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Abstract

The global emergence and re-emergence of arthropod-borne viruses (arboviruses) over the past four decades have become 
a public health crisis of international concern, especially in tropical and subtropical countries. A limited number of vac-
cines against arboviruses are available for use in humans; therefore, there is an urgent need to develop antiviral compounds. 
Snake venoms are rich sources of bioactive compounds with potential for antiviral prospection. The major component of 
Crotalus durissus terrificus venom is a heterodimeric complex called crotoxin, which is constituted by an inactive peptide 
(crotapotin) and a phospholipase  A2  (PLA2-CB). We showed previously the antiviral effect of  PLA2-CB against dengue 
virus, yellow fever virus and other enveloped viruses. The aims of this study were to express two  PLA2-CB isoforms in a 
prokaryotic system and to evaluate their virucidal effects. The sequences encoding the  PLA2-CB isoforms were optimized 
and cloned into a plasmid vector (pG21a) for recombinant protein expression. The recombinant proteins were expressed 
in the E. coli BL21(DE3) strain as insoluble inclusion bodies; therefore, the purification was performed under denaturing 
conditions, using urea for protein solubilization. The solubilized proteins were applied to a nickel affinity chromatography 
matrix for binding. The immobilized recombinant proteins were subjected to an innovative protein refolding step, which 
consisted of the application of a decreasing linear gradient of urea and dithiothreitol (DTT) concentrations in combination 
with the detergent 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate hydrate (CHAPS) as a protein stabilizer. 
The refolded recombinant proteins showed phospholipase activity and virucidal effects against chikungunya virus, dengue 
virus, yellow fever virus and Zika virus.

Abbreviations

DENV  Dengue virus
ZIKV  Zika virus
YFV  Yellow fever virus
CHIKV  Chikungunya virus
PLA2  Phospholipase  A2

sPLA2  Secreted phospholipase  A2

svPLA2  Snake venom phospholipase  A2

CA  Crotapotin
PLA2-CB  Phospholipase  A2 crotoxin B
PLA2-CB1  Phospholipase  A2 crotoxin B isoform 1
PLA2-CB2  Phospholipase  A2 crotoxin B isoform 2
rPLA2-CB1  Recombinant phospholipase  A2 crotoxin B 

isoform 1
rPLA2-CB2  Phospholipase  A2 crotoxin B isoform 2
sn-2  Stereo-specific number 2
6xHis  Polyhistidine tag
LB  Luria-Bertani medium
TBS  Tris-buffered saline
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MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide

DMSO  Dimethyl sulfoxide
CC50  50% cytotoxic concentration
PFU  Plaque-forming units
IPTG  Isopropyl β-D-1-thiogalactopyranoside
BCIP/NBT  5-Bromo-4-chloro-3-indolyl-phosphate/

nitro blue tetrazolium
PMSF  Phenylmethylsulfonyl fluoride
DTT  Dithiothreitol
SDS  Sodium dodecyl sulfate
PAGE  Polyacrylamide gel electrophoresis
IgG  Immunoglobulin G
SD  Standard deviation
CHAPS  3-[(3-Cholamidopropyl)dimethylammonio]-

1-propanesulfonate hydrate

Introduction

The global emergence and re-emergence of arthropod-borne 
viruses (arboviruses) over the past four decades have become 
a public health crisis of international concern, especially 
in tropical and subtropical countries [40, 45]. In Brazil, 
the most frequent arboviruses are dengue virus (DENV), 
Zika virus (ZIKV), and yellow fever virus (YFV) of the 
genus Flavivirus, family Flaviviridae, chikungunya virus 
(CHIKV) of the genus Alphavirus, family Togaviridae, and 
Oropouche virus (OROV) of the genus Orthobunyavirus, 
family Peribunyaviridae, although several sporadic cases of 
disease caused by other arboviruses have also been reported 
[16, 17]. The new era of dengue epidemics in Brazil started 
in 1986 with the introduction of dengue virus serotype 1 
(DENV-1), followed by the introduction of DENV-2 (1990), 
DENV-3 (2000) and DENV-4 (2008). More than 10,000,000 
dengue cases and thousands of death occurred in this period. 
Infection with OROV can lead to Oropouche fever, which 
is an acute febrile illness similar to dengue with symptoms 
such as fever, headache, muscle and joint pain, and skin rash. 
The emergence and re-emergence of OROV fever in Central 
and South America have resulted in more than 30 epidem-
ics in Brazil, Peru, Panama, and Trinidad and Tobago, the 
majority being reported in Brazil. OROV is the second most 
frequent arbovirus in Brazil after DENV, with considerable 
social and economic impact. It is estimated that over half a 
million people have been infected by OROV in over 60 years 
[37]. The first epidemic of CHIKV occurred in Bahia State 
in the Northeastern region of Brazil. The virus spread to 
several regions of the country and was responsible for more 
than 500,000 cases of chikungunya fever, which is an acute 
febrile illness affecting the joints [2]. The main concern 
about CHIKV is the possibility of causing a chronic disease 
with joint pain and deformities. Mayaro virus (MAYV) is 

another alphavirus that is endemic in the Amazon and the 
Central Plateau of Brazil. Infection with MAYV can lead 
to an acute febrile illness associated with prolonged and 
painful joint inflammation and swelling. MAYV usually 
circulates in a sylvatic cycle of forest mosquitoes and verte-
brates. Sporadic cases of MAYV infection occur every year, 
but this virus represents a serious threat to humans because 
of its ability to replicate in Aedes aegypti mosquitoes [23]. 
ZIKV infections were initially reported in February 2015 in 
Bahia State, and the virus then spread across the country. 
By October 2018, the public health surveillance system had 
reported more than 230,000 cases of Zika. A large number 
of Guillain-Barré syndrome and fetal microcephaly cases 
have been reported in the country associated with ZIKV 
infection [24].

