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Abbreviations

bvPLA: — bee venom phospholipase A

Chol — cholesterol

DHA — docosahexaenoic acid

DPH — 1,6-diphenyl-1,3,5-hexatriene

EPA — eicosapentaenoic acid

GP — generalized polarization

GPLs — glycerophospholipids

GUVs — giant unilamellar vesicles

HC — heating and cooling

La— liquid-disordered phase (L)

Lo — liquid-ordered phase

LUVs — large unilamellar vesicles

lyso-PC — lysophosphatidylcholine

MLVs — multilamellar vesicles

OxPCs — oxidized phosphatidylcholines

OxPLs — oxidized phospholipids

PAF-AH/Lp-PLA: — platelet-activating factor acetylhydrolase/lipoprotein-associated
phospholipase A

PAPC — 1-Palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine

PC — phosphatidylcholine

PDPC — 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine
PEDG6 — N-((6-(2,4-dinitrophenyl) amino) hexanoyl)-2-
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-
glycero-3-phosphoethanolamine, and triethylammonium salt

PGPC - 1-palmitoyl-2-glutaryl-sn-glycero-3 phosphatidylcholine

PLs — phospholipids

PLA:2— phospholipase Az

POPC - 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POVPC - 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphatidylcholine
PUFAs — polyunsaturated fatty acids

RT — room temperature

SM — sphingomyelin

sPLA: — secretory phospholipase A»

TEMPO - (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl

EPR — electron paramagnetic resonance



Introduction

Biological membranes are heterogeneous structures composed of various types
of domains. Raft-like domains are dynamic, highly ordered, enriched in cholesterol,
sphingolipids and saturated phospholipids (liquid-ordered Lo, phase), differing from their
surroundings composed mainly of unsaturated phospholipids (liquid-disordered Lq phase).
Lateral heterogeneity, resulting from lipid immiscibility and phase separation, generates
different sized domains. Lipid rafts are involved in various essential cellular functions such as
signal transduction, sorting and trafficking of proteins and lipids, cell adhesion, pathogen
entry, immune response, etc.

Most lipids in cell membranes contain unsaturated chains, contributing to their high
fluidity. In mammals, polyunsaturated fatty acids (PUFAS) are often esterified at sn-2 position
of glycerophospholipids, which have a major impact on the physical properties of membranes,
thereby altering the structure and function of membrane raft-like domains. In recent years, the
popularity of ®-3 fatty acids has escalated due to their numerous health benefits, including the
alleviation of inflammation in a number of diseases [1, 2].

PUFAs, however, are highly susceptible to oxidative modification by reactive oxygen
species. Consequently, a large number of molecules with various physicochemical properties
different from the initial phospholipids are obtained, which changes the molecular structure
and dynamics of membranes. There is now increasing evidence that lipid peroxidation results
in the formation of oxidized lipids in inflammatory and autoimmune diseases such as
atherosclerosis, neurodegenerative diseases including Alzheimer's disease, Parkinson's disease
and multiple sclerosis, rheumatoid arthritis, diabetes and systemic lupus erythematosus [3].
To establish the connection between lipid peroxidation and the pathological conditions,
studies are being done on its effects on the properties of biological membranes, since lipid
oxidation affects almost all membrane-associated interactions and cellular processes.
Therefore, our first main task was to study the effect of two of the most
physiologically active oxidized lipids POVPC (1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-
phosphatidylcholine) and PGPC (1-palmitoyl-2-glutaryl-sn-glycero-3 phosphatidylcholine) on
the structural organization of the lipid bilayer of biomimetic systems modeling different phase
states of the membrane and including in its composition phosphatidylcholine (PC) molecules
with different degree of fatty acid unsaturation at sn-2 position: the monounsaturated lipid
POPC (1-palmitoyl-2-oleoyl-sn-glycero-3 phosphatidylcholine) containing oleic acid
(OA, 18:1) or the polyunsaturated lipid PDPC (1-palmitoyl-2-docosahexaenoyl-sn-glycero-3
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phosphatidylcholine), containing docosahexaenoic acid (DHA, 22:6 ®-3). Particularly
interesting is the role of DHA, which as a highly polyunsaturated fatty acid is both a target of
oxidative stress and exhibits antioxidant properties.

Secretory phospholipases (sSPLA2s) are among numerous inflammatory biomarkers for
oxidative stress-related pathologies. Enzymes of the phospholipase A> (PLA2) family
hydrolyze ester bonds at sn-2 position of glycerophospholipids, producing fatty acids and
lysophospholipids. They exhibit their catalytic activity at the lipid-water interface. Enzymatic
activity is highly dependent on the structure and physicochemical properties of the membrane.
Their participation in signal transduction plays a major role due to the generation of signal
molecules, lipid mediators and modulators, which are involved in a wide range of
physiological and pathological processes. sPLA>s are implicated in the regulation of
inflammation and immune response. In this regard, our second main task was to monitor the
activity of sPLA2 on PC-containing membranes, depending on the degree of unsaturation of
the fatty acids esterified at sn-2 position, in the presence and absence of oxidized lipids.

The deeper understanding of the impact of oxidized phospholipids on membrane
architecture and related processes at the molecular level is expected to offer opportunities for
development of new diagnostic and therapeutic approaches for some inflammatory and

autoimmune diseases such as neurodegenerative ones and atherosclerosis.



1. Aim and tasks

The aim of this work was to investigate the influence of biologically active oxidized
lipids on the membrane lateral organization and activity of sSPLAz in model systems with

different degree of fatty acid unsaturation at sn-2 position.

To achieve this aim, the following tasks have been formulated:

I. Preparation of different types of model systems containing oxidized lipids:
1. Depending on lamellarity:
1.1 Multilamellar vesicles: spontaneous swelling
1.2 Large unilamellar vesicles: extrusion method
2. Modeling different phase states and transitions:

2.1 Lg: liquid-disordered phase state; single-component vesicles composed of POPC

(monounsaturated species) or PDPC (polyunsaturated species).

2.2 Lo: liquid-ordered phase state, modeling raft-like domains: binary vesicles

composed of equimolar SM/Chol mixtures.

2.3 Lo/Lg coexistence modeling the formation of raft-like domains (Lo phase) in a

membrane environment in Lg phase or reverse phase coexistence, non-raft domains (Lg

phase) on a continuous Lo phase:

e Binary vesicles composed of POPC/Chol and PDPC/Chol
e Ternary vesicles composed of POPC/SM/Chol and PDPC/SM/Chol
(50:25:25; 40:40:20 u 34:33:33)

I1. Determination of the influence of the degree of fatty acid unsaturation at sn-2 position in
GPLs POPC and PDPC on the formation of lipid raft-like domains. Determination of the size
of raft-like domains in these mixtures at physiological temperature. Method: Quenching of
DPH fluorescence by TEMPO molecule.

I11. Determination of the size of raft-like domains in the presence of oxidized lipid, POVPC or
PGPC, depending on the degree of unsaturation of glycerophospholipids POPC and PDPC.
Method: Quenching of DPH fluorescence by TEMPO molecule.

IV. Determination of the differential effect of oxidized lipids, POVPC and PGPC, on the
membrane lipid order in different phase states depending on the degree of fatty acid

unsaturation at sn-2 position in GPLs, POPC and PDPC. Establishing the temperature
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dependence of membrane lipid order for each studied oxidized lipid. Method: Laurdan
fluorescence spectroscopy.

V. Determination of the influence of the degree of fatty acid unsaturation at sn-2 position in
GPLs POPC and PDPC on the enzymatic activity of sPLA> at physiological temperature.
Method: Fluorogenic PLA; assay

VI. Determination of sPLA> activity as a function of the degree of unsaturation at sn-2
position of PCs (POPC and PDPC) in the presence and absence of OxPCs (POVPC and
PGPC) in binary (PC/OxPC and PC/Chol), ternary (PC/SM/Chol) and quaternary
(PC/OxPC/SM/Chol) mixtures. Method: Fluorogenic PLA; assay

VII. Analysis of the enzymatic reaction rates in membrane systems modeling the liquid-
disordered (Lg) phase state and Lo/Lq coexistence, containing monounsaturated lipid POPC or
polyunsaturated lipid PDPC, in the presence and absence of the oxidized lipids POVPC or
PGPC. Method: Linear regression of the initial part of the kinetic curves



I11. Methods

1. Preparation of multilamellar vesicles (MLVs)
The dried lipid samples were hydrated using two different protocols:

1) Room temperature protocol (RT)

2) Heating and cooling cycle protocol (HC)

v For Chol- or SM/Chol-containing mixtures, lipid hydration was performed with the
HC protocol.

