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ABSTRACT
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It is well established that lipid aldehydes (LAs) are able to increase the
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permeability of cell membranes and induce their rupture. However, it is not yet
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clear how LAs are distributed in phase-separated membranes (PSMs), which are
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responsible for the transport of selected molecules and intracellular signaling.
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Thus, we investigate here the distribution of LAs in a PSM by coarse-grained
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molecular dynamics simulations. Our results reveal that LAs derived from mono-
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unsaturated lipids tend to accumulate at the interface between the liquid-
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ordered/liquid-disordered domains, whereas those derived from poly-unsaturated
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lipids remain in the liquid-disordered domain. These results are important for
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understanding the effects caused by oxidized lipids in membrane structure,
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properties and organization.
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INTRODUCTION

Membranes of eukaryotic cells are important, e.g., for protecting the cells
and acting as transporters of biomolecules into the cell interior [1]. Nowadays, it
is well established that lipid membranes can be separated into nano- or
microdomains, usually referred to as “lipid rafts” [2,3], which play a role in many
biological processes. Such processes are for instance, numerous signal
transduction pathways, apoptosis, cell adhesion and migration, synaptic
transmission, organization of the cytoskeleton and protein sorting during both
exocytosis and endocytosis [4-6]. Lipid rafts consist of liquid-ordered (Lo) and
liquid-disordered (Ld) phases, where the former is mainly composed of saturated
lipids (or sphingolipids) and cholesterol (Lo), and the latter is mainly composed
of unsaturated lipids (Ld) [7,8]. Experimentally, lipid rafts have proven difficult to
visualize in living cell membranes, and the degree of phase-separation remains
unknown due to the similarity in the constituents and structures of the lipids [9-
11].

Studies have shown that cholesterol plays an important role in lipid rafts
formation. For instance, Krause and co-workers experimentally demonstrated
that cholesterol is pushed away from low-melting (unsaturated) lipids and pulled
towards high-melting (saturated) lipids (i.e., push-pull mechanism) [12]. This
means that cholesterol exhibits attractive interactions in the Lo phase and
repulsive interactions in the Ld phase. A few years later, Wang et al., showed that
these repulsive interactions can be much stronger than the attractive interactions
[13]. In another study, it was observed that the overload of cholesterol in
neurodegenerative diseases leads to an increased partitioning of beta-amyloid
proteins into lipid rafts, resulting in an increased amyloid formation and
contributing to the progress of the neurodegenerative disease [14].

Computer simulations have proven to be powerful tools to describe the
lipid phase-separation in membranes [15-17]. However, atomistic details of
phase-separation in membranes are still a challenge due to slow lateral diffusion
of lipids, compared to the typical timescales of computer simulations (nano- to
microseconds) [18]. To bypass the long simulation times required to observe lipid
phase-separation, membranes with pre-formed coexisting phases (domains) can
be used (see e.g., [19]). Alternatively, coarse-grained (CG) models are able to
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access larger length and timescales compared to atomistic simulations [20-22].
Marrink et al. developed a CG force field for biomolecular systems, known as the
Martini force field, which is based on the mapping of four heavy (non-hydrogen)
atoms into one bead [23,24]. In this way, the degrees of freedom can be
decreased and the time step to integrate the Newton's equations of motion can
be 1 to 2 orders of magnitude larger than in atomistic simulations, thus allowing
the investigation of larger systems over longer timescales. A number of CG
models using the Martini force field have been used to investigate the phase-
separation in multicomponent membranes [25-27]. In some of these works, the
authors investigated the mechanisms that explain phase-separation in three-
component [25,26] and four-component [27] lipid mixtures.

Although extensive efforts have been performed to understand the
behavior of phase-separated membranes (PSMs), there still remain several open
questions. During the last decades, a number of experimental and computational
studies have been devoted to understand the mechanisms and effects of lipid
oxidation in cell membranes, which can be correlated with inflammatory, cancer
and neurodegenerative diseases [28-31]. For instance, Wiczew and co-workers
showed that a small area of a cell membrane (with or without cholesterol) oxidized
into aldehydes (lipid aldehydes (LAs)) would induce the formation of wide enough
pores (up to ~5 nm diameter) to transport ions and large molecules [32].
However, the effect of lipid oxidation on a PSM (with lipid rafts) as well as the
interfacial activity of lipids at the domain boundaries, still need to be elucidated.
Previously, we showed that the addition of a few LAs at the interface between
domains is able to increase the membrane permeability up to 3-fold [19]. These
results suggest that interfaces between PSMs are regions where pore formation
is facilitated, inducing cell death either directly or as a consequence of membrane
rupture.

