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RESUMO

As leishmanioses sdo um grupo de doencas infecciosas negligenciadas, com
aproximadamente 1,3 milhdo de novos casos a cada ano, para 0s quais as terapias
disponiveis apresentam sérias limitagbes. Portanto, € de extrema importancia a
aplicacado de métodos eficazes e de baixo custo, capazes de selecionar os melhores
alvos terapéuticos para acelerar o desenvolvimento de novas terapias contra essas
doencas. Assim, propomos a utilizagdo de métodos computacionais integrados
capazes de avaliar a drogabilidade dos proteomas preditos de Leishmania braziliensis
e Leishmania infantum, espécies responsaveis pelas diferentes manifestacdes
clinicas das leishmanioses no Brasil. Os proteomas foram avaliados com base em
seus contextos estruturais, quimicos e funcionais, aplicando métodos que integram
dados sobre fungcao molecular, processos biolégicos, localizagéo subcelular, sitios de
ligacdo de drogas, drogabilidade e expressao génica. Esses dados foram comparados
com aqueles extraidos de alvos de farmacos ja conhecidos, o que possibilitou avaliar
os proteomas de Leishmania quanto a sua relevancia bioldgica e tratabilidade. Por
meio dessa metodologia, identificamos mais de 100 proteinas de cada espécie de
Leishmania com caracteristicas de drogabilidade e potencial interacdo com o0s
farmacos disponiveis. Dentre essas, 31 e 37 proteinas de L. braziliensis e L. infantum,
respectivamente, nunca foram testadas como alvos de drogas e tém demonstrado
evidéncias de expressao génica em estagio evolutivo de interesse farmacoldgico.
Alguns desses alvos em Leishmania apresentaram similaridade de alinhamento
inferior a 50% quando comparados ao proteoma humano, tornando essas proteinas
farmacologicamente atrativas, por apresentarem risco reduzido de efeitos colaterais.
A metodologia utilizada neste estudo também permitiu avaliar as oportunidades de
reaproveitamento de compostos como farmacos anti-leishmaniose, inferindo potencial
interacdo entre proteinas de Leishmania e aproximadamente 1000 compostos, dos
quais apenas 15 ja foram testados como tratamento para leishmaniose. Além disso,
foi disponibilizada uma lista de potenciais alvos a serem testados com drogas
descritas no BindingDB, como a potencial interagéo das proteinas DEAD box RNA
helicase, TRYR e PEPCK com o composto Estaurosporina.

Palavras-chave: Leishmania; Leishmaniose; Reposicionamento de drogas; Proteinas

drogaveis; Alvos bioldgicos; Desenvolvimento de drogas.



ABSTRACT

Leishmaniasis is a group of neglected infectious diseases, with approximately 1.3
million new cases each year, for which the available therapies have serious limitations.
Therefore, it is extremely important to apply efficient and low-cost methods capable of
selecting the best therapeutic targets to speed up the development of new therapies
against those diseases. Thus, we propose the use of integrated computational
methods capable of evaluating the druggability of the predicted proteomes of
Leishmania braziliensis and Leishmania infantum, species responsible for the different
clinical manifestations of leishmaniasis in Brazil. The protein members of those
proteomes were assessed based on their structural, chemical, and functional contexts
applying methods that integrate data on molecular function, biological processes,
subcellular localization, drug binding sites, druggability, and gene expression. These
data were compared to those extracted from already known drug targets, which made
it possible to evaluate Leishmania proteomes for their biological relevance and
treatability. Through this methodology, we identified more than 100 proteins of each
Leishmania species with druggability characteristics, and potential interaction with
available drugs. Among those, 31 and 37 proteins of L. braziliensis and L. infantum,
respectively, have never been tested as drug targets, and they have shown evidence
of gene expression in the evolutionary stage of pharmacological interest. Also, some
of those Leishmania targets showed an alignment similarity of less than 50% when
compared to the human proteome, making these proteins pharmacologically attractive,
as they present a reduced risk of side effects. The methodology used in this study also
allowed the evaluation of opportunities for the repurposing of compounds as anti-
leishmaniasis drugs, inferring potential interaction between Leishmania proteins and
approximately 1000 compounds, of which only 15 have already been tested as a
treatment for leishmaniasis. Besides, a list of potential targets to be tested using drugs
described at BindingDB, such as the potential interaction of the DEAD box RNA
helicase, TRYR, and PEPCK proteins with the Staurosporine compound, was made
available to the public.

Palavras-chave: Leishmania; Leishmaniasis; Drug repurposing; Druggable proteins;

Biological targets; Drug discovery.
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1 INTRODUCAO

As leishmanioses abrangem um conjunto de doencas causadas por
protozoarios do género Leishmania com relatos de ocorréncia em 98 paises e
incidéncia de aproximadamente 1,3 milhGes de novos casos registrados anualmente.
Apesar dos esforcos para o desenvolvimento de vacinas e novos farmacos contra as
leishmanioses, nenhuma vacina eficaz esta disponivel. As opc¢des farmacologicas
possuem sérias limitacbes a sua utilizagcdo, como elevada toxicidade, o
desenvolvimento de resisténcia por parte dos parasitos e custo incompativel com
paises endémicos subdesenvolvidos. Assim, selecionar novos alvos promissores €
uma estratégia fundamental para o desenvolvimento de drogas alternativas e vacinas.
A descoberta destes alvos de maneira eficiente é importante para acelerar esse
desenvolvimento e priorizar potenciais candidatos além dos classicamente

conhecidos.

Nesse sentido, os avancos tecnolégicos e a crescente disponibilidade de
dados gendbmicos tém ajudado na compreensao biolégica dos parasitas envolvidos
nas leishmanioses. Porém, para que se possa selecionar alvos proteicos para fins
terapéuticos, é necessario avaliar diversas caracteristicas do possivel candidato,
como sua essencialidade na fisiologia do organismo, seu indice de drogabilidade, que
estd relacionado com a possibilidade do alvo ser modulado por um composto
farmacoldgico, e estabelecer sua funcdo biologica. Realizar isto de maneira
experimental para um proteoma demanda um grande esforgo laboral e um alto custo,
tornando inviavel essa caracterizacdo em larga escala. Desta maneira, abordagens
computacionais capazes de assimilar e integrar dados, juntamente com o
conhecimento biolégico acerca da doenca e dos agentes etioldgicos, apresentam-se
como uma estratégia para reduzir custos no processo de descoberta de novas linhas

de tratamento e acelerar as fases iniciais do desenvolvimento de drogas.

Uma abordagem computacional global, sistematica, objetiva e multidisciplinar
pode permitir uma avaliacédo eficaz e orientada de dados, capaz de, utilizando uma
grande lista de alvos, selecionar aqueles biologicamente e farmacologicamente

favoraveis para desenvolvimento de drogas. A utilizacdo desses critérios para selegcédo
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de alvos drogaveis ja foi empregada anteriormente na busca de novas linhas de
tratamento oncoldgico e parasitoldgico, permitindo a exploracdo de novos alvos
drogaveis e inferindo o redirecionamento de compostos ja disponiveis.

Dessa maneira, o0 presente estudo apresenta uma analise multibmica em larga
escala que integra o espaco quimico e biolégico do proteoma de Leishmania
braziliensis e infantum, através da analise computacional de dados de drogabilidade,
fungéo molecular, expressao génica, localizacao subcelular e similaridade de estrutura
tridimensional com o objetivo de priorizar potenciais alvos terapéuticos para analises
experimentais. Além disso, propomos moléculas ativas com possibilidade de
redirecionamento e interacdo com o0s potenciais alvos, possibilitando uma reducéo de

prazo e custo no desenvolvimento de drogas com potencial leishmanicida.
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2 REVISAO DA LITERATURA

2.1 LEISHMANIOSE

As Leishmanioses sdo um conjunto de doencas causadas por protozoarios
flagelados do género Leishmania com capacidade de infectar mamiferos desde a era
Mesozoica (AKHOUNDI et al., 2016). Atualmente, ha estimativas de 1,3 milhdes de
casos anuais e 350 milhdes de pessoas com risco de contrair a doenca. De acordo
com a Organizacao Mundial de Saude (OMS), as leishmanioses permanecem como
um problema de saude publica mundial, sendo a causa de aproximadamente 20.000
Obitos por ano (GRADONI, 2018; WORLD HEALTH ORGANIZATION/COUNTRY
OFFICE FOR INDIA, 2017).

Apesar da ocorréncia em 98 paises, apenas sete e 12 paises compreendem
90% dos casos de leishmaniose visceral e leishmaniose cutanea, respectivamente
(WHO/DEPARTMENT OF CONTROL OF NEGLECTED TROPICAL DISEASES,
2017). O Brasil encontra-se entre os paises com a maior quantidade de casos para
ambas formas de leishmaniose, apresentando uma média anual de 26.965 casos de
Leishmaniose cutdnea em todas as unidades federadas e 3.565 casos de
Leishmaniose visceral em 21 unidades federais (BRASIL et al., 2019; PAN
AMERICAN HEALTH ORGANIZATION, 2018).

Os parasitos causadores das Leishmanioses sdo transmitidos durante o
repasto sanguineo de espécies de flebotomineos dos géneros Phlebotomus e
Lutzomyia (MAROLI et al., 2013). Estes vetores possuem uma ampla gama de
hospedeiros, incluindo canideos, roedores e humanos, com padrdo epidemioldgico
predominantemente zoonético de transmissao silvestre, acometendo humanos em
ambientes florestais. No entanto, € possivel observar alteragdes na sua incidéncia,
indicando a evolugédo do seu ciclo de transmissdo para zonas rurais desmatadas e
regides periurbanas (STEVERDING, 2017).

Existem aproximadamente 54 espécies do género Leishmania, sendo pelo
menos 21 destas patogénicas para humanos (Figura 1) (AKHOUNDI et al., 2016,
2017). No Brasil, 7 espécies de Leishmania foram identificadas, sendo as principais
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espécies a Leishmania (Viannia) braziliensis, Leishmania (Viannia) guyanensis,
Leishmania (Leishmania) amazonensis e Leishmania (Leishmania) infantum (BRASIL
et al., 2019). Tais espécies se apresentam como patdgenos intracelulares obrigatdrios
com a capacidade de invadir células hospedeiras fagociticas. Embora sejam
morfologicamente semelhantes, sdo capazes de causar formas clinicas diferentes da
doenca, a leishmaniose cutanea e a leishmaniose visceral, dependendo da célula
fagocitaria infectada, da espécie, da cepa, do grau de viruléncia e do estado
imunolégico do hospedeiro (AKHOUNDI et al, 2016; GUPTA; OGHUMU;
SATOSKAR, 2013).
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Trypanosoma, Blechomonas, Wallacemonas, Herpetomonas, Phytomonas, Leptomonas,
Crithidia, Jaenimonas, Sergeia, Blastocrithidia, Kentomonas, Angomonas, Strigomonas, Zelonia

Trypanosomatidae

— LEISHMANIA —

- EULEISHMANIA -

~-PARALEISHMANIA -

L. major complex L. major L. gerbilli L. turanica L. arabica
(Yakhnoff & Schokhor 1914)  (Wang et al. 1964) (Strelkova ct al. 1990) (Peters et al. 1987)
L. tropica complex L. tropica* L. killicki* L. aethiopica

iz @ (Wright 1903) (Rioux et al. 1986) (Bray et al. 1973)
- Leishmania | .
(Ross 1903) L. donovani complex L. donovani** L. archibaldi** L. infantum™** L. chagasi**
(Laveran & Mesrul 1903) (Casteliani & Chalmers 1919)  {Nicolle 1908) (Cunha & Chagas 1937)
L. mexicana complex L. mexicana+ L. pifanoi+ L. amazonensis++ L. garnhami++
(Biagi 1953) (Medina & Romero 1959) (Lainson & Shaw 1972) (Scorza ctal. 1979)
L. aristidesi L. forattinii L. venezuelensis L. waltoni
(Lainson & Shaw 1979) (Yoshida et al. 1993) (Bonfante-Garrido 1980) (Shaw et al. 2015)
~ L. braziliensis complex L. braziliensis L. peruviana
(Vianna 1911) (Velez 1913)
- L. guyanensis complex L. guyanensis L. panamensis L. shawi
{Floch 1954) (Lainson & Shaw 1972) (Lainson 1989)
+ L. lainsoni
| <\ ann \ a - (Silveira et al. 1987)
Lainson & Shaw 1987 sope
{ L L. naiffi
(Lainson & Shaw 1989)
L L. lindenbergi L. utigensis

(Silveira ct al. 2002) (Braga ctal. 2003)

L. adleri L.agamae L.ceramodaclyli L.chameleonis L.davidi L. gulikae L. gymnodactyli
....... {Wenyon 1921) (Strong 1924)  (Ovezmuchammedov & (Chodukin & Sofiev 1940)
Safjanova 1987)
L. nicollei
(Chodukin & Sofiefl 1940)

L. phrynocephali

(Chodukin & Sofieff 1940)

L. henrici

(Leger 1918)

L. helioscopi

L. hemidactyli L. hoogstraali

(McMillan 1965)
- Sauroleishmania

(Ranquein 1973) L. zuckermani

L. platycephala L. senegalensis L. sofieffi L. tarentolae L. zmeevi L. zuckermani

(Telford 2008) (Ranque 1973) (Markov etal, 1964) (Wenyon 1921) (Andruchko & Markov 1955)  (Paperna et al. 2011)
L.(S)sp.| L.(S)sp.lI
(Telford 1979) (Telford 1979)

- Mundinia L. enriettii L. martiniquensis L. 'siamensis’ 'Ghana strain’ L. macropodum

(Shaw et al. 2016) (Muniz and Medina 1948) (Desbois et al. 2014) (Sukmee et al. 2008) (Kwakye-Nuako et al. 2015) (Barratt et al. 2017)

(Kreutzer ot al. 1989)

- ENDOTRYPANUM

(Zeledon et al. 1979)

E. schaudinni
{Mcsnil & Brimont 1908)

- PORCISIA L. hertigi L. deanei
(Shaw et al. 2016) (Herrer 1971) (Lainson & Shaw 1977)
L. colombiensis L. herreri L. equatorensis

(Grimaldi et al. 1992)

E. monterogeii
(Shaw 1969)

Figura 1: Classificacdo das espécies de Leishmania. Os sinais (*) e (+) representam sinénimo e sua
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aproximadamente 1 milh&o de casos por ano. Esta, pode se apresentar de trés formas
distintas: a leishmaniose cutanea localizada, caracterizada por Ulceras e lesdes na
pele; a leishmaniose cutanea difusa, que se apresenta na forma de multiplos nédulos
disseminados pelo corpo sem ulceracdo; e a leishmaniose muco-cutanea,
caracterizada pelo acometimento com ulceracbes de membranas mucosas
localizadas no nariz, boca e garganta (BRASIL et al., 2019). A leishmaniose muco-
cutdnea € uma manifestacdo da leishmaniose cutanea restrita a América Latina, com
apresentacao clinica marcada por uma extensa desfiguracao facial devido a resposta
imune do hospedeiro que pode provocar a destruicdo do septo nasal, labios e palato.
No Brasil, a L. braziliensis é o principal agente etiolégico capaz de causar as trés
formas da leishmaniose cutanea (ANVERSA et al., 2018).

A leishmaniose visceral, também conhecida como calazar, € a forma mais
grave da leishmaniose, com aproximadamente 300 mil casos relatados por ano e a
capacidade de evoluir para 6bito em 95% dos casos nao tratados (WORLD HEALTH
ORGANIZATION/COUNTRY OFFICE FOR INDIA, 2017). E caracterizada
clinicamente por febre, hepatoesplenomegalia, anemia, ictericia, entre outras
manifestacdes. No Brasil, essa forma clinica apresenta uma letalidade média de 6,9%
e possui como principal agente etioldgico a espécie L. infantum (syn chagasi)
(ANVERSA et al., 2018; BRASIL et al., 2019).

2.1.1Ciclo Bioldgico

As espécies de Leishmania séo parasitos digenéticos com um ciclo bioldgico
complexo (Figura 2A), logo seus ciclos de vida envolvem hospedeiros vertebrados e
invertebrados, além de dois estagios morfol6gicos principais: o estagio promastigota
(Figura 2B), forma flagelada, extracelular, encontrada no vetor; e o estagio amastigota
(Figura 2C), forma aflagelada, intracelular, encontrada nas células de hospedeiros
mamiferos (BATES; ROGERS, 2004).

A infeccao primaria dos flebotomineos se da a partir do repasto sanguineo em
hospedeiros infectados, onde o vetor ingere macréfagos parasitados pela forma
amastigota de Leishmania spp. (Figura 2A,1-3). No intestino do vetor, em um intervalo

de 24 a 48 horas, o parasita sofre diferenciacdo para a forma promastigota prociclica
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e passa por um processo de divisdo celular (Figura 2A,4-5). Ap0Os esta etapa, 0s
parasitos se diferenciam em formas infecciosas (promastigotas metaciclicas) e
migram para a valvula estomodeal do vetor (Figura 2A,6-7), completando seu ciclo
biologico no proximo repasto sanguineo, onde as formas promastigotas séo
inoculadas no hospedeiro através da proboéscide do flebétomo, que pode permanecer
infectado até o final do seu ciclo de vida (Figura 2A, 8) (BATES; ROGERS, 2004).

Estagios no hospedeiro invertebrado

Inclusdo

Estégioézno hospedeiro vertebrado IS U T R

Figura 2: Ciclo Biologico de Leishmania spp. (A) Estagio em hospedeiro invertebrado (1) Repasto
sanguineo em hospedeiro infectado. (2) Ingestdo de macrofagos infectados com formas amastigotas.
(3) Corpo ovoide da forma amastigota. (4) Transformacdo da forma amastigotas em Promastigotas
prociclicas. (5) Promastigotas prociclicas em processo de divisdo binaria no intestino do vetor. (6)
Promastigotas migram em direcdo a valvula estomodeal no intestino anterior e reiniciam a divisao
celular. (7) Processo de transformacao para Promastigotas metaciclicas infecciosas. (8) Inoculacdo de
Promastigotas metaciclicas em um novo hospedeiro mamifero via regurgitacdo durante o repasto
sanguineo. (9) Corpo alongado das Promastigotas metaciclicas que sao introduzidas no hospedeiro
vertebrado. (10) Fagocitose de Promastigotas metaciclicos por macréfagos. (11) Processo de
transformagdo de Promastigotas metaciclicos em amastigotas. (12) Amastigotas se ligam a membrana
do vacuolo parasitoforo. (13) Amastigotas em processo de divisdo celular. (14) Intensa multiplicacéo de
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amastigotas. (15) Rompimento celular causado pela alta carga parasitaria na célula. (16) Forma
amastigota livre. (17) Infeccdo de um novo macrofago. RepresentagBes esquematicas das organelas
encontradas nas fases Promastigota (B) e Amastigota (C) (TEIXEIRA et al., 2013).

As formas promastigotas inoculadas no hospedeiro séo fagocitadas por células
do sistema mononuclear fagocitario, onde passam novamente por um processo de
diferenciacéo para forma amastigota e multiplicam-se por divisdo binaria, aumentando
a carga parasitaria e levando ao rompimento da célula infectada. Os parasitos sao
entdo liberados e passam a infectar outras células de forma continua (BATES;
ROGERS, 2004).

ApoOs a infeccao, entre os fatores que decidirdo o estabelecimento da doencga e
suas diferentes formas clinicas ou a eliminacédo do parasito estdo: a resposta imune
do hospedeiro e a capacidade da cepa em manter o estado infeccioso por evasao
imunitaria. Podendo, a resposta imune do hospedeiro ser modulada por moléculas
produzidas pelo agente infeccioso e por moléculas presentes na saliva do vetor
(LESTINOVA et al., 2017). Dessa forma, compreender o balanco entre esses fatores
pode auxiliar no aperfeicoamento de novas estratégias para o desenvolvimento de
uma intervencéo terapéutica eficaz (GUPTA; OGHUMU; SATOSKAR, 2013).

2.1.2 Tratamentos disponiveis para Leishmaniose

A abordagem a ser empregada no tratamento das leishmanioses, preconizada
pela OMS, varia em funcéo da regido geogréfica, uma vez que as falhas no tratamento
estdo relacionadas com a genética, estado nutricional do hospedeiro e com a
resisténcia as drogas desenvolvida pelas cepas e espécies especificas da regido.
Como exemplo temos a espécie L. braziliensis de isolados da América Latina que
apresentam uma maior tolerancia a droga miltefosina quando comparada as espécies
L. lainsoni e L. donovani de isolados do subcontinente Indiano. Da mesma forma,
podemos observar uma divergéncia de resposta ao tratamento com as cepas de L.
guyanensis e L. braziliensis do Peru e do Brasil, respectivamente. Pacientes do Peru
infectados com L. guyanensis respondem de maneira mais eficiente ao tratamento
com antimoniais pentavalentes quando comparados a pacientes infectados com L.
braziliensis. No entanto, o oposto é observado quando sédo avaliados pacientes
infectados no Brasil (VANAERSCHOT et al., 2014).
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Desta forma, as diferentes abordagens terapéuticas preconizadas envolvem as
drogas descritas a seguir, usadas de forma isolada ou conjugada.

Antimoniais Pentavalentes: Os antimoniais, na sua forma trivalente, foram
relatados pela primeira vez em 1915 como eficazes no tratamento das leishmanioses,
sendo substituidos, devido a sua alta toxicidade, pela forma pentavalente a partir de
1937. Tais compostos permanecem até hoje como principal tratamento antileishmanial
(BRASIL et al.,, 2019; NAGLE et al.,, 2014). Atualmente duas formulagbes de
antimoniais pentavalentes estdo disponiveis, o antimoniato de meglumina e
estibogluconato de sodio, que podem ser administrados de maneira intramuscular,
intravenosa ou intralesional. Apesar de apresentarem uma toxicidade inferior a dos
trivalentes, elas possuem diversos efeitos colaterais relacionados a seu contetdo
antimonial, que vdo desde vomitos e nauseas até alteracdes eletrocardiograficas e
morte subita (SOUZA DO LAGO et al., 2018; WORLD HEALTH ORGANIZATION,
2010). Além disso, a utilizacdo destes compostos por mais de 70 anos como droga de
primeira linha tem resultado no declinio de sua eficcia clinica, chegando a apresentar
resisténcia ao tratamento em mais de 60% dos casos em regides da india (NAGLE et
al., 2014).

Anfotericina B: A anfotericina B (AnB) € um antibiético poliénico capaz de
aumentar a permeabilidade da membrana através de sua a¢do sobre o ergosterol
presente na membrana plasmatica de espécies de Leishmania (MATSUMORI et al.,
2009). Sua atividade antileishmanial foi identificada em 1960 e desde entdo € utilizado
como droga de segunda linha em formula¢cdes conjugadas com desoxicolato (AnB-D)
ou com lipidios (AnB-L). Sua formulacdo AnB-D apresenta diversos efeitos adversos,
que incluem nefrotoxicidade, hipocalemia e miocardite, necessitando de
hospitalizagéo para monitoramento diario durante o tratamento (BRASIL et al., 2019;
SUNDAR; SINGH, 2016; WORLD HEALTH ORGANIZATION, 2010). Suas
formulagcbes AnB-L foram desenvolvidas para melhorar a tolerabilidade por parte do
paciente. Apesar de menos toxica apresentando baixa nefrotoxicidade transitéria e
trombocitopenia, o paciente em tratamento também necessita de monitoramento
diario. No entanto, o maior fator limitante da implementacéo desta terapéutica € o seu

alto custo, tornando-se pouco acessivel para paises em desenvolvimento
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(GHORBANI; FARHOUDI, 2018).

Os diversos casos refratarios aos antimoniais tem ocasionado a substituicao
destes por formulacdes de AnB como droga de primeira linha. Contudo, casos de
resisténcia a AnB ja vem sendo relatados em diversos paises, trazendo atenc¢éo sobre
a ameaca da diminuicdo de eficacia desta linha de tratamento (MORIZOT et al., 2016;
PURKAIT et al., 2012; SRIVASTAVA et al., 2011).

Paromomicina: A paromomicina é um antibidtico aminoglicosideo capaz de
inibir a proteossintese através da interacdo com o RNA ribossomal (VICENS;
WESTHOF, 2001). Sua eficacia no tratamento da leishmaniose cutanea foi
identificada em 1966, e contra leishmaniose visceral em 1990 tendo como principal
efeito adverso a dor local causada na aplicacao. Efeitos colaterais como ototoxicidade
e nefrotoxicidade sdo menos frequentes, mas podem ser observados com ocorréncia
em 2% e 6% dos pacientes tratados, respectivamente (NAGLE et al., 2014; SUNDAR
et al., 2007; WORLD HEALTH ORGANIZATION, 2010). Apesar de apresentar um
baixo custo de producdo e uma toxicidade inferior aos tratamentos convencionais
(anfotericina B e antimoniais pentavalentes), sua taxa de cura é frequentemente
inferior, chegando a 14,3% de cura no Sudao (HAILU et al., 2010), fato que resulta na
pouca utilizacdo desse tratamento (NAGLE et al., 2014).

Pentamidina: A pentamidina € um antiprotozoario usado principalmente no
tratamento da pneumonia por Pneumocystis jiroveci, com acdo antileishmanial
relatada em 1949 (HAZARIKA, 1949). Atualmente ela é usada como droga de segunda
linha no tratamento das leishmanioses. Com um menor intervalo de tempo necessario
para tratamento completo, a pentamidina se apresentou como solucéo terapéutica
frente aos antimoniais. No entanto, a alta toxicidade é o principal fator limitante na
implementacdo desta linha de tratamento, uma vez que possui a capacidade de
causar efeitos adversos irreversiveis, como o diabetes mellitus insulinodependente
(BELEHU; NAAFS, 1982; NAGLE et al., 2014; WORLD HEALTH ORGANIZATION,
2010).

Miltefosina: A miltefosina é um alquil fosfolipidio desenvolvido originalmente na
década de 1980 como agente anticancerigeno. Sua capacidade antileishmanial foi

identificada em 1990, sendo aprovado em 2002 como primeiro tratamento oral para
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leishmaniose, usado como droga de terceira linha (CROFT; SNOWDON; YARDLEY,
1996; SUNDAR et al., 2002; WORLD HEALTH ORGANIZATION, 2010). Com efeitos
adversos mais raros que 0s antimoniais, indo de reacdes gastrointestinais a ocasional
hepatotoxicidade e nefrotoxicidade, a miltefosina se apresentou como um avango na
terapéutica disponivel para leishmaniose. No entanto, apds uma década de seu uso €
possivel perceber uma reducdo na sua eficacia sua eficacia, além de relatos de
resisténcia natural a esse farmaco em cepas de L. infantum (CARNIELLI et al., 2019;
NAGLE et al., 2014; RIJAL et al., 2013; SUNDAR et al., 2012). Outras probleméticas
também dificultam a implementacdo da miltefosina em regides endémicas, como seu
alto custo e baixa disponibilidade (SUNYOTO; POTET; BOELAERT, 2018).

O uso combinado das drogas disponiveis também € utilizado como estratégia
para aumentar a eficdcia do tratamento das leishmanioses. Contudo, os efeitos
colaterais inevitaveis tém levado ao abandono do tratamento por parte dos pacientes
e ao uso de maneira indevida das drogas, ocasionando assim o surgimento de
mecanismos de resisténcia nos parasitos (GHORBANI; FARHOUDI, 2018). Desta
forma, as linhas de tratamento disponiveis permanecem com graves desvantagens,
sendo necessario estudos capazes de acelerar o desenvolvimento de formas

terapéuticas mais eficazes e seguras.
2.2 DESENVOLVIMENTO DE FARMACOS

No inicio do século XX as drogas eram principalmente derivadas de plantas e
nao passavam por um processo de desenvolvimento com ensaios capazes de gerar
informacdes acerca de sua toxicidade e eficacia (ANDRADE et al., 2016). S6 em 1906,
com o surgimento da Food and Drug Administration (FDA) foi estabelecido
regulamentos para o desenvolvimento de drogas. No entanto, as normas
estabelecidas envolviam apenas as caracteristicas fisico-quimicas e pureza dos
medicamentos, 0 que resultou em diversas drogas contaminadas com metais pesados
e na intoxicagao de diversas pessoas (ANDRADE et al., 2016; GREAVES; WILLIAMS,;
EVE, 2004).

Somente apos 1937, com a morte de mais de 70 pessoas contaminadas com
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dietileno glicol usado na producdo do Elixir de Sulfanilamide-Massengill, foram
estabelecidos principios para realizacdo de estudos clinicos que foram posteriormente
incorporados ao Codigo de Nuremberg (ANDRADE et al., 2016; GEILING; CANNON,
1938). Com o marco do Cdédigo de Nuremberg emergiram 0s primeiros grupos de
pesquisas multidisciplinares que serviram como base para o surgimento das grandes
industrias farmacéuticas (ANDRADE et al., 2016).

