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RESUMO

O virus Chikungunya (CHIKYV), agente causador da febre Chikungunya, ¢ transmitido
principalmente pela picada de mosquitos hematéfagos do género Aedes. A doenca ¢
caracterizada por sintomas como artralgias e poliartralgias debilitantes, as quais podem
permanecer por meses ou anos. Até o momento, ndo existem medicamentos antivirais
disponiveis para tratar as manifestacdes do CHIKV. Neste contexto, a Imidazolnaftiridina
(RO8191) ¢ um composto sintético com atividade antiviral previamente documentada contra
o Hepacivirus C (HCV) e o Zika virus (ZIKV), porém, a atividade anti-CHIKV do RO8191
ainda nao foi elucidada. Portanto, este trabalho teve como objetivo avaliar os efeitos do
RO8191 na infec¢ao por CHIKYV in vitro, utilizando o CHIKV-nanoluc, uma construgao viral
inserida de um gene reporter (-nanoluc), para infectar células de rim de hamster bebé (BHK-
21). A analise de viabilidade celular foi avaliada por meio de ensaios de MTT e a taxa de
infectividade pela quantificagdo de luminescéncia. Ensaios de adicdo do composto em
diferentes estagios do ciclo replicativo do CHIKV foram realizados, bem como células BHK-
CHIKV-NCT, que expressam proteinas ndo estruturais do CHIKV e os genes Renilla
luciferase e EGFP, também foram utilizadas para avaliar o efeito do RO8191 na replicacao
viral. O RO8191 inibiu fortemente a replicagdo do CHIKV com um indice 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 estagios virais avaliados, com maiores taxas de inibi¢ao nas etapas
viricida (75,4%) e pds-tratamento (87%). RO8191 ¢ um agonista do IFN-a, e para avaliar o
efeito independente dessa via, os ensaios também foram realizados em células VERO-E®6,
que ndo expressam os genes que codificam interferons tipo I (IFN-I7). Como resultado,
RO8191 demonstrou um SI de 37,3 apresentando efeito em todas as etapas, principalmente
na virucida (70,5%) e pos-tratamento (91,6%). Ensaios de espectroscopia de infravermelho
(ATR-FTIR) e experimentos de ancoragem molecular foram realizados e demonstraram
interacdes de RO8191 principalmente com as glicoproteinas do CHIKV. Os resultados aqui
apresentados enfatizam o potencial anti-CHIKV do RO8191, o qual pode ser futuramente

capitalizado como uma alternativa terap€utica para o tratamento da febre Chikungunya.

Palavras-chave: Imidazolnaftiridina; Atividade antiviral; Virus da Chikungunya; Febre
Chikungunya; Doengas negligenciadas; Atividade independente de IFN-I



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
CHIKYV 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 CHIKYV 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-CHIK V-
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-a 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 ROS8191 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. INTRODUCAO
1.1. Febre Chikungunya: Epidemiologia e Transmissao

A Febre Chikungunya ¢ uma doenga causada pelo virus da Chikungunya (CHIKV),
identificada pela primeira vez na Tanzania, Africa Oriental, em 1952 (ACOSTA-REYES;
NAVARRO-LECHUGA; MARTINEZ-GARCES, 2015). No 2004, se reportaram surtos de
Febre Chikungunya na Africa, nas ilhas do Oceano Indico, na Australia, e no sudeste da Asia
(india, Indonésia, Mianmar, Maldivas, Sri Lanka e Tailandia) (STAIKOWSKY et al., 2009).
Em 2007, a PAHO e a Organizacdo Mundial da Saude (OMS) notificaram o primeiro caso
de transmissao local na Europa, em um surto localizado na regidao Nordeste da Italia, no qual
foram registrados 197 casos, sendo posteriormente disseminado para o sudeste Asiatico, ilhas
do Oceano Indico, regides 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 transmissao autéctone nas Américas

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

Figura 1. Panoriamica mundial da Febre Chikungunya. Paises no mundo que registraram pelo
menos um caso de Febre Chikungunya nao importado até junho 2022

= 2,

I Paises que reportaram transmissio do virus Chikungunya

Disponivel em https://www.cdc.gov/chikungunya/geo/index.html. (Consultado em 30 de julho, 2022)
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No Brasil, o Ministério da Satde confirmou em setembro de 2014 os primeiros casos
autdctones, ou seja, nativos no pais (SILVA et al., 2018). Em margo 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 provaveis de infec¢des por CHIKV
no Brasil, afetando principalmente a regido Nordeste do pais, com uma média de 175,7 casos
por cada 100 mil habitantes. Adicionalmente, em junho de 2022, 23 6bitos por Febre
Chikungunya foram confirmados e mais 50 estdo em investigagio (MINISTERIO DE
SAUDE, 2022) (Figura 2).

Figura 2. Taxa de incidéncia da Febre da Chikungunya no Brasil em 2022. Mapa com dados de
casos confirmados para infec¢do por CHIKV no Brasil até junho de 2022

Taxa de Incidéncia
CHIKUNGUNYA SE24/2022

Sem Dados

0,1a50,0

50,1 a 100,0

100,1 a 300,0
I 300,1 a 500,0
B 500,1 2 9.987,2

500 0

Disponivel 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 transmissao do CHIKV se da principalmente por meio da picada de mosquitos

Aedes aegypti e Aedes albopictus (MAVALANKAR; SHASTRI; RAMAN, 2007).
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Entretanto, outros vetores foram identificados como potenciais transmissores do virus, como
os mosquitos Haemagogus sp. pertencentes a familia Culicidae (SCHWARTZ; ALBERT,
2010). Apds a inoculagdo do virus pela picada do mosquito, inicia-se o periodo de incubagao,
que dura em média entre 3 e 4 dias, seguido do inicio da fase aguda, com sintomas como
febre alta (39 a 40 °C), inchaco nas articulagdes, dores intensas € 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 apds os primeiros sintomas) e pode
durar até 12 semanas. Neste periodo ndo ha mais febre ou viremia, porém alguns sintomas
como dores nas articulagdes podem reaparecer (BARR; VAIDHYANATHAN, 2019). A
permanéncia de dor constante, principalmente nas articulagdes, marca o inicio da fase
cronica, caracterizada por inflamagdes recorrentes nas articulagdes, € com maior intensidade,
afetando a qualidade de vida dos individuos infectados (MICHLMAYR et al., 2018;
SCHILTE et al., 2013).

1.2 Virus da Chikungunya

O CHIKY pertence ao género Alphavirus e familia Togaviridae (BURT et al., 2017),
sendo subdivido em 3 principais gendtipos: asiatico, oeste da Africa e centro-leste da Africa
do Sul (ECSA, East/Central/South African) (GANESAN; DUAN; REID, 2017).

A particula viral possui um genoma de RNA de fita simples e polaridade positiva
(RNAss+) de aproximadamente 12 kb, e um capsideo proteico, envolto por um envelope
lipidico inserido de glicoproteinas virais (CAGLIOTTI et al., 2013) (Figura 3). O genoma do
CHIKYV possui duas regides de leitura aberta (ORFs, open reading frame), sendo a primeira
localizada na regido 5°, a qual promove a tradu¢do de proteinas ndo estruturais (nsP)
designadas como nsP1, nsP2, nsP3 e nsP4, e a segunda ORF, localizada ap6s a sequéncia da
proteina nsP4, ¢ responsavel pela expressao das proteinas estruturais C, E3, E2, 6k ¢ El

(CARISSIMO; NG, 2019) (Figura 3).

14



Figura 3. Particula viral e genoma do virus Chikungunya. Constituintes do virion do CHIKV e
regides gendmicas referentes as proteinas estruturais e ndo estruturais que conformam o genoma do
CHIKV.
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As nsP1-4 sdo essenciais para a replicacdo (GHILDIYAL; GABRANI, 2020), sendo
responsaveis pela protecdo do RNA, clivagem da poliproteina e fun¢des necessarias para a
replicagdo viral (HOORNWEG et al., 2016; MOIZEIS et al., 2018). A proteina nsP1 possui
535 aminoéacidos e estd envolvida no encapsulamento do RNA, além de atuar na replicagdo
com atividades de metiltransferase e guaniltransferase (SREEJITH et al, 2012).
Diferentemente, a nsP2 possui 798 aminoacidos e atua como trifosfatase de nucleosideo e
trifosfatase de RNA (GHILDIYAL; GABRANI, 2020; RUPP et al., 2015). A nsP3 ¢
essencial para a sintese de RNA devido a sua atividade replicase, e ¢ dividida em trés
dominios: o macro-dominio na regido N-terminal que se liga a polimeros carregados
negativamente; o dominio Unico de alfavirus (AUD); e o dominio hiper variavel na regido C-
terminal (HVR), o qual ¢ responsavel pela ligagao as proteinas 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 proteinas codificadas a partir da ORF 3°, a proteina viral E1 ¢
encarregada de promover a fusdao do envelope viral com a membrana do endossomo, ¢ a E2
estabelece uma ligacao entre a particula viral e os receptores da célula hospedeira (processo
de adsor¢ao) (SOLIGNAT et al., 2009; WONG; CHU, 2018). Entretanto, ndo ha atividade

descrita para a proteina E3. A proteina 6k ¢ uma proteina formadora de canais i0nicos e
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possui a func¢ao de viroporina (HOLMES et al., 2020), e a proteina C constitui o capsideo
viral, que envolve o RNA sintetizado (LEUNG; NG; CHU, 2011).

1.3 Ciclo replicativo do CHIKV

O ciclo replicativo do CHIKV tem inicio apos a ligagdo da proteina E2 com os
receptores das células hospedeiras, como as proteinas de ligagdo fosfatidilserina da familia
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 acidificagdo, que desencadeia o rearranjo conformacional
das glicoproteinas e exposi¢do da proteina E1, induzindo a fusdo entre o envelope viral e a
membrana endossdmica, o que resulta na liberacao do nucleocapsideo e, consequentemente,
do RNA no citosol (LEUNG; NG; CHU, 2011; SOLIGNAT et al., 2009). A ORF 5’ do
RNAss+ ¢ traduzida nas poliproteinas 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’ ¢ transcrita em um RNA
subgendmico (26S) de polaridade negativa, que serve como molde para producao de fitas de
RNA 26S positivas complementares. O RNA 26S ¢ traduzido em uma poliproteina
precursora que dard origem as proteinas estruturais E1, E2, E3, 6K e C (JONSSON;
GOODMAN; RASMUSSEN, 2019). O processo de tradugdo e clivagem da poliproteina
acontece principalmente no reticulo endoplasmatico (ER), e as proteinas sao empacotadas e
enviadas ao Complexo de Golgi para o processamento pds-traducional (maturacdo e
glicosilacdo), e sua posterior inser¢do na membrana da célula hospedeira (FIELDS; KNIPE;
HOWLEY, 2007). Simultaneamente, as proteinas C se associam no citoplasma e interagem
com o RNA genomico, formando novos nucleocapsideos, os quais sao liberados das células

infectadas por brotamento (SOLIGNAT et al., 2009) (Figura 4).
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Figura 4. Ciclo replicativo do CHIKYV. Processos celulares e extracelulares envolvidos no ciclo de replicagdo do virus CHIKV
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1.4 Tratamento da Febre Chikungunya e Compostos sintéticos contra o CHIKV

Atualmente, o tratamento de individuos infectados com o CHIKYV ¢ baseado no uso
de anti-inflamatdrios ndo-esteroides e analgésicos sistémicos a fim de aliviar os sintomas da
infeccio (THARMARAJAH; MAHALINGAM; ZAID, 2017). Nao existem vacinas e/ou
medicamentos antivirais aprovados pelas agéncias reguladoras, como a Agéncia Nacional de
Vigilancia Sanitaria (ANVISA) e a Administracdo 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 populagao e acarreta problemas econdmicos para paises em desenvolvimento.

Neste contexto, 0os avangos nas pesquisas de antivirais contra o CHIKV sugerem
potenciais alvos que reduzem a infecgdo viral, como as proteinas virais estruturais ou nao-
estruturais, bloqueadores da entrada e fusdo do virus com a célula, e alvos da célula
hospedeira (BATTISTI; URBAN; LANGER, 2021). Estudos com firmacos como a
suramina, aprovada para tratar a tripanossomiase, demonstraram que essa molécula ¢ capaz
de inibir os estagios iniciais da infec¢do pelo CHIKV (ALBULESCU et al., 2015),
principalmente pela interagdo com os virions, inibindo a ligacdo 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 inchaco e a inflamag¢do 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 infecgdo viral (LU et al., 2017).

A amantadina ¢ um medicamento antiviral aprovado pela FDA para o tratamento de
infec¢des pelo virus da influenza, que demonstrou atividade na proteina estrutural 6K
(viroporina) do CHIKYV, alterando assim a formacao de novos virions (DEY et al., 2019). O
cloridrato de rimantadina, farmaco também utilizado no tratamento da influenza A,
demonstrou inibir efetivamente os estagios iniciais da infec¢ao por CHIKV, interagindo com
os virions, e interrompendo assim a replicagao viral (SANTOS et al., 2022).

Dentre os alvos virais mais promissores para o desenvolvimento de farmacos
antivirais, a nsP4 do CHIKV ¢ 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 € uma molécula analoga de nucleosideo que tem como alvo principal a
nsP4 do CHIKV (ABDELNABI et al., 2017). Estudos in vivo avaliaram o potencial desse
composto para tratar infeccdo aguda por CHIKV, diminuindo doengas neuroldgicas graves e
a replicacdo nas articulagdes, e aumentando a taxa de sobrevida dos individuos infectados
(JULANDER et al., 2020). Analogos do Sofosbuvir, outro analogo de nucleosideo aprovado
pelo FDA para tratar a infecgdo por HCV, apresentou atividade in vitro e in vivo contra a
infeccao 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 CHIKYV, inibindo significativamente a replicagdo viral
in vitro (FREIRE et al., 2022).

Adicionalmente, moléculas que potencializam ou estimulam mecanismos do
hospedeiro também tém se mostrado eficazes na redugdo da infeccao viral por CHIKV, como
inibidores da sintase de 4cidos graxos (HITAKARUN et al., 2020; WICHIT et al., 2017),
inibidores de purinas e pirimidinas (MISHRA et al., 2016; RASHAD et al., 2018), inibidores
de proteinas e receptores celulares (ABDELNABI et al., 2017; ASHBROOK et al., 2016;
CRUZ et al., 2013; VARGHESE et al., 2016), e agentes imunorreguladores (ASHBROOK
etal., 2016; CARISSIMO et al., 2019; LI et al., 2012).

1.5 Imidazonaftiridina como um potencial inibidor das infec¢des virais

As imidazonaftiridinas sdo moléculas com grande potencial para tratar infec¢des
produzidas por virus, como as infec¢des pelos virus da familia Flaviviridae (FERNANDES
et al., 2021; KONISHI et al., 2012; WANG et al., 2015). Como exemplo, 0 RO8191 ¢ uma
imidazonaftiridina descrita previamente como um candidato promissor para o tratamento da
infeccdo pelo HCV (ECs0=0.20uM) (KONISHI et al., 2012). O principal mecanismo de acao
do ROS8191 foi descrito como um agonista do interferon alfa (IFN-a), que se liga a
subunidade 2 do receptor de interferon tipo 1 (IFNAR2), ativando a via JAK/STAT e
desencadeando uma resposta imune intracelular para combater a infecg¢do viral (KONISHI et
al., 2012) (Figura 5). RO8191 ¢ responsavel por desencadear a fosforilagdo e ativacao da
proteina STAT, principalmente STAT1 e STAT2, e por consequéncia, a ativacdo da quinase

JAK1, relacionada a subunidade IFNAR2. Como resultado, ha a alteragdo da expressao
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génica para induzir a transcri¢ao e tradugao de genes ISG similares ao IFN-a que resultam

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

Figura 5. Mecanismo de acdo do RO8191. Comparacao entre as vias de sinalizacdo ativadas por
RO8191 e IFN-a
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A atividade de agonista de IFN-a foi observada como mecanismo de agdo antiviral
das imidazonaftiridinas, e em alguns casos resultou na potencializacdo da atividade de
compostos analogos sintetizados a partir do RO8191. O CDM-3008, um analogo de RO8191,
demonstrou atividade contra o virus da Hepatite B (HBV) mediante a ativacao de ISGs, bem
como a dependéncia ao receptor [FNAR2 em hepatdcitos humanos (TAKAHASHI et al.,
2019). Adicionalmente, o potencial desta molécula foi ainda mais evidenciado em estudos
em que os analogos do RO8191 inibiram a infec¢do do HCV em concentragdes dez vezes
menores (ECs0=0.017uM), e mediante um mecanismo distinto do previamente descrito,
interferindo com a entrada do virus na célula (WANG et al., 2015).