To confirm our earlier assumption that LAs have actually a tendency to
accumulate at domain interfaces, in the present study we performed CG
molecular dynamics (MD) simulations to investigate the phase-separation in a
membrane, as well as the lateral diffusion of LAs in this PSM, over a long
simulation time. Since membrane lipids can also interact with several membrane
proteins [33-35], oxidized lipids have been linked to protein aggregation and
amyloid formation of disordered proteins, involved in type-Il diabetes, Alzheimer’s
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and Parkinson’s diseases [36], anxiety and depression [37] and schizophrenia
[38]. Thus, this study may be of interest for understanding the membrane damage
caused by lipid oxidation in cancer cells, during for instance photodynamic
therapy (PDT), cold atmospheric plasma (CAP), as well as in diabetes and
neurodegenerative disorders.

METHODS

Preparation of the CG Models

We built the CG models using the insane (INSert membrANE) tool [39].
Although phase-separation has been experimentally observed in ternary mixtures
of DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) / ChL (cholesterol) /
DOPC (1,2-dioleoyl-sn-glycero-3-phosphatidylcholine) [40-42], and
DPPC/ChL/POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) [43,44],
the current Martini force field is unable to reproduce phase-separation of these
mixtures [25,45]. This limitation is intrinsic to the force field parametrization, which
was parametrized to reproduce experimental densities of water and some
alkanes at room temperatures. However, it tends to underestimate
conformational entropy of the system, and some parts of the interaction are
incorporated as enthalpic energy. This feature opened the question whether
conformations play a role in the phase separation of ternary mixtures described
by the Martini force field. Interestingly, CG MD simulations of ternary mixtures of
DPPC/ChL/DOPC and DPPC/ChL/DAPC (1,2-diarachidoyl-sn-glycero-3-
phosphocholine) indicated that the phase-separation within the Martini force field
is primarily driven by interactions between hydrophobic tail beads, rather than
structural/conformational differences between DPPC and unsaturated PC
molecules [25].

One way to solve that limitation is the use of temperatures that are below
experimental phase-separation, or the use of lipids with a higher level of
unsaturation. For example, ternary mixtures of poly-unsaturated lipids such as
DPPC/ChL/DIPC (1,2-dilinoleoyl-sn-glycero-3-phosphocholine) and
DPPC/ChL/DAPC were used in CG MD simulations to reproduce phase-
separation [46,47]. Thus, we studied phase-separation in a CG model membrane
that contains (randomly distributed) 256 DIPC lipids, 256 DPPC lipids and 128
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ChL molecules, together with 11012 water molecules surrounding them in the top
and bottom layers (ca. 21 water molecules per lipid molecule). The molecular
structures of all lipid molecules used in our CG MD simulations are presented in

Figure 1.
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Figure 1. Molecular structures of the lipids (DPPC, DIPC, POPC-ALD, DIPC-ALD) and
cholesterol (ChL) molecules, and mapping of four heavy (non-hydrogen) atoms into one bead, for
use in our CG MD simulations. Blue, dark yellow, pink and cyan colors represent the choline,
phosphate, glycerol groups and acyl chains, respectively. The rectangles in red, blue and green
represent unsaturated (chain A), saturated (chain B) and oxidized chains of the lipids,

respectively.

