
ISSN 1990-7478, Biochemistry (Moscow), Supplement Series A: Membrane and Cell Biology, 2020, Vol. 14, No. 4, pp. 267–278. © Pleiades Publishing, Ltd., 2020.
Russian Text © The Author(s), 2020, published in Biologicheskie Membrany, 2020, Vol. 37, No. 5, pp. 323–336.

REVIEWS
Phospholipase A2. Methods for Activity Monitoring
A. S. Alekseevaa and I. A. Boldyreva, *

aShemyakin–Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, 117997 Russia
*e-mail: ivan@lipids.ibch.ru

Received May 7, 2020; revised May 13, 2020; accepted May 14, 2020

Abstract—Phospholipases A2 (PLA2) are hydrolytic proteins, which cleave fatty acid off the second position
(sn-2) of the phospholipid. An increased activity of PLA2 correlates with the course of many different inflam-
matory processes in the body. For the purpose of diagnosing and predicting pathological processes, systems
for detecting the PLA2 activity are being developed. The key component of all test systems is a substrate of
lipid or non-lipid nature, the breakdown of which by the enzyme leads to the appearance of analytical signal.
Lipids as such do not absorb light in the visible region and do not f luoresce. Therefore, to determine the activ-
ity of PLA2, substrates with various labels are developed. Test systems for determination of the PLA2 activity
can be divided into three groups, depending on the stage of the enzyme action a signal is formed at: (1) sys-
tems based on the detection of hydrolysis products; (2) systems based on the cleavage of f luorescently labeled
substrates, and (3) systems based on the detection of membrane disintegration. Each of these groups has its
own requirements for the structure of the substrate. This review is focused on the structure of PLA2 substrates
used in systems to determine the enzyme activity; the proposed classification allows one to identify the
strengths and weaknesses of existing detection systems and will be relevant when designing new test systems.
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INTRODUCTION

Phospholipases A2 (PLA2) is a large superfamily of
proteins with a hydrolytic activity against phospholip-
ids, which can selectively cleave fatty acid at the sec-
ond position (sn-2) of phospholipid. As of today, six
PLA2 families are typically distinguished: secreted,
cytosolic, Ca2+-independent, platelet-activating fac-
tor acetylhydrolases (including lipoprotein-associated
PLA2), lysosomal PLA2s, and PLA2 in adipose tissue.
The family of secreted PLA2s is the most numerous
and includes ten groups comprising several subgroups.
Secreted (extracellular) PLA2s are found in all mam-
malian tissues and contained in the venom of snakes
and insects. Due to their catalytic activity, PLA2 can
release fatty acids (e.g., arachidonic acid) for cyclooxi-
genases, lipoxygenases, and cytochrome P450
enzymes, which in turn produce different inflamma-
tory mediators including leukotrienes, thromboxanes,
and prostaglandins. The most comprehensive descrip-
tion of structural peculiarities, mechanisms of action,
localization, and importance for organisms of each
type of PLA2 can be found in the reviews [1, 2].

Endogenous PLA2 is of interest for researchers due
to the broad range of pathologies involving this
enzyme (see reviews [2–5]). Elucidation of the role of
PLA2 will enable the development of agents that
would have an effect on inflammatory processes in
organisms and theoretically control them [6].

The interest in the study of exogenous PLA2s (e.g.,
from snake venom) is associated with the possibility of
finding novel therapeutic agents, similarly to other
components of snake venoms [7]. An important fea-
ture of PLA2 is the presence of two binding sites in this
enzyme: a site recognizing the lipid membrane and
another one, responsible for the binding and hydroly-
sis of a particular lipid molecule (catalytic site) [8].
The structure of the catalytic site is highly conservative
and has been rather well studied in different represen-
tatives of PLA2s (e.g., for all secreted PLA2, there are
the His and Asp residues in the catalytic pocket) [1].
The membrane binding site, on the contrary, is
formed by several dozens of amino acids and varies
from one enzyme to another [9]. The enzyme activity
and selectivity are determined by the function of both
sites. PLA2s are the typical representatives of interfa-
cial proteins (i.e., acting on the surface but not in solu-
tion), which determines the complex kinetics of the
enzymatic process [10].

Like any other protein, PLA2 can be detected using
antibodies. IFA techniques have been developed for
appreciable set of secreted human [11] and cytosolic
PLA2s [12]. The major drawback of IFA techniques
for PLA2 is that the presence of the enzyme per se is
not yet an indicator of a pathology development—it is
important that the enzyme displays its activity (see,
e.g., the comparative studies of PLA2 detection with
antibodies and assessment of its enzymatic activity
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[13, 14]). Biological f luids contain a number of PLA2-
binding proteins, which are able to block the mem-
brane binding site and/or cause steric hindrance for
lipid substrate binding [15].

