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YFV   Vírus da Febre Amarela 

µL  Microlitro 

µg  Microgramas 

  



8 
 

SUMÁRIO 

CAPÍTULO I ............................................................................................................................. 11 

INTRODUÇÃO ........................................................................................................................ 12 

Histórico e Epidemiologia ........................................................................................... 12 

Vírus Chikungunya ...................................................................................................... 14 

Febre Chikungunya e Patogênese ................................................................................ 16 

Resposta Imune ............................................................................................................ 17 
Tratamento ................................................................................................................... 18 

Compostos naturais e as toxinas de animais ................................................................ 19 

PLA2 de Crotalus durissus terrificus .......................................................................... 20 

OBJETIVOS.............................................................................................................................. 22 

Objetivos específicos ................................................................................................... 22 

REFERÊNCIAS ....................................................................................................................... 23 

CAPÍTULO II ........................................................................................................................... 34 

CHIKUNGUNYA VIRUS IS STRONGLY INHIBITED BY PHOSPHOLIPASE A2 
isolated from Crotalus durissus terrificus  .................................................................. 35 

CAPÍTULO III .......................................................................................................................... 68 

Considerações finais .................................................................................................... 69 

ANEXOS ................................................................................................................................... 70 

Artigos submetidos e/ou publicados ...................................................................................... 70 

ANEXO I: Organometallic complex strongly impairs CHIKV entry to the host cells
 ..................................................................................................................................... 71 
ANEXO II: Antivirals against Chikungunya Virus: Is the Solution in Nature? .......... 99 

ANEXO III: Restoration of Cyclo-Gly-Pro-induced salivary hyposecretion and 
submandibular composition by naloxone in mice ..................................................... 116 

ANEXO IV: Antivirals against Coronaviruses: candidate drugs for the SARS-CoV-2 
treatment? ................................................................................................................... 135 

ANEXO V: Insights into the antiviral activity of phospholipases A2 (PLA2s) from 
snake venoms ............................................................................................................. 191 

 

  



9 
 

RESUMO 

 

O vírus Chikungunya (CHIKV) é o agente etiológico da febre de Chikungunya, 

uma doença transmitida globalmente através de mosquitos do gênero Aedes sp. Até o 

momento, não há tratamento antiviral ou vacina aprovados contra o CHIKV, sendo 

mandatório o desenvolvimento de novas estratégias terapêuticas. Nesse contexto, as 

proteínas isoladas dos venenos de serpentes têm demonstrado atividade antiviral contra 

diversos vírus, incluindo arboviroses relevantes para o sistema público de saúde. A 

fosfolipase A2CB (PLA2CB), uma proteína isolada da peçonha de Crotalus durissus 

terrificus, demonstrou possuir atividades anti-inflamatórias, antiparasitárias, 

antibacterianas e antivirais. Neste estudo, nós investigamos os vários efeitos da PLA2CB 

no ciclo replicativo do CHIKV in vitro. A atividade antiviral da PLA2CB foi avaliada 

usando CHIKV-nanoluciferase, uma construção viral inserida de um gene repórter (-

nanoluc), para infectar células de rim de hamster bebê (BHK-21) e avaliar a viabilidade 

celular (ensaio MTT) e as taxas de infectividade (níveis de luminescência). Os resultados 

demostraram que a PLA2CB possui uma potente atividade antiviral, avaliada pelo índice 

de seletividade de 128 (razão de citotoxicidade por atividade antiviral). Identificamos que 

o tratamento com PLA2CB protegeu as células contra a infecção pelo CHIKV em 84%, e 

reduziu significativamente a entrada do vírus nas células hospedeiras por um efeito 

virucida maior que 99%, ou reduzindo a adsorção e desnudamento em 98 e 95%, 

respectivamente. Adicionalmente, a PLA2CB apresentou um efeito moderado, porém 

significante, inibindo 64% das etapas pós-entrada do ciclo replicativo do CHIKV. 

Cálculos envolvendo ancoramento molecular foram realizados, e os resultados sugerem 

interações entre PLA2CB e as glicoproteínas do CHIKV, principalmente com a E1, por 

meio de interações hidrofóbicas. Adicionalmente, análises de espectroscopia no 

infravermelho indicou interações da PLA2CB com glicoproteínas do CHIKV, 

corroborando com os dados das análises in silico. Nossos dados demonstraram os 

múltiplos efeitos antivirais da PLA2CB no ciclo replicativo do CHIKV, e sugerem as 

interações da PLA2CB com glicoproteínas do CHIKV como um modo de ação desse 

composto bloqueando a entrada do vírus nas células hospedeiras. 
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ABSTRACT 

 

Chikungunya virus (CHIKV) is the etiologic agent of Chikungunya fever, a 

globally spreading mosquito-borne disease. To date, there is no approved antiviral 

treatment or vaccine against CHIKV, being mandatory the development of new 

therapeutic strategies. In this context, proteins isolated from snake venoms have 

demonstrated antiviral activity against several virus, including arbovirus which are 

relevant the public health system. The phospholipase A2CB (PLA2CB), a protein isolated 

from the venom of Crotalus durissus terrificus, demonstrated to possess anti-

inflammatory, antiparasitic, antibacterial, and antiviral activities. In this study, we 

investigated the multiple effects of PLA2CB on the CHIKV replicative cycle in vitro. The 

antiviral activity of PLA2CB was assessed using CHIKV-nanoluciferase, a viral construct 

inserted of a reporter gene (-nanoluc), to infect baby hamster kidney cells (BHK-21) cells 

and evaluate cell viability (MTT assay) and infectivity rates (luminescence levels). The 

results demonstrated that PLA2CB possess a strong antiviral activity judged by the 

selective index of 128 (ratio of cytotoxicity to antiviral activity). We identified that the 

treatment with PLA2CB protected the cells against CHIKV infection in 84% and strongly 

impaired virus entry to the host cells by a virucidal effect of over 99%, or by reducing 

adsorption and uncoating in 98 and 95 %, respectively. Moreover, PLA2CB presented a 

modest yet significant activity inhibiting 64 % of post-entry stages of CHIKV replicative 

cycle. Molecular docking calculations were performed and results suggested binding 

interactions between PLA2CB and CHIKV glycoprotein, mainly with E1 through 

hydrophobic interactions. In addition, infrared spectroscopy spectral analysis indicated 

interactions of PLA2CB and CHIKV glycoproteins, corroborating with data from in silico 

analyzes. Our data demonstrated the multiple antiviral effects of PLA2CB on the CHIKV 

replicative cycle, and suggest the interactions of PLA2CB with CHIKV glycoproteins as 

a mode of action of this compound on blocking virus entry to the host cells. 
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INTRODUÇÃO 

Histórico e Epidemiologia 

O vírus da Chikungunya (CHIKV) foi descoberto em 1950 na região da Tanzânia 

(HALSTEAD, 2015; LUMSDEN, 1955) e sua identificação como o agente etiológico da 

Febre do Chikungunya ocorreu somente em 1955 (ROSS, 1955; WEAVER; 

FORRESTER, 2015a). O nome “chikungunya” originou-se do idioma Makonde, e 

significa ‘aqueles que se dobram”, referindo aos pacientes que possuíam uma aparência 

curvada durante a primeira epidemia documentada entre 1952 e 1953 (MONATH, 2019).  

Por muitos anos, casos esporádicos de CHIKV permaneceram restritos às regiões 

da África e Ásia (COHEN et al., 1969; NJENGA et al., 2008). Entretanto, um surto global 

teve início em 2005, com alguns casos em ilhas do oceano Índico, e notificações em países 

como Itália e França, associados à intensa circulação de pessoas nestas regiões (RAVI, 

2006; SAMBRI et al., 2008). O surto de febre Chikungunya atingiu também as Américas, 

onde o vírus se espalhou com grande facilidade, em consequência do clima favorável e a 

presença de vetores suscetíveis (GRATZ, 2004; PAGÈS et al., 2009; RASHAD; 

MAHALINGAM; KELLER, 2013) (Figura 1).   

Adaptado de (“Geographic Distribution | Chikungunya virus | CDC”, 2019) 

Figura 1: Locais com transmissão do CHIKV. Países que registraram casos de Chikungunya (verde 
escuro) de acordo com o Centro de Controle e Prevenção de Doenças (CDC). Países e/ou territórios com 
casos importados não estão inclusos.  
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Estudos filogenéticos identificaram duas cepas distintas do CHIKV, originadas a 

partir de uma linhagem comum, sendo uma a do Oeste Africano (WA) e outra do 

Leste/Centro/Sul da África (ECSA) (VOLK et al., 2010; WEAVER; FORRESTER, 

2015b). Relatos históricos identificaram a ocorrência de um surto na Ásia cerca de 150 

anos atrás, causado pela cepa ECSA, a qual possivelmente propiciou a sua diferenciação 

em um genótipo diferente, conhecido como a Linhagem Urbana Asiática (AUL) (BURT 

et al., 2017; VOLK et al., 2010). Adicionalmente, a inserção de uma linhagem ECSA nas 

regiões do Oceano Índico deu origem a outro genótipo, a linhagem do Oceano Índico 

(IOL), entretanto, estima-se que essa linhagem tenha se extinguido (BURT et al., 2017; 

VOLK et al., 2010). No Brasil, os primeiros casos da febre do Chikungunya foram 

relatados no Amapá e na Bahia em 2014, causados pelas cepas ECSA e AUL, as quais 

foram rapidamente difundidas para os demais estados do território brasileiro 

(MINISTÉRIO DA SAÚDE, 2015; SILVA et al., 2017). Desde então, essas cepas foram 

responsáveis por mais de 650 mil casos de febre Chikungunya entre os anos de 2014 e 

2019 (MINISTÉRIO DA SAÚDE, 2017, 2018; SILVA et al., 2018). No ano de 2020, 

foram registrados até a semana epidemiológica 21, 34.751 casos prováveis de febre 

Chikungunya, com uma incidência de 16,5 casos por 100 mil habitantes, e 8 óbitos 

confirmados (MINISTÉRIO DA SAÚDE, 2020b). 

Transmissão 

O CHIKV é transmitido por meio da picada de mosquitos fêmeas infectados pelo 

CHIKV, sendo os principais vetores o Aedes aegypti e Aedes albopictus (NGOAGOUNI 

et al., 2017; POWERS et al., 2000). Regiões com clima tropical facilitam o aumento da 

densidade de vetores e, consequentemente, a transmissão do vírus, especialmente durante 

períodos chuvosos (MAVALE et al., 2010) (Figura 2). De maneira agravante, outros 

vetores, como Haemagogus leucocelaenus e Aede terrens, possuem alta susceptibilidade 

pelo vírus, podendo se tornar potenciais vetores transmissores, e assim, facilitar novos 

surtos da infecção (LOURENÇO-DE-OLIVEIRA; FAILLOUX, 2017). A transmissão 

vertical do CHIKV é classificada como rara, mas devido à patologia, pode provoca 

abortos em fases iniciais, bem como altas taxas de morbidade infantil, o que pode 

impactar diretamente na documentação desses casos (GUPTA; GUPTA, 2019). 

Entretanto, em 2018 foi relatado o primeiro caso de morte de recém-nascido no Brasil 

após infecção por CHIKV (OLIVEIRA et al., 2018). 
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Adaptado de (KRAEMER et al., 2015) 

Vírus Chikungunya 

O CHIKV pertence à família Togaviridae e gênero Alphavirus (GAY et al., 2016; 

ROSS, 1955). É um vírus envelopado, com aproximadamente 70 nm de diâmetro e uma 

fita simples de RNA de polaridade positiva com aproximadamente 12 kB (ROBERTS et 

al., 2017; SOLIGNAT et al., 2009a) (Figura 3A). O genoma viral apresenta uma região 

não-codificante 5’, seguida de uma região aberta de leitura (Open Reading frame, ORF) 

codificante das 4 proteínas não estruturais (nsP1 a nsP4), relacionadas ao complexo 

replicativo, seguida da ORF codificante das 5 proteínas estruturais (C, E1, E2, E3 e 6K), 

presentes no capsídeo ou envelope do vírus, e por fim de uma região não-codificante 3’ 

(LUM; NG, 2015; POWERS, 2017) (Figura 3B). 

