprot | AEKE00000000 | [51] | 31683 | 28785 | — | — |91
Botrytis cinerea * [ RefSeq NZ_AAID00000000.1 v [52] | 14687 o 8,696 . | 40
Fusarium oxysporum 3% | Uniprot | GCA_000149955.2 v [53] 15811 | 15,148 - - 143
Moniliophthora perniciosa * Uniprot | ABRE00000000 | [54] 12915 | 12,741 | — | — |13
Pseudomonas syringae ** | RefSeq | NC_004578.1 [55] 5449 [l 1446 . ‘ 73
Ralstonia solanacearum ** _ RefSeq | NC_003295.1 v [56] 4400 | 696 [ 135 | 1292 | 56
Zea mays ) | RefSeq | LPUQ00000000 1157) | 59384 _ | 2363 12300 |92
Aspergillus flavus ** RefSeq GCA_000952835.1 [58] 13561 _ 5423 5884 16
Colletotrichum graminicola * | RefSeq | ACOD00000000 ' [59] 11910 . | 5,381 . | 54
Gibberella moniliformis* Uniprot AAIMO00000000.2 [60] 17384 13,71 _ e | 21
Exserohilum turcicum * RefSeq AIHTO00000000 [61] 4248 . 11159 1 ‘ 3,6
Pantoea ananatis ** RefSeq | CP001875 [62] 4302 | 707 . | 14 | 83
Apis mellifera Uniprot AADG00000000 [63] 13514 12511 _ 5 17,3
Trichoderma harzianum * | Uniprot | MRYK00000000 | [64] 11480 | 7704 - |3 |32
Bacillus subtilis** | Uniprot NC_000964 » [65] 26433 | 1299 . | 301 | 93
Homo sapiens Uniprot CM000663 [66] 63487 1338 _ 1071 J 96

—No proteins in this category
* Fungi

** Bacteria

' A. flavus NRRL3357

% F. oxysporum Fo5176

* F. oxysporum 4287

* A. flavus AF70.

#Ptn., total number of proteins; Unch., uncharacterized proteins; Hyp., hypothetical proteins; Put.,putative proteins; Annot.%, annotation percentage

https://doi.org/10.1371/journal.pone.0197511.t001
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score separates enzymes with different tertiary structures [34]. Results were parsed to obtain, for
each enzymatic activity as defined by their Enzyme Commission (EC) number, files containing
one or more groups of primary structures. If for a given enzymatic activity, only one group was
produced at the end of the clusterization step, then all sequences would be considered homolo-
gous, and that enzymatic activity was removed from the analysis. On the other hand, if more
than one group was produced, then sequences in the same group were considered homologous,
with a score above 120, while sequences allocated in different groups were considered analogous
(potential NISEs), with a score smaller than 120. In other words, sequences allocated in the
same group have similar tertiary structures, while sequences allocated in different groups have
different folding patterns, which reflects their different evolutionary origins [34, 35, 68].

Protein function inference

The groups of homologous sequences generated after the clustering step using the KEGG dataset
were used for reannotation (with the pipeline AnEnPi) of the predicted proteins from the organ-
isms in this study, which were compared, in a pairwise manner, to each primary protein struc-
ture within each protein functional group from KEGG. For the biochemical function inference,
a cutoff value of 10’ was used, a highly restrictive value that gives greater reliability to the
results (67, 69-71]. Sequences with scores below this threshold were removed from the analysis.

NISEs: Identification, structural validation and essentiality

The search for cases of analogy (NISEs) between enzymes from plants and pathogens was per-
formed through the analysis of the groups produced after the clustering step and functional
inference. For this, one of the modules of AnEnPi was used together with in-house scripts to
parse and filter the results. To validate the identified NISEs, that is, to verify if the enzymes
found are cases of evolutionary convergence, we classified the sequences in accordance with
their folds using the SUPERFAMILY database. The information in this database is based on a
collection of Hidden Markov Models [72], which represent the structural domains of proteins
classified by SCOP [73].

Heteromultimeric enzymes, enzymes annotated with the term "subunit" and sequences with-
out an associated fold were excluded from the final list. Fused domains were maintained in our
analysis, as in the case of the family "Dimeric alpha + beta barrel", which is an evolutionarily
conserved group of protein families [73, 74]. Enzymes with the same EC number, but displaying
different folds and, consequently, belonging to different superfamilies, were considered poten-
tial NISEs.

The Database of Essential Genes (DEG, 14.7, October/2016, http://www.essentialgene.org/)
was used as a reference for the search for essential activities in the pathogens studied. A
BLASTYp search was performed between all enzymatic sequences identified as analogous
against the DEG database. An e-value of 10> was used as threshold. Later, another BLASTp
search was performed between all enzymatic sequences identified as analogues against the pre-
dicted proteins of organisms that should not be affected by an eventual inhibitor for the target
identified in phytopathogen (H. sapiens, A. mellifera, T. harzianum and B. subtilis). An e-value
of 107> was used as threshold.

Results
Data preparation, clustering and functional activity inference

After cleaning and preparation, the initial dataset obtained from KEGG was reduced to
1,225,682 protein sequences distributed over 3,893 enzymatic activities. After clusterization,
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this dataset was used for the reannotation of the predicted proteins of the plants and phytopath-
ogens, comprising 444198 individual sequences in 2096 enzymatic activities from the three
plants and their 15 pathogens. Predicted proteins from H. sapiens, A. mellifera, T. harzianum
and B. subtilis were also reannotated, comprising 114914 individual sequences in 2008 enzy-
matic activities. Annotation quality of the downloaded sets of predicted proteins varied greatly.
Before the reannotation procedure, the best annotated organism among the plants was Z. mays,
with approximately 90% of their proteins characterized, while S. lycopersicum presented only
9% of its proteins annotated. Among the pathogens, P. ananatis presented 83% of its entire con-
ceptual proteome annotated and M. perniciosa had only 1.3% of its proteins characterized. After
the functional inference step, where only enzymes were reannotated, on average 15% of the pro-
teins of each organism were associated with an enzymatic activity (data not shown).

Potential NISEs: Identification and validation

Initially, a total of 568 cases of potential NISEs was identified, and from this set 97 cases were
validated (Table 2, see S1 Table for more details). Sequences labeled with "subunit" or "chain"
(324 cases), enzymes displaying the same fold (55 cases), and sequences without an associated
fold in the SUPERFAMILY database (92 cases) were excluded. Cases of analogy were validated
for all the pathogens studied: only one case was found for P. sojae and S. sclerotiorum, while 14
cases were found for A. flavus AF70. In total, 13 cases of analogy were found in the compari-
sons between G. max and its pathogens, 23 cases between S. lycopersicum and its pathogens,
and 61 cases between Z. mays and its pathogens (Table 2).

The validated NISEs (97 cases), comprising 39 different enzymatic activities, participate in
central metabolic pathways including the carbohydrate metabolism (13 enzymatic activities),

Table 2. Number of potential, validated, specific and essential NISEs. Numbers in parenthesis indicate the number of enzymatic activities identified.

Host Pathogens Potential NISEs Validated Specific’ Essential
G. max A. flavus' 25 4 8 |2
F. oxysporum® 21 |4 4 [1
P. sojae 25 [1 1 1
S. sclerotiorum 21 |1 1 0
X. axonopodis 12 |3 2 2
S. lycopersicum | B. cinerea 18 3 2 1
| F o,ysporum3 30 | 6 |5 |2
M. perniciosa 23 4 2 2
| P. syringae 38 5 4 |5
R. solanacearum 32 5 5 5
Z. mays A. flavus* 64 14 8 7
| C. graminicola 69 13 7 [9
E. turcicum 62 12 Z 9
G. moniliformis 65 | 10 6 5
P. ananatis 63 12 11 7
Total 568 97 (39) 68 (26) 58 (29)

* Number of pathogen’s specific tertiary structures
' A. flavus NRRL3357

% F. oxysporum Fo5176

* F. oxysporum 4287

* A. flavus AF70.

https://doi.org/10.1371/journal.pone.0197511.t1002
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amino acid metabolism (8), energy metabolism (6), biosynthesis of secondary metabolites (4)
and lipid metabolism (4). Eight enzymatic activities belong to other pathways such as xenobi-
otics degradation, metabolism of cofactors and vitamins, nucleotide metabolism and metabo-
lism of other amino acids (Fig 2). It is important to remember that one enzymatic activity may
participate in more than one pathway.

Essential NISEs

After the validation step a screening for essential enzymes was performed, revealing 58 cases of
analogy (Table 3), involving 29 different essential enzymatic activities, corresponding to 119
different structures, for all organisms analyzed in this study. In the carbohydrate metabolism,
the most frequent case was catalase, classified as essential for three pathogens of G. max (A. fla-
vus, F. oxysporum and P. sojae), three pathogens of S. lycopersicum (F. oxysporum, P. seryngae
and R. solanacearum) and three pathogens of Z. mays (A. flavus, E. turcicum and C. gramini-
cola). Members of the pentoses pathway, like ribose 5-phosphate isomerase, ribulose-phos-
phate 3-epimerase and glyoxalase I, were identified in three Z. mays” pathogens (A. flavus, G.
moniliformis and C. graminicola). Another frequent case, the enzyme cyclin-dependent kinase,
was found for four of the five pathogens of Z. mays (A. flavus, E. turcicum, C. graminicola and
G. moniliformis).

In the amino acid metabolism, several enzymes were identified as essential and analogous,
like carbonic anhydrase for R. solanacearum and. A. flavus AF70; prolyl aminopeptidase, for F.
oxysporum 4287; transaminase, for A. flavus AF70, G. moniliformis, A. flavus NRRL3357 and F.
oxysporum Fo5176. Chitinases were found as essential and analogous for P. seryngae and R.
solanacearum (Table 3).

Analogous and essential enzymes were also found in the metabolism of lipids and biosyn-
thesis of secondary metabolites pathways. Acetyl-CoA carboxylase was identified in. X. axono-
podis and phospholipase A2 in C. graminicola. Ornithine carbamoyltransferase, identified in P.
ananatis, participates in the amino acid metabolism (S2 Table). Some enzymatic activities
found to be essential for some pathogens have not been identified as essential in others: these
cases are represented by enzymes encoded by different genes. In this group we can cite
enzymes belonging to the antioxidant system (AS), composed of enzymes involved with the

8 Amino acid metabolism
20)

B Carbohydrate metabolism

BEnergy metabolism

@) 40)

8 Lipid metabolism
& Metabolism of cofactorsand vitamins
Metabolism ofother amino acids

# Nucleotide metabolis

2] and

1309)

Fig 2. Functional classification of the validated NISEs. Numbers in parenthesis indicate the amount of essential
enzymatic activities.

https://doi.org/10.1371/journal.pone.0197511.g002
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Table 3. Essential and analogous enzymes.

