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Abstract

We have performed molecular dynamics simulations to investigate the structure and dynamics of charged bilayers as well as the distribution of
counterions at the bilayer interface. For this, we have considered the negatively charged di-myristoyl-phosphatidyl-glycerol (DMPG) and di-
myristoyl-phosphatidyl-serine (DMPS) bilayers as well as a protonated di-myristoyl-phosphatidyl-serine (DMPSH) bilayer. We were particularly
interested in calcium ions due to their important role in biological systems. Simulations performed in the presence of calcium ions (DMPG,
DMPS) or sodium ions (DMPS) were run for 45-60 ns. Simulation results for DMPG are compared with fluorescence measurements. The average
areas per molecule were 47.4+0.5 A> (DMPG with calcium), 47.3+0.5 A% (DMPS with calcium), 51.3+1.0 A> (DMPS with sodium) and 45.3+
0.5 A (DMPSH). The structure of the negatively charged lipids is significantly affected by the counterions, where calcium ions have a more
pronounced effect than sodium ions. Calcium ions were found to be tightly bound to the anionic groups of the lipid molecules and as such appear
to constitute an integral part of the membrane interface on nanoseconds time scales. In contrast to sodium ions, calcium ions are localised in a
narrow (~ 10 A) band around the phosphate group. The interaction of calcium with the lipid molecules enhances the molecular packing of the PG
and PS lipids. This observation is in good agreement with emission spectra of the membrane partitioning probe Laurdan in DMPG multilamellar
vesicles that indicate an increase in the ordering of the DMPG bilayer due to the presence of calcium. Our results indicate that calcium ions, which
often function as a second messengers in living cells have a pronounced effect on membrane structures, which may have implications during
signal transduction events.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction solvent phase for membrane proteins. This prevailing view has

been considerably refined during the past decade taking into

Biological membranes are essential for the integrity of the
cell, providing a barrier between the inside and outside
environments. They serve as the matrix and support for a vast
array of proteins, which are involved in important functions of
the cell such as energy transduction, signal transduction, solute
transport, DNA replication, cell-cell recognition, protein
targeting and trafficking [1]. In the traditional fluid mosaic
model of biological membrane structure, bilayer lipids form a
uniform and homogenous fluid mixture [2]. Consequently, the
lipid membrane has long been considered as a two-dimensional
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account physicochemical studies of membrane lipids. A grow-
ing body of evidence has led to a picture, where the membrane
structure plays an important role in signal transduction events
and cellular restructuring processes. Lipid raft domains, hydro-
phobic mismatch, and membrane phospholipid asymmetry are a
few examples of specific mechanisms by which membranes can
take part in cellular events [3—11]. Hence, membranes play an
active role in guiding lateral segregation of proteins [12—15],
inducing the formation of domains that among other things offer
a platform for the assembly of protein aggregates [1,6,16] and
regulating/affecting protein activity [17] through changes in the
membrane structural properties such as the main phase transi-
tion [18]. To unravel the complexity and to understand the
response of a membrane due to external environmental stimuli
on a molecular level, simpler (“model”) systems have to be
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considered [19]. Although it is experimentally difficult to probe
membrane properties on a molecular level, recent advances in
single-molecule force and fluorescence spectroscopy have al-
lowed to manipulate single molecules while simultaneously
monitoring the response using a fluorescence probe [20,21].
These single molecule force experiments yield important infor-
mation on structure-related mechanical properties, but do not
provide information on the atomic-level [21]. Molecular dyna-
mics (MD) simulation, on the other hand, provides information
about membrane structure and dynamics [22]. The bilayer sys-
tems most intensively studied by MD simulations are phospha-
tidyl-choline (PC) lipid membranes, which have a zwitterionic
head group. This is due to the fact that PC is an abundant and
essential membrane phospholipid present in all eukaryotes.
Early MD studies focused on homogeneous membranes, how-
ever in recent years, as a result of a rapid increase in computa-
tional power, simulations have been applied to systems of
increasing complexibility [23,24]. These systems involve multi-
component lipid mixtures [25], bilayers interacting with mono-
valent ions [19,26,27], peptides [28], alcohol [29], sterols [30—
35], disaccharides [36] and transmembrane proteins [37—41].
Molecular dynamics simulations consisting of negatively
charged lipid bilayers have drawn less attention. This is surpris-
ing, since negatively charged lipid membranes consisting of
phosphatidyl-glycerol (PG) or phosphatidyl-serine (PS) play a
distinct functional role in maintaining membrane morphology
and/or participating in signal transduction cascades [42—44]. PS
is the major anionic phospholipid in most mammalian cell
membranes and is predominantly found in the peripheral and
central nervous system myelin, blood erythrocytes, and plate-
lets. PS is involved in the upkeep and restoration of nerve cell
membranes and the synapses, where it aids in cell-to-cell com-
munication [45]. PG, on the other hand, is present in great
abundance in both the plasma membrane of microorganisms
and in the chloroplast membranes of green plants. In mam-
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malian cells, PG occurs in minor amounts and is predominately
found in mitochondrial membranes as well as in pulmonary
surfactants [44,46]. Due to their anionic character at physio-
logical pH, their phase transition behaviour is responsive to
changes in the ionic environment. This provides a potential
mechanism for regulating membrane structure triggered by
changes in surface pH or concentration of monovalent and
divalent ions [47-50].

