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ABSTRACT Anionic lipids are key components in the cell membranes. Many cell-regulatory and signaling mechanisms depend
upon a complicated interplay between them and membrane-bound proteins. Phospholipid bilayers are commonly used as model
systems in experimental or theoretical studies to gain insight into the structure and dynamics of biological membranes. We report
here 200-ns-long MD simulations of pure (DMPC and DMPG) and mixed equimolar (DMPC/DMPG, DMPC/DMPS, and DMPC/
DMPA) bilayers that each contain 256 lipids. The intra- and intermolecular interaction patterns in pure and mixed bilayers are
analyzed and compared. The effect of monovalent ions (Na™) on the formation of salt-bridges is investigated. In particular,
the number of Na*-mediated clusters in the presence of DMPS is higher than with DMPG and DMPA. We observe a preferential
clustering of DMPS (and to some extent DMPA) lipids together rather than with DMPC molecules, which can explain the phase

separation observed experimentally for DMPC/DMPS and DMPC/DMPA bilayers.

INTRODUCTION

The function of biological membranes goes beyond their
obvious role as a physical barrier around cells or cell
compartments; they are active players in many biochemical
processes. Zwitterionic lipids, such as phosphatidylcholine
(PC) and phosphatidylethanolamine (PE), are the major lipid
components of eukaryotic membranes, which also contain
a small fraction of acidic lipids such as phosphatidylserine
(PS), phosphatidylglycerol (PG), and phosphatidylacid (PA).
PS and PA lipids make up 5-10% and 1-4% of mammalian
membranes, respectively. PG lipids are common in plants
and prokaryotic membranes but are rare in eukaryotes, where
they are found only in membranes of mitochondria and red
blood cells (1). PS lipids are found to build lipid domains
(2) or lipid rafts that play a role in the regulation of the
cell cycle (3,4). In an attempt to understand biological
membranes and membrane proteins, lipid bilayers have
been and are still extensively studied.

However, detailed structural data of the fully hydrated
liquid crystalline L« phase, which is the most biologically
relevant phase, is difficult to obtain experimentally (5).
Molecular dynamics (MD) simulations are a powerful tool
to describe the atomic structure and dynamics of lipid bila-
yers. Experimental and computational methods have become
complementary techniques (for reviews, see (6—8)) and MD
simulations are even integrated into the determination of
structural and dynamical properties from experimental data
(9,10). Simulations of pure anionic (11,12) and mixed zwit-
terionic/anionic lipids bilayers (13—15) have provided atom-
istic insights into the influence of anionic lipid PG and PS
lipids on the bilayer structure.
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To overcome artifacts due to size limitations of in silico
bilayers and applied periodic boundary conditions, MD simu-
lations of lipid bilayers are more reliably performed at constant
area (NPAT ensemble) or constant lateral pressure (constant
surface tension, NPyT ensemble) (e.g., (16,17)). The absence
of bilayer undulations in small finite systems leads to an
underestimated area per lipid when they are simulated at
zero surface tension (16). This effect is obviously size-depen-
dent and increasing the system size decreases the required
surface tension (17,18). Two recent studies using modifica-
tions of the CHARMM force field have successfully repro-
duced the structural parameters of DMPC and DPPC bilayers
at zero surface tension (19,20). However, the potential depen-
dency of these parameters on system size remains an issue.

Here, we investigated three biologically relevant anionic
lipid types (DMPG, DMPS, and DMPA) mixed with neutral
DMPC lipids. Therefore, we performed simulations in the
NPyT ensemble of bilayers composed of either 256 DMPC
or 256 DMPG molecules as well as equimolar mixtures of
DMPC with DMPG, DMPS, or DMPA (Fig. 1). We deter-
mined the surface tension vy required to accurately reproduce
the structural properties of both neutral (DMPC) and anionic
(DMPG) bilayers. We analyzed the effect of the Na™ counter-
ions on the membranes structure, the hydrogen-bonding
patterns, and the structural and dynamical properties of the
bilayers with different lipid types. We simulated mixtures of
DMPC with DMPG, DMPS, and DMPA under the same
conditions (i.e., of system size and ion concentration) to
enable a direct comparison of the effects of different anionic
headgroups on the membrane properties.

