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Abstract: The study of amino acid interactions in the active site of scorpion venom phospholipases
A2 could help to gain insights into the structure–function relationship and the biological activities of
the enzyme. In the secreted phospholipase A2 of Scorpio maurus venom glands, Glutamate 63 and
Tyrosine 122 amino acids play critical roles in the catalytic mechanism through interactions with
residues around the calcium-binding loop. We constructed mutants at these positions by overexpres-
sion in Escherichia coli cells. After refolding and purification of recombinant enzymes, we studied their
kinetic properties using pH-stat and monolayer techniques. The mutant Glutamate 63–Aspartate
(E63D) exhibited a reduced activity, while the second mutant Tyrosine 122–Arginine (Y122R) retained
some activity with a 14-fold reduction in catalytic efficiency. However, both mutants remained stable
in pH values ranging from 2 to 12 whereas the double mutant D63–R122 was catalytically inactive.
Comparative analysis of wild-type and mutant 3-D models showed various modifications of the
hydrogen-binding network linking residues Glutamate 63 and Tyrosine 122. These modifications
of interactions could explain the reduction in enzymatic activity. The kinetic behavior on phos-
phatidylcholine and phosphatidylethanolamine monolayers of three mutants was evaluated using a
baro-stat system to assess the potential association between the hydrolysis of erythrocyte membrane
phospholipids and the enzyme’s capability to penetrate phospholipid monolayers at high surface
pressure. Mutants’ kinetic behaviors were similar to the wild-type form with slightly modified spe-
cific activities at high surface pressure. All mutants were more active on phosphatidylethanolamine
than phosphatidylcholine films at high surface pressure. This study provided new information to
further elucidate structure–function relationships of scorpion venom-secreted phospholipases A2

and the design of novel potent drug molecules.

Keywords: secreted phospholipase A2; Scorpio maurus; venom gland; mutant; kinetic property;
pH stability

1. Introduction

Secreted phospholipases A2 (sPLA2s) hydrolyze the n-2 ester bonds of glycerophos-
pholipids. They are widely found in biological liquids such as pancreatic juices and
especially in animal venoms like snake, bee, and scorpion. sPLA2s are characterized by
small molecular masses between 13 and 15 kDa, containing six to eight disulfide bonds,
Histidine (His)/Aspartate (Asp) catalytic residues, and require a millimolar concentration
of calcium (Ca2+) for enzymatic activities [1]. According to the amino acid sequence and
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similarities, sPLA2 enzymes include 12 groups, namely I (A and B), II (A–F), III, V, X, IX,
XII (A and B), and otoconin-95. Groups IA, IIA, IIB, III, and IX are present in venoms [2].

Snake venom sPLA2s are classified into group I and group II based on the presence or
absence of a pancreatic loop, C-terminal extension, and disulfide bond number [3]. Despite
their structure similitudes, snake venom sPLA2s are characterized by many pharmaco-
logical activities such as inflammatory, neurotoxicity, anticoagulant, anti-tumoral, and
anti-microbial properties [3]. Group III sPLA2 has been found in the venom of bees, lizards,
jellyfish, bumblebees, and scorpions [4]. Compared to groups I and II, sPLA2 from group III
is different except for the conserved active site and the Ca2+-binding loop. The first member
of group III was bee venom sPLA2. Its polypeptide chain, containing 135 residues stabilized
by five disulfide bridges, showed a three-dimensional structure with three α-helices and a
wing-like structure [2].

sPLA2s from scorpion venom belonging to group III that are monomeric are het-
erodimeric enzymes. They are made up of a long enzymatic chain connected to a short
chain by a disulfide bridge following the pentapeptide cleavage throughout the maturation
phases. The long chain contains a Ca2+-binding loop and a catalytic dyad [2]. Structural
studies of scorpion-venom sPLA2 have been carried out using the only available bee venom
sPLA2 crystal structure, showing a significant sequence homology [5]. In all built models,
the long enzymatic chain steadied by four disulfide bonds shows three α-helices while
the short one is arranged on an antiparallel β-sheet. The long chain is responsible for the
phospholipase activity by containing the active site residues and Ca2+-binding loop. Built
models suggest that the free cysteine in the short chain is susceptible to establishing an SS
bond with the last free cysteine residue in the long chain even when the pentapeptide is
excised. The primary structure of the short chain differs between scorpion sPLA2 venom
and shows many hydrophobic residues [2,5]. The short chain’s role in sPLA2 activity and
stability, as well as the influence of the pentapeptide insert, were investigated with only two
recombinant forms of Sm-PLGV, a secreted PLA2 from Scorpio maurus venom glands. These
two recombinant forms are rPLA2(+5) (formed by the long chain, the pentapeptide, and
the short chain) and rPLA(−5) containing long and short chains without the pentapeptide
deleted by mutagenesis [5].