In the present study, we investigate the effect of counterions
(in particular the effect of divalent calcium ions) on the structure
and dynamics of negatively charged di-myristoyl-phosphatidyl-
glycerol (DMPG) and di-myristoyl-phosphatidyl-serine
(DMPS) bilayers. Of particular interest is the distribution of
calcium ions on the negatively charged membrane surfaces. We
also considered a bilayer of di-myristoyl-phosphatidyl-serine,
which was protonated on the carboxylate group (zwitterionic
bilayer; hereafter referred to DMPSH) to study lipid—lipid
interactions. The latter simulation was carried out without
counter ions. A detailed insight into the structural behaviour of
these homogeneous one-component membranes is essential,
before advancing to more complex systems involving for ins-
tance enzyme—membrane complexes.

2. Material and methods

2.1. Molecular dynamics simulations

The initial structure of the anionic di-myristoyl-phosphatidyl-glycerol
(DMPG; Fig. 1) and di-myristoyl-phosphatidyl-serine (DMPS; Fig. 1) bilayers
were built from an equilibrated di-palmitoyl-phosphatidyl-choline (DPPC)
bilayer [28] by deleting the methyl group and the first methylene group
following the methyl group from each DPPC lipid. The gap between the two
leaflets was reduced by moving the two leaflets closer together using the
graphical program: Visualisation Molecular Dynamics (VMD) [51]. The
missing hydrogen atoms on the terminal methylene group were automatically
generated by the program psfgen [52]. The structure of the PS head group is very
similar to that of the PC head group with the exception that PS has an additional
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Fig. 1. Chemical structures of phosphatidyl-serine (A) and phosphatidyl-glycerol (B). The partial charges shown on the structure are based on ab initio calculation using
the Restricted Hartree-Fock approximation with the 6-31+G* basis set. Numbers in parenthesis refer to partial charges on hydrogen atoms. See text for more details.
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carboxylate group and the methyl groups on the nitrogen are replaced by
hydrogen atoms (see Fig. 1). The carboxylate group was generated by replacing
a hydrogen on the methylene group following the NH3 group with a carboxy-
late group using psfgen [52]. The PG head group was built by replacing the
—N(CHj3); group in PC with a —~C(OH)H, group. Additionally, a hydrogen on the
methylene group following the NH3 group was replaced by an oxygen. Missing
hydrogen atoms were generated using psfgen [52]. Each bilayer consisting of 128
lipids (64 in each leaflet) was solvated using the program SOLVATE [53]. 64 water
molecules were chosen randomly and replaced with calcium ions to neutralise the
DMPG and DMPS systems. For the DMPS—Na" system, 128 water molecules
were chosen randomly and replaced with sodium ions. The DMPG and DMPS
systems contained ~4200 and ~4700 water molecules, respectively. The water
layer corresponds to a hydration of =33 and =36 water molecules per lipid for the
DMPG and DMPS bilayers, respectively.

