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Abstract 
 
Phospholipase A2 (PLA2) is a versatile enzyme present in all organisms. PLA2 
found in snake venom is responsible for multiple systemic effects such as 
neurotoxicity, myotoxicity, and hemolysis. We measured the specificities of PLA2 
in whole venom samples towards different phospholipids. This study provides a 
first look at the biophysical characteristics of venoms isolated from Colombia. 
Crude venom samples were taken from Bothrops asper and Crotalus durissus 
cumanensis in the Guajira region of Colombia. The venom was lyophilized until 
used. Vesicles composed of the non-hydrolyzable 1,2-di-O-octadecyl-sn-glycero-
3- phosphocholine (DEthPC) carrying calcein at a self-quenching concentration 
(50mM) were used as reporter vesicles, and target vesicles (substrate) made 
from DMPG, DMPC, POPE or sphingomyelin (SM) were used for measuring 
snake venom specificity. Results showed a dependence of the enzyme towards 
charged lipids evidenced by its susceptibility at a wide range of temperatures. 
Both snake venoms showed activity in neutrally charged substrates only in the 
presence of extrinsic calcium and only at 24ºC, where liquid-crystalline/gel phase 
coexistence is present, suggesting that the presence of membrane defects plays 
an important role in the initiation of catalysis. This is the first work that presents 
evidence of how the dynamic behavior of membranes alters the enzymatic 
activity of snake venom PLA2. 
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1. Introduction 
 
Snake venom is a complex mixture of toxins, peptides and enzymes developed 
during thousands of years of evolution to act on specific prey. Although many of 
its components have been studied over the years, much is yet to be discovered 
about the interactions of each component within the human body. Enzymes such 
as Serine Proteases, metalloproteinases, L-Amino Acid Oxidases (LAAO) and 
Phospholipase A2 (PLA2) are major components in snake venom. Among them 
PLA2 is one of the most important, and is a highly expressed protein in the 
viperidae (Sanz et al., 2006; Alape-Girón et al., 2009; Núñez et al., 2009; 
Boldrini-França et al., 2010) and elapid families (Corrêa-Netto et al., 2011; Rey-
Suárez et al., 2011). 
 
Phospholipase A2 (EC 3.1.1.4) belongs to a family of hydrolytic enzymes that 
catalyze the hydrolysis of glycerophospholipids at the sn-2 position releasing free 
fatty acids and lysophospholipids that play important roles in transduction and 
signaling cascades via biosynthesis of prostaglandins and leukotrienes (Dennis, 
1994; Ni et al., 2006), apoptosis (Davidsen et al., 2003), and several illnesses 
(Murakami et al., 2011). Snake venom phospholipases are low molecular weight 
proteins ranging from 13 to 18 kDa belonging to group I and II according to the 
currently accepted classification (Six and Dennis, 2000; Dennis et al., 2011). 
Snake venom phospholipase A2 plays an important function for disabling and 
immobilizing prey by causing cytolysis and tissue damage with its enzymatic 
activity. However, besides its primary function as a phospholipase, it has a 
secondary role as a toxin (Lomonte et al., 1994; Lambeau and Lazdunski, 1999), 
and is involved in several pharmacological effects such as neurotoxicity, 
myotoxicity, platelet aggregation inhibition and hemolysis, among others (Kini, 
2003), causing this enzyme to be an excellent weapon capable of disrupting 
many biological processes and thus improving overall success of prey capture. 
Most of these associated effects and their mechanism of action are not well 
understood (Lomonte and Rangel, 2012). 
Given the heterogenicity of PLA2 isozymes and the different pharmacological 
effects associated with them, we are studiying the effect of whole venom 
samples from two clinically relevant snakes from Colombia, Bothrops asper and 
Crotalus durissus (Otero et al., 2006; Aguilar et al., 2007), using a liposome-
mediated fluorometric assay measured through indirect calcein release 
(Davidsen et al., 2003; Leidy et al., 2006). Traditionally, snake venom PLA2 
activity has been measured using the chromogenic substrate 4-nitro-3-
(octanoyloxy)benzoic acid (Cho and Kézdy, 1991; Ponce-Soto et al., 2002). 
While this approach gives an excellent understanding of the biochemical 
properties of the enzyme, it fails to simulate the dynamic behavior of a cellular 
membrane, the common enzymatic target for all snake venom PLA2 isozymes. In 
this work we propose a novel approach for measuring PLA2 activity that gives 
information not only about the affinities of PLA2 for different substrates, but also 
about how the physical properties of the membrane affect enzymatic activity. 
This assay is closer to the biological model of a human cell membrane and will 
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allow a better understanding of how the enzyme works, and under which 
conditions it may present highest activity. The results may lead to future 
development of better treatments against snakebite, and help in the exploration 
of potential medical applications for snake venom compounds. 
 