The catalytic mechanism of group III sPLA2 is due to the interactions between Asp,
His, and tyrosine (Tyr) amino acid residues in the active site [6]. In the well-characterized
bee-venom sPLA2, it has been proposed that the His–Asp pair is critical for phospholipid
(PL) hydrolysis by PLA2. Indeed, His-34 acts as a bronstead base and forms hydrogen bonds
with the carboxyl and hydroxyl groups of Asp-64 and Tyr-87, respectively [7]. Interestingly,
the active site of MtsPLA2 and Sm-PLGV from Mesobuthus tamulus and Scorpio maurus,
respectively, showed that the Asp-62 is substituted by the acidic residue glutamic acid
(Glu) [5,6]. Active site analysis of the built MtsPLA2 model revealed that the carboxyl
oxygen of the Glu residue is oriented away from the catalytic His residue, preventing the
formation of hydrogen bonds between these two residues. The Glu side chain conformation
is not conducive to a possible interaction of water with the catalytic His. In its current
orientation, the Glu residue is stabilized by interactions with the surrounding residues [6].

In a previous study, infrared spectroscopy analyses, assisted with 3D modeling of
the recombinant form of Sm-PLGV designed with rPLA2(−5), were performed, in order
to investigate the structure–function relationships. This study underlined the importance
of the Tyr residue at position 122 in active site stabilization through interaction with
the Glu-63 residue. Indeed, this recombinant enzyme showed a high specific activity
of 1500 U/mg with a catalytic efficiency kcat/Km of 83.6 s−1·mM−1 compared to the
recombinant forms rPLA2(+5) in which lysine residue 124 blocks the interaction of Tyr-122
with Glu-63, allowing a reduction of the specific activity to 500 U/mg [5].

To evaluate the importance of active site residues Glu and Tyr in catalysis, we inves-
tigated the kinetic behavior of three different mutants of rPLA2(−5): The residue Glu-63
was substituted by an Asp residue in the first mutant (E63D) and the Tyr-122 residue was
replaced by an Arg residue in the second mutant (Y122R). Kinetic behavior was also studied
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by constructing the double mutant (D63–R122) and comparing it to the wild-type form
(rPLA2(−5)).

2. Materials and Methods
2.1. Materials

Phospholipase substrates (egg phosphatidylcholine (egg-PC), 1,2-dilauroyl-sn-glycero-
3-phosphocholine (diC12-PC), and 1,2-dilauroyl-sn-glycero-3-phosphoethanolamine (diC12-
PE)), Triton X100, ethylenediaminetetraacetic acid (EDTA), sodium taurodeoxycholate
(NaTDC), Bovine Serum Albumin (BSA), β-cyclodextrin, NaCl, isopropyl-thio-β-D-
galactopyranoside (IPTG), CaCl2, and Tris–HCl were obtained from Sigma Aldrich (St.
Quentin-Fallavier, France). Ammonium persulfate, Coomassie brilliant blue R-250, guani-
dine hydrochloride; N,N,N′,N′-tetramethyl ethylenediamine (TEMED) acrylamide, Sodium
Dodecyl Sulfate (SDS), β-mercaptoethanol, L-cysteine, p-bromophenacyl bromide (p-BPB),
and the chromatography column (HisLinkTM Protein Purification Resin) were obtained
from Bio-Rad. Restriction endonuclease enzymes were used according to the manufacturer’s
protocols, and Kanamycin was obtained from Promega (France, Charbonnières-les-Bains).

2.2. Bacterial Strains, Plasmids, and Media

E. coli strains XL1Blue and BL21(DE3) served as cloning and overexpression hosts of
rPLA2(−5) mutants. Transformed E. coli strains were grown on LB medium with kanamycin
(100 µg·mL−1). The expression vector was the plasmid pET28b(+). The Wizard polymerase
chain reaction (PCR) Preps DNA purification system (Promega) allowed the purification of
PCR products.

2.3. Site-Directed Mutagenesis Construction

cDNA encoding rPLA2(−5) (372 pb) cloned into the pET21a(+) expression plas-
mid served as the PCR template [6]. The three site-directed mutants E63D, Y122R, and
D63–R122 were constructed using the following protocol presented in Table 1. Mutations
were made by overlap extension PCR mutagenesis. Selected mutants were verified by
DNA sequencing.

PCR reactions were performed in 50 µL reaction mixtures including 0.5 µg of the
cDNA template, 1 µmol of each primer, 10 mM dNTP mix, and 1.25 U of DNA polymerase
with 10× DNA polymerase buffer. The performed PCR program consisted of three steps:
denaturation (1 min at 95 ◦C), annealing (1 min at 57 ◦C), and extension (1 min at 72 ◦C)
for 35 cycles. Amplified genes corresponding to mutants E63D, Y122R, and D63–R122
were cloned directionally using NdeI and XhoI restriction sites in the pET28b(+) expression
vector. Plasmid pET28b(+) and mutants were double-digested and purified. Then, the
ligation reaction was carried out in the ratio of 3 inserts/1 vector. Selection of E. coli
BL21(DE3) transformants was performed in LB medium with kanamycin (100 µg·mL−1).
Restriction analysis and DNA sequences were determined in order to verify the presence
of appropriate inserts.

