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RESUMO

Zika virus (ZIKV) ¢é o agente etiologico da febre Zika, uma infec¢do transmitida por
mosquitos, de disseminagdo global, e previamente associada a casos de microcefalia.
Potenciais novos surtos por ZIKV sido problemas prioritdrios para os Orgdos
governamentais, visto que as arboviroses sdo infec¢des facilmente disseminadas em
regides tropicais como o Brasil. De acordo com o Ministério da Saude, o ZIKV
representa um problema de satide publica mundial, resultando em impactos social,
econdmico e no sistema publico de saude (SUS) significativos, uma vez que ndo ha
tratamento antiviral eficaz ou vacinas licenciadas. Nesse contexto, compostos naturais
apresentam  diversas atividades biologicas reportadas, como antioxidante,
antiparasitaria, antibacteriana e antiviral, bem com toxinas isoladas de serpentes tém
demonstrado atividade contra diversos virus. Neste trabalho, a atividade anti-ZIKV das
Bothropstoxinas-I e I (BthTX-I e II) isoladas do veneno de Bothrops jararacussu foi
investigada contra o ZIKV in vitro. Células Vero E6 foram infectadas com ZIKVpg243
na presenca dos compostos por 72 horas, quando os focos de infeccdo foram
quantificados. Os resultados demonstraram que BthTX-I e II apresentaram potente
inibicao dose-dependente da infeccao pelo ZIKV, com indice de seletividade de 149,1 e
1,44 x 10°, respectivamente. Essas toxinas inibiram principalmente os estdgios iniciais
do ciclo replicativo do virus, como a entrada do ZIKV nas células hospedeiras,
demonstrado pelo potente efeito virucida, sugerindo a acdo dessas toxinas sobre as
particulas virais. Adicionalmente, BthTX-I e II apresentaram atividade significativa nos
estagios tardios do ciclo replicativo do ZIKV. Analises de docking molecular mostraram
que BthTX-I e II potencialmente interagem com a proteina do Envelope do ZIKV
através de ligacdes de hidrogénio e interacdes hidrofobicas. Nossos dados demostram
que essas toxinas podem ser usadas como modelos uteis para o desenvolvimento de

futuros antivirais contra a febre Zika.

Palavras-chave: antiviral, Zika virus, toxinas.



ABSTRACT

Zika virus (ZIKV) is the etiologic agent of Zika fever, a globally spreading mosquito-
borne infection, previously associated with cases of microcephaly. Potential new
outbreaks of ZIKV are priority problems for the governments since arboviruses are
infections that are easily spread in tropical regions such as Brazil. According to the
Ministry of Health, ZIKV represents a worldwide public health problem, resulting in
social, economic, and public health system (SUS) significant impacts, since there is no
effective antiviral treatment and licensed vaccines. In this context, natural compounds
have several biological reported activities, such as antioxidant, antiparasitic,
antibacterial, and antiviral, as well as toxins isolated from the venom of snakes have
shown activity against several viruses. Here the anti-ZIKV activity of Bothropstoxins-I
and I1 (BthTX-I and II) isolated from Bothrops jararacussu venom was investigated.
Vero E6 cells were infected with ZIKVPE243 in the presence of compounds for 72 hours,
when virus titers were quantified. The results demonstrated that BthTX-I and II
presented strong dose-dependent inhibition, with a selective index of 149.1 and 1.44 x
10°, respectively. These toxins mainly inhibited the early stages of the replicative cycle,
such as during the entry of ZIKV into host cells, as shown by the potent virucidal effect,
suggesting the action of these toxins on the virus particles. Moreover, BthTX-I and 11
presented significant activity towards the post-entry stages of the ZIKV replicative
cycle. Molecular docking analyses showed that BthTX-I and II potentially interact with
ZIKV Envelope protein through hydrogen bonds and hydrophobic interactions. Our
findings show that these toxins could be used as useful templates for the development of

future antiviral candidate drugs against Zika fever.

Keywords: antiviral, Zika virus, toxins.
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INTRODUCAO
Historia e Epidemiologia da Febre Zika

O Zika virus (ZIKV) foi isolado pela primeira vez em macacos, em Uganda,
1947 (DICK, et al 1952). O primeiro caso em humanos de Febre Zika, doenca causada
pelo ZIKV, foi reportado em uma crianga na Nigéria em 1952 (MACNAMARA, 1954).
Posteriormente, no ano de 2007, a identificagdo de casos esporadicos em Yap, ilha da
Federagdo dos Estados da Micronésia e no leste da Polinésia, marcou o inicio da
disseminagdo do ZIKV para diferentes regidoes do mundo (DUFFY et al, 2009;
LANCIOTTI et al., 2008). Em 2013, novos casos foram confirmados em outras regides,
como no sul da Asia, em paises como Tailandia (TAPPE et al., 2014), Cambodia
(HEANG et al., 2012), Malasia (TAPPE et al., 2015) e Indonésia (KWONG; DRUCE;
LEDER, 2013). O ZIKV foi detectado pela primeira vez nas Américas em 2015
(MARINTI et al., 2017; FELLNER, 2016; SUMMERS; ACOSTA; ACOSTA, 2015).

No Brasil, os primeiros casos autoctones de ZIKV foram detectados em 2015 na
regido Nordeste do pais (CARDOSO et al., 2015; CAMPOS; BANDEIRA; SARDI,
2015; ZANLUCA et al., 2015). Ao final do ano, casos de infec¢cdo por ZIKV ja haviam
sido detectados em 14 estados brasileiros (WHO, 2015), com uma estimativa de
440.000 a 1.300.000 casos suspeitos (HENNESSEY; FISCHER; STAPLES, 2016). Em
marco de 2016, o pais apresentava 51.473 casos confirmados, além de relatos da
infecgdo em 48 paises das Américas. Com o aumento expressivo de casos nas Américas,
a Organizagao Mundial de Satide (OMS) declarou a Febre Zika como uma “emergéncia
de satude publica de interesse internacional” em 2016 (WHO, 2016).

De acordo com o ultimo boletim epidemiolégico no Brasil, em 2022 foram
notificados 3.140 casos provaveis de ZIKV até a semana epidemiologica (SE) 19 (taxa
de incidéncia de 1,5 caso/100 mil habitantes), com maior taxa de incidéncia nas regides
Norte e Nordeste e aumento de 70,7% em relacdo ao ano de 2021 (MS, 2022) (Figura
1). De acordo com a OMS, pelo menos 87 paises e territorios ja4 reportaram casos
autdctones de infeccdo pelo ZIKV, com potencial para reemergéncia do virus (WHO,

2019).
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Figura 1: Taxa de incidéncia do ZIKV no Brasil. Regides do pais que registraram casos de Zika até a
SE 19 de 2022, de acordo com o Boletim Epidemiologico do Ministério da Saude (MS).
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Particula Viral e Ciclo Replicativo

O ZIKV pertence ao género Flavivirus, familia Flaviviridae (MASMEJAN et
al., 2020), e ¢ caracterizado por uma particula viral de 40-60 nm de didmetro, com
capsideo icosaédrico e um envelope lipidico derivado das membranas da célula
hospedeira, onde estdo inseridas as proteinas de Envelope (E) (JAVED et al., 2018)
(Figura 2A). Seu genoma ¢ constituido de uma fita de RNA simples de polaridade
positiva com 11.000 pares de bases, que codificam aproximadamente 3.500
aminoacidos (SHARMA et al., 2020; COX; STANTON; SCHINAZI, 2015) (Figura
2B). Contém um “cap” na regido 5’ UTR (“untranslated region”, regido ndo traduzida) e
uma cauda poli-A na 3’ UTR, sendo o dominio DI da 5° UTR responsavel por promover

a atividade da RNA polimerase dependente de RNA (RdRp) (BUJALOWSKI;
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BUJALOWSKI; CHOI, 2017). Possui apenas uma ORF (“open reading frame”, regido
aberta de leitura), que codifica uma poliproteina precursora, a qual ¢ clivada em trés
proteinas estruturais (capsideo (C), envelope (E) e membrana (prM)) e sete proteinas
ndo estruturais (NS1, NS2A, NS2B, NS3, NS4A, NS4B e NS5) (BOS et al., 2019)
(Figura 2B).