O efeito antiviral do RO8191 também foi avaliado em células expressando o
replicon subgenomico do ZIKV, e resultou em um ECso de 0.042 uM (FERNANDES et al.,
2021), além de mostrar permeabilidade hematoencefalica e proteger camundongos infectados
com priones, propondo este composto como um potencial inibidor da replicacdo de um dos

arbovirus com maior interesse clinico na ultima década (ISHIBASHI et al., 2019).
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De forma mais interessante, 0 RO8191 ¢ uma molécula pequena (Figura 6), que
demostra potencial para ser administrada oralmente e oferece vantagens como tratamento
eficaz, barato e com efeitos secundarios aparentemente reduzidos para o tratamento de
distintas infec¢des 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 quimica da Imidazonaftiridina RO8191
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2. OBJETIVOS

2.1 Objetivo geral

Avaliar a atividade antiviral da Imidazonaftiridina RO8191 no ciclo replicativo do

CHIKYV in vitro.

2.2 Objetivos especificos

Avaliar o efeito antiviral da Imidazonaftiridina RO8191 nas células infectadas com o
CHIKV;

Determinar a concentracdo efetiva de 50% (ECso), concentragdo citotoxica em 50%
(CCs0) e indice de seletividade (IS=CCso/ECs0) em células infectadas por CHIKV e
tratadas com RO8191;

Avaliar a associacgao 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 adi¢cdo do composto;

Investigar o modo de agdo do RO8191 no ciclo do CHIKYV, por meio de técnicas de
ancoragem molecular (docking molecular), espectrofotometria no infravermelha (ATR-
FTIR), interacdo biofisica com a proteina nsP4, e pelo uso de células com replicon

subgendmico 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
CHIKYV, emphasizing the need to develop novel therapies. The imidazonaphthyridine
compound (RO8191), an interferon-a (IFN-a)) agonist, was reported as a potent inhibitor of
HCV. Here RO8191 was investigated for its potential to inhibit CHIKV replication in vitro.
RO8191 inhibited CHIKYV 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
CHIKYV 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 (MMYV)
and the Drugs for Neglected Diseases initiative (DND1i), 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 IFNo/f 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
CHIKYV (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 CHIKYV 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% CO; 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 LR20060PY1 (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 10* cells per well and incubated overnight at 37 °C and 5% COx.
Medium containing serial dilutions of RO8191 ranging from 60 uM to 0.46 uM 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 pL 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) x 100%, where T and C represent
the mean optical density of the treated and untreated control groups, respectively. The

cytotoxic concentration of 50% (CCso) 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 10* 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 uM to 0.46 uM for BHK-21 cells and
three-fold serial dilutions from 60 uM to 0.02 uM 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 (ECso) was calculated using GraphPad Prism 8 software.
The values of CCso and ECso were used to calculate the selectivity index (SI = CCso/ ECso)
(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 10* 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 10 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 uM to 0.46uM 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 (ECso) was calculated using GraphPad Prism §
software. The values of CCso and ECso were used to calculate the selectivity index (SI =

CCso/ ECso).

2.6 Molecular Docking assays

The compound RO8191 (PDB: 3R0OL) 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-
1d: 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: 4RYS). The binding site was defined by the UTP position
based on the 4RYS 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 Systémes,

Discovery Studio Visualizer, v 20.1, San Diego: Dassault Systemes, 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,
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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™! to 800 cm™! regions. The samples were prepared
as previously described (Oliveira et al., 2020; Santos et al., 2021), where RO8191 (50 uM)
was mixed with CHIKV-nanoluc virions (1 x 10° PFU/mL). A volume of 1.5 uL 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 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 uM 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 uM) was used as a positive control of intercalation. The band

quantification was performed using ImageJ.JS version 1.53;.
2.9 CHIKY 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 uM kanamycin and 34 uM chloramphenicol at
37 °C, until the ODgoo reached 1.0. The protein expression was induced by adding 1 mM of
Isopropyl B-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 uM to 0.0076 uM (7.6 nM). The dissociation

constant K4 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 CHIKY 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 (ECso) and 50% cytotoxicity concentration
(CCso) 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 uM to 60 uM in the presence or absence of CHIKV-
nanoluc (Fig. 1A) for 16 h (Fig. 1C). As a result, RO8191 demonstrated to possess CCso of
10.9 uM and ECso of 0.88 uM, with a selectivity index (SI) of 12.3 (Fig. 1D), emphasizing
that this compound is a strong inhibitor of CHIKYV replication in vitro. For further analysis,
cells were treated with RO8191 at 5 pM, which significantly inhibited 95.7% of the CHIKV
infection (cell viability > 100%).

3.2 RO8191 mainly inhibits post-entry stages of CHIKYV 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 aresult, 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

CHIKYV 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 CHIKYV 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 CHIKYV 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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CHIKYV 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 hat 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 CHIKYV 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 etal., 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 ROS8191, at
concentrations ranging from 0.46 to 60 uM 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 ECso and CCso of 1.4 uM and 26.2 uM, 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 CHIKY 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
CHIKYV 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 CCso and ECso of 11.2 and 0.3 uM,
respectively, with an ST 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 CHIKYV replication (p<0.0001) (Fig. 3E). Altogether, the data suggest
a direct effect of RO8191 on the CHIKYV 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 CHIKYV glycoproteins

and nonstructural proteins

Considering the effects of RO8191 on CHIKYV 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
CHIKYV 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 LY'S
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 CHIKYV glycoproteins

A scheme of the ATR-FTIR technology based on infrared analysis to evaluate sample of
CHIKYV virions, RO8191, and CHIKYV virions plus RO8191 is represented in Fig. SA. We
found a minimum of five molecular changes in CHIKV virions after incubation with RO8191
using ATR-FTIR analyses. The samples RO8191 at 50 uM, CHIK V-nanoluc virions (1 x 10°
PFU/mL), and the mixture RO8191 (50 uM) and CHIKV-nanoluc virions were recorded in
ATR-FTIR and the representative infrared spectra are shown in Fig. SB. The biofingerprint
in the range of 1800-800 cm™! 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™!, 1465 cm ™!, 1448 cm™!, 1333 cm ™!, and 1078 cm™!. The vibrational modes at
1496 cm™' correspond to the in plane CH bending vibrations (Fig. 5C). The vibrational mode
at 1465 cm™! represents CHa scissoring mode of the acyl chain in lipids (Fig. 5D). The
vibrational modes at 1448 cm™! can be assigned to the asymmetric CH3 bending in methyl
groups of proteins (Fig. SE). The vibrational mode at 1333 cm ™! represents CH vibrations in
polysaccharides (Fig. 5F), and 1078 cm™! can be assigned to symmetric vibrations of PO5™ 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 CHIKYV 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 CHIKYV, 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 dsSRNA molecule
of 273 bp (Campos et al., 2017; Krawczyk et al., 2009; Silva et al., 2019). Then, RO8191 at
5 uM 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 dsSRNA (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-SUMOY/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).
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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 CHIKYV nsP4, we used a dissociation constant K4, obtained by fitting the binding curve
with the Hill function, and serial dilutions of the compound from 250 uM to 0.0076 uM. 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 kq + Akq - >207 + 10 pM. With these results is possible to
conclude that CHIKV nsP4 presented a low interaction with RO8191.

4. DISCUSSION

CHIKYV 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 CHIKYV 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-a)) 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
ROS8191 has anti-CHIKYV activity in cells with or without the expression of type 1 interferon
(o/B) in vitro, an interesting, novel, and unreported activity for RO8191, likely suggesting
multiple mechanisms of action for this compound. RO8191 exerts strong activity toward
CHIKYV 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 ECsp of
0.2 uM (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-a production mechanism of action. The effect observed here
is in agreement with Konishi and collaborators who demonstrated that RO8191 inhibited
HCYV virus through a similar mechanism to IFN-a (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 CHIKYV 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 CHIKYV 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 CHIKYV 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

CHIKYV and provide a potential treatment for Chikungunya fever.
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TABLES

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

by molecular docking calculations

Volume
ChemPLP Coordinates (x, y, z) &) Localization
Between II domain of E1 and
Site 1 50.41 -15.687,2.019, —-19.939 651.375
C of E2.
Between II domain of E1 and
Site 2 57.12 -33.937,-18.731, -31.939 | 357.375
beta-sheet of E2.

Site 3 47.37 —33.437,-6.731, -33.189 156.125 | Adjacent to site 2.

E Behind the fusion loop,
%]
o between B domain of E3, and
S | Site 4 45.26 —-42.937,-28.731,—22.939 [ 183.875 . .
S E2 domain B, and A domain
O of E2.

Between beta-sheet of E2 and

Site 5 -34.73 —44.437,-14.731, —23.439 124

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 CHKY replication. A) Representative structure of CHIKV-
nanoluc genome [PDB: 6NKS5](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 uM. CHIKYV 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 CHIKYV 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 uM. 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
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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 CHIKYV 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 uM. CHIKYV 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 ECso, CCso, 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 CHIKYV 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)
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ligands. RO8191 (PDB: 3ROL) 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 CHIKYV virion plus incubation with RO8191
(red line). B) The representative infrared average spectrum of normalized mean spectra of
CHIKYV virion (black line), RO8191 (blue line), and CHIKV virion plus RO8191 (red line)
employing ATR-FTIR platform from 1800 to 800 cm™ !. B-F) The representative mean
spectra of second derivative analysis to the vibrational modes at 1496 cm™! (B), 1465 cm™!
(C), 1448 cm™! (D), 1333 cm™! (E), and 1078 cm™! (F). Images were generated using
GraphPad Prism 8 and GIMP 2.1v.
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Figure 4
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Figure 5
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SUPPLEMENTARY MATERIAL
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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-CHIKYV purification. A) Acrylamide gel electrophoresis of nsP4-CHIKV
purification steps. M: molecular weight marker; Elul: 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-
CHIKYV (54.54 kDa). B) Chromatogram of gel filtration step. in which the second peak (P2) corresponds to the
purified nsP4-CHIKYV (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 pM to 0.0076 uM) to obtain the dissociation constant
estimated kq+ Akq=>207 + 10 uM fitting the binding curve with the Hill function.
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CAPITULO 111

CONSIDERACOES FINAIS



Consideracoes finais

Os resultados deste trabalho demostraram o potencial antiviral do composto
RO8191 contra a infecgdo in vitro pelo CHIKV, o qual representa grande importancia clinica
e preocupacao para satide publica no Brasil. Esperamos que este trabalho possa contribuir na
caracterizacdo do modo de acdo desta molécula contra o CHIKV. Estudo in vivo, registrados
na literatura, candidatam o RO8191 como uma alternativa vidvel para o tratamento desta e

de muitas outras doengas virais negligenciadas no mundo.
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Characterization

of the RNA-dependentRNA
polymerase from Chikungunya
virus and discovery of a novel
ligand as a potential drug
candidate

Marjorie C. L. C. Freire?, Luis G. M. Basso 2, Luis F.S. Mendes 3, Nathalya C. M. R. Mesquita 2,
Melina Mottin+, Rafaela S. Fernandes 2, Lucca R. Policastro?, Andre S. Godoy 3,

Igor A. Santos 5, Uriel E. A. Ruizs, Icaro P.Caruso &7, Bruna K. P.Sousa 4, Ana C. G. Jardims§,
Fabio C.L. Almeida 78, Laura H.V.G. Gil9, Carolina H. Andrade 4 & Glaucius Oliva:*8=

Chikungunya virus (CHIKV) is the causative agent of Chikungunya fever, an acute febrile and
arthritogenic illness with no effective treatmentsavailable. The development of effective therapeutic
strategies could be significantly accelerated with detailed knowledge of the molecular components
behind CHIKV replication. However, drugdiscovery ishindered by our incomplete understanding of
their main components. The RNA-dependentRNA -polymerase (nsP4-CHIKV) is considered the key
enzyme of the CHIKV replicationcomplex and a suitable target forantiviral therapy. Herein, the
nsP4 CHIKV was extensively characterized through experimental and computational biophysical
methods.

In the searchfornew moleculesagainst CHIKV, acompounddesignated LabMol30g was identified as
a strong ligand ofthe nsp4-CHIKV and mappedto bind toitsactive site. The antiviral activity of
LabMol309 was evaluated in cellularbasedassaysusing a CHIKVreplicon systemanda reporter

virus. In conclusion, this study highlights the biophysical features of nsP4-CHIKV and identifies a new
compound as a promising antiviral agent against CHIKV infection.

The Chikungunya virus (CHIKV) belongs to the Togaviridae family and is the causative agent of Chikungunya
fever . The main transmission route occurs through the bite of infected female mosquitoes of the Aedes sp.
Genus. After CHIKV infection, the proportion of individuals who develop clinical and debilitating symptoms
is con- sidered the highest compared to other arboviruses, with an average of 80% of symptomatic cases=<.
The control of the mosquito vector remains the best prophylaxis since there are no licensed vaccines or
efficient antivirals available3. In this scenario, the infection caused by CHIKV has a high social impact and
constitutes a serious publichealth issued.

Unstitute of Physics of Sao Carlos, University of Sao Paulo, Sao Carlos, SP, Brazil. 2Physical Sciences
Laboratory, State University of Northern Rio de Janeiro Darcy Ribeiro (UENF), Campos dos Goytacazes, RJ,
Brazil . 3Departament of Physics, Ribeirao Preto School of Philosophy, Science and Literature, University of
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Chikungunya fever presents an acute phase characterized by high fever, arthralgia, myalgia, headaches,
edema, periorbital pain and cutaneous rash#2. Later, some patients progress to the so-called chronic
phase, mainly characterized by persistent arthralgia and musculoskeletal pain for months and even years 4&
&, Since there are no specific antiviral drug treatments, the clinical management targets primarily the relief
of symptoms using analgesics and antipyretics in the acute phase; and non-steroidal anti-inflammatory
drugs (NSAIDs) and cor- ticosteroids in the chronic phase=.

CHIKV is a spherical, enveloped, and positive single-stranded RNA virus. As a member of the Alphavi-
rus genus, its genome has approximately 12 kb and codes for two distinct polyproteins: non-structural
and structural 2. The first one is cleaved and gives rise to four non-structural proteins (nsP1, nsP2, nsP3 and
nsP4) that form the viral replication complex and have functions in the infection process, such as
interaction with host factors2dd, The nsP1 has methyltransferase  and guanylyltransferase  activities,
promoting the capping of viral RNA. In addition, this protein also anchors the replication complex in the cell
membrane 22 The nsP2 is a multifunctional protein with NTPase and helicase activities in the N-terminal
region . Its C-terminal has a cysteine -protease activity, responsible for processing the non-structural
polyprotein 42 The nsP3 is an accessory protein that recruits host cell factors that participate in and optimize
the replicative processi3 Finally, nsP4 is the RNA-dependent RNA polymerase (RdRp), which is considered
the key enzyme of the CHIKV replication complex and acts principally by promoting the synthesis and
elongation of viral RNAX

On the other hand, the structural polyprotein iscleaved, giving rise to five structural proteins —E1, E2, E3,
C and 6 k—which are part of the viral assembly and structure 2. The envelope proteins, specially E2 and E1,
are responsible for virus anchoring, receptor interaction and membrane fusion, promoting virus entry in the
host cell 138 Due to its location on the viral surface, envelope proteins are targets of the humoral immune
response and thus become targets for vaccine development against CHIK\&.

Therefore, due to their vital role in the viral life cycle, non-structural proteins emerge as potential targets
for developing antiviral drugs, aiming to interrupt the replication process and, consequently, the viral
elimination® Among these proteins, nsP4 is an attractive target due to its central role in viral genome
replication, transcription and genome repair 14 Recently, the three -dimensional structures of the RdRp
domain of Sindbis (SINV) and Ross River (RRV) viruses has been experimentally solvedZ’. However, the
structure of this domain of CHIKV (nsP4-CHIKV) has not been reported . This fact generates limitations and
challenges when the final goal is apply- ing structure- based drug design strategies against this target.

Due to the lack of high-resolution structural information on the nsP4-CHIKV and the need to search for
new drugs to treat the infection caused by the virus, we present here a detailed biophysical
characterization of this protein . Size exclusion chromatography coupled with multi-angle light scattering was
used to infer the oligomeric state of the nsp4-CHIKV protein in solution. A high prevalence of ordered helical
secondary struc- tures was observed by circular dichroism, which also showed that the nsP4-CHIKV unfolds
under a cooperative transition during thermal denaturation . The thermal denaturation was further studied
usingdifferential scanningcalorimetry, indicating a kinetically controlled process.