The test systems for detecting PLA2 activity have
been being developed since the 1970s. However, only
recently the first test system has been introduced into
clinical practice in the United States to determine the
activity of lipoprotein-associated PLA2; it allows pre-
diction of the course of ischemic heart disease [16].
The time it took to move from understanding of the
role of PLA2 in the development of ischemic heart
disease to the introduction of a test system to clinical
practice demonstrates how difficult it was to construct
such a test system. The test systems for detecting the
activities of other PLA2 types suitable for clinical appli-
cations have not yet been developed. However, there are
several commercially available test systems for laboratory
detection of the activity of secreted PLA2s. A separate
trend of research is the development of synthetic low-
molecular inhibitors of PLA2 [1, 17]; their efficiency is
also assessed by the test systems.

All test systems for detecting PLA2 activity are
based on monitoring the hydrolysis of lipids. The latter
is a difficult task because lipids do not absorb in the
visible spectrum and do not f luoresce. In addition, the
enzyme exerts its effect not on individual lipid mole-
cules but on the lipids organized into bilayer mem-
branes. These two factors considerably complicate the
detection of lipid hydrolysis. The key components of
test systems for detecting PLA2 activity are labeled
substrates. The hydrolysis of such substrates either
immediately results in emergence of an analytic signal
or the products of hydrolysis are compounds reacting
with auxiliary substances with the formation of new
products that can be monitored analytically. Develop-
ment of substrates for PLA2 activity detection is a
complicated task. This review is devoted to the struc-
ture of such substrates and intended for the developers
of test systems for detection of the enzymatic activity
of PLA2.

EFFECTS OF PLA2 ON LIPID BILAYER 
AND POSSIBILITIES FOR PLA2 

ACTIVITY DETECTION

Enzyme activity is defined as the number of moles
of the substrate transformed by the enzyme per unit of
time (ΔC/Δt). To detect the activity, it is necessary to
plot the dependence of substrate concentration on the
duration of hydrolysis. One lysolipid molecule and
one fatty acid molecule are produced from one phos-
pholipid molecule under the effect of PLA2. PLA2
activity can be monitored both by the decrease in the
amount of substrate and by the appearance of one of
the products.

PLA2, as a typical representative of interfacial pro-
teins, cannot hydrolyze lipids in solution and func-
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tions at the surface of lipid membrane. When develop-
ing methods for detection of PLA2 activity, it is con-
venient to represent the effect of the enzyme on the
lipid bilayer as a three-stage process schematically
shown in Fig. 1. At the first stage (i), the membrane-
bound enzyme captures and hydrolyzes a phospholipid
with the release of reaction products: fatty acid and lys-
olipid. At the second stage (ii), the products of hydroly-
sis are distributed over the membrane via diffusion. At
the third stage (iii), accumulation of hydrolysis products
results in membrane disintegration.

According to the scheme in Fig. 1, there are several
ways to record enzyme activity, particularly, by moni-
toring (1) the accumulation of the products of hydro-
lysis; (2) cleavage of initial phospholipids; and (3) the
disintegration of the lipid membrane. Methods utiliz-
ing each of the three approaches have been developed.

PLA2 activity can be detected by the appearance of
the products of hydrolysis using natural or isotopically
labeled lipids (Fig. 2a). The resulting products are sep-
arated by chromatography and their amounts are
recorded. Sequential detections at different time
points of the reaction should be performed to plot the
kinetic curve. This is the only measurement scheme
that allows the direct calculation of enzyme activity,
because the substrate or product concentration is
recorded directly. The rate of the change in this con-
centration is the enzyme activity (ΔC/Δt).

If PLA2 activity is detected by the substrates yield-
ing stained products as a result of hydrolysis, the
appearance of such products can be monitored by spec-
trophotometry avoiding chromatography (Fig. 2b). The
observed signal is a function of the product concentra-
tion and is described by the Beer–Lambert–Bouguer
law. However, binding of the labeled substrate by the
enzyme is lower than that of natural lipids; therefore,
the rate of the hydrolysis observed can be lower.

In addition, labeled substrates are used in mixture
with natural lipids, which form the lipid bilayer matrix
necessary for normal function of the enzyme. The lip-
ids of the matrix are also hydrolyzed by PLA2. How-
ever, according to scheme (b) in Fig. 2, the signal
appears only in the case of hydrolysis of the labeled
substrates but not the lipids of the matrix.

