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ABSTRACT Phospholipids can interact strongly with ions at physiological concentrations, and these interactions can alter
membrane properties. Here, we describe the effects of calcium ions on the dynamics in phospholipid membranes. We used
a combination of time-resolved ultrafast two-dimensional infrared spectroscopy and molecular dynamics simulations. We found
that millimolar Ca®* concentrations lead to slower fluctuations in the local environment at the lipid-water interface of membranes
with phosphatidylserine. The effect was only observed in bilayers containing anionic phosphatidylserine; membranes composed
of only zwitterionic phosphatidylcholine did not experience a slowdown. Local water dynamics were measured using the ester
groups as label-free probes and were found to be up to 50% slower with 2.5 mM Ca®". Molecular dynamics simulations show
that Ca®" primarily binds to the carboxylate group of phosphatidylserines. These findings have implications for apoptotic and
diseased cells in which phosphatidylserine is exposed to extracellular calcium and for the biophysical effects of divalent cations

on lipid bilayers.

INTRODUCTION

Composed of tens of thousands of lipid species and host to
thousands of different proteins, membranes are much more
than barriers. Indeed, membranes mediate a wide array of
biological processes, from sensing and signaling to transport
and adhesion (1-5). Lipid species are distributed asymmetri-
cally across the leaflets, but the role of heterogeneity is
not well understood because investigating membrane struc-
ture remains a challenging task. For example, zwitterionic
phosphatidylcholines (PC) and negatively charged phospha-
tidylserines (PS) make up a large portion of the plasma mem-
brane, but PS lipids are encountered almost exclusively on the
cytoplasmic leaflets of membranes (6). Cations such as cal-
cium (Ca®") interact with PS headgroups, altering membrane
properties (7,8). In healthy cells, PS is only exposed to low
(~100 nM) Ca®" concentrations (9). However, extracellular
environments, such as blood, contain free calcium concentra-
tions as high as 2 mM (9), and PS is exposed to these environ-
ments during apoptosis and blood coagulation (4,10).
Exposure of PS lipids to millimolar concentrations of
Ca”" causes model membranes to rigidify and phase sepa-
rate (6-9). Ca*" can also alter bilayer curvature and even
rupture PS-containing membranes (11-14). Many of these
studies found that the effects observed were absent for PC
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lipids and became more pronounced as the abundance
of PS increased (13-21), implying that the negatively
charged PS lipids condense Ca®" onto the bilayer interface.
Recent studies using molecular dynamics simulations have
shown that Ca?" cations become localized near PS lipid
headgroups, leading to changes in area per lipid, partial
phase separation, and membrane bending propensity
(18,19,22,23). The physiological implications of PS-Ca*"
complexation are not fully understood, but binding may
play a role in cytoplasmic Ca®" concentration regulation
(19), membrane fusion (5), PS-rich domain formation
(18), and recruitment of signaling proteins that jointly
bind PS lipids and calcium ions (6,18,19). In this work,
we directly address the effect of Ca®" on the dynamics of
PS-containing mixed membranes at extracellular concentra-
tions to better understand the origins of the effects calcium
ions have on lipid membranes.

Structural and dynamic effects of calcium ions

Lipid bilayer interactions with Ca?" have been studied using
multiple techniques. For example, Fourier-transform
infrared (FTIR) spectroscopy has shown that Ca*" binding
to PS lipids changes the electrostatic environment around
the phosphate and ester groups (7). The changes to the phos-
phate peaks are similar to those induced by membrane dehy-
dration, whereas Ca®" splits the ester peak, producing sharp
features (7,8,24-26). NMR measurements indicate that
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Ca’" induces two separate rigid conformations in the PS
lipid headgroups while only minimally influencing the
acyl tails (18,27,28). Molecular dynamics (MD) simulations
suggest that Ca’" decreases the area per lipid (23.29)
and slows down molecular motion (18,29,30). In many of
these MD studies, Ca®" primarily binds to the carboxylate
region, with some secondary binding to the phosphate
(19,20,22).

