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Abstract
Melittin is a small amphipathic cationic membrane-active protein in bee venom. Apart from being a key agent in
envenomation, melitt in is a physiologically active protein with important pharmacological properties that include
anti-cancer and antimicrobial activities. Perhaps melittin’s most important property is its ability to modulate the
activity of endogenous phospholipase A2 (PLA2) both in vivo and in vitro. Understanding the underlying mechanism in
PLA2 modulation is crucial to developing novel pharmaceuticals to treat diseases associated with abnormal increases
or decreases in PLA2 activity. Snake venom PLA2s (svPLA2s) have high structural homology and functional activities to
endogenous PLA2s and are commonly used to study PLA2 modulation. In this study we employed differential scanning
microcalorimetry and continuous fluorescence displacement assays to investigate the changes induced by melittin on the
packing of phosphatidylcholine (PC) in liposome membranes and how these changes affect the esterase activity of acidic
and basic PLA2 enzymes from rattlesnake venom. By employing electron paramagnetic resonance spectroscopy of spin
labeled melittin we examined the association of melittin with svPLA2s in buffers of various pH. We also used AutoDock
computation to simulate the interaction of melittin with PC polar headgroups in order to identify hypothetical amino
acid residues on the molecular surface of melittin that interact with charged and polar headgroups of PC. Overall, the
analysis of data obtained in this study and the data previously published by us and others allowed us to present molecular
details on how melittin disturbs PC packing in a bilayer of liposomes to make the phospholipid substrate interface on the
membranes surface more conducive to the esterase activity of PLA2.
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Introduction
Bee venom melittin is an amphipathic cationic membrane-active polypeptide of 26 amino acid residues [1]. In
conjunction with bee venom phospholipase A2 (PLA2) melittin exhibits an array of pharmacological activities including anti-inflammatory [2], anti-arthritic [3], anti-nociceptive
[3], antimicrobial [4], and anticancer [5] effects. When melittin binds to membrane surfaces it induces changes in the
membrane structural integrity including formation of pores,

formation of vesicles and fusion of membranes [6,7]. These
changes in membrane structure promote changes in membrane potential [8], in aggregation of membrane proteins [9],
and in induction of hormone secretion [10].
Melittin-induced alteration of membrane structure stimulates various enzymes such as adenylate cyclase [11], phospholipase D [12], phospholipase C [13], G-protein [14] and
protein kinase C [15]. The molecular mechanisms underlying
the diverse effects of melittin are not fully understood.
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The activity of PLA2 is modulated by melittin, a process important for its pharmacological implications, and it is tested in
vitro and in vivo [16]. PLA2, an enzyme that catalyzes the hydrolysis of the sn-2 position of glycerophospholipids to yield
lysophospholipids and fatty acids, is present in intracellular
and extracellular forms in virtually every tissue and cell type
[17]. The produced fatty acids serve as substrates in the synthesis of eicosanoids, which are acute mediators of inflammation and other pathophysiological processes [18].
An understanding of the regulatory mechanisms of sPLA2
is important for treating pathologies resulting from inflammatory diseases like arthritis, and neurological diseases, cardiovascular diseases and cancer [19]. Understanding the mode
of action of endogenous PLA2modulators is of a great importance for the engineering of synthetic modulators, especially
for developing efficient therapeutic agents.
Snake venom PLA2s exhibit a high degree of structural
homology with mammalian endogenous PLA2s. Both snake
venom and mammalian PLA2s potentiate very similar pathophysiological and pharmacological reactions [20]. The physiological/pharmacological reactions and esterase activities of
both types of PLA2s are modulated by melittin both in vitro
and in vivo [5,21,22]. Despite the dedicated efforts devoted
to studies involving melittin and PLA2s over the course of several decades, a molecular mechanism for melittin modulation
of the physiological and esterase activities of both mammalian and snake venom PLA2 is not totally understood.
The outer leaflet of plasma cell membranes is made of
phosphatidylcholine (PC) [23]. Although the polar head of
PC including basic choline and acidic phosphate moieties is
electrically neutral, the choline moiety of PC is exposed on
the outer surface of plasma membrane to repel basic proteins
outside cells away from the cell surface [23]. Melittin is the
only known basic protein toxin that can penetrate the positively charged field on the cell membrane surface [24], but
the amino acid residues on molecular surface of melittin that
bind to the cell membrane surface are not yet identified. In
this study we report for the first time a set of amino acid residues on melittin surface that are putatively involved in binding to the PC membrane surface. We also report the effects
of melittin on the packing of PC in model membranes and on
the esterase activity of acidic and basic PLA2 enzymes isolated
from Cmm (Northern black-tailed rattlesnake) venom. Our results in this study show that melittin modulates PLA2 esterase
activity, not through the direct interaction with the enzyme,
but through changes induced by melittin on the interface
of the PC substrate to increase activity of acidic PLA2 and to
decrease activity of basic PLA2. These findings may prove important in the development of melittin based pharmaceutical
agents.