METHODS

We calibrated the surface tension for pure DMPC and DMPG bilayers from
constant area simulations (NPAT). For DMPS and DMPA bilayers, no
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FIGURE 1 Atomic structures of the simulated lipids (atom names accord-

ing to the CHARMM27 force field (24)).

structural data is available. Therefore, calibration of the simulation parame-
ters must rely on nonstructural data. We applied, for all three mixtures, the
arithmetic mean of the DMPC and DMPG surface tension values. Although
it is a rough approximation, the simulations results for all three mixtures
agree well with the experimental estimates (for these, refer to Discussion
and Conclusion). Moreover, running the simulations under the same condi-
tions (identical surface tension v) allowed direct comparison of the three
mixtures.

Input preparation

We prepared five fully hydrated lipid bilayers containing 256 lipids each:
1) DMPC, 2) DMPG, 3) DMPC/DMPG, 4) DMPC/DMPS, and 5) DMPC/
DMPA. The mixtures are equimolar. A previously equilibrated bilayer of
64 DMPC lipids (21,22) was replicated four times to form a 256-DMPC
bilayer and simulated for 10 ns (NPT, v = 0). The final set of coordinates
was used as the starting set for the NPAT simulations. We also used this
DMPC bilayer to build the DMPG bilayer; we replaced the choline head-
groups by glycerol, using the CHARMM software (Ver. 32b1) (22). Like-
wise, the mixed DMPC/DMPG bilayer was set up by randomly replacing
half the PC headgroups in each leaflet by PG headgroups. The same PC
headgroups were substituted with either PS or PA headgroups to set up
the mixed DMPC/DMPS and DMPC/DMPA bilayers, respectively. As
a result, the three mixtures have identical starting lipids distribution. The
systems were solvated using the SOLVATE plugin of VMD (Ver. 1.8.5)
(23). Water molecules within the hydrocarbon region of the bilayer were
removed. We used 24 water molecules per DMPC lipid and 48 water mole-
cules per lipid for pure DMPG as well as all mixed bilayers. All systems
were neutralized by randomly replacing the relevant number of water mole-
cules with Na.

Force-field parameters

Force-field parameters for the lipids were taken from the CHARMM?27 force
field (24,25) including revised torsion potentials for lipid chains
CHARMM27r (26). The missing parameters (charges, angles, and torsion
angles) for the hydroxyl groups of DMPG were taken from the amino acids
serine and threonine. It implies that both hydroxyl groups bear the same
charges, in agreement with Pedersen et al. (27). Parameters for the DMPS
headgroup were derived from the C-terminal and lysine residues, consistent
with the work of Schlenkrich et al. (28).

MD simulations

We ran all simulations at a temperature of 37°C (310 K). This ensures that
all bilayers of DMPC and DMPG were in the liquid-crystalline phase;
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DMPC/DMPA was in the fluid-crystalline phase or coexisting phase (29);
and similar DMPC/DMPS mixtures were found in the fluid-crystalline phase
(30). We performed all simulations using NAMD (31), in the isobaric-
isothermal ensemble using the Langevin piston method (32) (target pressure,
1 atm; oscillation period, 200 fs; and damping timescale, 50 fs) and Lange-
vin dynamics to control the temperature (310 K; damping coefficient, 1.0)
during the whole simulation. For the short-range interactions (i.e., van der
Waals (vdW) and electrostatics), we applied a cutoff distance of 11.0 A
and a switch distance of 8.0 A. The particle-mesh Ewald algorithm (33)
was used to estimate the long-range electrostatic forces. The equations of
motion were integrated using a multiple time-step algorithm (34); bonded
interactions and short-range nonbonded forces were evaluated every 2 fs,
and long-range electrostatics were calculated every 4 fs. SHAKE (35) was
applied to constrain the O-H bond length of water molecules. The P atoms
were fixed during initial equilibration with velocities’ reassignment every
100 steps, in the NPAT ensemble. The constraints were then removed, while
continuing the equilibration in the NPAT ensemble for 200 ps with reassign-
ment of the velocities every picosecond. For pure DMPG and DMPC, the
last 6 ns of 8-ns-long MD simulations in the NPAT ensemble were used
to determine the surface tension 7y. Subsequently, simulations of pure
DMPC and pure DMPG were run for 140 ns in the NPyT ensemble. The
equilibration procedure of the equimolar mixtures was followed by NPyT
simulations lasting for 200 ns (DMPC/DMPG, and DMPC/DMPA) and
300 ns (DMPC/DMPS). We used the arithmetic mean of the surface-tension
values of DMPC and DMPG. The monitoring of the structural properties
showed a stabilization of the systems within <40 ns. In particular, the
binding of ions to the membrane was equilibrated in <40 ns (Fig. SI).
Only the last 100 ns of all simulations were used for the structural analysis.
These windows were chosen after careful evaluation of the evolution of the
hydrogen-bonding pattern between lipid headgroups (results not shown) and
evolution of the ion clustering (see Results). A detailed description of the
order parameter calculation, as well as the analysis of hydrogen binding,
Na™ ions binding, lipid-clustering, and calculation of the surface charge
density, are given in the Supporting Material.

