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physical properties of both biological and model lipid bilayers. In this paper we (i) provide a perspective on
the existing literature on simulations of lipid bilayer systems containing oxidized lipid species as well as the
main related experimental results, (ii) describe our new data of all-atom and coarse-grained simulations of
hydroperoxidized lipid monolayer and bilayer systems and (iii) provide a comparison of the MARTINI and
ELBA coarse grained force fields for lipid bilayer systems. We show that the better electrostatic treatment of in-
teractions in ELBA is able to resolve previous conflicts between experiments and simulations. This article is part of
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1. Introduction

Lipids of biological membranes contain predominantly high
amounts of monounsaturated and polyunsaturated acyl chains. Model
lipid vesicles also often contain a significant proportion of unsaturated
acyl tails. These are susceptible to lipid oxidation, which leads to the cre-
ation of exotic chemical species, some of which resemble lipids, but
have hydrophilic group pendant on the sometimes shortened acyl oxi-
dized lipid chains. Such oxidized lipid products (OxPLs) can remain in
the membrane, and add to already complex composition of membranes
and have a major impact on the physical properties of membranes as
well as cell physiology (Catala [12]). Quite remarkably, it has been
shown that oxidized lipids can play important roles in diseases as
Parkinson and Alzheimer [57,68,71] atherosclerosis [78,80] diabetes,
aging and carcinogenesis induced by UV and in physiology processes
(generation of defense response, signaling molecules and hormones)
[21,24,58].

The chemical transformations that take place in the start of the lipid
oxidation are well established, although the progression that the
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peroxidation occurs through intermediates is not yet well characterized.
Poly-unsaturated lipids can start the oxidation reaction by themselves
by easily losing an alyllic hydrogen and starting a radical chain reaction.
Single unsaturated phospholipids and cholesterol need a highly oxidiz-
ing compound such as hydroxyl radical or singlet oxygen to start the ox-
idation process. Both light and chemically induced oxidation reactions
usually start with the formation of a lipid hydroperoxide, which can
be further oxidized [31]. There is considerable information supporting
the hypothesis that lipid hydroperoxides not only start the oxidation
chain reactions but also alter the properties of the membranes, by
changing fluidity, packing thickness, lipid-lipid interaction and organi-
zation and raft structure and dynamics to initiate signaling pathways
[31,74]. Moreover, the formation of oxidized lipids with shortened
alkyl chains also changes the properties of the membranes, and may
lead to the formation of pores [28,72] and membrane disruption [11].
In model lipid systems, lipid oxidation is likely to occur from shining
of high intensity light to fluorescent probes and photosensitizer mole-
cules used in microscopy experiments [4,26]. The formation of oxidized
lipids is likely to alter the phase diagram of such model lipid mixtures
that usually contain a low-melting point unsaturated lipid.

From the simulation point of view, there have been a host of sim-
ulation studies during the last decade (partially reviewed by
Jurkiewicz et al. [34]) with different oxidized lipid species that de-
scribe the impact of OxPLs on model lipid bilayer systems. In the
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current review we will provide our perspective of prior simulations
of OxPL containing model systems. We will also describe our new
simulations of hydroperoxidized lipids using all-atom force fields
and the ELBA coarse grained force field [18,59-62], which are
aimed at resolving some discrepancies between prior simulations
and experiments of hydroperoxidized lipid bilayers. In this context,
we also compare the performance of the ELBA and the popular MAR-
TINI [2,16,30,49-51,55,64,66,84,85,87,91,92] force field, and show
that the electrostatic treatment of interactions in ELBA is able to re-
produce experimentally observed properties of bilayers containing
oxidized lipid species. In Scheme 1, we summarize the structures of
OxPLs discussed throughout the paper. We will not focus on
oxysterols, antioxidants and reactive oxygen species in model mem-
branes owing to lack of space. However, recent computer simula-
tions have also addressed these issues. The reader can go to [15,19,
20,42,43,63,81] for in-depth details.

2. Simulations of the oxidized phospholipids
2.1. All-atom simulations

2.1.1. Bilayers

In the first investigation of the impact of oxidized phospholipids on
mimetic membranes using Molecular Dynamics (MD) Simulation
(Wong-Ekkabut et al. [94]), the authors described the effect of lipid ox-
idation on 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphatidylcholine
(PLPC) phospholipid bilayers. Aldehyde and hydroperoxide chemical
groups were attached at the carbon 9 and carbon 13 positions totaling
to four different oxidation products. Simulations were based on Berger
force field [7] using the SPC water model [95]. The average bilayer
area increased with increasing content of oxidized phospholipids
(OxPLs) because of the tendency of the polar oxidized groups to reside
at the water interface, thus bending the oxidized lipid tail. For instance,
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Scheme 1. Planar representation of the lipids present in the lipid mixtures that were simulated.
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Scheme 1 (continued).

with 50% of oxidized lipids, the area per lipid increased from 65 A? to
69 A% and 72 A?, in the case of hydroperoxide group linked to the C9
and C13 positions, respectively. Such an increase was also experi-
mentally observed by in situ photo-oxidation of giant unilamellar
vesicles (GUVs) composed of either 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) or 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) containing a small amount of photosensitiz-
er molecule [56,70,74,93]. Such an area increase results from the ad-
dition of a hydroperoxide group to the C9 (or C10) position of the
unsaturated chain due to the photo-chemical reaction of singlet

oxygen to the double bond of the acyl chain [31,74]. Such an increase
in area will be further discussed later below.

