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Fig. 1 Left: addition of reactive singlet oxygen to a chain unsaturation. Right: oxidised lipid molecules based on MARTINI coarse-grained models for

POPC and DOPC phospholipids: HP-POPC and DHP-DOPC respectively. Bead types without exception are already present in the MARTINI

model, 19 without change of the mutual interaction parameters.

Lipid Box area (nm2) Box thickness (nm) Box volume (nm3)

POPC 163.9±0.2 6.551±0.004 1072.04±0.04

HP-POPC 190.8±0.3 5.821±0.006 1110.63±0.04

DOPC 171.48±0.13 6.576±0.005 1127.67±0.04

DHP-DOPC 204.92±0.4 5.87±0.02 1203.55±0.05

Table 1 Simulation box properties for symmetric bilayers with 512 lipids and 3072 CG water beads, at 1 bar and 300 K.

2 Coarse-grained models of hydroperox-

ized lipids

We construct oxidised lipid models based on the original

MARTINI models19 for 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) phospholipid molecules. We assume

that hydroperoxidation acts on the double bond in the tail, C−−C,

resulting in a shift of its position and the addition of a side

−OOH group. Further oxidation damage to lipids may cause

chain cleavage and severe lipid degradation, which we do not

consider in the present study.

MARTINI coarse-graining strategy is based on a 4 atoms

to 1 bead correspondence,19 with effective potentials between

beads accounting for the thermodynamic mixing properties of the

underlying molecular sub-groups. Hydroperoxidation has the ef-

fect of adding two oxygens atoms to an existing group of 4 car-

bons (Fig. 1) as a result of so-called Type II photooxidation re-

actions.22,23 The CG model must therefore account for 6 atoms

with amphipathic properties.

We consider that the two peroxidised products are indistin-

guishable at the coarse-grained level adopted here, and assume

that both can be suitably represented by a single assembly of

beads with average properties. The hydrophobic part retains an

unsaturated C−−C bond, as in the original target. The hydrophilic

part OOH is without doubt a polar group with donor and accep-

tor hydrogen bonding character. The 6 atoms group C4OOH is

bulkier than the original unoxidised group C4. One could imag-

ine introducing for that a larger bead, but it would then be neces-

sary to reimplement all the pairwise Lennard-Jones interactions

with the other existing coarse-grained beads. Then, a bead of

intermediate polarity can only poorly reproduce the two-sided

(hydrophobic-polar) character of C4OOH. At the opposite, a set

of two beads (dimer) can optimally traduce the intrinsic amphipa-

thy of the group. By adjusting the separation between beads, as in

the case of the glycerol backbone, the bulkiness of the pair can be

set to a reasonable value, 50% higher than the original C4 group

(6 atoms instead of 4).

Our systematic investigations lead us to the conclusion that an

optimal choice is the adjunction of MARTINI C3 (hydrophobic)

bead to a MARTINI P2 (polar, h-bonding donor and acceptor)

bead, separated by 0.33 nm, smaller than the standard lipid bond-

ing distance (0.47 nm). Note that the structural properties of the

resulting bilayer depend quite sensitively on this separation. This

choice, as explained in Section 4, comes from a comparison with

the experimental change in area per lipid resulting from the com-

plete hydroperoxidation of the unsaturated pure POPC and DOPC

lipid bilayers. The average increase in area per lipid following

complete peroxidation is reported to be +15.6% for POPC bilay-
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ers, and +19.1% for DOPC bilayers respectively.9 Similar area

changes were also obtained by monitoring giant vesicles adher-

ing onto specially prepared adhesive surfaces,11 then leading to

relative area changes of +14.3% and +18.4% for oxidised POPC

and DOPC vesicles respectively. These values are fairly consis-

tent, given the practical difficulties inherent to these experimental

techniques. This combination of results puts stringent constraint

on the CG candidate models.