_ ) NISEs » _ Essentiality data
Hosts ID Sequence Host Pathogens ID sequence pathogens 'EC \ Enzyme ID DEG** E-value
number
G.max | NP_0012359741 | A.flavus XP_002384918.1 | 1ILL6" | Catalase DEG10110209 | 2,00E-068
G. max XP_003557098.2 A. flavus XP_002377297.1 ‘ 1.11.1.7* Peroxidase _ _
G. max | XP_006600684.1 |A. flavus | XP_002376298.1 |12.1.3 | Aldehyde dehydnggg@ (NAD+) | DEG20180006 | 1,00E-065
G. max XP_006600243.1 | A.flavus | XP_0023823741 2611 | Aspartate ransaminase — |
G. max NP_001235974.1 F. oxysporum 9FP11|F9FP11_FUSOF ‘ 1.11.1.6* Catalase DEG10110209 | 0
G. max ‘ XP_003555725.2 | F. oxysporum | FOFYF1_FUSOF [115.1.1% | Superoxide dismutase csery £ =
G. max XP_006600243.1 ‘ F. oxysporum [ F9G466_FUSOF ‘ 2:6. 1.1 ‘ Aspartate transaminase . o
G. max XP_006598804.1 | F. oxysporum | F9G2]J4_FUSOF | 44.15 ‘ Lactoylglutathione lyase o o
G. max NP_001235974.1 P. sojae XP_009521283.1 | 1.11.1.6" Catalase DEG10110209 | 8,00E-115
G. max XP_003557098.2 S. sclerotiorum | XP_001585507.1 | 1.11.1.7* Peroxidase . _
G. max NP_001235974.1 . X. axonopodis WP_042823856.1 1.11.1.6° Catalase . o
G. max XP_006605648.1 | X. axonopodis WP_054320474.1 1.15.1.1* Superoxide dismutase DEG20241649 | 6,00E-018
G. max XP_006601861.1 X. axonopodis | WP_033483073.1 |64.1.2 | Acetyl-CoA carboxylase DEG10030125 | 4,00E-057
S. lycopersicum | K4ACN29_SOLLC B. cinerea | XP_001560519.1 |3.1.3.2 Acid phosphatase . o
S. lycopersicum | LGUL_SOLLC | B. cinerea XP_001550649.1 44.1.5 Lactoylglutathione lyase e —
S. lycopersicum | P21568|CYPH_SOLLC | B. cinerea XP_001545186.1 5.2.1.8 | Peptidylprolyl isomerase DEG20241291 | 1,00E-046
S. lycopersicum | K4BVX3_SOLLC | F. oxysporum | AOAOD2YKD1_FUSO4 | 1.11.1.6" ‘ Catalase DEG10110209 | 0
S. lycopersicum | Q7XAV2_SOLLC F. oxysporum | AOAOD2YE80_FUSO4 | 1.15.1.1° ‘ Superoxide dismutase 2 _
S. lycopersicum | K4ACN29_SOLLC | F. oxysporum | AOAOD2YGA3_FUSO4 3.1.3.2 | Acid phosphatase - .
S. l):copersicumw Q42875_SOLLC | F. oxysporum | AOAOD2X]JE6_FUSO4 32.14 VCellulase — s )
S. lycopersicum | Q8GZD8_SOLLC | F. oxysporum | AOAOD2XCV3_FUSO4 } 34.11.5 Prolyl aminopeptidase DEG20210010 | 7,00E-014
S. lycopersicum | LGUL_SOLLC | F. oxysporum | AOAOD2XLV4_FUSO4 | 44.1.5 Lactoylglutathione lyase _ _
S. lycopersicum | P15003|PER1_SOLLC | M. perniciosa E2L.X62_MONPE | 1.11.1.75 Peroxidase o o
S. lycopersicum | QOFVNO| M. perniciosa E2M162_MONPE 127.13.3 Histidine-kinase DEG20070330 | 4,00E-036
AMT13_SOLLC . | _ ;
5. {,\'copersicum ' Q8GZD8_SOLLC | M. perniciosa | E2LYM3_MONPE |34.11.1 Leucy] aminopeptidase o o
S. lycopersicum | K4CJ01_SOLLC | M. perniciosa | E2LAS1_MONPE 54.2.8 Phosphomannomutase DEG20020210 | 5,00E-030
S. chofersicumi K4BVX3_SOLLC | P. seryngae | NP_794283.1 | L11.1.6 VCatalase | DEG10270348 | 0 ]
S. lycopersicum | P15003|PER1_SOLLC | P. seryngae NP_794565.1 | 111.1.7* Peroxidase DEG10180459 | 4,00E-010
S. lycopersicum | K4CN29_SOLLC | P. seryngae | NP_791387.1 |3.13.2 Acid phosphatase DEG10290292 | 1,00E-084
S. lycopersicum | Q05539| P. seryngae NP_794777.1 3.2.1.14 Chitinase DEG10250423 | 5,00E-019
CHIA_SOLLC | | ' i )
S. Iycopersicum | P21568| CYPH_SOLLC | P. seryngae | NP_791005.1 |5.2.1.8 Peptidylprolyl isomerase DEG10470303 | 2,00E-059
S. lycopersicum | K4BVX3_SOLLC R. solanacearum | AGH83314.1 | 1.11.1.6* Catalase DEG10270348 | 0
S. lycopersicum | P15003|PER1_SOLLC | R. solanacearum | AGH86619.1 [1.11.1.7* Peroxidase DEG10350205 | 2,00E-008
S. Iycopersicum | QOFVNO| R. solanacearum | AGH84344.1 |27.13.3 Histidine kinase DEG10330275 | 1,00E-065
) AMT13_SOLLC . | _
S. lycopersicum | Q05539| R. solanacearum | AGH83721.1 132.1.14 Chitinase DEG10260021 | 1,00E-017
CHIA_SOLLC
S. lycopersicum | K4C2F1_SOLLC | R. solanacearum | AGH86735.1 |4.2.1.1 Carbonic anhydrase DEG10050308 | 4,00E-038
Z. mays NP_001304298.1 A. flavus BSNGNO_ASPFN ‘ 1.10.2.2 Quinol-cytochrome-c reductase DEG20091193 | 1,00E-054
Z. mays XP_008660914.1 | A. flavus | BSNX24_ASPFN | L11.1.6° ‘ Catalase DEG10110209 | 2,00E-068
Z. mays XP_008664058.1 | A. flavus | BSNC39_ASPEN 1.11.1.7* Peroxidase . o
Z. mays NP_001145525.1 | A. flavus B8N164_ASPFN 1.11.1.15* | Peroxiredoxin . o
Z. mays | XP_008664254.1 | A. ﬂavus | BSNB79_ASPEN |2.1.1.43 Histone-lysine N-methyltransferase DEG20051547 | 7,00E-012
Z. mays XP_008665261.1 A. flavus BSNINS_ASPEN 2.5.1.18 Glutathione transferase . o
(Continued)
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Table 3. (Continued)

‘ ) NISEs ' Essentiality data
Hosts ID Sequence Host ' Pathogens ID sequence pathogens \ EC Enzyme ID DEG™* E-value
' number