The increase in area per lipid was accompanied by a decrease of
the bilayer thickness determined by a shift of the polar head-group
electron density peaks towards the bilayer core, leading to an in-
creased density in the hydrocarbon region. A decrease in the order
parameter in the oxidized sn-2 tails was also observed. The
disordering effect was more pronounced in the sn-2 chains contain-
ing aldehyde groups than those containing hydroperoxides. DPH
fluorescence anisotropy experimental results also suggest a decrease
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in the order parameter in phosphatidylcholine bilayers containing a
certain percentage of similar OxPLs [34].

Water permeability through the bilayers with higher OxPLs concen-
trations also increased, suggesting a possible cell damage mechanism
due to this phenomenon (Wong-Ekkabut et al. [94])). However, GUVs
formed by hydroperoxized-POPC (POPC-OOH) or hydroperoxized-
DOPC (DOPC-O0H) did not show any apparent change in water perme-
ability during the controlled photo-oxidation process [93].

A remarkably enhanced lipid transbilayer diffusion and water pene-
tration in the presence of oxidized lipids was demonstrated by Volinsky
et al. [89]) using fluorescence and MD simulations. Notably, the free-
energy barrier for flip-flop corresponding to the translocation of a single
lipid molecule from water bulk to the bilayer core decreased by

approximately 5 kcal/mol when 20% of oxidized lipids (PoxnoPC)
were present in the POPC membrane.

A different class of OxPLs with shortened chains were simulated by
Khandelia and Mouritsen [39]). They were: the 1-palmitoyl-2-(9’-oxo-
nonanoyl)-sn-glycero-3-phosphocholine (PoxnoPC) and 1-Palmitoyl-
2-azelaoyl-sn-glycero-3-phosphocholine (PazePC) lipids. Both the
CHARMM [47] and the Berger force fields [7] were used. PoxnoPC and
PazePC have aldehyde and carboxylate groups at the end of their trun-
cated sn-2 chains, respectively. For both force fields, the truncated tails
of PazePC completely reversed orientation, thus exposing its carboxyl
group to aqueous phase, in very good agreement with Forster-type res-
onance energy transfer (FRET) results obtained between Cytochrome-c
and fluorescently labeled PazePC model membranes [54].
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Interestingly, disruption of DOPC GUVs dispersed in methylene blue
solution under irradiation was associated to the formation of shortened-
chain DOPC lipids as a result of the photo-oxidation process [11]. More
recently, Cwiklik and Jungwirth showed (Berger force-field for the lipids
and SPC for water model) that high content of truncated chains with the
aldehyde functional group promoted membrane disruption within a
few nanoseconds (Cwiklik and Jungwirth 2010). However, in systems
contain just one of the two unsaturated chains of DOPC oxidized to alde-
hyde, the integrity of the lipid bilayer was preserved. When the two un-
saturated lipid tails were oxidized, micellization naturally followed
because of the lack of any bilayer forming molecules in the system.

Such pore formation was also investigated in mixtures comprising
different proportions of DOPC lipids, 1-(9’-oxo-nonanoyl)-2-oleoyl-
sn-glycero-3-phosphocholine (OX1PC) and nonanal molecules [46]
with oxidized species ranging from 15% to 90%, using the Berger force
field [7] for lipids and the SPC model for water [95]. The OxPLs were
generated by cleavage of DOPC lipids at the double bonds present in
the sn-1 acyl chains and subsequent addition of an aldehyde group.
Water clusters in the headgroup region were noticed for the lipid bilay-
ers containing 15 to 66% of OXPLs, whereas pore formation followed by
water penetration across the membrane was observed when lipid oxi-
dation ratio was over 75%. Water permeation across the membrane
was enhanced upon insertion of OXPLs compounds and remained con-
stant after pore formation. The Berger force field for lipids and the SPC
model for water were employed.

