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Lipid membranes are highly dynamic structures involved in various cell biological processes which are
regulated by a large number of proteins. Computer simulations can provide a dynamic picture with
atomistic details of membrane behavior and its interactions with macromolecules. Here we use molecu-
lar modeling at two levels of resolution, united-atom and coarse-grained, to investigate the lipid-lipid
interactions within the model bilayers composed of charged PI(4,5)P, and neutral DPPC lipids. The
united-atom representation allows us to simulate two lipid bilayers containing different numbers of
charged lipid molecules. To characterize these systems we compared the area and volume per lipid,
bilayer thickness, deuterium order parameter and lateral diffusion coefficients. The united-atom results
indicate that the increase of PI(4,5)P, lipids in the membrane leads to the higher ordering of neutral
lipids. Bilayer properties calculated from the coarse-grained simulation were in good agreement with

the united-atom results.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lipid membranes are highly dynamic structures involved in
various cell biological processes such as morphogenesis, endo-
and phagocytosis, cell motility, vesicular transport [1,2]. These pro-
cesses are regulated by a large number of proteins including a
group of proteins directly binding to membranes and modulating
their shape [3-5]. Many of these proteins have varied binding
affinities for charged phospholipids, particularly phosphoinositides
[6-9]. Phosphoinositides (PIPs) are phosphorylated derivatives of
phosphatidylinositol, a lipid molecule found in the cytosolic leaflet
of the cell plasma membrane and in membranes of several
intracellular organelles [10]. Depending on the cell type, PIPs con-
stitute ~1-2% of the total phospholipids in the plasma membrane.
PIPs are known to spatially aggregate into PIP-enriched rafts, and
thus raise their local concentration [11,12]. Phosphatidylinositol
4,5-bisphosphate (PI(4,5)P;) is the most abundant phosphoinosi-
tide acting as an ubiquitous second messenger and as a precursor
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to other second messengers, such as diacylglycerol (DAG), D-myo-
inositol 1,4,5-trisphosphate (IP3), and phosphatidylinositol 3,4,5-
trisphosphate (PIP3) [13-15]. The fatty acids of PIP, are variable
in different species and tissues but in mammals the most common
fatty acids are stearic in position 1 and arachidonic in position 2
[16].

A combination of biochemical, diffraction and spectroscopic
techniques is used to study PIPs synthesis, aggregation and cell
localization. Computer simulations can provide a dynamic picture
with atomistic details of PIP-containing membrane behavior and
its interactions with macromolecules. Several studies have used
MD simulations to explore the interactions of PIP, with specific
residues of peptides and proteins [17-21]. Another study investi-
gates the interaction of PIP, with neighboring lipids and its organi-
zation within the lipid bilayer [22]. It suggests that PIP,
reorganizes the neighboring lipids and induces the formation of a
PIP, lipid microdomain which allows it to act as a protein-anchor-
ing molecule.

Many modifications of the classical MD method have been
developed recently and one of them is the coarse-grained (CG)
method [23]. In CG models molecules are described by the interac-
tion sites representing groups of atoms, providing a reduced reso-
lution description of the given system. It allows one to simulate
large systems on time scales inaccessible to simulations with an
explicit all-atom and a united-atom representations.
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In the present study we investigated lipid bilayers composed of
dipalmitoylphosphatidylcholine (DPPC) and dipalmitoylphosphat-
idylinositol 4,5-bisphosphate (DPPI) at two levels of resolution:
united-atom and coarse-grained. Using the united-atom represen-
tation we simulated two lipid bilayers: 127 DPPC/1 DPPI and 116
DPPC/12 DPPI. To characterize our systems we compared several
parameters: the area and volume per lipid, bilayer thickness,
deuterium order parameter and lateral diffusion coefficient.

2. Methods

All simulations were carried out in GROMACS 4.5.3 [24].