Figura 2: Distribuição dos vetores do CHIKV no mundo. Mapa demonstrando a possível distribuição 
dos vetores Aedes aegypti (A) e Aedes albopictus (B). Regiões em azul indicam baixa densidade e em 
vermelho alta densidade da distribuição dos vetores. Pontos em preto significam os locais onde a presença 
desses vetores foi confirmada. 
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Adaptado de (MARTINS et al., 2020; SOLIGNAT et al., 2009b) 

 

O ciclo replicativo do vírus ocorre em hospedeiros vertebrados e células de 

artrópodes, sendo assim classificada como uma arbovirose (BORGHERINI et al., 2007). 

A replicação viral se inicia pela adsorção do vírus à célula hospedeira, através da ligação 

da glicoproteína E2 do envelope viral com os glicosaminoglicanos e receptores TIM-1, 

DC-SIGN e Mxra8 da membrana da célula hospedeira, que promove a entrada do vírus 

por endocitose (SCHNIERLE, 2019). O pH se torna ácido no interior do endossomo, 

provocando mudanças conformacionais que permitem a fusão entre as membranas do 

endossomo e do envelope viral. Esse processo é mediado pela glicoproteína E1, 

promovendo a liberação do capsídeo viral no citoplasma da célula infectada e posterior 

liberação do RNA viral. O RNA de polaridade positiva é rapidamente traduzido em uma 

poliproteína não-estrutural (NSP1234), a qual interage com proteínas do hospedeiro e, 

posteriormente são clivadas em NSP1, NSP2, NSP3 e NSP4. Estas, formam um complexo 

conhecido como Replicase Viral, o qual é responsável por sintetizar uma fita de RNA 

polaridade negativa a partir do RNA de polaridade positiva, e produzir um RNA 

subgenômico a partir da segunda região de leitura aberta. Este RNA subgenômico será 

Figura 3: Estrutura da partícula viral e Genoma do CHIKV. Esquema representativo da partícula viral 
do CHIKV (A). Ilustração do genoma do CHIKV (B). 
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utilizado como RNAm para sintetizar uma poliproteína estrutural do vírus (C-pE2-6K-

E1). A poliproteína estrutural é clivada por auto proteólise em proteína C do capsídeo 

(proteínas de automontagem), enquanto as proteínas do complexo E2-6K-E1 serão 

processadas no retículo endoplasmático e posteriormente inseridas na membrana da 

célula hospedeira. Finalmente, os capsídeos formados se agrupam no citoplasma e deixam 

as células por brotamento, levando a região da membrana celular com as proteínas E1 e 

E2, como envelope viral (ABDELNABI; NEYTS; DELANG, 2015; GOULD et al., 2010; 

SOLIGNAT et al., 2009a) (Figura 4). 

 

Adaptado de (MARTINS et al., 2020) 

Febre Chikungunya e Patogênese  

A febre Chikungunya é uma doença viral que apresenta fase aguda com duração 

entre 5 a 7 dias (WHO, 2019). Os sintomas gerais são muito semelhantes aos de outras 

arboviroses como a dengue e incluem febre, dores musculares, fadiga e manchas 

vermelhas sobre a pele (MOIZÉIS et al., 2018). Entretanto, as fortes dores nas 

articulações são características da infecção pelo CHIKV (LEE et al., 2012). Em alguns 

casos raros são observadas encefalopatias, hepatites e miocardites, podendo também levar 

Figura 4: Esquema representativo do ciclo replicativo do CHIKV. 
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a óbito (DAS et al., 2010) (Figura 5). Apesar de ser uma doença aguda e ocasionalmente 

assintomática, 43% dos pacientes diagnosticados com CHIKV desenvolvem a infecção 

crônica, permanecendo de alguns meses até anos (ALESSANDRA LO PRESTI1 et al., 

2014; HOARAU et al., 2010; PAIXÃO et al., 2018; PIALOUX G, GAÜZÈRE BA, 

JAURÉGUIBERRY S, 2007). 

Após a picada por um mosquito infectado, o CHIKV é liberado na derme e na 

corrente sanguínea do hospedeiro vertebrado, inicialmente infectando células suscetíveis 

ao vírus como as do tecido conjuntivo, células epiteliais e fibroblastos (THON-HON et 

al., 2012). O vírus atinge sítios de infecção secundários por meio da circulação linfática 

e sanguínea, como fígado, articulações e tecidos musculares (DUPUIS-MAGUIRAGA et 

al., 2012) (Figura 5). A associação de processos inflamatórios causados pela replicação 

viral persistente e a resposta imune do hospedeiro resultam em  manifestações 

relacionadas à mialgia e poliartralgia em articulações distais, provocando fortes dores 

articulares e musculares (SILVA et al., 2017).  

Adaptado de (MINISTÉRIO DA SAÚDE, 2020a) 

Resposta Imune 

 A resposta imune contra a infecção pelo CHIKV é baseada inicialmente em uma 

resposta imune inata (WAUQUIER et al., 2011). No local de inoculação viral, as células 

Figura 5: Esquema demonstrativo da infecção do CHIKV e sintomas da infecção. 
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infectadas identificam o RNA viral por meio de receptores de reconhecimento padrão 

(PPRs), como os receptores toll-like 3 e 7 (VAN DUIJL-RICHTER et al., 2015), e 

produzem quimiocinas, como a proteína quimiotática de monócitos (CCL2), que 

estimulam a migração e diferenciação de monócitos em macrófagos no local de replicação 

viral (WHITE et al., 2011, p. 1). Apesar dos macrófagos residentes e infiltrados serem 

importantes para a produção de citocinas e garantir a eliminação da infecção, esses 

também são suscetíveis a infecção pelo CHIKV e podem funcionar como um reservatório 

em pacientes com infecção crônica, facilitando a disseminação do vírus (VERMA et al., 

2018).  

A resposta imune adaptativa é baseada no reconhecimento das células T CD4+, as 

quais estão presentes na primeira semana de infecção (WAUQUIER et al., 2011). As 

células infectadas apresentam o antígeno viral por meio do complexo de 

histocompatibilidade humano (MHC) tipo II para os receptores de células T (ROLPH; 

FOO; MAHALINGAM, 2015). Essas também migram para capsulas sinoviais em 

articulações, sendo responsáveis pela produção de interferon gama (IFN-γ) para controle 

da viremia (TEO et al., 2013). As células T CD4+ junto com as células Treg são 

responsáveis pela diferenciação da resposta em Th1, essencial para a ativação de células 

B produtoras de imunoglobulinas anti-CHIKV (VERMA et al., 2018). Em alguns 

indivíduos pode haver a produção de citocinas em ambas as vias Th1 e Th2, 

possivelmente comprometendo a eliminação viral e recuperação clínica (FOX; 

DIAMOND, 2020). Além disso, as células T CD4+ participam ativamente no 

recrutamento e ativação de células T CD8+ citotóxicas nos períodos iniciais da infecção 

(WAUQUIER et al., 2011).  

Em relação às células B, essas são ativadas pelas células T CD4+ e estimuladas a 

produzir imunoglobulinas para neutralização viral (LUM et al., 2013). Os anticorpos do 

tipo IgM são detectáveis no início da fase aguda, e após alguns dias ocorre o 

desenvolvimento de anticorpos do tipo IgG, permanecendo após o fim da fase aguda. Nos 

casos de cronificação, os níveis de IgG permanecem altos durante toda a fase crônica 

(LUM et al., 2013). Isso demonstra que os níveis de anticorpos são necessários para o 

controle, mas não são capazes de eliminar a infecção (FOX et al., 2015; FOX; 

DIAMOND, 2020). 

Tratamento  
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Atualmente, o tratamento para a febre Chikungunya é baseado em medidas 

paliativas, visando mitigar os sintomas, tendo como base o uso de analgésicos, 

antitérmicos, repouso e hidratação (BRASIL. MINISTÉRIO DA SAÚDE. 

SECRETARIA DE VIGILÂNCIA EM SAÚDE, 2015; OMS, 2017). Além disso, também 

não existem vacinas capazes de levar a uma imunização satisfatória da população 

(ROUGERON et al., 2015). Desta forma, novas abordagens terapêuticas necessitam ser 

desenvolvidas, que incluem a investigação da atividade antivirais de compostos isolados 

de plantas, microrganismos e animais. 

Compostos naturais e as toxinas de animais 

Produtos naturais (PNs) apresentam uma vasta aplicação, apresentando 

importante papel na produção de temperos e condimentos e até mesmo inseticidas. A 

capitalização de PNs, entretanto, vem se mostrando promissora principalmente no 

desenvolvimento de fármacos, permitindo a sobrevivência e sobrevida de populações às 

doenças (VIEGAS; DA SILVA BOLZANI; BARREIRO, 2006). Historicamente, há 

relatos da utilização empírica de plantas com propriedades medicinais há milênios e em 

diferentes locais do mundo (CRAGG; NEWMAN, 2014). Os compostos naturais podem 

ser derivados de plantas, microrganismos e animais (GANESAN, 2008), e suas atividades 

biológicas resultaram na identificação e desenvolvimento de fármacos para o tratamento 

de doenças crônicas como câncer, diabetes, hipertensão arterial, e infecciosas, como as 

causadas por vírus, bactérias e fungos (HARVEY, 2008). Adicionalmente, entre 1994 a 

2007, mais da metade dos fármacos aprovados pelas agências reguladoras envolvem 

moléculas sintéticas e semissintéticas baseadas em PNs (BUTLER; ROBERTSON; 

COOPER, 2014).  

Dentre os compostos naturais, as peçonhas de serpente vêm se mostrando uma 

fonte terapêutica inovadora, por ser uma mistura complexa de lectinas, oxidases, 

metaloproteínas, desintegrinas, fosfolipases A2 (PLA2) e enzimas proteolíticas 

(BAILEY; WILCE, 2001; FABIAN VILLALTA-ROMERO, 2017). O isolamento de 

algumas destas macromoléculas permitiu a identificação de um peptídeo da peçonha de 

Bothrops jararaca, responsável pela inibição da Enzima Conversora de Angiotensina 

(ECA), a qual é amplamente utilizada como agente anti-hipertensivo (Captopril®) 

(ONDETTI et al., 1971; RUPAMONI THAKUR; ASHIS K. MUKHERJEEA, 2017).  
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As fosfolipases do tipo A2 (PLA2) são os constituintes mais estudados da peçonha 

de serpentes (FILKIN; LIPKIN; FEDOROV, 2020), devido a sua atividade enzimática 

em fosfolipídeos de membrana, produzindo ácido aracdônico e lisofosfolipídeos 

(BURKE; DENNIS, 2009; FILKIN; LIPKIN; FEDOROV, 2020). Os metabolitos 

produzidos exercem diversas atividades na inflamação, ativação de plaquetas e 

sinalização intracelular (SCHALOSKE; DENNIS, 2006). As PLA2 são classificadas 

como secretadas (sPLA2), citosólica (cPLA2), Ca2+-independente (iPLA2), fator 

plaquetário por acetilhidrolases (PAF-AH), lisossomal (LyPLA2) e adipose-específica 

(AdPLA2) (BURKE; DENNIS, 2009). As sPLA2 são proteínas com massa molecular 

aproximada de 14 kDa, com uma atividade catalítica conservada (SCHALOSKE; 

DENNIS, 2006), e podem agir sobre membranas celulares em diversos tecidos causando 

citotoxicidade em músculos cardíacos e esquelético, neurotoxicidade, hipotensão e edema 

(LOMONTE; RANGEL, 2012). 

PLA2 de Crotalus durissus terrificus 

A peçonha da Crotalus durissus terrificus, uma serpente da América do Sul, é 

composta por diversas macromoléculas como a crotoxina, crotamina, convulxina, 

neurotoxina, dentre outras (SCHALOSKE; DENNIS, 2006; SIX; DENNIS, 2000). A 

crotoxina é o maior constituinte da peçonha de C. d. terrificus, sendo composta por duas 

principais subunidades, a crotapotina (proteína cataliticamente inativa) e a PLA2CB 

(cadeia base da crotoxina e cataliticamente ativa) (Figura 6) (FAURE; XU; SAUL, 2011; 

LOMONTE; RANGEL, 2012, p. 49). A crotoxina demonstrou possuir atividade antiviral 

contra o vírus da imunodeficiência humana (HIV) (VILLARRUBIA; COSTA; DÍEZ, 

2004), interagindo diretamente com o vírus e impedindo sua entrada nas células alvo. 