RESULTS
DMPC

We ran MD simulations to calibrate lipid bilayers made of
256 lipids using the CHARMM27r force field (26). A 140-
ns-long simulation with v = 26 dyn/cm (estimated from
a 8-ns simulation at NPAT; where A = 60 Az) yielded an
area per lipid of 60.0 = 1.1 A? (last 100 ns). This is within
the range of the experimental values (see Table 1). Similarly,
the order parameters S¢p, agree well with experimental data
(see Fig. 2 A). The simulated electron density profile
(Fig. 2 B) reveals a headgroup spacing Dy of 35.7 A, in
good agreement with the values of 35.2 A (36) and 35.3 A
(37) obtained by x-ray scattering experiments.

DMPG

Simulations at zero surface tension resulted in an area per
lipid below 60 A? and too high order parameters (after
20 ns, the area per lipid had dropped from 61.8 A? to
58.4 A?). Therefore, we adapted the strategy used for
DMPC to run constant area simulations. For the modeling
of DMPG, we aimed for acyl-chain order parameters bearing
resemblance to the order parameters obtained for DMPC (38)
and an area per lipid ~62 + 2 A? (see Discussion and
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TABLE 1 Area per lipid obtained from simulations of pure and equimolar mixtures lipid bilayers compared to the experimental
estimates

Area per lipid/AZ DMPC DMPG DMPC/DMPG DMPC/DMPS DMPC/DMPA
Simulation 60.0 = 1.1 61.8 = 1.2 599 = 1.1 547 = 0.6 547 = 0.7
Experiment 59.7-60.6* 62' 6062 — —

*Taken from the literature (9,10,36,37,59).
"Experimental estimate by Marra (44).
*Derived from near-ideal mixing behavior (40).

Conclusion). We ran NPAT simulations at different constant
areas of 62 10\2, 63 Az, and 64 A” for 8 ns, with 2-ns equili-
bration, and compared the corresponding S, with the exper-
imental Scp of DMPC. The order parameters obtained for
the simulations at 63 A% and 64 A? were significantly below
the NMR order parameters determined for DMPC, while the
parameters resulting from a constant area simulation at
62 A% showed a good agreement with the expected values.
We calculated a surface tension of ~10 dyn/cm and subse-
quently ran several NPy T simulations with values of vy at
~10 dyn/cm. The choice of v = 8 dyn/cm led to the best
agreement with the expected value of the area per lipid and
the order parameters (Fig. 2 A). Indeed we calculated an
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FIGURE 2 Properties of the pure DMPC (y = 26 dyn/cm, black line) and
DMPG (v = 8 dyn/cm, gray line) bilayers. (A) Order parameters (solid line)
with standard deviation are plotted for each carbon in the sn-2 chain and
compared to experimental values (dotted line) (38). (B) Electron density
profile. Both properties are calculated over the last 100 ns.

area per lipid equal to 61.8 + 1.2 A for the last 100 ns of
simulation. The calculated electron density profile displays
a headgroup spacing Dy, of 33.8 A (Fig. 2 B).

It has been shown that the attractive forces in the DMPC
headgroup region result from charge-pairing of the choline
with the negatively charged phosphate oxygens (39). Here,
we investigate the intermolecular stabilization effects of the
DMPG glycerol hydroxyl groups. We find that the most
frequent intermolecular hydrogen bonds of the hydroxyl
groups of DMPG are made with phosphate nonester
oxygens. There is a significant difference in the number of
hydrogen bonds formed by the hydrogen of the terminal
hydroxyl group (HG3) compared to the secondary hydroxyl
group (HG2) (see Fig. 1 for labeling). The average number of
hydrogen bonds calculated per frame is 49.9, 17.0, and 13.0
for HG2 compared to 25.4, 7.3, and 5.9 for HG3 groups with
the phosphate nonester oxygens, the ester carbonyl oxygens
(022 4 032), and the hydroxyl groups (OG2 + OG3),
respectively. To evaluate the stability of these hydrogen
bonds, we calculated their average lifetime. For both the
HG?2 and HG3 groups, hydrogen bonds with the phosphate
oxygen have an average lifetime of 19 ps, and the lifetimes
of hydrogen bonds with carbonyl and hydroxyl as acceptors
drop to 12 ps and 9 ps, respectively (Table 2). The terminal
hydroxyl group is anticipated to be more accessible than the
secondary hydroxyl group for intermolecular contacts.
However, the terminal hydroxyl makes only one-half as
many intermolecular hydrogen bonds as the nonterminal
hydroxyl. We observed that 120 out of 256 HG3 groups
are involved in intramolecular hydrogen bonds (110 with
O12, the phosphorus ester oxygen), whereas HG2 groups
only form 15 intramolecular hydrogen bonds. The differ-
ences of HG2 and HG3 in the binding patterns as well as
the preference for HG3 to bind to O12 can also be seen
in the radial distribution functions plots (Fig. S2). The
hydrogen bond between HG3 and O12 groups yields intra-
molecular six-membered rings, which are highly stable
during the simulation. Therefore, intermolecular hydrogen
bonds involving HG3 atoms are rare compared to the HG2.