We applied the GROMACS version 2020.2 [48] in combination with the
Martini v2.0 force field [24] in its standard (nonpolarizable) water model. After
energy minimization of the model system, we performed the equilibration for 12
Ms with a time step of 30 fs. The temperature was maintained at 310 K using the
velocity-rescaling thermostat [49], with relaxation time of 1.0 ps. The system was
semi-isotropically coupled to the Parrinello-Rahman barostat [50] to maintain its
pressure at 1 bar. The pressure in the xy plane was kept equal to that in the z
direction, with relaxation time of 12.0 ps and compressibility of 3 x 107* bar™, in
line with those values used in earlier membrane simulations performed with the
Martini force field [51-53]. In principle, larger values of compressibility should
facilitate fluctuations in the membrane area, but they are not expected to affect
average equilibrium properties. Electrostatic interactions were explicitly
calculated within a cut-off of 1.1 nm with a relative dielectric constant of 15.
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Beyond this cut-off, the interactions were computed by the reaction-field method
[54], with an infinitely large dielectric constant. We used periodic boundary
conditions in all Cartesian directions. Topology parameters of all molecules were
taken from the Martini force field [23,24] and are available in the Supporting
Information (SI).

During the 12 ps equilibration, the phase-separation was achieved within
3 ps, yielding a system composed of two domains: Lo phase (DPPC + ChL
molecules) and Ld phase (DIPC lipid molecules). The membrane remained stable
until the end of the simulation (see Figure S1 in the SI).

After phase-separation, we replaced some lipids of the Ld domain
randomly by LA molecules. Specifically, we studied two types of LAs: derived
from either mono-unsaturated POPC (POPC-ALD) or poly-unsaturated DIPC
(DIPC-ALD) lipids (see Figure 1). Each CG model membrane was composed of
256 DPPC lipids, 204 DIPC lipids, 52 LAs (i.e., 10% of the total lipids), 128 ChL
molecules and 11012 water molecules. Similar to the native system, the CG
model membranes with 10% LAs were equilibrated for 12 s, at the same
conditions mentioned above. Note that we adjusted the Martini force field
parameters of the POPC and DIPC lipids to build in the parameters of the POPC-
ALD and DIPC-ALD lipids. The topology files of these molecules can be found in
the SI.

In order to check whether our CG parameters for LAs were in agreement
with all-atom (AA) simulations, which (as suggested by the name) account for all
individual atoms, and are thus not bound by the assumptions of the CG approach,
we also performed CG simulations using membranes (or bilayers) consisting of
(1) 100% POPC-ALD lipids and (2) 25% POPC-ALD lipids and 75% POPC lipids.
At AA level, Boonnoy and co-workers observed full pore formation in the bilayer
consisting entirely of LAs [55]. At 50% oxidation with LAs, the pores were stable.
However, at 100% of LAs the pores became unstable and micellation occurred
within 1 s [55]. In agreement with [55], we observed no pore formation in our CG
model with 25% POPC-ALD lipids, even after 10 ps of simulation (Figure S2). On
the other hand, again in agreement with [55], we observed pore formation at
around 18 ns of simulation with 100% POPC-ALD (Figure S3). These results
indicate that our simulations with CG parameters for LAs correspond well with the
AA simulations. We also calculated the angle distributions of both models to
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correlate the AA and CG model systems. To compare both, we converted the
topology of a AA model to a CG model, using the backward tool [56], and we
performed a CG simulation. As is clear from Figure S4, the angle variation of both

simulations was similar.

Visualization and Data Analysis

Visualization of the CG and atomistic models was carried out using the
VMD software [57]. We used the gmx density and gmx rdf tools of GROMACS
for analysis of the mass density and radial distribution function of the lipids,
respectively. Furthermore, we used the FATSLIM software [58] to calculate the
two-dimensional distribution of the area per lipid and the bilayer thickness (for

each domain).

RESULTS AND DISCUSSION

In our previous work, we hypothesized that LAs prefer to concentrate at
domain interfaces, which leads to a stronger permeabilization effect. Our results
showed that only a few LAs at the interface between the Lo/Ld domains were
enough to increase the membrane permeability [19]. In the present study, we
performed CG MD simulations, adding randomly the LAs at the Ld domain, in
order to see if they indeed tend to accumulate at the interface between the Lo/Ld
domains after a long timescale. As discussed in the methodology section, we
simulated two LA-derivatives: one derived from mono-unsaturated POPC lipids
(POPC-ALD) and another derived from poly-unsaturated DIPC lipids (DIPC-
ALD). Interestingly, the POPC-ALD lipids accumulated at the interface after 6 ps
of simulation (Figure 2A), but the same did not occur for DIPC-ALD lipids, even
after 12 us (Figure 2B). These results are corroborated by the density profiles
(Figure 3): we can note a higher density of POPC-ALD lipids at the interface
between the Lo/Ld domain (see Figure 3A), while the DIPC-ALD lipids remained
at the Ld domain (see Figure 3B). It is noteworthy that there was no pore

