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ABSTRACT: The distribution in an egg−phosphatidylcho-
line bilayer of a series of spin-labeled nitroxides, potentially
useful as targeted antioxidants, has been investigated using
molecular dynamics (MD) simulations. The in silico method
has been tested at first for a series of n-doxyl-phosphocholine-
doped bilayers, with the doxyl moiety located at different
positions (n) of the lipid chain, in analogy to electron
paramagnetic resonance (EPR) spin labeling and other MD
studies. As a result, a novel calibration curve has been
obtained, suitable to determine the absolute membrane
penetration depth of any paramagnetic solute from EPR
measurements. A second series of MD simulations was then
carried out on the newly synthesized series of liponitroxides
(NOXs) recently tested as antioxidants against the lipid peroxidation of polyunsaturated fatty acids in membranes: their
penetration depths, as determined by EPR in phosphatidylcholine liposomes, were correlated with their antioxidant efficacy. In
these NOXs, a glycerol moiety is esterified with a carboxy derivative of a pyrroline nitroxide and one or two oleic acid residues.
A very good agreement between the EPR experimental results and those from the current MD simulations indicates that the
short distance of the nitroxide moiety from the fatty acid double bonds has been now definitively assessed; moreover, it
indicates that our MD methodology could be successfully employed in the absence of nonparamagnetic species.

■ INTRODUCTION

The development of new molecules with antioxidant proper-
ties, acting specifically toward lipid peroxidation, is highly
relevant in the context of medicinal, pharmaceutical, cosmetic,
and food industry applications.1−3 In fact, the oxidation of
unsaturated chains, such as polyunsaturated fatty acids
(PUFAs), probably represents the main damaging process
that leads to the degradation of liposomal formulations in vitro
and the damage of biological membranes by the production of
reactive oxygen species in vivo.4

The compounds commonly used as antioxidants could be
divided into two main classes5 based on their mechanism of
action: preventive antioxidants and chain-breaking antiox-
idants. Preventive antioxidants mainly inhibit peroxidative
processes through the transfer of electrons to or from radical or
nonradical species involved in oxidative stress, with an
efficiency that depends on the redox potentials of the species
involved. On the other hand, chain-breaking antioxidants
directly react with the radical species involved in the oxidative
chain. Nitroxides, organic stable free radicals bearing an
unpaired electron mainly located in their N−O function, have
proven themselves to represent very effective antioxidant
species in a variety of contexts,6−8 having the possibility to act

through both the above-mentioned mechanisms. In fact, they
can act as chain-breaking antioxidants for their ability to
undergo fast radical−radical coupling reactions with C-
centered lipid-derived radicals behaving as radical scavengers,
but, at the same time, it has also been shown that the redox
potentials for their reversible oxidation (in turn influenced by
the molecular structure) are suitable for antioxidant proper-
ties9−12 (see Scheme 1).
As far as biological membranes are concerned, the ability of

antioxidants to be localized at specific depths, where the lipid
chains are more sensitive to peroxidation, plays a key role. In
this context, several newly synthesized lipid-functionalized
aliphatic cyclic nitroxides (liponitroxidesNOXs, see Scheme
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Scheme 1. Nitroxide Antioxidant Activity Main Mechanisms
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2) have displayed the highest activity according to their ability
to localize their N−O moiety in the proximity of the PUFA
double bonds in egg−phosphatidylcholine (egg−PC) lip-
osomes, chosen as membrane models.13 The position of the
nitroxide moieties relative to the PUFAs was determined by
means of spin relaxivity measurements conducted by electron
paramagnetic resonance (EPR) spectroscopy.
In general, the EPR methodology is effective in providing

fine information on the location and dynamics of paramagnetic
antioxidants in bilayers; however, it cannot be applied to
estimate the position of lipid-soluble diamagnetic antioxidant
species, which is likely to influence their antioxidant power as
well. In this context, molecular dynamics (MD) calculations
represent an excellent methodology for a general in silico
approach, which allows the prediction of the conformation, the
position, and the dynamics of any molecule in a bilayer.14

From a practical point of view, the screening of the position of
designed antioxidant molecules in the membrane, before a
synthetic effort takes place, is highly desirable. Moreover, the
recent developments in the methodological approach used in
these calculations15 allow MD to reliably test different bilayer
compositions, as, for example, inner mitochondrial membranes
rich in cardiolipin, as well as membranes with different
compositions;16−19 such a feature is useful for a screening of
antioxidants targeted toward different biological structures and
also for supporting the EPR measurements, by creating a
suitable dataset to build the calibration curve for an absolute
depth determination in different biomimetic membranes where
experimental data are missing.

