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RESUMO 

O vírus Chikungunya (CHIKV), agente causador da febre Chikungunya, é transmitido 

principalmente pela picada de mosquitos hematófagos do gênero Aedes. A doença é 

caracterizada por sintomas como artralgias e poliartralgias debilitantes, as quais podem 

permanecer por meses ou anos. Até o momento, não existem medicamentos antivirais 

disponíveis para tratar as manifestações do CHIKV. Neste contexto, a Imidazolnaftiridina 

(RO8191) é um composto sintético com atividade antiviral previamente documentada contra 

o Hepacivirus C (HCV) e o Zika vírus (ZIKV), porém, a atividade anti-CHIKV do RO8191 

ainda não foi elucidada. Portanto, este trabalho teve como objetivo avaliar os efeitos do 

RO8191 na infecção por CHIKV in vitro, utilizando o CHIKV-nanoluc, uma construção viral 

inserida de um gene reporter (-nanoluc), para infectar células de rim de hamster bebê (BHK-

21). A análise de viabilidade celular foi avaliada por meio de ensaios de MTT e a taxa de 

infectividade pela quantificação de luminescência. Ensaios de adição do composto em 

diferentes estágios do ciclo replicativo do CHIKV foram realizados, bem como células BHK-

CHIKV-NCT, que expressam proteínas não estruturais do CHIKV e os genes Renilla 

luciferase e EGFP, também foram utilizadas para avaliar o efeito do RO8191 na replicação 

viral. O RO8191 inibiu fortemente a replicação do CHIKV com um índice de seletividade 

(SI) de 12,3 e 18,7 em células BHK-21 e BHK-CHIKV-NCT, respetivamente. Além disso, 

o composto inibiu todos os estágios virais avaliados, com maiores taxas de inibição nas etapas 

viricida (75,4%) e pós-tratamento (87%). RO8191 é um agonista do IFN-α, e para avaliar o 

efeito independente dessa via, os ensaios também foram realizados em células VERO-E6, 

que não expressam os genes que codificam interferons tipo I (IFN-I-/-). Como resultado, 

RO8191 demonstrou um SI de 37,3 apresentando efeito em todas as etapas, principalmente 

na virucida (70,5%) e pós-tratamento (91,6%). Ensaios de espectroscopia de infravermelho 

(ATR-FTIR) e experimentos de ancoragem molecular foram realizados e demonstraram 

interações de RO8191 principalmente com as glicoproteínas do CHIKV. Os resultados aqui 

apresentados enfatizam o potencial anti-CHIKV do RO8191, o qual pode ser futuramente 

capitalizado como uma alternativa terapêutica para o tratamento da febre Chikungunya. 

Palavras-chave: Imidazolnaftiridina; Atividade antiviral; Vírus da Chikungunya; Febre 

Chikungunya; Doenças negligenciadas; Atividade independente de IFN-I 
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ABSTRACT 

The Chikungunya virus (CHIKV), the causative agent of Chikungunya fever, is transmitted 

mainly by the bite of hematophagous mosquitoes of the Aedes genus. The disease is 

characterized by symptoms such as disabling arthralgias and polyarthralgia, which can 

persistent for months or years. Up to date, there are no antiviral drugs available to treat 

CHIKV manifestations. In this context, Imidazolnaphtyridine (RO8191) is a compound with 

antiviral activity previously reported against the Hepacivirus C (HCV) and Zika virus 

(ZIKV), however, the anti-CHIKV activity of RO8191 has not yet been elucidated. 

Therefore, this work aimed to evaluate the effects of RO8191 on CHIKV infection in vitro, 

employing CHIKV-nanoluc, a viral construct inserted of a reporter gene (-nanoluc), to infect 

baby hamster kidney cells (BHK-21). Cell viability analysis was evaluated through MTT 

assays and infectivity rates through luminescence assays. We developed time of drug-

addition assays in different stages of the CHIKV replicative cycle, as well as BHK-CHIKV-

NCT cells, that express CHIKV non-structural proteins and Renilla luciferase and EGFP 

reporters, were also used to analyze the effects of RO8191 on viral replication. RO8191 

strongly inhibits the CHIKV replication with a selectivity index (SI) of 12.3 and 18.7 in 

BHK-21 and BHK-CHIKV-NCT cells, respectively. Additionally, the compound inhibited 

all viral stages evaluated, with higher rates of inhibition in viricidal (75.4%) and post-

treatment (87%). Due to the IFN-α agonism by RO8191, and to analyze an independent of 

this pathway effect, assays were also developed all employing VERO-E6 cells, which do not 

encode type I interferons (IFN-I-/-). As a result, RO8191 presented SI of 37.3 and had effects 

in all viral replication steps, but mainly in viricidal (70.5%) and post-treatment (91.6%) 

assays. Infrared spectroscopy assays (ATR-FTIR) and molecular docking experiments were 

carried out and demonstrated interactions mainly between RO8191 and CHIKV 

glycoproteins. Our data highlights the anti-CHIKV potential exerted by RO8191, that could 

be future capitalized as an alternative treatment against Chikungunya fever. 

 

Keywords: Imidazonaphthyridine; Antiviral activity; Chikungunya virus; Chikungunya 

Fever; Neglected tropical diseases; IFN-I independent activity 
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1. INTRODUÇÃO  

1.1. Febre Chikungunya: Epidemiologia e Transmissão 

 A Febre Chikungunya é uma doença causada pelo vírus da Chikungunya (CHIKV), 

identificada pela primeira vez na Tanzânia, África Oriental, em 1952 (ACOSTA-REYES; 

NAVARRO-LECHUGA; MARTÍNEZ-GARCÉS, 2015). No 2004, se reportaram surtos de 

Febre Chikungunya na África, nas ilhas do Oceano Índico, na Austrália, e no sudeste da Ásia 

(Índia, Indonésia, Mianmar, Maldivas, Sri Lanka e Tailândia) (STAIKOWSKY et al., 2009). 

Em 2007, a PAHO e a Organização Mundial da Saúde (OMS) notificaram o primeiro caso 

de transmissão local na Europa, em um surto localizado na região Nordeste da Itália, no qual 

foram registrados 197 casos, sendo posteriormente disseminado para o sudeste Asiático, ilhas 

do Oceano Índico, regiões da Europa, Estados Unidos e Taiwan (BETTIS et al., 2022). Em 

2013, os primeiros casos nativos na ilha de Saint Martin, no Caribe, foram reportados, 

confirmando o primeiro caso de febre Chikungunya com transmissão autóctone nas Américas 

(WEAVER; FORRESTER, 2015) (Figura 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Disponível em https://www.cdc.gov/chikungunya/geo/index.html. (Consultado em 30 de julho, 2022) 

Figura 1. Panorâmica mundial da Febre Chikungunya. Países no mundo que registraram pelo 

menos um caso de Febre Chikungunya não importado até junho 2022 

https://www.cdc.gov/chikungunya/geo/index.html
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 No Brasil, o Ministério da Saúde confirmou em setembro de 2014 os primeiros casos 

autóctones, ou seja, nativos no país (SILVA et al., 2018). Em março de 2015, mais de 

1.200.000 casos suspeitos foram notificados no continente americano (MORENS; FAUCI, 

2014). Até junho de 2022 foram reportados 122.075 casos prováveis de infecções por CHIKV 

no Brasil, afetando principalmente a região Nordeste do país, com uma média de 175,7 casos 

por cada 100 mil habitantes. Adicionalmente, em junho de 2022, 23 óbitos por Febre 

Chikungunya foram confirmados e mais 50 estão em investigação (MINISTÉRIO DE 

SAÚDE, 2022) (Figura 2). 

  

Figura 2. Taxa de incidência da Febre da Chikungunya no Brasil em 2022. Mapa com dados de 

casos confirmados para infecção por CHIKV no Brasil até junho de 2022 

 

Disponível em https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-

epidemiologicos/edicoes/2022/boletim-epidemiologico-vol-53-no24/view. (Consultado em 30 de julho, 2022) 

 

 

A transmissão do CHIKV se dá principalmente por meio da picada de mosquitos 

Aedes aegypti e Aedes albopictus (MAVALANKAR; SHASTRI; RAMAN, 2007).  

https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/edicoes/2022/boletim-epidemiologico-vol-53-no24/view
https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/boletins-epidemiologicos/edicoes/2022/boletim-epidemiologico-vol-53-no24/view
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Entretanto, outros vetores foram identificados como potenciais transmissores do vírus, como 

os mosquitos Haemagogus sp. pertencentes à família Culicidae (SCHWARTZ; ALBERT, 

2010). Após a inoculação do vírus pela picada do mosquito, inicia-se o período de incubação, 

que dura em média entre 3 e 4 dias, seguido do início da fase aguda, com sintomas como 

febre alta (39 a 40 °C), inchaço nas articulações, dores intensas e manchas vermelhas com 

coceira (SILVA et al., 2018; THIBERVILLE et al., 2013). A fase subaguda ou convalescente 

inicia-se na segunda semana (aproximadamente 10 dias após os primeiros sintomas) e pode 

durar até 12 semanas. Neste período não há mais febre ou viremia, porém alguns sintomas 

como dores nas articulações podem reaparecer (BARR; VAIDHYANATHAN, 2019). A 

permanência de dor constante, principalmente nas articulações, marca o início da fase 

crônica, caracterizada por inflamações recorrentes nas articulações, e com maior intensidade, 

afetando a qualidade de vida dos indivíduos infectados (MICHLMAYR et al., 2018; 

SCHILTE et al., 2013). 

 

1.2 Vírus da Chikungunya  

O CHIKV pertence ao gênero Alphavirus e família Togaviridae (BURT et al., 2017), 

sendo subdivido em 3 principais genótipos: asiático, oeste da África e centro-leste da África 

do Sul (ECSA, East/Central/South African) (GANESAN; DUAN; REID, 2017).  

A partícula viral possui um genoma de RNA de fita simples e polaridade positiva 

(RNAss+) de aproximadamente 12 kb, e um capsídeo proteico, envolto por um envelope 

lipídico inserido de glicoproteínas virais (CAGLIOTI et al., 2013) (Figura 3).  O genoma do 

CHIKV possui duas regiões de leitura aberta (ORFs, open reading frame), sendo a primeira 

localizada na região 5’, a qual promove a tradução de proteínas não estruturais (nsP) 

designadas como nsP1, nsP2, nsP3 e nsP4, e a segunda ORF, localizada após a sequência da 

proteína nsP4, é responsável pela expressão das proteínas estruturais C, E3, E2, 6k e E1 

(CARISSIMO; NG, 2019) (Figura 3).  
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Figura 3. Partícula viral e genoma do vírus Chikungunya. Constituintes do vírion do CHIKV e 

regiões genômicas referentes às proteínas estruturais e não estruturais que conformam o genoma do 

CHIKV. 

 

 

As nsP1-4 são essenciais para a replicação (GHILDIYAL; GABRANI, 2020), sendo 

responsáveis pela proteção do RNA, clivagem da poliproteína e funções necessárias para a 

replicação viral (HOORNWEG et al., 2016; MOIZÉIS et al., 2018). A proteína nsP1 possui 

535 aminoácidos e está envolvida no encapsulamento do RNA, além de atuar na replicação 

com atividades de metiltransferase e guaniltransferase (SREEJITH et al., 2012). 

Diferentemente, a nsP2 possui 798 aminoácidos e atua como trifosfatase de nucleosídeo e 

trifosfatase de RNA (GHILDIYAL; GABRANI, 2020; RUPP et al., 2015). A nsP3 é 

essencial para a síntese de RNA devido à sua atividade replicase, e é dividida em três 

domínios: o macro-domínio na região N-terminal que se liga a polímeros carregados 

negativamente; o domínio único de alfavírus (AUD); e o domínio hiper variável na região C-

terminal (HVR), o qual é responsável pela ligação às proteínas do hospedeiro (GAO et al., 

2019; RATHORE et al., 2014; SREEJITH et al., 2012). Por fim, a nsP4 do CHIKV atua 

como RNA polimerase dependente de RNA (RdRp) (RATHORE et al., 2014) (Figura 3).  

Considerando as proteínas codificadas a partir da ORF 3’, a proteína viral E1 é 

encarregada de promover a fusão do envelope viral com a membrana do endossomo, e a E2 

estabelece uma ligação entre a partícula viral e os receptores da célula hospedeira (processo 

de adsorção) (SOLIGNAT et al., 2009; WONG; CHU, 2018). Entretanto, não há atividade 

descrita para a proteína E3. A proteína 6k é uma proteína formadora de canais iônicos e 
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possui a função de viroporina (HOLMES et al., 2020), e a proteína C constitui o capsídeo 

viral, que envolve o RNA sintetizado (LEUNG; NG; CHU, 2011).  

 

1.3 Ciclo replicativo do CHIKV 

O ciclo replicativo do CHIKV tem início após a ligação da proteína E2 com os 

receptores das células hospedeiras, como as proteínas de ligação fosfatidilserina da família 

TIM (TIM-1 e 4) (JEMIELITY et al., 2013; KIRUI et al., 2021; MOLLER-TANK et al., 

2013), glicosaminoglicanos (SOLIGNAT et al., 2009), Mxra8 e limitrina (ZHANG et al., 

2018), desencadeando a endocitose dependente e independente de clatrina. Dentro do 

endossomo ocorre um processo de acidificação, que desencadeia o rearranjo conformacional 

das glicoproteínas e exposição da proteína E1, induzindo a fusão entre o envelope viral e a 

membrana endossômica, o que resulta na liberação do nucleocapsídeo e, consequentemente, 

do RNA no citosol (LEUNG; NG; CHU, 2011; SOLIGNAT et al., 2009). A ORF 5’ do 

RNAss+ é traduzida nas poliproteínas P123 e P1234, as quais formam a nsP1, nsP2, nsP3 e 

nsP4 por processos de clivagem, e se associam para formar o complexo replicativo (CUNHA 

et al., 2020; RUPP et al., 2015). Posteriormente, a ORF 3’ é transcrita em um RNA 

subgenômico (26S) de polaridade negativa, que serve como molde para produção de fitas de 

RNA 26S positivas complementares. O RNA 26S é traduzido em uma poliproteína 

precursora que dará origem às proteínas estruturais E1, E2, E3, 6K e C (JONSSON; 

GOODMAN; RASMUSSEN, 2019). O processo de tradução e clivagem da poliproteína 

acontece principalmente no retículo endoplasmático (ER), e as proteínas são empacotadas e 

enviadas ao Complexo de Golgi para o processamento pós-traducional (maturação e 

glicosilação), e sua posterior inserção na membrana da célula hospedeira (FIELDS; KNIPE; 

HOWLEY, 2007). Simultaneamente, as proteínas C se associam no citoplasma e interagem 

com o RNA genômico, formando novos nucleocapsídeos, os quais são liberados das células 

infectadas por brotamento (SOLIGNAT et al., 2009) (Figura 4).
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Figura 4. Ciclo replicativo do CHIKV. Processos celulares e extracelulares envolvidos no ciclo de replicação do vírus CHIKV 

 

Adaptado de (WICHIT et al., 2021)
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1.4 Tratamento da Febre Chikungunya e Compostos sintéticos contra o CHIKV  

 Atualmente, o tratamento de indivíduos infectados com o CHIKV é baseado no uso 

de anti-inflamatórios não-esteroides e analgésicos sistêmicos a fim de aliviar os sintomas da 

infecção (THARMARAJAH; MAHALINGAM; ZAID, 2017). Não existem vacinas e/ou 

medicamentos antivirais aprovados pelas agências reguladoras, como a Agência Nacional de 

Vigilância Sanitária (ANVISA) e a Administração de Alimentos e Medicamentos dos 

Estados Unidos da América (FDA, Food and Drug Administration) (SUBUDHI et al., 2018), 

o que dificulta o manejo dos pacientes infectados, impacta diretamente a qualidade de vida 

da população e acarreta problemas econômicos para países em desenvolvimento. 