Materials and Methods

Probes (Junction City, OR). Rat liver fatty-acid binding protein
(FABP) was a gift from Dr. S. E. Mansurova of Lomonosov Moscow State University. Acidic and basic PLA2 enzymes were isolated from Cmm rattlesnake venom as previously described
[25]. Melittin was purified from the trace PLA2 contamination
by cation exchange HPLC on a SCX 83-C-13-ET1 Hydropore
column (Rainin Instrument,Woburn, MA) as previously described [26]. The identity and purity of acidic and basic PLA2
enzymes and purity of melittin were determined by reducing
SDS-PAGE and by isoelectric focusing. All other reagents used
in this study were purchased from Sigma Chemical Co. (St.
Louis, MO, USA).

Differential scanning microcalorimeter assay
Large unilamellar liposomes at a DMPC concentration of 3
mM, used for differential scanning microcalorimetry (DSMC),
were prepared at 30 °C by using the ether evaporation method as previously described [27] in a buffer solution containing 10 mM Tris-HCl, pH 7.0, 0.1 M NaCl and 0.1 mM CaCl2.
Liposome samples in one group were treated with either 3
× 10-5 M melittin for 1 min or 10-8 M acidic or basic PLA2 for 5
min at 37 °C. 5 mM EDTA was then added to the liposomes
prior to recording the calorimetric curves. Liposome samples
in the second group were pretreated at 37 °C with 3 × 10-5 M
melittin for 1 min and post-treated with either 10-8 M acidic or basic PLA2 for 5 min, then 5 mM EDTA was added prior
to the recording of calorimetric curves. Liposome samples in
the third group were pretreated for 1 min with either 10-8 M
acidic or basic PLA2 at 37 °C and post-treated with 3 × 10-5 M
melittin for 5 min. 5 mM EDTA was then added prior to the recording of the calorimetric curves. Control liposome samples
in aqueous solution containing 3 mM DMPC, 10 mM Tris-HCl,
pH 7.0, 0.1M NaCl, 0.1 mM CaCl2 and 5 mM EDTA were incubated at 37 °C for 6 min in the absence of melittin and PLA2.
Calorimetric curves of liposome samples were monitored at a
recording rate of 1 °C per min using a differential scanning microcalorimeter DASM-4 (Saint-Petersburg, Russia) equipped
with the software to calculate enthalpy change (∆H) and the
main phase transition peak width at its half-height ( T 12 ).
The instrumental base line calibration mark was obtained by
scanning at 50 mW and DT = 4 as previously described [28].
Each liposome sample for the DSMC assay was prepared and
tested in triplicate. Each data point for ∆H and T 12 values is
a mean of separate experiments with the SD ± 1.4% of the
means.
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Melittin, dimyristoylphosphatidylcholine (DMPC), 4-(2-iodoacetamido)-TEMPO, oleic acid and venom from Cmm were
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PLA2 assay
PLA2 activity was measured by a continuous fluorescence
displacement assay [29]. Large unilamellar liposomes at a
DMPC concentration of 3 mM were prepared at 30 °C by the
ether evaporation method [27] and were used as substrates
for PLA2. Aqueous solutions of liposomes consisted of 10
mM Tris-HCl (pH 7.0), 0.1M NaCl and 0.1 mM CaCl2. Acidic or
basic PLA2 enzymes (10-8 M) were incubated with liposome
samples for 5 min at 37 °C. In some assays, liposomes were
pre- or post-treated with 3 × 10-5 M melittin the same way as
described for the DSMC assay above. PC hydrolysis was terminated by addition of 5 mM EDTA.
Control samples were incubated in the absence of melittin or PLA2. The liposomes (1 ml) were dissolved by vortex
shaking in 5 mM Triton X-100 and then mixed with 1 ml of 10
mM Tris-HCl buffer (pH 7.0) containing 25 µg of rat liver FABP.
The mixture was added to a thermostatically regulated (37 °C)
fluorimeter cell containing 30 µl of 0.1 M DAUDA in methanol.
The solution was excited by pulsed laser at 350 nm, and the
fluorescence of DAUDA was measured at 500 nm by using a
Hitachi F200 fluorimeter. The excited state lifetime of DAUDA, that reflected an equilibrium between DAUDA and free
fatty acids binding to rat liver FABP, was estimated from the
time dependence of the attenuation of the probe glow using
semilogarithmic coordinates. A standard curve of the lifetime
of the excited state of DAUDA as a function of free fatty acid
concentration was prepared using defined concentrations of
oleic acid. PLA2 activity was expressed as µmoles fatty acid released per 10-11 moles of enzyme. Each sample was prepared
and measured at least in triplicate. The SD was always within
± 2.3% of the means.

different preparations for each sample were always within
0.5%.