For the simulations, the MD program NAMD [52] was used with the
CHARMM?27 all hydrogens parameter set and with the TIP3 water model [54].
The simulations were carried out in an NPT ensemble (i.e., constant number of
atoms (), temperature (7) and pressure (P)). The temperatures were 330 K (297
K) and 340 K (309 K) for DMPG and DMPS systems, respectively. The
temperatures given in parentheses correspond to the gel—fluid phase transition
temperatures of the different bilayer systems (LIPIDAT ID numbers: 3865
(DMPG), 2553 (DMPS); [55]). Generally, the finite size of a system and the order
of phase transition may cause a broadening of the transition [56,57]. Kinnunen
and co-workers [58] have recently suggested that the first-order gel—fluid phase
transition of DPPC might additionally involve an intermediate phase that
transforms into the liquid disordered phase as a second-order process. For
second-order phase transition, the formation of co-operative, correlated motions
with limited range broadens the main melting transition [59]. We have therefore
chosen a temperature, which is relatively far away from the transition temperature
to ensure that the bilayers are in the fluid-phase. A constant ambient pressure of 1
atm was imposed using the Langevin piston method [60] with a damping
coefficient of 5 ps ™', a piston period of 100 fs, and a decay of 50 fs. The Particle
Mesh Ewald (PME) method was used for computation of the electrostatic forces
[61,62]. The grid spacing applied was approximately 1.0 A and a fourth order
spline was used for the interpolation. The long range part of the electrostatic
forces was evaluated every fourth femtosecond. Van der Waals interactions were
cut off at 12 A using a switching function starting at 10 A. Periodic boundary
conditions were imposed in all directions. Initially, the systems were energy
minimised for 5000 steps, which was followed by 100 ps of heating of the
systems to the desired temperature. A time step of 1 fs was used throughout all
simulations. Simulations were performed for up to approximately 60 ns in an
NPT ensemble. The analyses of the trajectory were performed using VMD [51].

Parameters for the PG and PS bilayers were taken from the CHARMM27
parameter set [63]. Missing parameters (bond-angles, dihedral angles, charges)
for the PS head group were taken from the amino acid, serine. The charge
distributions for the PG and PS head group regions were determined using an
approach that was previously, successfully applied to a di-palmitoyl-phospha-
tidyl-choline bilayer and that was based on ab initio quantum mechanical
calculations [64]. The charges were determined from ab initio calculations using
the Restricted Hartree-Fock approximation with the 631+ G* basis set followed
by a Mulliken population analysis (charges are shown in Fig. 1). The calculations
were performed within SPARTAN Version 1.0.2 (Wavefunction Inc., Irvine,
California, USA).

2.2. Fluorescence measurements

1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (Sodium Salt)
(DMPG) was purchased from Avanti Polar Lipids (Alabaster, AL) and was
used without further purification. 6-dodecanoyl-2-dimethylaminonaphthalene
(Laurdan) was purchased from Molecular Probes (Eugene, OR). All solvents
were spectroscopy grade.

An appropriate amount of DMPG was dissolved in a 9:1 mixture of
chloroform:methanol, and warmed above 35 °C for one min to ensure the
solution was clear before adding the Laurdan. Laurdan was dissolved in a 1:1
mixture of chloroform:methanol and added to the DMPG solution to give a
membrane concentration of the probe of 0.15 mol% (probe:phospholip-
id=1.5:1,000). The sample was then dried at 40 °C under a stream of nitrogen
gas and placed under vacuum overnight to remove the residual solvent. The dry

lipids were dispersed in either ultrapure water (18.2 €} cm) (Millipore, Billerica,
MA), a CaCl, solution (0.1 mM Ca*"), or a NaCl solution (0.1 mM Na") to a
final lipid concentration of 10 mM. It is important to note that the DMPG source
contains one Na" counterion per lipid molecule, resulting in additional 10 mM
Na' content in the 10 mM lipid stock solution. The samples were then warmed to
60 °C for a minimum of 1 h and vortexed multiple times until the solutions
looked evenly dispersed. No variability in the results was observed between
different preparations. For the fluorescence measurements 2.4 ml of a 1:50
dilution aliquot (final lipid concentration 0.2 mM) was added to a cuvette placed
in a temperature-controlled holder regulated by an external water bath. The
dilutions were carried out using the respective 0.1 mM CaCl, and 0.1 mM NaCl
solutions. After this dilution step, the ionic concentrations are (a) 0.2 mM Na"
for the control, (b) 0.1 mM Ca**+0.2 mM CI”+0.2 mM Na for the “plus Ca®"™
sample, and (c) 0.3 mM Na“+0.1 mM CI™ for the “plus Na"™ sample. The
sample was continually stirred using a magnetic stir bar. No buffering agent was
added to the solutions in order to avoid introducing additional factors that could
affect the comparison with the simulation results. The pH was measured for the
0.2 mM DMPG aliquots to be 8.3 for pure water, 7.2 for the plus Ca®" sample,
and 6.8 for the plus Na" sample. Therefore change in pH could not account for
the differences in lipid packing observed in the presence of Ca®" since similar
changes in pH were measured for the Na” sample, which showed no difference
in lipid packing compared to the control sample.

