
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Apr 25, 2024

Unraveling the structure and function of CdcPDE: A novel phosphodiesterase from
Crotalus durissus collilineatus snake venom

de Oliveira, Isadora Sousa; Pucca, Manuela Berto; Wiezel, Gisele Adriano; Cardoso, Iara Aimê; de Castro
Figueiredo Bordon, Karla; Sartim, Marco Aurélio; Kalogeropoulos, Konstantinos; Ahmadi, Shirin; Baiwir,
Dominique; Nonato, Maria Cristina
Total number of authors:
15

Published in:
International Journal of Biological Macromolecules

Link to article, DOI:
10.1016/j.ijbiomac.2021.02.120

Publication date:
2021

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
de Oliveira, I. S., Pucca, M. B., Wiezel, G. A., Cardoso, I. A., de Castro Figueiredo Bordon, K., Sartim, M. A.,
Kalogeropoulos, K., Ahmadi, S., Baiwir, D., Nonato, M. C., Sampaio, S. V., Laustsen, A. H., auf dem Keller, U.,
Quinton, L., & Arantes, E. C. (2021). Unraveling the structure and function of CdcPDE: A novel
phosphodiesterase from Crotalus durissus collilineatus snake venom. International Journal of Biological
Macromolecules, 178, 180-192. https://doi.org/10.1016/j.ijbiomac.2021.02.120

https://doi.org/10.1016/j.ijbiomac.2021.02.120
https://orbit.dtu.dk/en/publications/edb4de3f-33ef-457d-a2e5-c280fb81292a
https://doi.org/10.1016/j.ijbiomac.2021.02.120


Journal Pre-proof

Unraveling the structure and function of CdcPDE: A novel
phosphodiesterase from Crotalus durissus collilineatus snake
venom

Isadora Sousa de Oliveira, Manuela Berto Pucca, Gisele Adriano
Wiezel, Iara Aimê Cardoso, Karla de Castro Figueiredo Bordon,
Marco Aurélio Sartim, Konstantinos Kalogeropoulos, Shirin
Ahmadi, Dominique Baiwir, Maria Cristina Nonato, Suely Vilela
Sampaio, Andreas Hougaard Laustsen, Ulrich auf dem Keller,
Loïc Quinton, Eliane Candiani Arantes

PII: S0141-8130(21)00399-8

DOI: https://doi.org/10.1016/j.ijbiomac.2021.02.120

Reference: BIOMAC 17947

To appear in: International Journal of Biological Macromolecules

Received date: 11 December 2020

Revised date: 13 February 2021

Accepted date: 15 February 2021

Please cite this article as: I.S. de Oliveira, M.B. Pucca, G.A. Wiezel, et al., Unraveling
the structure and function of CdcPDE: A novel phosphodiesterase from Crotalus durissus
collilineatus snake venom, International Journal of Biological Macromolecules (2018),
https://doi.org/10.1016/j.ijbiomac.2021.02.120

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

https://doi.org/10.1016/j.ijbiomac.2021.02.120
https://doi.org/10.1016/j.ijbiomac.2021.02.120


© 2018 Published by Elsevier.



Unraveling the structure and function of CdcPDE: A novel phosphodiesterase from Crotalus durissus 

collilineatus snake venom 

Isadora Sousa de Oliveira
a
, Manuela Berto Pucca

b
, Gisele Adriano Wiezel

a
, Iara Aimê Cardoso

a
, Karla 

de Castro Figueiredo Bordon
a
, Marco Aurélio Sartim

c,d
, Konstantinos Kalogeropoulos

e
, Shirin 

Ahmadi
e
, Dominique Baiwir

f,g
, Maria Cristina Nonato

a
, Suely Vilela Sampaio

h
, Andreas Hougaard 

Laustsen
e
, Ulrich auf dem Keller

e
, Loïc Quinton

f
, Eliane Candiani Arantes

a,
* 

a
Department of BioMolecular Sciences, School of Pharmaceutical Sciences of Ribeirão Preto, 

University of São Paulo, Ribeirão Preto, SP, Brazil 

b
Medical School, Federal University of Roraima, Boa Vista, RR, Brazil 

c
Institute of Biological Sciences, Federal University of Amazonas, Manaus, AM, Brazil 

d
Department of Teaching and Research, Dr. Heitor Vieira Dourado Tropical Medicine Foundation, 

Manaus, AM, Brazil. 

e
Department of Biotechnology and Biomedicine, Technical University of Denmark, Kongens Lyngby, 

Denmark 

f
Mass Spectrometry Laboratory, Department of Chemistry, University of Liège, Liège, Belgium 

g
GIGA Proteomics Facility, University of Liège, Liège, Belgium 

h
Department of Clinical Analysis, Toxicology and Food Science, School of Pharmaceutical Sciences of 

Ribeirão Preto, University of São Paulo, Ribeirão Preto, SP, Brazil 

*Corresponding author 

Dr. Eliane Candiani Arantes, Laboratory of Animal Toxins, Department of BioMolecular Sciences, 

School of Pharmaceutical Sciences of Ribeirão Preto, University of São Paulo. Av. do Café s/nº, Monte 

Alegre, 14040-903 – Ribeirão Preto, SP – Brazil, Phone: +55 (16) 33154275, Fax: +55 (16) 33154880, 

e-mail: ecabraga@fcfrp.usp.br. 

Abstract 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



This study reports the isolation, structural, biochemical, and functional characterization of a novel 

phosphodiesterase from Crotalus durissus collilineatus venom (CdcPDE). CdcPDE was successfully 

isolated from whole venom using three chromatographic steps and represented 0.7% of total protein 

content. CdcPDE was inhibited by EDTA and reducing agents, demonstrating that metal ions and 

disulfide bonds are necessary for its enzymatic activity. The highest enzymatic activity was observed at 

pH 8-8.5 and 37 °C. Kinetic parameters indicated a higher affinity for the substrate bis(p-nitrophenyl) 

phosphate compared to others snake venom PDEs. Its structural characterization was done by the 

determination of the protein primary sequence by Edman degradation and mass spectrometry, and 

completed by the building of molecular and docking-based models. Functional in vitro assays showed 

that CdcPDE is capable of inhibiting platelet aggregation induced by adenosine diphosphate in a dose-

dependent manner and demonstrated that CdcPDE is cytotoxic to human keratinocytes. CdcPDE was 

recognized by the crotalid antivenom produced by the Instituto Butantan. These findings demonstrate 

that the study of snake venom toxins can reveal new molecules that may be relevant in cases of 

snakebite envenoming, and that can be used as molecular tools to study pathophysiological processes 

due to their specific biological activities. 

Keywords: Crotalus durissus collilineatus; phosphodiesterase; cytotoxicity. 

1. Introduction 

Snakebite envenoming is recognized as a Neglected Tropical Disease (NTD) by the World 

Health Organization (WHO) due to its high level of morbidity and mortality, as well as its frequency in 

impoverished regions of the tropics [1–5]. In Brazil, ~30,000 snakebite envenomings are reported each 

year, primarily caused by four genera, Micrurus, Bothrops, Lachesis, and Crotalus [6], being the last 

one represented by six subspecies, C. durissus collilineatus, C. d. terrificus, C. d. marajoensis, C. d. 

ruruima, C. d. cascavella, and C. d. durissus [7]. 