Molecular docking
Docking of PC with the molecular surface of melittin was
done by using the AutoDockVina Version 4.2 program and using PDB coordinates of PC (structure of PITP complexed to
DOPC – PDB ID# 1T27) and melittin (PDB ID# 2MLT) by applying a similar methodology and parameters as previously published [31], but containing the following minor modifications
required for this study. The PC virtual molecule was further
edited to remove the alkyl chains using Avogadro as previously published [32], and the overall chargeswere checked and
energy-minimized using AutoDockVina. A grid box was set up
with the following dimensions: Center of x = 28.91; center of
y = -2.077; center of z = 17.956; length of x = 100 Å; length of
y = 72 Å; and length of z = 48 Å. The setting for exhaustiveness
was set up as 16, which gave us consistent results in at least
three sets of docking for PC polar head and melittin pair. Following each AutoDock run, the best nine docked conformations were analyzed for ionic, ion-polar and hydrogen bond
interactions between the PC polar head groups and charged
and polar amino acid groups of melittin by using Python Molecular Viewer (MGL Tools, The Scripps Research Institute).

Statistics
The data points in this study are expressed as means ± SD
from at least three independent experiments. Data were analyzed by Student’s t test (two-tailed) for single comparisons.
Multiple group comparisons were done by performing oneway ANOVA followed by Bonferroni-corrected Tukey’s test. P
values less than 0.05 were considered statistically significant.

EPR of spin labeled melittin study

Results

Melittin was covalently labeled with 4-(2-iodoacetamido)TEMPO according to the Sigma Chemical (St. Louis, MO)
protocol with minor modifications as previously described
[26,30]. Labeling melittin at a threefold molar excess of spin
label over melittin, reduced melittin cytotoxicity by 7% on
human lymphocytes (assessed by trypan blue exclusion). The
melittin concentration was 10-5 M. Unreacted spin label was
removed from the reaction mixture by Sephadex G-100 gel
filtration.

Melittin is a protein with a straight-line 3D structure of
alpha-helical rod that slightly bends at amino acid residue
P14 [33]. It has been shown previously that melittin binds to
the PC membrane surface with the helical axis parallel to the
bilayer plane [33]. Melittin stays in the interface between lipid polar head region and non-polar area of alkyl chains and
does not penetrate into the inner monolayer [33,34] which
increases the surface area of outer monolayer over the inner
monolayer causing an asymmetrical interfacial area tension.
At a lipid to melittin molar ratio exceeding 100 to 1, the buildup in interfacial tension is released through the formation of
stable pores in which melittin helices start changing initial
parallel orientation to perpendicular orientation with respect
to the membrane plane [34]. In this study we have used a lipid to melittin molar ratio 100 to 1 as we wanted to investigate
the effects of melittin on the PC membrane packing order and
on PLA2 esterase activity at a threshold at which a disturbed
PC bilayer packing starts changing to a nonlamellar PC formation of stable pores.

From the amount of spin label removed from the reaction
mixture we estimated that one mole of spin label covalently
binds to one mole of melittin at a threefold molar excess of
spin label over melittin. A highly resolved EPR signal was recorded from 0.1 ml of buffer with 10-5 M spin-labeled melittin
in EPR tube. Spin-labeled melittin (10-5 M) was incubated for
5 min at 37 °C in the presence of 4 × 10-5 M of either acidic or
basic PLA2 in buffers (2 mM Tris-HCL, 0.1M NaCl) of various
pHs. Spin-labeled melittin in the same buffers without PLA2
served as controls. The EPR spectra of spin-labeled melittin
were recorded with a Varian E-4 spectrometer at modulation amplitudes not exceeding 2 × 10-4 T and resonator input
power not exceeding 20 mW. Each sample was prepared and
recorded at least in triplicates. The differences in hyperfine
splitting and intensity of resonance peaks of EPR spectra from
Xu et al. Ann Toxicol 2020, 2(1):26-35

Effects of melittin on DMPC membrane packing
and esterase activity of acidic and basic PLA2
The shape of the calorimetric curve for a saturated lipid
phase transition, from a solid crystalline to liquid-gel state,
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Figure 1: Calorimetric curves of large unilamellar DMPC liposomes (A), DMPC liposomes treated with melittin (B), DMPC liposomes
treated with acidic PLA2 (C), DMPC liposomes pretreated with melittin and post-treated with acidic PLA2 (D), DMPC liposomes pretreated
with acidic PLA2 and post-treated with melittin (E), DMPC liposomes treated with basic PLA2 (F), DMPC liposomes pretreated with melittin
and post-treated with basic PLA2 (G), DMPC liposomes pretreated with basic PLA2 and post-treated with melittin (H) were recorded at 3
mM DMPC. Molar ratio of DMPC to melittin was 102 to 1 (B), DMPC to PLA2 was 3 × 105 to 1 (C and F), DMPC to melittin to PLA2 was 3 ×
105 to 3 × 103 to 1 (D, E, G and H).
Table 1: The effects of bee venom melittin (mel) on thermodynamic parameters ( ∆H and T 12 ) and on PLA2 esterase activity measured
in DMPC large unilamellar liposomes treated with either acidic (aPLA2) or basic (bPLA2) phospholipase A2 enzymes from Cmm rattlesnake
venom. In rows 4, 5, 7, 8 the melittin-treated liposomes were post-treated (row 4, 7) or pre-treated (row 5, 8) with enzymes. Each data point
1
is a mean of three experiments with the ± SD of the means. ∆H 0 and T 2 o are respectively the values for the enthalpy change and the width
of main transition peak at its half-height in control DMPC liposomes (in absence of melittin and PLA2 enzymes).
Liposome systems