There is no antiviral drug licensed for the treatment of 
arbovirus infections. In addition, although a limited number 
of vaccines to prevent arbovirus infection are available, most 
of them are live attenuated vaccines that are mainly admin-
istered to people living in or traveling to endemic areas and 
are contraindicated during pregnancy or immunosuppres-
sion [9]. Thus, the vaccines are not sufficient to prevent 
the diseases caused by arboviruses. For example, although 
a licensed vaccine against YFV (genus Flavivirus, family 
Flaviviridae) is available, outbreaks of yellow fever have 
become increasingly common in the Americas and Africa, 
where the virus is endemic [9]. Therefore, there is an urgent 
need for the development of antiviral compounds to combat 
these viruses.

Snake venoms are a mixture of bioactive compounds with 
different biochemical, functional and structural properties 
and constitute interesting molecular models for the prospec-
tion of therapeutic agents [11, 22, 33]. Among the toxins 
found in snake venoms, the phospholipases  A2  (PLA2s 
- EC 3.1.1.4) are important enzymes that are involved in 
the intoxication processes. The  PLA2s can be found in sev-
eral organisms and represent a class of versatile enzymes 
based on their functions, locations, amino acid sequences, 
structures, and mechanisms of action. Generally,  PLA2s 
catalyze the hydrolysis of the sn-2 position (according to 
phospholipid carbon nomenclature) of phospholipids and 
release free fatty acids and lysophospholipids as products 
[10]. The  PLA2s are classified into six main types: secreted 
 (sPLA2), cytosolic  (cPLA2), calcium-independent  (iPLA2), 
platelet-activating factor acetylhydrolase (PAF-AH), lyso-
somal  (LPLA2), and adipose-specific (AdPLA). The snake 
venom  PLA2s  (svPLA2) belong to groups IA and IIA of 
 sPLA2; they have six to eight disulfide bonds, are calcium-
dependent and are 13-18 kDa in size [29, 32]. The  svPLA2s 
have been widely studied and have shown potential for bio-
medical applications as antiviral [27, 28, 35], antibacterial 
[38], anti-parasitic [5, 30], anti-platelet [41], hypotensive 
[41], and antitumoral [34] agents.
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Crotoxin, which is a potent neurotoxin and the main com-
ponent of the venom of snakes of the genus Crotalus, was 
the first toxin to be isolated and crystallized [42]. Crotoxin 
is a reversible heterodimeric protein complex consisting of 
crotapotin (CA; crotoxin A or acid component), which is 
an acidic non-toxic polypeptide without enzymatic activ-
ity, and a basic  PLA2 (CB; crotoxin B or basic component), 
which is responsible for the enzymatic activity and toxicity 
exerted by the complex [19, 36]. Crotapotin acts as a chaper-
one of  PLA2-CB, thereby preventing binding to non-specific 
sites and enhancing the enzymatic activity. The  PLA2-CB/
CA complex dissociates after binding to the target; after 
which the biological activities attributed to crotoxin result 
from the action of  PLA2-CB [12, 31]. Two  PLA2-CB iso-
forms (molecular weights of 14.180 Da  [PLA2-CB1] and 
14.244 Da  [PLA2-CB2]) have been identified previously in 
the venom of Crotalus durissus terrificus [6]. We previously 
showed that  PLA2-CB isolated from Crotalus durissus terri-

ficus venom exerts antiviral effects against DENV and other 
enveloped viruses by direct action on the viral envelopes 
[28]. We also showed that the enzymatic activity is impor-
tant for the antiviral effect exerted by  PLA2-CB [35].

In this study, we describe the expression of two recom-
binant  PLA2-CB isoforms in a prokaryotic system and their 
virucidal activity against dengue virus type 2, CHIKV, YFV, 
and ZIKV.

Materials and methods

Ethics statement

All animal experiments were performed according to the 
guidelines of the Brazilian College of Animal Experi-
mentation and were approved by the Ethical Committee 
on Animal Experimentation of the Campus of Ribeirao 
Preto, University of Sao Paulo (CEUA/USP-RP, permit no. 
12.1.1854.53.8).

Preparation of native  PLA2-CB

Native  PLA2-CB was purified from the lyophilized crude 
venom of Crotalus durissus terrificus as described previ-
ously [19]. Crotalus durissus terrificus venom was obtained 
from the serpentarium of the Ribeirao Preto Medical 
School, University of Sao Paulo (IBAMA authorization: 
1/35/1998/000846-1).

Viruses

CHIKV (strain S27), DENV-2 (strain NGC), YFV (strain 
17D) and ZIKV (isolated from a patient) obtained from the 
virus repository of the Virology Research Center, Ribeirao 

Preto Medical School, University of Sao Paulo, Ribeirao 
Preto, SP, Brazil, were used in this study. The viruses were 
propagated in C6/36 (Aedes albopictus mosquito cell line) 
cells and titrated by plaque assay in Vero E6 cells (an Afri-
can green monkey kidney epithelium cell line) [4]. VERO 
E6 and C6/36 cells were maintained in Leibovitz’s medium 
(L-15) with 10% fetal bovine serum (FBS) at 37 °C and 
28  °C, respectively. The viral titers were expressed as 
plaque-forming units per milliliter (PFU/ml).