Crotalid venoms contain proteins with enzymatic and non-enzymatic activities [8,9]. Nucleases are 

among the enzymatic components that are able to hydrolyze nucleic acids and their derivates [10], 
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which can be subdivided into endonucleases [11] (DNAse [12] and RNAse [13]) and exonucleases, 

which include phosphodiesterases (PDE) [14]. PDEs are metalloglycoproteins [15–17] with high 

molecular mass (90 kDa ~ 160 kDa), found in the monomeric, homodimeric, or heterodimeric forms 

[17–22], which can hydrolyze phosphodiester bonds of polynucleotides in basic pH, starting at the 3’-

extremity, resulting in 5’-mononucleotides [10]. In addition, PDEs can hydrolyze adenosine 

triphosphate (ATP) and adenosine diphosphate (ADP) to produce adenosine [10,18], nicotinamide 

adenine (NAD), and nicotinamide guanine dinucleotide (NGD) [10], as well as second messengers, 

such as 3’,5’-cyclic adenosine monophosphate (cAMP), and 3’,5’-cyclic guanosine monophosphate 

(cGMP) [23]. Due to their functionality, PDEs can play an important role in many physiological 

processes, including muscle contraction, cell differentiation, ion channel function, lipogenesis, 

gluconeogenesis, glycogenolysis, and apoptosis [24–26], may be considered as potential therapeutic 

candidates for treating different diseases such as cardiovascular, inflammatory, and Alzheimer's 

diseases, as well as erectile dysfunction [25–30]. 

PDEs are classified into eleven types (PDE1-11) according to their inhibitor-sensitivity, protein 

sequence, pharmacological properties, and substrate specificity. PDE4, 7, and 8 are specific for cAMP 

degradation, whereas PDE5, 6, and 9 are specific for cGMP degradation, and PDE1, 2, 3, 10, and 11 

for degrade both cAMP and cGMP [31,32].  

Proteomic and transcriptomic data indicate that PDEs are found in several snake venoms [33–37], but 

in low abundance [38], and despite the wide distribution across different snake families, the role of 

these enzymes in snakebite envenoming has not been adequately explored [10]. Russell, Buess, and 

Woo (1963) partially purified the PDEs present in C. adamanteus, C. atrox, C. viridis helleri, C. 

horridus, and Vipera russelli venoms, reporting that PDEs were able to lead to hypotensive crisis in 

animals, characterized by low blood pressure and locomotor depression due to cAMP depletion [39]. 

This hypotensive effect of snake PDEs indicates that PDE substrates are available in the circulatory 

system of snakebite victims [10,40]. 
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Since the discovery of PDEs in snake venoms (1932) [14], they have been used in nucleic acid 

characterization and as molecular biology tools [19]. They can act as platelet aggregation inhibitors 

[26,41,42] and may, eventually, become potential drug leads to treat dysfunctions related to increased 

platelet aggregation (e.g. thrombosis) [42]. 

Among nucleases, PDEs are relatively well-characterized; however, compared to other snake venom 

components, such as phospholipases, and serine and metalloproteases, studies focusing on PDEs are 

relatively rare. Here, we report the isolation, and structural and functional characterization of a novel 

PDE from C. d. collilineatus venom (CdcPDE), and showcase its ability to inhibit platelet aggregation 

and induce cytotoxicity on human keratinocytes. 

2. Methods 

2.1. Venom fractionation and CdcPDE purification 

C. d. collilineatus snake specimen was collected from Catalão – GO (Brazil, 18º 10’ 12” S 47º 

56’ 31” W) and kept in the Serpentarium of the University of São Paulo at Ribeirão Preto Medical 

School. Its venom was milked by compression of venom glands, dried in a glass vacuum desiccator for 

6 hours at room temperature (RT) and stored at -20 °C until usage. This Serpentarium is accredited by 

the Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis (Brazilian Institute of 

Environment and Renewable Natural Resources), under the registration number 1506748. 

Dried venom (90 mg) was resuspended in 50 mM Tris-HCl with 150 mM NaCl, pH 8, and 

centrifuged for 10 min at 13,000  g, 4 ºC. The supernatant was fractionated on a HiPrep Sephacryl S-

200 High-Resolution column (16  600 mm, 47 µm, GE Healthcare, Uppsala, Sweden). Fractions were 

eluted through an isocratic gradient with the same buffer at 0.5 mL/min flow rate. The fraction that 

showed the highest PDE activity (S3, 6 mg) was further fractionated through anion exchange 

chromatography in a HiTrap ANX (high sub) Sepharose Fast Flow column (16  25mm, GE 

Healthcare, Uppsala, Sweden), previously equilibrated with 50 mM Tris-HCl, pH 8. Elution was 
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performed using a linear gradient (0-1 M) of NaCl in the same buffer at a flow rate of 5 mL/min. The 

fraction that showed the highest PDE activity (A1, 0.7 mg) was fractionated through cation exchange 

chromatography in a 10  100 mm column packed with Carboxymethyl cellulose-52 (CMC-52, GE 

Healthcare, Uppsala, Sweden). Elution was performed using a segmented gradient from 0 to 100% of 

buffer B (50 mM sodium acetate (CH3COONa) and 1 M NaCl, pH 5), at 0.5 mL/min flow rate. The 

column was previously equilibrated with buffer A (50 mM CH3COONa, pH 5). In order to evaluate 

CdcPDE purity and prepare the sample for structural assays, reversed-phase chromatography was 

performed with the fraction that showed the highest PDE activity (C2, 1 mg) in the cation exchange 

chromatography. For this purpose, a reversed-phase C4 Jupiter column (4.6  250mm, 5 μm, 300 Å, 

Phenomenex, Torrance, CA, USA), previously equilibrated with 0.1% trifluoroacetic acid (TFA), was 

used. The elution was performed using a linear gradient of 0-100% solution B (80% acetonitrile 

(MeCN) in 0.1% TFA) at a 1 mL/min flow rate. The eluted fraction was collected, frozen, and 

lyophilized for further analysis. All purification steps were performed at Fast Protein Liquid 

Chromatography Äkta Purifier UPC10 (GE Healthcare, Uppsala, Sweden) and automatically monitored 

at 280 nm. After each chromatographic step, the fractions of interest were concentrated using Amicon
®

 

Ultra-15 50K tube (Merck, São Paulo, SP, Brazil) at 4,000  g, 4 ºC, for approximately 10 min. The 

protein amount was estimated by determining the sample's absorbance at 280 nm in a NanoDrop 2000 

(Thermo Fisher Scientific Inc., Waltham, MA, USA). 

2.2. CdcPDE activity 

CdcPDE activity was determined according to Björk (1963) [43], with modifications proposed by 

Valério and colleagues (2002) [21], using a 96-well microplate and bis(p-nitrophenyl) phosphate (1 

mM) as the substrate. Absorbance reading was performed in a microplate reader (Sunrise-basic, Tecan, 

Männedorf, Switzerland) at 400 nm. Enzyme activity was expressed as the percentage of activity 
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relative to the highest absorbance. According to Valério and colleagues (2002) [21], an increase of 1.0 

Abs400 nm/min corresponds to 1 unit of enzymatic activity. 

Catalytic activity of CdcPDE (0.75 µg) was evaluated considering three variables: storage 

temperatures (-80, -20, 0, 4, 25, 37, 50, and 70 ºC; one hour), pH values (7, 7.5, 8, 8.5, 9, and 9.5), and 

reaction temperatures (0, 4, 25, 37, and 50 ºC). As positive control, PDE was previously incubated with 

100 mM Tris-HCl, pH 8. Heat inactivated PDE (incubated for 10 min at 100 ºC) was used as negative 

control. 