∆H

∆H 0 (kJ/mol)

T

1
2

T

1
20

(°C)

µmoles fatty acid/ 10-11 moles
PLA2

DMPC/fatty acid
molar ratio

1

DMPC

1.00 ± 0.012

1.00 ± 0.011

0.000

–

2

DMPC + melittin

0.91 ± 0.012

2.51 ± 0.035

0.000

–

3

DMPC + aPLA2

0.85 ± 0.011

2.75 ± 0.038

0.091 ± 0.0020

33

4

DMPC + mel + aPLA2

0.73 ± 0.010

3.51 ± 0.049

0.193 ± 0.0044

16

5

DMPC + aPLA2 + mel

0.80 ± 0.011

2.79 ± 0.039

0.115 ± 0.0026

26

6

DMPC + bPLA2

0.79 ± 0.011

2.81 ± 0.039

0.124 ± 0.0028

24

7

DMPC + mel + bPLA2

0.86 ± 0.012

2.71 ± 0.037

0.084 ± 0.0019

36

8

DMPC + bPLA2 + mel

0.84 ± 0.011

2.76 ± 0.038

0.085 ± 0.0019

35

reflects the degree of order in packing of saturated lipids. A
calorimetric curve with a narrow main transition peak having an arrow width at peak’s half-height (about 1 °C) and a
small pre transition peak located about 10 °C below the main
transition peak, indicates a high order of packing of saturated lipids [28]. Disturbance in the packing order of saturated
lipids in a solid crystalline state by an impurity or by the action of a membrane active protein results in disappearance of
pretransition peak, broadening of main transition peak and a
decrease in its height and an increase in the width at peak’s
Xu et al. Ann Toxicol 2020, 2(1):26-35

half-height. Also, when packing order of saturated lipids is
disturbed, a recorded enthalpy change of phase transition
from solid crystalline to liquid-gel state is decreased. That is
because when tight packing of lipids is disturbed, less heat
energy is needed to drive the phase transition [28].
The calorimetric curve of DMPC large unilamellar liposomes has a pretransition peak at about 14.5 °C and a narrow
main transition peak at about 23 °C which points to a tight
and high order of packing of DMPC molecules in liposomal
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membranes (Figure 1A). Addition of melittin to DMPC liposomes decreases the value of the enthalpy change, ∆H/∆H0
1
and broadens the main transition peak at its half-height T 2 o
(Figure 1B and Table 1) making the pretransition peak disappear (Figure 1B). This observation strongly suggests that melittin interacts with DMPC membranes causing a disturbance
in packing of DMPC molecules.

then post-treated with melittin, both the membrane packing order and esterase activity were reduced compared with
DMPC liposomes that were pretreated with melittin and then
post-treated with acidic PLA2 (Figure 1E and Table 1). This observation strongly implies that melittin inhibits the esterase
activity of PLA2 in DMPC liposomes pretreated with the acidic
enzyme.

Addition of acidic PLA2 to DMPC liposomes resulted in an
increased disturbance in the packing order of DMPC molecules compared to addition of melittin alone (Figure 1C and
Table 1). This greater disturbance is likely caused, not only by
the physical interaction of the acidic PLA2 with DMPC membrane, but also by the esterase activity of the enzyme resulting in the accumulation of lysolipids and fatty acids in liposomal membranes which further disturbs the packing order of
lipids in a solid crystalline phase.

Unexpected results were obtained with basic PLA2. We anticipated that basic choline moiety will repel basic PLA2 from
PC membrane surface to inhibit esterase activity, but that
was not the case. Basic PLA2 had a higher esterase activity
than the acidic PLA2 and caused more perturbation in membrane packing of the DMPC liposomes (Figure 1C, Figure 1F
and Table 1). It is possible that electrostatic attraction of acidic PLA2 to choline groups on membrane surface affected functional conformation of enzyme’s active center, while that was
not the case with basic PLA2. Melittin inhibited both esterase
and membrane disturbing effects of the basic PLA2 on DMPC
liposomes regardless of the addition sequence as opposed to
acidic PLA2 (Figure 1G, Figure 1H and Table 1). Melittin inhibited the membrane disturbing action and esterase activity of
basic PLA2 slightly stronger when melittin was added to the
DMPC liposomes following the addition of basic PLA2 (Figure
1G, Figure 1H and Table 1).