Moreover, inthe search for ligands for the development of new inhibitors, we selected 12 compounds for

an initial screen using differential scanning fluorimetry experiments. These compounds camefrom a global
collabo- rative project named OpenZika %22 through the World Community Grid computational network that

enabled massive docking-based virtual screening campaigns for ZIKV proteins as well as other flaviviruses

(DENV, YFV, WNV). One compound, LabMol-309, showed a significant effect on nsP4-CHIKV stability and its

interaction with the protein was confirmed usinga sophisticated combination of experimental and
computational strategies.

Furthermore, the inhibitory activity of LabMol-309 was studied in cellular-based antiviral assays using a
CHIKV replicon system and a reporter virus, and the results showed that this molecule caused inhibition in
these cellular assays and has the potential to be further evaluated as a CHIKV inhibitor. In this way, this work
provides novel structural features of nsP4-CHIKV and identifies a new compoundthat interacts with this protein,
generating perspectives inthe drug development field to treat the infection caused by CHIKV and potentially
other alphaviruses .

Results

nsP 4-CHIKV purification and SEC-MALS analysis . The nsP4-CHIKV was bacterially expressedaind
purified using chromatography systems, and the purity was confirmed by acrylamide gel electrophoresis
(Supplementary Fig. 1). The nsP4-CHIKV is formed by 492 amino acids and has a theoretical molecular mass
(MM) of 54.54 kDa . This construction covers the entire region of the RNA-dependent RNA polymerase (RdRp)
domain, responsible for the nsP4-CHIKV function and where the catalytic aspartic acid residues (Asp371and
Asp466) are located 2. The Asp466 isin the GDD motif, a highly conserved sequence of viral polymerases=3,

In order to determine the oligomeric state of nsP4-CHIKV in the working buffer solution, Size Exclusion
Chromatography coupled with Multi-angle Light Scattering (SEC-MALS) was employed 24 The SEC-MALS data
showed a low polydispersity index and yielded a MM of (60 + 1)kDa for nsP4-CHIKV (Fig. 1A). The proximity of
the experimental value with the theoretical molecular mass of the protein suggests that the monomeric state
isthe most populated oligomer under the evaluated conditions.

Evaluation of nsP4-CHIKV secondary structure profile. Circular dichroism (CD) spectroscopy was
used to estimate the secondary structure content of nsP4-CHIKV in solution®. The CD spectrum of nsP4-
CHIKV is characteristic of an a-helical rich protein, with two negative minima at 208 and 222 nm and one
positive maximum around 195 nm (Fig. 1B). This profile corroborates with structural features described for viral
polymerases and other polymerase structures solved experimentally =
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Concentration (uM) Rate (°C/h) | Tm(°C) | AHcai(kcal/mol) | AT1/2(°C) | AS(cal/mol) | AHvu(kcal/mol)
9.3 8 36.3 205 4.8 662 142
11.9 13 37.0 102 4.4 330 151
7.4 33 38.8 86 4.3 275 165
7.4 64 39.8 66 4.5 210 150

Table 2. Thermodynamic parameters associated with the nsP4-CHIKV thermal denaturation by DSC. Tm
represents the temperature where Crreaches its maximum value. AHcalwas calculated as the area under
the DSC trace. ATi/2corresponds to the linewidth at half the height of the transition peak. The entropy
change at Tm, AS, was calculated as AS=AHcal/Tm. AHwH was calculated as 4RT 2Cpmay/AHcal. Analyses of the
thermograms were performed  with MicroCal Origin software. Uncertainties: Tm (+0.2 °C), AHcal(£ 13 kcal/
mol), AT1/2(+0.2 °C).

The thermodynamic parameters of the nsP4-CHIKV unfoldingtransition exhibited a dependence on the heat -
ing rate . This result suggests that the irreversible nsP4-CHIKV unfolding transition is kinetically dependent22°
The values of the enthalpy and entropy changes obtained from the CD data agree well with those observed
for globular proteinsd The thermal behavior of nsP4-CHIKV was also evaluated using Differential Scanning
Calo- rimetry (DSC) 22 Figure 1D shows the temperature -dependence of the heat capacity profile (Cp—sample
minus reference) of nsP4-CHIKV and the instrumental buffer baseline, acquired with a scan rate of 13 °C/h. The
protein Cpwas subtracted from the buffer baseline Cpand normalized to the protein concentration.

DSC experiments were performed at different scan rates to investigate its effect on the DSC profile and
the reversibility of the transitions. The temperature- and scan rate dependence of the excess heat capacity
profile of nsP4-CHIKV are illustrated in Fig. 1E. The nsP4-CHIKV undergoes an imeversible thermal
denaturation, and the values of the calorimetric enthalpy change (AHca) obtained from the analysis of the
thermograms are within the range of values observed for other globular proteins233f Moreover, the
transition peak shows a clear scan rate dependence, confirming that all thermodynamic parameters
associated with nsP4-CHIKV thermal denaturation depend upon the heating rate (Table 2), as observed in
our previous CD analysis. Except for the van’t Hoff enthalpy change (AHw), the dependences of the
thermodynamic parameters on the heating rate are markedly non-linear (Table 2 and Supplementary Fig. 2).
This feature illustrates the non-equilibrium character of the protein denaturation process.

The dependence of Tmon the scan rate was used to calculate the kinetic activation energy, Ea, for the
irrevers - ible nsP4-CHIKV thermal denaturation . According to Sanchez-Ruiz et al29 the Tmshifts induced by
different heating scan rates, v, for an irreversible two-state process can be modeled by the following

equation:
v AR — 4
= e—e fm
T2,

wh(ere A is the pre-exponential factor inthe Arthenius equation, and R is the gas constant. Thus, by plotting
In v/T2, against 1/Tm, the apparent activation energy can be determined from the slope of the curve.
Pfwehenius plot showing the scan rate -dependent changes in the Tmis illustrated in Fig. 1F, from which Ea was
determined as (110+4) kcal/mol.

Evaluation of nsp4-CHIKV interaction with compounds . In the search for new compounds able to
interact and inhibit the nsP4-CHIKV in solution, an initial experimental screening with a series of 12 com-
pounds (Supplementary Table 2) was selected from the OpenZika projectZ% and performed using
differential scanning fluorimetry (DSF or ThermoFluor assay). For nsP4-CHIKV, the Tmin the absence of
compounds (only with DMSO) was 37.7 £+ 0.4 °C. Among the compounds, LabMol-309 (Fig. 2A) caused the
highest thermal shift (~ 4 °C), suggesting the occurrence of interaction with nsP4-CHIKV. Therefore, this
compound was chosen to proceed with the other assays.

The interaction between LabMol-309 and nsP4-CHIKV was later analyzed by MicroScale thermophoresis
(MST) and solution nuclear magnetic resonance (NMR). The MST data showed an affinity curve with the occur-
rence of well-defined bound and unbound states (Fig. 2B). From that, the dissociation constant (Kp) for the
interaction of nsP4-CHIKV with LabMol-309 was estimated as (6+1) pM.

The interaction of LabMol-309 with nsP4-CHIKV was further evaluated by solution NMR, monitoring the
chemical shift perturbation (CSP). Figure 2C shows the spectra obtained for the compound LabMol-309 in the
presence (red line) and absence of the protein (blue line). These spectra were superimposed, and the
chemical shift differences were identified and mapped according to the respective positions of the proton
resonances (Fig. 2C) previously identified in the LabMol-309 assignment (Supplementary Fig. 3).

Therefore, detecting these chemical shifts perturbations is additional evidence for the interaction
between nsP4-CHIKV and compound LabMol-309, reinforcing the results obtained using DSF and MST.

The nsP4-CHIKV three-dimensional model and structural analysis. A combined analysis of sev
eral biophysical techniques suggests that the nsP4-CHIKV is a monomeric a-helical rich protein capable of
forming a complex with the compound LabMol-309 within a moderate dissociation constant (10 M). The
nsP4-CHIKV 3D structural model was obtained using AlphaFold2% The model obtained showed a very high
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Figure 2. Evaluation of nsp4-CHIKV interaction with the compound LabMol-309.(A) LabMol-309 chemical
structure. (B) Bindingaffinity curve of nsP4-CHIKV interacting with LabMol-309 by MST. The compound
LabMol-309 was titrated in a concentration range of 200 uM to 0.012 uM. The curve was fitted to the Hill
function, and the estimated Kpwas (6+1 pM). (C) Chemical shift perturbation analysis based on the
superimposition of LabMol-309 one-dimensional 1H spectra obtained in the presence (red line) and the

absence of nsP4-CHIKV (blue line). On the right, chemical shiftdifferences were measured (in Hz) for each
proton of the LabMol-309 structure.

per-residue confidence score (pLDDT) for more than 90% of the covered sequence, and only for the N- and
C-terminal regions pLDDT were low (Fig. 3A). The full-length nsP4-CHIKV structural model isillustrated in Fig.
3.
~ In the nsP4-CHIKV structure, we identified the regions corresponding to the fingers (residues 93-315),
palm (residues 316-502) and thumb (residues 503-611) domains, which are characteristics of viral
polymerases (Fig. 3B). In the palm domain’s catalytic site, we also identified the catalytic aspartic acid dyad
(Asp371 and Asp466) separated by 7.5 A. Besides, the nsP4-CHIKV model contains an extra N-terminal
domain (residues 1-92), forming a coiled-coil.

In the model of nsP4-CHIKV, the electrostatic surface potential of the active site cavity where are located
the aspartic acid dyad (Asp371 and Asp466) is remarkably positive, a signature of nucleic acids-interacting
motifs (Fig. 3C)3% Additionally, the analysis using ConSurf reveals that the catalytic site region and its

surroundings are highly conserved (Fig. 3D). These results serve as corroboration for the robustness of the
AlphaFold model of nsP4-CHIKV.

Molecular docking and molecular dynamics of LabMol-309 against nsP 4-CHIKV. Docking cal-
culations were used to investigate the bindingmode of LabMol-309 at the nsP4-CHIKV. The docking results sug-
gest that LabMol-309 bindsto the nsP4-CHIKV active site, interacting with the GDD catalytic triad (Asp466 and
Asp467), with a docking score of -7.15 kcal/mol -1 LabMol-309 makes H-bonds with Glu369, Asp466, Asp467,
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Figure 4. Molecularinteractions of LabMol-309 and nsP4-CHIKV, predicted by docking calculations. (A) 3D
interactions of LabMol-309 and nsP4-CHIKV residues. Hydrogen bonds are shown as gray dashed lines, and
cation—mt interactions are shownin green dashed lines. Oxygen, nitrogen and hydrogen atoms are shown in
red, blue and white, respectively. Carbon atoms of LabMol-309 and protein residues are shown in purple and
gray, respectively. Catalytic residues of the GDD triad are highlighted in bold. (B) 2D interaction diagram of
LabMol-309and nsP4-CHIKV residues. Hydrogen bondsare shown as gray dashed lines, and cation—Tt
interactions are shown in green dashed lines. Catalytic residues of the GDD triad are highlighted in blue.
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Figure 5. Evaluation of the stability of the structural model of the nsP4-CHIKV/LabMol-309 complex from
100ns MD simulation.(A) RMSDs of backbone atoms of the protein (black line) and non-hydrogen atoms of
the ligand (gray line). (B) Number of contacts between atoms of the protein and ligand for distances less

than
0.6nm. (C) Number of hydrogen bonds formed between the protein and ligand.

To confirm the antiviral activity of the LabMol-309,we carry outthe effective concentration of 50% (ECs0)and
cytotoxic concentration of 50% (CCso) using BHK-21 cells infected with CHIKV-nanoluciferase, a recombinant
CHIKV that express the Nanoluciferase reporter, at a multiplicity of infection (MOI) of 0.1, with a two-fold serial
dilution of LabMol-309 at concentrations ranging from 0.78 to 100 uM. Nanoluciferase activity levels, propor-
tional to viral replication, were assessed 16 h post-infection (adapted from494), The cytotoxic concentration
of 50% (CCsq) was determined in parallel experiments (Fig. 6C). As a result, these assays demonstrated that
the LabMol-309 has a ECsoof 5.2 uM on BHK-21 cells infected with CHIKV-nanoluc and CCsoof 52 uM on
naive BHK-21 cells, over a period of incubation of 48 h, resulting in a Selectivity Index (SI) of 10 (Table 3;
Fig. 6C; Supplementary Table 6).

Discussion
The nsP4-CHIKV polymerase plays a crucial role in viral replication and has been considered a promising target
for the search and development of new drugs. Thus, understanding its dynamic and structural features is
an important step for studies with this target .

Our biophysical data agree with the structure prediction using Alphafold and pointoutthat nsp4-CHIKV isa
monomeric protein enriched with alpha-helix content. These observations also agree with experimental data
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Figure 6. Antiviral activity of LabMol-309.The ECso(A) and CCso(B) curves from replicon-based assays are
shown. CHIKV replicon cells were incubated with the compound at twofold serial dilutions(from 20 uM to
0.03 uM for ECsoand from 100to 0.3 uM for CCso) for 48 h, and Gluc activity/cell viability were measured from
cells’ supematant. For the CHIKV-nanolucreplication assay evaluation of ECsoand CCso(C), BHK-21 cells were
treated with concentrations of LabMol-309 ranging from 0.78to 100uM, in the presence or absence of CHIKV-
nanolucfor 16 h, and viral replication was quantified by measuring the nanoluciferase activity (indicated by

®) and cellular viability was measured usingan MTT assay (indicated by m). Representative results from two
independent experiments performed in duplicates. Error bars represent the standard deviations. Figures
and statistical analysis were performed using GraphPad Prism 8.

Compound Typeof the Assay CCso EGso Selectivityindex (SI)
CHIKV-nanoluc and BHK-21 cells 52 5.2 10

LabMo}309
BHK-CHIKV replicon 17.1 10.0 1.7

Table 3. Effect of the compound on the viability of BHK-21 cells (CCsq) and the viral replication of CHIKV
(ECs0) in 16 h treatment.

collected for other viral polymerases 22, The thermodynamic data showed that when in the in vivo host,
this protein can be stable in the vicinity of its thermal denaturation (Tm™ 40 °C and ATz2~ 4-5 °C), and its
unfolding is both scan-rat e dependent and irreve rsible under all conditions tested. It was shown before that
the Tm might be scan-rate dependent if the scan rate exceeds the unfolding rate42 The calorimetric
thermogram s for the irre- versible den aturation of protei ns are highly scan-rate dependent, and their shapes
are normally asymmetric 43 exactly what is observed for nsp4-CHIKV. Therefore, the kinetics of the thermal
denaturation could be treated as a single first-order ireversible step N — D, whose rate of temperatu re
dependen ce obeys the Arrheni us equation.
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The effective activation energy derived from this equation was (110 + 4) kcal/mol, which fits well within the
wide range of the values reported for the thermal denaturation of mammalian tissues and strengthened the
thermo- dynamic data collected for this protein 4.

In the search for new nsp4-CHIKV ligands as potential inhibitors, the compound LabMol-309 was identi-
fied as a promising candidate through DSF screening . The validation of this interaction through biophysical
methods demonstrated that the compound interacts in the low micromolar range. This compound had
already been evaluated in virtual screenings for other viral proteins such as ZIKV and other Flaviviruses 242
but it was the first time it was reported targeting the nsP4-CHIKV protein.

A three-dimensional model was generated using AlphaFold to analyze the LabMol-309-nsP4-CHIKV complex
and their mode of interaction. In this sense, the nsP4-CHIKV model presented the regions cormesponding to
the fingers, palm and thumb domains, which are characteristics of viral polymerases, and the active site
region was remarkably positive and conserved. These structural features were equivalent to the regions
presented in the RdRp domain of nsP4 from both RRV and SINV, which were experimentally solved recently
(PDB ID: 7F0S, 7VB4, 7VWS5 )2 Therefore, the suggested binding mode for LabMol-309 is through the
interaction with residues of the nsP4-CHIKV active site.