Mapping to this structural quantity, however, is no substitute

for performing a thermodynamic mixing assay of the C4OOH

target group. For this purpose, knowing the chemical struc-

ture of the oxidised lipid, we selected tert-butyl hydroperoxide

(TBHP, CAS 75-91-2, a commercial bleaching agent)24 as the

best analogue to the peroxidised functional group C4O2. The

values of water solubility and octanol/water partitioning logPow

data of TBHP we could find are scattered between 0.6 and 1.23,

while simulations of the C3-P2 dimer alone suggest a numeri-

cal, coarse-grained logPow = 1.4. Finally, the acidic constant of

TBHP, pKa = 12.8, suggests a predominantly protonated, neutral

hydroperoxide group, for neutral or slightly acidic pH solutions.

In what follows, we designate by HP-POPC the hydroperoxi-

dised POPC molecule, and by DHP-DOPC the doubly hydroper-

oxidised DOPC (Fig. 1). We find that bilayers formed with pure

HP-POPC and DHP-DOPC are stable, and provide a set of numeri-

cally estimated structural and mechanical parameters, associated

with these two lipid bilayers. Snapshots of bilayers formed with

POPC, DOPC, HP-POPC and DHP-POPC are provided in Fig. 2.

3 Results and discussion

3.1 Structural changes upon peroxidation

Pure HP-POPC and DHP-DOPC bilayers appear numerically sta-

ble and lend themselves to the determination of fairly precise

structural properties. The main structural data are summarized

in Table 1. Area per lipid was used to set up CG models. Assum-

ing that these values are correct, resulting CG models provide a

quantitative estimate of membrane thickness and membrane spe-

cific volume changes due to peroxidation. If one assumes that

membranes are quasi-incompressible media, the volume change

is entirely due to the added hydroperoxide groups, and it becomes

possible to split the increase in area per lipid into two contribu-

tions: homogeneous increase and structural reorganisation. The

homogeneous increase of area is directly proportional to the rela-

tive volume change (∆A/A)hom = 2/3(∆V/Vb), as if the bilayer was

an homogeneous fluid with volume Vb. The second contribution is

due to the membrane reorganisation due to changes in chemical

affinity and polarity following the addition of the hydroperoxide

groups. The corresponding “structural” relative increase of area

is (∆A/A)str = ∆A/A− (∆A/A)hom.

Lipids were simulated in a box with lateral x,y directions and

transverse z direction, at a temperature of 300 K. An anisotropic

Parinello-Rahman barostat was applied to simulate a tensionless

bilayer (all three directions beeing subject to a 1 bar compressive

stress), and the average lateral size Lx = Ly of the system pro-

vides the desired bilayer area A = 〈LxLy〉. Changes in membrane

volume and membrane thickness upon peroxidation are obtained

by monitoring the changes in the average simulation box volume

〈L2
xLz〉 and lateral extension 〈Lz〉.

The area of the simulation box and the area of the bilayer can

be considered equal, as the excess area caused by undulations is

small, especially for systems comprising only 512 lipids. There is

however a significant difference between the volume and thick-

ness of the box compared with the volume and thickness of the

bilayer only. Let us denote by Vb and Lb the volume and lat-

eral thickness of the bilayer, and by V and Lz the volume and

thickness of the simulation box mentioned in Table 1. The sim-

plest way to relate V and Vb or Lz and Lb consists in removing

the volume of the homogeneous solvent taken at same pressure

and temperature. The volume of 3072 CG fluid water system is

Vs = 366.04±0.07 nm3. The bilayer volume and thickness follows

from the expressions

Vb =V −Vs ; Lb = Lz −
Vb

A
. (1)

Such an approximation means that change in water structure

at the vicinity of bilayers are disregarded, and is known as the

Luzzati approximation.25

The resulting bilayer volumes and thicknesses are summarised

in Table 2 below. Upon peroxidation, the volume change of the

bilayer coincides with the volume change of the simulation box.

Relative volume, thickness and area changes are summarised in

Table 3. We notice in particular that the structural area variations

(∆A/A)str are almost identical for both oxidised lipids. The higher

density of hydroperoxide groups in DHP-DOPC compared with

HP-POPC does not lead to an increase in area per lipid beyond a

trivial change in bilayer volume Vb.