Preparation of large unilamellar vesicles (LUVSs)

TEMPO-DPH fluorescence spectroscopy

Laurdan fluorescence spectroscopy

a M D

Fluorescence spectroscopy to assess phospholipase A activity using the fluorogenic
substrate PED6



V. Results and discussion

1. Determination of the influence of oxidized lipids, POVPC and PGPC, and the
degree of fatty acid unsaturation at sn-2 position in PC molecule on the formation and
size of raft-like domains at physiological temperature by DPH-TEMPO fluorescence
spectroscopy

1.1. Effect of the degree of fatty acid unsaturation in the glycerophospholipids
POPC and PDPC on the formation of raft-like domains in binary and ternary
control mixtures

To clarify the impact of the degree of fatty acid unsaturation in phosphatidylcholine
molecules on raft-like domain formation, the method of quenching the DPH molecule by
TEMPO was used. The fluorescent probe DPH is equally distributed between the two
coexisting phases (Lo and Lg), while the water-soluble TEMPO molecule is preferentially
distributed in the Ly phase due to the lower degree of membrane lipid order. Thus, the
TEMPO molecule is able to quench the DPH fluorescence of the Lq phase, whereas in a more
ordered phase state of the membrane, the quenching is difficult. The quenching of the
fluorescent DPH molecules also depends on the number of TEMPO molecules. According to
the literature data, TEMPO concentrations up to 2 mM do not change the immiscibility
temperature of the coexisting lipid phases [4]. Fig. IV-1A shows the parameter Q = F/Fo,
which is defined as the ratio of fluorescence intensities with TEMPO (F) and without TEMPO
(Fo) as a function of control lipid mixtures at physiological temperature, 37°C. The parameter
AQ/Qpc (%) = [(Qrcichol or pcismichol — Qrc)/(Qrc)]*100 gives information about the capacity of
lipids to form ordered domains and is defined as the difference in DPH quenching (Q) in
binary or ternary mixtures (PC/Chol and PC/SM/Chol) and quenching in single-component
POPC and PDPC vesicles (Qrc) divided by Qec (Fig. IV-1B). The rationale to calculate this
value comes from the fact that pure PC vesicles (Lq phase only) exhibit different Q values.
This originates from the different structural characteristics of each PC containing bilayer
which determines the degree of molecular ordering as well as bilayer thickness associated
with different membrane permeability and transversal diffusion of water-soluble molecule
TEMPO. These intrinsic PC structural specificities are "subtracted™ and only the capacity of
different PC molecules to form raft-like domains in the ternary mixtures is assessed [5]. As
can be seen from the figure, the pure PC vesicles, model of L4 phase, are characterized by

the lowest Q values, and the mixture SM/Chol (50:50), model of L, phase, is characterized by
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the highest Q value. All binary and ternary mixtures, exhibiting Lo/Lq coexistence, are
characterized by Q values between the ones for pure L, and Lqg phases. In single-component
PC vesicles, a higher Q value was recorded for monounsaturated matrix, due to the lower
quenching of DPH molecules compared to polyunsaturated one at 37°C. In binary vesicles
POPC/Chol and PDPC/Chol at ratios 50:50 and 75:25, a decrease in quenching of DPH
molecules is reported to a greater extent in monounsaturated matrix compared to
polyunsaturated one. In both lipid matrices, at higher Chol concentration (50 mol%), the
membrane is 2.5 - 3 times more ordered than in mixtures with lower Chol content.

Ternary PC/SM/Chol vesicles were formed at ratios of 50:25:25, 40:40:20 and
34:33:33 by adding binary SM/Chol mixtures to the "pure” PC mixtures. In contrast to the
binary mixtures, in ternary systems a greater degree of order (15-20%) was observed in

polyunsaturated membranes compared to monounsaturated ones (Fig. IV-1B).
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Fig. IV-1. 4) The parameter Q = F/Fo for monounsaturated and polyunsaturated matrix in different types of
mixtures without oxidized lipids at 37°C. The single-component PC vesicles are hydrated according to the RT
protocol, i.e. without heating and cooling cycles, and the other mixtures - using the HC protocol. F samples
contain 2 mM TEMPO. Dashed lines indicate Q values for the Lq phase (single-component PC vesicles) and for
the L, phase (binary SM/Chol 1:1 mixture). B) AQ/Qec (%) as a function of lipid mixtures. The parameter AQ is
defined as the difference between DPH quenching (Q) for binary/ternary liposomes and single-component PC
ones: AQ = Qrcichol or pcismichol — Qpc. Results are presented as mean = SD (n=6). One-Way ANOVA analysis was
performed. The data was drawn from a normally distributed population and the mean values for each of the lipid
ratios in both lipid matrices were statistically different, based on the Tukey test with P < 0.05;
ns indicates no statistically significant difference.

In monounsaturated matrix, the higher Chol content is responsible for the larger raft
fraction observed. The binary mixture 50:50 POPC/Chol and the ternary one 34:33:33
POPC/SM/Chol have the highest capacity to form ordered domains. In polyunsaturated matrix,

the higher SM content plays an important role in the large capacity to form raft-like domains
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found in these model systems, as the quenching of the fluorescent molecules decreases by
nearly 50% compared to the single-component PDPC vesicles.

Along with PLs, Chol is a major lipid in animal cell membranes and is a key regulator
of membrane lipid organization and fluidity. The affinity of Chol for the different PLs is a
determinant for the formation of ordered domains. Polyunsaturated PLs interact weakly with
Chol [6] and it has been suggested that they could promote the lateral segregation of SM and
Chol from unsaturated GPLs in biological membranes [7-9] through large number of double
bonds [10].

1.2. Determination of the influence of oxidized lipids POVPC and PGPC on the
formation of raft-like domains in ternary mixtures, model of Lo/Ld coexistence

The combined effect of oxidized lipids and DHA incorporated at sn-2 position in PC
molecule (PDPC) on the formation of raft-like domains compared to monounsaturated PCs
(POPC) is of particular interest. Certain amounts of PC species (9 and 17 mol%) were
replaced by oxidized phosphatidylcholines (OxPCs) in control PC/SM/Chol mixtures in order
to mimic the oxidation process in a controlled manner, which means that the SM/Chol ratio in
the studied ternary systems does not change in quaternary OxPC-containing ones. Fig. 1V-2
shows the effect of OXPCs on raft-like domain formation in ternary mixtures, represented by
the dependence of Q as a function of the concentration of oxidized lipids. In fig. IV-2A1 can
be seen that in POPC mixtures, OxPCs increase the capacity to form raft-like domains
associated with an increase in the Q parameter. In polyunsaturated matrix (Fig. IV-2A2, B2)

OxPCs exert a significantly weaker influence on the L, domain formation.
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Fig. IV-2. 4) Parameter Q = F/Fo for monounsaturated (A1) and polyunsaturated matrix (A2) (PC/SM/Chol
mixtures) as a function of the concentration of oxidized lipids POVPC and PGPC at 37°C. F samples contain
2 mM TEMPO. B) AQ/Qecismichol (%) as a function of oxidized lipid (OxPC) concentration. The parameter AQ is
defined as the difference between DPH quenching (Q) for quaternary OxPC-containing liposomes and control
ternary PC/SM/Chol ones (Qepcismichol): AQ = Qpcioxpcismichol — Qpcismichol. Results are presented as mean + SD
(n=6). One-Way ANOVA analysis was performed. The data was drawn from a normally distributed population.
Different lowercase letters indicate statistical differences in mean values, based on the Tukey test with P < 0.05.

Fig. IV-2B shows the changes in DPH quenching (AQ/Qpcismichel) In quaternary
OxPC-containing monounsaturated and polyunsaturated matrices in respect of the control
ternary mixtures. A concentration dependence of the effect of OxPCs was established for all
POPC-containing mixtures. At 17 mol% POVPC, the greatest increase in L, domain
formation was found at the ratio of SM/Chol 2:1, i.e. 23:17:40:20 POPC/POVPC/SM/Chol,
followed by the monounsaturated lipid mixture ratios 17:17:33:33 and 33:17:25:25. For the
other oxidized lipid, PGPC, the capacity to form raft-like domains increased in the following
order: 33:17:25:25, 17:17:33:33, and 23:17:40:20 (Fig. 1V-2B1). Comparing the effect of the
two oxidized lipids on the formation of L, domains, it can be concluded that POVPC is able

to increase to a greater extent the formation of an ordered phase than PGPC.

13



1.3. Determination of the influence of oxidized lipids POVPC and PGPC on the
size of raft-like domains in the nanometer scale

The dependence of nanodomain sizes as a function of lipid mixtures is given
in Fig. 1V-3. Based on the calculated Q parameter, the domain radius (Rdom, A), was
determined, which shows that the presence of DHA (polyunsaturated matrix) induces the
formation of larger nanodomains compared to monounsaturated matrix. The present results
from DPH-TEMPO fluorescence spectroscopy are in agreement with those obtained by
differential scanning calorimetry [9], which suggest a higher affinity of PDPC for SM than for
Chol and support the idea that in ternary PDPC-containing mixtures, the distribution
coefficient of SM in L, and Lqg phases is more "driven” by PDPC than by Chol. Therefore,
lipid packing leads to the formation of larger L, domains in PDPC-containing mixtures, due
to a reduction of the hydrophobic surface exposed to water molecules, explaining the higher
thermostability of this phase at physiological temperature [9]. Fluorescence microscopy data
of GUVs and electron paramagnetic resonance (EPR) results show that at a temperature just
above the miscibility transition of the two liquid phases (Lo and Lg), the ternary POPC-
containing vesicles are homogeneous in fluorescence, and by EPR a large number of L,
nanodomains invisible at the micron scale. However, in PDPC-containing vesicles at the same
temperature relatively large Lo, microdomains are distributed in a continuous L4 phase [9].

Oxidized lipids stimulate the formation of larger raft-like domains, supporting results
reported by other authors [11-13], but the explanations for the biophysical changes in the
membrane are still controversial and unclear. Jacob et al. have hypothesized that oxidative
stress induces segregation of Chol domains in the fluid bilayer due to self-association of Chol
monomers [12]. It was found that increasing Chol content leads to a shift of PGPC to the
bilayer center, which is associated with stronger interactions with the other membrane lipids
and consequently an adaptation of the mobility between the oxidized lipid molecules and the
matrix, i.e. the higher Chol concentrations even out the differences in mobility of oxidized
lipids and conventional ones [14].
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Fig. IV-3. (A) Nanodomain radius (Reom, 4A) in monounsaturated (A1) and polyunsaturated matrix (A2) as a
function of lipid mixtures at 37°C. Results are for samples containing 2 mM TEMPO. B) ARgom/Recismicnol (%) as
a function of oxidized lipid (OXPC) concentration. The parameter ARqom is defined as the difference between the
domain size in quaternary OxPC-containing liposomes and control ternary PC/SM/Chol ones (Qpcismichol):
ARgom = Rpcioxpcismichol — R peismichol. Results are presented as mean = SD (n=6). One-Way ANOVA analysis was
performed. The data was drawn from a normally distributed population. Different lowercase letters indicate
statistical differences in mean values, based on the Tukey test with P < 0.05.

