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 20 

ABSTRACT 21 

Hepatitis C is a hepatological disorder induced by the Hepacivirus hominis (Hepatitis C 22 

virus, HCV), with approximately 170 million individuals estimated to be presently affected 23 

globally. The current treatment for infected patients primarily relies on direct-acting antivirals 24 

(DAAs). However, this treatment is marked by its high cost, numerous side effects, and 25 

documented instances of antiviral resistance. These challenges underscore the imperative for 26 

developing novel therapeutic strategies. In this framework, naturally occurring compounds 27 

have exhibited considerable medical significance attributable to their biological functionalities. 28 

Compounds extracted from snake venoms have evidenced antiviral efficacy against a variety 29 

of viral pathogens including Orthoflavivirus denguei (DENV), Orthoflavivirus flavi (YFV), 30 

Orthoflavivirus zikaense (ZIKV), and HCV. Here, the activity of 10 proteins isolated from 31 

snakes’ venom of Bothrops genus were evaluated against HCV replicative cycle. The full-32 

length JFH-1 HCV system was used to infect the Huh-7.5 cell. Cell viability was measured 33 

simultaneously through MTT assay. Eight compounds inhibited up to 99% of HCV infection, 34 

being the most potent inhibitory rates observed in BthTX-I and BthTX-II, with an SI of 13.5 35 

and 1736, respectively, being able to block 84.7% and 96% of HCV infectivity, in the same 36 

order. BthTX-II also demonstrated a protective effect in cells treated prior to HCV infection of 37 

approximately 86.7%. Molecular docking calculations suggest interactions between the two 38 
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proteins with HCV E1-E2 glycoprotein complex. BthTX-II exhibited stronger interactions, 1 

indicated by 22 hydrophobic interactions. In conclusion, these compounds were shown to 2 

inhibit HCV infectivity by either acting on the virus particles or protecting the cells against 3 

infection.  4 

Keywords: Hepatitis C virus; Hepacivirus, Phospholipase A2. 5 

1. Introduction 6 

Hepatitis C is a disease caused by the Hepacivirus hominis (Hepatitis C virus, HCV), a 7 

member of the Hepacivirus genus and Flaviviridae family1, and is an enveloped virus, with a 8 

positive single-sense RNA genome of approximately 10kb. The genome contains an open 9 

reading frame (ORF) that encodes a polyprotein of around 3,000 amino acids, which is 10 

subsequently cleaved into structural and non-structural viral proteins2,3. 11 

Patients chronically infected with HCV can develop HCV-related liver disease that may 12 

gradually advance from chronic hepatitis to liver cirrhosis and hepatocellular carcinoma (HCC), 13 

which have considerable morbidity and mortality rates 4–6. The global prevalence of HCV was 14 

estimated to be 170 million people with 3-4 million new infection per year, and globally, 15 

approximately 71 million people are affected by chronic HCV infection. 7–15. 16 

Since 2011, the treatment of HCV infection is mostly based on direct-acting antivirals 17 

(DAAs) which present Sustained Virological Response (SVR) rates higher than 90% 16. 18 

However, the high cost of DAA-based treatment (around US$ 7,000 weekly for each DAA) and 19 

documented resistance-associated variants to these treatments demonstrate the need of 20 

searching for new therapeutic approaches 17–19. 21 

Several pharmacologically active components from animal venom have been described in 22 

the literature. Among them, the bee venom from the honeybee Apis Melifera L. has various 23 

biological properties including antibacterial, antiparasitic, and antiviral20,21; compounds isolated 24 

from the Scorpio maurus palmatus 22 and Heterometrus petersii 23 scorpions venoms inhibited 25 

HCV in vitro through virucidal activity, by directly interacting with the viral membrane and 26 

decreasing the virus infectivity; and different proteins isolated from the venom of Bothrops and 27 

Crotalus species blocked the replication of enveloped viruses like Influenza A virus (IAV), 28 

Vesicular stomatitis virus (VSV), Orthopneumovirus hominis (HRSV), and Simplexvirus 29 

humanalpha1 and 2 (HSV1), as well as  inhibited the replication of non-enveloped viruses such 30 

as Alphapapillomavirus 9 (Human papillomavirus, HPV), and Enterovirus A viruses: 31 

EnterovirusA71 (EV-A71) and Coxsackie virus (CVA) 24,25. 32 
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Due to its complexity and variety of compounds, snake venom is a vast source of molecules 1 

capable of exerting biological activities26. Of more interest, the venom of Bothrops snakes is a 2 

complex mixture of L-amino acid oxidases, hialuronidases, serinoproteases, metalloproteases, 3 

phospholipases, among others27. What is more interesting, the phospholipases A2 (PLA2) 4 

isolated from the venom of Bothrops jararacussu snake have also been described as inhibiting 5 

several viruses such as Orthoflavivirus denguei (DENV), Orthoflavivirus flavi (YFV), Rocio 6 

virus (ROCV), Orthobunyavirus oropoucheense (OROV), Mayaro virus (MAYV), 7 

chikungunya virus (CHIKV), Orthoflavivirus zikaense (ZIKV), and HSV128–31. Shimizu and 8 

collaborators showed that the treatment with toxins isolated from the venom of Crotalus 9 

durissus terrificus inhibited HCV entry, replication, and release32. Recently, another class of 10 

phospholipases was demonstrated to have strong antiviral activity against ZIKV, two 11 

bothropstoxins (BthTX-I and BthTX-II) isolated from Bothrops jararacussu venom33. In 12 

addition, the CM-II isoform of a secreted PLA2, obtained from Naja mossambica mossambica 13 

snake venom (CM-II-sPLA2) possess potent virucidal activity against HCV, DENV and 14 

Orthoflavivirus japonicum (Japanese encephalitis virus - JEV)34, highlighting the potential of 15 

this selected compounds as antiviral drugs.  16 

Therefore, considering the potential of molecules isolated from snake venoms, 10 proteins 17 

isolated from Bothrops jararacussu, B. moojeni, B. alternatus, or B. jararaca venoms 18 

investigated towards their activity in the HCV replicative cycle.  19 

 20 

2. Material and Methods 21 

2.1 Compounds isolated from snake venoms 22 

The venoms of Bothrops alternatus, B. moojeni, and B. jararaca were purchased from 23 

serpentarium "Serpentário Proteínas Bioativas Ltda" of Batatais/SP, registered at the Ministry 24 

of the Environment, nº 471301. The venom of B. jararacussu was acquired from the 25 

serpentarium "Centro de Extração de Toxinas Animal", registered at the Ministry of the 26 

Environment, nº 3002678. Isolation and purification of the PLA2s BthTX-I and BthTX-II from 27 

B. jararacussu; the phospholipases CM12 and CM14 from B. moojeni; the peptide pools PV 28 

and PIV from B. alternatus and the peptide pools Bjara H, Bjara I, and Bjara H2 from B. 29 

jararaca were carried out at the Laboratory of Toxinology of the School of Pharmaceutical 30 

Sciences of Ribeirão Preto, University of São Paulo, under the supervision of Profª Suely Vilela 31 

Sampaio, as previously described in details31,35–39. Briefly, crude venom (300 mg) from 32 

Bothrops jararacussu was separated by size-exclusion chromatography on a Shephacryl S-200 33 
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(100 x 2.6 cm; Amersham, GE Healthcare Life Science, Pittsburgh, PA, USA), previously 1 

equilibrated with 50mM ammonium bicarbonate pH 8. The eluted fractions at a flow rate of 2 

22.8 mL/min, with fractions of 3 mL collected was monitored for absorbance at 280nm, pooled 3 

and lyophilized. The fraction referred as SPIV was identified by means of SDS PAGE 4 

(Laemmili 1970) by containing phospholipases and myotoxins which have a molecular mass of 5 