Z. mays XP_008660232.1 A. flavus BSNQM9_ASPFN | 2.6.1.1 Aspartate transaminase . o
Z. mays XP_008663534.1 A. flavus B8N9A7_ASPFN ‘ 2.7.11.22 | Cyclin-dependent kinase DEG20010254 | 6,00E-067
Z. mays XP_008664470.1 | A ﬂavus | BSNB93_ASPEN \ 3.1.3.2 Acid phosphatase - _—
Z. mays XP_008656307.1 | A.flavus | BSNQT3_ASPFN 32222 | rRNAN-glycosylase _ _
Z. mays XP_008655471.1 A. flavus BSNWMS_ASPFN ‘ 42.1.1 Carbonic anhydrase DEG20101870 | 2,00E-011
Z.mays | NP_001148888.1 A. flavus | BSNT23_ASPEN 14415 | Lactoylglutathione lyase _ _
Z. mays NP_001149850.1 | A. flavus | BSN7U5_ASPFN | 5.1.3.1 Ribulose-phosphate 3-epimerase DEG20210336 | 6,00E-110
Z. mays X|P_008644870.1 | A. flavus | BSNFW5_ASPFN : 5.3.1.6 Ribose-5-phosphate isomerase DEG10140248 | 3,00E-012
Z. mays XP_008657765.1 E. turcicum XP_008026270.1 | 1.1.1.27 L-lactate dehydrogenase DEG20010346 | 1,00E-086
Z. mays NP_001105310.2 | E. turcicum XP_008029291.1 ‘ 1.11.1.6" Catalase DEG10110209 | 0
Z. mays XP_008664058.1 | E. turcicum | XP_008030871.1 | 1.11.1.7* Peroxidase DEG10400636 | 4,00E-080
Z. mays NP_001145525.1 E. turcicum XP_008025877.1 ‘ 1.11.1.15* | Peroxiredoxin _— —
Z. mays XP_008664254.1 E. turcicum XP_008025860.1 2.1.1.43 Histone-lysine N-methyltransferase DEG20240496 | 3,00E-018
Z. mays XP_008663534.1 | E. turcicum | XP_008024068.1 1 2.7.11.22 | Cyclin-dependent kinase DEG20090883 | 2,00E-041
Z. mays XP_008651541.1 E. turcicum XP_008029497.1 |3.1.1.31 6-phosphogluconolactonase e —
Z. mays XP_008664470.1 E. turcicum XP_008024834.1 : 3.1.32 Acid phosphatase DEG10390008 | 1,00E-063
Z. mays NP_001148888.1 | E. turcicum XP_008026072.1 | 44.1.5 Lactqylglutathione lyase . o
Z. mays NP_001136955.1 | E. turcicum | XP_008024266.1 | 4.6.1.1 Adenylate cyclase DEG10030767 | 2,00E-010
Z. mays NP_001149850.1 | E. turcicum | XP_008028934.1 |5.1.3.1 Ribulose-phosphate 3-epimerase DEG20210336 | 1,00E-108
Z. mays XP_008644870.1 E. turcicum XP_008028444.1 ‘ 5.3.1.6 Ribose-5-phosphate isomerase DEG10080091 | 8,00E-015
Z. mays XP_008657765.1 | C. graminicola | XP_008097388.1 | 1.1.1.27 L-lactate dehydrogenase DEG20010346 | 1,00E-091
Zomays  |XP QURGGOOIAT G giamigicals | XP 0080985021 | LA118" |Catdlase DEGI0TIOR0%14
Z. mays XP_008664058.1 | C. graminicola | XP_008095952.1 ‘ 1.11.1.7* Peroxidase DEG10400636 | 3,00E-079
Zomays | NP_O0I45525.1 | C.graminicola | XP 0080931451 | 1ILLIS" | Peroxiredoxin 2= s
Z. mays XP_008663534.1 C. graminicola | XP_008094831.1 | 2.7.11.22 | Cyclin-dependent kinase DEG20010254 | 6,00E-050
Z. mays XP_008651541.1 C. graminicola ‘ XP_008100128.1 ‘ 3.1.1.31 6-phosphogluconolactonase o .
Z. mays XP_008675577.1 C. graminicola | XP_008100081.1 |3.1.14 Phospholipase A2 DEG20240063 | 2,00E-026
Z. mays XP_008664470.1 C. graminicola | XP_008094949.1 : 3.1.32 Acid phosphatase . o
Z. mays XP_008658269.1 C. graminicola | XP_008092609.1 3.1.13.4 Poly(A)-specific ribonuclease DEG20240339 | 7,00E-092
Z.mays | XP_008677367.1 | C.graminicola | XP_008097450.1 7 3.133 APhorsprhoserinerpho;ghatase ' DEG20211963 | 6,00E-052
Z. mays 'NP_001148888.1 | C. graminicola | XP_008096879.1 | 44.1.5 Lactoylglutathione lyase _ _ »
Z. mays NP_001149850.1 | C. graminicola | XP_008091175.1 ‘ 51:3.1 Ribulose-phosphate 3-epimerase DEG20210336 | 8,00E-113
Z. mays XP_008644870.1 le. graminicola | XP_008098210.1 5.3.1.6 Ribose-5-phosphate isomerase DEG10080091 | 1,00E-015
Z. mays NP_001145525.1 G. moniliformis | W7LPB7_GIBM7 : 1.11.1.15° | Peroxiredoxin - _
Z. mays XP_008660232.1 . G. moniliformis [ W7MC41_GIBM7 2.6.1.1 Asparate transaminase . o
Z. mays XP_008663534.1 | G. moniliformis | W7MSL6_GIBM7 | 2.7.11.22 | Cyclin-dependent kinase DEG20011066 | 2,00E-036
Z. mays XP_008651541.1 G. moniliformis = W7MO0K8_GIBM7 |:3.1.1.31 6-phosphogluconolactonase . o
Z. mays XP_008658269.1 G. moniliformis | W7M4G2_GIBM7 |3.1.134 Poly(A)-specific ribonuclease DEG20240339 | 1,00E-088
Z. mays XP_008664470.1 G. moniliformis | W7NDR6_GIBM7 3132 Acid phosphatase DEG10390008 | 2,00E-013
Z. mays XP_008655784.1 G. moniliformis | W7M5R3_GIBM?7 : 32.14 Cellulase . o
Z. mays NP_001148888.1 | G. moniliformis | W7LNQ2_GIBM?7 44.1.5 Lactoylglutathione lyase . o
Z. mays NP_001136955.1 | G. moniliformis | W7MFF7_GIBM7 | 4.6.1.1 Adenylate cyclase DEG20090256 | 1,00E-090
Z. mays NP_001149850.1 | G. moniliformis | W7M917_GIBM?7 ; 5131 Ribulose-phosphate 3-epimerase ' DEG20210336 | 1,00E-107
Z. mays NP_001105310.2 ‘ P. ananatis D4GMF4_PANAM ‘ 1.11.1.6" Catalase . —
Z. mays XP_008667406.1 P. ananatis D4GL47_PANAM ‘ 1.11.1.15* | Peroxiredoxin DEG10030767 | 1,00E-006

(Continued)
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Table 3. (Continued)

NISEs Essentiality data
Hosts ID Sequence Host Pathogens ID sequence pathogens EC Enzyme ID DEG™* E-value
| _ [ | number
Z. mays | XP_008672910.1 _ P. ananatis [ D4GCI2_PANAM ' 1.16:3.1* v Ferroxidase . o
Z. mays XP_008660532.1 P. ananatis D4GJ68_PANAM 2133 Ornithine carbamoyltransferase DEG10350142 | 9,00E-055
Z. mays XP_008657589.1 P. ananatis D4GHC5_PANAM 23.1.51 1-acylglycerol-3-phosphate O- DEG10480294 | 2,00E-093
| » acyltransferase
Z. mays XP_008656415.1 P. ananatis D4GHA1_PANAM 2.7.2.3 Phosphoglycerate kinase o .
Z. mays ‘ XP_008662013.1 _ P. ananatis | D4GMMO0O_PANAM [2.7.4.8 Guanylate kinase DEG10030351 | 9,00E-064
Z. mays XP_008672924.1 P. ananatis D4GGT2_PANAM 3.1.1.5 Lysophospholipase o o
Z. mays XP_008651541.1 P. ananatis D4GFBS_PANAM 3.1.1.31 6-phosphogluconolactonase . .
Z. mays | XP_008650400.1 | P. ananatis | DAGCE1_PANAM 3.1:3.11 Fructose-bisphosphatase DEG10480226 | 2,00E-090
Z. mays XP_008672875.1 P. ananatis D4GMQ4_PANAM 4.2.1.96 4a-hydroxytetrahydrobiopterin DEG10470424 | 3,00E-034
dehydratase
Z. mays NP_001105425.1 P. ananatis D4GK89_PANAM 43.3.7 4-hydroxy-tetrahydrodipicolinate DEG10180422 | 1,00E-020
synthase

“Enzymes of the antioxidant system.

** Accession number in DEG.

https://doi.org/10.1371/journal.pone.0197511.t003

detoxification of reactive oxygen species (ROS) such as catalase, peroxidase, superoxide dis-

mutase, peroxiredoxin, among others.

Analogous enzymes in the antioxidant system

One group of enzymes that stood out among the validated NISEs, including non-essential
activities, were the enzymes that comprise the antioxidant system (AS). In all comparisons
made between plants and their pathogens, except in the case of B. cinerea, for at least one of
the functional activities of the antioxidant system, the host enzyme and its counterpart in the
pathogen are structurally different (Table 4). In total, 27 cases of analogy were found for the
antioxidant system, including catalase (CAT), peroxidase (POX), superoxide dismutase

(SOD), ferroxidase (HEPH) and peroxiredoxin (PRDX). In our results, CAT was identified as
an essential enzyme for 9 of the 14 pathogens studied, and POX was identified as essential in E.
turcicum, C. graminicola, P. seryngae and R. solanacearum. SOD was identified as an essential
enzyme for X. axonopodis. Among the pathogens analyzed, there are two species with distinct
strains, A. flavus (NRRL3357, AF70) and F. oxysporum (Fo5176, 4287). No differences were
observed between different lineages as in the case of A. flavus and F. oxysporum. It is important
to emphasize that the AS enzymatic activities are present in all the genomes included in the
present work; however, only the cases of validated NISEs have been shown, which explain gaps
in the absence/presence pattern observed for HEPH, PRDX and SOD (Table 4).

Specific structural forms

After obtaining the final list of validated, essential NISEs between the plant hosts and their
pathogens, a search for these enzymatic activities was performed on the predicted proteins of
H. sapiens, A. mellifera, B. subtilis and T. harzianum. The objective of this comparison was to
find specific structural enzymatic forms of the pathogen in the genomes of species that should
not be affected by an eventual inhibitor targeting that particular structural form, mainly H.
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Table 4. Alternative enzymatic forms found among the enzymes of the antioxidant system.

Organisms

G. max

A. flavus'

F. oxysporum®

P. sojae

S. sclerotiorum
X. axonopodis

S. lycopersicum

B. cinerea

@

®

CAT

®

Structural forms
POX SOD

® o @ l® |0

HEPH PRDX

®

F. oysporum®
M. perniciosa

P. syringae

R. solanacearum
Z. mays

A. flavus*

C. graminicola
E. turcicum

G. moniliformis

P. ananatis

oo 0 0

' A. flavus NRRL3357
% F. oxysporum Fo5176

* F. oxysporum 4287
* A. flavus AF70.

“Numbers represent the groups where a sequence was located. Only validated cases of analogy are shown. Black circles indicate structural forms validated found only on

the pathogen.

https://doi.org/10.1371/journal.pone.0197511.t1004

sapiens and A. mellifera. Of the 97 NISEs validated, 68 specific structural forms of the pathogen
(in relation to the plant host, men and bee) were found (Table 5). They are distributed over 26

enzymatic activities (16 of them being essential). From these 68 structural forms, 39 were pres-
ent in T. harzianum and 17 in B. subtilis, which is expected since these organisms belong to the
same kingdoms of the phytopathogens studied in this work (Fungi and Bacteria).

Discussion

The correct description of the analogous enzymes is important for the practical tasks of meta-
bolic reconstruction and enzymatic nomenclature. In addition to this practical importance,
these enzymes represent important evolutionary phenomenon, existence shows that for vari-
ous biochemical problems, evolutionarily independent solutions may appear [35]. The main
works on the practical application of analogous enzymes describes studies of metabolic path-
ways and inhibitory targets for human pathogens [42, 69-70]. In the case of our study, we
sought a practical application, focused on the solution of an agronomic problem.

Essential enzymes are one of the primary targets for the development of inhibitors of any
kind; however, species that share essential enzymatic functions may inadvertently be affected
by products developed with other applications in mind [75]. Pesticides are commonly targeted
at these functions, and their damaging effects on several species including man himself and
several vital species such as pollinators and beneficial microorganisms are reason for great con-
cern [76-78]. In fact, it is estimated that approximately 35% of the crops are dependent on
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Table 5. Phytopathogen specific enzymatic structural forms.