The effect of OxPCs (Fig. IV-3B) on the quenching of DPH molecules was
concentration dependent and more pronounced in monounsaturated matrix than in
polyunsaturated one. The lower the Chol concentration, the greater the effect of oxidized lipid.
17 mol% POVPC increased the size of the raft-like domains with 90% in respect of the
control 40:40:20 POPC/SM/Chol mixture and had a 25% greater effect compared to PGPC
(Fig. IV-3B1). In polyunsaturated matrix, the largest change in the domain size was found in
mixture 33:17:25:25 PDPC/POVPC/SM/Chol (increase in Rdom by 10%) (Fig. 1V-3B2).
In mixtures 17:17:33:33 PC/OxPC/SM/Chol, the same domain radius was calculated
(Fig. 1V-3B). In these OxPC-containing vesicles, the increase in raft size in respect of the
controls was 6-fold greater in POPC-containing membranes compared to PDPC-containing

ones.
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Polyunsaturated PDPC membranes show a higher degree of hydration, i.e. a lower
degree of lipid order in the glycerol level compared to POPC ones (Fig. IV-5, RT). However,
PDPC promotes phase separation and increases the size of raft-like domains at the nanometer
scale in ternary PC/SM/Chol mixtures — model of Lo/L4 coexistence compared to POPC
(Fig. IV-3, Al and A2). It is noteworthy that despite the established structural changes in the
POVPC- and PGPC-containing monounsaturated membranes and the minor effect of OxPCs
on polyunsaturated ones (Fig. 1V-9), the lower DPH quenching by TEMPO in the presence of
OxPCs could be due to their ordering effect on POPC vesicles rather than the formation of
larger raft-like domains in contrast to their effect on PDPC vesicles.

These domain radii values are only estimates. If domains are irregular they will have a
larger circumference/area ratio than circular domains, and many more molecules near domain
edges, leading to an underestimate of domain size. In addition, at TEMPO concentrations
which are not sufficient to totally quench DPH fluorescence, it has been estimated that the
domain radii may be overestimated [4].

2. Determination of the influence of the oxidized lipids, POVPC and PGPC, and
the degree of fatty acid unsaturation at sn-2 position in PC molecule on the degree of
lipid ordering in the lipid bilayer by Laurdan fluorescence spectroscopy

To study the effect of oxidized lipids on different lipid matrices, we first considered
the dependence of the degree of membrane lipid order in control experiments: in
monounsaturated membranes containing POPC and polyunsaturated ones - with PDPC. For
lipid hydration, the standard HC protocol with heating and cooling cycles was used. The
studied temperature range is from 20 to 60°C. Examination of the dependence of Laurdan GP
on temperature calculated on the basis of the obtained emission spectra in pure PC liposomes
shows a gradual decrease in GP values with temperature increase (Fig. 1V-4). Both types of
lipid matrices show temperature-dependent GP values ranging from about 0 to -0.35, which
defines membranes in a liquid-disordered phase state (Lg). GP values of POPC vesicles
decrease more strongly as a function of temperature compared to PDPC ones, which means
that the lipid ordering of PDPC membranes depends much less on temperature in comparison
to POPC ones. Furthermore, over the whole temperature range, GP values of PDPC vesicles
are higher than those of POPC ones, which surprisingly indicated a lower degree of hydration,
I.e., a greater degree of lipid order in the glycerol level of PDPC membranes compared to

POPC ones. This result is unexpected due to the fact that the fatty acid at sn-2 position of the
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lipid molecule PDPC is the polyunsaturated DHA, which contains six double bonds and
should form less ordered phases. On one hand, the obtained result does not contradict the
statement of Ho et al. [15] that there is a clear correlation between the interchain hydration
and acyl chain order in contrast to the acyl chain order and lipid headgroup hydration.
A possible explanation could also be the fact that sn-1 chains show reduced order in the
methyl end, while in the glycerol backbone level it is increased in presence of DHA in sn-2
position [16]. A similar mismatch between fatty acid unsaturation and lipid ordering at high
degrees of unsaturation, like DHA, could be due to the specific position of this fatty acid in
the lipid bilayer, which can addopt highly bent conformations in which the methyl end is
oriented to the surface of the lipid bilayer.
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Fig. IV-4. Laurdan GP as a function of temperature in POPC and PDPC vesicles hydrated using the HC
protocol (with heating and cooling cycles). Samples were measured the day after the preparation of vesicles.

On the other hand, however, as mentioned above, unsaturated lipids are highly
susceptible to lipid peroxidation [17] with susceptibility to oxidation increasing as a function
of the degree of unsaturation of the fatty acids esterified to the membrane PLs. There is data
that as a result of peroxidation, the degree of lipid order is increased [18, 19] and the increase
is higher near the double bonds of the bilayer, whereas other regions are less affected [18].
Some researchers have reported an increase in the lipid tails order parameter [18, 19], others
no change [20] or a decrease [21]. Several reasons can explain the differences in experimental
results, including the use of various methodologies of modification by reactive oxygen
species to generate peroxides, leading to diverse (and usually not well-defined) lipid oxidation
products in the membrane [22] with different biological effects [23-26]. Since radical-
mediated oxidation is nonspecific, even the oxidation of a single PL precursor leads to a very
complex mixture of individual species of OxPLs [25]. Lipid hydroperoxides are major
products of the nonenzymatic oxidation of PLs, which also have a cylindrical shape like PC

and SM [27], which does not imply to provide sufficient space in the bilayer to increase
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the degree of hydration, but rather results in a more compact packing of lipid molecules. In
this regard, the greater degree of lipid order in the glycerol level of PDPC membranes
compared to POPC ones (Fig. IV-4) can be explained by the high rate of autoxidation of
polyunsaturated ®-3 fatty acid (DHA), i.e. in PDPC membranes the presence of oxidized
products is assumed. The higher probability of oxidation of PDPC can be mainly related to
two factors: the standard lipid hydration protocol used, involving heating and cooling steps
(HC), which prolongs the vesicle formation procedure, and performing the measurements the
next day. This means that temperature and time play a key role in the autoxidation of PDPC

molecules in the methodology used.

2.1. Effect of oxidized lipids POVPC and PGPC on single-component POPC and
PDPC vesicles

After analyzing the unexpected results showing the temperature dependence of
Laurdan GP in pure PC liposomes (Fig. IV-4), further experiments were performed to
compare the degree of lipid ordering in single-component mono- and polyunsaturated vesicles
using two protocols for lipid mixing and hydration [28]. While for POPC and PDPC low
phase transition temperatures are known, in contrast to them no mixing/demixing
temperatures are known for the oxidized lipids POVPC and PGPC with these
glycerophospholipids. It is considered that studied OxPCs alone do not arrange into bilayer
structures. They aggregate to form micelles between 4 and 9 nm in size in aqueous solution at
neutral pH [29]. The critical micellar concentrations of POVPC and PGPC in water are very
close, 66.9 and 54.6 uM, respectively [29, 30], which could suggest similar coefficients of
partition of these lipids to PC membranes. Currently, no data is available on the critical
micellar concentration, the size of OxPC micelles at high salt concentration (150 mM), as it is
in our experimental conditions. In the absence of these data, we used two different protocols
for lipid mixing and hydration. The first one is the classical protocol to ensure ideal lipid
mixing, involving cycles of heating the samples at 60°C, vortexing, sonication in an ultrasonic
bath and ice-cooling, the so-called HC (heating and cooling) protocol. In the second one, the
room temperature (RT) protocol, the samples were vortexed and sonicated 3 times at room
temperature. The RT protocol can be applied to vesicles made only of unsaturated PC
molecules since due to their low phase transition temperatures, POPC (-2°C) and PDPC
(-27°C) form membranes in Lg-phase state at room temperature. Measurements by Laurdan

fluorescence spectroscopy at room (25°C) and physiological temperature (37°C) were
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performed on the same day of LUV preparation. The effect of OxPCs (POVPC and PGPC) on
the membrane lipid ordering was also investigated depending on the degree of fatty acid
unsaturation at sn-2 position of the glycerophospholipids POPC and PDPC.

Determination of generalized polarization of Laurdan in pure PC liposomes (POPC
and PDPC) at 25°C and at 37°C showed negative values that decreased with temperature
increase (Fig. IV-5). In the RT hydration protocol, POPC membranes are more ordered at the
glycerol level compared to PDPC ones. This result is fully expected due to the presence of the
-3 polyunsaturated DHA in sn-2 position of the PDPC molecule, since its conformational
features determine a high degree of disorder, i.e. increased membrane fluidity [31-33].
At 25°C, the GP values of POPC vesicles were 30% higher than those of PDPC vesicles

under both hydration protocols.
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Fig. IV-5. Laurdan GP in POPC and PDPC vesicles in the absence and presence of oxidized lipids POVPC and
PGPC at room (25°C) and physiological (37°C) temperature. Vesicles were formed by hydrating the lipids using
the room temperature protocol (RT) and the protocol with heating and cooling cycles (HC). Samples were
measured the same day.

At 37°C, however, the difference in the degree of lipid ordering between both lipid
matrices decreases compared to the dependence found at room temperature. In pure PDPC

LUVs, HC-prepared samples showed a 12% increase in their GP values compared to their RT
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counterparts. This increase in GP value removed the difference in lipid order between both
studied PC species. These changes in lipid order of the PDPC LUVs might be explained by
the higher rate of auto-oxidation of this lipid [34, 35] during the HC cycles. At least two
factors are associated with a higher probability of oxidation of this lipid. The first one is due
to the higher temperature during incubation at 60°C, and the second one - to the longer
hydration time of the lipid film during LUV preparation by using the HC protocol compared
to the RT protocol.

At both OxPC concentrations, PC vesicles show a decrease in GP values, which means
that oxidized lipids reduce the membrane lipid order, i.e. have a fluidizing effect (Fig. 1V-5),
which is also concentration dependent. PGPC induces a greater decrease in the lipid order
than POVPC on both PC matrices regardless of the type of hydration protocol used. At room
temperature, OXPCs influenced the lipid ordering to a greater extent in monounsaturated
membranes, while at physiological temperature the effect was greater in polyunsaturated ones.
As can be seen from Fig. IV-5, the hydration protocol of lipids and lipid mixtures to assess
the degree of ordering is critical in presence of polyunsaturated lipids.