Despite extensive studies, a comprehensive molecular
picture of ion effects on local interactions and interfacial
dynamics is lacking (18,30,31). Different studies produce
contradictory interpretations regarding the binding site of
Ca’". In FTIR studies, for example, Ca’t binding seems
to mostly impact the ester and phosphate groups (7,24,25)
of PS, whereas MD indicates phosphates and carboxylates
are involved (19,22,32,33), and some studies show binding
modes involving the esters (19,23,30). The location of
bound Ca*" likely depends on the concentration of Ca’",
which explains some of this discrepancy (19,21,23).
Moreover, recent comparison of MD simulations with
NMR data shows that binding affinity to esters is overesti-
mated, which could be another source of discrepancy
between simulations and experiments (34,35). Physiological
Ca’" concentrations are ~100 nM in the cytosol and
~2 mM in extracellular fluid and blood plasma (5,9);
some of the previous studies were carried out with higher
concentrations (17,27,36).

Carbonyl IR absorption line shapes are sensitive to the
local environment. Frequencies shift as a result of electro-
static interactions such as hydrogen bonding. Measured
peaks correspond to an ensemble distribution of frequencies
and environments and as a result contain information
about the range of noncovalent interactions experienced
by the carbonyls. However, although IR bands provide an
ensemble-averaged structural view, a more detailed picture
is obtained by examining the dynamics of these vibrational
modes using time-resolved spectroscopy.

IR absorption and relaxation in condensed phases occur
within picoseconds. The dynamics probed on these time-
scales involve small motions, such as water reorientation
and hydrogen-bond formation, rather than the larger struc-
tural changes observed via EPR (electron paramagnetic
resonance) and NMR. These techniques have been used
fruitfully to study bilayer dynamics and interactions with
ions. Lipids, however, undergo dynamics on a wide range
of timescales. Ultrafast IR spectroscopy provides access to
the picosecond timescales and as such is complementary
to more common experimental techniques (37,38). In pro-
tein biophysics, ultrafast IR studies have shed light on the
fluctuating movement of ions and water around proteins,
which are almost static on picosecond timescales (38).
Ultrafast IR spectroscopy has recently been applied to lipid
membranes by Righini and others (37,39-42), but to our
knowledge, the effects of cations on anionic lipids have
not been investigated experimentally on ps timescales.
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PC and PS have a pair of ester carbonyls, which can be
used as intrinsic, nonperturbative probes of the interfacial
environment. Ester carbonyls have been used previously to
measure membrane electrostatics and are sensitive to ion
binding (7,8,24,26) and water penetration into the hydro-
phobic region of the membrane (37,39.43). In addition, PS
lipids contain a fully hydrated carboxylate group (Fig. 1).
Simulations have suggested that Ca®" interacts strongly
with these groups; however, as we show below, binding to
carboxylates produces only small shifts to the asymmetric
COO™ absorption band.

Here, we investigate Ca*" binding and its effects on
hydrogen-bond dynamics at the lipid-water interface in
membranes containing mixed PC and PS lipids using ultra-
fast vibrational spectroscopy and MD simulations. We
found that calcium ions bind to the PS carboxylates and
slow down fluctuations in the electric field near the lipid-wa-
ter interface without significantly affecting water penetra-
tion. These effects were consistent for PC/PS membranes
with differing PS ratios, including membranes containing
10 mol% PS designed to mimic the plasma membrane.
Overall, our results are interpreted as evidence that extracel-
lular calcium concentrations can rigidify membranes after
PS exposure toward the outer leaflet.

MATERIALS AND METHODS

Detailed descriptions of the experimental methods, data analysis, and MD
trajectories are included in the Supporting Materials and Methods. Here, we
provide a summary of the methods.

Sample preparation

Vesicles were prepared with 100, 50, 10, and 0 mol% 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS), with the remaining lipid being
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) as shown in Table 1.
The final lipid and ion concentrations were 51 and 2.5 mM, respectively,
producing a 20:1 lipid/ion ratio. To ensure lipids were not in a dehydrated
cochleate phase, we examined an IR absorbance marker of cochleate forma-
tion (see Supporting Materials and Methods, Sections 2 and 3) (44).