Expression of the  PLA2-CB isoforms

The nucleotide sequences of the  PLA2-CB isoform genes 
were obtained from the GenBank database  (PLA2-CB1, 
GenBank accession no. X12603.1, and  PLA2-CB2, Gen-
Bank accession no. X16100.1). Both of these sequences 
represent the gene encoding the subunit precursor protein, 
which includes a peptide signal of 16 amino acid residues 
followed by 122 amino acid residues corresponding to the 
mature  PLA2-CB isoform [3]. In this study, we used the 
nucleotide sequences encoding the mature  PLA2-CB iso-
forms. The  PLA2-CB1 and  PLA2-CB2 nucleotide sequences 
were optimized using the preferred codons for expression in 
a prokaryotic system and synthesized by Genscript (USA) 
(Supplemental Figures 1 and 2). The optimized  PLA2-CB 
isoform genes were cloned into the pGS-21a expression 
vector via restriction enzyme digestion (NdeI and XhoI) 
and DNA ligation (Genscript, USA). This vector allows 
the expression of recombinant proteins  (rPLA2-CB1 and 
 rPLA2-CB2) with a polyhistidine tag (6xHis) at the C-termi-
nus for purification. The plasmids containing the  PLA2-CB 
isoform genes (pGS21a-CB1 and pGS21a-CB2) were used 
to transform competent Escherichia coli (BL21(DE3) 
strain). One colony of E. coli containing each desired plas-
mid was grown in 400 mL of Luria-Bertani (LB) medium 
(pH 7.0) supplemented with 50 µg of ampicillin per mL at 
37 °C with agitation at 200 rpm until an  OD600 of 0.5-0.7 
was reached. Then, expression of the  rPLA2-CB isoforms 
was induced by the addition of 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG), followed by incubation at 
37 °C for 4 h with agitation at 200 rpm. The cell cultures 
were centrifuged at 6000 × g for 5 min at 4 °C, and the pel-
lets were stored at -20 °C prior to use. A 1-g aliquot of the 
cell pellets was thawed on ice for 15 min and resuspended 
in 3 mL of lysis buffer (50 mM Tris-Cl, 1 mM EDTA, and 
100 mM NaCl, pH 8.0). Then, lysozyme (1 mg/mL), RNase 
A (10 µg/mL) and DNase I (5 µg/mL) were added to the 
suspension and incubated on ice for 30 min. The suspension 
was sonicated on ice with five 30-s bursts and a 30-s interval 
between bursts (Sonifier Cell Disruptor Model SLPe, Bran-
son, USA). The suspension was centrifuged at 6000 × g for 
5 min at 4 °C, and the pellet and supernatant were analyzed 
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by 15% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE).

Preparation of polyclonal antibodies against native 
 PLA2-CB

A group of six-week-old BALB/c female mice (n = 10) 
was used to prepare polyclonal antibodies against native 
 PLA2-CB. The animals were obtained from the Central 
Animal Facility at the University of Sao Paulo, Ribeirao 
Preto, Sao Paulo State, Brazil. Each animal was inoculated 
intraperitoneally with a solution containing native  PLA2-CB 
(25 µg of  PLA2-CB dissolved in 100 µL of 150 mM sodium 
chloride and mixed with 100 µl of complete Freund’s adju-
vant). The animals were re-inoculated three times with one-
week intervals between inoculations, with the same amount 
of  PLA2-CB but with complete Freund’s adjuvant replaced 
with incomplete Freund’s adjuvant. One week after the last 
inoculation, the animals were anesthetized (100 mg/kg of 
ketamine and 20 mg/kg of xylazine) for blood collection by 
the retro-orbital route. The animals were euthanized after 
this procedure. The blood collected from all animals was 
pooled and centrifuged at 4500 rpm for 10 min at 4 °C to 
obtain hyperimmune serum samples. The serum samples 
were incubated at 56 °C for 40 min for complement inacti-
vation. The inactivated hyperimmune serum samples were 
stored at -30 °C prior to use.

Analysis of recombinant protein expression

Expression of the  rPLA2-CB1 and  rPLA2-CB2 proteins was 
analyzed using a Western blotting assay. Briefly, an aliquot 
of the pellet, supernatant or whole cell lysate was subjected 
to 15% SDS-PAGE. Then, the proteins were electrotrans-
ferred (100 V for 1 h) to a nitrocellulose membrane using 
transfer buffer containing 39 mM glycine, 48 mM Tris base, 
0.037% SDS, and 20% methanol. The blotting membrane 
was stained with Ponceau S staining buffer (0.2% Ponceau, 
3% trichloroacetic acid, and 3% sulfosalicylic acid) for visu-
alization and confirmation of protein transfer. The membrane 
was washed with distilled water and treated with blocking 
buffer (5% nonfat dry milk in Tris-buffered saline, TBS) 
for 2 h with continuous stirring at room temperature. The 
membrane was washed three times with TBS-Tween for 
5 min with continuous stirring at room temperature. The 
membrane was incubated with a mouse hyperimmune serum 
(1:1000 dilution in blocking buffer) with continuous stirring 
at room temperature for 1 h. The membrane was washed 
three times with TBS-Tween for 5 min per wash and then 
incubated for 1 h at room temperature with an alkaline-phos-
phatase-conjugated goat anti-mouse IgG (whole molecule) 
secondary antibody (1:1000 dilution in blocking buffer; 
Sigma-Aldrich, Germany). The membrane was washed three 

times for 5 min per wash with TBS-Tween. The alkaline 
phosphatase substrate (BCIP/NBT, Sigma-Aldrich, Ger-
many) was added directly to the membrane and maintained 
for up to 5 min or until the desired color was observed.