3.2 Hydroperoxide group distribution

The CG models give also a prediction for lateral density profiles,

and in particular for the hydroperoxide group distribution. The

partitioning of C4OOH between the water interface and the in-

ner hydrophobic region obey a subtle statistical balance. On the

one hand the group must show affinity for the interfacial water,

on the other hand, the h-bonding donor and acceptor character

promotes self-interaction.

The density distribution of an equilibrated coarse grained DHP-

DOPC bilayer and HP-POPC bilayer is shown in Fig. 3. Both den-

sity distributions were obtained from a simulation of a bilayer

patch containing 512 DHP-DOPC/HP-POPC lipids at full hydration

(6 CG water beads equivalent to 24 water molecules per lipid) at

room temperature (T = 300 K) with the lateral and normal pres-

sures independently coupled to a pressure of 1 bar. The local

center of the bilayer was calculated and used in the present work

to determine the density as follows: the xy plan of the simulation

box was divided into 8×8 regions, and the local positions of the

bilayer center were calculated as z̄ = 〈z〉, where the averaging was

performed over all lipid monomers in the given region. This po-

sition was further used in binning the density profile to shift the

bilayer center.

The hydroperoxide group is represented by two connected

beads, one hydrophobic (C3) referred as hydrophobic oxidised
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POPC HP-POPC DOPC DHP-DOPC

Thickness (nm) 4.318±0.006 3.90±0.01 4.442±0.007 4.08±0.03

Area (nm2) 163.9±0.02 190.8±0.3 171.48±0.13 204.9±0.4
Volume (nm3) 706.02±0.08 744.61±0.08 761.65±0.08 837.53±0.09

Area/lipid (nm2) 0.6402±0.0008 0.7453±0.0012 0.6698±0.0006 0.8005±0.0016

Volume/lipid (nm3) 1.3789±0.0002 1.4542±0.0002 1.4875±0.0002 1.6357±0.0002

Table 2 Equilibrium bilayer thickness, area, volume, area per lipid and volume per lipid of POPC and DOPC phospholipids, and corresponding

oxidised analogs HP-POPC and DHP-DOPC (512 lipids systems).

Lipid Volume Area Thickness (∆A/A)str Weber et al.

POPC 5.46% 16.4% -9.6% 12.8% 15.6%

DOPC 9.96% 19.5% -8.1% 12.9% 19.1%

Table 3 Relative structural changes of the bilayer following peroxidation

of POPC and DOPC molecules. The last column represents the

experimental changes in area per lipid reported by Weber et al. 9

and one hydrophilic (P2) referred as polar oxidised, kept at a rel-

ative distance of 0.33 nm. The distribution of the polar oxidised

beads, representing the OOH side group, is naturally wider than

its hydrophobic counterpart which belongs to the lipid tail back-

bone. A bimodal distribution is seen in both cases. Roughly half

of the polar oxidised beads overlap with the glycerol group in the

case of HP-POPC, with the other half remaining “buried” at the

same place as the corresponding beads of the opposite saturated

lipid tails (Fig. 3 above). By comparison, only a quarter of the

polar oxidised beads in DHP-DOPC occupy a region close to the

glycerol part, the other three quarters staying deep into the hy-

drophobic region (Fig. 3 below). As DHP-DOPC has twice as many

oxidised groups as HP-POPC, it seems that all the extra oxidised

beads go into the hydrophobic core of the bilayer, and that the

interfacial glycerol region cannot take more oxidised groups than

it has in the HP-POPC case. This is consistent with the data in

Table 3 suggesting that the structural increase in area per lipid is

similar for both species.

Fig. 4 depicts the orientational distribution of the packing an-

gles: the angle between oxidised tail and z-axis α and the angle

between two tails of the lipid β . Both DHP-DOPC and HP-POPC

have a similar distribution of α, though, judging from the wider

distribution, HP-POPC has a larger averaged angle than DHP-

DOPC. Peroxidised lipids are therefore significantly tilted with re-

spect to the bilayer normal.