14 kDa at 17kDa approximately. For further purification, SPIV was turned in to ion exchange 6 

chromatography on a CM Sepharose columm (40 x 2 cm; Amersham, GE Healthcare Life 7 

Science, Pittsburgh, PA, USA), previously equilibrated with 50 mM ammonium bicarbonate 8 

pH 8 (Buffer A). Elution began with the same buffer, followed by a linear gradient of 500 mM 9 

ammonium bicarbonate (pH 8, Buffer B). The process was carried out at a flow rate of 1.5 10 

mL/min, collecting 4 mL fractions based on absorbance at 280 nm. The fraction corresponding 11 

to BthTX-I and BthTX- II were collected, lyophilized, and stored at 4 °C for subsequent 12 

analysis. The purity of BthTX-I and BthTX- II were also assayed by 12% (w/v) SDS-PAGE 13 

and analyzed using an HPLC system with a reverse-phase column and N-terminal amino acid 14 

sequencing via automated Edman degradation in a protein sequencer (PPSQ 33A, system, 15 

Shimadzu)37–39. The lyophilized compounds were dissolved in PBS (Phosphate-Buffered 16 

Saline), filtered, and stored at -80°C. Protein concentrations after dissolution were verified 17 

using a colorimetric assay with the Pierce BCA Protein Assay kit (ThermoFisher). Compounds 18 

were diluted in a complete medium immediately prior to the experiments. PBS was used as 19 

untreated control in all performed assays. 20 

2.2 Cell Culture 21 

The human hepatoma cell line Huh-7.5 (RRID:CVCL_7927) 40 was cultured in Dulbecco’s 22 

modified Eagle’s medium (DMEM; Sigma–Aldrich) and supplemented with 10% fetal bovine 23 

serum (Cultilab, Campinas, SP, BR), 100 U/mL penicillin (Gibco Life Technologies, USA), 24 

100 µg/mL streptomycin (Gibco Life Technologies, USA), 1% (v/v) non-essential amino acids 25 

(Gibco Life Technologies, USA), and 2% (v/v) HEPES (Gibco Life Technologies, USA). The 26 

cells were maintained at 37 ºC in a humidified 5% CO2 incubator. 27 

2.3 Cell viability assay 28 

The cell viability of compounds was determined by the MTT [3-(4,5-dimeth- ylthiazol-2-29 

yl)-2,5-diphenyl tetrazolium bromide] assay (Sigma-Aldrich, St. Louis, MO, USA) 41 as 30 

previously described 42. A suspension of 5 x 103 Huh-7.5 cells per well was transferred to 96-31 

well microplates 24 h before the assay and incubated at 37 ºC with an atmosphere at 5% CO2. 32 

The supernatant was replaced by fresh DMEM containing drugs at specific concentrations and 33 
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maintained for 72 h. After treatment, cells were treated with DMEM containing 1 mg/mL of 1 

MTT, incubated for 30 minutes, and then the medium was replaced with 100 µL of dimethyl 2 

sulfoxide (DMSO, Sigma–Aldrich) to solubilize the formazan crystals. The viability of 3 

surviving cells was assessed by measuring the optical density (OD) at 592 ɳm, using a 4 

spectrophotometer. Cellular viability was determined according to the equation (T/C) x 100, 5 

where T corresponds the average optical density of the treated group and C represents the 6 

control group. In order to calculate the cytotoxic concentration of 50% (CC50), the cells were 7 

treated with BthTX-I and BthTX-II in a two-fold serial dilution ranging from 0.003 to 25 8 

µg/mL, and cell viability was measured after 72h. The CC50 value was calculated using a non-9 

linear regression at GraphPad Prism 8.0. 10 

2.4 Viral assays 11 

The JFH-1 HCVcc genotype 2a particles43 were generated as described previously44. A 12 

suspension of 5 x 103 Huh-7.5 cells/well were seeded to 96-well microplates incubated at 37 ºC 13 

with the atmosphere at 5% CO2. After 24h, cells were infected with 100 focus-forming units 14 

(FFU)/well of JFH-1 HCVcc, and compounds were added at the highest non-cytotoxic 15 

concentration (cell viability ≥ 90%). The (-)-epigallocatechin gallate (EGCG, Sigma-Aldrich, 16 

USA) at 100 µM was used as a control of inhibition of HCV infection45.  For all antiviral assays, 17 

cells were fixed 72 hours post-infection (h.p.i.) with 4% (v/v) paraformaldehyde (PFA), washed 18 

with 100 mM Glycine (Applichem, USA), and semi-permeabilized with 0.1% Triton X-100 19 

(Vetec Labs, BR). The infectivity was marked by indirect immunofluorescence using a sheep 20 

anti-NS5A IgG46 as the primary antibody and anti-sheep IgG, Alexa Fluor 594 conjugated, as 21 

a secondary antibody. Cells were analyzed in a fluorescence microscope (Axio Vert.A1 - Zeiss) 22 

in green light (500-565 ɳm). Relative infectivity was expressed as focus-forming units per 23 

milliliter (FFU/mL).  24 

2.5 Evaluation of the effective concentration of 50% of active compounds activity HCV 25 

infectivity 26 

The active proteins were further assessed towards their inhibition profile on HCV 27 

infectivity. Briefly, cells were infected with JFH-1 HCVcc with BthTX-I or BthTX-II in a two-28 

fold serial dilution ranging from 0.003 to 25 µg/mL for 72 h as described 42. The supernatant 29 

was discarded, cells were rinsed with PBS, fixed, and the relative infectivity was measured as 30 

described above. The EC50 was calculated using a non-linear regression at GraphPad Prism 8.0 31 

and the values of CC50 and EC50 were used to calculate the selectivity index (SI = CC50/EC50). 32 
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2.6 BthTX-I and BthTX-II effects on HCV entry steps 1 

For all entry assays, cells were infected with 100 PFU/well of JFH-1 HCVcc, and relative 2 

infectivity was measured 72 h.p.i. to access the inhibition rates as described in 42. The molecules 3 

BthTX-I and BthTX-II were employed at 5 µg/mL, while EGCG at 100 µM (Sigma-Aldrich, 4 

USA) 47 was used as control of entry blockage. 5 

To determine whether the compounds could confer cell protection against viral infection, 6 

a pre-treatment assay was carried out. For this, Huh-7.5 cells were exposed to each compound 7 

for 1h at 37°C before infection. Cells were rinsed and then infected with JFH-1 HCVcc for 4 h 8 

at 37 °C. After removing the inoculum, the inoculum was removed, additional PBS washes 9 

were performed to completely remove the non-endocytosed virus and fresh medium was added. 10 

To evaluate the effect of each protein in HCV entry stage, JFH-1 HCVcc infectious 11 

supernatant to infect Huh-7.5 cells in the presence each protein for 4 h at 37 °C. The supernatant 12 

was removed, cells were washed extensively with PBS to the complete removal of inoculum 13 

and replaced with fresh complete medium. Further, a virucidal assay was conducted to assess 14 

the ability of the proteins to act directly on the viral particles. Infectious supernatant was prior 15 

to incubating with each compound for 1 h at 37 °C, and then used to infect cells for 4 h at 37 16 

°C. The inoculum was removed, cells were washed extensively with PBS and replaced by fresh 17 

medium. 18 

2.7 BthTX-I and BthTX-II activity on HCV replication 19 

To identify if the proteins were able to inhibit the HCV replication, cells were infected with 20 

JFH-1 HCVcc (100 PFU/well) for 4h and thoroughly washed with PBS to eliminate any non-21 

endocytosed virus. Then, cells were treated with each protein for 72 h, and relative infectivity 22 

was measured. Cyclosporine A at 1 µM (CsA, Sigma-Aldrich) was used as a positive control 23 