Entretanto, quando separados os constituintes da crotoxina, a PLA2CB demonstrou 

atividades biológicas importantes (MULLER et al., 2012). 

A PLA2CB faz parte da família de fosfolipases secretadas (KINI; EVANS, 1989) 

com atividades catalíticas (CALDERON et al., 2014), que apresentam diversas atividades 

biológicas descritas, as quais incluem as atividades anti-inflamatórias, bactericida e 

antiparasitária (ALMEIDA et al., 2016; DE CARVALHO et al., 2019). Adicionalmente, 

PLA2CB demonstrou atividade antiviral contra DENV-2 e DENV-3, HIV, vírus da febre 

amarela (YFV), hepacivírus C (HCV) e vírus Mayaro (MAYV) (CLEYSE et al., 2017; 



21 
 

MULLER et al., 2014; SHIMIZU et al., 2017; VERA L. PETRICEVICH; RONALDO 

Z. MENDONÇA, 2003).  

Figura 6: Estrutura da PLA2CB isolada de Crotalus durissus terrificus (PDB:3R0L).

 

Adaptado de (FAURE; XU; SAUL, 2011) 

 

As proteínas isoladas de veneno de serpente se apresentam como uma fonte 

promissora para o desenvolvimento de novos antivirais contra o CHIKV, visto que já 

demonstraram efeitos contra outros arbovírus. Portanto, a PLA2CB se apresenta como uma 

fonte de informações para o desenvolvimento de tratamentos futuros contra a febre 

Chikungunya, o que poderá resultar na melhora da qualidade de vida da população 

infectada, e redução dos gastos públicos devido aos tratamentos paliativos de longo prazo 

e a incapacitação dos indivíduos infectados.  
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OBJETIVOS 

O presente trabalho teve como objetivo avaliar a atividade da fosfolipase A2 

(PLA2CB) isolada da peçonha da serpente Crotalus durissus terrificus no ciclo replicativo 

do CHIKV in vitro. 

Objetivos específicos  

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

(CC50) e índice de seletividade (IS=CC50/EC50) da PLA2CB, de forma a estabelecer os 

valores ótimos de concentração para o tratamento celular e avaliar o potencial 

antiviral desta molécula; 

• Avaliar a atividade da PLA2CB em diferentes etapas do ciclo replicativo do CHIKV, 

para um melhor entendimento das etapas do ciclo viral inibidas por essa molécula. 

• Investigar as interações da PLA2CB com proteínas do CHIKV por meio de ancoragem 

molecular, para identificar potenciais mecanismos de ação antiviral; 

• Analisar por espectroscopia no infravermelho (FTIR) as interações químicas da 

PLA2CB com constituintes da partícula viral do CHIKV, afim de investigar o modo 

de ação desta molécula. 
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ABSTRACT 

Chikungunya virus (CHIKV) is the etiologic agent of Chikungunya fever, a 

globally spreading mosquito-borne disease. There is no approved antiviral or vaccine 

against CHIKV, which leads to a mandatory need for development of new therapies. In 

this context, proteins isolated from snake venoms have demonstrated antiviral activity 

against several virus, including arbovirus which are relevant the public health system. 

The phospholipase A2CB (PLA2CB), a protein isolated from the venom of Crotalus 

durissus terrificus, presented several biological activities such as anti-inflammatory, 

antiparasitic, antibacterial and antiviral. In this study, we investigated the multiple effects 

of PLA2CB on the CHIKV replicative cycle in vitro. The antiviral activity of PLA2CB was 

assessed using CHIKV-nanoluciferase, a viral construct inserted of a reporter gene (-

nanoluc), to infect baby hamster kidney cells (BHK-21) cells and evaluate cell viability 

(MTT assay) and infectivity rates (luminescence levels). The results demonstrated that 

PLA2CB possess a strong antiviral activity judged by its selectivity index of 128. We 

identified that the treatment with PLA2CB protected the cells against CHIKV infection in 

84% and strongly impaired virus entry to the host cells by a virucidal effect of over 99 %, 

or by reducing adsorption and uncoating in 98 and 95 %, respectively. Moreover, PLA2CB 

presented a modest yet significant activity towards post-entry stages of CHIKV 

replicative cycle, with inhibition rate of 64 %. Molecular docking calculations were 

performed and results suggested binding interactions between PLA2CB and CHIKV 

glycoprotein, mainly with E1 through hydrophobic interactions. In addition, infrared 

spectroscopy measurements indicated interactions of PLA2CB and CHIKV glycoproteins, 

corroborating with data from in silico analyzes. Our data demonstrated the multiple 

antiviral effects of PLA2CB on the CHIKV replicative cycle, and suggest the interactions 

of PLA2CB with CHIKV glycoproteins as the potential target of this compound on 

blocking virus entry to the host cells. 

 

Keywords: arboviruses; antiviral; Chikungunya virus; phospholipase A2CB; natural 
compounds. 
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1. INTRODUCTION 

Chikungunya virus (CHIKV), a member of the genus Alphavirus, family Togaviridae 

(ICTV, 2019), is the causative agent of the Chikungunya fever epidemics (Mayer et al., 

2017). CHIKV particle is constituted by an icosahedral capsid with a positive single strain 

RNA genome of approximately 12 kb (Burt et al., 2017), involved by a lipid envelope 

encompassing E1 and E2 glycoproteins in its surface (Strauss and Strauss, 1994; Yap et 

al., 2017). 

CHIKV was first identified in 1950 in Tanzania, Africa, however, it was only related 

to Chikungunya fever in 1955 (Mason and Haddow, 1957; Weaver and Forrester, 2015). 

Since then, CHIKV outbreaks were identified in several countries, of Oceanic Indic 

islands, France, Italy and from the Americas (Silva and Dermody, 2017). In Brazil, the 

first cases of Chikungunya fever were identified in 2014, and since then, became an 

endemic disease (Nunes et al., 2015). From January to April of 2020, 22.786 cases and 4 

deaths by CHIKV were notified (Ministério da Saúde and Secretaria de Vigilância em 

Saúde, 2020). This virus is transmitted through the bite of Aedes aegypty and Aedes 

albopictus female mosquito (Geevarghese et al., 2010; Ngoagouni et al., 2017), and, 

therefore, have been associated to the epidemics in tropical and subtropical regions 

(Kraemer et al., 2015). 

Chikungunya fever symptoms include fever, nausea, and fatigue (Das et al., 2010). 

However, the arthralgia and polyarthralgia caused by the persistent viral replication 

associated with the host immune response are characteristic of this disease (Brault et al., 

2000). In some rare cases, infected individuals can develop hepatitis, myocarditis, and 

encephalopathy, ultimately leading to death of patients (Das et al., 2010). Unlike other 

arboviruses, CHIKV infection can progress from acute to chronic condition for months 

or years, resulting in a disabling disease (Dupuis-Maguiraga et al., 2012; Gardner et al., 

2010). In front of the lack of effective Food and Drug Administration (FDA) approved 

treatments towards CHIKV infection as well as vaccines, CHIKV treatment is often 

palliative and symptomatic, based on analgesics, non-steroidal anti-inflammatory, rest, 

and hydration (FDA, 2019).  

Given that many approved drugs employed in the treatment of several infectious and 

chronic diseases originated or derived from natural sources (Dias et al., 2012; Newman 
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and Cragg, 2020), it is reasonable to hypothesize that natural compounds may also be 

exploited onto generation of antiviral drugs. In this context,proteins isolated from snake 

venoms are very promising, since they are a complex mixture of lectins, oxidases, 

disintegrins, metalloproteins, and phospholipases A2 (Bailey and Wilce, 2001; Villalta-

Romero et al., 2017). Phospholipases A2 (PLA2s), in its turn are members of a secreted 

phospholipases family with catalytic activities, which can act in the cell membranes of 

several tissues and play several roles in biological systems (Burke and Dennis, 2009; 

Calderon et al., 2014; Filkin et al., 2020).  

The snake venom isolated from Crotalus durissus terrificus has numerous 

constituents such as crotoxin, crotamin, neurotoxin, among others (Schaloske and Dennis, 

2006; Six and Dennis, 2000). Crotoxin is the major part of the C. d. terrificus venom and 

is composed of crotapotin and phospholipase A2 (PLA2CB) (Hendon and Fraenkel-

Conrat, 1971). Subsequently, PLA2CB is a protein with approximately 14 kDa which 

possess described anti-inflammatory, antiparasitic, and antibacterial properties (Almeida 

et al., 2016; de Carvalho et al., 2019). PLA2CB have also presented activity   towards 

viruses such as Rocio (ROCV), Mayaro (MAYV) (Muller et al., 2014, 2012), Hepacivirus 

C (HCV) (Shimizu et al., 2017), Dengue (DENV) and Yellow Fever (YFV) (Muller et 

al., 2012).  

Russo and coworkers expressed and purified two recombinant PLA2CB (rPLA2CB) 

and partially assessed its anti-CHIKV activity. Nevertheless, rPLA2CB proteins presented 

lower antiviral activity and higher cytotoxicity profile than the native protein, probably 

due to the nine additional amino acid residues present in their sequences (Russo et al., 

2019). Considering these previous results, herein we present and thorough in vitro 

evaluation of the effects of the native PLA2CB towards CHIKV replication cycle. 

Furthermore, we present possible targets and antiviral mechanism of action of this 

protein. 

2. METHODS 

2.1. Compound 

The crude venom of Crotalus durissus terrificus was obtained from the “Animal 

Toxin Extraction Center” (CETA), duly registered with the Ministry of the Environment 

under de process number 3002678. The poison was collected from 28 specimens from the 

Morungaba-SP collection (IBAMA authorization: 1/35/1998/000846-1) and extraction 
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was performed by Jairo Marques do Vale (CETA). The isolation and purification of 

phospholipase PLA2CB (Figure 1A) from the venom of Crotalus durissus terrificus 

snakes were carried out at the Toxinology Laboratory of the School of Pharmaceutical 

Sciences of Ribeirão Preto, University of São Paulo (IBAMA authorization: 

1/35/1998/000846-1), as previously described (Hendon and Fraenkel-Conrat, 1971; 

Muller et al., 2012). The lyophilized protein was dissolved in PBS (phosphate buffer 

solution), filtered, and stored at -80ºC. Dilutions of the stock solution containing protein 

in complete medium were made immediately prior to the experiments. For all the 

performed assays, PBS was used as the untreated control. 

2.2. Cell culture 

BHK-21 cells (ATCC® CCL-10™), derived from baby hamster kidney, 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% of non-essential amino acids (Hyclone 28 

Laboratories) and 1% of fetal bovine serum (FBS, Hyclonen Laboratoires) in a 

humidified 5% CO2 incubator at 37°C. Subgenomic replicon (SGR) harboring cell lines 

(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.  

2.3. CHIKV construct 

The CHIKV-nanoluciferase (CHIKV-nanoluc) construct (Figure 1B) used for the 

antiviral assays was designed based on the sequence of CHIKV LR (Lá reunion) inserted 

of the CMV promoter and nanoluciferase protein sequence (Matkovic et al., 2018; 

Pohjala et al., 2011). To produce CHIKV-nanoluc virus particles, 2.3 x 107 BHK-21 cells 

seeded in a T175 cm2 flask were transfected with 1.5 μg of CHIKV-CMV-nanoluc 

plasmid using lipofectamine 3000® and Opti-Mem medium. Forty-eight hours post-

transfection the supernatant was collected and stored at -80°C. To determine viral titers, 

1 x 105 BHK-21 cells were seeded in each of 24 wells plate 24 hours prior to the infection. 

Then, the cells were infected with 10-fold serially dilutions of CHIKV-nanoluc for 1 hour 

at 37°C. The inoculums were removed, cells were washed with PBS to remove the 

unbound virus, and added fresh medium supplemented with 1% penicillin, 1% 

streptomycin, 2% FBS and 1% carboxymethyl cellulose (CMC). Infected cells were 

incubated for 2 days in a humidified 5% CO2 incubator at 37°C, followed by fixation with 
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4% formaldehyde and stained with 0.5% violet crystal. The viral foci were counted to 

determine viral titer. 