Table 1. PCR reactions and primers used to generate rPLA2(−5) mutants E63D, Y122R, and D63–R122.

Mutant Primers Used for PCR cDNA Template Amplified Region

E63D

PCR 1:
Fw: primer 1
Rv: primer 2

The cDNA encoding the
rPLA2(−5) gene formed by

372 pb cloned into the
pET21a(+) expression vector.

PCR1 product: 195 bp corresponding
to residues 1 to 65 in the protein

rPLA2(−5) sequence.

PCR 2:
Fw: primer 3
Rv: primer 4

PCR2 product: 177 pb encoding the
rPLA2(−5) protein region from

residues 66 to 124.

PCR 3:
Fw: primer 1
Rv: primer 4

Amplified products obtained
from PCR1 and PCR2.

A cDNA encoding the mutant E63D
constructed of 372 pb.



Processes 2023, 11, 3364 4 of 13

Table 1. Cont.

Mutant Primers Used for PCR cDNA Template Amplified Region

Y122R Fw: primer 1
Rv: primer 5

The cDNA encoding to
rPLA2(−5) gene formed by

372 pb cloned into the
pET21a(+) expression vector.

A cDNA encoding the mutant Y122R
constructed of 372 pb.

D63–R122 Fw: primer 1
Rv: primer 5

A cDNA encoding the mutant
E63D constructed of 372 pb.

A cDNA encoding the mutant
D63–R122 constructed of 372 pb.

Primer sequences are as follows: Primer 1: 5′GGAATTCCATATGTTTCTTATATGGGGAGGGACC3′ ;
Primer 2: 5′AGCTTCGTCGCATTTGCAGTT3′ ; Primer 3: 5′TTCGATCAGTGCTTGACGGAA3′ ; Primer
4: 5′CCGCTCGAGCTAGTCTTTGTAGCTCTTTTTCC3′ ; and Primer 5: 5′CCGCTCGAGCTA GTC
TTTCCTGCTCTTTTTCCA3′ . Restriction sites of endonucleases NdeI and XhoI were underlined. The
NdeI (CATATG) and XhoI (CTCGAG) restriction sites were introduced at primers 1, 4, and 5, respectively. The
nucleotide modified to generate mutations was marked in red and double-underlined in primers 2 and 5. In
primer 2, the codon 5′TTC3′ encoding residue E was replaced by the codon 5′GTC3′ encoding residue D. In primer
5, the codon 5′GTA3′ encoding residue Y was replaced by 5′CCT3′ encoding residue R.

2.4. Expression and Purification

Transformed bacteria BL21(DE3) were grown at 37 ◦C on LB medium supplemented
with kanamycin (100 µg·mL−1) until an absorbance of about 0.6 to 0.8 was observed at
600 nm. Then, 1 mM IPTG was added to induce the expression of recombinant proteins
for 5 h. After centrifugation at 4 ◦C for 15 min at 12,000× g, recombinant proteins present
in inclusion bodies were first renatured and then purified according to Krayem et al.’s [5]
protocol with slight modifications.

The obtained pellet was solubilized in buffer R (50 mM Tris–HCl pH 8.0, including
1 mM EDTA, 0.5 mM PMSF, and 50 mM NaCl) allowing a 20% (w/v) cell suspension to
be obtained. This percentage allowed a maximal yield of well-refolded proteins to be
obtained. In order to solubilize inclusion bodies, increasing concentrations (0.4%, 0.8%, and
1% (w/v)) of sodium deoxycholate (NaDC) and Triton X-100 were added. After stirring for
20 min at 4 ◦C, sonication using an MSE Sonyprep 150 (Bio-Rad (Hercules, CA, USA) at
full power was applied in order to disrupt the cells. After centrifugation at 4 ◦C (10 min at
15,000× g), NaDC and Triton X-100 were eliminated by washing the resulting solid pellet
with buffer R. Lastly, inclusion bodies in the pellet were dissolved in 25 mL of buffer R
with 5% β-mercaptoethanol and 6 M guanidine hydrochloride under overnight stirring at
4 ◦C. About 0.8 mg/mL of solubilized denatured recombinant proteins were collected after
centrifugation for 10 min at 15,000× g and 4 ◦C.