48. 24 

2.8 Combination of BthTX-I or BthTX-II with sofosbuvir 25 

The antiviral activity of the proteins BthTX-I and BthTX-II were further identified towards 26 

the capacity of being employed jointly sofosbuvir (SOF), a direct-acting antiviral49, and result 27 

in increased inhibition. The sofosbuvir was dissolved in DMSO (Sigma–Aldrich) and stored at 28 

-80°C. Cell viability and infectivity assays were performed with the compounds and sofosbuvir 29 

separately and with the combination of each protein plus SOF at 500 ɳM. Due to the cytotoxicity 30 

profile of the association of the different molecules, BthTX-I and BthTX-II were tested at 0.38 31 

µg/mL and 0.0036 µg/mL. respectively). 32 
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2.9 Molecular docking 1 

In order to identify the mode of interaction between the E1-E2 glycoprotein from HCV 2 

(PDB: 7T6X) and BthTX-I (PDB: 3HZD) or BthTX-II (PDB: 2OQD), a blind protein-protein 3 

docking analysis was performed using HDOCK server50 combining template-based and ab initio 4 

modeling. The resulting docking complexes were visualized in 3D using Chimera X51 and 5 

analyzed in 2D with LigPlot+52. Prior to the analyses, the residues in PDBs files 3HZD and 6 

2OQD were renumbered to correct discrepancies in their original amino acids sequence 7 

numbering33. 8 

2.10 Statistical analysis 9 

 Experiments were conducted in triplicate, and all assays were repeated at least twice to 10 

ensure result reproducibility. Mean differences were analyzed using one-way ANOVA, 11 

followed by Dunnett’s test to compare results with the PBS control, utilizing GraphPad Prism 12 

8.0 (GraphPad Software). Statistical significance was set at P < 0.01 (denoted by asterisks). 13 

EC50 and CC50 values were determined by transforming the data into Log(X), where X 14 

represents the concentration, and applying a non-linear regression with a four-parameter 15 

variable slope. All analyses were performed using GraphPad Prism 9.0. 16 

3. Results 17 

3.1 Isolation and purification of BthTX-I and BthTX-II 18 

The purification of BthTX-I and BthTX-II were successfully carried out by the two 19 

chromatographic steps mentioned above. After the first chromatography step on Sephacryl 20 

S200 column, the fraction SPIV (Figure 1A), was identified by means of SDS PAGE 21 

containing phospholipase and myotoxins (Figure 1A, insert). The SPIV fraction was 22 

lyophilized and subsequently submitted to the CM-Sepharose column (Fig 1B). The BthTX-II 23 

was detected in the fraction CM- III, meanwhile BthTX-I was detected in the fraction CM-V. 24 

Both peaks were found to be highly pure when analyzed by SDS-PAGE (Fig.1B insert). A 25 

subsequent round of reverse-phase chromatography verified that the highly active fraction 26 

consisted of a single compound, which eluted as a single peak (Figure 2). 27 

BthTX-I was identified through N-terminal amino acid sequencing using automated Edman 28 

degradation, revealing 20 residues (SLFELGKMILQETGKNPAKS) with 100% identity to the 29 

N-terminal sequence of BthTX-I, isolated from of B. jararacussu venom and complete amino 30 

acid sequence reported by Cintra et al. (1993) 53. In addition, by same methods, BthTX-II also 31 
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presented 20 amino acid residues (DLWQWGQMILKETGKLPFPY) with 100% identity to the 1 

N-terminal sequence of the BthTX – II from Pereira et al. (1998). 2 

3.2 Inhibitory effect of snake venom compounds on HCV infectivity 3 

Prior to identifying the activity of the proteins on HCV replicative cycle, their cytotoxicity 4 

was assessed by treating cells with each molecule at four different concentrations performing 5 

MTT assay. The results demonstrated that BthTX-I, BthTX-II, and CM12 did not show any 6 

cytotoxicity at the highest concentration of 25 µg/mL (cell viability ≥ 90%), while PV, PIV, 7 

Bjara H, Bjara I, Bjara H2, and CM14 the highest non-cytotoxic concentration were ≥ 5 µg/mL, 8 

therefore, these concentrations were selected for the antiviral screening (Supplementary 9 

Material 1). 10 

To assess the inhibitory effect of these compounds on HCV replicative cycle, cells were 11 

infected with JFH-1 HCVcc and simultaneously treated with compounds at the highest non-12 

cytotoxic concentrations. Infectivity levels were analysed 72 h.p.i by focus-forming units per 13 

milliliter of supernatant (FFU/mL). The results demonstrated that 8 compounds significantly 14 

inhibited HCV infectivity (p < 0.001) (Figure 3). Particularly, BthTX-I and BthTX-II, at a non-15 

cytotoxic concentration, were able to block up to 99% of the virus infectivity (p < 0.001) 16 

(Figure 3), demonstrating the strong effect of these compounds on HCV life cycle. 17 

3.3 BthTX-I and BthTX-II inhibit HCV with high selective indexes  18 

Concentration-response curves were performed for BthTX-I and BthTX-II in order to 19 

determine the CC50, EC50, and SI values. To this, a two-fold serial dilution of BthTX-I or 20 

BthTX-II ranging from 0.003 to 25 µg/mL was used to treat the cells in the presence or absence 21 

of HCV. As a result, for BthTX-I the values of CC50, EC50 and SI were >25 µg/mL, 0.5 µg/mL, 22 

and > 50, in this order, while for BhtTX-II were 324.4 µg/mL, 0.02 µg/mL, and 16.220, 23 

respectively (Figure 4).  24 

3.4 BthTX-I and BthTX-II compounds blocked HCV entry 25 

In order to evaluate the ability of the venom compounds in blocking the virus entry into 26 

Huh-7.5 cells, the virus-containing inoculum and compounds were added simultaneously to 27 

Huh-7.5 cells and incubated for 4h. Relative infectivity was assessed using a focus forming unit 28 

assay. Results showed that the proteins BthTX-I and BthTX-II at 5 µg/mL inhibited 83.4% and 29 

97.2% of HCV entry to the host cells, respectively (p < 0.001) (Figure 5a).  30 
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To further evaluate the compounds’ inhibitory effects on viral entry, a virucidal assay was 1 

carried out. With that, a significant virucidal activity was observed for both compounds 2 

(BthTX-I and BthTX-II) which blocked 85% and 96% of virus entry, respectively (p < 0.001) 3 

(Figure 5b). 4 

The protective effect of these compounds on host cells was also evaluated. For this, Huh-5 

7.5 cells were pre-treated with the compounds for 1 hour at 37°C. After 4h of JFH-1 HCVcc 6 

infection, the supernatant was replaced by fresh medium and relative infectivity measured 72 7 

h.p.i. The results showed that only BthTX-II reduced infectivity when cells were pre-treated 8 

with this compound, blocking 87% of virus entry (Figure 3c). In addition to the above data, 9 

these results suggest that BthTX-II acts on both the virus particle and the host cells (Figure 5c). 10 

 3.5 BthTX-I and BthTX-II do not affect post entry steps of HCV replicative cycle 11 

These compounds were also evaluated for their ability to inhibit HCV replication, after the 12 

entry of viruses into the cells. Huh-7.5 cells were infected with JFH-1 HCVcc viral particles 13 

for 4h, the inoculum was then removed and washed extensively to completely remove the virus. 14 

Drug-containing medium was added and HCV infectivity was measured 72 h.p.i.. The results 15 

showed that non-cytotoxic concentrations of these compounds did not interfere with HCV 16 

replication (Figure 6). 17 

3.6 The treatment with compounds BthTX-I and BthTX-II plus sofosbuvir did not 18 

significantly increase the antiviral activity 19 

To verify if the antiviral activity of BthTX-I and BthTX-II is significantly increased with 20 

the addition of the sofosbuvir, the cell viability and infectivity assays were carried out with 21 