Comparison Structural forms
Plant"*  Pathogen®* | EC Number | ID Sequence Pathogens  Pathogens Plant H. sapiens A. mellifera T. harzianum | B. subtilis
Gm Af 1.11.1.6% XP_002384918.1 1%2 1,5 1,5 1,5 1,2* 1,3,8
Gm Af 1.11.1.7 XP_002377297.1 3,6,12 3,6,20 1,3 1,3,6 3,6, 12° 74
Gm Af 2.6.1.1 XP_002382374.1 155 1 1 1 L5 1
Gm Fo 1.11.1.6% F9FP11_FUSOF 1,2 1,5 T;:5: 1,5 1,2* 1,3,8
Gm Fo 1.15.1.1% F9FYF1_FUSOF 1,4,7,14 1,4,6,7 | 1,4,7 1,4,7 1,4,7, 14* 1,4
Gm Fo 2.6.1.1 F9G466_FUSOF 1,5 1 1 1 1,5 1
Gm Fo 4.4.1.5 F9G2J4_FUSOF 1,3 1,8 1 1 1;:3% 1,3, 6,711
Gm Ps 1.11.1.6% XP_009521283.1 1,2 1,5 1,5 1,5 127 1,3,8
Gm Ss 1.11.1.7 XP_001585507.1 3,6,12 3,6,20 13 1,3,6 3,6, 127 7
Gm Xa 1.11.1.6 WP_042823856.1 3 1,5 1,5 1,5 1,2 1,3%8
Gm Xa 6.4.1.2% WP_033483073.1 1,6 1 1 2 1 1,6
Sl Bc 3.1.3.2 XP_001560519.1 2,3, 7,13 2,6,9,11 | 2,4,7 2,4,5,7,20 2,3:4,5,4;:13% ...
Sl Bc 4.4.1.5 XP_001550649.1 1;3 1,8 1 1 1,3* 1;3*
Sl Fo 1.11.1.6% AOAOD2YKDI1_FUSO4 | 1,2,5 15 1,5 155 1,2* 1,3,8
S1 Fo 1.15.1.1 AOAOD2YE80_FUSO4 | 1,4,7,14 1,4,6,7 | 1,4,7 1,4,7 1,4,7, 14" 1,4
S1 Fo 3.1.3.2 AOAOD2YGA3_FUSO4 | 1,2,3,4,7,13 2,4,6,9 |2,4,7 2,4,5,7,20 234,55, 7,13 |
Sl Fo 3.2.14 AOAOD2XJE6_FUSO4 | 1,6 1 _ 1 1 I;3
S1 Fo 44.1.5 AOAOD2XLV4_FUSO4 | 1,3 1,8 1 1 1,3* 1,3%6,7,11
S1 Mp 1.11.1.7 E2LX62_MONPE 6,12 3,6 1,3 1,3,6 3,.6, 12* 7
S1 Mp 3.4.11.1 E2LYM3_MONPE 1,11 1 1 1 _ 1
S1 Psy 1.11.1.6% NP_794283.1 1,2 1,5 1,5 1,5 1.2° 1,3,8
M Psy 1.11.1.7% NP_794565.1 6,16, 18, 19 3,6 1,8 1,3,6 3,6,12 7
S1 Psy 3.1.3.2% NP_791387.1 1,3 2,6,9,11|2,4,7 2,4,5,7,20 1%,3,4;5;7,13 | __
Sl Psy 3.2.1.14% NP_794777.1 1,3 1 1,10 1,4 1 —
N Rs 1.11.1.6% AGHS83314.1 6 155 155 155 1;2 1,3;8
S1 Rs 1.11.1.7% AGHB86619.1 6,18 3,6 1,3 1,3,6 3,6,12 7
Sl Rs 2.7.13.3% AGHB84344.1 1,21, 23,24,33,36 | 1,20 2,12,13,20 12,20 1 1
M Rs 3.2.1.14% AGHS83721.1 3 1 1,10 1,4 1 _
S1 Rs 4.2.1.1% AGHB86735.1 1,3,13 1,2,5 1;2 1,2,3 1,2 1,3,5,12
Zm Af 1.11.1.15 |B8N164_ASPFN 1,9 1,10 1 1 1,9* 1
Zm Af 1.11.1.6% B8NX24_ASPFN 1,2 1;5 1,5 15,5 12" 1,3,8
Zm Af I.1).1.7 BSNC39_ASPFN 3,6,12 3 1,3 1,3,6 3,6,12° Z
Zm Af 2.6.1.1 BSNQM9_ASPFN 1,:5 1 1 1 1..5° 1
Zm Af 3.1.3.2 B8NB93_ASPFN 2,13 2,4,6,9 |2,4,7 2,4,5,7,20 2,3,4,5,7,13% | __
Zm Af 3.2.2.22 B8NQT3_ASPEN 5 L7 _ _ _ _
Zm Af 44.1.5 B8NT23_ASPFN 1,3 1,8 1 1 1,37 1,3%.6,7.11
Zm Af 5.3.1.6% B8NFW5_ASPFN 1,2 1 1 1 12" e
Zm Cg 1.1.1.27% XP_008100733.1 2,12 1;12 1,12 1,12 1,2%,12 1,11
Zm Cg 1.11,1.15 XP_008093145.1 1,9 1,10 1 1 1,9 1,.9"
Zm Cg 1.11.1.6% XP_008098502.1 1,2,5 1,5 1,5 1,5 152 1,3,8
Zm Cg 3.1.1.31 XP_008100128.1 1,2 i 1,4 1 1,2" 2"
Zm Cg 3.1.3.2 XP_008094949.1 2,3,5,13 2,4,6,9 |2,4,7 2,4,5,7,20 2,3,4,5,7,13% | __
Zm Cg 4.4.1.5 XP_008096879.1 1,3 1,8 1 1 1,3" 1;:3%,6; 7,11
Zm Cg 5.3.1.6% XP_008098210.1 1,2 1 1 1 1;27 2%
Zm Et 1.11.1.15 XP_008025877.1 1,9 1,10 1 1 1,9* 1
Zm Et 1.11.1.6% XP_008029291.1 1,2,5 1;5 1;5 1;5 1,2" 1;3:8
(Continued)
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Table 5. (Continued)

Comparison | ‘ _ Structural forms
Plant’* | Pathogen’* |EC Number ID Sequence Pathogens | Pathogens Plant H. sapiens | A. mellifera T. harzianum | B. subtilis
Zm | Et |3.1.1.31 XP_008029497.1 |12 1 1,4 |2 1,2° 2*
Zm Et | 3.1.3.2% | XP_008024834.1 [1,2,3,13 2,4,6,9 |2,4,7 |2,4,5,7,20 |1%,3,4,57,13 | __
Zm Et 44.1.5 | XP_008026072.1 1,3 1,8 1 ‘ 1 1,3" 1,3%,6,7,11
Zm | Et | 4.6.1.1% XP_008024266.1 12,8,10 2,17,18 |2,8 |2,6,8,13 12,8 4
Zm | Et | 53.1.6% XP_008028444.1 [1,2 |1 E 11,2 -
Zm Gm | 1.11.1.15 W7LPB7_GIBM7 152:9 1,10 1 ‘ 1 1,9* 1
Zm | Gm | 26.1.1 W7MC41_GIBM7 |1,5 1 1 |1 |15 1
Zm Gm 3:1.:1:31 W7MOK8_GIBM7 1,2 1 1,4 [1 1 2"
Zm | Gm | 3.1.3.2% | WZNDR6_GIBM7 1,2,3,7,13 2,4,6,9 |2,4,7 2,4,5,7,20 | 2 -
Zm | Gm |32.14 W7M5R3_GIBM7 1,6 1 - 1 1 1,3
Zm Gm 44.1.5 W7LNQ2_GIBM?7 1;3 1,8 1 ‘ 1 1 1,3%,6,7,11
Zm | Pa | LILLIS: | D4GL47_PANAM 1,2 L0 |1 |1 1 1
Zm | Pa 1.11.1.6 D4GMF4_PANAM 3,.5,/6 1; 5 1,5 ‘ 1,5 1 1;:3%::8
Zm | Pa 1.16.3.1 | D4GCI2_PANAM 2% [2,6 2,4,6 [2,6 6 1
Zm Pa 2133t | D4GJ68_PANAM 2 L10 1,10 10 1 1,10
Zm | Pa 2.7.2.3 D4GHA1_PANAM 3 1 1 ‘ 1 1 1;8%:9
Zm | Pa 2.7.4.8 D4GMMO_PANAM 1,4,7 |1 1 \ 1 1 1,7
Zm | Pa [3.1.1.31 D4GFBS_PANAM 2,6 1 1,4 E 1 |2*
Zm | Pa /315 | D4GGT2_PANAM  |2,5 16,718 |1,4,6,7,9,10,17,18 | 1,6,7,9,17,18 | 1 =
Zm Pa 3.1.3.11% D4GCE1_PANAM 10, 12 |1 1,8 ‘ 1 1 3,11
Zm | Pa |42.1.96t | DAGMQ4_PANAM 2 |1 1 E |1 | 2*
Zm | Pa 4337t | D4GK89_PANAM 1,2 1 _ |_ _ 1,4

“*Gm: G. Max, Af: A. flavus, Fo: F. oxsyporum, Ps: P. sojae, Ss: S. sclerotiorum, Xa: X. axonopodis, Sl: S. lycopersicum, Rs: R. solanacearum, Psy: P. syringae, Mp: M.

perniciosa. Bc: B. cinerea, Zm: Z. mays, Pa: P. ananatis, Gm: G. moniliformis, Et: E. turcicum, Gg: C. graminicola.

A Numbers represent the different structures. Numbers in bold are the specific phytopathogen enzymatic structural forms.

i Essential enzymes.

— Enzymatic activity not found.

*Structural form homologous to the pathogen.

https://doi.org/10.1371/journal.pone.0197511.t1005

pollinators for sexual reproduction, and pesticides are the main factor contributing to the cur-
rent decrease of the pollinator population [44, 79].
Through the joint use of primary structure data, tertiary structure data and essentiality
data, beginning with 444198 individual sequences, comprising 2096 enzymatic activities in 3
plants and 15 phytopathogens, we have disclosed a subset of analogous sequences in 29 essen-
tial enzymatic activities present both in the plant and the pathogen. These belong to several
components of the central metabolism of plant and pathogens, being involved in the carbohy-
drate metabolism, the metabolism of amino acids, the detoxification of reactive oxygen species
and others, thus offering several opportunities as targets.
Interestingly, the subset of non-essential NISEs contains several enzymes important in the
context of host-pathogen interactions, such as cellulases, chitinases, glutathione transferase

and lysophospholipase. Blocking or inhibiting these enzymes would, in principle, decrease vir-
ulence and / or delay the defense mechanisms of the pathogen [80, 81]. Inhibition of cellulases
and chitinases has also been proposed as a strategy for the development of new antifungal
drugs for aspergillosis in humans [22]. Glutathione transferase play an essential role in the pro-
tection of necrotrophic fungi against toxic metabolites derived from plants and reactive oxygen

PLOS ONE | https://doi.org/10.1371/journal.pone.0197511
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species [82], while lysophospholipase has been implicated with virulence in Cryptococcus neo-
formans [83].