Thus, a correction should be used in order to assess
the actual activity of the enzyme by its observed activity.

Scheme (c) in Fig. 2 shows the detection of PLA2
activity by the cleavage of substrates with a f luorescent
label. In this case, f luorescent probes contain a f luo-
rophore attached to one of the hydrophobic chains of
the lipid (usually at position sn-2) and a specific
group, a f luorescence quencher, attached to another
hydrophobic chain or to the polar head of the lipid.
Fluorescence quenching usually occurs through the
mechanism of Förster resonance energy transfer; the
intensity of f luorescence quenching is in inverse pro-
portion with the sixth power of the distance between
the f luorophore and the quencher. If the f luorophore
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 4  2020
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Fig. 1. The schematic representation of the effect of PLA2 on the bilayer: i, capture of a phospholipid molecule and hydrolysis;
ii, distribution of the products of hydrolysis over the membrane; iii, membrane disintegration due to accumulation of the products
of hydrolysis. 
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and the quencher are present in the same molecule,
the f luorescence intensity is low. During the hydroly-
sis and subsequent diffusion of the hydrolysis prod-
ucts, the distance between the f luorophore and the
quencher increases and the f luorescence signal grows.
If the f luorophore and the quencher, despite the
hydrolysis, remain in lipid aggregates at a certain dis-
tance r from each other, residual f luorescence
quenching persists given the distance is short.

In addition, the analysis of the observed signal
should take into account the influence of the light
scattering by liposome dispersions, which in turn
depends on the course of the hydrolysis.

The next scheme (Fig. 2d) shows the method for
detection of PLA2 activity by disintegration of the
bilayer or any other lipid aggregate. In simple cases,
liposomes are used, which contain a dye (analyte) in
the inner watervolume. Upon liposome destruction by
the enzyme, the dye leaks out of the inner water vol-
ume of liposomes into the medium and, as a result, the
recorded signal changes. In case of the detection
according to scheme (d), the analyte is not connected
with either to the substrate or the products of hydroly-
sis. Liposome destruction occurs upon accumulation
of the products of hydrolysis to a certain critical level.

Thus, in most cases the observed signal depends in
a complex manner on concentration of the products of
hydrolysis and thus corrections should be made. The
exception is the application of natural lipids or lipids
with an isotope label. In the real laboratory and clini-
cal practice, instead of determining all corrections and
dependencies, the f luorescent signal is calibrated
using standard enzyme solutions with known activity.
The latter is determined by the manufacturer of stan-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
dard solutions according to scheme (a) in Fig. 2. Cali-
bration provides reliable results using systems with
colored and fluorescent substrates (schemes (b) and
(c) in Fig. 2) and, in many cases, allows correction of
the data obtained by destruction of lipid aggregates
(scheme (d) in Fig 2). For designing novel PLA2
detection systems, it is necessary to reduce the effects
of all extraneous factors (not associated with the
enzyme) on the observed signal.

DETECTION OF PLA2 ACTIVITY
BY THE ACCUMULATION 

OF HYDROLYSIS PRODUCTS
In simple systems consisting of the only enzyme

and the only type of lipids, thin-layer chromatography
with staining according to Vaskovsky [18] proposed as
early as in the 1970s is sufficient for detecting the
products of hydrolysis . This method of staining is spe-
cific to phosphate residues in lipid molecules. The
intensity of staining is proportional to the concentra-
tion of phosphate groups; therefore, the relative quan-
tity of initial phospholipids and the products of hydro-
lysis, lysophospholipids, can be easily determined (see
the example in [19]). The method does not allow
detection of the low amounts of the product and cal-
culation of the minor increases in concentration.
However, it is simple and can be used to detect the very
fact of hydrolysis.

In complex multicomponent systems such as blood
plasma, culture medium, or cell lysates, it is important
to know that fatty acids and lysolipids were obtained
precisely during the hydrolysis while measuring and
had not been present in the system originally. In other
words, if PLA2 is present in the system and active, the
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 4  2020
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Fig. 2. The schemes of detection of PLA2 activity. (a) Detection of the products of hydrolysis using natural lipids or lipids with
an isotope label; (b) detection of the enzyme activity using substrates, which form stained products during the hydrolysis;
(c) detection of the enzyme activity using substrates with a f luorescent label; (d) detection of the enzyme activity by destruction
of lipid aggregates. 
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system accumulates the products of hydrolysis. While
determining the enzyme activity, one should distin-
guish them from the products of hydrolysis formed
during the analysis. It requires either simultaneous
quantitative monitoring of both substrates and prod-
ucts or using labeled substrates. In the former case, it
is possible to calculate the increase in the content of
the hydrolysis products. In the latter case, labeled
products can be easily distinguished from the lipid
matrix, as well as fatty acids and lysolipids already
present in the system, by a specific signal.