The effect of three specific POPC lipid peroxidation products and
cholesterol on the properties of POPC phospholipid bilayer were studied
by Van der Paal et al. [86]) using the united atom GROMOS 43A1-S3
force field [13] and parameters for the peroxide and aldehyde group ob-
tained by Wong-Ekkabut et al. [94]). The simulated POPC peroxide com-
pounds comprise the hydroperoxide and aldehyde functional form,
inspired by the experimental characterization of the principal products
of POPC lipid obtained under oxidative stress conditions by Reis et al.
[69]) using reversed-phase liquid chromatography-mass spectrometry.
A decrease in the lipid order upon oxidation and pore formation in the
systems containing aldehyde compounds was noticed. For systems con-
taining hydroperoxide compounds, or when cholesterol content
exceeded 11%, pore formation was not observed. Due to the reduced
presence of cholesterol in the plasma membrane of cancer cells [83]
compared to healthy cells, the authors suggest that cancer cells are
more vulnerable to the consequences of lipid peroxidation. Cholesterol's
protective effect on oxidized lipid membranes was also observed by
simulations [38,79]. Recent simulations (Boonnoy et al. [9])) also
show that compared to hydroperoxide groups, OXPLs containing
aldehyde-moieties make PLPC bilayers more susceptible to pore forma-
tion. Interestingly, photo-induced oxidative stress on GUVs composed
of DOPC and cholesterol revealed that cholesterol protects the mem-
brane from oxidative damage even though it is also prone to oxidation
[35]. From the experimental point of view, the study of light-induced
oxidation of POPC and DOPC GUVs reveals a two-stage process [56,
74]: initially GUVs present high-amplitude fluctuations due to increase
in surface area as a result from hydroperoxide group formation adjacent
to the chain double bond as described above. As oxidation continues,
the GUVs return to their original rigid spherical shape, followed by in-
crease in membrane permeability due to nano-scale pores [56] and/or
micro-scale pores formation [56,74]. Increased vesicle rigidity and
pore formation are ascribed to further chemical changes of the lipid
molecules with tail scission into shortened acyl chain capped with alco-
hol and aldehyde groups as probed by NMR results [74]. Interestingly, it
has been shown that the kinetics of pore formation is dependent on the
lipid species [56], and is faster for DOPC than for POPC. Furthermore, the
first oxidation step that generates hydroperoxide groups is one order of
magnitude faster than the step which produces truncated acyl chains
and pores [74].

Hermetter et al. [27] used the modified Berger force field [ 7] and SPC
water model [95] to study an exotic class of OxPLs, which are formed

from Schiff base condensation between a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE) lipid and 1-palmitoyl-2-(5'-
oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC). The new OxPL, a
phospholipid having three hydrocarbon tails and two head groups sig-
nificantly increased the average cross-sectional area (area per lipid)
and decreased the bilayer thickness.

Using the CHARMMS36 force field [29,40] and the TIP3P water model
[33], Garrec et al. [22] investigated the validity of the floating peroxyl
radical hypothesis, and showed that the peroxyl radical did not float at
the surface of the membrane. Hydroperoxized tails of OXPLs stay close
to the headgroup region due to the preferential hydrogen bond interac-
tions with the carbonyl groups. Similar behavior was also observed with
the Berger force field (Wong-Ekkabut et al. [94]).

To summarize existing all-atom simulations of oxidized lipids: all
simulations focusing on hydroperoxized molecules point to a decrease
in the membrane bilayer thickness and order parameters accompanied
by a concomitant increase in the lateral area. The preferred position of
the electron density profile (EDP) maxima peaks for hydroperoxized
groups is close to carbonyl groups, and hydroperoxide groups do not in-
duce pore formation independent of the water model and force field
employed.

The availability of experimental data of light-induced oxidation on
GUVs formed by hydroperoxized-POPC and hydroperoxized-DOPC
[56,70,74,93] and the absence of atomistic MD studies involving the
DOPC phospholipid containing both chains hydroperoxized, led us to in-
vestigate the hydroperoxized DOPC and POPC using the CHARMM36
force field [40] and TIP3P water model [33], with parameters available
from Garrec et al. [22]. The results obtained by atomistic simulations
also were utilized as reference in the calibration process of new equiva-
lent CG models (Section 2.2.2). Due to the presence of two unsaturated
tails in the DOPC, two types of hydroperoxized DOPC were studied: one
model containing only one hydroperoxized tail (named DOPC-OOH),
and other containing two hydroperoxized tails (named DOPC-200H),
both at the Carbon 9 position (the hydroperoxized POPC is named
POPC-OOH) as shown in Scheme 1.

The electron density profiles for DOPC-OOH, DOPC-200H and POPC-
OOH bilayers show that the hydroperoxide group resides close to the in-
terface and that there is an increased water penetration into the bilayer
(Fig. 1). Such a unimodal profile for the hydroperoxide group is in good
agreement with previous work [22,94]. The preferred position for the
hydroperoxide group was between 7 and 10 A with respect to the bilay-
er center.

