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Manipulating the plasma membrane, the gateway to the cell interior, with chemical and physical agents for genetic
and pharmacological therapy, and understanding the interactions of lipid membrane components with proteins and
other structural and functional elements of the cell, require a detailed biomolecular membrane model. We report here
progress along one path toward such a model: molecular dynamics simulations of mixed, zwitterionic-anionic, asymmetric
phospholipid bilayers with monovalent and divalent cations. With phosphatidylcholine/phosphatidylserine systems,
we identify temporal and concentration boundaries for equilibration of calcium with the bilayer and saturation of the
calcium capacity of the membrane, we demonstrate the electrostatic- and entropic-driven associations of calcium and
sodium ions with polar groups in the bilayer interface region, expressed in spatial distribution profiles and in changes
in the orientation of the phospholipid head groups, and we describe for the first time simulations of dynamic, calcium-
mediated adjustments in the conformation of mixed phospholipid species coresident in the same leaflet of the bilayer.
The results are consistent with experimental observations and point the way to further refinement and increased realism

of these molecular models.

1. Introduction

The complex biophysical landscape of cell membranes reflects
the functions of partition, transport, and communication that
define the instant physiological state of the cell. Considerable
effort has been devoted to understanding the detailed structure
and dynamic organization of this nanoscale barrier,* using living
cells, model membranes, and computer simulations. Atomic-
resolution molecular dynamics (MD) simulations of lipid bilayers
have contributed to our knowledge of the kinetics and energetics
of molecular interactions in the membrane and at the aqueous
interface, and in recent years the expansion of available
computational power has enabled the practical analysis of larger
systems (hundreds of lipid and thousands of water molecules)
for longer times (hundreds of nanoseconds), so that we can now
see beyond snapshots of conformation to events of cell biological
significance such as the operation of ion channels® or the
electroporation of the membrane.®

We present here the results of MD simulations of asymmetric
phospholipid bilayers composed of dioleoylphosphatidylcholine
(DOPC) in one leaflet and a mixture of DOPC and dio-
leoylphosphatidylserine (DOPS) in the other leaflet, with calcium,
sodium, and chloride ions in the aqueous medium, a simple
representation of the configuration in living cell membranes.
The interaction of calcium with phospholipid bilayers in general,
and with anionic phospholipids such as DOPS in particular, is
of interest because of the role of calcium ion gradients in a wide
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variety of cell physiological processes* and because of the
importance of anionic phospholipid localization in cell signal-
ing® " and structuring of the membrane.®°

Experimental investigations of phospholipid bilayer stacks
and vesicles in aqueous electrolytes have shown that the properties
of these systems are highly dependent on the specific ions present
and their concentration,*® and that measured values for the calcium
binding constant,’®~*° calcium/phospholipid  stoichiome-
try,10:12:1315.20.21 5nd headgroup dipole angle™#223 can vary, in
some cases over a wide range, for different phospholipids and
analytical techniques. MD simulations of phospholipid bilayers
have yielded results generally consonant with these observations
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for binding constant,®24~28 stoichiometry,® and headgroup dipole
angle.26'29*3l

A recent experimental study®? of calcium binding to
phosphatidylcholine—phosphatidylserine (PC:PS) vesicles ad-
dresses the spread of published values for the binding constant
of calcium to phospholipid bilayers with a systematic physical
analysis under controlled conditions of ionic strength and
osmolarity. These results make clear the importance of the ion
spatial distribution profile and associated electrostatics for
modeling calcium binding to phospholipid bilayers. The ions
that bind to the membrane interface partition from the local
concentration adjacent to the membrane, not from the bulk, and
the differential can be quite large (a factor of 100 or more).*’
The data of Sinn et al. suggest that it is this high surface calcium
concentration, driven by electrostatics, not a preferential attraction
to PS, that accounts for the greater observed binding of calcium
to PC:PS vesicles relative to those composed of pure PC. They
also provide evidence that calcium binding to vesicles is entropy-
driven (and endothermic), and suggest that the entropy increase
results from the loss of some water from the calcium hydration
shell for membrane-bound calcium ions and, at the same time,
a calcium-mediated dehydration of the lipid membrane (calcium
replaces some water in the membrane interface).

We place our simulations of mixed-composition phospholipid
bilayers with calcium in the context of these experimental results
and of previously reported MD simulations of lipid membranes
with aqueous electrolytes. We report lipid area and headgroup
dipole angle effects, detailed atomic density profiles, radial
distribution functions, and equilibrium binding distributions of
calcium and water in the membrane interfacial region for bilayer
systems containing: 128 phospholipids (DOPC:DOPS = 128:0,
118:10, 108:20), with all of the DOPS molecules in one leaflet
of the bilayer in each case, to represent the normal asymmetric
distribution in cell membranes; 0, 10, and 100 ionized CaCl,
molecules; 0, 10, and 20 Na* counterions for the anionic DOPS
residues; and 4180—4480 water molecules. For pure DOPC and
for mixed, asymmetric DOPC:DOPS systems, we observe
calcium-induced structural changes, binding kinetics and dis-
tribution, and stoichiometry that are generally consistent with
previous work, and we describe for the first time the interacting
and opposing effects of calcium and the anionic phospholipid
PS on the properties of DOPC:DOPS bilayers, including the PC
headgroup dipole angle.