To study the polarity of the lipid interfaces, we used Laurdan, which is an
amphiphilic fluorescence probe used to study the dipolar relaxation processes
[65]. Laurdan possesses a dipole moment due to the partial charge separation
between 2-dimethylamino and the 6-carbonyl residues which further increases
upon excitation [65,66]. Laurdan is virtually insoluble in water, thus the
generalised polarisation (GP, see below) arises entirely from the probes located
into the membrane [67]. In lipid membranes the fluorescent moiety of Laurdan
resides at the level of the glycerol backbone [66]. In solvents of high polarity,
Laurdan shows a considerable shift of its emission spectrum to longer
wavelengths due to dipolar relaxation processes [68]. When the local
environment of Laurdan is a phospholipid phase, the emission depends strongly
on the packing of the lipid chains. At temperatures below the phase transition
(gel state) the emission maximum is near 440 nm. At temperatures above the
phase transition (liquid crystalline state) the emission maximum is red-shifted to
~490 nm [66,69]. In phospholipid membranes, the solvent dipolar relaxation
process is independent of the type of polar headgroup and of pH within the range
pH 4-10 [68,70]. GP quantitatively relates these spectral changes by taking into
account the relative fluorescence intensities of the blue and red edge regions of
the emission and excitation spectra, respectively [66,69]. The dipolar relaxation
observed during membrane local bending fluctuations, membrane permeability,
or phospholipid phase transition is due to the water molecules penetrating into
the glycerol backbone level, and changing the dipolar relaxation of the Laurdan
probe [66,68]. The higher the GP value, the lower the penetration [66,68,71,72].
Steady-state emission spectra were measured on a SLM DMX 8100
spectrofluorometer equipped with a Xenon-arc lamp (SLM-AMINCO, Urbana,
IL) at 37 °C and 57 °C. The emission bandpass was set at 2 nm. The excitation
wavelength was 340 nm. Generalised polarisation values were calculated from
the emission spectra as follows [68]:

IRk

GP =
Iy + I

where /g and Iy is the emission intensity at 440 nm and 490 nm, respectively.
Three to six samples were averaged for every data point. Samples were allowed
to equilibrate for 15 min at the temperature of interest before collecting the
spectra.

3. Results and discussion

Membranes are complex biological systems with many struc-
tural and dynamic properties that evolve at different time and
length scales [73]. Therefore, simulations of these systems are a
challenging task, which requires extensive computational calcu-
lations [23,24]; in particular when complexity is increased by for
instance studying the properties of mix-bilayers, the interactions
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Fig. 2. Area per lipid molecule as a function of simulation time for bilayers of:
Panel A) di-myristoyl-phosphatidyl-glycerol/calcium ions (DMPG—Ca®");
Panel B) di-myristoyl-phosphatidyl-serine/calcium or sodium ions (DMPS—
Ca®* or DMPS—Na") and protonated di-myristoyl-phosphatidyl-serine,
DMPSH. The functions were fitted with an exponential function (area=ag+a;
exp(—time/a;)) to estimate the equilibrium area per molecule. The fitting
function were: area(DMPG—Ca®")=47.4+ 15.7exp(—time/8.5); area(DMPS—
Ca*")=47.3+3.1exp(—time/14.0); area(DMPS—Na’)=51.3+4.8*exp(—time/
5.2); area(DMPSH)=45.3+10.0exp(—time/12.3).

of small molecules or proteins with membranes or the function of
transmembrane proteins imbedded in a lipid bilayer. The com-
plexity is even further increased when considering charged phos-
pholipids, since positively charged counterions interact with the
negatively charged lipids. Indeed, it has been experimentally
observed that ions have an effect on the structural properties of
bilayers and can induce phase transitions in bilayers [74,75].
Divalent cations play an important role in biological processes
[76-80], and, when adsorbed onto a negatively charged mem-
brane, significantly enhance the membrane stability by reducing
the surface charge density and inducing a tighter packing of the
phospholipids [81-83]. Hence, when studying complex systems
such as the association of proteins or small molecules to charged
membranes, the effect of counterions has to be taken into account,
since the protein has to displace interfacially located ions before it
can reach the membrane surface.