Protein refolding was carried out according to the protocol previously described [5].
Briefly, obtained denatured recombinant PLA2s were dialyzed 4 times at 4 ◦C for 48 h
against 2 L of 20 mM Tris–HCl at pH 8, including 0.6 M guanidine hydrochloride, 5 mM
L-cysteine, and 5 mM CaCl2 (buffer A). Unfolded precipitate proteins were discarded
by centrifugation for 10 min at 15,000× g and 4 ◦C, while guanidine hydrochloride, the
denatured agent, was removed by dialysis at 4 ◦C overnight against 2 L of 20 mM Tris–
HCl at pH 8, containing 5 mM CaCl2 and 20 mM NaCl (buffer B). The obtained folded
protein solution was loaded on the HisLinkTM Protein Purification Resin column pre-
equilibrated with buffer B. A linear gradient of imidazole (from 20 mM to 400 mM) was
then applied to elute proteins after washing the column with buffer B until the optical
density at 280 nm dropped to zero. The different recombinant mutants were eluted between
50 mM and 200 mM imidazole. Collected fractions of 1.5 mL were analyzed by measuring
the phospholipase activity under standard conditions [5]. Active fractions displaying a
unique band in SDS-PAGE were collected and concentrated. The protein content of pure
enzymes was measured by following the Bradford protocol [8].
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2.5. Phospholipase A2 Assay

Measurement of PLA2 activity was performed titrimetrically using a pH-stat technique
under standard conditions: The egg phosphatidylcholine (egg-PC) 1% w/v was used as
an emulsified substrate with 8 mM NaTDC and 12 mM CaCl2 at pH 8.5 and 50 ◦C [5].
According to this technique, the release of one µmole of free fatty acids (FFAs) per minute
corresponds to one phospholipase A2 unit.

2.6. Hydrolysis of Phospholipid Monolayers

The interfacial behavior of mutants was assessed using a baro-stat system (KSV-
2200 baro-stat (KSV Helsinki)) as previously reported by Pattus et al. [9], using zero-
order Teflon, composed of two compartments, and equipped with a mobile Teflon barrier.
The latter allows the compensation of substrate molecules removed from the film after
enzymatic hydrolysis, thereby keeping a constant surface pressure. Surface pressure was
determined using a Wilhelmy plate (perimeter 3.94 cm) attached to an electro-balance,
which was sequentially connected to a microprocessor allowing mobile barrier movements
to be controlled.

The reaction compartment (120 cm2) sub-phase (10 mM Tris–HCl pH 8, 20 mM CaCl2,
150 mM NaCl, 0.5 mM β-cyclodextrin, 1 mM EDTA) was continuously stirred at 250 rpm.
The reservoir compartment was 249 mm long and 148 mm wide. In order to inject enzyme
solution through the film over the stirrer, a Hamilton syringe was used. Hydrolysis of
PL monolayers by injecting phospholipases releases water-soluble lyso-PL and FFAs that
rapidly desorb from the monolayer. The consequent decreased surface pressure therefore
allowed the mobile barrier displacement to maintain a constant surface pressure. As the
studied PL monolayers exhibited compression isotherms at the air–water interface, the
barrier-covered surface was, consequently, converted into substrate molecules. Phospho-
lipase activity was expressed as the amount of substrate hydrolyzed (moles) per surface
and time units of the “zero-order” trough’s reaction compartment for an appropriate
concentration of sPLA2.

2.7. Hemolysis Assay

The hemolytic activity of the pure mutants E63D, Y122R, and D63–R122 and the wild-
type rPLA2(−5) proteins was investigated against human red blood cells (RBCs) [5]. A pure
RBC suspension was obtained from freshly collected anticoagulated blood samples. An
amount of 20 mL of phosphate-buffered saline (PBS, pH 7.5) was mixed with 1 mL of blood
and centrifuged for 5 min at 4 ◦C and at 1900× g. Gentle aspiration of the buffy coats and
the supernatant was performed to wash the RBCs in the pellet. This process was repeated
three times. One milliliter of pure RBC suspension was obtained and used for the hemolytic
assay. Various purified phospholipases at a concentration of 400 µg/mL were added to the
RBC suspension. After mixing and incubating for 30 min at 37 ◦C, centrifugation for 5 min
at 4 ◦C and 1500× g was performed. In order to determine the extent of RBC lysis and
hemoglobin liberation, the absorbance of supernatants was recorded at 545 nm. RBCs in
PBS alone or with 1% Triton X-100 served as a negative control (0% hemolysis) or positive
control (100% hemolysis), respectively.