2. Simulation Methods

MD Simulations. All simulations were performed using the
GroMACS set of programs version 3.3.1%7% on the University
of Southern California High Performance Computing and
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Communications Linux cluster (http://www.usc.edu/hpcc/). Lipid
parameters for DOPC were derived from the OPLS, united-atom
parameters of Berger et al.>>® Additional headgroup parameters
and charges for PS were taken from Mukhopadhyay et al.> or
were provided by D. P. Tieleman (personal communication).
The simple point charge (SPC) model®® for water was chosen
for compatibility with the lipid models, computational advantages,
and the ability to produce the correct area per lipid. Systems
were coupled to a temperature bath at 310 K with a relaxation
time of 0.1 ps and a pressure bath at 1 bar with a relaxation time
of 1 ps, each using a weak coupling algorithm.3° Pressure was
scaled semi-isotropically with a compressibility of 4.5 x 107°
bar™! in the plane of the membrane and 4.5 x 107° bar™!
perpendicular to the membrane. Bond lengths were constrained
using LINCS* for lipids and SETTLE*! for water. Short-range
electrostatics and Lennard-Jones interactions were cut off at 1.0
nm. Long-range electrostatics were calculated by the particle
mesh Ewald (PME) algorithm®? using fast Fourier transforms
and conductive boundary conditions. Real-space interactions were
cutoffat 1.0 nm, and reciprocal-space interactions were evaluated
on a 0.12 nm grid with fourth-order B-spline interpolation. The
parameter ewald_rtol, which controls the relative error for the
Ewald sum in the direct and reciprocal space, was set to 105
Periodic boundary conditions were employed to mitigate system
size effects.

Asymmetric bilayer systems, particularly those with anionic
phospholipids in one leaflet, are of interest as a beginning
approximation to the configuration of many biological mem-
branes. The systems we use are stable, as judged by area per lipid
and by the maintenance of the integrity and planarity of the
bilayer, over hundreds of nanoseconds. No tendency toward
curvature or bending, which one might expect in an asymmetric
bilayer, appears, even over these relatively long simulation times.
Although we see no indication that any unbalanced mechanical
force is affecting the outcome of the simulations reported in this
paper, we anticipate a need to compensate for the asymmetry in
the larger systems to be investigated in future work.

Structures. Asample DOPC lipid structure was obtained from
the Protein Data Bank (http://www.rcsh.org/), and custom code
was used to create a bilayer system with 128 DOPC and 4480
water molecules (35 waters per lipid). The system was equilibrated
until the area per lipid was constant. Using custom code and the
GroMACS function genion, nine systems were created from the
pure DOPC system, summarized in Table 1.

For systems with DOPS, custom code was used to substitute
a DOPS for a DOPC by modifying the headgroup and adding
a corresponding sodium counterion. A short 10 ps equilibration
was performed to test each lipid substitution for bad contacts.
For systems with calcium, the GroMACS function genion was
used to place ions. Genion intelligently replaces a random solvent
water molecule with an ion in a low energy environment and
does not require further equilibration. For example, in order to
add CaCl,, three random water molecules are removed and
replaced by calcium and chloride ions.
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(39) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Dinola, A.;
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Table 1. System Configurations

outer (left) leaflet inner (right) leaflet ions
system name DOPC DOPC DOPS calcium sodium chloride water
0PSO0Ca 64 64 0 0 0 0 4480
0 PS 10 Ca 64 64 0 10 0 20 4450
0 PS 100 Ca 64 64 0 100 0 200 4180
10PS 0 Ca 64 54 10 0 10 0 4480
10 PS 10 Ca 64 54 10 10 10 20 4450
10 PS 100 Ca 64 54 10 100 10 200 4180
20PS 0 Ca 64 44 20 0 20 0 4480
20 PS 10 Ca 64 44 20 10 20 20 4450
20 PS 100 Ca 64 44 20 100 20 200 4180
0.68 Table 2. Variation in Bilayer Area Per Lipid and Thickness
E 0.66 with Number of Calcium lons and PS Molecules
E g 0.64 area per lipid (nm?) thickness, z—p (Nm)
8g 062 PS 0Ca 10Ca 100Ca 0Ca 10Ca 100Ca
8~ 0.60
& 0.58 0 0.66 0.62 0.60 3.9 4.3 4.3
0.56 10 0.64 0.60 0.58 4.0 4.3 4.3
- 20 061 0.59 0.58 4.2 4.4 4.3
d 2 60 Mean values over the interval 140 to 150 ns of the simulations. Thickness
T is the distance along the bilayer normal between the planes defined by the
2 = 40 phosphorus atoms in each leaflet of the bilayer. Standard deviations for the
ol area per lipid values are <0.01.
-
s 20
EE o\ eoG200sme Calcium Distribution in DOPC Bilayers. Calcium distribu-
z8 ° 50 100 150 tion profilesin pure DOPC bila}yer §ystems conta_ining 10 (Figure
Time (ns) 2A) and 100 (Figure 2B) calcium ions show a single Ca?* peak

Figure 1. (A) Area per lipid as a function of time for a DOPC:DOPS
(108:20) system. Adding calcium to the system results in tighter lipid
packing and a decrease in the bilayer area. Data points every 10 ps.
Heavy linesare a 2.5 ns moving average. (B) Number of calcium—oxygen
coordinated pairs (calcium—phosphatidyl (PO,), calcium—carbonyl
(C=0), calcium—carboxyl (COO)) as a function of time for a DOPC:
DOPS (108:20) system containing 100 calcium ions. Binding stabilizes
after about 100 ns.