 
2. Materials and methods 
 
2.1 Venom and Reagents 
 
Venom extracted from the snakes Bothrops asper and Crotalus durissus 
cumanensis was a kind gift from Franz Flores (Fundacion Nativa, Guajira, 
Colombia). Venom samples from adult snakes were pooled and centrifuged at 
500 x g for 15 minutes to remove cellular debris. Then supernatants were 
lyophilized and stored at -80ºC. 1,2-ditetradecanoyl-sn-glycero-3-phospho-(1'-
rac-glycerol) (DMPG), 1,2-ditetradecanoyl-sn- glycero-3-phosphocholine 
(DMPC), 1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-
phosphoethanolamine (POPE), sphingomyelin (SM) and 1,2-di-O-octadecyl-sn-
glycero-3-phosphocholine (DEPC) were obtained from Avanti Polar Lipids 
(Alabaster, AL) and were used without further purification. Calcein (Bis ( N,N−bis 
(carboxymethyl) aminomethyl) fluorescein) and Sephadex G-50 were purchased 
from Sigma-Aldrich (St. Louis, MO). 
 
2.2 Substrate liposome preparation 
 
Eleven miligrams of the substrate phospholipids (DMPG, DMPC, POPE, SM) 
were dissolved in 1 mL of chloroform. The organic solvent was removed with a 
gentle stream of N2. Lipids were then freeze-dried overnight to remove traces of 
the solvent. Dry lipids were rehydrated in 1 mL of HEPES buffer solution (100 
mM KCl, 10 mM HEPES, 10 µM EDTA, pH 7.5) with and without calcium (30 µM 
CaCl2). Multilamellar lipid dispersions were formed by repeated heating at 60ºC 
and vortexing, then Large Unilamellar Vesicles (LUV) were formed by extrusion 
(Lipex Biomembranes, Vancouver, Canada) ten times through a 100 nm pore 
size polycarbonate filter (Whatman, Clifton, NJ) to obtain liposomes with a 
uniform size distribution. 
 
2.3 Reporter liposome preparation 
 
Calcein buffer solution was prepared as follows: the water-soluble fluorescent 
marker calcein in a self-quenching concentration (50 mM) was dissolved in 5 mL 
of 1 M NaOH. When the calcein was fully dissolved, 2.5 mL of HEPES buffer 
solution with and without calcium (30 µM CaCl2) and 5 mL of MiliQ water were 
added. The solution was adjusted to a pH of 7.5 with 1M HCl added dropwise to 
avoid precipitation. MiliQ water was added to a final volume of 25 mL. Vesicle 
preparation followed the same protocol as described in 2.2. Dry DEPC non-
hydrolyzable lipids were rehydrated with calcein buffer solution with and without 
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calcium. Multilamellar lipid dispersions and LUVs were formed as described 
above. Untrapped calcein was removed from the liposome suspension by gel 
filtration through a column (30 cm x 1,5 cm) packed with Sephadex G-50 using 
HEPES buffer solution as eluent. 
 