2.8. Temperature and pH Stability

The thermal stability of the three mutants of rPLA2(−5) was studied by incubating
aliquots of corresponding enzymes for 1 h at different temperatures ranging from 25 ◦C to
85 ◦C. Residual activities were measured after centrifugation for 5 min at 13,000× g and
4 ◦C under the standard assay method [5]. pH stability was also checked by incubating
the different recombinant mutants for 1h in the following buffers: sodium acetate buffer
(50 mM, pH 4–6), potassium phosphate buffer (50 mM, pH 6–8), Tris–HCl buffer (50 mM,
pH 7–9), and glycine–NaOH buffer (50 mM, pH 10–12). Residual activities were measured
after centrifugation for 5 min at 13,000× g and 4 ◦C under the standard assay method [5].
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2.9. Molecular Modeling

The construction of 3D models of phospholipases was performed by the automated
comparative protein structure homology modeling server, SWISS-MODEL (http://www.
expasy.org/swissmod, accessed on 1 November 2023), using the crystal structure complex
of bee venom PLA2 (PDB code: 1POC) as a template.

Exploration of molecular interactions between catalytic residues and those around the
active site was carried out using the discovery studio visualizer (DSV) and Viewer Lite.

3. Results
3.1. Protein Expression and Purification

Recombinant mutants E63D, Y122R, and D63–R122 were obtained after refolding and
purification following the protocol described in Section 2 (Figure 1A).
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Figure 1. Chromatography profile of rPLA2(−5) mutants on affinity chromatography column and
electrophoresis analysis. (A) Phospholipase activity (blue line), absorbance at 280 nm (dark line). The
HisLinkTM Protein Purification Resin column was pre-equilibrated with buffer B. After washing the
column with buffer B until no absorbance could be recorded at 280 nm, a linear gradient of imidazole
(from 20 mM to 400 mM) was applied to elute recombinant mutants between 50 mM and 200 mM.
(B) Analysis of purified recombinant E63D, Y122R, and wild rPLA2(−5) by SDS-PAGE (15%). SM:
size marker, Lane 1: E63D; Lane 2: Y122R; Lane 3: wild rPLA2(−5).

PLA2 activity was investigated on egg-PC as an emulsified substrate by the pH-stat
method according to the same conditions used for wild rPLA2(−5) (in the presence of
8 mM NaTDC and 12 mM CaCl2 at pH 8.5 and 50 ◦C) [5]. While the double mutant D63–
R122 did not exhibit any enzymatic activity, E63D and Y122R displayed PLA2 activities
of about 3 ± 1 and 14 ± 2 U/mL, respectively (Table 2). Under the same conditions, the
wild-type rPLA2(−5), however, showed an enzymatic activity of about 750 U/mL. Specific
activities on the emulsified substrate PC were 1500 U/mg, 35 U/mg, and 9.3 U/mg for wild
type rPLA2(−5), E63D, and Y122R, respectively. The double mutant D63–R122 was fully
inactive (Table 2). These findings thus revealed the importance of the modified residues on
phospholipid hydrolysis.

http://www.expasy.org/swissmod
http://www.expasy.org/swissmod
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Table 2. Purification steps and specific activities (SAs) of E63D, Y122R, and D63–R122. Proteins
were overexpressed in E. coli cells using the pET-28b(+) expression vector and each purification was
performed using one liter of culture. Phospholipase activity was measured using emulsified egg-PC
as substrate with pH-stat technique. Purified wild rPLA2(−5) was taken as a control for specific
activity comparison. Experiments were repeated three times.

Purification Steps [Proteins]
(mg/mL) a

Total Proteins
(mg)

Activity
(U/mL) b

Specific Activity
(U/mg)

Proteins
Recovery (%)

Inclusion bodies
solubilization 0.42 ± 0.12 8.5 ± 0.21 - - -

E63D

Refolding 0.32 ± 0.13 6.4 ± 0.19 3 ± 1 9.3 ± 2 75.29 ± 5

Affinity chromatography 0.60 ± 0.21 1.2 ± 0.11 50 ± 4 82.5 ± 4 18.75 ± 4

Y122R

Refolding 0.30 ± 0.17 6 ± 0.18 14 ± 2 35 ± 3 70.42 ± 8

Affinity chromatography 0.65 ± 0.18 1.5 ± 0.16 70 ± 5 107 ± 6 21.66 ± 3

D63–R122

Refolding 0.29 ± 0.15 5.8 ± 0.15 0 0 68.23 ± 10

Affinity chromatography 0.71 ± 0.2 1.48 ± 0.2 0 0 24.13 ± 4

rPLA2(−5)

Refolding 1.25 ± 0.5 6 ± 2 375 ± 15 300 ± 18 70.58 ± 3

Affinity chromatography 0.5 ± 0.25 3 ± 0.5 750 ± 20 1500 ± 27 50 ± 4
a: Proteins were estimated by Bradford method [8]. b: One unit of phospholipase activity corresponds to the
liberation of 1 µmol of FFAs under standard conditions [5].