The simultaneous monitoring of the amounts of
phospholipids and products of their hydrolysis makes
it possible to calculate the quantity of phospholipids
hydrolyzed per unit of time, i.e., to immediately deter-
mine enzyme activity (ΔC/Δt). The approach has been
difficult to methodically implement for a rather long
time. However, at present, due to the progress in mass
spectrometry and the improvement of high-perfor-
mance liquid chromatography columns, such moni-
toring is already not an unmanageable issue. For
example, there is a method employing high perfor-
mance liquid chromatography with electrospray ion-
ization mass spectrometry detection [20]. It allows
simultaneous detection of phosphatidylcholine as a
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
substrate for PLA2 and its products, fatty acids and
lysophosphatidylcholine [20]. The method uses a sil-
ica gel column with a short-chain (C5) grafted phase
and detects phosphatidylcholine and lysophosphati-
dylcholine as acetate adducts. Following Schebb [20],
other methods of high-performance liquid chroma-
tography combined with mass spectrometry have been
developed; they allow simultaneous detection of phos-
phatidylcholine and the products of its hydrolysis by
PLA2 [21]. The analysis requires only a few minutes,
which evidences its high efficiency, with simultaneous
monitoring of the products of hydrolysis and original
lipids.

The method of high-performance liquid chroma-
tography combined with mass spectrometry allows
monitoring of lipid hydrolysis by PLA2; however, this
monitoring is actually not continuous but discrete—
the time between two measurements is equal to the
time of analysis. This is why it is so important to
reduce the time of analysis, which is the objective of
the researchers’ work.

The inverse problem (to use the enzyme for lipid
detection) can also be solved. Tan et al. successfully
developed the method for determining the structure of
lipids, with identification of fatty acid binding sites
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 4  2020
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(sn-1 or sn-2) using two-dimensional thin layer chro-
matography of phospholipases A1 and A2 [22].

Application of labeled substrates of PLA2 started
with using radioactively labeled phospholipids as early
as in the 70–80s. This method is well documented
(see, e.g., [23]). Its popularity was due to the accuracy
of radioactive methods and the comparative availabil-
ity of instrumental equipment. The data obtained by
the method are much more precise than the data of
phosphate group staining according to Vaskovsky.

Radioactive substrates are structurally identical to
original lipids. The substitution of one of the 12C car-
bon atoms with the 14C isotope in the sn-2 chain has
no effect on the ability of the enzyme to bind and
hydrolyze the substrate. In this case, the labeled sub-
strate and the lipid matrix are represented by a single
type of molecules. It imparts radioactive substrates
with a substantial advantage—they allow for direct
measurement of the enzyme activity. The drawbacks
of this method are associated with difficulties to obtain
permission for the work with radioactive substances.
The development of other, more readily available
methods for determining PLA2 activity was accompa-
nied by decrease of the popularity of radioactivity-
based methods.

Continuous detection (without intermediate chro-
matography) is possible with spectrometry equip-
ment, e.g., a spectrophotometer. However, the mole-
cules of phospholipids do not absorb light in the visible
spectrum. As a result, chemical modification of lipids
with the purpose to obtain PLA2 substrates that would
carry reporter groups, chromophores, which can be
detected with a spectrophotometer, has become a
trend.

Since the total concentration of reporter groups in
the system cannot change during hydrolysis, the
enzyme should cause a change that would lead to the
changes in the recorded signal. The enzyme-induced
cleavage of the ester group should lead to a change in
the color of sample solution under study. Attempts
have been made [24, 25] to find substances of non-
lipid nature that would be hydrolyzed by PLA2 and the
resultant fragments would have the light absorption
spectrum different from that of the initial substance.

This is true, for example, for 4-nitro-3-octanoy-
loxy-benzoic acid 4 (Fig. 3) [24]. This substance
absorbs in the UV spectrum but releases nitrophenol
derivative 5 during hydrolysis (Fig. 3) with the absorp-
tion maximum in the visible spectrum (425 nm). As
hydrolysis proceeds, yellow color appears and
becomes more intense.