Dessa forma, em 1960 o processo de desenvolvimento de medicamentos foi
estabelecido e permanece praticamente inalterado. Mesmo com as modificagbes que
os demais setores de industrias baseadas em pesquisa estabeleceram em seus
processos de pesquisa e desenvolvimento, o setor farmacéutico continua a aplicar o
mesmo processo de desenvolvimento de farmacos, o que tem resultado em um baixo
namero de drogas aprovadas e em um alto custo aplicado, como veremos a seguir
(Figura 3) (KAITIN, 2010).
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Figura 3: Investimento no desenvolvimento de medicados e nUmeros de Drogas aprovadas entre
1995 a 2015. O investimento no desenvolvimento de medicamentos por empresas membros da
Pharmaceutical Research and Manufacturers of America (PhRMA) esta representado com a linha
laranja e no eixo vertical direito, enquanto o nimero de medicamentos aprovados pelo FDA esta
representado pelas barras em azul e eixo vertical esquerdo.

O processo de descoberta de um novo medicamento pode ser dividido em
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farmacologia classica (direta) ou farmacologia reversa dependendo do modelo
utilizado para identificar potenciais substancias (SAMS-DODD, 2005; SWINNEY,
2013). A farmacologia classica é baseada na triagem fenotipica onde as substancias
sdo classificadas de acordo com os efeitos fisiologicos produzidos em uma
determinada doenca. Essa abordagem permite identificar moléculas capazes de
alterar o fenotipo de uma doenca por meio da interacdo com um ou varios alvos
indefinidos (SWINNEY, 2013).

Na farmacologia reversa, O processo de desenvolvimento de um novo farmaco
tem como ponto chave a descoberta de um alvo muitas vezes baseado em evidéncias
biologicas, seja por sua essencialidade na estabilidade do patégeno ou na
manutencdo da doenca. Isto €, o inicio do processo visa encontrar um alvo, sendo
este muitas vezes uma proteina, com uma acao bioldgica especifica que possa
apresentar utilidade terapéutica (KNOWLES; GROMO, 2003; SCHENONE et al.,
2013). Esta etapa permite posteriormente a selecdo de compostos capazes de
modular a funcdo da molécula biolégica alvo de maneira desejada. Entre a selecao e
sua utilizacao na linha de tratamento de uma doenca, os compostos candidatos seréo
submetidos a testes quimicos, biolégicos, toxicoldgicos e clinicos. Estes testes séo
fundamentais para garantir a seguranca de um farmaco e sdo responsaveis por
grande fracdo do custo de desenvolvimento de uma droga (BASAK, 2012).

No entanto, mesmo com a aplicacdo de ambas metodologias, todo este
processo possui um baixo desempenho, uma vez que a taxa de sucesso para
aprovacao clinica de um novo composto é inferior a 19% (DIMASI et al., 2010;
HUSSEIN et al., 2016; NICOLAOU, 2014). A maioria das falhas estdo associadas as
fases iniciais do estudo e estdo relacionadas a problemas na otimizacdo da
substancia, toxicidade ou problemas na sele¢éo do alvo (BROWN; SUPERTI-FURGA,
2003). Estima-se que 60% dessas falhas sejam resultantes da ndo drogabilidade do
alvo selecionado (SCHMIDTKE; BARRIL, 2010). Isto &, o alvo de escolha possui uma
baixa probabilidade de ligar-se a pequenas moléculas semelhantes a drogas com
potencial suficiente de interferir na sua fungéo biologica (SCHMIDTKE; BARRIL,
2010).

Desta forma, o processo de descoberta de novos farmacos torna-se extenso,
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laborioso e dispendioso, com custo estimado entre 500 milhdes e 2 bilhdes de ddlares
e com tempo necessario para aprovacao que se estende de 12 a 15 anos (BASAK,
2012; DIMASI; HANSEN; GRABOWSKI, 2003). Essa realidade torna-se ainda mais
preocupante no que tange as doencas negligenciadas, uma vez que medicamentos
para este grupo de doencas geram pouco retorno financeiro para a industria
farmacéutica, reduzindo assim os esfor¢os deste setor em financiar pesquisas para o
desenvolvimento de novos farmacos (CHARLTON et al., 2018; TROUILLER et al.,
2002).

Em consequéncia do exposto, as falhas no processo de desenvolvimento de
farmacos permanecem e o numero de drogas aprovadas segue em declinio, com
aproximadamente 10.000 compostos medicinais sintetizados para cada droga
aprovada (WALTERS et al., 2011). Esse insucesso tem levado a utilizacdo de novas
abordagens, como a “piggy-back”, que apresenta uma metodologia contrastante com
o modelo tradicional de descoberta de novos medicamentos (ANDREWS; FISHER,;
SKINNER-ADAMS, 2014; KLUG; GELB; POLLASTRI, 2016; NWAKA; HUDSON,
2006a). Esse tipo de abordagem consiste em comparar alvos validados com os
produtos génicos de uma determinada doenca, e utilizando como base a similaridade
entre eles é possivel selecionar novos potenciais alvos de maneira eficiente e inferir o
redirecionamento de drogas ja aprovadas (ANDREWS; FISHER; SKINNER-ADAMS,
2014; NWAKA; HUDSON, 2006a).

Um dos sucessos da abordagem “piggy-back” que pode ser citado é o
redirecionamento de inibidores da proteina farnesyltransferase (PFT), desenvolvidos
inicialmente para tratamento tumoral. Esses inibidores foram testados como
medicamento antimalarico baseado na semelhanca estrutural do sitio de ligacao entre
PFT de mamiferos e PFT de Plasmodium falciparum. Revelando assim a
citotoxicidade desses inibidores no parasita causador da maléaria (GELB et al., 2003;
NALLAN et al., 2005; NWAKA; HUDSON, 2006b).

Com o advento dessas abordagens, encontrar novas aplicagdes para drogas ja
desenvolvidas tornou-se uma potencial estratégia alternativa na descoberta de novas
linhas terapéuticas; Tornando-se ainda mais atrativa devido a caracteristica de

polifarmacologia clinicamente relevante presente em muitos medicamentos
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(OVERINGTON; AL-LAZIKANI; HOPKINS, 2006). Essa caracteristica reflete a
possibilidade de interacbes do farmaco com outro alvo além do alvo de escolha, e
geralmente esta associada aos efeitos colaterais e adversos produzidos. No entanto,
a polifarmacologia de um composto por vezes é essencial para sua eficacia, além de
permitir 0 seu reaproveitamento em outras linhas de tratamento, resultando em
economia significativa de tempo e custo (HOPKINS; MASON; OVERINGTON, 2006;
ZHANG et al., 2016).

Mesmo considerando as estratégias para reaproveitamento de farmacos, como
citado anteriormente, uma grande porcao das falhas no processo de desenvolvimento
de drogas é ocasionada pela ndo drogabilidade dos alvos selecionados, no entanto,
deve-se enfatizar que nem todos os alvos drogéveis possuem associacdo com a
manutencdo da doencga, ndo sendo entdo alvos de interesse farmacolégico. Desta
forma, se faz necessaria a utilizacdo de diversas fontes de informacfes de maneira
eficiente para selecionar potenciais alvos terapéuticos no contexto biolégico e
farmacolégico (CHENG et al., 2017; YAMANISHI et al., 2008).

Métodos experimentais de alto rendimento, o avan¢o nas técnicas de biologia
molecular e das ferramentas de bioinformatica tém gerado uma exploséo nos tipos e
na quantidade de informacdes bioldgicas disponiveis, ndo somente no que diz respeito
a sequéncias biolégicas (DNA, RNA e proteinas), mas também sobre informacéo
estrutural, de dados de expressao génica, de regulacéo e de interacéo proteica. Tais
avancos tornaram possivel o surgimento de bancos de dados especificos como o
TritrypDB (ASLETT et al., 2010), que integra e disponibiliza dados genémicos e
protedmicos para 56 patdogenos da familia Trypanosomatidae, entre esses 15
espécies do género Leishmania (ASLETT etal., 2010; AURRECOECHEA et al., 2017).

A disponibilidade dessas informacdes em bancos de dados possibilita o
surgimento de varias abordagens in silico capazes de gerenciar e integrar dados
dispares gerando um alto impacto na selecdo de potenciais alvos para o
desenvolvimento drogas (APIC et al., 2005; CLAUS; UNDERWOOD, 2002; PATEL et
al., 2013).

Como exemplo da aplicabilidade dessas informacdes nas fases iniciais do

processo de descoberta de um novo farmaco, pode-se citar o estudo desenvolvido por
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Patel e colaboradores, que partindo de dados disponiveis sobre genes associados ao
cancer humano, realizou uma analise sistémica do espaco bioldgico e quimico de 479
genes. Os testes computacionais com dados fisico-quimicos, de expressado génica,
estrutura tridimensional e similaridade em nivel de sequéncia com alvos de drogas ja
aprovadas, permitiram a identificacdo de 46 genes de interesse farmacolégico no
contexto quimico e biolégico nunca antes explorados como alvos de drogas para
tratamento oncoldgico (PATEL et al., 2013).

No ambito das doencgas que possuem protozodrios como agente etioldgico, a
integracdo de dados bioldgicos e farmacolégicos para selecédo de alvos terapéuticos
ja foi aplicada utilizando como objeto de estudo o proteoma de Plasmodium vivax,
parasita causador da malaria. A abordagem permitiu inferir compostos
anticancerigenos como potenciais farmacos antimalaria, identificando uma acgéo
inibidora dos compostos sobre a enzima dihidrofolato redutase (WILLIAMS et al.,
2015).

A integracdo de informacdes e a inclusdo de dados acerca do espacgo quimico
dos farmacos como mais uma camada de informacao, permite ndo somente a selecao
de alvos promissores, como também o redirecionamento de drogas ja desenvolvidas,
reduzindo ainda mais o tempo e o custo do processo de descoberta de farmacos
(HODOS et al.,, 2016; NAPOLITANO et al.,, 2013). Utilizar a semelhanca entre
compostos quimicos como mais uma camada de informagdo no redirecionamento de
drogas é possivel devido ao principio de culpa por associa¢éo, onde drogas similares
tendem a ligar-se a alvos similares. Este principio é apoiado por Gao e Skolnick, que
ao avaliarem a estrutura de aproximadamente 20.000 proteinas do proteoma humano,
identificaram a existéncia de cerca de 1000 conformacdes estruturais de regides de
ligagdo com farmacos, ocorrendo assim uma alta semelhanga entre os sitios drogaveis
dessas proteinas (GAO; SKOLNICK, 2013).

Seguindo esta linha de pensamento e realizando uma avaliagdo de maneira
mais completa e integrada, Yamanishi et al. (2008) e Nascimento et al. (2016)
incorporaram dados biologicos com informacdes sobre similaridade estrutural entre
drogas e a similaridade entre seus efeitos colaterais. A combinacéo destes dados

tornou possivel inferir interagdo entre produtos génicos e drogas ja aprovadas
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(NASCIMENTO; PRUDENCIO; COSTA, 2016; YAMANISHI et al., 2008), permitindo
priorizar potenciais alvos e drogas ja disponiveis, reduzindo assim os riscos de efeitos
adversos e o custo da pesquisa (VANHAELEN et al., 2017).

2.3 SELECAO DE POTENCIAIS ALVOS PARA FARMACOS

A selecdo do alvo nas etapas de desenvolvimento de farmacos é o primeiro
passo critico, e se apresenta como determinante no estabelecimento de sucesso ou
falha do projeto (KHANNA, 2012). Essa selecdo torna-se complexa devido a
compreensao incompleta da biologia dos patdgenos e do hospedeiro, tornando assim
necessario o uso de multiplas metodologias para validar um alvo (GILBERT, 2013).

Tradicionalmente, o processo de identificacdo de alvos farmacoldgicos €
realizado através do isolamento bioquimico usando a afinidade do alvo com a
molécula para realizar essa identificacdo. Nesse tipo de abordagem, conhecida como
meétodos bioquimicos diretos, as moléculas sdo conjugadas a bases sélidas ou a
marcadores radioativos e os alvos sao identificados por detec¢éo direta da interacéo
entre molécula e composto. No entanto, esse tipo de abordagem possui alguns
obstaculos, como por exemplo a utilizagédo de grupos reativos do alvo para fixacdo na
base soélida, quando esses mesmos grupos Sao necessarios para a interacao alvo-
molécula, bloqueando assim a regido de interacdo ou resultando em uma baixa
afinidade entre o alvo e a molécula (SCHENONE et al., 2013; ZHENG; CHAN; ZHOU,
2004).

Outras abordagens para identificacdo de alvos também sao utilizadas como os
métodos de interagBes genéticas, que através de técnicas como nocaute génico
comparam o fenotipo gerado no nocaute com os efeitos de um composto,
evidenciando assim que a proteina do gene com expressao bloqueada pela técnica é
alvo do farmaco em gquestdo; E métodos de inferéncia computacional que visam a
identificagdo de um alvo partindo do reconhecimento da interacdo fisica entre
molécula e composto através da predicdo da posicéo, orientacdo e afinidade da droga
no sitio de ligacdo da molécula alvo (MENG et al., 2012; SCHENONE et al., 2013).

Ambos os métodos destacados aqui podem ser aplicados de maneira
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independente, embora a validagdo de uma molécula biolégica como alvo seja dada de
maneira mais acurada quando utilizada a integracdo dos resultados dessas
metodologias. (SCHENONE et al., 2013). No entanto, a maioria dessas técnicas
resultam na descoberta de drogas baseada apenas na andlise de um pequeno grupo-
alvo selecionado de forma ad hoc, explorando apenas uma pequena porcdo do
proteoma total e negligenciando novos alvos potencialmente drogaveis com
importancia terapéutica. Assim, quando o objetivo € selecionar alvos para o
desenvolvimento de novos farmacos, onde analises em larga escala de moléculas e
compostos sao realizadas, os métodos computacionais se apresentam como uma
escolha inicial, fornecendo poderosas metodologias para integrar dados, acelerando
as primeiras fases do estudo e reduzindo o custo de execucgédo (PATEL et al., 2013;
SANSEAU et al., 2012; SCHENONE et al., 2013).

A deteccdo de potenciais alvos farmacoldgicos por métodos computacionais
pode ser direcionada ao alvo ou ao ligante através de informacdes extraidas de:
topologia de rede de interacdo proteica, similaridade em nivel de sequéncia ou
estrutural de proteinas com alvos de drogas aprovadas, similaridade da atividade
molecular, similaridade da estrutura quimica dos ligantes e seus efeitos colaterais,
drogabilidade estrutural proteica e expressdo génica (DUDLEY; DESHPANDE;
BUTTE, 2011; SLIWOSKI et al., 2014). Nos proximos topicos sera discutido como

esses dados podem ser usados na selecéao de potenciais alvos de drogas.
2.3.1Redes de interacao proteica

As redes de interacdo proteina-proteina fornecem uma visdo global dos
processos bioldgicos mediante sua representacdo por meio de grafos, compostos por
nds simbolizando proteinas e arestas simbolizando interagdes (BARABASI; OLTVAI,
2004; HALAKOU et al., 2017). Em sua completude, uma rede de interacao proteica
representa o interactoma de uma célula ou do organismo em um contexto biol6gico
(RUAL et al., 2005).

Tais grafos sdo descritos como G=(V,E), sendo V(G) a representacdo do
conjunto de nés, e E(G) a representacdo do conjunto de conectores, que por sua vez

podem apresentar-se como interagdes direcionais, utilizados por exemplo em redes
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com rotas metabdlicas, ou ndo direcionais, que sao utilizados para representar a
relacdo de interacdo entre proteinas. Em redes direcionais a aresta é orientada em
um determinado sentido (v1—v2) com nds sucessores e antecessores e uma funcao
(f) de associacdo entre os elementos, assim o digrafo é descrito por G=(V,E,f). Em
redes ndo direcionais as arestas ndo possuem orientacao direcional (v1-v2), sem o
estabelecimento de sucessores e antecessores ou do direcionamento do fluxo de
informacéo, no entanto indicam uma associacao entre os nés (RAVASZ et al., 2002;
VERLI, 2014).

Sendo as interacdes entre proteinas essenciais para quase todos 0Ss processos
bioldgicos, as informacfes contidas nas redes podem ser utilizadas para compreender
a fisiologia celular, seja essa em estado de homeostase ou em estado de doenca
(KAR; GURSOQY; KESKIN, 2009; RUAL et al., 2005). Essas informag0es podem ser
acessadas através da andlise matematica derivada do ramo do conhecimento
conhecido como teoria dos grafos, que por sua vez considera caracteristicas
topolégicas que podem refletir propriedades bioldgicas (CSERMELY et al., 2013).

A primeira dessas caracteristicas estd relacionada com a distribuicdo das
interacGes no grafo, onde as redes de interacdo proteica reais sao ditas como sendo
livres de escala, isto €, ndo apresentando uma uniformidade no nimero de interacées
de cada né. Assim, é possivel observar uma pequena quantidade de nés que atuam
como nos centrais (“hub”) (Figura 4), altamente conectados aos outros, enquanto
muitos outros nds possuem poucas interacdes (BARABASI; OLTVAI, 2004; VERLI,
2014).
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Figura 4: Esquema de categorias de nés em uma rede. Cada nd na rede presenta uma categoria e
esta simbolizado por uma cor diferente. O né verde representa um nd Hub-bottleneck; O né azul
representa um noé bottleneck ndo hub. O né laranja representa um né hub, no entanto ndo bottleneck.
E o né vermelho representa um né ndo hub e ndo bottleneck (YU et al., 2007).

Non-hub-non-bottleneck node

Esta caracteristica permite rotular as proteinas quanto ao seu grau de interacao
(Degree), tornando possivel a identificacdo das proteinas hubs (Figura 4), que devido
ao seu alto grau de interacdo, geralmente se apresentam como essenciais para a
estabilidade do fluxo de informacé&o no grafo. A utilizacdo de compostos capazes de
interferir nas conexdes deste tipo de proteina apresenta uma maior probabilidade de
desestabilizar a estrutura da rede. Biologicamente, a interferéncia em tais proteinas é
capaz de gerar alteracbes funcionais na rede por quebra do fluxo de informacéo
(JEONG et al., 2001; YU et al., 2004).

Assim, a selecdo de proteinas hubs se apresenta como uma metodologia
promissora na identificacdo de potenciais alvos para o desenvolvimento de farmacos,
uma vez que um ataque direcionado a esta proteina pode gerar um efeito cascata
comprometendo a viabilidade celular (CSERMELY et al., 2013).

A outra caracteristica topologica esta relacionada com a modularidade da rede.

Os moédulos sao grupos de n0s densamente conectados entre si, quando comparados
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com o restante da rede, e estdo associados ao conceito de agrupamento. No contexto
geral de uma rede, esta caracteristica pode ser avaliada pelo coeficiente de
agrupamento (Clustering coeficiente) que é representado pela férmula Ci =2n/k; (ki -1),
onde K € o tamanho da vizinhan¢a de nés do né i, e n € o nimero de conectores nesta
vizinhanca. Deste modo, quanto maior o coeficiente de agrupamento, mais conectado
sera o modulo (VERLI, 2014).

Biologicamente, a identificacdo de mddulos numa rede de interagdo proteica é
de grande relevancia, pois tais agrupamentos podem refletir moédulos funcionais, ou
seja, grupos de proteinas relacionados a uma mesma atividade celular. A obtencéo
de tal informacao pode ser integrada a dados de ontologia génica referentes a uma
determinada fungdo desempenhada na maquinaria celular, sua localiza¢éo subcelular,
ou seu envolvimento em um processo biolégico (Figura 5). Por fim, a integracdo
desses dados permite associar proteinas ndo caracterizadas, isto é, sem funcéo
definida, a um determinado processo bioldégico (CSERMELY et al., 2013; VERLI,
2014).

ALK
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Figura 5: Modelo hipotético da integracao da rede a dados de ontologia génica. Na figura cada
cor representa a identificacdo de um processo. Devido a relagdo de proteinas com mais de uma
ontologia, na rede é possivel perceber interse¢édo entre modulos ou subconjuntos. Como exemplo, se
0 modulo em amarelo representa a ontologia referente a transcrigdo, o subconjunto azul poderia conter
proteinas do complexo de iniciagdo da RNA polimerase Il (VERLI, 2014).

A analise da distribuicdo de nés e da modularidade permitem ainda ponderar
um parametro conhecido como Betweenness, que reflete a quantidade de caminhos
mais curtos entre todos os pares de nds que passam por um né. Nés com um alto
valor deste parametro sao importantes para integridade do fluxo de informacdo, uma

vez que compdem o caminho da comunicacéo entre diferentes partes da rede (LUO
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et al., 2007; YU et al., 2007). O célculo do valor de Betweenness para um no n, é dado
pelo numero de caminhos mais curtos entre os nés i e |, e a fracdo destes caminhos

qgue passam por n. Sendo matematicamente representado pela féormula: Bet(n) =

agij (n)
o-ij

Yiznzjev , onde o;; representa os caminhos entre os nos i e j, e g;; (n)

representa o total de caminhos mais curtos que passam pelo né n (VERLI, 2014).

Uma proteina com alto valor de Betweenness e posicionamento intermodular é
denominada de Bottleneck. Esta proteina possui uma elevada capacidade de interagir
com outras proteinas sem a necessidade de interacdo direta (Figura 5). Desta forma,
a identificacdo dessas proteinas também se apresenta como uma poderosa
ferramenta na selecdo de potenciais alvos, uma vez que proteinas com essa
caracteristica estdo no caminho de quase toda a informacao compartilhada entre nos,
e a inibicdo de suas interacdes possui alta capacidade de comprometer a integridade
da rede (CSERMELY et al., 2013).

Desta forma, é notavel o potencial do estudo das redes de interacdes apoiado
nas técnicas da teoria de grafos a selecdo de potenciais alvos destinados ao
desenvolvimento de farmacos. Indo além, a analise detalhada das redes ainda permite
compreender o sistema de acdo de uma droga, seus efeitos colaterais ou a
complexidade de uma doenca, tornando o processo de constru¢do dessas redes e
suas andlises uma poderosa ferramenta no planejamento racional de farmacos
(CSERMELY et al., 2013).

2.3.2Dados de similaridade

A crescente disponibilidade de dados estimulada pelos avancos das técnicas
moleculares, tém impulsionado o desenvolvimento de ferramentas computacionais
capazes de analisar e combinar informacdo de modo a gerar novos conhecimentos.
Estas informac¢des combinadas com dados acerca da interacdo entre alvos e drogas
tem tracado um caminho promissor para inferéncia de relagdo entre novos alvos e
compostos ja disponiveis (KOUTSOUKAS et al., 2011).

Muitos destes dados, obtidos através de ensaios experimentais, sao de livre

acesso em bancos de dados publicos tais como: Drugbank (LAW et al., 2014),
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PubChem (KIM et al., 2016), ChEBI (HASTINGS et al., 2016) e Stitch (SZKLARCZYK
et al., 2016). Esses repositorios possibilitam a obtencéo de informacdes sobre alvos,
drogas e suas interagcbes. Outros bancos de dados fornecem a integracdo das
informacdes disponiveis nas bases publicas, como o BindingDB (LIU et al., 2007), que
além de agregar informac¢des de outros bancos, fornece dados sobre a afinidade entre
alvos e compostos. Atualmente, o BindingDB contém 1.842.640 dados de interacéo,
7.484 proteinas alvo e 815.527 compostos.

Compreender a relacdes entre dados de sequéncia, estrutura e funcdo em
moléculas proteicas ou drogas pode fornecer informacdes que auxiliam no
entendimento de outras proteinas da familia. Reconhecer semelhancas entre essas
informacdes e utilizar esses dados para derivar relacionamentos €, portanto, um dos
meios fundamentais da bioinformética para sele¢cdo de potenciais alvos (YETURU,;
CHANDRA, 2008). Dessa forma, a maneira mais comum de inferir atividade de um
composto sobre um novo alvo utilizando este tipo de dado € a busca por métricas de
similaridade, seja de funcdo, de sequéncia proteica, de estrutura tridimensional
proteica ou de similaridade de estrutura quimica dos compostos (DUDLEY;
DESHPANDE; BUTTE, 2011; KUHN et al., 2008).

2.3.2.1 Similaridade entre drogas

No que tange o ambito das drogas, a busca pela similaridade entre estruturas
quimicas pode ser realizada partindo da conversédo de sua estrutura bidimensional em
uma impressao digital, gerando assim um conjunto de vetores que refletem a estrutura
da droga para os quais um coeficiente de similaridade ou distancia é calculado (KUHN
et al., 2008; WILLETT; BARNARD; DOWNS, 1998). Outra forma de obter um valor de
similaridade é utilizando sua estrutura tridimensional, sendo obtido um valor de
similaridade através do alinhamento entre as estruturas tridimensionais dos
compostos por sobreposicao espacial. Apesar de apresentarem resultados
semelhantes quando comparadas, as medidas de similaridade bidimensional s&o mais
ageis, no entanto, acabam negligenciando caracteristicas estruturais que interferem
na funcéo dos compostos (Figura 6) (KUHN et al., 2008; THIMM et al., 2004).
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Figura 6: Comparacéo de medidas de similaridade entre estruturas quimicas. Estrutura da droga
Pargilina comparada a compostos derivados da Pargilina (compostos I-ll), 1-tiocarbamoil-3,5-di- (4-
metilfenil) -4,5-di-hidropirazol (composto 1V) e a droga Venlafaxina (composto V). Compostos com
atividade semelhante a droga Pargilina estdo marcados com asterisco. A utilizagdo da estrutura
tridimensional revelou uma maior similaridade estrutural entre os farmacos com atividade semelhante
a Pargilina, enquanto que a utilizacdo da estrutura bidimensional ndo permitiu identificar essa
similaridade, inferindo uma diferenca maior entre a Pargilina, o composto Il e o composto IV (KUHN et
al., 2008).

2.3.2.2 Similaridade entre alvos de drogas

No que tange o ambito dos alvos, a semelhanca pode ser avaliada no que se

refere a funcéo, a sequéncia e a estrutura das proteinas. A semelhanca funcional entre
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proteinas pode ser obtida através da similaridade seméantica de uma representacao
formal de sua funcéo, como a ontologia génica (Gene Ontology - GO) (SCHLICKER
et al., 2006; ZHAO; WANG, 2018). A GO consiste em um vocabulario controlado
estruturado em um grafo direcional aciclico, onde os termos estéo relacionados entre
si e sdo capazes de descrever e sintetizar caracteristicas utilizando linguagem formal.
Cada termo esta associado a uma ontologia que pode descrever um componente
celular (Cellular Component - CC), uma fun¢cdo molecular (Molecular Function - MF)
ou um processo bioldgico (Biological Process - BP) (ASHBURNER et al., 2000). Os
termos relacionados a componentes celulares trazem informacdes acerca da
localizacédo subcelular onde a proteina esta ativa ou de qual componente celular a
mesma faz parte, os termos relacionados aos processos biolégicos trazem
informacdes sobre os caminhos e processos nos quais uma proteina esta envolvida,
enquanto que os termos relacionados a fungdes moleculares trazem informacoes
acerca das atividades moleculares exercidas por uma proteina (ASHBURNER et al.,
2000; CARBON et al., 2019).

O valor de similaridade semantica entre GO pode ser obtido através de métricas
baseadas no conteudo informativo (Information Content - IC) do termo ou métricas
baseadas em grafo (YU et al.,, 2010a). As métricas baseadas no IC dependem da
frequéncia dos termos comparados e seu ancestral comum mais préximo, onde o valor
de IC é associado a importancia do termo, sendo matematicamente representado pela
formula: 1€ = —10g(funot (¢)), ONde fono:(c) representa a fragéo de produtos génicos
anotados com o termo ¢ ou seus descendentes e reflete a probabilidade do termo
ocorrer, sendo menos informativo os termos com maiores ocorréncias (RESNIK, 1999;
YU et al., 2010a).

Na literatura podem ser encontradas diversas métricas baseadas em IC, dentre
as quais as mais simples e comumente usadas sdo a meétrica de similaridade de
Resnik (OVASKA; LAAKSO; HAUTANIEMI, 2008; RESNIK, 1999; YU et al., 2010a) e
a métrica de similaridade de Lin (LIN, 1998; OVASKA; LAAKSO; HAUTANIEMI, 2008).
A similaridade de Resnik consiste unicamente no valor de IC do ancestral comum mais
informativo entre dois GO, sendo representada pela formula: SIM, ., (t;,t;) = IC(A)

, onde A representa o termo ancestral entre os termos t; e t, com maior valor de IC
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(OVASKA; LAAKSO; HAUTANIEMI, 2008; RESNIK, 1999). Assim, essa medida
considera o quao informativo € o ancestral comum entre os termos, mas desconsidera
a distancia entre o ancestral comum e os termos comparados (SCHLICKER et al.,
2006).