The angle β is defined as the angle between oxidised bead,

glycerol bead and mirror alkyl bead in the opposite tail. We find

a wide distribution of β for DHP-DOPC with a peak value around

68◦. In turn, the angle distribution of β for HP-POPC is narrower

with its peak value around 51◦. The packing angle β is closely

related to the effective shape of a lipid molecule and thus it de-

termines the ability of lipids to form a stable bilayer. Wide angles

correspond to larger deviations from cylindrical shape, possibly

resulting into less stable bilayers.

3.3 Elasticity of hydroperoxidised bilayers

The membrane compressibility (or stretching modulus) KA gives

the relative area (A) variation consecutive to applied tension (σ),

according to the definition25:

KA =
1

A

(

dA

dσ

)

T,P

. (2)

The stretching modulus can be experimentally determined by mi-

cropipette aspiration.26 Values of KA for DHP-DOPC and HP-POPC

were published first by Weber et al.9 and are summarised in the

Table 4.

The elastic coefficients KA associated to our coarse-grained nu-

merical models come from an area fluctuation analysis, according

to the equilibrium statistical relation

KA =
kBT 〈A〉

〈

A2
〉

−〈A〉2
=

kBT

4(
〈

L2
x

〉

−〈Lx〉
2)
, (3)

with 〈A〉 and
〈

A2
〉

the mean value and the quadratic fluctua-

tion of the sample monolayer area A = LxLy, and 〈Lx〉,
〈

L2
x

〉

the

mean value and quadratic fluctuation of the lateral size of the

anisotropic simulation box. The fluctuations of area result from

coupling the system to a semi-isotropic Parrinello-Rahman baro-

stat28, known to generate the adequate constant pressure box

size fluctuations. It can be shown that the elastic coefficient de-

termined in this way is consistent with the one obtained by exert-

ing an change in lateral stress (tension) on the membrane. The

uncertainties quoted in Table 4, are associated with the precision

to which
〈

L2
x

〉

−〈Lx〉
2 is determined.

Numerical estimates of KA notoriously depend on sample

size.20 According to den Otter, larger samples appear softer due

to long wavelength undulation modes, whose contributions can

be accounted for analytically in the relevant limit.21 Using this

analytical relation (cf section 4) a better, undulation-free estimate

of the membrane compressibility can be inferred, based on the

apparent KA corresponding to two different sample sizes.

We report in Table 4 our values obtained for 512 (small) and

8192 (large) lipid samples, along with the undulation free extrap-

olation. For DOPC and POPC bilayers, the MARTINI CG model

overestimates the accepted experimental values, while large sam-

ples (e.g. 8192 lipids in our case) show a (coincidental) better

agreement with them. We assume the same trend holds for the

hydroperoxidised bilayers. Our investigations suggests that hy-

droperoxidation leads to a significant decrease of KA in both POPC

and DOPC cases, whether the simulated system is small or large.

This decrease of KA upon peroxidation appears therefore like a
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Fig. 2 Snapshots of the 512 lipid samples: top and middle rows. Distribution of the polar oxidised beads and water regions in HP-POPC bilayers

(bottom left) and DHP-DOPC (bottom right).

robust and significant trend.

The membrane bending modulus coefficient κb controls the

out-of-plane bending deformation of a membrane in the Canham-

Helfrich elastic model.29 It can be determined experimentally by

a number of techniques, including micropipette vesicle aspiration,

vesicle flicker motion and nanotube pulling, but unfortunately we

are not aware of any published values of κb to date. We therefore

take our values as predictions.

The numerical determination of the bending modulus requires

to deal with simulated systems of sufficient size corresponding

to a small ratio Lb/Lx between the membrane thickness and the

lateral extension. Only under these conditions does the continu-

ous Helfrich elastic model bring a reasonable description of the

out-of-plane membrane fluctuations. Our determination of κb is

based on the equilibrium fluctuation analysis of samples compris-

ing 8192 lipids. Larger systems would approach better the Hel-

frich continuous limit, but equilibration times tend to increase

sharply due to a combination of weak restoring forces and hydro-

dynamic effects, in spite of the parallel computation capabilities

of the simulation tools.