Pretreatment of DMPC liposomes with melittin followed
by post-treatment with the acidic PLA2 caused a synergistic enhancement in the disturbance of the packing order of
DMPC molecules and, additionally, in esterase activity of the
acidic PLA2 (Figure 1D and Table 1). This observation suggests that melittin changes the surface of DMPC liposomes
making them more susceptible to hydrolysis. Interestingly,
when DMPC liposomes were first treated with acidic PLA2 and

Figure 2: EPR spectra of spin labeled melittin in Tris-HCl buffers
withpH values of 7.0 (A, B and C) and 9.0 (D). Melittin (10-5
M), labeled with 4-(2-iodoacetamido)-TEMPO, was incubated
with either acidic or basic PLA2 (4 × 10-5 M) for 5 min at room
temperature, then the EPR spectra were recorded. Sample (A)
is spin labeled melittin alone, whereas sample (B) is spin labeled
melittin with acidic PLA2 added, and samples (C) and (D) have spin
labeled melittin with basic PLA2 added. The pI values of melittin,
acidic PLA2 and basic PLA2 are 12.0, 4.9 and 7.8 respectively.
Xu et al. Ann Toxicol 2020, 2(1):26-35

Melittin makes a complex with acidic PLA2 at pH
7, but not with basic PLA2
A recent report by Pucca, at al. [22] suggests a mechanism for synergism in cytotoxic actions of PLA2 and melittin in
which PLA2 and melittin associate in solution into a complex
with increased toxicity. To test whether melittin associates
with the acidic or the basic PLA2s in solution we examined
the EPR spectra of spin-labeled melittin in buffers of various
pHs in the absence or presence of acidic and basic PLA2s. The
EPR spectrum of spin-labeled melittin (Figure 2A) appeared
as a broader hyperfine splitting with different intensities of
resonance peaks than would be expected for a molecule as
small as melittin. However, the broadening of the hyperfine
splitting with different intensities of resonance peaks results
from restricted and axis-symmetrical mobility which aligns
well with asymmetrical mobility of melittin that tends to rotate along its long molecular axis. Plus, melittin is known to
form dimers and tetramers in solution which may also contribute to the broadening of hyperfine splitting. In addition,
dipolar-induced relaxation resulting from the interaction of
spin-labels in dimers/tetramers of melittin may contribute to
the ERP resonance broadening. The shape of EPR spectrum
of spin-labeled melittin in buffer was not affected by changes
in pH from 4.0 to 12.5 (data not shown), which may suggest
that dimer/tetramerization of melittin in solution is due to hydrophobic forces of attraction, but not forces of electrostatic
attraction.
Addition of the acidic PLA2 (pI 4.9) to spin-labeled melittin
in buffer at pH 7.0 resulted in a noticeable broadening of the
EPR signal (Figure 2B) that most likely comes from association of melittin and the acidic PLA2 molecules, which further
restricts the axis-symmetrical mobility of the spin label. Addition of acidic PLA2 to spin-labeled melittin in buffer at pH 4.0
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Figure 3: Pymol diagram (A) shows the interaction of melittin with the polar head of PC represented in lines for melittin and in sticks
for PC polar head at the best binding site 1 with the lowest affinity energy (-3.50 kcal/mol) determined by AutoDock simulation. The
intermolecular bonds between polar head groups of PC and R22 of melittin are shown in yellow broken lines in diagram (A) which are also
listed in Table 2. Orientation of melittin in space given in diagram (A) does not suggest the melittin binding orientation to PC membrane
surface and was only chosen for better visualization of intermolecular bonds. Pymol diagram (B) shows melittin in cartoon and lines
representations. Amino acid residues T10, S18, R22, G25 and G26 are shown in spheres representation. These amino acid residues
are involved in binding to PC polar head groups at the top nine binding sites via ionic, ion-polar and hydrogen bonds as suggested by
Autodock simulation. The type of bonds and affinity energies for each of the nine binding sites are given in Table 2.

had no effect on the EPR spectrum of spin-labeled melittin
(data not shown). This observation strongly suggests that the
association of melittin with the acidic PLA2 was electrostatic
in nature.
Addition of the basic PLA2 (pI 7.8) to spin-labeled melittin in buffer at pH 7.0 had no affect on the shape of the EPR
signal of the spin-labeled melittin (Figure 2C) suggesting that
melittin and the basic PLA2 do not associate at pH 7.0. However, when the basic PLA2 was added to spin-labeled melittin
in buffer at pH 9.0, the EPR signal of the spin-labeled melittin noticeably broadened (Figure 2D) suggesting that melittin
and the basic PLA2 associate electrostatically in a buffer at pH
higher than pI value of the basic PLA2.