BthTX-I at 0.38 µg/mL, BthTX-II at 0.0036 µg/mL, SOF at 500 ɳM and with the combination 22 

of BthTX-I plus SOF and BthTX-II plus SOF at the same concentrations above.  23 

The results showed that the combined treatment did not decrease the cell viability in 24 

comparison with the monotherapies (Figure 7a), making it possible to compare the inhibition 25 

rates. Although the treatment with SOF and the combined treatments to be statistically different 26 

from non-treated control, there is no significant difference between the inhibition of SOF (61%) 27 

and SOF + BthTX-I (69%), neither SOF nor SOF + BthTX-II (52%) (Figure 7b). 28 

3.7 In silico analyses suggest interactions between BthTX-I or BthTX-II and HCV E1E2 29 

heterodimer 30 
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The protein-protein docking conducted between BthTX-I and II with the envelope 1 

glycoproteins E1 and E2 of HCV resulted in the interaction of phospholipases with both E 2 

proteins, albeit in slightly distinct positions (Figures 8a and 8b). BthTX-I exhibited fewer 3 

hydrogen bonds and hydrophobic interactions with glycoproteins E1 and E2 compared to 4 

BthTX-II (Figures 8c and 8c and Table 1). Furthermore, the interaction between BthTX-II 5 

appears to be stronger, as indicated by the greater number of interactions, with glycoprotein E2 6 

rather than protein E1. 7 

4. Discussion 8 

HCV infection remains a significant global health concern and there is no vaccine to 9 

prevent this disease54,55. The infected patients are treated with direct-acting antivirals (DAAs) 10 

which are the currently available treatment56, however, are expensive, can cause several side 11 

effects, and induce resistance variants57,58. Therefore, the development of new therapies is 12 

needed59,60.  13 

Snake venoms are a complex blend of compounds with diverse effects on both prey and 14 

human victims61. Many of these compounds are biologically active against parasites62, 15 

bacteria63, and viruses30. With this, herein, the antiviral activity of proteins isolated from snake 16 

venoms of the Bothrops genus species was investigate against HCV. The most effective proteins 17 

were the phospholipases A2 BthTX-I and BthTX-II, with both impairing up to 99% of HCV 18 

infectivity, with a SI of > 50 and 16.220, respectively. Snake venom phospholipases (PLAs) 19 

catalyze the hydrolysis of glycerophospholipids at the sn-2 position, releasing free fatty acids 20 

and lysophospholipids. They play a crucial role in various biological processes, including lipid 21 

digestion, host defense, and the maintenance of cellular membrane homeostasis64,65, but also 22 

with pathogen-inhibiting activity (bactericidal and antiviral activity)66,67. Interestingly, in 23 

accordance with our data, a similar PLA, the PLA2CB isolated from Crotalus durissus terrificus 24 

was found to be highly active in low EC50 concentrations against the Chikungunya virus 25 

(CHIKV), an enveloped virus by disrupting viral membrane in CHIKV virions68.  26 

Further, Muller and coworkers evaluated the effect of PLAs, being of them the BthTX-I 27 

from B. jararacussu, against DENV and YFV. As a result, the BthTX-I, a PLA2 without 28 

catalytic activity, showed virucidal activity with an SI of 15.4 for YFV and 22.6 for DENV-2, 29 

but when compared to PLA2CB and PLA2-IC the obtained SI values were >135,000 and 30 

>35,000, in this order, for both viruses31. Their mechanism of action was described as disrupting 31 

viral membrane in virions, indicating that the phospholipases' enzymatic activity is crucial for 32 

their antiviral effect 30,31. In this sense, these findings corroborate with our results since the 33 
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inhibition observed in the virucidal assay was 11% higher for BthTX-II (96% of inhibition), a 1 

phospholipase with low catalytic activity 69,70, in comparison with the BthTX-I (85%), without 2 

any catalytic activity; furthermore, the SI was also higher to BthTX-II (16.220) than to BthTX-3 

I (>50). With these results, we can infer that catalytic activity plays a key role for the antiviral 4 

effect of phospholipases, being that further confirmed by Cassani and collaborators, which 5 

evaluated the same BthTX-I and BthTX-II against the ZIKV, another Orthoflavivirus. Their 6 

data revealed that the BthTX-II had an SI of 1.44 × 105 while BthTX-I had one of 149.4, being 7 

the increase on antiviral activity also related to the catalytic activity of this protein33.  8 

X-ray crystallography and spectroscopic analyses of BthTX-I have revealed that the 9 

monomer interface functions as a molecular hinge, leading to “open” and “closed” dimeric 10 

forms. It has been suggested that changes in the quaternary conformation of the membrane-11 

bound protein may facilitate the insertion of the C-terminal loop region into the lipid bilayer, 12 

penetrating up to 13 Å. This insertion compromises membrane integrity and enhances 13 

permeability 71,72. BthTX-II in turn, is an Asp49 PLA2, that can act directly on membrane 14 

phospholipids, via glycerophospholipid cleavage and consequently membrane disrupting73. 15 

Therewith, we can suggest that the virucidal activity of PLA2s is due to their insertion into the 16 

viral envelope, with BthTX-I destabilizing the lipid bilayer and BthTX-II disintegrating such 17 

structure and, with that, both preventing the virus from entering the cell and continuing its cycle. 18 

In this sense, in silico analysis can propose the binding interactions of these toxins with the 19 

HCV envelope glycoprotein E1E2 complex, essential for HCV entry into the host cells. The 20 

viral surface glycoproteins regulate the entry process by undergoing conformational changes, 21 

transitioning from a less stable state to a more stable one74. In addition, these glycoproteins are 22 

synthesized as a complex with a second membrane glycoprotein (prM). A disintegration in this 23 

structure can cause conformational changes necessary for entry, effectively inhibiting the 24 

envelope from changing its conformation and consequently blocking the virus from infecting 25 

the cell. 26 

Nowadays, the use of combined therapies with different antivirals has been used for 27 

treatment of diverse diseases, including against hepatitis C 75–77. Here, we evaluated the effect 28 

of the combination treatment of BthTX-I or BthTX-II with sofosbuvir, a DAA currently used 29 

against HCV infections. The results showed that no synergistic effect occurs when comparing 30 

individual treatments with the combined ones, besides that, more studies can be carried out in 31 

order to discover any drug that could increase the antiviral effect of the compounds. 32 

5. Conclusion 33 
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With this work, it was demonstrated that the proteins isolated from Bothrops snake venoms 1 

strongly inhibited the HCV infection in vitro, being the proteins BthTX-II and BthTX-I from 2 

B. jararacussu the ones with higher inhibition rates. Both proteins were able to block the viral 3 

infection in 96% and 84.7%, respectively, through virucidal mechanism of action due to their 4 

interaction with E1E2 complex. Furthermore, BthTX-II also showed protective effect on Huh-5 

7.5 cells against HCV infection, inhibiting 86.7%. Thus, these proteins may contribute to the 6 

development of future Hepatitis C virus therapies functioning as a scaffold source of new 7 

antiviral molecules. 8 

Acknowledgments 9 

ACGJ is grateful to FAPEMIG (Minas Gerais Research Foundation APQ-01487-22 and 10 

APQ-04686-22) and to CAPES (Coordenação de Aperfeiçoamento de Pessoal de Nível 11 