2.1. United-atom simulations

Using a united-atom representation we studied two systems:
(1) a bilayer composed of 127 DPPC and 1 DPPI; (2) a bilayer com-
posed of 116 DPPC and 12 DPPL. The first structure was taken from
Holdbrook [25]. The number of DPPI lipids was then increased to
six in each leaflet by changing 11 phosphatidylcholine headgroups
to phosphatidylinositol 4,5-bisphosphate in the PyMOL program
(http://www.pymol.org/). Topology for the DPPC lipid corresponds
to the DPPC3 topology in Kukol [26]. That is the original DPPC
topology included in the Gromos53a6 force field distribution with
the following alterations: partial charges of the lipid headgroup
were modified as in Chandrasekhar et al. [27] (model C) and the
ester-carbonyl carbon atom type was changed from “C” to “CHO”
as suggested in the same publication. The DPPI topology was taken
from Holdbrook [25]. The initial size of both systems was
5.55 x 6.89 x 7.08 nm. SPC water model was used as a solvent to
which 100 mM of NaCl were added to reproduce the physiological
salt concentration. Since DPPI lipids carry a negative charge,
additional ions of Na were added to neutralize the system.

Prior to simulations both systems were minimized using the
steepest descent method for 1000 steps. The simulation parame-
ters for both simulations were as recommended in Piggot et al.
[28] for the Gromos53a6 force field. The Coulomb interactions
were truncated at 0.9 nm. The van der Waals interactions were
treated using a twin-range cutoff with the short-range interactions
truncated at 0.9 nm and the long-range interactions at 1.4 nm. The
long range electrostatic interactions were treated with the PME
method [29] using a grid spacing of 0.12 nm with a cubic interpo-
lation. A long-range dispersion correction was applied to the
energy and pressure. The pressure was maintained at 1 bar using
the Parrinello-Rahman algorithm [30,31] with a time constant of
5 ps applied semiisotropically. Nose-Hoover thermostat [32,33]
with a time constant of 0.5 ps was used to maintain temperature
at 323 K. Both systems were simulated for 150 ns with a time step
2 fs.

To analyze the impact of DPPI lipids on DPPC bilayer properties
we compared several parameters: the area per lipid, volume per
lipid, bilayer thickness, deuterium order parameters and lateral
diffusion coefficients. All the parameters were averaged through-
out the trajectory and compared with experimental data for pure
DPPC lipid bilayers.

The average area per lipid was calculated by dividing the box
area in the dimension parallel to the plane of the bilayer by the
number of lipids in each leaflet.

The volume per lipid was determined as V= (Vg — Vy)/2n,,
where Vg is the simulation box volume, Vi, is the volume of a
box with the same number of water molecules at the same condi-
tions as the target system and n; is the number of lipids in each
leaflet.

The bilayer thickness was calculated as the distance between
the peaks of the lipid headgroup electron density, namely the

choline group. The electron density profiles were determined using
the g_density program from the GROMACS package.
The deuterium order parameter is defined as:

S = 1/2(3cos? 0 — 1),

where 0 is the angle between the carbon-deuterium bond and the
bilayer normal, brackets denote the averaging over the time and
over all phospholipids. Scp was calculated in GROMACS by using
g_order which allows to calculate Scp without the need of explicit
hydrogens.

The lateral diffusion coefficient for DPPC lipids was calculated
from the Einstein relation for the mean square displacement:
MSD = 4Dt for long times t. It was calculated on the linear zone
of the MSD curve and averaged over all DPPC lipids. Calculations
of MSD were performed with g_msd program of GROMACS.

2.2. Coarse-grained simulations

After 150 ns of simulation, the bilayer composed of 116 DPPC
and 12 DPPI was converted from the united-atom into the
coarse-grained representation using the g_fg2cg program of
GROMACS 4.5.3. The correlation between united atoms and
coarse-grained atoms is provided in the mapping section of a lipid
topology. The mapping scheme for DPPC was proposed by Marrink
et al. [34]. The DPPI mapping scheme in this work was based on
materials from Lopez et al. [35] and Levtsova [36] (Fig. 1A). After
the conversion the coarse-grained bilayer patch was replicated five
times over the X-axis and then two times over the Y-axis. Thus we
created a ten times larger bilayer composed of 1160 DPPC and 120
DPPI (Fig. 1B). Polarizable water molecules and ions were added to
the system.