AutoDock modeling identified ionic and polar intermolecular bonds between melittin and polar
head groups of phosphatidylcholine
Molecular details of the interaction of amphipathic and
cationic melittin with cell membranes, the outer leaflet of
which is made of zwitterionic phosphatidylcholine (PC) with
basic choline moiety exposed on the outer surface, are
poorly understood. To identify the amino acid residues on
the molecular surface of melittin, involved in binding to polar headgroups of the PC during melittin interaction with PC
Xu et al. Ann Toxicol 2020, 2(1):26-35

membrane, we employed AutoDock Vina software, a powerful program used for docking of macromolecules. In this
study, we used only polar head of PC without hydrophobic
alkyl chains since alkyl chains are not likely to interact with
charged and polar amino acid residues of a membrane-active
protein in the polar region of membrane [35]. We analyzed
intermolecular bond types between charged and polar amino
acid residues of melittin and PC polar headgroups in the nine
top binding sites on the molecular surface of melittin with
the best binding affinity energies (Table 2). For example, the
binding site 1 includes one ionic, one ion-polar, and two hydrogen bonds between PO4–, COδ–C, C=Oδ– polar headgroups
of PC and (C=N+H2) charged and (C–NH2δ+) polar groups of
amino acid residue R22 of melittin (Table 2). Figure 3A shows
in yellow broken lines these four intermolecular bonds between polar head groups of PC and amino acid residue R22
of melittin. The affinity energies varied between top nine
binding sites on molecular surface of melittin from -3.50 kcal/
mol to -3.20 kcal/mol (Table 2). Overall, only five amino acid
residues of melittin, T10, S18, R22, G25 and G26, are involved
in intermolecular ionic, ion-polar and hydrogen bonding with
polar headgroups of PC (Table 2). All of these five amino acid
residues are located on only one side of melittin along its long
molecular axis (Figure 3B) suggesting parallel (horizontal) orientation of long melittin axis on the membrane surface with
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all five residues of melittin, T10, S18, R22, G25 and G26, facing the membrane surface.

Discussion
Melittin, a bee venom membrane-active protein,has been
studied extensively [1,3-5] and has a high pharmacological
potential for the treatment of various diseases [22]. Melittin
binds to membranes composed of PC, but with a higher avidity to membranes enriched with acidic phospholipids [36].
This substrate avidity binding difference explains the higher toxicity that melittin has to cancer cells whose outer cell
membranes leaflets are abundant in acidic phosphatidylserine compared to healthy cells which instead contain zwitterionic PC on their outer cell membranes leaflets [36-38]. Our
unpublished preliminary studies support this observation:
melittin at concentrations of less than 10–5 M exhibits little
cytotoxicity to normal human lymphocytes, but at the same
concentrations melittin is highly cytotoxic to Jurkat cells, a cell
line derived from an acute human T cell leukemia.
Melittin enhances the esterase activity of PLA2 in cancer
cells by segregating acidic lipids [36] thereby exposing areas
of pure PC and making them more susceptible to attack by

PLA2 [37]. Melittin also modulates the esterase activity of
endogenous PLA2 in non-cancerous cells, whose outer membrane leaflets are composed of zwitterionic PC [24,37,38].
Melittin thus enhances or mitigates pathophysiological reactions in non-cancerous cells dependent on the levels of hydrolysis of lipid by endogenous PLA2. Melittin is thus a potent
anti-cancer agent, but also has promise as a pharmaceutical
agent for treating diseases of a non-cancerous nature [24,29]. Understanding the mechanisms by which melittin regulates PLA2 activity and the associated physiological reactions
is of paramount importance [22].
Two modes of enhancement of PLA2 activity by melittin
have been proposed. In one, melittin and PLA2 form a complex whose toxicity is increased to a higher level than the
sum of toxicities of each. In the second mode, melittin and
PLA2 interact with the same target (membrane phospholipids)
resulting in a synergistic enhancement of toxicities of both
proteins [39]. In this study we show, by using spin-labeled
melittin, that bee venom melittin associates with both acidic
and basic PLA2s in buffers at pH values in which both enzymes
are negatively charged. This observation strongly implies that
melittin associates with PLA2 via electrostatic forces. This also

Table 2: Summary of the charged and polar groups of amino acid residues in the melittin binding sites that interact with polar head groups of
truncated PC. Hypothetical binding sites in melittin that bind to the charged and polar groups of PC polar head were determined by AutoDock
modeling. Designation of N+(CH3)3, PO4−, COδ−C and C=Oδ− in PC polar head is shown in Figure 3A.
Binding site # and

PC polar head

Melittin a. a. residues’

affinity energy values

groups

charged & polargroups

Binding site 1

PO4–

R22 (C=N+H2)