2.4. Cell viability  

Cell viability was measured by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide] (Sigma-Aldrich) assay. BHK-21 cells were cultured in 48 well 

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

humidified 5% CO2 incubator. PLA2CB-containing medium at concentrations ranging 

from 0.195 to 200 µg/mL in two-fold serial dilutions was added to the cell culture for 16h 

at 37°C with 5% of CO2. After treatment, the compound-containing medium was removed 

and MTT solution at 1 mg/mL was added to each well, incubated for 30 minutes, and 

replaced with 100 μL of DMSO (dimethyl sulfoxide) to solubilize the formazan crystals. 

The absorbance was measured at 560 nm on the Glomax microplate reader (Promega). 

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

represent the mean optical density of the treated and untreated control groups, 

respectively. The cytotoxic concentration of 50% (CC50) was calculated using GraphPad 

Prism 8.  

2.5. The effective concentration of 50% inhibition (EC50) 

To assess the antiviral activity of PLA2CB, BHK-21 cells were seeded at a density of 

5 x 104 cells per well into 48 well plates 24 hours before the infection. Cells were infected 

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

PLA2CB at concentrations ranging 0.195 to 200 µg/mL in two-fold serial dilutions. 

Samples were harvested in Renilla-luciferase lysis buffer (Promega) at 16 hours post-

infection (h.p.i.) and virus replication levels were quantified by measuring nanoluciferase 

activity using the Renilla luciferase Assay System (Promega). The effective concentration 

of 50% inhibition (EC50) was calculated using GraphPad Prism 8. The values of CC50 and 

EC50 were used to calculate the selectivity index (SI = CC50/EC50). 

2.6.  Time-of-addition assays. 

To investigate in which step of CHIKV replicative cycle PLA2CB was active, BHK-

21 cells at the density of 5 x 104 cells per well were seeded in 48 well plates 24 hours 

before infection and treatment. All experiments were conducted with the virus at MOI of 

0.1 and luminescence levels were accessed 16 h.p.i. to analyze the virus replication rates. 

2.6.1.  Pretreatment assay 
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To evaluate the protective activity of PLA2CB, cells were treated for 1 hour with the 

compound prior to the CHIKV infection, extensively washed with PBS to the complete 

removal of the compound, and added of CHIKV-nanoluc for 1h. Then, cells were washed 

with PBS to remove unbound virus and added fresh medium (Figure 2A).  

To further investigate the pretreatment stage, further assays were performed: i) cells 

were treated for 1h with the compound, washed with PBS and infected with CHIKV-

nanoluc in the presence of PLA2CB for 16h (Figure 2B), and ii) cells were treated with 

the compound for 1h, then extensively washed with PBS to remove medium containing 

PLA2CB and infected with CHIKV-nanoluc for 16h (Figure 2C).  

2.6.2.  Entry inhibition assay 

The activity of PLA2CB in blocking CHIKV entry to the host cells was assessed by 

incubating the compound-containing medium and virus with the cells for 1h. Then, cells 

were extensively washed with PBS and incubated with medium for 16h (Figure 3A). For 

further analyzes, the following procedures were carried out: i) the virucidal activity was 

investigated by previously incubating CHIKV and PLA2CB for 1 hour and then adding to 

the cells for an extra 1 hour. The compound was removed by extensively washing cells 

with PBS, followed by the replacement with fresh medium (Figure 3B); ii) to evaluate 

the attachment step, the supernatant containing virus and compound was added to the 

cells for 1 hour at 4°C, and then the cells were washed to the supernatant removal and 

replaced by fresh medium (Figure 3C), and iii) to access the effects on the uncoating 

step, CHIKV and PLA2CB were incubated for 1 hour at 4°C followed by 30 minutes at 

37°C. Cells were then washed and replaced by fresh medium (Figure 3D). 

2.6.3.  Post-entry assay 

To investigate the activity of the compound on post-entry stages of the viral 

replicative cycle, cells were infected with CHIKV for 1 hour, washed extensively with 

PBS to remove unbound virus, and added with compound-containing medium for 16h 

(Figure 4A). 

2.7. Replication assay using BHK-21-CHIKV-NCT cells 

BHK-21 cells harboring the non-cytotoxic CHIKV-LR RNA replicon (BHK-CHIKV-

NCT) (Pohjala et al., 2011), that express CHIKV nonstructural proteins, a selection 

marker (puromycin acetyltransferase, Pac) and two reporters genes (Renilla luciferase, 
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Rluc, and EGFP), were used to assess the activity of PLA2CB on CHIKV replication stage. 

Cells were seed at a density of 7 x 103 in a 96 well plate. After 24h, cells were treated 

with the PLA2CB at 12.5 µg/mL for 72h (Figure 4B). Then, luminescence levels were 

accessed to analyze the CHIKV replication rates. The fluorescence was analyzed by 

placing plates directly in the fluorescence microscopy EVOS® (Thermo-Fischer) in a 20x 

lens (scale 400µm) and GFP filter.  

2.8. Molecular Docking analysis  

The interaction between PLA2CB from the venom of the Crotalus durissus terrificus 

(PDB: 3R0L) and the envelope glycoprotein of the Chikungunya virus (PDB: 3N42) was 

performed through blind docking performed in the PatchDock server (Schneidman-

Duhovny et al., 2005), using the parameters predefined by the program and refined by the 

FireDock algorithm (Andrusier et al., 2007). The best docking positions were evaluated 

by the geometric complementarity score defined by PatchDock, with results refined and 

ranked by the global energy after refinement. The post-docking 3D image was generated 

in the DS Visualizer program, Dassault Systèmes BIOVIA, Discovery Studio Visualizer, 

version 17, San Diego: Dassault Systèmes, 2016, and a 2D diagram of the interactions 

interface between the molecules was generated with the aid of the LigPlot + program 

(Laskowski and Swindells, 2011). 

2.9. Infrared spectroscopy Spectral data analysis 

An Fourrier Transformed Infrared (FTIR) spectrophotometer Vertex 70 (Bruker 

Optics, Reinstetten, Germany) connected to a micro-attenuated total reflectance (ATR) 

platform was used to record sample signature at 1800 cm-1 to 400 cm-1 regions. The ATR 

unit is composed of a diamond disc as an internal-reflection element. The sample 

dehydrated pellicle penetration depth ranges between 0.1 and 2 μm and depends on the 

wavelength, incidence angle of the beam, and the refractive index of ATR-crystal 

material. The infrared beam is reflected at the interface toward sample in the ATR-crystal. 

All samples (2µL) were dried using airflow on ATR-crystal for 3 min before sample 

spectra recorded in triplicate. The air spectrum was used as a background in all ATR-

FTIR analysis. Sample spectra and background were taken with 4 cm-1 of resolution and 

32 scans were performed for analysis. The spectra were normalized by the vector method 

and adjusted to rubber band baseline correction. The original data were plotted in the 

Origin Pro 9.0 (OriginLab, Northampton, MA, USA) software to create the second 
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derivative analysis. The second derivative was obtained by applying the Savitzky-Golay 

algorithm with polynomial order 5 and 20 points of the window. The value heights 

indicated the intensity of the functional group evaluated. 

2.10. Statistical analysis 

Individual experiments were performed in triplicate and all assays were performed a 

minimum of three times to confirm the reproducibility of the results. GraphPad Prism 8 

software (Graph Pad Software) was used to assess differences between unpaired means 

of readings using t-Student’s for parametric tests, and Mann-Whitney for nonparametric 

tests. P values < 0.01 were considered to be statistically significant. 

3. RESULTS 
 

3.1. Phospholipase A2CB (PLA2CB) strongly impairs Chikungunya virus 

(CHIKV) infection in vitro 

We investigated the anti-CHIKV activity of the PLA2CB (Figure 1A) using BHK-21 

cells and a recombinant CHIKV that expresses a nanoluciferase reporter (CHIKV-

nanoluc) (Figure 1B) (Matkovic et al., 2018; Pohjala et al., 2011). First, the PLA2CB 

antiviral activity was evaluated by performing a dose-response assay to determine the 

effective concentration of 50% (EC50) and cytotoxicity of 50% (CC50). BHK-21 cells 

were infected with CHIKV-nanoluc and simultaneously treated with PLA2CB at 

concentrations ranging from 0.195 to 200 µg/mL in two-fold serial dilutions, and viral 

replication was assessed 16 hours post-infection (h.p.i.) (Figure 1C). In parallel, cell 

viability was assessed by an MTT assay. Our data showed that PLA2CB was able to inhibit 

> 99% of virus replication, while the minimum cell viability remained above 72%. From 

this range of concentrations, it was determined that PLA2CB has the EC50 of 1.34 µg/mL, 

CC50 of 172 µg/mL, and the Selectivity Index (SI) of 128 (Figure 1D). This data 

demonstrated that PLA2CB strongly blocked the CHIKV infection judged by the high SI 

value. To analyze the PLA2CB antiviral activity on different stages of CHIKV replication, 

time-based assays were performed. For these further assays, cells were treated with 

PLA2CB at 12.5 µg/mL which inhibited 91% (p < 0.01) of the virus infection and 

presented cell viability of 100%. 

3.2. PLA2CB protects cells against CHIKV infection 
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To assess the protective effects of PLA2CB against CHIKV infection, cells were 

pretreated with PLA2CB for 1 hour at 37°C, washed extensively with PBS to remove the 

compound and infected with CHIKV-nanoluc for 1 hour. Then, the supernatant was 

removed, cells were added of fresh medium and luminescence levels were measured 16 

h.p.i. (Figure 2A). PLA2CB significantly reduced 84% of CHIKV-nanoluc infection, 

demonstrating a robust antiviral effect when cells were treated prior to the infection (p < 

0.01) (Figure 2A).  

In view of this result, two additional assays were performed to further investigate 

the protective effect of PLA2CB. In the first assay, BHK-21 cells were treated with 

PLA2CB for 1h, washed with PBS and infected with CHIKV in the presence of PLA2CB 

for 16h. As a result, PLA2CB also protected the cells from CHIKV-nanoluc infection, 

reducing 84% of luminescence levels (p < 0.01) (Figure 2B).  In the second assay, BHK-

21 cells were treated with PLA2CB for 1 hour before the infection, washed with PBS to 

remove the compounds, and infected with CHIKV for 16h (Figure 2C). The result 

demonstrated that PLA2CB reduced 96% of CHIKV infection (p < 0.01) (Figure 2C), 

suggesting that PLA2CB was able to protect cells over periods of infection longer than 1 

hour. Besides the variation in the values of antiviral activity, no statistical difference was 

observed among data from these assays, suggesting that the treatment of cells with 

PLA2CB for more than 1 hour did not enhance the protective effect (Figure 2D). 

3.3. CHIKV entry to the host cells is knocked down by PLA2CB 

To evaluate the PLA2CB effect on CHIKV entry to the host cells, virus and PLA2CB 

were simultaneously added to BHK-21 cells for 1 hour at 37°C, cells were washed with 

PBS and replaced with fresh medium (Figure 3A). Luminescence levels were assessed 

at 16 h.p.i. and demonstrated that PLA2CB decreased 95.3% of virus infection (p < 0.01), 

significantly inhibiting the CHIKV-nanoluc entry to the host cells (Figure 3A).  

 Additional assays were performed for a better understanding of the virucidal 

effect, and activity of PLA2CB on viral attachment and or uncoating. To evaluate the 

virucidal activity, an inoculum containing PLA2CB and CHIKV was incubated at 37°C 

for 1h. Then, the inoculum was added to naive BHK-21 cells and incubated for an 

additional hour. Cells were extensively washed, replaced with fresh medium, and 

luminescence levels assessed (Figure 3B). PLA2CB showed strong virucidal activity, 

blocking over 99% of virus entry to the host cells (p < 0.01) (Figure 3B). To analyze the 
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PLA2CB effect on CHIKV attachment, virus and compound were first incubated with the 

cells at 4°C for 1h. At this temperature, virus particles were able to attach to the cellular 

receptors, but not entry into the host cells. Cells were then washed with PBS, added of 

fresh medium, and incubated at 37°C (Figure 3C), to allow the continuation of the entry 

process. Data obtained from this assay also showed strong inhibition of CHIKV 

attachment by reducing 98.2% of virus entry to the cells (p < 0.01) (Figure 3C). In the 

uncoating assay, cells were incubated with the virus and compound inoculum at 4°C for 

1 hour, followed by incubation for 30 minutes at 37°C in an attempt to focus on the effect 

of PLA2CB on the uncoating step (Figure 3D). The results demonstrated that PLA2CB 

decreased luminescence levels up to 95.2% (p < 0.01), suggesting a robust inhibition of 

the CHIKV entry (Figure 3D). 