Em contrapartida, a similaridade de Lin pondera também os valores de IC dos

21C(4)
1C(t)+1C(ty)

OVASKA; LAAKSO; HAUTANIEMI, 2008). Dessa forma, essa métrica avalia o quéo

préximos estao os termos do seu ancestral comum mais informativo, no entanto acaba

termos t, e t,, sendo representada pela formula: sim;;,, (t,, t,) = (LIN, 1998;

nao refletindo o quao informativo é o ancestral comum. Com o intuito de considerar
ambas informacdes, Schlicker et. al. (2006) propbs a métrica Relevance que combina
as similaridades de Resnik e Lin e é representada pela formula: simg,;(ty,t,) =

21C(A)(1-p(4))
IC(t1)+IC(ty)

, refletindo assim, tanto a distancia entre os termos comparados e o
ancestral comum mais informativo, quanto a relevancia deste ancestral para anotacéo
(SCHLICKER et al., 2006).

O estudo desenvolvido por Tan et al. (2014) demonstrou o potencial da
utilizacdo da similaridade funcional e estrutura quimica desenvolvendo uma
metodologia para redirecionamento de farmacos. Em seus resultados, através dos
calculos de semelhanca entre GO juntamente com a similaridade entre estruturas
guimicas dos compostos foi possivel inferir novos alvos para 143 drogas, sendo 71,8%
dessas novas indica¢cfes apoiadas por ensaios quimicos ja confirmados na literatura
(TAN et al., 2014).

A Similaridade de estrutura primaria ou similaridade de sequéncia pode ser
obtida através de técnicas de comparagéo entre sequencias bioldgicas que buscam
por caracteristicas individuais que estejam na mesma ordem nas sequéncias
analisadas (VERLI, 2014). Dessa forma, os algoritmos de alinhamento realizam uma
busca pela melhor correspondéncia entre as sequéncias permitindo a insercdo de
espacos de forma a minimizar as diferencgas e encontrar o melhor alinhamento (VERLI,
2014).

As técnicas de alinhamento podem ser divididas entre alinhamentos globais,

gue consideram toda a extensao das sequéncias avaliadas; e alinhamentos locais,
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gue realizam a busca pelo melhor alinhamento entre regides das sequéncias. Ao
comparar sequencias com extensdes dissimilares e ao realizar a busca por
similaridade entre proteinas com interesse em dominios, motivos ou regides de
interagdo com drogas, comumente se é utilizado algoritmos que aplicam alinhamento
local (LEON; MARKEL, 2006).

Um dos principais algoritmo utilizado por programas para alinhamento local
entre sequéncias proteicas foi desenvolvido por Smith e Waterman em 1981 (SMITH;
WATERMAN, 1981). Este método é baseado em uma abordagem de programacao
dindmica que busca um alinhamento local 6timo baseado em matriz de substituicdo
com pontuacédo definida para mismatch (SMITH; WATERMAN, 1981).

Com o avanc¢o dos métodos computacionais, outros algoritmos também foram
desenvolvidos para identificar similaridade entre proteinas, como os baseados em
funcdo de kernel, Kernels Mismatch e Spectrum, que calcula a semelhanca entre
sequéncias baseado na ocorréncia de padrées de tamanho fixo compartilhados entre
os dados (LESLIE et al.,, 2004; PALME; HOCHREITER; BODENHOFER, 2015;
SAIGO et al., 2004).

O algoritmo Spectrum considera o numero de ocorréncias de uma
subsequéncia de tamanho k (k-mers) entre as sequéncias de aminoacidos de duas
proteinas p e p’. Assim, para cada k-mer m, é calculado o nimero de ocorréncias
N(m,p) e N(m,p"), de modo que, como resultado seja obtido um vetor para cada
sequéncia, representado matematicamente por Py (p) = (N(M, D)}k €
Gspec(®) = {N(m,p")},c.c Onde [A| consiste no tamanho do alfabeto de
aminoacidos. Apds a construcdo dos vetores a similaridade pode ser obtida através
do calculo do produto interno, representado por Kg,e.(p,p") = (Pspec (), Pspec (@)
(LESLIE; ESKIN; NOBLE, 2002).

O algoritmo Mismatch também utiliza o produto interno entre vetores para
calcular a similaridade entre duas sequencias proteicas, no entanto permite um
namero definido de dissimilaridade m em cada k-mer, sendo sempre m < k (LESLIE
et al., 2004).

O potencial da busca por alvos de drogas através de métricas de similaridade

entre sequéncias foi avaliado por Mitchell que, utilizando complexos droga-proteina
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depositadas no Protein Data Bank (PDB), identificou que a similaridade da estrutura
guimica entre ligantes € maior para proteinas com sequéncias similares (MITCHELL,
2001), concluindo assim que proteinas semelhantes em nivel de sequéncia tendem a
ligar-se a compostos semelhantes. Tal conclusdo continua a ser corroborada e
identificada em outras pesquisas (HEMMINGS; EGAN, 2018; LIU et al., 2007).

No entanto, a falta de similaridade entre sequéncias nao impede a interacdo de
proteinas com compostos semelhantes, uma vez que € de conhecimento que familias
de sequéncias diferentes podem adotar a mesma conformacgéo. Isso pode ocorrer
devido a convergéncia evolutiva, devido ao numero limitado de arranjos espaciais
aceitaveis de elementos estruturais secundarios que acabam exercendo uma restricdo
conformacional relacionada a uma determinada funcdo molecular, ou resultante de
uma evolucdo divergente a ponto de tornar a similaridade das sequéncias ndo mais
reconhecivel (KOCH; WALDMANN, 2005). Em ambos os pontos, esse fator ressalta
a similaridade estrutural entre proteinas como um ponto a ser explorado na busca por
novos alvos para drogas ja aprovadas.

Neste contexto, é possivel identificar na literatura diversos exemplos que
ilustram a relacdo entre a estrutura de uma proteina e sua funcdo, assim como a
relacdo entre a estrutura de uma proteina e sua interacdo com um farmaco (YETURU;
CHANDRA, 2008). No entanto, também é possivel identificar na literatura exemplos
de proteinas com sequéncia e estrutura dissimilares, mas capazes de alcancar
funcdes similares. A exemplo pode-se citar a identificacdo de pelo menos trés
proteinas com conformacdes estruturais e sequéncias de aminoacidos diferentes, mas
capazes de reconhecer e ter funcdo mediada por manose (RAMACHANDRAIAH;
CHANDRA, 2000). Além disso, também é de conhecimento que mesmo proteinas com
similaridade superior a 90% podem alcancar estrutura e func¢des diferentes, como as
proteinas priénicas (REYNAUD, 2010).

Baseado nessas informacdes € possivel perceber que nenhuma medida
isolada é considerada ideal para todos os tipos de busca por caracteristicas
semelhantes. Dessa forma, para realizar uma analise mais completa de potenciais
alvos é necessario a utilizacdo de diferentes métricas de similaridade em mdltiplas

fontes de dados, refletindo assim a natureza multifacetada das caracteristicas
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moleculares (WILLETT; BARNARD; DOWNS, 1998).
2.3.3Drogabilidade no contexto estrutural

O termo drogabilidade (druggability) surgiu no inicio do século XXI vinculado ao
genoma humano, quando se teve como objetivo identificar genes associados a
doencas para os quais fosse possivel o desenvolvimento de compostos semelhantes
a drogas (HOPKINS; GROOM, 2002). Posteriormente, outros estudos atribuiram
novas definicbes ao termo, vinculando-o ao produto do gene e mais especificamente
aos sitios de ligagdo de um farmaco. Assim, atualmente o termo ‘drogavel’ refere-se
a proteinas com importancia para a manutencdo de um estado de doenca cuja
atividade molecular pode ser modulada através da interagdo com compostos
semelhantes a droga (DESAPHY et al., 2012; HUSSEIN et al., 2016; SCHMIDTKE;
BARRIL, 2010).

ApoOs a primeira utilizacdo do termo drogabilidade, outras terminologias
passaram a ser utilizadas para descrever a capacidade de interacdo de uma
determinada droga a um alvo. No entanto, apesar de possuirem significados
semelhantes, os termos drogabilidade, capacidade de ligacdo (ligandability ou
bindability) e tratabilidade (tractability) podem referir-se a definicdes diferentes. O
termo tratabilidade é utilizado para descrever proteinas moduladas in vitro por
compostos quimicos, enquanto que a capacidade de ligacao reflete a possibilidade de
interagir com pequenas moléculas independente de sua atividade farmacoldgica
(HUSSEIN et al., 2016).

Considerando a definicdo de drogavel, apesar de muito vinculada a estrutura
tridimensional do sitio de ligagéo, € possivel atribui-la também aos alvos identificados
pelos métodos de similaridade citados no topico 2.3.2, sendo estes metodos relatados
como preditores de drogabilidade baseados em evolugédo (VOLKAMER et al., 2010).
Desta forma, para tornar mais compreensivel, utilizaremos o termo aqui vinculado
somente a capacidade de interagdo com uma droga no contexto estrutural. A principal
diferenca da aplicabilidade dessas duas formas de identificar alvos drogaveis, é que
utilizando unicamente dados de similaridade s6 € possivel inferir drogabilidade a

proteinas pertencentes a familias proteicas ja caracterizadas como alvos de drogas.
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Enquanto que a utilizacéo da estrutura tridimensional proteica permite aplicar o termo
drogavel para novos alvos, trazendo a luz informacg@es acerca da estrutura do sitio de
ligacdo e atribuindo a este um indice de drogabilidade (KOZAKOV et al., 2015;
VOLKAMER et al., 2012).

Os métodos computacionais que utilizam a informacao tridimensional do alvo
realizam a previsdo de drogabilidade partindo da identificacdo do local em que o
ligante interage com a proteina, sendo estes sitios geralmente localizados em
cavidades na superficie da estrutura proteica (TARI, 2012). Desta forma, as
ferramentas computacionais podem identificar essas regides através de metodologias
baseadas em energia de ligacdo alvo-droga, sendo o docking molecular o mais
comumente utilizado, ou baseados em geometria pela busca das cavidades na
superficie da estrutura proteica (NICOLAOU, 2014; VOLKAMER et al., 2010).

Os métodos de energia por docking, também conhecidos como métodos de
triagem virtual de alto rendimento (Virtual High Throughput Screening) possuem como
base os principios de complementariedade fisico-quimica entre sitio ativo e ligante.
Utilizando duas bibliotecas compostas por estruturas tridimensionais dos alvos e
pequenas moléculas, realizam a busca da orientacdo estrutural preferencial entre
cada proteina e ligante. Esses métodos possuem como vantagem a disponibilizacéo
de informac0fes estruturais acerca da natureza da interacdo alvo-droga e a afinidade
da ligacdo. No entanto, possuem um alto custo computacional sendo pouco aplicaveis
frente a um proteoma completo e todos os compostos disponiveis (MINIE et al., 2014;
XU; HUANG; ZOU, 2018).

Os métodos baseados em geometria podem realizar a identificacdo das
cavidades a partir de trés principios diferentes: grade, esfera e teoria da forma-alfa
(Figura 7) (KAWABATA, 2010; ZHANG et al., 2011; ZHOU; YAN, 2014). Ap6s a
identificacdo, diversas propriedades da cavidade s&o calculadas, tais como
hidrofobicidade, tamanho, compacidade, areas de superficie doador e receptor de
hidrogénio, e composi¢cdo de aminoacidos na cavidade. Desta forma, é possivel inferir
um indice de drogabilidade para cada cavidade identificada (KOZAKQV et al., 2015).
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Figura 7: Métodos de deteccdo de sitio de ligacdo. A: Método baseado em grade aplicado pelas
ferramentas PocketPicker e Ligsite. B: Método baseado em esfera aplicado pela ferramenta Pass. C:
Método baseado na teoria da forma alfa utilizando fluxo de triangulos para detecgdo do bolso aplicado
pela ferramenta CAST; D: Método baseado na teoria da forma alfa utilizando o conceito de esferas alfa
para detec¢éo do bolso aplicado pela ferramenta Fpocket (ZHOU; YAN, 2014).

Nos métodos baseados em grade (Figura 8), a estrutura da proteina é projetada
em uma grade tridimensional, sendo os pontos da grade em relacdo a proteina
categorizados como acessiveis ou inacessiveis ao solvente. As ferramentas entdo
realizam uma varredura na grade ao longo dos eixos X,Y,Z em busca de grupos de
pontos acessiveis ao solvente cercados por pontos ndo acessiveis ao solvente. Essas

regides representam bolsos e sdo nomeadas de eventos proteina-solvente-proteina
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(WEISEL; PROSCHAK; SCHNEIDER, 2007; ZHANG et al., 2011). Este tipo de
metodologia € aplicado por ferramentas como o Ligsite (HENDLICH; RIPPMANN;
BARNICKEL, 1997) e PocketPicker (WEISEL; PROSCHAK; SCHNEIDER, 2007).

A

Figura 8: Metodologia de predicédo de sitios de ligacdo baseada em grade. A: Pontos longe da
proteina (a) e longe da superficie (b) ndo séo considerados nos calculos, sendo somente considerados
0s pontos proximos a superficie da estrutura (c). B: pontos da grade indicando regiées com cavidades
(WEISEL; PROSCHAK; SCHNEIDER, 2007).

Nos métodos baseados em esferas (Figura 9), a estratégia consiste em
preencher a superficie da proteina com esferas formando uma primeira camada, para
cada esfera é entdo calculado o numero de &tomos da proteina dentro de um raio de
oito angstrons; esse valor é nomeado de “contagem de enterro”. Camadas adicionais
de esferas séo aplicadas para preencher as cavidades e posteriormente é calculado
o numero de esferas vizinhas de cada esfera, sendo este valor integrado a contagem
de preenchimento definindo assim o peso da esfera. Este valor é entéo utilizado para
identificar os locais ricos em esferas que por sua vez representam bolsos de ligacao
(WEISEL; PROSCHAK; SCHNEIDER, 2007; ZHANG et al., 2011). Essa metodologia
€ aplicada por ferramentas como SURFNET (LASKOWSKI, 1995), PASS (BRADY;
STOUTEN, 2000) e POCASA (YU et al., 2010b).
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Figura 9: Representagcdo da metodologia de predicdo de sitios de ligacdo baseada em esferas.
Esferas em azul nas cavidades representam a primeira camada, esferas vermelhas representam o
ponto central de uma regido rica em esferas (WEISEL; PROSCHAK; SCHNEIDER, 2007).

Os métodos baseados na teoria da forma alfa (Figura 10) (EDELSBRUNNER;
MUCKE, 1994) sdo aplicados atualmente pelas ferramentas Cast (LIANG;
EDELSBRUNNER; WOODWARD, 1998) e Fpocket (LE GUILLOUX; SCHMIDTKE;
TUFFERY, 2009), no entanto ambas ferramentas aplicam calculos distintos para
identificar as cavidades. A teoria da forma alfa foi proposta por Edelsbrunner e Mucke
em 1994 para calculo de estrutura de pontos baseados na triangulacédo de Delaunay
construida a partir do diagrama de Voronoi (Figura 10-A) (ZHOU; YAN, 2014). Ao ser
aplicada a estruturas proteicas, a triangulacéo de Delaunay representa a relacao entre
atomos vizinhos e sua borda reflete a forma alfa (Figura 10-B). Ambas ferramentas
aplicam a forma alfa para representar a superficie da proteina (Figura 10-C), no
entanto a ferramenta Cast aplica fluxo de triangulos vazios para detectar os bolsos
(Figura 10-C), enquanto a ferramenta Fpocket aplica o conceito de esferas alfa de
tamanhos distintos, que séo esferas com quatro atomos em sua superficie € nenhum
atomo no centro (Figura 10-D). Assim, o diametro da esfera reflete a curvatura dos 4
atomos e o agrupamento de esferas de raios distintos reflete a cavidades e rugosidade
da estrutura proteica (ZHOU; YAN, 2014).
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Figura 10: Construcdo da forma alfa aplicada a busca por sitio de interagdo. A: diagrama de
Voronoi para um conjunto de pontos. B: Triangulagdo de Delaunay obtida conectando os pontos que
compartilham faces do diagrama de Voronoi. C: Bordas da triangulagé@o representando a forma alfa
basica que é aplicada a estrutura da proteina. Em azul a representacéo da esfera alfa vazia com os
atomos M1 e M2 em sua superficie. D: Forma alfa ponderada (ZHOU; YAN, 2014).

Em estudos realizados por Volkamer et al.(2010), a ferramenta FPocket
apresentou um alto desempenho, quando comparada as demais ferramentas citadas
baseadas em geometria, sendo entdo considerado um dos métodos mais precisos na
deteccao de regides de interacdo alvo-droga (VOLKAMER et al., 2010).

A identificacdo de sitios de ligacdo de drogas permite ainda comparar
estruturalmente essas regides com sitios de ligacédo de alvos ja identificados. Avaliar
a similaridade entre os locais de ligacdo difere da similaridade das estruturas
completas, pois os locais de ligacdo com farmacos sdo pequenos contendo apenas

alguns residuos; e ainda diferem também da similaridade a nivel de sequéncia, uma
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vez que esses residuos frequentemente ndo sao contiguos na estrutura primaria da
proteina (YETURU; CHANDRA, 2008). Além disso, estudos sugerem uma natureza
finita das possibilidades de conformacdo e propriedades de sitios de ligacédo,
mostrando assim a importancia de utilizar essa métrica na busca por alvos similares
para redirecionamento de drogas e esclarecendo a questdo acerca da promiscuidade
dos farmacos (SKOLNICK et al., 2015).

2.3.4Anélise de dados de expressédo génica

Identificar transcritos e quantifica-los tém sido uma das atividades centrais da
biologia molecular para diversas aplicacdes desde a descoberta da funcédo do acido
ribonucleico (RNA) como intermediario entre o genoma e o proteoma. O ensaio de
sequenciamento de RNA de alto rendimento (RNA-seq) tem sido uma das principais
formas de realizar a identificacdo e quantificacdo dos transcritos em um Unico
experimento, gerando assim o que € nomeado de dados de expressdo génica
(CONESA et al., 2016).

Os dados de expressao génica refletem a atividade do RNA mensageiro
(mRNA) de genes sob uma condicdo especifica, sendo essa condi¢do determinada
de acordo com o objetivo do estudo. Dessa forma, conhecer a abundancia de um
transcrito permite identificar a expressao diferencial de genes entre tecidos, estagios
de desenvolvimento ou condi¢des de estresse (CONESA et al.,, 2016; ISIK et al.,
2015).

Na analise de alvos de drogas, os dados de expressdo génica podem ser
utilizados para identificar os efeitos causados por um farmaco ou até identificar seus
potenciais alvos. Esses resultados séo alcancados através de experimentos com um
organismo controle versus este mesmo organismo submetido a uma determinada
intervencdo medicamentosa. Dessa forma, a analise da expressao diferencial com
estes dados permite identificar quais genes apresentaram alteracées em seus niveis
de expressao refletindo assim os efeitos causados e as vias afetadas por um
determinado farmaco (ISIK et al., 2015).

No que tange a identificacdo de novos alvos para o desenvolvimento de drogas,

usando como exemplo a identificacdo de alvos para oncofarmacos, os dados de
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expressdo génica podem ser utilizados para priorizar produtos génicos mais
expressos em células cancerigenas (PATEL et al., 2013). Assim como, para a
identificacdo de potenciais alvos em espécies que possuem estagios morfolégicos
distintos, os dados de expressao génica podem ser utilizados para priorizar 0S genes

mais expressos no estagio morfolégico de maior interesse para terapia.
2.4 INTEGRACAO DOS DADOS

Mesmo com os resultados das ferramentas apresentadas e com o niumero de
abordagens disponiveis, nenhuma metodologia sozinha é capaz de compreender o
espaco farmacoldgico e bioldégico em estudos de exploracdo de alvos para drogas.
Deste modo, faz-se necesséaria a aplicacdo de métodos integrativos, capazes de
explorar o espago quimico e gendmico de modo a selecionar potenciais alvos
considerando sua essencialidade e sua drogabilidade. A integracdo de dados se
apresenta como uma metodologia promissora para ranquear proteinas e toma-las
como ponto de partida no desenvolvimento de drogas de maneira racional e
direcionada (YAMANISHI et al., 2008).

Assim, o0 presente estudo apresenta uma analise integrada dos dados
multidbmicos de Leishmania braziliensis e infantum, os principais agentes causadores
das formas de leishmaniose no Brasil, através da analise computacional de dados de
drogabilidade, funcdo molecular, processos bioldgicos, expressdo génica, localizacéo
subcelular e similaridade de estrutura tridimensional, integrando esses dados com
andlises de similaridade entre drogas ja desenvolvidas, com o objetivo de priorizar
potenciais alvos terapéuticos para andlises experimentais. Além disso, propomos
moléculas ativas com possibilidade de redirecionamento e interagdo com o0s
potenciais alvos, possibilitando uma reducao de prazo e custo no desenvolvimento de
drogas com potencial leishmanicida e tornamos disponivel um banco de dados que
pode ser utilizado para andlises futuras, experimentais ou de aprendizagem de

maquina.
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3 OBJETIVOS
3.1 OBJETIVO GERAL

Selecionar potenciais alvos para reposicionamento de farmacos contra agentes
etiolégicos da leishmaniose tegumentar (L. braziliensis) e leishmaniose visceral (L.
infantum) a partir da integracdo de dados estruturais, quimicos, funcionais, celulares

e de interacao proteica.
3.2 OBJETIVOS ESPECIFICOS
1. Avaliar o contexto topolégico do proteoma predito das espécies de L. braziliensis e L.

infantum presentes nas redes de interagcdo proteica ja existentes.

2. Avaliar a similaridade dos proteomas citados no objetivo anterior contra proteinas ja
descritas como alvos de drogas aprovadas.

3. Realizar a classificagédo funcional e de dominios desses proteomas a partir de ontologias

génicas (Gene Ontology, GO).
4. Predizer a localizag&@o subcelular proteica dos proteomas citados.

5. Avaliar a drogabilidade das proteinas deste organismo através de modelos e estruturas ja

existentes.
6. Integrar e avaliar os dados obtidos nos objetivos 2 a 5 construindo matrizes de similaridade.

7. Verificar a expressao das proteinas destes organismos através de dados publicos de

experimentos de RNA-Seq disponiveis na base de dados Sequence Read Archive (SRA).

8. Ranquear e disponibilizar uma lista de potenciais proteinas alvo e suas respectivas drogas.



53

4  CAPITULO | - BUILDING PROTEIN-PROTEIN INTERACTION NETWORKS

FOR LEISHMANIA SPECIES THROUGH PROTEIN STRUCTURAL
INFORMATION

Crhisllane Rafaele dos Santos Vasconcelos,!® Tulio de Lima Campos,? e Antonio Mauro

Rezende 123

1Microbiology Department of Instituto Aggeu Magalhdes — FIOCRUZ, Recife, PE Brazil
2Bioinformatics Plataform of Instituto Aggeu Magalhdes — FIOCRUZ, Recife, PE Brazil
3Genetics Department of Universidade Federal de Pernambuco, Recife, PE Brazil

Building protein-protein interaction networks for

Leishmania species through protein structural information

Artigo publicado pela revista BMC Bioinformatics no dia 6
de marco de 2018. A versdo online deste artigo contém
material suplementar no formato de website.

DOI: 10.1186/s12859-018-2105-6

PMCID: PMC5840830

PMID: 29510668

Recife
2020


https://www.ncbi.nlm.nih.gov/pubmed/?term=dos%20Santos%20Vasconcelos%20CR%5BAuthor%5D&cauthor=true&cauthor_uid=29510668
https://www.ncbi.nlm.nih.gov/pubmed/?term=de%20Lima%20Campos%20T%5BAuthor%5D&cauthor=true&cauthor_uid=29510668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rezende%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=29510668
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rezende%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=29510668
https://dx.doi.org/10.1186%2Fs12859-018-2105-6
https://www.ncbi.nlm.nih.gov/pubmed/29510668

dos Santos Vasconcelos et al BMC Bioinformatics (2018) 1985
https//doi.org/10.1186/512859-018-2105-6

BMC Bioinformatics

RESEARCH ARTICLE Open Access

Building protein-protein interaction

@ o

networks for Leishmania species through
protein structural information

Crhisllane Rafaele dos Santos Vasconcelos'*", Tulio de Lima Campos'? and Antonio Mauro Rezende'**"

Abstract

available drugs.

Background: Systematic analysis of a parasite interactome is a key approach to understand different biological
processes. It makes possible to elucidate disease mechanisms, to predict protein functions and to select promising
targets for drug development. Currently, several approaches for protein interaction prediction for non-model
species incorporate only small fractions of the entire proteomes and their interactions. Based on this perspective,
this study presents an integration of computational methodologies, protein network predictions and comparative
analysis of the protozoan species Leishmania braziliensis and Leishmania infantum. These parasites cause
Leishmaniasis, a worldwide distributed and neglected disease, with limited treatment options using currently

Results: The predicted interactions were obtained from a meta-approach, applying rigid body docking tests and
template-based docking on protein structures predicted by different comparative modeling technigues. In addition,
we trained a machine-learning algorithm (Gradient Boosting) using docking information performed on a curated
set of positive and negative protein interaction data. Our final model obtained an AUC = 0.88, with recall = 069,
specificity = 0.88 and precision = 0.83. Using this approach, it was possible to confidently predict 681 protein
structures and 6198 protein interactions for L. brazliensis, and 708 protein structures and 7391 protein interactions
for L. infantum. The predicted networks were integrated to protein interaction data already available, analyzed using
several topological features and used to classify proteins as essential for network stability.

Conclusions: The present study allowed to demonstrate the importance of integrating different methodologies of
interaction prediction to increase the coverage of the protein interaction of the studied protocols, besides it made
available protein structures and interactions not previously reported.

Background

Leishmaniasis represents a series of infections that have
as etiological agents species of parasites of the genus
Leishmania. Belonging to the group of neglected tropical
diseases, with more than 90 endemic countries and ap-
proximately 1 million new cases per year, leishmaniasis
has become a worldwide public health problem [1]. Des-
pite efforts to develop vaccines and new drugs against
these diseases, no effective vaccine has been made avail-
able, and existent drugs have serious limitations on their
use, such as high toxicity, resistant parasites selected by
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drug pressure and incompatible costs in countries
underdeveloped [2-4].

Observing the number of reported cases of leishmaniasis
and the difficulties in the treatment and prevention, it is
clear the need for approaches that allow a wider under-
standing of the mechanisms of the diseases, and then we
will be able to accelerate the steps toward the development
of new drugs. It is already known that comprehension
about interactions between proteins and the behavior of
this biological system are key information to achieve that
gaal [5-7], and once this data is obtained in ‘omics’ scale, it
allows the prediction of biological function [8-11], identifi-
cation of changes at gene expression regulation associated
with a disease [6, 12], identification of major modules and
essential proteins associated [6, 13]. In the end, the analysis
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of this data generates critical information for the develop-
ment of new specific drugs, also making possible to predict
side effects of new drugs and to understand the side effects
of drugs already used [14-16].

Several methodologies, capable of handling and generat-
ing large-scale protein interaction data, have been
emploved, such as the experimental techniques of veast
two-hybrid and affinity purification coupled with mass
spectrometry [17]. However, because the problems involy-
ing experimental methods, such as cost, laboriousness and
susceptibility to systemic errors, over the vears, several
computational methods have been developed and used to
predict protein interaction networks (PIN) [18, 19].

The computational methods can be categorized in
different approaches: compiling existing data available
in the literature, named text mining [20], data predic-
tion methods based on primary-structure, evolution
and tertiary-structure, such as the methods by sequence
homology [21-23], co-location [24], similarity of phylo-
genetic distribution [25] and rigid-body docking [26-
28]. Thus, applying bicinformatics tools, extracting and
manipulate biological information have been possible to
predict protein interaction networks quickly, efficiently
and generally with satisfactory numbers of nodes and
interactions [6].

Protein interaction networks have been used in some
studies with the objective of selecting promising thera-
peutic targets [29-31], and the protein interaction data
contained in this type of network has already been used in
the pharmaceutical industry to development of new drugs
[32]. Despite the most of the studies involving protein
interaction data embraced by the pharmaceutical industry
are concentrated in the area of oncology, this break-
through highlights the value of information contained in a
PIN, and it encourages researchers to obtain such data in
other areas, like infectious diseases, where analyses using
PINs have already been carried out for Mycobacterium tu-
berculosis [33], Plasmodium falcipanon [34], and Brugia
malayi [35], which are agents that cause tuberculosis,
malaria and filariasis, respectively.

