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Abstract. Knowledge of molecular interactions, thermodynamics, temperature and system
composition effects are crucial for understanding the role that different lipids play in vital
life processes in biological membranes. This knowledge is also important for
understanding the impact that electromagnetic fields have on the order and mobility of
molecules in lipid bilayers.

The last decade has seen radical improvement in the molecular modelling of complex
molecular and bio-molecular systems including lipid bilayers using Molecular Dynamics
(MD) simulation techniques. MD simulations are now much faster and more accurate
allowing researchers to predict complex molecularphenomena using actual structures.In
this paper we present our recent results on the application of large scale MD simulations to
phospholipid bilayers under different composition and conditions.Examples include: both
all-atom and coarse-grain large scale MD simulations of binary and ternary compositions
of lipid bilayers, modelling of the penetration of gas molecules (O-) in lipid bilayers, the
effects of antimicrobial peptides on biological membranes, separation of lipid
microdomains as a model for the study of lipid rafts. We also report MD simulations on
lipid bilayers doped with structurally different nitroxide spin probes that are employed
inexperimental variable temperature EPR spectroscopy. Finally, our recent preliminary
results of all-atom MD modelling of the lipid bilayers subjected to microwave electric
fields are also presented and discussed.
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Phospholipid bilayers with different lipid compositions have been extensively investigated
and employed as models of biological membranes over the past decades[1].
Dipalmitoylphosphatidylcholine (DPPC), the major component of the lung surfactant,which
is a mixture of lipids and proteins lining the surface of the alveoli in the lungs and it is
essential for breathing, has been widely studied with experimental and computational
techniques. Pure DPPC lipids exhibit a gel or solid ordered (So) phase to liquid crystalline
(Lo) phasetransition at 41°C, which is also known as the chain melting temperature. The L
phase of DPPC is also usually named as the liquid disordered (Ld) phase. The presence of
cholesterol (CHOL) induces an ordering of the acyl chains of DPPC and other saturated lipids
leading to the formation of a liquid ordered (Lo) phase. This structural change is attributed to
the well-known condensing effect of CHOL[2]. The coexistence of Ld4 and Lo phases has also
been observed in giant unilamellar vesicles containing CHOL and two types of lipids. The
phase diagrams of DPPC:CHOL binary and ternary systems with temperature are
characterised by a variety of coexisting phases.

MD simulations with doped spin probes for EPR spectral predictions and analysis

Of the biophysical techniques now being brought to bear on studies of membranes
Electron Paramagnetic Resonance (EPR) of nitroxide spin probes was the first to provide
information about mobility and ordering in lipid membranes and lipid bilayer systems. EPR is
a “fast’ spectroscopic technique that can resolve molecular re-orientational dynamics of the
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introduced spin probe on sub-nanosecond timescales. Spin probes, specially designed
chemical agents that carry a stable unpaired electron, can be introduced within complex
partially ordered molecular systems in order to report on the order and dynamics of
surrounding molecules. EPR spin probes containing nitroxide groups at different positions in
the fatty acid chain, such as 1-palmitoyl-2-stearoyl-(n-doxyl)-sn-glycero-3-phosphocholines
(n-PC spin probes), and in the CHOL head group, such as 3p-doxyl-5a-cholestane (CSL),
have been used to studythe structure of lipids[3, 4] and their interaction with membrane
proteins[5].Structurally variable spin probes can probe different depths/parts of the bilayer
and also be attached to embedded peptides and proteins.