Some of the diversity found for the enzymes of the antioxidant system, both in terms of
enzymatic activities and in structural forms, may be explained by evolutionary pressures: dur-
ing the co-evolution between plants and their pathogens, it is likely that different antioxidant
enzymes of plants have adapted to overcome the pathogen virulence mechanisms [84, 85]. The
role of these enzymes in mechanisms of virulence, susceptibility to infections, development of
drug targets and evaluation of pesticide effects has been studied for SOD [86-90], CAT [91-
94] and POX [95].

Essential enzymes from the central metabolism have also been studied as potential drug tar-
gets in several organisms. Glucose-6-phosphate isomerase has been studied as a target for
infections caused by Plasmodium falciparum [96], Trypanossoma spp [97], Toxoplasma gondii
[98], and Leishamania ssp [99], acetyl-CoA carboxylase for L. major [100, 101], and ribose
5-phosphate isomerase in other organisms [102]. Deletion of these genes usually results in a
severe reduction in growth rates and virulence [103-105], and they have been studied as drug
targets in other organisms [106-109].

Eighteen of the 29 enzymatic activities identified in this study as analogous and essential
were identified in databases of drug targets such as TDR Drug Targets (http://tdrtargets.org/),
DrugBank (https://www.drugbank.ca/) and Potential Drug Target Database (http://www.
dddc.ac.cn/pdtd/), meaning they are being studied or employed as a drug target for at least
one pathogen. Among them we can mention enzymes from the carbohydrate and amino acids
metabolism such as lactoylglutathione lyase, acetyl-CoA carboxylase, carbonic anhydrase, and
enzymes of the AS like catalase, peroxidase, peroxiredoxin and superoxide dismutase. Since
these enzymatic activities present multiple tertiary structures, we are not able to tell, from this
data, which one is under study; nonetheless, these findings give indirect support to our ana-
lyzes, corroborating the idea that essential enzymes with specific structural forms have great
potential as drug targets as described in our study. Improvements in the annotation of genes
and their products, and a better experimental characterization of enzymatic activities, would
allow the use of less-stringent criteria in our procedures, mainly in data cleaning and filtering,
but also in clustering and structural validation, increasing the number of essential and analo-
gous enzymes that could be further studied as potential drug targets.

Conclusions

The approach employed in this study enabled the elaboration of lists of essential and analogous
enzymes, most belonging to the central metabolism and/or involved in host-pathogen interac-
tions, with potential to be a drug target. These enzymes provide an opportunity for the discov-
ery of targets with considerable structural differences over their counterpart in beneficial
organisms such as pollinators. Inclusion of structural data allows the disclosure of specific
structural forms, facilitating the development of environment-friendly enzyme inhibitors,
which may be of great importance for agricultural use.

Supporting information

$1 Table. Non-homologous isofunctional enzymes found in this study.
(XLS)

$2 Table. Distribution of metabolic pathways in essential analogous enzymes.
(XLS)
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Introduction
The increasing amounts of genomic data produced by next-
generation sequencing technologies made B-lactamases (BLs),
the enzymes responsible for the irreversible inactivation of -
lactam antibiotics, one of the most numerous families of pro-
teins studied to date.! First described by Abraham and Chain,?
BLs can be found in pathogenic or commensal bacteria, iso-
lated from humans or varied environments.? Due to its great
medical importance and clinical impact, several groups directed
efforts in the development of a proper BL classification scheme,
usually based on functional or structural criteria.**
Function-based classification is achieved using experimental
data to link the enzyme to its clinical role.%” The determination of
these parameters for a large number of BLs, however, may be rela-
tively costly and time-consuming. Also, they do not generate
sequence data, essential for studies involving molecular evolution.®
Currently, the most widely used classification scheme for BLs
is the Ambler structural classification, which is based on sequence
similarity, and separates BLs into 4 classes: the classes A, C, and
D of serine-B-lactamases (SBLs) and the class B of metallo-3-
lactamases (MBLs).4%1° Class B is further divided into sub-
classes B1, B2, and B3, using sequence conservation data.!!
Despite SBLs and MBLs are able to break amide and ester
bonds (EC 3.5.2.6), they belong to 2 distinct protein super-
families that do not share a common ancestor.’> Considering
SBLs tertiary structures, they are similar enough among

themselves to be considered homologous,® whereas the differ-
ences between their primary structures and catalytic mecha-
nisms justify their division into classes A, C, and D.13

Experimental data indicate that the 3 subclasses of MBL
should not be treated as equally separated groups. Subclasses
B1 and B2 have detectable sequence similarity between them
but not with B3,* and structural evidence strongly suggest dif-
ferent Most Recent Common Ancestor between the group
formed by subclasses B1 and B2 and the subclass B3.15

Based on this structural information, a reorganization of BL
at 4 hierarchical levels was proposed by Hall and Barlow.® In
this scheme, the former subclasses B1 and B2 were merged and
renamed as class MB, whereas subclass B3 was renamed as
class ME. Thus, the 5 BL classes (third classification level) are
SA,SC, SD, MB, and ME, and subclasses MB1 and MB2 rep-
resent the fourth and last hierarchical level.’

Moreover, recent studies employing phylogeny and amino
acid-based sequence similarity networks showed that classes
SA and SD could be further divided into 2 different groups,
suggesting new BL subclasses.!»1¢ Indeed, the current molecu-
lar classification of BLs does not represent its actual sequence
diversity, and there is yet no precise definition of various classes
and subclasses.!>16

Profiles Hidden Markov Models (HMM) and sequence
clustering using similarity underlie the workflow proposed
here. It is based on a previous hierarchical scheme which
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— 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without
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reflects the distinct evolutionary origins of SBLs and MBLs.?
Application of this scheme to 2774 assembled bacterial
genomes provided improvements in BL annotation and in the
knowledge about BLs distribution among bacteria phyla, con-
firming previous studies suggesting new BL subclasses.!.16
Finally, our results propose the existence of a new BL class with
fused domains and extended action spectrum.

Methodology

Data collection and preparation

On March 22,2016, an online search for BL structures using the
EC number (3.5.2.6) in the National Center for Biotechnology
Information (NCBI) Structure Database!” returned 516 entries.
Records with the word “mutant”in the description were excluded.
The PDB (Protein Data Bank) IDs were retrieved and used for
downloading PDB files and their corresponding FASTA files
from RCSB PDB.!8 The data were filtered using the following
criteria: duplicate atoms positions were removed, the resolution
of the structure should be less than 3 A, and only monomers or
the chain A from homomultimers were used.

A Non-Redundant Beta-Lactamase Dataset (NRBLD)
was constructed with protein sequences retrieved from 7 dif-
ferent antibiotic resistance databases. Four databases are spe-
cific for BLs: (1) Comprehensive Beta-lactamase Molecular
Annotation Resource (CBMAR, downloaded on August
2015), (2) The Institute Pasteur Database (downloaded on
October 2015),20 (3) DLact Antimicrobial Resistance Gene
Database (downloaded on October 2015),%! and (4) Lactamase
Engineering Database (LacED, downloaded on August
2015).22 The Metallo-Beta-Lactamase Engineering Database
(MBLED, release 1.0) is the only specific for MBLs.?* The
remaining 2 databases, Comprehensive Antibiotic Resistance
Database v1.0.0 (CARD)?* and Resfams v1.2,3 have protein
sequences related to antibiotic resistance in general. To recover
only BL sequences, we search for those with the term “bla” and
“beta” in the headers. Identical sequences have been removed
using CD-HIT? at a 100% identity threshold. The following

methodology steps are summarized in Figure 1.

Clustering curated BL structures and sequences

The clustering assays were made using BL structures and their
corresponding amino acid sequences from PDB, in an attempt
to reproduce the BL classes and subclasses proposed by previ-
ous works. The MaxCluster program?® was used to cluster the
structures based on root mean-squared deviation and hierar-
chical clustering, applying 3 tests: single, average, and maxi-
mum linkage. The BLASTClust v2.2.26 program?” was used
for the hierarchical clustering of the amino acid sequences,
which performs a single linkage type clustering based on pair-
wise matches found by BLAST. Different threshold values of
“BLAST score density” (BLAST score divided by the align-
ment length) and “minimum length coverage” were tested. An
E value of 1E-05 was used.

Building a profile HMM for each BL class

The profiles HMM were constructed using the clusters of
sequences corresponding to the 5 BL classes.” Because these
sequences came from proteins with a resolved structure, they
were considered reliable to be used to construct the profiles.
Sequences from each cluster were saved in separate multi-
FASTA files. Identical sequences were removed using
CD-HIT? at a 100% identity threshold. Sequences in each file
were aligned using MUSCLE.?® Profiles HMM were built
from each alignment using the program Ammbuild from the

HMMER package v3.1b2.2

Calibration and validation of the profiles HMM

The profiles HMM generated were used against the protein
sequences at NRBLD and superfamilies 3.40.710.10
(DD-peptidase/BL like) and 3.60.15.10 (Metallo-BL like) from
Protein Structure Classification Database (CATH) (down-
loaded on March 17, 2016).3° Hmmsearch from the HMMER
package v3.1b2 with an E value of 1E-05 was employed.?

The Class profile Specificity index (CpSp) evaluates
whether each profile identifies a unique group of sequences.
CpSp was calculated by dividing the number of NRBLD
sequences identified exclusively with a given profile (Ne) by the
total number of NRBLD sequences recovered by it (T'), includ-
ing  intersections  with others profiles results
[CpSp=(Ne/T)*100]. Profiles with CpSp below 100% were
calibrated. Sequences from other classes that should not be
identified were used as “negative training sequences,” following
the HMM-ModE protocol.3! After this, the Ammsearch
Gathering Threshold (GA) parameter was used, substituting
the E value.

A total of 851 amino acid sequences of DD-peptidase/
BL-like superfamily downloaded from CATH?* were used to
construct an unrooted Maximum Likelihood phylogenetic tree
in MEGA-CC v7.0.18,3? using the Jones-Taylor-Thornton
model, partial deletion for gaps/missing data treatment (95%
site coverage cutoff) and 500 bootstrap replicates. Using in-
house Perl scripts, the BL. sequences were manually labeled
with their respective class, and the clade node of each BL class
was identified. The sequences in these clades were allocated in
corresponding multi-FASTA files.

