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ABSTRACT Calcium ions bind to lipid membranes containing anionic lipids; however, characterizing the specific ion-lipid in-
teractions in multicomponent membranes has remained challenging because it requires nonperturbative lipid-specific probes.
Here, using a combination of isotope-edited infrared spectroscopy and molecular dynamics simulations, we characterize the ef-
fects of a physiologically relevant (2 mM) Ca2þ concentration on zwitterionic phosphatidylcholine and anionic phosphatidylserine
lipids in mixed lipid membranes. We show that Ca2þ alters hydrogen bonding between water and lipid headgroups by forming a
coordination complex involving the lipid headgroups and water. These interactions distort interfacial water orientations and pre-
vent hydrogen bonding with lipid ester carbonyls. We demonstrate, experimentally, that these effects are more pronounced for
the anionic phosphatidylserine lipids than for zwitterionic phosphatidylcholine lipids in the same membrane.
SIGNIFICANCE Phosphatidylserines (PS) play an active role in signaling processes. In some of these roles, proteins
recognize and bind PS through bridging calcium ions, but the specific role of the lipid headgroups in mediating these
interactions is not understood. Studies using a variety of biophysical techniques have also indicated that interactions
between PS and calcium can reshape the structural and mechanical properties of lipid membranes. However, these
interactions are not as well characterized in more complex membranes containing multiple lipid components. Here, we
have used isotope-edited infrared spectroscopy to nonperturbatively characterize the effect of physiological
concentrations of calcium on membranes containing a mixture of PS and the more abundant phosphatidylcholines.
INTRODUCTION

Lipid membranes play a central role in a range of physiolog-
ical processes, including signaling, metabolism, apoptosis,
and endocytosis (1–3). Such diversity of functions is accom-
panied by structural diversity, and biological membranes
are composed of thousands of distinct lipid species,
including an array of anionic phospholipids (4,5). Anionic
lipids are not just structural components but have been
found to actively participate in cell signaling processes
(2,6). The ubiquity and importance of anionic lipids have
raised interest in characterizing lipid-cation interactions
because their binding to certain cations modulates mem-
brane properties (7–12) and alters lipid-protein (6,13,14)
and lipid-water interactions (15–18).

Calcium ions preferentially associate with membranes
containing phosphatidylserine (PS) lipids, which have
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a net negative charge from their phosphate, amine, and
carboxylate groups (Fig. 1; (19)). Extracellular exposure
of PS signals processes such as apoptosis and blood coagu-
lation (20). In PS-containing membranes, Ca2þ binding can
alter the spatial organization (10,21–24) and local curvature
(25,26), as well as modulate interactions between lipids
and proteins (6,13,14,27). Although PS binds a variety of
cations (19,28–32), we focus on calcium because of its
signaling roles and ability to mediate interactions between
membranes and proteins (6,13,27). These include proteins
such as annexin V that bind to PS directly through a
bridging calcium ion (6,27,33). Ca2þ has been shown to
alter lipid-water interactions in PS-containing membranes
(8,18,34) via fluorescence and infrared spectroscopy,
create domains enriched in anionic lipids (24), and high
Ca2þ concentrations even induce cigar-shaped ‘‘cochleate’’
structures composed of dehydrated lipids (12,35). The
effects of Ca2þ are highly concentration dependent (8),
but the impact of physiological Ca2þ concentrations (%
2 mM) (11,36) on PS lipids, particularly when the PS
lipids are not the primary membrane component, remains
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FIGURE 1 Structures of DPPS (upper) and DPPC (lower).

Ca2þ Interactions with Lipids
underexplored. Biological membranes are composed of a
variety of lipid species, and because zwitterionic phosphati-
dylcholine (PC) headgroups are the most abundant in eu-
karyotes (1,37), it becomes essential to understand the
effect of ions on individual membrane components.