3.4. PLA2CB moderately affect post-entry steps of CHIKV replicative cycle 

 For the post-entry steps analysis, cells were first infected with CHIKV-nanoluc 

for 1 hour at 37°C, washed extensively with PBS to remove the unbounded virus, and 

then added fresh medium containing PLA2CB (Figure 4A). The results showed that 

PLA2CB significantly reduced of 64% of CHIKV replication (p < 0.01) (Figure 4A). An 

additional antiviral assay was performed to investigate the effects of PLA2CB on virus 

replication using BHK-CHIKV-NCT cells. This stable replicon cell line continuously 

expresses CHIKV nonstructural proteins and two reporter genes (Renilla luciferase and 

EGFP), allowing the evaluation of the effect of PLA2CB on replication complexes formed 

during the replication stage. For this analysis, BHK-CHIKV-NCT cells were treated with 

PLA2CB at 12.5 µg/mL and replication rates were assessed 72h after treatment (Figure 

4B). Corroborating the post-entry data, PLA2CB significantly decreased CHIKV 

replication levels in 58% without cytotoxicity (Figure 4B). The levels in EGFP 

expression were also decrease as seen in Figure 4C. These results suggest that the 

observed post-entry inhibition can be also associated with an effect on nonstructural 

proteins, impairing the CHIKV replication cycle. 

Altogether, these data suggest that PLA2CB can inhibit multiple steps of CHIKV 

replication. However, the strongest effect of PLA2CB was related to virus entry inhibition, 

more specifically as virucidal and/or on attachment step. It suggests that the mechanism 

of action of PLA2CB as anti-CHIKV might be related to a direct action on the virus 

structure.  
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3.5. Possible interactions between PLA2CB and CHIKV glycoproteins 

In view of the results of PLA2CB impairing CHIKV entry on host cells, a molecular 

docking assay was performed to investigate interactions and binging mode between 

PLA2CB and CHIKV glycoproteins. In a blind molecular docking, PLA2CB interacted with 

the E1 and E2 of the glycoprotein complex, with global energy of 0.57 kJ/mol after 

refining (Figure 5).  

The 2D interactions between PLA2CB and CHIKV glycoproteins showed that PLA2CB 

mainly interacted with E1 glycoprotein, forming thirty hydrophobic interactions (residues 

He63, Gln33, Pro19, Phe109, Gly31, Ala55, Val18, Lys60, Arg114, Phe23, Trp30, 

Trp61, Leu3 in PLA2CB and residues Gln353, Lys132, Leu34, Val269, Ser35, Asn389, 

Arg134, Asn140, Tyr390, Leu136, Gln260, Gly12, He344, Glu32, Arg340, Ser355 in E1 

glycoprotein) (Figure 6). Also, PLA2CB formed 3 hydrogens bonds with E1, being one 

between Ser113 and Asn270 (2.30 Å), one among Asn58 and Glu343 (2.95 Å) and one 

between His1 and Glu341 (2.18 Å) (Figure 6). Regarding the interaction among PLA2CB 

and E2 glycoprotein, one hydrogen bond was formed between Arg11 and Glu 334 (2.07 

Å), plus five hydrophobic interactions (Asn105, Lys104, Gly106 in PLA2CB and Asn273, 

Lys270 in E1) (Figure 7). 

3.6. PLA2CB causes molecular changes in CHIKV glycoprotein 

To further investigate the interactions between PLA2CB and CHIKV particles, 

infrared spectroscopy spectral analysis was performed and vibrational analysis among the 

virus and PLA2CB. Representative means of the infrared spectrum of CHIKV, PLA2CB, 

and CHIKV plus PLA2CB, which is the bio fingerprint region representing proteins, lipids, 

nucleic acids, and glycoproteins are shown in Figure 8A. We focused on the molecular 

analysis in the interaction of PLA2CB with CHIKV. A representative infrared average 

spectrum of second derivative analysis from CHIKV, PLA2CB, and CHIKV plus PLA2CB 

was displayed in Figure 8A. In the second derivative analysis, the value heights indicate 

parallel changes in the intensity of each functional group. The 

binding interaction between CHIKV and PLA2CB was mainly revealed by the increase in 

the vibrational mode at 1068 cm-1, which indicates detection of additional stretching of 

C-O ribose present in glycoprotein derived from the association CHIKV and PLA2CB 

(Derenne et al., 2020; Khajehpour et al., 2006; Movasaghi et al., 2008) (Figure 8B). 

Furthermore, the Stacked Walls (Figure 9A) and split heat map (Figure 9B) reinforces 
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the additional expression of vibrational mode at 1068 cm-1 under CHIKV plus PLA2CB 

association. 

4. DISCUSSION 

 Phospholipase A2 from Crotalus durissus terrificus (PLA2CB) is a molecule 

described to possess antiviral activity against virus as the Yellow-fever (YFV), Dengue 

(DENV) (Muller et al., 2014, 2012), and Hepacivirus C (HCV) (Shimizu et al., 2017). 

Additionally, two recombinant forms of PLA2CB (rPLA2CB) was partially described to 

possess anti-CHIKV activity (Russo et al., 2019), however, presented lower antiviral 

activity and higher cytotoxicity than the native protein, probably due to the nine additional 

amino acid residues present in their sequences. Here, we assessed the antiviral activity of 

the PLA2CB from Crotalus durissus terrificus against CHIKV, as well as sought 

comprehension on its mechanism of action.  

Our results demonstrated that PLA2CB strongly inhibited CHIKV infectivity, 

corroborating with Russo and colleagues work, which demonstrated that rPLA2CB 

impaired CHIKV infection (Russo et al., 2019). Additionally, the results demonstrated 

that the treatment of naïve cells with PLA2CB for 1 hour or longer protected host cells 

against CHIKV infection in up to 84%. In accordance with our study, Chen and coworkers 

found that a similar phospholipase A2 isolated from the venom of the honeybee Apis 

mellifera was able to protect cells against the Human immunodeficiency virus (HIV) and 

DENV infections by performing a time-of -addiction assay (Chen et al., 2017). Fenard 

and colleagues, in their turn, also demonstrated that different phospholipases A2 isolated 

from several mammals protected the HIV target cells against virus infection (Fenard et 

al., 1999). The PLA2s from snake venoms are classified in the group II of a secreted 

family phospholipases and show homology to the mammalian inflammatory PLA2, which 

play different roles in the organism as an immune response to infectious diseases 

(Gutiérrez and Lomonte, 2013; Murakami et al., 2016; Palm et al., 2013; Sadekuzzaman 

et al., 2018). Therefore, our data might also suggest that PLA2CB plays a role in host cell 

metabolism and as a result protects cells against viral infection, by the possible mimetic 

effect of phospholipases found in host cells. 

In our study, PLA2CB strongly inhibited CHIKV entry into the host cells by a 

virucidal effect (99.2%) and also by interfering with viral adsorption (98.2%) and 

uncoating (95.2%). It is consistent with previous findings for DENV and YFV, two other 
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arboviruses (Muller et al., 2012). By incubating the wild type DENV or YFV with 

PLA2CB before infection, the authors demonstrated that the compound inhibited early 

steps of viral infection probably by disrupting viral membrane and/or adsorption (Muller 

et al., 2014, 2012). Additionally, Russo and coworkers described that incubation of 

rPLA2CB with CHIKV prior to the infection of cells significantly impaired CHIKV 

infectivity (Russo et al., 2019). Therefore, our results are in agreement with previous data 

that suggested that the PLA2CB main activity is due to its virucidal effect, probably by 

acting on the virus particle. Several PLA2s isolated from snake venoms has been 

described to possess antiviral activity against DENV, YFV, Herpes simples types 1 and 

2 and Influenza A (H3N2) by interacting with lipid membrane founded in a pocket 

between glycoproteins and/or through attachment to the glycoproteins in the viral 

envelope surface (Brenes et al., 2020; Chen et al., 2017; Muller et al., 2014, 2012). Based 

on this data, we performed a blind molecular docking using PLA2CB and the glycoproteins 

complex (E1, E2, and E3) to assess the possible interaction among then. The results 

demonstrated that PLA2CB bonded to E1 and E2 (mainly with E1) with low global energy 

(0.57 kJ/mol), suggesting possible interactions. These results are also consistent with the 

virucidal effect described here and corroborate previously published data (Russo et al., 

2019). The glycoproteins E1 and E2 are essential during the early stages of CHIKV 

infection. The glycoprotein E2 is responsible for binding to cells receptors as TIM-1 and 

glycosaminoglycans (Fongsaran et al., 2014; Moller-Tank et al., 2013; Silva et al., 2014) 

and E1 is a viral fusion protein that ensures the envelope fusion with host cells membranes 

(Salvador et al., 2009; Wengler et al., 2003). Thus, molecules that can interact with E1 

and/or E2 attachment sites can prevent them of entering into host cells (Rashad and 

Keller, 2013). To the best of our knowledge, there is no description of PLA2CB mode of 

action against CHIKV. Therefore, we propose that this macromolecule might be binding 

to E1 and/or E2 glycoproteins and preventing its entry on cells by impairing attachment 

and/or membrane fusion. An infrared spectrum assay was also performed to further 

characterize PLA2CB/glycoproteins interaction. As a result, glycoproteins sites seem to 

be affected by PLA2CB, mainly revealed by the increase in the vibrational mode at 1068 

cm-1, which indicates the detection of stretching of C-O ribose present in glycoproteins 

derived from the association CHIKV and PLA2CB, reinforcing the interaction between 

CHIKV envelope and PLA2CB. 
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Moreover, in our data, PLA2CB demonstrated a modest yet significant anti-

CHIKV activity on post-entry steps. We used a subgenomic replicon expressing CHIKV 

nonstructural proteins to investigate the activity of PLA2CB on the CHIKV replication 

stage. The results also showed a moderate antiviral effect of 58%, suggesting that the 

observed post-entry inhibition can be associated with an effect on the replication process, 

which also occurs in the presence of cells membranes. Shimizu and coworkers identified 

that PLA2CB also affected the HCV post-entry steps using a subgenomic replicon system 

(Shimizu et al., 2017), corroborating with our findings. However, a residual activity 

cannot be completely discarded due to the strong virucidal effect presented by PLA2CB.  

 

CONCLUSIONS 

In summary, our study evidenced that PLA2CB isolated from Crotalus durissus 

terrificus inhibited multiple steps of CHIKV infection. This compound was able to protect 

the target cells against CHIKV infection, impaired virus entry to the host cells, mainly by 

virucidal activity, and also disturbed post-entry steps of the CHIKV replication cycle. 