Superior—Brasil—Prevention and Combat of Outbreaks, Endemics, Epidemics and 12 

Pandemics—Finance Code #88881.506794/2020-01 and—Finance Code 001). NMC is 13 

grateful to CAPES for scholarship #88887.703845/2022-00. IAS thanks Conselho 14 

Nacional de Desenvolvimento Científico e Tecnológico (CNPq), for scholarship 15 

#142495/2020-4, as well as for the CAPES.PrInt-UFU sandwich scholarship 16 

#88887.700246/2022-00 and FAPEMIG for scholarship #67355. 17 

Funding 18 

Funding was provided by the CAPES (Coordenação de Aperfeiçoamento de Pessoal de 19 

Nível Superior)—Brazil—Prevention and Combat of Outbreaks, Endemics, Epidemics 20 

and Pandemics (88887.506792/2020-00), FAPEMIG (Minas Gerais Research Foundation 21 

APQ-02148-21, APQ-01487-22, APQ-04686-22), and CNPq (The National Council for 22 

Scientific and Technological Development 308474/2021-6 and 307207/2021-8). 23 

Jo
ur

na
l P

re
-p

ro
of



13 
 

REFERENCES 1 

1. Simmonds P, Bukh J, Combet C, et al. Consensus proposals for a unified system 2 
of nomenclature of hepatitis C virus genotypes. Hepatology. 2005;42(4):962-973. 3 
doi:10.1002/hep.20819 4 

2. Pawlotsky J. Hepatitis C Virus Resistance to Antiviral Therapy. Hepatology. 5 
2016;32(5):889-896. doi:10.1053/jhep.2000.19150 6 

3. Houghton M. Discovery of the hepatitis C virus. Liver Int. 2009;29 Suppl 1(10):82-7 
88. doi:10.1111/j.1478-3231.2008.01925.x 8 

4. Preciado MV, Valva P, Escobar-gutierrez A, et al. Hepatitis C virus molecular 9 
evolution : Transmission , disease progression and antiviral therapy. 10 
2014;20(43):15992-16013. doi:10.3748/wjg.v20.i43.15992 11 

5. Niederau C, Lange S, Heintges T, et al. Prognosis of chronic hepatitis C: results of 12 
a large, prospective cohort study. Hepatology. 1998;28(6):1687-1695. 13 
doi:10.1002/hep.510280632 14 

6. Levrero M. Viral hepatitis and liver cancer: the case of hepatitis C. Oncogene. 15 
2006;25(27):3834-3847. doi:10.1038/sj.onc.1209562 16 

7. WHO. Hepatitis C. WHO. 17 

8. Gower E, Estes C, Blach S, Razavi-Shearer K, Razavi H. Global epidemiology and 18 
genotype distribution of the hepatitis C virus infection. J Hepatol. 2014;61(1):S45-19 
S57. doi:10.1016/j.jhep.2014.07.027 20 

9. Lanini S, Easterbrook PJ, Zumla A, Ippolito G. Hepatitis C: global epidemiology 21 
and strategies for control. Clinical Microbiology and Infection. 2016;22(10):833-22 
838. doi:10.1016/j.cmi.2016.07.035 23 

10. Burbelo PD, Dubovi EJ, Simmonds P, et al. Serology-enabled discovery of 24 
genetically diverse hepaciviruses in a new host. J Virol. 2012;86(11):6171-6178. 25 
doi:10.1128/JVI.00250-12 26 

11. Pfaender S, Cavalleri JMV, Walter S, et al. Clinical course of infection and viral 27 
tissue tropism of hepatitis C virus-like nonprimate hepaciviruses in horses. 28 
Hepatology. 2015;61(2):447-459. doi:10.1002/HEP.27440 29 

12. Lyons S, Kapoor A, Sharp C, et al. Nonprimate hepaciviruses in domestic horses, 30 
United kingdom. Emerg Infect Dis. 2012;18(12):1976-1982. 31 
doi:10.3201/EID1812.120498 32 

13. Figueiredo AS, Lampe E, do Espírito-Santo MP, et al. Identification of two 33 
phylogenetic lineages of equine hepacivirus and high prevalence in Brazil. Vet J. 34 
2015;206(3):414-416. doi:10.1016/J.TVJL.2015.10.015 35 

Jo
ur

na
l P

re
-p

ro
of



14 
 

14. Lu G, Sun L, Xu T, et al. First Description of Hepacivirus and Pegivirus Infection 1 
in Domestic Horses in China: A Study in Guangdong Province, Heilongjiang 2 
Province and Hong Kong District. PLoS One. 2016;11(5). 3 
doi:10.1371/JOURNAL.PONE.0155662 4 

15. Matsuu A, Hobo S, Ando K, et al. Genetic and serological surveillance for non-5 
primate hepacivirus in horses in Japan. Vet Microbiol. 2015;179(3-4):219-227. 6 
doi:10.1016/J.VETMIC.2015.05.028 7 

16. Millman AJ, Nelson NP, Vellozzi C. Hepatitis C: Review of the Epidemiology, 8 
Clinical Care, and Continued Challenges in the Direct-Acting Antiviral Era. Curr 9 
Epidemiol Rep. 2017;4(2):174-185. doi:10.1007/s40471-017-0108-x 10 

17. Zhang S, Bastian ND, Griffin PM. Cost-effectiveness of sofosbuvir-based 11 
treatments for chronic hepatitis C in the US. BMC Gastroenterol. 2015;15:98. 12 
doi:10.1186/s12876-015-0320-4 13 

18. Takeda H, Ueda Y, Inuzuka T, Yamashita Y, Osaki Y. Evolution of multi-drug 14 
resistant HCV clones from pre-existing resistant-associated variants during direct-15 
acting antiviral therapy determined by third-generation sequencing. Sci Rep. 16 
2017;(March):1-13. doi:10.1038/srep45605 17 

19. Pawlotsky J. Hepatitis C Virus Resistance to Antiviral Therapy. Hepatology. 18 
2016;32(5):889-896. doi:10.1053/jhep.2000.19150 19 

20. Sarhan M, El-Bitar AMH, Hotta H. Potent virucidal activity of honeybee “Apis 20 
mellifera” venom against Hepatitis C Virus. Toxicon. 2020;188:55-64. 21 
doi:10.1016/J.TOXICON.2020.10.014 22 

21. Uddin MB, Lee BH, Nikapitiya C, et al. Inhibitory effects of bee venom and its 23 
components against viruses in vitro and in vivo. Journal of Microbiology. 24 
2016;54(12):853-866. doi:10.1007/s12275-016-6376-1 25 

22. El-Bitar AMH, Sarhan MMH, Aoki C, et al. Virocidal activity of Egyptian 26 
scorpion venoms against hepatitis C virus. Virol J. 2015;12:47. 27 
doi:10.1186/s12985-015-0276-6 28 

23. Yan R, Zhao Z, He Y, et al. A new natural α-helical peptide from the venom of the 29 
scorpion Heterometrus petersii kills HCV. Peptides (NY). 2011;32(1):11-19. 30 
doi:10.1016/j.peptides.2010.10.008 31 

24. Chen S, Li X, Qin J, et al. APOBEC3A possesses anticancer and antiviral effects 32 
by differential inhibition of HPV E6 and E7 expression on cervical cancer. Int J 33 
Clin Exp Med. 2015;8(7):10548-10557. doi:10.3892/or.2015.3760 34 

25. Uddin MB, Lee BH, Nikapitiya C, et al. Inhibitory effects of bee venom and its 35 
components against viruses in vitro and in vivo. Journal of Microbiology. 36 
2016;54(12):853-866. doi:10.1007/s12275-016-6376-1 37 

Jo
ur

na
l P

re
-p

ro
of



15 
 

26. Kini RM, Koh CY. Snake venom three-finger toxins and their potential in drug 1 
development targeting cardiovascular diseases. Biochem Pharmacol. 2020;181. 2 
doi:10.1016/J.BCP.2020.114105 3 