 Neste contexto, os avanços nas pesquisas de antivirais contra o CHIKV sugerem 

potenciais alvos que reduzem a infecção viral, como as proteínas virais estruturais ou não-

estruturais, bloqueadores da entrada e fusão do vírus com a célula, e alvos da célula 

hospedeira (BATTISTI; URBAN; LANGER, 2021). Estudos com fármacos como a 

suramina, aprovada para tratar a tripanossomíase, demonstraram que essa molécula é capaz 

de inibir os estágios iniciais da infecção pelo CHIKV (ALBULESCU et al., 2015), 

principalmente pela interação com os vírions, inibindo a ligação a receptores da célula 

hospedeira (ALBULESCU et al., 2020; HENSS et al., 2016). Estudos in vivo corroboraram 

o potencial da suramina como um potencial candidato para tratar a Febre Chinkunguya, 

reduzindo consideravelmente o inchaço e a inflamação nos camundongos testados (KUO et 

al., 2016). Além disso, um tratamento combinado com o composto natural galato de 

epigalocatequina demostrou um efeito sinérgico contra a infecção viral (LU et al., 2017).  

 A amantadina é um medicamento antiviral aprovado pela FDA para o tratamento de 

infecções pelo vírus da influenza, que demonstrou atividade na proteína estrutural 6K 

(viroporina) do CHIKV, alterando assim a formação de novos vírions (DEY et al., 2019). O 

cloridrato de rimantadina, fármaco também utilizado no tratamento da influenza A, 

demonstrou inibir efetivamente os estágios iniciais da infecção por CHIKV, interagindo com 

os vírions, e interrompendo assim a replicação viral (SANTOS et al., 2022). 

 Dentre os alvos virais mais promissores para o desenvolvimento de fármacos 

antivirais, a nsP4 do CHIKV é um alvo conservado entre os alphavirus, por possuir atividade 

de RNA polimerase dependente de RNA (RdRp) (PICARAZZI et al., 2020; RUPP et al., 
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2015). O flavipiravir é uma molécula análoga de nucleosídeo que tem como alvo principal a 

nsP4 do CHIKV (ABDELNABI et al., 2017). Estudos in vivo avaliaram o potencial desse 

composto para tratar infecção aguda por CHIKV, diminuindo doenças neurológicas graves e 

a replicação nas articulações, e aumentando a taxa de sobrevida dos indivíduos infectados 

(JULANDER et al., 2020). Análogos do Sofosbuvir, outro análogo de nucleosídeo aprovado 

pelo FDA para tratar a infecção por HCV, apresentou atividade in vitro e in vivo contra a 

infecção por CHIKV, tendo como alvo a nsP4 (FERREIRA et al., 2019). Finalmente, Freire 

e colaboradores caracterizaram a estrutura da CHIKV-nsP4 e identificaram o LabMol-309 

como um potente ligante da nsP4 do CHIKV, inibindo significativamente a replicação viral 

in vitro (FREIRE et al., 2022). 

 Adicionalmente, moléculas que potencializam ou estimulam mecanismos do 

hospedeiro também têm se mostrado eficazes na redução da infecção viral por CHIKV, como 

inibidores da sintase de ácidos graxos (HITAKARUN et al., 2020; WICHIT et al., 2017), 

inibidores de purinas e pirimidinas (MISHRA et al., 2016; RASHAD et al., 2018), inibidores 

de proteínas e receptores celulares (ABDELNABI et al., 2017; ASHBROOK et al., 2016; 

CRUZ et al., 2013; VARGHESE et al., 2016), e agentes imunorreguladores (ASHBROOK 

et al., 2016; CARISSIMO et al., 2019; LI et al., 2012).  

  

1.5 Imidazonaftiridina como um potencial inibidor das infecções virais 

 As imidazonaftiridinas são moléculas com grande potencial para tratar infecções 

produzidas por vírus, como as infecções pelos vírus da família Flaviviridae (FERNANDES 

et al., 2021; KONISHI et al., 2012; WANG et al., 2015). Como exemplo, o RO8191 é uma 

imidazonaftiridina descrita previamente como um candidato promissor para o tratamento da 

infecção pelo HCV (EC50=0.20µM) (KONISHI et al., 2012). O principal mecanismo de ação 

do RO8191 foi descrito como um agonista do interferon alfa (IFN-α), que se liga à 

subunidade 2 do receptor de interferon tipo 1 (IFNAR2), ativando a via JAK/STAT e 

desencadeando uma resposta imune intracelular para combater a infecção viral (KONISHI et 

al., 2012) (Figura 5). RO8191 é responsável por desencadear a fosforilação e ativação da 

proteína STAT, principalmente STAT1 e STAT2, e por consequência, a ativação da quinase 

JAK1, relacionada a subunidade IFNAR2. Como resultado, há a alteração da expressão 
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gênica para induzir a transcrição e tradução de genes ISG similares ao IFN-α que resultam 

na atividade antiviral intracelular (KONISHI et al., 2012). 

 

Figura 5. Mecanismo de ação do RO8191. Comparação entre as vias de sinalização ativadas por 

RO8191 e IFN-α 

 

Adaptado de (KONISHI et al., 2012) 

  

 A atividade de agonista de IFN-α foi observada como mecanismo de ação antiviral 

das imidazonaftiridinas, e em alguns casos resultou na potencialização da atividade de 

compostos análogos sintetizados a partir do RO8191. O CDM-3008, um análogo de RO8191, 

demonstrou atividade contra o vírus da Hepatite B (HBV) mediante a ativação de ISGs, bem 

como a dependência ao receptor IFNAR2 em hepatócitos humanos (TAKAHASHI et al., 

2019). Adicionalmente, o potencial desta molécula foi ainda mais evidenciado em estudos 

em que os análogos do RO8191 inibiram a infecção do HCV em concentrações dez vezes 

menores (EC50=0.017µM), e mediante um mecanismo distinto do previamente descrito, 

interferindo com a entrada do vírus na célula (WANG et al., 2015). 

O efeito antiviral do RO8191 também foi avaliado em células expressando o 

replicon subgenômico do ZIKV, e resultou em um EC50 de 0.042 μM (FERNANDES et al., 

2021), além de mostrar permeabilidade hematoencefálica e proteger camundongos infectados 

com príones, propondo este composto como um potencial inibidor da replicação de um dos 

arbovírus com maior interesse clínico na última década (ISHIBASHI et al., 2019).  
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 De forma mais interessante, o RO8191 é uma molécula pequena (Figura 6), que 

demostra potencial para ser administrada oralmente e oferece vantagens como tratamento 

eficaz, barato e com efeitos secundários aparentemente reduzidos para o tratamento de 

distintas infecções virais (KONISHI et al., 2012; TAKAHASHI et al., 2019). Nesse contexto, 

se torna um composto candidato a ser avaliado contra o CHIKV. 

 

Figura 6. Estrutura do RO8191. Estrutura química da Imidazonaftiridina RO8191 

  

Adaptado de (KONISHI et al., 2012) 
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2. OBJETIVOS 

2.1 Objetivo geral 

 Avaliar a atividade antiviral da Imidazonaftiridina RO8191 no ciclo replicativo do 

CHIKV in vitro. 

2.2 Objetivos específicos 

▪ Avaliar o efeito antiviral da Imidazonaftiridina RO8191 nas células infectadas com o 

CHIKV; 

▪ Determinar a concentração efetiva de 50% (EC50), concentração citotóxica em 50% 

(CC50) e índice de seletividade (IS=CC50/EC50) em células infectadas por CHIKV e 

tratadas com RO8191; 

▪ Avaliar a associação de interferon I (IFN-I) na atividade antiviral de RO8191; 

▪ Avaliar a atividade do composto em diferentes etapas do ciclo replicativo do CHIKV, 

utilizando diferentes tempos de adição do composto; 

▪ Investigar o modo de ação do RO8191 no ciclo do CHIKV, por meio de técnicas de 

ancoragem molecular (docking molecular), espectrofotometria no infravermelha (ATR-

FTIR), interação biofísica com a proteína nsP4, e pelo uso de células com replicon 

subgenômico do CHIKV. 
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ABSTRACT 

The Chikungunya virus (CHIKV) causes Chikungunya fever, a disease characterized by 

symptoms such as arthralgia/polyarthralgia. Currently, there are no antiviral approved against 

CHIKV, emphasizing the need to develop novel therapies. The imidazonaphthyridine 

compound (RO8191), an interferon-α (IFN-α) agonist, was reported as a potent inhibitor of 

HCV. Here RO8191 was investigated for its potential to inhibit CHIKV replication in vitro. 

RO8191 inhibited CHIKV infection in BHK-21 and Vero-E6 cells with a selectivity index 

(SI) of 12.3 and 35.2, respectively. Additionally, RO8191 was capable to protect cells against 

CHIKV infection, inhibiting entry by virucidal activity, and strongly impairing post-entry 

steps of viral replication. An effect of RO8191 on CHIKV replication was demonstrated in 

Vero-E6 IFN-I knockout cells, suggesting an IFN-I independent mode of action. Molecular 

docking calculations demonstrated interactions of RO8191 with the CHIKV E proteins, 

corroborated by the ATR-FTIR assay, and with non-structural proteins, supported by the 

CHIKV-subgenomic replicon cells assay. 

Keywords: Imidazonaphthyridine; Antiviral activity; Chikungunya virus; Chikungunya 

Fever; Neglected tropical diseases; IFN-I independent activity 
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1. INTRODUCTION 

 

Chikungunya fever is a viral disease with an acute phase characterized by dengue-like 

symptoms, such as high fever, nausea, severe arthralgia and polyarthralgia, and rashes, which 

can appear up to 12 weeks after the onset of viral infection (Kril et al., 2021; Silva et al., 

2018; Thiberville et al., 2013). Aggravatingly, most CHIKV-infected patients develop 

chronic conditions of arthralgia and polyarthralgia, which persist for months to years, 

affecting the quality of life of infected people (Bedoui et al., 2021; Hibl et al., 2021; Kril et 

al., 2021; Schilte et al., 2013). 

The Chikungunya virus (CHIKV) is the causative agent of Chikungunya fever, belonging to 

the Alphavirus genus within the Togaviridae family (Burt et al., 2017; Silva and Dermody, 

2017). The viral particle consists of a positive single-stranded RNA genome (ssRNA+) of 

approximately 12 kb, protected by a protein capsid shell and a lipid envelope inserted with 

glycoproteins (Caglioti et al., 2013). The transmission of CHIKV occurs mainly through the 

bite of Aedes spp. Mosquitoes (Burt et al., 2017; Coffey et al., 2014), and since its first 

identification in Tanzania, East Africa, in 1952 (Schwartz and Albert, 2010), it has spread 

throughout the world, mainly affecting tropical and subtropical regions, such as the Americas 

(Pan American Health Organization, 2013). 

Until December 2021, 131,630 cases of CHIKV fever were reported only in the Americas, 

of which about 127,487 cases and 11 deaths were confirmed in Brazil (Pan American Health 

Organization, 2021). Despite that, there are no approved vaccines or antiviral drugs by the 

Brazilian National Health Surveillance Agency (ANVISA) or the Food and Drug 

Administration of the United States of America (FDA) to manage Chikungunya fever 

(Subudhi et al., 2018). Therefore, the treatment of CHIKV infection is palliative, relying on 

non-steroidal anti-inflammatory and analgesics drugs, emphasizing the demand for antiviral 

development to treat this infection (Battisti et al., 2021; Tharmarajah et al., 2017).  

The Pandemic Response Box (PRB), proposed by the Medicines for Malaria Venture (MMV) 

and the Drugs for Neglected Diseases initiative (DNDi), was designed with compounds that 

are highly active against malaria disease, and possess the potential to present biologic 

activities against other pathogens, being potentially applied in future outbreaks (Medicines 

for Malaria Venture and Drugs for Neglected Diseases initiative, n.d.; van Voorhis et al., 
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2016). Within the PRB, the imidazonaphthyridine (RO4948191 or RO8191) is a potent orally 

active interferon (IFN) agonist, binding directly to the IFNα/β receptor 2 (IFNAR2), 

triggering the JAK/STAT pathway, and consequently resulting in the activation and 

expression of IFN genes (Hwang et al., 2019; Konishi et al., 2012; Kota et al., 2018; Ying et 

al., 2021; Zeng et al., 2020). RO8191 was previously described as an inhibitor of Hepacivirus 

C (HCV) (Huang et al., 2014; Konishi et al., 2012; Wang et al., 2015), Hepatitis B virus 

(HBV) (Furutani et al., 2019; Takahashi et al., 2019), and Zika virus (ZIKV) (Fernandes et 

al., 2021) infections, and recently, as an enhancer compound in antiviral treatments against 

CHIKV (Hwang et al., 2019). However, to the best of our knowledge, there is no description 

of RO8191 as an anti-CHIKV-specific inhibitor, as well as insights into its mechanism of 

action. Therefore, herein, RO8191 was evaluated as a potential inhibitor of CHIKV 

replication in vitro by the evaluation of its activity on several steps of the CHIKV replicative 

cycle in wild-type (BHK-21) and knockout for type 1 interferon gene locus (Vero-E6) 

(Emeny and Morgan, 1979; Prescott et al., 2010) cells, associated to bioinformatics and 

infrared spectroscopy analyzes that revealed the possible interactions between the RO8191 

and CHIKV proteins. 