Affinity: -3.50 kcal/mol

Affinity: -3.50 kcal/mol

R22 (C–NH2 )

ion-polar

C=Oδ−
PO4–

δ+

R22 (C–NH2δ+)

hydrogen

R22 (C–NH2δ+)

hydrogen

R22 (C=N+H2)

ionic

PO4

S18 (C–OH )

ion-polar
hydrogen

COδ−C

R22 (C=N+H2)

S18 (C–OHδ+)

hydrogen

C=O

δ−

δ+

R22 (C–NH2 )

hydrogen

C=O

δ−

T10 (C–OH )

hydrogen

Q25 (C–NH2δ+)

ion-polar

Q26 (C–NH2 )

hydrogen

–

COδ−C

Binding site 3

ionic

PO4

–

COδ−C
Binding site 2

Bond type

δ+

δ+

Affinity: -3.40 kcal/mol
Binding site 4
Affinity: -3.30 kcal/mol

PO4–

COδ−C

C=O
Binding site 5
Affinity: -3.30 kcal/mol
Binding site 6

δ−

Q25 (C–NH2δ+)
δ+

hydrogen

R22 (C=N H2)

ionic

PO4–

R22 (C–NH2δ+)

ion-polar

C=O

T10 (C–OH )

hydrogen

R22 (C–NH2δ+)

ion-polar

δ−

R22 (C=N H2)

ion-polar

CO C

T10 (C–OH )

hydrogen

C=Oδ−

R22 (C–NH2δ+)

hydrogen

PO4

–

δ−

+

δ+

Affinity: -3.20 kcal/mol
Binding site 7
Affinity: -3.20 kcal/mol

PO4–

COδ−C

C=O
Binding site 8

δ−

R22 (C=N+H2)
+

δ+

ion-polar

Affinity: -3.20 kcal/mol
Binding site 9
Affinity: -3.20 kcal/mol
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suggests that in vivo melittin will associate with only an acidic
PLA2 but not with a basic PLA2.
In contrast to snake venom cytotoxins, which are amphipathic cationic membrane-active proteins that do not bind
to pure PC membranes, melittin has a high affinity for the
headgroups of PC [24]. By employing differential scanning microcalorimetry assay we showed that melittin binds to DMPC
liposomes to disturb molecular packing of lipids. DMPC liposomes pretreated with melittin were more conducive to lipid
hydrolysis and further membrane perturbation by acidic PLA2
than DMPC liposomes treated with acidic PLA2 alone. At the
same time, when DMPC liposomes were post-treated with
melittin, the level of lipid hydrolysis and membrane perturbation was reduced in comparison to that in DMPC liposomes
pretreated with melittin. From the estimated amount of fatty
acid released by acidic PLA2 (Table 2), a little over 3% of DMPC
was hydrolyzed that makes the molar ratio of unhydrolyzed
DMPC per melittin about 96 per 1 at a time melittin was added
to DMPC liposomes pretreated with acidic PLA2. This means
that apart from the acidic PLA2 on the membrane surface to
which melittin binds electrostatically, there is still plenty of
unhydrolyzed DMPC on the membrane surface for melittin
to bind to. Melittin binding to DMPC makes the membrane
surface more conducive to lipid hydrolysis by the acidic PLA2.
This suggests that the acidic PLA2 in liposomes post-treated
with melittin should’ve produced the same amount of fatty
acid that was produced in DMPC liposomes pretreated with
melittin. However, that wasn’t the case in our study (Table 2),
which implies that binding of melittin to acidic PLA2 on membrane surface inhibits esterase activity of acidic PLA2. Thus,
two parallel processes, one making membrane surface more
conducive for lipid hydrolysis and another inhibiting lipid hydrolysis, produce in overall less amount of free fatty acid than
it was produced in DMPC membranes pretreated with melittin. It appears that melittin that first binds to DMPC cannot
then bind to acidic PLA2 to inhibit lipid hydrolysis. Overall, the
above data suggests that it is the disturbance of DMPC packing on membrane surface caused by melittin binding to DMPC
facilitates esterase activity of acidic PLA2, but not the direct
interaction (association) of melittin with the acidic PLA2.
Both pretreatment and post-treatment by melittin of
DMPC liposomes treated with the basic PLA2 reduced esterase activity of basic PLA2 and the rate of the subsequent
membrane perturbation in comparison to that in DMPC liposomes treated with the basic PLA2 alone. This reduction is
likely caused by electrostatic repulsion between two cationic
proteins, which we have observed in our EPR study in this report. Electrostatic repulsion shields membrane surface area
when two cationic proteins compete for the binding on the
outer leaflet of DMPC liposomes.
The X-ray analysis of melittin crystals revealed that melittin has a 3D structure of alpha-helical rod that bends at
amino acid residue P14 making the 120° angle [33]. As any
membrane-active protein, melittin exhibits segregation of
the hydrophobic and hydrophilic amino acid residues on molecular surface. The side chains of hydrophobic residues are
oriented toward the inside of the bend of the helix, while the
side chains of charged and polar residues are oriented toward
Xu et al. Ann Toxicol 2020, 2(1):26-35