Although the data involving the complex formation between nsP4-CHIKV and LabMol-309 are solid, it is
still not possible to conclude that this compound has inhibitory activity against this enzyme. The
development of an enzymatic assay for the nsP4 polymerase from Alphaviruses in general, has been
challenging because this protein cannot effectively perform its function on its own, as previously shown by
others 4546 Different regions of nsP4 recognize the promoters for minus and plus strands. However, the
binding requires the presence of the other non-structural proteins to form the replication complex and
enable the de novo RNA synthesistd4>4Z Moreover, the interactions between these proteins with host
components during replication have been studied but remain limited and not completely understood*48

Tomar et al.48reported that template recognition and the nsP4 activation through protein—protein
interac - tions requires the presence of viral polyprotein P12348 In another work, the SINV nsP4 was expressed
in E. coli,and the polymerase activity was observed only when supplied with the viral polyprotein P1234.
Recently, Lello et al4°demonstrated that nsP4 of SINV, CHIKV, ONNV, BFV, RRV, SFV, MAYV, VEEV, and EILV on
their own have minimal RNA polymerase activity 48 Using a trans replicase system consistingof two relatively
independent functional modules (nsP4 and P123), they have shown that the nsP4 of all these Alphaviruses
was active only when combined with the comesponding P123 polyproteins4® Furthermore, Tan et al2?
evaluated the polymerase activity of SINV and RRV nsP4 and as a result, the isolated proteins showed less
efficient polymerase activity than the dengue virus RdRp used as the positive control2?. Altogether these
findings corroborate that bacterially produced nsP4 could not efficiently synthesise RNA unless combined with
the viral polyprotein P123 obtained from animal cell extracts 44350

Given these limitations in establishing an efficient method for evaluating the enzymatic activity of
purified recombinant nsP4-CHIKV, in this work the inhibitory effect of the compound LabMol-309 was
evaluated using both replicon-based assays and cells infected with the CHIKV expressing the nanoluciferase
reporter (CHIKV- nanoluc). Replicon-based systems have been widely used as tools for drug discovery of
antiviral agents, and promising replication inhibitors were identified by this method=% Specifically to
CHIKV, BHK-21 cells har- boring other CHIKV replicon constructs were reported for the high-throughput
screening of viral replication inhibitors®23 The same system was also used to evaluate the anti-CHIKV
activity of other compounds and different flavonoids3438

The evaluation of LabMol-309 using a replicon-based system was performed in a dose-dependent
manner, and its inhibition clearly occurred . Comparing with studies that also used CHIKV replicon, the ECso
obtained for LabMol-309 was lower than the values already reported for other compounds®=3 reinforcing
the antiviral potential of this compound. LabMol-309 showed toxicity to the cells, and the resulting low
selectivity index of 1.7 may be correlated to a possible negative impact in the cellular factors associated
with the viral genome replication. These data suggest that, even with inhibitory activity, chemical
modifications would be required to optimize this compound’sefficiency and reduce its toxicity. Furthermore,
antiviral assays performed with cells infected with a recombinant CHIKV demonstrated that the LabMol-309
decreased CHIKV replication with an ECsoof 5.2 uM and an CCsoof 52 pM, with a Sl of 10 in BHK-21 cells.

The differences in the obtained values using naive BHK-21 or BHK-CHIKV cells (Table 3) are understandable
since different factors are involved in these assays. For example, in the infection system the virus is
effectively infecting the cells and performing all the stages of the virus replicative cycle. It means that the
treatment with Lab- Mol-309 may be acting even before the formation of the replication complexes.
Alternatively, in the BHK-CHIKV replicon system, the replication complexes are already formed when the
treatment starts, which can impact on the effectiveness of the antiviral activity in a short period of treatment .
Additionally, the presence of the replicon might change the cell response to the compound, and explain the
higher cytotoxicity shown in the results. This isolated effect predominantly observed in the replicon cells can
be explained by the differences in incubation peri- ods used in the antiviral activity experiments (48 h for
replicon-based screenings compared to 16 h for the viral infection assays). The prolonged exposure of cells to
the compound can result in higher cytotoxicity %, reinforcing the importance of further studies of the ADME-
Tox profile in animal models. Additionally, to the best of our knowledge, this is the first description of
LabMol-309 as inhibitor of CHIKV replication, and its low ECsovalue is in similar level with other inhibitors
reported to block CHIKV replication, emphasizing the antiviral potential of this compound=, In this context,
the results obtained from the antiviral assays suggest that LabMol-309 is a potential molecule to be further
optimized to reduce its cytotoxicity and increase the selectivity index in cell- based antiviral assays. In
summary, this study highlights biophysical features of nsP4-CHIKV, contributing to basic research on
alphaviruses polymerase, and identified a new compoundas a promisingantiviral agent against
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CHIKV infection. These findings could contribute to developing novel candidates targeting nsP4-CHIKV and
support the progress in therapeutic strategies for CHIKV and other alphavirus infections.

Methods

CHIKV nsP4 cloning and overexpression. The coding region of nsP4-CHIKV (GenBank
KP1645721; PROT-ID AJY53709.1—residues 118 to 611) was subcloned in the pET-SUMO vector using the
LIC methodology &. This construct encodes an nsP4-CHIKV with an N-terminal 6xHis-tag followed by a TEV
protease cleavage site (ENLYFQ ; GAM) and the fusion protein tag SUMO. For protein expre ssion, this plasmid
construction was transfor med into E. coli Rosetta and cultured in Terrific Broth (TB) medium at 37 °C and 200
RPM until an ODsooof 1.0. The protein expression was induced with 1 mM of isopropyl-B-thiogalactoside and
incubation at 18 °C, 200 RPM for 16 h. The cells were harv ested by centrifugation at 5000 x g for 30 min at 4
°C and resuspended in buffer A (50 mM Tris pH 8.0, 500 mM NaCl, 10% glycerol). Cells were disrupted by
sonica- tion and clarified by centrifugation at 12,000x g for 30 min at 4 °C.

nsP 4-CHIKV purification. nsP4-CHIKV was purified using an AKTA Purifier System (GE Healthcare). The
first step was affinity chromatography, using a HisTrap HP 5.0 mL column (GE Healthcare) pre-equilibrated with
buffer A (50 mM Tris pH 8.0, 500 mM NaCl, 10% glycerol) . The elution was performed using 50 mM Tris pH
8.0, 500 mM NaCl, 250 mM imidazole, 10% glycerol . The buffer was exchanged through dialysis to elimi-
nate the imidazole excess . The 6xHis-tag -SUMO was cleaved by TEV protease during overnight incubation at
4 °C. A second affinity chromatography step was performed using the same system to collect the HisTag-
less protein obtained after TEV treatment . A final purification step was done using size-exclusion
chromatogra - phy on an XK 26/1000 Superdex 75 column (GE Healthcare) pre-equilibrated in gel filtration
buffer (50 mM Tris pH 8.0, 200 mM NaCl and 5% glycerol). The eluted fractions were collected and analyzed
by SDS-PAGE to confirm their purity and mass spectrometry was performed to confirm the presence of nsP4-
CHIKV. The final protein sample was concentrated using 30 kDa MWCO centrifugal concentrators (Vivaspin,
Sartorius) . Pro- tein concentrations were determined spectrophotometrically in a Nanodrop 1000
spectrophotometer, using the measured absorbances at 280 nm and the theoretical extinction coefficient of
36,495M1cmL

Size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS). The
oligomeric state of the purified nsP4-CHIKV was evaluated by size exclusion chromatography coupled with
multi-angle light scattering (SEC-MALS) in running buffer composed of 50 mM Tris—HC| pH 8.0 and 200 mM
NaCl. For that, 50 pL of purified nsP4-CHIKV at a concentration of 1.5 mg/mL was injected in a Waters 600
HPLC system (Waters) coupled in-line with a UV detector, a mini DAWN TREOS multi-angle light scattering
apparatus (Wyatt Technology), a column Superdex 75 Increase 10/300 GL (GE Healthcare), and a refractive
index detector Optilab T-rEX (Wyatt Technology) . The light scattering detectors were normalized with bovine
serum albumin (Sigma-Aldrich) and the flow rate used was 0.5 mL/min. The data were processed using ASTRA7
software (Wyatt Technology) with the following parameters : refractive index of 1.331, 0.890 cP for the
viscosity of the solvent, and a refractive index increment of 0.1850 mL/g. Protein solutions were centrifuged
for 10 min at 10,000x g at a controlled temperature of 4 °C immediately before use.

Circular dichroism (CD). Far UV-CD spectra (195280 nm) were meas ured in a Jasco J-810 spectro meter
(Jasco Corporation, Japan) equipped with a Peltier control system and using a quartz cell with a 1 mm
pathlength. The spectra were recorded from 280 to 195 nm, with a scanning speed of 100 nm/min, a
spectral bandwidth of 1 nm and a response time of 0.5 s. All the protein samples were in a final
concentration of 2.5 pM diluted in water. Spectral deconvolution was applied to estimate the secondary
structure content using the DICHROWEB web server 28, Three different methods were combined with three
different databases to improve the reliability of the results. The detailed analysis of the results generated by
these combinations is provided in Supplementary material (Supplementary Table 1). The estimated values
of secondary structure fractio ns were aver aged from each database used. The best fit was determined from
the analysis of the NRMSD parameter, which was con- sidered satisfactory when closer to 0% Thermal
denaturation experiments were perf ormed by monitoring the ellipticity at 222 nm in the range from 20 to 80
°C using heating rates of 0.5 °C/min and 1.0 °C/min.

Differential scanning calorimetry (DSC). DSC measurements were carried out with the purified pro-
tein solution at 7.4 uM, 9.3 pM and 12 pM, diluted in buffer 50 mM Tris—HCI (pH 8.0), 200 mM NaCl and 5%
glycerol . Protein and reference samples (buffer) were degassed for 5 min prior to measurements . The
experi - ments were performed on a VP-DSC MicroCal MicroCalorimeter (Microcal, Northampton, MA, USA)
using heating rates of 8 °C/h, 13 °C/h, 33 °C/h and 64 °C/h. The thermograms were recorded from 10 to 70
°C, at a controlled pressure of 1.6 atm. Instrumental buffer baselines were recorded before the protein
unfolding experi- ments to register the thermal history of the calorimeter . The raw DSC traces were
subtracted with the buffer baseline and then normalized by protein concentration . The thermogram
analysis and the subtraction of the buffer calorimetric response, baseline correction, and integration of the
calorimetric peaks referring to the phase transitions were performed usingthe MicroCal Origin software.

Differential scanning fluorimetry (DSF). In the search for new binders to nsp4-CHIKV, 12 compounds
from the OpenZika project were tested 22, The compounds were purchased from Chembridge Library
(https:// www.chembridge.com/) with a minimum purity of 90%. DSF assays were conducted in a qPCR system
Mx3000P (Agilent) for an initial assessment. Protein melting temperatures (7m), assuming a two-state
transition model
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were determined by monitoring the fluorescence intensity variation as a function of temperature for the
extrinsic probe SYPRO Orange (Invitrogen). The protein solutions were at a final concentration of 8 uM,
diluted in gel fil- tration buffer. Compounds were added at the final concentration of 80 uM and standard
samples were prepared only with DMSO . The thermal variations were in the range of 25-75 °C in a stepwise
increment of 1 °C/min. The Tmvalues obtained for each compound were subtracted from the values of the
standard samples to identify com- pounds that caused significant Tm changes. For the next steps, the
compound that presented the highest thermal shifts (ATm) was selected, considering the deviations of the
triplicates &2 Data were analysed using the software Origin Pro 9.5.1. All experiments were conducted in
triplicate.

MicroScale thermophoresis (MST). Experiments were perfformed on a Monolith® NT.115 instrument
(Nanotemper technologies) . The nsP4-CHIKV was labelled on cysteine residues with NT-647-Maleimide dye
(Nanotemper Technologies) using the Monolith NTTM Protein Labeling Kit RED-MALEIMIDE as per man-
ufacturer’s instructions. Samples of 25 nM of cys-labelled nsP4-CHIKV with 5% DMSO were used. An ini
tial binding test was carried out with the compound at the concentration of 100 puM, to check the
interaction between the protein and the compound Then, a serial dilution of the compoundfrom 200to 0.012
UM (12 nM) was performed to obtain the binding curve. The dissociation constant (Kp) was obtained by
fitting the bindingcurve with the Hill function using GraphPad Prism 8 (Graph Pad Software).

Chemical shift perturbation . The LabMol-309 resonance assignment was performed using a Bruker
Avance 11 600 MHz . 1H-13C-HSQC, COSY and TOCSY were acquired at 298 K using 1 mM of LabMol-309 in
D20. The interaction between LabMol-309 and nsP4-CHIKV was studied using a Bruker Avance IIIHD 500
MHz in a solution of 20 mM (2H)1+Tris/HCL pH 7.5, 200 mM NaCl and 250 pM of LabMol-309. One-
dimensional H spectra in the presence and absence of 3 uM NSP4-CHIKV were acquired, and the chemical
shift difference was analyzed. The data processing and analysis were performed usingTopSpin 4.09.

The nsP 4-CHIKV tridimensional model and structural analysis. The nsP4-CHIKV sequence (resi-
dues 1 to 611) was used to generate the 3D model by AlphaFold2, developed by DeepMind

(https://alphafold. ebi.ac.uk/)38 The nsP4-CHIKV model was structurally refined for docking calculations at
GalaxyRefine server 82 Surface charge was calculated using APBS&4and residues conservation was analyzed with
ConSurf, followingthe default parameters & Pymol& was used to render the 3D images.

Molecular docking of nsP4-CHIKVand LabMol-309. The docking calculations were performed usitige
DockThor VS web &788 focusing on the active binding site (Asp371and Asp466 residues) . The nsP4-CHIKV and
LabMol-309 structures were prepared usingthe Protein Preparation Wizard &°and LigPrep toolZ® The dock- ing
grid was centered at the active binding site; grid size 20 A; and grid coordinates x, y and z of - 27.84 A,
12.89 A and 28.25 A, respectively. The search algorithm precision mode was set up in the standard
configuration of genetic algorithm parameters, with the soft docking mode activated . The PLIP server ' was
used to analyze the protein —ligand patterns (hydrogen bonds, hydrophobic interaction, cation-m, m-stacking,
water and salt bridge interactions). Poseview server ZL3was used to generate 2D interaction diagram and
VMD program was used to render the 3D imagesZ

Molecular dynamics simulatio ns. The initial positions of the nsP4-CHIKV-bound LabMol-309 for the
molecular dynamics (MD) simulations were obtained by the molecular docking results, and its topology
param- eterizations (Molid 814093) were obtained from the ATB server 2 The MD simulations were
performed using GROMACS package version 5.0.725 The molecular system of the protein—ligand complex
was modeled with the GROMOS54A7 force fieldZ and SPC water modelZ8 using a cubic box solvated with
200 mM NaCl. The simulation was realized in ensemble NPT at 25 °C and 1.0 bar using a modified
Berendsen thermostat with tr= 0.1 ps and Parrinello-Rah man barostat with tp= 2.0 ps and compressibility =
4.5 x 105-barL. A cutoff value of 12 A was used for both Lennard-Jones, and Coulomb potentials and long-
rang e elec trostatic intera ctions were calculated using the Particle Mesh Ewald algorithm (PME)Z’. Energy
minimization was performed with the stee pest descent integr ator and conjugate gradie nt algorithm, using
1000 kI-molt-nm as the maximum force criterion. One hundred thousand molecular dynamics steps were
performed for each NVT and NPT equilibra- tion, applying force constants of 1000 k-mol--nm=2to all heavy
atoms of the protein—ligand complex. At the end of preparation, a 100 ns MD simulation of the structural
model of the protein—ligand complex was carried out for data acquisition. Next, the trajec tory was aligned
and analyzed according: RMSD of backbone atoms for protein and nonhydrogen atoms for the ligand,
number of hydrogen bounds (cutoff distance of 3.5 A and maximum angle of 30°) between protein and
ligand, and number of contacts <0.6 nm between all atoms of the protein and of the ligand.

Cells and virus. BHK-21 cells were purchased from The Global Bioresource Center (ATCC) and 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-essen-
tial amino acids (Hyclone Laboratories) and 10% of fetal bovine serum (FBS, Hyclone Laboratories) in a humidi-
fied 5% CO2 incubator at 37 °C. BHK-21-Gluc-nSP-CHIKV-99659 cell line, harboring a replicative CHIKV rep - licon
expressing Gaussia luciferase (Gluc) as a reporter gene, was maintained in DMEM 10% FBS with 500 pg/ ml
G418 (Sigma-Aldrich). The CHIKV replicon construct includes a T7 bacteriophage promotor followed by the
viral 5’ UTR region, the nspl-4 coding sequence, the CHIKV subgenomic promoter (Sg) followed by the
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GLuc sequence and the expression cassette containing a ubiquitination sequence (Ubi) and the neomycin
phos- photransferase gene (Neo-resistance gene), and the viral 3’ UTR region . This construction and the
development of this replicon cell line will be described elsewhere . The CHIKV expressing nanoluciferase
reporter (CHIKV- nanolugd used for the antiviral assays is based on the CHIKV isolate LR20060PY1
(East/Central/South African genotype) and was produced, rescued, and titrated as previously described£%L,

CHIKV replicon-based screenings. LabMol-309 at 200 mM in 100% DMSO was diluted with assay
media to a final concentration of 1% (v/v) DMSO and was evaluated in a dose-dependent manner to
determine its effectiveness (ECso) and cytotoxic (CCso concentrations, as described in% Approximately 2 x
104 replicon cells/well in DMEM 10% FBS were seeded ina 96-well plate. After 16 h of incubation at 37 °C with
5% COz2, the medium was replaced with fresh DMEM supplemented with 2% FBS and compound was added
to the cells at twofold serial dilutions. After a 48 h-incubation, 40 uL of the cells’ supernatant containing
secreted Gluc were mixed with 50 ul of Renilla luciferase Assay Reagent (Promega) . The Gluc activity was
measured using Spec- traMax i3 Multi-mode Detection Platform (Molecular Devices). Replicon cells in 1%
DMSO were used as nega- tive control (0% inhibition). The compound concentration required to inhibit 50%
of the Gluc activity (ECso) was estimated using the OriginPro 9.0 software. The cytotoxicity was evaluated
through a cell proliferation- based MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetraz olium bromide)
assay, as described in&l. The com- pound concentration required to cause 50% cytotoxicity (CCso) was
estimated using the OriginPro 9.0 software. The dose-response curves were performed twice in duplicates.
The ECsoand CCsovalues were used to determine the compound’s selectivity index (SI=CCso0/ECsq).