 

2. METHODS 

2.1 Cells, Virus and compound 

Vero-E6 (isolated from the kidney of an African green monkey; ATCC CRL-1587) and 

BHK-21 cells (fibroblasts derived from Syrian golden hamster kidney; ATCC CCL-10) were 

maintained as previously described (Santos et al., 2021). Briefly, cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM, SIGMA-ALDRICH), supplemented with 

100U/mL of penicillin (HYCLONE LABORATORIES), 100 mg/mL of streptomycin 

(HYCLONE LABORATORIES), 1% dilution of stock of non-essential amino acids 

(Hyclone Laboratories) and 1% of fetal bovine serum (FBS, HYCLONEN 

LABORATOIRES) in a humidified 5% CO2 incubator at 37 °C. Subgenomic replicon (SGR) 

harboring cells (BHK-CHIKV-NCT) (Pohjala et al., 2011) were maintained under the same 

conditions of BHK-21 cells (ATCC CCL-10), except for the addition of G418 (SIGMA-

ALDRICH) at 5 mg/mL.  
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The CHIKV expressing nanoluciferase reporter (CHIKV-nanoluc) (Fig. 1A) used for the 

antiviral assays is based on the CHIKV isolate LR2006OPY1 (East/Central/South African 

genotype) and was produced, rescued, and titrated as previous described (Oliveira et al., 

2020; Santos et al., 2021).  

The imidazonaphthyridine compound (RO4948191 or RO8191) (Fig. 1B) was selected from 

PRB compounds (purity of > 90%) and was dissolved in 100% DMSO (v/v) to the 

concentration of 5 mM. The compound was diluted in the medium immediately before the 

assays (Fernandes et al., 2021). 

2.2 Cell viability assay 

Cell viability assays were performed as previously described (Oliveira et al., 2020; Santos et 

al., 2021), employing MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] 

(Sigma-Aldrich®) method. Briefly, BHK-21 and Vero-E6 cells were plated into 48-well 

plates at a density of 5 x 104 cells per well and incubated overnight at 37 °C and 5% CO2. 

Medium containing serial dilutions of RO8191 ranging from 60 µM to 0.46 µM was added 

to cells and incubated for 16 h. After this, the medium was replaced by MTT solution at 1 

mg/ml, and cells were incubated for 30 minutes, after which the MTT solution was removed 

and replaced by 300 μL of DMSO (dimethyl sulfoxide) to solubilize the formazan crystals. 

The absorbance was measured at 490 nm on the Glomax microplate reader (Promega®). Cell 

viability was calculated according to the equation (T/C) × 100%, where T and C represent 

the mean optical density of the treated and untreated control groups, respectively. The 

cytotoxic concentration of 50% (CC50) was calculated using GraphPad Prism 8. 

2.3 Antiviral assays 

To assess the antiviral activity of RO8191, BHK-21 and Vero-E6 cells were seeded at a 

density of 5 x 104 cells per well into 48-well plates 24 h prior the assays. Cells were infected 

with CHIKV-nanoluc at a multiplicity of infection (MOI) of 0.1 in the presence of the 

compound in two-fold serial dilutions ranging from 60 µM to 0.46 µM for BHK-21 cells and 

three-fold serial dilutions from 60 µM to 0.02 µM for Vero-E6 cells (Oliveira et al., 2020; 

Santos et al., 2021). Samples were harvested using Renilla luciferase lysis buffer (Promega®) 

at 16 h post-infection (h.p.i.), and virus replication levels were quantified by measuring 
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nanoluciferase activity using the Renilla luciferase Assay System (Promega®). The effective 

concentration of 50% inhibition (EC50) was calculated using GraphPad Prism 8 software. 

The values of CC50 and EC50 were used to calculate the selectivity index (SI = CC50/ EC50) 

(Oliveira et al., 2020; Santos et al., 2021). 

2.4 Time of drug-addition assay 

For the time-of-drug addition assays, BHK-21 and Vero-E6 cells were seeded at a density of 

5 x 104 cells per well into 48 well plates overnight, and infected with CHIKV-nanonluc at a 

MOI of 0.1. The samples were harvested using Renilla luciferase lysis buffer (Promega®) 

16 h after infection, and virus replication levels were quantified by measuring nanoluciferase 

activity using the Renilla luciferase Assay System (Promega®).  

In the pre-treatment assay, cells were treated for 1 h at 37 °C with RO8191, washed with 

PBS for compound removal, and then infected with the virus for 1 h at 37 °C. Then, cells 

were washed again to remove the unbound virus and replaced with fresh medium for 16 h. 

For virus entry assays, cells were infected using medium containing RO8191 and virus for 1 

h at 37 °C, extensively washed with PBS, and incubated with a fresh medium for 16 h. The 

virucidal activity was performed using the same protocol of virus entry assay, with exception 

that the inoculum containing compound and virus at MOI of 5 was incubated for an extra 

hour before being added to the cells. In the post-entry assay, cells were infected with CHIKV-

nanoluc for 1 h, washed with PBS to remove unbound virus, and incubated with medium 

containing compound for 16 h at 37 °C.  

2.5 Replication assay using BHK-CHIKV-NCT cells  

BHK-CHIKV-NCT cells harboring CHIKV replicon that expresses the non-structural 

proteins of the virus, a selection marker (puromycin acetyltransferase, Pac), and reporter 

genes of Renilla luciferase and EGFP (Pohjala et al., 2011), at a density of 1 x 104 cells per 

well in a 96-well plate and incubated overnight at 37 °C. Medium containing serial dilutions 

of RO8191 at concentrations ranging from 60 µM to 0.46µM was added to cells and 

incubated for 72 h. Samples were harvested using Renilla luciferase lysis buffer (Promega®), 

and the luminescence levels were quantified with the Renilla luciferase Assay System 

(Promega®). In parallel, cell viability values were analyzed by performing MTT assay. The 
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effective concentration of 50% inhibition (EC50) was calculated using GraphPad Prism 8 

software. The values of CC50 and EC50 were used to calculate the selectivity index (SI = 

CC50/ EC50). 

2.6 Molecular Docking assays 

The compound RO8191 (PDB: 3R0L) and the CHIKV proteins were docked employing the 

GOLD program(Jones et al., 1997). GOLD performs a search for the best pose of the chosen 

molecule in the receptor-binding site using a genetic algorithm (GA) and the score ChemPL. 

The docking focused on the envelope glycoprotein complex (PDBid: 3N42), nsP1 (PDBid: 

7DOP), nsP2 (PDBid:4ZTB), nsP3 (PDBid:6W8Z), and nsP4 were performed. For the nsP4, 

a database representative sequence of the nsP4 extracted from the virus polyprotein (uniport-

id: Q8JUX6) was modeled using the RoseTTAFold (Minkyung et al., 2021) in Robetta online 

server (https://robetta.bakerlab.org/). The nsP4 tridimensional model was assessed using 

ERRAT (Colovos, 1993) Ramachandran Plot (Laskowski et al., 1993), and Verify 3D 

(Eisenberg et al., 1997) tools in SAVES v6.0 (https://saves.mbi.ucla.edu/). The nsP4 binding 

site was predicted using COACH (Yang et al., 2013) based on the RoseTTAFold structure 

prediction. COACH is a meta-server approach that combines multiple function annotation 

results to generate ligand binding site predictions. COACH results indicate a binding site 

similar to the site where the Uridine 5'-Triphosphate (UTP) interacts with the crystal structure 

of HCV ns5B polymerase (PDBid: 4RY5). The binding site was defined by the UTP position 

based on the 4RY5 structure and extrapolated to the modeled nsP4. The GA run parameters 

were maintained at default. The poses generated were then ranked and the solution with the 

best score was chosen. For the proteins nsP1-3 the interaction was analyzed using blind 

docking, while the envelop glycoprotein complex was directed to the seven probable ligand 

sites that were defined whit the support of Rashad and Keller (2013). The interaction on the 

best solution were analyzed using the program DS Visualizer (BIOVIA, Dassault Systèmes, 

Discovery Studio Visualizer, v 20.1, San Diego: Dassault Systèmes, 2020).   

2.7 Infrared spectroscopy spectral assay through ATR-FTIR 

Samples were recorded in a Fourier transform infrared connected to a micro-attenuated total 

reflectance spectrophotometer (ATR-FTIR Agilent Cary 630 FTIR, Agilent Technologies, 

https://robetta.bakerlab.org/
https://saves.mbi.ucla.edu/


35 

 

Santa Clara, CA, USA), as previously described (Oliveira et al., 2020; Santos et al., 2021). 

The diamond unit in the ATR system performs an internal-reflection element to record the 

fingerprint infrared signature in 1800 cm-1 to 800 cm-1 regions. The samples were prepared 

as previously described (Oliveira et al., 2020; Santos et al., 2021), where RO8191 (50 µM) 

was mixed with CHIKV-nanoluc virions (1 x 106 PFU/mL). A volume of 1.5 µL of each 

sample was inserted into the diamond unit and dehydrated for 6 min using airflow, forming 

a thin layer on the surface of the ATR crystal. The spectra were then recorded in triplicate 

(24 cm-1 resolution, 32 scans). All spectra were normalized by the vector method and 

corrected using the rubber-band baseline correction (Caixeta et al., 2020). Subsequently, the 

second derivative spectra were created based on raw data plotted in the Origin Pro 9.0 

(OriginLab, Northampton, MA, USA) software, and corrected using the Savitzky-Golay 

algorithm with polynomial order 5 and 20 points of the window. To further elucidate the 

expression of the functional group evaluated we used the value of the valley heights (Oliveira 

et al., 2020; Santos et al., 2022, 2021). 

2.8 dsRNA intercalation assay  

A migration retardation assay was performed based on the previously described protocol 

(Campos et al., 2017; Krawczyk et al., 2009; Silva et al., 2019). The HCV JFH-1 3’ 

untranslated region (UTR) known for forming a dsRNA was amplified through PCR. The 

reaction product of 273 bp was purified by ReliaPrep™ DNA Clean-Up and Concentration 

System (Promega®) and used for in vitro transcription by the HiScribe™ T7 High Yield 

RNA Synthesis Kit (New England BioLabs®). The dsRNA molecule was obtained by 

complementary annealing, later incubated at 30 nM with compound at 5 µM for 45 min and 

analyzed in 1% agarose TAE 1x gel stained with ethidium bromide. The lack of band in the 

gel confirms the compound intercalation activity since it competes with ethidium bromide. 

Doxorubicin (100 µM) was used as a positive control of intercalation. The band 

quantification was performed using ImageJ.JS version 1.53j. 

 2.9 CHIKV nsP4 cloning, overexpression, and purification 

The coding region of nsP4 was cloned into a pET-SUMO expression vector, generating the 

nsP4_pET-SUMO/LIC expression vector, as previously described (Freire et al., 2022). 

Rosetta (DE3) E. coli (Novagen) cells were transformed with nsP4_pET-SUMO/LIC and 
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grown in TB medium, supplemented with 50 μM kanamycin and 34 μM chloramphenicol at 

37 °C, until the OD600 reached 1.0. The protein expression was induced by adding 1 mM of 

Isopropyl β-D-1-thiogalactopyranoside (IPTG), at 18 °C for 16 h. Cells were harvested by 

centrifugation and cell pellets were resuspended in 50 mM Tris pH 8.0, 500 mM NaCl and 

10% glycerol. Cells were lysed by sonication and cell debris was separated by centrifugation. 

The nsP4 was purified using an AKTA Purifier System (GE Healthcare). The first 

purification step was an affinity chromatography using a HisTrap HP 5.0 mL column (GE 

Healthcare). Concomitantly, the buffer was exchanged through dialysis and the His-tag-

SUMO was cleavage by TEV protease during overnight at 4 °C. Another affinity 

chromatography was performed using the same system to collect the protein after cleavage.  

The protein was concentrated, and a final purification step was done through size-exclusion 

chromatography on a XK 26/1000 Superdex 75 column (GE Healthcare) pre-equilibrated in 

buffer 50 mM Tris pH 8.0, 200 mM NaCl and 10% glycerol. The final protein sample was 

analyzed in SDS-PAGE 12.5% to confirm its purity. Concentration was determined in a 

Nanodrop 1000 spectrophotometer. 

2.10 MicroScale Thermophoresis (MST) 

Experiments were performed on a Monolith® NT.115 (Nanotemper technol-ogies), as 

previously descrived (Freire et al., 2022). The nsP4 was labelled on cysteine residues with 

NT-647-Maleimide dye (Nanotemper Technologies) as per manufacturer’s instructions. The 

concentration of protein indicated for MicroScale Thermophoresis experiments was 25 nM 

and a serial dilution of the compound from 250 µM to 0.0076 µM (7.6 nM). The dissociation 

constant Kd was obtained by fitting the binding curve with the Hill function. 

2.11 Statistical analysis 

All experiments were performed in triplicates and all tests were performed a minimum of 

three times (events) to confirm the reproducibility of the results. GraphPad Prism 8 software 

was used to evaluate the statistical differences in the means of the readings using the student 

t-test for paired data or the Mann-Whitney for unpaired data. Values of p<0.01 were 

considered statistically significant.  
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3. RESULTS 

3.1 RO8191 is a potent inhibitor of CHIKV replication in BHK-21 cells 

To assess the antiviral activity of RO8191 (Fig. 1B), a dose-response assay was carried out 

to determine the 50% effective concentration (EC50) and 50% cytotoxicity concentration 

(CC50) of this compound using previously described protocols (Oliveira et al., 2020; Santos 

et al., 2021). BHK-21 cells were treated with a two-fold serial dilution of RO8191 at 

concentrations ranging from 0.46 µM to 60 µM in the presence or absence of CHIKV-

nanoluc (Fig. 1A) for 16 h (Fig. 1C). As a result, RO8191 demonstrated to possess CC50 of 

10.9 µM and EC50 of 0.88 µM, with a selectivity index (SI) of 12.3 (Fig. 1D), emphasizing 

that this compound is a strong inhibitor of CHIKV replication in vitro. For further analysis, 

cells were treated with RO8191 at 5 µM, which significantly inhibited 95.7% of the CHIKV 

infection (cell viability > 100%). 

