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Abstract

Cardiolipins have multiple vital functions within biological cell membranes, most
notably in the energy metabolism associated with the inner mitochondrial membrane.
Considering their essential role, peroxidation of cardiolipins may plausibly have signif-
icant effects, as peroxidation is known to alter the functionality of lipid molecules. We
used atomistic molecular dynamics simulations to study how peroxidation of cardiolipin
affects the properties of the inner mitochondrial membrane. To this end, we explored
what happens when varying fractions of fatty acid chains of cardiolipin are replaced by
its four different oxidized products in systems modeling the inner mitochondrial mem-
brane. We found that the oxidation of cardiolipin leads to a conformational change
both in the backbone/head group and in chain regions of oxidized cardiolipin molecules.
The oxidized groups were observed to shift closer to the membrane-water interface re-
gion, where they formed hydrogen bonds with several other groups. Additionally, the
conformational change turned out to decrease bilayer thickness, and to increase the area
per lipid chain, though these changes were minor. The acyl chain conformational order
of unoxidized lipids exposed to interactions with oxidized cardiolipins was increased in
carbons 3-5 and decreased in carbons 13-17 due to the structural reorganization of the
cardiolipin molecules. Overall, the results bring up that the conformation of cardiolipin
is altered upon oxidation, suggesting that its oxidation may interfere its interactions
with mitochondrial proteins and thereby affect cardiolipin-dependent cellular processes

such as electron and proton transport.

Introduction

Cardiolipin (CL) is a fascinating lipid molecule with a unique structure consisting of two
phosphatidyl groups bridged by a glycerol group. This dimeric structure includes altogether
three glycerol backbones and four acyl chains.™™ Additionally, in most mammalian tissues
and higher plants, the fatty acid structure of CLs is restricted to chains including 18 carbons,?

resulting in a symmetrical structure. Therefore, CL has a very special ultrastructure that is
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unique among phospholipids.*

Cells invest eminent amount of energy to synthesize different lipids,* and it has been
established that lipids interact specifically with membrane proteins and regulate their func-
tion.”® Cardiolipin is primarily localized to membranes that have coupled electron transport
and phosphorylation: bacterial plasma membranes, chloroplasts, chromatophores, and mi-
tochondria.” CL has several vital functions especially in the energy metabolism associated
with the inner mitochondrial membrane (IM).*? In energy production, CL affects, e.g., the
stability of the involved enzymes and enzyme complexes.! Moreover, CL is important
for the stability of biological membranes*!' and CL and its oxidation products are
involved in signaling in mitochondria.'?13 Considering the multitude of essential
roles that CLs have in the human body, it is hardly surprising that derangements
in its metabolism and composition have been associated with various pathological
conditions,!* such as aging, Barth syndrome,*® ischemia,’® and heart failure.'”

Previous studies have revealed that lipid oxidation affects the physiological functions of
cell membranes and has a role in cellular membrane damage.'®%? Lipid peroxidation is
thought to be linked to cellular aging and various health issues such as Parkin-
son’s and Alzheimer’s disease, schizophrenia, atherosclerosis, and inflammatory

diseases. 1821523

Several reactive oxygen species, such as hydroxyl radicals or hydrogen
peroxides, are thought to be the main culprits.?! The end-products of lipid peroxidation re-
actions can be perilous for the viability of cells. Due to the high content of unsaturated

1

acyl chains!* and the location of CL near the production site of reactive oxygen

4 and indeed

species, CL is known to be particularly susceptible to oxidation,*

prevention of CL oxidation may be a promising target for new therapies.?>
Previous studies suggest that oxidation of lipids alters the properties of membranes for

instance by changing membrane fluidity, thickness, lipid organization, and lipid-lipid inter-

actions 181922200 The oxidation of membrane lipids may even lead to formation of pores and

membrane disruption.?“ ! According to simulation studies, the oxidation of membrane lipids
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generally increases area per lipid, decreases bilayer thickness, and it shifts oxidized groups

towards the membrane-water interface of the bilayer.20-22:32734

Nonetheless, even though oxi-
dized lipids have been found to expose a threat for the viability of cells, the exact mechanisms
of membrane damage induced by oxidation are still unclear.