In the present work, we produced at first a new type of
calibration curve in order to obtain the absolute depth of
different reference nitroxides inside the membrane (spin-
labeled phospholipids) exploiting MDs calculations. Then, MD
simulations on the NOXs for which the antioxidant property
was tested in our previous work13 have been carried out. The
values obtained from these simulations were compared with
those arising from EPR measurements.

■ METHODS

Setting up the Simulation Model and MD Simulation.
A membrane bilayer system consisting of 128 fully hydrated
lipids was built. The bilayer was formed by lipids with a
composition suited to mimic that of egg−PC:20 52 POPC; 19
PLPC; 14 SOPC; 14 SLPC; 13 DOPC; 9 DSPC; 4 DPPC.
POPC 1-palmitoyl-2-oleoylphosphatidylcholine; PLPC 1-
palmitoyl-2-linoleoylphosphatidylcholine; SOPC 1-stearoyl-2-
oleoyl phosphatidylcholine; SLPC 1-stearoyl-2-linoleoylphos-
phatidylcholine; DOPC 1,2-dioleoylphosphatidylcholine;
DSPC 1,2-distearoylphosphatidylcholine; DPPC 1,2-dipalmi-
toylphosphatidylcholine. Throughout this work, this mixture
will be referred to as egg−PC. Finally, three molecules of spin
labels [either n-doxyl-phosphocholine-doped bilayers (nDPCs)
or NOXs, 3% in the mixture] were added substituting
randomly pre-equilibrated PC lipids to reproduce the labeling
percentage of samples used to perform EPR experiments.13 In
Scheme 2, the structures of the NOXs are reported together
with a commercially available labeled phospholipid nDPC,
where n indicates the carbon atom to which the nitroxide
(doxyl) ring is linked (5DPC, 1-palmitoyl-2-stearoyl-(5-doxyl)-

Scheme 2. Structure of the Synthesized NOXs and of 5DPCa

aIn red, the nitroxide ring, in blue, the glycerol unit, and in green, the ethylene-glycol as a polar spacer.

Figure 1. nDPCs and egg−PC membrane composition for the MD-simulated bilayers. The lipid phosphates are represented as light brown spheres
for clarity and 5DPC, 7DPC, 10 DPC, 12 DPC, and 14 DPC as stick models in different colors. The N−O rings are circled to highlight their depth
in the lipid membrane. The lipid matrix is reported as the transparent surface, and water and hydrogen atoms are omitted to improve the image
clarity.
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sn-glycero-3-phosphocholine in Scheme 2), as a representative
example. In this work, besides 5DPC, we also used 7DPC,
10DPC, 12DPC, and 14DPC.
The overall box dimensions were 6.7 nm × 6.7 nm × 7.9

nm. The membrane composition is reported in Figure 1.
The simulation model systems were appropriately hydrated

by adding water (4834 molecules). Initially, 2 mM NaCl was
added to properly reproduce the experimental model. In order
to check the role played by the salt in such a concentration on
the bilayer structure and on the distribution of NOXs, a test
calculation was carried out for the membrane model containing
OG-NO either with or without 2 mM NaCl. These two
simulations did not show any significant difference in the
bilayer structure or the depth distribution of OG-NO;
therefore, the calculations for all NOXs were carried out in
the absence of NaCl (see the Supporting Information, Figure
S4). Water−water interactions were modeled by using
TIP3P,21 whereas hydrogen bonds within the solvent
molecules were constrained using the SHAKE algorithm.22

Water and ions overlapping the membrane bilayer were
removed before proceeding to system minimization.23