Figura 2: Estrutura da particula viral e genoma do ZIKV: Esquema representativo da particula viral
do ZIKV (PDB: 5JHM) (A). Ilustragdo do genoma do ZIKV (B).
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O ciclo replicativo do virus se divide entre células de hospedeiros vertebrados e
de artropodes, sendo assim classificada como uma arbovirose (ROIZ et al., 2018). A
replica¢do viral no hospedeiro vertebrado se inicia pela ligacdo da glicoproteina E do
envelope viral aos receptores da membrana da célula, incluindo os receptores tirosina
quinase (TAM - AXL e TIM-1), receptores de manose, receptores de lectina (DC-
SIGN) e sulfatos de heparano na superficie celular (PIERSON; DIAMOND, 2020; MA;
YUAN; YI, 2022). A internalizacdo da particula viral ocorre principalmente por meio
de endocitose mediada por clatrina, permitindo a formacao do endossomo (HACKETT;
CHERRY, 2018). O limen endossomico contendo o ZIKV torna-se acido, ativando

glicoproteinas de superficie a sofrer alteragdes conformacionais, induzindo a fusao das
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glicoproteinas E com a membrana endossomal, e liberando o capsideo € o RNA viral no
citoplasma [2-5]. O genoma de RNA de fita simples e sentido positivo ¢ entdo
transportado para o reticulo endoplasmatico (RE) (MOHD ROPIDI et al., 2020), onde ¢
rapidamente traduzido em uma poliproteina precursora, que, apds clivada por proteases
virais e celulares, gera as trés proteinas estruturais necessarias para a formacdo de
virions infecciosos, e as sete proteinas ndo estruturais essenciais para a replicagdo do
RNA gendmico viral (MOHD ROPIDI et al., 2020). Desta forma, forma-se o complexo
replicativo que catalisard a sintese de uma fita de RNA de polaridade negativa, que
servird de molde para sintetizar novas fitas com polaridade positiva. Por fim, ocorre a
montagem dos componentes virais e as novas particulas virais sdo liberadas por

exocitose (DIOSA-TORO et al., 2020) (Figura 3).

Figura 3: Esquema representativo do ciclo replicativo do ZIKV.
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Adaptado de [1].

Febre Zika

A febre Zika ¢ uma doenca viral geralmente caracterizada por sintomas leves,
que podem durar até¢ 7 dias. Os principais sintomas s3o comuns aos de outras
arboviroses e incluem febre, dores de cabega, mal-estar, dores no corpo, edema e dores

nas articulacdes (PIELNAA et al., 2020) (Figura 4).

Figura 4: Sintomas frequentemente associados a Febre Zika.
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Diferentemente de outras arboviroses, a infeccao pelo ZIKV foi correlacionada
ao aumento expressivo no nimero de casos de neonatos com més formagdes congénitas,
atualmente denominada de Sindrome Congénita associada ao Zika (SCHULER-
FACCINI et al., 2016; PIERSON; DIAMOND, 2020), fato que resultou em

aproximadamente 4000 casos de microcefalia, confirmados pela presenca de particulas
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virais do ZIKV no liquido amniotico de gestantes infectadas, e em varios tecidos de
fetos com microcefalia (BRASIL et al., 2016; CALVET et al., 2016; MLAKAR et al.,
2016; SARNO et al., 2016; SCHULER-FACCINI et al., 2016; VICTORA et al., 2016).

A transmissao do ZIKV ocorre a partir da picada de mosquitos f€émeas do género
Aedes, sendo as principais espécies transmissoras o Aedes aegypti € o Aedes albopictus
(MASMEJAN et al., 2020). Entretanto, trabalhos na literatura mostraram que também
podem haver outras formas de transmissdo, como a transmissao por contato sexual
(FOY et al.,, 2011), transmissdo vertical (BESNARD et al., 2014) e transfusdo sanguinea
(MAGNUS et al., 2018).

Apds a picada do mosquito, o ZIKV ¢ liberado na derme e na corrente sanguinea
do hospedeiro vertebrado, inicialmente infectando células suscetiveis ao virus como as
do tecido conjuntivo, fibroblastos, queratindcitos e células dendriticas, mediado pelos
receptores TAM [2]. Entretanto, o virus pode ser transmitido verticalmente e € capaz de
atravessar a barreira placentdria, infectando macrofagos e citotroflobastos da placenta.
Dessa forma, ele € capaz de infectar o feto em desenvolvimento e consequentemente seu
sistema nervoso, visto que ele apresenta um tropismo por células progenitoras neurais
(CHRISTIAN; SONG; MING, 2019). Essas células expressam receptor AXL, o que
leva a degradacdo de jungdes aderentes, reducdo da proliferacao celular e
consequentemente apoptose, mecanismos similares a microcefalia genética
(CHRISTIAN; SONG; MING, 2019). Criangas nascidas com microcefalia apresentam
uma circunferéncia do cranio reduzida, devido a ma formag¢ao neuronal, condi¢do esta
que leva a incapacidade motora, sensorial e cognitiva, por toda a sua vida (MLAKAR et
al., 2016) (Figura 5).

Adicionalmente, a patologia ¢ associada ao desenvolvimento da sindrome de Guillain-
Barré (GBS) em adultos, apds o acometimento da febre Zika (CAO-LORMEAU et al.,
2016; ROZE et al., 2016; OEHLER et al., 2014). GBS ¢ um distarbio neurologico,
caracterizado como doenga autoimune, que afeta principalmente adultos acima de 30
anos. Os sintomas estdo relacionados a desordem motora e perda sensorial dos musculos
faciais e respiratorios (CAO-LORMEAU et al., 2016). Neste caso, o virus atravessa a
barreira hematoencefdlica (BHE) e infecta células da glia e oligodendrécitos, destruindo

a bainha de mielina e levando as células a apoptose (VOLPI et al., 2018).
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Figura 5: Esquema ilustrativo da microcefalia.

Tamanho normal d: Tamanh

Circunferéncia normal da cabeca Microcefalia Microcefalia severa

Adaptado de (“Zika Virus | Microcephaly & Other Birth Defects | CDC, 2020”)

Profilaxia e Tratamento da Febre Zika

A profilaxia da Febre Zika inclui o controle de vetores e protecao individual. O
uso de repelentes, inseticidas e mosquiteiros minimizam a exposi¢ao aos vetores [6,7].
O cuidado com 4gua parada impede e proliferacdo dos mosquitos. Além disso, a OMS
recomenda a pratica de protecdo sexual, principalmente para mulheres gestantes que
vivem em areas de alta transmissao do virus [8].