PIN analysis is one of the most promising method-
ologies for identifying therapeutic targets, understand-
ing drug action and predicting side effects [36]. The
use of this approach to the development of new drugs
for leishmaniasis is possible, but few data of protein
interaction for Leishmania species are available.
Large-scale experimental methodologies have been
used, but they have been directed to host-leishmania
interaction [37], so most of the available networks
were obtained by computational methods such as PIN
predicted through sequence similarity [38, 39] and those
predicted through text mining, co-occurrence and co-
expression deposited in the String database [40]. However,
despite the multiple methodologies used, less than 50% of
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the proteome of the Leifunanin spedes are present in
these PINs.

Due to the limited data available on protein interaction
for species of Leislinania, and considering the import-
ance of this information to accelerate the steps for devel-
opment of new drugs, we predict here a PIN for
Leistmania brazifiensis and Leishomania infantum using
physical interaction data between protein structures. It is
worth to mention those two species were selected as
they belong to two distinct subgenera, Viannia and
Leishimania, respectively, and they are the main leish-
mania pathogens in Brazil [41, 42], causing mainly cuta-
neous and muco-cutaneous disease (Viamnia) and visceral
disease ( Leisfvnania). Therefore, a meta approach [43, 44|
that combines two different methods of predicting PIN
was applied: the rigid-body method, that predicts inter-
action through an exhaustive search of orientations of a
protein in relation to the other one based on its atomic
coordinates; and the template-based method, that use
structural similarity between proteins and known protein
complexes [28]. This methodology has not vet been used
for Leisfvnania proteomes, hence it allows a complemen-
tation for existent available networks, providing new infor-
mation on interactions and inserting new proteins into
these networks. At the end, it is possible to improve and
increase the possibilities of data extraction for selection of
potential new drug targets.

Methods

Prediction of protein structures

The sequences of the predict proteomes of L. braziliensis
and L. infantum version 8.0 were obtained from the Tri-
TrypDB database [45]. The use of computational
methods to predict three-dimensional conformation of
the proteins was necessary because just few structures
for those proteomes were deposited in the Protein Data
Bank (PDB) [46]. To perform this task, we applied
template-based protein structural modeling methodolo-
gies through the Modeller [47] version 9.14 and Mod-
pipe version 22.0 [48] algorithm packages, and the
Mholline [49] and Protein Homology/analogy Recogni-
tion Engine version 2.0 (Phyre2) [50] web-servers.

The modeling algorithm of the Modeller package
(model-single) predicts three-dimensional models from
the comparative modeling using the alignment of the
target sequence against the template sequence, and
extracting the spatial constraints from the atomic coord-
inate file of the template, obeying the terms of a prob-
ability density function based on empirical data [47].
The templates were selected using the specific protein
alignment algorithm (blastp) of the Basic Local Align-
ment Search Tool (BLAST) package [51], which made
possible to analyze the sequence identity and coverage
alignment of the leishmania proteomes against the data
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deposited in the PDB. Only templates with a minimum
of 50% identity and 80% coverage were used. Afterward,
two tools were used to perform the Modeller input
alipnment between the target and template sequences.
First, the algorithm for alignment of the modeller pack-
age (align2d) [47], and second, the Mafft tool version 7.0
[52]. Align2d is based on dynamic programming algo-
rithm [53], and it takes into account the atomic coordi-
nates of the template [47]. In contrast, Mafft is based on
Fast Fourier Transform, and it uses iterative refinement
that takes into account evolutionary information to gen-
erate alignment [52]. Both alignments were used to pre-
dict three-dimensional structures. Modpipe is an
automated version of the Modeller package, and it was
used to enable a different template search applying
profile-profile and sequence-profile alignment [48].

The Mbholline server also uses the modeling algorithm
of the Modeller package, but it uses the Blast Automatic
Targeting for Structures (BATS) and Filter tools to
evaluate the quality of the templates, and then to select
the best template for comparative modeling [49].

Unlike the tools already mentioned, the Phyre2? server
has its own structural modeling algorithm, which imple-
ments ab-initioc modeling for the portion of the protein
which no template has been found. In addition, Phyre2
selects templates based on alignment of Hidden Markov
Models via HHsearch [50, 54].

In general, the available template-based protein model-
ing tools can efficiently predict protein structures when
they are executed with high quality templates and iden-
tity wvalues between query and template proteins are
greater than 25% [55]. In addition, for using structures,
which have been predicted by these methods, to compu-
tational assays of protein interaction, it is often neces-
sary to perform a full-atomic refinement simulation to
increase the quality of the models [56, 57]. Therefore, all
predicted structures were submitted to the Modrefiner
[57] refinement algorithm.

The guality of the models was evaluated against stereo-
chemical and energetic parameters using Procheck [58]
tool and against the standard Discrete Optimized Protein
Energy (DOPE) function of the Modeller package [59].
The evaluation of these parameters allows checking con-
formational stability and approximation of the model to
the correct folding [60]. Thus, only models that obtained
values for these parameters according to the recommen-
dation of the used tools (tomion angles in a more favor-
able region in ramachandran plot calculated by Procheck
> =90% and normalized DOPE <= - 1) were submitted to
computational tests of protein interaction.

Prediction of protein interactions using docking methods
The protein models were grouped according to the sub-
cellular localization predicted by the Wolfpsort tool [61],
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thus reducing the possibility of false positive interaction
prediction, besides decreasing the computational time
spent on interaction predictions through docking. The
three-dimensional protein models of each group were
applied to two docking methodologies: first template-
based docking through the Prism Protocol [62] tool, and
second, the rigid-body docking through the Megadock
[63] tool version 4.02.

The Prism Protocol requires as input atomic coor-
dinates of two proteins, and a template set formed
by pairs of proteins that are known to interact. This
tool applies the MNaccess [64] and Multiprot [65]
softwares to compare the residues responsible for
the interaction in the template set with the surface
residues of a pair of target proteins, and then Prism
Protocol uses this information to infer interaction
between a pair of target proteins. In the end, a pre-
dicted protein complex is subjected to flexible re-
finement and energy minimization using the
Fiberdock [66] tool [62]. The generated complexes
are ranked according to the global energy binding
score, and they are selected if they have a score
equal to or less than 0. This threshold is the same
one used by the developers of the tool to predict in-
teractions in the Prism Web Server [67].

In parallel, the Megadock tool uses only the atomic co-
ordinates of two proteins, and considering shape com-
plementarity, electrostatic and hydrophobic interactions,
it computes a set of interaction solutions for a candidate
pair of proteins [63]. The prediction of protein inter-
action through the de novo docking methodology, like
Megadock applies, can be described as a binary classifi-
cation problem, where the resulting set represents a pos-
sible or non-possible interaction. To perform this
classification, we first used two algorithms based on
clustering for evaluating the docking solutions, the
Megadock package clustering algorithm [63, 68] and the
Calibur tool [69]. The first one generates an affinity
value for a predicted Protein-Protein Interaction (ppi-
score), this value takes into account the similarity be-
tween the solutions and the z-score of the docking score
[63, 68], while the second tool groups the solutions by
Root Mean Square Deviation (RMSD), and it finds a
suitable distance for that grouping, which we call here
Calibur-score. This distance is then used to infer
whether this interaction represents a true interaction or
does not [69]. These scores were submitted to machine
learning algorithms in order to classify the complexes

generated by rigid-body method.

Prediction of protein interactions using machine-learning

techniques

Initially, we obtained a benchmark data set for the
construction of machine-learning predictors of protein
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interactions. To do so, all the steps performed by the
de novo docking were also applied to a set of positive
interaction data, composed of 119 protein pairs that
are known to interact, obtained from the Benchmark
4.0 database [70], and to a set of negative interaction
data, composed of 147 non-interacting protein pairs
obtained from the MNegatome database [71]. Hence,
our final training/test dataset was composed by 266
total entries, where the Calibur and PPl-scores were
used as feature inputs, and the outputs were set as
“1" for interacting protein pairs, and "0" for the non-
interacting pairs. The construction of the learning
models was performed using R (https://cran.r-projec-
torg) along with the following libraries: sfats (Linear
Regression Model), 071 (Support-Vector Machine
and Naive Bayes), randomForest (Random Forest),
neuralnet  (Neural Network/Perceptron) and ghm
(Gradient Boosting Method). For performance assess-
ment and visualization, we used ROCR, PRROC,
peplot2 and plotly packages.

Six popular machine-learning algorithms for binary
classification were trained with default parameters. We
performed 100 training/test iterations where we ran-
domly selected 70% of the positive and 70% of the nega-
tive interaction data, using them as training sets for each
model, then we used the remaining 30% as test sets, cal-
culating the accuracy and area under the curve (AUC) of
the Receiver Operating Characteristic (ROC) graph. In
addition, Precision and Recall values were calculated for
each iteration. We highlight that it was not part of the
present work to exhaustively find optimum parameters
for each machine-learning method used. After all itera-
tions, we generated boxplots showing the AUCs for each
model, and performed statistical tests (pairwise t-tests
and TukeyHSD) comparing the performance across the
different algorithms. Finally, the model that presented
the best performance was selected to classify Leishrnania
interaction data.

The best models built based on the training sets gener-
ated response values, ranging from 0 to 1, for the inter-
action prediction of each pair of proteins. Precision,
recall and specificity values were analyzed to define a re-
sponse value threshold to classify the positive or nega-
tive interaction controls. Following the Leishwania
predictions, protein pairs with response values above
this threshold were selected and used as input for Cytos-
cape for network visualization and topological analysis.

Topological analysis and selection of essential proteins
for the network

Most of the biological networks present free-scale top-
ology, that is, the distribution of the number of connec-
tions for each node (degree) follows a power law, where
there are few network components (nodes) with a high
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degree and many network components with a low de-
gree [72]. This feature is strongly related to the stability
of the networks, as it makes them resistant to random
attacks [72-74].

Other properties of biological networks are their clus-
tering tendency, which can be reflected by the Clustering
Coefficient (CC), and their small world effect, caused by
having a small number of steps separating any two com-
ponents of the network, which can be evaluated through
the Mean Shortest Path (MSP) [74]. The evaluation of
these properties in the network allows validating the
data, considering that these characteristics are different
from random networks [74, 75].

Thus, we used the Cytoscape software along with the
Metwork Analyzer plugin to evaluate the networks pro-
duced based on the free-scale model proposed by Bara-
basi and Oltvai [10]. The CC and MSP were also
compared to 1000 random networks produced by the
Random Network plugin (http://apps.cytoscape.org/
apps/randomnetworks), and the differences were ana-
lyzed through empirical p-value.

In addition, to assess the behavior of an interaction
network, some topological features can be used to select
essential proteins for PIN stability. This is possible due
to the relationship between the protein centrality and its
role in cell survival [76-78]. In this way, the CytoHubba
[79] plugin was used to calculate the Degree Centrality
(DC), Betweenness Centrality (BC) and Bottleneck (BN}
for each protein.

Results

Prediction of protein structures

Protein structures were predicted for 3113 and 31.39%
of the L braziliensis and L infantum proteomes, re-
spectively, by at least one of the modeling tools (Table 1).
About those sets of predictions, approximately 4% of
both proteomes obtained structures with values referring
to free energy and stereochemical properties in accord-
ing to the thresholds recommended by the evaluation
tools. With the use of the structural refinement tool, the
percentages of accepted models raised to 8.11 and 8.56%
for L braziliensis and L. infanfion proteomes, respect-
ively (Table 1}.

The use of muoltiple structure prediction tools
allowed predicting structures for a reasonable quantity
of proteins. Thus, based on the accepted models in
according to the thresholds wsed, and in order to se-
lect the most accurate predicted three-dimensional
structure, we selected for each protein with more
than one accepted model, the predicted structure with
the lowest free energy and highest percentage of tor-
sion angles in the most favorable region of the rama-
chandran plot (Table 2).
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Table 1 Total pratein structure predicted by each program
Spacies Total protecmea Alignad/Madealler W afft/hicdel ler Modpipa Mholline Phyra2 Total

ps as ps as pi as pe as  ps as ps as
L brazibensis HiLF 518 163 518 165 1529 4749 1858 a3 1374 2549 2604 aE1
L infantum H2349 512 181 512 146 1574 504 185 A4 1415 255 2587 A8

p.s total of Predicted Structures
a5 total of Accepted Structures (Structures with values refering to free energy and stereochemical properties according to the threshaolds determined by the

standardized Dope algorithm and by the Procheck tool)

Performance evaluation of machine learning models

As presented in the methodology section, machine learn-
ing algorithms were evaluated against positive and nega-
tive interaction datasets used as controls. Based on this
analysis, the ghim (model available at https://crhisllane.-
wixsite.com/ppinleishmania) technique showed a better
performance when compared to other machine learning
algorithms, obtaining an AUC = 0.88 (Fig. 1). We were
able to improve the ghw model by setting "shrinkage=0.1,
n.trees=100, interaction.depth=3, bagfraction=0.5, train.-
fraction=0.8, n.minobsinnode=10, cv.folds = 5, class.strati-
fv.ov = TRUE" parameters. The gl algorithm caleulates
a response value ranging from 0 to 1, for which a mini-
mum threshold of 0.46 has been determined based on
controls to indicate interaction between the proteins. This
threshold has recall equal to 0.69, specificity equal to (.88
and precision equal to 0.83.

The use of the response value generated by ghm model
to evaluate the outcome of the interactions also showed
a higher performance when compared to the analysis
using only the ppi-score, which obtained an AUC of
0.72, recall equal to 0.65 and precision equal to 0.68.
Even when we compared to other studies that used the
same interaction prediction tools [28, 63], our recall and
precision of response value were higher.

Prediction of protein interaction

The interaction prediction was performed between pro-
teins that shared the same cell compartment (Table 3).
Two proteins of L imfantum (Lin] 302360, Lin].31.2540)
were the only ones classified in the Peroxisome and
Golgi locations, respectively. In this way, they did not
share location with any other protein incorporated in
the study, making the interaction test impossible, and it
was necessary to exclude them from the study. Proteins
that had more than one cellular location were main-
tained in more than one group. In this way, groups of
proteins were submitted to the two techniques of

interaction prediction using docking, resulting in 82.494
and B8.055 tested interactions by rigid-body method for
L. braziliensis and L. imfantuwm, respectively. Of these,
19.808 and 21.029 interactions were also tested through
the template-based method.

As previously stated, interactions predicted by the
template-based method were classified as potential
interactions when the global energy binding score was
less than or equal to 0. For the interactions predicted
by the body-rigid method, due to the amount of solu-
tions generated for each pair of proteins (10,800 solu-
tions), we used clustering tools from which ppi-score
and calibur-score were obtained. These values were
then submitted to the machine learning algorithm
model ghm, and the interactions with a response value
equal to or greater than 0.46 were described as poten-
tial interaction. It worth to remind that g training
model and the threshold of response value were defined
based on two sets of experimentally solved protein
structures; one set of proteins known to be interacting
and one set of non-interacting proteins. Therefore, the
leishmania protein interaction predictions are based on
validated data (See Methods section).

To predict a highly precise interaction network, we
apply a meta-approach, using the consensus between
both docking methodologies, as proposed by Ohue
et al. [28]. Following this methodology, only interactions
described as possible by both methodologies were
used to build the protein networks (Table 4) (Fig. 2)
{Additional files 1 and 2). It is understandable that true
positives can be lost applying this meta-approach, but our
main goal here was the reduction of potential false
positives, thereby increasing the quality of the protein
interaction networks generated.

A protein network is characterized by a graph composed
of nodes representing the proteins and the edges repre-
senting the physical interactions between proteins. The
networks predicted here had their quality assessed

Table 2 Total protein per toal with lower free energy structure and higher percentage of torsion angles in the most favomable

region of the mmachandran plot

Spacies Align2d/Madealler Mafft/Made ke Madpipa Mhelline Phyre2 Tatal
L brazibensis =] 44 334 28 185 agl
L infantum 9 47 a4 31 1490 708
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through comparison against 1000 random networks,
where the values of Clustering Coefficient and Mean
Shortest Path were obtained {Table 5). The Clustering Co-
efficient, which measures the density of interactions close
to a protein in the network [80], was significantly higher
in the networks of Leisfonania species than in random
networks. The same behavior was observed when the
Mean Shortest Path was evaluated. Both measures are re-
lated to the robustness of the network, and the compari-
sons with random networks suggest the predicted
networks are compatible with biological networks, and
they are not a product of random insertion of interactions.

In order to quantify the new information generated by
this methodology and te improve the protein interaction
networks of Leishmania species, we incorporated the
network predicted here with the networks predicted by
Rezende and collaborators through the Interolog Map-
ping method [38] (Fig. 3). The protein interaction net-
works, resulting from the merging of the networks
predicted by both methodologies, continued to present a
behavior consistent with biological networks, and differ-
ent from random networks (Table 6).

With the merged networks, it was possible to verify
the use of structural information added 201 and 181
proteins to the network of L. brazifiensis and L. infan-
tum, respectively. In addition, it was possible to predict
6002 interactions for L. braziliensis and 7119 interac-
tions for L infantum, which were not obtained by the

Interolog Mapping method, increasing the knowledge
about the interactomes of these species.

Topological analysis for selection of essential proteins
The analysis of the topological context of each protein
was performed in the predicted networks through struc-
tural information (NPTSI) and in the networks predicted
through Interolog Mapping (NPTIM) [38], separately, as
well in the merged network (MMN), resulting from the
interaction data obtained in both methodologies. The
topological index local-based method Degree was calcu-
lated for all the proteins present in the networks {Add-
itional file 3), being possible to select the 20 proteins
with the highest number of direct interactions with
neighbor proteins (Fig. 4).

Through the degree of connectivity, it was possible to
observe that the insertion of new proteins and interac-
tions forming MN did not significantly alter the list of
hub proteins presented in the NPFTIM (Fig. 4), since the
3 proteins that were substituted among the 20 most con-
nected proteins, remained between the 25 most con-
nected proteins in MN (Additional file 3).

Global-based methods were also used to evaluate the
topological context of each protein considering the
shortest path. For this, the metrics BottleNeck and Be-
tweenness Centrality were calculated for all proteins in
the networks (Additional files 4 and 5). Obtaining such
values allowed us to observe that, in contrast to the

Table 3 Total proteins in each cell compatment predicted by the Wolfpsort toal

Spacies cytoskeleton oytasal endaplasmic eticulum et racellular mitcchandria nuchear plasma membrana
L brazibensis 23 351 5 fala] 150 138 17
L infantum 19 389 2 62 141 134 x
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Table 4 Interactions described as possible by each ool and
CONSEnsus
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Table 5 Evaluation of the topological characteristics of protein
interaction networks predicted through structural information

Spacies Megadock Prism Consensus
L brazibensis 5652 9216 G198
L infanrurm 64163 10032 £33

Degree, the insertion of new information into PINs
changed drastically the list of bottlenecks proteins
(Figs. 5 and 6).

From the evaluation of both metrics of global central-
ity in MN, it was possible to consider the consensus pro-
teins between the metrics, that is, the bottlenecks
proteins selected from the calculations of BC and BN,
being these a total of 8 bottlenecks proteins
(LbrMLO4.0500; LbeM.O7.1200;  LbrM.10.0880,  LbrM
13.0260; LbrM20.0710; LbrM.20.1010; LbrA.22.0110;
LbrM.25.2330) among the 20 evaluated by each metric
in the L. braziliensis network and 5 bottlenecks proteins
(Lin].10.0830; Lin].13.0280; Lin].22.0013; Lin].27.0620;
Lin].27.2260) in the L. infantum network.

The search for the intersection between the nodes se-
lected by all the evaluated metrics (BN, BC and DC)
allowed to identify the proteins that present local and
plobal centrality characteristics, being these (LbrMh.
20,1010 and LbrM.22.0110) in the L braziliensis net-
work and (Lin].22.0013 and Lin].27.2260) in the L infan-
fum network. Proteins with this level of centrality were
described by Han Jing-Dong and collaborators as "date
hubs". These ones are responsible for the dynamics of
the networks, since they are related to the ability of a
protein to interact with different proteins at different
times [81].

L. brazihensis
Scale free model Cormelation R
& 0.5

Comparisen with andam netwarks

KMeasure Predicted network Random network  Poalue
Clustering Coeficdent 0212 0161 0005 p 05
Mean Shonest Path 2680 2510 +£0.007 p 05
L. infantum
Scale free madel Correlation R
as51 [E-101

Comparisen with random networks

Meaasure Predicted network Random netwark  Pualue
Clustering Coeficent 0233 0169 +£0.004 p 005
Mean Shonest Path - 3000 24588 +0.004 p 005

Discussion

L. brazifiensis and L. infantwm are the main species
causing leishmaniasis in Brazil. They belong to different
subgenera (Viania and Leisfinania, respectively) defined
by Lainson and Shaw [82]. Therefore they present some
evolutionary differences which can be observed on the
clinical disease they can cause. Those differences can be
described as the presence of retrovirus in Viannia sub-
genus, which can reflect in the metastatic ability of L
braziliensis [83], the different profiles of aneuploidy for
both subgenera, which provide a different number of
chromosome copy, and can be related with genes ex-
pression regulation [84] and drug resistance [85].

EMitochondria ECytosol-Mitochondria BCytosol

cokwied according 1o the subcellular kecation

Cytoskeleton MEndoplasmic reticulurn @Plasma membrane

Fig. 2 Protein-Protein Interaction Network using Cytoscape 351 a Network for L brazilenss b Network for Linfantum. The networks wene

-

B Cytosol-Nuclear Muclear MmExtracellular
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Fig. 3 Interaction Protein Networks predicted through structural information adding the networks predicted by Rezende et al [38]. a Network for
L. brazihensis. b Network for L in@ntum. The networks were colored according with method of pradiction interaction used

NiNodes consensus
between methods

Therefore, not just because both species are important
pathogens in Brazil, they were also selected here because
they can illustrate the difference between the subgenera
in the context of protein interactions.

The prediction of protein interaction network based
on structural information is a very challenging process,
especially when it is applied to species with little struc-
tural information obtained experimentally. This is the
current reality of L. braziliensis and L. infantwm that at
the Uniprot [86] database have only 7 and 10 proteins

Table 6 Evaluation of the topological characteristics of the
protein interaction networks predicted through structural
information and merged to the networks predicted by Rezende
et al. [38

L brazilensis
Scale free model Cortelation R
0905 0832
Comparison with random networks
Measure Predicted network Random network P-value
014440002 p <005

255540003 p <005

Clustering Coefficient 0381
Mean Shortest Path 2832
L infanrum
Cortelation s
0917 0837

Scale free model

Comparison with random networks

Measure Predicted network Random network P-value
0149+ 0002 p <005
253740003 p <005

Clustering Coefficient 0381
Mean Shontest Path 2817

with available structures, respectively. However, the in-
creasing availability of different computational tools has
enabled the protein structural prediction in large-scale,
which allowed this study to provide a promising number
of predicted protein structures for Leishmnania species.

Even using a set of parameter values to guarantee
models with high quality, we know models might be
different from native structure of their proteins. How-
ever, as it has been demonstrated by several studies
[87-92], the comparative modeling used in this study
and the use of sequence similarity are methodologies
that provide relevant information for prediction of pro-
tein interaction, and they are a helpful alternative ap-
proaches to structural biology, being able to provide
structural representatives for a large amount of unre-
solved structure proteins, as it was seen for the data ob-
tained for leishmania.

Obtaining three-dimensional (3D) structures for
Leishmania proteins opens a parallel path for func-
tional prediction and discovery of new potential tar-
gets for drugs based on structural features [93, 94].
This is possible because the function conservation is
strictly associated with conservation of the 3D struc-
ture [95]. In addition, the availability of these struc-
tures allows a search for druggable regions that can
be used to design new drugs. Furthermore, with the
protein interaction information, it is possible to iden-
tify if the druggable regions are part of protein inter-
action interfaces, and therefore, they can be used to
interrupt a protein interaction, and causing damage in
the parasite.
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M Protein hubs
only in NPTIM

boo M Protein hubs
only in MN

Protein hubs in
both networks

Fig. 4 Integration of the sub networks formed by the 20 proteins with the highest Degree of connectivity in predicted protein interaction
networks of L brazliensis {al and L infantum {b)

Among all the possibilities that can be reached from  where it was possible to identify structural characteris-
obtaining protein structures, the prediction of inter- tics of interaction in hubs proteins that could not be
action networks provides invaluable structural details for  identified by methodologies based on sequence [97].
understanding several biological processes [96]. This ap- However, even experimental techniques for determin-
plicability was first used in 2006 by Kim, P. M. et al.  ation of protein interaction on a large scale are subject

,v."’” M Protein bottlenecks
' only in NPTIM

M Protein bottlenecks
only in MN

Protein bottlenecks
only both networks

Fig. 5 Integration of the sub networks formed by the 20 proteins with the highest value of Bottienecks in predicted protein interaction networks
of L. bazfensis {a} and L. infantum {b)

.
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interaction netwarks of L braziensis ) and L infantum {b)

Fig. & Integration of the sub networks formed by the 20 proteins with the highest value of Betweenness Cantrality in predicted protaein

Wrmtein bottlenecks
only in NETIM

M Frotein bottlenecks
only in MN

Protein bottlenecks
in both netwaorks

to systematic errors and may produce false positives.
Similarly, computational docking methods are some-
times unable to distinguish incompatible complexes
[27]. To reduce the possibility of errors, we employed
machine learning models, trained using positive and
negative controls of high confidence. As a result, we ob-
tained a significant difference of AUC, recall and preci-
sion when compared to the use of only the affinity
values produced by the docking tool. The performance
of the ghm model was also superior even when com-
pared to the meta-approach applied by Ohue et al. [28].

The classification of interactions as true performed by
the ghm model produced a network for each species of
Leishimania addressed in this study. Both networks were
evaluated against their topological characteristics, where
it was possible to verify their robustness, features com-
patible with biological networks, and important differ-
ences between predicted networks and random
networks. One of the characteristics found was the free-
scale nature (Table 5), caused by the presence of many
proteins that perform few interactions and few proteins,
denominated hubs, which perform many interactions.
However, this characteristic was improved when the net-
works predicted through the docking method were in-
corporated into the networks predicted through the
Interolog Mapping method (Table 6). This behavior
could be observed because the network constructed here
represents only a subset of the true interactome, and as
demonstrated by Stumpf and collaborators, the predic-
tion of a network from a small subset can cause a signifi-
cant deviation of the power law [98].

This free-scale nature of a PIN, as addressed in the
Methods section, is strongly related to resilience of net-
work, allowing it to withstand random attacks. This re-
silience is owed to the fact that the majority of proteins
present into an interaction network perform few interac-
tions, thus if they were knockdown, the impact could be
not be so strong. However, this same feature makes the

network vulnerable to targeted attacks to hub proteins,
which are essentials for network stability [99], because
they perform a big number of interaction, and we know
if we knockdown them, the organism will suffer a great
impact. These proteins with higher degree of connectiv-
ity are important for cell survival because their essential-
ity for the transmission of intra-protein information
[100, 101]. Therefore, attacking those proteins can
destabilize the network causing a break in the transmis-
sion of information [36, 101], and hence, the description
of such type of protein is an advantage to select targets
to drug development.

The selection of hub proteins within the interaction
networks was performed through Degree centrality, and
as expected, the NPTSI analysis presented different set
of protein hubs from those obtained from NPTIM and
MN for both species {Additional file 3). This divergence
is caused by the difference of protein universe contained
in the compared networks. However, this behavior was
not observed when compared to NPTIM and MN hub
proteins, indicating that the insertion of new proteins in
the NPTIM did not significantly alter their set of protein
hubs (Fig. 4). This result is consistent with the preferred
attachment model observed in biological networks [102].
This principle reports that proteins inserted into a real
network tend to interact with proteins that already have
a higher connectivity degree [103].

The preferential attachment phenomenon is ex-
tremely important for the evolutionary process of bio-
logical networks, since this process is resulting from
the presence of highly conserved domains in hub pro-
teins, and it is related to the free-scale behavior of the
networks [102, 104]. The high degree of connectivity
makes hub proteins essential for network maintenance,
presenting a lethal phenotype upon removal of the pro-
tein [105]. This result would be attractive for the devel-
opment of drugs, however, the degree of conservation
of these proteins with host proteins increases the risk
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of side effects, and may be this is one of the reasons of
why they are not the majority of targets already used by
the pharmaceutical industry [36]. This can be observed
with the analysis of selected date hub proteins, which
in UNIPROT showed more than 90% coverage with
Homo sapiens proteins making difficult or even impos-
sible to use them as targets (data not showed).

On the other hand, the use of random proteins as tar-
gets for drugs is not a plausible reality, since the deletion
of non-hub proteins, for the most part, has no great im-
pact on the phenotype [105]. As an alternative to this,
some studies report that proteins that bind to protein
hubs, as well as those with behavior of bottlenecks,
which are proteins that alone are responsible for inter-
modular interaction, are also promising targets for drugs
[106-108]. Proteins with such behavior were recovered
from the network using the topological indices BN and
BC, generating subnetworks composed of bottlenecks
(Figs. 5 and 6). From this analysis, it is possible to ob-
serve that the insertion of new proteins and interactions
in the networks was able to change the list of proteins
that behave like bottlenecks, contrasting with the ana-
lysis of the Degree of centrality. It is interesting to notice
all analyses presented on Figs. 4, 5 and 6 showed a sig-
nificant overlap between orthologs from L braziliensis
and L. infantum. This suggests the conservation of im-
portant common process in both species. In addition,
this fact can be helpful in order to have the same drug
molecule to treat more than one leishmania species.

