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Abstract—The regulation of the activity and selectivity of phospholipase A2 (PLA2), which is capable of
cleaving fatty acid in the second position (sn-2) of the phospholipid, is carried out through the membrane-
binding and catalytic sites of the enzyme. For hydrolytic activity, PLA2 must first bind to the phospholipid
membrane, and the binding efficiency depends on the composition of the membrane. The membrane-bind-
ing site of PLA2 is formed by several tens of amino acids and its composition differs from enzyme to enzyme;
hydrophobic and positively charged amino acids play a key role in the interaction. In this work, we investi-
gated the interaction of PLA2 from bee venom with phospholipid bilayers of palmitoyl oleoylphosphatidyl-
choline (POPC) containing different amounts of palmitoyloleoylphosphatidylglycerol (POPG). On the basis
of the measurements of the protein intrinsic f luorescence and the anisotropy of the f luorescence of the lipid
probe we propose the construction of lipid–protein interaction maps, which reflect both the efficiency of
protein binding and changes in the structure of the membrane. These changes cause alterations in the f luo-
rescence anisotropy of the label, which in turn is a measure of the mobility of the lipid environment of the
fluorescent probe. Analysis of interaction maps showed that there is a relationship between lipid mobility and
enzyme binding efficiency: the optimum interaction of PLA2 with membranes from a POPC/POPG mixture
lies in the region of the highest lipid mobility, and not in the region of the highest negative charge. This
dependence complements the existing understanding of the process of recognition of the membrane surface
by the enzyme and the selection of lipids by the enzyme already bound to the membrane. The proposed map-
ping method can be extended to other membrane-active proteins.
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INTRODUCTION
Secretory phospholipase A2 (sPLA2) is an inter-

face protein capable of hydrolyzing lipids on the sur-
face of a biological membrane and selectively cleaving
fatty acid in the second position (sn-2) of a phospho-
lipid. The protein region in contact with the mem-
brane surface is usually called interfacial binding site,
IBS. It is responsible for keeping the enzyme on the
membrane surface. The catalytic site of sPLA2 is
directly responsible for the hydrolysis of an individual
substrate molecule. The structure of the catalytic site
is highly conserved, and for various representatives of
sPLA2 it has been sufficiently well studied (the key
role is played by His and Asp residues in the catalytic
pocket) [1]. IBS is formed by several tens of amino
acids, and its structure varies from enzyme to enzyme
[2]. For a representative set of human and mouse

sPLA2 (a total of 16 different sPLA2) [3], it was shown
that the hydrolysis of single-component liposomes from
phosphatidylcholine, phosphatidylserine, or phosphati-
dylglycerol proceeds with different efficiency. In the case
of liposomes made of phosphatidylcholine, the develop-
ment of the reaction (the appearance of the product)
occurred with a lag phase for some sPLA2, while nega-
tively charged lipids were hydrolyzed without delay by all
sPLA2. In general, the rate of liposome hydrolysis from
phosphatidylglycerol was the highest. At the same time,
for multicomponent liposomes from a mixture of phos-
phatidic acid, phosphatidylcholine, phosphatidyletha-
nolamine, phosphatidylmethanol, phosphatidylserine
and phosphatidylinositol in an equimolar ratio, lyso-
phosphatidylcholine was found in a greater amount than
other lysolipids, i.e., in a mixture of lipids, it is phospha-
tidylcholine that is preferentially hydrolyzed [3].

Thus, the activity and selectivity of sPLA2 is deter-
mined by the joint operation of IBS and the catalytic
site. A wide range of techniques has been developed to
detect the final hydrolytic activity of sPLA2 [4, 5], but
for a more detailed study of the functioning of inter-

Abbreviations: sPLA2, secretory phospholipase A2; bvPLA2,
phospholipase A2 from Apis mellifera bee venom; IBS, interfa-
cial binding site; POPC, palmitoyloleoylphosphatidylcholine;
POPG, palmitoyloleoylphosphatidylglycerol; TMB-PC, 1,3,5,7-
tetramethyl-BODIPY-labeled phosphatidylcholine.
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face proteins a complex set of experimental
approaches is employed [6]. The moment of recogni-
tion of the membrane surface by the enzyme and the
process of lipid selection by the enzyme already bound
to the membrane remain unclear.