The starting pure egg−PC model was obtained by a
membrane builder tool (Charmm-GUI, www.charmm-gui.
org), minimized, and stabilized by a 10 ns equilibration by
NPTMD simulation.24 The system dimensions employed were
chosen on the basis of literature reports, concerning the
smallest representative size that can be used to accurately
reproduce the occurring intermolecular interactions in lipid
bilayers.25−27 The GROMACS 5.0.4 suite of programs28 was
then used to perform all the simulations, by using the AMBER
force field29 (AMBERFF99SB, treating membrane with lipid11
parameter sets)30−33 and extending its parameterization to
provide the accurate description of large and flexible nitroxide
free radicals; for this purpose, new atom types have been
included, fitted on the basis of geometries, vibrational
frequencies, and potential energy surfaces computed at the
density functional theory level using B3LYP/6-311G**

(Gaussian 09, Revision D.01)24,34−37 and integrated into the
FF parameters.
Going into details, the missing parameters were collected

from those reported by Stendardo et al.38 using the PBE0/
N07D quantum mechanical calculations as the reference to
extend the AMBER force field (FF99SB), particularly suitable
to represent biological systems as membranes.39,40 The derived
parameters have also been tested to correctly predict the
structural, dynamical, and spectroscopic features of the
nitroxide radicals employed.38

The bilayer energy has been minimized under periodic box
conditions, applied in all directions, using a neighbor searching
grid type; the cutoff distance for the short-range neighbor list
was set to 1.4 nm. Electrostatic interactions were taken into
account by implementing a fast smooth particle-mesh Ewald
algorithm41−44 with a 1.4 nm distance for the Coulomb cutoff
because this method is considered to be both efficient and
accurate for the evaluation of long-range electrostatic
interactions in large macromolecular systems.45,46

After geometry minimization, these systems underwent a
200 ns atomistic MD simulation using GROMACS 5.0 in the
isothermal−isobaric (NPT) ensemble at 1 atm and 310 K (37
°C).19 For all the MD trajectories, 2 ns of annealing
simulations was carried out to gradually increase the
temperature up to 310 K and then to generate atomic
velocities; a weak temperature coupling (Berendsen thermo-
stat), with a time constant of 1 ps, was applied to maintain the
reference temperature (310 K) throughout the whole run; no
water was observed inside the bilayer. At this point, 200 ns MD
runs have been carried out for each of the built egg−PC
bilayer/antioxidant systems. An accurate leap-frog stochastic
dynamics integrator was used as the main run control option;
we used a time step of 0.002 ps and the coordinates were
written out every 10 ps, while energy data were collected every
2 ps. The first 2 ns MD simulation for each lipid system was
carried out in the NVT ensemble using a Langevin thermostat,
whereas the subsequent nanoseconds were carried out in the
NPT ensemble (T = 310 K, P = 1 atm) using a Berendsen

Figure 2. nDPC spin labels/egg−PC bilayers’ snapshot of the MD simulation trajectory taken at the end of the simulations (t = 200 ns); water is
omitted for clarity. For all the models, the lipids are represented as the transparent surface with the phosphorus atoms of the PC headgroups as
orange spheres; nDPC molecules are shown as the classical stick representation in different colors hiding hydrogen for the purpose of clarity; the
nitroxide ring is circled to highlight its position.
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thermostat and semi-isotropic pressure coupling. A time
constant for coupling of 0.5 ps and an optimal compressibility
for water of 4.5 × 10−5 bar−1 were used to obtain the best
control on pressure. Computation of each MD trajectory was
performed in parallel at a speed of 11 ns/day on a GALILEO
IBM workstation (CINECA-HPC ISCRA projectsee
Acknowledgments). The achievement of a steady state for all
of the simulated models was monitored through the molecular
root-mean-square deviation (rmsd) values versus time.47