From 1 L culture, protein recoveries between 68 and 75% were obtained after refolding
of the three mutants. A similar recovery of 70.58% was recorded with the wild-type
rPLA2(−5) (Table 2). The high recovery might be due to the high amount of aggregate
recombinant enzymes produced in E. coli cells in inclusion bodies. Indeed, 8 mg of total
proteins were obtained for rPLA2(−5) and the three mutants (Table 2). After refolding,
about 5 and 6 mg of total refolded proteins were obtained for rPLA2(−5), E63D, Y122R,
and D63–R122. Table 2 shows a difference in the yields of pure refolded proteins: about
1.5 mg/mL for the three pure mutants and 3 mg/mL for the pure wild-type rPLA2(−5).
This could be attributed to the increased rate of misfolding and protein aggregation in the
case of mutants during the dialysis step. E63D, Y122R, and D63–R122 were purified with a
final yield between 18 and 24% compared to 50% for the wild-type rPLA2(−5) (Table 2).
In the SDS-PAGE analysis, purified mutants showed a single band corresponding to the
expected molecular mass around 15 kDa (Figure 1B).

3.2. Apparent Kinetic Parameter Determination

Apparent kinetic parameters such as the Michaelis Menten constant (Km), catalytic
constant (kcat), and the catalytic efficiency (kcat/Km) of E63D, Y122R, and D63–R122 were
determined compared to the wild form rPLA2(−5). Under standard conditions, specific
activities of the three mutants were determined as a function of increased concentrations of
PC [5]. Apparent Km, kcat, and kcat/Km were then deduced from the obtained Lineweaver–
Burk plots.

While wild rPLA2(−5) exhibited a Vmax value of 1500 µmol/min/mg, mutants E63D and
Y122R showed a Vmax reduction of 82.5± 4 µmol/min/mg and 107 ± 6 µmol/min/mg, re-
spectively. Compared to the wild rPLA2(−5), which exhibited a Km value of 4.23 ± 0.35 mM,
Km values of 8.33 ± 2 mM and 1.8 ± 0.7 mM were recorded for E63D and Y122R, respec-



Processes 2023, 11, 3364 8 of 13

tively. However, mutants had highly reduced kcat values, indicating that they had different
numbers of converted substrates into products (Table 3).

Table 3. E63D, Y122R, and D63–R122 apparent kinetic parameters. Wild rPLA2(−5) overexpressed in
E. coli was taken as control. Experiments were repeated three times.

Enzymes Vmax
(µmol/min/mg) Km (mM) kcat (s−1) Kcat/Km

(s−1·mM−1) Reference

rPLA2(−5) 1500 ± 7 4.23 ± 0.35 354 ± 2 83.86 ± 8 [5]

E63D 9.3 ± 2 8.33 ± 2 32.7 ± 1.5 3.92 ± 2.3

Present studyY122R 107 ± 6 1.8 ± 0.7 25.4 ± 3 14.11 ± 2

D63–R122 0 0 0 -

These results confirmed our previous structural study in which we constructed a 3D
model for the wild rPLA2(−5) [5]. In this study, we have demonstrated the importance
of Glu-63 in the catalytic activity compared to bee venom sPLA2, which has an Asp
residue in the same position. FTIR data and 3D modeling of rPLA2(−5) suggested that the
pentapeptide deletion allowed a structural reorganization of the short chain responsible for
the formation of a productive Glu-63/His-34 interaction with the Ca2+-binding residues [5].
Similarly, an in silico study of the MtPLA2 from Mesobuthus tamulus venom showed that
catalytic Glu is stabilized by numerous interactions with the surrounding residues in the
Ca2+-binding loop [6]. In the bee-venom sPLA2, in order to analyze the impact of the
Asp-64 carboxylate on the enzyme’s catalytic function, the substitution of Asp-64 with
asparagine caused a moderate decrease in the enzyme’s catalytic efficiency (56-fold in kcat
and 10-fold in kcat/Km) [10].

The reduction in Y122R Vmax can be related to an absence of the interaction of Arg
residues with Glu-63 and His-34. Indeed, in our previous structural study, Tyr-122 in
the access behind Glu-63 stabilized the interaction between Glu-63 and His-34 residues
via a hydrogen bond with Glu-63’s phenolic hydroxyl function. Similarly, the catalytic
sites of group I and II PLA2 were found to be stabilized by two Tyr residues [5]. In the
well-studied group III bee-venom sPLA2, the substitution of Tyr-87 by a phenylalanine
residue resulted in the enzyme’s catalytic efficiency being reduced 5-fold when compared
to wild sPLA2 [10].