This study concentrates on resolving the effects of CL oxidation on the properties of the
inner mitochondrial (IM) membrane. Understanding the effects of cardiolipin peroxidation in
this context is essential, since lipid peroxidation and abnormalities in cardiolipin metabolism
are linked to dysfunction of biological membranes, thereby affecting human health.=°

Given the atomistic resolution needed to explore this topic, we employ atomistic molec-
ular dynamics (MD) simulations that can provide significant added value to complement re-
lated experimental work. Recent computational studies in membrane biophysics and physical
chemistry have shown the superior capacity of atomistic computer simulations in clarifying
molecular-scale mechanisms of membrane dynamics and function over time scales close to
a millisecond.”" Here our approach is more modest in terms of simulation time scales, yet
we consider the consequences of CL oxidation in a systematic manner by focusing on a va-
riety of structural membrane properties that are known to be decisive for the stability of
mitochondrial membranes.

We carried out atomistic MD simulations of nine different systems, eight of which included
oxidized CLs and one was used as a control system based on pristine CL. The lipid content
of the model systems mimicked the lipid composition of the natural inner mitochondrial
membrane. To the best of the authors’ knowledge, no simulation studies regarding cardiolipin
peroxidation in mitochondrial-like bilayer membranes have been published prior to this work.

We found that the oxidation of one of the acyl chains of CL alters the structural properties
of the inner mitochondrial -like membranes. Key membrane properties such as membrane
thickness, membrane area, and lipid conformational order were found to be modulated by CL
oxidation, however the effects were minor, and perhaps even surprisingly minor. It therefore

turned out that the effects of CL oxidation are not exceptionally profound in the overall
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membrane properties, yet oxidation of CL was observed to give rise to a significant effect,
which likely has a role in interfering with biological functions: we found CL oxidation to
change the conformation of CL by altering its orientation in a membrane. Given that CL
is known to bind various mitochondrial proteins and thereby contribute to their function, it
is quite plausible that the observed oxidation-induced change in CL conformation may alter
CL-protein interactions and hence affect biological processes where CL plays a role, such as

proton and electron transport.

Methods

Bilayer setup and simulations

To characterize the effect of cardiolipin oxidation on the structure and properties of the
IM membrane, we considered nine different model systems. The models were based on
the natural composition of the IM membrane, which includes phosphocholines, phospho-

S158 Thus, all bilayers in our mod-

ethanolamines, and cardiolipins as main lipid components.
els contained 47.4 mol% 1,2-di-(9Z,12Z-octadecadienoyl)- sn-glycero-3-phosphocholine (DLPC),
40.4 mol% 1,2-di-(9Z,12Z-octadecadienoyl)-sn-glycero-3-phosphoethanolamine (DLPE), and
12.3mol% cardiolipin molecules, whose structures are presented in Figure (Il The models
mimic the natural composition of the inner mitochondrial membrane.3® The molar
concentrations given above result in 54 DLPC, 46 DLPE, and 14 CL molecules, totaling to
114 lipids in a bilayer. The acyl chains of all lipids were unsaturated and included 18 carbons
with double bonds at positions 9 and 12 (linoleic acid, 18:2¢9,12). The total charge of CL in
physiological conditions is controversial,***! and both single and double charged CLs have
been proposed. In our model, CL carried a charge of —2e. The model was introduced and
verified elsewhere*? and later used in the study of Poyry et al.#3

In the simulation models, we substituted one chain of 6 or 14 cardiolipins with one

of four different oxidized products of linoleic acid, thus obtaining eight systems including
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Figure 1: The structure of (top) cardiolipin, (middle) DLPC, and (bottom) DLPE molecules
considered in this work. The red area indicates the chain that is modified in oxidized systems.

oxidized cardiolipins, see Table [II The used oxidized products were hydroperoxide and
aldehyde groups (see Figure : 13-hydroperoxy-trans-11,cis-9-octadecadienoic acid (13-
tc); 9-hydroperoxy-trans-10,cis-12-octadecadienoic acid (9-tc); 12-oxo-cis-9-dodecenoic acid
(12-al); and 9-oxo-nonanoic acid (9-al). Usually the polyunsaturated chains, and thus
their oxidized products, are connected to the sn-2 carbon in lipids. In this study,
we placed the oxidized products in the sn-1 position, as it has been observed
to be more prone to oxidation in CL-containing four linoleoyl tails.44 The control
system did not include any oxidized lipids.

Altogether, we obtained a total of 9 different systems where the concentration of oxidized
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Figure 2: The products of the oxidation of linoleic acid taken into account in this study. From
top to bottom: 13-hydroperoxy-trans-11,cis-9-octadecadienoic acid (13-tc), 9-hydroperoxy-
trans-10,cis-12-octadecadienoic acid (9-tc), 12-oxo-cis-9-dodecenoic acid (12-al), and 9-oxo-
nonanoic acid (9-al). The red areas indicate the fragment for which additional simulation
parameters were derived by quantum-mechanical calculations (see text).