Até o momento, ndo existem tratamentos eficazes aprovados contra o ZIKV. O
manejo clinico de casos sintomdaticos ocorre por meio de medicamentos para amenizar a
febre e dor, além de repouso e ingestao de liquidos (MWALIKO et al., 2021). Nos casos
de microcefalia, também nao ha um tratamento especifico. A¢des de suporte podem
auxiliar no desenvolvimento da crianca [9]. Adicionalmente, ndo existem vacinas
aprovadas como forma profilatica, e apesar da descricdo de vacinas promissoras, muitos
estudos ainda serdo necessdrios antes que a vacinacdo esteja disponivel para a
populagdo [10-12]. Desta forma, novas abordagens terapluticas necessitam ser
desenvolvidas contra a infeccdo do ZIKV, que incluem a investigacdo da atividade

antiviral de compostos que possam inibir a replicagao viral.

Compostos naturais e as toxinas de animais

Os compostos naturais t€ém um papel importante no desenvolvimento de novos
farmacos e, nesse contexto, eles podem servir como alternativas para o desenvolvimento

de novas abordagens anti-ZIKV (HARVEY, 2008). Muitos trabalhos reportaram o uso
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de compostos extraidos de fontes naturais animais e vegetais como possiveis agentes
terapéuticos, inclusive com atividade antiviral contra o ZIKV [13-15].

Dentre os compostos naturais, as peconhas de serpente tém sido muito utilizadas
como modelos terapéuticos, por serem uma mistura complexa de proteinas, como
oxidases, lectinas, metalo-proteinas, desintegrinas, enzimas proteoliticas e fosfolipases
A2 (PLA2) (PUZARI; FERNANDES; MUKHERIJEE, 2022). O isolamento de algumas
dessas moléculas permitiu a identificagdo de um peptideo da pegonha de Bothrops
Jjararaca, responsavel pela inibicdo da Enzima Conversora de Angiotensina (ECA), a
qual ¢ amplamente utilizada como agente anti-hipertensivo (Captopril®) (KINI; KOH,
2020).

Dentre estas pegonhas de serpente, os venenos botropicos representam uma fonte
promissora de moléculas valiosas, devido as suas atividades farmacoldgicas ja relatadas,
como efeitos antitumorais, antiparasitarios, antibacterianos e antivirais (DE MELO
ALVES PAIVA et al.,, 2011; MULLER et al., 2012; CECILIO et al., 2013; BEZERRA
et al., 2019; BARBOSA et al., 2021). Sua composi¢do rica em proteinas, resulta em
produtos biologicos com atividades potentes e eficientes, que apresentam multiplos

alvos moleculares e fungdes terapéuticas [16].

Bothropstoxinas I e II de Bothrops jararacussu

Bothrops ¢ um género de serpentes pegonhentas da familia Viperidae,
encontrado nas Américas Central e do Sul, responsavel pelo maior nimero de acidentes
ofidicos nessas regides (UTKIN, 2015). Bothrops jararacussu ¢ conhecida
popularmente como jararacugu, surucucu-dourada ou surucucu-tapete. Esta espécie ¢
encontrada em florestas tropicais, pAntanos e margens de rios e, no Brasil, habita desde
a Bahia até o Rio Grande do Sul e Mato Grosso do Sul (GRAZZIOTIN et al., 2006).
Duas das principais classes de proteinas de venenos botropicos sao as PLA2s e as
metaloproteases, relacionadas principalmente a efeitos miotoxicos (DA SILVA
AGUIAR et al., 2020). Quando comparado a outras serpentes mencionadas deste
género, o veneno de B. jararacussu apresenta maior efeito miotoxico, resultando em
mioglobintria e insuficiéncia renal aguda (MELO et al., 1993).

As PLAss isoladas do veneno de serpentes tém sido associadas a uma variedade
de efeitos terapéuticos (GUTIERREZ; LOMONTE, 1995). Elas sdo conhecidas pela

sua atividade como hidrolases, essenciais para o metabolismo de fosfolipidios e para a
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regulacdo de lipidios de membrana, liberando lisofosfolipidios e acidos graxos livres.
(BURKE; DENNIS, 2009). Elas compartilham um mecanismo catalitico conservado,
baseado no sitio ativo Histidina/Aspartato (His/Asp), usando célcio como cofator
essencial para a atividade catalitica, e sdo divididas em dois subgrupos principais,
dependendo do residuo de aminoacido na posicao 49 em sua estrutura primaria. PLAss
com Aspartato (Asp49) sdo enzimaticamente ativas, enquanto que PLAss com Lisina
(Lys49) nao apresentam atividade enzimatica (MARAGANORE et al., 1984;
LOMONTE; RANGEL, 2012).

Uma vez que as PLAss foram descritas anteriormente como possuindo
atividades antivirais (FARINHA SHIMIZU et al.,, 2017; TEIXEIRA et al., 2020;
SANTOS et al, 2021), ¢ de grande interesse avaliar o efeito anti-ZIKV de
bothropstoxinas (BthTX) isoladas do veneno de Bothrops jararacussu, visto que essas
PLA»s sdo dependentes de calcio, onde estdo associadas a membrana e envolvidas no
metabolismo dos fosfolipidios (MUKHERJEE; MIELE; PATTABIRAMAN, 1994;
TEIXEIRA et al., 2020).

A BthTX-I ¢ uma Lys49 PLA, basica, que consiste em uma cadeia de 121
residuos de aminoacidos, com peso molecular de 13 kDa, apresenta efeitos miotdxicos e
ndo apresenta atividade enzimatica (ANDRIAO-ESCARSO et al., 2000) (Figura 6A).
Alternativamente, a BthTX-II, uma Asp49 PLA, basica, de 122 residuos de
aminoacidos e peso molecular de 13 kDa, também apresenta efeitos miotoxicos, porém,
é enzimaticamente ativa e possui uma atividade catalitica (GUTIERREZ et al., 1991)
(Figura 6B), podendo estar envolvida em multiplas vias de transdugdo de sinais,
possivelmente devido & sua agdo enzimatica (CORREA et al, 2008). BthTX-I
demonstrou possuir atividade antiviral contra os virus Dengue (DENV) e Febre
Amarela (YFV), interagindo diretamente com as particulas virais no ensaio virucida, e
bloqueando a adsor¢do e internalizagdo destas (MULLER et al., 2012). Por outro lado,
ndo ha relatos na literatura da atividade antiviral de BthTX-II. Portanto, BthTX-I e
BthTX-II se apresentam como uma fonte promissora para o desenvolvimento de

tratamentos futuros contra a febre Zika.
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Figura 6: Estrutura das bothropstoxinas I e Il isoladas da peconha de Bothrops jararacussu. BthTX-
I (PDB: 3HZD) (A). BthTX-II (PDB: 20QD) (B).

(A) (B)

Adaptado de (CORREA et al., 2008; FERNANDES et al., 2010).
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OBJETIVOS

O presente trabalho teve como objetivo avaliar a atividade das bothropstoxinas I
e Il isoladas da peconha da serpente Bothrops jararacussu no ciclo replicativo do ZIKV

in vitro.