Our findings are also consistent in favoring central
proteins in a global context, since the orthologs proteins
LbrM.13.0260 and Lin].13.0280 reported as nonhubs-
bottlenecks have low alignment coverage against STK36
protein ortholog in H. sapiens. These results are consist-
ent with the use of this topological feature to select pro-
teins for drug design.

Conclusion

From the data generated in this study, it is possible
to perceive the importance of the use of multiple
methodologies to be able to get the interactome of
these species. This need is observed even to protein
interaction data of most commonly studied species,
such as Howmo sapiens, that still presents a small
coverage in front of the complete proteome [109].
Here, we use a methodology not vet applied to the
proteome of Leisfvnania species and we describe a
binary classification system that was capable of recog-
nizing non-possible complexes. Our findings increase
the knowledge in the structural context and the inter-
actome of the species addressed, opening possibilities
for future studies in the development or redirection
of drugs.
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Additional files

Additional file 1 Frotein interaction netwark of Leishmania braziliensis
predicted using structural infarmation thraugh the Dadking
methodalogy (X5 145 kb)

Additional file 2 Protein interaction netwark of Leishmania infantum
predicted using structural infarmation thraugh the Dadking
methodalogy. {XL5X 157 kb)

Additional file 3 Degree of connectivity of all prateins present in the
retwarks used in this study. (KL% 212 kb

Additional file 4 Value of the Battleneck topological index of all
prateins present in the netwaorks used in this study. (L5 207 kb)
Additional file 5 alue of the Betweenness Centrality topalkogical index
of all prateins present in the netwaorks used in this study (KL5X 290 ki)
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Leishmaniasis is a group of neglected infectious diseases, with approximately 1. 3 million
new cases each year, for which the available therapies have serious limitations. Therefore,
it is extrernely important to apply efficient and low-cost methods capable of selecting
the best therapeutic targets to speed up the development of new therapies against
those diseases. Thus, we propose the use of integrated computational methods capable
of evaluating the druggability of the predicted proteomes of Leishmana braziliensis
and Leishmania infantum, species responsible for the different clinical manifestations
of kishmaniasis in Brazil. The protein members of those proteomes were assessed
based on their structural, chemical, and functional contexts applying methods that
integrate data on molecular function, biclogical processes, subcellular localization, drug
binding sites. druggability, and gene expression. These data were compared to those
extracted from already known drug targets (BindingDB targets), which made it possible
to evaluate Leishmania proteomes for their biological relevance and treatability. Through
this methodology, we identified more than 100 proteins of each Leishmania species with
druggability characteristics, and potential interaction with available drugs. Among those,
31 and 37 proteins of L. braziiensis and L infartum, respectively, have never been tested
as drug targets, and they have shown evidence of gene expression in the evolutionary
stage of pharmacological interest. Also, some of those Laishmania targets showed an
alignment similarity of <50% when compared to the human proteome, making these
proteins pharmacologically attractive, as they present a reduced risk of side effects.
The methodaology used in this study also allowed the evaluation of opportunities for
the repurposing of compounds as anti-leishmaniasis drugs, inferring potential interaction
between Leishmania proteins and ~1,000 compounds, of which only 15 have already
been tested as a treatment for leishmaniasis. Besides, a list of potential Laeishmania
targets to be tested using drugs described at BindingDB, such as the potential interaction
of the DEAD box RMA helicase, TRYR, and PEPCK proteins with the Staurosporine
compound, was made available to the public.

Keywords: drug repurposing, protein interaction network, drug targets, leishmaniasis, Leishmania
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INTRODUCTION

Leishmaniasis is a set of diseases caused by flagellated protozoa
of the genus Leishmania, which can infect mammals since the
Mesozoic era (Akhoundi et al, 2016). They are transmitted to
humans and other mammals by the sting of phlebotomine of
the genus Phlebotomus and Lutzomyia. Also, those parasites have
a wide range of hosts, including canids, rodents, and humans
(Maroli et al., 2013). Currently, with an estimated 1.3 million
annual cases and 350 million people at risk of contracting the
diseases, leishmaniasis is the cause of more than 20,000 deaths per
year and remains a global public health problem (World Health
Organization/ Country Office for India, 2017; Gradoni, 2018).

World Health Organization (WHO) recommendations used
to treat leishmaniasis are dependent on geographic region, as
treatment failures are related to host genetics, their nutritional
states, and to the selection of resistant strains and species present
in certain regions. In general, the treatment invalves pentavalent
antimony, amphotericin B, paromomycin, pentamidine, and
miltefosine, which are used in single dmg or combined
treatments. However, most of these drugs have unavoidable and
sometimes irreversible side effects, such as pentamidine, which
can cause insulin-dependent diabetes mellitus (World Health
Organization, 2010; Nagle et al, 2014). The high incidence of
these side effects has led to patients abandoning treatment or
using the drugs incorrectly, causing the selection of resistant
parasites (Ghorbani and Farhoudi, 2018). Drugs with milder side
effects, such as miltefosine, have other downsides such as the
long half-life that results in an extensive drug accumulation in
the body and the teratogenic effects observed even when applied
in dosages below the therapeutic dose (Dorlo et al, 2008, 2012;
Rahman et al., 2017). In addition, other points that should be
considered regarding the use of miltefosine as the main treatment
are the high frequency of drug resistance, low availability and
high cost, incompatible with poor endemic areas (Sunyoto etal,
2018). In this way, it is possible to understand the urgent need
to apply methodologies capable of identifying new therapeutic
targets and drugs with potential leishmanicide.

The process of discovering a new drug can be divided into
a phenotypic screening or target-based approaches (Swinney,
2013). In phenotypic screening it is possible to select compounds
with cytotoxicity against the whole cell, measure cellular function
without imposing the need for prior knowledge about the targets;
While in target-based approaches the process of developing a
new drug has as its key point the discovery of a target or a
set of targets (Gilbert, 2013; Schenone et al., 2013; Swinney,
2013). This knowledge about the target, different from what
occurs in the phenotypic screening method, allows access to
crucial information for the optimization of compounds, such as
knowledge about the target/drug binding site (Gilbert, 2013; Li
and Kang, 2017). However, target selection is often based on
biological evidence which results in the analysis of a small target
group, exploring only a small portion of the total proteome and
neglecting potentially therapeutically important new drug targets
(Patel et al., 2013; Schenone et al., 2013).

Thus, when the goal is to select new targets for drug
development, where large-scale analyzes of molecules and

compounds  are  performed, computational methods are
presented as an initial choice, providing methodologies capable
of identify targets from a proteome starting from the recognition
of patterns present in compounds and their already known
targets (Schenone et al, 2013), being a powerful methodology
for integrating data, accelerating the first stages of the study,
and reducing the cost of the process (Sanseau et al, 2012;
Patel et al, 2013; Schenone et al, 2013). The detection of
potential pharmacological targets by computational methods
can be focused on the target or the ligand using data extracted
from sources such as protein interaction network, sequence
or structural similarity of proteins against approved drug
targets, the similarity between structures of the ligands and
their side effects, druggability regarding protein structure and
gene expression (Sliwoski et al,, 2014). However, to exploit the
potential of such data, the integration of all available information
must be carried out effectively.

In this context, we applied computational analyses integrating
information in biclogical and pharmacological contexts to infer
interactions between the proteome of Leishmania infantum
and Leishmania braziliensis with available drugs (BindingDB
compounds). These species are responsible for the different
clinical manifestations of leishmaniasis in Brazil, a country
that is among the global regions with the highest numbers of
cases (Ministério Da Saide, 2006; Brasil et al., 2017, 201%; Pan
American Health Organization, 2018). Thus, the possibility of
drug repurposing could be verified and new information about
the druggable proteome of Leishmania species was recovered.

MATERIALS AND METHODS
Data

L. braziliensis and L. infantum predicted protein sequences were
obtained from the TriTrypDB database (release 9.0) (Aslett etal.,
2010}, while the protein tertiary structures, and data regarding
protein interactions for each above proteome, were retrieved
from a database created in a previous work of our group (dos
Santos Vasconcelos et al., 2018).

Data about known interactions between proteins without
restricting by any specific organism and drugs were obtained
from the BindingDB database (Liu et al, 2007} on September
5, 2019, This repository was chosen as it integrates interaction
data from several public databases and assigns an affinity value
for a pair of proteins and drugs. With protein [Ds available at
BindingD'B, it was possible to obtain the aminoacid sequences
and three-dimensional structures of each protein target using
the Uniprot database (Bairoch et al.,, 2005) and Protein Data
Bank (PDB) (Berman et al, 2000), respectively. Proteins
without X-ray crystallography three-dimensional structures
at PDB had their three-dimensional models retrieved from
the SwissModel repository (Bienert et al., 2017), which uses
automated comparative modeling techniques to predict protein
structures. All PDBE format files were processed to remove
ligands. This was necessary once a protein can not have a bound
ligand when it is used as input to tools that perform searches
by regions (pockets) able to interact with drugs. Therefore, to
identify pockets, the structures must be free of ligands.
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Construction of Similarity Matrices

To evaluate the proteins from Binding DE regarding their
chemical (the physico-chemical properties of three-dimensional
structure) and  biclogical (molecular function, biclogical
processes in which the protein is involved and its subcellular
location) contexts, a methodology similar to that described
by Patel et al. was used, which consists of classifying potential
targets based on the annotation of characteristics about the
three-dimensional  structure, druggability, functional class
and subcellular location (Patel et al., 2013). However, the
methodology applied here proposes a direct comparison of
each characteristics annotated for a proteome with the same
characteristics extracted from already known drug targets.
Thus, features from structural, functional, and sequence
levels were extracted from the recovered targets. The same
features were extracted for the Leishmania species proteomes
to compare them to targets recovered from BindingDB, and
thus to build similarity matrices between described targets and
Leishmania proteins.

Therefore, considering 2 proteins  and p;: t; is a protein
described as a reference drug target from Binding DB and
pjis a protein belonging to the L. braziliensis or L. infantum
protecmes. We constructed 5 similarity matrices §° where x
indicates the information used to construct the matrix, and S,},
represents the similarity relationship between t; and p;. Hence,
similarity matrices were built considering the similarity between
the binding sites of drugs I{SE’}. the druggability value between
the most similar binding sites I{S"}. the subcellular location (5%,
the biological processes that proteins were involved (87), and the
maolecular functions of the proteins (8™).

The first two matrices (5% and §) were built using the
information on ligandability at the protein structural context.
Ligandability is the ability of a protein to bind with high
affinity to small drug-like compounds (Hussein et al, 2016). The
ligandability prediction using the three-dimensional structure
is performed by evaluating physicochemical parameters such
as polar and non-polar surface area, surface complexity, and
pocket dimensions (drug binding site) (Le Guilloux et al., 200%;
Vollkamer et al, 20010). Thus, to produce both matrices cited
above, the BindingDDB target structures and the L. braziliensis
and L. infantum protein structures were submitted to the binding
site detection algorithm present at the Fpocket tool (Le Guilloux
et al, 2009). This software was chosen because the results
obtained are more accurate when compared to other tools, such
as SiteFinder, PocketFinder, and SiteMap (Le Guilloux et al., 2009,
Schmidtke et al, 2010). With the identification of each binding
site, a druggahility index/score is assigned to each binding site
found in the protein structures (scores values ranging from
0 to 1, with 0 assigned to pockets with a low probability of
binding to a drug-like molecule, and 1 assigned to pockets
with a high probability). Also, a threshold (druggability score
= 0.5) established by the Fpocket tool was applied to ensure
the druggability of the binding sites of evaluated targets. Thus,
the structure of the hinding sites and their druggability index
was obtained.

The predicted binding sites of each Leishmania spp. protein
was then compared to binding sites of BindingDB protein targets

using the Pocketmatch tool version 2.1 (Yeturu and Chandra,
2008). In this way, all predicted binding sites of a p; protein
were aligned with the binding sites of the t; protein, generating
similarity values. The highest similarity value is the one selected
to SF,

In order to construct the similarity matrix §¢, the druggability
values for the most similar binding sites between proteins p; and

t; were considered. Thus, the S‘I: of this matrix was calculated
using the following equation:

Si: =1- Dy
being D the one-dimension Euclidean distance between the ¢,
and p; druggability values.

The matrices referring to Molecular Functions and Biological
Processes were built using semantic similarity between (ene
Ontology (GO) terms. The GO terms of each BindingDE protein
target were retrieved from the Uniprot database. For those
without GO annotation, as well as for the proteomes of L
braziliensis and L. infantum, the Blast2GO tool (Conesa and
Griitz, 2008) was used to assign GO terms. Blast2GO is a tool
for automatic functional annotation based on homology transfer
(Conesa and Gitz, 2008). The terms retrieved from Uniprot,
as well as those annotated by Blast2GO, were submitted to the
csblgo R package (Ovaska et al, 2008) to calculate semantic
similarity between proteins p; and t; applying the Relevance
algorithm (Schlicker et al, 2006). Hence, two matrices were
produced, one containing the similarity between the terms
referring to Molecular Function (5™), and the other containing
the similarity between the Biological Process terms (5.

The subcellular location (SL) matrix consisted of a binary
matrix & for a pair of t; and b, proteins, being Sf} = 1 when
the pair of proteins shared the same subcellular location, and
Sf} = 0 when the proteins had different subcellular locations.
The data about the subcellular location were retrieved from
the Uniprot database. For BindingDB protein targets and L.
braziliensis and L. infantum proteins without that information,
the WolfPsort tool (Horton et al., 2007) was applied to predict
the subcellular localization.

Selection and Evaluation of Potential Drug
Targets

The members of Leishmania protecmes were classified according
to the degree of similarity between them and Binding DE drug
targets using as hasis the constructed similarity matrices. Thus,
the greater the similarity of a Leishmania protein to a BindingDEBE
drug target, the greater the probability of that protein being a
compound target. In order to consider only the proteins most
likely to interact with a drug, the following criteria were used:
1 - a Leishmania protein must have a binding site and its
druggability similar to the same BindingDE drug targe; 2 - a
protein that passes the previous criterion must also be similar to
the same BindingDB drug target in at least two of the other three
metrics evaluated, being Maolecular Function, Biological Process,
or Subcellular Location. Thus, it is possible to infer that the
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selected Leishmania protein may have the potential to bind to the
same compounds that interact with the Binding DB drug target.

However, it is important to remember that even if a protein
has the ability to interact with a drug, for that protein to be
considered truly druggable, its interaction with a drug must
generate a directed effect on the organism. Thus, a protein is
potentially interesting as a drug target when the maintenance of
its function is essential to keep the organism survival (Schmidtke
and Barril, 2010; Desaphy et al, 2012; Hussein et al, 201a).
Thus, to evaluate the essentiality of the Leishmania species
proteins, we considered their positions in the network of
protein interaction.

L. braziliensis and L. infantum proteins had their essentiality
evaluated through their positioning in protein interaction
networks (PIN). Interaction data were retrieved from previous
work of our group (Rezende et al, 2012; dos Santos Vasconcelos
et al, 2018) integrated with interactions data retrieved from
the String database (Szklarczvk et al, 2015). To analyze the
essentiality of a protein, the Cytoscape tool version 3.8.0
(Shannon et al., 2003) was used to calculate the centrality
indexes: Degree Centrality, Neighborhood Connectivity, and
Betweenness Centrality. These metrics reflect the centrality-
lethality rule, which describes high-degree proteins as essential
and can be used as good predictors of biological importance
(Zotenko et al., 2008),

Due to the existence of two main distinct evolutionary stages
in the biological cycle of the Leishmania species, and only
one of these stages parasitizing humans (Bates and Rogers,
2004), the levels of gene expression between the two stages
were evaluated. Thus, RNA sequencing data from L. braziliensis
species (PRINA494068) were retrieved from the Sequence Read
Archive database (SRA) (Kodama et al, 2012), mapped and
aligned with reference sequences through the Bowtiel tool
(Langmead and Salzberg, 2012). The data were then formatted
using the SAMtools tool (Lietal., 2009), and the reads aligned for
each gene were counted using the Htseq-count tool (Anders et al,,
2015). The expression analysis between the evolutionary stages
was performed using the DESeq? library (Anders and Huber,
2010} of the R programming environment. Thus, allowing the
identification of genes that are expressed in the amastigote
evolutionary stage.

In order to reduce the chances of side effects, we carried out
an analysis of the similarity between Leishsmana ssp. proteins
selected previously and the human proteome (recovered from
the Uniprot database), using the alignment tool Blastp. We used
a cut-off value of 50% similarity based on the analysis of Patel
et al. which showed a relationship between structure, function,
and sequence for sequence similarity above 50% (Patel et al,
2013). Considering similar proteins interact with similar drugs,
evaluating the similarity with human proteins may reflect the
possibility of side effects (Zhou et al., 2015). All data retrieved
and produced during this study were stored using a relational
database model through the MySOL database manager tool
The completed database scheme and all the data produced are
available as Supplementary Material on the https://leishtargets.
github.io/ in order to facilitate the reproducibil ity of this research
and data retrieval to guide other projects.

RESULTS
Data

Our last access to BindingDB contained 64,025 interactions
described with high-affinity value (better than 10 uM)
between 3,128 proteins and 29,353 compounds. The choice for
interactions with purchasable compounds was made due to the
facility of their acquisition for subsequent projects with biological
tests. L. braziliensis and L. infantum proteomes addressed in this
study contained a total of 8,357 and 8,239 proteins, respectively.
None of these proteins were found in the BindingDB database as
targets with high-affinity value for a purchasable compound, and
only two BindingDB protein targets belonged to the same genus
addressed in this study, and they are Bifunctional dihydrofolate
reductase-thymidylate synthase (LmjF.06.0860) and Pteridine
reductase 1 (LmjF.23.0270}), both proteins of Leishmania major.
However, there are other proteins of the Leishmania genus
described as interacting with compounds in Binding DBE. These
proteins were not recovered due to a low-affinity value with
the tested compounds or due to the impossibility of buying
such compound. Thus, we identified 6 proteins of the genus
Leishmania that were tested for 40 compounds: Farnesyl
pyrophosphate  synthase  (LmjF.22.1360); Glyceraldehyde-
3-phosphate  dehydrogenase-like protein  (LoxM.34 4750);
NAD-dependent protein deacetylase (Lin].26.0200), Putative
lanosterol 14-alpha-demethylase (Lin].11.1100), N(1}, N(8)-
bis(glutathionyl )spermidine  reductase (Lin].05.0350) and
Tubulin alpha chain ((Q1A5Y2). Twenty-five of those compounds
are present in our similarity data due to their high-affinity with
other BindingDB protein targets (Supplementary Material 1).

Construction of Similarity Matrices
Druggability of Binding Sites

For the analyses that involved the identification of protein
binding sites, we recovered a total of 2,641 BindingDB protein
targets with structure, of which 1,592 and 1,049 were from
the PDE and SwissModel, respectively. Among the BindingDEBE
targets recovered, 14 structures predicted by SwissModel suite
had <80% coverage and/or identity when compared to the
protein sequence deposited in the Uniprot; & protein structures
(3j9%m, 4udr, 5gjr, 5pdz, 5vil, 6ekld) could not be recovered from
the PD'B in an automated way due to the size of the deposited
structure. In the end, 468 BindingDE proteins had no structure
deposited in both repositories used.

After treatment, the atomic coordinate files (PDBE files) were
submitted to the Fpocket tool to predict binding sites and assign a
score. We were unable to identify binding sites for 17 BindingDB
protein targets. Thus, further analyses were performed only to
coordinate files of the binding sites that were able of being
evaluated by the PocketMatch tool. Therefore, 2,057 BindingDE
protein targets displayed binding sites according to these criteria.

The total protein structures of L. braziliensis and L.
infantum proteomes were 681 and 708, respectively (dos Santos
Vasconcelos et al., 2018), The three-dimensional conformations
produced through comparative modeling did not need to be
processed to remove ligands, and all recovered structures were
submitted to the Fpocket tool. The Fpocket tool was unable to
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TABLE 1 | Total druggatle binding sites.

Species Predicted Protein structures with Protein structures with
structures binding sites druggable binding sites

L brazifiensis G681 GE212958.2%) S99 {87 .9%)

L. irfanism 708 TO1 29%) G20 (858.5%)

recover binding sites for 12 and 7 proteins of L. brazilicnsis
and L. infantum, respectively. Afterward, the atomic coordinates
related to the predicted binding sites of L. brazilicnsis and
L. infantum proteins were compared to the binding sites of
BindingDB target proteins. That comparson was performed
using the PocketMatch tool.

Therefore, matrices that depend on three-dimensional
structure (8" and §9) were composed of 2,057 BindingDB
protein targets and 669 and 701 proteins of L. baziliensis and L.
infantum, respectively. Based on the analysis carried out with the
Fpocket, it was possible to identify that almost 99% of the protein
structures of the two Leishmania species had binding sites that
could be identified by Fpocket, with a druggability score between
0.021 and 0.926 for L. braziliensis and between 0.042 and 0,985
for L. infantum (see Table 1 and Supplementary Material 2).
Considering the threshold indicated in the tool documentation,
which reports a druggability score =0.5 for druggable proteins,
we identified that almost 88% of the protein structures of both
Leishmania species had druggable binding sites.

When we evaluated the druggability similarity matrices and
binding sites between BindingDB drug targets and L. brazilicnsis
and L. infantum proteins, only 277 and 265 proteins of
L. braziliensis and L. infantum, respectively, showed similar
structure of their binding sites (Sf’l = 0.7). When we integrated
binding sites with druggability similarity, it was possible to
identify the number of Leishmania proteins with the structure
of binding sites and druggability scores similar to the same
Binding DB drug target, essential information to infer the drug
repurposing to a new protein. In this way, we were able to
identify that 192 proteins of L. braziliensis and 210 proteins of
L. infantum have binding sites similar to known drug targets
I{S‘If = 0.8 and SIE'; = 0.7), considering both their three-
dimensional conformation with their chemical co mposition, and
their druggability score (data on the similarity of druggability and
binding sites can be retrieved from the Supplementary Material
at https:/fleishtargets.github.io/).

Gene Ontology Terms and Subcellular Location

When we analyzed the GO annotations, most of the recovered
BindingDB protein targets were involved in metabolism
processes, cell communication, and development. When
verifying the enrichment of the terms using the David tool
version 6.8, it was possible to see that the BindingDB proteins
were enriched for protein serine/threonine kinase activity,
protein phosphorylation, protein kinase activity, and ATP
binding (Enrichment Score: 175.78). The analysis performed
with the csblge package allowed us to identify significant
similarity (Relevance similarity = 0.8) between BindingDB

protein drug targets and approximately 92% of proteins from
both Leishmania species proteomes (7,625 and 7,525 proteins
of L. braziliensis and L. infantum, respectively), considering the
GO terms related to Biological Processes. When evaluating this
similarity using the matrices for GO terms related to Molecular
Functions, we identified that near 82% of both Leishmania
protecmes had similarities with BindingDB proteins (6,205 and
6,815 proteins of L. braziliensisand L. infantum, respectively).

Based on the data predicted by the Wolfpsortll tool,
it was possible to identify the majority (32.8%) of the
BindingDPB recovered drug targets have predicted location for
the plasma membrane, while 22.7, 16.17, and 14.19% were
related to the cytosol, nuclear, and extracellular locations,
respectively. There were also predictions for chloroplast,
cytoskeleton, endoplasmic reticulum, Golgi apparatus, lysosome,
mitochondria, peroxisome, and vacuolar membrane, with ~3.4%
of proteins predicted for 2 different subcellular locations.

It was possible to predict subcellular location for most
proteins of L. braziliensis and L. infantum. Only the proteins
LbrM.03.0710 and LbrM.O9.0840 of L. braziliensis and
Lin].15.1300 of L. infantum did not return any prediction
on subcellular location. All these proteins are described in the
Uniprot database as uncharacterized proteins. We found that
approximately 34% of both proteomes had subcellular location
predicted as nuclear, while 18, 16, and 14% had predicted
location as cytosol, mitochondria, and plasma membrane,
respectively. There were also predictions for cytoskeleton,
endoplasmic reticulum, extracellular, Golgi apparatus, lysosome,
and peroxisome, with ~5% of both proteomes predicted for 2
different subcellular locations. When evaluating the similarity
matrices, we verified all proteins of both Leishmania protecmes
had subcellular localization similar to some drug targets.

Selection of Potential Leishmania Drug
Targets

The integration of all similarity data was used to select
the most pharmacologically interesting proteins (Figure1).
Thus, we identified that 11% and 116 L. braziliensis and L.
infantum proteins, respectively, were similar to BindingDB
drug targets in at least 4 levels of similarity and that 33
and 35 of those proteins were similar to drug targets in 5
levels of similarity. We considered these last set of proteins
the most promising to interact with drugs to be redirected
(Supplementary Materials 3, 4).

These results indicate which L. braziliensis and L. infantum
proteins present evidence of potential drug targets based on
structural, functional, and subcellular location data. However, it
was necessary to verify which of these proteins are present in
the evolutionary stage of pharmacological interest, and which
of these proteins would have a significant impact on the
physiological stability of the organism, if used as a drug target.

Evaluation of Promising Leishmania Drug
Targets

To analyze the presence of Lesshmania proteins similar to drug
targets at the evolutionary stage of amastigote, we analyzed the
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L eishmania braziliensis
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Biological Process

FIGURE 1 | Diagram with results of the multidisciplinary approach to select Brgeting drugs from Leishmania species pmteamea. The ern diagram ilustrates the
imtegration of the results found for the sslection of druggable pmoteins based on structural, functional, and subcsllular beation evddence. From fhese results, itis
possidle to fird 119 and 116 protens of L. brazifensis (A) and L isfantum (B), respectively, with evidence of potential drug targets for haning similarity with known
targets in at least 4 methodalogies used, 2 of which are based on the formation and compostion of the target binding site druggability and binding sits]).

Leishmania infantum

7515

8237

Subeellular location | Binding Site

gene expression on data retrieved from SRA databases. To date,
only one study deposited in the SRA (PRINA494068) had total
RNA sequencing data for the two distinct evolutionary stages
(amastigote and promastigote) of wild strain of L. braziliensis
species with no chemical interference. There was no data
following such criteria for L. infantum. The results of expression
analysis for L. braziliensis were used to infer gene expression for
orthologs in L. infantum. Thus, to identify expressed genes in
the evolutionary form present in the human host, the general
distribution of the genes was analyzed, according to the log2
fold change between amastigote and promastigote forms. A total
of 3,506 expressed genes were positively regulated with absolute
values of log2 fold change = 0 and adjusted p-value = 0.05
[Supplementary Material 1),

Integrating the results of expressed genes with the evidence
for druggable targets, we identified that 31 and 37 proteins of
L. braziliensis and L. infantum, respectively, had evidence
of druggability and evidence of expression of its genes
in amastigote, the evolutionary stage of pharmacological
interest  (Figure2)  (Supplementary Materials 5,6). We
evaluated the functional annotation of potential drug targets
in Leishmania spp. proteomes using the categorization of GO
terms related to biclogical process and molecular function

(Supplementary Material 1). From these analyses, we found
that the selected targets are strongly related to metabolism,
cell organization, and biogenesis, and have molecular function
mainly associated with protein binding and catalytic activity.

The evaluation regarding the importance of each parasite
protein for the physiological stability of the organism was
analyzed considering the degree of interaction of each protein
in a complex of protein interaction networks (PINs). The
networks used contained 3,397 proteins of L. braziliensis and
3,254 proteins of L infantum (Supplementary Materials 7, 8
and data on protein interaction network can be retrieved from
the Supplementary Material at https://leishtargets github.io/).
We identified that among the 31 proteins of L. braziliensis
with evidence of druggability, 7 proteins had =20 interactions,
while 7 proteins had more than 100 interactions. Considering
the 37 proteins of L. infantum, we identified that 5 proteins
had =20 interactions, while 9 proteins had more than 100
interactions (Figure 3).