CL was 0 ("Control’ in Table[I])), 5.3mol% ("Low’), or 12.3mol% ("High’), as listed in Table[l]
The given CL concentrations were chosen so as to sample the extremes of the
concentration range.

For lipids and ions, we used the all-atom OPLS (Optimized Parameters for Liquid Simula~
tions) force field*” using additional parameters specifically derived for lipids.“®“? For water,
we used the TIP3P model.”"

For the oxidized products of linoleic acid, additional parameters were needed, see the
highlighted fragment in Figure[2] Partial atomic charges were derived in accordance with the
OPLS methodology by fitting to the electrostatic potential using the RESP procedure,® and
torsion angle parameters were derived using the procedure described by Maciejewski et al.4°
All electronic calculations were performed with second order Mgller-Plessent perturbation
theory (MP2) with the 6-31G** basis set within the Gaussian 03 program.®? In more practical
terms, the electronic calculations were performed using the procedure described in % the

energies in question being given schematically by [E(CCSD(T)/LBS) = E(CCSD(T)/SBS)
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Table 1: Abbreviations used for the systems, including their CL content.

System Oxidized product
name Number of CL molecules of linoleic acid in an

oxidized CL chain
13-tcHigh 14 oxidized CLs 13-tc
13-tcrow 8 pristine CLs + 6 oxidized CLs 13-tc
9-tCHigh 14 oxidized CLs 9-tc
9-tCLow 8 pristine CLs 4+ 6 oxidized CLs 9-tc
12-align 14 oxidized CLs 12-al
12-al,w 8 pristine CLs + 6 oxidized CLs 12-al
9-almigh 14 oxidized CLs 9-al
9-alt,ow 8 pristine CLs + 6 oxidized CLs 9-al
Control 14 pristine CLs -

+ (E(MP2/LBS) — E(MP2/SBS))], where LBS is an abbreviation for the cc-pVTZ basis
set and SBS is an abbreviation for the cc-pVDZ basis set. Final CCSD(T)/LBS energies
were used in the fitting procedure. The derived parameters are given in the Supporting
Information (SI) as a part of molecular topologies.

When building the systems, we arranged the lipids in an array in the bilayer zy-plane, so
that both leaflets contained the same number of each lipid species. We hydrated all bilayers
with 3586 water molecules and added 28 sodium ions (Na™) to neutralize the total charge
of the systems. Altogether, the systems comprised between 26796-27160 atoms.

Prior to MD simulations, we minimized the energies of the initial structures by using
the steepest descent algorithm. Three repetitions of each simulation with different initial
velocities were performed to confirm reproducibility. The integration time step was 2fs. The
simulations were performed at a constant semi-isotropic pressure (1 bar) with a compressibil-
ity of 4.5x107° and at a constant temperature (310 K). The pressure was controlled using
the Parrinello-Rahman®? barostat and temperature with the Nosé-Hoover® thermostat with
time constants 1.0 ps and 0.4 ps, respectively.

Periodic boundary conditions were applied in all three dimensions. A cutoff of 1.0nm
was applied to Lennard-Jones interactions. Electrostatic interactions were treated using

the Particle-Mesh Ewald method. The neighbor list was updated every 10th step and the
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LINCS® algorithm was used to constrain the bond lengths.

All simulations were performed over a period of 600 ns with the GROMACS
software package®® (version 4.6.5). We monitored equilibration by considering the time
development of the area per lipid that settled to equilibrium values in less than 300 ns in
all simulations. Thus, the first 300 ns of each simulation was considered as the equilibration
period and the last 300 ns was analyzed. The total simulation time of the full project was

about 16 microseconds.

Analysis methods

Analysis was conducted using the GROMACS software package,®® VMD,*” and
the authors’ own software.

In MD studies, the area per lipid (in the zy-plane) is typically given as total area divided
by the number of lipids in one leaflet. Here, we instead calculated the area per lipid chain,
since there are four hydrocarbon chains in CL and only two in DLPE and DLPC lipids. Area
per chain is calculated by dividing the total area of the bilayer by the number of lipid chains
in a single leaflet.

Moreover, we calculated a related quantity, the thickness of the membrane (along the z-
direction), using electron density profiles that were computed across the membrane separately
for water molecules and all lipids. Membrane thickness is then defined as the distance
between the two points where the density of water equals the density of all lipids.