Mixtures
Biophysical properties

We compare the 300-ns simulations at NPyT (y = 17 dyn/cm)
of the three mixtures of DMPC with anionic lipids
DMPG, DMPS, and DMPA. The area per lipid of the
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TABLE 2 Average number of intermolecular and
intramolecular hydrogen bonds per frame for a 256-DMPG
bilayer simulated with a surface tension y = 8 dyn/cm

Intermolecular Intramolecular

HG2 HG3 HG2 HG3
013 and O14 49.9 (19) 25.4 (19) 12.5 (16) 8.8 (7)
Ol11 7.4 (7) 2.8 (7) 2.309) 1.4 (5)
012 1.9 (5) 0.9 (5) 0.1 (2) 109.0 (12)
022 9.3 (12) 4.0 (10) 0.9 (8) 0.8 (9)
032 7.7 (12) 3.3 (10) 0.6 (6) 0.6 (9)
0G2 6.6 (10) 3.0 (8) — 0.002 (2)
0G3 6.4 (9) 2.9 (7) 0.01 (2) —
Total 89.2 423 16.4 120.6

131.5 137.0

The average lifetime for each hydrogen bond type is given in parentheses.
013 and O14 are the phosphate nonester oxygens. HG2 and HG3 are the
secondary and terminal hydroxyl groups of PG, respectively. See Fig. 1
for other atom labels.

DMPC/DMPG mixture is close to the one of pure DMPC
and DMPG (Table 1). In addition, the order parameters Scp
of the DMPC/DMPG mixture are similar to pure DMPC
and DMPG. This is in agreement with the near-ideal mixing
behavior observed experimentally (40). The bilayers contain-
ing DMPS and DMPA have a lower area per lipid (Table 1)
and higher order parameters Scp (Fig. 3 A). The lipid tails
of DMPC/DMPS and DMPC/DMPA mixtures are more
ordered than mixed DMPC/DMPG (Fig. 3 A) as well as
pure DMPC and DMPG bilayers. This is in agreement with
experimental studies reporting tighter chain packing in
DMPC/DMPA bilayers compared to DMPC (30).

The PC headgroup orientation as described by the average
angle of the P-N vector with the bilayer normal was at most
affected by one degree compared to the pure DMPC bilayer
simulation. Similar to the P-N vector of DMPC, the P-N
vector (phosphorus to ammonium nitrogen) of DMPS lies
almost planar to the bilayer normal (for details, see Support-
ing Material).

Na*-binding and intermolecular Na* -bridges

The surface charge densities for DMPC/DMPG, DMPC/
DMPA, and DMPC/DMPS are —-0.54, —0.57, and
—0.41 e/nm?, respectively. Eisenberg et al. (41) report values
of the electrokinetic potential ({) of equally sized vesicles
made of pure DMPG, DMPA, and DMPS: —63.5, —69.0,
and —62.0 mV, respectively. There is a thus a qualitative
agreement between these measurements and our calculated
surface charge densities. As the {-potential is a widely
used measure of the net charge of double layers (vesicles)
(42), we believe that our simulations reproduce quantita-
tively well the density of charge of the three mixtures.

We then calculated the average number of Na* bound to
lipids per frame, the hydration number of Na®, and the
average number of Na'-lipid contacts per frame for the
different lipid mixtures. We found 45.9, 70.4, and 48.6 Na™*
bound to the bilayers of DMPC/DMPG, DMPC/DMPS, and
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FIGURE 3 Structural properties of the mixed bilayers: DMPC/DMPG
(black solid line), DMPC/DMPS (dashed line), and DMPC/DMPA (dotted
line). (A) Order parameters and (B) electron density profiles (both calculated
over the last 60 ns of the NPyT MD).