In the continuum model, the bending modulus appears in the

quadratic out-of-plane fluctuations spectrum 〈u(q)u(−q)〉, where

q is the wavevector parallel to the membrane plane, and u(x,y) the

out-of-plane displacement in the Monge representation (elevation

of the continuous surface):

〈u(q)u(−q)〉=
kBT

κb

1

〈A〉q4
. (4)

Numerical simulations do not provide u(x,y) directly, and there is

a certain arbitrariness when it comes to determining u(x,y) from

the discrete beads representation of the lipid molecules. At the

molecular scale, each lipid fluctuates around the average bilayer

position, due to tilt, protrusion and other possible movements.

This gives extra-contributions to the structure factor of the bi-

layer, and eqn (4) is not expected to hold exactly.30 At smaller q,

however, eqn (4) should hold for tensionless bilayers.

We derive our numerical estimate of the bending moduli by

fitting 〈U(q)U(−q)〉 to a q−4 behaviour, where U(q) is a discrete

beads estimate of the elevation field u(q)31 (see Fig. 6 and Sec-

tion 4 for details). Our predictions for κb are summarised in Ta-

ble 5. As for the area compressibility (or stretching) coefficient,

hydroperoxidation causes a sharp decrease in the bending modu-

lus value. As a result, the elastic bending forces are weaker, and

the bilayer undulation dynamics slower.

The POPC, HP-POPC and DOPC undulation spectra all follow

the Helfrich q−4 behaviour, while DHP-DOPC undulations does

not comply with it so well, showing a weaker appearent exponent.

This might be due to DHP-DOPC molecules not fitting perfectly
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KA (mN/m) KA (mN/m) KA (mN/m) KA (mN/m)

512 CG model 8192 CG model undulation free experimental

POPC 379. ± 21. 245. ± 42. 393. ± 25. 230. ± 10.

HP-POPC 211. ± 11. 104. ± 25. 227.± 16. ∼ 50.

DOPC 357. ± 19. 230. ± 27 371.± 22. 265. ± 18.

DHP-DOPC 103. ± 12. 73. ± 7. 106.± 14. ∼ 50.

Table 4 Stretching moduli of POPC, HP-POPC, DOPC, DHP-DOPC. Experimental results for POPC and DOPC bilayers are taken from Rawicz et

al, 26 and for HP-POPC and DHP-DOPC from Weber et al. 9

κb (kBT ) κb (10−20 J) κb (10−20 J)

CG model CG model Experimental

POPC 30.0 ± 1.5 12.4 ± 0.7 9.0 ± 0.6

HP-POPC 15.1 ± 0.9 6.3 ± 0.4 −
DOPC 28.3 ± 1.5 11.7 ± 0.7 8.5 ± 1.0

DHP-DOPC 12.8 ± 1.2 5.3 ± 0.5 −

Table 5 Bending moduli of POPC, DOPC, hydroperoxidised POPC and

DOPC molecules. Experimental data are taken from Rawicz et al. 26

D (µm2/s) D (µm2/s)

CG model Experimental

POPC 40.2 ± 2.6 4.2 ± 0.4

HP-POPC 32.2 ± 2.2 −
DOPC 34.5 ± 1.5 6.3 ± 0.2

DHP-DOPC 24.4 ± 2.2 −

Table 6 Diffusion coefficients of the numerical CG lipids. Experimental

values comes from ref. 27 Coarse-graining molecular dynamics is always

faster than reality by a significant factor. Only relative trends may be of

significance.

into the bilayer structure.

3.4 Relative changes in diffusion coefficients

We have estimated the diffusion coefficient of each lipid, at

300 K, using the MARTINI coarse-grained dynamics. It is known

that coarse-graining predicts faster diffusion than experimen-

tally observed. The extent of the acceleration factor, depend-

ing on temperature, may lie between 4 and 10. We observe that

the hydroperoxidised lipids diffuse slower than the non-oxidised

molecules by roughly 25%. This suggests an increased cohesion

between peroxidised molecules, but only by a modest amount.