3.1. Lipid area

The time evolutions of the area per molecule for the different
bilayers are shown in Fig. 2. In the presence of calcium ions,

there is essentially no difference in the area per molecule bet-
ween the different negatively charged bilayers. An increase in
the area per molecule (=4 A?) is observed for DMPS, when
sodium ions are present. As we show below, this effect is due to
a broader distribution of sodium ions at the membrane surface.
The areas per molecule are 47.4+0.5 A> (DMPG—Ca®"), 47.3+
0.5 A? (DMPS—Ca*"), 51.3+1.0 A?> (DMPS—Na") and 45.3+
0.5 A? (DMPSH).

3.2. Order parameter

The order of the acyl chains were deduced from the carbon—
deuterium order parameter (Scp) calculated using

Scp = (3/2(cos?0)—1/2), (1)

where 0 is the angle between the carbon—deuterium bond and
the bilayer normal [84]. In the calculations, Scp corresponds to
the carbon—hydrogen bond. (...) implies an average over time
and molecules. Fig. 3 shows the order parameters for DMPG,
DMPS and DMPSH bilayers. The order parameters for the
equilibrated negatively charged bilayers in the presence of Ca*"
are significantly higher than for zwitterionic PC-bilayers
[28,85] suggesting that counterion-lipid molecule interactions
increase the ordering in the anionic bilayers. Higher order was
also observed in previous simulations of phosphatidyl-serine
bilayers [27], where the reported order parameters were similar
to our results. As shown in Fig. 3, in the presence of calcium
ions, the order parameters for DMPS are similar to those for
DMPG. Small differences are observed between carbon
numbers 11-13, where the DMPS bilayer is slightly more
ordered than the DMPG bilayer. As discussed below, in contrast
to DMPG, DMPS has a carboxylate group that provides an
additional interaction site for Ca?", and DMPS can also interact
with the NH3 group of neighbouring lipid molecules, thereby
increasing molecular packing. In accordance with the area per
molecule (Fig. 2), the ordering of DMPS is lower in the
presence of sodium than of calcium counterions. However the
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Fig. 3. Order parameter profiles for di-myristoyl-phosphatidyl-glycerol/calcium
ions (DMPG—Ca®"), di-myristoyl-phosphatidyl-serine/calcium or sodium ions
(DMPS—Ca®" or DMPS—Na") and protonated di-myristoyl-phosphatidyl-serine
(DMPSH) bilayers. The order parameters were calculated applying Eq. (1). The
first 25 ns of the trajectories were not used in these calculations.
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Fig. 4. Density distribution of selected atoms (indicated to the right) along the
bilayer normal in DMPG—Ca*" (A), DMPS—Ca®" (B), DMPSH (C) and DMPS—
Na'" (D). Cgly corresponds to the glycerol carbon connected to the head group,
POy to the phosphatidyl group, Ca?* refers to the calcium ion, N(CH3)" refers to
the choline group, COO refers to the carbon atom in the terminal carboxylate
group in DMPS, and COOH refers to the protonated carboxylate group in
DMPSH. Hydrophobic thicknesses specified by the transmembrane P—P
distance are 41.3 A, 42.0 A, 43.6 A and 40.6 A respectively, for DMPG—Ca*",
DMPS-Ca’*, DMPSH and DMPS-Na".

order parameter observed are still higher than for PC bilayers in
the fluid-phase [28,85].

3.3. lon distribution

The electrostatic properties of the membrane interface are of
paramount importance for a number of processes including
neural transmission, membrane fusion, cell excitation and the
adsorption of charged species to the membrane. These proper-
ties are strongly affected by charged lipids and counterions.
Calcium is particularly interesting in this respect due to its
divalent nature, and its important role in a large variety of
signalling events. Ca®" has been shown to be important in vivo
for the processes listed above, and it has also been demonstrated
to interact strongly with negatively charged model membranes
[83,86—89]. The current results suggest that calcium ions move
rapidly to the interface of both DMPG and DMPS bilayers.
Thus, analysis of the time evolution of the coordination of Ca*"
(which are initially in the bulk phase of water) by respectively
water and lipid (c.f. [90]) suggested steady state in the ion

distribution was achieved in ~25 ns (data not shown). This
information corroborates the relaxation time for the surface area
derived from Fig. 2 and consequently we henceforth restrict our
analysis to simulation times larger than 25 ns. This equilibration
time is much faster than that observed for cations in zwitterionic
bilayer systems. Boeckmann et al. reported that in zwitterionic
bilayers with divalent salt the equilibration is between 100—
200 ns [90]. In our simulations, calcium ions were found to be
practically locked in the interfacial region subsequent to their
adsorption. Thus, no calcium was found in the aqueous bulk