Calcium Binding Criteria. Criteria for binding of calcium
to other atom groups are similar to those used in simulations of
calcium binding to palmitoyloleoylphosphatidylcholine
(POPC).%8 A radial distribution function was created by calculat-
ing the distance between each calcium ion and the phosphatidyl,
carbonyl, and carboxyl oxygens in the system. Atoms closer
than 0.3 nm are considered bound. No binding was observed
between calcium and nitrogen or calcium and phosphorus.

I mages. Molecular graphics images were generated with visual
molecular dynamics (VMD).*

3. Results and Discussion

System Equilibration Time, Area Per Lipid, Bilayer
Thickness. Establishment of equilibrium configurations for the
nine DOPC and DOPC:DOPS systems investigated in this study,
using area per lipid as an indicator of stability, occurs within
about 50 ns (Figure 1A). Calcium—lipid binding patterns continue
to evolve, however, until approximately 100 ns (Figure 1B). No
further changes in these properties were observed after an
additional 100 ns (200 ns total). Area per lipid and the
corresponding bilayer thickness data for each system, time-
averaged from 140 to 150 ns, are compiled in Table 2. Adding
calcium ions to the solvent or PS to the bilayer causes a decrease
inarea per lipid and a corresponding increase in bilayer thickness,
consistent with previous experimental observations™® and simu-
lations.?

(43) Humphrey, W.; Dalke, A.; Schulten, K. J. Mal. Graphics 1996, 14(1),
33-8.

located between the headgroup phosphate and the backbone
carbonyl peaks, consistent with neutron diffraction measure-
ments.?° In the 10-calcium system all of the calcium is found in
this peak, but in the 100-calcium system a significant concentration
of calcium in the bulk is observed, indicating that the calcium
capacity for this 128-DOPC system saturates somewhere between
10 and 100 calcium ions.

Calcium Distribution in DOPC:DOPS Bilayers. Calcium
distribution profiles in DOPC:DOPS (108:20) systems containing
10 (Figure 2C) and 100 (Figure 2D) calcium ions show a single
Ca?* peak in the pure DOPC leaflet of the bilayer (left side of
diagrams in Figure 2), but the distribution is shifted to the DOPS
carboxyl group in the mixed DOPC:DOPS leaflet (right side of
Figure 2C and 2D). In the 10-calcium, mixed-lipid system, as
with pure DOPC, all of the calcium is localized in the bilayer.
In the 100-calcium system again there is a significant calcium
concentration in the bulk, indicating that the calcium capacity
for this mixed 128-lipid DOPC:DOPS bilayer, like that of the
pure DOPC system, saturates between 10 and 100 calcium ions.

Calcium and Chloride Interfacial Distribution in DOPC
and DOPC:DOPS. In the calcium-saturated DOPC and DOPC:
DOPS systems, the calcium concentration reaches a maximum
in the phosphate or carboxyl region of the bilayer interface,
drops to a minimum at the solvent boundary, then rises again in
the bulk medium (Figure 2B,D). This MD-simulated manifestation
of the electric double layer®>27-?° can be seen in more detail in
Figure 3, which also elucidates the differences between the pure
DOPC leaflet and the mixed DOPC:DOPS leaflet. At the DOPC-
only interface (Figure 3A) the phosphate-localized calcium peak,
the counteracting calcium and chloride profiles, and the exclusion
of sodium from the headgroup region are straightforward. At the
aqueous boundary of the mixed DOPC:DOPS leaflet on the other
side of the bilayer (Figure 3B) the calcium and chloride peaks
are distinct, but the calcium profile in the headgroup region traces
a landscape complicated by the presence of the serine carboxyl
groups, and the calcium is accompanied by a significantly greater
amount of sodium than in the DOPC-only leaflet.
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Figure 2. Number density (nm~2) profiles for selected components of
DOPC and DOPC:DOPS (108:20) bilayer systems containing 10 (A,C)
and 100 (B,D) calcium ions and corresponding counter-ions (Table 1).
For convenient scaling, calcium density is multiplied by 10, DOPS
carboxyl density is multiplied by 2, and water density is divided by 2.
The phosphate and carbonyl profiles are for the DOPC-associated
residues. To simplify the diagram, the DOPS phosphates and carbonyls,
which coincide almost exactly with their DOPC counterparts, are not
shown. The plots are centered on the density minimum at the midpoint
of the bilayer.

Calcium Density in DOPC and DOPC:DOPS Systems. To
understand the calcium distribution in the DOPC:DOPS system
in amore quantitative way, we consider next the concentration
of calcium in the phosphate and carbonyl regions of the bilayer,
defined in Table 3 and shown graphically in Figure 2. As shown
in Table 3, the concentration of calcium in the phosphate and
carbonyl regions of the DOPC-only leaflet (left side of Figure
2) isnotsignificantly affected by the presence of PS in the opposite
leaflet. In the DOPC:DOPS leaflet, however, increasing the
fraction of PS increases the concentration of calcium in both the
phosphate and carbonyl regions. (As shown in Figures 2 and 3,
the PS carboxyl group lies almost entirely inside the phosphate
distribution, so it is not tabulated separately here.)