The effect of OxPCs on the membrane lipid order, depending on the degree of fatty
acid unsaturation at sn-2 position of the glycerophospholipids POPC and PDPC, as a function
of temperature in the range of 20 to 60°C and measuring the samples on the day after LUV
preparation using the standard HC hydration protocol is presented in Fig. 1V-6. It is clearly
seen that both OXPCs at concentrations of 15 and 30 mol% reduce the lipid order, i.e. have a
fluidizing effect in both PC matrices. In polyunsaturated membranes, a stronger effect of
OxPCs was observed compared to monounsaturated ones. PGPC fluidizes these membranes
to a greater extent than POVPC. As the temperature increased, we found the following
features:

1) Temperature increase is a factor that reduces the disordering effects induced by
oxidized lipids. The effect of POVPC and PGPC on the degree of lipid order gradually
leveled off, expressed by a reduction in the distance between the points as a function
of the oxidized lipids at their high concentrations;

2) In POPC vesicles, the impact of OxPCs is completely removed at 60°C, which is not
observed in PDPC ones. In polyunsaturated matrix, the differences induced in the
degree of lipid order by oxidized lipids are still clearly distinguished at 60°C.
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Fig. IV-6. Laurdan GP as a function of temperature in POPC and PDPC vesicles in the absence and presence of
oxidized lipids POVPC and PGPC. Vesicles were formed by the heating and cooling (HC) protocol. Samples
were measured the day after the preparation of vesicles.
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Experimental conditions play a key role in studying the structural organization of
single-component vesicles made of unsaturated glycerophospholipids such as POPC and
PDPC. The effect of oxidized lipids, POVPC and PGPC, on the membrane lipid order as a
function of the degree of fatty acid unsaturation at sn-2 position does not change qualitatively
regardless of the lipid hydration protocol used and also the measurement conditions, i.e. time
(on the same day of vesicle formation or the next day) and temperature (independently at two
temperatures, 25°C and 37°C, and with heating temperature scans performed from 20 to
60°C). Both OxPCs reduce lipid order, i.e. have a fluidizing effect, with PGPC decreasing
lipid order in PC membranes to a greater extent than POVPC. The more hydrated and mobile
Laurdan microenvironment probably results from the presence of OxPC short sn-2 chains,
which may introduce free space below the glycerol level, facilitating water penetration and
reorientation of the hydrated lipid moieties. Studied OxPCs differ only in a polar functional
group at the free end of the oxidatively modified truncated 5-carbon acyl chain at sn-2
position. In POVPC this group is aldehydic and in PGPC it is carboxylic, therefore oxidized
lipids are zwitterionic and anionic, respectively, at neutral pH. Comparison of these OxPCs
clearly shows that the chemical nature of the oxidized chains is of great importance for their
impact on lipid ordering. Based on molecular dynamics simulations, it was found that the sn-2
chains of both OxPCs undergo a spatial reorientation. Oxidized chains of POVPC are oriented
in all directions and may even being able to stick out of the membrane surface. In the case of
PGPC, the reorientation of negatively charged sn-2 chains is even more radical, with most of
the oxidized chains sticking out of the membrane surface and with their tilt angle being

mostly between 0° (i.e. sticking out perpendicular) and 90° (i.e. being parallel to the bilayer)
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[36]. However, a tendency was found that POVPC truncated tails coincide with phospholipid
glycerol backbones, whereas PGPC truncated tails are shifted toward the aqueous phase [37].
In PGPC-contaning bilayers, water molecules move across the interface into the hydrophobic
core, i.e. hydration increases to a greater extent than in POVPC-containing ones [37], which

explains the greater fluidizing effect of PGPC compared to POVPC in both lipid matrices.

2.2. Effect of oxidized lipids POVPC and PGPC on Chol-containing PC vesicles

Binary PC vesicles with different Chol concentrations were studied: POPC/Chol and
PDPC/Chol, 80:20 and 50:50. Vesicles were hydrated using the heating and cooling (HC)
protocol. Samples were measured the day after the preparation of vesicles. Fig. 1V-7 shows
the temperature dependence of Laurdan GP in binary PC/Chol vesicles in the presence and
absence of oxidized lipids POVPC and PGPC. Low Chol concentrations make the
interpretation of GP curves more complicated. Chol has an ordering effect on both types of
lipid matrices. Chol also changes the temperature dependence of the matrices. This difference
is pretty obvious in polyunsaturated matrix, where the degree of membrane lipid order
decreases progressively with temperature increase compared to pure vesicles, where the curve
is almost horizontal after physiological temperature (Fig. IV-4). At the higher Chol
concentration (50 mol%), the degree of lipid ordering in the bilayer between the two types of
matrices is equal (Fig. IV-7). POVPC decreases lipid ordering to a greater extent compared to
PGPC in both types of lipid matrices. In polyunsaturated matrix, however, PGPC even causes
an increase in lipid packing at high temperatures. In contrast to the results obtained for pure
lipids, in monounsaturated matrix temperature increase is a factor that promotes the
disordering effects induced by POVPC. Apparently, Chol/OxPC ratio, as well as the type of

oxidized lipid, appear to be key factors influencing the membrane lipid order.
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Fig. IV-7. Laurdan GP as a function of temperature in POPC/Chol and PDPC/Chol mixtures (80:20, 50:50)
in the absence and presence of oxidized lipids POVPC and PGPC.

2.3. Effect of oxidized lipids POVPC and PGPC on domains in Lo phase state —
model of cellular rafts

Fig. 1V-8 shows the dependence of Laurdan GP on the temperature in binary SM/Chol
50:50 vesicles in the presence and absence of oxidized lipids. GP values are higher than those
of binary PC/Chol mixtures, as well as significantly higher than pure PC vesicles, which
means that the membrane is completely in a liquid-ordered (Lo) phase state. This high order
degree is because of the high affinity of Chol for SM due to the hydrogen bonding of
the 3-OH group of Chol to the amide group of SM [38]. Here again, when oxidized lipids are
added, a decrease in GP values as a function of temperature is observed, which means that
OxPCs have the ability to reduce the lipid order in these domains. Similar to the binary
PC/Chol 50:50 vesicles, POVPC decreased the membrane lipid order to a greater extent than
PGPC.
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Fig. IV-8. Laurdan GP as a function of temperature in binary SM/Chol mixture (50:50) in the absence and
presence of oxidized lipids POVPC and PGPC.

2.4. Effect of oxidized lipids POVPC and PGPC on ternary PC/SM/Chol mixtures
— model of Lo/Ld coexistence

The degree of lipid ordering in ternary PC/SM/Chol mixtures was investigated in the
following ratios: 50:25:25, 40:40:20 and 34:33:33 in the presence and absence of OxPCs
(Fig. 1V-9). The selected lipid ratios simulate SM/Chol to be 1:1 and 2:1, which corresponds
to those found in cellular raft domains.

It is a very interesting fact that OXPCs increase lipid packing, i.e. decrease membrane
fluidity in monounsaturated matrix in contrast to model systems in "pure” Lo and Lq phases,
where oxidized lipids cause the opposite effect. Another unexpected result is that there is no
change in lipid packing of the different types of polyunsaturated OxPC-containing
membranes in contrast to the changes induced in the "pure™" phases. Although it is a highly
polyunsaturated fatty acid, DHA can act as an antioxidant in the brain. It has been reported
that the mere presence of DHA in brain, liver or endothelial cells does not predispose the
membranes to oxidative stress but rather ameliorates oxidative stress [39], i.e. a structurally
protective effect of DHA was observed.
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@ue. IV-9. Laurdan GP as a function of temperature in POPC/SM/Chol and PDPC/SM/Chol mixtures
(50:25:25, 40:40:20, 34:33:33) in the absence and presence of oxidized lipids POVPC and PGPC.

In two of the studied mixtures, the SM/Chol ratio is 1:1, but differ in the matrix
surrounding the domains. One is relatively poor in Chol (50:25:25), while the other is rich in
Chol (34:33:33). In 34:33:33 POPC/SM/Chol mixture, PGPC has a slightly greater effect than
POVPC, especially at high temperatures. At physiological temperature, however, the presence
of high levels of Chol abolishes the difference in the degree of lipid order induced by studied
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OxPCs. It is also clearly seen that with temperature increase, the ordering effect of OxPCs
increases. While in 50:25:25 POPC/SM/Chol mixture, POVPC has a greater effect on the
membrane, but the ordering effect of PGPC as a function of temperature gradually increases.
In 40:40:20 POPC/SM/Chol mixture, where the SM/Chol ratio is 2:1, POVPC has a greater
effect than PGPC. It is obvious that the OxPC addition to ternary mixtures changes the
partition coefficient of the other lipids for both coexisting phases, leading to induction of two
different phases with specific physicochemical characteristics. From the obtained results, it
can be seen that the effect of OXPCs on ternary mixtures is neither cumulative nor differential
from the single-component and binary models of L, and Lq phases. Oxidized lipids increase
membrane fluidity in the "pure” Lo and Lg phases, and decrease it in the Lo/Lq coexistence in
ternary POPC-containing mixtures, while no change in structural organization is observed in

PDPC-containing ones.

3. Determination of the influence of oxidized lipids POVPC and PGPC and the
degree of fatty acid unsaturation at sn-2 position in PC molecules on the enzymatic
activity of sSPLA: at physiological temperature by fluorogenic PLA:2 assay

Fluorescence spectroscopy was used to study phospholipase A activity. A fluorogenic
substrate of sSPLA2, PEDG6, which is a FL dye-labeled BODIPY phosphatidylethanolamine
analog, was incorporated into the lipid vesicles [40, 41]. The ratio of glycerophospholipids
(POPC or PDPC) to the fluorogenic substrate PEDG in the lipid vesicles was always 10:1. All
other lipids in the studied mixtures (OxPCs, SM and Chol) did not change the PC/PEDS® ratio,
despite the total lipid concentration increasing. Lipid mixtures were made of: single-
component control PC mixtures (100 mol% POPC or PDPC) and binary OxPC-containing
vesicles PC/OxPC 100:30; binary Chol-containing mixtures PC/Chol 100:50 and 100:100, i.e.
2:1 and 1:1; control ternary mixtures PC/SM/Chol 100:50:50, 100:100:50 and 100:100:100
and quaternary OxPC-containing vesicles (30 mol% POVPC or PGPC). The lipid ratios in
ternary mixtures were chosen to correspond to those studied with the other fluorescence
methods - PC/SM/Chol 50:25:25, 40:40:20 and 34:33:33, or 1:0.5:0.5, 1:1:0.5 and 1:1:1,
because the aim is to keep constant the concentration of PC molecules, which are sPLA>
substrates.