According to the PINs, the potential selected targets are not
the main hubs proteins in the network, however, they tend to
be directly connected or to the main hub proteins. It was still
possible to notice that the network hubs mostly have a high
similarity with drug targets, but they were not within the criteria
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FIGURE 2 | Workflow presenting the scheme and criteria used for the selecion of druggable prokins of pharmacological interst in Leshmania sp. proteomes. The
complete protecms of Leéshm ania braziensis and Leishmania infantum was submitied to analysis using a mulidsciplinary methoddogy for the selecion of druggaile
profeins based on structural, functional, and subcellular location evidenca, thus identifving 119 potens in L brazienas and 116 proteins in L. infardom with
druggable protein crieria. The protens sslected in this contest wers also evaluated for the differential expression of their mapective geres to venfy the pesence of this
pratein in the esolufonany stage of phammacological interest. Inthis analyss, we identified that among the druggable proteins, 31 and 37 proteins of L. brazifensis and
L. irfartum (Supplementary Materials 5, 6), respactively, had their genes positively regulated in the evolutionary stage of intersst.
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established for potential drug repurposing. Thus, the networl’s
hubs can be described as potential targets for the development
of new drugs. When evaluating networks using the average
connectivity of neighbors, we observed that 2 potential selected
targets for each proteome, putative DEAD box RNA helicase
(LbrM.35.2040, LbrM.35.2370, and Lin].36.2260) and putative
ATP-dependent RNA  helicase (Lin]28.1420) were present
in highly connected neighborhoods, having a neighborhood
connectivity value superior to hub proteins (with many direct
interactions), thus being important for coefficient clustering
and consequently important for the stability of the protein
networks (Fox et al., 2011). The evaluation of similarity with
the human proteome was carried out in an integrated way
with the degree centrality (Figure4), in order to weigh the
importance for stability in parasite physiology and the possibility
of side effects. Based on this analysis, the potential targets with

a higher degree of centrality also had a greater similarity with
the human proteome, especially when considering the coverage
between the proteins. Justas proteins with lower degree centrality
also have less similarity, data consistent with one of the first
characteristics found in biclogical interaction networks, which
is the conservation between highly connected protein species
(5un and Kim, 2011). However, it is possible to identify 4
and 5 proteins in L. braziliensis and L. infantum, respectively
(Table 2}, with degree centrality =50 and similarity against the
human proteome <=50% (Figure4). The evaluation of these
characteristics makes these proteins with the greatest potential to
be tested as drug targets since they have the availability ofa three-
dimensional conformation that can be exploited for optimization
of compounds (Figure5), they have evidence of druggability
with the similarity of the binding site and druggability
score with known targets, in addition to having a similar
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DEGs in amastigote

@ Proteins with evidence of druggability with positively regulated DEGs in amastigote
@ Hub non-druggable proteins with 5 levels of similarity to drug targets with negatively regulated

@ Hub non-druggable proteins with 4 levels of similarity to drug targets
@ Hub non-druggable proteins with 3 levels of similarity to drug targets
@ Hub non-druggable proteins with 2 levels of similarity to drug targets

FIGURE 3 | Subretwark of protein nteraction for Leishmania gp. focused on potential drug targets and hub proteins. The complete interaction network
{Supplementary Materials 7, 8) was abtaned fom fhe union of proten interacton data produced in previous works of fhe group with the data deposted in the
String database. The subnetwarks were generated by selecing he hub pmtens for degree centrality, b proteins for centrality, and the potential drug targets. (A,C):
Size of the nodes reflect fhe Degree Centrality. (B,D): The sze of the nodes reflects the average connectivity of neighbars of a given node (Neighborhood
Carrectivity). The netwarks were noted accordng to the levels of smilanity with known drug targets.

molecular function and biological process, and share the same
subcellular location.

Thus, using the cross-reference between recovered and
generated data, 31 proteins from L. braziliensis (Supplementary
Material 5) and 37 proteins from L. infantum (Supplementary
Material 6) were identified with evidence of being potential
drug targets. Among these, 2 proteins in each proteome are
important for network stability due to their highly connected
neighborhoods. Seven and nine proteins, in L. braziliensis and L.
infantum, respectively, are relatively essential in the network as
they have a degree centrality >100. While 4 and 5 proteins have
similarity value < 50% and degree value > 50, based on known
targets similar to these proteins, 1,105 and 145 compounds with
the possibility of repurposingto be tested for their leishmanicidal
potential, of which, only 9 compounds have already been tested
against Leishmania (Supplementary Materials 5, 6).

DISCUSSION

Studies designed to select proteins for deep validation as
drug targets are often carried out without assessing the whole
proteome of a pathogen, and they are often focused on classic
groups of proteins, neglecting new potentially druggable targets
of therapeutic importance (Patel et al, 2013). The use of only
traditional methods results in a lack of information about the
real druggability of complete proteomes (Brown and Superti-
Furga, 2003; Prinz et al,, 2011). This fact becomes even more
critical when talking about neglected diseases, for which the lack
of information is not only concentrated on druggability, but it
extends to other areas, such as the protein three-dimensional
conformations and protein-drug interaction (Charlton et al.,
2018). This reality tums out to be even more worrying
considering the possibility of discovering new compounds by the
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FIGURE 4 | Degres centrality, smilarity, and coverage aganst human proteoms of potential target proteing of Leshmani sp. (A) Leishmania brazifensis; (B)
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TABLE 2 | Poertial drug targets with relative PIN essentiaity and <50% similarity to the human prateoms.

Protein Description Similarity* Cowerage®  Number of potential compounds  Number of potential compounds
to interact with Leishmania already tested for Leishmania
proteins deposited in BindingDB
Lorkd. 100640 Glyoerol-3-phosphate defydrogenase 487 a1z a3 =1
{GFHDY
Lorhd. 202360  Putstive kinesin 487 761 640 a
Lorkd.30 2040  Putstive alcohal defydrogenase 410 722 35 a
Lborhd. 35 6570  Putstive small G-protein 437 iTh 3 1
Linl.02 0710 Hypothefical Pratein - 458 B3 42 a
Dipspticarborypeptidase
Lind. 100560 Glycerol-3-phosphate defydrogenase 438 1.0 52 a
{GFHDY
Ln. 271710 Frhicsphoenapyruvate o arboxykinase 463 13.1 22 a
Lin.30.2100 Putative alcohal defydrogenase 433 gaz a
LinJ.34 3030 Putative Alpha-keto-acid ez 23 a3
decarboxase
“Aganzt e Human profecme.

pharmaceutical industry, since drugs for this group of diseases
generate little financial return, thus reducing the efforts of this
sector in financing research for the development of new drugs
(Trouiller et al., 2002; Chatelain etal., 201 3; Charlton et al., 2018).
Thus, using approaches capable of analyzin g complete proteomes
searching for characteristics that can classify proteins as potential
targets is an essential step that can help us answer questions about
the druggable prateame.

In this way, we present here a modification of the
methodology applied by Patel et al. (2013}, capable of evaluating
complete proteomes through the assessment of features about
three-dimensional protein structure, druggability, functional
class and subcellular location, overlapping these data with the
gene expression profiles and protein topological information
from interaction networks (Patel et al, 2013). In the analyses
carried out by Patel et al. (2013} to identify druggable cancer

proteins, the evaluation of such characteristics cited ealier was
performed to select the most promising druggable proteins,
however, these characteristics were not directly compared to drug
targets, there was no evaluation of similarity semantics between
GO terms, and structural alignments of the binding sites were
not performed, being the only direct comparison carried out
through sequence alignment between the cancer proteins and
drug targets (Patel et al, 2013). The absence of these analyses
might not havean impact on the results of Patel et al. (2013}, since
the authors from that work started their study with a very defined
set of oncology proteins which could be considered as primary
drug targets.

In contrast, our analyses started from complete proteomes
without any predefined drug candidate, so it was necessary to
apply an approach comparing protein by protein between the
parasite’s proteome and the BindingDE database, in order to
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FIGURE 5 | Examgle of predicted structures and druggable binding stes for potential protein targets in proteomes of Leshmani sp. Predicted three-dmensional
corfomations associated with a druggable binding site for 4 examples of potertial drug targets. (A, B) examples of L. brazifensE proteins (G,D) examples of L.
idarim proteirs. The structures on the eft am examples of druggable proteins with <50% similarity to the human proteoms. The structures on the gt as
examples of druggable proteirs with the Righest Neighborhood Conmectivity value in the subnetwork,

LbrlM.35.2370 ,«dgfn
’.

identify potential targets. The significant difference between the
approaches as well as the non-applicability of the approach
carried out by Patel et al. (2013) for a complete proteome makes
the results of both studies not directly comparable.

Therefore, we applied here an approach capable of evaluating
the similarity of a proteome against known drug targets,
considering the conformational and chemical similarity of the
binding sites, the similarity of the molecular functions and
biological processes those proteins are involved with, and their
subcellular location. Furthermore, we integrated those data with
their position in biological protein interaction networks, in
order to provide a list of proteins that are important for the
maintenance of the disease state and can be potential targets
for drugs. This methodology also provides a list of compounds
already developed with the ability to interact with the proteins
selected as potential targets.

As cited in the results section, only three L. infantum proteins
were assayed against drugs and their results are deposited in
BindingDB: SIRIRP1(NAD-dependent protein deacetylase -
Lin].26.0200), CYP51 (Putative lanosterol 14-alpha-demethylase

Lin].11.1100) and TRYR [N(1)LN(8)-bis (glutathionyl)
spermidine reductase - Lin].05.0350]. SIRZRP1 has already been
tested as a target for the compounds Nicotinamide and analogs,

Surfactin, and Sirtinol, being described as target potential and
essential for parasite survival (Vergnes et al., 2005; Zheng, 2013).
This protein was not present in our results due to the absence
of a predicted three-dimensional structure for it. However,
it has significant similarity in terms of molecular function,
biological process, and subcellular location with 234 known
drug targets. CYP51 is a cytochrome 450 enzyme essential for
steroidal biosynthesis that has enzyme activity inhibited by the
compound VNI [(R)-N-(1-(2,4-dichlorophenyl)-2-(1H-imida
zol-1-yljethyl)-4-(5-phenyl -1,3,4-oxadiazol-2-yl)benzamide )|
and analogs (Friggeri et al., 2018). TRYR is one of the enzymes
involved in the process of neutralizing reactive oxygen species,
being a drug target already studied in trypanosomatids due to
its essentiality for parasite survival and due to its significant
difference from glutathione reductase, the equivalent enzyme
in humans (Schmidt and Krauth-Siegel, 2005; Rodrigues et al.,
2012). In pharmacological context, Lin].05.0350 was described
as a target for 1,34-thiadiazolium-2-aminide, a compound
with antitumor, antibacterial, antifungal, and anti-inflammatory
activity already described and that presents leishmanicidal
activity inhibiting the growth of Leishmania species in vitro and
resulting in the decrease of lesion size and parasitic load (Da
Silva et al, 2002; Rodrigues et al., 2007, 2009, 2012).
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Lin[.11.1100 and Lin].05.0350 proteins were evaluated in
our study with significant similarity for the 5 metrics used
against known targets of Binding DE. In our results, Lin].11.1100
was described as similar to Steroid 21-hydroxylase (POB686),
Prostaglandin G/H synthase 2 (P79208), and Thromboxane-A
synthase (P49430); making it possible to infer Lin].11.1100 as a
potential target for 49 compounds, among them the inhibitor of
cytochrome 450 (25,45)-ketoconazole and the anti-inflammatory
and anticancer resveratrol, which already had antipromastigote
and antiamastigote effects described in L. major, Leishmania
amazonenesis and Leishmania donovani (Kedzierski et al., 2007;
Dinesh et al, 20014; Ferreira et al, 2014). Lin].05.0350 protein,
which has already been related to drug-resistant phenotype, was
identified in our approach due to its similarity with Serine /
threonine-protein kinase MRCEK alpha (Q5VT25) and BRSK2
(Q8IWQ3), thus being inferred as a potential target for 28
compounds, including kinase inhibitors used as cancer treatment
staurosporine and sunitinib, both compounds already described
in the literature as potential anti-leishmanial (Dalton et al,
2010; Foucher et al., 2013 Sanderson et al, 2014; Balanco
et al, 2019). Despite the high similarity with drug targets and
the possibility of interaction with the compounds described
above, Lin].11.1100 and Lin].05.0350 are not present in the
final list of potential drug targets, since their genes did not
show evidence of expression in the amastigote form (data on
compounds with the possibility of interaction with these proteins
can be retrieved from the Supplementary Material available at
https://leishtargets. github.in/).

In addition to the three proteins of L. infatum, three other
proteins of the genus Leishmania have the result of interaction
with drugs deposited in the BindingDE, two of which belong
to the proteome of L. mexicana and one of L tarentolae.
Orthologs for these proteins can be found in our results,
however they are not present in the final list of potential
drug targets for different reasons. The orthologous proteins of
LmxM.34.4750 - Glyceraldehyde-3-phosphate dehydrogenase-
like protein (LbrM.34.4710, Lin].35.4810) were not recovered
due to the absence of available three-dimensional structure.
While the orthologs for LmjF.22.1360 - Farnesyl pyrophosphate
synthase (LbrAM.22.1240, Lin].22.1210) and Q1ASY2 - Tubulin
alpha chain (LbrM.13.0200, LbrM.13.0190, Lin].13.0330) were
similar to BindingDB drug targets in the context chemical and
biological, however they were not in accordance with criteria
established in the methodology. This result allows us to assume
that these proteins are potential drug targets, although it is not
possible to infer interaction with the compounds covered in
this study.

The multidisciplinary computational analysis allowed the
identification of 68 proteins with the potential to be tested as new
targets for the development or repurposing of drugs. Neither of
these proteins has been described in BindingDPB as a drug target.
Evaluating the predicted GO terms for those 68 selected proteins,
it was noticeable that we identified proteins related to functions
already well-described and used by the phamaceutical industry,
such as those with kinase activity (Supplementary Material 1), a
class of proteins that has already been used as drug targets for
inflammatory, autoimmune diseases and cancer (Cohen, 2009

Cohen and Alessi, 2013; Patterson et al, 2014; Bhullar et al.,
2018). This finding is consistent with the literature since that class
of proteins has also been indicated as possible drug targets for the
treatment of leishmaniasis caused by L. donovani and Leishmania
mexicana (Ali et al., 2012; Rachidi et al., 2014; Catta-Preta and
Mottram, 2018; Raj et al., 2019). The potential of neutralizing
proteins of that class has also been demonstrated by the use of the
kinase inhibitor Trametinib for amastigotes and promastigotes
of L. braziliensis and L infantum (Borba et al., 2019). The same
observation can be noted to targets with hydrolase activity and
ATP-binding, classes of proteins that have been highlighted as
potential targets (Cravatt and Lichtman, 2003; Chen et al., 2005;
Soni et al, 2020), and also reported as a potential drug target in
L. infantum (Chavez-Fumagalli et al., 201 8; Sales et al., 2019).

Among the 68 potential targets it is possible to find proteins
in both species that are potentially essential, but which are
not currently widely explored as drug targets in Leishmania
species, such as coproporphyrinogen IIT oxidase (LbrM.06.1260,
Lin].06.1330) and vacuolar protein sorting -associated protein 4
(LbrM.29.2470, Lin].29.2610). This fact may be associated with
the high similarity of these proteins with their orthologs in the
human proteome. However, proteins such as small g-protein
(LbrM.35.6570, Lin].36.6510), which in our results were inferred
as potential drug targets in both species, do not show high
similarity with orthologs in humans, but remain unexplored as
drug targets.

The applied methodology also allowed to identify proteins
that until recently (in the vermsion of the genome used
in the study) were noted as hypothetical proteins, namely
Major Facilitator Superfamily (Lin].17.1550), Dephospho-CoA
kinase (Lin].18.0290), PPR repeat/Pentatricopeptide repeat
domain/PPR repeat family (Lin].36.5040), all with putative
annotation; A fact that is repeated throughout the list, since
among the 68 potential targets, 45 have putative annotation, thus
showing that important proteins of the leishmanias druggable
protecme still need further studies that reveal the full potential
of these proteins to be exploited as targets drugs.

Combining the results of similarity matrices with gene
expression and the protein interaction networks allowed
the identification of 7 and 9 essential proteins for the
amastigote evolutionary stage in L. braziliensis and L. infantum.
Among these essential proteins it was possible to identify the
putative DEA D box RNA helicase (LbrM.35.2040, LbrM. 352370,
and Lin].36.2260) and putative ATP-dependent RNA helicase
(Lin].28.1420) proteins, which were reported as central by
the average connectivity of neighbors, a fact that reflects
their importance for parasite survival, since such proteins are
essential for RNA metabolism, differentiation of amastigotes,
and infectivity (Sharma and Jankowsky, 2014; Padmanabhan
et al, 2016 Pandey et al, 2020). In our results, these
proteins were similar to 10 drug targets of BindingDB
according to the established criteria, thus we were able to
infer the potential interactions, among these we had the
already mentioned Staurosporine and Sunitinib, the protein
kinase inhibitor Sorafenib and the antibiotic Novobiocin, both
with antileishmanial activity already identified in experimental
methods (Singh et al, 2005 Sanderson et al., 2014). Despite
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not having a low similarity with the human proteome, being
highly conserved proteins, they can be inferred as potential
drug targets, since when inactivated they result in an inability
to differentiate into axenic amastigotes, loss of mitochondrial
membrane potential, mitochondrial fragmentation, and cell
death (Padmanabhan et al., 2016; Pandey et al., 2020).

The analysis of similarity again st the human proteome allowed
to verify the possibility of side effects, prioritizing the targets
of Leishmania spp. most different from the human proteome.
Cross-referencing these datawith data on known targets allowed
us to identify a list of compounds already developed with the
possibility of interacting with potential selected targets. Among
more than 1,000 compounds, there are only 15 compounds
already tested for Leishmania species with assay described in
BindingDB, considering all 68 targets selected, and only 9
compounds considering targets with low similarity to the human
proteome. Evaluating the list of potential targets, it was possible
to identify orthologs between the species covered in this work,
showing the possibility of redirecting a drug with the potential
to act in different parasite species. Among these compounds
inferred as antileishmanial in our results are compounds already
widely known, such as the general proteinase inhibitor Pepstatin
A (Binding DB ID 912} and compounds poorly associated with
a potential leishmanicide, such as C20H2ZNBO5 (BindingDB
ID 18046), Gossypol (BindingDBE 1D 46555) and Bosutinibe
chemotherapy (BindingDBE 1D 4552).

In both Leishmania species studied, GPDH proteins
(LbeM.10.0640 and Linl.10.0560) were identified as central
proteins in the PIN and potential drug targets, a fact that is
compatible with literature data (Suresh et al., 2000; Ogunghbe
and Setzer, 2013; Passalacqua et al, 2015) since such proteins
are essential for parasite survival, and present structural
characteristics consistent with the requirements for intelligent
drug design (Cruz et al., 2012; da Silva et al., 2012; Belluti et al,,
2014; Costa et al,, 2020}, being drug targets already studied in
other trypancsomatids such as Trypanosoma cruzi (Leite et al,
2009; Maluf et al, 2013) and Trypanosoma brucei (Haanstra
et al, 2017). In addition to having a key role in the glycolytic
pathway that is related to the energy production of the parasite
(MNaderer et al,, 2010; Zhao et al., 201 8), those proteins participate
indirectly in the pentose phosphate pathway, therefore they
are related to the maintenance of the disease state, since that
pathway represents an important process to parasitic defense
against reactive oxygen species produced by hosts (Maugeri et al,,
2003; Costa et al., 2020).

Costa et al. (2020) also reported GPDHs as potential drug
targets describing regions of the proteins, which are essential for
their molecular function in parasites, however, those segments
are not conserved compared to mammealian species, highlighting
the importance of these regions for drug development, a result
that is also consistent with the data presented by Haanstra et al.
(2017}, who describes GPDH inhibitors in T, brucei that result in
the death of trypanosomes without injury to host cells (Haan stra
et al., 2017). In our results, those proteins were inferred as
potential targets for more than 50 drugs, including Methotrexate,
Pyrimethamine, and Quinoline compounds. Methotrexate shows
an antileishmanial effect with a significant decrease in the average
infection rate when associated with meglumine antimoniate

(Mahmoudvand et al, 2017). However, the main use of this
drug is currently related to the investigation of metabolic
pathways in Leishmania species due to its inhibition function
of folate metabolic pathways (Vickers and Beverley, 2011).
The pyrimethamine has been evaluated for decades regarding
its activity in leishmaniasis, and an antileishmanial effect has
already been reported when in its combined forms (MNeal, 1976,
Serban, 2019). Quinoline compounds have already shown potent
antileishmanial activity in vitre and in wvive, thus different
formulations of these compounds have been tested asa treatment
for leishmaniasis, due to their high efficiency when compared
to the standard drug pentamidine, and due to the absence of
toxicity to mammalian cells in the concentrations necessary for
leishmanicidal action (Sahu et al, 2002; Tempone et al., 2005;
Gopinath et al,, 2014; Upadhyay et al., 2018).

Alcohol dehydrogenase proteins have been associated with
miltefosine resistance in Leishmania parasites, as they are also
involved with the reduction of reactive oxygen species and
protection against oxidative stress (Camielli et al., 2014; Hefnawy
et al, 2017). This class of proteins has also been described
as a potential pharmacological target in analyzes performed
using the T cruzi proteome (Alves-Ferreira et al, 2009) and in
our analyzes, these proteins (LbrM.30.2040, Lin].30.2100) were
inferred as potential targets for formamide compounds, which
are known to inhibit their activity (Gibbons and Hurley, 2004;
Plapp, 2010; Espuelas etal., 2012}, and targets for benzimidazole-
based compounds, drugs for which leishmanicidal activity has
been reported and used as antiparasitic agents that act in
inhibiting tubulin polymerization (Mota et al., 2014; De Luca
et al, 2018; Sanchez-Salgado et al., 2018).

Phosphoenolpyruvate carboxykinase protein (PEPCK) is
described as a key factor in parasite gluconeogenesis, being
expressed constitutively in both main evolutionary stages, and
reported as a highly immunogenic antigen capable of triggering
a robust T-cell-mediated immunity in humans (Rodriguez
Contreras and Hamilton, 2014; Mou et al, 2015). In our
results, PEPCK (Lin].27.1710) was identified as a potential target
for Staurosporine compounds, protein kinase inhibitors also
previously inferred with potential interaction for other proteins
in the dataset of potential targets in Leishmania species, that have
an effect on leishmaniasis preventing the growth of parasitic cells
and reducing their virulence (Becler and Jaffe, 1997; Basmaciyan
et al, 2018; Omura et al., 2018).

Although new analyses, both computational and using
traditional methods, are necessary for the identification of targets
and the development of new drugs, our study shows there
are many druggable and pharmacological proteins capahle of
interacting with already developed compounds, and they can
provide essential information for future studies to test the
interaction between these targets and drugs, reducing the cost of
developing new drugs and the time to discover new therapeutic
approaches (DiMasi et al., 2003, 2010; Basalk, 2012},

We present a modified approach to the methods developed
by Patel et al. (2013) where new data has been integrated for the
selection of potential targets. Thus, the methodology presented is
acomputational approach capable of selecting a list of proteins of
pharmacological interest in a complete proteom, with evidence
of interaction with drugs already available. It was also possible

Fromtiers in Chemistry | waew Fontiersinong

12

Al 2027 | Volumes 9 | Articls 607139



dos Santos \Vasconcelos and Rezends

80

Dirug Discovery for Leshmania spp

to provide a list of already available compounds with the ability
to interact with the identified proteins. Thus, the application
of this approach can be used as a first step in the intelligent
selection of targets for drug repurposing, helping to prioritize
proteins and compounds to be validated experimentally. Finally,
we emphasize that the approach described here does not
replace traditional methods capable of identifying details of the
target/drug interaction, however, it can be used in conjunction
allowing a wide evaluation of the possibilities within a proteome.
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6 DISCUSSAO GERAL

A previsdo de interacdes entre moléculas e medicamentos é de extrema
importancia no desenvolvimento racional de uma terapéutica, uma vez que tal
informacgao indica novos candidatos a medicamentos e infere redirecionamento de
farmacos ja disponiveis. Apesar dos avancos tecnolégicos, disponibilizar a informacéo
acerca da interacdo molécula-droga em larga escala ainda é inviavel em termos de
custo e laboriosidade. Concomitante a essa problematica, o desenvolvimento
computacional e o acesso aberto a dados publicos tém tornado disponivel uma
crescente quantidade de dados relacionados alvos bioldgicos, criando assim
oportunidades para utilizacdo de métodos in silico com o objetivo de predicdo de
interacdo entre alvos moleculares e drogas. Dessa forma, as alternativas
computacionais se apresentam como metodologias eficazes e de baixo custo, sendo
assim uma necessidade para acelerar a descoberta de novas linhas terapéuticas
(CHENG et al., 2017).

A utilizacdo dos métodos computacionais apresentados ao longo do trabalho
aplicado aos proteomas de espécies de Leishmania destacou a falta de informacao
disponivel para doencas tropicais negligenciadas (VANDERELST; SPEYBROECK,
2010; VERREST; DORLO, 2017), uma vez que houve a necessidade de predicao
computacional da maioria dos dados utilizados para construcdo das redes de
interacdo e matrizes de similaridade. No entanto, mesmo com a auséncia de
informacdes experimentais, foi possivel aplicar a metodologia e selecionar potenciais
alvos, demonstrando assim que a possibilidade de aplicacdo dessa abordagem pode
beneficiar a busca de potenciais alvos em outras doencas.

A integracdo dos dados utilizados para selecionar alvos potenciais com base
na similaridade entre os proteomas de interesse e alvos conhecidos considerando
também dados de expressdo génica, permitiu selecionar alvos potenciais sem
negligenciar as informacdes que podem ser extraidas de um proteoma, aproveitando
a rigueza de dados que podem ser gerados a partir das técnicas de bioinforméatica.
Isso permitiu a identificacdo de 7 e 9 proteinas essenciais para o estagio morfolégico
de amastigotas em L. braziliensis e L. infantum. Além disso, a analise da métrica de
conectividade média com proteinas vizinhas permitiu a identificacdo de 4 proteinas
com um valor de conectividade superior ao das proteinas hub. Destacando assim a

essencialidade dessas proteinas para a estabilidade da rede de interacdo, uma vez
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que fazem parte do fluxo de informacdes entre proteinas com alto grau de
conectividade (FOX et al., 2011).

Esses dados ainda foram integrados com a analise de similaridade com o
proteoma humano, permitindo assim verificar a possibilidade de efeitos colaterais,
priorizando os alvos de Leishamania spp. que apresentam baixa similaridade com o
proteoma humano. Integrar essa informacdo com os dados de farmacos disponiveis
para alvos ja conhecidos permitiu inferir uma lista de mais de 1000 compostos ja
desenvolvidos com a possibilidade de interacdo com os potenciais alvos selecionados.
Considerando todos os 68 alvos selecionados, apenas 15 compostos, entre 0s mais
1000 identificados, ja foram testados como antileishmanial. Ao considerar somente 0s
compostos com possibilidade de redirecionamento para os alvos com baixa
similaridade ao proteoma humano, apenas 9 compostos ja foram testados. Dentre
estes, podemos destacar os farmacos preditos para o alvo LbrM.10.0640:
Metotrexato, que apresenta efeito anti-leishmania com diminuicao significativa da taxa
média de infeccdo quando associado ao antimoniato de meglumina
(MAHMOUDVAND et al., 2017), e Pirimetamina, que tem sido avaliada ha décadas
guanto a sua atividade nas leishmanioses, sendo seu efeito anti-leishmania ja
identificado nas suas formas combinadas (NEAL, 1976; SERBAN, 2019); e a droga
prevista para o alvo LbrM.35.6570: Podofilotoxina que tem um efeito anti-leishmania
por inibicdo da polimerizag&o da tubulina (ESCUDERO-MARTINEZ et al., 2017).

Embora novas andlises, tanto computacionais quanto por métodos tradicionais,
sejam necessarias para a identificacdo de alvos e o desenvolvimento de novos
farmacos, este estudo mostra que existem muitas proteinas de importancia biolégica
e farmacoldgica capazes de interagir com compostos ja desenvolvidos, fornecendo
assim informacgfes para estudos futuros com testes de interacdo entre esses alvos e
medicamentos, reduzindo o custo de desenvolvimento de novos medicamentos e 0
tempo necessario para identificar novas abordagens terapéuticas (BASAK, 2012;
DIMASI et al., 2010; DIMASI; HANSEN; GRABOWSKI, 2003).
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7 CONCLUSAO

Apresentamos uma abordagem modificada dos métodos desenvolvidos por
Patel et. al., (PATEL et al., 2013), onde novos dados foram integrados para a selecao
de alvos potenciais. Assim, a metodologia apresentada € uma abordagem
computacional capaz de selecionar uma lista de proteinas de interesse farmacologico
em um proteoma completo, disponibilizando evidéncias de interacdo com farmacos ja
disponiveis. Essa metodologia foi aplicada ao proteoma de Leishmania sp. de
interesse biolégico e patogénico no Brasil, fornecendo uma lista de proteinas
importantes para a manutencdo do estado da doenca, as quais apresentam
evidéncias de viabilidade para serem utilizadas como alvos de medicamentos. A partir
dessa abordagem também foi possivel fornecer uma lista de compostos ja
desenvolvidos com capacidade de interagir com as proteinas identificadas. Dessa
forma, a aplicacdo dessa abordagem pode ser utilizada como um primeiro passo ha
selecéo racional de alvos para redirecionamento de farmacos, ajudando a priorizar
proteinas e compostos a serem validados experimentalmente.