To comprehend the selectivity of sPLA2, mecha-
nisms of interaction of the enzyme with the membrane
are investigated. For example, molecular dynamics
was used to study the interaction of human synovial
sPLA2 with membranes of various compositions [7],
and it was shown that about half of the amino acids of
the enzyme contact the membrane surface, providing
partial immersion of the protein into the membrane.
With the help of molecular dynamics in combination
with mass spectrometry, it was shown that the lipid
membrane works as an allosteric activator for sPLA2
[8]; binding to the membrane leads to conformational
changes and activates the enzyme [9]. Using a combi-
nation of confocal microscopy and IR spectrometry, it
was shown that calcium ions can be involved in the
binding of sPLA2 to the membrane surface [10]; cal-
cium ions can orient protein molecules on the mem-
brane surface and activate the enzyme. Moreover, f lu-
orescence microscopy and atomic force microscopy
studies revealed that changes in the membrane struc-
ture caused by sPLA2 lead to an increase in the
amount of adsorbed protein, that is, to the formation
of new lipid binding sites for sPLA2 [11]. The reaction
of the lipid bilayer to enzyme binding was also studied.
For example, heterodimeric PLA2 from the venom of
Nikolsky’s viper induces aggregation of the lipid
bilayer and the formation of multilayer lipid particles
[12]. Embedding into the membrane of PLA2 from the
bee venom causes the formation of depressions on the
membrane surface leading to the appearance of a
hydrophobic mismatch between the bilayer regions in
the contact zone and beyond, which results in the dis-
placement of phospholipid heads from the area of
  contact with the protein (formation of a hydrophobic
spot) and thinning of the bilayer [13].

In this work, using f luorescence spectroscopy, we
analyze the affinity of sPLA2 from bee venom for
phospholipid bilayers consisting of neutral POPC and
negatively charged POPG in various ratios. The com-
bination of measurements of the intrinsic f luorescence
of the protein and the anisotropy of the f luorescence
of the lipid probe, as well as construction of interac-
tion maps for data analysis, provides new information
about the interaction of the enzyme with the mem-
brane.

MATERIALS AND METHODS
To prepare liposomes, palmitoyloleoylphosphati-

dylcholine (POPC) and palmitoyloleoylphosphatidyl-
glycerol (POPG) (Avanti Polar Lipids, USA) were
used; 1,3,5,7-tetramethyl-BODIPY-labeled phospha-
tidylcholine (TMB-PC) was synthesized earlier [14].
Phospholipase A2 from the venom of Apis mellifera
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
(bvPLA2), 1.0 mM, purchased from Sigma–Aldrich,
was dissolved in 0.1 M Tris-HCl, 0.1 M NaCl (pH 8.5);
the enzyme concentration was evaluated by optical
density at 280 nm using a Nano Drop spectrophotom-
eter OneC (Thermo Fisher).

Liposomes were obtained by lipid film hydration
and extrusion. Aliquots of phospholipids and a f luo-
rescent probe were evaporated from the chloroform–
methanol mixture (2 : 1) and dried at 7 Pa for at least
40 min. The lipid film was hydrated for 2 h at room
temperature in 0.1 M Tris-HCl buffer containing
0.1 M NaCl, pH 8.5, and 6–10 freeze/thaw cycles
(liquid nitrogen/40°C) were performed. Then the sus-
pension was passed 10 times through two polycarbonate
membrane filters with a pore size of 100 nm (Nucleop-
ore, USA) on an Avanti mini-extruder. This method of
liposome preparation allows one to obtain mainly
monolamellar liposomes with a narrow size distribu-
tion [15, 16]. POPC-based liposomes containing 0,
10, 15, 20, 25, or 30 mol % POPG with the addition of
0.025 mol %. TMB-PC were obtained. When the ratio
of probe molecules to lipids is 1/4000, no energy
transfer is observed between neighboring TMB fluo-
rophores, and the f luorescence anisotropy depends
only on the f luorophore mobility (see also [17, 18]).