2.4 Indirect calcein release measurements 
 
As described by Davidsen et al., 2003, and Leidy et al., 2006, PLA2 activity was 
measured by recording the release of calcein from the DEPC reporter liposomes. 
DEPC lipids do not possess the sn-2 ester bond and thus are not hydrolysed by 
PLA2. When substrate liposomes are added the products of hydrolysis trigger the 
release of calcein to the medium which produces fluorescence. Appropiate 
amounts of lyophilized snake venom were disolved in HEPES buffer solution just 
prior to performing the assay. For the assay, 2200 µL of HEPES buffer solution 
were added to a plastic cuvette with 150 µL of substrate liposomes, 50 µL of 
reporter liposomes and 50 µL of whole snake venom at different concentrations 
(20 mg/mL – 0.01 mg/mL). Between each step, a time lapse of 500 seconds was 
allowed for thermal equilibration of the system. When the intensity stabilized at a 
maximum value, 100 µL of Triton X-100 at 1% v/v were added to achieve 100% 
calcein release. Fluorescence measurements were performed in a pc1 
Fluorometer (ISS, Urbana, IL). Excitation and emission channels were set at 490 
nm and 515 nm, respectively, and the emission fluorescence was recorded as a 
function of time for a total of 2500 seconds. For temperature dependent 
measurements, the concentration of venom remained constant (10 mg/mL). To 
determine the amount of endogenous calcium present in snake venom, assays 
were performed in the presence of varying amounts of EDTA, using HEPES 
buffer solution with 30 µM CaCl2. HEPES buffer solutions were prepared 
containing different final concentrations of EDTA, in intervals of 10 µM, in a range 
of 10 µM to 120 µM. 
 
 
3. Results  
 
3.1 Phospholipid screening 
 
After testing liposomes containing different phospholipids, the screening showed 
that PLA2 present in whole venom samples had a preference for negatively 
charged liposomes, composed entirely of DMPG, a negatively charged 
phospholipid, in presence and absence of calcium, Table 1 and 2, respectively. 
The screening was performed at physiological temperature (37ºC) and near the 
transition state temperature of most of the substrates tested (24ºC). Near the 
transition state temperature PLA2 showed a slight decrease in activity toward 
DMPG compared to the physiological temperature. In contrast, PLA2 only 
showed catalytical activity towards DMPC near the transition state temperature in 
the presence of calcium (Table 2). No activity was observed with the positively 
charged phospholipid POPE at any of the conditions mentioned above (Table 1 & 
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2). No activity was observed with SM, the negative control, due to the absence of 
the ester bond hydrolyzed by the PLA2. 
 

 
 

 
 

 

 
 
3.2 Concentration curves 
 
Following the screening we performed concentration curve assays (Fig. 1), at the 
same temperatures as mentioned above, to determine the behavior of the 
substrates that showed positive results for both snakes. 
 
 
3.2.1 DMPG 
 
Both snake venoms present an increase in their phospholipidic activity in 
presence of calcium. With calcium, the lowest concentration of venom needed to 
produce phospholipidic activity was found for C. durissus cumanensis at 37ºC, 
requiring a concentration of only 0.05 mg/mL of venom to produce 14% of 
leakage (Fig. 1A), in contrast a concentration of 2.5 mg/mL of B. asper venom at 
37ºC without calcium was needed to produce a 10% leakage (Fig. 1B). A 
difference between the enzymatic activity at the physiological temperature and 
the transition state temperature was demonstrated by the double exponential 
curve shown by B. asper venom at 24ºC with calcium (Fig. 1A). 
 

Table 1. Phospholipase A
2 

activity in presence of calcium (30 µM)  

Table 2. Phospholipase A
2 

activity without calcium 
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Figure 1. Concentration dependent potency curve for DMPG with buffer containing calcium (30 
µM) (A) and buffer without calcium (B) with their respective lag times (C,D) for the venom of B. 
asper and C. durissus cumanensis at physiological temperature (37ºC) and near the transition 
state temperature (24ºC). 
 
 
 
 
3.2.2 DMPC 
 
As shown in Table 1, DMPC only acted as a substrate in the presence of calcium 
near the transition state. For this substrate B. asper venom caused the highest 
damage with the least concentration of venom, 1mg/mL of venom for 78% of 
leakage, while C. durissus cumanensis venom showed a slightly higher activity at 
concentrations of 5 mg/mL to 20 mg/mL (Fig. 2A). Leakage activity could not be 
measured in the concentration ranges of 1 – 5 mg/mL of C. durissus cumanensis 
venom and 1 – 0.5 mg/mL of B. asper venom. 
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Figure 2. Concentration dependent potency curve for DMPC with buffer containing calcium (30 
µM) near the transition state temperature (A) with its associated lag time (B) for the venom of B. 
asper and C. durissus cumanensis. 
 