1-Octanoyloxynaphthalene-3-sulfonic acid 6 is a
similar substrate [25]; it is well hydrolyzed by PLA2, as
has been shown by the authors. The product of its
hydrolysis is 1-naphtol-3-sulfonic acid 7, which reacts
with diazonium salt 8 present in the solution (azo cou-
pling reaction) with the formation of a reddish violet
azo dye 9 (Fig. 3). The absorption spectrum of the
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tested solution changes in the course of an additional
reaction.

Thio derivatives 10 and 15 are highly similar to nat-
ural phospholipids (Fig. 3). In fact, they differ from
natural phospholipids by a single substitution, i.e. the
oxygen atom in the ester bond is replaced by a sulfur
atom. Phospholipase A2 can hydrolyze such bond,
and the released thio derivatives react with DTNB
(5,5'-dithio-bis-(2-nitro-benzoic acid)) 12 with the
formation of stained thionitro derivative 14. Com-
pounds 10 and 15 are the substrates for secreted and
cytosolic PLA2, respectively. A thio derivative 15 car-
ries an arachidonic acid residue, which is necessary for
successful detection of the activity of cytosolic PLA2,
because cytosolic PLA2s are the only representatives
of the PLA2 superfamily exhibiting specificity for the
arachidonic acid residue.

One more lipid-like substrate is 1-myristoyl-2-(4-
nitrophenylsuccinyl)-phosphatidylcholine 17. This
substrate is a phosphatidylcholine with a derivative of
succinic acid and nitrophenol instead of the fatty acid
in the second position (Fig. 3). Enzymatic hydrolysis
in the sn-2 position leads to the formation of a mono-
substituted derivative of succinic acid (n-nitrophenyl
succinate, 18), which in turn is spontaneously hydro-
lyzed with the formation of n-nitrophenol 19. The lat-
ter gives bright yellow color (the absorption peak at
405 nm). The enzyme activity is determined spectro-
photometrically by the color of the solution. The sys-
tem has been developed for quantification of lipopro-
tein-associated PLA2 in blood plasma and serum,
which makes it possible to predict the course of isch-
emic heart disease. Reproducibility of the test system
was verified both by the developer [26] and by research
institutions [16]. At the moment, this is the only test
system used in clinical practice.

The above-mentioned PLA2 substrates are not
natural phospholipids. Thio derivatives 10 and 15 are
chemically modified at a sensitive site (i.e. at bond
cleaved by the enzyme), while substrate 17 contains a
chromophore group rather close to the active site of
the enzyme. As a consequence, the enzyme activity
against these substrates differs from the activity against
phospholipids. Therefore, in laboratory and clinical
practice it is necessary to use reference samples—sam-
ples of pure enzyme with the known activity. At the
same time, calibration curves should be reproduced
for each new sample, which is undoubtedly a limita-
tion. The advantage is that the measured signal—the
intensity of light absorption at a certain wavelength—
is directly proportional to product concentration,
which simplifies the detection of PLA2 activity. The
alternative to the PLA2 substrates with chromophore
reporter groups changing color are the substrates with
fluorescent labels. However, the principle of their
action is different.
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 4  2020
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Fig. 3. Detection of PLA2 activity by accumulation of the products of hydrolysis. Phosphatidylcholine (1) and the products of its
hydrolysis by the enzyme: lysophosphatidylcholine (2) and fatty acid (3). Colored (detected) products of hydrolysis are encircled.
Other explanations are given in the text.
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DETECTION OF PLA2 ACTIVITY 
BY SUBSTRATE CLEAVAGE

The method for detecting PLA2 activity by sub-
strate cleavage is based on the fact that the products of
hydrolysis, which are no more bound into a single
molecule, diffuse in the lipid matrix, moving away
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
from each other. It leads to changes in the signal. Flu-
orescent probes contain a f luorophore attached to one
of the lipid hydrophobic chains and a f luorescence
quencher attached to the other hydrophobic chain or
to the polar head of the lipid. As long as the f luoro-
phore and the quencher are within a single molecule,
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 4  2020



PHOSPHOLIPASE A2. METHODS FOR ACTIVITY MONITORING 273
f luorescence is low. During hydrolysis and subsequent
diffusion of the products of hydrolysis, the distance
between the f luorophore and the quencher increases
and the f luorescence signal grows. In fact, this method
registers not the products but the very fact of hydroly-
sis, that the fact of fatty acid residues not comprising a
single molecule but being spatially separated. If the
products of hydrolysis do not diverge in space and
remain rather close to each other, f luorescent signal
will be low.