Objetivos especificos

e Determinar a concentragdo efetiva de 50% (ECso), concentragdo citotoxica em
50% (CCso) e indice de seletividade (IS=CCso/ECso) de BthTX-I e II, de forma a
estabelecer os valores 6timos de concentracdo para o tratamento celular e avaliar
o potencial antiviral destas moléculas;

e Avaliar a atividade de BthTX-I e II em diferentes etapas do ciclo replicativo do
ZIKV, para um melhor entendimento das etapas do ciclo viral inibidas por essas
moléculas.

e Investigar as interagdes de BthTX-I e II com proteinas do ZIKV por meio de
docking molecular, para identificar potenciais alvos virais ¢ mecanismos de acao
antiviral;

e Analisar por espectroscopia de infravermelho (FTIR) as interagdes quimicas de
BthTX-I e II com constituintes da particula viral do ZIKV, afim de investigar o

modo de a¢ao destas moléculas.
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ABSTRACT

Zika virus is the etiologic agent of Zika fever, and has been previously associated with
cases of microcephaly, drawing the attention of the health authorities worldwide.
However, no vaccine or antiviral are currently available. Phospholipases A> (PLA?)
isolated from snake venoms have demonstrated antiviral activity against several viruses.
Here we demonstrated the anti-ZIKV activity of bothropstoxins-I and II (BthTX-I and
IT) isolated from Bothrops jararacussu venom. Vero E6 cells were infected with
ZIKVPE243 in the presence of compounds for 72 hours, when virus titers were evaluated.
BthTX-I and II presented strong dose-dependent inhibition of ZIKV, with a ST of 149.1
and 1.44 x 10°, respectively. These toxins mainly inhibited the early stages of the
replicative cycle, such as during the entry of ZIKV into host cells, as shown by the
potent virucidal effect, suggesting the action of these toxins on the virus particles.
Moreover, BthTX-I and II presented significant activity towards post-entry stages of the
ZIKV replicative cycle. Molecular docking analyses showed that BthTX-1 and II
potentially interact with DII and DIII domains from ZIKV Envelope protein. Our
findings show that these PLA»s could be used as useful templates for the development

of future antiviral candidate drugs against Zika fever.

1. INTRODUCTION

Zika fever is a disease caused by Zika virus (ZIKV), an arthropod-transmitted virus
which belongs to the Flaviviridae family [1]. ZIKV particles are characterized by an
approximate size of 40-60 nm in diameter, with an icosahedral capsid, and a lipid
envelope into which the Envelope (E) and matrix protein (E) are inserted[2]. The E
protein is the major structural protein related to the interaction with host receptors and
immune recognition[3]. Its genome consists of a positive sense single stranded RNA of
11 kb, with a single open reading frame (ORF), which encodes a polyprotein that is
cleaved into three structural proteins [E, capsid (C) and membrane (M) proteins], and
seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) [4].

ZIKV transmission occurs through the bite of mosquitoes from the genus Aedes, being
the major species the Aedes aegypti and Aedes albopictus [5]. However, unlike other
arboviruses, it can also be transmitted by sexual contact [6], vertically[7], and blood
transfusion [8]. Transmission through the placenta can result in congenital Zika

syndrome, characterized by microcephaly and other teratogenies [9], which represented
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a considerable health problem that Brazil faced in 2016, resulting in long-term
consequences [10]. Therefore, cases of abortion in ZIKV-infected pregnant women,
high rates of newborns with microcephaly, and the increase in number of cases of
Guillain-Barre syndrome in adults, related to the presence of the virus in Brazil [11],
have demonstrate the need to develop an effective antiviral therapy. Currently, the
treatment of Zika fever and ZIKV-related diseases are only palliative, to alleviate the
symptoms of infected patients [12].

Natural compounds have an important role in the development of new drugs. Among
products isolated from animals, bothropic venoms represent a promising source of
valuable molecules, due to their previously reported pharmacological activities, such as
antitumor, antiparasitic, antibacterial and antiviral effects [13-19]. They are
characterized by a complex mixture of proteins resulting in strong and efficient
biological products that present multiple molecular targets and functions [20].
Phospholipases Az (PLAzs) are some of the isolated proteins from the venom of snakes,
which have been associated with a variety of therapeutic effects [21]. Since PLAxs have
been previously described to possess antiviral activities [22—24], it is of a great interest
to evaluate the antiviral effect of bothropstoxins (BthTX) isolated from the venom of
Bothrops jararacussu, a highly venomous snake endemic to South America.. These
PLAs are calcium-dependent, which are membrane associated and involved in
phospholipid metabolism [22,25].

BthTX-I (Figure 1A), is a basic Lys49 PLA>, which shows myotoxic effects and
presents no enzymatic activity [26]. In the same way, BthTX-II (Figure 1B), a second
basic Asp49 PLA,, also presents myotoxic effects, however, is enzymatically active,
with a catalytic activity [26]. It is involved in multiple signal transduction pathways,
possibly due to its enzymatic action [27]. Nonetheless, the effectiveness of these
proteins against ZIKV infection has not been elucidated yet.

Here we evaluated the antiviral activity of BthTX-I and BthTX-II from Bothrops

Jjararacussu venom on ZIKV infection through in vitro and in silico analyses.

2. METHODS
2.1. Phospholipases A

The crude venom of Bothrops jararacussu was obtained from the “Animal Toxin
Extraction Center” (CETA), duly registered and approved by the Ministry of the
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Environment under de process number 3002678. The venom was collected from 28
specimens from the Morungaba-SP collection under the Brazilian Institute for the
Environment and Renewing Natural Resources (IBAMA) authorization
(1/35/1998/000846—1), and extraction was performed by Jairo Marques do Vale
(CETA). All experiments were performed in accordance with all relevant guidelines and
regulations of the Brazilian federal universities, IBAMA and the Ministry of
Environment. The isolation and purification of phospholipases BthTX-I (Figures 1A)
and BthTX-II (Figure 1B) from the venom of Bothrops jararacussu snake were carried
out at the School of Pharmaceutical Sciences of Ribeirdo Preto, University of Sao
Paulo, as previously described [28,29]. The lyophilized protein was dissolved in
Phosphate buffer saline (PBS), filtered, and stored at -80°C. Concentrations of each
protein after dissolution were confirmed by quantification in colorimetric assay using
the kit Pierce BCA Protein Assay (ThermoFisher). Dilutions of the stock solution
containing the protein were made immediately prior to the experiments. For all the
performed assays, PBS was used as the untreated control. All authors complied with the

ARRIVE guidelines.

2.2. Cell culture

Vero E6 cells (kidney tissue derived from a normal adult African green monkey, ATCC
E6) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma—Aldrich)
supplemented with 100 U/mL penicillin (Gibco Life Technologies), 100 mg/mL
streptomycin (Gibco Life Technologies), 1% (v/v) non-essential amino acids (Gibco
Life Technologies) and 10% (v/v) fetal bovine serum (FBS; Hyclone) at 37 °C in a
humidified 5% CO> incubator [30].