Additionally, to explore how individual structural units in the lipid molecules were dis-
tributed inside a membrane, along its normal direction, we examined the electron density
profiles of several individual components. The results were averaged over the two leaflets
of each membrane (all membranes were symmetric) and scaled so that the maximum value
equals one to make comparison easier.

Hydrogen bonds were defined geometrically: a hydrogen bond is here considered to exist

when the donor and the acceptor are at most 0.325 nm apart and the bond angle is at most
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30 degrees.
To characterize the order of lipid acyl chains, we calculated the deuterium order parameter
(SCD)Z

3
SCD=§

<00820 - 1>, (1)
where # is the angle between a CH-vector and the bilayer normal. The brackets indicate
that order parameter is averaged over all studied lipids and time. Order parameters are
calculated separately for the unoxidized sn-1 chains of oxidized lipids and for sn-1 chains of
unoxidized lipids.

To study the conformation of oxidized CLs, we calculated angles between the outward
bilayer normal and a vector between the CL phosphorus atoms (Figure. We also calculated
the angle between the PN-vector of DLPC and DLPE molecules (Figure (1)) and the outward
bilayer normal to analyze the head group orientation of these lipids.

Radial distribution functions (RDFs) and coordination numbers were calculated to an-
alyze the possible reorganization of membranes including oxidized CLs compared with the
control system. All RDFs were computed in three dimensions. The coordination number
gives the number of atoms of a given species in the first shell around the studied group by

evaluating the integral

N = /rmin dr 4mpg(r)r?, (2)
0

where 7 is the radial distance, p is the average number density of studied atoms, g(r) is the
RDF. The quantity ry;, denoting the radius of the first shell is taken as the distance of the
first minimum of the RDF of the studied atoms around a specific group.

We computed the charge density across the system by dividing the system into slices in
the direction of the bilayer normal (z) and counting the number of charges in each slice.

Further, we obtained the electrostatic potential by integrating the charge profile twice from

10
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the water phase toward bilayer center to attain the electrostatic potential®®

O(2) — B(0) = ;1 /0 ) /0 " 4 (), (3)

where ¢( is the vacuum permittivity and p is the charge density.

We averaged all results over the three simulation repetitions that were carried out for each
system. KErrors for the area per chain, membrane thickness, and hydrogen bonds were cal-
culated separately for each repetition with the block averaging method described by Hess.?”

The presented error is the largest error obtained from the three repetitions.

Results and discussion

Cardiolipin peroxidation causes conformational changes to lipid

chains

We found that the most notable change in the simulations including oxidized CLs is that the
conformation of the oxidized CL chains changes: the oxidized groups within the chains shift
toward the membrane-water interface from the more inner parts of the bilayer. Two exam-
ples of final structures where this conformational change is evident are shown in
Figure [3l As the oxidized group twists outward, the orientation of the whole lipid chain
changes. As described later, this affects the conformation of the entire CL molecule. As
unoxidized chains do not undergo this conformational change, the oxidized lipid chains are
located, on average, closer to the membrane-water interface compared to other lipid chains.

We verified the twist of oxidized groups toward the head group region by examining the
electron density profiles of aldehyde and peroxide groups in the different systems, as shown
in Figure[d For clarity, it depicts the results for systems that included the largest number of
oxidized CLs (12.3mol%), but a similar pattern is also seen in systems including a smaller

amount of oxidized CLs (5.3 mol%). Additionally, the electron density profile of phosphate
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Figure 3: Snapshots of simulations demonstrating typical final conformations of oxidized
cardiolipin molecules in (left) 9-algien and (right) 9-tcpien systems. Carbon atoms are shown
in silver, oxygen atoms in red, and phosphate atoms in ochre. The figure was created using
VMD. 7

oxygens is shown in the same figure to clarify the overall structure.

The oxidized group is at the end of the chain in aldehyde-containing systems but at
different positions along the chain in the peroxide systems, see Figure [d Despite this, there
are no significant differences in the profiles of phosphate oxygens in the distinct oxidized
systems. However, the distributions of different oxidized groups vary from one system to
another. Even though the oxidized groups are at the end of the chains in aldehyde-containing
systems, the highest density of these groups is nearer the highest density of phosphate oxy-
gens than the bilayer center. The distributions of aldehyde groups (-al) are wider compared
to peroxide groups (-tc). The oxidized groups shift closer to the membrane-water but are,
on average, located deeper inside the membrane than phosphate oxygens in all systems.