Refolding and puri�cation of the recombinant 
proteins

The  rPLA2-CB1 and  rPLA2-CB2 proteins were expressed 
as insoluble inclusion bodies in E. coli; therefore, they were 
purified under denaturing conditions using a 1-mL Ni-NTA 
Superflow Cartridge (QIAGEN, Germany) in an Äkta FPLC 
System (GE Healthcare, USA). The cell lysate pellet (0.25 g) 
was frozen at -20 °C overnight, thawed on ice for 15 min, 
and resuspended in 5 mL of solubilization buffer (8 M urea, 
100 mM  NaH2PO4, 100 mM Tris-Cl, 1 mM PMSF, and 
10 mM DTT, pH 8.0). The suspension was stirred for 1 h 
at room temperature and then centrifuged at 6000 × g for 
40 min at room temperature. The supernatant containing the 
solubilized proteins was applied to an Ni-NTA Superflow 
Cartridge at a flow rate of 0.5 mL/min for recombinant pro-
tein binding. To induce proper folding of the recombinant 
proteins, a refolding step was performed while the proteins 
were linked to the Ni-NTA resin as follows: A decreasing 
linear gradient of urea and DTT concentrations in combina-
tion with CHAPS detergent (6-0 M urea, 10-0 mM DTT, 
500 mM NaCl, 20 mM Tris-Cl, and 0.5% CHAPS, pH 7.0) 
in a total volume of 120 ml was applied to the Ni-NTA 
Superflow Cartridge at a flow rate of 0.1 ml/min. Then, the 
proteins were eluted with an elution buffer containing 1.5 M 
imidazole, 100 mM  NaH2PO4, 20 mM Tris-Cl, and 0.5% 
CHAPS (pH 7.0). Fractions of the eluted solution were col-
lected at a rate of 1 ml/min. After elution, the column was 
washed with 0.5 M NaOH to release non-eluted proteins. All 
fractions were analyzed using 15% SDS-PAGE. The frac-
tions containing the recombinant proteins were pooled and 
subjected to a buffer exchange step (500 mM NaCl, 20 mM 
Tris-Cl, and 0.5% CHAPS, pH 7.0) to remove imidazole 
using a 15-ml Vivaspin 3-kDa MWCO concentrator (Sar-
torius, Germany), which was centrifuged at 3900 × g for 
40 min at 24 °C. The filtrate was discarded, and the final 
recombinant protein solution was concentrated to a final vol-
ume of ~300 µl. The concentration of recombinant  PLA2-CB 
was determined using a Bio-Rad Protein Assay Kit II (Bio-
Rad, EUA), following the manufacturer’s recommendations. 
The proteins were stored at 4 °C prior to use.

Cytotoxicity of the recombinant proteins

The cytotoxicity of the  rPLA2-CB1 and  rPLA2-CB2 
proteins was evaluated in Vero E6 cells using an MTT 
([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide]; Sigma–Aldrich, Germany) colorimetric assay 
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[26]. Viable cells with active metabolism convert MTT 
into a purple-colored formazan product with an absorb-
ance maximum near 570 nm. When the cells die, they lose 
the ability to convert MTT into formazan, and thus color 
formation serves as a useful and convenient marker for 
identifying viable cells. Confluent Vero E6 cell monolay-
ers in 96-well plates were exposed to serial twofold dilu-
tions of  rPLA2-CB1,  rPLA2-CB2, a pool of the recombi-
nant proteins (50-0.4 µg/µL), and the buffer used in the 
buffer exchange step (CHAPS buffer). The cells were 
incubated for seven days at 37 °C. Then, 50 µL of L-15 
containing MTT (final concentration, 1 mg/mL) was added 
to each well. After 4 h of incubation at 37 °C, the super-
natant was removed, and 100 µL of dimethyl sulfoxide 
(DMSO) was added to each well to solubilize the formazan 
crystals. After shaking, the absorbance was measured at 
540 nm. The concentration of each compound that reduced 
cell viability by 50%  (CC50) was calculated by comparison 
of the absorbance of the treated cells with the absorbance 
of the untreated cells.

Virucidal activity of the recombinant proteins

The virucidal activity of the recombinant proteins against 
CHIKV, DENV-2, YFV and ZIKV was assessed as 
described previously [27]. Briefly, 10,000 PFU of each 
virus was incubated with serial twofold dilutions of 
 rPLA2-CB1 (initial concentration, 100 µg/µl), rPLA2-
CB2 (initial concentration, 100 µg/µl) for 1 hour at 37 °C. 
Viruses treated with native  PLA2-CB (0.8  ng/µl) and 
CHAPS (0.5%) and untreated viruses were used as the 
controls. The mixtures were diluted 100 times to inocu-
late the Vero E6 cells with non-cytotoxic concentrations 
of the proteins and 100 PFU of each virus. After 1 h of 
incubation at 37 °C, the supernatant was removed, and 
the cell monolayers were overlaid with 1  ml of L-15 
medium containing 2% FBS and 1.8% carboxymethylcel-
lulose. After 7 days of incubation at 37 °C, the semisolid 
overlay medium was removed, and the cells were fixed 
and stained with naphthol blue-black in 5% acetic acid to 
count the plaques indicating cell lysis. Each experiment 
was repeated three times. The number of plaques observed 
in the cells infected with the treated viruses was compared 
with the number of plaques found in the cells infected with 
the untreated viruses to determine the percentage of plaque 
reduction. The 50% effective concentration  (EC50), which 
is the concentration of samples that reduces the number 
of plaques by 50%, was determined in each antiviral assay 
by nonlinear regression analysis. Moreover, the selectivity 
index (SI,  CC50/IC50) was calculated for each recombinant 
protein against each virus.