For coarse-grained dynamics the Martini force field was used
[23]. The parameters were as recommended at Marini’s official
website for simulations with the polarizable water model (http://
md.chem.rug.nl/cgmartini/) [37]. Standard cut-off schemes are
used for the non-bonded interactions in the Martini model: LJ
interactions are shifted to zero in the range 0.9-1.2 nm, and
electrostatic interactions in the range 0.0-1.2 nm. Long range
electrostatics are treated with the PME algorithm. As for the uni-
ted-atom simulations, the Parrinello-Rahman algorithm with a
time constant of 5 ps applied semiisotropically was used to main-
tain the pressure at 1 bar. Nose-Hoover thermostat with a time
constant of 2 ps was used to maintain temperature at 323 K.

In the Martini force field all atom masses are set to 72 amu for
reasons of computational efficiency which may affect the system
behavior. We performed two simulation runs for the same
coarse-grained lipid bilayer: first with masses by default and sec-
ond with masses corresponding to united-atom representation.
The systems were simulated for 70 and 100 ns respectively with
the time step of 20 fs. To characterize the coarse-grained bilayers
we analyzed the same set of parameters as for the united-atom
simulations except for the deuterium order parameter which
requires an explicit lipid chain representation.

The reported study was performed at the Supercomputing
Center of Lomonosov Moscow State University [38].

3. Results and discussion
3.1. United-atom simulations

In the present study we investigated dipalmitoylphosphatidyl-
choline (DPPC)/dipalmitoylphosphatidylinositol 4,5-bisphosphate
(DPPI) lipid bilayers in two levels of resolution: united-atom and
coarse-grained. Using the united-atom representation we simulated
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Fig. 1. Coarse-grained simulations. (A) Mapping schemes for DPPC and DPPI lipids. Red circles show atoms united in one coarse-grained atom in the Martini force field. (B)
Coarse-grained model of 1160 DPPC/120 DPPI lipid bilayer in water. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

a lipid bilayer with less than 1% DPPI and a bilayer with 9% DPPI and
compared their properties.

For the bilayer containing 127 DPPC and 1 DPPI the area per
lipid averaged on the interval 100-150 ns was 0.57 nm? which is
lower than experimentally obtained values for pure DPPC bilayers
(0.63-0.64 nm?) [39-43]. The bilayer containing 12 DPPI demon-
strates further decrease of the a.p.l. to 0.53 nm? (Fig. 2A). The vol-
ume per lipid was 1.21 and 1.14nm> for the 1st and the 2nd
bilayers respectively, while the experimental data show 1.23 nm?
[42,43]. The bilayer thickness, on the contrary, was lower for the
bilayer with one DPPI lipid: 4.2 opposed to 4.5 nm. Both values
were higher than experimentally obtained 3.8 nm [39-43]. The
described changes in bilayer properties may be caused by the
straightening of lipid acyl chains and the process of lipid ordering.
To prove this hypothesis we calculated deuterium order parame-
ters for both acyl chains of DPPC lipids and compared it to exper-
imental data for the 1st chain (Fig. 2C and D) [44]. Values were
higher in the system with 12 DPPI lipids and both curves lied
above the experimental curve which indicates increase in lipid
ordering. The lateral diffusion coefficient for DPPC lipids was calcu-
lated on the linear interval of the MSD curves from 30 to 110 ns:
1.33 « 1077 and 1.02 * 1077 cm?/s for bilayers with 1 DPPI and 12
DPPI respectively (Fig. 2B). Experimentally obtained values for
321K are 0.85-1.2 x 1077 cm?/s [45].

All these data indicate that the increase of DPPI lipid amount
leads to the increase of the order of DPPC lipids. For the system
containing only one DPPI molecule all of the examined parameters
were close to the experimentally obtained values for pure DPPC
membranes. However, lower values of the area per lipid, higher
values of the bilayer thickness and especially the deuterium order
parameter imply a certain difference in DPPC lipid organization.
This difference becomes more significant when the number of DPPI
lipid is raised to six in each leaflet.