In this study, we probe the effects of Ca2þ on hydrogen
bonding and hydration around both the zwitterionic and
anionic components of a bilayer using infrared spectroscopy
of the ester carbonyl stretching modes in combination with
atomistic molecular dynamics (MD) simulations. We have
incorporated [13C] isotope-labels into the carbonyls to
isolate the vibrational modes of individual species in the
mixtures. Experimental results are in good agreement with
MD simulations, enabling us to extract an atomistic picture
of the binding configurations.
MATERIALS AND METHODS

Synthesis and sample preparation

Isotope-labeled dipalmitoyl phosphatidylcholine (DPPC (13C)) was synthe-

sized via Steglich esterification following a procedure developed by Ichi-

hara et al. (38). Briefly, 0.1 mmol sn-glycero-3-phosphocholine was

dissolved in methanol and adsorbed onto Celite (Sigma-Aldrich, St. Louis,

MO). The solvent was evaporated from the Celite in a vacuum desiccator

for 12 h and then combined with two equivalents 1-[13C] palmitic acid

and 2.5 equivalents 4-dimethylaminopyridine in a 10-mL round-bottom

flask. The solids were suspended in dry chloroform, and five equivalents

of dicyclohexylcarbodiimide were added. The suspension was stirred under

nitrogen in the dark for 48 h. To remove 4-dimethylaminopyridine and any

other cationic impurities, ion exchange resin (DOWEX 50W X8; Sigma-

Aldrich) was added and stirred with the reaction mixture for 30 min. The

suspension was then filtered to remove dicyclohexylurea, Celite, and the

ion exchange resin. Finally, DPPC (13C) was purified via a silica flash col-

umn with 65:25:4 CHCl3/MeOH/H2O v/v as the eluent.

Dipalmitoyl phosphatidylserine (DPPS) with Naþ as a counterion and

unlabeled DPPC were purchased from Avanti Polar Lipids (Alabaster,

AL) and used without further purification. The samples were prepared by

combining lipids dissolved in chloroform and methanol in appropriate

mole ratios. The solvent was removed under a dry stream of nitrogen, fol-

lowed by mild vacuum for 12 h. Deuterated water (D2O) was then added to

suspend the lipids to a concentration of 70 mM. For the Ca2þ-containing
samples, the contained 2 mM CaCl2 (35 lipids per Ca2þ ion), and for the

Ca2þ-free samples, the deuterated water contained 1 mMEDTA to complex

any traces of divalent cations. To avoid overlap between absorption

bands of lipids and water, D2O was used for all infrared spectra. To improve

sample homogeneity and reduce scatter, six freeze-thaw cycles were per-
formed followed by ultrasonication for 20 min immediately before infrared

(IR) measurements.
Infrared spectroscopy

Fourier-transform infrared spectroscopy spectra were recorded on a Bruker

Vertex 70 spectrometer. Aqueous suspensions of phospholipid membranes

were held between two calcium fluoride windows separated by a 50-mm-

thick Teflon spacer. The spectrometer was purged with ultradry air to mini-

mize water vapor absorption. Samples were held at 58 5 1�C using a tem-

perature-controlled water recirculator to ensure that the bilayers were in the

fluid phase. Phase transition temperatures were measured by measuring

spectra between 38 and 56�C in 1�C increments, with 3 min of equilibration

at each temperature.
Molecular dynamics simulations

Starting conformations of the 1:1 mixture of DPPS and DPPC were gener-

ated using the Membrane Builder module (39,40) of CHARMM-GUI

(41,42). Each leaflet was composed of 50 DPPC and 50 DPPS lipids. A total

of 34.3 water molecules per lipid were placed in the box. Each system was

prepared to contain 150 mM NaCl, with an additional 100 Naþ counterions

to balance the anionic DPPS lipid charges. Similarly, a system with Ca2þ

ions was prepared by the same procedure followed by the removal of 20

random Naþ ions, 10 of which were replaced by Ca2þ.
GROMACS (43) (version 2016.3) was used to perform the MD simula-