EPR spectra of biological membranes can be predicted directly from the results of MD
using our original MD-EPR simulation methodology [6, 7]that has been successfully applied
previously to liquid crystals and proteins [8-10]. The advantage of such an approach is
twofold. Firstly, it allows detailed analysis and unambiguous conclusions about molecular
motions and organisation in lipid bilayers. Secondly, our MD-EPR methodology serves as a
test bed for advanced computational models for lipid bilayers simulations. We apply this
methodology to address the key problems of understanding molecular interactions and system
composition effects on the formation and dynamics of lipid domains, the organisation and
dynamics of lipids around trans-membrane proteins, and the role of cholesterol as a lipid
bilayer stabiliser. Here we report the MD simulation part of our work that includes the
development of an accurate set of force field parameters for different spin probes and large
scale modelling of a mixed systems at fully atomistic level. The example of all atom structure
of a DPPC lipid bilayerdoped with CSLspin probes equilibrated after 100 ns at 298 K
together with the structure of the lipid and different spin probes is shown in Fig. 1.

Fig. 1.Snapshot of a typical simulation with the doped
spin probes. Top and side views of the 100 ns structure
of a DPPC lipid bilayer with 598 DPPC and 2 CSL

. A spin probe molecules simulated at 298 K and 1 atm.
‘._? DPPC polar headgroups and hydrophobic acyl chains
: are in orange space filling and red licorice
E $ representations, respectively. CSL spin  probes
:.E% . cholesterol and nitroxide moieties are in green and
5 purple licorice representations, respectively. The
licorice representations of DPPC and spin probes are

DPPC 5-PC CSL also shown.

AA MD simulations were performed using Gromacs version 4.5.5 [11]. A refined version
of the CHARMM36 force field in Gromacs, which is known as the Stockholm lipids (Slipids)
force field, was used for lipids [12]. Force field parameters for spin probes were calculated
using Gaussian version 09[13] and Amber version 12 [14]. Non-bonded van der Waals and
electrostatics interactions were truncated using a cut-off distance of 12 A. The PME treatment
of long range electrostatic interactions was employed. Temperature and pressure for all
simulated DPPC lipid bilayers were stabilized at 298 K and 1 atm using a Nosé-Hoover
thermostat [15] and a Parrinello-Rahman barostat[16], respectively. Coordinate trajectories
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were updated every 20 ps for all AA MD simulations. Each DPPC lipid bllayer was solvated

with 30 water molecules per lipid and ionized with a proper amount of Na and Cl ions to
reach a physiological ionic strength of 150 mM. Total number of atoms, including water and
ions, reached values of approximately 132,000 atoms. The resulting long MD trajectories are
used for prediction of motional EPR spectra at different temperatures.

Modelling of the penetration of O, molecules across DPPC lipid biliayer.

The 35 ns AA MD simulation of a DPPC lipid bilayer containing 1200 lipids interacting
with 100 O2 molecules at 298 K and 1 atm shows the penetration of O2 molecules in the lipid
bilayer as described in Fig. 2. The concentration of Oz molecules, which was estimated from
the oxygen partial density profile, reaches a maximum in the bilayer centre. This result is in
agreement with previous experimental and computational results reported by Al-Abdul-
Wahid et al. in 2006 [17].

oz

Fig. 2. Oxygen concentration as a function of
immersion depth estimated from O, partial
density profile of a 35 ns AA MD simulation of a
DPPC lipid bilayer with 1200 lipids and 100 O,
molecules simulated at 298 K and 1 atm. DPPC
polar headgroups and oxygen molecules are in
cyan and red space filling representations,
respectively. The inset shows similar
experimental and computational plots reported
by Al-Abdul-Wahid et al. in 2006[17].
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Interestingly, the presence of O2 molecules induces an ordering of DPPC sn-1 and sn-2
acyl chains as observed in the plots of the order parameter profiles on the left panel of Fig. 3.
Moreover, the diffusion coefficients of O2 molecules estimated from the mean squared
displacements of the gas molecules over the last 41.5 ns of a 101.5 ns AA MD simulation
show that the lateral diffusion is larger than the translation diffusion as reported in the right
panel of Fig. 3.
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Fig. 3. DPPC sn-1 and sn-2 acyl chains order parameter profiles in the absence and in the presence of O,
molecules estimated from AA MD simulations at 298 K and 1 atm (left). Mean squared displacement (MSD)
employed to estimate lateral and translational diffusion coefficients of O, molecules using the last 41.5 ns of a
101.5 ns AA MD simulations (right).
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Modelling the effects of antimicrobial peptides on biological membranes.