Deviation was calculated as displacement with respect to the
starting minimized structure.
MD Simulation Analyses. From the collected MD

trajectories, the nitroxide N−O bond penetration depths
within the bilayer have been determined. More in detail, the
MD trajectories were collected until they reached equilibra-
tion, that is, until the equilibration trajectory achieved a full
convergence of the system’s dimensions and far over
(Supporting InformationFigure S1).47 The analysis of the
simulations’ trajectories was performed by means of the VMD
and CHIMERA software.48 We monitored the fluctuations of
the nitroxide moiety and its dynamical behavior by evaluating
the orientation of NO groups in the PC lipid system during
MD simulations and calculated the mass density profile of
nitroxide groups to show the volume probability distributions
across the bilayer (Figure S2, Supporting Information). The
final 20 ns of the MD trajectories were considered for
subsequent analysis of the bilayer properties, after having
verified the achievement of the steady-state condition for all
the systems (see rmsd plot in Figure S3 reported in the
Supporting Information and area-per-lipid fluctuation ΔA =
0.03 ± 0.01 nm2); hence, the distance from the bilayer surface
(R) of the nitroxide groups is referred to that state.
Structure of the NOXs. The NOXs considered for these

calculations were those reported in Scheme 2:13 they bear a
pyrroline nitroxide moiety linked to a cholesterol unit (Chol-
NO) or to a glycerol moiety; the latter can be esterified with
one (OG-NO and OG(L)-NO) or two oleoyl units (DOG-
NO and DOG(L)-NO). Two of these NOXs also contain a
polar spacer group between the pyrroline and the glycerol
moieties (OG(L)-NO and DOG(L)-NO).13

■ RESULTS AND DISCUSSION
Calibration and Validation of the Method by Using

Commercial Spin-Labeled Phospholipids. The first batch
of simulations was performed on an egg−PC bilayer containing
commercially available phospholipid spin labels, nDPCs, which
have been used as a “molecular ruler” for the estimation of the
NOX penetration depth in the bilayer.13,49,50 Snapshots taken
at the end of the MD trajectories of the equilibrated simulated
bilayers are reported in Figure 2, which also shows that the
nitroxide rings attached to the carbon atoms that are more
deeply located in the bilayer core possess a higher level of
conformational flexibility, as expected.
In addition, the mass density profiles of water, of the

phosphate groups, and of the different nitroxides (taken as the
density of the N−O groupSupporting Information; Figure
S2) have been computed. Moreover, at the spin label
concentration used in our simulations, close to that used in
the EPR experiments with nDPCs (3% of the total lipids), the
overall perturbation induced on the bilayer structure was rather
modest.
The average position of the nitroxide moieties within the

bilayer followed the expected trend, showing a progressively

increasing depth going from 5DPC to 14DPC. The increased
lipid chain mobility as a function of depth, for those nitroxides
located closer to the bilayer core, produces a corresponding
broader density distribution, as qualitatively seen in Figure S2
(Supporting Information Section). Note that the nDPC
molecules were located in both sides of the bilayer and no
f lip-f lop motion was observed during the timeframe of the
simulation.
The position of the nitroxide group of the nDPC

phospholipids with respect to the membrane surface was
initially validated by comparison with available data from the
literature, referred to both computed and experimental data.
The depth values were compared with the results obtained by
MD simulations in a pure POPC membrane.51 Although in
that case the amount of spin labels was significantly higher
(1:11 or 1:4 lipids: nDPC ratio) and the temperature was
slightly different (303.15 K), the corresponding results are in
good agreement with our simulations. In fact, as shown by the
plot reported in Figure 3, the two sets of data are in general
very close to the diagonal, which represents the perfect match

Figure 3. Top: Linear correlation plot of the distance of the nitroxide
groups of nDPC from the membrane surface calculated in this work in
egglike PC with respect to those obtained in POPC from ref 51. The
colored bars represent the half-width of the calculated distribution in
blue for the MD simulation of this work and in red for the literature
data. The diagonal represents the best match between values. Bottom:
Linear correlation plot of the calculated distances R of the nitroxide
groups of nDPC from the membrane surface vs the number of the
carbon atom of the lipid chain that bears the nitroxide moiety.
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between the two sets of simulations; we draw the attention of
the reader that the bars reported do not represent the
uncertainty in the average position but the half-width of the
calculated distributions.
The 10DPC molecule falls on the side of the linear