3.3. Molecular Modeling Analysis

In order to explain the observed reduction in the specific activities and kinetic parame-
ters of mutants compared to the wild rPLA2(−5), 3D models were constructed using the
only available group III complex structure of bee-venom PLA2 as the template (PDB code:
1POC) [11]. Figure 2A showed a superposition of rPLA2(−5) and bee-venom PLA2 models
and the orientation of Glu-63 and Tyr-122 side-chain residues. Analysis of active site amino
acids in rPLA2(−5) (Figure 2B) revealed that Glu-63 interacted via hydrogenous bonds with
Asn-59, Cys-60, Phe-66, and Asp-67 as well as with Glu-64. These active site-stabilizing
bindings in each constructed mutant (E63D, Y122R, and D63–R122) allowed the observa-
tion of some modifications in the orientation plan of side chain residues and the nature of
interactions (Figure 2B–D). Indeed, it seemed that Glu-64 played an important role in the
stabilization of catalytic residues since its orientation and interaction were modified in each
mutant configuration (Figure 2B–D). The reduction in the specific activity of the mutant
E63D could be attributed to the modification of binding with the hydroxyl group of Tyr-122
as well as the orientation of the Glu-64 radical (Figure 2C). The side chain of Arg-122 in
the mutant Y122R was oriented away from Glu-63 and Glu-64, with the absence of the
characteristic interaction of Glu-63 with Tyr-122 (Figure 2C). Compared to the wild-type
and simple mutants E63D and Y122R, the plan orientation of all interactions was different
in the double mutant D63–R122 (Figure 2E). Indeed, the Asp-63 side chain did not interact
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with Arg-122, which was near the radical residues Cys-60 and Cys-100. Furthermore, the
orientation of hydrogen bonds linking the side chains of Asp-63 and Asp-64 and between
Asp-63, Asn-59, and Cys-60 were different compared to the simple mutant (Figure 2E). This
new interaction network destabilized the substrate binding during hydrolysis. Thus, it
could be concluded that the hydrogen-binding network linking Glu-63, Tyr-122, and Glu-64
was critical for catalysis.

Processes 2023, 11, x FOR PEER REVIEW 9 of 13 
 

 

the Asp-63 side chain did not interact with Arg-122, which was near the radical residues 
Cys-60 and Cys-100. Furthermore, the orientation of hydrogen bonds linking the side 
chains of Asp-63 and Asp-64 and between Asp-63, Asn-59, and Cys-60 were different 
compared to the simple mutant (Figure 2E). This new interaction network destabilized 
the substrate binding during hydrolysis. Thus, it could be concluded that the hydro-
gen-binding network linking Glu-63, Tyr-122, and Glu-64 was critical for catalysis. 

 
Figure 2. Three-dimensional structural modeling of rPLA2(−5) and the three constructed mutants 
E63D, Y122R, and D63–R122. (A) Superposition of rPLA2(−5) model (grey) and bee-venom PLA2 

Figure 2. Three-dimensional structural modeling of rPLA2(−5) and the three constructed mutants
E63D, Y122R, and D63–R122. (A) Superposition of rPLA2(−5) model (grey) and bee-venom PLA2

(PDB code: 1POC) structure (blue) generated by Viewer Lite. (B) Residue interactions with Glu-63
in the wild type rPLA2(−5), (C) E63D, (D) Y122R, and (E) the double mutant D63–R122. Glutamate
radical is shown in pink and Tyrosine radical is shown in brown. Conventional hydrogen bonds are
colored in green and the alkyl bonds are shown in pink.



Processes 2023, 11, 3364 10 of 13

3.4. Stability Study

The stability of the mutant proteins towards pH and temperature was also investi-
gated in addition to their catalytic activity. The pH stability assessment of E63D, Y122R,
and D63–R122 maintained at 50 ◦C, which corresponds to the optimum temperature of
wild rPLA2(−5) activity, was performed [5]. All mutants were incubated in different pH
solutions (3–12) and at 4 ◦C, followed by measuring their residual activities under standard
conditions [5].

Maximum protein stability was observed at pH 8 with 83.3% and 100% for rPLA2(−5)
and E63D, respectively (Figure 3A). Observed pH stability can be related to the rigid
tridimensional conformation of sPLA2 through the highly disulfide-linked tertiary structure
(10 SS bonds).
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Figure 3. pH and temperature stability of E63D, Y122R, and wild rPLA2(−5). (A) pH stability was
performed after 30 min incubation of each enzyme in different pH solutions. (B) Thermostability of
recombinant mutants was tested by measuring their residual activities after 1 h incubation at different
temperatures. Experiments were repeated three times.

The thermostability of E63D, Y122R, and D63–R122, compared to wild rPLA2(−5), was
studied by measuring the remaining activity after 1 h incubation at different temperatures
(25–80 ◦C) (Figure 3B). Our results showed that E63D exhibited a similar thermostability to
wild rPLA2(−5). Decreased enzymatic activity was observed as temperature increased and
was totally lost at 65 ◦C. Y122R was less thermostable and lost more than 50% of its activity
at 25 ◦C (Figure 3B).

3.5. Correlation between Hemolytic Effect and Phospholipase Activity with Surface Pressure

Secreted phospholipases A2, which have a variety of behaviors against biological mem-
branes, have been useful tools to investigate lipid localization in membranes like erythro-
cytes. These enzymes are characterized by a different ability to penetrate these membranes.