3.2 RO8191 mainly inhibits post-entry stages of CHIKV replication 

Since RO8191 compound exhibited a potent antiviral action against CHIKV, time of drug-

addition assay was carried out to investigate the effects of this molecule on different stages 

of viral replication (Santos et al., 2022, 2021).  A protective assay was performed by pre-

treating cells with RO8191 for 1 h at 37 °C, extensively washing cells with PBS, and infecting 

them with CHIKV-nanoluc for 1 h. Then, the virus-containing medium was removed, and a 

fresh medium was added (Fig. 2A). As a result, 16 h.p.i. RO8191 inhibited 52.9% of CHIKV 

infection (p=0.04) (Fig. 2A), suggesting an effect of RO8191 as a protective molecule against 

CHIKV infection, providing an antiviral effect in host cells that blocked virus infection.  

To further elucidate the activity of RO8191 in the early stages of CHIKV infection, virus and 

compound were simultaneously added to the cells for 1 h at 37°C. Later, cells were washed 

with PBS and a fresh medium was added until 16 h.p.i. (Fig. 2B). As an outcome, the 

compound significantly inhibited 62.4% of CHIKV replication (p=0.002), demonstrating the 

effect of RO8191 on viral entry into the cells (Fig. 2B). Additionally, we performed a 

virucidal assay by incubating the CHIKV particles with the compound for 1 h at 37 °C, and 

subsequently adding this inoculum to BHK-21 cells for an additional hour. Finally, the 

supernatant was removed, the cells were washed, and fresh medium was added (Fig. 2C). 

The results demonstrated that RO8191 possesses a virucidal activity inhibiting 75.4% of the 
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CHIKV replication (p=0.0024) (Fig. 2C), potentially by interacting with viral particles and 

blocking virus entry to the host cells.   

To elucidate the post-entry effect of RO8191, the cells were infected with CHIKV-nanoluc 

for 1 h at 37 °C, then, the supernatant was removed, cells were washed with PBS, and medium 

with RO8191 was added (Fig. 2D). The results showed that the compound strongly inhibited 

CHIKV-nanoluc replication by 87% (p=0.0004) (Fig. 2D).  

Altogether, data obtained from the time of drug-addition assay demonstrated that the main 

effect of RO8191 is on post-entry stages of virus replication (Fig. 2). Therefore, to further 

assess the RO8191 potential as a post-entry inhibitor, the effects of the compound on the 

replication stage of CHIKV replicative cycle, with no viral particles production and virion 

spread, were assessed through the employment of BHK-CHIKV-NCT cells, a subgenomic 

replicon system which expresses CHIKV non-structural proteins and the reporter genes of 

Renilla luciferase and EGFP (Pohjala et al., 2011). As previously described, the measurement 

of the activity of these reporters allows the evaluation of the effect of compounds on 

replication complexes formed during the replication stage, as well as on the transcription and 

translation of subgenomic RNAs (Pohjala et al., 2011; Santos et al., 2021). Thus, BHK-

CHIKV-NCT cells were treated with two-fold serial dilution of the RO8191, at 

concentrations ranging from 0.46 to 60 µM for 16 h, and the expression of Renilla was 

subsequently measured (Fig. 2E). The results demonstrate that the compound strongly 

impaired viral replication, with an EC50 and CC50 of 1.4 µM and 26.2 µM, respectively, and 

SI of 18.7 (Fig. 2E), indicating a decrease in subgenomic RNA synthesis and/or translation, 

suggesting possible interactions of RO8191 with the virus nonstructural proteins or with the 

dsRNA intermediate of CHIKV replication. 

3.3 RO8191 impairs CHIKV replication independently of the IFN-I pathway 

RO8191 was described as an agonist of IFN-I (Konishi et al., 2012), and BHK-21 cells 

possess the IFN-I pathway (MacDonald et al., 2007), which might suggest that the effect 

observed here is dependent on the intrinsic cellular immune response, and not only by the 

effects of the compound on CHIKV machinery. To further evaluate the RO8191 activity on 

CHIKV infection, Vero-E6 cells, which do not express type 1 interferon genes (Emeny and 

Morgan, 1979; Prescott et al., 2010), were employed to perform the dose-response (Fig. 3A) 
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and time of drug-addition assay (Fig. 3B-E) assays on the same conditions used for BHK-

21. The results demonstrated that RO8191 possesses CC50 and EC50 of 11.2 and 0.3 µM, 

respectively, with an SI of 37.3 (Fig. 3A). The time of drug-addition assay demonstrated that 

RO8191 protected the cells from infection in 72% (p=0.0005) (Fig. 3B), inhibited viral entry 

in 70.5% (p=0.0008) (Fig. 3C), and presented virucidal activity in 51.8% (p=0.0336) (Fig. 

3D). The strongest effect observed using Vero-E6 cells was also in the post-entry stages, with 

inhibition of 91.6% of CHIKV replication (p<0.0001) (Fig. 3E). Altogether, the data suggest 

a direct effect of RO8191 on the CHIKV replicative machinery, mainly on post-entry steps, 

however, in an independent of interferon genes expression manner. It is important to 

emphasize that, since RO8191 protects cells against CHIKV infection and also interferes 

with the entry and post-entry stages, the antiviral effects of this compound might also be due 

to an additional interference with host factors, other than IFN-I-related ones. 

3.4 Molecular docking suggests the interaction of RO8191 with CHIKV glycoproteins 

and nonstructural proteins 

Considering the effects of RO8191 on CHIKV replication stages, molecular docking data 

were generated by GOLD and suggested interesting interactions between the compound and 

CHIKV proteins. Based on the observed in vitro virucidal effect, interactions between 

CHIKV glycoproteins and the compounds were observed mainly in the domain II of viral 

protein E1, with docking ChemPLP scores ranging between 47.37 and 57.12, and in the 

domain A-B of the viral protein E2 and domain B of viral protein E3, with score 45.26 (Table 

1, Fig. 4A). Alkyl and Pi-Alkyl interactions were identified between the compound and the 

residues VAL F:54, ARG B:36, ILE F:55, and PRO B:240 on the domain II; a Halogen 

interaction with residue GLU B:35; two conventional hydrogen bonds, one at residue LYS 

F:52 and other with Pi-Pi Stacked at TYR B:237 residues. The carbon-hydrogen bonds with 

the residue ASN B:238 and TYR F:233; and Van der Waals interaction at GLU B:168, PRO 

F:56, LEU B:241, THR F:53, and ILE B:37, were seen between RO8191 and CHIKV 

glycoproteins (Fig. 4A).  

The molecular docking performed with CHIKV nonstructural proteins (Fig. 4B-E) 

demonstrated the ChemPLP scores of 50.11, 35.26, 65.04, and 65.17 for nsP1, nsP2, nsP3, 

and nsP4, respectively (Table 1). The higher scores were observed for nsP3 and nsP4 (Table 
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1), in which at the nsP3 ADP-Ribose site the residues VAL A:33 and VAL A:113 interacted 

by alkyl and pi-alky bonds; the residues ALA A:23 and ALA A:22 by alkyl, amide-pi 

stacked, and halogen interactions; LEU A:109 by alkyl carbon-hydrogen bonds interaction; 

SER A:110 and GLY A:70 by halogen bond, TYR A:114 alkyl bond, and THR A:111 by 

amide-pi stacked and conventional hydrogen bonds, whereas the residue GLY A:112 

interacted by van der Walls bond (Table 1, Fig. 4D). Additionally, nsP4 interacted with 

RO8191 through a pi-anion bond at ASP A:466, two halogen bonds at LYS A:429 and MET 

A:428; carbon-hydrogen bonds at THR A:435 and SER A:430; three conventional hydrogen 

bonds at GLN A:310, SER A:374, and ASP A:376 (with Pi-Anion ligands) (Table 1, Fig. 

4E). Altogether, these data corroborate the in vitro effects shown by the compound. 

3.5 RO8191 induces molecular changes into CHIKV glycoproteins 

A scheme of the ATR-FTIR technology based on infrared analysis to evaluate sample of 

CHIKV virions, RO8191, and CHIKV virions plus RO8191 is represented in Fig. 5A. We 

found a minimum of five molecular changes in CHIKV virions after incubation with RO8191 

using ATR-FTIR analyses. The samples RO8191 at 50 µM, CHIKV-nanoluc virions (1 x 106 

PFU/mL), and the mixture RO8191 (50 µM) and CHIKV-nanoluc virions were recorded in 

ATR-FTIR and the representative infrared spectra are shown in Fig. 5B. The biofingerprint 

in the range of 1800–800 cm−1 are capable to indicates absorption bands of glycoproteins, 

proteins, lipids, and RNA of CHIKV, and it may be exploited to suggest the interaction 

between the virus and RO8191. The second derivative spectrum is capable to identify the 

accurate spatial distribution of each wavenumber referring to each biochemical component 

(Kohler et al., 2007; Rieppo et al., 2012). In this context, infrared spectra can also detect 

binding among different functional groups of materials and biological samples (Haris, 2013). 

The second derivative function spectrum is capable to isolate and determine the suitable 

spatial distribution of each wavenumber related to the unique molecular component in each 

sample (Kohler et al., 2007; Rieppo et al., 2012). In this context, infrared spectra can also 

indicate molecular interactions between different functional groups of substances with 

biological samples (Haris, 2013). We highlighted the functional groups when a vibrational 

mode was present in the second derivative spectrum of CHIKV and it was totally absent 

(above zero) after incubation of CHIKV with RO8191 (Fig. 5C–G). As an outcome, the 
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binding interactions between CHIKV and RO8191 were suggested in five vibrational modes 

at 1496 cm−1, 1465 cm−1, 1448 cm−1, 1333 cm−1, and 1078 cm−1. The vibrational modes at 

1496 cm−1 correspond to the in plane CH bending vibrations (Fig. 5C). The vibrational mode 

at 1465 cm−1 represents CH2 scissoring mode of the acyl chain in lipids (Fig. 5D). The 

vibrational modes at 1448 cm−1 can be assigned to the asymmetric CH3 bending in methyl 

groups of proteins (Fig. 5E). The vibrational mode at 1333 cm−1 represents CH vibrations in 

polysaccharides (Fig. 5F), and 1078 cm−1 can be assigned to symmetric vibrations of PO2
- in 

RNA (Fig. 5G).  Altogether, these interactions displayed in infrared spectroscopy analyses 

are in accordance with the molecular docking analysis described above.  

3.6 Effects of RO8191 on virus dsRNA and CHIKV nsP4 

The replication of ssRNA+ viruses is dependent on the dsRNA, a viral replicating 

intermediator (Rampersad and Tennant, 2018), and the viral RNA-dependent RNA 

polymerase (Rupp et al., 2015). Since RO8191 displayed activity in post-entry stages of 

infection and on subgenomic RNA synthesis and/or translation, and molecular docking 

calculations suggested interactions between RO8191 and CHIKV, interaction assays 

employing synthetic dsRNA and the CHIKV nsP4 were performed.  

Employing the 3’ UTR region of JFH-1 HCV as a template, an amplicon flanked by a T7 

promoter was produced and used for in vitro transcription, synthesizing a dsRNA molecule 

of 273 bp (Campos et al., 2017; Krawczyk et al., 2009; Silva et al., 2019). Then, RO8191 at 

5 µM was incubated with 30 nM of dsRNA and loaded in an agarose gel for electrophoresis. 

The results showed that RO8191 did not intercalate with the dsRNA (90.6% of band density) 

compared with the band of the sample treated with doxorubicin, the positive control of 

dsRNA interaction (1.3% of band density), that does not appear in the gel (Supplementary 

Fig. 1).  

The purified CHIKV nsP4 was obtained by cloning the nsP4 genomic region into pET-

SUMO (nsP4_pET-SUMO/LIC) expression vector and transforming Rosetta (DE3) E. coli 

(Novagen) cells, as previously described (Freire et al., 2022). The nsP4 was purified using 

an AKTA Purifier System (GE Healthcare) and concentration was determinated using 

spectrophotometry. The CHIKV nsP4 size is 54 kDa, and its presence has been verified and 

confirmed in all purification steps, as shown in SDS-PAGE gels (Supplementary Fig. 2A). 



42 

 

The assessment of nsP4 binding affinity was performed by MicroScale Thermophoresis 

(MST) on a Monolith® NT.115 (Nanotemper technol-ogies). The CHIKV nsP4 was labeled 

on cysteine residues with NT-647-Maleimide dye (Nanotemper Technologies) and the 

protein concentration was 25 nM. In addition, to estimate the interaction between RO8191 

and CHIKV nsP4, we used a dissociation constant Kd, obtained by fitting the binding curve 

with the Hill function, and serial dilutions of the compound from 250 µM to 0.0076 µM. The 

results obtained for RO8191 are shown in Supplementary Fig. 3, where it is possible to 

observe the presence of the unbound states well defined, but not a bound state, suggesting 

that the occurrence of interaction between the protein and the compound is on a major scale 

concentration, approximated kd ± ∆kd = >207 ± 10 µM. With these results is possible to 

conclude that CHIKV nsP4 presented a low interaction with RO8191. 

4. DISCUSSION 

CHIKV has shown an evident evasion of the first immune responses during infection (Tanabe 

et al., 2018), and also a high percentage of the infected people develop a chronic condition 

(Amaral et al., 2020; McCarthy et al., 2018). It highlights the clinical importance of 

chikungunya fever and the urgency to develop effective treatments. The data presented here 

suggest that RO8191 has strong anti-CHIKV activity in vitro, potentially through several 

antiviral mechanisms, making it an interesting promising treatment. Additionally, in vivo 

studies have shown the pharmacological potential of RO8191 as a small molecule that can 

be administered orally in a more controlled, simple, rapid, and economical way (Ishibashi et 

al., 2019; Konishi et al., 2012). RO8191 was described as a possible enhancer drug to be 

employed in combined therapy against CHIKV (Hwang et al., 2019), however, to the best of 

our knowledge, there is no description of the effect of the monotherapy with this compound 

on the CHIKV replicative cycle, as well as data on its mode of action. Data obtained here 

emphasized and supported the anti-CHIKV activity of RO8191 in vitro and provided insights 

into the mechanisms of action of this drug. Therefore, our results present RO8191 as a 

promising drug for the treatment of chikungunya fever.  