DMPC/DMPA, respectively. To evaluate the strength of
Na® binding in the different bilayers, the coordination
number of Na™ with different groups constituting the lipid
heads need to be considered. The Na™ coordination numbers
with the nonester phosphate oxygens are 0.43, 0.43, and 0.64
for mixtures of DMPC/DMPG, DMPC/DMPS, and DMPC/
DMPA, respectively. The hydration number with the
DMPG glycerol group in the DMPC/DMPG mixture is 0.11
and 0.88 for the carboxylate group of DMPS in the DMPC/
DMPS mixture.

Based on all these values, we rank the Na™ binding
affinity in the following order:

DMPS >> DMPA > DMPG > DMPC.

A strong preference of cations for DMPA in the presence
of DMPC is also observed experimentally (30). The
increased binding of Na* to DMPG versus DMPC is a result
of the Na™ binding to the glycerol groups. On the other hand,
the increased binding strength of DMPA is caused by its
phosphate group. The small size of the DMPA headgroup
exposes the phosphate group much more than DMPC,
DMPG, and DMPS where the phosphate group is shielded
by either a large choline, glycerol, or serine headgroup.
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The highest Na™ binding affinity is observed for DMPS and
is due to the strong ion binding by the carboxylate group.

Table 3 lists the number of salt-bridge pairs between
different lipid atom types, in the three simulated mixtures.
The average number of salt-bridge pairs per frame in the
bilayers increases from DMPC/DMPG (47.3) to DMPC/
DMPA (55.5) and DMPC/DMPS (168.3). The number of
phosphate-phosphate salt-bridges in DMPC/DMPA (33.7)
is significantly larger than in DMPC/DMPG (18.1) and
DMPC/DMPS (15.5), which is consistent with the observed
increased binding of Na' to the DMPA phosphate groups.
The DMPS lipid mixture is predominantly stabilized by
salt-bridge pairs involving its carboxylate groups, either
with another carboxylate (72.1) or a phosphate oxygen (59.5).
However, for the mixture of DMPC/DMPG, we cannot
observe a significant number of salt-bridge pairs involving
the glycerol groups.

Further, we analyzed the clustering of lipids by Na™ in
the three mixed bilayers. In Fig. 4, we plot the evolution along
simulation time of lipid clustering around Na*. Although the
initial numbers of clusters are close to zero, the numbers after
50 ns are very different for the three mixtures (Fig. 4 A), which
shows that the clustering pattern we observe is independent
from the starting conformation. After a steady increase during
the very first phase of the NPy T simulations (Fig. 4 B), the
number of clusters made of three and four lipids stabilizes,
and it is thus reasonable to believe that the systems have
reached equilibrium. Moreover, the migration of ions from
the water phase to the interface is finished within 40 ns (see
Fig. S1). We then determined the average number of Na™-
mediated clusters for the last 100 ns of each simulation:
39.1 for DMPC/DMPS, 23.0 for DMPC/DMPA, and 18.6
for DMPC/DMPG with average cluster sizes of 2.50, 2.35,
and 2.31, respectively. In Fig. 5, we show the number of clus-
ters made of two, three, and four lipids around Na*t and
the nature of these clusters, i.e., containing two types of
lipids (gray bars), or pure clusters of DMPC (dark gray
bars) and anionic lipids (light gray bars). DMPS shows
a stronger tendency to cluster around Na* and exclude neutral
zwitterionic DMPC in the cluster formation than DMPA
and DMPG.

TABLE 3 Number of sodium bridges for the equimolar
mixtures of DMPC/DMPG, DMPC/DMPS, and DMPC/DMPA

DMPC/DMPG DMPC/DMPS DMPC/DMPA

Mixture/atom groups

Oco-Oco 6.2 22 38
Oco-Oro 12.7 10.5 18.0
Oco-Ong 2.6 8.6 —
Opo-Oro 18.1 15.5 337
Oro-Ong 6.9 59.5 —
Ong-Ong 0.9 72.1 —
Total 47.3 168.3 55.5

Opo, phosphate oxygens; Oco, ester group oxygens; and Oyg, sodium
bridge acceptors of the headgroups (i.e., DMPC, none; DMPG, glycerol
hydroxyl oxygens; DMPS, carboxylate oxygens; and DMPA, none).
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FIGURE 4 Evolution of the number of three- and four-lipids clusters
around Na™ ions, along the NPyT simulations. Clusters of size three
(open symbols) and clusters of size four (solid symbols) for DMPC/
DMPG (triangle), DMPC/DMPA (circle), and DMPC/DMPS (square).
(A) Number of clusters over the entire simulation time. (B) Number of clus-
ters for the first 15 ns and equilibration.