2.3. Cell viability assay

Cell viability was measured by MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium bromide] (Sigma—Aldrich) method. Vero E6 cells were seeded in 96-well
plates at a density of 5x10° cells per well and incubated overnight at 37°C in a
humidified 5% CO> incubator as previously described [30], with modifications. Drug-
containing medium at concentrations ranging from 0.122 to 250 pg/mL in two-fold
serial dilution for BthTX-I and 0.005 ng/mL to 250 pg/mL in five-fold serial dilution
for BthTX-II was added to the cell culture for 72h at 37 °C. Then, the media was
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removed and a solution containing MTT at the final concentration of 1 mg/mL was
added to each well, incubated for 30 min at 37 °C in a humidified 5% CO; incubator,
after which media was replaced with 100 uL. of DMSO (dimethyl sulfoxide) to
solubilize the formazan crystals. Absorbance was measured by optical density (OD) of
each well at 490 nm, using 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 group and vehicle control group, respectively. The

cytotoxic concentration of 50% (CCso) was calculated using Graph Pad Prism 8.0 [30].

2.4. Virus assays

A wild type ZIKV isolate from a clinical sample of a patient in Brazil (ZIKVPE243) [31]
was amplified in Vero E6 cells seeded in 75 cm? flask for 3 days. Then, the viral
supernatant was collected and stored at —80 °C. To determine viral titers, 5 x 10° Vero
E6 cells were seeded in each of 96 wells plate 24 hours prior to the infection. Cells were
infected with 10-fold serially dilution of ZIKVPE243 and incubated for 72h in a
humidified 5% CO> incubator at 37°C. Then, cells were fixed with 4% formaldehyde,
washed with PBS and added of blocking buffer (BB) containing 0.1% Triton X-100
(Vetec Labs, BR), 0.2% bovine albumin (BSA) and PBS for 30 min, to perform
immunofluorescence assay. Cells were incubated with primary rabbit polyclonal anti-
NS3 antibody diluted in BB for 1h. Alexa Fluor 488 conjugated anti-rabbit IgG was
used as secondary antibody (Abcam, Cambridge, UK), incubated for 1h. Images were
analyzed at EVOs Cell Imaging Systems Fluorescence Microscopy (Thermo Fisher
Scientific) and focus of infection were counted and measured as Focus Forming Unit
(FFU).

To determine the effective concentration of 50% (ECso) of each toxin, Vero cells were
seeded at density of 5 x 10 cells per well into 96-well plates 24 h prior to the infection.
ZIKVPE243 at a multiplicity of infection (MOI) of 0.01 and compound at concentrations
ranging from 0.122 to 250 pg/mL for BthTX-I and 0.005 ng/mL to 250 pg/mL for
BthTX-II were simultaneously added to cells. 72 hours post-infection (h.p.1.), cells were
fixed with paraformaldehyde 4%, washed with PBS and immunofluorescence assay was
performed. FFU under treatment with each toxin or untreated control were counted. The
antiviral activity was calculated according to the equation (T/C) x 100%, where T and C

represent the mean of the treated group and vehicle control, respectively. The effective

38



concentration of 50% inhibition (ECso) was calculated using Prism 8.0 (Graph Pad).
The values of CCsoand ECsowere used to calculate the selectivity index

(SI'=CCs¢/ECs).

2.5. Time-of-addition assays

Vero E6 cells at the density of 5 x 10° cells per well were seeded in 96 well plates 24h
prior infection and treatment. All infections were performed at MOI of 0.01, efficiency
of virus replication was assessed by measurement of FFU 72 h.p.i., and PBS was used
as untreated control. In pretreatment assay, cells were treated for 2h with BthTX-I or
BthTX-II prior to the ZIKV infection, washed with PBS and added of ZIKVPE243 for
2h. Then, cells were washed with PBS and added of fresh medium for 72h. In entry
inhibition assay, cells were infected using media-containing compound and virus for 2h,
washed with PBS and incubated with fresh medium for 72h. The virucidal activity was
assessed using the same protocol of entry assay, except that inoculum containing
compound and virus was incubated for 2h before it was added to the cells. In post-entry
assay, cells were infected with ZIKV for 2h, washed extensively with PBS to remove

unbound virus, and then incubated with medium containing compound for 72h.

2.6. Molecular docking analysis

A protein-protein blind docking analysis was performed, without defining a specific
binding site, between the E protein of the ZIKV (PDB: SHIM) and BthTX-I (PDB:
3HZD) or BthTX-II (PDB: 20QD). For this purpose, the HDOCK server [32] was used
to perform the docking analysis based on a hybrid algorithm based on a template and ab
initio modeling. From the anchoring result, 3D images of the complexes were generated

using Chimera [33], as well as 2D analysis of the interactions using LigPlot+ [34].

2.7. Infrared spectroscopy: spectral data analysis

The samples were recorded in attenuated total reflection (ATR)-Fourier transform
infrared (FTIR) spectroscopy (Agilent Cary 630 FTIR, Agilent Technologies, Santa
Clara, CA, USA). The diamond unit in the ATR system performs an internal-reflection

element to record the fingerprint infrared signature at 1800 cm™ to 800 cm™ regions.
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The samples were prepared using BthTX-I and BthTX-II at 12 pg/mL and ZIKV at a
MOI of 0.01. A volume of 1 pL. of each sample was inserted on the diamond cell and
dehydrated for 5 min using airflow, being this procedure repeated a minimum of 5 times
until each sample forms a thin layer on the ATR-crystal. The spectra were then recorded
(2 ecm™! resolution, 64 scans). The second derivative spectra were created based on
original data plotted in the Origin Pro 9.0 (OriginLab, Northampton, MA, USA)
software and adjusted using Savitzky-Golay algorithm with polynomial order 2 and 20

points of the window [30].

2.8. Statistical analysis

Individual experiments were performed in quadruplicates and all assays were performed
a minimum of three times to confirm the reproducibility of the results. GraphPad Prism
8.0 software was used to assess statistical differences of means of readings using
Student’s unpaired t-test or Mann—Whitney tests. P values <0.0001 (****) were

considered statistically significant.

3. RESULTS
3.1. BthTX-I and II exhibit strong anti-ZIKYV activity in vitro

We assessed the anti-ZIKV activity of BthTX-I (Figure 1A) and II (FigurelB) using
Vero E6 cells and ZIKVPE243. The antiviral activity was evaluated by performing a
dose—response assay to determine the effective concentration of 50% (ECso) and
cytotoxicity of 50% (CCso). Vero E6 cells were infected with ZIKVPE243 and
simultaneously treated with BthTX-I at concentrations ranging from 0.122 to 250
pg/mL in two-fold serial dilutions (Figure 1C), and with BthTX-II at concentrations
ranging from 0.005 ng to 250 pg/mL in five-fold serial dilutions (Figure 1D). FFU
were assessed 72 h.p.i. In parallel, cell viability was performed by MTT assay. Both
PLA2s were found to be able to inhibit up to 100% of ZIKV replication, while the cell
viability under the treatment with toxins at the highest concentration was over 26% for
BthTX-I and 52% for BthTX-II. From these range of concentrations, it was determined
that BthTX-I has the ECso of 1.281 pg/mL, CCso of 191.4 ng/mL, and the Selectivity
Index (SI) of 149.4 (Figure 1C), while BthTX-II has the ECso of 1.134 ng/mL, CCs of
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163.6 pg/mL and the SI of 1.44 x 10°> (Figure 1D). Therefore, both BthTX-I and II
exhibit a potent anti-ZIKV activity, with BthTX-II having the highest SI value.