Fluorescence changes were monitored in real time after the addition of bvPLA:>
through the hydrolysis of PED6 via the generation of the BODIPY -labeled free fatty acid. FL

emission was directly proportional to enzymatic activity and increased as a function of time,
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following different slopes of the kinetic curves, based on which the reaction rate
was determined. As a result of the enzymatic action, a product is obtained with an initial rate
that is approximately linear for a certain short period after the start of the reaction.
As it progresses, due to depletion of substrates, the rate gradually slows down and finally
stops, reaching a plateau, the so-called steady state. Therefore, to determine the enzymatic
reaction rate, it is important to take only the linear part of the kinetic curve. This is how
a typical enzymatic reaction proceeds, the experimental curve of which is a rectangular
hyperbola [42, 43].

3.1. Effect of the degree of fatty acid unsaturation in the glycerophospholipids
POPC and PDPC on sPLA: activity

Hydrolysis kinetics of the fluorogenic substrate PED6 by bee venom sPLA: (bvPLA>)
in single-component control PC vesicles, model of Lg phase, as a function of time at
physiological temperature, 37°C, is presented in Fig. IV-10. Enzymatic activity on vesicles
prepared using both lipid hydration protocols (RT and HC) was investigated [28]. As seen in
the graphs (Fig. 1V-10), the enzymatic activity was higher in monounsaturated membranes
compared to polyunsaturated ones, which is consistent with the results obtained by Mouchlis
and Dennis [44], who reported higher sSPLA> activity in POPC membranes compared to PDPC
ones. Previous studies had shown a slight increase in PLA; activity in the presence of OA
compared to the inhibitory effect of EPA or DHA [45], confirming the anti-inflammatory role
of ®-3 fatty acids.
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Fig. 1V-10. Kinetic curves of PED6 cleavage by sPLA; in control substrate vesicles made of monounsaturated
POPC and polyunsaturated PDPC molecules. Vesicles were formed by A) hydration at room temperature (RT)
and B) by heating/cooling cycles (HC). PC/PED6 and (PC+PEDG6)/enzyme ratios were 10:1 mol/mol and
8000:1 mol/mol, respectively. Curves show the ratio of fluorescence intensity (FL) at 530 nm, Fs3o, at time t,

normalized to the initial FL at 530 nm before enzymatic addition (baseline represents a 5 min non-enzymatic
control) minus 1 (FL = Fs3o/Fs30, initial — 1). bvPLA, (2.5 ug/ml) was added at t = 0 min. FL was read by kinetic

27



setting for 2.5 hours at 37°C. FL values of every 5 min were presented for clarity. Results are presented
as mean + SD (n=12).

The FL emission in monounsaturated matrix was about 2-fold higher in comparison to
polyunsaturated one at t = 10 min for both types of lipid hydration. However, in the RT-
prepared vesicles, the FL intensity at t = 10 min is almost identical in both types of matrices
(47% for POPC and 40% for PDPC vesicles) in respect of the final FL values at t = 150 min
(Fig. IV-10A). Interestingly, for HC-prepared POPC vesicles, 75% of the maximum FL value
is reached at t = 10 min, whereas at the same time only 53% of the maximum FL is obtained
for PDPC vesicles (Fig. IV-10B). These results highlight a higher initial rate of BODIPY dye-
labeled sn-2 acyl chain generation induced by sPLA: activity on the fluorogenic substrate
PEDG6 and a more rapidly established steady state for the HC-prepared POPC membranes.

3.2. Effect of oxidized lipids POVPC and PGPC on sPLA: activity depending on
the degree of fatty acid unsaturation in the glycerophospholipids POPC and PDPC

The effect of OxPCs (30 mol% POVPC or PGPC) on sPLA; activity depending on the
degree of fatty acid unsaturation at sn-2 position of the glycerophospholipids POPC and
PDPC is presented in Fig. 1VV-11.1. POVPC induced a decrease in FL intensity in both lipid
matrices under both lipid hydration protocols, whereas the effect of PGPC was different [28].
At RT hydration, sPLA; activity in PC/PGPC vesicles was higher compared to control ones in
both matrix types. The opposite effect was observed when an HC hydration protocol was
used. Enzymatic activity decreased in both lipid matrices compared to the control without
PGPC (Fig. IV-11.1).
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Fig. IV-11.1. Kinetic curves of PED6 cleavage by sPLA; in control PC vesicles and OxPC-containing ones (30
mol% POVPC or PGPC) made of A) monounsaturated POPC and B) polyunsaturated PDPC molecules
(PC/OxPC 100:30). Vesicles were formed by hydration at room temperature (RT) and by heating/cooling cycles
(HC). PC/PED6 and (PC+PEDG6)/enzyme ratios were 10:1 mol/mol and 8000:1 mol/mol, respectively.
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Curves show the ratio of fluorescence intensity (FL) at 530 nm, Fsso, at time t, normalized to the initial FL
at 530 nm before enzymatic addition (baseline represents a 5 min non-enzymatic control) minus 1
(FL = Fs30/Fss0, initial — 1). bVPLA, (2.5 ug/ml) was added at t = 0 min. FL was read by kinetic setting for 2.5
hours at 37°C. FL values of every 5 min were presented for clarity. Results are presented as mean = SD (n=12).

To quantify the effect of OxPCs on sPLA: activity in monounsaturated and
polyunsaturated membranes, we calculated absolute and relative changes in FL values
(Fig. IV-11.2). As can be seen from Fig. 1V-11.2B, POVPC in both matrix types showed a
stronger inhibitory effect (AFL/FLpc, %) on SPLA: activity in HC-prepared samples
compared to RT-prepared ones. At RT hydration, POVPC exhibited a 3-fold stronger effect
on sPLA: activity in monounsaturated membranes compared to polyunsaturated ones. As
mentioned above, the other oxidized lipid, PGPC, exhibited a different effect on the
enzymatic activity depending on the lipid hydration protocol (activating effect in RT
hydration and inhibitory effect in HC hydration) in both lipid matrices. In contrast to the
result found for POVPC-containing vesicles, the effect of PGPC was stronger using RT
protocol compared to HC protocol and on polyunsaturated membranes than monounsaturated
ones. All this indicates that for the effect of OXPCs on sPLA; activity, the degree of fatty acid
unsaturation at sn-2 position of PC molecules, as well as the lipid mixing and hydration

protocol, are of key importance.
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Fig. 1V-11.2. Change in fluorescence intensity (FL) resulting from the hydrolysis of the fluorogenic substrate
PEDG6 by sPLA; in OxPC-containing vesicles (30 mol% POVPC or PGPC) made of monounsaturated POPC
(Al and B1) and polyunsaturated PDPC (A2 and B2) molecules (PC/OxPC 100:30) in respect of the FL
intensity of control PC vesicles, presented in absolute (A) and relative (B) values as a function of time.
The absolute change, AFL, is defined as the difference between the FL intensity for OxPC-containing and
control vesicles (FLec (popc or PoPc)), AFL = FLpcioxee - Flpc. The relative change, AFL/FLpc, is expressed in
percentages for POPC (B1) and PDPC (B2) vesicles. RT - room temperature protocol for lipid hydration;
HC — protocol with heating/cooling cycles for lipid hydration.

As mentioned above, the enzymatic hydrolysis is characterized by the initial reaction
rate, which is linear during the first few minutes. To assess the rate of the enzymatic action
for each lipid mixture studied, we analyzed the initial linear part of the normalized Kinetic
curves (Fig. IV-11.3).
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Fig. IV-11.3. A) Linear regression of the initial part of the kinetic curves of normalized fluorescence intensity,
FL, in control PC vesicles made of monounsaturated POPC (Al) and polyunsaturated PDPC (A2) molecules
and OxPC-containing vesicles (30 mol% POVPC or PGPC) prepared by: hydration at room temperature (RT)
and by heating/cooling cycles (HC). FL = Fs3o/Fs30, initial — 1 = a+bt, where a and b denoted the intercept and the
slope, respectively. The intercept yielded the value of the normalized fluorescence intensity FL=Fs30/Fs30, initial - 1
att =0 min. In each experiment the fluorescence kinetic reading started after aliquoting the enzyme in the wells.
Hence, at the initial moment the normalized fluorescence intensity differed from 0. Results are presented as
mean + SD (n=12). B) The enzymatic reaction rate was determined as the slope of the kinetic curves
(dFL/dt [min]). One-Way ANOVA analysis was performed. The data was drawn from a normally distributed
population. Different lowercase letters indicate statistical differences in mean values, based on the Tukey test
with P < 0.05.

Based on the determined slopes of the kinetic curves, it can be seen that for both types
of control PC vesicles without OxPC, the reaction rate was higher in HC-prepared vesicles
compared to RT-prepared ones (Fig 1V-11.3B). The highest enzymatic reaction rate was
found for single component POPC membranes (0.080 min™ = 4.80 s™) and twice as high as
that found for PDPC vesicles (0.039 min = 2.34 s1). On the other hand, in the presence of
OxPC, the enzymatic reaction rate was higher in RT-prepared vesicles compared to HC-
prepared ones. In POVPC-containing membranes, a decrease in the enzymatic reaction rate
was found in respect of the control vesicles in both types of PC matrices regardless of the
lipid hydration method used. PGPC shows a different effect depending on the lipid matrix and

the lipid hydration protocol used. In polyunsaturated PGPC-containing membranes, the
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reaction rate was 2 times higher (0.063 min™® = 3.78 s!) compared to control PDPC vesicles
(0.033 mint = 1.98 s1) at RT hydration. In monounsaturated PGPC-containing membranes,
the enzymatic reaction rate was lower (0.053 min™ = 3.18 s™) compared to control POPC
vesicles (0.060 min™t = 3.60 s).