Intermolecular hydrogen bonding

The choline groups of DMPC form intermolecular interac-
tions with hydrogen-bond acceptors such as the oxygen
atoms of the phosphate groups (O11 and O12, nonesters;
and O13 and O14, ester oxygens), the carbonyl oxygens
(022, 032), and the hydroxyl oxygen atoms of DMPG or
carboxylate oxygens in DMPS (detailed inventory is given
in Supporting Material). We observe, on average, approxi-
mately one such interaction per choline group per frame
and their lifetime is rather short (3.6 ps on average). This
interaction pattern does not change significantly from pure
DMPC to the mixtures, i.e., the DMPC choline groups
form the same type of interaction with other DMPC head-
groups as with DMPG, DMPS, or DMPA headgroups.
Indeed very few cholines interact with the hydroxyl oxygens
of DMPG or the carboxylate of DMPS and most of the
interactions happen with the phosphate and ester carbonyl

Biophysical Journal 99(3) 825-833
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oxygens. This is consistent with the fact that we do not
observe a reorientation of the dipole vector of DMPC
when it is mixed with different anionic lipids.

In the equimolar mixture DMPC/DMPG, each glycerol
group of DMPG is, on average, involved in approximately
the same number of intermolecular hydrogen bonds with
phosphate and carbonyl oxygens (of DMPC or DMPG) as
in the DMPG bilayer. The lifetime of the interactions in
the mixture and the pure bilayer is comparable. The total
number of interactions is thus halved in DMPC/DMPG
compared to pure DMPG (Table 2 and Table S2).

The hydrogen of the phosphoric acid of DMPA is not
involved in a significant number of intermolecular hydrogen
bonds, and therefore does not contribute to the stability of
bilayers containing DMPA.

In the DMPC/DMPS mixture, we observe, on average per
frame, a greater number of intermolecular hydrogen bonds
involving the ammonium groups of DMPS than the choline
groups of DMPC (i.e., 164 and 147, respectively). This
increase results mostly from intermolecular hydrogen bonds
(on average 50.6 per frame) between DMPS ammonium
and DMPS carboxylate groups. The corresponding interac-
tion involving one lipid of each type (DMPC choline with
DMPS carboxylate) exists but is much less frequent (7.6 per
frame). In addition, the average lifetime of hydrogen bonds
between ammonium groups and both nonester phosphate
oxygens and carboxylate groups is higher than the corre-
sponding interactions made by the choline groups, reflecting
the ability of ammonium to form more stable interactions
than N(CH3);. DMPS lipids form a significantly stronger
hydrogen-bond network than DMPC lipid headgroups.
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DISCUSSION AND CONCLUSION

The modeling of the 256 DMPC lipids bilayer with
CHARMM27r required a surface tension y = 26 dyn/cm
to satisfactorily reproduce the structural observables. The
use of a value of v = 42 dyn/cm, reported to be optimum
for a bilayer of 128 DMPC lipids (21), failed to reproduce
the experimental area per lipid and order parameters on
this bilayer containing twice the number of lipids. This
agrees with the fact that the value of the surface tension
required depends on the system size (number of lipids) and
decreases with increasing bilayer size (18).

PG lipids are the most abundant anionic lipids in prokary-
otic membranes and reliable in silico models of PG lipid
bilayers and PG mixtures are needed for simulations of
bacterial membrane proteins and antibacterial peptides.
Unfortunately, the calibration and hence simulations of,
e.g., DMPG bilayers is not straightforward due to the lack
of structural data for DMPG. Moreover, the structural prop-
erties are highly dependent on the salt concentration and ion
type (43). However, experimental data exist and can be used
to calibrate the surface tension to be used in NPy T simula-
tions. Marra (44) has estimated the area per lipid of a
DMPG bilayer (at neutral pH, with NaCl) to be ~62 = 2 A,
Later, electron-spin resonance studies showed a slightly
lower melting temperature and a slightly lower S;; order
parameter for DMPG lipids compared to DMPC at low salt
concentrations (45). Therefore, we aimed for an area per
lipid at ~62 = 2 A? and order parameters slightly below
the order parameters of simulated DMPC. This was achieved
by the application of a surface tension of 8 dyn/cm (for 256
DMPG lipids). We thus obtain an area per lipid of 61.8 =
1.2 A% We also observed in our NPAT simulations that
increasing the area per lipid led to too low order parameters
compared to the experimental estimate (45). Consistently,
simulations at zero surface tension led to too high order
parameters and lower area per lipid. We believe that previ-
ously reported simulations of PG lipids, at zero surface
tension, could have overestimated the cholesterol-like effects
of anionic lipids (11,12). Similarly, the application of a
surface tension was required for the DMPC/DMPG mixture,
to reproduce the near-ideal mixing behavior of DMPC and
DMPG (40).