An enzymatic kinetic assay was carried out using different substrate concentrations (0-5 mM) in 

order to determine the parameters of the steady-state kinetics for CdcPDE. Substrate hydrolysis was 

spectrophotometrically monitored at 400 nm, 25 °C, using the microplate reader SpectraMax Plus 384 

(Molecular Devices, San Jose, CA, USA). All readouts were made in triplicates, at 3-second intervals 

for 20 min. The concentration of the product formed was estimated considering its extinction coefficient 

at 400 nm (17.6 M
-1

.cm
-1

) [17]. The kinetic constants (Km and kcat) were estimated using the equation 

for Michaelis-Menten kinetics: 

𝑉0 =
[𝐸]𝑘𝑐𝑎𝑡 [𝑆]

𝐾𝑚 + [𝑆]
 

V0: Initial enzyme velocity; 

[E]: Enzyme concentration; 

[S]: Substrate concentration; 

kcat: Number of times that each enzyme site converts substrate to product per time (turnover 

number);  

Km: Michaelis-Menten constant. 

For the enzyme inhibition assay, CdcPDE was incubated for 30 min at 37 ºC with different 

concentrations (0.625-10 mM) of the following enzyme inhibitors: β-mercaptoethanol, cysteine, 

dithiothreitol (DTT), and ethylenediaminetetraacetic acid (EDTA). All enzymatic assays were 

performed in triplicates.  

All data were processed and analyzed using the GraphPad Prism 8 software (GraphPad Software 

Inc., La Jolla, CA, USA). 
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2.3. SDS-PAGE and glycosylation 

C. d. collilineatus whole venom (10 µg) and venom fractions containing CdcPDE (5 µg) were subjected 

to 10% SDS-PAGE according to the Laemmli method (1970) [44], under reducing and non-reducing 

conditions. Low molecular mass (97.0-14.4 kDa, 17-0446-01, GE Healthcare, Uppsala, Sweden) and 

wide molecular mass (120-10 kDa, M00516s, GenScript, New Jersey, USA) markers were used. The 

gel was stained with Coomassie
®

 Brilliant Blue G-250 (Sigma-Aldrich, St. Louis, MO, USA).  

In order to qualitatively evaluate the glycosylation, CdcPDE (30 µg, 12 µL) was denatured and reduced 

with 5% SDS (1 µL) and 1 M DTT (1 µL), respectively, for 10 min at 95 ºC. After that, 10% Triton X-

100 (2 µL) and 20 U of PNGase F (V4831, Promega, Madison, WI, USA) were added, and the mixture 

was incubated for three hours at 37 ºC. The reaction was stopped by heating the sample for 10 min at 

100 ºC. The sample was analyzed by 10% SDS-PAGE, and the gel was stained as mentioned above. 

Reduced CdcPDE without PNGase F was used as a control. 

2.4. Determining molecular mass and amino acid sequence 

The average molecular mass of CdcPDE (10 µg) was determined by matrix-assisted laser 

desorption/ionization with a time-of-flight analyzer (MALDI-TOF, RapifleX, Bruker Corporation, 

Billerica, MA, USA) using FlexControl 4.0 software (Bruker Corporation, Billerica, MA, USA) for data 

acquisition. The following parameters were employed in order to obtain data: 10,000 laser shots per 

spectrum and 500 Hz laser frequency. The instrument operated in linear positive mode, within a range 

of 20-220 kDa, and RapifleX was calibrated with bovine serum albumin (BSA, ~66 kDa [M+H]
+
, ~33 

kDa [M+2H]
2+

, and BSA dimeric form ~132 kDa [2M+H]
+
). As matrix, a saturated solution of sinapinic 

acid (SA) was prepared in MeCN and 0.1% TFA, at the ratio of 3:7. Data analysis was performed using 

the FlexAnalysis 3.4 software (Bruker Corporation, Billerica, MA, USA).  

N-terminal sequencing was performed according to Edman’s degradation method (1967) [45], 

using an automatic protein sequenator (PPSQ-33A, Shimadzu, Kyoto, Japan), following the 
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manufacturer's instructions. The obtained sequence was compared to databases through the Basic Local 

Alignment Search Tool (BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi) [46], searching for similarity. 

For bottom-up approach, CdcPDE (10 µg in 12 µL of 100 mM NH4HCO3) was reduced with 10 mM 

DTT (2 µL of 70 mM DTT) at 56 ºC, 600 rpm, for 40 min, and alkylated with 20 mM iodoacetamide (3 

µL of 113.3 mM iodoacetamide) at RT for 30 min, in a dark compartment. Afterward, a second 

reduction with 11 mM DTT (2 µL of 104.5 mM DTT, RT, 5 min, dark compartment) was performed. 

This sample was digested with trypsin (2 µL of 0.1 µg/µL; ref. 90058, Thermo Fisher Scientific Inc., 

Waltham, MA, USA) with a ratio of 1:50 (trypsin:CdcPDE), at 37 ºC, 600 rpm, overnight. After that, a 

second digestion with trypsin was performed with a ratio of 1:100 (trypsin:CdcPDE) and acetonitrile 

80% (92 µL of 100% MeCN) was added. The sample was kept at 37 ºC, 600 rpm, for 3 h. The reaction 

was stopped by adding 10% v/v TFA (6 µL), and the sample was desalted using a reversed-phase 

ZipTip
®
 C18 column (ref. 87782, Thermo Fisher Scientific Inc., Waltham, MA, USA). Peptide mass 

fingerprint (PMF) of the protein was obtained using the same MALDI-TOF equipment mentioned 

above. RapifleX was however operated in reflectron positive mode and calibrated with a mixture of 

peptides (Peptide calibration standard, ~1000-3200 Da, ref. 206195, Bruker Corporation, Billerica, 

MA, USA). As matrix, a 10 mg/mL solution of 2,5-dihydroxybenzoic acid (DHB) was prepared in 

MeCN and 0.1% TFA, at a ratio of 1:1. Data analysis was performed through FlexAnalysis 3.4 and 

BioTools 3.2 (Bruker Corporation, Billerica, MA, USA). Digested peptides were submitted to MS/MS 

fragmentation through RapifleX, controlled by the software FlexControl 4.0 for data acquisition. 

MS/MS spectra were interpreted with FlexAnalysis 3.4 and Sequence Editor 3.2 (Bruker Corporation, 

Billerica, MA, USA). 

For LC-MS/MS, three samples of CdcPDE (10 µg each) were reduced and alkylated as described 

above. The first one (sample 1) was digested with trypsin, as described above. However, the other two 

samples (samples 2 and 3) were digested with a mixture of proteases containing trypsin (ref. 90058, 

Thermo Fisher Scientific Inc., Waltham, MA, USA), chymotrypsin (ref. 90056, Thermo Fisher 
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Scientific Inc., Waltham, MA, USA), and endoproteinase Glu-C (ref. 90054, Thermo Fisher Scientific 

Inc., Waltham, MA, USA) at different ratios (1 U trypsin : 85 µg CdcPDE, 1 U chymotrypsin : 55 µg 

CdcPDE, and 1 U endoproteinase Glu-C : 85 µg CdcPDE), at 37 ºC, 600 rpm, for 2 h [47]. The 

reaction of samples 1 and 2 was stopped with 0.5% TFA. For sample 3, the reaction was stopped by an 

increase in temperature (to ~100 ºC), for 3 min, and this sample was digested with N-glycosidase F (ref 

11365177001, lot 16070923, Roche, Basel, Switzerland), at the ratio of 5 U N-glycosidase F:100 µg of 

CdcPDE, 37 ºC, 600 rpm for 4 h. After these steps, a second digestion with N-glycosidase F was 

performed, but with a different glycosidase-to-protein ratio and time (3 U N-glycosidase F:100 µg of 