tions with the CHARMM36 parameters (44,45) with NBFix (46–48) for the

lipids and ions and the CHARMM-modified TIP3P parameters (49) for wa-

ter. The two bilayer systems were energy minimized using the steepest

descent method. After energy minimization, equilibration was performed

for 375 ps following the CHARMM Membrane Builder protocol (40,42)

in which restraints were gradually relaxed. After equilibration, production

simulations were carried out with a timestep of 2 fs using the Nos�e-Hoover

thermostat (50,51) at 330 K and a semi-isotropic Parrinello-Rahman baro-

stat (52) at 1 bar. Equilibrium was confirmed by the convergence of the area

per lipid over time during the 500-ns production run (See Fig. S4). The Par-

allel Linear Constraint Solver algorithm (53) was used to constrain bond

lengths involving hydrogen atoms. The Verlet method (54,55), with a min-

imal cutoff of 1.2 nm, was used to update the neighbor list for all nonbonded

interactions. Electrostatics were calculated using the smooth particle mesh

Ewald method (56,57) using cubic interpolation with a grid spacing of

0.12 nm, and real-space cutoff of 1.2 nm. Van der Waals forces were

smoothly switched to zero from 1.0 to 1.2 nm (58). The final 300 ns of

each NPT 500-ns trajectory were analyzed using the built-in suite of tools

in GROMACS.
RESULTS AND DISCUSSION

Ester carbonyl spectroscopy

Changes in the packing and hydration of phospholipids are
observable through shifts in infrared absorption spectra.
Here, we focus primarily on the ester absorption band. Lipid
ester carbonyls are located precisely at the �1-nm interface
between the hydrophilic and hydrophobic regions of the
bilayer and are sensitive to lipid packing and interfacial
interactions. Additionally, the lipid ester band is composed
of multiple peaks, which can be analyzed with second
derivative plots and curve fitting, and isotope-edited spec-
troscopy makes it possible to observe the individual lipids
in a mixture. The lipid ester absorption band occurs near
1730 cm�1, as shown in Fig. 2 A. This band is generally
Biophysical Journal 118, 2694–2702, June 2, 2020 2695



FIGURE 2 Infrared spectra of the ester-stretching band of the lipids studied. In each upper panel is the absorption spectrum, and in each of the lower panel

is the second derivative of the absence with respect to the frequency to show peak splitting. (A) Ester-stretching band of DPPC with the corresponding H-

bonding component peaks by second derivative analysis and curve fitting is shown. The shaded Gaussians represent the best-fit to these two peaks that make

up the band. (B) shows DPPS ester absorption band with and without Ca2þ. In the presence of Ca2þ, the band splits into four peaks as observed in the second
derivative. (C) shows DPPC ester absorption band with and without Ca2þ. (D) shows DPPC (13C) and DPPS ester absorption bands from a mixture of the two

lipids in which DPPC has been isotope labeled to exhibit an absorption band that does not overlap with the absorption band from DPPS. The�40-cm�1 shift

is a result of the change in C ¼ O mass and does not perturb its environment. To see this figure in color, go online.
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composed of two separate peaks, which are split by the pres-
ence of hydrogen bonds (H-bonds) (29,59). It is well estab-
lished that in the absence of an H-bond, the carbonyl peak is
centered near 1745 cm�1, shifting to 1730 cm�1 upon H-
bond formation. Although the two peaks overlap, they can
be clearly resolved through their second derivative spectra,
as shown in Fig. 2, A–D. Both peaks are well fit to Gaussian
functions, and the relative areas of the two peaks, as visual-
ized in Fig. 2 A, are directly proportional to the ratio of
hydrogen bonded esters to free esters. PC lipids lack
hydrogen bond donors, and water is necessary to mediate
H-bonding in these membranes. On the other hand, in PS,
the ammonium group can donate H-bonds. However, direct
H-bonding between the �NH3

þ and ester C ¼ O groups is
unlikely given the distance between these two groups.
Indeed, no such interactions are observed in our simulations.
Therefore, in this study, changes in the ester C ¼ O line-
shapes result from changes in the density or orientation of
water molecules at the interface.