The analysis of the hydrogen-bonding pattern in the pure
DMPG bilayer revealed that the secondary hydroxyl groups
(HG2) of DMPG participate in more than twice as many
intermolecular hydrogen bonds than the terminal primary
hydroxyl groups (HG3), despite the steric hindrance antici-
pated for the secondary hydroxyl groups. However, we
observed a six-membered ring formed by a stable intramo-
lecular hydrogen bond between the terminal hydroxyl groups
(HG3) and O12, which has an average occupancy of 42%.
This intramolecular hydrogen bond reduces the number of
observed intermolecular hydrogen bonds formed by HG3.
Our observation differs from simulation results reported by
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Zhao et al. (12) for a POPG bilayer; they observe intermolec-
ular hydrogen bonds only for the terminal primary hydroxyl
group, whereas all secondary hydroxyl groups (HG2) are
almost exclusively involved (100% occupancy) in an intra-
molecular hydrogen bond with the phosphate ester oxygen
0O,, forming a five-membered ring. We, on the other hand,
observed no significant intramolecular hydrogen binding
between HG2 and O12 (occupancy 0.01%). This difference
in the observed hydrogen bonding patterns of PG head-
groups could be due to the different lipid tails or most
probably to the use of different force fields used; Zhao
et al. (12) used GROMACS whereas we used CHARMM.
Upon comparing the two force fields, we can see several
differences that could influence the preference for either
five- or six-membered rings: the valence angles parameters,
the torsion potentials, and the partial charges; and instead of
a united-atom force field as in the simulations of Zhao et al.
(12), we used an all-atom force field. Only comparative
simulations with both force fields starting from the same
bilayer conformation, and with the same lipids, could surely
identify the parameters causing the disparities we observe.
In the meantime, and based on chemical intuition, we believe
that the interaction pattern we describe is more probable.
We cannot see why all PG headgroups in a bilayer should
display this intramolecular hydrogen bond leading to the
formation of a five-membered ring and why no other confor-
mation should be populated, as it is apparently the case in the
simulations reported by Zhao et al. (12).

Phosphatidylcholine bilayers sense and respond to the
presence of electrical charges on their surface (46,47). In
our simulations the orientation of the P-N vector of DMPC
show a limited effect on the anionic lipid types present (at
most affected by one degree compared to pure DMPC).
This is in agreement with experimental data, which demon-
strate that unlike positive charges, negative charges have
a limited effect on the orientation of PC headgroups
(13,47,48). As PC headgroups lie almost parallel to the
membrane plane, steric hindrance hinders significant reor-
ientation toward the bilayer center (48).

The higher-order parameters and lower area per lipid that
we observed for DMPC/DMPS and DMPC/DMPA mixtures
compared to the DMPC/DMPG mixture pointed to a strong
stabilization effect of DMPS and DMPA lipids. This is the
result of stronger interactions between the headgroups of
DMPC/DMPS and DMPC/DMPA compared to DMPC/
DMPG. For all lipid types (DMPC, DMPG, DMPS, and
DMPA), the hydration numbers and radial distribution func-
tions revealed a preferred binding of Na™ to the phosphate
groups compared to the lipid ester carbonyl groups. Experi-
mental data showed that cations mainly bind to the phos-
phate oxygens. Fourier-transform infrared (FTIR) studies
show that only Zn*" and Cu*" dehydrated the ester carbonyl
oxygens, whereas the carbonyl stays hydrated in the pres-
ence of Lit, Na™, and Ca®" (43). The changes in the
carbonyl bands of the infrared spectra for Ca®", Na*, and
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Li* are interpreted as trapped water of the cation hydration
shell (49). In particular for DMPS bilayers, Ca>" chelates
with phosphate groups, and FTIR finds a unique carbonyl
vibrations not observed for Nat, NH,*, and Li* (50), which
is caused by hydrogen-bonding and not ion-binding. The
same preferred binding to phosphate oxygens was observed
for Na* and Ca®" in simulations of DPPG monolayers (NPT
ensemble) (51) and of POPC bilayers (NAPT ensemble) (52)
using the CHARMM force field. Conversely, most studies
reporting simulations performed with the GROMACS force
field (more precisely, the united-atom force field from (53)
and also see (11,12,54-56)) show Na* preferentially bound
to carbonyl oxygens.