CdcPDE, overnight) at 37 ºC, 600 rpm. The reaction was stopped with 0.5% TFA. Digested materials 

were analyzed by Acquity UPLC
®
 M-Class (Waters, Milford, MA, USA) coupled to a Q-Exactive™ 

Plus Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, 

USA). High-resolution (70,000 at m/z 200) MS spectra from trypsin digestion were acquired within the 

scan range of 400-1750 m/z and with automatic gain control (AGC) target at 3e
6
. Subsequently, the 

twelve most intense ions (+2 or higher charge) were fragmented by higher-energy collisional 

dissociation (HCD, normalized collision energy of 25), in a data-dependent mode, in which high-

resolution MS/MS spectra (17,500 at m/z 200) were acquired within the scan range of 200-2000 m/z 

and isolation window of ± 2 m/z, and with AGC target at 1e
5
. For those samples with multiple 

digestions, MS spectra were acquired with AGC target at 1e
6
 within the scan range of 400-1600 m/z, 

whereas MS/MS spectra were acquired with a normalized collision energy of 28. Other parameters 

remained the same. All MS/MS spectra were interpreted by automated de novo sequencing, using 

Peaks Studio 7 software (Bioinformatics Solutions Inc., Waterloo, Canada), against databases extracted 

by our group, generated from UniProt Knowledgebase (UniProtKB, https://uniprot.org)[48], which 

comprised protein sequences found in snake venoms (9,421 sequences, keyword “snake”), and PDE 

sequences from Crotalus venoms (17 sequences, keywords “phosphodiesterase” and “Crotalus”) 

without signal peptide, both downloaded in June 2019. Parent mass and fragment mass error tolerance 
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were set to 5 ppm and 0.015 Da. Carbamidomethyl cysteine was set as a fixed modification, whereas 

amidation and methionine oxidation were considered as variable modifications. A maximum of 3 

missed cleavages were allowed per peptide. 

2.5. CdcPDE sequence analysis, homology model, and docking simulation 

The primary sequence of CdcPDE was analyzed for the presence of domains using the 

conserved domains search tool [49], available at http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi. 

A three-dimensional model of CdcPDE was constructed using the Swiss-Model web server 

(https://swissmodel.expasy.org/) [50], on automated mode [51]. Homology modeling was performed 

using the PDE from Taiwan cobra (Naja atra) as a template (PDB ID: 5GZ4), which was the top hit in 

the template search (GMQE: 0.94, Sequence identity: 85.01%). 

Docking simulation was performed with SwissDock [52,53], using default parameters. 

SwissDock is based on an algorithm that generates multiple binding modes, estimating their CHARMM 

force field energies in a grid, evaluating binding energies, and selecting the most favorable ones. The 

ligand structure was identified in the PubChem database (PubChem CID: 255), and the structure data 

file (SDF) was used along with the aforementioned CdcPDE model in the molecular docking 

simulations. The model built of CdcPDE was validated using the PROCHECK 

(https://servicesn.mbi.ucla.edu/PROCHECK/) [54,55] and ERRAT 

(https://servicesn.mbi.ucla.edu/ERRAT/) [56] webservers. The final output docked models were 

visualized and analyzed with the CHIMERA software package (https://cgl.ucsf.edu/chimera/) [57]. 

2.6. CdcPDE thermal stability 

Differential scanning fluorimetry (Thermofluor) was used to evaluate CdcPDE thermal stability. The 

experiment was carried out in a thermocycler Mx3005P (Agilent Technologies, Santa Clara, CA, USA), 

using SYPRO® orange (492/610 nm) as a fluorescent probe in a 96-well PCR plate. The behavior of 

CdcPDE at different pH and ionic strengths was assayed using Solubility & Stability Screen 2 

(Hampton Research). The 20 µL reaction mixture contained 1 mg/mL of CdcPDE and 50 SYPRO® 
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orange. The samples were heated from 25 to 95 °C, at 1 °C/min increase rate, and fluorescence was 

measured every minute. Thermal melting curves were processed according to the protocol described by 

Niesen and colleagues (2007) [58], and the melting temperature was calculated using GraphPad Prism 8 

software. 

2.7. Recognition of crotalid antivenom against CdcPDE and prediction of molecule epitopes 

An ELISA assay was performed using a 96-well microplate (Costar, Corning Incorporated, NY, 

USA) coated with CdcPDE (2 μg) and C. d. collilineatus whole venom (2 µg) in 0.05 M 

carbonate/bicarbonate buffer, pH 9.6 (100 µL/well). As positive control, some wells were coated with 

non-immunized horse serum (1:50, H0146, lot SLBS7574, Sigma-Aldrich, St. Louis, MO, USA) in 0.05 

M carbonate/bicarbonate buffer, pH 9.6. The plate was incubated for 16 h at 4 ºC, then was washed 

three times with phosphate-buffered saline (PBS), pH 7.2. Afterward, the plate was blocked by adding 

250 µL of PBS containing 2% (w/V) non-fat dry milk (Molico, Nestlé, Bebey, Switzerland; MPBS) and 

incubated for 2 h at 37 ºC. The plate was then washed three times with PBS-0.05% Tween (PBS-T) and 

three times with PBS and incubated for 1 h at 37 ºC with anti-crotalid antivenom (1:100 in 1% MPBS). 

As negative control, CdcPDE and venom coated wells were incubated with non-immunized horse serum 

diluted 1:100 in 1% MPBS. The plate was washed three times with PBS-T and PBS, respectively. After 

that, the plate was incubated with 100 µL of anti-horse polyclonal antibodies conjugated with 

peroxidase (IgG-HRP, A6917, Sigma-Aldrich, St. Louis, MO, USA) diluted 1:3000 in 1% MPBS. After 

one hour of incubation at 37 ºC, the plate was washed three times with PBS-T and three times with 

PBS. To each well, 100 µL of o-phenylenediamine dihydrochloride (OPD)-H2O2 (SIGMAFAST OPD 

tablet, SLBM4528V, Sigma-Aldrich, St. Louis, MO, USA), diluted according to the manufacturer’s 

instructions, were added. Finally, the plate was incubated in a dark chamber at RT until color 

development. Then, the reaction was stopped with 50 µL of 1 M H2SO4 (Merck, São Paulo, SP, Brazil). 

Absorbance was measure at 490 nm on a 96-well plate reader (Sunrise-basic Tecan, Männedorf, 
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Switzerland). The assay was carried out in quadruplicates, and the results were analyzed by one-way 

ANOVA, followed by Tukey’s post-hoc test (p < 0.05). 

ABCpred Server, with a threshold of 0.9 and a window length of 14 to 16 residues, was used to 

predict which CdcPDE epitopes are recognized by B cells (http://crdd.osdd.net/raghava/abcpred/) [59]. 

2.8. Platelet aggregation assay 

Human peripheral blood samples (~10 mL) were collected with a conventional citrate collection 

tube (Vacutainer, BD Biosciences, Franklin Lakes, Nova Jersey, USA) from 10 voluntary donors (both 

genders; 20 to 40 years old; without medical history of taking oral anticoagulants that could interfere 

with the blood clotting process) and centrifuged at 1,000 rpm (112 rcf), RT, for 10 min, to obtain 

platelet-rich plasma (PRP). PRP (450 µL) was incubated for 5 min under constant agitation. Different 

concentrations of CdcPDE (15-120 µg/mL) and/or ADP (2,4 µM) were added and platelet aggregation 

was monitored for 6 min using an optical aggregometer (Chrono-Log Corporation, Havertown, PA, 

USA). The assay was performed in triplicates, and results were analyzed by one-way ANOVA followed 

by Dunnett’s post-hoc test (p < 0.05). 