correlation line, but this feature can be attributed to the
different lipid compositions used in the simulations (egg−PC
mixture vs pure POPC in ref 51): the nitroxide function of
10DPC is located in the middle of the lipid chain and can
interact to a larger extent with the polyunsaturated moieties of
the PLPC and SLPC lipids that we used in our model
membrane. These interactions are not present in the set of
simulations based on a pure POPC membrane,51 and, as a
consequence, the NO group of 10DPC, and to a lesser degree
of 12DPC, is resulted, which is more deeply located in our MD
trajectories. Additionally, we plotted the position of the nDPC
nitroxide group versus the carbon number position with the
corresponding error bars (bottom of Figure 3), where 10DPC
only minimally deviates from the linearity.
The computed penetration depth was then correlated to the

experimental parameter Φ (adimensional)50,52−54 determined
by EPR measurements.13 Such a parameter is used to represent
the insertion level of the nitroxide inside the membrane, and it
is defined as the ratio between the collision frequency of the
nitroxide with a water-soluble paramagnetic agent (NiEDDA
or CROX) and that with a lipid-soluble paramagnetic agent
(molecular oxygen).49 The penetration depth parameter Φ for
a paramagnetic molecule obtained from the EPR experiments
can be converted in an absolute distance from the membrane
surface (R, in nm) once a calibration curve is built.55 We
previously prepared such a curve using our values for nDPC
nitroxides and the known depths of spin-labeled phospholipids,
considering the X-ray/NMR data from Dalton et al.56

(Supporting InformationTable S1); two linear regressions
have been previously performed, one considering 5DPC47 and
one excluding it,52 because in the latter case the linearity of the
calibration curve largely increases. We point out that the
apparent inversion of the insertion depth between 5DPC and
7DPC (Figure 4)13,49 is not present in the calculation
performed in this work nor can be found in the X-ray/NMR
data, thus it must represent an artifact of the EPR method. We
attribute the inversion to a deviation from the linearity of the
oxygen/NiEDDA concentrations, as the method in use
assumes a linear gradient of both species throughout the
membrane. However, phospholipid membranes, especially in
the headgroup region and immediately below, are far from
being homogeneous, thus the distributions of oxygen and
water-soluble molecules around positions 5 and 7 of the lipid
chain might not be linear. An interesting development could be
represented by a simulation of the nDPC lipids in the presence
of explicit molecular oxygen and a water-soluble agent to
correct the data obtained by the EPR methodology. However,
although MD simulations of oxygen penetration are
available,57−60 a model that satisfactorily reproduces all
parameters of oxygen partitioning is still under development.61

The simulations reported in this work allow the creation of a
new curve obtained for a bilayer that closely matches the
experimental conditions, allowing a better comparison for the
penetration depth data of the NOXs (vide infra). Indeed, the
previous calibration curves are based on X-ray/NMR data
referring to the bilayers of DMPC, much shorter and with a
different fluidity than those of POPC. This new calibration
curve (R/nm = 0.54Φ + 0.44) is shown in Figure 4.

MD Simulations of Egg−PC Bilayers Containing the
NOXs. A second set of simulations was carried out on an egg−
PC bilayer in which the different NOXs (see Scheme 2)
constitute 3% of the total phospholipids, and the positions of
these nitroxides were calculated by MD. At the same time, the
calibration curve (Φ vs position) discussed in the previous
section (Figure 4) was exploited to obtain the absolute
penetration depth (REPR) of the nitroxides from the
experimental Φ parameters previously determined.13 In our
MD calculations, we evaluated the perturbation of the bilayer
induced by the presence of NOXs and also found in this case
that, at these concentrations, the perturbation of the bilayer is
very modest.
The N−O penetration depths (RMD) in the bilayer were

obtained as the mass density profile averaged for the last 20 ns
of MD simulations; the results are shown in Figure 5 and are
characterized by typical Gaussian-like profiles with the maxima
located at a different distance from the surface and different
width. The calculated RMD values are reported in Table 1,
which can be directly compared to the corresponding REPR
values. We observed a very good agreement between the
experimental results and the simulations, showing in both cases
that the penetration depth of the NOXs increases in the order
Chol-NO ≪ DOG(L)-NO < DOG-NO < OG(L)-NO < OG-
NO.
Major information on the localization and dynamics of