Unlike truncated oxidized lipid tails, hydroperoxized tails feel an an-
chor effect, generated by the methylene groups in the aliphatic tail after
the hydroperoxide group, thus keeping it internalized. The effect is
counter-balanced by a strong attraction of carbonyl group to the bilayer
interface. This anchor effect is absent in truncated oxidized hydrocarbon
tails, allowing greater mobility for these OxPLs.

Jarerattanachat et al. [32]) suggested that the ability of hydroperox-
ide groups to make hydrogen bonds with water molecules below the in-
terfacial region is independent of the hydroperoxide concentration in
the systems. Our data also shows that the maximum in the electron
density profile for the hydroperoxide group remains unaltered with in-
creasing hydroperoxide concentration.

The sn-2 tails containing hydroperoxide group have lower order pa-
rameters compared to the same sn-2 chains in pure non-OxPLs systems
(Fig. 2). In both systems, there is larger disorder in the region, which
precedes the hydroperoxide group, occurring between Carbon 2 and
Carbon 8, wherein the movement of the bonds between C5 and C10 is
random. The region below the hydroperoxide group (C10 onwards) is
not affected significantly.

Additional information about the dynamics of the oxidized sn-2 lipid
tails and the hydroperoxide group were obtained by analysis of the tilt
angle distributions (6y) with respect to the membrane plane normal,
shown (Fig. 3). For the hydroperoxide group, a hydroperoxide vector
coinciding with its dipole moment was used, and for the oxidized
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OOH, DOPC-200H, POPC-O0H and POPC bilayers. The phosphorus atom EDP was plotted
as a guide to visualize the approximate position of the bilayer-water interface.

chain a vector from the first to the last carbon was used to measure tilt
angles. The peak for the average angle distributions for all sn-2 oxidized
tails (By4;) was ~140°, showing similar average tilt angles compared to
nonoxidized POPC sn-2 chains about 160°-180° (|6]), as a direct result
of anchor effect on hydroperoxidized tails. The angle distributions for
polar hydroperoxide group (600 ) occurs at ~50°, driven by polar inter-
actions between hydroperoxide groups and polar moieties at the bilayer
interface.

The addition of the oxidized group to the unsaturated chains results
in an increment in the excluded volume for these tails. The increase in
the cross sectional area (Table 1) is dependent on the excluded volume
and accommodation of the hydroperoxide group in the interfacial re-
gion. The similarity between the experimental Weber et al. [93]) and
simulation values for the DOPC-200H bilayer is noteworthy, suggesting
that this species could be present in high concentrations in the experi-
mental measurements [93].

2.1.2. Monolayers

Literature is scarce regarding the use of monolayers as biomimetic in-
terfaces to explore the properties of lipid oxidation, both experimentally
[8,41,73], and computationally [36].

In the latter work, aldehyde products were simulated by cleavage of
the DOPC tail at the unsaturated carbon, thus forming aldehyde deriva-
tives like nonanal. Like the bilayer systems, the authors reported surface
expansion for mixtures ranging from 10% to 100% of OxPLs, with subse-
quent condensation of the monolayers. The authors ascribed the phe-
nomena to nonanal leaving the monolayer, corroborating experimental
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observations [82]. In the extreme case of 100% oxidized lipid, monolayers
dissolved into micelles. Like in the bilayer systems, water permeated into
the oxidized lipid regions in the monolayer systems.

To unveil similarities and differences between the results in mono-
layers versus lipid bilayers, here we present results of all-atom MD sim-
ulations of lipid hydroperoxidation effect on DOPC (allowing a liaison
with those presented in Section 2.1.1) and Cardiolipin (CLP) mono-
layers. The hydroperoxide group was attached at carbon 9 and the phos-
pholipids derivatives were those with one and two of these groups,
herein referred to as DOPC-OOH, DOPC-200H, CLP-OOH and CLP2-
OOH. Structures can be visualized in Scheme 1.

The CHARMMS36 force field and TIP3P water model were used in the
simulations. The same set of parameters used to describe the hydroper-
oxide group in the bilayers simulations was also used in the monolayer
simulation, which were simulated in a slab type arrangement. Detailed
information about all computational procedures, as well as a figure illus-
trating the slab type arrangement can be found in SI.

Like hydroperoxized bilayers, monolayers with oxidized derivatives
of DOPC and CLP experience altered physicochemical properties. Prior
simulations data of area expansion in hydroperoxized phospholipid
monolayers, as well as data relating the area expansion in monolayers
versus bilayers, are nonexistent.

The percentage area expansion due to hydroperoxidation of DOPC is
greater for monolayers than for bilayers (Tables 1 and 2). The highest
percentage increase was about 6.7% and 5.8%, for the first and for the
second hydroperoxidation. Bilayers exhibit an attractive term between
the lipid tails of opposite leaflets, not present in monolayers [52]. There-
fore, monolayers tend to expand more due to internal lateral pressure
(originating from repulsive interactions between the lipids) than
bilayers.