We could hypothesize that the inhibitory effect of POVPC and PGPC is due to the
binding of sPLA> to OxPCs, whose hydrophilic heads are like those of substrate PC
molecules. This means that OXPCs can act as competitive inhibitors similar to SM [46-48],
when PEDG is used as a substrate to assess SPLA> activity, i.e. they compete with PED6
and/or PC molecules for binding to the active site of the enzyme [49]. It could be assumed
that the binding of OxPCs to the enzyme is without subsequent hydrolysis, since it is
established that only three PLA> enzymes have the ability to hydrolyze truncated
phospholipids: PAF acetylhydrolase 1 (group VIIA), which is associated with lipoproteins,
PAF acetylhydrolase 11 (group VI1IB), which acts intracellularly, as well as lysosomal PLA>
(group XV), thus revealing a new catabolic pathway for clearing the membrane of these
molecules [50-52].

Probably the specific biological action of the studied oxidized lipids is based on the
nature of their short oxidized acyl chain in sn-2 position. As mentioned above, short oxidized
tails can point toward the aqueous phase [36], thereby affecting molecular packing and
favoring a decrease in membrane permeability [53]. PGPC exhibited a weaker inhibitory
effect on sPLA: activity compared to POVPC. We hypothesize that the carboxyacyl chains
localized mainly out of the membrane surface sterically hinder the binding of the enzyme to
PGPC. Thus, more sPLA> molecules are available for hydrolysis of the substrate as evidenced
by the higher FL emission recorded in PGPC-containing vesicles versus POVPC-containing
ones (Fig. IV-11.1). This is also supported by the results obtained in molecular dynamics
simulations, which reveal that PGPC slightly "sticks out" of the polar headgroup region,
thereby significantly reducing its effective area, which most likely leads to increased mobility
[54]. The experimental data show that this effect was more pronounced at elevated
temperature, indicating that the shift of PGPC out of the bilayer plane is entropically favored.
Furthermore, a difference in truncated at sn-2 position chain mobility was found, with the
aldehyde analog (POVPC) showing relaxation times 2 to 6 times longer than those of the
carboxylic one (PGPC). Shorter relaxation times indicate heightened orientational mobility
[37], i.e. a greater probability of sPLA. binding to POVPC and accordingly, a stronger
inhibitory effect of the latter compared to PGPC.
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The FA nature in all four studied PC molecules also plays an essential role. On one
hand, DHA carbon chains are extremely flexible due to its high degree of molecular freedom
while at the same time PDPC is characterized by high electron density near the lipid-water
interface [55, 56]. On the other hand, sn-2 carboxyacyl chains of PGPC induce higher lateral
diffusion of the membrane lipids compared to sn-2 aldehydoacyl chains of POVPC [36]. This
high flexibility of DHA chains in combination with higher lateral mobility of lipids induced
by PGPC molecules might be an additional factor that hinders the binding of the enzyme to

the substrate PDPC molecules.

3.3. Effect of Chol on sPLA:2 activity depending on the degree of fatty acid
unsaturation in the glycerophospholipids POPC and PDPC

The effect of Chol (50 and 100 mol%) on sPLA: activity depending on the degree of
fatty acid unsaturation at sn-2 position of the glycerophospholipids POPC and PDPC is
presented in Fig. IV-12.1. Enzymatic activity was decreased in both lipid matrices compared
to single-component control PC vesicles (Fig. IV-10A). In polyunsaturated membranes, Chol
exhibits a very strong inhibitory effect, at higher concentration completely suppressing sPLA>
activity (Fig. IV-12.1 A2).
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Fig. 1V-12.1. Kinetic curves of PED6 cleavage by sPLA. in Chol-containing vesicles: (A) POPC/Chol and
B) PDPC/Chol mixtures, 100:50 and 100:100 mol/mol. PC/PED6 and (PC+PEDG6)/enzyme ratios were
10:1 mol/mol and 8000:1 mol/mol, respectively. Curves show the ratio of fluorescence intensity (FL) at 530 nm,
Fs30, at time t, normalized to the initial FL at 530 nm before enzymatic addition (baseline represents a 5 min
non-enzymatic control) minus 1 (FL = Fsso /Fsa0, initiat — 1). bBVPLA, (2.5 ug/ml) was added at t = 0 min. FL was
read by kinetic setting for 2.5 hours at 37°C. FL values of every 5 min were presented for clarity. Results are
presented as mean = SD (n=12).

As can be seen from Fig. 1V-12.2B, Chol showed a stronger inhibitory effect
(AFL/FLpc, %) on SPLA> activity in polyunsaturated membranes compared to

monounsaturated ones at both concentrations studied. In binary PDPC/Chol 1:1 vesicles
33



the inhibition of the enzymatic activity was 100% in respect of the control vesicles made of
100 mol% PDPC, and in PDPC/Chol 1:0.5 vesicles the inhibition was about 90%. In binary
monounsaturated membranes, sSPLA: activity decreased by 50% in POPC/Chol 1:1 vesicles
and 45% in POPC/Chol 1:0.5 ones in respect of the control vesicles composed of 100 mol%
POPC. These results indicate that the concentration is not determinative for the effect of Chol
on the enzymatic activity in both lipid matrices, in terms of the amount of products recorded
as FL intensity, but in polyunsaturated membranes the inhibition is 2-fold stronger compared

to monounsaturated ones.
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Fig. 1V-12.2. Change in fluorescence intensity (FL) resulting from the hydrolysis of the fluorogenic substrate
PED6 by sPLA; in Chol-containing PC vesicles (POPC/Chol and PDPC/Chol mixtures, 100:50 and
100:100 mol/mol) in respect of the FL intensity of control PC vesicles (Fig. IV-104), presented in absolute (A)
and relative (B) values as a function of time. The absolute change, AFL, is defined as the difference between the
FL intensity for Chol-containing and control PC vesicles (FLec (orc or pppc)), AFL = FLpcichal - FLpc.
The relative change, AFL/FLpc, is expressed in percentages for POPC/Chol and PDPC/Chol vesicles.

Based on the determined slopes of the kinetic curves, it can be seen that the enzymatic
reaction rate is higher in monounsaturated membranes compared to polyunsaturated ones and
depends on Chol concentration (Fig. 1V-12.3B). In both lipid matrices, at 50 mol% Chol the
bvPLA: reaction rate of the fluorogenic substrate PED6 hysrolysis was 2-fold higher than at

100 mol% Chol, i.e. twice as much Chol — twice as slow enzymatic reaction.
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Fig. IV-12.3. A) Linear regression of the initial part of the kinetic curves of normalized fluorescence intensity,
FL, in Chol-containing PC vesicles (POPC/Chol and PDPC/Chol mixtures, 100:50 and 100:100 mol/mol).
FL = Fs30/Fs30, initial — 1 = a+bt, where a and b denoted the intercept and the slope, respectively. The intercept
yielded the value of the normalized fluorescence intensity FL=Fs30/Fs30, initial - 1 at t = 0 min. In each experiment
the fluorescence kinetic reading started after aliquoting the enzyme in the wells. Hence, at the initial moment the
normalized fluorescence intensity differed from 0. Results are presented as mean + SD (n=12). B) The enzymatic
reaction rate was determined as the slope of the kinetic curves (dFL/dt [min™]). One-Way ANOVA analysis was
performed. The data was drawn from a normally distributed population. Different lowercase letters indicate
statistical differences in mean values, based on the Tukey test with P < 0.05.

In binary PC/Chol 1:0.5 mixture, the reaction rate was about 80% lower in
polyunsaturated matrix (0.0042 min? = 0.25 s') compared to monounsaturated one
(0.0231 min?t = 1.4 s1), and at an equimolar lipid ratio (1:1) in PDPC-containing vesicles
(0.0013 min? = 0.08 s?) the reaction proceeds 90% slower than in POPC-containing ones
(0.0142 mint = 0.85 s1).

3.4. Effect of the degree of fatty acid unsaturation in the glycerophospholipids
POPC and PDPC on sPLA: activity in PC/SM/Chol mixtures — model of Lo/Ld
coexistence

By adding binary SM/Chol mixture to single-component PC vesicles, ternary
PC/SM/Chol memranes were formed at lipid ratios of 100:50:50, 100:100:50 and
100:100:100, i.e. 1:0.5:0.5, 1:1:0.5 and 1:1:1. sPLA: activity was investigated as a function of
the degree of fatty acid unsaturation in the glycerophospholipids POPC and PDPC in vesicles
modeling Lo/Lq coexistence (Fig. 1V-13.1). Enzymatic activity was lower in both lipid
matrices compared to single-component control PC vesicles (Fig. 1VV-10). In SM-containing
polyunsaturated membranes the sPLA: activity was significantly higher compared to that in
binary PDPC/Chol mixtures, where it was strongly inhibited (Fig. 1V-12.1B). The highest FL
intensity was recorded for the mixtures with the lowest SM and Chol content, i.e.

PC/SM/Chol 1:0.5:0.5. In monounsaturated membranes, there was no statistically significant
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difference in sSPLA: activity in the other two studied mixtures, i.e. in ternary mixtures at ratio
of POPC/SM 1:1, Chol concentration is not essential. In polyunsaturated membranes,
however, the lowest enzymatic activity was found at an equimolar lipid ratio in
PDPC/SM/Chol 1:1:1 mixture, i.e. with the highest SM and Chol content.
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Fig. 1V-13.1. Kinetic curves of PED6 cleavage by SsPLA; in control PC/SM/Chol mixtures
(100:50:50, 100:100:50, 100:100:100 mol/mol). PC/PED6 and (PC+PEDG6)/enzyme ratios were
10:1 mol/mol and 8000:1 mol/mol, respectively. Curves show the ratio of fluorescence intensity (FL) at 530 nm,
Fss0, at time t, normalized to the initial FL at 530 nm before enzymatic addition (baseline represents
a 5 min non-enzymatic control) minus 1 (FL = Fs3o/Fsa0, initial — 1). bVPLA2 (2.5 pug/ml) was added at t = 0 min.
FL was read by kinetic setting for 2.5 hours at 37°C. FL values of every 5 min were presented for clarity.
Results are presented as mean £ SD (n=12).