nitroxides is given by the snapshots at the steady state, as
shown in Figure 6. There, a large difference between Chol-NO
and the other glycerolipid NOX behavior is evidenced: very
likely, the rigid and almost planar core of Chol-NO keeps the
molecule well-ordered in the bilayer with the nitroxide head
pointing toward the water phase, locating itself in between the
phosphate groups or immediately under them. Conversely, the
glycerolipid NOXs are conformationally flexible and tend to
push the nitroxide ring moiety toward the bilayer interior or
parallel to the membrane surface. The observed nitroxide ring
orientations in the MD simulations can be compared to the
results previously obtained in DMPC/DHPC bicelles (mag-
netically aligned lipid bilayers).13 Concerning Chol-NO, the

Figure 4. Membrane depth calibration curve to obtain the absolute
membrane penetration depth from EPR experiments. The plot shows
in the ordinate the distance from the membrane surface of the nDPC
spin labels (R, in nanometers, the error is the half-width of the
distribution), determined from the MD simulations of the present
work, and in abscissa the experimental depth parameter (Φ,
adimensional, the error is an estimate based on repeated experi-
ments), determined from EPR experiments.13 Note that the linear
regression is performed by excluding 5DPC from the fitting for the
reasons outlined in the text.
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simulations of the EPR spectra indicated that the normal to the
plane of the nitroxide ring is parallel to the membrane normal,
as also shown by the MD simulations. An excellent agreement
with the EPR data has also been found for the other NOXs,
suggesting a larger tilt toward the bilayer core for the nitroxide
head of OG-NO when compared to the other glycerolipids.
However, the position of the nitroxide groups with respect

to the double bonds of the oleic/linoleic chains requires a
separate discussion. As reported in Figure 7 (see also the
Supporting Information), the oleic and linoleic double bonds,
which represent the main site of lipid peroxidation initiation,
are located at 1.59 nm from the phosphate head in the case of

the C9 position, whereas the other linoleic double bond at C12
is located at 1.72 nm; the width (full width at half-height) of
the distribution functions is about 0.6 nm. Because the N−O
group represents the antioxidant active moiety of NOXs, the
results of our simulations show that there is a definite overlap
with the distribution function of the double bonds, in
particular of the C9−C10 ones, with that of OG-NO and
OG(L)-NO, a smaller overlap with the tails of the distributions
for DOG-NO, DOG(L)-NO, while no overlap possibility is
foreseen for Chol-NO. This result fully supports our
supposition that the antioxidant activity of the glycerolipid-
based NOXs is related to their ability to localize their N−O
function nearby the membrane double bonds, while the
antioxidant activity of Chol-NO should follow a different
mechanism.13

■ CONCLUSIONS

In conclusion, the validation of the MD method presented in
this study, carried out by combining experimental and in silico
results, confirms the efficacy of the developed combined
approach and opens new possibilities for the development of
new nitroxide-based systems, targeting specifically the
peroxidation processes in unsaturated membranes. This
method allowed us to study the behavior of antioxidant
molecules in bilayer systems, considering in detail the lipid
matrix effect on the nitroxide moiety positioning. Overall, these
results are particularly relevant for the future applications of
this approach, which aims to tune the antioxidant properties of
novel molecules in bilayers of different compositions, by

Figure 5. Mass density profiles within the simulation boxes (A) and focused on NOX nitroxide groups (B), with respect to the bilayer center (X =
0). In (C), NOXs/egg−PC bilayer models after MD stabilization showing the NO moiety depth inside the bilayer for each NOX. We reported the
phosphorus atoms of the lipid phosphates as brown spheres and the compounds Chol-NO, DOG(L)-NO, DOG-NO, OG(L)-NO, and OG-NO as
stick models in different colors. The N−O rings are circled to highlight their depth in the lipid membrane. The lipid matrix is represented as the
transparent surface, and water and hydrogen atoms are omitted to improve the image clarity.