Converting the atomic number densities in Table 3 to molar
concentrations (atom+-nm~2 x 1.66 = mol-L™*) permits com-
parison to physiological conditions and to previous analyses of
calcium binding to phospholipid membranes. For the 10-calcium
systems presented here, the concentration of calcium in the bulk
solvent is essentially zero (Figure 2A, 2C), so we may consider
the membrane calcium concentrations in these systems to lie
near the lower limit of physiological calcium concentrations in
the aqueous—membrane interface. Simplifying by taking values
from the combined phosphate-carbonyl region in Table 3, we
find interface calcium concentrations in the range 60—100 mM

Langmuir, Vol. 25, No. 2, 2009 1023

Number Density (nm=)

Distance From Bilayer Center (nm)

Figure 3. Number density (nm~3) profiles for the interface regions of
the DOPC-only (A) and DOPC:DOPS (B) leaflets of a DOPC:DOPS
(128:20) asymmetric bilayer. The DOPC-only leaflet contains 64 DOPC.
The DOPC:DOPS leaflet contains 44 DOPC and 20 DOPS. A and B
are expanded views of the left side and right side, respectively, of Figure
2D. In addition to the scaling applied in Figure 2, the chloride and
sodium densities are each multiplied by 10.

Table 3. Calcium Density in Phosphate and Carbonyl Regions of
the Phospholipid Interface in the DOPC and DOPC:DOPS

L eaflets™
Ca?* density (nm~3)
P04PC P04PC:PS
PS 10 Ca 100 Ca 10 Ca 100 Ca
0 0.07 0.41 0.08 0.36
10 0.08 0.37 0.08 0.44
20 0.05 0.42 0.13 0.56
C=0QF¢ C=QPC:Ps
PS 10 Ca 100 Ca 10 Ca 100 Ca
0 0.07 0.34 0.08 0.32
10 0.08 0.32 0.08 0.35
20 0.04 0.36 0.09 0.43
PO,+C=0% PO,+C=0PCPs
PS 10 Ca 100 Ca 10 Ca 100 Ca
0 0.05 0.31 0.06 0.28
10 0.06 0.29 0.06 0.34
20 0.04 0.32 0.10 0.46

2 Densities are the time-averaged values (140—150 ns) of the number of
calcium ions in the rectangular volumes defined by the maximum and
minimum position along the bilayer normal of any of the oxygen atoms
connected to phosphorus (PO, region) and any of the carbonyl oxygens
(C=0 region) — the boundaries on either side of the peaks in Figure 2.
Phosphate and carbonyl regions overlap, and the PC phosphate, PS phosphate,
and PS carboxyl regions are essentially coincident (see Figure 2). PO, and
C=0 with superscripts PC and PC:PS refer to the phosphate and carbonyl
regions in the PC-only leaflet (Figure 2, left side) and the mixed PC:PS
leaflet (Figure 2, right side), respectively. PO,+C=0 is the combined
phosphate and carbony| region in each case, defined by the extreme positions
of phosphate and carbonyl oxygens.

in the DOPC-only leaflet and 110—170 mM in the DOPC:DOPS
leaflet. These values, and the distribution of calcium in the bilayer,
are consistent with the model and measurements reported by
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Table 4. Water Density in Phosphate, Carbonyl, and Choline
Regions of the Phospholipid I nterface®

H,0 density (nm~2)
Po4PC POAPC:PS
PS 0 Ca 10 Ca 100 Ca 0 Ca 10 Ca 100 Ca

0 17.1 14.3 15.0 16.1 14.0 15.3
10 16.3 16.2 14.5 15.2 15.3 14.9
20 15.1 15.5 14.9 15.7 16.3 14.7

C=OPC C=OPC:PS
PS 0Ca 10 Ca 100 Ca 0 Ca 10 Ca 100 Ca
0 9.4 7.4 9.0 9.2 8.2 8.9
10 9.4 9.1 8.8 8.1 7.9 8.7
20 8.3 9.4 8.8 8.1 8.1 8.1

PO,+C=0P¢ PO,+C=0QPCPs
PS 0Ca 10 Ca 100 Ca 0Ca 10 Ca 100 Ca
0 14.0 11.3 115 13.0 11.1 12.1

10 13.2 13.0 11.3 12.1 12.1 11.4
20 12.2 12.4 11.2 12.4 12.5 12.0
choline®® cholinePc?s

PS 0Ca 10 Ca 100 Ca 0Ca 10 Ca 100 Ca

0 18.3 17.0 17.5 17.6 16.8 17.6
10 17.8 16.9 17.0 19.5 18.0 17.7
20 18.5 18.0 17.5 16.6 19.2 18.6

@ Densities and regions are defined as in Table 3, for water molecules
rather than for calcium ions. Because the range of motion of the choline
atoms is essentially coincident with the range covered by all of the head
group atoms back to the glycerol backbone, the density of water in the
choline region and the density of water for the complete head group region
differ by less than 10%.

Seelig’—for [Ca® Tpux = 1 MM, [Ca*poung (cONfined within a
stratum of 1 nm thickness) = 167 mM and with the simulation
results reported by Pedersen et al. for charged phospholipid
bilayers.®

Experimental studies suggest a surface calcium ion concentra-
tion that is 3 to 30 times higher than the bulk concentration,*”+*?
and that this high surface concentration, not preferential binding
to PS, accounts for greater binding of Ca to PC:PS relative to
pure PC. The small size of our systems, in which a single calcium
ion in the bulk solvent region corresponds to a concentration of
about 20 mM, does not permit detection of this surface charge
layer. The 100-calcium systems are clearly well beyond membrane
binding site saturation and physiological conditions. The bulk
calcium concentration in these systems is about 1.25 M, and the
concentration in the phosphate-carbonyl region, again from Table
3, ranges from 470 mM to 760 mM.