The lateral diffusion coefficient was calculated from the mean-

square displacement (MSD) of lipid centres of masses with time.

The resulting MSD curves are linear, to a good approximation,

over a time interval between 20 and 50 ns (simulation time). Lat-

eral diffusion coefficients were obtained from linear fits of these

MSD curves between 20 and 50 ns.

According to Table 6 and Fig. 5, the lateral diffusion coefficient

decreases due to lipid oxidation, and we observe that the diffu-

sion coefficient ratio between the oxidised and the non-oxidised

species is similar in both cases: 0.77 for HP-POPC/POPC and 0.76

for DHP-DOPC/DOPC. The decrease in diffusion coefficient could

arise from a larger friction at the water-bilayer interface, or from

stronger lipid-lipid interaction, due to attractive patches in the

tails at the position of the peroxide groups. The former interpre-

tation is more consistent with the common 25% drop in value.

Two experimental values, based on fluorescent probes diffu-

sion, are provided to show the expected order of magnitude of the

ratio between CG simulated and experimental time scales27. This

choice is somewhat arbitrary, as a large number of experimen-

tal diffusion coefficients values are available, which differ greatly

depending on the technique and system preparation. Coarse-

Grained models do not perform very well as far as reproducing

dynamics and transport properties32. We see a reduction of lipid

mobility upon peroxidation that seems due to increased friction

between peroxidized groups and interfacial water. It might be

that important dynamical changes, which are not be accounted

for in our approach, alter the overall picture.

4 Simulation and analysis details

4.1 Parameterisation of the CG hydroperoxidised lipids

A first attempt was made by substituting one hydrophobic bead

with an hydrophilic bead. Based on logPow, we find that a moder-

ately hydrophilic bead does not account for the observed area

change. Conversely, significant area increase can only be ob-

tained for strongly hydrophilic beads which violate the logPow

requirement. The partition coefficient and the increase in area

per lipid can be reconciled by modelling the hydroperoxide group

as two partially overlapping beads. A systematic screening was

performed with pairs of beads with different polarities (C1 till C3,

and P1 till P4) and separations (0.3 till 0.4 nm) and compared to

the experimental area per lipids of both HP-POPC and DHP-DOPC.

Two dimers (C2-P2) and (C3-P2) emerged as the best contenders

based on both partitioning and area per lipid criteria. Both could

be used with little changes in the results and we picked-up C3-P2

as reference dimer. To give an idea on how much bead separa-

tion affects the area per lipid, we note that a distance 0.32 nm

would give area changes of +15.8% (HP-POPC) and +17.7%

(DHP-DOPC), as compared with values in Table 3, obtained for

0.33 nm.

Most MARTINI CG beads have a Van der Waals radius

σ=0.47 nm, so that a dimer made of two beads at distance

r = 0.33 nm gives an excluded volume 50% larger than a single

bead. More precisely, if the beads were hard spheres, the com-

bination of two hard spheres of radius 0.47 separated by 0.33

gives a total excluded volume equal to 1.505 times the excluded

volume of a single sphere. A direct consequence is that the vol-

ume per lipid increases by respectively 5.5% and 10% for POPC

and DOPC. No bending potential was added between the C3-P2
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Fig. 3 Partial mass densities for HP-POPC (top) and DHP-DOPC

(bottom) phosphate group (Green/full line), glycerol (Red/dashed line),

Hydrophobic Oxidised (Blue/dotted line), Polar Oxidised

(Cyan/dash-dotted line), 3rd hydrophobic group (C3A in the Martini

model of POPC) of the opposite saturated tail of POPC

(Black/dash-dot-dotted line). The bilayer center lies at z = 0 nm.

bond and the remaining of the lipid chain. Steric interactions en-

sures that the polar moiety P2 remains at distance from the chain,

and additional structural information is lacking to improve over

the current parameterisation. One must remember also that our

CG model stands for a chemical mixture of at least two chemical

compounds, for which the cis or trans nature of the unsaturated

double bond is not established even though a majority of trans

bonds is expected.