This assay was performed after approval of the research project by Comitê de Ética em 

Pesquisa (Research Ethics Committee), School of Pharmaceutical Sciences of Ribeirão Preto (FCFRP-

USP), under the protocol no. 435 – CAAE no. 64850717.8.0000.5403. 

2.9. Cytotoxicity assay in human keratinocytes (N/TERT cells) 

Immortalized human keratinocyte cells (N/TERT, 410
3
) were seeded in a 96-well polystyrene 

black opaque plate (ref. 237105, Thermo Fisher Scientific, Roskilde, Denmark) and cultured in 

Dulbecco's modified Eagle's medium (DMEM: F12; Grand Island, NY, USA) with 1% penicillin-

streptomycin and supplemented with 10% fetal bovine serum (FBS) and 1 RM plus supplement. The 

plate was incubated at 37°C, with 5% CO2 and 85% humidity overnight. After this period, the medium 

was aspirated, and fresh medium containing different concentrations of CdcPDE (10-200 g/mL) was 
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added. The plate was incubated for 24 h at the same conditions mentioned before. Cell viability was 

determined with CellTiter-Glo luminescent cell viability assay (Promega, Madison, WI, USA), 

according to the manufacturer’s instructions. The IC50 value was calculated with log(CdcPDE) versus 

normalized response and Hill equation, using the GraphPad Prism 8 software (GraphPad Software Inc., 

La Jolla, CA, USA). 

3. Results 

CdcPDE was successfully isolated from C. d. collilineatus venom through the three following 

chromatographic steps: size exclusion, anion, and cation exchange. The evaluation of CdcPDE activity, 

using the specific substrate for PDEs (bis(p-nitrophenyl) phosphate), was performed on each fraction of 

all chromatographic steps to look for the presence of active CdcPDE and select the fraction that would 

be used in the next steps (Fig. 1A-C). The third chromatographic step (cation exchange) was efficient in 

the final purification of the enzyme, but it must have induced some conformational change in the 

enzyme that caused a reduction in its specific activity. Therefore, the fraction A1 (non-pure CdcPDE 

obtained after the second chromatographic step showing the highest specific activity) may be more 

suitable than C2 (pure CdcPDE obtained after the third chromatographic step) for applications where 

the catalytic function is more relevant than the purity of the enzyme. Since fraction C2 corresponds to 

the pure and active CdcPDE (Fig. 2A-B), this fraction was used in the enzymatic and functional assays. 

Although PDE activity was not detected after reversed-phase chromatography, this additional step was 

used to guarantee the CdcPDE purity (Figure 1D shows the degree of purity for CdcPDE after the third 

chromatographic step). This pure fraction (R) was only used in the assays in which the enzymatic 

activity was not relevant, such as mass spectrometry and other structural characterization assays (e.g. 

SDS-PAGE). It was also determined that the CdcPDE enzyme corresponded to 0.71% of soluble 

proteins from C. d. collilineatus venom (Table 1). 

After each step of CdcPDE isolation, each fraction was analyzed by SDS-PAGE under reducing 

and non-reducing conditions. From the electrophoretic profiles, it was possible to infer that CdcPDE 
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migrated as a monomer since it presented the expected mass for a classical PDE monomer (~90 kDa), 

both in reducing and non-reducing conditions. This assay confirms that the enzyme does not form 

covalently linked dimers; however, additional studies are needed to determine whether formation of 

non-covalently linked dimers may occur. In addition, it was possible to observe a difference of ~9 kDa 

between the reduced CdcPDE and the reduced CdcPDE digested by PNGase (Fig. 2C), evidencing the 

presence of N-glycosylations in CdcPDE structure. The entire macromolecule had a mass [M+H]
+ 

of 

100,330 and 105,598 Da determined by MALDI-TOF (Fig. 2D). These two masses could correspond to 

two different CdcPDE isoforms or glycoforms.  

CdcPDE showed maximal activity between pH 8 and 8.5 on the substrate bis(p-nitrophenyl) phosphate 

(Fig. 3A). pH 8 was consequently chosen for the next experiments. CdcPDE retained its best activity 

when stored at 0 °C (Fig. 3B) and the temperature that showed the highest activity was 37 °C (Fig. 3C). 

For the enzymatic kinetics assays, 15 different substrate concentrations were tested, and the product 

formation curves are shown in Fig. S1. CdcPDE activity follows the Michaelis-Menten model, showing 

a hyperbolic kinetic curve when V0 is plotted as a function of the substrate concentration (Fig. 3D). The 

Km was 0.38 ± 0.03 mM, and kcat was 0.14 ± 2.710
-3

 s
-1

, while its catalytic efficiency (kcat/Km) was 0.37 

± 0.03 mM.s
-1

. Another assay demonstrated that the lyophilization process led to a high loss of enzyme 

activity (data not shown); thus, CdcPDE was not lyophilized prior to enzymatic assays. Regarding 

inhibitors, CdcPDE activity decreased in a dose-dependent manner in all tested concentrations of -

mercaptoethanol (Fig. 3E), whereas for the other inhibitors (cysteine, DTT, and EDTA) CdcPDE was 

completely inhibited at all tested concentrations (Table S1). Reference (water) melting temperature (Tm) 

for CdcPDE was 65.71 ºC. Melting curves revealed a gain in thermal stability in almost all tested 

buffers, so that the greatest ΔTm was obtained at pH 5.5 in the absence of salt. In comparison, the 

protein thermal stability was compromised at pH 4.5 (Fig. 4).  
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Following the characterization of CdcPDE primary structure, the first 26 residues of the N-terminal 

region were sequenced through Edman degradation. In MS/MS analyzes, when the sample was digested 

only with trypsin (sample 1), 29,086 spectra generating 1,822 peptides were obtained. However, when 

the Multi-Enzymatic Limited Digestion (MELD) was performed (sample 2), 82,481 spectra and 8,889 

peptides were generated. In addition, digesting the sample with MELD and N-glycosidase F (sample 3) 

generated 82,955 spectra and 13,062 peptides. All these results together generated a primary sequence 

of 829 amino acid residues. Finally, the PMF gave a sequence coverage of almost 72% of the proposed 

sequence. From these results, we identified 33 conserved cysteine residues and the three potential sites 

for N-glycosylation conserved in PDEs, except in J3SBP3 (which does not present the first putative N-

glycosylation site). Interestingly, two additional sites for N-glycosylation were also identified. 

Moreover, the metal ion-binding/active site residues were fully conserved. In silico analysis of CdcPDE 

primary structure revealed the presence of four domains: a somatomedin B domain (residues from 11 to 

48), a somatomedin B-like domain (residues from 52 to 95), an ectonucleotide 

pyrophosphatase/phosphodiesterase domain – also called autotaxin – (residues from 117 to 483), and a 

DNA/RNA non-specific domain (residues from 581 to 810). Finally, the sequence obtained is similar to 

other snake venom PDEs, sharing more than 90% sequence identity. The determined sequence and its 

alignment with others PDEs are shown in Fig. 5, while the PMF and the spectra analyzed by de novo 

sequencing are shown in the supplementary material (Fig. S2, S3, and S4). 

Additionally, with the obtained CdcPDE primary sequence, it was possible to predict/model the 

secondary and tertiary structures. Molecular modeling suggests that CdcPDE is composed of 22.7% α-

helices, 16.4% -strands, 4% 310 helices, 20.2 % coils, and 35.2% turns, besides sixteen disulfide bonds 

(Fig. 6A-B). The structural model of CdcPDE is complex, similar to the structures of other members of 

the alkaline phosphatase-like superfamily (ALP-like superfamily). The GMQE value obtained for this 

model was 0.94 and QMEAN was determined to -2.64. The PROCHECK analysis showed that >99% of 

the amino acid residues are in the most favored and allowed regions of the corresponding 
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Ramachandran plot, and the ERRAT analysis showed an overall quality factor of 87.22 for the CdcPDE 

model.  