The important role of diffusion of the products of
hydrolysis in the signal formation makes it necessary
to choose carefully a lipid matrix. It forms the environ-
ment where the products of hydrolysis diffuse. While
developing substrates with a f luorescent label, one
should take into consideration that f luorophores are
rather bulky groups. They can prevent binding by the
enzyme, and the hydrolysis of such molecules can be
too slow or even not occur at all. The structure of the
catalytic site of the enzyme suggests that substrate
molecule should contain a f luorophore and a
quencher at the end of the hydrophobic chain no
closer than 10 carbon atoms from the glycerol residue
of the lipid [27], i.e., far from the catalytic site of the
enzyme.

Several examples of the substrates for PLA2 for
determination of its activity by the changes in f luores-
cence signal are given below (Fig. 4). With rather great
diversity of f luorophores and quenchers, the lipid part
of these molecules is unvaried.

The agents that are rather extensively used in labo-
ratory practice are commercial lipid derivatives with
BODIPY fluorophores at the end of the fatty acid
chain and a dinitrophenyl quencher attached to the
lipid polar head (20) (Fig. 4) (for an example of appli-
cation, see [28]), as well as a Red/Green BODIPY
PC-A2 fluorescently labeled probe (21). The latter is
intended for the work with cells and cell lysates. The
matrix is composed by phospholipids, a mixture of
dioleoyl phosphatidylcholine and dioleoyl phosphati-
dylglycerol (for examples of applications, see [29, 30]).

Abe et al. proposed phosphatidyl glycerol with f lu-
orescein as a f luorophore and dabcyl as a quencher
(22) [31]; the hydrophobic chains were 12 carbon
atoms in length. At the same time, the probes with f lu-
orescein and dabcyl proved to be the best at the sn-1
and sn-2 position, respectively (this structure is shown
in Fig. 3). Wichmann et al. proposed a series of f luo-
rescent lipid probes with a f luorophore at the end of a
long chain, with the chain resembling arachidonic
acid (23) [32]. Popov et al. [33] proposed the probes
with a pheophorbide derivative as a label, which emit-
ted light in the near-infrared spectrum and was
attached to the end of the hydrophobic chain of 6 or
12 carbon atoms in length (24). The f luorescence
quencher was a diazo derivative,– the so-called black
quencher. They found out that the short-chain deriva-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
tive (6 atoms) was not hydrolyzed by PLA2, while the
long-chain derivative was hydrolyzed well (Fig. 4).

The variant of Alekseeva et al. [27] is phosphatidyl-
choline with a BODIPY fluorophore and a specific
quencher of its fluorescence, Sudan III dye. Both of them
are attached at the ends of long fatty acid chains (25). It
can be asserted that researchers have succeeded in
designing PLA2 substrates that are well hydrolyzed by
the enzyme while carrying bulky f luorophores and
quenchers. Together with the correctly selected matri-
ces and standard enzyme samples, they give good
results.

The main drawback of the systems with f luoro-
phores and quenchers is that the observed signal (f lu-
orescence intensity) depends non-linearly on the con-
centration of the products of hydrolysis. The effects of
side processes are most marked in biological samples,
such as blood plasma and cell lysates. The latter have
numerous components capable of affecting the lipid
matrix and, as a consequence, distribution of labels in
the lipid bilayer. It is necessary to use additional meth-
ods of correction. The example of accounting side
processes can be the work by Alekseeva et al. [27]. For
describing the kinetics of the observed f luorescence
signal, they have proposed a three-stage model involv-
ing the initial substrate in the matrix, the non-hydro-
lyzed substrate outside the matrix, and the products of
hydrolysis. Processing of experimental data according
to the model makes it possible to calculate enzyme
activity in blood plasma. This achievement, however,
is difficult to introduce into wide practice due to the
relatively complex mathematical apparatus compared
to direct detection of the products of hydrolysis.

DETECTION OF PLA2 ACTIVITY 
BY LIPID BILAYER DAMAGE

The PLA2-induced lipid hydrolysis and accumula-
tion of the products of hydrolysis—lysolipids and fatty
acids—in the lipid bilayer cause membrane packing
distortion and then complete destruction of the mem-
brane. These changes can be recorded and used to
assess the activity of PLA2.