Partitioning of the corresponding C3-P2 dimers was carried out

by studying a slab of 1920 octanol molecules (MARTINI “OCO”

dimers) surrounded by 2000 “water molecules” (one CG wa-

ter representing 4 real water molecules), in which 40 dimers

were inserted. The concentration ratio was found to be Pow =

[C3P2]oct/[C3P2]w = 26, or equivalently logPow = 1.4. This can,

for instance be compared with the estimated logPow = 0.9 of tert-

butyl hydroperoxide ((CH3)3COOH, CAS-75-91-2), obtained us-

ing with a logPow predicting software (VCCLab33). This indicates

that our residue C3-P2 has a realistic hydrophilic-hydrophobic

balance.

Fig. 4 Left) Definition of the tilting and opening angles α and β . Right)

Distribution of orientations of α and β for HP-POPC and DHP-DOPC.

4.2 Stability of peroxidised bilayers

Bilayers composed of single components HP-POPC and DHP-

DOPC are stable, to the extent that systems composed of pure

HP-POPC and DHP-POPC exhibit stationary properties and show

no significant evolution over the simulated times. In practice,

initial configurations are obtained by starting from thermalized

POPC and DOPC bilayers, inserting the extra beads and reequili-

brating again the systems.

4.3 Simulation details

This CG model of peroxidised lipids is built on the version 2.0 of

MARTINI lipid molecules topologies, and the version 2.1 of the

bead interaction parameters. Trajectories were produced using

Gromacs v-4.6.

Simulations were carried out at constant temperature (300 K)

using the Gromacs v-rescale weak coupling scheme, which is an

alternative to Nose-Hoover thermostating (time constant 1 ps).34

Anisotropic Parrinello-Rahman barostat was used to model a

tensionless bilayer (time constant 12 ps, compressibility 3 ×

10−4 bar−1). Simulation box size fluctuations are assumed to be

consistent with a constant Temperature-Pressure ensemble, and

were used as such for the determination of the membrane area

compressibility coefficient.

Short range electrostatics is assumed, with truncation at a ra-

dius of 1.2 nm, while the Verlet neighbour list radius was set to

1.4 nm. Time steps of 30 fs and 40 fs were used throughout, in

the absence of rigid constraints, without noticeable differences in

the output. Simulation times are summarized in Table 7.
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Fig. 5 Mean lateral displacements ∆x2 +∆y2 versus time, for the four

kinds of lipids.

Lipids MD Steps, ×106 CG time (ns)

512 POPC 10 400

512 DOPC 10 400

512 HP-POPC 20 800

512 DHP-DOPC 20 800

8192 POPC 20 600

8192 DOPC 20 600

8192 HP-POPC 40 1200

8192 DHP-DOPC 30 900

Table 7 Trajectories used for the determination of structural parameters.

4.4 Size dependence of the elastic compressibility coeffi-

cient

Eq. (14) in ref21 relates the apparent compressibility KA‖ to the

undulation free compressibility KA, given the system projected

area A‖ and the membrane bending modulus κ. It reads

K−1
A‖ = K−1

A +
kBT

32π3κ2
A‖. (5)

This expression is assumes a Canham-Helfrich elastic behaviour,

and account for modes of wavelength 2π/
√

A‖ < q < 2π/λ , with

λ a characteristic length of the size of the membrane thickness. If

KA‖,1 and KA‖,2 are known for two different projected areas A‖,1,

A‖,2, one can extract an effective bending modulus κ and derive

KA from eq. (5)

(

κ

kBT

)2

=
1

32π3kBT

(

A‖,1 −A‖,2

K−1
A‖,1

−K−1
A‖,2

)

(6)

This is a less accurate estimate of κ than fitting the undulation

spectrum to a Helfrich q−4 law, as (5) considers modes q ∼ 2π/λ

which may deviate from the ideal Helfrich behaviour. The val-

ues of κ found in this way are nevertheless reasonably similar to

those determined directly, namely 30 kT (POPC), 28.3 kT (POPC),

15.1 kT (HP-POPC) and 12.8 kT (DHP-DOPC). This is 50% larger

than values in Table 5, except for DHP-DOPC for which the agree-

ment is better. The related undulation free KA coefficients are

Fig. 6 Log-scale representation of the out-of-plane fluctuations of the

bilayers. Only q ≤ 0.35 [ln(q)≤−1.05] values were used for fitting the

q−4 behaviour (q in nm−1 unit). Deviation from a q−4 behaviour can be

seen in the DHP-DOPC case, which is the softer among all bilayers.

shown in the third column of Table 4.