The percentage area increase is similar for CLP-OOH (one out of 4
tails oxidized) and DOPC-OOH (one out of 2 tails oxidized). Similarly,
the percentage area increase of CLP-200H (2 out of 4 tails oxidized)
and DOPC-200H (both tails oxidized) is similar. This can be understood
by taking into account two factors: (i) the tails are the same, derived
from the oleic acid and (ii) DOPC's tail has a sectional area of ~33 A?
whereas CLP's tail has a sectional area of ~27 A2, Interestingly, the sec-
ond hydroperoxidation provides the same area percentage increase
(approximately 10%), independent of the membrane mimetic model
(monolayer versus bilayer) and headgroup.

As pointed out in Section 2.1.1, the permeation of water seems to be
a well-established consequence of the oxidation processes, and is ex-
pected when a hydrophilic group resides in the bilayer interior. Fig. 4
shows site-site radial distribution functions between carbon 9 and
water. (See Fig. 5.)

For both DOPC and CLP, the first hydroperoxidation has a higher
peak intensity in than that for the bi-hydroperoxides. Integrating the
site-site radial distribution function around the well-defined peak, we
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Fig. 2. Order parameter for sn-2 chains of DOPC, POPC and their hydroperoxized products, DOPC-OOH, DOPC-200H and POPC-OOH. Left: POPC and POPC-OOH. Right: DOPC, DOPC-OOH

and DOPC-200H.
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find that there is one water molecule on average solvating the hydro-
peroxide group. The electron density profiles also show that
hydroperoxidation of both tails does not trigger higher water pene-
tration in the hydroperoxide region.

2.2. Coarse-grained simulations

All-atom simulations have shed considerable light on the impact of
lipid oxidation on the structural properties of pure lipid bilayers. How-
ever, lipid oxidation can also affect phase segregation in bilayers (for
references, see [38]) and alter bilayer mechanical properties: phenome-
na that are better investigated using coarse-grained (CG) MD simula-
tions. For lipid systems, the MARTINI force field [49-51,65] is most
popular for CG simulations. Like in most coarse graining procedures, in-
formation about dynamics becomes unavailable. In the following sec-
tion, we will first review the limited literature on OxPL CG-MD
simulations, and then describe some of our recent results which show
that the ELBA lipid force field [18,59-62] does a better job than
MARTINI in reproducing properties of OxPL systems, while apparently
also retrieving the dynamics of the systems correctly.

2.2.1. Simulations with MARTINI

In MARTINI, four heavy atoms plus hydrogen atoms are (on average)
mapped onto one soft sphere bead (Lennard-Jones 12-6 potential).
Charged groups interact by a screened term with a relative dielectric
constant of 15. Polarizable water models were developed for MARTINI,
to be used with a relative dielectric constant of 2.5 [97], and the big mul-
tipole water model to be used with a relative dielectric constant of 1.3
[96]. In studies involving compounds resulting from oxidative biological
processes using MARTINI, it was suggested by Khandelia et al. [38]) that
the protection of the mammalian membranes from lipid oxidation
products, more specifically the 1-palmitoyl-2-azelaoyl-sn-glycero-3-
phosphocholine (PazePC) lipids, is due to shape complementary with
cholesterol, leading to sequestration of PazePC lipids into cholesterol-
PazePC rich regions.

MARTINI was also utilized in the hydroperoxized POPC and DOPC
MD simulations by Guo et al. [25]), where bilayers for these lipids

Table 1
Increase of the average area per phospholipid after hydroperoxidation in comparison to
the non-OxPLs analogs.

POPC-OOH DOPC-OOH DOPC-200H
Theoretical value 15.0% 11.0% 21.6%
Experimental value 15.6% 19.1%

were modeled and compared to the experimental data. A decrease in
the stretching modulus and in the lipid lateral diffusion constant was
observed after hydroperoxidation. The results also suggest that the rel-
ative increase in the area per lipid after peroxidation process is recur-
rent and independent of the OxPLs type.

2.2.2. Simulations with the ELBA force field

ELBA (ELectrostatic-BAsed) is a coarse-grained force field of phos-
pholipids and water where the water model is based on a Lennard-
Jones soft sphere plus a permanent point dipole and phospholipids are
described by Lennard-Jones beads plus charges and point dipoles. The
key feature of ELBA is its correct (and natural) treatment of electrostatic
interactions through a relative dielectric constant of one. The main dis-
advantage (currently) is a limited time step of 10 fs.

In this context, we also compare the performance of ELBA and the
popular MARTINI force field. ELBA has important features compared to
other coarse grained force fields: i) it is a top-down coarse procedure
motivated by a correct electrostatic treatment of interactions and
shielding provided by ELBA water molecules; ii) the ELBA water
model is a one-to-one mapping from typical molecular water models,
preserving its dipolar nature and van der Waals volume; and iii) electro-
statics of phospholipids are described by point monopoles and dipoles
giving a more detailed representation of the electrical field from head-
groups. Thus, ELBA provides a simple and correct interpretation for phe-
nomena such as solvation of phospholipids, permeation of water mole-
cules through bilayers, membrane potential as well as lateral diffusion
of phospholipids.