Graphics were created with all the sequences retrieved by
each profile against the DD-peptidase/BL superfamily with
their respective HMM bit score. These results were used to
calibrate the profiles. A new hmmsearch parameter of HMM
bit score threshold was established to separate true BL from
other sequences in the superfamily. The Function Specificity
(FSp) index verifies whether all sequences retrieved by a
profile have the BL activity already described. For this, the
number of superfamily sequences identified by a profile that
has BL activity (Nbl) was divided by the total number of
superfamily sequences identified by the profile (T)
[FSp = (Nbl/T)*100].
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Forming the BL classes
- Cluster BL structures and BL
sequences from PDB

Y

Building profiles HMM

- Use the chosen clusters of PDB sequence

Y

Calibrating and validating profiles HMM
- Calculate the CpSp, FSp and FSe index using NRBLD,
CATH and SwissProt sequences, respectively

Y

Forming the BL subclasses
- Find the appropriate similarity and coverage
thresholds to cluster the BL sequences from NRBLD

Y

Identifying and annotating BL into bacterial genomes

- Use profiles HMM to identify BL classes

- Cluster the sequences using the similarity and coverage thresholds able to

identify the BL subclasses

Figure 1. Main conceptual steps of the workflow.

BL indicates B-lactamase; CATH, Protein Structure Classification Database; PDB: Protein Data Bank; CpSp, Class profile Specificity; FSe, Function Sensibility; FSp,

Function Specificity; NRBLD, Non-Redundant Beta-Lactamase Dataset.

A total of 144 sequences are attributed to the Gene
Ontology (GO) molecular function “BL  activity”
(GO:0008800) in the SwissProt database (downloaded on
March 2, 2016).3 The validation index Function Sensitivity
(FSe) evaluates the ability of all profiles together to identify the
sequences annotated with the BL function in SwissProt. To
calculate this index, the number of identified SwissProt
sequences attributed to the BL GO term (Ngo) was divided by
144 [FSe=(Ngo/144)*100].

Validation of thresholds used to form BL subclasses

The results obtained with the curated PDB data set were used
as a basis to group the NRBLD sequences into subclasses. The
BLs from PDB were added to NRBLD, and the profiles
HMM were used against them.

In order to reproduce BL subclasses, different thresholds of
“minimum length coverage” were tested to cluster the sequences in
each class, together with the “BLAST score density” thresholds
previously established using the PDB sequences. The sequences in
each cluster were annotated using the BLASTP3* best hit
(v2.2.28) against the nonredundant NCBI protein database.!”

The size of specific domains of BLs was used to stipulate a
minimum size necessary for the enzyme to be functional.®* The
Pfam3¢ models most common in MBL (PF00753), class SA
(PF13354), and class SC (PF00144) have a length of 197,202,
and 330 residues, respectively. A total of 214 residues domain
have been attributed to class SD enzymes.3”

The clusters formed were categorized as follows: (1) clusters
corresponding to those obtained in the hierarchical classifica-
tion of functionally characterized BLs (PDB sequences) and
(2) clusters containing sequences that do not fit into the previ-
ous established similarity and coverage thresholds.

Comparison of the improved profiles HMM with
Pfam profiles and BL motifs

To test the efficiency of our profiles HMM in identifying and
classifying BL sequences, these were compared with profiles
available in the Pfam database3® and with motifs specific to BL
classes from different sources.

The profiles HMM from Pfam3 were used to search for BL
sequences from PDB, and the CpSp indexes were calculated
accordingly. Seven Pfam profiles (PF00144.22, PF13354.4,



Evolutionary Bioinformatics

”~ ~ ”~ ] -~ ~ ~
(CSA1 \ ,“SA2 \ ,“sD1 \ ,7SD2
\NRBLD: 1134) \NRBLD: 59 )  NRBLD:322)  NRBLD:41 )
o - A

Figure 2. Hierarchical classification of B-lactamases.

First level: hydrolyze beta-lactam ring
(EC35.286)

Second level: different mechanisms

Third level: no significant sequence similarity between
classes
PDB', BLASTClust%: BS 0, LC 0, E-value 1E-05;
PDB, MaxCluster: RMSD comparisions by single linkage;
NRBLD', Profiles HMM?

Fourth level: less than 50% sequence similarity
between subclasses
PDB/NRBLD', BLASTClust®: BS 0.5, LC 70%,
E-value 1E-05

Fifth level: less than 60% sequence similarity
between subclasses
PDB/NRBLD', BLASTClust?: BS 0.6,
LC (SA:45%, SD: 75%, MB1: 75%)
E-value 1E-05

The number of Protein Data Bank (PDB) and Non-Redundant Beta-Lactamase Dataset (NRBLD) sequences in each cluster after clustering is shown (PDB identifiers can
be obtained in Table S2). 1 indicates the sequence dataset used for clustering. 2 indicates the program used for clustering, followed by the parameters used. Blue: Ambler's
classification with real relationships as shown by Hall and Barlow5; green and dotted: new groups proposed for the first time in this study; yellow and dashed: groups
described recently and confirmed in this work''6; BS: BLAST score density; LC: minimum length coverage; BL: Beta-lactamase; S: Serine-BL; M: Metallo-BL; SA: Serine-BL
class SA; SC: Serine-BL class SC; SD: Serine-BL class SD; MB: Metallo-BL class MB (former subclasses B1 and B2); ME: Metallo-BL class ME (former subclass B3);
SCD: Serine BL class SC-class SD; MB1: Metallo-BL subclass MB1; MB2: Metallo-BL subclass MB2; MB1.1: Metallo-BL subclass MB1.1; MB1.2000000000: Metallo-BL
subclass MB1.2; SA1: Serine-BL subclass SA1; SA2: Serine-BL subclass SA2; SD1: Serine-BL subclass SD1; SD2: Serine-BL subclass SD2.

PF00753.25, PF12706.5, PF13483.4, PF14597.4, and
PF16661.3) were downloaded on December 2016.

Motifs specific for BL classes obtained from the literature
were evaluated for their ability to distinguish between classes
and subclasses. An in-house Perl script was developed to iden-

tify the motifs in the BL sequences from PDB.

Identification and classification of BLs in fully

assembled genomes

The workflow proposed here was applied to identify and clas-
sify BL sequences present in 2774 bacterial strains with fully
assembled genomes that were deposited in NCBI.17 A genome
was defined as the complete set of chromosome and plasmids
of each strain. The protein sequences present in each genome
were downloaded (June 2016). Using the profiles HMM, the
BL classes were formed, which were then separated into their
respective subclasses applying the BLASTClust program?’
with the “BLAST score density” and “minimum length cover-
age” thresholds set in the previous step. The taxonomic infor-
mation of each sequence was determined using the Genome
Online Database (GOLD)* and in-house Perl scripts.

The scripts, profiles HMM, and instructions required to
apply the workflow presented here, in addition to the data used
for the searches, are available at https://github.com/melisesil-
veira/betalactamase-classification.git.

Results
Clustering curated BLs structures and sequences

In total, 509 PDB structures and their respective sequences
were used in the clustering and in the construction of profiles

HMM. Of these, 208 were monomers and 301 were homomul-
timeric proteins.

Clustering of the curated set of structures using single link-
age was consistent with the BL classification as proposed by
Hall and Barlow, producing the same 5 classes (Figure 2).5
Average and maximum linkage resulted in 7 and 18 clusters,
respectively, and were not further used.

The PDB sequences clustering applying “BLAST score
density” thresholds of 0 and 0.5 were also consistent with the
Hall and Barlow’s classification scheme,’ producing the 5 BL
classes and 2 MB subclasses, respectively. Using a “BLAST
score density” threshold equal to 0.6, the subclasses proposed in
previous works for classes SA and SD were reproduced,’!¢ as
well as the division of MB1 into 2 groups (Figure 2). The
length coverage did not influence these results, and therefore a
“minimum length coverage” of zero was chosen.

Separate clusters, one composed by 2 BL TEM-1 fused to a
maltose-binding protein and another with 5 Escherichia coli
penicillin-binding protein 5 (PBP5), were created in all clus-
tering assays and were excluded because they are not true BLs,
being wrongly associated with EC 3.5.2.6 in PDB. All sequence
and structural clustering results are presented in Tables S1 to

S3.

Building, calibration, and validation of the profiles
HMM

Profiles HMM were built for each of the 5 clusters created
using curated PDB sequences. These profiles were calibrated
and validated using 3 sets of sequences: (1) NRBLD, our non-
redundant protein set containing 4097 sequences; (2) the
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Figure 3. Plot of the 851 DD-peptidase/B-lactamase—like superfamily (CATH 3.40.710.10) sequences.

Each dot represents a sequence identified by the profile with its HMM bit score result. The HMM bit score reflects whether the sequence is a better match to the profile
model (positive score) or the null model of nonhomologous sequences (negative score). The dashed lines in the graphs indicate the established HMM bit score threshold
for each profile. X: numbered sequence order, Y: HMM bit score. Red circle: 295 sequences from BL class SA, green circle: 177 sequences from BL class SC, brown
circle: 103 sequences from BL class SD, blue triangle: proteins inserted within the BL clades that are not functionally characterized as BLs, and black inverted triangle:
other non-BL sequences from DD-peptidase/B-lactamase—like superfamily. Arrows indicate particular proteins quoted in the text; BL: Beta-lactamase.

DD-peptidase/BL- and MBL-like superfamilies, with 851
and 399 protein sequences, respectively; and (3) SwissProt/
UniProt® database, with 550552 sequences. The profiles for
the SBL and MBL classes were analyzed separately as these 2
groups belong to different CATH superfamilies. The data and
profiles HMM are available at https://github.com/melisesil-
veira/betalactamase-classification.git.

The profiles for classes SA, SC, and SD were searched
against NRBLD recovering 1292, 1121, and 396 sequences,
respectively. The profile of the class SA was 100% specific for
the class (CpSp), whereas the profiles of the classes SC and SD
were 99% specific. Two sequences were identified by both pro-
files, BL LRA-13 (ACH58991.1) and an enzyme annotated as
“class C BL” of Janthinobacterium sp. (WP_008451281.1).
Both have domains of SC and SD classes, which led us to pro-
pose a new class, SCD, composed of BLs with fused domains
(Figure 2).

The profiles for MBL classes recovered 527 (MB,
CpSp=84%) and 612 (ME, CpSp=86%) NRBLD protein
sequences, 84 of which were identified by both profiles.
Therefore, the profiles were optimized, and after the calibra-
tion they recovered 323 (MB) and 159 (ME) sequences, with-
out intersections, reaching 100% CpSp.

To compare the calibrated and noncalibrated MBL profiles,
they were tested against the 598 MBL protein sequences from
the MBLED database.?® Initial profiles identified 440 (MB,
85% CpSp) and 222 (ME, 70% CpSp) sequences, which repre-
sents 99.8% of the database. However, calibrated profiles iden-
tified 424 (MB, 100% CpSp) and 164 (ME, 100% CpSp)
sequences, representing 98.3% of the database. The remaining
1.7% was composed of protein fragments ranging from 75 to
131 amino acids, meaning that the calibrated profiles were able
to identify all the complete BL sequences.