4.5 Fitting and estimation of errors

Averages of the area, simulation box volume and thickness

comes from the thermodynamic data recorded during the simu-

lations, and Gaussian confidence intervals on the sampled means

were obtained by using a bunching/boxing algorithm for time-

correlated time sequences.35 The statistical precision on these

quantities is very satisfactory.

The bunching algorithm was also used to estimate the accuracy

of the sample variance of the statistical Lx time sequence. This

lead to larger uncertainties for the compressibility coefficients KA.

In the case of the undulation free KA, uncertainties on KA‖ domi-

nates the final error.

Modes U(q, t) reflects the Fourier transform of the centre of

masses density field. Let us denote (xi,yi,zi) the space coordinate

of the centre of mass of each lipid molecule in one of the bilayer

leaflet, and Nl the number of lipids in this leaflet. The density

8 | 1–10
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field in reciprocal space is given by

ρ̂~q =
1

Nl

Nl

∑
i=1

exp(iqxxi(t)+ iqyyi(t)+ iqzzi(t))

=
1

Nl

Nl

∑
i=1

exp(iqxxi(t)+ iqyyi(t))[1+ iqzzi(t)]

= ρ̂‖(t)+ iqzU(q, t) (7)

We therefore simply assume that u(qx,qy) ≃ U(qx,qy) =

N−1
l ∑i zi exp(iqxxi + iqyyi). The undulation modes spectra

ln(〈U(qx,qy)U(−qx,−qy)〉) were fitted to straight lines C−4ln(q);

q =
√

q2
x +q2

y , with uncertainties resulting from a standard χ2

least-squares procedure.36

A similar estimate of the values and confidence intervals for the

diffusion coefficients was used, based on the average and vari-

ance of the quadratic displacement time signal S(t,τ) of the lipid

centers of masses, with respect to t, for fixed τ.

S(t,τ) =
1

N
∑

i

(xi(t + τ)− xi(t))
2 +(yi(t + τ)− yi(t))

2. (8)

5 Conclusion

We presented a coarse-grained model for two hydroperoxidised

phospholipids based on the MARTINI force field for POPC and

DOPC. The parameters of our coarse-grained molecules were set

by combining thermodynamic data (the TBHP partitioning coeffi-

cient), molecular packing arguments (the addition of OOH group)

and area per lipid changes.

The resulting molecules, HP-POPC and DHP-DOPC, form stable

bilayers on accessible simulation times. Our results suggests that

the excess area per lipid caused by peroxidation is common to

both species, about 13% in relative value. The hydroperoxidised

bilayers are thinner and softer than their non oxidised counter-

parts. A significant drop in compressibility (stretching) coefficient

KA is observed, qualitatively similar to experimental values. A

similar drop of the bending coefficient κb is predicted. The diffu-

sion coefficient of the coarse-grained hydroperoxized lipids shows

a 25% decrease as compared with the non-oxidised ones.

Using our model, we derive the lateral distribution of peroxide

groups in the bilayers, and gain access to various structural data,

such as variation of area per lipid, density profile, compressibility

and bending moduli, diffusion coefficient of lipids. We hope that

new experimental results will appear in a close future that can be

compared to the picture presented above.

A question of interest concerns mixtures of regular and perox-

idised lipid species, and in particular the possible non-ideal fea-

tures of such systems. The presence of heterogeneities, if estab-

lished, would be an element to consider in the understanding of

the physiological consequences of lipid peroxidation. We are cur-

rently working into this direction, with the help of these newly

introduced lipid models.
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We introduce a coarse-grained model for hydroperoxide lipid bilayers.
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