Table 1
Frequency distribution (in %) of charge—charge interactions in DMPG, DMPS
and DMPSH

0 1 2
A
Phosphatidyl 16 62 23
Hydroxyl 77 16 7
Ester carboxyl 99 1
B

Phosphatidyl 28 52 20
Carboxylate 40 48 12
Ester carboxyl 91 9

C
Phosphatidyl 56 38 6
Carboxyl acid 95 5
Ester carboxyl 87 13

D

Lipid 5 30 53 11 2

Total 78 20 2
E

Lipid 2 9 44 33 13

Total 3 8 69 20

0 1 2 3 4

F

DMPS 37 32 21 8 2

DMPSH 17 30 34 16 3

The data are given in percent and the cut-off length is set to 3 A. (A) shows data
for the Ca> ~DMPG system. Three different moieties of the lipid (phosphatidyl,
hydroxyl and ester oxygen) are considered. The first row, for example, shows
that 16% of the phosphate ions are not within 3 A of a calcium ion, while 62%
and 23% of the phosphate coordinate 1 and 2 calcium ions, respectively. (B)
illustrates analogous data for the DMPS—Ca®" system. In this case, the moieties
of'the lipid considered are the two anions (phosphatidyl and carboxylate) and the
ester oxygen. (C) lists the frequency of contacts of the proton on the carboxyl
acid and selected groups. It appears that the proton is much less coordinating
than the calcium ion.

(D) and (E) provide an overview of calcium ion coordination at the interface of
DMPG and DMPS membranes, respectively. The tables list the number of lipids
coordinating Ca®" and the total coordination number (lipid+water). Inspection
of the total coordination reveals that the majority of the ions are hexa-
coordinated for both membranes. A coordination number of seven occurs at a
frequency of 20% for both types of membranes, while other coordination
numbers are negligible. The majority of calcium ions bind to 2—4 (moieties of)
lipid molecules, and it follows that the hydration of bound calcium typically
involves 2—4 water molecules.

Finally, (F) lists the frequency of choline groups that are directly bound to a
phosphatidyl group in respectively DMPS and DMPSH membranes. It appears
that 34 % of the phosphatidyl groups in DMPSH are directly bound to two
choline groups while it is only 21 % for DMPS.
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towards the end of the simulations, and the diffusion coefficient
extracted from the long-time limit of the time evolution of the
mean squared displacement was approximately 6x 10”7 cm?/s.
This is two order of magnitude lower than for bulk water.
Moreover, the displacement of Ca?" is equivalent to the root
mean squared displacement (rmsd) of the phosphate atom
indicating that calcium ions constitute an integral part of the
membrane interface (on a ns time scale). Sodium ions are also
observed in the interfacial regions of the DMPS—Na" system,
but as discussed below show a broader distribution than calcium
ions. This observation is in accord with two related simulation
studies, which concluded that sodium ions intercalated into the
interfacial region of phosphatidyl-serine membranes [19,27].
Comparison of these results points to some interesting
differences between the two counterions. Primarily that calcium
ions appear to be more strongly bound to the interfacial region
than sodium ions. A stronger coordination of Ca”" is also in
accord with the observation that the ion populates a rather
narrow (~ 10 A) lateral plane at the membrane interface of PS
membranes (Fig. 4), while the distribution of Na™ at the inter-
face is broader. Similarly, for palmitoyl-oleoyl phosphatidyl-
serine bilayer [27], the distribution of sodium ions is about
twice as broad as the distribution of calcium ions reported here.
The broader distribution may be also explained by the
conspicuous ability of the ester carbonyl groups to coordinate
Na“ [19,27], which allow a rather deep penetration of this

counterion. In the case of calcium ions, contacts with the ester
groups of DMPS are very rare (Table 1), and the interactions
with phosphate and (to a lesser extent) carboxylate group in the
head group region are predominant.