We developed an extension of the ELBA parameters for POPC and
hydroperoxized phospholipids, whose ELBA representation is shown
in Fig. 6. In short, our description for the hydroperoxide group is a
Lennard-Jones sphere having parameters that reflect the hydroperoxide
volume and an embedded point dipole.

Table 2

Simulation and experimental average areas per phospholipid (in A2 per lipid) for DOPC,
CLP and hydroperoxized derivatives (DOPC-OOH, DOPC-200H, CLP-OOH and CLP-
200H) at a surface pressure of 20 mN-m ™.

System Simulation area Percentage increase Experimental area®
DOPC 64.8 + 1.1 - ~65

DOPC-OOH 762 £ 1.2 17.7 -

DOPC-200H 825+ 14 27.4 -

CLP 109 £+ 0.8 - ~110

CLP-OOH 1257+ 13 153 -

CLP-200H 13594+ 14 25.6 -

2 Schmidt et al. [75]).
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Fig. 4. Site-site radial distribution functions between water and the carbon atom attached to the hydroperoxide group.

We studied the following products of the lipid peroxidation process:
POPC-OOH, DOPC-O0OH and DOPC-200H, and their mixtures composed
of POPC:POPC-O0H (1:1) and DOPC:DOPC-OOH (1:1). All ELBA
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Fig. 5. Electron density profile for water and the hydroperoxide group in the DOPC-O0OH,
DOPC-200H, CLP-OOH and CLP-200H monolayer systems. For bi-hydroperoxide
compounds the EDP curves for one (of two) hydroperoxide group were plotted.

simulation analyses were obtained from systems containing 128 lipids
(with the exception of bilayer compressibility (K4) also calculated for
systems containing 1058 lipids). More details about the simulation pro-
tocol and parameters are available in the SI.

The simulation EDP profiles (Fig. 7) are in qualitative agreement
with Small-Angle X-ray diffraction measurements [53]. There is an in-
crease in the membrane core density and the EDP maximum is
displaced towards the membrane center. The hydroperoxide group pro-
files have a unimodal behavior for each bilayer leaflet.

The position for the maxima of the hydroperoxide group, between 7
and 10 A with respect to the bilayer center, and the increase in water
penetration below the headgroup, 5 A near the membrane core, are in
line with all-atom force field predictions (Fig. 1, Section 2.1.1).

We estimated the average number of water molecules that sponta-
neously permeated the bilayer. For pure POPC and DOPC lipid bilayers,
the results were 11 + 3 molecules ps~! nm~2 and 6 + 1 molecules ys~!
nm=2, respectively. For pure POPC-OOH, higher water permeation was
found with a ratio 0f 2230 4 14 molecules us~! nm~2 in comparison to
365 + 22 molecules us~! nm~2 for DOPC-OOH bilayer. POPC:POPC-
OOH (1:1) and DOPC:DOPC-OOH (1:1) mixed bilayers showed
1121 + 84 molecules pus~! nm~2 and 238 + 14 molecules ps~! nm=2, re-
spectively. For DOPC-200H bilayer, the number was 1057 + 64
molecules pus—' nm~2 . Snapshots (after 1.5 ps) of water permeation
through POPC and POPC-OOH bilayers are shown in Fig. 8.

The free energy cost of transporting one ELBA water molecule across
the bilayer was calculated using the adaptive force biasing technique
(see SI for computational details). Without oxidation, the free energy
to pull a water molecule from aqueous bulk to the interior of the POPC
and DOPC bilayers was 5.5 + 0.5 kcal mol ™! and 6.5 & 0.4 kcal mol ™",
respectively. For pure POPC-OOH or DOPC-OOH bilayers, the numbers
were 3.7 & 0.2 kcal mol~" and 4.2 + 0.1 kcal mol™", respectively
(Fig. 9). The average decrease in the free energy difference obtained
with the hydroperoxidation process on the POPC and DOPC bilayers
were ~2 kcal mol™ . A similar decrease was reported [94] for pure
and non-oxidized to OxPLs (1:1) mixtures derived from PLPC lipid
using all-atom simulation, from 0.96 kcal mol ™' to 2.65 kcal mol ™.

Interestingly, the free energy of transfer of one water molecule from
aqueous bulk to the membrane core is the same for the mixed
POPC:POPC-OOH (1:1) and DOPC:DOPC-OOH (1:1) bilayers and the
pure hydroperoxized systems. When half the lipids are oxidized, each
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Fig. 6. ELBA representation for DOPC, DOPC-OOH, DOPC-200H, POPC and POPC-OOH models.