The splitting of the ester absorption band of anionic lipid
membranes has been observed to increase in the presence
of metal cations (16,29). Instead of two broad peaks, several
narrow peaks are observed. These peaks may be the result of
multiple narrow distributions of lipid conformations, which
is supported by observations of dynamics near the head-
group (9,60) as well as simulations (10). Both trapped water
(61) and dehydration (29) have been proposed as sources
for these peaks.
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Addition of 2 mM Ca2þ did not affect the lineshape of
zwitterionic DPPC alone (Fig. 2 C) as observed by the
band lineshape retaining its overall two-peak structure;
however, 2 mM Ca2þ significantly altered the splitting
for DPPS-only membranes (Fig. 2 B). Instead of two
peaks, Ca2þ splits the band into four narrow, distinct
peaks, as observed in the second-derivate lineshapes.
Previous measurements showed that the presence of
Ca2þ induces splitting in PS/PC mixtures but were not
able to resolve whether this change was specific to
DPPS or if it occurred for both lipids (60), as the negative
phosphate and polar ester groups present on DPPC could
potentially bind to Ca2þ ions. Here, we investigated
the specificity of the cation-lipid interactions in a 1:1
DPPC/DPPS binary mixture using DPPC that has been
isotope labeled with [13C] at the ester positions (DPPC
(13C)). The 40-cm�1 red shift that results from isotope
incorporation separates the DPPC (13C) and DPPS
absorption bands, allowing for mapping their environ-
ments individually without perturbing the membrane.
Spectra (Fig. 2 D) of the mixture only showed changes
in splitting for the DPPS lipids as the lineshapes for
DPPC (13C) are similar with and without the Ca2þ. There-
fore, the data show that the effects of Ca2þ were localized
to PS and that the environment remained unchanged
for PC.

The interpretation of our experimental results is compli-
cated by the fact that the local concentration at the lipid-
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water interface is significantly higher than the bulk
concentration, as the negative charge of DPPS creates a
surface potential leading to a greatly increased concentra-
tion of cations at the interface when compared with the
bulk (62). Previous studies (17,18), have demonstrated
that calcium ions dehydrate DPPC membranes at high con-
centrations. A simple Gouy-Chapman model predicts an
��100 mV potential near the interface and indicates that
the local Ca2þ at the interface is 1.3 M, and similar poten-
tials are predicted by numerically solving the Poisson-
Boltzmann equation using lipid configurations sampled
from MD (see Fig. S2), as well as the potential predicted
directly from the MD trajectory. These three models have
increasing level of detail, with Gouy-Chapman only ac-
counting for the charge density, Poisson-Boltzmann ac-
counting for the roughness of the interface, and, finally,
MD including all contributions from ions and water mole-
cules. However, potential alone is not sufficient to accu-
rately predict interfacial concentrations because ions are
not point charges. In MD simulations, the predicted interfa-
cial Ca2þ concentration is only �0.12 M (Fig. S5), approx-
imately an order of magnitude smaller compared to
continuum models. Regardless of the model employed,
these simulations predict a higher Ca2þ concentration near
the membrane compared to bulk, and therefore, it is impor-
tant to assess the effect of these ion concentrations on
DPPC, as a control, to ensure that the changes observed in
DPPS are not due to the increased interfacial concentration
alone.

We tested these high calcium concentration effects on
DPPC by increasing the bulk concentration by several
orders of magnitude. Within highest Ca2þ concentrations
(Fig. 3), we observed a transition to a narrowed ester absorp-
FIGURE 3 Infrared spectra of the ester-stretching band of DPPC in the

presence of several concentrations of CaCl2 (A) absorption spectra and

(B) second derivative spectra. The value of 1.3 M was chosen because

this represents the calculated interfacial Ca2þ concentration in the PC/PS

mixed membranes (Fig. S6). To see this figure in color, go online.
tion band. Second derivative spectra reveal that this narrow
band is primarily composed of a single peak instead of the
two peaks observed without high Ca2þ. Intermediate cal-
cium concentrations (�200 mM), shift the ester absorption
band to lower frequencies without changing the underlying
peak structure, as evidenced by the second derivative line-
shape. No change to the DPPC peak was observed in
the spectra of the lipid mixture shown in Fig. 2 D. These
results suggest that DPPC is not subject a high local Ca2þ

concentration, indicating that lateral segregation creates
membrane regions with high potential (enriched in PS),
and regions with low potential (enriched in PC).