Therefore, this data might be useful for further development of new antiviral therapy 

against CHIKV and provide a relevant advance to the public health to treat Chikungunya 

fever. 
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Figures 

 

Figure 1. The activity of Phospholipase A2CB (PLA2CB) against CHIKV infection. (A) Phospholipase A2CB protein structure (PDB: 3R0L). (B) schematic 
representation of CHIKV-nanoluc replicon construction (Matkovic et al., 2018). (C) Schematic representation of infectivity assay. (D) BHK-21 cells were treated 
with concentrations of PLA2CB ranging from 0.195 to 200 µg/mL and the effective concentration of 50% (EC50) and cytotoxic concentration of 50% (CC50) were 
determined. CHIKV replication was measured by luciferase assay (indicated by •) and cellular viability measured using an MTT assay (indicated by ). The 
mean values of three independent experiments each measured in triplicate including the standard deviation are shown.
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Figure 2. Protective effects of PLA2CB against CHIKV infection. (A) BHK-21 cells were treated with PLA2CB at 12.5 μg/mL for 1h. Then, cells were 
extensively washed and infected with CHIKV-nanoluc at MOI 0.1 for 1h. The compound-containing medium was removed and replaced with a fresh medium. 
(B) BHK-21 cells were treated with the PLA2CB at 12.5 μg/mL for 1h, then were extensively washed with PBS. The compound was removed and cells were 
infected with CHIKV-nanoluc in the presence of PLA2CB. (C) Cells were treated with the compound for 1h, then extensively washed with PBS and added fresh 
medium with CHIKV-nanoluc. (D) Comparisons among the three pretreatments assays. For all assays, CHIKV replication was measured by nanoluc activity at 
16 h.p.i.. Schematic representation of each time-based assay as indicated by BHK-21 cells (black bars), PLA2CB (grey bars), and CHIKV-nanoluc (blue bars). 
Mean values of a minimum of three independent experiments each measured in triplicate, p < 0.01 was considered significant.  
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Figure 3. PLA2CB activity on CHIKV entry to the host cells. (A) BHK-21 cells were infected with CHIKV-nanoluc (MOI 0.1) and simultaneously treated 
with PLA2CB at 12.5 μg/mL for 1 h. Cells were extensively washed and replaced by fresh medium. (B) CHIKV-nanoluc and PLA2CB at 12.5 μg/mL were 
incubated for 1 h at 37°C and then for one extra hour with the cells. Then, virus and compound were removed, cells were extensively washed with PBS, and 
added fresh medium. (C) BHK-21 cells were infected with the virus and simultaneously treated with PLA2CB at 12.5 μg/mL for 1 h at 4°C. The cells were washed 
to remove virus and compound and replaced with fresh medium. (D) BHK-21 cells were infected with virus and simultaneously treated with PLA2CB at 12.5 
μg/mL for 1 h at 4°C. Then, cells were incubated for a further 30 min with compound and virus at 37°C, washed with PBS to remove virus and compound, and 
replaced by fresh medium. For all assays, CHIKV replication was measured by nanoluc activity at 16 h.p.i.. Schematic representation of each time-based assay 
as indicated by BHK-21 cells (black bars), PLA2CB (grey bars), and CHIKV-nanoluc (blue bars), CHIKV and PLA2CB inoculum (microtube), incubation at 4 °C 
(ice crystal) and incubation at 37 °C (thermometer). Mean values of a minimum of three independent experiments each measured in triplicate, p < 0.01 was 
considered significant. 
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Figure 4. Post-entry activity of PLA2CB against CHIKV replication: (A) BHK-21 cells were 
first infected with CHIKV-nanoluc (MOI 0.1) for 1h, washed to remove unbound virus and 
added of medium containing PLA2CB at 12.5 μg/mL for 16h. Luminescence levels were 
assessed to analyze the CHIKV replication rates. (B) BHK-CHIKV-NCT cells that express 
CHIKV nonstructural proteins, a selection marker (puromycin acetyltransferase, Pac), and two 
reporter genes (Renilla luciferase, Rluc, and EGFP) were seed 24h prior treatment. Then, cells 
were treated with PLA2CB at 12,5 μg/mL for 72h. Luminescence levels were accessed to 
analyze the CHIKV replication rates and cellular viability measured using an MTT assay. (C) 
Fluorescence of untreated control and PLA2CB treatment in BHK-CHIKV-NCT, observed in 
fluorescence microscopy at 20x lens (scale 400µm), in GFP filter. Schematic representation of 
each assay as indicated by BHK-21 cells or BHK-CHIKV-NCT (black bars), PLA2CB (grey 
bars), and CHIKV-nanoluc (blue bars). Mean values of a minimum of three independent 
experiments each measured in triplicate, p < 0.01 was considered significant.
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Figure 5. The CHIKV envelope glycoproteins composed by E1 (Red), E2 (Blue), E3 (green), complexed with PLA2CB (Yellow). 
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Figure 6. 2D diagram of the interactions of the envelope glycoprotein E1 protein with PLA2CB. The hydrogen bonds (green dashes) are 
shown between PLA2CB (purple lines) and E1 glycoprotein (orange lines). Hydrophobic interactions are also shown between PLA2CB (purple 
bows) and E1 glycoprotein (red bows). 
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 Figure 7. 2D diagram of the interactions of the envelope glycoprotein E2 protein with PLA2CB. The hydrogen bonds (green dashes) are 
shown between PLA2CB (purple lines) and E1 glycoprotein (orange lines). Hydrophobic interactions are also shown between PLA2CB 
(purple bows) and E1 glycoprotein (red bows).
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Figure 8. (A) Representative infrared average spectrum of second derivative analysis from 
PLA2CB (red line), CHIKV (black line), and PLA2CB plus CHIKV (blue line).  (B) Second 
derivative analysis, which the value heights indicate the intensity of each functional group



67 
 

 
Figure 9. A representative Stacked Walls (A) and split heat map (B) of the infrared average spectrum of second derivative analysis from 
PLA2CB (red), CHIKV (black), and PLA2CB plus CHIKV (blue). 
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CAPÍTULO III 

 

Considerações finais 
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Considerações finais  

Os resultados deste estudo demonstram que a fosfolipase A2 isolada do veneno de 

Crotalus durissus terrificus (PLA2CB) possui atividade anti-CHIKV e pode servir de base para 

próximos estudos na busca de novos antivirais. Mais estudos são necessários para avaliar a ação 

antiviral desse composto em testes in vivo e o estudo das vias de entrega desse composto.  

Este trabalho fornecerá informação potencial para o desenvolvimento de novas terapias 

antivirais.  
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Abstract 

Chikungunya fever is a disease caused by the Chikungunya virus (CHIKV) that is transmitted 

by the bite of the female of Aedes sp mosquito. The symptoms include fever, muscle aches, skin 

rash e and severe joint pains. The disease may develop into a chronic condition and joint pain 

that may last for months or years. Currently, there is no effective antiviral treatment against 

CHIKV infection, being necessary the development of novel therapies. Treatments based on 

natural compounds have been widely studied, as many drugs were produced by using natural 

molecules and their derivatives. Para-cymene (pCYM) is a naturally occurring aromatic 

organic compound that is a common ligand for ruthenium, forming the organometallic 

ruthenium and pCYM complex. Organometallic complexes have shown promising as a new 

generation of compounds that presented relevant biological properties, however, there is a lack 

of knowledge concerning the anti-CHIKV activity of these complexes. In this context, the 

present work evaluated the effects of the ruthenium and pCYM complex ([Ru2Cl4(η6-p-

cymene)2]) (RcP) and its precursors on CHIKV infection in vitro. To this, BHK21 cells were 

infected with CHIKV-nanoluciferase (CHIKV-nanoluc), a viral construct with the reporter 

gene -nanoluc, at the presence or absence of the compounds for 16 hours. Cytotoxicity and 

infectivity assays were performed. The results demonstrated that RcP exhibited a strong 

therapeutic index judged by the selective index of 43.1 (ratio of cytotoxicity to antiviral 

potency). Antiviral effects of RcP on different stages of the CHIKV replicative cycle were 

investigated and the results showed that it reduced 77% of virus entry to the host cells at non-

toxic concentrations. Further assays demonstrated the virucidal activity of the compound that 

completely knocked down virus infectivity. Molecular docking calculations were performed in 

order to investigate possible interactions between pCYM and CHIKV glycoproteins and results 

suggested bindings between pCYM and a sitelocated behind the fusion loop between 

glycoproteins E3 and E2. Additionally, infrared spectroscopy spectral analysis indicated 

interactions of RcP with CHIKV glycoproteins. This data suggests that RcP may acts on 

CHIKV viral particles, disrupting virus entry to the host cells. Additional analyses are being 

performed to evaluate the mode of action of this complex. 

 

Keywords: Chikungunya virus; antiviral; arene complex; ruthenium and para-cymene 

complex; organometallic complexes. 
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1. Introduction 

 

The Chikungunya virus (CHIKV) belongs to the genus Alphavirus of the family Togaviridae 

(ICTV, 2019). This virus is the causative agent of Chikungunya fever being related to epidemics 

mainly in tropical and subtropical regions (KHAN et al., 2002; PAIXÃO et al., 2018; 

STEGMANN-PLANCHARD et al., 2019).  

CHIKV is a positive single strand RNA virus with a genome of approximately 12 kb 

(SCHUFFENECKER et al., 2006). The icosahedral capsid is covered by a lipid envelope 

derived from the host cell plasma membrane where the viral glycoproteins E1 and E2 are 

inserted into(KHAN et al., 2002; SCHUFFENECKER et al., 2006; THIBERVILLE et al., 

2013).  

CHIKV is transmitted through the bite of the female mosquito of Aedes sp (VU; JUNGKIND; 

LABEAUD, 2017). It was first isolated during an epidemic in Tanzania in 1953 (ROBINSON, 

1955; WINTACHAI et al., 2012). In 2006, CHIKV outbreaks were reported on several Indian 

Ocean islands and about 250 people died from the disease on the French island of La Réunion 

(SCHUFFENECKER et al., 2006). In 2013, the virus was detected in the Americas with 

reported cases in the Caribbean islands (KAUR; CHU, 2013). The first case in Brazil was 

reported in 2014 (CARVALHO; LOURENÇO-DE-OLIVEIRA; BRAGA, 2014).  

Chikungunya fever presents symptoms as fever, prostration, muscle aches, lymphopenia and 

arthralgia, being the latest the main symptom related to this disease (CUNHA et al., 2017; 

PAIXÃO et al., 2018). Pain associated to arthralgia in the phalanges, wrists and ankles occurs 

in up to 98% of cases (THIBERVILLE et al., 2013).The infection can progress to a chronic 

infection in around 70 % of infected patients (DE ANDRADE et al., 2010; SIMON et al., 2011), 

causing muscle pain and persistent arthralgia for periods ranging from months to years 

(MATHEW et al., 2017).  

Currently, there is no vaccine or specific therapy against CHIKV infection (DEY et al., 2019; 

YANG et al., 2017). The treatment of symptomatic infections is palliative, based on the use of 

non-salicylate analgesics and non-steroidal anti-inflammatory drugs (MATHEW et al., 2017; 

PARASHAR; CHERIAN, 2014). Several of the currently used drugs for different pathologies 

are either from natural origin synthesized based on natural scaffolds (DA SILVA-JÚNIOR et 

al., 2017; TEIXEIRA et al., 2014).  
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Para-cymene (pCYM) is a naturally occurring organic aromatic hydrocarbon from the 

monoterpene class that has shown to possess important biological activities as antioxidant (DE 

OLIVEIRA et al., 2015), anti-inflammatory (KUMMER et al., 2015), antifungal (KORDALI 

et al., 2008) and antiviral (ASTANI; REICHLING; SCHNITZLER, 2009). Ruthenium is a 

metal belonging to the iron group and studies have shown that the ruthenium complexed 

molecules possess effective biological properties as antimicrobial (PAVAN et al., 2010).  

pCYM is a common binder for ruthenium (BENNETT et al., 2007) and the antitumoral activity 

of this complex has also been described (CLARKE; ZHU; FRASCA, 1999; DOUGAN; 

SADLER, 2007; DYSON, 2007; HABTEMARIAM et al., 2006; SAVIĆ et al., 2020; VAJS et 

al., 2015).  

Here we evaluated the activity of ruthenium and pCYM complex (RcP) and its precursors on 

the CHIKV replicative cycle. These data are the first description of the ruthenium and pCYM 

complex possessing anti-CHIKV activity. 

 

2. Material and methods 

 

2.1.Compounds 

The ruthenium and para-cymene complex ([Ru2Cl4(η6-p-cymene)2]) (RcP) (Figure 1A) 

evaluated in this work was synthesized as previously described (JENSEN; RODGER; SPICER, 

1998). The precursors ruthenium trichloride (RuCl3.3H2O) and para-cymene (α-phellandrene), 

used in the synthesis of complex were purchased by Sigma Aldrich. The complex was dissolved 

in dimethyl sulfoxide (DMSO) and stored at - 20°C. Dilutions of the compounds in complete 

media were made immediately prior to the experiments. For all the assays performed, control 

cells were treated with media added of DMSO at the final concentration of 0.3%. 