Protein f luorescence spectra and fluorescence
anisotropy of TMB-PC were recorded on an F-4000
spectrometer (Hitachi, Japan) at λex = 280 nm, λem =
340 nm and λex = 480 nm, λem = 510 nm, respectively.
The measurements were carried out in a 0.5 × 0.5 cm
quartz cuvette with constant stirring and thermostat-
ing (25°C).

Fluorescence anisotropy was calculated using the
formula:

where I is the intensity of the f luorescence signal at
different orientations of the polarizers. The orienta-
tion of the polarizers is indicated by subscripts V (ver-
tical) and H (horizontal). The orientation of the polar-
izer first is given on the excitation side and then, on the
emission side. VH, the polarizer on the excitation side is
oriented vertically and the polarizer on the emission side
is oriented horizontally; VV, both polarizers are oriented
vertically. Factor G is defined as IHV/IHH. HV, the polar-
izer on the excitation side is oriented horizontally and the
polarizer on the emission side is oriented vertically; HH,
both polarizers are oriented horizontally.

To construct binding isotherms, f luorescence
spectra of bvPLA2 (1.2 μM) were recorded at varying
lipid concentration in the system. The enzymatic
activity of bvPLA2 was blocked by the addition of
5 mM EDTA (for the removal of the required cofactor
Ca2+ from the system). Aliquots of the liposomes sus-
pension were added with constant stirring (final lipid
concentrations 20, 38, 78, 150, 280, 460, or 800 μM)
and thermostating (25°C). The background signal due

( ) ( )2 ,VV VH VV VHR I GI I GI= − +
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to light scattering by liposomes was subtracted from
the protein emission spectra.

The maps of interactions of bvPLA2 with
POPC/POPG membranes were constructed using the
Scilab program. First, a three-dimensional graph was
plotted, where X is the protein/lipid ratio, Y is the ratio
of lipids in the mixture (lipid composition of the mem-
brane), and Z is (F0 – F)/F0, where F0 is the f luores-
cence intensity of the protein before the addition of
lipids to the system and F, the f luorescence intensity of
the protein after the addition of lipids.

Then the three-dimensional graph was trans-
formed into a set of isolines (curves on a plane at Z =
const, set by the intersection of these planes with a
three-dimensional experimental figure). A map of
membrane changes was obtained in a similar way, but
  values of the membrane probe f luorescence anisot-
ropy, R, were used for the Z axis.

RESULTS AND DISCUSSION
Binding of sPLA2 on the Membrane Surface

The binding of bvPLA2 to liposome membranes
was characterized by the intrinsic f luorescence of the
enzyme with blocked enzymatic activity (due to the
removal by EDTA of the necessary cofactor, Ca2+,
from the system). sPLA2 from bee venom contains
two tryptophan residues that change the quantum
yield when the polarity of the environment changes
(binding to the membrane). When a protein solution is
titrated with a liposome emulsion, the intensity of the
intrinsic f luorescence of the protein changes (Fig. 1a);
these changes can be represented in a relative form:

where F0 is the intensity of protein f luorescence before
adding lipids to the system, F is the intensity of protein
fluorescence after the addition of lipids.

The dependence of (F0 – F)/F0 changes on the lipid
concentration can be used as binding isotherms to
determine the affinity of sPLA2 to a certain lipid com-
position of the membrane (Fig. 1b). In this work, a set
of bvPLA2 binding isotherms for a series of lipid mix-
tures from POPC/POPG was transformed into a map
(Fig. 1c), where the ordinate is the protein/lipid ratio
and the abscissa is the ratio of lipids in the mixture
(membrane composition). The value (F0 – F)/F0 is
shown on the map as contour lines.