In our previous study, we showed that at 400 µg/mL corresponding to 0.28 µM,
rPLA2(−5) exhibited a hemolytic effect on human RBCs evaluated to be 97% of hemolysis.
This activity was directly dependent on the catalytic activity since the enzyme inactivated
by p-BPB (p-bromophenylacyl bromide) became unable to hydrolyze membrane RBCs [5].
E63D and Y122R with reduced specific activities exhibited 15 and 17% hemolytic effect,
respectively, at the same concentration. The inactive double mutant D63–R122 had no
effect on RBCs. Our data confirmed the correlation between phospholipase activity and
hemolysis as previously reported for other snake venom sPLA2s, such as NK-PLA2-I and
NK-PLA2-II isolated from Naja kaouthia cobra venom. Indeed, at 500 nM, NK-PLA2-I
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and NK-PLA2-II hydrolyzed PLs in human RBC membranes while enzymes inhibited by
3.3 mM of p-BPB were unable to penetrate these membranes [12].

It is well documented that PLA2 hemolytic activity was correlated with PL composition
and asymmetric organization of human RBC membranes in their inner and outer leaflets.
Zwitterionic PE is mostly located in the inner monolayer, whereas sphingomyelin (SM)
and PC characterize the outer monolayer [13]. This asymmetric PL organization could
explain the different behavior of several sPLA2s on RBC membranes as well as in the PL
layer. In this line, in order to investigate the potential association between PL hydrolysis
in RBC membranes causing hemolysis and the enzyme’s capability to penetrate PL layers
at high surface pressure, the activity of E63D, Y122R, as well as the wild rPLA2(−5)
on PL monolayers at several surface pressures, was evaluated. The kinetic behavior
on zwitterionic PL monolayers of recombinant E63D and Y122R mutants compared to
rPLA2(−5) was evaluated.

E63D and Y122R showed the same PL preference of wild rPLA2(−5) and were more
active on diC12-PE films than on diC12-PC ones (Figure 4). The maximal enzymatic
activities of E63D were reached on diC12-PE at 30 mN·m−1. A specific activity of about
5.68 mol·cm−2·min−1·M−1 was observed for E63D compared to 7.47 mol·cm−2·min−1·M−1

for wild rPLA2(−5) (Figure 4A). Furthermore, in the diC12-PC, SA for E63D and Y122R
were 0.27 and 0.03 mol·cm−2·min−1·M−1 at 30 mN·m−1 respectively (Figure 4B).
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Figure 4. Activities on phospholipid monolayers (diC12-PC (A), diC12-PE (B)) of wild rPLA2(−5)
and mutants (E63D and Y122R) with increasing surface pressure. Phospholipase activities were
expressed as the number of moles of phospholipids hydrolyzed by units of surface and units of time
of the “zero-order” reaction compartment. Experiments were repeated three times.

Hydrolysis of diC12-PC monolayers demonstrated the highest specific activities
for E63D (1.56 mol·cm−2·min−1·M−1) and rPLA2(−5) (3.63 mol·cm−2·min−1·M−1) at
20 mN.m−1 (Figure 4B). This reduced SA towards zwitterionic PL monolayers under-
lines the importance of the modified residue in the catalytic activity shown with the pH-stat
system with PL emulsion. A similar finding was observed with the D64E bee PLA2 mutant,
which exhibited lower catalytic activity compared to the wild form but better substrate
binding [10].

The difference observed in the hydrolysis of zwitterionic PL monolayers PC and PE
could be related to the difference in interfacial binding to these PLs depending on their
physical state and polar head. Interfacial binding of sPLA2 is mediated by the interaction
between the interface-binding surface of the enzyme, around the hydrophobic pocket
leading to the active site, and the PL interface film [5].
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4. Conclusions

In all secreted phospholipases A2, Asp-62 is the key residue in the active site that inter-
acts with Tyr-87. However, scorpion-venom heterodimeric sPLA2 showed the implications
of Glu-63 and Tyr-122 in the active site stability. Modification of these residues caused a
reduction in specific activity and apparent kinetic parameters. Furthermore, the simple
mutants E63D and Y122R remained stable in acidic and alkali pH, whereas the double
mutant D63–R122 was catalytically inactive. Mutants’ kinetic behaviors on monolayers of
zwitterionic PLs at high surface pressure were similar to those of the wild-type form with
slightly modified specific activities. This reduction in specific activity could be related to the
modification of the interactions of residues around the active site, as shown in the in silico
study. To our knowledge, this is the first study that investigated the structure–function
relationships of scorpion-venom PLA2. These mutants might serve as a starting point for
pursuing the study of the antitumor effect of scorpion-venom PLA2, which was previously
demonstrated to be independent of the enzymatic activity.
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