Fig. 1V-13.2B shows the relative change in FL (AFL/FLpc, %) resulting from the
hydrolysis of the fluorogenic substrate PED6 by bvPLA: in ternary PC/SM/Chol mixtures in
respect of single-component control PC vesicles (Fig. IV-10A). The inhibitory effect on the
enzyme activity in the presence of an equimolar SM/Chol ratio in mixtures PC/SM/Chol
1:0.5:0.5, as well as in PC/SM/Chol 1:1:1, does not depend on the type of
glycerophospholipid molecules (POPC or PDPC) in the vesicles. SPLA: activity decreased by
about 45% and 77%, respectively. In POPC/SM/Chol 1:1:0.5 mixture, the enzymatic activity
was 76% lower compared to control POPC vesicles, while in PDPC/SM/Chol 1:1:0.5 — only
57% lower in comparison to single-component PDPC control. This means that in the presence
of SM/Chol 2:1 in ternary mixtures, the inhibitory effect on the enzymatic activity was
stronger in monounsaturated matrix than in polyunsaturated one in respect of the single-
component PC control. Furthermore, sPLA> activity was independent of the degree of fatty

acid unsaturation in PC molecules in PC/SM/Chol 1:1:0.5 mixtures.
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Fig. IV-13.2. Change in fluorescence intensity (FL) resulting from the hydrolysis of the fluorogenic substrate
PEDG6 by sPLA; in control PC/SM/Chol mixtures (100:50:50, 100:100:50, 100:100:100 mol/mol) in respect of
the FL intensity of control PC vesicles (Fig. IV-104), presented in absolute (A) and relative (B) values as a
function of time. The absolute change, AFL, is defined as the difference between the FL intensity for
PC/SM/Chol mixtures and control PC vesicles (FLpc (popc or Popc)), 4FL = Flpcismichal - FLpc. The relative
change, AFL/FLpc, is expressed in percentages for POPC/SM/Chol and PDPC/SM/Chol vesicles.

Based on the determined slopes of the kinetic curves, it can be seen that the enzymatic
reaction rate is the highest for monounsaturated membranes POPC/SM/Chol 1:0.5:0.5
(0.030 mint = 1.80 s) (Fig. IV -13.3B). In POPC/SM/Chol 1:1:1 and in both PC/SM/Chol
1:1:0.5 matrices, the bvPLA reaction rate was 2 times lower (0.015 mint = 0.90 s), and in

PDPC/SM/Chol 1:1:1 — 3 times lower (0.011 min™ = 0.66 s™).
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Fig. IV-13.3. A) Linear regression of the initial part of the kinetic curves of normalized fluorescence intensity,
FL, in control PC/SM/Chol mixtures (100:50:50, 100:100:50, 100:100:100 mol/mol). FL = Fs3o/Fs30, inital — 1 =
a+bt, where a and b denoted the intercept and the slope, respectively. The intercept yielded the value of the
normalized fluorescence intensity FL=Fsz0/Fs30, initial - 1 at t = 0 min. In each experiment the fluorescence kinetic
reading started after aliquoting the enzyme in the wells. Hence, at the initial moment the normalized
fluorescence intensity differed from 0. Results are presented as mean = SD (n=12). B) The enzymatic reaction
rate was determined as the slope of the kinetic curves (dFL/dt [min™]). One-Way ANOVA analysis was
performed. The data was drawn from a normally distributed population. Different lowercase letters indicate
statistical differences in mean values, based on the Tukey test with P < 0.05.
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3.5. Effect of oxidized lipids POVPC and PGPC on sPLA: activity depending on
the degree of fatty acid unsaturation in the glycerophospholipids POPC and PDPC in
PC/SM/Chol mixtures — model of Lo/Ld coexistence

The effect of OxPCs (30 mol% POVPC or PGPC) on sPLA: activity depending on the
degree of fatty acid unsaturation at sn-2 position of the glycerophospholipids POPC and
PDPC in ternary PC/SM/Chol vesicles at lipid ratios of 100:50:50, 100:100:50 and
100:100:100, i.e. 1:0.5:0.5, 1:1:0.5 and 1:1:1, is presented in Fig. IV-14.1. POVPC induced a
decrease in FL intensity in all ternary mixtures, while the effect of PGPC was different. In
PC/SM/Chol 1:0.5:0.5 and 1:1:0.5 mixtures PGPC also showed an inhibitory effect on sPLA>
activity, although this effect is weaker in comparison to POVPC. An interesting result is that
in PC/SM/Chol 1:1:1 mixture, PGPC activates the enzymatic activity in both lipid matrices.

Quantification of the effect of OXPCs on sPLA> activity in monounsaturated and
polyunsaturated PC/SM/Chol membranes presented in Fig. 1V-14.2B shows that in
PC/SM/Chol 1:1:0.5 mixtures with SM/Chol 2:1, OxPCs exhibit a strong inhibitory effect on
the enzymatic activity in both types of lipid matrices, which for POVPC is 100 %, and for
PGPC — nearly 90%. In PC/SM/Chol 1:0.5:0.5 mixtures, OxPCs exhibited a 1.5-fold stronger
inhibitory effect on the enzymatic activity in monounsaturated membranes compared to
polyunsaturated ones, with POVPC leading to a stronger decrease in FL intensity resulting
from the hydrolysis of the fluorogenic substrate PED6 compared to PGPC. In PC/SM/Chol
1:1:1 mixtures, the studied oxidized lipids exhibited different effects. In mixtures with
equimolar lipid ratio, POVPC exhibited a 1.5-fold stronger inhibitory effect on sPLA: activity
in polyunsaturated membranes compared to monounsaturated ones, while PGPC exhibited a
7-fold stronger activating effect on sPLA; activity in monounsaturated membranes compared

to polyunsaturated ones.
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Fig. IV-14.1. Kinetic curves of PED6 cleavage by sPLA; in PC/OxPC/SM/Chol vesicles (30 mol% POVPC or
PGPC) and control PC/SM/Chol mixtures (100:50:50, 100:100:50, 100:100:100 mol/mol). PC/PED6 and
(PC+PEDG6)/enzyme ratios were 10:1 mol/mol and 8000:1 mol/mol, respectively. Curves show the ratio of
fluorescence intensity (FL) at 530 nm, Fs3o, at time t, normalized to the initial FL at 530 nm before enzymatic
addition (baseline represents a 5 min non-enzymatic control) minus 1 (FL = Fs30 /Fs30, initial — 1). bvPLA2 (2.5
ug/ml) was added at t = 0 min. FL was read by kinetic setting for 2.5 hours at 37°C. FL values of every 5 min
were presented for clarity. Results are presented as mean + SD (n=12).

39



A 0.2 PC/SM/Chol (1:0.5:0.5) + OxPCs B 0 PC/SM/Chol (1:0.5:0.5) + OxPCs
' POPC/SM/Chol + POVPC | __ POPC/SM/Chol + POVPC
0.1 ® POPC/SM/Chol + PGPC | X e POPC/SM/Chol + PGPC
0.0© PDPC/SM/Chol + POVPC | — -20} PDPC/SM/Chol + POVPC
gbo O PDPC/SM/Chol + PGPC g o PDPC/SM/Chol + PGPC
-0.1} o =
1 '. OOOOOOOOOOOOOoooooooooooooo % -40r OOOOOOOOOOOOOOOOOOOOOOOOOOO
LL -0.2F o E e
< 0.3+ S —1 -60F
. ......... &
_0.4_ ............... | .........................
LL -80p;e0°®
-0.5¢ <
06 20 40 60 80 100 120 140 -100 20 40 60 80 100 120 140
Time [min] Time [min]
02 PC/SM/Chol (1:1:0.5) + OxPCs 20 PC/SM/Chol (1:1:0.5) + OxPCs
' POPC/SM/Chol + POVPC POPC/SM/Chol + POVPC
0.1 ® POPC/SM/Chol + PGPC | = ® POPC/SM/Chol + PGPC
0.0® PDPC/SM/Chol + POVPC | &, -40f PDPC/SM/Chol + POVPC
' % © PDPC/SM/Chol + PGPC S © PDPC/SM/Chol + PGPC
] ey
. -0.1r QOOOOO % -60}
R o]o]
: 0.2 Slelelslelelololelloteleloleleloletelols S .
-0.3¢ d &02929999900000000005503388888
-0.4}+ ~ ¥
T -1ooﬁv
-0.5}¢
<
_06 1 1 1 1 1 1 1 1 _120 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Time [min] Time [min]
10 PC/SM/Chol (1:1:1) + OxPCs 500 PC/SM/Chol (1:1:1) + OxPCs
' POPC/SM/Chol + POVPC POPC/SMIChol + POVPC
® POPC/SM/Chol + PGPC — 400L® POPCISMIChol + PGPC
08[ pDPC/SMIChol + POVPC  ,p0000®®®® | X PDPC/SM/Chol + POVPC 00000®
o PDPC/SM/ChoHPGfg.oO' ‘—T; 300k0 PDPC/SM/ChoHP%g(;...““
0.6f ...o § ....00
1 °® s 200f °®
L 0.4t ° o o’
< o® _Ig 100F e
000 O O
0.2+ ..o L\L 0 oO OOQOOOOOOOOOOOO 00000000
0000000000000000 1 ©
00%8000000000000 T 100
<
_0.2 1 1 1 1 1 1 1 1 _200 1 1 1 1 1 1 1
0O 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Time [min] Time [min]