Registration of Changes in the Membrane
Monitoring the change in the state of the mem-

brane is carried out using f luorescent lipid probes (by
fluorescence anisotropy). In this case, TMB-PC
(BODIPY-labeled phosphatidylcholine) is used [18],
but other membrane probes can also be used. For
example, for laurdan and prodan, it may be more con-
venient to record changes in the emission spectrum

( )0 0,F F F−
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
[19]. Fluorescence anisotropy is a measure of the
mobility of a f luorophore: the lower is the f luores-
cence anisotropy, the more mobile the probe becomes
(the rotational and translational diffusion of the probe
increases). In membranes, the f luorescence anisot-
ropy of the label depends on the packing density of lipids
and their mobility. The maximum value of TMB anisot-
ropy (in propylene glycol solution at –70°C) is 0.39,
which corresponds to a completely inhibited probe
[18]. Changes in the anisotropy of TMB-PC fluores-
cence in the lipid membrane ranges from 0.18 (gel phase)
to 0.10 (liquid crystal phase) [18]. Thus, changes of
anisotropy values by one hundredths reflect signifi-
cant changes in the membrane lipid mobility.

On the map of membrane changes, the ordinate is
the protein/lipid ratio, the abscissa is the lipid content
in the mixture, and the values of f luorescence anisot-
ropy are shown on the map as isolines (Fig. 1d). On
the map of membrane changes (Fig. 1d), two minima
of anisotropy were observed: at 10 and 15% POPG at
protein/lipid ratios of 8 and 3, respectively (high-
lighted in color). The minimum value of f luorescence
anisotropy corresponds to the maximum mobility of
the f luorescent probe, which is determined by the
packing density of lipids around the label in the mem-
brane.

Protein Binding Versus Membrane Changes Maps

On the protein binding map (Fig. 1c), the maxi-
mum binding was observed, which is a ridge starting at
the point (x; y = 8.5; 10, the area is marked with a
color). At this point, saturation of the membrane with
protein is achieved. A further increase in the protein/lipid
ratio does not change the value of (F0 – F)/F0.

It is important that the beginning of the ridge on
the map of protein binding (Fig. 1c) and the minimum
on the map of membrane changes (Fig. 1d) coincide:
the maximum protein binding corresponds to the
maximum lipid mobility (minimum anisotropy). In
this case, this condition is satisfied for liposomes con-
taining 10% POPG. This coincidence has a rational
explanation: to accomplish it’s hydrolytic activity,
sPLA2 has to integrate into the membrane; for this,
the protein pushes the polar lipid heads apart [13].
Accordingly, if the diffusion of lipids is limited, this is
more difficult to do than in the conditions of free dif-
fusion of lipids. In other words, the rate of lipid diffusion
affects the binding constant of the protein with the mem-
brane, and thus changes the stationary distribution of
protein between solution and the membrane surface,
which, in turn, determines the value of (F0 – F)/F0. This
example shows that not only in different phases, but
also within the same phase, lipid mobility can affect
the enzyme, which ultimately can determine the rate
of lipid hydrolysis.

The revealed relationship between lipid mobility
and enzyme binding efficiency may be a key to under-
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 4  2021
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Fig. 1. Evaluation of the specificity of the interaction of sPLA2 with phospholipid membranes from POPC/POPG using the con-
struction of interaction maps. (a) An example of a change in the intrinsic f luorescence of a protein during titration with liposome
emulsion (1.2 μM bvPLA2, λex = 280 nm, λem = 290–450 nm); arrow shows the direction of changes with an increase in the con-
centration of liposomes in the system. (b) Isotherm of sPLA2 binding (λex = 280 nm, λem = 340 nm, solid line) and fluorescence
anisotropy of the TMB-PC membrane probe (λex = 480 nm, λem = 510 nm, dashed line). Similar curves were obtained for dif-
ferent liposome compositions; as an example, the binding isotherm of liposomes from POPC is shown. (c) Protein binding map.
(d) Map of membrane changes. The regions with extremum values are marked with color.
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standing the substrate specificity of sPLA2 with
respect to membranes of different compositions.

CONCLUSIONS

In this work, we proposed a new method for studying
the binding of sPLA2 to the lipid bilayer. The method
consists in constructing a map of protein binding and a
map of membrane changes. The protein binding map is
based on the isotherms of protein binding on lipid mem-
branes of various compositions. The map of membrane
changes is based on tracking changes in the anisotropy of
the lipid probe fluorescence during protein sorption on
the membrane for different lipid/protein ratios. Compar-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
ison of the maps revealed a relationship between lipid
mobility and enzyme binding efficiency. This may be a
key to understanding the substrate specificity of sPLA2
with respect to membranes of different compositions.
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