 

2.2.Cell culture 

BHK 21 cells (fibroblasts derived from Syrian golden hamster kidney) were a gift from Andres 

Merits (University of Tartu, Estonia). The cells were maintained in Dulbecco’s modified 

Eagle’s media (DMEM; Sigma-Aldrich) supplemented with 100U/mL of penicillin (Hyclone 

Laboratories, USA), 100 mg/mL of streptomycin (Hyclone Laboratories, USA), 1% of non-

essential aminoacids (Hyclone 28 Laboratories, USA) and 1% of fetal bovine serum (FBS, 

HycloneLaboratoires, USA) in a humidified 5% CO2 incubator at 37°C.  
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2.3.Virus 

The CHIKV-nanoluciferase (CHIKV-nanoluc) construct (Figure 1A) used for the antiviral 

assays was designed from a CHIKV sequence based on CHIKV LR (Lá reunion) added of 

CMV promoter and nanoluciferase protein sequence (MATKOVIC et al., 2018; POHJALA et 

al., 2011). For virus production, 2.3 x 107 BHK 21 cells seeded in a T175 cm2 were transfected 

with 1.5 μg of CHIKV-CMV-nanoluc plasmid, using lipofectamine 3000® and Opti-Mem 

media to produce CHIKV-nanoluc virus particles. Forty-eight hours post transfection the 

supernatant was collected and stored at -80°C. To determine viral titer, 5 x 105 BHK 21 cells 

were seeded in each of 6 wells plate 24 hours prior to the infection. Then, the cells were infected 

with 10-fold serially diluted of CHIKV-nanoluc for 1hour at 37°C. The inoculums were 

removed and the cells were washed with PBS to remove the unbound virus and added of cell 

culture media supplemented with 1% penicillin, 1% streptomycin, 2% FBS and 1% 

carboxymethyl cellulose (CMC). Infected cells were incubated for 2 days in a humidified 5% 

CO2 incubator at 37°C, followed by fixation with 4% formaldehyde and stained with 0.5% 

violet crystal. The viral foci were counted to determine CHIKV-nanoluc titer. 

 

2.4. Cell viability through MTT assay 

Cell viability was measured by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide] (Sigma-Aldrich) assay. For viability assay, 5 x 104 BHK 21 cells were cultured in 48 

well plates and treated with different concentrations of each compound for 16h at 37°C with 

5% of CO2. Sixteen hours post treatment, compound-containing media was removed and MTT 

solution at 1 mg/mL was added to each well, incubated for 1 hour and replaced with 100 μL of 

DMSO (dimethyl sulfoxide) to solubilize the formazan crystals. The absorbance was measured 

at 560 nm on Glomax microplate reader (Promega). Cell viability was calculated according to 

the equation (T/C) × 100%, which T and C represented the optical density of the treated well 

and control groups, respectively. DMSO was used as untreated control. The cytotoxic 

concentration of 50% (CC50) was calculated using using Graph Pad Prism 5.0 Software.  

 

2.5. Antiviral assays 

To access the antiviral activity of compounds, BHK 21 cells were seeded at density of 5x 104 

cells per well into 48 well plates 24 hours prior to the infection. CHIKV-nanoluc (MATKOVIC 
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et al., 2018) at a multiplicity of infection (MOI) of 0.1 and compounds were simultaneously 

added to cells. Samples were harvested in Renilla luciferase lysis buffer (Promega) at 16 hours 

post-infection (h.p.i.) and virus replication levels were quantified by measuring nanoluciferase 

activity using the Renilla luciferase Assay System (Promega). The effective concentration of 

50% inhibition (EC50) was calculated using Graph Pad Prism 5.0 Software. The values of CC50 

and EC50 were used to calculate the selectivity index (SI = CC50/EC50).  

To investigate in which step of CHIKV replicative cycle the compound was active, BHK 21 

cells at the density of 5 x 104 were seeded in 48 well plate 24 hours prior to infection and 

treatment. To evaluate if the compound possesses protective activity to the host cells, cells were 

treated for 1 hour with the compound before infection, extensively washed to remove compound 

and added CHIKV-nanoluc. The effect on the entry steps was analyzed by incubating virus and 

compound simultaneously with BHK 21 cells for 1 hour. To investigate the activity of the 

compound on postentry stages of viral replicative cycle, cells were infected with CHIKV for 1 

hour, washed extensively with PBS (phosphate buffered saline) to remove unbound virus and 

added with compound containing media. 

To further investigate entry stage, the virucidal activity was investigated by previously 

incubating virus and compound for 1 hour and then adding to the cells for extra 1 hour. Then, 

compound was removed and as cells added of media. To evaluate the attachment step, the cells 

were treated with virus and compound at for 1 hour at 4°C, and then the cells were washed to 

the complex removal and replaced by media. For the uncoating step, cell, virus and compound 

were also incubated for 1 hour at 4°C followed by 30 minutes at 37°Cand then washed and 

replaced by media. All experiments were conducted with virus at MOI of 0.1. Luminescence 

levels were accessed 16h.p.i. to analyze the virus replication rates. 

 

2.6. Docking Protein Binder 

The interaction of the para-cymene ligand with the envelope glycoprotein of the CHIKV (PDB: 

3N42) was evaluated using the GOLD program, using the parameters predefined by the 

program except the flexibility of the ligand, which was defined as 200%. The seven 

glycoprotein binding sites defined by (RASHAD; KELLER, 2013) were defined for this 

purpose. Each docking was performed 10 times and the best docking positions were assessed 

using a ranking of the ChemPLP scoring function. The post-docking images were generated in 

the DS Visualizer program, Dassault Systèmes BIOVIA, Discovery Studio Visualizer, version 
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17, San Diego: Dassault Systèmes, 2016. The interaction between the ruthenium ligand and the 

complex was not evaluated due to the program not having parameters for loading metals. 

 

2.7. Infrared spectroscopy Spectral data analysis 

An ATR-FTIR spectrophotometer Vertex 70 (Bruker Optics, Reinstetten, Germany) connected 

to a micro-attenuated total reflectance (ATR) platform was used to record sample signature at 

1800 cm-1 to 400 cm-1regions. The ATR unit is composed by a diamond disc as internal-

reflection element. The sample dehydrated pellicle penetration depth ranges between 0.1 and 2 

μm and depends on the wavelength, incidence angle of the beam and the refractive index of 

ATR-crystal material. The infrared beam is reflected at the interface toward the sample in the 

ATR-crystal. All samples (1µL) were dried using airflow on ATR-crystal for 3 min before 

sample spectra recorded in triplicate. The air spectrum was used as a background in all ATR-

FTIR analysis. Sample spectra and background was taken with 4 cm-1 of resolution and 32 scans 

were performed for sample analysis. The spectra were normalized by the vector method and 

adjusted to rubber band baseline correction. The original data were plotted in the Origin Pro 9.0 

(OriginLab, Northampton, MA, USA) software to create the second derivative analysis. The 

second derivative was obtained by applying Savitzky-Golay algorithm with polynomial order 

5 and 20 points of the window. The value heights indicated the intensity of functional group 

evaluated. 

 

2.8. Statistical analysis 

Individual experiments were performed in triplicate and all assays were performed a minimum 

of three times in order to confirm the reproducibility of the results. Differences between means 

of readings were compared using analysis of variance (one way or two-way ANOVA) or 

Student’s t-test using Graph Pad Prism 5.0 software (Graph Pad Software). P values than < 0.01 

were considered to be statistically significant. 

 

3. Results 

 

3.1. Ruthenium (Ru) and para-cymene (pCYM) complex (RcP) inhibits CHIKV in vitro 

Since pCYM previously demonstrated antiviral activity (ASTANI; REICHLING; 

SCHNITZLER, 2009) and Ru complexed molecules showed to possess antimicrobial properties 
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(PAVAN et al., 2010), we aimed to investigated the anti-CHIKV activity of the RcP complex 

(Figure 1A) by using a recombinant CHIKV that expresses the nanoluciferase reporter 

(CHIKV-nanoluc) (Figure 1B). 

To assess the effect of RcP on cell viability and virus infection, we therefore performed a dose 

response assay to determine effective concentration 50% (EC50) and cytotoxicity 50% (CC50) 

values for RcP. BHK 21 cells were infected with CHIKV-nanoluc and treated with RcP at 

concentrations ranging from 500 to 3.9 µM and viral replication efficiency was evaluated at 16 

h.p.i. (Figure 1C). In parallel cell viability was measured by MTT assay. The results showed 

that the RcP was able to completely knocked down the virus infectivity while the minimum cell 

viability was 93% (Figure 1D). By the use of this range of concentrations, it was determined 

that the RcP complex has an EC50 of 31,99 µM, CC50 of 1379 µM and Selective Index (SI) of 

43.1 (Figure 1D). 

Since the complex showed to be strongly active against CHIKV at a concentration of 125 µM 

with no cytotoxicity, we also evaluated its precursors for cell viability and viral replication. For 

this, MTT and luminescence tests were performed. Cells were infected with CHIKV-nanoluc 

and treated with the RcP or its precursors at 125 µM. The efficiency of viral replication and cell 

viability were evaluated at 16 h.p.i. (Figure 1C). The results showed that RcP complex 

significantly inhibited 91% of CHIKV infectivity and presented no toxicity to cells (p <0.01) 

(Figure 1E). Alternatively, pCYM and Ru at the same concentration decreased cell viability 

and/or reduced antiviral activity compared to the complex (p <0.01) (Figure 1E). This data 

demonstrated that RcP exhibited the best therapeutic index (favorable ratio of cytotoxicity to 

antiviral potency) and further analysis were performed only to this compound. 

 

3.2. RcP inhibits CHIKV entry to the host cells 

The antiviral activity of the RcP at different stages of CHIKV replication was analyzed. First, 

cells were pretreated with RcP for 1hour at 37 °C, washed with PBS to completely remove the 

compound and then were infected with CHIKV-nanoluc. Luminescence levels were measured 

16 h.p.i. (Figure 2A). The RcP demonstrated a modest yet significant reduction of 23 % of 

luminescence levels when cells were pretreated (p <0.01) (Figure 2A) 

To evaluate virus entry to the host cells, virus and RcP were simultaneously added to BHK 21 

cells for 1 hour, then washed with PBS and replaced with media. Luminescence levels were 
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measured 16 h.p.i. (Figure 2B). The results showed that RcP at 125 µM significantly reduced 

77% of the virus entry to the host cells (p <0.01) (Figure 2B). 

For the post-entry steps, the cells were first infected with CHIKV-nanoluc for 1 hour at 37 ° C, 

washed to remove unbound virus and then added with compound containing media. 

Luminescence levels were measured 16 h.p.i. (Figure 2C). RcP also demonstrated a modest 

yet significant reduction of 21% of luminescence levels when the treatment was performed after 

virus entry to the cells (p <0.01) (Figure 2C). Altogether, these data suggest that the main 

antiviral activity of RcP is related to its ability to inhibit the entry stage of the virus lifecycle. 

Based on the results obtained, we further evaluated the activity of RcP on CHIKV entry to the 

cells. First, supernatant containing CHIKV-nanoluc was incubated with RcP125μM for 1 hour 

at 37 °C prior to the infection of cells to investigate virucidal effect. The inoculum of virus and 

RcP was transferred to the naïve cells and incubated for 1 hour. Cells were washed for the 

complete removal of the inoculum and replaced with fresh media for 16 h.p.i. (Figure 3A). The 

results showed a strong significant virucidal activity of RcP by blocking100% of virus entry (p 

<0.01) (Figure 3A). 

We also analyzed RcP effect on the virus attachment. For this, virus and RcP were incubated 

with the cells at 4°C for 1 hour, when virus is able to attach to cell membrane receptor, but not 

to entry to the host cells. Then, cells were washed with PBS and a fresh media was added. 

Luminescence levels were measured 16 h.p.i. (Figure 3B). Data obtained from this assay 

showed that RcP reduced 90% of virus entry to the host cells (p <0.01) (Figure 3B). 