27. Lopes-de-Souza L, Costal-Oliveira F, Rodrigues CR, et al. Bothrops atrox venom: 4 
Biochemical properties and cellular phenotypes of three highly toxic classes of 5 
toxins. Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics. 6 
2023;1871(6):140930. doi:10.1016/J.BBAPAP.2023.140930 7 

28. Sant’Ana CD, Menaldo DL, Costa TR, et al. Antiviral and antiparasite properties 8 
of an l-amino acid oxidase from the Snake Bothrops jararaca: Cloning and 9 
identification of a complete cDNA sequence. Biochem Pharmacol. 10 
2008;76(2):279-288. doi:10.1016/j.bcp.2008.05.003 11 

29. Hubbard S, Choudhary S, Maus E, et al. Contortrostatin, a homodimeric disintegrin 12 
isolated from snake venom inhibits herpes simplex virus entry and cell fusion. 13 
Antivir Ther. 2012;17(7):1319-1326. doi:10.3851/IMP2291 14 

30. Muller VD, Soares RO, Santos-Junior NN Dos, et al. Phospholipase A2 isolated 15 
from the venom of Crotalus durissus terrificus inactivates dengue virus and other 16 
enveloped viruses by disrupting the viral envelope. PLoS One. 2014;9(11):1-10. 17 
doi:10.1371/journal.pone.0112351 18 

31. Muller VDM, Russo RR, Oliveira Cintra AC, et al. Crotoxin and phospholipases 19 
A 2 from Crotalus durissus terrificus showed antiviral activity against dengue and 20 
yellow fever viruses. Toxicon. 2012;59(4):507-515. 21 
doi:10.1016/j.toxicon.2011.05.021 22 

32. Shimizu JF, Pereira CM, Bittar C, et al. Multiple effects of toxins isolated from 23 
Crotalus durissus terrificus on the hepatitis C virus life cycle. PLoS One. 24 
2017;12(11). doi:10.1371/journal.pone.0187857 25 

33. Cassani NM, Santos IA, Grosche VR, et al. Roles of Bothrops jararacussu toxins I 26 
and II: Antiviral findings against Zika virus. Int J Biol Macromol. 2023;227:630-27 
640. doi:10.1016/j.ijbiomac.2022.12.102 28 

34. Chen M, Aoki-Utsubo C, Kameoka M, et al. Broad-spectrum antiviral agents: 29 
secreted phospholipase A2 targets viral envelope lipid bilayers derived from the 30 
endoplasmic reticulum membrane. Scientific Reports 2017 7:1. 2017;7(1):1-8. 31 
doi:10.1038/s41598-017-16130-w 32 

35. Hendon RA, Fraenkel-Conrat H. Biological roles of the two components of 33 
crotoxin. Proc Natl Acad Sci U S A. 1971;68(7):1560-1563. 34 
doi:10.1073/pnas.68.7.1560 35 

36. Shimizu JF, Feferbaum-Leite S, Santos IA, et al. Effect of proteins isolated from 36 
Brazilian snakes on enterovirus A71 replication cycle: An approach against hand, 37 
foot and mouth disease. Int J Biol Macromol. 2023;241:124519. 38 
doi:10.1016/J.IJBIOMAC.2023.124519 39 

Jo
ur

na
l P

re
-p

ro
of



16 
 

37. Cintra ACO, Marangoni S, Oliveira B, Giglio JR. Bothropstoxin-I: amino acid 1 
sequence and function. J Protein Chem. 1993;12(1):57-64. 2 
doi:10.1007/BF01024915 3 

38. Pereira MF, Novello JC, Cintra ACO, et al. The amino acid sequence of 4 
bothropstoxin-II, an Asp-49 myotoxin from Bothrops jararacussu (Jararacucu) 5 
venom with low phospholipase A2 activity. J Protein Chem. 1998;17(4):381-386. 6 
doi:10.1023/A:1022563401413 7 

39. Laemmli UK. Cleavage of structural proteins during the assembly of the head of 8 
bacteriophage T4. Nature. 1970;227(5259):680-685. doi:10.1038/227680A0 9 

40. Blight KJ, Mckeating J a, Rice CM. Highly Permissive Cell Lines for Subgenomic 10 
and Genomic Hepatitis C Virus RNA Replication. J Virol. 2002;76(24):13001-11 
13014. doi:10.1128/JVI.76.24.13001 12 

41. Mosmann T. Rapid colorimetric assay for cellular growth and survival: 13 
Application to proliferation and cytotoxicity assays. J Immunol Methods. 14 
1983;65(1-2):55-63. doi:10.1016/0022-1759(83)90303-4 15 

42. Farinha Shimizu J, Machado Pereira C, Bittar C, et al. Multiple effects of toxins 16 
isolated from Crotalus durissus terrificus on the hepatitis C virus life cycle. 17 
Published online 2017. doi:10.1371/journal.pone.0187857 18 

43. Wakita T, Pietschmann T, Kato T, et al. Production of infectious hepatitis C virus 19 
in tissue culture from a cloned viral genome. Nat Med. 2005;11(7):791-796. 20 
doi:10.1038/nm1268 21 

44. Jardim ACG, Igloi Z, Shimizu JF, et al. Natural compounds isolated from Brazilian 22 
plants are potent inhibitors of hepatitis C virus replication in vitro. Antiviral Res. 23 
2015;115:39-47. doi:10.1016/J.ANTIVIRAL.2014.12.018 24 

45. Calland N, Albecka A, Belouzard S, et al. (-)-Epigallocatechin-3-gallate is a new 25 
inhibitor of hepatitis C virus entry. Hepatology. 2012;55(3):720-729. 26 
doi:10.1002/hep.24803 27 

46. Macdonald A, Crowder K, Street A, McCormick C, Saksela K, Harris M. The 28 
hepatitis C virus non-structural NS5A protein inhibits activating protein-1 function 29 
by perturbing Ras-ERK pathway signaling. Journal of Biological Chemistry. 30 
2003;278(20):17775-17784. doi:10.1074/jbc.M210900200 31 

47. Calland N, Albecka A, Belouzard S, et al. (-)-Epigallocatechin-3-gallate is a new 32 
inhibitor of hepatitis C virus entry. Hepatology. 2012;55(3):720-729. 33 
doi:10.1002/hep.24803 34 

48. Ciesek S, Steinmann E, Wedemeyer H, et al. Cyclosporine A inhibits hepatitis C 35 
virus nonstructural protein 2 through cyclophilin A. Hepatology. 2009;50(5):1638-36 
1645. doi:10.1002/hep.23281 37 

Jo
ur

na
l P

re
-p

ro
of



17 
 

49. Messina V, Nevola R, Izzi A, et al. Efficacy and safety of the 1 
sofosbuvir/velpatasvir combination for the treatment of patients with early mild to 2 
moderate COVID-19. Scientific Reports 2022 12:1. 2022;12(1):1-6. 3 
doi:10.1038/s41598-022-09741-5 4 

50. Yan Y, Tao H, He J, Huang SY. The HDOCK server for integrated protein–protein 5 
docking. Nat Protoc. 2020;15(5):1829-1852. doi:10.1038/S41596-020-0312-X 6 

51. Meng EC, Goddard TD, Pettersen EF, et al. UCSF ChimeraX: Tools for structure 7 
building and analysis. Protein Science. 2023;32(11):e4792. 8 
doi:10.1002/PRO.4792 9 

52. Laskowski RA, Swindells MB. LigPlot+: Multiple ligand-protein interaction 10 
diagrams for drug discovery. J Chem Inf Model. 2011;51(10):2778-2786. 11 
doi:10.1021/ci200227u 12 