Monitoring of changes in light scattering of the ini-
tial dispersion is one of the variants of this approach.
The intensity of the scattered light depends on particle
size. Stable liposomes are no less than 50 nm in size
and can be prepared by the method of extrusion with a
comparatively narrow particle-size distribution. The
effect of PLA2 on liposomes leads to the formation of
lysolipids, which cannot form a bilayer and, conse-
quently, liposomes. Lysolipids per se form micelles of
only several nanometers in size. The changes in aver-
age lipid particle sizes lead to the changes in light scat-
tering intensity, which can be monitored and used to
assess the activity of PLA2 [34]. However, this tech-
nique requires considerable amounts of lipids and the
enzyme.
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Fig. 4. The fluorescent substrates for detection of PLA2 activity carrying a f luorophore and a specific f luorescence quencher.
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Another variant is to use liquid crystal sensors,
where the products of hydrolysis released during the
function of PLA2 distort the packing of liquid crystal
molecules. Such sensors are arranged as follows: a liq-
uid-crystal layer attached to a microgrid is placed
above the layer of liposomes. If the enzyme is present
in the layer of liposomes (the sensor can be adjusted
also for the in-flow operation) and the hydrolysis of
lipids takes place, the released fatty acids and lysolip-
ids migrate from the lipid phase and are incorporated
into the liquid crystal layer. This changes the polariza-
tion pattern of the light that passes through the liquid
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
crystal layer [35]. Alternatively, lipids can initially be
inside the liquid crystal layer and their hydrolysis by
PLA2 to lysolipids changes the packing of liquid crys-
tals. Detection is also performed by the changes in
light polarization [36].

The methods based on fluorescent dyes are simpler
and simultaneously more sensitive to destruction of
the bilayer. They use the dyes incorporated in the lipid
membrane or the dyes present in the inner water vol-
ume. The systems are designed so that the membrane
damage would cause a change in f luorescence signal.
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Huang et al. [37] used the ANS (8-anilino-1-naphtha-
lenesulfonic acid) f luorescent dye incorporated into
the lipid bilayer. The f luorescence of this dye depends
on the polarity of the medium: it falls upon transition
from non-polar to polar environment. Until ANS is
incorporated into the membrane, f luorescence signal
remains high. Upon membrane destruction, the local
microenvironment of the label becomes more polar-
ized and fluorescence decreases. The f luorescence of
ANS changes upon its sorption on albumin and many
other proteins. Therefore, this method is inapplicable for
determining the PLA2 activity in biological samples.

The test system with phospholipids carrying a
10-pyrenyldecanoyl residue in the sn-2 position was
developed to measure the activity of phospholipase A2
in the presence of albumin [38]. In an aqueous
medium, such phospholipids form vesicles with the
minimum fluorescence of the monomer (due to exci-
merization of pyrenyl). 10-(1-Pyrenyl) decanoic acid
released as a result of enzymatic cleavage is “dis-
solved” in the reaction medium only in the presence of
albumin, which binds fatty acids with high affinity. At
the same time, there is an increase in f luorescence of
the pyrenyl monomer. In this system, the analyte
(pyrenyldecanoic acid) is a product of hydrolysis. The
substrate (pyrenyl-labeled phosphatidylcholine) is dif-
ferent from the substrates with a f luorophore and a
quencher: f luorescence quenching occurs during
intermolecular interaction but not within a single mol-
ecule. Two pyrene residues from different molecules
interact with the formation of an excimer (f luores-
cence of the monomer is quenched). Hydrolysis
results in destruction of the aggregates of pyrenyl-
labeled phosphatidylcholine; simultaneously, the
medium where excimers could be formed disappears.
Due to its simplicity, this test system is extensively
used in laboratory practice to determine the activity of
enzyme samples isolated from various organisms. The
examples of application are given in [39, 40].

Tabaei et al. [41] used f luorescently labeled lipo-
somes immobilized on a support. In the field of view
of a confocal microscope, these liposomes are bright
spots. Under the influence of PLA2, liposomes are
destroyed and the products of hydrolysis migrate from
the immobilized liposome into the medium. Fluores-
cence intensity (the brightness of a spot representing a
liposome) decreases. The decrease in brightness can
be used to calculate the enzyme activity. The authors
suppose that under conditions of the assay, one
enzyme molecule interacts with a liposome [41].

More frequent is the situation when fluorescence
of a dye incorporated into the membrane is intention-
ally quenched (a f luorescence quencher is located
nearby). Upon membrane destruction, the f luoro-
phore and the quencher diverge in space and f luores-
cence increases. This is the principle of operation of
the pair of lipid probes TMB-PC/BCHB-PC [42, 43].
It is important that the f luorophore and the quencher
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are in different molecules. This system makes it possi-
ble to estimate the extent of lipid membrane damage.
It was used to find out the non-hydrolytic effect of
heterodimeric phospholipases found in the venom of
Nikolsky’s adder [19].