To confirm that the number of solvent molecules is not a
limiting factor, we ran additional simulations under identical
conditions but with approximately 120 H,O per lipid instead of
33—35 H,0 per lipid. The density profiles and binding patterns
were essentially unchanged, and, even with this increased amount
of water, none of the calcium ions left the interface to become
part of the bulk solvent region.

Water Density in DOPC and DOPC:DOPS Systems.
Experimental studies indicate that calcium binding to phospholipid
bilayers is endothermic and entropy-driven, and that the entropy
increase results at least in part from the displacement of interfacial
water by calcium.*®3? In Table 4 we see this effect most clearly
by comparing the water densities in the DOPC-only systems
with 0 and 10 calcium ions. In the 100-calcium systems, the
interfacial water concentration is higher because the additional
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calcium in the membrane brings with it additional waters of
hydration. The effects of calcium and of the PS:PC ratio on
water density distributions in the mixed bilayer DOPC:DOPS
systems are more complex because of the interactions of packing
configurations and electrostatics, and simulations at intermediate
calcium levels and PS:PC fractions will be required for the
development of amore systematic analysis. Specifically, although
our simulations provide a first-order picture of the partitioning
of calcium in these mixed bilayers, the time course of calcium
coordination indicates that even at 200 ns the systems are not
yet fully stable in terms of the calcium distribution (and thus the
water distribution) among the various binding sites. Conclusions
about the extent of calcium-driven dehydration of the bilayer
and the distribution of water in the membrane at equilibrium will
require simulations that go beyond 200 ns.

Bound, I nterface, and Bulk Calcium. In addition to the spatial
distributions for calcium described above, we also analyzed the
proximity of calcium to phospholipid binding sites (the elec-
tronegative phosphatidyl and carbonyl oxygen atoms). We find
that, for the 10-calcium systems, almost all of the calcium ions
are bound to a lipid (located within 0.3 nm of a phosphatidy! or
carbonyl oxygen), as previously reported for PC bilayers,?® and
that PS in the bilayer increases the fraction of lipid-bound calcium
(see Supporting Information Table 1). The attractive effect of PS
is clearly evident in the saturated, 100-calcium systems as well.
These calcium-saturated bilayers also contain more calcium ions
in the interfacial region that are not bound to lipid, and which
are therefore more fully hydrated, consistent with the higher
interfacial water densities in 100-calcium systems noted above.

A detailed breakdown of the distribution of bound calcium in
DOPC and DOPC:DOPS bilayers is presented in Table 5. Not
only does the PS carboxyl bind a significant percentage of the
total bound calcium, in agreement with previous simulations of
anionic phospholipid bilayers,” it also dominates the DOPS
intramolecular calcium binding space. In the 10-calcium, 20-PS
system, the PS carboxyls account for half of the total calcium
binding sites, and no calciums are found in binding proximity
to the PS phosphate or PS carbonyl sites. Low levels of PS
phosphate and PS carbonyl binding are observed in the 100-
calcium system. The distribution of phosphate and carbonyl
binding in the DOPC-only system (0 PS) is consistent with infrared
spectroscopic evidence for PC vesicles at high calcium/lipid molar
ratios.*®

Calorimetry data for DOPC:DOPS vesicles with PS/PC =
0.11 suggests that calcium, at calcium/lipid molar ratios less
than 0.1, binds preferentially to PS, then, at higher calcium
concentrations, to PC.3? Since our 10-calcium, 20-PS DOPC:
DOPS systems have PS/(PC+PS) = 0.16 (but with an asymmetric
distribution between the two leaflets of the bilayer) and a calcium/
lipid molar ratio of about 0.08, the calorimetric evidence would
lead us to expect that we are in the range where both PS and PC
binding is occurring, and that is what we see (Tables 3 and 5).

Graphical representations of the radial distribution functions
for calcium and the phospholipid binding sites (carbonyl,
phosphatidyl, and carboxyl oxygens) in pure DOPC (Figure 4A)
and mixed DOPC:DOPS bilayers (Figure 4B) confirm the
specificity of the binding relationships presented in tabular form
above. Note in particular the very strong coordination with the
PS carboxyl relative to PC carbonyl and phosphatidyl oxygens
and the absence of coordination with other PS oxygens (Figure
4B). When the number of calcium ions is increased from 10
(Figure 4) to 100 (not shown), PS carbonyl and phosphate
coordination peaks appear, but at lower magnitudes than the



Calcium Binding in Phospholipid Bilayers

Langmuir, Vol. 25, No. 2, 2009 1025

Table 5. Equilibrium Calcium Binding in DOPC and DOPC:DOPS Systems®

phosphate-, carbonyl-, and carboxyl-bound Ca?* (<0.3 nm), 140—150 ns

PC phosphate PC carbonyl PS phosphate PS carbonyl PS carboxyl total Ca* pairs
PS 10 Ca 100 Ca 10 Ca 100 Ca 10 Ca 100 Ca 10 Ca 100 Ca 10 Ca 100 Ca 10 Ca 100 Ca
0 12.8 96.0 11.9 46.7 24.7 142.7
20 10.9 65.2 8.2 46.7 0.0 6.9 0.0 5.2 184 345 375 158.5

2 A bound calcium-lipid pair is recorded for each occurrence of a calcium ion located within 0.3 nm of a lipid binding site (phosphatidyl, carbonyl, or
carboxyl oxygen). One calcium ion may be bound to multiple lipid binding sites and may thus be associated with multiple bound pairs. Data are mean values
of the number of bound pairs for each group averaged over the interval 140 to 150 ns.
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Figure 4. Radial distribution functions from equilibrated pure DOPC
and mixed DOPC:DOPS (108:20) systems with 10 Ca?", time-averaged
from 140 to 150 ns, for calcium and phospholipid binding sites (C=0:
glycerol backbone carbonyl oxygens; C—O: backbone ether oxygens;
PO4: oxygens bonded to phosphorus; COO: serine carboxyl oxygens).
g(r) values are plotted on a log scale to facilitate visualization of the
secondary associations at radial separations greater than 0.3 nm. Bound
calcium regions (<0.3 nm) are shaded.

corresponding PC carbonyl and phosphate peaks, consistent with
the data in Table 5.