The phylogenetic relationships of the SBL superfamily pro-
teins showed a few sequences with no BL activity inserted into
BL clades (Figure S1). The penicillin-binding proteins A
(PBP-A) are in the inner branches of class SA and have a

structure very similar to the BL PER-1 (subclass SA2) but do
not have BL activity.?” The regulatory proteins BlaR1 (and its
cognate MecR1) are in inner branches of the class SD. Their
extracellular domains are phosphorylated by B-lactams and,
consequently, these proteins regulate resistance to these antibi-

otics in Staphylococcus aureus.

Initially, the profiles HMM for SBLs identified these
sequences and others outside the BLs clades (all non-BLs).
However, based on their HMM bit score values, a total of 75
non-BL sequences could be excluded (Figure 3). The separa-
tion of true SD2 BLs from BlaR1 proteins in this step was not
possible because the HMM bit score of the single structure
available of this subclass present in the CATH database®
(OXA-1) was very close to some BlaR1 proteins (Figure 3).
Additional tests have shown that when other variants of this
subclass are included, their scores are smaller than those of
some BlaR1 sequences. This can be explained by the structural
homology of the extracellular sensor domain of BlaR1 to BLs
from subclass SD2.41

The enzymes CIbP and Pab87 are associated with the BL
EC number in the PDB and share a significant similarity
between their active sites with the BLs from class SC.%2
However, they can be separated from the class SC BLs by both
phylogeny (Figure S1) and HMM bit score (Figure 3).
Sequences in each BL clade and their respective HMM bit
score are shown in Table S4.

HMM bit score thresholds of 120, 430, and 120 were
defined for classes SA, SC, and SD, respectively (Figure 3).
After the utilization of these bit scores, the FSp was equal to
100%, 100%, and 81%, for classes SA, SC, and SD, respectively.
These thresholds retrieved 1199, 389, and 388 sequences from
NRBD, respectively.

After the calibrations, all BL profiles together retrieved 132
proteins from SwissProt®3: 82, 10,24, 15, and 1 sequences with
the profiles for classes SA, SC, SD, MB, and ME, respectively.
In all, 125 out of the 144 sequences annotated with the BL GO
term in this database were identified by the profiles (87% FSe).
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The remaining 19 sequences not identified as BLs presented
one of the following annotations: BL fragments, BL-like pro-
tein, DacA carboxypeptidase, hydroxyacylglutathione hydro-
lases, and ribonuclease. Also unidentified were Hep family
proteins and a sequence described as a class SA BL PenA.#
Hcp proteins, a family of cysteine-rich PBP, do not have a sig-
nificant sequence or structural similarity to known BLs.* A
BLASTP3 search in the NCBI protein database!” with the
putative PenA returned as best-hit a class SC protein with only
13% coverage, meaning that it is probably not a BL and cer-
tainly not a PenA. Seven BlaR1/MecR1 proteins were also
identified by the profiles but are regulatory proteins not associ-
ated with the GO term for BL.

Validation of BLAST Clust thresholds to form BLs

subclasses

The “BLAST score density” values applied to the curated BL
sequences to form the subclasses were validated in the PDB
sequence set plus NRBLD. A significant length variation was
observed between the BL sequences in PDB and those in
NRBLD. The sequences in PDB range from 219 to 447 amino
acids, whereas in NRBLD, they range from 96 to 619 amino
acids. Therefore, in addition to the previous values of “BLAST
score density,” different “minimum length coverage” thresholds
were chosen to cluster NRBLD sequences. Clustering results
are available in Tables S5 and S6 and the thresholds in Figure 2.
Application of the similarity and coverage thresholds stip-
ulated for clustering resulted in the separation of true BLs
from other sequences such as partial domains and the regula-
tory proteins BlaR1/MecR1. For instance, in the case of class
SA, most non-BL sequences have a larger average size (345-
637 amino acids) than BLs in subclasses SA1 and SA2 (285
and 300 amino acids, respectively). One cluster contains a
functionally characterized BL (LRA-5, non-BL9, Table S5).
No non-BL sequence was observed for the class SC. All clus-
ters containing non-BL sequences from class SD have one
sequence, which is similar in size to BlaR1/MecR1 proteins
(~585 amino acids) or partial domains (<214 amino acids).
Only one of them (YP_612206, non-BL13, Table S5) is simi-
lar in size to class SD BL (274 amino acids) and its best hit in
the NCBI nonredundant protein database!” shows 43% iden-
tity with a sequence annotated as “class D BL” from
Oceanicaulis alexandrii (E value of 1E-67). All non-BL
sequences from class MB are partial domains (<197 amino
acids). Among the 2 clusters containing non-BL sequences
formed from MBI, one possesses partial domain sequences
and the other has a 340-amino acid sequence from Stigmatella
aurantiaca, considerably larger than BL sequences (~250
amino acids). The ME2 subclasses were not maintained after
clustering of NRBLD sequences, even with higher minimum
coverage thresholds (90%), not corroborating what was
observed when only sequences from PDB were clustered.

Comparison of the improved profiles HVMM with
Pfam profiles and BL motifs

Seven Pfam3® profiles were tested against the curated data set
of BLs from PDB, showing low specificity for BL classes. The
2 Pfam profiles for SBL (PF00144.22 and PF13354.4) identi-
fied 339 and 227 enzymes out of a total of 399 SBLs, with an
intersection of 220 sequences (35% and 3% CpSp, respectively).
Three profiles for MBL (PF00753.25, PF12706.5, and
PF16661.3) identified 98, 35, and 12 enzymes out of a total of
105 MBLs available (64%, 0%, and 0% CpSp, respectively).
The other 2 MBL profiles did not identify any enzyme
(PF13483.4 and PF14597.4).

Different sources were used to select 13 motifs related to the
various BL classes, which were used to search among the 509
PDB sequences. About 11 specific motifs for the third classifi-
cation level (SA, SC,and SD classes) and 2 motifs specific only
for the second level (MBL) were used (Tables 1 and 2). The
efficiency of these motifs was tested to separate BL sequences
into subclasses (fourth and fifth levels).

No motifs developed for MBL nor motifs for class SA are
present in all the sequences allocated to their respective
groups. The KxxS motif*” was found in all class SC sequences,
whereas the motif SxV?® is present in all sequences allocated
in the class SD. None of the motifs analyzed was specific to
BL subclasses (MB1 or MB2, SA1 or SA2, SD1 or SD2;
Tables 1 and 2).

Identification and classification of BLs in fully

assembled genomes

A total of 1476 BL sequences were identified in 2774 prokary-
otic genomes. SA, SC, SD, MB, and ME profiles recovered
616, 280, 366, 103, and 111 sequences, respectively. No SCD
class members were found in the genomes surveyed.

After the clustering and annotation process, 123 (8.3%)
sequences were considered non-BLs (Table S7). The remain-
ing 1352 sequences (91.7%) were distributed among 12 phyla
and classified according to the BL subclasses to which they
belong (Table 3). All subclasses were found in the Proteobacteria
phylum, excepted for MB1.2. SD1 is the most disseminated
subclass among the phyla analyzed, whereas SC, SD2, and
MB2 were mostly restricted to Profeobacteria. A clear differ-
ence can be observed between the phyla where BL sequences
of the subclasses SA1 (Proteobacteria, Firmicutes, and
Actinobacteria) and SA2 (Bacteroidetes, Cyanobacteria, and
Spirochaetes) were identified. It should be noted that 49% of
all analyzed strains belong to the phyla Protecbacteria.
Regarding MBL subclasses, 51% (46) of MB1.1 sequences
are in Firmicutes, whereas 82% (91) of ME are in Proteobacteria
(Table 3). A single sequence of the MB1.2 class was identi-
fied, isolated from  Sediminispirochaeta  smaragdinae
(WP_013255389.1), a bacteria belonging to the Spirachaetes
phyla, with a specific domain of SPM-1 (cd16286).
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Table 1. Efficiency of serine-p-lactamase motifs.

TARGET
ExxLNa SA
SDNa SA
KTGa SA
S-[DG]-N-x(1,2)-A-[ACGNST]-x(2)-[ILMV]-x(4)-[AGSTV]° SA

[FY]x-[LIVMFY]-{E}-S-[TV]-x-Kx(3)-{T}-[AGLM]-{D}-{KA}-[LC]c  SA

CLASS

174/218 (80%)
183/218 (84%)
169/218 (78%)
107/218 (49%)
192/218 (88%)
116/119 (97%)
119/119 (100%)
118/119 (99%)
60/60 (100%)
50/60 (83%)

43/60 (72%)

SUBCLASS 1*

174/216 (81%)
181/216 (83%)
167/216 (77%)
105/216 (48%)

190/216 (87%)

56/56 (100%)
46/56 (82%)

41/56 (73%)

SUBCLASS 2**

0/2 (0%)
2/2 (100%)
2/2 (100%)
2/2 (100%)

2/2 (100%)

4/4 (100%)
4/4 (100%)

2/4 (50%)

YxNa SC
KxxSd SC
[FY]-E-[LIVM]-G-S-[LIVMG]-[SA]-K¢ SC
Sxva SD
SxxxxS¢ SD
[PA]-x-S-[ST]-F-K-[LIV]-[PALV]-x-[STA]-[LI] SD

aBush.¢

bSingh et al.45

°PROSITE.4¢

9MACIE.47 Target: BL class for which the motif was developed; BL: Beta-lactamase; SA: Serine-BL class SA; SC: Serine-BL class SC; SD: Serine-BL class SD.
*Subclasses SA1 and SD1; **subclasses SA2 and SD2; — represents classes that have no subclass.

Table 2. Efficiency of metallo-B-lactamase (MBL) motifs.

MOTIF TARGET MBL
[LI-x-[STNJ-[HN]-x-H-[GSTAD}]-  MBL 55/105 (52%)
D-x(2)-G-[GP]-x(7,8)-[GS]*

P-x(3)-[LIVM](2)x-G-x-C- MBL 46/105 (44%)
[LIVMF](2)-Ka

12/19 (63%)

ME MB MB1 MB2

43/86 (51%) 36/79 (46%) 7/7 (100%)

46/86 (54%) 39/79 (50%) 7/7 (100%)

aPROSITE.*¢ Target: BL class for which the motif was developed; BL: Beta-lactamase; MBL: Metallo-BL; MB: Metallo-BL class MB; ME: Metallo-BL class ME;

MB1: Metallo-BL subclass 1; MB2: Metallo-BL subclass MB2.