The impairment of liposome integrity can be mon-
itored by dye eff lux from the inner water volume of
liposomes. The classical example is calcein-loaded
liposomes. This f luorescent dye is present in the lipo-
somes at a high concentration. Due to the effect of
internal filter, the f luorescence of concentrated solu-
tions is “quenched.” Upon liposome destruction, the
dye f lows out to the external aqueous phase and is
diluted; the level of f luorescence signal increases. This
technique has been used in numerous studies of lipid
bilayer stability (see, e.g., [44]). In case of PLA2, it
was implemented as a method for high performance
liquid chromatography [45]. In the method, calcein-
loaded liposomes are immobilized on the surface of
carrier particles for chromatography. During hydroly-
sis, the dye is released and its f luorescence is recorded
in the system for high performance liquid chromatog-
raphy. This system was updated to detect polychlori-
nated biphenols. In the latter case, PLA2 acts as a sig-
nal amplifier [46, 47].

Chen et al. loaded liposomes with trinitrophenol
and then the emulsion of liposomes was applied to a
graphene support. Under the conditions of exposure
to PLA2, liposomes were destroyed with the release of
trinitrophenol, which was adsorbed on graphene and
changed its conductivity [48].

The composite particles of lipids and some
nanoparticles are often used instead of liposomes. For
example, Li et al. used composite nanoparticles of
quantum dots, NBD-labeled phosphatidylcholine,
and hydrogenated soybean phosphatidylcholine [49].
The NBD fluorescence is initially quenched by quan-
tum dots. After the enzyme has hydrolyzed the lipids,
the particles are destroyed, NBD is released into solu-
tion, and fluorescence signal rises. Chen et al. used
gold nanoparticles coated with dipalmitoyl phosphati-
dylcholine. During their hydrolysis, the envelope was
destroyed and the particles aggregated, thereby chang-
ing the absorption spectrum [50]. Guo et al. [51] cre-
ated nanoparticles on the basis of gadolinium with
perfluoro-15-crown-5 ether and an envelope of phos-
pholipids. The signal (time T2 19F MRI) was
quenched in the presence of gadolinium. Upon
destruction of the lipid envelope by the enzyme, the
nanoparticles dissociated and the signal appeared.
The method of detection is magnetic resonance [51].

All systems of PLA2 detection by destruction of the
lipid bilayer have the same drawback. The observed
signal depends on hydrolysis not directly but via the
stages of accumulation of its products and destruction
of the lipid layer. Both of these stages can depend on
extraneous processes such as, e.g., the sorption of
albumin or other proteins, if the matter in question is
EMBRANE AND CELL BIOLOGY  Vol. 14  No. 4  2020



276 ALEKSEEVA, BOLDYREV
the work with multicomponent media. In other words,
extraneous processes may have too much influence on
the signal.

CONCLUSIONS

Investigation of the involvement of phospholipase
A2 in numerous pathological processes (first of all,
inflammatory ones) attracts more and more attention
of researchers. It is particularly significant to detect
the activity of PLA2 in biological media: culture liq-
uid, cell lysates, blood plasma, and serum. Phospholi-
pases A2 are the components of venoms of various
organisms, and the study of the activity of phospholi-
pases A2 from new sources is a pressing and compli-
cated problem.

Starting from the 70s and up to now, the develop-
ment of a system for determation of the activity of
PLA2 has been on-going. However, the creation of
such systems for biological samples proved to be a
major challenge. At present, there is only one test sys-
tem for detecting lipoprotein-associated PLA2 in clin-
ical diagnostics, which works with blood plasma and
serum. The methods based on detection of the prod-
ucts of hydrolysis and on the cleavage of f luorescently
labeled lipids are more adapted to monitor the activity
of PLA2 in biological samples. The methods based on
detection of the products of hydrolysis are simpler for
application. The methods based on detection of the
cleavage of f luorescently labeled lipids require the
complex mathematical algorithm of experimental data
processing. The methods based on detection of mem-
brane destruction are even more difficult to use,
because the analyte is not associated with the fact of
cleavage of lipid molecules.

The methods of detecting PLA2 activity for clinical
applications require further development with due
consideration of the difference between the structure
of labeled substrate and natural lipids so that the rate
of hydrolysis of new substrates will be close to the rate
of hydrolysis of natural lipids. For this purpose, the
substrates must be structurally similar to the lipids,
and the labels should be localized as far as possible
from the catalytic enzyme binding site. The future
PLA2 test systems should also take into account the
extraneous processes influencing the signal, such as
destruction of the lipid matrix induced by blood
plasma proteins. The current knowledge of substrate
structures and the work of test systems based on these
substrates already allows the development of systems
that would satisfy all these requirements.
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