Afterwards, docking simulation was used to predict the interaction of CdcPDE and bis(p-

nitrophenyl) phosphate substrate. The simulation demonstrated both the interactions of the residues 

(D125, T163, H167, D283, H287, D330, and H440) that seem to coordinate with the divalent metal 

cations (e.g. zinc) in the active site, and the close interaction of T163 residue with the substrate (Fig. 

6C-E). 

In a different assay, CdcPDE was incubated with the commercial crotalid antivenom to assess 

the antivenom's ability to recognize this protein. The results showed that the Brazilian crotalid 

antivenom was able to efficiently recognize the enzyme (Fig.7A). The result was not surprising since it 

was predicted in silico that there are 16 epitopes of the enzyme that could be recognized by B cells 

triggering an antibody response (Fig. 7B). 

In functional assays, CdcPDE inhibited ADP-induced platelet aggregation in a dose-dependent manner 

(Fig. 8A and S5). In addition, CdcPDE showed cytotoxic activity against human keratinocytes in 

concentrations higher than 10 µg/mL (Fig. 8B), presenting an IC50 value of 71.65 µg/mL (Fig. S6). 

4. Discussion 

In Brazil, envenomings caused by Crotalus snakes represented almost 9% of the total snakebite cases in 

2019 [6]. Although it is a low percentage, these accidents are responsible for severe envenomings, 

leading to high fatality rates [6,60]. Thus, studying the venoms from Crotalus snakes and their isolated 

components is of high importance to produce effective antivenoms against them. Since the elucidation 

of the proteomes and transcriptomes of many snake venoms, studies on nucleases have been prominent 

because of their presence in numerous snake families [19,38]. However, additional studies regarding 

their functions during envenoming are needed. 

In our study, CdcPDE isolation was achieved through three chromatographic steps. The first 

step, i.e. molecular filtration, was crucial for separating CdcPDE from smaller components, such as 
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crotoxin, an enzyme complex constituting 65-68% of the crotalid venom [61]. In the two additional 

separation steps (anion exchange followed by cation exchange chromatography), the proteins were 

purified according to their charge. Basic pIs of PDEs have been previously reported to be between 7.4 

and 10.5 [17,20,21,62]. Similarly, in this study, it was seen that at pH 8, CdcPDE did not interact with 

the cationic resin used in the anion exchange chromatography. Therefore, CdcPDE pI was predicted to 

be higher than 8. In the cation exchange chromatography step, which was performed at pH 5, CdcPDE 

seemed to acquire a positive charge, allowing it to interact with the column, and, with the ionic strength 

increasing (NaCl concentration), CdcPDE was eluted. 

After completing the process of CdcPDE isolation, we verified that CdcPDE proportion in 

soluble venom is in accordance with the PDE yields (less than 1%) previously reported for C. ruber 

ruber [20], Trimeresurus mucrosquamatus [63], and Daboia russelli russelli venoms [42].  

Our study indicated that CdcPDE migrated as a monomeric protein, as previously described for 

PDEs from Agistrodon bilineatus [64] and Bothrops alternatus [21] venoms, named class 1 PDEs [64]. 

In addition, the N-deglycosylation assay followed by SDS-PAGE showed that CdcPDE is a N-

glycosylated protein, which increases its molecular mass by ~9% (considering the determined molecular 

mass of the primary structure, 94,154 Da). PDEs from C. adamanteus and Vipera lebetina venoms 

present nine potential N-glycosylation sites [22,65], whereas no carbohydrates were reported to be 

linked to the other snake venom PDEs [63,66]. This post-translational modification may be involved in 

the stability of the molecule. In addition, glycosylation may have an effect on inflammatory reactions 

and cellular signaling [67,68], as well as it may contribute to snake venom diversity through changing 

toxin conformation and, consequently, its function [69–72]. 

CdcPDE molecular masses are quite similar to other monomeric PDEs, such as those reported 

from Cerastes cerastes (110 kDa) [66] and B. alternatus (105 kDa) venoms [21]. However, in these two 

cases, PDE molecular masses were estimated by SDS-PAGE while the methodology used in our study 

is more accurate. There are possibly two isoforms or glycoforms of CdcPDE in the venom, since there 
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were two molecular masses determined; and it is known that snake venom may contain more than one 

PDE isoform [73]. Thus, it is possible that CdcPDE molecules with different glycosylation patterns or 

partially cleaved by proteases are present in the venom. 

Regarding CdcPDE enzyme activity, it is known that exonucleases have greater activity at basic 

pH [10]. Our results corroborate with this finding. However, different PDEs may show maximal activity 

at different basic pH, e.g. PDEs from B. alternatus (pH ranging from 7.5 to 9.5) [21], V. lebetina (pH 

8.8) [22], and A. bilineatus (pH ranging from 9 to 11) [64]. 

Previous studies show that the optimum temperature for PDEs varies between 55-60 °C, with 

loss of activity occurring at temperatures between 65-70 °C [20,21,43,62,63,66,74], but CdcPDE 

showed its maximum activity at 37 °C. This difference could be correlated to the experimental 

conditions, such as pH and salinity of the buffer, used to measure the PDE activity. Also, in our 

experimental setup, the highest temperature evaluated was 50 °C, which presented ~72% of the PDE 

activity, indicating the initial decay of enzyme activity. Furthermore, the Thermofluor analysis suggests 

that the loss of enzyme activity reported for PDEs at temperatures above 65 °C may be related to the 

unfolding caused by an increase in temperature.  

In addition, we observed that water loss during vacuum centrifugation or lyophilization can lead 

to more than 30% and 90% reduction in enzyme activity, respectively. This observation corroborates 

with the findings of Björk (1963) that evidenced a reduction of more than 25% in PDE activity after 

lyophilization [43]. 

Regarding kinetic parameters, although the CdcPDE Km (0.38 mM) is lower than those 

described for PDEs obtained from other snakes, such as B. jararaca (21.88 mM) [41], B. alternatus 

(2.69 mM) [21], and C cerastes (4.33 mM) [66], it is very close to the Km value of D. russelli PDE 

(0.308 mM) [42]. The low Km value of the D.russelli PDE and CdcPDE show that these enzymes have 

7 to 57 times more affinity for the used substrate compared to the aforementioned PDEs. On the other 

hand, CdcPDE kcat (0.14 s
-1

) is higher than that observed for the B. jararaca PDE (4.4 x 10
-4

 s
-1

) [41]; 
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while catalytic efficiency was determined to 0.37 mM.s
-1

 for CdcPDE and 210
-5 

mM.s
-1

 for the B. 

jararaca PDE, indicating a greater kinetic effectiveness of CdcPDE. However, since the reaction buffer 

pH is not similar, the differences observed in the catalytic constants could be related to the different 

physico-chemical environment. 

Inhibition of CdcPDE by -mercaptoethanol in a dose-dependent manner has also been observed 

in other PDEs, such as those from B. alternatus [21] and C. cerastes [66]. Total CdcPDE inhibition 

caused by other reducing agents, such as DTT and cysteine, suggests that disulfide bonds may be 

essential for the enzymatic activity, as it has been described for the PDE from N. nigricollis venom [75]. 