Table 1. Penetration Depth from the Bilayer Surface (RMD)
of NOX Nitroxide Groups in Egg−PC and Distance of the
NO Group from the Bilayer Surface from EPR Data (REPR)
Have Been Reported; the Uncertainty on RMD Is the Half-
Width of the Mass Density Profile, While the Uncertainty
on REPR Is Obtained from the Error of the Linear
Regressiona

NOX RMD/nm REPR (MD curve)/nm

Chol-NO 0.76 ± 0.12 0.82 ± 0.25
DOG(L)-NO 0.94 ± 0.12 1.20 ± 0.31
DOG-NO 1.10 ± 0.11 1.41 ± 0.35
OG(L)-NO 1.43 ± 0.12 1.47 ± 0.35
OG-NO 1.70 ± 0.11 1.57 ± 0.37

aRMD values are averaged over the last 20 ns of the 200 ns MD
simulations.
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changing their shape and flexibility, in order to localize the
active headgroup close to the main site of lipid peroxidation,
that is, the unsaturated regions of the bilayers. The very good
agreement found between MD and experimental results
suggests that the method could also be successfully applied
to nonparamagnetic antioxidants.
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Figure 6. NOX egg−PC bilayers’ snapshot of the MD simulation trajectory taken at the end of the simulations (t = 200 ns); water is omitted for
clarity. For all the models, the lipids are represented as the transparent surface with the phosphorus atoms of the PC headgroups as orange spheres;
NOX molecules are shown in classical stick representation in different colors hiding hydrogen for the purpose of clarity; the NO ring is circled to
highlight its position.

Figure 7. Density profile of the double bonds: the plot reports the carbon atoms C9−C10 for the oleic and linoleic acids and atoms C12−C13 for
the linoleic fatty acid. The average distances of carbons C9−C10 from the phosphate groups are 1.401 ± 0.32 and 1.722 ± 0.31 nm for carbons
C12−C13.
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(32) Sierra, M. B.; Alarcoń, L.; Gerbino, D.; Pedroni, V. I.; Buffo, F.
E.; Morini, M. A. Effects of hydroxy-xanthones on dipalmitoylphos-
phatidylcholine lipid bilayers: A theoretical and experimental study.
Chem. Phys. Lipids 2017, 206, 1−8.
(33) Laudadio, E.; Mobbili, G.; Minnelli, C.; Massaccesi, L.;
Galeazzi, R. Salts Influence Cathechins and Flavonoids Encapsulation
in Liposomes: A Molecular Dynamics Investigation. Mol. Inf. 2017,
36, 1700059.
(34) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−789.
(35) Vosko, S. H.; Wilk, L.; Nusair, M. Accurate spindependent
electron liquid correlation energies for local spin density calculations:
a critical analysis. Can. J. Phys. 1980, 58, 1200−1211.
(36) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
Ab Initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra Using Density Functional Force Fields. J. Phys.
Chem. 1994, 98, 11623−11627.
(37) Becke, A. D. Density-functional thermochemistry. III. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(38) Stendardo, E.; Pedone, A.; Cimino, P.; Cristina Menziani, M.;
Crescenzi, O.; Barone, V. Extension of the AMBER Force-Field for
the Study of Large Nitroxides in Condensed Phases: An ab initio
Parameterization. Phys. Chem. Chem. Phys. 2010, 12, 11697−11709.
(39) Barone, V.; Bloino, J.; Biczysko, M. Validation of the DFT/
N07D computational model on the magnetic, vibrational and
electronic properties of vinyl radical. Phys. Chem. Chem. Phys. 2010,
12, 1092−1101.
(40) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.;
Simmerling, C. Comparison of multiple Amber force fields and
development of improved protein backbone parameters. Proteins
2006, 65, 712−725.

ACS Omega Article

DOI: 10.1021/acsomega.8b03395
ACS Omega 2019, 4, 5029−5037

5036

http://dx.doi.org/10.1021/acsomega.8b03395


(41) Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N·
log(N) method for Ewald sums in large systems. J. Chem. Phys. 1993,
98, 10089−10092.
(42) Ewald, P. P. Die Berechnung optischer und elektrostatischer
Gitterpotentiale. Ann. Phys. 1921, 369, 253−287.
(43) Hockney, R. W.; Eastwood, J. W. Computer Simulation Using
Particles; McGraw-Hill: New York, 1988.
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