Molecular dynamics simulations provide an atomistic
interpretation of the effect of ions on interfacial hydration.
Analysis of MD trajectories showed a binding preference
for DPPS in the mixed bilayers. Specifically, radial distribu-
tion functions (RDFs) revealed that Ca2þ was more likely
to bind phosphate or ester oxygens on DPPS lipids
compared to DPPC (see Fig. 4). As a control, MD simula-
tions of DPPC-only membranes were carried out using the
same protocol described above. In the 1:1 DPPC/DPPS
simulation, Ca2þ density in the bulk water region was essen-
tially zero because of lipid/Ca2þ binding. This was not
observed in the pure DPPC simulation (see Fig. S5).

The DPPS phosphate RDF (Fig. 4 B) showed significantly
higher intensity than the DPPC RDF for all peaks indicating
that the local density of Ca2þ ions was higher near PS
lipid phosphates, showing preferential binding. Further-
more, an additional peak around 0.65 nm was present in
the RDF for PS. Indeed, Table S1 includes an analysis of
local contacts around Ca2þ ions, showing strong binding
to the carboxylates within PS. These results suggest that
Ca2þ interactions with carboxylates indirectly affect the
FIGURE 4 RDFS of Ca2þ to (A) lipid ester oxygens and (B) lipid phos-

phate oxygens from a simulation of 1:1 DPPC/DPPS in the presence of

Ca2þ. To see this figure in color, go online.
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ester carbonyls, which are located �0.6 nm further into the
hydrophobic region of the bilayer. Because experimental
lineshapes report on the local electrostatics, in the next sec-
tion, we examine how binding affects the H-bonding envi-
ronment at the ester carbonyl positions.
Simulated effects of Ca2D on hydrogen bonding

Changes in ester carbonyl IR lineshapes were assigned to
altered H-bonding environments at the lipid-water inter-
face near the ester carbonyls. In contrast, global properties
such as the gel-to-liquid phase transition temperatures re-
mained unchanged with the addition of Ca2þ (see Figs.
S9–S11), suggesting that hydrocarbon tail ordering and
packing remain unaffected. Therefore, we focus on H-
bonding to the ester carbonyls. To illustrate the effects of
Ca2þ on H-bond populations, Fig. 5 shows two example
trajectories for sn1 and sn2 DPPS carbonyls. The figure
shows that once an ion binds to a lipid (within 0.3 nm),
the number of hydrogen bonds is reduced to essentially
zero, as evidenced by the regions of the trajectory where
the Ca2þ-to-C ¼ O distance remains constant. Tables S1
and S2 show that this was observed for all lipid esters
that were within one hydration shell of a calcium ion dur-
ing the simulation. Because an H-bond is a directional
interaction, the loss of H-bonds could be the result of either
1) fewer water molecules (i.e., lower density) near the car-
bonyls or 2) water molecules lacking the proper orientation
FIGURE 5 Hydrogen bond and Ca2þ proximity over time of (A) the sn2

carbonyl from a DPPS molecule in the simulation and (B) the sn1 carbonyl

from another DPPS in the simulation. The color of the line reports the num-

ber of hydrogen bonds to the lipids, and the vertical axis reports on the dis-

tance to the nearest Ca2þ ion. The arrows shows the reduction in H-bond

populations when Ca2þ is within 0.3 nm of the lipid. To see this figure in

color, go online.
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to form H-bonds. Next, we examine these two contribu-
tions independently.