Phospholipase activity of the recombinant proteins

A colorimetric assay for  PLA2 activity was performed 
as described previously [18, 25]. Briefly,  PLA2 substrate 
micelles were prepared by sonication (Sonifier Cell Dis-
ruptor, model SLPe, Branson, EUA; 70% amplitude for 
2 min) of a solution containing phosphatidylcholine as 
the phospholipase substrate and phenol red as a pH indi-
cator (55 µM phenol red, 4 mM sodium cholate, 3.5 mM 
phosphatidylcholine, 100 mM NaCl, and 10 mM  CaCl2 
at pH 7.6). A 0.5-µg aliquot of  PLA2-CB,  rPLA2-CB1, or 
 rPLA2-CB2 recombinant protein was added to a cuvette 
containing 1 ml of micelles at room temperature. The 
absorbance of the solution at 558 nm was measured at 
5-min intervals for 15 minutes, using a Visible Spectro-
photometer Model 722G, Global Trade Technology). The 
phospholipase activity of the recombinant proteins was 
confirmed when a reduction in absorbance was observed.

Results

Expression of the  PLA2-CB isoforms in a prokaryotic 
system

DNA containing the optimized nucleotide sequences of 
the  PLA2-CB1 and  PLA2-CB2 genes was chemically syn-
thesized and inserted into a plasmid vector (pGS-21a) that 
allowed expression of the encoded recombinant protein 
with a polyhistidine (6xHis) tag at the C-terminus for pro-
tein purification. These plasmid constructs  (pPLA2-CB1 
and  pPLA2-CB2) were used to transform chemically 
competent E. coli BL21(DE3) cells for expression of the 
 rPLA2-CB1 and  rPLA2-CB2 proteins. SDS-PAGE anal-
ysis of each E. coli cell lysate showed the induction of 
expression of a ~16-kDa protein, which corresponds to 
the expected molecular mass of both the  rPLA2-CB1 and 
 rPLA2-CB2 proteins (Fig. 1). The E. coli cell lysates were 
analyzed by Western blotting, using a mouse hyperimmune 
serum that was raised against the native  PLA2-CB as the 
primary antibody. The polyclonal antibodies in the hyper-
immune serum were able to detect both of the induced 
proteins with a molecular mass of ~16 kDa, thereby con-
firming expression of both the  rPLA2-CB1 and  rPLA2-CB2 
proteins (Fig. 2).

To examine the solubility of the recombinant proteins, 
the E. coli lysate supernatants and pellets were analyzed 
by SDS-PAGE (Fig. 3). The  rPLA2-CB1 and  rPLA2-CB2 
proteins were found in the pellets of the cell lysates, indi-
cating they were expressed as insoluble proteins.
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Refolding and puri�cation of the recombinant 
 PLA2-CB isoforms

The insoluble  rPLA2-CB1 and  rPLA2-CB2 proteins 
were purified under denaturing conditions. The proteins 

contained in the pellets of the E. coli lysates were solu-
bilized with urea and applied to an Ni-NTA column for 
binding of the  rPLA2-CB1 and  rPLA2-CB2 proteins. A 
decreasing linear gradient of urea and DTT concentra-
tions containing CHAPS detergent as a protein stabi-
lizer was applied to the column while the proteins were 
bound to the Ni-NTA resin to allow refolding. Then, the 
 rPLA2-CB1 and  rPLA2-CB2 proteins were eluted with a 
solution containing imidazole and CHAPS. Proteins with a 
molecular mass of ~16 kDa, corresponding to the expected 
molecular mass of both the  rPLA2-CB1 and  rPLA2-CB2 
proteins, were obtained (Fig. 3 and 4). We tried to remove 
the CHAPS detergent from the eluted solution by dial-
ysis, but this resulted in protein precipitation (data not 
shown). Therefore, we decided to use a solution contain-
ing the recombinant proteins and CHAPS in the viru-
cidal assay. The protein concentrations were determined 

Fig. 1  Analysis of  rPLA2-CB1 and  rPLA2-CB2 protein expression 
in E. coli strain BL21(DE3). The bacteria were transformed with 
the  pPLA2-CB1 and  pPLA2-CB2 plasmids, and  rPLA2-CB1 (A) 
and  rPLA2-CB2 (B) protein expression was analyzed by 15% SDS-
PAGE. Proteins with a molecular mass of ~16  kDa (red arrows) 
were observed after 2 (lanes 2 and 7) and 4 (lanes 4 and 8) hours 

of IPTG induction. The bacteria transformed with  pPLA2-CB1 and 
 pPLA2-CB2 but without IPTG induction are shown in lanes 1-2 and 
5-6, respectively. Lane M shows the molecular mass markers (Bench-
Mark Protein Ladder, Invitrogen, USA). The red arrows indicate the 
recombinant proteins

Fig. 2  Identification of the  rPLA2-CB1 and  rPLA2-CB2 proteins. The 
proteins from E. coli BL21(DE3) cells transformed with the pPLA2-
CB1 and  pPLA2-CB2 plasmids were analyzed in a Western blot assay 
using mouse polyclonal antibodies against the native  PLA2-CB. 
The whole lysates from E. coli transformed with  pPLA2-CB1 and 
 pPLA2-CB2 but without IPTG induction are shown in lanes 1 and 
2, respectively. The whole lysates from E. coli transformed with 
 pPLA2-CB1 and  pPLA2-CB2 after 2 hours of induction with IPTG 
are shown in lanes 4 and 5, respectively. Lane 3 contains native 
 PLA2-CB. Lane M shows the molecular mass markers (PageRuler 
Prestained Protein Ladder, Thermo Fisher Scientific, USA). The red 
arrows indicate the recombinant proteins. The dotted red arrows indi-
cate the oligomers of the recombinant proteins. The yellow arrow 
indicates the native  PLA2-CB