formation in either case.
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Figure 2. Top view (upper panels) and side view (bottom panels) of the CG model membranes,
where the Ld domain is composed either of (A) DIPC and POPC-ALD lipids or (B) DIPC and
DIPC-ALD lipids. The Lo domain in both cases is composed of DPPC + ChL. Each bead is
represented as a van der Waals sphere. Water molecules are not shown for the sake of clarity.
The accumulation of POPC-ALD lipids at the interface after 6 and 12 ps of simulation in case (A)
is indicated by the green van der Waals spheres, while in case (B) the DIPC-ALD lipids stay in
the Ld domain, as also indicated by the green van der Waals spheres. Yellow arrows indicate the

membrane constriction regions.
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Figure 3. Density profile of the CG model membranes, where the Ld domain is composed either
of (A) DIPC and POPC-ALD lipids or (B) DIPC and DIPC-ALD lipids. The accumulation of POPC-
ALD lipids at the Ld/Lo interface is clear from the maximum in the density profile (around -5 and
+5 nm) (A), while no maximum at the interface is observed for the DIPC-ALD lipids (B). The
values were calculated from the last 6 ps of simulations. The position x = 0 corresponds to the
center of the Lo (DPPC + ChL) domain.

In addition, the presence of both POPC-ALD and DIPC-ALD did increase
the area per lipid at (or around) the interface region (see red circles in Figure 4),
inducing a membrane constriction (see Figure 2). It is in agreement with our
previous study, where we observed an increase of the local membrane curvature
upon addition of POPC-ALD [19]. An increase of the area per lipid leads to a
decrease of the bilayer thickness and a lower density in the membrane interior,
thereby facilitating pore formation.

The temporal evolution of the area per lipid is shown in Figures S5 and S6
in SI. As is clear, in both systems, we can see a rise in the area per lipid at 12 ps.
The truncated and highly mobile tails of the LAs have been proven to act as a
water transporter, forming a bilayer thickness minimum in the oxidized region
[59,60]. Indeed, we observed that the bilayer thickness of the Ld domain was
smaller in the presence of LAs (see Figure S7). All together, these features of
LAs increase the membrane susceptibility to fluctuations and subsequent pore
formation.

We observed that when the intact (i.e., non-oxidized) lipid chain is
saturated (i.e., LA-derived from POPC), it tends to accumulate at the interface,
whereas it remains at the Ld domain when it is unsaturated (i.e., LA-derived from
DIPC). This suggests that the interfacial activity is driven by the interactions
between saturated (POPC-ALD) and unsaturated (DIPC-ALD) lipid acyl chains of
the LAs with the Lo (POPC + ChL) and Ld (DIPC) domains. Indeed, a systematic
study with the Martini force field has shown that phase separation is primarily
driven by differences in van der Waals interactions between saturated and
unsaturated fragments [25].
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Figure 4. Two-dimensional distribution of the area per lipid calculated at 12 ps of simulation (top
view of only a single MD frame) (left side). Red circles indicate the positions where the area per
lipid is higher. The right side also represents a top view of the membrane, but in this case the
lipids are explicit. The box sizes in x and y-axes are the same in the right and left sides, but they

are represented in different scales.