POPC or DOPC lipid is surrounded by at least one oxidized lipid. Thus, a
water molecule traversing through the bilayer always has a hydroper-
oxide group available for hydrogen bonding, both in the 1:1 mixed sys-
tems and the pure oxidized systems.

For both mixtures and pure systems, hydroperoxide groups prefer to
coordinate with other hydroperoxide groups, headgroup ester groups
and water molecules, in that order. The same behavior was confirmed
by atomistic simulation (see SI). In particular, interactions with water
molecules are much weaker than interactions with other hydroperox-
ide and ester groups (Fig. 10).

Literature is divided with regard to the effect of OXxPLs on lateral lipid
mobility in bilayers. The theoretical and experimental results obtained by
Beranova et al. [6]) comparing POPC bilayers and mixtures containing
POPC and 10% of truncated sn-2 tail with charged carboxylic (PGPC) or al-
dehyde group (POVPC), showed an increase in lipid mobility. On the
other hand, OxPLs with non-cleaved chains did not show significant
change in the lipid diffusion coefficient measured by fluorescence correla-
tion spectroscopy [34].

In SUVs containing DOPC mixed with 1-stearoyl-2-arachidonoyl-sn-
glycero-3-phosphocholine (SAPC), a highly unsaturated phosphocholine
containing four double bonds, the diffusion constant decreased with an
increasing concentration of OxPL (Borst et al. [10])).

We calculated the lateral diffusion constants using both the MARTINI
and ELBA force fields. (see SI for detailed procedures).

The lateral diffusion constants from the ELBA simulations are in very
good agreement with experimental data for POPC and DOPC bilayers
(Table 3). Lateral diffusion coefficients calculated from MARTINI are
off by an order of magnitude (10 times higher). Interestingly, ELBA sim-
ulations also show an increase in the diffusion coefficient following
hydroperoxidation, while in MARTINI the opposite effect is observed
[25].

We checked for the formation of nanoaggregates in the mixture sim-
ulations using the approach of de Vries [17], which finds the probability
of occurrence of a specific lipid within the first four nearest neighbor of a
reference lipid (see Table 4).

For both systems, there is no evidence of nanoaggregates, indicating
that the mixtures are near-ideal. The site-site radial distribution function
between glycerol groups for hydroperoxized and non-hydroperoxized
lipids in the 1:1 mixture are also identical, corroborating the nearest-
neighbor analysis (see SI).

Complete hydroperoxidation of POPC and DOPC induces significant
changes in the elastic properties of GUVs [93]. The stretching modulus
(Ky) for POPC and DOPC GUVs obtained by the micropipette technique
is about 200 mN m~ . The value reduced to 50 mN m~! after complete
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Fig. 7. Electron density profile for POPC, POPC-OOH, POPC:POPC-OOH (1:1),

DOPC, DOPC-OOH, DOPC-200H and DOPC:DOPC-OOH (1:1) bilayers.
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Fig. 8. Snapshot for ELBA water beads after 1.5 pus of MD simulation for POPC (left) and POPC-OOH (right) bilayers:
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Fig. 9. Free energy profile for water permeation across ELBA bilayers. Left: POPC systems. Right: DOPC systems.

hydroperoxidation of POPC and to 150 mN m~ ! when 35% of DOPC was
hydroperoxized. The linear dependence between the hydroperoxide
lipid conversion rate and the stretching modulus was confirmed by
single-chain mean field theory. Both MARTINI [25] and ELBA simula-
tions (see SI for more details) confirm a reduction in the stretching
modulus (Table 5).

The elasticity of bilayers are closely related in regulation of GABA,
receptor function [77] and also on lipid-peptide interactions [37]. A
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Fig. 10. Site-site radial distribution function between beads representing water molecules,
hydroperoxides and ester groups.

linear decrease in the free energy of binding of amphipathic peptides
to bilayers with increasing bilayer stretching modulus was verified in
the study of Vidal and McIntosh [88]). The decrease observed in the K,
for the OXPLs bilayers (Table 5) suggest a minor cohesion in the mem-
brane plane between OxPLs molecules. The opposite pattern, an in-
crease in the cohesive interaction in the bilayer plane was observed by
Allende et al. [1]) when cholesterol was added into PC bilayers.

We have seen a discrepancy about two times greater for the
stretching modulus than the experimental measurements by Rawicz
[67] for both ELBA and MARTINI CG systems containing less than 512
lipids. It was demonstrated [90] that the stretching modulus calcula-
tions obtained from explicit simulations of lipid bilayers, despite

Table 3

Lateral diffusion coefficients for pure POPC, DOPC, POPC-OOH, DOPC-OOH, DOPC-200H
and POPC:POPC-OO0H (1:1) and DOPC:DOPC-OOH (1:1) mixtures (in pm? s~ ). ELBA sim-
ulations used 128 phospholipids. MARTINI simulations were carried out using 512
phospholipids.