3.2. BthTX-I and BthTX-II inhibit entry of ZIKYV into the host cells

Time-of-addition experiments were performed to analyze the effect of BthTX-I and II
on different stages of the ZIKV replication cycle. For all of these assays, infections were
performed at MOI of 0.01 for 72 h, and cells were treated with PLA»s at 12 pg/mL, a
concentration that inhibited virus replication by 100% with no significant effect on cell
viability in the dose-response assay (Figures 1C and 1D).

To assess the PLA»s effect on ZIKV entry to the host cells, virus and toxins were
simultaneously added to Vero E6 cells for 2h at 37 °C, cells were extensively washed
with PBS and replaced with fresh medium. FFU were counted 72 h.p.i (Figure 2A).
BthTX-I and Il demonstrated to block 99.4% and 100% of ZIKV replication
(p<0.0001), respectively, compared to PBS control, indicating that these compounds are
capable to inhibit the ZIKVPE243 entry to the host cells (Figure 2A). Additionally, the
incubation of the inoculum containing BthTX-I or BthTX-II and ZIKV at 37 °C for 2h
prior to the infection/treatment of cells strongly inhibited virus replication by 100%
(p<0.0001) (Figure 2B), demonstrating that PLA»s also have virucidal activity. Taken
together, these data indicate that BthTX-I and BthTX-II possess a potent virucidal

activity and a great capacity to block virus entry into host cells.

3.3. BthTX-II protects cells against ZIKYV infection

To evaluate the protective effects of PLA»s against ZIKV infection, cells were
pretreated with BthTX-I and II for 2h at 37 °C, washed extensively with PBS to remove
the compounds, and infected with ZIKVPE243 for 2h. Then, the supernatant was
removed, cells were washed, added of fresh medium, and FFU were counted 72 h.p.i.
(Figure 3A). The results demonstrated that BthTX-II, but not BthTX-I, significantly
reduced ZIKVPE243 infection by 100% (p<0.0001) (Figure 3A), demonstrating a robust

protective effect against ZIKV infection.

3.4. BthTX-I and BthTX-II interfere with the post-entry stages of ZIKV

replication cycle
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Finally, to investigate whether BthTX-I and II could interfere with the post-entry stage
of ZIKV infection, Vero E6 cells were incubated with ZIKVPE243 for 2h, and then the
supernatant was removed, cells were extensively washed with PBS to remove unbound
virus and added of medium containing BthTX-I or BthTX-II. FFU were measured 72
h.p.i. (Figure 3B). Data showed that BthTX-I and BthTX-II decreased up to 57% and
95% of viral replication (p<0.0001), respectively (Figure 3B).

From the analysis of the effect of BthTX-I and BthTX-II on the different stages of
ZIKV replicative cycle, the results demonstrated that: 1) these compounds mainly affect
early stages of infections, inhibiting virus entry to the host cells (Figure 2), probably
due to an effect of virus particles; 2) BthTX-II protects cells against ZIKV infection and
interferes with the post-entry stages (Figure 3), the latest may be a residual effect of the
treatment of cells prior to the infection; and 3) BthTX-I, differently of BthTX-II,
showed a modest yet significant post-entry effect and did not protected cells against
infection (Figure 3), suggesting that the post-entry activity observed for BthTX-II may
be related to an interference on virus replication, affecting the late stages of ZIKV

infection, possibly due to it catalytic activity.

3.5 In silico analyses suggest interactions of BthTX-I and BthTX-II with ZIKV

envelope protein E

Molecular docking calculations were performed to investigate virus-toxins interactions
and reveal a potential binding mode between BthTX-I or II and ZIKV envelope protein
(E) (Figure 4). After docking, the solutions with the highest score for each protein were
selected. The docking of both PLA»s with E protein was predicted between domains II
and III (DII and DIII) (Figure 4). BthTX-I was predicted to interact with E with global
energy of —240.65 kJ/mol, while BthTX-II was also predicted to interact with E, but
with an energy of —244.08 kJ/mol, after refining.

The 2D interactions between the PLA2s and ZIKV E protein showed that the chain C of
BthTX-I mainly interacts with chains A and B of E protein, forming eight hydrophobic
interactions in A (residues Phe3, Lys70, Leu2 in BthTX-I and Leu96, Gly78, Serl12,
Lys110, Thr76 in E protein) and eighteen hydrophobic interactions in B (residues
Lys129, Gly33, Lys53, Val31, Cys126, Leu32, Lys122, Leul21, His120, Pro68 in
BthTX-I and Ser403, His399, Trp400, His398, Phe314, Ser405, Pro318, I1e317 in E
protein) (Figure 5A). Furthermore, BthTX-I forms one hydrogen bond with E, Arg72
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and Glu79 (2.82 A) in chain A and one hydrogen bond, His401 and Arg34 in chain B.
There is also a salt bridge with E, Asp384 and Arg34 (Figure S5A).

Moreover, the chain C of BthTX-II interacts with ZIKV E protein in the same chains: in
chain A, forming twenty-two hydrophobic interactions (residues Gly80, Tyr75, Thrl3,
Tyr21, Lys115, Leul7, Lysll, Glyl4, Lys16, Leul10, Leul0, GIn7 in BthTX-II and
11e396, His398, His401, Ser405, Pro318, Thr406, 1le317, Ser403, Glu320, Ala319 in E
protein), and in chain B, forming thirteen hydrophobic interactions (residues Trp3,
Leu2, Phel9, Prol8, Leul0, Gly6, Leul7 in BthTX-II and Gly106, GIn77, Lys110,
Thr76, Leul07, PhelO8 in E protein) (Figure 5B). Two hydrogen bonds are formed in
Arg77 and His399 (2.93 A and 2.65 A, respectively) and Glu78 and Asn79 with Thr397
(3.03 A and 3.21 A, respectively) (Figure 5B).

3.6. BthTX-1 and II causes molecular changes in ZIKV particle.

To further investigate the interactions between BthTX-I and II with ZIKV particles,
infrared spectral analysis of ZIKV and/or PLA>s was performed in ATR-FTIR. The
representative mean infrared spectra of ZIKV prior and after the incubation with
BthTX-I and BthTX-II are showed in Figures 6A and Figure 6B, respectively. The bio-
fingerprint in the range of 1800-800 cm™! indicates absorption bands of glycoproteins,
proteins, lipids, and RNA of virus and may be exploited to suggest the interaction
between ZIKV constituents and BthTX-I or II. The second derivative spectrum is
capable to identify the accurate spatial distribution of each wavenumber referring to
each biochemical component present in the sample [35,36]. In this context, infrared
spectra can also detect binding between different functional groups of materials and
biological samples [37]. We highlighted the functional groups when a novel vibrational
mode characterized by valley in the second derivative spectra was earned with the
incubation with ZIKV + BthTX-I or ZIKV + BthTX-II, and when a vibrational mode
present in ZIKV was absent after incubation with ZIKV + BthTX-I or ZIKV + BthTX-
II. Regarding to the BthTX-I, the vibrational mode at 1717 cm™ ' (Figure 6C) was
detected only after incubation of ZIKV + BthTX-I, suggesting formation of C=0O
stretching vibration in Amide I of proteins by the interaction of ZIKV + BthTX-I [38].
On the other hand, the vibrational modes at 1317 cm™ ! (Figure 6E) and 953 cm !
(Figure 6G) were clearly detected in ZIKV, and these respective vibrational modes

were absent in ZIKV + BthTX-I, which can suggest interactions of viral particles with
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BthTX-I. The vibrational modes at 1317 cm™ ! and 953 cm™ ! were respectively related
to amide III in proteins [39] and sugar moieties of glycosylated proteins [40],
suggesting interaction of viral surface proteins with BthTX-I.