3.2. Coarse-grained simulations

Next, we carried on the investigation of a larger lipid bilayer,
also containing 9% of PIP,. For this purpose the coarse-grained
method was used because it requires less computational resources
allowing us to reach larger system sizes and time scales.

The united-atom bilayer composed of 116 DPPC and 12 DPPI
was used to create a coarse-grained bilayer patch of 1160 DPPC
and 120 DPPI. We performed two 70 ns simulation runs for this

bilayer: with atom masses by default (all equal to 72 amu in the
Martini force field) and with masses corresponding to the united-
atom representation. To evaluate the quality of our coarse-grained
model we compared its parameters with the values calculated
from the united-atom simulation.

Changing masses of coarse-grained atoms from the default to
more appropriate values had no significant effect on bilayer prop-
erties (see comparison of a.p.l on Fig. 3) but required much more
computer resources. Thus we only used masses by default in
coarse-grained simulations later on and extended the simulation
run to 100 ns. Parameters for the coarse-grain system are shown
in Table 1.

The increase of the area per lipid and decrease of the bilayer
thickness indicate that the coarse-grained simulations provide a
more disordered representation of DPPC lipids. The effect of DPPI
presence thus may be imperceptible if values calculated from a
coarse-grained simulation are compared to experimental values
for pure DPPC bilayer. To capture this effect the comparison should
be made between coarse-grained models of pure DPPC bilayer and
DPPC/DPPI bilayer. A more noticeable difference was observed in
diffusion coefficients (Table 1). As it was described by Marrink
[23], the dynamics observed with CG models is 2- to 10-times fas-
ter in comparison to atomistic models. The main reason is the
absence of friction arising from the atomic degrees of freedom
which are missing in CG models. The effective time sampling
may be found on the basis of comparison of diffusion constants
in CG and atomistically modeled systems. For the interpretation
of the CG simulation results one can simply scale the time axis to
a first approximation. This approximation describes the general
dynamics of various systems quite well. For example, water per-
meation rates across a DPPC membrane [34| and aggregation of
lipids into vesicles [46] are in good agreement with experimental
measurements after scaling the rates by a factor of four. In case
of our DPPC/DPPI bilayers the conversion factor is 2.5.

Above we compared two united-atom models: 127 DPPC/1 DPPI
and 116 DPPC/12 DPPIL. We demonstrated that the increase of
amount of DPPI leads to the reduction of area per lipid, volume
per lipid and DPPC lateral diffusion coefficient. In contrast, the
bilayer thickness and deuterium order parameter show higher val-
ues. All these data indicate that the DPPI lipid orders the DPPC lip-
ids around it. Our results are in agreement with MD simulation
experiments performed earlier for a single PIP, lipid molecule,
incorporated into a model lipid bilayer that contains 71 DPPC [22].
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Fig. 2. United-atom simulations. (A) Area per lipid for the 127 DPPC/1 DPPI bilayer (blue curve) and the 116 DPPC/12 DPPI bilayer (red curve). (B) Mean square displacement
(MSD) of DPPC lipids in the 127 DPPC/1 DPPI bilayer (blue curve) and the 116 DPPC/12 DPPI bilayer (red curve). The coefficient was calculated over the linear interval from 30
to 110 ns. (C) Deuterium order parameters for acid chains of DPPC lipids for systems, containing 1 DPPI and (D) 12 DPPI Blue and red curves correspond to united-atom
simulation results, green curve corresponds to experimental data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 3. Area per lipid for coarse-grained simulations with masses by default (blue
curve) and masses corresponding to united-atom representation (red curve). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

The ordering effect was also observed for cholesterol-enriched
DPPC bilayers [47]. However, the mechanisms behind these effects
are different. As shown in [47], cholesterol stays anchored at
the level of the carbonyl groups of DPPC lipids thus ordering the

Table 1
Comparison of parameters of 9% DPPI bilayer calculated from the united-atom and
from the coarse-grained simulations.