Local water density

To characterize the local density of water molecules around
the carbonyls, we examined the RDFs from lipid ester oxy-
gens to water oxygens both for lipid esters that were within
one hydration shell (0.3 nm) of Ca2þ and those that were not
(Fig. 6, B and C). Surprisingly, the analysis shows that
the presence of a nearby Ca2þ ion increases the density of
water molecules within the hydrogen bond cutoff radius
(0.35 nm), despite the sharp decrease in hydrogen bonds
to the lipid esters as shown in Fig. 5. Additionally, we found
that the carbonyl-to-water RDFs calculated near Ca2þ (red
plots) were characterized by two narrow peaks: the first
centered below 0.3 nm and the second around 0.45 nm,
whereas carbonyls without nearby Ca2þ (black plots) lack
the second peak. Qualitatively, the presence of a second
peak indicates that Ca2þ induced ordering of water mole-
cules at the interface. The increased density of water, as
well as the increased order of water near Ca2þ, can both
be understood as consequences of calcium’s hydration
shell, which we were able to observe visually from snap-
shots of the MD trajectory such as in Fig. 6 A. In other
words, the ion retains some of its hydration shell when
binding PS. This results in an enrichment of ordered water
molecules at the interface.

Orientations of local waters

Given that the local water density increases in the pres-
ence of Ca2þ, the loss of H-bonds must then result from
changes in the relative orientations. Namely, the local wa-
ter molecules must lack favorable orientations to H-bond
with the carbonyls. Here, we examine the distributions of
donor-hydrogen-acceptor (DHA) angles in which the
donor is the oxygen atom in water, and the acceptor is
the carbonyl oxygen as shown in Fig. 7 A. Previous
studies established a DHA angle and distance cutoffs of
<30� and <0.35 nm, respectively, as the geometric
criteria for H-bonds, which are now widely used in the
literature (43,63). Fig. 7 A shows a large peak in the his-
togram centered around 11.5�, and water molecules within
this ensemble, which contains �30% of the total waters,
are counted toward the H-bond populations. With a
Ca2þ within one hydration shell (0.3 nm), however, the
distribution is shifted to wider angles, and as a conse-
quence, the probability of waters with an orientation be-
tween 0 and 30� is less than 1%. Therefore, this
analysis reveals that less than 1% of water molecules
near both an ester group and a Ca2þ form H-bonds with
the ester. This is consistent with the existence of an or-
dered complex around the Ca2þ composed of both lipids
and water molecules, as shown in Fig. 6 A.

The lack of proper DHA orientations in the presence of
Ca2þ examined above could result from a combination of



FIGURE 6 (A) Example MD snapshot showing the orientations of water

near the lipid and Ca2þ. (B) shows RDFs from DPPS lipid ester oxygen

atoms to water for esters within 0.3 nm of Ca2þ, compared to the bulk of

the membrane. (C) shows RDFs from DPPS and DPPC lipid ester oxygen

atoms to water for esters within 0.3 nm of Ca2þ and in the bulk of the mem-

brane. To see this figure in color, go online.

FIGURE 7 (A) Orientations of water molecules near lipid esters relative

to the ester locations with and without nearby Ca2þ. The cutoff angle for

hydrogen bonds is shown as a vertical green line. Orientations of (B)

DPPC and (C) DPPS ester carbonyls relative to the membrane normal in

the bulk membrane (black), within the intermediate distance of 0.7 nm of

Ca2þ (brown), and within the binding cutoff of 0.3 nm (red) are shown.