Previously, the conformational change of oxidized lipid chains were studied for 1-palmitoyl-
2-lineoleoyl-sn-glycero-3-phosphatidylcholine (PLPC) lipids,2? which were oxidized with sim-
ilar oxidation products of linoleic acid as in this study. Additionally, Garrec et al.*3 and Jar-
erattanachat® performed MD simulations of DLPC and PLPC bilayers containing oxidized
lipids, respectively. All of these studies reported the bending of oxidized chains toward the

membrane-water interface. The oxidized groups were found, on average, near the interface

12
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Figure 4: The electron density profiles for oxygen atoms in 13-tcpig, peroxide group (red
triangle), 9-tcpign peroxide group (blue square), 12-alpig, aldehyde group (yellow cross), 9-
alpign aldehyde group (green circle), and phosphate oxygens of lipids in 13-tcpgn (red — ),
9-tcpign (blue ——), 12-aly;gn (vellow ----), and 9-alyign (green ——) systerms.

2053 in agreement with

region but deeper inside the membrane than the phosphate groups,
our results. Similarly to our results, Wong-ekkabut et al.?Y and Boonnoy et al.*® found that
the distribution of oxidized groups is wider for aldehyde-containing lipids than peroxide-
containing lipids. On average, the peroxide groups prefer to stay closer to the membrane-
water interface compared to the aldehyde groups. Plausible reasons for the differences in the
distributions include the physical size of the chains and the different solubility properties of
aldehyde and peroxide groups. Peroxide groups are more hydrophilic than aldehyde groups.
Furthermore, the aldehyde groups are located at the end of the chains, and the lengths of

the chains containing them are shorter than those of peroxide oxidized chains.
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Figure 5: The distribution of angles between the bilayer outward normal and the vector
between the phosphorus atoms of CL in 13-tcpign (red — ), 9-tcmign (blue ——), 12-alyig,
(yellow ----), 9-alpign (green ——), and control systems (black —).

Oxidation of one fatty acid chain in cardiolipin induces a confor-

mational change in the whole cardiolipin molecule

We calculated the angle between the outward bilayer normal and a vector between the
phosphorus atoms P; and Py ([—’1—152), see Figure ' in CL to study how the conformation
of CL changes due to their oxidation, see Figure 5] The distribution of angles between the
vector from cardiolipin phosphorus atom to another and the bilayer outward normal is wider
for the oxidized systems than in the control system. Therefore, the orientation of the oxidized
cardiolipins is asymmetric more often than in the case of unoxidized CLs. On average, P,
atoms are located closer to the interface region than P; atoms. However, as seen from the
widened distributions, oxidation of CL can induce tilting in both directions (there are tilt
angles both below and above 90°).

We also calculated the electron density profiles separately for both of the cardiolipin
phosphorus atoms. The data shown in SI indicate that in the control system the electron

density profiles of the two phosphorus atoms are nearly identical, indicating a nearly sym-
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metric orientation of CL molecules. In contrast, in the oxidized systems some of the profiles
of the phosphorus atoms are widened and/or shifted compared to the corresponding profiles
in the control system. In all of the oxidized systems, either one or both phosphorus pro-
files are wider as compared to the corresponding profile in the control system, indicating a
less well-defined location of the phosphorus atoms. These results are in agreement with the
angle distributions (Figure [5)) and indicate oxidation-induced changes in the orientation of
cardiolipins.

According to the results of the electron density profiles and angle distribution analyses,
the oxidation of CLs induces tilting of the whole CL molecule. Several features of CL imply
that some functional roles of CL may be affected by these changes.

First of all, the restriction of the eukaryotic fatty acid pattern of CL, so that all chains are
symmetric in length,™' suggests that some degree of symmetry in the CL conformation may
be required for proper function. CL has been suggested to have a role as a proton trap and
conductor within mitochondrial membranes,®” and indeed, the effect of CL conformation on
the proton binding properties has been studied by Dahlberg et al.®? Additionally, cardiolipins

3 and

have important interactions with proteins, for example with respiratory complexes®
cytochrome c¢.%¥ Plausibly, changes in CL conformation due to oxidation might alter its
interactions with other molecules, including proteins.

The oxidation of CL may also affect the conformation of other lipids in the same mem-
brane. We examined the effects on DLPC and DLPE head group orientations by computing
their head group tilt angles. The angles were computed between the PN-vectors of the lipids
and the outward bilayer normal for both lipid types. We found that the angle distribu-

tions are not significantly influenced by the addition of oxidized CLs, at least for the low

concentrations of the oxidized lipids studied here.
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Table 2: Results for the average area per chain and bilayer thickness. Error bars
have been evaluated using the block averaging method.®>?