Calcium ions play an important role as a second messengers
during signal transduction events. We therefore focussed in our
further analysis on the structural properties of the phospholipid—
Ca”" complex. Structural information can be deduced from
radial distribution functions shown in Fig. 5. The peak at 2.2 A
corresponds to the direct contact of counterions and the oxygen
atom of phosphate- or (for PS) the carboxylate group. The peak
around 4.5 A corresponds to the anionic group of a neighbouring
lipid molecule or (for PS) the second negative charge of the same
lipid head group. Typical examples of these interactions are
illustrated in Fig. 6 for DMPG—Ca*" and DMPS—Ca**. An
overview of the Ca®" coordination by lipid and/or water
molecules is provided in Table 1. It appears that the coordina-
tion of Ca®" by lipids is almost entirely due to interactions with
the anionic groups, while interactions with the oxygen atoms of
the ester groups are negligible. This observation is in accord with
solvent relaxation measurement [91] as well as atomic
absorption and FT-IR spectroscopy measurements [92]. These
studies indicated that divalent ions strongly interacted with the
phosphate group in phosphatidyl-glycerol membranes [91,92].
Hydration of bound Ca®" ions is significant and typically
involves 3—4 water molecules (Table 1). The degree of hydration
of membrane bound Ca®" counterions is larger than found for
sodium ions, which coordinated 2—3 water molecules when they
intercalated into the region around the ester group of a
phosphatidyl-serine membrane [27].

3.4. Fluorescence measurements

We have used the fluorescence probe, Laurdan, to assess the
effect of Ca®" or Na* on the properties of DMPG membranes.
The fluorescence probe changes its dipolar relaxation properties
as water molecules penetrate the interfacial region of the bilayer

Fig. 6. Representative snapshots of Ca®" ion coordination in DMPG bilayer (A)
and DMPS bilayer (B). Coordination corresponds to a direct binding of Ca®" to a
lipid head group oxygen or water. In these examples, the Ca>* jons bridge two
lipid molecules. Statistical analysis (Table 1) showed that calcium most often
coordinates three lipid moieties (Table 1D and E), emphasizing that bridging of
two or more lipids is indeed prevalent.
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Fig. 7. Normalised emission spectra of Laurdan in DMPG multilamellar vesicles
in the absence (solid line) and presence of 0.1 mM Ca®" (dashed line) measured
at (A) 37 °C and (B) 57 °C. The excitation wavelength was 340 nm.

[66,68]. Water intercalation depends on the state of the mem-
brane, and hence the probe indirectly responses to, e.g., the
packing of the membrane. The higher the GP value, the lower
the penetration [66,68,71,72]. Fig. 7 shows the normalised
emission spectra of Laurdan obtained for vesicles in no Ca®"
solution (solid line) and in 0.1 mM Ca®" solution (dashed line)
measured at two temperatures above the phase transition tempe-
rature. It should be noted that both samples contained 0.2 mM
Na®, which arises from Na" present in the DMPG stock (see
Materials and methods). The increase in the emission maximum
at approximately 440 nm due to the addition of Ca®" is an
indication that the polarity of the environment surrounding the
probe has changed; i.e., the number and motional freedom of
water molecules around the fluorescent group is reduced cor-
responding to an increase in lipid packing. In Fig. 8, the gene-
ralised emission polarisation (GP) values for Laurdan in DMPG
vesicles at temperatures below (15 °C) and above (37 °C and 57
°C) the gel/liquid—crystalline phase transition are presented. At
both temperatures corresponding to the fluid phase regime the
presence of 0.1 mM Ca*" (black) induces an increase in the GP
value compared to no Ca®" (white). The presence of an
equivalent amount of Na* (grey) in addition to the 0.2 mM Na*
content present in the control sample has no significant effect on
the GP value. In accordance with the conclusions from our
simulations, the fluorescence measurements clearly indicate that
the effect of calcium on PG membrane systems is more
pronounced than that of sodium.