Por fim, ressaltamos que a abordagem aqui descrita ndo substitui os métodos
tradicionais capazes de identificar detalhadamente a interacdo alvo-farmaco, mas
pode ser utilizada em conjunto com os métodos experimentais para selecionar alvos
além daqueles tradicionalmente ja conhecidos nas espécies, permitindo assim uma

ampla avaliagéo das possibilidades dentro de um proteoma.
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ABSTRACT Here, we report the isolation of 31 Acinetobacter baumannii strains pro-
ducing OXA-253 in a single large Brazilian city. These strains belonged to five differ-
ent sequence types (STs), including 4 STs not previously associated with blagy s3-
In all strains, the blayy, .55 gene was located in a plasmid within a genetic environ-
ment similar to what was found previously in Brazil and Italy. The reported data em-
phasize the successful transmission of the blagy, ,s; gene through a large area and
the tendency for this resistance determinant to remain in the A. baumannii popula-
tion.

KEYWORDS Acinetobacter, MLST, antibiotic resistance, genome analysis, oxacillinase

cinetobacter baumannii is an opportunistic Gram-negative pathogen responsible

for a large number of outbreaks of hospital-acquired infections. This bacterium has
been linked with serious infections affecting mainly debilitated patients in intensive
care units (1), and it can become resistant to a wide range of antibiotics, leading to
serious impediments to treatment. Carbapenems, such as imipenem and meropenem,
have been often used as drugs of last resort, but outbreaks of carbapenem-resistant A.
baumannii have been reported in several countries, including Brazil (2).

Resistance to carbapenems in A. baumannii may be due to various mechanisms,
including the loss of outer membrane protein (OMP), overexpression of efflux pumps,
or through alterations in the penicillin-binding protein (3). An increase in reported
carbapenem resistance by A. baumannii isolates, however, has been mostly attributed
to yet another mechanism, the production of carbapenemases, such as those belong-
ing to the class D OXA type (4).

Here, we report OXA-253-producing A. baumannii strains isolated from different
hospitals localized within the city of Recife, state of Pernambuco, in northeastern Brazil.
This variant of the OXA-143-like carbapenemase belongs to the Ambler class D of
B-lactamases (5), which has previously been the subject of studies discussing its
incidence in Brazil. So far, however, the blagy,.14; gene has only been reported for
samples from the states of Sdo Paulo and Rio de Janeiro, over 1,800 km to the south of
Recife (2, 6-8).

Identification of the OXA-253-producing strains occurred after sequencing of the
genomes of 45 A. baumannii strains displaying an extensively drug-resistant (XDR)
phenotype and isolated from different individuals hospitalized in five public hospitals
in Recife between 2010 and 2014. These strains were considered resistant to the two
carbapenems tested (imipenem and meropenem) according to the Brazilian Committee
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Cqgm1 and Aam1 are z-glucosidases (EC 3.2.1.20) expressed in Culex quinquefasciatus and Aedes aegypti
larvae midgut, respectively. These orthologs share high sequence similarity but while Cqm1 acts as a
receptor for the Binary (Bin) insecticidal toxin from Lysinibacillus sphaericus, Aam1 does not bind the
toxin, rendering Ae. aegypti refractory to this bacterium. Aam1 is heavily glycosylated, contrasting to
Cqm1, but little is known regarding how glycosylation impacts on its function. This study aimed to
compare the N-glycosylation patterns and the catalytic activities of Aam1 and Cqgm1. Mutant proteins
were generated where predicted Aam1 N-glycosylation sites (N-PGS) were either inserted into Cqm1 or
abrogated in Aam1. The mutants validated four N-PGS which were found to localize externally on the
Aam1 structure. These Aam1 and Cqm1 mutants maintained their Bin binding properties, confirming
that glycosylation has no role in this interaction. The #-glucosidase activity of both proteins was next
investigated, with Aam1 having a remarkably higher catalytic efficiency, influenced by changes in
glycosylation. Molecular dynamics showed that glycosylated and nonglycosylated Aam1 models dis-
played distinct patterns that could influence their catalytic activity. Differential N-glycosylation may then
be associated with higher catalytic efficiency in Aam1, enhancing the functional diversity of related
orthologs.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

they require further investigation. The a-glucosidases (EC 3.2.1.20)
are exo-glycoside hydrolases that act on #-1,4-glycosidic bonds in

Culex quinquefasciatus and Aedes aegypti play important roles as
vectors for etiological agents of expanding human diseases, being
responsible for a significant burden to public health services
worldwide (Ottesen, 2000; Bhatt et al., 2013; Musso, 2015). Mos-
quito molecules, such as digestive enzymes, are promising candi-
date targets for interventions aimed at mosquito control; however

* Corresponding author. Departamento de Entomologia, Centro de Pesquisas
Aggeu Magalhaes/FIOCRUZ, Av. Moraes Rego s/n, Cidade Universitaria, Recife, PE
50740-465, Brazil.

E-mail address: mhneves@cpgam.fiocruz.br (M.H.N.L. Silva-Filha).

http://dx.doi.org/10.1016/j.ibmb.2016.12.009
0965-1748/© 2016 Elsevier Ltd. All rights reserved.

order to release glucose from oligosaccharides (Krasikov et al.,
2001), therefore playing a critical role during carbohydrate diges-
tion. These enzymes are classified among the glycoside hydrolase
families (GHFs) 4, 13, 31, 63, 97 and 122, but insect a-glucosidases
belong mainly to GH13, according to the CAZy classification (www.
cazy.org). GHF13 members are characterized by a (B/«)s barrel 3-D
structure as well as other features (Janecek, 1997; Krasikov et al.,
2001).

Mosquito a-glucosidases have been characterized from species of
Anopheles, Culex and Aedes, most of them derived from adult salivary
glands (Marinotti and James, 1990; Zheng et al., 1995; Marinotti et al.,
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A differential transcriptional profile by Culex ==

quinquefasciatus larvae resistant to Lysinibacillus
sphaericus IAB59 highlights genes and pathways
associated with the resistance phenotype

Tatiana Maria Teodoro Rezende, Antonio Mauro Rezende, Gabriel Luz Wallau,
Crhisllane Rafaele Santos Vasconcelos, Osvaldo Pompilio de-Melo-Neto, Maria Helena Neves Lobo Silva-Filha
and Tatiany Patricia Romao”

Abstract

Background: The study of the mechanisms by which larvae of the Culex quinquefasciatus mosquito survive expo-
sure to the entomopathogen Lysinibacillus sphaericus has benefited substantially from the generation of laboratory-
selected colonies resistant to this bacterium. One such colony, RIABS9, was selected after regular long-term exposure
of larvae to the L. sphaericus |AB59 strain. This strain is characterized by its ability to produce the well known Binary
(Bin) toxin, and the recently characterized Cry48Aa/Cry49Aa toxin, able to kill Bin-resistant larvae. Resistance to Bin is
associated with the depletion of its receptor, Cqm1 a-glucosidase, from the larvae midgut. This study aimed to iden-
tify novel molecules and pathways associated with survival of the RIAB59 larvae and the resistance phenotype.

Methods: A transcriptomic approach and bioinformatic tools were used to compare the profiles derived from the
midguts of larvae resistant and susceptible to L. sphaericus IAB59.

Results: The RNA-seq profiles identified 1355 differentially expressed genes (DEGs), with 673 down- and 682 upregu-
lated transcripts. One of the most downregulated DEGs was cgm1, which validates the approach. Other strongly
downregulated mRNAs encode the enzyme pantetheinase, apolipoprotein D, lipases, heat-shock proteins and a num-
ber of lesser known and hypothetical polypeptides. Among the upregulated DEGs, the top most encodes a peroxiso-
mal enzyme involved in lipid metabolism, while others encode enzymes associated with juvenile hormone synthesis,
ion channels, DNA binding proteins and defense polypeptides. Further analyses confirmed a strong downregulation
of several enzymes involved in lipid catabolism while the assignment of DEGs into metabolic pathways highlighted
the upregulation of those related to DNA synthesis and maintenance, confirmed by their clustering into related pro-
tein networks. Several other pathways were also identified with mixed profiles of down- and upregulated transcripts.
Quantitative RT-PCR confirmed the changes in levels seen for selected mRNAs.

Conclusions: Our transcriptome-wide dataset revealed that the RIAB59 colony, found to be substantially more resist-
ant to Bin than to the Cry48Aa/Cry49Aa toxin, developed a differential expression profile as well as metabolic features
co-selected during the long-term adaptation to IAB59 and that are most likely linked to Bin resistance.

Keywords: Biolarvicides, Binary toxin, Cry48Aa/Cry49Aa, Receptors, Cqm1, Transcriptome
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Letter to the Editor

Multidrug-resistant Klebsiella aerogenes clinical 'Z,
isolates from Brazil carrying IncQ1 plasmids
containing the blaypc., gene associated with
non-Tn4401 elements (NTEypc-11d)

E?

Sir,

Klebsiella aerogenes are involved in healthcare-associated
infections, causing various infections including sepsis and
infections of the urinary tract and eye. They frequently have high
levels of resistance to different classes of drugs, including
carbapenems, and a high capacity for clonal dissemination.
Although K. aerogenes isolates may have a clonal relationship,
they may harbour different plasmids and have different resistance
profiles, carrying several antimicrobial resistance genes such as
blagpc, blayp, blayp and blacrx.m [1]. The blagpc gene was first
reported in Brazil in the city of Recife-PE in Klebsiella pneumoniae
strains [2]. However, a consensus has not yet been reached on the
plasmid location of the blakpc-> gene, the transposon variants that
can carry this gene and which incompatibility (Inc) groups are
presentin K. aerogenes carrying the blakxpc gene. Here we report the
first description of the non-Tn4401 element (NTEgpc-1ld) carrying
the blaypc_» and aph(3’)-VIi genes in IncQ1 plasmids in K. aerogenes
as well as the first report of the blasco-1 gene in K. aerogenes.

Two multidrug-resistant clinical K. aerogenes isolates (Ea18A
and Ea33A) carrying the blakpc-> gene from blood samples of two
patients admitted to the intensive care unit of a public hospital
in Recife-PE, Brazil, in 2012 were selected. The isolates presented a
clonal relationship by enterobacterial repetitive intergenic
consensus (ERIC) PCR as determined in a previous study by our
group [1]. The isolates were identified using a BD BACTEC™ 9120/
Phoenix automated system. Data were interpreted according to
Clinical and Laboratory Standards Institute (CLSI) 2018 guidelines.

Plasmid DNA was extracted using a Plasmid Mini Kit (QIAGEN)
according to the manufacturer's instructions. Isolates were
characterised using an Illumina MiSeq sequencer with Nextera
XT libraries (Illumina Inc.).

Data were processed to remove low-quality reads using
Trimmomatic. The filtered reads were then de novo assembled
using the Velvet tool, whose parameters were optimised through
the Velvet Optimiser programme. The Velvet results were also used
as input for another assembly programme (CAP3) to improve the
assemblies. Prediction and gene annotation were performed using
Prokka. Nucleotide sequences of the isolates were deposited in
GenBank under accession nos. MG786907 and MH000708.

Analysis using ResFinder and GenBank databases showed 100%
identity for the blaypc.o, blasco-1, sul2 and aph(3’)-VIi genes in the
plasmid DNA of both isolates.

http://dx.doi.org/10.1016/j.jgar.2020.05.001

The blakpc» gene was found inserted between a partial ISKpn6
insertion sequence (AISKpn6) with an associated left inverted
repeat (IRL) and tnpR resolvase. A 21-bp fragment corresponding to
the blargm gene was found upstream of the blagpc.> gene (Fig. 1).
Comparing the genetic environment of the blaypc., gene with
sequences deposited in GenBank, the variant NTEgpc-11d (GenBank
accession no. MH595533) with ~100% identity for the isolates was
observed.

In isolate Ea18A, the replicon corresponding to IncQ1 was found
in the same contig as the aph(3’)-VIi gene, whereas in isolate Ea33A
the replicon corresponding to IncQ1 was found in the same contig
as the blagpc» gene (Fig. 1).

Moreover, all Inc groups described by Caratolli et al. [3] were
investigated on the PlasmidFinder platform, however only IncA/C,
complex, IncL/M and IncQ1 were detected (Fig. 1).

The general data from plasmid sequencing are described in
Supplementary Tables S1-54.

We suggest that NTEypc-Ild is the variant circulating in Recife-PE,
Brazil, which can probably be found in other species of enter-
obacteria, as has already been found in K. pneumoniae [4]. Inaddition,
there is the probable emergence of new variants of NTEypc that can
lose or potentiate the transposition capacity of the blaxpc.» gene, for
which further studies on NTEypc are required. However, this does
not prevent this gene from being transferred by conjugative and
non-conjugative plasmids.

Although non-conjugative, the small, promiscuous IncQ
plasmids have the ability to be mobilisable. IncQ1 plasmids
bearing the blagpc gene have been reported in K. pneumoniae and
Pseudomonas aeruginosa in Brazil [4,5]. This fact is an indication
that IncQ was the plasmid responsible for disseminating the blagpc
gene in Brazil. In addition, both sequenced isolates showed
resistance to amikacin as well as carbapenems. This can be
explained by the association of blagpc_> and aph(3’)-VIi in the same
IncQ plasmid in the two sequenced isolates, since they were
present in the same contig, thus showing the association of
relevant resistance mechanisms in plasmids of K. aerogenes.

The blasco-1 gene confers resistance to penicillins and, to a
lesser extent, cephalosporins and carbapenems [6]. blasco.; has
been found in different species, however this is the first report of
this gene in K. aerogenes.

These findings demonstrate the ability of K. aerogenes to
accumulate resistance determinants using plasmids, such as
IncA/C, and IncL/M, as well as the presence of a mobilisable and
promiscuous plasmid, such as IncQ1. In addition, the presence of
different resistance genes inserted in the K. aerogenes plasmids
observed in this study emphasises the importance of monitoring
the circulation of plasmids and this bacterial species in the hospital
environment. This is still neglected and little investigated. The
observed changes emphasise the continuous recombination and

2213-7165/© 2020 Published by Elsevier Ltd on behalf of International Society for Antimicrobial Chemotherapy. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Comparison of non-Tn4401 (NTEpc-11d) elements carrying the blakpc-> gene in Klebsiella aerogenes isolates Ea18A and Ea33A and reference sequences deposited in
GenBank (Tn4401, accession no. KJ933392; Tn3, accession no. FJ628167; and NTEyp-11d, accession no. MH595533). Protein coding sequences are represented as arrows and
are labelled with the name of the gene. Vertical lines represent gaps schematising the termination of one contig and the beginning of another contig. Grey shading represents
homologous shared regions (>95%). The direct repeat sequence of NTEgpc-11d is represented by a circle.

evolution of the non-Tn4401 element (NTEkpc) that can carry the
blagpc., gene in Brazil.

This study has some limitations regarding methodology.
Hybridisation of resistance genes, circularisation of plasmids by
sequencing of long sequences and conjugation could answer other
questions about the plasmids and resistance genes found.
However, for the purpose of the present work, with the
methodology used it was possible to investigate the location of
the blakpc2 and aph(3’)-VIi genes in an IncQ1 plasmid and to
characterise the element NTEkpc-1Id as well as the discovery of the
blasco-1 and sul2 genes in the plasmid DNA of the isolates.
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1 | INTRODUCTION

Trypanosomatids are unicellular protozean organisms in the class
Kinetoplastida. Most of the known species are parasites belonging
to the Trypanosoma and Leishmania genera that have a huge pub-
lic health and economic impact. The diseases that these parasites

Abstract

Trypanosoma and Leishmonia parasites cause devastating tropical diseases resulting
inserious global health consequences. These organisms have complex life cycles with
mammalian hosts and insect vectors. The parasites must, therefore, survive in dif-
ferent environments, demanding rapid physiological and metabolic changes. These
responses depend upon regulation of gene expression, which primarily occurs post-
transcriptionally. Altering the composition or conformation of RNAthrough nucleotide
maodifications is one posttranscriptional mechanism of regulating RNA fate and func-
tion, and modifications including Né-methyladenosine (mé&A), N1-methyladenosine
(m1A), N5-methylcytidine (m5C), N4-acetylcytidine {ac4C), and pseudouridine (%),
dynamically regulate RNA stability and translation in diverse organisms. Little is
known about RMNA modifications and their machinery in Trypanosomatids, but we
hypothesize that they regulate parasite gene expression and are vital for survival.
Here, we identified Trypanosomatid homologs for writers of mlA, m5C, acdC, and ¥
and analyze their evolutionary relationships. We systematically review the evidence
for their functions and assess their potential use as therapeutic targets. This work
provides new insights into the roles of these proteins in Trypanosomatid parasite bi-
ology and treatment of the diseases they cause and illustrates that Trypanosomatids
provide an excellent model system to study RNA modifications, their molecular, cel-
lular, and biological consequences, and their regulation and interplay.

KEYWORDS
acdC, mlA, m5C, pseudouridine, RMNA modification, Trypanosomatids

cause are considered some of the most important neglected trop-
ical diseases, affecting nearly 22 million people globally {Altamura
et al, 2020; Buscher et al., 2017, Filardy et al., 2018; Okwor &
Uzonna, 2016; Perez-Molina & Malina, 2018).

Trypanosomatid parasites have complex life cycles with mamma-
lian hosts and insect vectors, meaning that the parasites must be

Suellen Rodrigues Maran and Jodo Luizde Lemos Padiliha Pitta contributed equally to ths wark.
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In and Outs of Chuviridae
Endogenous Viral Elements: Origin of
a Potentially New Retrovirus and
Signature of Ancient and Ongoing
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Background: Endogenous viral elements (EVES) are sequences of viral origin integrated
into the host genome. EVEs have been characterized in various insect genomes,
including masguitoes. A large EVE content has been found in Aedes asgypt/ and Asdes
albopictus genomes among which a recently described Chuwindae viral family is of
particular interest, owing to the abundance of EVEs derived from it, the discrepancy
among the chuwvirus endogenized gene regions and the frequent association with
retrotransposons from the BEL-Pao superfamily. In order to better understand
the endogenization process of chwiruses and the association between chuvirus
glycoproteins and BEL-Pao retrotransposons, we performed a comparative genomics
and evolutionary analysis of chuvirus-derived EVEs found in 37 mosquito genomes.

Results: \We identified 428 EVEs belonging to the Chuvindae family confirming the wide
discrepancy among the chuvirus genomic regions endogenized: 409 glycoproteins,
18 BMA-dependent RNA polymerases and one nucleoprotein region. Most of the
glycoproteins (283 out of 409) are associated specifically with retroslements fram the
Pao family. Focusing only on well-assembled Pao retroslement copies, we estimated
that 263 out of 379 Pao elements are associated with chuvirus-derived glycoproteins.
Seventy-three potentially active Pao copies were found to contain glycoproteins into
their LTR boundaries. Thirteen out of these were classified as complete and likely
autonomous copies, with a full LTH structure and protein domains. We also found
116 Pao copies with no trace of glycoprateins and 37 solo glycoprateins. Al potential
autonomous Pao copies, contained highly similar LTRs, suggesting a recent/current
activity of these elerments in the mosquito genomes.

Conclusion: Evolutionary analysis revealed that most of the glycoproteins found are
likely derived from a single or few glycopratein endogenization events associated with a
recombination event with a Pao ancestral element. A potential functional Pao-chuvirus
hiybrid (named Anakin) emerged and the glycoprotein was further replicated through

Fromtiers in Genefcs | wasw frontiersin.org

1 October 2020 | Wolume 11 | Article 542437
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Background. The ZIKA virus (ZIKV) belongs to the Flaviviridae family and was first isolated in the 40's,
remained underreported until its global threat in 2016, where drastic consequences were reported as
Guillan-Barre syndrome and microcephaly in newborns. Understanding molecular interactions of ZIKV
proteins during host’s infection is important to develop treatments and prophylactic measures. Large-
scale experimental approaches normally used to detect protein-protein interaction (PPI) are onerous and
labor intensive. On the other hands, computational methods may overcome these challenges and guide
traditional approaches on one or few protein molecules. The prediction of PPIs can be used to study the
host-parasite interactions at the protein level and reveal key pathways that allows viral infection.

Results. Applying Random Forest and Support Vector Machine (SVM) algorithms, we performed
predictions of PPl between two ZIKV strains and human proteomes. The consensus number of predictions
of both algorithms was 17,223 pairs of proteins. Functional enrichment analyses were executed with the
predicted networks in order to access the biological meanings on the protein interactions. Some
pathways related to viral infection and neurological development were found for both ZIKV strains on the
enrichment analysis, but JAK-STAT pathway was observed only for strain PE243 when compared with
FS513025 strain.

Conclusions. The consensus network of PPl predictions made by Random Forest and SVM algorithms
allowed an enrichment analysis that corroborates with many aspects of ZIKV infection. The enrichment
results are mainly related with viral infection, neuronal development and immune response and
presented differences among the two ZIKV strains compared. Strain PE243 presented more predicted
interactions between proteins from JAK-STAT signaling pathway, which could lead to a more intensive
immune response when compared with strain F5513025. These results show that the methodology
employed here can reveals potentially new interactions between the ZIKV and humans’ cells.

Peer| reviewing PDF | (2020:11:55456:1:0:NEW 26 Feb 2021)
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ANEXO C - Atividade de Divulgacao Cientifica Realizada Durante o Periodo do

Doutorado.

Relatorio
VPEIC-004-FI10-17-2-57 de Divulgacao Cientifica - Edital 2018

Titulo: Scicast — porque a ciéncia tem que ser divertida

Responsavel: Antonio Mauro Rezende,
antonio.rezende@cpqam.fiocruz.br,
contato@scicast.com.br,
81-991223436

1- Resumo

O desenvolvimento tecnoldgico juntamente com os avangos da internet permitiu o
surgimento de um conceito novo de aprendizagem nomeado de mobile learning (m-learning).
Uma das ferramentas desta nova area ¢ o podcasting, um arquivo multimidia que vem sendo
utilizado em universidades para possibilitar aos alunos o acesso a revisao de aulas [1], no meio
artistico, para disseminacao de ideias, musicas, discussdes de filmes, € no meio cientifico para
discussdo de temas e/ou artigos (https://www.nature.com/nature/articles?type=nature-
podcast).

Esta ultima possibilidade de utilizagdo do podcast mostra a capacidade de aplicar esta
ferramenta para estreitar os lacos entre a comunidade e o meio cientifico. Tal alcance ¢ de
grande valia para ambas as partes, apresentando novas descobertas e o pensamento cientifico
para o publico e permitindo que cientistas pensem sobre as implica¢des sociais do seu tema.

Assim, o presente trabalho divulgou por meio de podcasts, as areas de pesquisa da
Fundag¢ao Oswaldo Cruz (FIOCRUZ), explanando cada tema com pesquisadores especializados
na area juntamente com a equipe ja especializada em podcasts. As gravagdes seguiram pautas
desenvolvidas por especialistas, revisadas por pares, com participagdo de pesquisadores dos
centros de pesquisa da FIOCRUZ. Dessa forma, o projeto contou com a participacdo de
pesquisadores, alunos e funcionarios da FIOCRUZ, permitindo que esses colocassem em
pratica a divulgacdo cientifica ligada a seus projetos, levando assim o pensamento critico
cientifico a mais de 100 mil ouvintes.

2- Principais resultados

O principal objetivo do projeto consistiu em apresentar de maneira acessivel a ndo
especialistas algumas areas de estudo da FIOCRUZ, resultando em 11 diferentes podcasts,
sendo cada um referente a um tema especifico.


https://www.colwiz.com/cite-in-google-docs/cid=f20eb8045655ab6
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O primeiro podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-

268/), abordou o tema de vacinas (Figura 1), explanando acerca da historia sobre essa tematica,
o desenvolvimento das primeiras vacinas, as técnicas cientificas utilizadas para descoberta e
desenvolvimento de vacinas e sua importancia. Esse episddio contou com a participacao do
pesquisador Lindomar Jos¢ Pena do Instituto Aggeu Magalhaes, Fiocruz-PE e até o momento
(Outubro de 2020) foi ouvido por 122.643 pessoas.
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Figura 1: Capa do episddio de vacinas, produzida pela equipe de arte do Scicast podcast.

O segundo podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-
274/), abordou a educag¢do em saude (Figura 2), explanando acerca do tema saude/doenca,
educagdo sanitéria, as praticas e articulagdes sociais, e discutindo ainda sobre as metodologias
e politicas envolvidas. Esse episoddio contou com a participagdo do pesquisador convidado
Marcelo Henrique Santos Paiva do Instituto Aggeu Magalhaes, Fiocruz-PE e at¢ o momento
(Outubro de 2020) conta com 106.713 downloads.

Apoio: '
FIQCRUZ .

Figura 2: Capa do episodio de Educagdao em Saude, produzida pela equipe de arte do Scicast
podcast.

O terceiro podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-
277/), abordou as doengas negligenciadas (Figura 3), onde foi discutido quais sdo essas doengas,
porque sdo negligenciadas, impacto das mesmas na saide das populacdes, entraves para


https://www.deviante.com.br/podcasts/scicast-268/
https://www.deviante.com.br/podcasts/scicast-268/
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superacao de sua incidéncia e a relacdo entre doencas negligenciadas e pobreza. Esse episddio
contou com a participagdo do pesquisador Antonio Mauro Rezende e da funcionaria e aluna de
Doutorado Michelle da Silva Barros, ambos vinculados ao Instituto Aggeu Magalhaes, Fiocruz-
PE e at¢ o momento (Outubro de 2020) conta com 114.068 downloads.

Figura 3: Capa do episddio Doencas Negligenciadas, comprada pela equipe de arte do Scicast
podcast.

O quarto podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-285/),
abordou o Zika Virus (Figura 4), o que foi o surto do Zika, quais seus impactos a populacao,
porque virou um surto, como a doenca evoluiu no Brasil e no mundo, as chances de um novo
surto e as possibilidades de vacina. Esse episddio contou com a participa¢do do pesquisador
convidado Marcelo Henrique Santos Paiva do Instituto Aggeu Magalhaes, Fiocruz-PE e até o
momento (Outubro de 2020) conta com 106.296 downloads.

45 285  Zika Virus
SCI;AST‘V L =0y - =

Figura 4: Capa do episddio de Zika virus, produzida pela equipe de arte do Scicast podcast.

O quinto podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-292/),
abordou a violéncia e saude (Figura 5), onde foi realizada uma reflexao sobre a violéncia como
questdo de saude publica, o que € violéncia, diferentes formas de incidéncia, qual o tamanho do
impacto da violéncia na sociedade, como preveni-la e como remedia-la. Esse episodio contou
com a participagdo do doutorando Moezio Vasconcellos vinculado ao programa de poés
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graduacdo do Instituto Aggeu Magalhaes, Fiocruz-PE e até o momento (Outubro de 2020) conta
com 100.417 downloads.

SCICAST

Figura 5: Capa do episodio de Violéncia e Saude, adquirida pela equipe de arte do Scicast
podcast.

O sexto podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-304/),
abordou o Sistema Unico de Satde (SUS) (Figura 6), onde foi discutido acerca do historico e
criacdo do SUS, principios e estrutura, impacto do investimento, como funciona, compara¢ao
com outros sistemas, problemas e as possiveis solucdes. Esse episddio contou com a
participagdo do pesquisador em saide publica Rafael Moreira do Instituto Aggeu Magalhdes,
Fiocruz-PE e até o momento (Outubro de 2020) conta com 84.760 downloads.

Figura 6: Capa do episodio do Sistema Unico de Satde, adquirida pela equipe de arte do Scicast
podcast.

O sétimo podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-311/),
abordou a satde mental (Figura 7), onde foi discutido as principais doengas, possiveis causas,
formas de tratamento, transtornos relacionados a profissdes e a saide mental no meio
académico. Esse episddio contou com a participacdo da doutoranda Crhisllane Vasconcelos
vinculada ao Instituto Aggeu Magalhaes, Fiocruz-PE e até o momento (Outubro de 2020) conta
com 81.296 downloads.
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Figura 7: Capa do episodio de Satide Mental, produzida pela equipe de arte do Scicast podcast.

O oitavo podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-318/),
abordou a poluicdo (Figura 8), onde foi discutido o histérico de como a humanidade comegou
a focar nesse tema, principais causas, principais consequéncias, tecnologias disponiveis para
reverter a situacdo e o que esperar do nosso futuro. Esse episodio contou com a participacao da
doutoranda Crhisllane Vasconcelos vinculada ao Instituto Aggeu Magalhaes, Fiocruz-PE e até
o momento (Outubro de 2020) conta com 30.700 downloads.