Regarding to the BthTX-II, the vibrational modes at 1705 cm™ ! (Figure 6D), 1527 cm™
! (Figure 6F), and 1317 cm™ ! (Figure 6H) were clearly detected in ZIKV and these
respective vibrational modes were absent in ZIKV + BthTX-II, which can suggest
several interactions of viral particles with this toxin. The vibrational modes at 1705 cm™
U'and 1527 ecm™ ! were, respectively, related to C=O vibrations of guanine and C=N
guanine [39]. Guanine is a nucleobase found in the RNA, suggesting an effect of
BthTX-II in genomic RNA of ZIKV. In a similar coupled mechanism described to
BthTX-I, the vibrational modes at 1317 cm™ ! was also described only in the ZIKV
samples, which can be related with amide III [39] in surface proteins. Otherwise, the
vibrational modes at 1327 cm™ ! (Figure 6H) was detected only after incubation of
ZIKV + BthTX-II, suggesting formation of alpha-helix bands for Amide III proteins
[41].

4. Discussion

PLA;s are a well-known class of enzymes, widely distributed in nature, essential for the
regulation of membrane lipids, since they catalyze the glycerophospholipids, releasing
free fatty acid and lysophospholipids [42,43]. Multiple studies have demonstrated the
antiviral activity of PLA»s against several viruses [22-24,44]. In this scenario, these
proteins have emerged as potential therapeutic templates to the development of drugs
[20]. Here we show the antiviral activity of bothropstoxins-I and II (BthTX-I and II)
isolated from the venom of Bothrops jararacussu on ZIKV replicative cycle. BthTX-I
and II showed a very potent dose-dependent inhibition of ZIKV in vitro, with high SI
values. The inhibition of viral infection was mainly in the early stages of the replicative
cycle, interfering with virus entry into host cells, possible by an effect on virus particles,
demonstrated by their strong virucidal effect. Our data are in accordance with previous
studies, which showed that PLAxs from Crotalus durissus terrificus inhibited the early
stages of the replication cycle of flavivirus, such as Dengue (DENV), Yellow Fever
(YFV) and Hepatitis C virus (HCV) [16,24], and alphavirus, such as Chikungunya virus
(CHIKV) [23].
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Apart from the potent anti-ZIKV activity of both bothropstoxins, our data demonstrated
that BthTX-II presented SI 1000 folds higher than BthTX-I, which may be explained by
the enzymatic activity of BthTX-II, a catalytic PLA> [26]. These results suggest that the
catalytic activity may be an important factor for the antiviral effect of PLAus,
corroborating with the findings of Mitsuishi and colleagues, who demonstrated the
catalytic activity of PLA»s against adenovirus infection [45]. Additionally, only BthTX-
IT was able to protect cells against ZIKV infection, possibly due to its enzymatic activity
on the cell membrane. These results are in agreement with Siniavin and coworkers,
which revealed the protective effect of different types of PLAss against SARS-CoV-2
infection [46]. Furthermore, when cells were treated with BthTX-II after viral entry, this
protein also significantly inhibit post-entry stages of ZIKV replication, suggesting that
this may be a residual effect of the protective action, or be due to the catalytic effect of
this toxin on the membranes associated to the ZIKV replication complex [24].
Alternatively, BthTX-I showed a modest yet significant post-entry effect and did not
protected cells against infection, emphasizing that the activity observed for BthTX-II on
the later stages of the infection may be related to its catalytic activity. The post-entry
effect of BthTX-I may be explained by the action of this toxin into the host cells after
virus entry and during virus replication, as showed by Fernard and collaborators for
HIV strains inhibition [47]. The authors demonstrated that secreted PLA:s blocked virus
entry by preventing virion uncoating and dissociation of the RT complex from host cell
membranes. Despite the stronger antiviral activity of PLA»s are associated with their
catalytic activity, they are not exclusively dependent on that, since PLA>s with no
catalytic activity also show potent antiviral effects [16,17], suggesting that PLA>s may
possess different mechanisms of action. As showed by Muller and collaborators, the
possible explanation for the antiviral activity of PLAss are their direct action on virus
particles, especially enveloped virus, leading to a membrane destabilization and, release
of viral genome [44]. The mode of action for Asp49 PLA»s could be directly on the
membrane phospholipids of the viral envelope, via glycerophospholipid cleavage, while
for Lys49 PLA:s, could be a lipid disturbance on the envelope, since they are able to
hydrolyze the outer phospholipid layer, accumulating fatty acids and lysophospholipids
on the membrane, and leading to an increased permeability of the viral envelope, given
that they possess no enzymatic activity [17,44,48,49]. These mechanisms of action were

previously observed for other enveloped virus, such as DENV, YFV, and Rocio virus,
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from the Flaviviridae family [16,17,44]. Therefore, additional studies are need to
characterize their specific sites of acting on ZIKV particles.

As the strongest effects observed in our data for BthTX-I and BthTX-II were in the
early stages of infection, we further investigate possible binding interactions of these
toxins with the ZIKV particle. A blind molecular docking analysis using both PLA2s
and the E protein of ZIKV was performed, and the protein-protein docking analyses
demonstrated that BthTX-I and BthTX-II are predicted to bind to E protein in the DII
and DIII domains, which corroborate to their in vitro virucidal effect on the ZIKV
particle. The tip of DII contains the fusion loop (FL), the portion that interacts with the
host membrane during membrane fusion [50], and DIII possesses the receptor-binding
site, the portion of great importance during the fusion process [51], that could also
explain the blockage of ZIKV entry into host cells. This potential interaction with E
protein was also corroborated by the infrared spectrum data, suggesting interaction of
viral surface proteins by amide III for BthTX-I and BthTX-II, and interaction with
glycosylated proteins for BthTX-I. Besides, the analysis of the association of ZIKV
with BthTX-II suggests the interaction with C=0O vibrations and C=N vibrations to
guanine in ZIKV, which may represent a potential effect on genomic RNA of ZIKV,
corroborating with the findings of the activity of this toxin on the post-entry stages of
ZIKYV replication.

Our findings demonstrate that the PLA»s BthTX-I and BthTX-II could be useful for the
development of antiviral compounds against ZIKV infection. The virucidal activity of
these proteins on ZIKV, as well as their high SI, make them as promising templates for

the development of future drug candidates against Zika fever.
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Captions to Figures

Figure 1. Anti-ZIKV activity of BthTX-I and BthTX-II. Structure of the BthTX-I
protein (A) and BthTX-II (B) isolated from the venom of Bothrops jararacussu (PDB
ID: 3HZD and 20QD, respectively). Vero E6 cells were treated with BthTX-I at
concentrations ranging from 0.122 to 250 pg/mL (C), and with BthTX-II at
concentrations ranging from 0.005 ng/mL to 250 pg/mL (D), and the effective
concentration of 50% (ECso) and cytotoxic concentration of 50% (CCso) were
determined. ZIKV replication was measured by FFU/mL (indicated by m) and cellular
viability measured using an MTT assay (indicated by e). Mean values of three
independent experiments each measured in quadruplicate including the standard

deviation are shown.