 
3.2.3 Lag times 
 
The lag time is the amount of time necessary to observe catalytic action. For 
DMPG vesicles B. asper venom (37ºC) showed no observable lag time in the 
presence of calcium (Fig. 1B). Without calcium, the lag times increased; B. asper 
venom showed an increase from no observable lag time with calcium (Fig 1B) to 
a 44.6 s lag time (Fig. 1D) and C. durissus cumanensis showed a 36-fold 
increase in lag time. As venom concentration diminished, a variability in lag time 
was observed with DMPC evidenced by the behavior of C. durissus cumanensis 
venom at a concentration of 5 mg/mL (Fig. 2B). 
 
3.3 Temperature curves 
 
Temperature dependent activity assays were performed for DMPG and DMPC 
liposomes using the venom of both snakes. All assays were performed in buffer 
containing calcium to test the venom under optimum conditions. Activity with 
DMPG vesicles was observed in a range of temperatures from 20ºC to 50ºC in 
which the highest activities were obtained at 30ºC and 37ºC for B. asper and C. 
durissus cumanensis, respectively (Fig. 3A). Both venoms lost their catalytic 
activity near 60ºC. Activity with DMPC vesicles was only observed near the 
transition state temperature of 23ºC, with the highest activity observed for the two 
snake venoms at 22ºC (Fig. 4A). Leakage activity was present but could not be 
accurately measured at 27ºC for either snake venom. 
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Figure 3. Temperature dependent activity for DMPG (A) and its associated lag time (B) with 
buffer containing calcium (30 µM) from 20°C to 60°C for the venom of B. asper and C. durissus 
cumanensis. 
 
 

Figure 4. Temperature dependent activity for DMPC (A) and its associated lag time (B) with 
buffer containing calcium (30 µM) from 20°C to 60°C for the venom of B. asper and C. durissus 
cumanensis. 
 
 
3.4 EDTA tritation 
 
DMPG vesicles resuspended in buffer containing a final concentration of 30 uM 
calcium and venom from the two snakes at concentrations of 10 mg/mL were 
used in the titration assays. Both venoms presented similar behavior, losing 
catalytical activity at 120uM EDTA (Fig. 5A). 
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Figure 5. EDTA tritation assay for DMPG (A) with its associated lag time (B) for the venom of B. 
asper and C. durissus cumanensis. The assay was performed with buffer containing 30 µM of 
calcium at physiological temperature (37ºC) the optimum conditions found for the enzyme with 
this assay. 
 
 
4. Discussion 
 
The aim of this study was to evaluate the activity of PLA2 present in whole snake 
venom samples against target lipids with different biophysical properties in a 
time, temperature and concentration dependent manner. Using whole venom 
samples presented a potential problem regarding specificity and interference 
caused by other proteic compounds present in venom, however, these problems 
were resolved by implementing an indirect calcein release assay that allowed us 
to specifically measure PLA2 activity by monitoring the leakage of calcein 
produced by the PLA2 hydrolysis products, lysophospholipids and free fatty 
acids. This assay also gave us the possibility to evaluate different phospholipid 
substrates.  
 