System ELBA force field MARTINI force field® Experimental data
POPC 2.57 + 1.52 402 + 2.6 7 4+ 3¢
POPC-OOH 7.29 £1.21 322422 -
POPC:POPC-POOH  8.65 + 2.22 - -

DOPC 3.19 £+ 2.59 345+ 1.5 42 +04°
DOPC-OOH 6.98 + 1.45 - -
DOPC:DOPC-O0OH  9.02 + 1.76 - -
DOPC-200H 8.18 + 1.25 244 4+ 2.2 -

2 [25].

> [5].

€ [23].
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Table 4

Fraction of a particular phospholipid “i” around a reference lipid “j” (f;;) using nearest-
neighbor analysis for 1:1 mixtures between POPC:POPC-OOH and DOPC:DOPC-OOH bilay-
ers. 2 us of MD simulations using 128 ELBA lipids were used in the analysis.

SyStem fnon-OxPl,non-OxPl fCAxPl-OxP]
POPC:POPC-OOH 0.500 0.500
DOPC:DOPC-OOH 0.497 0.503

including undulation corrections, are ~50% larger than experiments and
hence there is a noteworthy system size-dependency.

Meanwhile, both MARTINI and ELBA showed small numbers for the
stretching modulus in larger systems (the undulation correction is
neglected for ELBA results), as a direct consequence of recurrent effect
of fluctuations on larger bilayer systems sampled for long times, exten-
sively discussed in the literature [3,14,45,48,49,76].

We also noted a decrease in the mean square fluctuation in the in-
stantaneous pressure when the number of lipids (and consequently
the volume) in our ELBA models were extended by one order of magni-
tude, confirming the observation by Landau and Lifshitz [44]) that the
mean square fluctuation of additive thermodynamic quantities are in-
versely proportional to the square root of the total system volume.
Thus, we found a minor uncertainty in the area fluctuations (standard
deviation) as well as a slight decrease in the average area per lipid
with increase of ELBA bilayers (Table 5).

3. Concluding remarks

Molecular level understanding of the physical changes imparted on
cell membranes due to the generation of oxidized lipid species within
the membranes is of paramount importance. In fact, many investiga-
tions are dealing with the roles of lipid oxidation in physiological and
pathological processes. Much has been learnt by simulation and exper-
iments about oxidized lipids and their influence on liposomes made up
of lipid bilayers in the last decade. Information and properties at molec-
ular level often inaccessible by experimental techniques could be in-
ferred by computational simulation techniques, and experiments have
validated simulations.

Here, in particular, we emphasize upon the common features ob-
tained in simulations of hydroperoxized lipid bilayers and monolayers.
There is an increase in hydration and lateral area. A well-defined and
consistent position of the electron density distribution for hydroperox-
ide groups was obtained for both bilayers and monolayers, even after
repeated oxidation. There was a noted absence of pore formation.
With hydroperoxide tails, there was a specific anchoring effect, which
keeps them internalized in the membrane core despite the strong at-
traction of the polar group towards the bilayer interface. Compared to
nonoxidized tails, a reduction of the order parameters in the carbon
bonds preceding the hydroperoxide group was observed, without sig-
nificant changes in the tail region below the hydroperoxide group. The
membrane changes are accompanied by a decrease of membrane

Table 5
Comparison of the stretching modulus (K,) and between ELBA FF and MARTINI FF.

ELBA force  ELBA force  MARTINI force  MARTINI force
field with field with field with 512 field with 8192
128 lipids 1058 lipids  lipids lipids
Ka(mN/m) Ka(mN/m) Ka(mN/m) Ka(mN/m)
POPC 403 £ 8 159 +£12 379+ 21 245 + 42
POPC:POPC-OOH 229 4 12 48 +2 - -
POPC-O0OH 209+ 5 44.05+ 4 211 £ 11 104 + 25
DOPC 488 +£7 302+9 357 £ 19 230 + 27
DOPC:DOPC-OOH 300 + 10 138 +2 - -
DOPC-O0OH 275+ 6 424+10 - -
DOPC-200H 2324+ 2 894+44 103 +£12 73+ 7

bilayer thickness and elastic modulus. All of the above results are in
good agreement with experiments.

The motivation for ELBA simulations came from its more accurate
treatment of electrostatic interactions involving water molecules and
membranes. Like experiments, simulations with the ELBA force field
show an increased lateral diffusion constant upon hydroperoxidation,
while MARTINI diffusion coefficients decrease, contrary to expectation.

The better comprehension of the physico-chemical changes in lipid
model systems induced by oxidation opens a window of opportunities
in the use of the knowledge in new technologies. For instance, new dis-
ease treatments that aim to protect membranes from photo-oxidative
damage, and new strategies for drug delivery by controlling permeabil-
ity can benefit from the simulations.
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