System Average area Average
name per chain (nm?) thickness (nm)
13-tchign 0.318 £ 0.005 4.05 £ 0.02
13-tepow 0.315 £ 0.004 4.09 + 0.03
9-tCHigh 0.318 £ 0.004 4.05 £ 0.03
9-tCLow 0.315 £ 0.004 4.10 £0.07
12-almign 0.314 £ 0.002 4.04 +£0.04
12-alp oy 0.312 £ 0.001 4.10 + 0.06
9-almigh 0.311 =0.003 4.05 £0.05
9-alpow 0.312 £ 0.002 4.09 £0.02
Control 0.312 £ 0.002 4.11£0.02

Oxidation of CL decreases the bilayer thickness

We examined the average area per chain and bilayer thickness, see Table[2l The bilayer thick-
ness is decreased in every system containing 14 oxidized CLs (12.3mol%) when compared
with the control system. In systems including 6 oxidized CLs (5.3 mol%), one can observe
the same trend, though for this lower CL concentration the effect weaker, as expected.

The differences in the area per chain values are modest between the different systems
(see Table . The average area per chain values are higher for most of the oxidized systems
compared with the control system, however the differences fall largely within the error bars.
Plausibly, the differences in the bilayer thickness and area per chain results are at least partly
due to the different lengths of the oxidized lipid chain. Aldehyde-containing CLs include a
shorter oxidized chain than CLs that contain a peroxide group, which may explain why the
area per chain is slightly smaller in systems containing the aldehyde group. Nonetheless,
altogether one can find that oxidation of CL leads to increasing area that is compensated by
decreasing membrane thickness, such that the membrane volume remains largely constant.
These effects are the stronger the more oxidized CL there is in a membrane.

Similarly to our results, the decrease in bilayer thickness upon addition of oxidized lipids
has been observed in other MD studies.?%#25465 Wong-ekkabut et al.“? showed that mem-

brane thickness decreases as the concentration of oxidized PLPC increases. Van der Paal
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1.9 and Khandelia and Mouritsen®* observed a similar phenomenon for oxidized POPC

et a
lipids. Guo et al.?? found that complete peroxidation of pure POPC and DOPC bilayers
leads to decrease in bilayer thickness.

Multiple other MD studies have shown that oxidation of membrane lipids may affect area

2053465 The area per lipid results seem to depend on the studied oxidation

per lipid values.
products. In the studies of van der Paal et al.,%” and Khandelia and Mouritsen,*# the area
per lipid is increased or decreased as a function of oxidized lipid concentration depending on
the oxidation product and the concentration of oxidized lipids. Wong-ekkabut et al.?’ found
that the area per lipid increased as the concentration of studied oxidation products increased.

Guo et al.*? showed that complete peroxidation of pure POPC and DOPC bilayers increases

area per lipid values.

Cardiolipin head groups are located as deep as amine and phos-

phate groups in the bilayers

We calculated the electron density profiles for the oxygens of oxidized groups, ester oxygens,
phosphate oxygens, choline, amine, water, and CL head group. As a representative example,
the profiles are illustrated for the 13-tcugn in Figure[6] According to the density profiles, the
CL head groups are located as deep as phosphate and amine groups in the membranes. The
outermost group after water is choline, and ester oxygens are located, on average, between
CL oxidized groups and CL head groups.

The differences in the density profiles between different systems are very small including
the control system, except for the oxidized groups shown in Figure [l Therefore, the relative
locations of lipid functional groups are unaffected by oxidation of CL chains. Especially of
interest, the relative location of the CL head group is the same irrespective of oxidation. Ac-
cording to the density profiles, water seems to penetrate slightly deeper into the membrane
when the system includes oxidized CLs compared with the control system. To check as to

whether this is simply due to the thinning of the membrane, or if the water molecules actu-
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Figure 6: The electron density profile of oxygen atoms in aldehyde group (red —), oxygen
atoms in ester (purple — —), CL head group (black triangle), amine (brown ——), oxygen
atoms in phosphate group (green ----), choline (gray circle), and water (blue cross) in the
13-tcpigh system containing 12.3mol% of oxidized CL.

ally penetrate deeper into the bilayer, we further analyzed the location of water molecules.
We calculated the RDFs separately for water molecules around the following groups: ester,
phosphate, choline, and amine. There were no significant differences in these distributions
between the control system and the oxidized systems. We also studied whether water pen-
etrates deeper into membrane close to oxidized groups than farther away of them but the
differences were not significant. Consequently, the small differences in the water density
profiles seem to be due to the different thicknesses of the membranes, and water permeation
is not observed.