Next, antiviral activity of RcP on virus uncoating was investigated by incubating virus and 

compound for 1 hour at 4°C and then at 37°C for 30 minutes. Therefore, the period of treatment 

may include virus attachment, entry and uncoating. Cells were washed with PBS and a fresh 

media was added. Luminescence levels were measured 16 h.p.i. (Figure 3C).  The results 

demonstrated that under this protocol of treatment, the complex inhibited up to55% of the virus 

entry to the host cells (p <0.01) (Figure 3C). These data demonstrated that RcP was able to 

abrogate different stages of virus entry to the host cells (Figure 3). However, the strongest 

effect was observed in virucidal and attachment protocol. This might suggest that an anti-

CHIKV mechanism of action for this complex might be related to a direct action on the virus 

chemical structure. 

 

3.3. Possible interactions between pCYM and CHIKV E2 glycoprotein 
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Based on the results that showed RcP interfering on CHIKV entry to the host cells, molecular 

docking calculations were performed in order to investigate possible binding mode and the 

interactions between pCYM and CHIKV glycoproteins. Docking analysis are not feasible with 

metallocenes as RcP because their chemical structure presents an unforeseen conformation 

named “half sandwich piano stool”. Therefore, the pCYM ligand was used for in silico analysis, 

Seven possible glycoprotein complex binding sites were explored and the scores generated by 

the ChemPLP scoring function of the Gold program are presented in Table 1. The p-cymene 

showed the best result with site 4, score 39.71 (Table 1). The best docking scores were obtained 

between the site 4, located behind the fusion loop between glycoproteins E3 and E2 (Figure 4). 

 

3.4.RcP causes molecular changes in CHIKV 

To further investigate the interaction between RcP and CHIKV particles, infrared spectroscopy 

spectral analysis was performed. The vibrational analysis between virus and RcP are shown in 

Table 2. A representative infrared average spectrum of RcP, CHIKV or RcP plus CHIKV, 

which contains different biochemical functional groups such as lipids, proteins, glycoproteins 

and nucleic acid, are represented in Figure 5. We were particularly interested in the interaction 

of RcP with CHIKV. A representative infrared average spectrum of second derivative analysis 

from RcP, CHIKV or RcP plus CHIKV was displayed in Figure 6A. In the second derivative 

analysis, which the value heights indicated the intensity of each functional group, a reduction 

in intensity of Amide II [ ν (N–H), ν (C–N) ] at 1540 cm-1 with the association of RcP with 

CHIKV indicates interaction with proteins of CHIKV (Figure 6B).The binding interaction was 

also revealed by spectral shifting of the1013 cm-1 to 1005 cm-1, which indicates interaction with 

vs (CO-O-C) presents in Glycoprotein derived from RcP and/or CHIKV (Figure 6C). The 

binding interaction was also revealed by increase in intensity of 724 cm-1, 679 cm-1, 645 cm-1 

and 609 cm-1 in RcP plus CHIKV, which indicate formation of C-H rocking of CH2 and S-O 

bending. The binding interaction was additionally confirmed bythe decrease in intensity of 704 

cm-1, 652 cm-1and 632 cm-1 in RcP plus CHIKV, which indicate reduction in the presence of 

OH out-of-plane bend (Figure 6D). 

 

4. Discussion 

Chikungunya virus (CHIKV) has obtained attention from the public health worldwide due to 

the recent outbreaks (GOULD et al., 2017), but also because the infection may persist for 
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months or even years (CUNHA; TRINTA, 2017). CHIKV was first described in the 1950s 

(ROBINSON, 1955), however, there is still no specific treatment or vaccine against this virus 

(MATHEW et al., 2017; STEGMANN-PLANCHARD et al., 2019). Thus, the search for new 

molecules with anti-CHIKV activity is necessary. 

In this study, the anti-CHIKV activity of the ruthenium (Ru) and para-cymene (pCYM) 

complex (RcP) was investigated. The pCYM molecule has already been described to 

demonstrate biological activities as antioxidant, anti-inflammatory and antifungal(DE 

OLIVEIRA et al., 2015; KORDALI et al., 2008; KUMMER et al., 2015). It was also 

demonstrated that pCYM in lower concentrations showed moderate antiviral activity against 

the Herpes simplex virus (HSV), partially inhibiting the viral infection in RC-37 cells(ASTANI; 

REICHLING; SCHNITZLER, 2009; GAROZZO et al., 2009). However, there is a lack of 

studies on the effects of pCYM against CHIKV.  

Our results showed that RcP significant reduced virus entry to the host cells at non-toxic 

concentrations. As the complex demonstrated to interfere on virus entry, were evaluated the 

early stages of CHIKV infection.RcP demonstrated a moderate activity on the virus uncoating 

and strong action on inhibiting virus attachment or as a virucide. A recent study demonstrated 

that pCYM presented virucidal activity against HSV. The results showed that when p-cymene 

and HSV were incubated together, virus entry was reduced by 80% (SHARIFI-RAD et al., 

2017). 

The strong virucidal effect observed for RcP might suggest that an anti-CHIKV mechanism of 

action for this complex might be related to a direct action on the viral particle envelope(RUSSO 

et al., 2019; SCHUHMACHER; REICHLING; SCHNITZLER, 2003; TANG et al., 1990), 

which could also be responsible for the effect observed on virus attachment (CARRAVILLA 

et al., 2017; KONG et al., 2019).Possible interactions between Chikungunya envelope proteins 

and RcP could be a reasonable explanation for the observed virucidal effect. Based on this data, 

molecular docking calculations were performed in order to investigate possible binding mode 

and the interactions between pCYM and CHIKV glycoproteins. Our results suggested that 

pCYM may bind to a site located behind the fusion loop between glycoproteins E3 and E2. 

Glycoprotein E2 is responsible for binding the virus to cell receptors (FONGSARAN et al., 

2014; MOLLER-TANK et al., 2013; SILVA et al., 2014). When small molecules attach to that 

site, the movement of the glycoprotein domains can be frozen and then prevent the virus from 

entering the cell (RASHAD; KELLER, 2013). We suggest that pCYM may be binding to such 
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a site and preventing the virus from binding to the cell. Similarly, we can suggest that, through 

molecular interactions observed by the FTIR methodology, the RcP compound alters CHIKV 

glycoprotein and lipid sites, reaffirming that there is an interaction between the viral envelope 

and the complex. 

In summary, we showed that ruthenium and para-cymene complexis able to strongly inhibit 

CHIKV infectivity, acting mainly on the entry of virus to the host cells. This is the first 

description of the antiviral activity of an organometallic complex against CHIKV. This dada 

may be useful for the development of future antivirals against CHIKV that will provide a 

relevant advance to the public heath to treat Chikungunya fever. 
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Tables  

Table 1. Maximum score resulting from the dosage for each evaluated site. 
 

Binder color ChemPLP Coordinates (x, y, z) Volume (Å3) Localization 

Site 1 Yellow 32.53 −15.687, 2.019, −19.939 651.375 Between E1 domain II and E2 
domain 

Site 2 Green 38.98 −33.937, −18.731, 
−31.939 

357.375 Between E1 domain II and E2 
beta-sheet 

Site 3 Blue 37.10 −33.437, −6.731, 
−33.189 

156.125 Adjacentto site 2 

Site 4 Purple 39.71 −42.937, −28.731, 
−22.939 

183.875 Behind the fusion loop, 
between E3 B domains, E2 
domain B, and E2 domain A 

Site 5 Brown 18.38 −44.437, −14.731, 
−23.439 

124 Between the E2 and E3 beta 
sheet 

Site 6 - * −16.187, −18.231, 
−36.439 

20.5 Insidethe E3 cavity 

Site 7 Black 4.56 −59.187, 
−15.731,−26.189 

22.5 Replacingthefurin loop 

* No docking results 
FONT: Adapted (RASHAD E KELLER, 2013) 

 

 

Table 2. Vibrational modes present in each vibrational mode and identification of the respective 
functional group in the sample. 

Vibrational mode (cm1) Proposed vibrational mode Molecular source 

   

1540 Amide II [ ν (N–H), ν (C–N) ] Protein 

1013 vs (CO-O-C) Glycoprotein/ Carbohydrates 

1005 vs (CO-O-C) Glycoprotein/ Carbohydrates 

724 

704 

679 

652 

C-H rocking of CH2 

Unsaigment band 

S-O bending 

OH out-of-plane bend 

Fattyacids, proteinsInespecific 

Sulphates components 

Protein and lipids 

Inespecific 
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645 

632 

609 

Unsaigment band 

OH out-of-plane bend 

S-O bending 

Protein, Lipids 

Sulphates components 

 

Assignments of main wavenumbers of sample ATR-FTIR spectra. Abbreviations: ν = stretching 
vibrations, δ = bending vibrations, s= symmetric vibrations and as = asymmetric vibrations.  
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Figures and legends 

Figure 1. CHIKV activity of ruthenium (Ru) and para-cymene(pCYM) complex (RcP). (A) RcP chemical structure (B) Schematic 
representation of CHIKV-nanoluc construction. (C) Schematic representation of infectivity assays. (D)  BHK 21 cells were infected with 
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CHIKV-nanoluc at MOI 0.1 and treated with compounds at 125 μM for 16h.  Infectivity and cell viability assays were performed. (E) Cells 
were treated with concentrations of RcP ranging from 500 a 3.9 µM and the effective concentration of 50% (EC50) and cytotoxic concentration 
of 50% (CC50) of RcP were determined. CHIKV replication was measured by luciferase assay (indicated by ) and cellular viability measured 
using an MTT assay (indicated by •). Mean values of three independent experiments each measured in quadruple including the standard 
deviation are shown. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. 
Antiviral effects of RcP at different stages of CHIKV replicative cycle. (A) BHK 21 cells were treated with RcP at125 μM for 1h. Then, 
cells were extensively washed and infected with CHIKV-nanoluc at a MOI 0.1 for 1h, compound containing media was removed and replaced 
by fresh media. (B) BHK 21 cells were infected with CHIKV-nanoluc (MOI 0.1) and simultaneously treated with RcPat125μM for 1 h. Cells 
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were washed and replaced with fresh media. (C) The cells were first infected with CHIKV-nanoluc (MOI 0.1) for 1h, washed to remove 
unbound virus and added of compound containing media. For all assays, CHIKV replication was measured by nanoluc activity at 16 h.p.i. 
Mean values of a minimum of three independent experiments each measured in triplicate. P<0.01 was considered significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. RcP activity on CHIKV entry to the host cells. (A) CHIKV-nanoluc and compound were incubated for 1 h and then for one 
additional hour in the cells. Then, the compound was removed and the cells added of media. (B) BHK 21 cells were infected with virus and 
simultaneously treated for 1 h at 4°C. The cells were washed to remove virus and compound and replaced with fresh media. (C) BHK 21 
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cells were infected with virus and simultaneously treated for 1 h at 4°C. Then, cells were incubated for a further 30 min with compound and 
virus at 37°C, were then washed to remove virus and compound and replaced with media. For all assays, CHIKV replication was measured 
by nanoluc activity at 16h.p.i.. Mean values of a minimum of three independent experiments each measured in triplicate P<0.01 was 
considered significant. 
 

 

 

Figure 4. The CHIKV envelope glycoproteins E1 (Brown), E2 (Blue) and E3 (green), complexed with para-cymene, sites 1 (yellow), 2 
(green), 3 (blue), 4 (purple), 5 (brown) and 7 (black). 

 

 



97 
 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5. Representative infrared average spectrum of RcP, CHIKV and RcP plus CHIKV, which contains different biochemical functional 
groups such as lipids, proteins, glycoproteins and nucleic acid. 
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Figure 6. (A) Representative infrared average spectrum of second derivative analysis 
from RcP, CHIKV and RcP plus CHIKV.  (B, C, D) Second derivative analysis, which 
the value heights indicate the intensity of each functional group. 
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ANEXO II: Antivirals against Chikungunya Virus: Is the Solution in Nature? 
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ANEXO III: Restoration of Cyclo-Gly-Pro-induced salivary hyposecretion and 

submandibular composition by naloxone in mice 
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ANEXO IV: Antivirals against Coronaviruses: candidate drugs for the SARS-

CoV-2 treatment? 
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ANEXO V: Insights into the antiviral activity of phospholipases A2 (PLA2s) from 

snake venoms 
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