53. Cintra ACO, Marangoni S, Oliveira B, Giglio JR. Bothropstoxin-I: amino acid 13 
sequence and function. J Protein Chem. 1993;12(1):57-64. 14 
doi:10.1007/BF01024915 15 

54. Tamori A, Enomoto M, Kawada N. Recent Advances in Antiviral Therapy for 16 
Chronic Hepatitis C. Mediators Inflamm. 2016;2016:1-11. 17 
doi:10.1155/2016/6841628 18 

55. Zhang S, Sun F, Ren T, et al. Immunogenicity of an influenza virus-vectored 19 
vaccine carrying the hepatitis C virus protein epitopes in mice. Antiviral Res. 20 
2017;145:168-174. doi:10.1016/j.antiviral.2017.07.015 21 

56. Bhattacharjee C, Singh M, Das D, Chaudhuri S, Mukhopadhyay A. Current 22 
therapeutics against HCV. Virusdisease. 2021;32(2):228-243. 23 
doi:10.1007/S13337-021-00697-0 24 

57. Takeda H, Ueda Y, Inuzuka T, Yamashita Y, Osaki Y. Evolution of multi-drug 25 
resistant HCV clones from pre-existing resistant-associated variants during direct-26 
acting antiviral therapy determined by third-generation sequencing. Sci Rep. 27 
2017;(March):1-13. doi:10.1038/srep45605 28 

58. Zhang S, Bastian ND, Griffin PM. Cost-effectiveness of sofosbuvir-based 29 
treatments for chronic hepatitis C in the US. BMC Gastroenterol. 2015;15:98. 30 
doi:10.1186/s12876-015-0320-4 31 

59. Messina JP, Humphreys I, Flaxman A, et al. Global distribution and prevalence of 32 
hepatitis C virus genotypes. Hepatology. 2015;61(1):77-87. 33 
doi:10.1002/hep.27259 34 

60. Tarr AW, Khera T, Hueging K, et al. Genetic Diversity Underlying the Envelope 35 
Glycoproteins of Hepatitis C Virus: Structural and Functional Consequences and 36 
the Implications for Vaccine Design. Viruses. 2015;7(7):3995-4046. 37 
doi:10.3390/v7072809 38 

Jo
ur

na
l P

re
-p

ro
of



18 
 

61. Queiroz GP, Pessoa LA, Portaro FCV, Furtado M de FD, Tambourgi D V. 1 
Interspecific variation in venom composition and toxicity of Brazilian snakes from 2 
Bothrops genus. Toxicon. 2008;52(8):842-851. doi:10.1016/j.toxicon.2008.10.002 3 

62. Sant’Ana CD, Menaldo DL, Costa TR, et al. Antiviral and antiparasite properties 4 
of an l-amino acid oxidase from the Snake Bothrops jararaca: Cloning and 5 
identification of a complete cDNA sequence. Biochem Pharmacol. 6 
2008;76(2):279-288. doi:10.1016/j.bcp.2008.05.003 7 

63. Santos-Filho NA, Lorenzon EN, Ramos MAS, et al. Synthesis and characterization 8 
of an antibacterial and non-toxic dimeric peptide derived from the C-terminal 9 
region of Bothropstoxin-I. Toxicon. 2015;103:160-168. 10 
doi:10.1016/j.toxicon.2015.07.004 11 

64. Schaloske RH, Dennis EA. The phospholipase A2 superfamily and its group 12 
numbering system. Biochimica et Biophysica Acta (BBA) - Molecular and Cell 13 
Biology of Lipids. 2006;1761(11):1246-1259. doi:10.1016/J.BBALIP.2006.07.011 14 

65. Kini RM. Excitement ahead: structure, function and mechanism of snake venom 15 
phospholipase A2 enzymes. Toxicon. 2003;42(8):827-840. 16 
doi:10.1016/J.TOXICON.2003.11.002 17 

66. Ketelhut DFJ, Homem De Mello M, Veronese ELG, et al. Isolation, 18 
characterization and biological activity of acidic phospholipase A2 isoforms from 19 
Bothrops jararacussu snake venom. Biochimie. 2003;85(10):983-991. 20 
doi:10.1016/j.biochi.2003.09.011 21 

67. Rodrigues VM, Marcussi S, Cambraia RS, et al. Bactericidal and neurotoxic 22 
activities of two myotoxic phospholipases A2 from Bothrops neuwiedi pauloensis 23 
snake venom. Toxicon. 2004;44(3):305-314. doi:10.1016/j.toxicon.2004.06.008 24 

68. Santos IA, Shimizu JF, de Oliveira DM, et al. Chikungunya virus entry is strongly 25 
inhibited by phospholipase A2 isolated from the venom of Crotalus durissus 26 
terrificus. Sci Rep. 2021;11(1):1-12. doi:10.1038/s41598-021-88039-4 27 

69. Murakami M, Lourenzoni M, Arruda E, et al. Biochemical and Structural 28 
Investigations of Bothropstoxin-II, a Myotoxic Asp49 Phospholipase A2 from 29 
Bothrops jararacussu Venom. Protein Pept Lett. 2008;15(9):1002-1008. 30 
doi:10.2174/092986608785849245 31 

70. Corrêa LC, Marchi-Salvador DP, Cintra ACO, Soares AM, Fontes MRM. 32 
Preliminary X-ray crystallographic studies of BthTX-II, a myotoxic Asp49-33 
phospholipase A2with low catalytic activity from Bothrops jararacussu venom. 34 
Acta Crystallogr Sect F Struct Biol Cryst Commun. 2006;62(8):765-767. 35 
doi:10.1107/S1744309106025164 36 

71. Ferreira TL, Ward RJ. The interaction of bothropstoxin-I (Lys49-PLA2) with 37 
liposome membranes. Toxicon. 2009;54(4):525-530. 38 
doi:10.1016/j.toxicon.2009.05.025 39 

Jo
ur

na
l P

re
-p

ro
of



19 
 

72. Da Silva Giotto MT, Garratt RC, Oliva G, et al. Crystallographic and spectroscopic 1 
characterization of a molecular hinge: Conformational changes in Bothropstoxin I, 2 
a dimeric Lys49- phospholipase A2 homologue. Proteins: Structure, Function and 3 
Genetics. 1998;30(4):442-454. doi:10.1002/(SICI)1097-4 
0134(19980301)30:4<442::AID-PROT11>3.0.CO;2-I 5 

73. Soares AM, Andrião-Escarso SH, Angulo Y, et al. Structural and functional 6 
characterization of myotoxin I, a Lys49 phospholipase A(2) homologue from 7 
Bothrops moojeni (Caissaca) snake venom. Arch Biochem Biophys. 8 
2000;373(1):7-15. doi:10.1006/ABBI.1999.1492 9 

74. Pfaff-Kilgore JM, Davidson E, Kadash-Edmondson K, et al. Sites of vulnerability 10 
in HCV E1E2 identified by comprehensive functional screening. Cell Rep. 11 
2022;39(8):110859. doi:10.1016/J.CELREP.2022.110859 12 

75. Hajj R, Milet A, Toulorge D, et al. Combination of acamprosate and baclofen as a 13 
promising therapeutic approach for Parkinson’s disease. Sci Rep. 14 
2015;5(February):1-13. doi:10.1038/srep16084 15 

76. Sulkowski MS, Gardiner DF, Rodriguez-Torres M, et al. Daclatasvir plus 16 
sofosbuvir for previously treated or untreated chronic HCV infection. N Engl J 17 
Med. 2014;370(3):211-221. doi:10.1056/NEJMoa1306218 18 

77. Cory TJ, Mu Y, Gong Y, Kodidela S, Kumar S. Sofosbuvir + velpatasvir + 19 
voxilaprevir for the treatment of hepatitis C infection. Expert Opin Pharmacother. 20 
2018;00(00):1-9. doi:10.1080/14656566.2018.1459567 21 