Fig. 3  Refolding and purification of the  rPLA2-CB1 protein. (A) 
Chromatographic profile of the  rPLA2-CB1 protein refolding and 
purification steps. The blue line shows the absorbance (Mau) of the 
collected fractions at 280  nm. The green line shows the decreasing 
linear gradients of the urea (6-0 M) and DTT (10-0 mM) concentra-
tions applied to the column. The x-axis shows the numbers of the 
fractions collected (red) and the volume (mL) (black) of the mobile 
phase applied to the column. (B) Zoom of the elution step and col-
umn washing with 0.5  M NaOH. (C) 15% SDS-PAGE of the col-
lected fractions. Lane M, BenchMark Protein Ladder (Invitrogen, 
USA); lane 1, solubilized E. coli lysate pellet applied to the column; 
lane 2, fraction 1, unbound proteins; lane 3, elution fraction 16; lane 
4, elution fraction 17; lane 5, elution fraction 18; lane 6, elution frac-
tion 19; lane 7, elution fraction 20; lane 8, elution fraction 21; lane 
9, washed (0.5 M NaOH) fraction 24. Red arrows indicate the eluted 
rPLA2-CB1 protein

◂
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after purification and found to be 10 and 50 μg/μl for the 
 rPLA2-CB1 and  rPLA2-CB2 protein, respectively.

Cytotoxicity of the recombinant  PLA2-CB isoforms

The cytotoxicity of the  rPLA2-CB1 and  rPLA2-CB2 pro-
teins was evaluated in Vero E6 cells using an MTT col-
orimetric assay. The cytotoxicity of CHAPS, included in 
the elution solution, was also examined. The cells were 
treated with twofold serial dilutions of each recombinant 
protein or CHAPS for seven days, and the  CC50 values 
were calculated (Table 1).

Virucidal activity of the recombinant proteins

We previously showed that  PLA2-CB isolated from Cro-

talus durissus terrificus venom exerted inhibitory effects 
by direct action on the viral envelope [28]; therefore, we 
analyzed the inhibitory activity of the recombinant proteins 
against CHIKV, DENV-2, YFV and ZIKV in a virucidal 
assay. Both the  rPLA2-CB1 and  rPLA2-CB2 proteins showed 
a dose-dependent virucidal effect against all tested viruses 
(Table 2). Complete inhibition of Vero cell infection was 
observed when the highest recombinant protein concentra-
tions and 0.8 ng/µL of native  PLA2-CB were used. Con-
versely, no inhibition was observed when the viruses were 
treated with 0.5% CHAPS. The mean inhibition of plaque 
formation (Table 2) induced by the proteins was used to 
calculate the  EC50 by nonlinear regression analysis (Table 3, 
Online Resource 1). Both recombinant proteins yielded low 

 EC50 values against each virus. Moreover, the recombinant 
proteins showed high SI values for each virus (Table 3).

Phospholipase activity of the recombinant proteins

Previous studies have suggested that the enzymatic activity 
of native  PLA2-CB is important for its antiviral effect [28, 
35]. Therefore, we examined the phospholipase activity of 
the  rPLA2-CB1 and  rPLA2-CB2 proteins, using a colori-
metric assay with phosphatidylcholine as the phospholipase 
target. Hydrolysis of phospholipids at the sn-2 position gen-
erates lysophospholipids and free fatty acids, which decrease 
the pH of the solution. Therefore, the hydrolysis of phos-
phatidylcholine induced by the  rPLA2-CB1 and  rPLA2-CB2 
proteins was measured by monitoring the change in absorb-
ance at 558 nm for up to 15 minutes (Fig. 5). Decreasing 
absorbance over this period was observed when the phos-
phatidylcholine was treated with each of the recombinant 
proteins, confirming their phospholipase activity.

Discussion

We previously conducted a proof-of-concept study to dem-
onstrate the antiviral activity of the  PLA2-CB isolated from 
Crotalus durissus terrificus venom [27]. However, this 
highly toxic compound would be very unlikely to be used in 
the treatment of virus infections. Therefore, we aimed to pro-
duce a  PLA2-CB in vitro that maintains its viral inhibitory 
activity. This  PLA2-CB could become a promising lead com-
pound that can be subjected to amino acid sequence modi-
fication to produce less-toxic compounds that retain their 
antiviral activity. In this study, we describe the expression in 
a prokaryotic system and the virucidal activity of two recom-
binant isoforms of the  PLA2-CB from Crotalus durissus ter-

rificus venom. E. coli is the most frequently used protein 
expression host due to its extensive genetic characterization, 
low cost, easy handling, and high protein yield. In this study, 
the E. coli BL21(DE3) strain was selected for the expres-
sion of the  rPLA2-CB1 and  rPLA2-CB2 proteins (Fig. 2). 
The detection of proteins with a higher molecular mass in a 
Western blot assay suggested the presence of oligomers of 
the  rPLA2-CB1 and  rPLA2-CB2 proteins (~32 kDa), which 
probably appeared due to the high expression level of the 
proteins in E. coli. The BL21(DE3) strain uses the bacte-
riophage T7 RNA polymerase to direct selective high-level 
expression of cloned genes [44]. Many extracellular pro-
teins, such as  sPLA2s, stabilize their structural conformation 
through disulfide bonds, which are formed in an oxidative 
reaction between the thiol groups (-SH) of two cysteine resi-
dues. The cytoplasm of prokaryotic and eukaryotic cells has 
a reducing environment, which prevents the formation of 
disulfide bonds. Disulfide bond formation in eukaryotic cells 