Infection assays using CHIKV-nanoluc. To assess the antiviral activity of LabMol-309, BHK-21 cdls
were seeded at a density of 5 x 104 cells per well into 48 well plates for 24 h. Then, cells were treated with

Lab- Mol-309 in a two-fold dilutions ranging from 10.78 to 100 uM in the presence or absence of CHIKV-

nanoluc at a multiplicity of infection (MO1) of 0.1 PFU/cell. Samples were harvested using Renilla-luciferase

lysis buffer (Promega®) 16 h post-infection (h.p.i.) and virus replication levels were quantified by measuring
nanoluciferase activity using the Renilla lucifer ase Assay System (Promega®).

Cell viability assays in BHK-21 cells. As previously described 404 cell viability was measured by MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetraz olium bromide] assay (Sigma-Aldrich®). After this, the medium
was replaced with the MTT solution at 1 mg/mL, cells were incubated for 30 min, after which the MTT solution
was removed and replaced with 300 pL of DMSO (dimethyl sulfoxide) to solubilize the formazan crys tals. The
absorbance was measured at 490 nm on the Glomax microplate reader (Promega®). Cell viability was
calculated according to the equation (T/C) x 100%, where T and C represent the mean optical density of the
treated and untreated control groups, respectively. The values of CCsoand ECsowere used to calculate the
selectivity index (SI = CCsg ECs0). The cytotoxic concentra tion of 50% (CCso)and the effective concentrati on of
50% inhibition (ECso) were calculated using Grap hPad Prism 8.0.0 for Windows (GraphPad Software, San
Diego, California USA, www.graphpad.com).

Data availability

The datasets generated and/or analysed during the current study are included in the are included in this
published article [and its supplementary information files]. The raw data of all cellular assays presented in the
manuscript were available in the Supplementary information. Additionally, the three -dimensional model
of the protein generated usingAlphafold is available upon request to the corresponding author.
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Abstract: Chikungunya virus (CHIKV) is the causative agent of chikungunya fever, a disabling
disease that can cause long-term severe arthritis. Since the last large CHIKV outbreak in 2015, the
reemergence of the virus represents a serious public health concern. The morbidity associated with
viral infection emphasizes the need for the development of specific anti-CHIKV drugs. Herein, we
describe the development and characterization of a CHIKV reporter replicon cell line and its use
in replicon-based screenings. We tested 960 compounds from MMV /DNDi Open Box libraries and
identified four candidates with interesting antiviral activities, which were confirmed in viral infection
assays employing CHIKV-nanoeluc and BHK-21 cells. The most noteworthy compound identified
was itraconazole (ITZ), an orally available, safe, and cheap antifungal, that showed high selectivity
indexes of >312 and >294 in both replicon-based and viral infection assays, respectively. The antiviral
activity of this molecule has been described against positive-sense single stranded RNA viruses
(+ssRNA) and was related to cholesterol metabolism that could affect the formation of the replication
organelles. Although its precise mechanism of action against CHIKYV still needs to be elucidated, our
results demonstrate that ITZ is a potent inhibitor of the viral replication that could be repurposed as
a broad-spectrum antiviral.

Keywords: Chikungunya virus; replicon-based assays; drug development; antiviral; Itraconazole

1. Introduction

Chikungunya virus (CHIKV) is an alphavirus first appeared in 1952, which causes
periodic and explosive outbreaks of chikungunya fever [1]. The symptoms of this disease
include fever, headache, myalgia, and severe polyarthritis that could persist for years [2,3].
In February 2005, a major CHIKV outbreak occurred on the Indian Ocean islands, followed
by a high number of infection cases reported in Europe and India in 2006 and 2007, respec-
tively [4,5]. In December 2013, CHIKV emerged in Caribbean, and by the end of December
2015 about 1 million cases had been notified in the Americas [6,7]. Although the most
recent outbreak was reported in February 2018 in Mombasa, Kenya, the reemergence of the
virus in many parts of the world represents a serious public health concern [8]. Up to date,

Viruses 2022, 14, 1351. https: / /doi.org /10.3390 /v14071351

https:/ /www.mdpi.com/journal / viruses

82



Viruses 2022, 14, 1351

20f12

no CHIK V-specific antiviral therapy has been approved, being the treatment palliative, to
alleviate the symptoms [9].

CHIKY is an enveloped virus with a positive-sense single stranded RNA genome of
approximately 12 kb in length, containing two open reading frames (ORFs) flanked by
5" and 3' untranslated regions (UTRs) and separated by a non-coding intergenic region.
The first ORF encodes a non-structural polyprotein produced by direct translation of
the genome, which is proteolytically processed into four non-structural proteins (nsP1-
nsP4) [10]. The second ORF encodes five structural proteins (C, E3, E2, 6K, and E1), which
are expressed from a subgenomic RNA [11]. The nsPs assemble to form the viral replication
complex, which is responsible for RNA synthesis, while the structural proteins assemble
into new viral particles [2].

Viral replicon systems, which express all the genetic elements required for their own
replication without producing infectious particles, have been widely used as an alternative
tool in the search for antiviral drugs [12,13]. In the last decade, CHIKV replicon cell lines
have been developed and used to screen inhibitors of the viral replication [14-19]. Among
the hit compounds identified, abamectin, ivermectin, and berberine, showed significant
inhibitory activities [16]. Berberine, an isoquinoline alkaloid, was shown to reduce virus-
induced activation of all major MAP kinase pathways in a follow-up study, and also
demonstrated to be effective in alleviating CHIKV-induced inflammatory symptoms in a
mouse model [20].

In this study, we describe the development of a stable CHIKV replicon cell line,
the BHK-21-T7-Gluc-nSP-CHIKV-99650, which harbors a replicative replicon expressing
Gaussia luciferase (GLuc) as a reporter gene. Using this cell line in replicon-based assays,
we evaluated three MMV /DNDi small-molecule libraries, the Pandemic Response (PRB),
Pathogen, and COVID boxes, all containing molecules either marketed or in development,
with known or predicted antiviral, antifungal, or antibacterial activities [21-23], for the
identification of anti-CHIKV agents. From the tested molecules, the antifungal itraconazole
was the most effective, exhibiting a selectivity index (SI) of > 312. Additionally, its antiviral
activity was confirmed in viral infection assays (SI > 294), showing that this molecule is a
potent inhibitor of CHIKV replication in vitro.

2. Methods
2.1. Cells, Virus, and Compounds

BHK-21 cells, from the Global Bioresource Center (ATCC),were maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM, Sigma- Aldrich, St. Louis, MI, USA) supple-
mented with 100 U/mL of penicillin 100 mg/mL of streptomycin, 1% dilution of stock
of non-essential amino acids (HYCLONE Laboratories, Logan, UT, USA) and 10% of fe-
tal bovine serum (FBS, HYCLONE Laboratories, Logan, UT, USA) in a humidified 5%
COs incubator at 37 "C. BHK-21-GLuc-nSP-CHIKV-99650 cells, from the Laboratério de
Virologia e Terapia Experimental (LaViTE-Aggeu Magalhaes Institute, Recife, Brazil), were
maintained in DMEM 10% FBS with 500 pg/mL geneticin (G418-Sigma-Aldrich, St. Louis,
MI, USA).The CHIKYV expressing nanoluciferase reporter (CHIKV-nanoluc) [24] used for the
viral infection assays was based on the CHIKV isolate LR20060FPY1 (East/Central /South
African genotype) and was produced, rescued, and titrated as previously described [25,26].
MMYV/DNDi compounds (>90% purity) solubilized in 100% DMSO (v/v) were further
diluted with assay media to a final DMSO concentration of up to 1% (v/v) for the assays.
Suramin (Sigma-Aldrich, St. Louis, MI, USA) was solubilized in 100% DMSO at 20 mM
and further diluted in assay media to a final concentration of 10 uM 1% DMSO (v/v).
Itraconazole was purchased as a racemic mixture (CAS number: CAS-84625-61-6).

2.2. Construction of Rep-GLuc-nsP-CHIKV-99659

We constructed a CHIKV reporter subgenomic replicon, termed rep-GLuc-nsP-CHIKV-
99659, by recombining four partially homologous fragments: (i) fragment 1, covering the T7
RNA polymerase promoter inserted by PCR amplification, and the 5" UTR and nsP1-nsP4
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amplified from the chemically synthesized CHIKV 99659 genome (GenScript, Piscataway,
NJ, USA) (GenBank KJ451624); (ii) fragment 2, containing the CHIKV subgenomic pro-
moter inserted by PCR amplification, and GLuc amplified from pGLuc-NS (WF10) (kindly
provided by Dr. Daniel Perez, University of Georgia, Athens, GA, USA); (iii) fragment 3,
the ubiquitination sequence and neomycin phosphotransferase (Neo) gene amplified from
pBSC-YFV17D-LucNeolres; and (iv) fragment 4 (3'UTR), amplified from the CHIKV 99659
genome (GenScript, Piscataway, NJ, USA).

The four fragments were amplified with Phusion® High-Fidelity DNA Polymerase
(New England Biolabs), using the oligonucleotides shown in Table 1 and recombined, in a
single-cloning-step, into the pBSC-HDR shuttle vector (Gil et al., unpublished data) previ-
ously digested (BamHI nuclease, New England Biolabs) and dephosphorylated (Alkaline
Phosphatase, Calf Intestinal, CIAP, Promega, Madison, WI, USA).

Table 1. Oligonucleotides used to construct rep-GLuc-nsP-CHIKV-99659.

Oligonucleotide

Sequence (5'-3') Amplicon

pBSC-BamHI-T7Phi2.5-

b CAAGCATGTAAATATCGTTTGAGTTG-
GATCCCAGTAATACGACTCACTATT

5'CHIKV-F 2 Fragment 1
ATGGETGLGTEAGHEACACETAG (T7 RN A polymerase promoter; CHIKV
GCAAAATAGGTAGCTGTAGTGCGTACC 5'UTR and nsP1-nsP4)
CHIEV 731K TATTTAGGACCGCCGTACAAG

CHIKVI1-GLuc-F

4 GTACGCACTACAGCTACCTATTTTGCAAA
AGCCGACAGCAGGTACCTAAATACCAATCAG

Fragment 2
CCATAATGGGAGTCAAAGTTCTGTTTGCCCTG

(CHIKYV subgenomic promoter and Gaussia

GLuc-Ubig-R CACGAAGATCTGCATGTTTAAACCGT luciferase gene)
£ 1 CACCACCGGCCCCCTTGATC
Ubiq-F GGTTTAAACATGCAGATCTTCGTGAAG

CHIKV1-Neo-R

Fragment 3
(Ubiquitination sequence and neomycin
phosphotransferase gene)

CITTTAGGGACGCGTATGCCTTCATA
CCTAGTTGTCAAGTCAGAAGAAC

TCGTCAAGAAGGCGATAG
CHIKV-3UTR-F CTTGACAACTAGGTATGAAGGCATAC
ATATGCATAGTACCGAGAAACTAGAACTAG Fragment 4
pBSC-Spel-3' CHIKV-R TTITITITITTITITTTITITTITTITITTTITITTTIT (CHIKV 3'UTR)

TTGAAATATTAAAAACAAAATAACATCTCC

@ Oligonucleotides pBSC-BamHI-T7Phi2.5-5 CHIKV-F and CHIKV-3'UTR-R (5-TTTTTTTTTTTTTTTTTTTTT
TITTTTTTTITTTTTTITTITTTGAAATATTAAAAACAAAATAACATCTCCTACGTCCCTATGGGTAC-3') were used
in full-length PCR; ® Nucleotides used for homologous recombination are in bold; © The T7 RNA polymerase
promoter is underlined; ¢ The CHIKV subgenomic promoter is in italics.

Homologous recombination was performed in Saccharomyces cerevisine (strain RFY
206, Mata his3A200 leu2-3 lys2A201 ura3-52 trp1A::hisG) [27] transformed by lithium acetate
(LiAc) [28]. Colonies were screened in Yeast Nitrogen Base (YNB) without tryptophan [29]
and cloning was confirmed by PCR, using the oligonucleotides CHIKV-3"UTR-F and pBSC-
Spel-3'CHIKV-R (Table 1). Finally, Escherichia coli (strain DH10B) (Invitrogen, Waltham,
MA, USA) was transformed with the positive clones [29] and plasmid DNA was extracted
(QIAGEN Plasmid Midi Kit, QIAGEN, Germantown, MD, USA) and used as described
below.

2.3. Full-Length PCR and In Vitro Transcription

The rep-GLuc-nsP-CHIKV-99659 sequence was linearized and amplified from the
DNA plasmid by full-length PCR, using AccuTaq"™ LA DNA Polymerase (Sigma) and
the oligonucleotides pBSC-BamHI-T7Phi2.5-5CHIKV-F and CHIKV-3'UTR-R (Table 1).
Amplicons were purified by UltraPure'™ Phenol: Chloroform: Isoamyl Alcohol (Invitrogen),
precipitated with ethanol and sodium acetate (3M), and used as template for in vitro
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transcription using the T7 RiboMAX™ Express Large Scale RNA Production System-T7
(Promega, Madison, WI, USA).

2.4. Cell Transfection and Development of the BHK-21-GLuc-nsP-CHIKV-99659 Cell Line

BHK-21 cells were transfected with the in vitro transcribed RNA. Briefly, 2 x 10° cells
were resuspended in 100 uL of cytomix buffer (120 mM KCL 0.15 mM CaCl,, 10 mM
K;HPO,;/KH,PO, pH 7.6, 25 mM HEPES pH 7.6, 2 mM EGTA, 5 mM MgCl,) with
2mM ATP and 5 mM glutathione, and electroporation was performed in 2 mm cuvette
with 140 V and 25 msec pulse (Gene Pulser Xcell, Bio-Rad, Hercules, CA, USA). Three
days post-transfection cells were selected in medium supplemented with 700 pg/mL
Geneticin® (Gibco, Waltham, MA, USA), and after ten days, cell colonies were removed by
Scienceware® cloning discs (Sigma-Aldrich, St. Louis, MI, USA) soaked in trypsin (Gibco,
Waltham, MA, USA), seeded individually and amplified in medium with Geneticin®
(500 pg /mL). The selected cell line was denominated BHK-21-GLuc-nsP-CHIKV-99659.

2.5. Stability Analysis of BHK-21-GLuc-nsP-CHIKV-99659

Parental and BHK-21-GLuc-nsP-CHIKV-99659 cells (at Passage 3 and 13) were seeded
in duplicates in a 96-well plate (10° cells/well). Eighteen hours after seeding, 10 uL of
the supernatant from each culture was collected and GLuc activity measured using the
BioLux Gaussia Luciferase Assay Kit (New England Biolabs, Ipswich, MA, USA) in Mithras
LB 940 Multimode Microplate Reader (Berthold Technologies, Bad Wildbad, Germany).
Relative light unit (RLU) values of BHK-21-GLuc-nsP-CHIKV-99659 (at p3 and p13) were
represented in fold-increase compared to the negative control (parental BHK-21 cell).

2.6. Validation of Replicon-Based Assays Using Suramin

The validation of the replicon-based assays was performed with the anti-parasitic
drug suramin, a known inhibitor of CHIKV [19], as previously detailed in [30], with the
exception that the GLuc signals were measured from the supernatant of cells (40 uL were
mixed with 100 uL of Renilla luciferase Assay Reagent [Promega, Madison, WI, USA]). To
determine the cytotoxicity of suramin, we performed a MTT (3-(4,5-dimethylthiazol- 2-y1)-
2,5-diphenyltetrazolium bromide) assay, as described in [30]. The compound concentration
required to inhibit 50% of the GLuc activity (ECsp) and cause 50% cytotoxicity (CCsp) was
estimated using the OriginPro 9.0 software. Two independent assays were performed
in duplicates.