4 318  Poluicdo

SCICAST

Figura 8: Capa do episddio de Poluicdo, adquirida pela equipe de arte do Scicast podcast.

O nono podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-325/),
abordou a area da epidemiologia (Figura 9), onde foi discutido o inicio da epidemiologia e sua
importancia, areas de atuagdo de um epidemiologista, epidemiologia e saude publica,
causalidade, bioestatistica, tipos de estudos e epidemiologia na prevencao de doengas. Esse
episoddio contou com a participagdo do doutorando Rodrigo Moraes Loyo Arcoverde e da
pesquisadora Dra Elainne Christine de Souza Gomes, ambos vinculados ao Instituto Aggeu
Magalhaes, Fiocruz-PE e até o momento (Outubro de 2020) conta com 57.072 downloads.
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Figura 9: Capa do episodio de Epidemiologia, produzida pela equipe de arte do Scicast podcast.

O décimo podcast, (disponivel em: https://www.deviante.com.br/podcasts/scicast-
328/), abordou os animais pegonhentos (Figura 10), onde foi discutido quais sdo, a quimica e
fisiologia relacionada aos venenos, principais utilizagdes do veneno, como sao desenvolvidos
os antidotos, como proceder em situagdes de risco. Esse episodio contou com a participagdo da
doutoranda Crhisllane Vasconcelos vinculada ao Instituto Aggeu Magalhies, Fiocruz-PE e até
o momento (Outubro de 2020) conta com 59.105 downloads

|
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Figura 10: Capa do episddio de Animais peconhentos, produzida pela equipe de arte do Scicast
podcast.

O décimo primeiro podcast ndo teve o apoio financeiro do edital, sendo assim um
episodio extra disponibilizado pela equipe do scicast podcast em comemoragdo aos demais
episodios, (disponivel em: https://www.deviante.com.br/podcasts/scicast-348/), abordou o
pesquisador brasileiro Oswaldo Cruz (Figura 11), onde foi discutido a vida/biografia de
Oswaldo Cruz, contando seu historico de pesquisador, suas areas de pesquisa, os demais
pesquisadores que trabalharam em parceria com ele e a criacdo do instituto hoje nomeado de
Fiocruz. Esse episdédio contou com a participacdo da doutoranda Crhisllane Vasconcelos
vinculada ao Instituto Aggeu Magalhaes, Fiocruz-PE e até o momento (Outubro de 2020) conta
com 48.560 downloads.
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N 348 Oswaldo Cruz
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Figura 11: Capa do episodio sobre Oswaldo Cruz, produzida pela equipe de arte do Scicast
podcast.

Deste modo, o projeto finalizou com a produgdo de 11 episddios, com participagao de
9 pesquisadores/alunos do Instituto Aggeu Magalhdes/Fiocruz-PE e um total de downloads até
esse momento de 911.603, com uma média de ouvintes de aproximadamente 83.000 pessoas
por episddio. Todos os episodios produzidos também estdo disponiveis no Spotify:
(https://open.spotify.com/show/0qfFcilKpNKkXy8TbZ4moP?si=1YkbfjasSPSBiyStgbF GQ)

3

3- Desafios importantes encontrados

Por contar com uma empresa e equipe ja experientes para trabalhar com esse tipo de
midia, ndo foi enfrentado nenhum problema técnico, sendo o maior desafio vinculado a
encontrar pesquisadores disponiveis para participar do projeto e prepara-los para apresentar sua
pesquisa para um publico de ndo especialistas.

4-Texto em linguagem de acesso e compreensiao para pessoas nao especializadas

O Podcasting é uma das ferramentas do mobile learning onde se utiliza um dispositivo
eletronico, como um celular, para ouvir ou assistir a transmissao de midia audiovisual, podendo
esta ser somente audio, com inegavel analogia a programas de radio gravados. As transmissdes
sdo disponibilizadas na Internet e podem ser baixadas no dispositivo com o auxilio de
aplicativos agregadores ou simplesmente acessando o site onde a midia estd armazenada [1].

Por mais que sua ampla utilizacdo seja algo novo, o conceito de educagdo através de
gravagoes de audio ja possui mais de 50 anos, com relatos na literatura de sua utilizacao na area
médica nos anos de 1960 [2]. Com os avangos tecnoldgicos e o acesso mais amplo a tais midias,
hoje, esta metodologia vem sendo relatada como facilitadora de aprendizagem, sendo
empregada desde ensino de uma segunda lingua [3], até na aproximagao de neurocientistas com
a comunidade [4].

A ascensao dos podcasts fez com que estd metodologia atingisse a divulgacao cientifica
mais ampla, sendo hoje produzido por muitas revistas cientificas importantes, onde os artigos
com mais destaque do més sao discutidos de forma mais simples permitindo uma compreensao


https://www.colwiz.com/cite-in-google-docs/cid=f20eb8045655ab6
https://www.colwiz.com/cite-in-google-docs/cid=f207539d9f4a25b
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maior dos ouvintes. Grandes exemplos sdo os podcasts disponibilizados pela revista Nature
(https://www.nature.com/nature/articles?type=nature-podcast), Cell
(https://www.cell.com/podcast) e Science (http://www.sciencemag.org/podcasts).

No Brasil, um dos principais podcasts de divulgacao cientifica ¢ o Scicast, que possui
como premissa: A ciéncia tem que ser divertida. Neste projeto, especialistas de diversas areas
desenvolvem programas que abordam temas cientificos voltados para compreensdo do publico
ndo especialista.

Dessa forma, o presente estudo contou com a parceria entre o Scicast, com experiéncia
na midia podcast, e pesquisadores do Instituto Fiocruz para producdo de episddios com
aproximadamente 1 hora e 40 minutos cada, abordando areas como: Educagdo em Saude,
Doengas negligenciadas, Zika e atualizagdes, Violéncia e Saude, Sistema Unico de Satde,
Polui¢do, Saude mental, Vacinas, Animais Peconhentos, Epidemiologia e a vida de Oswaldo
Cruz. Assim, areas de estudo da Fiocruz puderam ser divulgadas de maneira acessivel a todos,
resultando em 911.603 downloads, com uma média de 83.000 ouvintes por episodio.
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ANEXO D - Curriculum vitae (Lattes)

Curriculum Vitae

Nome civil

Nome Crhisllane Rafaele dos Santos Vasconcelos
Dados pessoais

Nascimento 28/12/1992 - Brasil
Carteira de ldentidade 8795741 SDS - PE - 16/11/2010
CPF 095.999.454-84

Formacéo académica/titulacio

2016 - 2020 Doutorado em Genética.
Universidade Federal de Pernambuco, UFPE, Recife, Brasil
Titulo: Avaliacdo in silico do proteoma predito de Leishmania sp. para selecéo de alvos terapéuticos
Orientador: Antonio Mauro Rezende
Bolsista do(a): Coordenacéo de Aperfeicoamento de Pessoal de Nivel Superior

2014 - 2016 Mestrado em Genética.
Universidade Federal de Pernambuco, UFPE, Recife, Brasil
Titulo: Predicdo de redes de interagdo protéica a partir de informacfes estruturais de proteinas preditas em
genomas de espécies de Leishmania, Ano de obtencdo: 2016
Orientador: Antonio Mauro Rezende
Bolsista do(a): Coordenacédo de Aperfeicoamento de Pessoal de Nivel Superior

2013 - 2014 Especializacdo em Diagndstico Molecular.
Faculdade Pernambucana de Saude, FPS, Recife, Brasil
Titulo: Avaliagdo de NEK quinases como alvo famacoldgico contra leishmanioses por métodos em
bioinformética
Orientador: Rafael de Freitas e Silva

2010 - 2013 Graduacdo em Biomedicina.
Associacdo Caruaruense de Ensino Superior, ASCES, Caruaru, Brasil
Titulo: Perfil hepatico de dependentes da substancia simpaticomimética cocaina, em processo terapéutico.
Orientador: Franklin Barbalho Magalhées

Formacédo complementar

2019 - 2019 Curso de curta duracdo em Identifying Gene Regulatory Networks from Gene Expression
Data. (Carga horaria: 40h).
Instituto René Rachou - Fiocruz Minas, FIOCRUZ MINAS, Brasil

2018 - 2018 Eukaryotic Pathogen Genomics Resource Workshop,. .
University of Georgia, UGA, Athens, Estados Unidos

2018 - 2018 Molecular Biophysical Chemistry. . (Carga horaria: 60h).
Instituto Aggeu Magalhdes - Fiocruz PE, IAM-FIOCRUZ, Brasil
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2016 - 2016 Ferramentas de bioinformatica aplicadas a citogenética moderna. .
Universidade Federal de Pernambuco, UFPE, Recife, Brasil

2015 - 2015 Curso de curta duragdo em Anélise de dados NGS. (Carga horaria: 12h).
Genomika Diagnésticos, GENOMIKA , Recife, Brasil

2014 - 2014 Escola de Modelagem Molecular em Sistemas Biologic. .
Laboratério Nacional de Computacao Cientifica, LNCC, Petropolis, Brasil

2014 - 2014 Curso de curta duracdo em Predicdo de Estrutura de Proteinas. (Carga horaria: 6h).
Laboratério Nacional de Computacéo Cientifica, LNCC, Petropolis, Brasil

2012 - 2012 Curso de curta duragdo em Educadores Sociais. (Carga horaria: 16h).
Amigos do Transplante de Medula Ossea, ATMO, Brasil

2012 - 2012 Curso de curta duragcdo em Oncohematologia (Teorico-pratico). (Carga horéria: 4h).
Associacdo Caruaruense de Ensino Superior, ASCES, Caruaru, Brasil

2012 - 2012 Curso de curta duracdo em Desenvolvimento de Marcadores de Microssatélite. (Carga
horéria: 4h).
Associacgéo Caruaruense de Ensino Superior, ASCES, Caruaru, Brasil

2011 - 2011 Curso de curta duracdo em Biologia Molecular no Diagnostico de Doencas. (Carga horaria:
20h).

Aprimora Cursos, A C, Brasil

2011 - 2011 Curso de curta duracdo em Parasitologia Clinica. (Carga horéria: 80h).
Portal Educacéo, PE, Brasil

2010 - 2010 Curso de curta duracdo em Hemograma: Tecnologia e Interpretacdo. (Carga horéria: 20h).
Associacdo Caruaruense de Ensino Superior, ASCES, Caruaru, Brasil

Atuacdo profissional

1. Instituto Aggeu Magalhaes - Fiocruz PE - IAM-FIOCRUZ

Vinculo institucional

2018 - 2018 Vinculo: Professor Convidado , Enquadramento funcional: Docéncia -
Montagem e Anotacdo de Genomas, Regime: Parcial

2018 - 2018 Vinculo: Professor Convidado , Enquadramento funcional: Docéncia -
Engenharia Genética, Regime: Parcial

2017 - 2017 Vinculo: Professor Convidado , Enquadramento funcional: Docéncia -
Engenharia Genética, Regime: Parcial

2017 - 2017 Vinculo: Professor Convidado , Enquadramento funcional: Docéncia -

Montagem e Anotacdo de Genomas, Regime: Parcial

2. Universidade Estadual de Campinas - UNICAMP
Vinculo institucional

2020 - Atual Vinculo: Bolsista , Enquadramento funcional: Bioinformatics Scientist at the
GCCRC, Carga horéria: 40, Regime: Integral

3. Universidade Federal de Pernambuco - UFPE
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Vinculo institucional
2017 - 2017 Vinculo: Estagio , Enquadramento funcional: Docéncia - Genética Humana | ,
Carga horaria: 30, Regime: Parcial

Revisor de periddico

1. MOLECULAR BIOLOGY REPORTS -
Vinculo

2019 - Atual Regime: Parcial

Areas de atuacio

1. Bioinformética

2. Genética Molecular e de Microorganismos
Idiomas

Inglés Compreende Razoavelmente , Fala Razoavelmente , Escreve Razoavelmente , Lé
Razoavelmente

Francés Compreende Pouco , Fala Pouco , Escreve Pouco , Lé Pouco

Portugués Compreende Bem , Fala Bem , Escreve Bem, Lé Bem

Prémios e titulos
2015 ISMB 2015 Travel Fellowship Award, International Society for Computational Biology

2015 1° Lugar Projeto de Mestrado - V Jornada de Pés-Graduacdo em Genética, Universidade
Federal de Pernambuco

2014 Projeto de Pesquisa - 1° lugar, Associacdo Caruaruense de Ensino Superior
2014 Projeto de Pesquisa - 2° Lugar, Associa¢do Caruaruense de Ensino Superior
2013 Relatos de Estagios, Associagdo Caruaruense de Ensino Superior
Producéo

Producdo bibliografica
Artigos completos publicados em periddicos

1. BISPO BELTRAO, ELIZABETH MARIA; DE OLIVEIRA, ERICA MARIA; DOS SANTOS
VASCONCELOS, CRHISLLANE RAFAELE: CABRAL, ADRIANE BORGES: REZENDE, ANTONIO
MAURO; SOUZA LOPES, ANA CATARINA

Multidrug-resistant Klebsiella aerogenes clinical isolates from Brazil carrying IncQ1 plasmids containing the
blakKPC-2 gene associated with non-Tn4401 elements (NTEKPC-IId). Journal of Global Antimicrobial
Resistance. , v.22, p.43 - 44, 2020.
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2. REZENDE, TATIANA MARIA TEODORO; REZENDE, ANTONIO MAURO; LUZ WALLAU, GABRIEL;
SANTOS VASCONCELOS, CRHISLLANE RAFAELE; DE-MELO-NETO, OSVALDO POMPILIO;
SILVA-FILHA, MARIA HELENA NEVES LOBO; ROMAO, TATIANY PATRICIA

A differential transcriptional profile by Culex quinquefasciatus larvae resistant to Lysinibacillus sphaericus IAB59
highlights genes and pathways associated with the resistance phenotype. Parasites & Vectors. , v.12, p.1/407
- 17, 2019.

3. DOS SANTOS VASCONCELOS, CRHISLLANE RAFAELE; DE LIMA CAMPOS, TULIO; REZENDE,
ANTONIO MAURO

Building protein-protein interaction networks for Leishmania species through protein structural information. BMC
BIOINFORMATICS. , v.19, p.85 - 97, 2018.

4. DE SA CAVALCANTI, FELIPE LIRA; MENDES-MARQUES, CARINA LUCENA; VASCONCELOS,
CRHISLLANE RAFAELE DOS SANTOS; DE LIMA CAMPOS, TULIO; REZENDE, ANTONIO
MAURO; XAVIER, DANILO ELIAS; LEAL, NILMA CINTRA; DE-MELO-NETO, OSVALDO
POMPILIO; DE MORAIS, MARCIA MARIA CAMARGO; LEAL-BALBINO, TEREZA CRISTINA

High frequency of OXA-253-producing <i>Acinetobacter baumannii</i> in different hospitals in Recife, Brazil:
a new threat?. ANTIMICROBIAL AGENTS AND CHEMOTHERAPY ., v.61, p.AAC.01309-16 -, 2017.

5. DO NASCIMENTO, NATHALY ALEXANDRE; FERREIRA, LIGIA MARIA; ROMAO, TATIANY
PATRICIA; DA CONCEICAO CORREIA, DARLEIDE MARIA; DOS SANTOS VASCONCELOS,
CRHISLLANE RAFAELE; REZENDE, ANTONIO MAURO; COSTA, SAMARA GRACIANE; GENTA,
FERNANDO ARIEL; DE-MELO-NETO, OSVALDO POMPILIO; NEVES LOBO SILVA-FILHA, MARIA
HELENA

N-glycosylation influences the catalytic activity of mosquito &#945;-glucosidases associated with susceptibility
or refractoriness to Lysinibacillus sphaericus. INSECT BIOCHEMISTRY AND MOLECULAR BIOLOGY.
,v.1,p.1- 8, 2016.

Artigos aceitos para publicacéo

1. DEZORDI, F. Z.; VASCONCELOS, C. R. S.; REZENDE, A. M.; LUZ WALLAU, GABRIEL
In and outs of Chuviridae endogenous viral elements: origin of a potentially new retrovirus and signature of ancient
and ongoing arms race in mosquito genomes. Frontiers in Genetics. , 2020.

Trabalhos publicados em anais de eventos (resumo)

1. VASCONCELOS, C. R. S.; REZENDE, A. M.
Predicéo de redes de interagdo proteica a partir de informagdes estruturais de proteinas preditas em genomas de
espécies de leishmania In; XXI Encontro de Genética do Nordeste, 2016, RECIFE.
XXI1 Encontro de Genética do Nordeste - ENGENE - Anais 2016. , 2016.

Apresentacéo de trabalho e palestra

1. VASCONCELOS, C. R. S.; REZENDE, A. M.
Avaliacéo In Silico Do Proteoma Predito De Leishmania Sp. Para Selecdo De Alvos Terapéuticos, 2018.
(Outra,Apresentacdo de Trabalho)

2. OLIVEIRA, E. M.; MEDEIROS, R. D. A.; BELTRAO, E. M. B.; VASCONCELOS, C.R. S,; FIRMO, E. F,;
REZENDE, A. M.; LOPES, A.C. S.

Klebsiella pneumoniae portadora de blakKPC-2, aph(3 &#769;)-VIF, plasmideos e genes de viruléncia,
isolada de infeccdo wurindria com desfecho de Obito em Recife-PE, Brasil., 2018.
(Congresso,Apresentacdo de Trabalho)

3. VASCONCELOS, C. R. S.; REZENDE, A. M.
Systematic In Silico Evaluation Of Leishmania Sp. Proteome For Drug Discovery, 2018. (Conferéncia ou
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palestra,Apresentacdo de Trabalho)

4. VASCONCELOS, C.R. S.
Bioinformatica aplicada a selecdo de alvos para farmacos, 2017. (Conferéncia ou palestra,Apresentagdo de
Trabalho)

Producéo técnica
Trabalhos técnicos

1. VASCONCELOS, C.R. S. A )
Avaliagdo de trabalhos/poster - V SEMANA DE BIOCIENCIAS E BIOTECNOLOGIA EM SAUDE:
Ciéncia a Servigo da Sociedade, 2017

Entrevistas, mesas redondas, programas e comentarios na midia

1. VASCONCELOS, C. R. S.; SANTOS, M. V. C.
Divulgagéo Cientifica e 0 mundo do Podcast, 2019

Educacdo e Popularizacdo de C&T
Apresentacdo de trabalho e palestra

1. VASCONCELOS, C. R. S.; REZENDE, A. M.
Avaliacéo In Silico Do Proteoma Predito De Leishmania Sp. Para Selecdo De Alvos Terapéuticos, 2018.
(Outra,Apresentacdo de Trabalho)

2. VASCONCELOQS, C. R. S.; REZENDE, A. M.
Systematic In Silico Evaluation Of Leishmania Sp. Proteome For Drug Discovery, 2018. (Conferéncia ou
palestra,Apresentacdo de Trabalho)

Curso de curta duragdo ministrado

1. VASCONCELOS, C. R. S.; TRAJANO-SILVA, L. A. M.
Bioinformatica Estrutural para Iniciantes, 2017. (Outro, Curso de curta duragdo ministrado)

Redes sociais, websites e blogs

1. VASCONCELOS, C.R. S.
Contrafactual #140: E se o acidente de Chernobyl néo tivesse sido contido?, 2019. (Site, Midias sociais,
websites, blogs)

2. VASCONCELOS, C.R. S.
O que sao os hibridos Humano-Animal, 2019. (Site, Midias sociais, websites, blogs)

3. VASCONCELOS, C.R.S,;SILVA, L. G. S.
Reimagine o Cancer #01: O que é Céncer?, 2019. (Site, Midias sociais, websites, blogs)

4. VASCONCELOS, C.R. S.
Reimagine o Cancer #03: Fisiopatologia do Céncer, 2019. (Site, Midias sociais, websites, blogs)

5. VASCONCELOS, C.R. S;; SILVA, 1. G. S.
SciCast #304: Sistema Unico de Salde — SUS, 2019. (Site, Midias sociais, websites, blogs)



6. VASCONCELOS, C. R. S.; BACCHI, A. D.
SciCast #311: Saude Mental, 2019. (Site, Midias sociais, websites, blogs)

7. VASCONCELOS, C. R. S.; WARD, F.; KROHLING, W.
SciCast #318 - Poluicdo, 2019. (Site, Midias sociais, websites, blogs)

8. VASCONCELOS, C.R. S.
SciCast #335: Chernobyl — Parte 1, 2019. (Site, Midias sociais, websites, blogs)

9. VASCONCELOS, C.R. S.
SciCast #336: Chernobyl — Parte 11, 2019. (Site, Midias sociais, websites, blogs)

10. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin de Noticias #591 - Virus tem vida social?, 2019. (Site, Midias sociais, websites, blogs)

11. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin #487 : H& cura para o HIV?, 2019. (Site, Midias sociais, websites, blogs)

12. VASCONCELOGS, C. R. S.; COSTA, T. B.

120

Spin #538 - E possivel uma IA transformar sinais cerebrais em fala?, 2019. (Site, Midias sociais, websites,

blogs)

13. VASCONCELOGS, C. R. S.; COSTA, T. B.

Spin #550 - Como a terapia génica poderia salvar o “Jimmy bolha”?, 2019. (Site, Midias sociais, websites,

blogs)

14. VASCONCELOS, C.R. S.
A amizade entre humanos e um café, 2018. (Site, Midias sociais, websites, blogs)

15. VASCONCELGQGS, C. R. S.; BACCHI, A. D.

Desmistificando os alimentos transgénicos [Synapsando #5], 2018. (Site, Midias sociais, websites, blogs)

16. VASCONCELOS, C. R. S.

Imortalidade — Como tentamos virar a ampulheta da vida?, 2018. (Site, Midias sociais, websites, blogs)

17. VASCONCELOS, C.R. S.
SciCast #239: Quimica Orgénica, 2018. (Site, Midias sociais, websites, blogs)

18. VASCONCELOS, C.R. S.
SciCast #240: Cronofarmacologia, 2018. (Site, Midias sociais, websites, blogs)

19. VASCONCELOS, C. R. S.; COSTA, T. B.
SciCast #241: A Histéria do DNA, 2018. (Site, Midias sociais, websites, blogs)

20. VASCONCELOQOS, C.R. S.; COSTA, T. B.
SciCast #246: A Histdéria do DNA 2, 2018. (Site, Midias sociais, websites, blogs)

21. VASCONCELOS, C.R. S.; COSTA, T. B.
SciCast #252: A Ciéncia da Felicidade, 2018. (Site, Midias sociais, websites, blogs)

22. VASCONCELOS, C. R. S.; COSTA, T. B.
SciCast #264: Imunologia, 2018. (Site, Midias sociais, websites, blogs)

23. VASCONCELOS, C. R. S.; COSTA, T. B.
SciCast #268: Vacinas, 2018. (Site, Midias sociais, websites, blogs)

24. VASCONCELOS, C. R. S.; COSTA, T. B.; PAIVA, M. H. S.
SciCast #274: Educacdo em Saude, 2018. (Site, Midias sociais, websites, blogs)
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25.VASCONCELOQOS, C. R. S.; COSTA, T. B.; REZENDE, A. M.; BARROS, M. S.
SciCast #277: Doengas Negligenciadas, 2018. (Site, Midias sociais, websites, blogs)

26. VASCONCELOS, C.R. S.; COSTA, T. B.
SciCast #283: Antibi6ticos, 2018. (Site, Midias sociais, websites, blogs)

27. VASCONCELOS, C.R. S.; COSTA, T. B.; PAIVA, M. H. S.
SciCast #285: Zika, 2018. (Site, Midias sociais, websites, blogs)

28. VASCONCELOS, C.R. S.
Semana da saude 2018 — O Origami de DNA, 2018. (Site, Midias sociais, websites, blogs)

29. VASCONCELOS, C.R. S.
Séries no Lab: Genética e Psicologia em Black Mirror, 2018. (Site, Midias sociais, websites, blogs)

30. VASCONCELOS, C. R. S.; COSTA, T. B.
Spin de Noticias #114: Nanoparticulas, Neuroénios, Virus e Alzheimer, 2018. (Site, Midias sociais, websites,
blogs)

31. VASCONCELOS, C. R. S.; COSTA, T. B.
Spin de Noticias #126: Gripe Espanhola e o Blues do DNA, 2018. (Site, Midias sociais, websites, blogs)

32. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin de Noticias #147: A Ciéncia da Fake News, 2018. (Site, Midias sociais, websites, blogs)

33. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin de Noticias #165: Sanidade Mental na Academia e Humor no laboratério, 2018. (Site, Midias sociais,
websites, blogs)

34. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin de Noticias #179: Sequenciamento genético e Bactéria comedora de carne humana, 2018. (Site, Midias
sociais, websites, blogs)

35. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin de Noticias #197: Neuroénios, CRISPR e Virus, 2018. (Site, Midias sociais, websites, blogs)

36. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin de Noticias #211: Bactérias, Fezes, Cancer, 2018. (Site, Midias sociais, websites, blogs)

37. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin de Noticias #83: Edi¢do genética, Bactéria mutante e Internet das Células, 2018. (Site, Midias sociais,
websites, blogs)

38. VASCONCELOS, C. R. S.; COSTA, T. B.
Spin #285: Novos Medicamentos e Zika virus, 2018. (Site, Midias sociais, websites, blogs)

39. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin #322: Aspirina e Células-tronco, 2018. (Site, Midias sociais, websites, blogs)

40. VASCONCELOS, C. R. S.; COSTA, T. B.
Spin #332: Anticorpos e Bactérias, 2018. (Site, Midias sociais, websites, blogs)

41. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin #367: A Genética de todo o mundo e Expressdao Génica, 2018. (Site, Midias sociais, websites, blogs)

42. VASCONCELOS, C.R. S.; COSTA, T. B.
Spin #377: Machine learning e Células tronco, 2018. (Site, Midias sociais, websites, blogs)

43. VASCONCELOS, C.R. S.
Como as descobertas feitas pelos cientistas chegam até vocé, leitor?, 2017. (Site, Midias sociais, websites,
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blogs)

44, VASCONCELOS, C. R. S.; COSTA, T. B.
SciCast #226: Sexo, 2017. (Site, Midias sociais, websites, blogs)

45. VASCONCELOS, C. R. S.; COSTA, T. B.

Spin de Noticias #24: CRISPR e seus usos, Cardiomiopatia Hipertrofica, a falta do Nobel e Gifs, 2017. (Site,
Midias sociais, websites, blogs)

46. VASCONCELOQOS, C.R. S.; COSTA, T. B.

Spin de Noticias #38: Cobertura Vacinal contra Gripe no Brasil e nova Cepa de H7N9, 2017. (Site, Midias
sociais, websites, blogs)

47. VASCONCELOS, C. R. S.; COSTA, T. B.

Spin de Noticias #56: Erros em publicacdes cientifica e Retratacfes, 2017. (Site, Midias sociais, websites,
blogs)

Demais produgdes técnicas

1. VASCONCELOS, C. R. S.; TRAJANO-SILVA, L. A. M.
Bioinformatica Estrutural para Iniciantes, 2017. (Outro, Curso de curta duracdo ministrado)

Orientac0es e supervisdes concluidas
Iniciacdo cientifica
1. Raul Santos Silva. Avaliagéo In Silico Do Proteoma Predito De Leishmania Braziliensis Para Sele¢do De

Alvos Terapéuticos. 2016. Iniciacdo cientifica - Universidade Federal de Pernambuco<br/>Inst.
financiadora: Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico

Eventos

Eventos
Participacdo em eventos

1. 54 Congresso Da Sociedade Brasileira De Medicina Tropical, 2018. (Congresso)
Variabilidade Da Regido Intergenic Spacer Do Rna Ribossomal De 11 Diferentes Espécies De Leishmania.

2. VI Jornada de Pés-Graduagdo em Genética, 2018. (Outra)

Avaliacdo In Silico Do Proteoma Predito De Leishmania Sp. Para Selecdo De Alvos Terapéuticos.
Organizacdo de evento

1. CAMPOS, T. L.; VASCONCELOS, C.R. S,; PITTA, J.L. L. P.

I workshop em Bioinformatica do CAV, 2017. (Outro, Organizacao de evento)

Bancas

Bancas
Participacdo em banca de trabalhos de conclusao
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Graduacéo

1. VASCONCELOS, C.R. S.

Participacdo em banca de Ana Paula Mariano Ramos. Avaliacdo do teste molecular rapido GENEXPERT
MTB/RIF na rotina do diagnoéstico da tuberculose de uma laboratério municpal de satde publica do
Recife, 2017

(Biomedicina) Universidade Federal de Pernambuco
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Eventos
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Participag¢des em eventos
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Participac¢cdes em eventos
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Participac¢cdes em eventos
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Organizacgdo de evento
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Participacdo em banca de trabalhos de conclusdo
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