Venom from two medically relevant snakes from Colombia, B. asper and C. 
durissus cumanensis, were used to evaluate PLA2 activity against negative, 
neutral and positively charged phospholipid liposomes, PG, PC and PE, 
respectively. SM was used as a negative control because it lacks the sn-2 ester 
bond hydrolyzed by PLA2. Previous reports with similar procedures have been 
made in the past (Paoli et al., 2009; Ayvazyan et al., 2012) however, in those 
cases the vesicles were prepared from extracts of cells making the analysis of 
the behavior vesicles composed of single phospholipid impossible. Our results 
showed that physicochemical characteristics, such as membrane phase 
transition behavior and charge, affected the activity of PLA2 present in whole 
venom. Both snake venoms displayed a high affinity towards negatively charged 
(DMPG) liposomes, independent of calcium content and temperature. In contrast, 
activity with neutrally charged phospholipids (DMPC) was dependent on calcium 
content and temperature. This demonstrated that although phospholipid charge 
can play a major role in activation of catalysis, it was not the only factor involved 
(Table 1 & 2).  
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Structural alterations of the membrane caused by temperature (Fig. 3) did not 
appear to affect the catalysis of PLA2 because there were no significant 
differences in the leakage of calcein in the melting phase (20°C - 27°C) or in the 
fluid phase (27°C - 50°C) for DMPG liposomes (Schneider et al., 1999). 
Nevertheless, in the case of B. asper venom we observed a double exponential 
activity curve at a temperature near the transition phase of the lipid substrate 
(Fig. 1A) which we interpreted to indicate that the enzyme hydrolyzed the gel 
phase first and the fluid phase later. Although calcium did not affect the 
membrane itself, it did affect the rate of catalysis and the minimum effective 
concentration of the enzyme. We observed that the minimum venom 
concentration needed to initiate hydrolysis was increased almost one order of 
magnitude in the absence of calcium and that instead of instantaneous catalysis, 
the enzyme exhibited a lag time of several minutes to start it’s hydrolytic action. 
In contrast, activity with neutrally charged DMPC liposomes appeared to be 
affected by structural alterations in membrane topology because PLA2 only 
showed activity near the transition phase temperature (24°C) where the the gel 
and fluid phases coexist (Table 1). For the hydrolysis of DMPC calcium was 
essential (Table 2). Temperature dependent curves supported the idea that 
structural alterations in the membrane were necessary to allow PLA2 to initiate its 
activity. We only observed enzymatic activity at 22°C and 24°C with highly 
variable lag times (Fig 4B). At 27°C half of the assays performed showed 
leakage and the other half did not, even when assay time was extended from 
2500 s to 4500 s. This can be explained in light of lipid structural transitions 
known as the ripple phase. The ripple phase is a structural change in the 
topology of membranes that occurs at temperatures slightly below the main 
transition phase of the lipid (Kaasgaard et al., 2003) and is characterized by the 
appearance of periodic undulations that may be exploited by the PLA2 to initiate 
catalysis. Since DMPC has a narrow transition phase (23°C - 25°C) this could 
explain why PLA2 was able to hydrolyze the liposomes only at temperatures of 
22°C and 24°C. The absence of activity with POPE liposomes (Table 1 & 2) can 
also be explained by the same principle, because the ripple effect is observed in 
membranes containing either PCs or PGs (Rand et al., 1975) but not in 
membranes containing PEs (McIntosh, 1980; Kodama and Miyata, 1996). 
 
An aspect that remains a constant for the activity of PLA2 towards both liposome 
substrates is the effect of calcium, which plays an important role in the lipolytic 
action of the enzyme (Verheij et al., 1980). If calcium is vital for the activation of 
the phospholipidic activity then a certain concentration of the ion must be present 
endogenously in venom. With the aid of the chelating agent EDTA, we were able 
to determine an upper limit of ≈ 4.9 mM of calcium in snake venom samples (Fig. 
5). This experiment with the PLA2 inhibitor EDTA, highlights the potential of our 
assay to test inhibitors of the enzymatic activity and could be used to test 
whether the inhibitor causes membrane damage, suggesting that the indirect 
calcein release assay could be used with as a screening method for PLA2 
inhibitors.  
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Phospholipases have been one of the most studied enzymes of snake venom to 
date (Gutiérrez and Lomonte, 2013). However, little research has been done on 
the behavior of the substrates and how they are able to induce catalytic activity. 
Our results show how physicochemical factors such as charge and the dynamic 
behavior of the membrane affect the catalytic action of PLA2. Furthermore, the 
results confirm the importance of calcium as a cofactor for the enzyme and how 
this assay can be adapted to look for new ways of inhibiting the phospholipidic 
action of snake venoms and help find an effective treatment to decrease the 
effects caused by PLA2 action without altering the integrity of the membrane of 
the target cells. 
 
 
Future Directions 
 
As a practical application towards finding better strategies against snakebite we 
will adapt this assay to a 96-well microplate assay to use as a screening method 
that will allow us to look for species-specific inhibitors against snake venom PLA2 
that affects the enzyme but doesn’t affect the membrane. 
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