Parameter United-atom Coarse-grained
Area per lipid (nm?) 0.53 0.6

Volume per lipid (nm?) 1.14 1.15

Bilayer thickness (nm) 4.5 4.2

Later diffusion coefficient (107 cm?[s) 1.02 2.62

hydrocarbon chains via its rigid ring system. Altering the amount
of cholesterol is a way to adopt the physical properties of the
bilayer such as rigidity, water permeability and fluidity to the envi-
ronment. In contrast to the ring system of cholesterol, large head-
groups of PIP, extend into an aqueous phase above the level of
choline groups. The DPPC lipids that are in direct contact with
PIP, adopt their headgroup conformation nearly normal to the
bilayer while in the pure DPPC membrane headgroups lie nearly
parallel to the bilayer [22]. The AFM-type simulations demon-
strated that pulling a DPPC lipid that is in direct contact with
PIP, requires ~50% more work than pulling a DPPC lipid out of a
pure DPPC bilayer. Thus PIP, forms a tight complex with the sur-
rounding lipids which provides it with a resistance to a vertical
displacement by anchoring proteins.
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A different mechanism of choline groups reorientation and
membrane compression was described for POPC/POPS bilayers sus-
pended in 1 M salt solution [48]. Using the fluorescence solvent
relaxation technique and molecular dynamics simulations per-
formed in GROMACS the authors demonstrated that these changes
are the consequences of adsorption of cations by the carbonyl
groups of lipids. Presence of a cation-enriched part in the mem-
brane causes rising of POPC headgroups while negatively charged
POPS headgroups lie roughly parallel to the surface. Another effect
of cations is bridging between neighboring lipid molecules that
was reported previously from both simulations [49] and experi-
ments [50]. However, simulations performed with the CHARMM
force field revealed a preferred binding of Na* to the phosphate
groups compared to the lipid ester carbonyl groups [51]. This con-
tradiction between two force fields can be attributed to differences
in vdW parameters of the ions or in the partial charges of the lipids
headgroups. More comparative force field studies and experimen-
tal data are needed to establish which parameters reproduce ion-
lipid interactions better. Nevertheless, it was concluded that a
sodium cation can bind up to four lipids thus hindering their
mobility. The number of Na-mediated clusters and their stability
depend on the bilayer composition. As reported in the study of
mixed acidic/zwitterionic bilayers, DMPS shows a stronger ten-
dency to cluster around Na* and exclude neutral zwitterionic
DMPC compared to other negatively charged lipids such as DMPG
and DMPA [51]. On the one hand, this is due to the strong Na* bind-
ing affinity of the carboxylate group. On the other hand, the car-
boxylate group of DMPS is more likely to form an intermolecular
hydrogen bond with the ammonium group of DMPS than with
the choline group of DMPC. Thus DMPS lipids form a strong hydro-
gen-bond network in a DMPC bilayer. As a result DMPC/DMPS
bilayer has a lower area per lipid and higher order parameters than
pure DMPC and DMPS/DMPG bilayers. This is in agreement with
the data indicating that PS lipids build rafts that play a role in
the regulation of the cell cycle [52]. As mentioned earlier, PIP, is
also known to locally increase its concentration but this process
is presumably driven by proteins [11]. As described in [11], several
natively unfolded proteins contain regions of basic/hydrophobic
residues that bind to lipid membranes and sequester PIP, electro-
statically. When the local intracellular Ca%* level increases, Ca%*/
calmodulin binds to the basic region with high affinity and pulls
it off the membrane, releasing PIP, and allowing it to perform its
functions.

In conclusion we may say that the investigation of membrane-
protein interactions requires simulations of larger membrane
patches on timescales of hundreds of nanoseconds. To carry out
such simulations the coarse-grained simulation methods are nec-
essary. Our coarse-grained model of DPPC/DPPI lipid bilayer
(Fig. 1B) reproduces main bilayer properties with 2.5-fold speed-
up of dynamics. The DPPC/DPPI coarse-grained bilayer created in
this study will be used for further investigation of membrane-pro-
tein interactions.
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