In our study, CdcPDE, similarly to many other PDEs [18,66,74], was inhibited by EDTA. Knowing that 

EDTA is a metal chelating agent, our result indicates that CdcPDE is a metalloenzyme similar to many 

other PDEs, including PDE from C. adamanteus venom that presents zinc, magnesium, and calcium in 

its structure [15], PDE from Trimeresurus stejnegeri venom that presents zinc and copper in its 

structure [26], and PDE from D. russelli venom that presents only zinc in its structure [42]. 

CdcPDE primary structure was determined through a combination of Edman degradation and 

mass spectrometry, using tryptic digestion and MELD. The use of MELD method is known to present 

some advantages, including the high number and diversity of the obtained peptides. In addition, MELD 

gives a higher percentage of protein coverage, facilitating the sequencing [47]. Combining the 

sequencing methods applied, it was observed that CdcPDE shares a high sequence identity with other 

snake PDEs, as described above. It was also noted that CdcPDE has two sites for N-glycosylation (NFS 

and NGS, at positions 194-196 and 237-239, respectively) alongside three more potential sites (NET, 

NLT, and NHS, at positions 17-19, 383-385 and 572-574 respectively). This suggest that the same PDE 

isoform with differences in their glycosylation pattern (i.e. either in quantity or in type of glycosylation) 

may be present in the venom. Our results corroborate with findings reported for PDEs from V. lebetina 
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and C. adamanteus venoms, in which 33 cysteines and 9 putative N-glycosylations sites were observed 

[22,65]. 

As mentioned earlier, PDEs can be present in snake venoms in different forms. In this study, 

based on the SDS-PAGE results and the template (5GZ4), we modeled the CdcPDE in a monomeric 

form. A monomeric model of PDB previously built by Ullah and colleagues (2019) displays the same 

number of disulfide bonds as our CdcPDE model (16 disulfide bonds) [65]. Moreover, both models 

show a divalent metal cation in the active site of the enzyme that is in accordance with other snake and 

human PDE findings [15,20,65,76]. Therefore, possessing the conserved metal ion-binding/active site 

residues and being inhibited by EDTA, CdcPDE was determined to be a metalloenzyme. In addition, 

substrate binding was predicted to occur in the active site, directly interacting with T163, and the 

substrate positioning seems to agree with observation of how AMP is bound to the PDE from Taiwan 

cobra (Naja atra) (PDB ID: 5GZ5). Further support can be found from previous reports, where the 

T163 residue was demonstrated to be important for the enzymatic activity of other snake venom PDEs 

[22,65]. 

Currently, the only available treatment for snakebite envenoming is administration of animal 

plasma-derived antivenom [77,78], and it is possibly medically important that anti-crotalid antivenom 

recognizes CdcPDE. Our results demonstrate that the tested Brazilian antivenom specifically recognizes 

both venom and PDE from C. d. collilineatus. Despite being present in small proportions in snake 

venoms [38], it is not surprising that crotalid antivenoms comprises specific antibodies targeting 

CdcPDE, since it is a high molecular weight protein with likely high immunogenicity. Some authors 

suggest that the ideal size for epitopes that have immunogenicity is greater than 10 and not more than 

20 residues [79,80]. Indeed, our epitope prediction revealed that the enzyme presents sixteen epitopes of 

such lengths that could possibly be recognized by the immune system. 

The functional activities induced by the CdcPDE were also explored in this study. Known as 

inhibitors of platelet aggregation, PDEs can hydrolyze ADP, an agonist that leads to aggregation [10]. 
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Our results demonstrated that CdcPDE reduces ADP-induced platelet aggregation as it was previously 

demonstrated for PDEs from venoms of B. jararaca, D. russelli, and T. stejnegeri [26,41,42]. 

Physiologically, injuries occurring in blood vessels lead to ADP-induced platelet aggregation, forming a 

blood clot. However, when this activation is not controlled, thrombus formation can occur, which 

causes further damage to the body [81,82]. Thus, CdcPDE could be a promising molecule to study 

thrombosis. It may even find a potential therapeutic application similar to Tirofiban (Aggrastat
®

) and 

Eptifibatide (Integrilin
®

) that are snake-derived drugs capable of inhibiting platelet aggregation 

approved by the US Food and Drug Administration (FDA) [83,84]. 

This study also demonstrated that CdcPDE has a cytotoxic effect on human keratinocytes. 

CdcPDE decreased the viability of N/TERT cells with an IC50 of 71.65 µg/mL. Different cellular assays 

have been developed to evaluate the cytotoxicity of toxins in vitro [85–88], however, there are few 

studies using human keratinocytes to assess cytotoxicity of snake toxins [89,90], being our study 

pioneer to demonstrate that a PDE from snake venoms is cytotoxic to human keratinocytes. Since skin 

cells are usually affected in snakebite envenomings [91,92], it is relevant to evaluate the effect of snake 

toxins in keratinocytes. Although the local effects of crotalid envenoming are less evident than systemic 

effects [93], additional studies are needed to understand the local effects of crotalid toxins. 

Unfortunately, functional CdcPDE studies could not be expanded due to the low yield of the enzyme. 

5. Conclusion 

Here, we report the isolation and characterization of a novel snake PDE from C. d. collilineatus 

venom, i.e. CdcPDE. Only few studies on snake PDEs are available in the literature, and our study thus 

contributes to expanding the knowledge on this enzymatic toxin class by providing data on protein 

structure, enzymatic activity, thermostability, and cytotoxicity, as well as a structural protein-substrate 

interaction model. This study highlights cytotoxicity properties of CdcPDE on human keratinocytes, 

which could be further explored to strengthen our knowledge on local effects of rattlesnake 

envenomings. Finally, PDEs could become important research or therapeutic tools, since they present 
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several biochemical functions that could be exploited to manipulate physiological and pathological 

processes, such as platelet aggregation. 
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Table 1. Protein recovery from CdcPDE during the purification steps. 

Sample 

Purification 

Step 

Protein 

recovery 

(%)* 

Total 

protein 

(mg) 

Total 

activity 

(U) 

Specific 

activity 

(U/mg) 

Purification 

fator 

Yield 

(%) 

Snake 

venom 

Supernatant 100.00 90.00 125.10 1.39 1 100 
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S3 

Gel 

filtration 

2.87 2.58 68.89 27.09 19.49 55 

A1 

Anion 

Exchange 

0.83 0.75 106.49 141.99 102.15 85 

C2 

Cation 

Exchange 

0.71 0.64 68.80 107.50 77.34 55 

*Recovery percentage calculated using Unicorn 5.2 software (GE Healthcare) according to the ratio 

between the area under the absorbance curve at 280 nm of each corresponding fraction and the sum of 

the areas of all fractions eluted. One unit of enzymatic activity (U) corresponds to an increase of 1.0 

Abs400 nm/min. 

 

 

Figure 1. Chromatographic and enzymatic activity profiles of the venom and fractions using an 

FPLC system. (A) Cdc venom (90 mg) was filtered on a HiPrep Sephacryl S-200 HR column (16  

600 mm, 47 µm particles), using isocratic gradient of 50 mM Tris-HCl containing 150 mM NaCl, pH 8, 

at a flow rate of 0.5 mL/min. Inset panel – whole chromatographic profile without magnification. (B) 

Anion exchange chromatography of fraction S3 (6 mg) on a HiTrap ANX (high sub) FF column (16  

25 mm), using a linear gradient (0-100%) of buffer B (50 mM Tris-HCl with 1 M NaCl, pH 8, dashed 

blue line), at a flow rate of 5 mL/min. Buffer A is 50 mM Tris-HCl, pH 8. (C) Cation ion-exchange 

chromatography of fraction A1 (0.7 mg) on a carboxymethyl cellulose-52 column (10  100 mm), 

using a segmented concentration gradient (0-100%) of buffer B (50 mM sodium acetate with 1 M 

NaCl, pH 5, dashed blue line), at a flow rate of 0.5 mL/min. Buffer A is 50 mM sodium acetate, pH 5. 