To see this figure in color, go online.
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1) water reorganization near the carbonyls and 2) changes
in carbonyl orientations. To uncover the primary contribu-
tion, we analyzed the orientation of the lipid esters with
respect to the bilayer normal. Similar to the previous ana-
lyses, we separated lipid esters near Ca2þ from the remain-
ing esters. Further, to obtain more insights into the origin of
the observed lineshapes, we analyzed the DPPC and DPPS
lipids separately. The results of these analyses are shown in
Fig. 7, B and C. We found that Ca2þ results in narrower
orientational distributions shifted toward smaller angles
(�50�) between the lipid esters and the bilayer normal.
Therefore, the analysis shows that interactions with Ca2þ

induce a reorientation of both the carbonyls and water
molecules around the calcium ions. Together, the MD re-
sults are consistent with our measured spectra, which indi-
cate a disruption of lipid-water hydrogen bonds and a set of
narrowly distributed environments around the DPPS ester
carbonyls in the presence of Ca2þ. Specifically, the highly
distorted carbonyl and water angles may explain the pres-
ence of blue-shifted peaks in the spectrum where the car-
bonyls may experience strong electric fields as a result of
interactions with the nearby water oxygen atoms. Further-
more, the narrow peaks in the experimental spectrum
(Fig. 2, B and D) may be a result of narrowly distributed
carbonyl orientations (Fig. 7 C) induced by the presence
of a nearby ion. Finally, although simulations show the
ions affect both PC and PS, with a binding preference for
PS, experimental results indicate that, under the experi-
mental conditions probed, the effects are localized to PS.
This does not necessarily indicate that Ca2þ binding to
PC does not occur; however, the spectra of DPPC in the
presence of high Ca2þ concentrations shown in Fig. 3 indi-
cate that the effects of Ca2þ on the local hydration at
the membrane interface are different depending on the
presence or absence of DPPS. Previous studies have shown
that the miscibility of DPPC and DPPS is reduced in the
presence of Ca2þ (21,24,64), and phase separation may
explain why the PC spectrum remains unaffected. It is
also possible that Ca2þ binds the lipid mixture relatively
nonspecifically under the experimental conditions probed
but then once bound, it has a larger effect on the interfacial
hydration of DPPS than on DPPC. These effects are not
mutually exclusive, and more work is required to elucidate
local interactions between complicated lipid systems and
aqueous ions.
Biophysical Journal 118, 2694–2702, June 2, 2020 2699
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CONCLUSIONS

Using isotope-edited infrared spectroscopy, we character-
ized the effects of Ca2þ at millimolar concentrations on
the zwitterionic and anionic components of a mixed lipid
membrane. In a 50:50 mixture of DPPC/DPPS, the calcium
ions strongly impacted the hydrogen bonding environment
near the lipid-water interface, as observed via Fourier-trans-
form infrared spectroscopy. In contrast, no measurable
changes were observed for the zwitterionic lipids in the
mixture. We investigated these changes in atomistic detail
using MD simulations and found that Ca2þ decreased
H-bonding between water and lipids by reorienting lipid
and water molecules. The changes in orientation are consis-
tent with the narrow, well-defined peaks observed in the ab-
sorption spectra, which may result from specific
configurations. Simulations indicate that Ca2þ affects the
environment around C ¼ O for both PC and PS, however,
because the experiment indicated changes primarily to the
DPPS environment. It should be noted that difficulties in
simulating lipid-ion interactions have been reported
(48,65), and the MD results may be distorted by the diffi-
culties in accurately modeling lipid-ion interactions despite
recent improvements such as the NBFix parameters, which
were used here (46,47).

The spectroscopic results presented here should provide
a benchmark for future simulations, particularly because
IR absorption spectra can be directly simulated from MD,
using electrostatic frequency maps (66–68), provided that
the MD ensemble is realistic. Furthermore, phase separa-
tion, if present, remains challenging to simulate because
of the long timescales associated with these processes. As
such, we expect isotope-edited IR spectroscopy, as well as
ultrafast 2D IR spectroscopy (59,69), to serve as a useful
benchmark for future MD models.

The findings presented here may be applicable to changes
experienced by biological membranes after extracellular
exposure of PS, which is a marker for apoptosis and blood
coagulation (70,71), as well as a feature of several types
of abnormal cells, including sickle cells and some tumor
cells (20,72). The interactions characterized in this study
will help better understand the biophysical role of anionic
lipids in such complex cellular processes.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
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