RO8191 was previously described with antiviral activity by activating the interferon type-I 

pathway by specifically binding the IFNAR receptor (IFNAR2) subunit 2, resulting in a 

similar response to the interferon-alpha (IFN-α) and JAK/STAT signaling pathway (Furutani 
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et al., 2019; Konishi et al., 2012; Takahashi et al., 2019). Herein, our data demonstrate that 

RO8191 has anti-CHIKV activity in cells with or without the expression of type 1 interferon 

(α/β) in vitro, an interesting, novel, and unreported activity for RO8191, likely suggesting 

multiple mechanisms of action for this compound. RO8191 exerts strong activity toward 

CHIKV infection in BHK-21 and Vero-E6 cells, emphasized by the SI of 12.3 and 37.3, 

respectively. Also, RO8191 previously showed anti-ZIKV activity in infected Vero-E6 cells, 

with a strong antiviral effect (SI of 121.4) (Fernandes et al., 2021). Other authors described 

the effect of RO8191 impairing Hepatitis C and B virus infection (Furutani et al., 2019; 

Huang et al., 2014; Konishi et al., 2012; Takahashi et al., 2019; Wang et al., 2015), among 

them, Konishi and coworkers demonstrated RO8191 activity against HCV with an EC50 of 

0.2 µM (Konishi et al., 2012), as well as its synthetic analogs with an improved anti-HCV 

entry action (Wang et al., 2015). Additionally, Takahashi and collaborators described that a 

RO8191 analog (CDM-3008), with strong activity against HCV and HBV, impaired 92.1% 

and 90.1% of infection, respectively (Takahashi et al., 2019). These works corroborate our 

data, and altogether demonstrate a strong antiviral activity against important clinical viruses, 

suggesting a broad-spectrum activity for RO8191. Moreover, RO8191 exerts a potential 

antiviral effect mediated by distinct mechanisms of action. 

Another point observed here is the potent effect of RO8191 in different cell lineages, 

inhibiting over 50% of viral replication at all stages, with the strongest effect observed in 

post-entry stages of the CHIKV replicative cycle. Even though RO8191 was previously 

described as an effective agonist of interferon signaling (Furutani et al., 2021; Ishibashi et 

al., 2019; Kitamura et al., 2022; Zeng et al., 2020), when the antiviral assays were performed 

in Vero-E6 cells, which do not naturally express IFN-I genes (Emeny and Morgan, 1979; 

Prescott et al., 2010), the compound still triggered a strong anti-CHIKV activity, probably 

through an independent of IFN-α production mechanism of action. The effect observed here 

is in agreement with Konishi and collaborators who demonstrated that RO8191 inhibited 

HCV virus through a similar mechanism to IFN-α (Konishi et al., 2012). Interestingly, Wang 

and coworkers demonstrated the activity of RO8191 analogs impairing HCV entry by 

interacting with the virions (Wang et al., 2015), which agrees with our results, and with the 

antiviral data in IFN-I knockout cells (Furutani et al., 2019; Konishi et al., 2012). It might 

explain and emphasizes the potential of this molecule as antiviral through a different 
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mechanism of action, being supported by the bioinformatics data that demonstrated strong 

interactions with the subunit E1, also corroborated by the ATR-IFTR results, which indicated 

interactions between RO8191 and viral glycoproteins and lipids from CHIKV virions.  

The RO8191 post-entry activity was demonstrated to be the strongest effect in the time-of-

drug-addition assays, supported by the potent effect on the CHIKV subgenomic expressing 

cells. Additionally, the in-silico data showed the highest docking values for nsP3 and nsP4, 

suggesting that RO8191 might be also interacting and interfering with the nsP4 polymerase 

activity and/or with the ADP-ribose site of nsP3, both representing interesting antiviral 

targets for antiviral discovery against CHIKV (Chaudhary and Sehgal, 2021; Shimizu et al., 

2020). Also, to the best of our knowledge, the inhibition of the nsP3 and/or nsP4 activities 

has not been described for RO8191 yet. It is important to highlight that our data did show an 

interaction between RO8191 and CHIKV nsP4, suggesting a low interference with nsP4. 

However, further analyses are needed to investigate the interference of RO8191 with the 

ADP-ribose site of nsP3 or with other viral and cellular proteins, which may potentially 

disrupt the CHIKV replication. 

5. CONCLUSION 

Altogether, the data presented here support RO8191 as a potent CHIKV inhibitor, mainly by 

affecting post-entry stages of viral replication, but also through an IFN-I independent 

pathway of intrinsic cellular response. The combined mechanisms of action exhibited by 

RO8191 highlight its potential to be further studied for its effects against CHIKV replication 

in vivo and present this compound as an interesting alternative for antiviral development 

against arboviruses. Therefore, this data might be useful for further approaches against 

CHIKV and provide a potential treatment for Chikungunya fever. 
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TABLES 

Table 1. Localization and ChemPLP values showed between RO8191 and CHIKV proteins 

by molecular docking calculations 

 ChemPLP  Coordinates (x, y, z) 
Volume 

(Å3) 
Localization 

G
ly

co
p

ro
te

in
s 

Site 1 50.41 −15.687, 2.019, −19.939 651.375 
Between II domain of E1 and 

C of E2. 

Site 2 57.12 −33.937, −18.731, −31.939 357.375 
Between II domain of E1 and 

beta-sheet of E2. 

Site 3 47.37 −33.437, −6.731, −33.189 156.125 Adjacent to site 2. 

Site 4 45.26 −42.937, −28.731, −22.939 183.875 

Behind the fusion loop, 

between B domain of E3, and 

E2 domain B, and A domain 

of E2. 

Site 5 -34.73 −44.437, −14.731, −23.439 124 
Between beta-sheet of E2 and 

of E3. 

Site 6 * −16.187, −18.231, −36.439 20.5 Inside the E3 cavity. 

Site 7 10.30 −59.187, −15.731,−26.189 22.5 Replacing the furin loop. 

nsP1 50.11   Catalytic amino acid H37 

nsP2 35.26   Catalytic amino acid H548 

nsP3 65.04   ADP-ribose 

nsP4 65.17   Amino acid site ASP466 
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LEGENDS OF FIGURES 

Figure 1. RO8191 activity on CHKV replication. A) Representative structure of CHIKV-

nanoluc genome [PDB: 6NK5](Basore et al., 2019; Metz and Pijlman, 2016). B) 

Imidazonaphthyridine chemical structure (RO4948191 or RO8191) (CAS No.: 691868-88-

9; https://www.medchemexpress.com/ro8191.html).  C) Representative scheme of the 

infection assays. BHK-21 cells were treated with two-fold serial dilutions of RO8191 at 

concentrations ranging from 0.46 to 60 µM. CHIKV replication was quantified by measuring 

nanoluciferase activity (indicated by a black square) and cell viability using MTT assay 

(indicated by a gray circle). Mean ± SD values from a minimum of three independent 

experiments, each measured in triplicate, are represented. All images were generated using 

GraphPad Prism 8 and GIMP 2.1v. 

Figure 2. RO8191 activity on different stages of CHIKV replicative cycle in BHK-21 

cells. A) BHK-21 cells were treated with RO8191 for 1 h, cells were washed with PBS to 

remove the compound, and were infected with CHIKV-nanoluc at MOI 0.1 for 1 h. Then, 

the medium was removed, cells were washed to remove unbound virus, and fresh medium 

was added. B) BHK-21 cells were infected with CHIKV-nanoluc (MOI 0.1) and 

simultaneously treated with RO8191 for 1 h. Then, cells were washed to completely remove 

the inoculum, and a fresh medium was added. C) RO8191 and CHIKV-nanoluc at MOI 5 

were incubated for 1 h (representative inoculum). Then, the inoculum was added to the cells 

for an additional hour. Cells were washed to remove the inoculum and fresh medium was 

added. D) BHK-21 cells were infected with CHIKV-nanoluc (MOI 0.1) for 1 h, cells were 

washed with PBS to remove unbound virus, and were treated with RO8191. All infection 

assays were quantified 16 h.p.i through the measurement of luminescence levels. Schematic 

representation of each time-based assay as indicated by BHK-21 cells (black bars), RO8191 

(gray bars), CHIKV-nanoluc (orange bars), and CHIKV-RO8191 inoculum (blue tube). E) 

Schematic representation of the time-based BHK-CHIKV cell assay as indicated by the 

BHK-CHIKV-NCT cells (black bars) and RO8191 (gray bars). BHK-CHIKV-NCT cells 

were incubated for 72 h with the RO8191 compound at concentrations ranging from 60 to 

0.46 µM. Then, cells were washed with PBS and lysed with Passive Lysis Buffer to measure 

the activity of Renilla. The reduction of Renilla activity in BHK-CHIKV-NCT cells is shown 

https://www.medchemexpress.com/ro8191.html
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by more than 50% from the lowest concentrations of RO8191. Mean ± SD values of a 

minimum of three independent experiments, each measured in triplicate (****) P <0.0001, 

(***) P<0.001, (**) P<0.01 and (*) P <0.05 are represented. Images were generated using 

GraphPad Prism 8 and GIMP 2.1v. 

Figure 3. RO8191 activity against CHIKV infection in Vero-E6 cells. A) Representative 

scheme of the infection assays. Vero-E6 cells were treated with three-fold serial dilutions of 

RO8191 at concentrations ranging from 0.02 to 60 µM. CHIKV replication was quantified 

by measuring nanoluciferase activity (indicated by a black square) and cell viability using an 

MTT assay (indicated by a gray circle). Values of EC50, CC50, and SI were obtained from the 

treatment of Vero-E6 cells treated with RO8191. B) Vero-E6 cells were treated with RO8191 

for 1 h, then the cells were washed with PBS and infected with CHIKV-nanoluc virus at MOI 

0.1 for 1 h. The medium was removed, cells were washed with PBS and fresh medium was 

added. C) Vero-E6 cells were infected with CHIKV-nanoluc (MOI 0.1) and simultaneously 

treated with RO8191 for 1h. Then, cells were washed, and fresh medium was added. D) 

RO891 and CHIKV-nanoluc at MOI 5 were incubated for 1 h, then the inoculum was added 

to cells for an extra 1 h, cells were washed, and fresh medium was added. E) Vero-E6 cells 

were infected with CHIKV-nanoluc (MOI 0.1) for 1h, cells were washed with PBS and 

treated with RO8191. Schematic representation of each time-based assay as indicated by 

Vero-E6 cells (blue bars), RO8191 (gray bars), CHIKV-nanoluc (orange bars), and CHIKV-

RO8191 inoculum (blue tube). Mean ± SD values of a minimum of three independent 

experiments, each measured in triplicate, are represented. (****) P <0.0001, (***) P <0.001 

and (*) P <0.05. Images were generated using GraphPad Prism 8 and GIMP 2.1v. 

Figure 4. 2D and 3D interactions between RO8191 and CHIKV proteins showed by 

molecular docking analysis. A) RO8181 interacts with CHIKV glycoproteins mainly 

through Hydrogen Bond (green lines) and alkyl ligands (pink lines). B) RO8191 showed 

interactions with nsP1 protein mainly through Conventional Hydrogen Bonds (green circles) 

interactions. C) RO8191 interacts with nsP2 mainly through Alkyl (pink lines) and Hydrogen 

Bonds (green lines) interactions. D) RO8191 interacts with nsP3 mainly through Hydrogens 

Bonds ligands and interactions (green lines and circles). E) RO8191 interactions with nsP4 

mainly through Conventional Hydrogens Bonds (green lines) and Halogen (blue lines) 



55 

 

ligands. RO8191 (PDB: 3R0L) and the CHIKV proteins (glycoprotein complex [PDBid: 

3N42], nsP1 [PDBid: 7DOP], nsP2 [PDBid:4ZTB], nsP3 [PDBid:6W8Z], and database 

representative sequence of the nsP4 extracted from the virus polyprotein [uniport-id: 

Q8JUX6]) were docked employing the GOLD program site using a genetic algorithm (GA) 

and the score ChemPL. Images were generated using GraphPad Prism 8 and GIMP 2.1v. 

Figure 5. Infrared spectroscopy indicates molecular interactions between CHIKV 

virions with RO8191. A) Representative scheme of the ATR-FTIR technology with CHIKV 

virions (black line), RO8191 (blue line), and CHIKV virion plus incubation with RO8191 

(red line). B) The representative infrared average spectrum of normalized mean spectra of 

CHIKV virion (black line), RO8191 (blue line), and CHIKV virion plus RO8191 (red line) 

employing ATR-FTIR platform from 1800 to 800 cm− 1. B-F) The representative mean 

spectra of second derivative analysis to the vibrational modes at 1496 cm−1 (B), 1465 cm−1 

(C), 1448 cm−1 (D), 1333 cm−1 (E), and 1078 cm−1 (F).   Images were generated using 

GraphPad Prism 8 and GIMP 2.1v. 
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Figure 2 



58 

 

Figure 3 
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Figure 4 
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Figure 5 
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SUPPLEMENTARY MATERIAL 

 

 

Supplementary Figure 1. RO8191 activity on dsRNA interaction. A-B) RO8191 does not interact with 

dsRNA (90.4% of bar density) compared with Doxorubicin (1.3% of bar density), a positive control used for 

this assay. Images were generated using GraphPad Prism 8 and GIMP 2.1v. 
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Supplementary Figure 2. nsp4-CHIKV purification. A) Acrylamide gel electrophoresis of nsP4-CHIKV 

purification steps. M: molecular weight marker; Elu1: fraction eluted after the first affinity chromatography 

step; Ptev: fraction obtained after TEV protease cleavage; Elu2: fraction eluted after the second affinity 

chromatography step; P1 and P2: fractions eluted in gel filtration step. The P2 corresponds to the purified nsP4-

CHIKV (54.54 kDa). B) Chromatogram of gel filtration step. in which the second peak (P2) corresponds to the 

purified nsP4-CHIKV (54.54 kDa). 
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Supplementary Figure 3. Binding affinity of nsP4 and RO8191. The nsP4 binding affinity was performed 

by MST, using a serial dilution of the compound (250 µM to 0.0076 µM) to obtain the dissociation constant 

estimated kd ± ∆kd = >207 ± 10 µM fitting the binding curve with the Hill function. 
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CONSIDERAÇÕES FINAIS 
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Considerações finais  

 

 Os resultados deste trabalho demostraram o potencial antiviral do composto 

RO8191 contra a infecção in vitro pelo CHIKV, o qual representa grande importância clínica 

e preocupação para saúde pública no Brasil. Esperamos que este trabalho possa contribuir na 

caracterização do modo de ação desta molécula contra o CHIKV. Estudo in vivo, registrados 

na literatura, candidatam o RO8191 como uma alternativa viável para o tratamento desta e 

de muitas outras doenças virais negligenciadas no mundo. 
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The Chi ungunya virus  CHI    elongs to the             a ily and is the causa ve agent o Chi ungunya
 ever . The  ain trans ission route occurs through the  ite o in ected  e ale  os uitoes o the      sp.