Calcium—PSComplex. Experimental evidence for a calcium/
PS stoichiometric ratio of 1:2'2*35 js supported by structures
such as the representative snapshot of a Ca(PS),(H,0), complex
shown in Figure 5. In this ion—molecular assembly we see the
replacement of solvating water in the lipid headgroup by calcium,
and the concomitant partial dehydration of the calcium water
shell (calcium coordinates 8—9 water molecules**“®), which
follow from the enthalpic and entropic considerations mentioned
above in the discussion of water density. A movie showing the
formation of calcium-carboxyl oxygen complexes like the one
in Figure 5 is provided as Supporting Information. Calcium-
carboxyl oxygen coordination numbers (Supporting Information

(44) Palinkas, G.; Heinzinger, K. Chem. Phys. Lett. 1986, 126(3—4), 251—
254,

(45) Megyes, T.; Bako, I.; Balint, S.; Grosz, T.; Radnai, T. J. Mal. Lig. 2006,
129(1-2), 63-74.

Figure5. Calcium—DOPS—water complex from an equilibrated DOPC:
DOPS (108:20) system. Calcium binds to DOPS and water with a
stoichiometric ratio of 1:2:4. Blue lines connect calcium and atoms
within 0.3 nm (oxygens from water and the DOPS carboxyl groups).
Violet: Ca; red: O; white: H; teal: C; blue: N; gold: P.

Table 2) show the prevalence of 3- and 4-oxygen structures
(Ca(PS),) in the 10-calcium systems. With 100 calcium ions, the
binding affinity between the multiplicity of calcium ions and the
limited number of serine carboxyl oxygens dominates over the
tendency to form the coordinated dimer. Although no calcium-
coordinated complexes involving both carboxyl oxygens and
phosphatidyl oxygens (from PC or PS) were observed during the
140—150 ns sampling period, and there were no instances of
calcium coordinating phosphatidyl oxygens from two phospho-
lipids, PC oxygens form a variety of associations with calcium;
for example, complexes with three carbonyl oxygens (from three
different DOPC molecules), with two carbonyl oxygens and a
phosphatidyl oxygen (again from three different DOPC mol-
ecules), and with carboxyl (DOPS) and carbonyl (DOPC) oxygens
detected (not shown). The lifetime of these complexes and their
effect on the diffusion of calcium and phospholipids in the
membrane will be addressed in future work.

Calcium and Sodium in the Bilayer I nterface. The sodium
ions included as counterions for the PS carboxyl groups contribute,
along with calcium ions and the electronegative lipid binding
sites, to the electrostatics and energetics of the bilayer. Although
the interactions of these components with sodium ions are
complex, some general patterns can be discerned from shifts in
mean sodium concentration (Supporting Information Table 3)
and distribution peaks (Figure 6) in the membrane interface. As
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Figure 6. Number density (nm~2) profiles, including sodium, for the
DOPC-only leaflet of a DOPC:DOPS (128:20) asymmetric bilayer, with
some components not shown for clarity. B and C are expanded views
of the left sides of Figure 2C,D, respectively. As in Figure 3, calcium
and sodium densities are each multiplied by 10, and water density is
divided by 2.
shown in Figure 6A, and consistent with earlier studies,?>*®*7
sodium penetrates to the carbonyl level of a DOPC-only leaflet
of a DOPC:DOPS (108:20) bilayer. In the 10-calcium system,
the presence of calcium ions in the phosphate region is associated
with an outward shift in the peak of the sodium ion distribution,
away from the carbonyl region (Figure 6B), while at the same
time facilitating an increase in the number of sodium ions in the
interface. In the 100-calcium system this increased sodium is
expelled into the bulk solvent (Figure 6C), consistent with
experimental observations™ and simulations of other phospholipid
systems.®

On the DOPC:DOPS side of the bilayer, sodium is found in
the phosphate region, chaperoned by the carboxyl groups in the
DOPC:DOPS (108:20) system, even with 100 calcium (Figure
3B). With only 10 PS in the leaflet instead of 20; however,
sodium is excluded from the interface of a 100-calcium system
(notshown), just as it is from the DOPC-only leaflet (Figure 6C).