We also performed atomistic simulations using the same lipid composition
of the CG model membranes, to evaluate whether significant changes take place
in the atomistic (AA) model system, i.e., the model system which better

represents a real system. We found that the simulation time (10 us) used in our
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AA simulations was insufficient for POPC-ALD and DIPC-ALD lipids to diffuse
laterally to the membrane interface and accumulate there (or not) (see Figures
S8 and S9). It was found in another simulation study that the lateral diffusion
coefficients for phospholipids were in the order of ~ 0.01 nm2.ns™! [61], which
indicates that in 10 ps, a completely random lateral motion of an individual lipid
would be limited to within a circle with a radius smaller than 6 nm. This is too
small compared to the membrane size used in our simulations (i.e., ~ 17 nm in
the x direction). Thus, these low lipid lateral diffusion coefficients require longer
simulation time than used in our AA simulations (i.e., longer than 10 uys). Our AA
simulations showed more bending close to the interface region in the DPPC +
ChL / DIPC + DIPC-ALD system, i.e., a higher thickness mismatch between the
Lo and Ld domains (see Figure 5 and Table S1). As a consequence, the
membrane might be more susceptible to pore formation at the interface region,
although this was not observed in neither AA model. Nevertheless, our CG
models reproduce well the structural properties of the AA models (see Table S1),
although the dynamics in the CG model are of course faster than that of the AA
model, which are because of the fewer degrees of freedom of the atoms in the
CG model.

0 pus 5ps 10 us

Figure 5. Side view of the atomistic model membranes, where the Ld domain is composed either
of DIPC and POPC-ALD lipids (upper panels) or DIPC and DIPC-ALD lipids (bottom panels). The
Lo domain in both cases is composed of DPPC + ChL. Lipid molecules are represented as solid
lines. Water molecules are not shown for the sake of clarity.

To summarize, we hypothesize that the saturated acyl chains of POPC-
ALD interact with the saturated acyl chains of DPPC lipids [31], so that they
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accumulate at the interface between the Lo/Ld domains, since the truncated
(oxidized) chains of POPC-ALD interact with unsaturated chains of DIPC.
Likewise, the unsaturated acyl chains of DIPC-ALD interact with the unsaturated
acyl chains of DIPC lipids, and with the truncated (oxidized) chains of DIPC-ALD,
therefore they remain in the Ld domain. This hypothesis is corroborated by
calculation of the radial distribution function (RDF) for the oxidized, unsaturated
(chain A) and saturated (chain B) acyl chains of POPC-ALD and DIPC-ALD, with
the unsaturated (chain A) and saturated (chain B) acyl chains of DIPC and DPPC
lipids, respectively (see Figure 1). Indeed, as shown in Figure 6A, the probability
density to find a chain at a distance of 0.5 nm from the oxidized chain of POPC-
ALD is higher for chain A of DIPC than for chain B of DPPC, whereas the
probability density to find a chain at 0.5 nm from the chain B of POPC-ALD is the
same for both chain A and chain B of DIPC and DPPC, respectively. Likewise,
the probability density to find a chain at a distance of 0.5 nm from either the
oxidized or chain A of DIPC-ALD is higher for chain A of DIPC than for chain B of
DPPC (Figure 6B).
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Figure 6. Radial distribution function calculated for oxidized chains of POPC-ALD and DIPC-ALD
from the last 6 us of simulation. Chains A and B represent unsaturated and saturated chains,
respectively. The values for chains A and B were calculated as an average between the two
chains A or B of each lipid type.

Overall, not only oxidized acyl chains affect the distribution of LAs in PSMs,
but also the structure of the lipids (saturation or unsaturation) plays a role.
Although the timescale of our (very expensive) atomistic simulations (10 ys) was
not enough to show the distribution of the LAs at the interfaces, our CG results
seem realistic to describe their preference of accumulation in a PSM.

CONCLUSIONS
We performed CG MD simulations to evaluate the distribution of LAs in

PSMs. Our results reveal that LAs derived from mono-unsaturated lipids (POPC-
ALD) tend to accumulate at the interface between the Lo/Ld domains.
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Conversely, LAs derived from poly-unsaturated lipids (DIPC-ALD) tend to remain
in the Ld domain. These investigations help to elucidate how LAs, which are well-
known membrane lipid oxidation products that increase the membrane
permeability, can be distributed in complex membrane systems. These insights
can be important for understanding the molecular level mechanisms of
membrane damage caused by lipid oxidation and its role in membrane structure,
properties and organization. For instance, our findings can be relevant for plasma
application in medicine, to target and disrupt regions prone to pore formation in

cancer cell membranes.
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