Lee et al. (55) interpreted the unique FTIR vibration as
indirect evidence of ion binding to carbonyl groups, contrary
to the view that hydrogen-bonding of trapped water of the
cation water shell caused this vibration (49). This difference
between results obtained with the two force fields can be
attributed to either the vdW parameters of the ions (larger
vdW radius in GROMACS than CHARMM) or the differ-
ences in the partial charges of the lipids headgroups. In
particular, the CO dipole of the carbonyl ester groups in
GROMACS has been invoked (55). Gurtovenko and Vattu-
lainen (57) performed MD simulations of POPC and POPE
bilayers using the GROMACS force field for lipids and
water, and either GROMACS or CHARMM for the salts
(NaCl and KCI). When the GROMACS ion parameters are
used, the density profile of the Na™ coincides with the profile
of the carbonyl oxygens while the use of the CHARMM ion
parameters shifts the density profile slightly toward the phos-
phate oxygens. Poger et al. (58) recently developed lipid
parameters for the new GROMACS (53A6) force field,
keeping the partial charges of Berger et al. (53) (derived
from QM calculations by Chiu et al. (16)) and enhancing
vdW repulsion between the phosphate nonester oxygens
and the choline methyl groups. To the best of our knowledge,
the ion-binding properties of phospholipids (with diacylgly-
ceride structures) with the GROMACS (53A6) force field
have not been reported yet. More studies comparing the
existing force fields for lipids and different ion parameteriza-
tions are needed to establish, clearly, which parameter(s)
influence the behavior of monovalent and divalent ions in
MD simulations, and the actual extent of such involvement.

Further, we found that Na™ is mostly bound to clusters of
two lipids, whereas Zhao et al. (12) found most sodium ions
bound to three lipids. This difference in Na*-lipid cluster
sizes might be a result of the different ion-binding properties
discussed above. The hydrogen-bonding patterns of PG head-
groups in pure DMPG and in the DMPC/DMPG mixture
showed no significant differences. Likewise, the number of
hydrogen bonds formed by the choline groups of DMPC is
not altered by the addition of anionic lipids. Additionally,
the DMPC/DMPG mixture revealed only a few and short-
lived hydrogen bonds of the choline group with the DMPG
hydroxyl groups. The observed structural similarity of pure
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DMPC, pure DMPG, and DMPC/DMPG in our simulations is
consistent with the near-ideal mixing of DMPC and DMPG
(40). This is unlike what had been observed in MD simula-
tions of POPE/POPG mixtures (14,15), which had showed
an increased number of intermolecular hydrogen bonds
through the formation of hydrogen bonds between ammo-
nium group of PE and the hydroxyl groups of PG.

We found stronger hydrogen bonding for DMPS ammo-
nium groups than for DMPC choline groups. However, the
increased stability of mixtures containing DMPS (as well
as DMPA) versus pure DMPC bilayers is mainly due to
more ion-bridges as a consequence of stronger Na* binding
to DMPA and DMPS compared to DMPC. Indeed, we find
that the observed ion binding strength of sodium ions to
the simulated lipids increased from DMPC to DMPS, as

DMPS >> DMPA > DMPG > DMPC.

This is in agreement with experimental observations of
increased Ca®" affinity of DMPA versus DMPC and the
high cation affinity of DMPS (2).

DMPS and DMPA show a tendency to form more clusters
than DMPG. We found the lipid composition of these clus-
ters to be highly enriched in DMPS in the DMPC/DMPS
mixture and to exclude DMPC lipids. This tendency exists
but is less obvious for DMPA in the DMPC/DMPA mixture.
Our results are consistent with experimental data showing
that DMPA and especially DMPS demonstrate a strong
nonideal mixing behavior with DMPC in the presence of
sodium ions. Experiments showed that phase separation of
DMPS (2) and DMPA (30) containing bilayers is enhanced
in the presence of Ca>". Our simulations show a preferential
clustering of DMPA and DMPS around Na®, which we
believe is an important factor in the experimentally observed
phase separation.

SUPPORTING MATERIAL

Further description of the methods as well as three additional plots and
three tables informing on the lipid headgroups orientations and interactions
are available at http://www.biophysj.org/biophysj/supplemental/SO0006-
3495(10)00563-1.
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