Lis et al.*¥ showed that significant water permeation takes seconds when oxidation ratio
is 15mol%. Further, when the oxidation ratio is 75mol%, spontaneous pore formation
was observed at the time scale of tens of nanoseconds.” In our simulations, at the most
12.3mol% of lipids were oxidized. Moreover, the simulation time is 600 ns which may not
be long enough to observe pore formation or significant water permeation with an oxidation

ratio of 12.3mol% or less.
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Electron density profiles were calculated also for sodium ions in all systems. Sodium ions
are located, on average, deeper in the bilayer than amine groups but closer to the membrane-
water interface than ester groups. To study the possible differences in the spatial location
of the sodium ions, we calculated the RDFs separately for sodium ions around the following
groups: water, ester, phosphate, and cardiolipin head group. The only significant differences
occurred in the RDF profiles for sodium atoms around cardiolipin head groups, however the
results were inconclusive and we were not able to find a clear pattern. Moreover, we remain
skeptical of whether the time scale in our simulations is sufficient to probe this phenomenon.

To see whether the oxidation of CL chains has any effect on the relative locations of the
head groups of different lipid species, we calculated the electron density profiles of DLPE and
DLPC phosphorus atoms. The phosphorus atoms of both DLPE and DLPC shift approxi-
mately 0.05 nm closer to the bilayer center in systems including 14 oxidized CLs (12.3 mol%)
compared with the control system. This difference corresponds approximately to the changes

in the thickness of the membrane (see Table [2)).

CL oxidized groups form hydrogen bonds especially with water

The conformational change of the oxidized chains towards the water phase enables the alde-
hyde groups to form hydrogen bonds with water. Similarly, peroxide groups then favor hy-
drogen bonds especially with water, carbonyl groups, and phosphate groups. Additionally,
a few hydrogen bonds were observed between the oxidized groups and DLPE amine groups
and cardiolipin head groups, but these hydrogen bonds were only incidental and, thus, the
data are not presented here. Table [3| shows the average hydrogen bonds per oxidized group.
All oxidized groups form hydrogen bonds most considerably with water. Peroxide groups
form more hydrogen bonds with ester groups than phosphate groups. The differences in
the number of hydrogen bonds in systems containing 5.5 and 12.3mol% of oxidized CL are
small and fall within the error bars in most of the systems. However, peroxide groups form

considerably more hydrogen bonds with water than the aldehyde groups do. This is probably
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Table 3: Average number of hydrogen bonds between hydroperoxide or aldehyde
groups and the specified group per oxidized lipid chain in each system. Error
estimates were evaluated using the block averaging method.

System Water Ester Phosphate
name group group
13-temign 0.62£0.04 0.38+£0.10 0.03+0.04
13-tcLow 0.6+0.3 0.344+0.04 0.03+£0.02
9-tcmign 0.77£0.05 0.26 £0.04 0.08 £0.05
O-tcLow 09+0.2 022+0.03 0.11£0.05
12-alpign  0.16 £ 0.01 — —
12-alpow  0.18 £ 0.02 — —
9-alpign  0.16 £ 0.02 — —

9-alpow 0.21 +0.02 — =

due to the location of the oxidized groups: peroxide groups are on average located closer to
the membrane-water interface than aldehyde groups, see Figure [4]

Similarly to our results, Wong-ekkabut et al*” found in their study on PLPC oxida-
tion that oxidized groups form the most hydrogen bonds with water, and additionally with
carbonyl and phosphate groups. In their study, peroxide groups generally formed more hy-
drogen bonds with phosphate groups than with ester groups. This difference may be due
to the greater shift of PLPC oxidized chains toward the membrane-water interface than CL
oxidized groups in our study and therefore the PLPC oxidized groups are on average located
closer to the phosphate groups than oxidized groups of CLs in this work. Consequently,
when oxidized groups are located deep inside the membrane, more hydrogen bonds are ob-
served between oxidized and ester groups than with phosphate groups, since ester groups

are located deeper in the bilayer than phosphate groups.

The order of the terminal ends of cardiolipin chains decreases in

membranes containing oxidized lipids

To examine the order of the bilayers, we calculated the deuterium order parameter for the

sn-1 chains of lipids. The order parameter was calculated separately for oxidized lipids’
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bars are smaller than the line thickness.

unoxidized sn-1 chains and for the sn-1 chains of unoxidized lipids. The order parameter of
the sn-1 chain of unoxidized lipids is shown in Figure [7| for the control system. Every system
including 5.3 or 12.3 mol% of oxidized lipids showed a similar pattern. The order parameter
of unoxidized lipids’ chains is decreased for carbons 13-17 in systems containing oxidized
lipids, as compared with the control system. The differences in the lipid order parameters
may be caused by the conformational change of the oxidized CL chains: as the oxidized
chains turn closer to the membrane-water interface, the amount of free space is increased
in the center of the bilayer and carbon atoms 13-17 in the unoxidized chains become more
mobile compared with the control system.