Genus . A er CHI  in ec on, the propor on o individuals who develop clinical and de ilita ng sy pto s
is con sidered the highest co pared to other ar oviruses, with an average o 80 o sy pto a c cases 1,2.

The control o the  os uito vector re ains the  est prophylaxis since there are no licensed vaccines or
e cient an virals availa le  . In this scenario, the in ec on caused  y CHI  has a high social i pact and
cons tutes a serious pu lic health issue .
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Chi ungunya  ever presents an acute phase characteri ed  y high  ever, arthralgia,  yalgia, headaches,
ede a, perior ital pain and cutaneous rash 4, . Later, so e pa ents progress to the so called chronic

phase,  ainly characteri ed  y persistent arthralgia and  usculos eletal pain  or  onths and even years 4,6 

8. Since there are no speci c an viral drug treat ents, the clinical  anage ent targets pri arily the relie 
o sy pto s using analgesics and an pyre cs in the acute phase and non steroidal an  in a  atory

drugs  NSAIDs and cor  costeroids in the chronic phase .
CHI  is a spherical, enveloped, and posi ve single stranded RNA virus. As a  e  er o the Alphavi  

rus genus, its geno e has approxi ately 12   and codes  or two dis nct polyproteins non structural

and structural  . The  rst one is cleaved and gives rise to  our non structural proteins  nsP1, nsP2, nsP and
nsP4 that  or the viral replica on co plex and have  unc ons in the in ec on process, such as
interac on with host  actors   11. The nsP1 has  ethyltrans erase and guanylyltrans erase ac vi es,

pro o ng the capping o viral RNA. In addi on, this protein also anchors the replica on co plex in the cell
 e  rane 12. The nsP2 is a  ul  unc onal protein with NTPase and helicase ac vi es in the N ter inal
region . Its C ter inal has a cysteine  protease ac vity, responsi le  or processing the non structural

polyprotein 12. The nsP is an accessory protein that recruits host cell  actors that par cipate in and op  i e
the replica ve process 1 . Finally, nsP4 is the RNA dependent RNA poly erase  RdRp , which is considered
the  ey en y e o the CHI  replica on co plex and acts principally  y pro o ng the synthesis and

elonga on o viral RNA14.
 n the other hand, the structural polyprotein is cleaved, giving rise to  ve structural proteins  1,  2,   ,

C and 6   which are part o the viral asse  ly and structure  . The envelope proteins, specially  2 and  1,

are responsi le  or virus anchoring, receptor interac on and  e  rane  usion, pro o ng virus entry in the
host cell 1 ,16. Due to its loca on on the viral sur ace, envelope proteins are targets o the hu oral i  une
response and thus  eco e targets  or vaccine develop ent against CHI  1 .

There ore, due to their vital role in the viral li e cycle, non structural proteins e erge as poten al targets
 or developing an viral drugs, ai ing to interrupt the replica on process and, conse uently, the viral
eli ina on18. A ong these proteins, nsP4 is an a rac ve target due to its central role in viral geno e

replica on, transcrip on and geno e repair 14,1 . Recently, the three  di ensional structures o the RdRp
do ain o Sind is  SIN  and Ross River  RR  viruses has  een experi entally solved 20. However, the
structure o this do ain o CHI   nsP4 CHI   has not  een reported . This  act generates li ita ons and

challenges when the  nal goal is apply ing structure  ased drug design strategies against this target.
Due to the lac o high resolu on structural in or a on on the nsP4 CHI  and the need to search  or

new drugs to treat the in ec on caused  y the virus, we present here a detailed  iophysical

characteri a on o this protein . Si e exclusion chro atography coupled with  ul  angle light sca ering was
used to in er the oligo eric state o the nsp4 CHI  protein in solu on. A high prevalence o ordered helical
secondary struc  tures was o served  y circular dichrois , which also showed that the nsP4 CHI  un olds

under a coopera ve transi on during ther al denatura on . The ther al denatura on was  urther studied
usingdi eren al scanning calori etry, indica ng a  ine cally controlled process.

Moreover, in the search  or ligands  or the develop ent o new inhi itors, we selected 12 co pounds  or

an ini al screen using di eren al scanning  uori etry experi ents. These co pounds ca e  ro  a glo al
colla o ra ve pro ect na ed  pen i a 21,22, through the World Co  unity Grid co puta onal networ  that

ena led  assive doc ing  ased virtual screening ca paigns  or  I  proteins as well as other  aviviruses

 D N ,  F , WN  .  ne co pound, La Mol   0 , showed a signi cant e ect on nsP4 CHI  sta ility and its
interac on with the protein was con r ed using a sophis cated co  ina on o experi ental and

co puta onal strategies.

Further ore, the inhi itory ac vity o La Mol  0 was studied in cellular   ased an viral assays using a
CHI  replicon syste and a reporter virus, and the results showed that this  olecule caused inhi i on in
these cellular assays and has the poten al to  e  urther evaluated as a CHI  inhi itor. In this way, this wor 

provides novel structural  eatures o nsP4 CHI  and iden  es a new co poundthat interacts with this protein,
genera ng perspec ves in the drug develop ent  eld to treat the in ec on caused  y CHI  and poten ally
other alphaviruses .

       
                                         The nsP4 CHI  was  acterially expressedand
puri ed using chro atography syste s, and the purity was con r ed  y acryla ide gel electrophoresis

 Supple entary Fig. 1 . The nsP4 CHI  is  or ed  y 4 2 a ino acids and has a theore cal  olecular  ass
 MM o  4. 4  Da . This construc on covers the en re region o the RNA dependent RNA poly erase  RdRp 
do ain, responsi le  or the nsP4 CHI   unc on and where the cataly c aspar c acid residues  Asp  1 and

Asp466 are located 2 . The Asp466 is in the GDD  o  , a highly conserved se uence o viral poly erases 2 .
In order to deter ine the oligo eric state o nsP4 CHI  in the wor ing  u er solu on, Si e  xclusion

Chro atography coupled with Mul  angle Light Sca ering  S C  MALS  was e ployed 24. The S C MALS data
showed a low polydispersity index and yielded a MM o  60 1     or nsP4 CHI   Fig. 1A . The proxi ity o 

the experi ental value with the theore cal  olecular  ass o the protein suggests that the  ono eric state
is the  ost populated oligo er under the evaluated condi ons.

                                               Circular dichrois  CD spectroscopy was

used to es  ate the secondary structure content o nsP4 CHI  in solu on2 . The CD spectru o nsP4 
CHI  is characteris c o an   helical rich protein, with two nega ve  ini a at 208 and 222 n and one

posi ve  axi u around 1  n  Fig . 1  . This pro le corro orates with structural  eatures descri ed  or viral
poly erases and other poly erase structures solved experi entally 2 .

                                                                           



69 
 

 

 



70 
 

 

 

                                

The ther odyna ic para eters o the nsP4 CHI  un olding transi on exhi ited a dependence on the heat  

ing rate . This result suggests that the irreversi le nsP4 CHI  un olding transi on is  ine cally dependent 2 , 0.
The values o the enthalpy and entropy changes o tained  ro the CD data agree well with those o served
 or glo ular proteins  1. The ther al  ehavior o nsP4 CHI  was also evaluated using Di eren al Scanning

Calo ri etry  DSC  2. Figure 1D shows the te perature  dependence o the heat capacity pro le   p  sa ple
 inus re erence o nsP4 CHI  and the instru ental  u er  aseline, ac uired with a scan rate o 1  C h. The
protein  pwas su tracted  ro the  u er  aseline  p and nor ali ed to the protein concentra on.

DSC experi ents were per or ed at di erent scan rates to inves gate its e ect on the DSC pro le and
the reversi ility o the transi ons. The te perature and scan rate dependence o the excess heat capacity
pro le o nsP4 CHI  are illustrated in Fig. 1 . The nsP4 CHI  undergoes an irreversi le ther al

denatura on, and the values o the calori etric enthalpy change        o tained  ro the analysis o the
ther ogra s are within the range o values o served  or other glo ular proteins     6. Moreover, the
transi on pea shows a clear scan rate dependence, con r ing that all ther odyna ic para eters

associated with nsP4 CHI  ther al denatura on depend upon the hea ng rate  Ta le 2 , as o served in
our previous CD analysis.  xcept  or the van t Ho enthalpy change    vH , the dependences o the
ther odyna ic para eters on the hea ng rate are  ar edly non linear  Ta le 2 and Supple entary Fig. 2 .

This  eature illustrates the non e uili riu character o the protein denatura on process.
The dependence o   on the scan rate was used to calculate the  ine c ac va on energy,  a,  or the

irrevers  i le nsP4 CHI  ther al denatura on . According to Sanche  Rui et al. 0, the   shi s induced  y

di erent hea ng scan rates,  ,  or an irreversi le two  state process can  e  odeled  y the  ollowing
e ua on  

wh ere A is the pre  exponen al  actor in the Arrhenius e ua on, and  is the gas constant. Thus,  y plo ng

      2 against 1   , the apparent ac va on energy can  e deter ined  ro the slope o the curve.

TheArrhenius plot showing the scan rate  dependent changes in the   is illustrated in Fig. 1F,  ro which  a was

deter ined as  110 4  cal  ol.

                                               In the search  or new co pounds a le to

interact and inhi it the nsP4 CHI  in solu on, an ini al experi ental screening with a series o 12 co  
pounds  Supple entary Ta le 2 was selected  ro the  pen i a pro ect 22,  and per or ed using
di eren al scanning  uori etry  DSF or Ther oFluor assay . For nsP4 CHI  , the   in the a sence o 

co pounds  only with DMS  was   .  0.4  C. A ong the co pounds, La Mol  0  Fig. 2A caused the
highest ther al shi   4  C , sugges ng the occurrence o interac on with nsP4 CHI  . There ore, this
co pound was chosen to proceed with the other assays .

The interac on  etween La Mol   0 and nsP4 CHI  was later analy ed  y MicroScale ther ophoresis
 MST and solu on nuclear  agne c resonance  NMR . The MST data showed an a nity curve with the occur 
rence o well  de ned  ound and un ound states  Fig. 2  . Fro that, the dissocia on constant      or the

interac on o nsP4 CHI  with La Mol   0 was es  ated as  6  1  M.
The interac on o La Mol  0 with nsP4 CHI  was  urther evaluated  y solu on NMR,  onitoring the

che ical shi pertur a on  CSP . Figure 2C shows the spectra o tained  or the co pound La Mol  0 in the

presence  red line and a sence o the protein   lue line . These spectra were superi posed, and the
che ical shi di erences were iden  ed and  apped according to the respec ve posi ons o the proton
resonances  Fig. 2C previously iden  ed in the La Mol   0 assign ent  Supple entary Fig.   .

There ore, detec ng these che ical shi s pertur a ons is addi onal evidence  or the interac on
 etween nsP4 CHI  and co pound La Mol  0 , rein orcing the results o tained using DSF and MST.

                                                         A co  ined analysis o sev 
eral  iophysical techni ues suggests that the nsP4 CHI  is a  ono eric   helical rich protein capa le o 
 or ing a co plex with the co pound La Mol  0 within a  oderate dissocia on constant  10 6 M . The

nsP4 CHI   D structural  odel was o tained using AlphaFold  8. The  odel o tained showed a very high

2
 

   

  
      

   

       Ther odyna ic para eters associated with the nsP4 CHI   ther al denatura on  y DSC.   

represents the te perature where  P reaches its  axi u value.      was calculated as the area under
the DSC trace.      corresponds to the linewidth at hal the height o the transi on pea . The entropy

                                                                           

 change at   ,   , was calculated as      cal   .   vHwas calculated as 4  2 p, ax   cal. Analyses o  the
ther ogra s were per or ed with MicroCal  rigin so ware.  ncertain es     0.2  C ,        1   cal 

 ol ,        0.2  C .

C                     C       C                       C                          

 . 8  6. 20 4.8 662 142

11. 1   .0 102 4.4   0 1 1

 .4    8.8 86 4. 2  16 

 .4 64   .8 66 4. 210 1 0
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         valua on o nsp4 CHI  interac on with the co pound La Mol   0 .  A La Mol  0 che ical

structure.  B  indinga nity curve o nsP4 CHI  interac ng with La Mol   0  y MST. The co pound
La Mol  0 was  trated in a concentra on range o 200  M to 0.012 M. The curve was   ed to the Hill
 unc on, and the es  ated   was  6  1  M .  C Che ical shi  pertur a on analysis  ased on the

superi posi on o La Mol  0 one di ensional 1H spectra o tained in the presence  red line and the
a sence o nsP4 CHI    lue line .  n the right, che ical shi di erences were  easured  in H   or each
proton o the La Mol   0 structure.

per residue con dence score  pLDDT  or  ore than  0 o the covered se uence, and only  or the N and

C ter inal regions pLDDT were low  Fig .  A . The  ull length nsP4 CHI  structural  odel is illustrated in Fig.
 .

In the nsP4 CHI  structure, we iden  ed the regions corresponding to the        residues     1  ,

     residues  16  02 and       residues  0  611 do ains, which are characteris cs o viral
poly erases  Fig.    . In the pal do ain s cataly c site, we also iden  ed the cataly c aspar c acid dyad
 Asp  1 and Asp466 separated  y  .  .  esides, the nsP4 CHI   odel contains an extra N ter inal

do ain                 or ing a coiled coil.
In the  odel o nsP4 CHI  , the electrosta c sur ace poten al o the ac ve site cavity where are located

the aspar c acid dyad  Asp  1 and Asp466 is re ar a ly posi ve, a signature o nucleic acids interac ng

 o  s  Fig.  C   . Addi onally, the analysis using ConSur reveals that the cataly c site region and its
surroundings are highly conserved  Fig.  D . These results serve as corro ora on  or the ro ustness o the
AlphaFold  odel o nsP4 CHI  .