Figure 2. BthTX-I and II effects on the early stages of ZIKV infection. (A) BthTX-I
and BthTX-II at 12 pg/mL and ZIKV (MOI 0.01) were simultaneously added to Vero
E6 cells for 2h at 37 °C, cells were washed with PBS and replaced with fresh medium.
FFU were counted 72 h.p.1. to assess ZIKV replication rates. (B) BthTX-I and BthTX-II
at 12 pg/mL and ZIKV (MOI 0.01) were incubated for 2h at 37 °C, then added to cells
for extra 2h. Cells were washed with PBS, replaced with fresh medium, and FFU were
counted 72 h.p.i. Schematic representation of each time-based assay as shown by Vero
E6 cells (gray bars), compound (purple bars), ZIKVPE243 (yellow bars) and ZIKV and
compounds inoculum (microtube). Mean values £ SD of a minimum of three
independent experiments each measured in quadruplicate. (****) P < 0.0001. All

images were generated using GraphPad Prism 8.

Figure 3. Protective and post-entry activity of BthTX-I and II on ZIKYV infection.
(A) BthTX-I and BthTX-II at 12 pg/mL were added to Vero E6 cells for 2h at 37 °C,
cells were washed with PBS, and ZIKVpE243 (MOI 0,01) was added to cells for 2h at 37
°C. Cells were washed with PBS and replaced with fresh medium. FFU were counted 72
h.p.i. to assess ZIKV replication rates. (B) ZIKVPE243 was added to cells for 2h at 37
°C, cells were washed with PBS and then the inoculum was replaced by medium
containing BthTX-I and BthTX-II. Schematic representation of time-based assay as
indicated by Vero cells (gray bars), compound (purple bars) and ZIKVPE243 (yellow

bars). Mean values + SD of a minimum of three independent experiments each
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measured in quadruplicate. (****) P < 0.0001. All images were generated using

GraphPad Prism 8.

Figure 4. Interaction of BthTX-I and BthTX-II with ZIKV E protein. Illustration of
spatial position and the molecular docking images of the BthTX-I (blue) (PDB: 3HZD)
[41] and BthTX-II (purple) (PDB: 20QD) [42] interactions with ZIKV E protein
(yellow) (PDB: 5JHM) [43]. Protein-protein complexes were generated by servidor
HDOCK [30]. DI, II and III indicate the E protein domains. All images were generated
using Chimera and GIMP 2.10.20.

Figure 5. Predicted molecular interactions between BthTX-I and II and ZIKV E
protein. (A) 2D diagram of the interactions between ZIKV E protein amino acids
(Chain A and B) in blue and BthTX-I in green (Chain C). (B) 2D diagram of the
interactions between ZIKV E protein amino acids (Chain A and B) in blue and BthTX-
IT in green (Chain C). The dashed green line indicates hydrogen bonds, the red dashed
line indicates a salt bridge and the red and magenta arcs indicate hydrophobic

interactions. All images were generated using LigPlot+.

Figure 6. ATR-FTIR indicates molecular shifts in ZIKV particle induce by BthTX-
I and BthTX-II. The representative infrared average spectrum of second derivative
analysis from ZIKV (black line), BthTXI-I and BthTX-II (blue line representing the
compounds), and each compound plus ZIKV (red line) employing a Fourier Transform
Infrared (FTIR) methodology, in wavenumber ranging from 1800 to 800 cm ! A
second derivative analysis, which the value heights indicate the intensity of each
functional group among 1500 to 900 cm ! wavenumbers (B, C, D, F, G, H, I),
respectively. The second derivative spectra were created based on original data plotted
in the Origin Pro 9.0 (OriginLab, Northampton, MA, USA) software and adjusted using
Savitzky-Golay algorithm with polynomial order 2 and 20 points of the window.
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Figure 2
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Figure 3
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Figure 4
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Figure 6

(A) v (B) (€) (D)

~ BthTH-| ——zKV - TRV
0.35 4  ZIKV4BhTX-l 0,30 4 e BthTX-I 0,08 4 —— 21KV 0,050 BthTXl
——— ZIKV4BLhTX-Il — BthTel - ZIKV4BEhTX-lI
0,30 — A —— ZIKV+BthTX-|
¥ 5 \
.m 0,04 4.7 \ £ 005 4
- B - 0,20+ N g
3 F m \ £
2 g0 < / 3
¥ m 0,15 o M 2 ¥
E 0,00 4 \ & 0,000
g £ < N :
5 015 5 2 £
B & o0+ g
T < 4 i
.10 .W \ / =
0,05 4 0,04 4 / ¥ & 002
0,05 4 /\
0,00 - 1717
0,00 T T T T 1 T T T T 1 0,08 T T T T 1 -0,050 T T T 1
1800 1600 1400 1200 1000 800 1800 1600 1400 1200 1000 8OO 1720 179 1718 1717 1716 1715 1708 1707 1706 1705 1704
Wavenumber fem ') Wavenumber fem ') Wavenumber fem *) Wavenumber {cm™)

(E) (F) (G) (H)

7KV - DKy —— ZIKV
0,020 4 ——— ZIKV 0,050 — BthTX-I 0,00500 - ——— BthTX- 0,010 ——— BthTX-ll
——— BthTX-I ARV BT ——— ZIKV+BthTX-| ——— ZIKVABHhTX-I
0,015 — ZIKV+BthTX-| w
H 0,00375

w ] (
3 omo A 3 002 o ¥ 2 000 {
4 H A
.m m \\A m | ,,.\\/ | _/ /
T 0005 o - / = 000250 o 2
3 c / L 2 / \
3 3 . ¥ ¥ [/

0,000 0,000 0,000 4
& H E Ny \ N 00125 4 T \ .‘_
k] ® \ / 5 8 )
w0005 o H 7 g ] \7 |
i 3 / 4 H N7

0,00000 -
& 0010 d oms // S 5] ,m, 0,005 .,_\
H N
0,015 - 1317 1527 0,00125 \
1317
0,020 T T T T T T T T d 0,050 T T T T T T T d T T 1 0,010 T T T T T T T T 1
1324 1322 1320 1318 1316 1314 1312 1310 1308 1533 1532 14531 1530 1529 1528 1527 1576 1525 956 954 a2 950 1337 1330 1328 1326 1324 1322 1320 1318 1316
Waovenamber {em ') Wavenumber fem | Wavenamber ftm *) Wavenumber {emr' )

61



CAPITULO III

Consideracoes finais
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Consideragoes finais

Os resultados deste estudo demonstram que as Bothropstoxinas I e II isoladas do
veneno de Bothrops jararacussu (BthTX-I1 e BthTX-II) possuem atividade anti-ZIKV e
pode servir de base para proximos estudos na busca de novos antivirais. Mais estudos
sdo necessarios para avaliar a agdo antiviral desses compostos em testes in vivo € o
estudo das vias de entrega desses compostos.

Este trabalho fornecera informagao potencial para o desenvolvimento de novas

terapias antivirais.
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