(D) Reversed-phase chromatography of fraction C2 (1 mg) on a C4 Jupiter column (4.6  250 mm, 300 

Å, 5 µm particles), using a linear gradient (0-100%) of solution B (80% acetonitrile, in 0.1% TFA, 
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dashed blue line), at a flow rate of 1 mL/min. Solution A is 0.1% TFA. Pink vertical lines represent 

relative CdcPDE activity of fractions (50 µL) using bis(p-nitrophenyl) phosphate substrate. 

Figure 2. Electrophoretic profile and mass determination of CdcPDE at different conditions. 

SDS-PAGE (10%) under (A) non-reducing and (B) reducing conditions. (C) Evaluation of CdcPDE N-

glycosylation. M1: Molecular mass marker (97.0-14.4 kDa); M2: Wide range molecular mass marker 

(120-10 kDa); SV: C. d. collilineatus venom; S3, A1 and C2: Fractions obtained, respectively, in the 

first, second, and third chromatographic step; R: Fraction obtained through reversed-phase 

chromatography; Black arrow indicates PNGase enzyme; PDEd: reduced and deglycosylated CdcPDE; 

PDEr: reduced CdcPDE. (D) Mass spectrum of CdcPDE obtained by MALDI-TOF (positive linear 

mode) using sinapinic acid (SA) matrix. 

Figure 3. PDE activity assays. The substrate bis(p-nitrophenyl) phosphate (1 mM) was added to a 

mixture (150 μL) of CdcPDE (0.175 μg) and 100 mM Tris-HCl, pH 8, previously incubated for 10 min 

at 37 ºC. This new mixture was incubated for 30 mins at 37 ºC. The reaction was stopped with 50 mM 

sodium hydroxide (NaOH). Absorbance was measured at 400 nm. The enzymatic activity was 

expressed as a percentage of relative activity to that of highest absorbance. The values represent the 

mean ± standard deviation (SD, n = 3). (A) pH profile. The enzymatic activity assay was performed by 

incubating CdcPDE and substrate in 100 mM Tris-HCl buffers at different pHs for 30 min, at 37 ºC. 

(B) Storage temperature profile. The enzymatic activity assay was performed with CdcPDE previously 

stored at different temperatures for 1 hour. (C) Temperature profile. The enzymatic activity assay was 

performed by incubating CdcPDE and substrate in 100 mM Tris-HCl (pH 8) at different temperatures 

for 30 min. (D) Michaelis-Menten fitting for CdcPDE (5 µg, 0.537 U, 5 µM) kinetics curve, using the 

substrate bis(p-nitrophenyl) phosphate. (E) CdcPDE and different inhibitors (0.625-10 mM) were 

previously incubated for 30 min at 37 ºC. As a positive control (without inhibitor), PDE was previously 

incubated only with buffer (100 mM Tris-HCl, pH 8). 
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Figure 4. PDE thermal stability. CdcPDE (2 µg) was incubated with water and different 50 mM 

buffering conditions (sodium acetate, pH 4.5; sodium citrate, pH 5; succinate, pH 5.5; MES, pH 6; bis-

Tris, pH 6.5; imidazole, pH 7; 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5; 

Tris-HCl, pH 8; bis-Tris propane, pH 8.5; 2-amino-2-methyl-1,3-propanediol (AMPD), pH 9; and 

glycine, pH 9.5), containing different NaCl concentrations (0-1000 mM). The fluorescent Sypro 

Orange (50) was added to the samples. Thermal denaturation was evaluated at a temperature ranging 

from 25 ºC to 95 ºC, with gradual increases of 1 ºC/min, followed by fluorescence reading using the 

excitation/emission wavelength of 492/610 nm in the real time thermocycler Mx3005P. 

Figure 5. Sequence alignment of CdcPDE and others snake venom PDEs. CdcPDE, C. adamanteus 

(J3SEZ3 and J3SBP3), Protobothrops flavoviridis (T2HP62), and Macrovipera lebetina (W8E7D1). 

Instead of the conserved residues, the following features are highlighted due to high identity: Low 

consensus amino acid residues (pink), signal peptide (gray), Cys residues (yellow), Asn-aaX-Ser/Thr 

residues, which represent the potential N-glycosylation sites (blue); and Asn-aaX-Ser/Thr residues, 

which represent N-glycosylation sites determined by MS/MS (green). Based on other snake venom 

PDE sequences, residue Thr (163), colored in red, potentially participates in catalytic activity. 

Figure 6. Molecular modeling of CdcPDE and docking simulation. (A) Front and (B) back view of 

CdcPDE; 3D-structure of the molecule was estimated by Swiss-Model using the PDE from Taiwan 

cobra (Naja atra; PDB: 5GZ4) as a template. Disulfide bonds are shown in yellow, α-helices in red, β-

sheets in blue, and N-terminal amino acid residues in the pink segment. The residue (T163) that may 

participate in CdcPDE activity is highlighted. (C) Docking simulation with bis(p-nitrophenyl) 

phosphate substrate (blue, orange, and red molecule; PubChem CID: 255). (D) Magnified view and (E) 

substrate-enzyme interaction.  

Figure 7. CdcPDE recognition by anticrotalid antivenom in ELISA and prediction of the 

recognized epitopes. (A) CdcPDE and C. d. collilineatus venom (2 µg each) were incubated with 

commercial anti-crotalid antivenom from Instituto Butantan. Absorbance was measured at 490 nm. 
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Data are presented as mean ± SD analyzed by one-way ANOVA and Tukey’s multiple comparison test 

(quadruplicate assay). C(+): wells coated with non-immunized horse serum diluted 1:50; SV: C. d. 

collilineatus venom incubated with commercial anti-crotalid antivenom diluted 1:100; C(-) SV: C. d. 

collilineatus venom incubated with non-immunized horse serum diluted 1:100; PDE: CdcPDE 

incubated with commercial anti-crotalid antivenom diluted 1:100; C(-) PDE: CdcPDE incubated with 

non-immunized horse serum diluted 1:100. ****p< 0.0001 when compared to its negative control; 

###
p< 0.001 when compared to positive control; 

####
p< 0.0001 when compared to positive control. (B) 

CdcPDE sequence with the epitopes predicted by ABCpred Server tool highlighted in blue. 

Figure 8. Functional assays with CdcPDE. (A) Inhibition of ADP-induced platelet aggregation by 

CdcPDE. Different concentrations of CdcPDE (15-120 µg/mL, 50 µL) were incubated with PRP (450 

µL) at 37 ºC for 5 min under shaking. Then, ADP (2.4 µM) was added to the mixture and the 

aggregation was monitored for 6 min. C(-): water. ****p < 0.0001 when compared to negative control. 

(B) Effect of CdcPDE on N/TERT cell viability. N/TERT cells were incubated with different 

concentrations of CdcPDE (10-200 µg/mL) in DMEM medium. After 24 h, cell viability was measured 

by using CellTiter-Glo luminescent cell viability assay. ****p < 0.0001 when compared with negative 

control (cells incubated with saline solution) and the presented values are the mean ± SD (n = 3).  
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Highlights 

 CdcPDE is the first phosphodiesterase isolated from C. d. collilineatus snake venom; 

 Metal ions and disulfide bonds are essential for its enzymatic activity; 

 Crotalid antivenom is able to recognize CdcPDE; 

 CdcPDE inhibits platelet ADP-induced aggregation;  

 CdcPDE is cytotoxic to human keratinocytes. 
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