3.5. Protonated DMPS bilayer

The lateral area per molecule of the simulated DMPG and
DMPS membranes is significantly lower than the area per
molecule of analogous zwitterionic membranes [28,85]. Since
simple arguments based on charge repulsion among the lipid
molecules might predict the opposite effect, the reduction in
area again stresses the importance of lipid—counterion interac-
tions. It suggests that the counterion—lipid complex is laterally
more tightly packed than the zwitterionic lipids. This conclu-
sion is further supported by the observation that both the acyl
chain order parameter (Fig. 3) and the hydrophobic thickness
(Fig. 4) are higher for the anionic lipids than for zwitterionic
lipids [28]. An analogous “condensing” effect of counterions
has previously been discussed for POPS—Na" and DPPS—Na"
systems [19,27]. The area per molecule for DMPS—Ca”" is
about 4 A? smaller than for DMPS—Na". This indicates that
PS—Ca”" (as well as PG—Ca”") interactions are characterised by
a more significant increase in lateral packing of the respective
lipid molecules in comparison to PG—Na" (see Fig. 8) or PS—
Na' [19,27]. To investigate the significance of the negatively
charged carboxylate group in PS on the binding of counterions,
we performed a simulation where the carboxylate group was
protonated. This bilayer (DMPSH) is zwitterionic in nature with
a negatively charged phosphate group and a positive ammoni-
um ion. Surprisingly, the area per molecule (Fig. 2B) and order
parameter (Fig. 3) for DMPSH are, within the statistical error,
the same as for the negatively charged PS bilayer with Ca*"
counterions. As indicated in Table 1, Ca**—PO, / Ca*'~COO~
electrostatic interactions (in PS systems) can be replaced by
NH;3—-POj interactions (present in DMPSH). The carboxylate
groups in DMPSH are well exposed to the water phase and
do not participate in lipid—lipid interactions (Table 1C). In
DMPSH, interactions between the ammonium and phosphate
moieties result in a network of strongly interacting lipid
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Fig. 8. Generalised polarisation (GP) values for Laurdan in DMPG multilamellar
vesicles at temperatures below (15 °C) and above (37 °C and 57 °C) the gel/
liquid—crystalline phase transition of DMPG. The GP values for a 0.2 mM Na"
solution (white bar), a 0.1 mM Ca®"+0.2 mM Na" solution (black bar), and a
0.3 mM Na' solution (grey bar) are compared for the two temperature points
above the phase transition temperature. The results show that the addition of
Ca”" increases the GP value of DMPG. An equivalent addition of Na* has no
significant effect on the GP. The 0.2 mM Na" in the control arises from the stock
lipid solution (see Materials and methods). The excitation wavelength was set at
340 nm, while the emission wavelengths were 440 nm and 490 nm.
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molecules (Table 1). These interactions provide similar steric
packing properties that lead to a comparable area per molecule.
These different modes of interactions in respectively DMPSH
and PS—Ca”" hamper a direct discussion of Ca”" effects based
on comparisons of these two systems.

4. Conclusion

We have used molecular dynamics simulations to study the
structure and dynamics of anionic bilayers, as well as to elucidate
the effect of Ca>" ions on the bilayer properties. The anionic
bilayers consist of respectively di-myristoyl-phosphatidyl-glyc-
erol (DMPGQG) and di-myristoyl-phosphatidyl-serine (DMPS). For
comparison, we also included a di-myristoyl-phosphatidyl-serine
bilayer, where the lipid molecules were protonated on the carbo-
xylate group (DMPSH). For the negatively charged lipids, the
areas per molecule are significantly lower than for analogous PC
bilayers. The average areas were found to be 47.4+0.5 A%/
molecule (DMPG with calcium), 47.3+0.5 A%/molecule (DMPS
with calcium), 51.3+1.0 A*/molecule (DMPS with sodium) and
45.3+0.5 A*/molecule (DMPSH). The reduction in the areas is
caused by the presence of counterions. Our results indicate that
calcium ions are more strongly bound to the interfacial region
than sodium ions and thereby inducing a “condensing effect* on
the bilayer which is reflected in an increase in the acyl chain order
parameter and hydrophobic thickness. This is in accordance with
our fluorescence measurements which show that Ca*" has a
strong effect on PG membrane systems and that this effect is more
pronounced for Ca”" than for Na*. Interestingly, our simulations
show that the zwitterionic DMPSH bilayer is approximately as
tightly packed as the negatively charged lipids with calcium as a
counter ion. This is caused by strong interactions between the
ammonium-phosphate moieties in DMPSH. The diffusion
coefficient for Ca”" is of the same order as for the phospholipids
indicating that the calcium ions constitute an integral part of the
membrane interface in the time window of our simulations. The
pronounced effect of lipid—cation interactions found by this
computational approach suggests that experimental studies of
similar systems is of interest. Although precipitation of lipid—
metal ion complexes may hamper such investigations [83], order
parameters measured by NMR, area and thickness information
measured by X-ray and neutron scatting techniques and packing
properties derived from densitometry appear to be promising
avenues towards an understanding of cation effects on charged
membranes.
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