2.7. Replicon-Based High-Throughput Screening of MMV/DND:i Libraries

The COVID Box, PRB, and Pathogen Box were screened using the BHK-21-GLuc-nSP-
CHIKV-99659 cells. Each compound was tested at 10 uM 1% DMSO for primary screenings
in a 96-well HTS format. 1% DMSO (0% inhibition) and suramin (100% inhibition) were
used as negative and positive controls, respectively. Statistical analysis of the data were
made through the determination of Z’-values, as described in [30]. In parallel, the toxicity
of the compounds were evaluated at the same concentration to exclude false-positive
hits [12,30]. Compounds that showed inhibition of luciferase activity in >80% and were
not toxic to the cells (>80% cell viability) were evaluated in a concentration-dependent
mannet to determine their ECsp and CCsp values, both used to calculate the selectivity
index (SI = CCsp/ECsp). The concentration-response curves were performed twice in
duplicates for the selected compounds at a 2-fold or 5-fold serial dilutions, and the CCsp
and ECsj values were calculated as described above (Item 2.6).

2.8. Viral Infection Assays with CHIKV-Nanolue

To further characterize the antiviral activity of each compound, BHK-21 cells were
seeded at a density of 5 x 104 cells/well into 48-well plates for 24 h and infected with
CHIKV-nanoluc (MOI of 0.1 PFU/cell) in the presence of ITZ, GSK-983, rubitecan, and
MMV 676270, serially diluted (from 10 to 0.078 uM for ITZ or 100 to 0.78 uM for the other

85



Viruses 2022, 14, 1351

5o0f12

A)

three compounds). At 16 h post-infection (h.p.i.) samples were harvested, virus replication
levels were quantified by luminescence using Renilla luciferase Assay Reagent [Promega,
Madison, WI, USA], and cell viability was measured, as described in [25,26]. The effective
and cytotoxic concentrations (ECsp and CCsp, respectively) were calculated using OriginPro
9.0 software and used to determine the selectivity index [25,26]. Assays were performed
twice in triplicates.

3. Results
3.1. Development, Characterization, and Validation of a CHIKV GLuc Replicon Cell Line

The CHIKYV replicon expressing GLuc and Neo sequences was successfully developed
by homologous recombination of four DNA fragments in yeast cells (Figure 1A). BHK-21-
GLuc-nsP-CHIKV-99659 cell line was obtained after transfection with in vitro transcribed
replicon RNA and antibiotic selection. To assess the replicon stability, we compared
the GLuc activity of BHK-21-GLuc-nsP-CHIKV-99659 cells in different passages: one
corresponding to the third post-selection culture (p3) and another to passage 13 (p13). The
GLuc activity signals were very similar between passages, confirming the maintenance of
the BHK-21-GLuc-nsP-CHIKV-99659 phenotype throughout the cultivation (Figure 1B).

1 Fragment 1 7515 8110 Fragment 3 9179
=] nsP1] nsPz| nsPS]nsF4§ Eum [ Neo §
“" 5 UTR X % X y
5'caagcatgtaaatatcgtttgagttggatce... 3' SGP 9142 Fragment 4 9592"-..___
(pBSC-BamHI-T7Phi2.5-5'CHIKV-F) T493 Fagment:2. 615 *5'atatgeatagtaccgagaaactagasctag. . .
lHomoIogous recombination (pBSC-Spel-3'CHIKV-R)
T7
ageatgqt gagttogate: I nsP1 | nsP2 | nsP3 | nsPa HGluc|] Neo | ecragiietagricregyractatgeatar
T, SGP Ub &
|
" e %
o
pBSC-T7-rep-GLuc-nsP-CHIKV-99659
120 120 120
5 100 100 100
=
w o 80- & 80- 8 2
Ta o P
S o = S—
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- g b =
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Figure 1. Development and characterization of the BHK-21-GLuc-nsP-CHIKV-99659 cell line.
(A) Schematic representation of rep-GLuc-nsP-CHIKV-99659 construction. The ligation of fragments 1
and 4 to the pBSC-HDR vector was driven by homologous sequences inserted by the oligonucleotides
pBSC-BamHI-T7Phi2.5-5'CHIKV-F and pBSC-Spel-3'CHIKV-R, respectively (see Table 1). The dashed
areas correspond to the overlapping regions between the fragments. The numbers in fragment 1 (1 to
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7515 nt), 2 (7490 to 8133 nt), 3 (8110 to 9179 nt), and 4 (9142 to 9892 nt) correspond to the positions
in rep-GLuc-nsP-CHIKV-99659. The arrows correspond to transcription driven by the T7 RNA
polymerase promoter and the CHIKV genomic (at 5’UTR) and subgenomic promoters (SGP). * The
sequence in pBSC-Spel-3'CHIKV-R corresponds to the reverse complement (Table 1). (B) Comparison
of GLuc activity between passages 3 and 13 of the BHK-21-GLuc-nsP-CHIKV-99659 cell line. The
cells’ supernatants were subjected to luciferase activity assay to test replicon stability throughout
cultivation. (C) Antiviral assays of suramin in a 96-well plate format. Replicon cells were incubated
with the inhibitor in a serial dilution for 48 h and both the GLuc signal (black squares) and cell
viability (gray circles) were measured from the supernatant. Average results of two independent
experiments. Error bars represent standard deviations.

Using suramin, we evaluated whether the CHIKV replicon cells would be suitable
for the HTS in a 96-well format. As shown in Figure 1C, the compound inhibited GLuc
activity in a concentration-dependent manner, with an ECsg value of 3.2 4= 0.3 uM, similar
to that previously described using an in vitro assay with a replication-transcription complex
(RTC) isolated from CHIKYV replicon-transfected cells (ECsq of 6.7 uM) [31]. Moreover, no
cytotoxicity was observed up to 50 uM of the inhibitor.

3.2. ldentification of ITZ, GSK-983, Rubitecan, and MMV676270 as Inhibitors of CHIKV
Replicon Replication

The replicon-based HTS were performed using 1% DMSO as a negative control and
suramin as a positive control. Of the total 960 tested compounds, 55 inhibited the luciferase
signals in >80%, being 17 from the COVID Box, 33 from the PRB, and 5 from the Pathogen
Box (Figure 2). However, only 9 out of those 55 molecules, 3 from each library, exhibited
cell viability >80% at 10 uM (Figure 2).

COVID Box PRB Pathogen Box
100, 100 100,
g o 2
= 84 = o~ B
8 < =
B k] o
2 g 5 6 2 &
E £ £ |
> £ £ 1
Z - Zuw Zz ]
s 2z z |
H 5 2
E 20 § 20 § 201
e 3 3
0 ———— 0 0- i ’ [
0 20 40 60 B0 100 0 20 40 60 80 100 0 20 40
Cell viability (%) Cell viability (%) Cell viability (%)

Figure 2. Replicon-based HTS for the COVID Box, Pandemic Response Box (PRB), and Pathogen
Box. Scatter plots for the screening results of the 960 compounds in the primary screenings at 10 pM.
In y-axis, the relative GLuc activity inhibition, and in x-axis, the relative cell viability. Selected
compounds are highlighted in red and identified by their MMV code.

Those 9 selected molecules were evaluated in a concentration-dependent manner and 4
of them, itraconazole (ITZ-MMV637528), GSK-983 (MMV690621), rubitecan (MMV1580796),
and MMV676270, showed antiviral activities with ECsj values at a nano to low micromolar
range (Figure 3). GSK-983 and MM V676270 displayed moderate toxicities to the cells, while
ITZ and rubitecan were not toxic up to 100 uM, resulting in SI values ranging from 10
to >714.
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Figure 3. Concentration—response curves (ECsy and CCsq) of selected compounds. The CHIKV
replicon cells were treated with compounds at 2-fold (Itraconazole) or 5-fold (GSK-983, rubitecan,
and MMV676270) serial dilutions for 48 h. GLuc signal (black squares) was measured from the
supernatant, while cell viability (gray circles) was measured employing MTT assay. Average results
of two independent experiments. Error bars represent standard deviations.

Based on the results obtained for ITZ, we additionally tested a panel of ten clinically
used azoles in the primary screenings; however, none of them inhibited the GLuc signals in
more than 80%, although they did not show significant toxicities (Table 2).

Table 2. Activity of azoles against CHIKV replicon replication.

Compound GLuc Inhibition Cell Viability
Voriconazole 13.9% 91.8%
Econazole 43.8% 81.8%
Tioconazole 54.8% 68.4%
Clotrimazole 70.7% 70.2%
Ketoconazole 0% 100%
Fluconazole 0% 94.3%
Posaconazole 11.8% 100%
Ravuconazole 254% 100%
[savuconazole 28.6% 100%
Miconazole 27.8% 100%

The luciferase activity inhibition and cell viability of the ten azoles evaluated in the primary replicon-based
screenings at 10 uM are shown.
3.3. ITZ Strongly Inhibits CHIKV Infection In Vitro

Using CHIKV-nanoluc, which express nanoluciferase as a reporter, we further charac-
terized the antiviral activity of the four inhibitors selected by the replicon-based assay.
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BHK-21 cells were infected with CHIKV-nanoluc at a MOI of 0.1 and simultaneously treated
with two-fold serial dilutions of the compounds. As a result, the treatment with GSK-983,
rubitecan, and MMV676270 decreased the viral replication with ECsg values at a low micro-
molar range (Figure 4). MMV676270 displayed a CCs of 59.5 uM, resulting in SI of 3, while
GSK-983 and rubitecan were not toxic to BHK-21 cells up to 100 uM, resulting in SI values
of >7 and >27, respectively. Notably, ITZ was the most potent antiviral molecule, showing
an ECsg of 0.34 & 0.02 uM with no cytotoxic effect on the cell viability up to 100 M, and SI
of >294 (Figure 4).
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Figure 4. Inhibition of CHIKV-nanoluc infection in vitro. Concentration-response curves of selected
compounds showing the relative replication rate (y-axis) over the compound concentration in log
scale (x-axis). Average results of three independent experiments, each measured in triplicates, are
shown, and error bars represent standard deviations.

4. Discussion

CHIKYV remains a potential threat to public health with no specific antiviral avail-
able [9]. In this study, we successfully constructed a replicative CHIKV reporter replicon
using homologous recombination in yeast, a strategy previously used to obtain reverse
genetics systems for RNA viruses, such as dengue, yellow fever, bovine viral diarrhea
virus and infectious bursal disease virus (IBDV) [29,32-34]. A BHK-21 cell line expressing
the GLuc-Neo-CHIKV system, the BHK-21-GLuc-nsP-CHIKV-99659, was developed and
demonstrated to persistently express the replicon RNA with no change in GLuc activity
over 10 passages. Using replicon-based HTS we evaluated 960 MMV /DNDi compounds
and identified rubitecan, GSK-983, MMV676270, and itraconazole with specific anti-CHIKV
activities, which were confirmed in viral infection assays using the recombinant CHIKV-
nanoluc.

The antiviral rubitecan, a camptothecin analog known to inhibit topoisomerase I [35],
exhibited a very high SI against CHIKV on replicon-based assays, though this value was
considerably lower on the viral infection assays. This compound is orally available, well
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tolerated, and was shown to display an anti-HIV effect in infected peripheral blood lympho-
cytes (PBLs) [36], evidencing its potential to be further studied as an inhibitor of other RNA
viruses, such as CHIKV. Another antiviral identified was GSK-983, a tetrahydrocarbazole in-
hibitor of the dihydroorotate dehydrogenase (DHODH) [37]. DHODH and other enzymes
of the pyrimidine biosynthesis pathway are investigated as targets of broad-spectrum
antivirals, including the ones with anti-CHIKV activities such as atovaquone, RYL-634,
and DD363, but targeting host factors may interfere with cell viability (reviewed in [38]).
This could explain the lower CCsj observed in replicon-based assays, in which cells are
incubated with the compound for a longer period of time than that for the viral infection
assays. Compound MMV 676270 exhibited the lowest SI among the 4 inhibitors and is not a
well-studied molecule with only a reported activity against Plasmodium falciparum and P.
berghei in the chemical database PubChem. The discrepancies between the EC5 values for
the three compounds resulting from the two different cell-based assays are not surprising
because of intrinsic differences among these assays. As an example, the RNA replication
levels in replicon-containing cells may differ from that in virus-infected cells, contributing
to the system-to-system variation of efficacy (ECsp) obtained for a given compound [39,40].
Nevertheless, our results clearly demonstrate that rubitecan, GSK-983, and MMV676270
effectively inhibit CHIKV replication in vitro.

The most noteworthy compound identified was itraconazole (ITZ), a broad-spectrum
antifungal agent. With an oral bioavailability of 55%, ITZ is a safe and cheap drug that
allows long-period treatments of up to 12 months and regimen doses of up to 200 mg
twice daily, making it an ideal candidate for repurposing, thus reducing the costs of
developing new drugs against CHIKV [41,42]. Several studies have described in vitro
activities of ITZ against +ssRNA viruses, such as enteroviruses, echovirus 30, dengue
virus, and SARS-CoV-2 [43-47]. Although its precise mechanism of action has not been
elucidated yet, in enteroviruses ITZ was shown to inhibit viral RNA replication by targeting
oxysterol-binding protein (OSBP), which is responsible for trafficking of cholesterol and
phosphatidylinositol-4-phosphate between membranes, therefore affecting the formation
of the replication organelles [43,47]. The antiviral effect of ITZ could be, in part, based
on such mechanism, but it is conceivable that it acts on viral replication via multiple
mechanisms [45]. Our results also show that the anti-CHIKV effects are exclusive for this
member of the azole series.

Recently, Posaconazole (PCZ), a structural analog of ITZ, was identified as a potent
inhibitor of alphaviruses replication, showing comparable levels of Semliki Forest virus
(SFV) replication inhibition when added at the time of inoculation or at 3 h post-inoculation
(h.p.i), suggesting that this molecule acts on entry or early post-entry steps in the viral
life cycle. Moreover, PCZ showed no toxic effects up to 100 uM concentration [48]. These
findings are in agreement with the anti-CHIKV activity identified herein for ITZ but not for
PCZ, as replicon-based screenings allow only the discovery of molecules affecting RNA
replication, but not viral entry or assemble/release [12]. In conclusion, our results show
that ITZ is a potent inhibitor of CHIKV replication and bring more attention to the potential
use of antifungal triazoles as broad-spectrum antivirals. More studies are needed to confirm
the in vivo efficacy of ITZ treatment on CHIKV infections.
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ARTICLE INFO ABSTRACT

Article history: Two novel silver(l) complexes with the antibacterial sulfa drugs mafenide (Maf) and ethyl-mafenide
Recefved 19 June 2021 (eMaf) are presented in this article. Elemental analysis indicated the 1:1 metal:ligand compositions
Revised 1 August 2021 AgC7HaN,0,5 for Ag-Maf and AgCsHyiN.0,S for Ag-eMaf. Infrared (IR), and 'H and "C nuclear mag-

Accepted 5 August 2021

Available online 8 August 2021 netic resonance (NMR) spectroscopic analyses indicated coordination of the sulfa drugs to silver(l) by

the nitrogen and oxygen atoms of the deprotonated sulfonamide (SO,NH) group in a bidentate chelate

Keywords: mode. The proposition of the coordination mode of the sulfa drugs to silver(I) was also supported by a
Silver(l) combination of experimental and theoretical (DFT) data. The Ag-Maf and Ag-eMaf complexes exhibited
Mafenide antibacterial activity over Staphylococcus aureus, Burkholderia cepacia, Staphylococcus epidermidis, and Pseu-
Ethyl-mafenide domonas aeruginosa aerobic bacteria, with MIC (minimum inhibitory concentration) in the range 21.3-
DFT studies 170 pmol L', being comparable to the commercial drug silver-sulfadiazine (SSD). Antiviral studies against

Antibacterial activity

Antiviral agents Chikungunya virus (CHIKV) showed that the complexes exhibit anti-CHIKV activity at non-cytotoxic con-

centrations to the host cells. Biophysical studies based on gel electrophoresis indicated that the complexes
do not interact with albumin and lysozyme, which suggests that proteins are not the main targets of the

compounds.
© 2021 Elsevier BV. All rights reserved.
Dedicatory: This work is dedicated to the memory of Professor « The complexes were active over aerobic bacteria at concentra-
Oswaldo Luiz Alves (1947-2021) from the Institute of Chemistry of tions 21.3-170 pmol L~
the University of Campinas-UNICAMP, Brazil.
) . . . 1. Introduction
« New silver{l) complexes with mafenide and ethyl mafenide are
presented. ‘ ) o ) Infectious diseases (ID) (re)emergence in the last years has be-
. Spectroscppxc studies suggest bidentate coordination of the lig- come a case of concern to public health systems around the globe
ands to silver. ] o ] ‘ [1]. From diseases caused by bacteria to those from viral, fun-
+ Theoretical data confirms ligand coordination to silver by nitro- g3} and parasite origin, 1D account annually for about 4.3 million
gen and oxygen atoms. deaths worldwide [2].