The interaction of palmitoyloleoylphosphatidylcholine (POPC), which is the main lipid
component of egg PC, in the presence of the recently discovered antimicrobial peptide
chrysophsin-3 (chrys-3) [18] has also been investigated performing CG MD simulations of a
POPC lipid bilayer with transmembrane peptides using an approach similar to the one
reported by Thagersen et al in 2008 [19]. CG MD simulations were performed using the
MARTINI force field for lipids [20] and proteins [22].

chrysophsin-3 antimicrobial peptide
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Fig. 4. Top and side views of a CG POPC lipid bilayer containing 1058 lipids with 50 chrysophsin-3
antimicrobial peptides CG MD simulated for 16 ps at 310 K and 1 atm. POPC polar headgroups and
hydrophobic acyl chains are shown in yellow space filling and skybluelicorice representations, respectively.
Chrysophsin-3 peptides are shown in green licorice representation with purple space filling phenylalanine
residues. The licorice representation of the AA structure of the 20 amino acid antimicrobial peptide is also
shown together with a cartoon depicting the different types of peptide-membrane interactions proposed by
Wang et al. in 2015[21].

The standard cut-offs of the MARTINI force field were used for non-bonded interactions:
the Lennard-Jones potential was shifted to zero between 0.9 and 1.2 nm, and the Coulomb
potential was shifted to zero between 0 and 1.2 nm with a relative dielectric constant of 15.
The time step was 20 fs, and the neighbour list was updated every 10 steps [23].Lipids and
water were coupled separately to a target temperature using the velocity rescaling thermostat
[24] with a time constant of 1 ps. A target surface tension was maintained using the surface
tension coupling scheme and the Berendsenbarostat[25] with a time constant of 4 ps and a
compressibility of 5 x 107 bar™* in the lateral direction; the compressibility in the normal
direction was set to zero to prevent box contraction. Each POPC lipid bilayer was solvated
with 10 CG waters (corresponding to 40 real water molecules) per lipid and ionized with a

proper amount of Na and cl

Fig. 5. Side view of the 16 ps CG POPC lipid
bilayer containing 1058 lipids with 50 chrysophsin-
3 antimicrobial peptides simulated at 310 K and 1
atm. POPC hydrophobic acyl chains are not shown
for clarity. The colour code is the same of Fig. 4.
The formation of two distorted toroidal pores and a
transmembrane aggregate is observed in agreement
with Wang et al. 2015 experimental results[21].

162



Application of Molecular Modelling and EPR || Armenian Journal of Physics, 2016, vol. 9, issue 2

ions to reach a physiological ionic strength of 150 mM. CG MD simulations with regular and
polarizable CG water yield similar results. After 16 pus of CG MD simulation the peptides
aggregate on the surface and in the transmembrane region forming two distorted toroidal
pores and an aggregate as shown in Fig 4. All four types of peptide-membrane interactions, as
reported experimentally by Wang et al. in 2015 and shown in their cartoon of Fig. 4 [21], are
observed during the CG MD simulation as shown in Fig. 5.

Ternary lipid mixtures (DPPC:DOPC:CHOL) CG MD simulations — separation of lipid
microdomains.

CG and AA MD simulations of ternary lipid systems containing CHOL:DPPC:DOPC
mixtures with different molar ratios have also been performed in order to sample the different
phase behaviour using as a reference the experimental work of Veatch et al. 2007 [26] as
shown in Fig. 7.Initially, we performed 40 ps CG MD simulations of the different ternary
lipid systems with a random distribution of lipids in order to observe the formation of Lo and
Ld domains. CG MD simulations were performed using the MARTINI force field for lipids
[20]. DOPC force field parameters were the same used by Risselada et al. in 2008[27]. CG
MD simulations with regular and polarizable CG water yield similar results. Then, AA
structures were reconstructed from a selection of 40 ps CG structures as shown in Fig. 7. The
fine graining of CG structures was performed using previously reported approaches[28]. Each
fine grained structure was also subjected to several steps of energy minimizations in order to
remove steric clashes. These fine grained structures can be used as starting models for the
insertion of EPR spin probes or for the study of the interaction of antimicrobial peptides with
ternary lipid systems (work in progress).