the outside of the bend [33]. Our AutoDock runs in this study
identified five hydrophilic (charged and polar) residues, the
side chains of which are oriented toward the outside of the
bend of the helix (Figure 3B) suggesting that the outside of
the bend of the helix is a molecular site by which melittin
binds to PC membrane surface. According to our AutoDock
study, R22 with its charged C=N+H2 and polar C–NH2δ+ groups
appears to be a key residue driving melittin binding to PC
membrane (Table 2). Acidic phosphate group (PO4–) seems
to be a key charged moiety of PC polar head that attracts
melittin to PC membrane (Table 2). Melittin embeds into polar area of PC membrane with the helical axis parallel to the
bilayer plane [33]. Melittin then twists along its long axis to
orient hydrophobic side chains inside the bend of the helix
toward nonpolar area of alkyl chains in PC membrane. Melittin does not extend to the center of the bilayer and stays in
the interface between lipid polar head region and nonpolar
area of alkyl chains [33,34]. This location and molecular orientation of melittin inside the lipid bilayer agrees well with
circular dichroism and NMR studies with the micelle-bound
melittin [40].
One-sided binding of melittin at outer monolayer of PC
membrane increases the surface area of outer monolayer
over the inner monolayer. A mathematical model calculating
changes in membrane shape caused by asymmetric enlargement of monolayer surfaces in the bilayer predicted formation of convexities on the outer surface of membrane [41]. It
is plausible that these convexities exposing phospholipids toward solution facilitate esterase activity of PLA2. An increase
in one-sided binding of melittin at the outer membrane surface further increases an asymmetrical interfacial area tension. This tension is released by formation of transient pores
with melittin helices oriented parallel to the membrane plane
[34]. At a lipid to melittin molar ratio exceeding 100 to 1,
melittin helices start changing molecular orientation in membrane from parallel to perpendicular to promote formation
of stable pores [34]. These changes in membrane structure
caused by one-sided binding of melittin at the outer leaflet of
membrane may provide multiple opportunities in a structure
of lipid substrate interface more conducive to the increased
esterase activity of PLA2.
Overall, the results of this study show for the first time by
the direct monitoring the order of PC membrane packing and
PLA2 esterase activity that melittin significantly increases the
acidic PLA2 esterase activity via melittin-induced disturbance
of PC membrane parking. We also show for the first time
that melittin associates electrostatically with the acidic PLA2
in solution (pH 7) and possibly binds to acidic PLA2 bound to
membrane. Our data in this study suggest that direct interaction of melittin with the acidic PLA2 taking place in solution or
on membrane surface inhibits esterase activity of enzyme by
an unknown mechanism. We have also showed that melittin
does not associate with the basic PLA2 in solution (pH 7) and
not likely binds to basic PLA2 bound to membrane. Our results
in this study suggest that melittin inhibits esterase activity
of basic PLA2 as two cationic proteins repel each other and
compete for binding to the PC membrane surface. Overall,
the results of this study strongly suggest that the melittin-trigOpen Access | Page 33 |
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gered structural changes in a lipid substrate interface, but not
a direct interaction of melittin with PLA2, promote synergism
in membrane-disintegrating activities of PLA2 and melittin.
Finally, the findings of this study warrant further investigation employing site-directed mutagenesis of PC polar head
binding sites on melittin surface to corroborate our AutoDock
data. In addition, further biophysical studies are needed to
elucidate modes of melittin and PLA2 association in solution
and on membrane surface to further understand molecular
details in mechanism of PLA2 activity modulation by melittin.

Conclusions
The results of this study strongly suggest for the first time
that the melittin association with PLA2 enzymes in solution is
driven by the forces of electrostatic attraction but not by the
hydrophobic forces of attraction. We also suggest for the first
time that the melittin binding to the PC membrane surface is
presumably propelled by the five amino acid residues, T10,
S18, R22, Q25 and Q26, through ionic, ion-polar and hydrogen bonds with the polar headgroups of PC. The C=N+H2 and
C–NH2δ+ groups in amino acid residue R22 of melittin and the
phosphate group in PC polar head are presumed the key players supporting attraction and binding of melittin to PC membrane. One-side binding of melittin on the outer monolayer of
PC membrane not only disintegrates the tight packing of PC
polar heads on membrane surface but also creates asymmetrical interfacial tension within a bilayer that promotes transition of lamellar structure to non-lamellar structure including
membrane pores. Proposed by us melittin-triggered changes
on the PC membrane surface, which are supported by experimental and computer simulation data in this study, make lipid
substrate interface more conducive to the esterase activity
of PLA2 which is the crucial finding explaining the mechanism
of melittin modulation of PLA2 activity on membrane surface.
The key amino acid residues identified in this study to promote melittin binding to PC membrane may help with engineering melittin-based anti-cancer drugs and/or antibiotics.
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