Fig. 4  Refolding and purification of the  rPLA2-CB2 protein. (A) 
Chromatographic profile of the  rPLA2-CB2 protein during the refold-
ing and purification steps. The blue line shows the absorbance (mAu) 
of the fractions at 280 nm. The green line shows the decreasing lin-
ear gradient of the urea (6-0 M) and DTT (10-0 mM) concentrations 
applied to the column. The x-axis shows the numbers of the fractions 
collected (red) and the volume (mL) (black) of the mobile phase 
applied to the column. (B) Zoom of the elution step and column 
washing with 0.5  M NaOH. (C) 15% SDS-PAGE of the collected 
fractions. Lane M, BenchMark Protein Ladder (Invitrogen, USA); 
lane 1, solubilized E. coli lysate pellet applied to the column; lane 
2, elution fraction 1; lane 3, elution fraction 2; lane 4, elution frac-
tion 15; lane 5, elution fraction 16; lane 6, eluted fraction 17; lane 7, 
eluted fraction 18; lane 8, eluted fraction 19; lane 9, washed (0.5 M 
NaOH) fraction 24. Red arrows show the eluted  rPLA2-CB2 protein

◂

Table 1  Cytotoxic effect of the 
rPLA2-CB1 and rPLA2-CB2 
proteins and the CHAPS 
detergent against VERO E6 
cells

Compounds CC50 (μg/μL)

rPLA2-CB1 10.03 ± 2.02

rPLA2-CB2 14.74 ± 1.73

CHAPS 0.3 ± 0.01
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occurs in the lumen of the endoplasmic reticulum, which 
has a more oxidizing environment [27]. Prokaryotic cells 
do not have a subcellular compartment that provides the 
oxidizing environment required for the proper formation of 
these disulfide bonds; thus, recombinant proteins expressed 
in this system tend to accumulate in inclusion bodies due to 
exposure of hydrophobic sites induced by misfolding, result-
ing in the production of aggregates of insoluble proteins [6, 
12]. Both  PLA2-CB isoforms have seven disulfide bonds that 
play a key role in stabilizing the tertiary structure of these 
proteins [13]. In this study,  rPLA2-CB1 and  rPLA2-CB2 
were expressed as insoluble proteins, as demonstrated by 

the formation of aggregates induced by misfolding. Soluble 
recombinant proteins can be obtained in prokaryotic sys-
tems by optimization of expression variables, such as the 
temperature, IPTG concentration, and time of expression 
induction [43]. We tried to optimize these variables, but 
insoluble proteins were always obtained (data not shown). 
Other recombinant  PLA2 proteins have been expressed in 
prokaryotic systems as insoluble proteins, which were puri-
fied under denaturing conditions, followed by dialysis or 
gel filtration for refolding [7, 8, 39, 41, 46]. During protein 
refolding, insoluble molecules can be formed as a result of 
inappropriate intra- and inter-molecular rearrangements. 

Table 2  Antiviral activity of the rPLA2-CB1 and rPLA2-CB2 proteins in the virucidal assay

a mean; bstandard deviation

Inhibition of Vero cell infection (%)

rPLA2-CB1 rPLA2-CB2 PLA2-CB

0.8 ng/μL

CHAPS

0.5%

Virus μg/μL Assay Assay Assay Assay

1 2 3 Ma SDb 1 2 3 Ma SDb 1 1

YFV 1.000 100.0 100.0 100.0 100.0 0.0 96.7 100.0 100.0 98.9 1.6 100 0

0.500 91.7 94.4 100.0 95.4 3.5 46.7 96.3 88.9 77.3 21.9

0.250 16.7 69.4 62.5 49.5 23.4 30.0 77.8 22.2 43.3 24.6

0.125 8.3 22.2 31.3 20.6 9.4 6.7 11.1 0.0 5.9 4.6

CHIKV 1.000 92.5 100.0 89.3 93.9 40.4 100.0 100.0 96.4 98.8 1.7 100 0

0.500 72.5 71.0 85.7 76.4 33.4 100.0 100.0 75.0 91.7 11.8

0.250 35.0 51.6 60.7 49.1 23.1 91.7 44.8 28.6 55.0 26.7

0.125 10.0 32.3 0.0 14.1 13.1 12.5 0.0 17.9 10.1 7.5

DENV-2 1.000 100.0 100.0 100.0 100.0 42.9 100.0 100.0 100.0 100.0 0.0 100 0

0.500 57.5 100.0 100.0 85.8 40.8 100.0 64.9 100.0 88.3 16.6

0.250 27.5 35.0 73.9 45.5 26.3 35.1 16.2 69.6 40.3 22.1

0.125 15.0 0.0 39.1 18.0 16.0 0.0 8.1 47.8 18.6 20.9

ZIKV 1.000 100.0 100.0 100.0 100.0 42.9 100.0 100.0 100.0 100.0 0.0 100 0

0.500 100.0 100.0 100.0 100.0 43.1 89.7 66.7 100.0 85.5 13.9

0.250 45.0 71.0 21.1 45.7 26.4 30.8 20.5 26.3 25.9 4.2

0.125 25.0 32.3 10.5 22.6 12.5 10.3 12.8 0.0 7.7 5.5

Table 3  EC50 and SI of rPLA2-CB1 and rPLA2-CB2 proteins

rPLA2-CB1 rPLA2-CB2

CC50 (μg/μL) CC50 (μg/μL)