A higher absolute number of BL sequences were observed
in Proteobacteria. The distribution of BLs was also analyzed at
the taxonomic class level for this phylum. Gammaproteobacteria
class has 60% (545) of the BL sequences, divided among all BL
subclasses. SD1 is the only subclass found in all classes, and the
unique BL found in Epsilonproteobacteria (Table 4).

A total of 100% of the genomic sequences retrieved by the
profiles (after the exclusion of non-BL sequences) were allo-
cated to some subclass of BL. About 70% of their original
annotations were designated only as BL (first level), 24% had
information on the second or third level of classification or the
gene name, and there were still 6% with erroneous or imprecise
annotations, such as “hypothetical protein” (Figure 4).

Discussion

Classification schemes for BLs are of utmost importance due
to the diversity of these enzymes and their importance in the
scenario of bacterial resistance to antibiotics.m*1¢ In gen-
eral, the identification of new sequences is most often done
by sequence comparison methods,* such as the BLASTP

program.3* Profiles HMM and other profile-sequence com-
parison methods led to a significant improvement in sensi-
tivity over sequence comparison approaches and are already
used in the identification of antibiotic resistance
proteins.3#

The workflow developed here systematizes the annotation
of BLs based mainly on 2 steps: searches using profiles HMM,
followed by clustering the resulting sequences. The calibrated
profiles HMM can assign a sequence to a specific class. They
also discriminate functionally characterized BLs from proteins
with other biochemical functions that belong to the same
superfamily and therefore share fold signals that make this
separation difficult.3! In addition, the calibrated profiles
allowed the recognition of sequences erroneously attributed to
the BL GO term (“BL activity”) in SwissProt®* and also enable
the identification of sequences imprecisely described as BL in
different antibiotic resistance databases. In the clustering step,
the established thresholds of similarity and coverage allowed
the clearing of non-BL sequences, providing coherent BL
subclasses.
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Table 3. B-lactamase sequences identified in bacterial genomes.

GENOMES

Proteobacteria 1176 302 5 276 132 68 24 —_ 5 91 903
Firmicutes 583 148 — — 30 — 46 — — 3 227
Actinobacteria 283 107 — 4 4 —_ —_ — — 1 116
Bacteroidetes 88 — 16 — 14 — 18 — — 3 51
Cyanobacteria 73 — 2 — 17 — — — — — 19
Spirochaetes 60 — 1 — 3 — 2 1 — V4 14
Other 135 2 4 — 9 1 — — — 6 22
Total 2398 559 28 280 209 69 90 1 5 M 1352

Genomes: number of strains analyzed by phylum. — represents phyla where no sequences were found. Other: Verrucomicrobia, Acidobacteria, Fusobacteria,
Gemmatimonadetes, Chlorobi, and Chlamydiae; BL: Beta-lactamase; SA: Serine-BL class SA; SC: Serine-BL class SC; SD: Serine-BL class SD; MB: Metallo-BL class
MB (former subclasses B1 and B2); ME: Metallo-BL class ME (former subclass B3); MB1: Metallo-BL subclass MB1; MB2: Metallo-BL subclass MB2; SA1: Serine-BL
subclass SA1; SA2: Serine-BL subclass SA2; SD1: Serine-BL subclass SD1; SD2: Serine-BL subclass SD2; MB1.1: Metallo-BL subclass MB1.1; MB1.2: Metallo-BL
subclass MB1.2.

Table 4. B-lactamase sequences identified in bacterial genomes from Proteobacteria phylum.

GENOMES

Gammaproteobacteria 546 148 3 216 77 20 13 4 64 545
Alphaproteobacteria 321 75 2 29 15 15 2 —_ 22 160
Betaproteobacteria 146 76 — 31 13 29 — 1 4 154
Epsilonproteobacteria 104 — — — 21 — — — — 21
Deltaproteobacteria 59 3 — — 6 4 9 — 1 23
Total 1176 302 5 276 132 68 24 5 91 903

Genomes: number of strains analyzed by phylum. — represents phyla where no sequences were found BL: Beta-lactamase; SA: Serine-BL class SA; SC: Serine-BL
class SC; SD: Serine-BL class SD; MB: Metallo-BL class MB (former subclasses B1 and B2); ME: Metallo-BL class ME (former subclass B3); MB1: Metallo-BL subclass
MB1; MB2: Metallo-BL subclass MB2; SA1: Serine-BL subclass SA1; SA2: Serine-BL subclass SA2; SD1: Serine-BL subclass SD1; SD2: Serine-BL subclass SD2;
MB1.1: Metallo-BL subclass MB1.1.

Among the sequences from BL databases used to con- “class D BL” of the dimorphic rods O alexandrii, although the
struct NRBLD, some non-BL sequences presented partial activity of this protein has not been demonstrated.”!
domains, suggesting assembly/sequencing artefacts or anno- It has been shown that the use of Pfam3¢ profiles to identify
tation errors (eg, non-BL3, Table S5).35 Others had much sequences from the “Ser-BL-like superfamily” may capture
larger sizes than BLs, such as the BlaR1 protein, homologous unrelated sequences.'® In our comparisons, the improved pro-
to the BLs of the class SD, but with different functions. files HMM displayed higher specificity when compared with
However, 2 sequences classified as non-BL did not cluster Pfam profiles and BL motifs from literature. Recently, indi-
within any BL subclass despite being similar in size to them. vidualized subgroups of the class SA have been demonstrated,
The LRA-5 protein, described and functionally characterized suchas LSBL or TEM/SHYV and CARB clusters. Characteristic
as a class SA BL, has low similarity and is a distant relative to residues have already been attributed to each of them, but in
functionally characterized BLs and their ancestors.’® As the this work we have chosen to test motifs attributed to BL
experimental and HMM profile data indicate that LRA-5 is classes.! However, subclass-specific motifs, such for SA1 and
a BL of class SA, we speculate that it may belong to a third SA2, should also be tested and compared in future studies.
subclass (SA3) considering its low similarity to other Some BL subclasses that were previously described based
sequences. Availability of new sequences in the future will on phylogenetic criteria were identified here using sequence
help confirm the existence of this new. The second exception similarity criteria. The sequences in subclasses MB1 and MB2

(YP_612206) is 43% identical to a sequence annotated as correspond to the subclasses “B1” and “B2” in the work of
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Figure 4. Original (A) annotation and (B) reannotation of the 1352 sequences according to the hierarchical levels of BL classification. BL indicates
B-lactamase; MBL: metallo-B-lactamase; SBL: serine-f-lactamase; MB1: Metallo-BL subclass MB1; MB2: Metallo-BL subclass MB2; SA1: Serine-BL
subclass SA1; SA2: Serine-BL subclass SA2; SD1: Serine-BL subclass SD1; SD2: Serine-BL subclass SD2; ME: Metallo-BL class ME.

Galleni et al.>2 The sequences in the subclass SA2 correspond
to BLs isolated mainly from the group Cytophagales-
Flavobacteriales-Bacteroidales.1,16:53 The OXA
alleles in subclass SD2 are the same as those found in the class
called “D2” by Brandt et al.1¢

A new class of BLs with fused domains, the class SCD, is
proposed. Two NRBLD proteins were captured by both SC
and SD profiles without using the HMM bit score threshold.
One of them, LRA-13, isolated from a noncultivated soil bac-
terium in Alaska, was confirmed experimentally as a BL, dis-
playing a broad hydrolytic profile.5

Subclass MB1.2 was first presented here, formed by mem-
bers of the BL SPM family. It has been suggested that SPM-1
may be a structural hybrid between MB1 and MB2 sub-
classes.’* SPM-1 genes were found only in isolates of
Pseudomonas aeruginosa, a Proteobacteria, and its chromosomal
location may have contributed to its isolation to other BL fam-
ilies of subclass MB1.5 Curiously, we found that § smaragdi-
nae, a spirochaete, carries a protein with the SPM-1 domain

(WP_013255389.1). Further studies are needed to establish
the evolutionary relationships between these proteins.

The distribution of BL sequences obtained from fully
assembled genomes in different subclasses confirmed and com-
plemented previous observations. For instance, the observed
enrichment of BLs in Actinobacteria relative to other phyla® is
caused mainly by members of subclass SA1. The BLs of sub-
class SA2, related to the Bacteroidetes phylum,b1® were also
found in other phyla. The majority presence of class SC in the
Proteobacteria phylum is a consensus, and the few sequences
found in Actinobacteria confirm the occasional isolation of this
class.® The wide distribution of the subclass SD1 between the
phyla analyzed confirms that class SD, more precisely the sub-
class SD1, has been underestimated.!® The recently described
presence of this subclass in Gram-positive bacteria has also
been confirmed here.’® The association of BL sequences from
subclass SD2 to Proteobacteria may be related to the fact that
they are naturally occurring intrinsic genes, most likely chro-
mosomally located.'® The occurrence of MB1 in Bacteroidetes
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and Firmicutes phyla has been associated with chromosome,
whereas the Proteobacteria MB1 enzymes are mostly mobile.>’
The association of class ME with soil bacteria may be related
to its distribution among different phyla, which can share the
same environment.? New BLs of class ME have already been
described in metagenomes, and the majority diverge deeply
from other known enzymes of this class,*® which reinforces the
idea that class ME is widely distributed and diverse.

Acidobacteria are abundant mainly in the soil, but their culti-
vation is difficult.® Although few genomes of this phylum were
available in 2016, the number of BLs identified was significant,
suggesting that this is an important reservoir of BLs in nature.

The class Gammaproteobacteria includes common human
pathogens such as Enferobacteriaceae and Pseudomonadaceae.'®
These pathogens are exposed continuously to evolutionary
pressure exerted by antibiotics, favoring the acquisition of
resistance genes, which may be related to the presence of differ-
ent BL subclasses in this group. Epsilonproteobacteria, which are
widely distributed bacteria including genera with pathogenic
species for humans such as Helicobacter and Campylobacter, pre-
sented BLs of only the SD1 subclass. Indeed, the production of
2 major BLs (OXA-61 and OXA-184) was detected in 85% of
the Campylobacter strains.>

Conclusions

The workflow developed in this study presents better specific-
ity when compared with available BL. motifs and Pfam profiles.
Application of the improved profiles HMM and sequence
similarity clustering parameters resulted in a 5-level hierarchi-
cal classification, consistent with previous BL classification
scheme and recent proposed subclasses based on phylogeny.
We also emphasize that the number of amino acids may be an
important criterion for characterizing BLs, although there may
be exceptions, such as the new class of fused domain enzymes
(class SCD), proposed here. The workflow presented here,
which can be further improved by the addition of functional
and phylogenetic data, will be of great help in studies on the
prevalence, distribution, and evolution of this critical enzy-
matic activity.
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