Fig. 1V-14.2. Change in fluorescence intensity (FL) resulting from the hydrolysis of the fluorogenic substrate
PED6 by sPLA; in PC/OxPC/SM/Chol vesicles (OxPC = 30 mol% POVPC or PGPC) in respect of control
PC/SM/Chol mixtures (100:50:50, 100:100:50, 100:100:100 mol/mol), presented in absolute (A) and
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intensity for PC/OxPC/SM/Chol vesicles and control PC/SM/Chol ones (FLpc/smichol (Popcismichol um PDPCISMIChoI))s
AFL = FLpcioxecismichol - FLpcismichol. The relative change, AFL/FLpcismicnol, 1S expressed in percentages for
POPC/OxPC/SM/Chol and PDPC/OxPC/SM/Chol vesicles.
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Based on the determined slopes of the Kinetic curves, it can be seen that the lowest

enzymatic reaction rate was found for quaternary PC/SM/Chol/OxPC 1:1:0.5:0.3 mixtures
(Fig. IV- 14.3B).
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Fig. IV-14.3. A) Linear regression of the initial part of the kinetic curves of normalized fluorescence intensity,
FL, in PC/OxPC/SM/Chol vesicles (30 mol% POVPC or PGPC) and control PC/SM/Chol mixtures (100:50:50,
100:100:50, 100:100:100 mol/mol). FL = Fs3o/Fs30, iniiat — 1 = a+bt, where a and b denoted the intercept
and the slope, respectively. The intercept yielded the value of the normalized fluorescence intensity
FL=Fs30/Fs30, initial - 1 at t = 0 min. In each experiment the fluorescence kinetic reading started after aliquoting
the enzyme in the wells. Hence, at the initial moment the normalized fluorescence intensity differed from O.
Results are presented as mean £ SD (n=12). B) The enzymatic reaction rate was determined as the slope of the
kinetic curves (dFL/dt [min-]). One-Way ANOVA analysis was performed. The data was drawn from a normally
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distributed population. Different lowercase letters indicate statistical differences in mean values, based on the
Tukey test with P < 0.05.

In OxPC-containing membranes, the enzymatic reaction rate decreased by over 85%
compared to ternary control mixtures. In POPC/SM/Chol/OxPC 1:0.5:0.5:0.3 mixtures, the
enzymatic reaction was also about 80-85% slower compared to control mixture, while in
polyunsaturated membranes with the same lipid ratio, the reaction rate decreased by 70% in
POVPC-containing vesicles and by 50% in PGPC-containing ones. In vesicles with an
equimolar lipid ratio, PC/SM/Chol 1:1:1, in polyunsaturated matrix OxPCs exhibited the
weakest inhibitory effect compared to control mixture. The enzymatic reaction rate was
reduced by 50% in POVPC-containing vesicles and by 40% in PGPC-containing ones. In
POVPC-containing monounsaturated membranes the reaction rate decreased by about 60%,
while in PGPC-containing vesicles the reaction proceeded 20% faster compared to control.

It is obvious that the hydrolysis kinetics of PC membranes in Lo/L4 phase state by
SsPLA: is extremely complicated. Lateral phase separation, membrane heterogeneity and
curvature, as well as dynamic fluctuations of lipid packing modulate sPLA: activity toward
bilayer substrates [57, 58]. Even the very sPLA: interaction with the bilayer surface
influences the enzyme hydrolytic activity. The bilayer becomes thinner in the contact region
between the enzyme and its substrate [59]. Increasing evidence points to modulation of
curvature as a major change in membrane structure in the accumulation of enzyme-generated
lipid products [60-62]. The catalytic action of PLA2 on PC molecules generates single-chain
PCs (lyso-PCs) and free fatty acids. Depending on the acyl chain length, both components can

remain in the bilayer, providing different membrane structural features than the PC precursor.
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V. Summary

This work demonstrates the effect of the degree of fatty acid unsaturation at
sn-2 position of glycerol in the glycerophospholipids POPC (OA, 18:1) and PDPC (DHA,
22:6 ®-3), as well as the oxidatively modified products POVPC and PGPC of the arachidonic
acid-containing phosphatidylcholine PAPC, on the membrane structural organization and
sPLA: activity in biomimetic systems modeling different phase states. The two oxidized
lipids differ in the functional group at the free end of the short fatty acid chain at sn-2 position,
aldehydic for POVPC, and carboxylic for PGPC. It is likely that the specific biological action
of these oxidized lipids is based on the nature of their short oxidized acyl chain. The chemical
characteristics of individual lipid molecules, their qualitative and quantitative composition,
as well as lipid-lipid and lipid-protein interactions, lead to a number of changes in the bilayer
properties.

The polyunsaturated -3 docosahexaenoic fatty acid in PDPC molecule is the longest
fatty acid with the highest degree of unsaturation, which is both a target of oxidative stress
and an antioxidant. The present work shows that due to the high sensitivity of DHA to
autoxidation processes, the experimental conditions, including the hydration protocol used
and specifically the temperature at which the liposomes are formed, as well as the time of the
measurements, are of significant importance. It could be seen that over time and when using
the protocol with heating and cooling cycles, the degree of lipid order in the bilayer increases.

The phosphatidylcholine molecule PDPC stimulates the formation of larger raft-like
domains in nanometer scale compared to the POPC molecule and expectedly decreases the
activity of sSPLA>, which highlights the anti-inflammatory properties of ®-3 fatty acids.

The structural and dynamic properties of lipid membranes are affected to varying
degrees by the presence of OxPCs. POVPC and PGPC lead to greater structural changes in
monounsaturated matrix (POPC) and have little effect on polyunsaturated one (PDPC) in
vesicles modeling Lo/L4 coexistence, demonstrating the protective structural role of DHA
against the presence of oxidized lipids. In most cases, the studied OxPCs have an inhibitory
effect on sPLA: activity in our model systems, suggesting an anti-inflammatory effect. In
single-component PC vesicles (model of Lq phase) formed at room temperature, as well as in
ternary PC/SM/Chol ones (model of Lo/Lg coexistence) at an equimolar lipid ratio (1:1:1),
however, PGPC increases the enzymatic activity compared to that in control vesicles. In lipid
mixtures, the lipid qualitative and quantitative composition, the interactions of the Lo-forming

lipids SM and Chol with the Lg-forming glycerophospholipids POPC and PDPC,
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the presence of oxidized lipids POVPC or PGPC, as well as the interaction of sSPLA2 with the
bilayer, are of essential importance. The physicochemical properties of the latter are of major
significance for the action of the enzyme, which occurs at the lipid-water interface, while the
enzyme itself, generating products, affects the membrane organization and properties.
Oxidative modification of lipids can be considered as a signaling mechanism that leads
to a change in the structural organization and physicochemical properties of biological
membranes, followed by modulation of lipid-lipid and lipid-protein interactions, ultimately

affecting biological processes at the organism level [63].
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V1. Conclusions

. PDPC, containing polyunsaturated docosahexaenoic acid at sn-2 position,
stimulates the formation of larger rafts (domains in Lo, phase state) in model

membranes when compared to POPC, containing monounsaturated oleic acid.

. Oxidized lipids POVPC and PGPC alter the lateral organization of lipid
membranes. POVPC and PGPC increase the fraction and size of L, domains.
POVPC exhibits a stronger and concentration-dependent effect on domain size
compared to PGPC.

. OXPCs exhibit a membrane fluidizing effect in Lo (SM/Chol 50:50) and L4 (POPC
and PDPC) phase states. As the temperature increases, this effect is greater for
polyunsaturated membranes compared to monounsaturated ones. In ternary Lo/Lg-
containing membranes, OXPCs have an ordering effect in monounsaturated matrix,

while in polyunsaturated one there is no change in lipid packing.

. POVPC demonstrates a greater ability to alter the fluidity of Chol-containing
membranes in comparison to PGPC. The opposite was observed in membranes
without Chol, where PGPC induces much larger changes in lipid ordering than
POVPC.

. OxPCs affect to a greater extent the membrane physicochemical properties
and domains in a Chol-containing monounsaturated matrix compared to the
polyunsaturated one, demonstrating a model of a protective structural role of DHA
from the ®-3 fatty acid family against the presence of oxidized lipids.

. SPLA, activity is higher in monounsaturated membranes compared to
polyunsaturated ones. POVPC inhibites the enzymatic activity, suggesting anti-
inflammatory properties, while PGPC has a different effect depending on the lipid
mixing and hydration protocol: an inhibitory effect when using heating and cooling

cycles, and an enhancing effect when using room temperature protocol.

. Chol leads to a decrease in the activity of SPLA in binary PC/Chol membranes,
and in polyunsaturated matrix its inhibitory effect reaches 100%. The enzymatic

reaction rate is inversely proportional to Chol concentration.
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. In ternary PC/SM/Chol vesicles presenting Lo/Lq4 coexistence (model of cellular
plasma membranes), the highest sSPLA: activity is recorded in the mixtures with
the lowest SM and Chol content. In monounsaturated matrix, at POPC/SM ratio of
1:1, the enzymatic activity is not affected by Chol concentration. In
polyunsaturated matrix, however, the lowest activity is found at an equimolar lipid
ratio (1:1:1).

. POVPC is an inhibitor of SPLA> activity in all the Lo/Lqs membranes studied. PGPC
acts as both an inhibitor and an activator of the enzymatic activity. At high SM and
Chol content (PC/SM/Chol 1:1:1), PGPC increases sPLA; activity in both lipid
matrices. At lower SM and Chol content, PGPC is a weaker inhibitor compared to
POVPC.

VII. Contributions

. For the first time, the lipid hydration and mixing protocol in formation of model
systems composed of polyunsaturated and oxidized glycerophospholipids was
established to be a critical parameter for studying the membrane lateral

organization and sPLA: activity.

. The structural and lateral membrane organization induced by oxidized lipids
POVPC and PGPC in biomimetic systems modeling different phase states is

determined for the first time.

. For the first time, the activity of secretory phospholipase A, (bvPLA2) was
assessed depending on the type of oxidized lipid and the degree of fatty acid

unsaturation at sn-2 position in glycerophospholipid molecule.
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