The effects of the gratuitous presence of sodium ions on both
sides of the bilayer, a consequence of the periodic boundary
conditions applied to these systems, may be questioned, since
these ions are added to the system as counter-ions to the ionized
PS residues, which are confined to one leaflet of the bilayer. This
is a limitation imposed by system size and computational

(46) Gurtovenko, A. A. J. Chem. Phys. 2005, 122(24), 244902.
(47) Lee, S. J,; Song, Y.; Baker, N. A. Biophys. J. 2008, 94(9), 3565-76.
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Figure7. Calcium-induced changes in PC and PS headgroup orientation
in DOPC and DOPC:DOPS bilayers. Distribution of headgroup P—N
dipole angles relative to the bilayer normal based on atomic coordinates
from (A) 128 DOPC molecules in a pure DOPC bilayer, (B) 44 DOPC
molecules in the DOPC-only leaflet of a DOPC:DOPS (128:20) bilayer,
(C) 20 DOPS molecules in the mixed DOPC:DOPS leaflet of a DOPC:
DOPS (108:20) bilayer. Each panel shows distributions from simulations
containing zero (diamond symbol) and 100 (triangle symbol) calcium
ions. Data was sampled every 100 ps between 140 and 150 ns.

resources. It could be addressed by a double-bilayer system, in
which the sodium counter-ions for DOPS would be confined to
the inner compartment, but this would also require assumptions
(or knowledge not yet obtained) regarding the equilibrium calcium
ion concentration on the two sides of the bilayer and systems
large enough to accommodate the appropriate numbers of ions
in each compartment at physiological concentrations.

Calcium and PC and PS Headgroup Dipole Angle. The
effects of monovalent and divalent ion binding on the phospholipid
headgroup dipole angle have been studied experimentally® and
more recently with the tools of MD.2¢2%3! Here we examine
calcium-induced changes in the PC and PS headgroup dipole
angle distribution in DOPC and mixed DOPC:DOPS bilayers.

In the pure DOPC system, the broad PC P— N dipole angle
distribution peaks at approximately 78 degrees from the bilayer
normal (the choline nitrogen is on the average lifted about 12°
out of the plane of the bilayer in the direction of the bulk solvent
(Figure 7A). In the same system after equilibration with 100
calcium ions, the headgroup dipole angle peak shifts to about
43° (Figure 7A), a very large change. In a 10-calcium system
(not shown), we observe an intermediate value, about 64°, for
the peak of the dipole angle distribution.

In the PC:PS leaflet of a DOPC:DOPS (108:20) system, the
PC dipole angle distribution is bimodal, with a larger peak at
about 76° and a smaller peak at about 25° (Figure 7B). This
“splitting” of the PC headgroup dipole angle arises from
interactions with neighboring PS head groups. The PC dipole
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angle distribution in the PC-only leaflet of the mixed, asymmetric
DOPC:DOPS (108:20) bilayer is essentially identical to the
distribution in the pure DOPC system. In the presence of 100
calcium ions, a single PC dipole angle peak is observed at about
44° (Figure 7B). As might be expected, we observe intermediate
values for the PC dipole angle distribution in a 10-calcium DOPC:
DOPS (108:20) system, with peaks at 72° and 44° (not shown).

For comparison we looked also at the effect of calcium on the
P—N vector component of the headgroup dipole angle for PS
in the DOPC:DOPS (108:20) system. We refer to this as the PS
headgroup dipole angle, although we are ignoring the contribution
of the negatively charged carboxyl group. A dominant peak in
the distribution is observed at about 85° in the absence of calcium
(Figure 7C). Interestingly, in a 100-calcium system, the PS
headgroup dipole angle distribution becomes bimodal, with peaks
at about 97° and about 70° (Figure 7C), suggesting, along with
the results for the PC dipole angle, complex and subtle adjustments
in conformation and aggregation among the phospholipids in a
mixed zwitterionic/anionic bilayer in response to local changes
in monovalent and divalent cation concentrations. Again, the
10-calcium system dipole angle distribution is intermediate, with
a single peak shifted to about 93°, and no obvious second peak
(not shown). It should be emphasized that these are not static
alignments. The orientation of any given individual headgroup
dipole in these thermally agitated bilayer systems, all above the
phospholipid melting temperatures, ranges over tens of degrees
within tens of picoseconds.

4, Conclusions

MD simulations of mixed, zwitterionic-anionic, asymmetrically
arranged DOPC:DOPS bilayers with monovalent and divalent
cations are consistent with experimental observations and with
previously reported results for simulations of simpler phospholipid
systems. In addition to confirming for the DOPC:DOPS system
the area-decreasing, thickness-increasing, interface-dehydrating
effects of calcium ions, the greater affinity of phospholipid binding
sites for calcium relative to sodium, the greater affinity of calcium
for PS carboxyl sites relative to phosphate and carbony! sites,
and the calcium-induced rotation of the PC headgroup dipole
toward the solvent, we have also identified some new features
of these model systems.

Area per lipid, often used as an indicator of attainment of a
thermal and electrostatic equilibrium in simulations of lipid bilayer
systems, is misleading in the case of DOPC:DOPS with calcium,
for which the area per lipid stabilizes after about 50 ns, but the
establishment of a stable number of coordinated calcium—Ilipid
pairs, and the associated ion—lipid structural rearrangements,
takes at least 100 ns.

Fora 128-lipid DOPC:DOPS system, saturation of the calcium
capacity of the bilayer occurs between 10 and 100 calcium ions.

The PC headgroup dipole angle distribution in PC:PS bilayers
is bimodal, an effect of the interaction between the anionic PS
and the zwitterionic PC, and this distribution can be further
modulated by varying the number of calcium ions in the system.
Atomically local binding profiles for anionic versus zwitterionic
phospholipids and their combinations, with monovalent and
divalent counter-ions, may have significant consequences for
membrane lipid and protein aggregations.
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The ion models from the GroMACS ffgmx topology database
used here have limitations arising from their nonpolarizability,*’
which we accept because of computational resource limits. In
particular, their performance in aqueous and nonagueous systems
may differ markedly; adjusting the force field parameters for one
environment can cause unsatisfactory behavior in another.*®
Because calcium in the interface region remains at least partially
hydrated (with some water oxygens replaced by carboxyl,
carbonyl, and phosphatidyl oxygens), and because the coordina-
tion number and geometry of this lipid-bound calcium is similar
to that of fully hydrated calcium,* we think it is reasonable to
expect that the calcium model does not introduce unacceptable
inaccuracies in these phospholipid bilayer systems. This ex-
pectation is supported by the correspondence of our results with
experimental studies.