Vero E6 10.03 14.74

Virus EC50 (μg/μL) SI EC50 (μg/μL) SI

YFV 0.24 41.79 0.31 47.55

CHIKV 0.28 35.82 0.26 56.69

DENV-2 0.26 38.58 0.27 54.59

ZIKV 0.23 43.61 0.32 46.06
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These non-native interactions occur due to exposure of 
hydrophobic sites and/or intramolecular disulfide bonds 
[15]. The seven disulfide bonds of  PLA2-CB, in addition to 
numerous hydrophobic amino acid residues (41 and 40 in 
the  PLA2-CB1 and  PLA2-CB2 isoform, respectively) [14] 
can contribute to protein aggregation during the refolding 
step when using dialysis or gel filtration. Generally, these 
refolding strategies are very rapid and difficult to control, 
which contributes to the formation of non-native molecu-
lar interactions and, consequently, protein aggregation and 
precipitation [15, 21]. In the present study, we used a novel 
single-step strategy for refolding and purification of the 
insoluble  rPLA2-CB1 and  rPLA2-CB2 proteins. The solu-
bilized proteins were first linked to a nickel-containing col-
umn; then, a decreasing linear gradient of urea and DTT 
concentrations at an optimized flow rate was applied to the 
column to induce correct folding of the proteins, after which 
the refolded recombinant proteins were eluted. We used the 
detergent CHAPS as a protein stabilizer during the refold-
ing and elution steps to avoid protein aggregation. CHAPS 
is a zwitterionic surfactant non-denaturing detergent that is 
capable of preventing protein aggregation and preserving the 
enzymatic activity of proteins in solution [1, 20]. We tried to 
remove CHAPS from the eluates containing the recombinant 
proteins by dialysis, but this resulted in precipitation of the 
proteins. We therefore, decided to use the eluate containing 
the  rPLA2-CB1 and  rPLA2-CB2 proteins in the presence of 
CHAPS in the virus inhibition assay. We previously assessed 
the viral inhibitory effect of the  PLA2-CB isolated from Cro-

talus durissus terrificus venom using several methodologi-
cal strategies and found the highest inhibitory effect in the 
virucidal assay [27]. We found evidence that the phospho-
lipase activity of PLA2-CB might be responsible for the 
cleavage of glycerophospholipids at the lipid bilayer enve-
lope, resulting in virus inactivation [28, 35]. Therefore, in 
the present study, the recombinant isoforms of  PLA2-CB 
were evaluated only in a virucidal assay to evaluate the 
inhibitory effect of the proteins against CHIKV, DENV-2, 
YFV, and ZIKV. A control virucidal experiment showed 
no inhibitory effect of CHAPS, which confirmed that the 

virucidal activity was caused by the recombinant proteins. 
The levels of virucidal activity for both the  rPLA2-CB1 and 
 rPLA2-CB2 proteins were lower than those observed previ-
ously with the native  PLA2-CB  (EC50, 240-260 ng/µL for 
the recombinant proteins and 0.01647-0.044 for the native 
 PLA2-CB) [27]. Previous studies have shown that amino 
acid sequence differences between the  PLA2-CB1 and 
 PLA2-CB2 isoforms result in differences in enzymatic and 
pharmacological activity [12, 14]. The amino acid sequences 
of the  rPLA2-CB1 and  rPLA2-CB2 proteins differ somewhat 
from those of the native proteins. The optimized nucleotide 
sequences of the  PLA2-CB1 and  PLA2-CB2 genes were 
cloned into the expression vector pG21 flanked by recogni-
tion sequences for the restriction enzymes NdeI and XhoI. 
The NdeI restriction site (5’CAT ATG 3’) added a start codon 
for the expression of the  PLA2-CB1 and  PLA2-CB2 genes, 
resulting in the inclusion of a methionine (M) residue at the 
N-terminal end of the proteins, whereas the XhoI restriction 
site (5’CTC GAG 3’) resulted in the addition of leucine (L) 
and glutamic acid (E) amino acid residues at the C-terminal 
end of the proteins. Finally, the  rPLA2-CB1 and  rPLA2-CB2 
proteins were expressed with a 6-His tag at the C-terminal 
end (Supplementary Figure 3). The lower phospholipase 
activity of the recombinant proteins when compared to the 
native PLA2-CB may be due to the nine additional amino 
acid residues present in their sequences, which in turn may 
have resulted in lower virucidal activity. The recombinant 
proteins also showed higher cytotoxicity in Vero E6 cells 
than the native PLA2-CB protein  (CC50, 10.03-14.74 µg/µL 
for the recombinant proteins and <0.5 µg/µL for the native 
 PLA2-CB) [27]. The presence of the detergent CHAPS in the 
elution solution may be responsible for the higher cytotoxic-
ity found for the recombinant proteins. Further studies are 
needed to determine how to obtain soluble rPLA2-CB1 and 
rPLA2-CB2 proteins without CHAPS to reduce the cytotox-
icity of the recombinant proteins.

In summary, we expressed the  rPLA2-CB1 and 
 rPLA2-CB2 proteins in a prokaryotic system and purified 
them using an innovative in-column refolding method. 
The recombinant proteins showed virucidal effects against 

Fig. 5  Phospholipase activity of 
the  rPLA2-CB1 and  rPLA2-CB2 
proteins. Phosphatidylcholine 
hydrolysis was monitored by 
measuring the absorbance of 
the solution at 580 nm at 5-min 
intervals for up to 15 min 
following treatment with 1 μg 
of each of the  rPLA2-CB1, 
 rPLA2-CB2, and native 
 PLA2-CB proteins
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CHIKV, DENV-2, YFV and ZIKV, suggesting that they 
could be used as a model for the development of broad-
spectrum antiviral compounds.
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