« The complexes exhibit antiviral activity over Chikungunya virus. Bacterial infections, for instance, are prone to be the main

cause of deaths in the next years, with current antibiotics esti-
* Corresponding author. mated to lose their effectiveness due to the emergence of resis-
E-mail address: ppcorbi@unicamp.br (P.P. Corbi). tant strains, indicating the imperativeness of the development of

https: [jdoi.org/10.1016/j. molstruc.2021.131261
0022-2860/© 2021 Elsevier B.V. All rights reserved.
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Abbreviation

Ag-Maf Silver(l) complex with mafenide

Ag-eMaf Silver(1) complex with ethyl-mafenide
ATCC American Type Culture Collection

B. cepacia Burkholderia cepacia

BHK-21 Baby Hamster Kidney cells

BSA Bovine Serum Albumin

CHIKV Chikungunya virus

C. acnes Cutibacterium acnes

DFT Density Functional Theory

DNA Deoxyribonucleic acid

eMaf Ethyl-mafenide

IR Infrared absorption spectroscopy

Maf Mafenide

MIC Minimum Inhibitory Concentration

MOl Multiplicity of infection

MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide]

NMR Nuclear Magnetic Resonance

P. aeruginosa  Pseudomonas aeruginosa

QTAIM Quantum Theory of Atoms in Molecules

SDS-PAGE Sodium dodecyl sulfate - polyacrylamide gel
electrophoresis

SYBR Green  Nucleic acid electrophoresis stain

S. aureus Staphylococcus aureus

S. epidermidis Staphylococcus epidermidis

new effective drugs [3,4]. Viral diseases, in their turn, have also
contributed to the overload of health systems, with the SARS-
CoV-2 pandemic figuring as one of the current and major causes
of concern [1,5]. Other viral diseases, such as the one caused by
Chikungunya virus (CHIKV), have become endemic in many trop-
ical countries [1,6]. CHIKV disease encompasses mild to excruci-
ating pain (e.g headache, migraines and polyarthralgia), with no
existent treatment or vaccine, also carrying unfortunate prospects
of reaching a chronic character that can last up to 2 years [7,8]. As
for the case of bacterial infections, many viral strains still lack ef-
fective treatments, demanding continuous efforts towards the de-
velopment of potential therapeutic approaches.

In this context, sulfonamides have been extensively studied
due to their anticancer, antimicrobial and antiviral proper-
ties [9,10]. From the discovery of the antibacterial activities
of Prontosil® to the development of current sulfa drugs, this
class of compounds has been employed in the clinics as an-
timicrobial, anti-inflammatory and antiviral agents [9,11,12].

Some examples are sulfathiazole, sulfamethoxazole, mafenide,
[1.13-15].

amprenavir and sulfasalazine Mafenide (Maf, 4-
(o]
ﬁ

(o]

B

+ 6 o
NH5 H3CCOO
7
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aminomethylbenzenesulfonamide, Figure 1a), in special, is the
active substance of the drug Sulfamylon®, employed for the
treatment of bacterial infections in second and third-degree burn
wounds. It has the ability of deep tissue penetration acting ef-
fectively against a broad spectrum of bacterial strains such as
Pseudomonas aeruginosa [16-18]. Structurally similar to Maf, ethyl-
mafenide [eMaf, 4-(2-aminoethyl)-benzenesulfonamide, Fig. 1b]
has shown potent inhibitory activity against carbonic anhydrase
[19], an essential enzyme for bacteria.

One of the strategies of enhancing and/or broadening the an-
timicrobial and antiviral activities of biologically active molecules
relies on their coordination to metal ions, which, in their turn, also
possess intrinsic antiproliferative and/or antiviral actitivities [20-
23]. The synthesis of such coordination compounds potentially of-
fers a synergistic effect, often entailing new modes of action to-
wards other pathogenic microorganisms [24-26].

For instance, silver(I) complexes have been extensively studied
due to their intrinsic antibacterial [20,27], antifungal [28], antipro-
liferative [29] and antiviral [30,31] activities. Silver(I) sulfadiazine
(SSD) is a sulfa-bearing polymeric complex encompassing the sulfa
drug sulfadiazine and silver(l) [32,33]. It is a drug used as an an-
tibacterial agent [34] and its antiviral activities against clinically
isolated Herpesvirus hominis has also been explored. This com-
pound showed complete virus inactivation at 10 pgsmL-!, after 30
min exposure to the drug [1,35].

In the last years, our research group has devoted efforts towards
the development of new sulfa-based silver(l) complexes as po-
tential antimicrobial and anticancer agents [10,13,36-38]. Among
the new compounds, the silver(I) complexes with sulfathiazole
(Ag-SFT) and sulfamethoxazole (Ag-SFM) can be highlighted, since
they presented antibacterial activities against P aeruginosa and
Salmonella enterica, with MIC values of 3.45 and 1.74 mmol L-! for
Ag-SFT and Ag-SFM, respectively [13].

Considering the promising antibacterial and antiviral activities
of sulfa-bearing silver(I) complexes, we hypothesized that silver(I)
compounds encompassing Maf or eMaf could figure as potential
antibacterial agents against bacteria related to skin infections. In-
deed, as for the case of SSD, the compounds could also be able to
inhibit viral infections such as that caused by CHIKV.

Herein we report the synthesis, spectroscopic characteriza-
tion and Density Functional Theory (DFT) studies of new sil-
ver(l) complexes with Maf and eMaf, labeled Ag-Maf and Ag-
eMaf, respectively. Antibacterial and antiviral activities of the
free sulfa-drugs and complexes were evaluated in vitro against
S. aureus, P. aeruginosa, Burkholderia cepacia, Staphylococcus epi-
dermidis and Cutibacterium acnes strains, and over CHIKV. Pre-
liminary biophysical studies encompassing the potential interac-
tion of the complexes with proteins are also presented in this
manuscript.

NH,

H,N

Fig. 1. Molecular structures of (a) mafenide and (b) ethyl-mafenide.
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2. Experimental section
2.1. Reagents and equipment

All reagents were of commercial grade and used with-
out further purification. Ethyl-mafenide, or 4-(2-aminoethyl)-
benzenesulfonamide (eMaf), was obtained from Merck, and
mafenide acetate (Maf) or mafenide hydrochloride (used in the
solution-state NMR studies) were obtained from Acros Organics
and Merck, respectively. Bovine serum albumin (BSA) and silver
nitrate (AgNO;) were purchased from Sigma-Aldrich laboratories.
Deoxyribonucleic acid (DNA) Ladder 1Kb Plus was purchased from
Invitrogen. Elemental analyses for carbon, hydrogen and nitrogen
were performed using a Perkin-Elmer CHNS/O Analyzer Model
2400. Infrared (IR) spectra were obtained in an Agilent Cary 630
FTIR spectrometer, using the Attenuated Total Reflectance (ATR)
method, in the range from 4000 to 400 cm-' and with the resolu-
tion of 4 cm-!. Solution-state nuclear magnetic resonance (NMR)
spectra for the sulfa-drugs were recorded on a Bruker AVANCE Il
400 MHz spectrometer. The spectra were acquired in D,0. Solid-
state 13C NMR data for the silver(l) complexes and sulfa-drugs
were recorded on a Bruker 400 MHz spectrometer, using the com-
bination of cross-polarization and magic angle spinning (CP/MAS)
at 10 kHz.

2.2. Synthesis of Ag-Maf and Ag-eMaf complexes

The silver(l) complexes were prepared as follows: mafenide ac-
etate or ethyl-mafenide (1.0 mmol) were firstly dissolved in wa-
ter. In the sequence, 1.0 mmol of KOH was added to each of the
ligand solutions, which were maintained under magnetic stirring
for 15 min without heating. Then, freshly prepared agueous solu-
tions of silver nitrate (1.0 mmol) were added to the alkaline so-
lutions of the ligands at pH = 10. After 2 h of stirring at room
temperature, white solids were obtained and collected by vacuum
filtration. The reactions were carried out under the protection of
light. The precipitates were then washed with water (~ 50 mL)
and dried in a desiccator over P,0yq. Calculated (Calcd.) for Ag-Maf
(AgC;HgN;0,5): C, 28.69%; H, 3.10%; N, 9.56%. Found: C, 28.70%; H,
2.91%; N, 9.45%. Yield 78.7%. Calcd. for Ag-eMaf (AgCqH,; N,0,5): C,
31.29%; H, 3.69%; N, 9.12%. Found (%): C, 31.43%; H, 3.55%; N, 9.07%.
Yield 80.3%. No suitable crystals of the complexes were obtained
for detailed X-ray diffraction studies even after several attempts.
The complexes were insoluble in water and other common organic
solvents such as methanol, ethanol, chloroform, dichloromethane,
acetone, acetonitrile and dimethylformamide. The complexes have
shown to be slightly soluble in dimethylsulfoxide.

2.3. DFT studies

Theoretical calculations for the ligands and complexes were
performed using the Density Functional Theory (DFT) with the hy-
brid functional wB97XD [39]. The 6-31+G(d,p) [40-42] basis set
was used for the carbon, hydrogen, oxygen, sulfur and nitrogen
atoms. Meanwhile, pseudopotential LANL2DZ [43] basis set was
employed for the silver atoms. To assure that the structures were
at their minimum energy, frequency calculations were employed
and no imaginary frequencies were found. All optimizations and
frequency calculations were performed using the Gaussian 09 pro-
gram [44]. The GaussView program [45] was used to generate the
inputs for the calculations. Quantum Theory of Atoms in Molecules
(QTAIM) analyses were employed to characterize the bonds be-
tween ligands and metal [46-49] and performed by the AIMALL
program [50].

Journai of Molecular Structure 1246 (2021) 131261
2.4. Cell viability assays

Cell viability assays were performed with the complexes, lig-
ands, and AgNO; at 2, 10, and 50 pmol L-' employing the
MTT [3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyl tetrazolium bro-
mide] method [51], as previously described [52]. Briefly, BHK-
21 cells (ATCC® CCL-10™ ), derived from Syrian hamster kidney
cells were cultured in 48-well plate at 5 x 10 cells/well, and
treated with each compound for 16h at 37 °C with 5% of CO,.
After the treatment, the medium containing each compound was
removed and 1 mg mL-! solution of MTT was added to each
well, which was further incubated for 30 minutes and replaced
with 300 uL of DMSO to solubilize the formazan crystals. The ab-
sorbance was measured at 490 nm on a Glomax microplate reader
(Promega®). Cell viability was calculated according to the equation
(T/C) = 100%, in which T and C represented the optical density of
the treated and control groups, respectively. Dimethylsulfoxide was
employed as non-treated control.

2.5. Antiviral activity assays

The CHIKV expressing nanoluciferase reporter {CHIKV-nanoluc)
was rescued and titrated as previously described [52]. To assess the
antiviral activity of the compounds, BHK-21 cel- Is were seeded at
a density of 5 x 10* cells per well into 48-well plates 24 h prior
to the infection, as previously described [52]. CHIKV-nanoluc at a
multiplicity of infection (MOI) of 0.1 PFU/cell and the compounds
were simultaneously added to the cells [53]. Samples were har-
vested in Renilla luciferase lysis buffer (Promega®) at 16 h post-
infection (h.p.i.) and virus replication was quantified by measur-
ing nanoluciferase activity using the Renilla luciferase Assay Sys-
tem (Promega®).

Data were analyzed for normal distribution to demonstrate the
applicability of the parametric or the nonparametric test. Then,
Two-way ANOVA test was employed to compare the treatment
of each compound with the DMSO or water as control, with a p
<0.01.

2.6. Antibacterial activity assays

The minimal inhibitory concentration (MIC) value is defined
as the lowest concentration of an antimicrobial agent capable of
inhibiting bacterial growth. To determine the MIC of the aero-
bic and anaerobic bacteria included in this study the microdilu-
tion method recommended by the Clinical and Laboratory Stan-
dards Institute [54,55] was applied, with some modifications. The
isolated compounds were dissolved in dimethylsulfoxide (DMSO,
Merck®) or distilled water and diluted with Mueller Hinton broth
(Kasvi®) for the aerobic bacteria and Schaedler broth (Difco®)
supplemented with hemin (5 mg mL-!, Sigma®) and menadione
(1 mg mL-!, Sigma®) for the anaerobic bacterial strain. Then,
twelve concentrations of the isolated compounds ranging from
0.195 to 400 g mL-' were tested in a 96-well microplate.

The bacteria used in this study were obtained from the Ameri-
can Type Culture Collection (ATCC). The following aerobic bacteria
were used: S. aureus (ATCC BA44), B. cepacia (ATCC 25416), S. epi-
dermidis (ATCC 12228), P. aeruginosa (ATCC 15442) and the anaer-
obic bacteria C. acnes (ATCC 11827). The inocula were adjusted to
give a cell concentration of 5 x 10° CFU mL-! for the aerobic and
1 x 10° CFU mL-! for the anaerobic bacteria. Most of the bacte-
rial strains were chosen due to their close relationship with skin
infections [56-59].

The plates containing the aerobic bacteria were incubated at
37 °C for 24 h while the plate containing the anaerobic microor-
ganism was incubated at 37 °C for 72 h (80% N;, 10% CO,, 10% Hy)
in an anaerobic chamber (Don Whitley Scientific, Bradford, UK.).
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Fig. 2. Infrared spectra of (a) Maf, (b) eMaf, (c) Ag-Maf and (d) Ag-eMaf.

After incubation, 30 pL of 0.02 % aqueous resazurin (Sigma®) so-
lution was added to each well, to reveal bacterial growth [60]. The
blue and red colors represent the absence and the presence of mi-
crobial growth, respectively. Dimethylsulfoxide 5% (v/v) was used
as negative control. As a positive control, gentamicin (0.0115 to
59 pg mL-!), vancomycin (0.0115 to 5.9 pg mL-!) and chloram-
phenicol (7198 to 5000 ug mL-') were used for aerobic bacteria
and only gentamicin (0.0115 to 5.9 pg mL-') as a positive control
for the anaerobic bacteria. An inoculum was included to monitor
ground for bacterial growth. The experiments were carried out in
triplicate.

2.7. Gel electrophoresis assay

For polyacrylamide gel electrophoresis assays with bovine
serum albumin (BSA) or with lysozyme, solutions of Maf, e-Maf
and AgNO; (1.0 mmol L-') were prepared in water with 1% (v/v)
DMSO. Due to their low solubilities, Ag-Maf and Ag-eMaf com-
plexes were suspended in water with 1% (v/v) DMSO. A volume of
5 plL of the samples were then mixed with 10 pL solution of BSA
or lysozyme (250 pmol L-! in phosphate buffer HPQ,?~/ H,P0,-,
pH = 7.4) followed by 35 pL of phosphate buffer, and incubated at
37 =C for 3 h. After incubation, 50 pL of loading buffer (Tris/HCl
100 mmol L', pH 6.8, SDS 4.0%, bromophenol blue 0.2% and glyc-
erol 20.0%) were added to each sample for a final concentration of
50 pumol L-' and 25 pmol L' of compound and protein, respec-
tively.

The mixture was then heated in a water bath at 96 °C for 5 min.
All samples (10 pL) were added to the SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE, standard 5% polyacrylamide preparation gel
for both BSA and lysozyme, 12% polyacrylamide resolution gel for
albumin and 18% polyacrylamide resolution gel for lysozyme) and

electrophoresed for 2 h (100 V). Each gel was then washed with
distilled water and dyed using a Coomassie blue solution. A sam-
ple containing only BSA or only lysozyme and the proper buffer
was used as control; Precision Plus Protein™ Dual Color Standard
was used as protein weight marker.

3. Results and discussion
3.1. Infrared (IR) absorption spectroscopy

The coordination of Maf and eMaf to Ag(l) ions was investi-
gated by IR spectroscopic measurements. The IR spectra of com-
plexes and ligands are presented in Fig. 2.