From another perspective, this work underlines the necessity
for improvement of the accuracy of the atomic-level interactions.
Continuing and extending the development of molecular models
and mechanisms for membrane fusion, budding, invagination,
ruffling, pseudopod extension, and other remodeling processes,
and for electroporation and electric field-driven and mechanical
restructuring of the membrane, will require taking into account,
as we have done here, the effects of monovalent and divalent
cations, calcium in particular, but not only calcium, in hetero-
geneous asymmetric bilayers. But beyond this, to begin to answer
questions that approach the level of cell physiology, functionally
if not dimensionally, a simulation of ions at the phospholipid
interface must properly represent not only systems at equilibrium
but also those with large spatial (nanometer scale) and temporal
(nanosecond scale) ion concentration gradients, such as those
encountered, for example, when plasma membrane ion channels
are activated or when the contents of intracellular calcium
compartments are released. Continuum properties such as
diffusion coefficients, binding constants, and stoichiometries,
which guide us at larger scales, are less relevant in this dynamic
regime than the precision in local electrostatics and van der Waals
forces and in bond angles and dimensions, which ensures that
molecular velocities and residence times reflect and respect the
complexities of hydration, hydrogen bonding, and hydrophobic
interactions in the stereospecifically complex, low-density (water),
highly nonuniform electrical permittivity environment of the
membrane interface.
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Supporting Information

MOVIE 1.

The viewer is facing the mixed DOPC:DOPS leaflet of a DOPC:DOPS (108:20) system containing 10
calcium ions. The x:y dimensions of the system are approximately 6 nm x 6 nm, and the plane defined
by the mean position of the phosphorus atoms roughly corresponds to the plane of the screen. For clarity
only PS molecules and calcium ions are shown. The calcium ions are the large teal spheres. Each PS
molecule is given a unique color, with the two carboxyl oxygens drawn as spheres (smaller than the
calcium ions) and the rest of the molecule drawn as a line figure. The movie shows the formation and
dissociation of Ca(PS), complexes over the simulation period from 140 ns to 150 ns. Watch the “red-
green” complex that forms in the upper left and migrates toward the center, and the “purple-violet”

complex at the right side of the frame.



Supporting Table 1. Distribution of calcium in DOPC and DOPC:DOPS bilayers.

Number of calcium ions

System Bulk Interface Bound
0PS,10Ca 1.0 0.7 8.3
10 PS, 10 Ca 0.0 0.3 9.7
20 PS, 10 Ca 0.0 0.1 9.9
0 PS, 100 Ca 60.5 2.6 36.9

10 PS, 100 Ca 58.3 4.1 37.6
20 PS, 100 Ca 52.0 2.6 45.4

Bound calcium is located within 0.3 nm of a lipid binding site (phosphatidyl, carbonyl, or carboxyl oxygen). Interface
calcium is located within the bilayer (defined by the maximum excursions of phosphorus atoms from the bilayer center) but
not bound to a lipid. Bulk calcium is located outside the bilayer. Data are mean values averaged over the interval 140 ns to
150 ns.

Supporting Table 2. Calcium coordination with DOPS carboxyl oxygens in DOPC:DOPS.

Calcium-Carboxyl Coordination Number Distribution, 140-150 ns

10 PS 10 Ca 10 PS 100 Ca 20 PS 10 Ca
(1 121 31 [l (1 21 31 [l 1 21 31 1[4l
08 02 00 20 55 74 00 0.0 07 04 23 25

For each calcium the carboxyl coordination number is the number of carboxyl oxygens within a radius of 0.3 nm. The values
in the table are the number of calcium ions in each of the three systems — DOPC:DOPS (118:10) with 10 Ca™,
DOPC:DOPS (118:10) with 100 Ca2+, and DOPC:DOPS (108:20) with 10 Ca®* — with coordination numbers 1 through 4,
averaged over the period 140 ns to 150 ns. A calcium-carboxyl coordination number of 5 was not detected over this interval.
Calcium bound to 2 PS molecules will have a coordination number of 3 or 4 (2 carboxyl oxygens from one PS and 1 or 2
carboxyl oxygens from the second PS).

Supporting Table 3. Sodium density in phosphate and carbonyl regions of the phospholipid interface in
the DOPC and DOPC:DOPS leaflets.

Na* density (nm™)
PO4PC P04PC:PS

PS 0Ca 10 Ca 100 Ca 0Ca 10 Ca 100 Ca
10 0.029 0.015 0.010 0.122 0.148 0.019

20 0.029 0.062 0.030 0.292 0.286 0.154

C=OPC C=OPC:PS
PS 0Ca 10 Ca 100 Ca 0Ca 10 Ca 100 Ca
10 0.029 0.015 0.002 0.121 0.145 0.008
20 0.029 0.058 0.020 0.278 0.253 0.139

PO +C=0"° PO +C=0"C"S
PS 0Ca 10Ca 100Ca 0Ca 10Ca 100 Ca
10  0.023 0.012 0.008 0.098 0.116 0.014

20 0.024 0.049 0.023 0.231 0.219 0.125

Densities and regions are defined as in Table 3, for sodium ions rather than for calcium ions.
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