  22 

  23 

Jo
ur

na
l P

re
-p

ro
of



20 
 

Captions to figures 1 

Figure 1. Isolation of BthTX-I and BthTX-II from Bothrops jararacussu venom. (A) 2 

Chromatographic profile of B. jararacussu crude venon (300 mg) on Sephacryl S 200 column 3 

under elution with 50mM ammonium bicarbonate, pH 8.0. Fraction of 3 mL were collected at 4 

a flow rate of 22.8mL/h, at room temperature. Inserted: 12% SDS- PAGE of SPIV fraction 5 

under reducing conditions (1) B.jararacussu venom (2) SPI, (3) SPII, (4)SPIII, (5)SPIV. 6 

Purification of BthTX– I and BthTX-II. (B) Chromatography of 20 mg of SPIV fraction on 7 

CM-Sepharose previously equilibrated with 50mM ammonium bicarbonate, pH 8.0, and then 8 

eluted on a concentration gradient of up to 500mM of the same buffer. Fraction of 4 mL were 9 

collected at a flow rate of 1,5mL/min, at room temperature. Inserted: 12% SDS- PAGE (1) CM 10 

I, (2) CIII (BthTX-II), (3) CM V (BthTX-I) fraction under reducing conditions (4); Molecular 11 

mass standards. 12 

Figure 2. HPLC reverse phase chromatography (column C18) analysis. (A) BthTX-I (1 13 

mg), was solubilized in 500 μL of 0.1% trifluoracetic acid (v/v) (TFA) and analyzed in a HPLC 14 

system equipped with a reverse phase C-18 column (2.0 x 250 mm) (Shimadzu). The column 15 

was equilibrated with the running solvents (solvent A – 0.1% TFA; solvent B – 70% 16 

acetonitrile) and eluted as follows: 10 min to 0% of B, concentration gradient from 0-100% of 17 

solvent B for 70 min, rising to 100% of B in 10 min, and maintaining for 10 min under a flow 18 

rate of 1 mL/min, totaling 90 min of running time at room temperature (25 ºC). The eluates 19 

were monitored at 280 nm by a detector coupled to the system. (B) BthTX-II (1 mg) was 20 

solubilized in 500 μL of 0.1% TFA (v/v) and analyzed by HPLC system using a reverse phase 21 

column to determine its purity, under the same conditions described above. 22 

Figure 3. Anti-HCV activity of snake venom compounds. Huh-7.5 cells were treated with 23 

compounds for 72h and MTT assay was performed to determine cell viability (grey bars). To 24 

analyse the HCV infectivity under treatment of compounds, cells were infected with JFH-1 25 

HCVcc and simultaneously treated with each compound at the highest non-cytotoxic 26 

concentration. Virus was titrated 72 h.p.i. by focus-forming units per milliliter of supernatant 27 

(FFU/mL) (black bars). PBS was used as untreated control and EGCG (100 µM) was used as 28 

control of inhibition of HCV infection. Mean values of two independent experiments, each 29 

conducted in triplicate, are presented along with standard deviation are shown. A p value of < 30 

0.05 was considered statistically compared to the untreated control. (**) p < 0.01, (***) p < 31 

0.001, (****) p < 0.0001. 32 

Figure 4. Dose-response assay of BthTX-I and BthTX-II in HCV replication. Huh-7.5 cells 33 
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21 
 

were treated with BthTX-I and BthTX-II in a two-fold serial dilution ranging from 0.003 µg/mL 1 

to 25 µg/mL in the presence of absence of 100 pfu/well of JFH-1 HCVcc. After 72 h.p.i., MTT 2 

assay was performed to evaluate cell viability, and supernant was titered. 3 

Figure 5. Effect of the snake venom compounds on HCV entry. (a) For entry assay, Huh-4 

7.5 cells were infected with JFH-1 HCVcc and compounds BthTX-II (25 µg/mL) and BthTX-I 5 

(5 µg/mL) were immediately added. After 4h, the supernatant was replaced by fresh medium 6 

after repeated washes with PBS to remove the inoculum. (b) For virucidal assay, infectious 7 

supernatants were prior incubated with each compound for 1h at 37°C and then used to infect 8 

naive Huh-7.5 cells. The mixture was incubated with cells for 4h at 37°C. The inoculum was 9 

removed, cells were washed with PBS and replaced by fresh medium. (c) For pre-treatment 10 

assay, Huh-7.5 cells were treated with each compound for 1 hour at 37°C before infection. 11 

Following incubation, cells were rinsed with PBS and then infected with JFH-1 HCVcc for 4h. 12 

Infectious supernatant was removed, additional washes were performed, and fresh medium was 13 

added. PBS was used as untreated control and EGCG at 100 µM as control of inhibition for 14 

both assays. Virus was titrated 72 h.p.i. by focus-forming unit. Mean values of two independent 15 

experiments, each conducted in triplicate, are presented along with standard deviation are 16 

shown. P < 0.05 was considered statistically different from PBS. (***) P < 0.001. 17 

Figure 6. Snake venom compounds activity on HCV replication. Huh-7.5 cells were infected 18 

with JFH-1 HCVcc for 4h, extensive washing was performed on cells to remove unbound virus 19 

and treatement with compounds BthTX-II at 25 µg/mL and BthTX-I at 5 µg/mL was conducted. 20 

PBS was used as untreated control and CsA at 1 µM as control of viral replication inhibition. 21 

Virus was titrated by focus-forming unit 72 h.p.i.. Mean values of two independent experiments, 22 

each conducted in triplicate, along with standard deviation are shown. P < 0.001 was considered 23 

statistically different from PBS. (***) P < 0.001. 24 

Figure 7. Tridimensional structure of the complex between phospholipases BthTX-I (A) 25 

and II (B) with HCV glycoproteins E1 and E2 obtained by protein-protein docking. E1E2 26 

glycoprotein from HCV (PDB: 7T6X) and BthTX-I (PDB: 3HZD) or BthTX-II (PDB: 2OQD) 27 

a protein-protein blind docking analysis was performed using HDOCK server based on a hybrid 28 

algorithm of template and ab initio modeling. 3D images of the complexes were generated using 29 

Chimera X.  30 

Figure 8. 3D and 2D interaction diagram of the complex between phospholipases BthTX-31 

I and II with HCV glycoproteins E1 and E2 obtained by protein-protein docking. (A and 32 

B) A protein-protein blind docking analysis was performed using HDOCK server between the 33 
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E1E2 glycoprotein from HCV (PDB: 7T6X) and BthTX-I (PDB: 3HZD) or BthTX-II (PDB: 1 

2OQD). (C and D) 2D analysis of the interactions were generated using LigPlot+. Red arcs 2 

represent hydrophobic interactions from residues of E1 and E2 glycoproteins. Magenta arcs 3 

represent hydrophobic interactions from residues of BthTX PLA2s. Green dashed lines 4 

represent hydrogen bonds.5 
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Table 1. Number of residues with hydrogen bond and hydrophobic interactions 

observed for each toxin with HCV E1E2 glycoprotein. 

 
Hydrogen Bond Hydrophobic Interaction 

BthTX-I 1 19 

E1 1 9 

E2 0 9 

BthTX-II 3 22 

E1 0 7 

E2 3 11 
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HIGHLIGHTS 

• 8 toxins isolated from snakes venom of Bothrops genus inhibited up to 99% of 

HCV infection; 

• Bothropstoxins I and II (BthTX-I/II) strongly inhibits HCV in vitro;  

• BthTX-I/II impair the early stages of HCV infection; 

• BthTX-I/II can protect cells from HCV infection; 

• In silico binding interactions were observed between BthTX-I/II and HCV E1-E2 

glycoprotein. 
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