A broad band in the range 3400-2600 cm~' can be observed
in the IR spectrum of mafenide acetate, which was assigned to
the asymmetric and symmetric stretching modes of NH, and CH,
groups. The broadening of this band can be attributed to the pres-
ence of hydrogen bonds between the amino groups of the ligand
and/or oxygen atoms from the acetate counterion. In the spectrum
of eMaf, the asymmetric and symmetric stretching modes of the
NH, group were observed at 3333 and 3296 cm~'.

Upon coordination, two well-resolved vibrational bands at 3323
and 3286 cm~' are observed in the IR spectrum of Ag-Maf, while
for Ag-eMaf the bands are observed at 3265 and at 3242 cm-'.
The presence of such bands correspond, respectively, to the asym-
metric and symmetric stretching modes of NH, of the uncoordi-
nated aliphatic amine present in the structure of the ligand [13].
There is also a strong and sharp band located in 3207 cm~! in the
spectrum of the Ag-Maf complex, which refers to the N-H stretch-
ing mode of the SO,NH group [61]. The same vibrational band is
observed at 3161 cm-! in the spectrum of Ag-eMaf. The presence
of such absorption band confirms the deprotonation of the former
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Table 1

B¢ NMR assignment and chemical shifts (ppm) for Maf, eMaf, Ag-Maf and Ag-eMaf.
Maf Ag-Maf eMaf Ag-eMaf
Assignments & (ppm)  Assignments 8 (ppm)  Assignments  J (ppm)  Assignments & (ppm)
c1 427 Cc1 49.2 c1 42.9 c1 421
c2 1424 c2 145.8 c2 46.7 c2 47.26
C3,3,44 1273 C€3,3,4,4 1271 c3 1453 c3 1420
C5 1388 C5 143.0 C4, 4,55 1290 C4,4,55 1285
c6 238 Cc6 1420 Cc6 140.1
c7 1815

SO,NH, group present in the structure of Maf and eMaf and sug- Table 2

gests coordination of the nitrogen atom of this group to silver(I).
Vibrational bands were also observed at 1560 and at 1543 cm-!
in the IR spectra of mafenide acetate and ethyl-mafenide, respec-
tively. Such bands can be attributed to H-N-H bending mode of the
S0,NH, group.

In addition, two absorption bands with their maxima at 1310
and 1154 cm-! in the IR spectrum of Maf and at 1314 and
1156 cm~! in the spectrum of eMaf are observed. Such bands are
assigned to the asymmetric and symmetric stretching modes of
the 0O=S=0 group [13]. After coordination, such bands are shifted
to low energy values, being observed at 1269 and 1133 cm-! for
Ag-Maf and at 1236 and 1122 cm-! for Ag-eMaf. The shift of the
asymmetric and symmetric stretching modes of the 0=S=0 group
reinforces the coordination of the ligands to silver(I) by the depro-
tonated sulfonamide group and also suggests that the oxygen atom
from the sulfone group also participates on coordination [13].

3.2. NMR spectroscopic measurements

The NMR assignments of Maf and eMaf were primarily per-
formed by solution state 'H and *C NMR spectroscopy (supple-
mentary material, Figure $1-54) in deuterated water (D,0). For
Maf, the salt used in the NMR studies in D,0 was mafenide hy-
drochloride instead of mafenide acetate. The atoms numbering
schemes and NMR assignments are shown in Fig. 1 and Table $1
in the supplementary material, respectively.

Due to the low solubility of the complexes in water and other
solvents, solid-state NMR spectroscopic measurements were per-
formed to confirm the coordination sites of the ligands to Ag(I).
From the solution *C NMR data it was possible to attribute the
13C NMR signals in the spectra obtained from the solid samples of
the compounds. Such spectroscopic technique has proven to be a
useful tool to ascribe the sulfonamide coordination sites to metal
ions by carbon atoms displacement [62]. The solid-state '*C NMR
spectra for the complexes and the respective ligands (mafenide ac-
etate and ethyl-mafenide) are shown in Fig. 3, while the *C NMR
assignments and chemical shifts are presented in Table 1.

In the solid-state *C NMR spectrum of the Ag-Maf complex,
carbon atoms of the acetate counterion present in mafenide ac-
etate (Maf) are no longer observed. Such data confirms the loss
of the counterion after coordination of Maf to silver(l). The most
prominent chemical shifts when the NMR spectra of Maf and Ag-
Maf are compared are observed for carbon atoms C1, bonded to
the aliphatic NH, group, and C5, which is directly bonded to the
sulfonamide group. The observed data for carbon atom C5 rein-
forces coordination of Maf to silver(I) by the sulfonamide moiety
as suggested by the IR data. Nevertheless, since carbon atom Cl1
is also shifted when the *C NMR spectra of the ligand and com-
plex are compared, coordination by aliphatic NH; group cannot be
discarded by considering solely this technique.

For Ag-eMaf, the most prominent chemical shifts when com-
pared to eMaf are observed for carbon atoms C3 and C6. Since car-
bon atom C6 is directly bonded to the sulfonamide group, coordi-

Energy value and the variation between the structures
for the complexes Ag-Maf and Ag-eMaf. Data was deter-
mined by the theory wB97XD/6-31+G(d,p)/LANL2DZ.

Complex  Energy (kcal mol™')  AE (kcal mol ')
a2 —675095.98 19.05

a3 —675076.93

b2 —699760.43 17.34

b3 —699743.10

nation of eMaf to silver by the deprotonated SO NH group can also
be proposed as initially suggested when considering the IR data.

3.3. Computational Studies

Since no suitable single crystals were obtained to perform a de-
tailed structural characterization of the complexes by X-ray diffrac-
tion, DFT studies were employed to support the coordination sites
of the ligands to silver as suggested by IR and NMR spectro-
scopic data. From the IR spectra of ligands and complexes, it
was suggested that the coordination occurs by the sulfonamide
group. In addition, the observed ¥ C NMR chemical shifts when
ligands and the respective complexes are compared reinforce co-
ordination of Maf and eMaf to silver(l) ions by the sulfonamide
group. For the Ag-Maf, coordination by the aliphatic NH; group
could not be discarded when considering only the C NMR.
So, based on the experimental data, coordination modes for the
Ag-Maf and Ag-eMaf complexes were suggested as presented in
Fig. 4.

According to the theoretical data, it is possible to infer that
the possibilities (4a1) and (4b1), upon geometrical optimization,
converge to complexes (4a2) and (4b2). In these representations,
Maf and eMaf are coordinated in a bidentate mode to silver(l).
The coordination occurs by the nitrogen and one of the oxygen
atoms present in the deprotonated SO,NH group. The results agree
with those observed in the infrared and NMR spectroscopic analy-
sis where coordination occurs by the sulfonamide group.

Finally, a third coordination mode by the aliphatic NH, group
represented in Figs. 4a3 and 4b3 was also investigated. How-
ever, such coordination mode is energetically less favored than the
bidentate coordination mode by the sulfonamide moiety. Also, the
occurrence of the coordination solely by the NH, group as repre-
sented in Figs. 4a3 and 4b3 disagrees with the shifts observed in
the asymmetric and symmetric IR stretching modes of the 0=S=0
group upon coordination. The energy values for the complexes and
the difference between structures are represented in Table 2.

The difference between bidentate coordination by the N,O
atoms of the sulfonamide moiety and the coordination only
by the aliphatic amine is 19.05 kcal mol-! for Ag-Maf and
1734 kcal mol~' for Ag-eMaf. The calculated difference in en-
ergy led us to infer that the bidentate coordination is indeed the
most probable to exist for both complexes in the solid state. Bond
lengths obtained by molecular modeling for NessAg and OsssAg
in the case of the Ag-Maf complex are, respectively, 2.183 and
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Fig. 4. Simulated coordination modes for a) Ag-Maf and b) Ag-eMaf.

2527 A, For the Ag-eMaf complex, bond lengths are 2181 A and
2.533 A for NeesAg and for Qes«Ag, respectively. It is important to
notice that bond length values are similar since the coordination
site is the same. Also, the values obhserved in both complexes are
in agreement with the values found to similar silver(I) complexes
that present the same coordination modes [63].

For a better understanding of electronic effects of the com-
plexes Quantum Theory of Atoms in Molecules (QTAIM) was ap-
plied. This methodology can describe the kind of bond or inter-
action through some parameters as electronic density (o(r)), Elec-
tronic density Laplacian (V2 p(r)) and total electronic energy (H (r))
[46-49]. When V2 p(r) and H(r) values are positive, the interaction
or bond is electrostatic, while for ¥2 p(r) positive and H(r) nega-

tive the bond is considered partially covalent [4G-49]. In Fig. 5 the
molecular graphs are represented for the Ag-Maf and Ag-eMaf and
their electronic characteristics are presented in Table S2 (supple-
mentary material).

Values found by QTAIM shows that V2p(r) is positive and H(r)
is negative for the Ag-O and Ag-N bonds in both complexes, which
shows that coordination bonds have a covalent character.

All the theoretical data suggests that the coordination occurs
in a bidentate chelate mode. However, these results do not take
in consideration the effects of inter and intramolecular interaction
in the solid. Therefore, when we compare the observed data ob-
tained for Ag-Maf and Ag-eMaf to other silver(I) complexes pre-
sented in literature, including silver sulfadiazine, [1,64], the forma-
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tion of polymeric structural arrangements for the complexes Ag-
Maf and Ag-eMaf cannot be discarded.

34. Antiviral activity assays

First, a cell viability assay was performed in order to evalu-
ate the cytotoxicity of the compounds. For this, BHK-21 cells were
treated with Ag-Maf, Ag-eMaf, eMaf, and AgNO; at 50, 10, and
2 umol L-' for 16 h, and cell viability was assessed by MTT as-
say. The results showed that BHK-1 cells were viable in concentra-
tions equal and/or lower than 10 pmol L' for Ag-Maf, Ag-eMaf,
and AgNO; (Figure S5 and Table $3 in supplementary material).
For Maf and eMaf, on the other hand, cells were viable for concen-
trations = 50 pmol L-! (Figure S5 and Table S3).

To evaluate the anti-CHIKV activity of the compounds, BHK-21
cells were infected with CHIKV-naneluc and simultaneously treated
with compounds at the highest non-cytotoxic concentration, and
viral replication was assessed 16 h post-infection (h.p.i.). The re-
sults showed that the ligand Maf at concentration of 50 pmol L
did not inhibit CHIKV replication, whereas eMaf at 50 pmol L'
inhibited 53% of CHIKV replication in vitro (Fig. 6 and the data
of Table S4 in supplementary material). The complexes Ag-Maf

at10 pmol L' and Ag-eMaf at 10 pmol L-! reduced up to 61 and
64 % of virus replication, respectively (Fig. 6 and the data of Table
$4). This data suggests that the coordination affected the antiviral
activity on virus replication, mainly observed by the stronger activ-
ity of the complexes in the treatment at lower concentration than
the free ligands. The promising in vitro results led us to consider
further studies concerning the use of silver-sulfonamide complexes
as antiviral agents as just described in the literature for distinct
metal ions and ligand classes [1].

3.5. Antibacterial activity studies

The MIC results of the compounds against the five bacterial
strains analyzed are shown in Table 3. The values ranged from 3.12
to = 400 pg mL-'. The lowest concentration values were found for
Ag-Maf and Ag-eMaf over the aerobic bacterial strains S. aureus, B.
cepacia, S. epidermidis and P. aeruginosa with MIC values from 21.3
to 170 pmol L~'. The lowest MIC value was found for the com-
plexes over Gram-negative P aeruginosa strain, which is considered
as one of the most common bacteria isolated from chronic wounds
[65]. In the case of the anaerobic bacteria C. acnes, the lowest MIC
value was found for Ag-Maf (682 pmol L-1). For silver sulfadiazine,
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Figure 6. Effect of the highest non-cytotoxic concentration of the compounds upon CHIKV replication. DMSO and water were used as untreated control and Chloroguine
at 12.5 pM was used as a positive control. Mean values of one independent experiment each measured in triplicate including the standard deviation are shown. (****) p=

0.0001.
Table 3
Minimum inhibitory concentration of isolated compounds against aerobic and anaerobic bacteria. Values are presented in pg mL-! {pmol L-!)
Aerobic Anaerobic

Samples 5. aureus ATCC BA44  B. cepacia ATCC 25416  S. epidermidis ATCC 12228 P aeruginosa ATCC 15442  C. acnes ATCC 11827
Maf =400 (>1624) =400 (>1624) =400 (>1624) =400 (>1624) 100 (406)
eMaf =400 (>1997) =400 (>1997) =400 {>1997) =400 (=1997) =400 (>1997)
Ag-Maf 50 (170) 12.5 (42.6) 12.5 (42.6) 6.25 (21.3) 200 (682)
Ag-eMaf 50 (162.8) 12.5 (40.7) 12.5 (40.7) 125 (40.7) 400 (1302)
AgNO; 12.5 (73.6) 3.12 (18.4) 3.12 (18.4) 3.12 (18.4) 100 (587)
ssp@! (224) (56)
Gentamicin & - 0.05 15 04
Vancomycin 0.7 - - - -
Chloramphenicol - 14.4 - - -

(a) from reference 66

which is used in the clinics, the MIC value found in the literature
for P. aeruginosa (ATCC 15442) was 56 pmol L1, while for S. au-
reus (ATCC 6538), and S. epidermidis (ATCC 12228) the MIC values
were higher than 100 pmol L-! [66]. So, the observed MIC values
for Ag-Maf and Ag-eMaf are closely related to SSD over P aerugi-
nosa and lower than SSD over S. aureus and S. epidermidis. More-
over, the observed results indicated that the MIC values for Ag-Maf
and Ag-eMaf complexes are 10 to 100 times lower than those for
other silver-sulfonamide complexes such as silver sulfathiazole and
sulfamethoxazole, where the MIC values were in the range 1.74-
6.90 mmol L-! over Gram-positive S. aureus and Gram-negative P
aeruginosa bacterial strains [13].

Although silver nitrate exhibits MIC values similar to those ob-
served for the Ag-Maf and Ag-eMaf complexes, silver nitrate in
concentrations higher than 1% are toxic to tissues [67]. In addi-
tion, as described in the literature, the fast and uncontrolled re-
lease of silver ions from silver nitrate has limited its application in
the clinics [32,37]. The results observed for Ag-Maf and Ag-eMaf,
when compared to other similar compounds in the literature and

also with SSD in vitro, demonstrate that such compounds can be
considered as alternatives in the topical treatment of skin lesions.
In vivo studies are envisaged to validate the potential of application
of the complexes in the clinics.

3.6. Biophysical studies (SDS-PAGE)

The biophysical assays were performed to investigate possible
molecular targets for the complexes. The interaction between the
compounds and the proteins BSA and lysozyme was evaluated by
SDS-PAGE. Cisplatin was used as a positive control. The results are
present in Figure S6 (see supplementary material).

The SDS-PAGE experiment with BSA did not show a clear mod-
ification on the profile of the protein bands. However, this result
is not conclusive because all of bands were broadened. This ob-
servation is due to the fact that BSA is a large protein (approxi-
mately 66.5 kDa), and it might be difficult to observe and evaluate
changes in the electrophoretic pattern when interacted with small
molecules.
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Lysozyme, when compared to BSA, is a small protein (approxi-
mately 14.3 kDa) and so, the effects of the complex in this protein
could be more noticeable. However, no significant changes on the
electrophoretic profile of lysozyme were observed, which indicates
that the complexes and ligands do not have a strong interaction
with these proteins.

4. Conclusions

Two new silver(I) complexes with mafenide and ethyl-mafenide
of compositions AgC;HgN,0,5 and AgCgH,;N,0,S, respectively,
were obtained. Coordination of the ligands to silver(I) seems to oc-
cur by the oxygen and nitrogen atoms of the sulfonamide moiety
as indicated by IR and NMR spectroscopic data. Theoretical (DFT)
studies reinforce the coordination of Maf and eMaf to silver ions
by the nitrogen and oxygen atoms of the sulfonamide group in
a bidentate chelate mode. The silver complexes and free sulfon-
amides were tested as anti-CHIKV agents for the first time. The
observed data suggested that the coordination affected the antivi-
ral activity on virus replication, mainly observed by the stronger
activity of the complexes in the treatment with low concentra-
tion when compared to the free sulfas. The complexes presented
antibacterial activity over the aerohic strains S. aureus, B. cepa-
cia, S. epidermidis and P. aeruginosa with MIC values from 21.3
to 170 umol L-!, being comparable to those presented by silver
sulfadiazine SSD in vitro. Further in vivo studies are envisaged to
evaluate the application of the complexes as alternatives in clin-
ics against bacterial infections. Biophysical studies showed that the
complexes do not have a strong interaction with proteins BSA and
lysozyme, which indicates that such biomolecules are not the main
targets of the compounds.
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