The order of oxidized lipids’ unoxidized chains is increased for carbons 3-5 in systems
including oxidized lipids compared with the control system. This is reasonable since inter-
actions are increased (see Table [3]) and free space is decreased in the interface region due to
the reorientation of oxidized chains.

Wong-ekkabut et al.,?” van der Paal et al.,*® and Khandelia and Mouritsen®* conclude

in their MD studies regarding phospholipid oxidation that, in general, lipid order parameter
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decreases upon increasing oxidation of lipid molecules.

Oxidation induces only modest changes in the electrostatic poten-
tial

Electrostatic potential plays a role, e.g., in the interplay between the membrane surface and
charged substances. The electrostatic potential of all system components was calculated
across the bilayer as an average of the two leaflets, see Figure [§f The differences in the
potential induced by oxidation are very modest between the systems. The largest changes
occur in the region, where the density of oxidized groups is the highest (0.8-1.6 nm from the
bilayer center). The aldehyde-containing systems deviate more from the control system than
the peroxide-containing systems. The location of charged ions and the orientation of the
polar lipids affect the potential. Therefore, the effect of reorientation of polar head groups

may be compensated by redistribution of ions and vice versa.
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Conclusions

In this study, we used atomistic MD simulations to examine how CL oxidation described in
terms of aldehyde or peroxide groups bound to one of CL acyl chains affects the structural
properties of the inner mitochondrial membrane.

The oxidation of CL was found to cause conformational changes to the oxidized lipid
chains compared to their nonoxidized counterparts. The oxidized chains underwent a major
conformational change, where the chains shifted closer to the membrane-water interface re-
gion. A similar shift of oxidized lipid chains has been observed previously2%28:325360 for other
phospholipids. Additionally, the oxidized groups formed hydrogen bonds mainly with water.
These phenomena were more pronounced for hydroperoxide lipids compared to aldehyde
lipids, which likely stems from the higher hydrophilicity of the hydroperoxide group.

Interestingly, the oxidation of just one cardiolipin chain was found to induce tilting of
the whole CL molecule. Eukaryotic cardiolipins have a unique fatty acid pattern that is
essentially restricted to chains including 18 carbon atoms,*! which results in symmetric
chain lengths within the CL molecule. Oxidation of CLL may change the chain length and
induce tilting of the whole molecule, altering the symmetry of the molecule. Plausibly, this
may affect the functional properties of cardiolipin, such as its suggested role as a proton
trap®' in mitochondrial membranes.

The oxidation of CL also affected other structural properties of lipid bilayers. The thick-
ness of the bilayer was decreased regardless of the length of the oxidized lipid chain, and
the membrane area was slightly increased due to oxidation. Similarly to our results, mem-
brane thinning due to oxidation of lipids has been observed in other MD studies,2U32/3465
and previous simulations have also indicated that the effect of lipid oxidation on area per
lipid values depends on the studied oxidation products.=402
The conformational change of oxidized CL chains increased the amount of free space in

the middle of the bilayer and decreased it in the head group region. This affected the order

of lipid chains. The order parameter of unoxidized lipid chains was increased for carbons
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3-5 and decreased for carbons 13-17 compared with the corresponding order parameters in
the control system. In general, lipid order parameter has been found to decrease upon an
increasing number of oxidized lipid molecules.#%3465

Most of the observed differences in the properties of membranes including oxidized lipids
compared with the control membrane were found to be small. This is reasonable given that
only 2.3 or 5.5mol% of CL acyl chains were oxidized in the studied membrane systems.
Notwithstanding of that, noteworthy differences induced by oxidation were yet observed
in the present work. Of greatest interest is the observation that oxidation of CL changes
its overall conformation. This may have significant consequences given that the binding
of CL to various mitochondrial proteins (and in particular to protein complexes associated
with the respiratory chain) is strong and likely specific.“® Now, if the conformation of CL
were altered due to oxidation, it is quite possible that the structure of oxidized CL would
no longer match the structural profile of its binding pocket in the host protein, implying
that the biological function, such as proton and electron transport would be impaired to a

certain degree. Considering the key role of CL in several aspects of the inner mitochondrial

membrane function, this calls for additional research.
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