                                                                  Doc ing cal 
cula ons were used to inves gate the  inding ode o La Mol   0 at the nsP4 CHI  . The doc ing results sug 

gest that La Mol  0  inds to the nsP4 CHI  ac ve site, interac ng with the GDD cataly c triad  Asp466 and
Asp46  , with a doc ing score o   .1  cal  ol  1. La Mol   0  a es H  onds with Glu 6 , Asp466, Asp46 ,
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To con r the an viral ac vity o the La Mol  0 ,we carry out the e ec ve concentra on o  0   C  0 and

cytotoxic concentra on o  0  CC 0 using  H  21 cells in ected with CHI                 , a reco  inant
CHI  that express the Nanoluci erase reporter, at a  ul plicity o in ec on  M I o 0.1, with a two  old serial
dilu on o La Mol   0 at concentra ons ranging  ro 0. 8 to 100  M. N             ac vity levels, propor 

 onal to viral replica on, were assessed 16 h post in ec on  adapted  ro 40,41 . The cytotoxic concentra on
o  0  CC 0 was deter ined in parallel experi ents  Fig. 6C . As a result, these assays de onstrated that
the La Mol  0 has a  C  0o  .2  M on  H  21 cells in ected with CHI          and CC 0o  2  M on

naive  H  21 cells, over a period o incu a on o 48 h, resul ng in a Selec vity Index  SI o 10  Ta le   
Fig. 6C Supple entary Ta le 6 .

          
The nsP4 CHI  poly erase plays a crucial role in viral replica on and has  een considered a pro ising target
 or the search and develop ent o new drugs . Thus, understanding its dyna ic and structural  eatures is
an i portant step  or studies with this target .

 ur  iophysical data agree with the structure predic on using Alpha old and point out that nsp4 CHI  is a
 ono eric protein enriched with alpha helix content . These o serva ons also agree with experi ental data

        Molecular interac ons o La Mol   0 and nsP4 CHI  , predicted  y doc ing calcula ons.  A  D

interac ons o La Mol   0 and nsP4 CHI  residues. Hydrogen  onds are shown as gray dashed lines, and
ca on  interac ons are shown in green dashed lines.  xygen, nitrogen and hydrogen ato s are shown in
red,  lue and white, respec vely. Car on ato s o La Mol   0 and protein residues are shown in purple and

gray, respec vely. Cataly c residues o the GDD triad are highlighted in  old.  B 2D interac on diagra o 
La Mol  0 and nsP4 CHI  residues. Hydrogen  onds are shown as gray dashed lines, and ca on  
interac ons are shown in green dashed lines. Cataly c residues o the GDD triad are highlighted in  lue.

         valua on o the sta ility o the structural  odel o the nsP4 CHI   La Mol   0 co plex  ro 

100ns MD si ula on.  A RMSDs o  ac  one ato s o the protein   lac line and non hydrogen ato s o 
the ligand  gray line .  B Nu  er o contacts  etween ato s o the protein and ligand  or distances less
than

0.6 n .  C Nu  er o hydrogen  onds  or ed  etween the protein and ligand.
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collected  or other viral poly erases 20,2 . The ther odyna ic data showed that when in the in vivo host,

this protein can  e sta le in the vicinity o its ther al denaturat ion  T  40  C and  T    4   C , and its
un olding is  oth scan  rat e dep endent and irreve rsi le under all conditions tested . It was shown  e ore that
the T  ight  e scan rate dep endent i the scan rat e exceeds the un olding rate 42. The calori etric

ther ogra s  or the irre versi le den aturat ion o protei ns are highly scan rate dependent, and their shapes
are nor al ly asy  etric 4 , exa ctly what is o serv ed  or nsp4 CHI  . There ore, the  inet ics o the ther al
denaturation could  e treated as a single  rst order irreversi le step N  D, whose rate o te peratu re

dependence o eys the Arrheni us e ua on.

        An viral ac vity o La Mol   0 . The  C  0  A and CC 0 B curves  ro replicon  ased assays are

shown. CHI  replicon cells were incu ated with the co pound at two old serial dilu ons  ro 20  M to
0.0  M  or  C  0and  ro 100 to 0.  M  or CC 0  or 48 h, and Gluc ac vity cell via ility were  easured  ro 
cells supernatant. For the CHI          replica on assay evalua on o  C  0and CC 0  C ,  H  21 cells were

treated with concentra ons o La Mol   0 ranging  ro 0. 8 to 100 M, in the presence or a sence o CHI   
        or 16 h, and viral replica on was  uan  ed  y  easuring the nanoluci erase ac vity  indicated  y
  and cellular via ility was  easured using an MTT assay  indicated  y   . Representa ve results  ro two

independent experi ents per or ed in duplicates .  rror  ars represent the standard devia ons . Figures
and sta s cal analysis were per or ed using GraphPad Pris 8.

         ect o  the co pound on the via ility o  H  21 cells  CC 0 and the viral replica on o  CHI  

  C  0 in 16 h treat ent.

                                                                           

C                 A    CC   C                     

La Mol  0 
CHI          and  H  21 cells  2  .2 10

 H  CHI  replicon 1 .1 10.0 1. 
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The e ec ve activation energy deriv ed  ro this e uation was  110  4  cal  ol, which  ts well within the
wide rang e o the values reported  or the ther al denaturat ion o  a  alian tissues and strengthene d the

ther o dyna ic data collected  or this protein 44.
In the search  or new nsp4 CHI  ligands as poten al inhi itors, the co pound La Mol  0 was iden  

 ed as a pro ising candidate through DSF screening . The valida on o this interac on through  iophysical

 ethods de onstrated that the co pound interacts in the low  icro olar range. This co pound had
already  een evaluated in virtual screenings  or other viral proteins such as  I  and other Flaviviruses 21,22,
 ut it was the  rst   e it was reported targe ng the nsP4 CHI  protein .

A three di ensional  odel was generated using AlphaFold to analy e the La Mol  0  nsP4 CHI  co plex
and their  ode o interac on. In this sense, the nsP4 CHI   odel presented the regions corresponding to
the       ,     and      do ains, which are characteris cs o viral poly erases, and the ac ve site

region was re ar a ly posi ve and conserved. These structural  eatures were e uivalent to the regions
presented in the RdRp do ain o nsP4  ro  oth RR and SIN , which were experi entally solved recently
 PD ID  F0S,    4,   W  20. There ore, the suggested  inding  ode  or La Mol   0 is through the

interac on with residues o the nsP4 CHI  ac ve site.
Although the data involving the co plex  or a on  etween nsP4 CHI  and La Mol   0 are solid, it is

s ll not possi le to conclude that this co pound has inhi itory ac vity against this en y e. The

develop ent o an en y a c assay  or the nsP4 poly erase  ro Alphaviruses in general, has  een
challenging  ecause this protein cannot e ec vely per or its  unc on on its own, as previously shown  y
others 4 ,46. Di erent regions o nsP4 recogni e the pro oters  or      and     strands. However, the

 inding re uires the presence o the other non structural proteins to  or the replica on co plex and
ena le the de novo RNA synthesis11,4  4 . Moreover, the interac ons  etween these proteins with host
co ponents during replica on have  een studied  ut re ain li ited and not co pletely understood 11,46.

To ar et al.48 reported that te plate recogni on and the nsP4 ac va on through protein  protein
interac   ons re uires the presence o viral polyprotein P12 48. In another wor , the SIN nsP4 was expressed
in        and the poly erase ac vity was o served only when supplied with the viral polyprotein P12 4 .

Recently, Lello et al.46de onstrated that nsP4 o SIN , CHI  ,  NN ,  F , RR , SF , MA  ,     , and  IL on
their own have  ini al RNA poly erase ac vity 46.  sing a trans replicase syste consis ngo two rela vely
independent  unc onal  odules  nsP4 and P12  , they have shown that the nsP4 o all these Alphaviruses

was ac ve only when co  ined with the corresponding P12 polyproteins 46. Further ore, Tan et al.20

evaluated the poly erase ac vity o SIN and RR nsP4 and as a result, the isolated proteins showed less
e cient poly erase ac vity than the dengue virus RdRp used as the posi ve control 20. Altogether these

 ndings corro orate that  acterially produced nsP4 could not e ciently synthesise RNA unless co  ined with
the viral polyprotein P12 o tained  ro ani al cell extracts 4 ,4 , 0.

Given these li ita ons in esta lishing an e cient  ethod  or evalua ng the en y a c ac vity o 

puri ed reco  inant nsP4 CHI  , in this wor the inhi itory e ect o the co pound La Mol  0 was
evaluated using  oth replicon  ased assays and cells in ected with the CHI  expressing the nanoluci erase
reporter  CHI   nanoluc . Replicon  ased syste s have  een widely used as tools  or drug discovery o 

an viral agents, and pro ising replica on inhi itors were iden  ed  y this  ethod  1. Speci cally to
CHI  ,  H  21 cells har  oring other CHI  replicon constructs were reported  or the high throughput
screening o viral replica on inhi itors 2,  . The sa e syste was also used to evaluate the an  CHI  

ac vity o other co pounds and di erent  avonoids 4  6.
The evalua on o La Mol   0 using a replicon  ased syste was per or ed in a dose dependent

 anner, and its inhi i on clearly occurred . Co paring with studies that also used CHI  replicon, the  C  0

o tained  or La Mol   0 was lower than the values already reported  or other co pounds 2,  , rein orcing
the an viral poten al o this co pound. La Mol  0 showed toxicity to the cells, and the resul ng low
selec vity index o 1.  ay  e correlated to a possi le nega ve i pact in the cellular  actors associated

with the viral geno e replica on. These data suggest that, even with inhi itory ac vity, che ical
 odi ca ons would  e re uired to op  i e this co pound s e ciency and reduce its toxicity. Further ore,
an viral assays per or ed with cells in ected with a reco  inant CHI  de onstrated that the La Mol  0 

decreased CHI  replica on with an  C  0o  .2  M and an CC 0o  2  M, with a SI o 10 in  H  21 cells.
The di erences in the o tained values using naive  H  21 or  H  CHI  cells  Ta le   are understanda le

since di erent  actors are involved in these assays. For exa ple, in the in ec on syste the virus is

e ec vely in ec ng the cells and per or ing all the stages o the virus replica ve cycle. It  eans that the
treat ent with La  Mol  0  ay  e ac ng even  e ore the  or a on o the replica on co plexes.
Alterna vely, in the  H  CHI  replicon syste , the replica on co plexes are already  or ed when the

treat ent starts, which can i pact on the e ec veness o the an viral ac vity in a short period o treat ent .
Addi onally, the presence o the replicon  ight change the cell response to the co pound, and explain the
higher cytotoxicity shown in the results . This isolated e ect predo inantly o served in the replicon cells can

 e explained  y the di erences in incu a on peri  ods used in the an viral ac vity experi ents  48 h  or
replicon  ased screenings co pared to 16 h  or the viral in ec on assays . The prolonged exposure o cells to
the co pound can result in higher cytotoxicity   , rein orcing the i portance o  urther studies o the ADM  

Tox pro le in ani al  odels . Addi onally, to the  est o our  nowledge, this is the  rst descrip on o 
La Mol  0 as inhi itor o CHI  replica on, and its low  C  0value is in si ilar level with other inhi itors
reported to  loc CHI  replica on, e phasi ing the an viral poten al o this co pound 8,  . In this context,

the results o tained  ro the an viral assays suggest that La Mol   0 is a poten al  olecule to  e  urther
op  i ed to reduce its cytotoxicity and increase the selec vity index in cell  ased an viral assays . In
su  ary, this study highlights  iophysical  eatures o nsP4 CHI  , contri u ng to  asic research on

alphaviruses poly erase, and iden  ed a new co pound as a pro isingan viral agent against
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CHI  in ec on. These  ndings could contri ute to developing novel candidates targe ng nsP4 CHI  and
support the progress in therapeu c strategies  or CHI  and other alphavirus in ec ons.

       
                                  The coding regi on o nsP4 CHI   Gen an 
 P164  2.1 PR T ID AJ    0 .1 residues 118 to 611 was su cloned in the p T S M vecto r using the

LIC  ethodology 60. This construct encodes an nsP4 CHI  with an N ter inal 6xHis tag  ollowed  y a T  
protease cleavage site   NL F  GAM and the  usion protein tag S M . For protein expre ssion, this plas id
construc on was trans or  ed into       Rosetta and cultured in Terri c  roth  T   ediu at    C and 200

RPM un l an  D600o 1.0. The protein expression was induced with 1  M o isopropyl   thiogalactoside and
incu a on at 18  C, 200 RPM  or 16 h. The cells were harv ested  y centri uga on at  000    or  0  in at 4
 C and resuspended in  u er A   0  M Tri s pH 8.0,  00  M NaCl, 10 glyce rol . Cells were disrupted  y

sonica  on and clari ed  y centri uga on at 12,000   or  0  in at 4  C.

                      nsP4 CHI  was puri ed using an A TA Puri er Syste  G Healthcare . The
 rst step was a nity chro atography, using a HisTrap HP  .0  L colu n  G Healthcare pre e uili rated with
 u er A   0  M Tris pH 8.0,  00  M NaCl, 10 glycerol . The elu on was per or ed using  0  M Tris pH

8.0,  00  M NaCl, 2 0  M i ida ole, 10 glycerol . The  u er was exchanged through dialysis to eli i 
nate the i ida ole excess . The 6xHis tag  S M was cleaved  y T  protease during overnight incu a on at
4  C. A second a nity chro atography step was per or ed using the sa e syste to collect the HisTag  
less protein o tained a er T  treat ent . A  nal puri ca on step was done using si e exclusion

chro atogra  phy on an   26 1000 Superdex   colu n  G Healthcare pre e uili rated in gel  ltra on
 u er   0  M Tris pH 8.0, 200  M NaCl and   glycerol . The eluted  rac ons were collected and analy ed
 y SDS  PAG to con r their purity and  ass spectro etry was per or ed to con r the presence o nsP4 

CHI  . The  nal protein sa ple was concentrated using  0  Da MWC centri ugal concentrators   ivaspin,
Sartorius . Pro tein concentra ons were deter ined spectrophoto etrically in a Nanodrop 1000
spectrophoto eter, using the  easured a sor ances at 280 n and the theore cal ex nc on coe cient o 
 6,4  M 1 c  1.