Fig. 7. Ternary phasediagram of
CHOL:DPPC:DOPC from

pOPC DPPCdf, orpemtommemense SRS Veatch et al. 2007 experimental
T=283K(10%C DPPC acyl chains red ¢
(1046) Bt ot work[26]. AA ternary systems

ternary systems DOPC acyl chains skyblue

fine grained from 40 ps CG
structures to be simulated in the
presence of EPR spin probes.

1. CHOL:DPPC:DOPC 30:40:30
2. CHOL:DPPC:DOPC 30:50:20
5. CHOL:DPPC:DOPC 20:50:30
7. CHOL:DPPC:DOPC 15:60:25
CHOL green & red
composition of the critical point DPPC shkyblue
c. CHOL:DPPC:DOPC 30:25:45 DOPC yellow

fine grained from 40 ps CG structures

systems can also be useful to study the formation of lipid rafts as previously reported by
Risselada et al. in 2008 and as shown in Fig. 8 [27]. CHOL molecules interact more with
saturated lipids (DPPC) forming Lo domains, while the unsaturated lipids (DOPC) show less
interactions with CHOL and

163



Catte et al. || Armenian Journal of Physics, 2016, vol. 9, issue 2

CG MD simulation of a CHOL:DPPC:DOPC
(30:28:42) lipid bilayer equilibration & production

Y 40ns

Fig. 8. CG MD simulation of a
CHOL:DPPC:DOPC lipid bilayer can
be used to study the formation of lipid
rafts.

CHOL green & red
DPPC skyblue
DOPC yellow

CG MD simulations of ternary lipid form Ld domains. CG MD simulations allow to
sample longer timescales. This is achieved because of the unified atom models used to
represent molecules and the possibility to use longer timesteps for the integration of forces. A
comparison between AA and CG structures of lipids employed in ternary lipid systems is
shown in Fig. 9. The resolution of atomistic details is still kept and can be restored by fine
graining the CG MD simulated structures as shown in Fig. 10[28].

Fig. 9. Fine graining of the 40 us
structure of CHOL:DPPC:DOPC
(30:40:30) ternary lipid system.

40 ps CG structure fine grained from 40 us CG structure

All-atom MD simulation of lipid bilayers in the presence of microwave electric
field;Electroporation.

The non-ionising effects of radiation on biological membranes, in particular electroporation,
can also be studied through AA MD simulations of lipid bilayers subjected to external
oscillating electric fields[29-31].
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Fig. 11. Oscillating electric field applied to a DPPC lipid bilayer.
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More recently, we have also performed AA MD simulations of DPPC and DOPC lipid
bilayers in the presence of an oscillating electric field as shown in Fig. 12. In both AA MD
simulations we observe the formation of pores applying an oscillating electric field of 0.5
V/nm with the microwave frequency of 2.5 GHz. Electroporation is observed at 3.72 ns and
6.24 ns, respectively. Preliminary results indicate that the effect of microwave field is
primarily on the water molecules and that the electroporation occures as the result of the

changes in the interaction of water with phospolipid molecules.

Fig. 12. Left: Formation of a pore after 3.72 ns in a DPPC lipid bilayer containing 600 lipids (30 waters/lipid)
simulated at 323 K and latm applying an oscillating electric field of 0.5 V/nm with a frequency of 2.5
GHz.Right: Formation of a pore after 6.24 ns in a DOPC lipid bilayer containing 256 lipids (45 waters/lipid)
simulated at 300 K and latm applying an oscillating electric field of 0.5 VV/nm with a frequency of 2.5 GHz.
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