                                                                           The
oligo eric state o the puri ed nsP4 CHI  was evaluated  y si e exclusion chro atography coupled with
 ul  angle light sca ering  S C  MALS in running  u er co posed o  0  M Tris HCl pH 8.0 and 200  M

NaCl. For that,  0  L o puri ed nsP4 CHI  at a concentra on o 1.  g  L was in ected in a Waters 600
HPLC syste  Waters coupled in line with a   detector, a  ini DAWN TR  S  ul  angle light sca ering
apparatus  Wya Technology , a colu n Superdex   Increase 10  00 GL  G Healthcare , and a re rac ve

index detector  p la T r   Wya Technology . The light sca ering detectors were nor ali ed with  ovine
seru al u in  Sig a Aldrich and the  ow rate used was 0.  L  in. The data were processed using ASTRA 
so ware  Wya Technology with the  ollowing para eters  re rac ve index o 1.  1, 0.8 0 cP  or the

viscosity o the solvent, and a re rac ve index incre ent o 0.18 0  L g. Protein solu ons were centri uged
 or 10  in at 10,000  at a controlled te perature o 4  C i  ediately  e ore use.

                      Far    CD spectra  1   280 n  were  eas ured in a Jasco J 810 spectro eter
 Jasco Corpora on, Japan e uipped with a Pel er control syste and using a  uart cell with a 1   
pathlength. The spectra were recorded  ro 280 to 1  n , with a scanning speed o 100 n   in, a

spectral  andwidth o 1 n and a response   e o 0. s. All the protein sa ples were in a  nal
concentra on o 2.  M diluted in water . Spectral deconvolu on was applied to es  ate the secondary
structure content using the DICHR W  we server 26. Three di erent  ethods were co  ined with three

di erent data ases to i prove the relia ility o the results. The detailed analysis o the results gener ated  y
these co  ina ons is provided in Supple entary  ate rial  Supple entary Ta le 1 . The es  ated val ues
o secondary structure  rac o ns were aver aged  ro each data  ase used . The  est  t was deter ined  ro 

the analys is o the NRMSD para eter, which was con sidered satis actory when closer to 061. Ther al
denatura on experi ents were per or ed  y  onitoring the ellip city at 222 n in the range  ro 20 to 80
 C using hea ng rates o 0.  C  in and 1.0  C  in.

                                    DSC  easure ents were carried out with the puri ed pro 
tein solu on at  .4  M,  .  M and 12  M, diluted in  u er  0  M Tris HCl  pH 8.0 , 200  M NaCl and   

glycerol . Protein and re erence sa ples   u er were degassed  or   in prior to  easure ents . The
experi   ents were per or ed on a  P DSC MicroCal MicroCalori eter  Microcal, Northa pton, MA,  SA 
using hea ng rates o 8  C h, 1  C h,    C h and 64  C h. The ther ogra s were recorded  ro 10 to  0

 C, at a controlled pressure o 1.6 at . Instru ental  u er  aselines were recorded  e ore the protein
un olding experi  ents to register the ther al history o the calori eter . The raw DSC traces were
su tracted with the  u er  aseline and then nor ali ed  y protein concentra on . The ther ogra 

analysis and the su trac on o the  u er calori etric response,  aseline correc on, and integra on o the
calori etric pea s re erring to the phase transi ons were per or ed using the MicroCal  rigin so ware .

                                   In the search  or new  inders to nsp4 CHI  , 12 co pounds
 ro the  pen i a pro ect were tested 22,  . The co pounds were purchased  ro Che  ridge Li rary
 h ps   www.che  ridge .co   with a  ini u purity o  0 . DSF assays were conducted in a  PCR syste 

Mx 000P  Agilent  or an ini al assess ent. Protein  el ng te peratures     , assu ing a two state
transi on  odel,
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were deter ined  y  onitoring the  uorescence intensity varia on as a  unc on o te perature  or the
extrinsic pro e S PR  range  Invitrogen . The protein solu ons were at a  nal concentra on o 8  M,

diluted in gel  l tra on  u er. Co pounds were added at the  nal concentra on o 80  M and standard
sa ples were prepared only with DMS . The ther al varia ons were in the range o 2     C in a stepwise
incre ent o 1  C  in. The   values o tained  or each co pound were su tracted  ro the values o the

standard sa ples to iden  y co  pounds that caused signi cant   changes . For the next steps, the
co pound that presented the highest ther al shi s      was selected, considering the devia ons o the
triplicates 62. Data were analysed using the so ware  rigin Pro  . .1. All experi ents were conducted in

triplicate .

                               xperi ents were per or ed on a Monolith NT.11 instru ent

 Nanote per technologies . The nsP4 CHI  was la elled on cysteine residues with NT 64  Malei ide dye
 Nanote per Technologies using the Monolith NTTM Protein La eling  it R D  MAL IMID as per  an 
u acturer s instruc ons . Sa ples o 2 nM o cys la elled nsP4 CHI  with   DMS were used . An ini 

 al  inding test was carried out with the co pound at the concentra on o 100  M, to chec the
interac on  etween the protein and the co pound. Then, a serial dilu on o the co pound ro 200 to 0.012
 M  12 nM was per or ed to o tain the  inding curve. The dissocia on constant     was o tained  y

  ng the  indingcurve with the Hill  unc on using GraphPad Pris 8  Graph Pad So ware .

                          The La Mol  0 resonance assign ent was per or ed using a  ru er

Avance III 600 MH . 1H 1 C HS C, C S and T CS were ac uired at 2 8  using 1  M o La Mol  0 in
D2 . The interac on  etween La Mol   0 and nsP4 CHI  was studied using a  ru er Avance IIIHD  00
MH in a solu on o 20  M  2H 11 Tris HCL pH  . , 200  M NaCl and 2 0  M o La Mol   0 .  ne 

di ensional 1H spectra in the presence and a sence o   M NSP4 CHI  were ac uired, and the che ical
shi di erence was analy ed. The data processing and analysis were per or ed using TopSpin 4.0 .

                                                      The nsP4 CHI  se uence  resi 

dues 1 to 611 was used to generate the  D  odel  y AlphaFold 2, developed  y DeepMind
 h ps   alpha old. e i .ac.u    8. The nsP4 CHI   odel was structurally re ned  or doc ing calcula ons at

GalaxyRe ne server 6 . Sur ace charge was calculated using AP S64and residues conserva on was analy ed with
ConSur ,  ollowing the de ault para eters 6 . Py ol66was used to render the  D i ages.

                                          The doc ing calcula ons were per or ed usingthe

Doc Thor  S we 6 ,68,  ocusing on the ac ve  inding site  Asp  1 and Asp466 residues . The nsP4 CHI  and
La Mol  0 structures were prepared using the Protein Prepara on Wi ard 6 and LigPrep tool 0. The doc  ing

grid was centered at the ac ve  inding site grid si e 20   and grid coordinates x, y and  o  2 .84  ,
12.8  and 28.2  , respec vely. The search algorith precision  ode was set up in the standard
con gura on o gene c algorith para eters, with the so doc ing  ode ac vated . The PLIP server  1was

used to analy e the protein  ligand pa erns  hydrogen  onds, hydropho ic interac on, ca on  ,   stac ing,
water and salt  ridge interac ons . Poseview server  2,  was used to generate 2D interac on diagra and
 MD progra was used to render the  D i ages  4.

                             The ini al posi ons o the nsP4 CHI    ound La Mol  0  or the
 olecular dyna ics  MD si ula ons were o tained  y the  olecular doc ing results, and its topology

para  eteri a ons  Molid 8140   were o tained  ro the AT server   . The MD si ula ons were
per or ed using GR MACS pac age version  .0.  6. The  olecular syste o the protein ligand co plex
was  odeled with the GR M S 4A  orce  eld   and SPC water  odel  8, using a cu ic  ox solvated with

200  M NaC l. The si ula on was reali ed in ense  le NPT at 2  C and 1.0  ar using a  odi ed
 erendsen ther ostat with  T 0.1 ps and Parr inello Rah an  arostat with  P 2.0 ps and co pressi ility  
4.  10    ar 1. A cuto value o 12  was used  or  oth Lennard Jones, and Coulo  poten als and long 

rang e elec trosta c intera c ons were calculated using the Par cle Mesh  wald algori th  PM    .  ner gy
 ini i a on was per or ed with the stee pest descent integr ator and con ugate gradie nt algorith , using
1000  J  ol  1 n  1 as the  axi u  orce criter ion.  ne hundred thousand  olecular dyna ics steps were

per or ed  or each N T and NPT e uili ra  on, applying  orce constants o 1000  J  ol  1 n  2 to all heavy
ato s o the protein ligand co plex. At the end o prep ara on, a 100 ns MD si ula on o the structural
 odel o the protein ligand co plex was carr ied out  or data ac uisi on. Next, the tra ec tory was aligned

and analy ed according RMSD o  ac  one ato s  or protein and nonhydrogen ato s  or the ligand,
nu  er o hydrogen  ounds  cuto distance o  .  and  axi u angle o  0   etween protein and
ligand, and nu  er o contacts  0.6 n  etween all ato s o the protein and o the ligand.

               H  21 cells were purchased  ro The Glo al  ioresource Center  ATCC and  aintained in
Dul ecco  s  odi ed  agle s  ediu  DM M, Sig a Aldrich supple ented with 100   L o penicillin

 Hyclone La oratories , 100  g  L o strepto ycin  Hyclone La oratories , 1 dilu on o stoc o non essen 
 al a ino acids  Hyclone La oratories and 10 o  etal  ovine seru  F S, Hyclone La oratories in a hu idi 
 ed   C 2 incu ator at    C.  H  21 Gluc nSP CHI     6  cell line, har oring a replica ve CHI  rep  licon

expressing        luci erase  Gluc as a reporter gene, was  aintained in DM M 10 F S with  00  g  l
G418  Sig a Aldrich . The CHI  replicon construct includes a T  acteriophage pro otor  ollowed  y the
viral    TR region, the nsp1 4 coding se uence, the CHI  su geno ic pro oter  Sg  ollowed  y the
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GLuc se uence and the expression casse e containing a u i ui na on se uence    i and the neo ycin
phos photrans erase gene  Neo resistance gene , and the viral    TR region . This construc on and the

develop ent o this replicon cell line will  e descri ed elsewhere . The CHI  expressing               
reporter  CHI           used  or the an viral assays is  ased on the CHI  isolate LR2006 P 1
  ast Central South A rican genotype and was produced, rescued, and  trated as previously descri ed 40,41.

                              La Mol  0 at 200  M in 100 DMS was diluted with assay
 edia to a  nal concentra on o 1  v v DMS and was evaluated in a dose dependent  anner to

deter ine its e ec veness   C  0 and cytotoxic  CC 0 concentra ons, as descri ed in80. Approxi ately 2  
104 rep licon cells well in DM M 10 F S were seeded in a  6 well plate. A er 16 h o incu a on at    C with
  C 2, the  ed iu was replaced with  resh DM M supple ented with 2 F S and co pound was added

to the cel ls at two old serial dilu ons. A er a 48 h incu a on, 40  L o the cells supernatant containing
sec reted Gluc were  ixed with  0  l o        luci erase Assay Reagent  Pro ega . The Gluc ac vity was
 easured using Spec  traMax i Mul   ode De tec on Plat or  Molecular Devices . Rep licon cells in 1 

DMS were used as nega tive control  0 inhi i on . The co pound concentra on re uired to inhi it  0 
o the Gluc activity   C  0 was es  ated using the  riginPro  .0 so ware . The cytot oxicity was eval uated
through a cell proli er a on  ased MTT     4,  di ethylthia ol 2 yl  2,  diphenyltetra oliu  ro ide 

assay, as descri ed in81. The co  pound concentra on re uired to cause  0 cytot oxicity  CC 0 was
es  ated using the  riginPro  .0 so ware. The dose response curv es were per or ed twice in duplicates .
The  C  0and CC 0values were used to deter ine the co pound s selectivity index  SI  CC 0  C 0 .

                                  To assess the antiviral activity o La Mol  0 ,  H  21 cells
were seeded at a density o   104 cells per well into 48 well plates  or 24 h. Then, cells were treated with

La  Mol  0 in a two   o ld dilu ons rangin g  ro 10. 8 to 100  M in the presence or a sence o CHI   
       at a  ultiplicity o in ec on  M I o 0.1 PF  ce ll. Sa ples were harv ested using         luci er ase
lys is  u er  Pro ega  16 h post in e c on  h.p.i. and viru s replica on levels were  uan  ed  y  easuring

              activity using the        luci er ase Assay Syste  Pro ega  .

                                 As previously descri ed 40,41, cell via ility was  easured  y MTT

[   4,  di ethylthia ol 2 yl  2,  diphenyl tetra oliu  ro ide] assay  Sig a Aldrich  . A er this, the  ediu 
was replaced with the MTT solu on at 1  g  L, cells were incu ated  or  0  in, a er which the MTT solu on
was re oved and replaced with  00  L o DMS  di ethyl sul oxide to solu ili e the  or a an crys tals. The

a sor ance was  easured at 4 0 n on the Glo ax  icroplate reader  Pro ega  . Cell via ility was
cal culated according to the e ua on  T C  100 , where T and C represent the  ean op cal density o the
treated and untreat ed control groups, respect ively. The values o CC 0 and  C  0were used to calculate the

selectivity index  SI  CC 0  C  0 . The cytotoxic concentra  on o  0  CC 0 and the e ec ve concen tra on o 
 0 inhi i on   C  0 were calculated using Grap hPad Pris 8.0.0  or Windows  GraphPad So ware, San
Diego, Cali ornia  SA, www.graphpad.co  .

                
The datasets generated and or analysed during the current study are included in the are included in this

pu lished ar cle [and its supple entary in or a on  les] . The raw data o all cellular assays presented in the
 anuscript were availa le in the Supple entary in or a on . Addi onally, the three  di ensional  odel
o the protein generated using Alpha old is availa le upon re uest to the corresponding author.
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