FIGURE 1 Calcium ion interactions with the headgroups of phosphati-
dylcholine (PC, left) and phosphatidylserine (PS, right) lipids. To see this
figure in color, go online.



TABLE 1 List of Membrane Compositions Simulated and
Analyzed Using FTIR and 2D IR Spectroscopy

Lipid Composition Lipid/Ca2+ Ratio

POPS No Ca**
POPS 20:1
POPS/DOPC (1:1) No Ca**
POPS/DOPC (1:1) 20:1

FTIR spectroscopy

Samples were held between two CaF, windows with a 50 um spacer.
Spectra were measured at room temperature with a Bruker Vertex 70 spec-
trometer (Bruker, Billerica, MA) purged with dry air. All spectra were
collected at 1 cm ™' resolution, and 64 scans were averaged per sample.

Ultrafast 2D IR spectroscopy

Our two-dimensional infrared (2D IR) spectrometer has been described in
detail previously (45). Briefly, ~100 fs mid-IR pulses were split into pump
and probe pulses. A Ge-based pulse shaper was used to generate excitation
pulse pairs. The time delay between pump pulses was Fourier transformed
to generate the excitation frequency axis. The probe pulse arrived after a
waiting time, 7,, and was dispersed onto a 128-pixel-wide MCT (mercury
cadmium telluride) array to generate the detection axis. The probe pulse
was polarized perpendicular to the pump pulses to enhance cross peaks
and minimize scatter. Spectra were measured at a series of waiting times
to extract dynamical information from the 2D line shapes through center
line slope analysis.

MD simulations

Simulations were performed using the same POPS/DOPC and lipid/Ca*"
ratios as in experiments. Each system was comprised of 200 lipids, with
100 in each leaflet. The ratio of water/lipid molecules was larger than 38
to completely hydrate the bilayer systems. We used the CHARMM36 force
field and the CHARMM implementation of TIP3P (transferrable intermo-
lecular potential 3p) water (46-48). To more accurately model interactions
between cations and anionic lipids, we used the NBFIX (non-bonded fix)
parameters developed by Venable et al. (49,50) that changed the van der
Waals parameters for Na®™ and Ca®" to better fit experimental data. We
use sodium as the counterion for POPS. In the systems containing calcium
ions, we removed 10 sodium ions and replaced another 10 with calcium to
reach a lipid/Ca®" ratio of 20:1. The simulation temperature was 298 K,
above the lipid-crystalline phase transition temperatures for the two lipids,
and the pressure was kept constant at 1 bar. The starting configurations of
the hydrated bilayers were prepared by the CHARMM-GUI membrane
builder (51,52), which places the lipids randomly within the bilayer. Each
system was first minimized using a conjugate gradient algorithm and then
equilibrated for 375 ps using the CHARMM-GUI six-step equilibration
protocol (53). Finally, 400-ns production trajectories were carried out for
each system.

RESULTS

Absorption spectra of the ester and carboxylate groups (see
the structures in Fig. 1) probe the electrostatics in the head-
group region. Ultrafast 2D IR provides two key pieces of in-
formation: 1) the diagonal peaks are narrower than
absorption peaks and allow the different hydrogen-bond
populations to be resolved, and 2) the growth of off-diagonal

Calcium Slows Lipid-Water Dynamics

features with waiting time provides a direct measure of
the subpicosecond changes to the environment around the
carbonyls (41). Note that here we probe the PS and PC lipids
together because the carbonyl vibrations are highly overlap-
ped, and as such, the experiments measure an average of the
two components. To ensure that MD simulations and
experiments sample similar environments, simulations are
carried out with the same lipid and ion compositions in
our experimental samples.

IR absorption spectroscopy

The presence of calcium in the lipid systems leads to a va-
riety of changes in peak positions and shapes in the IR
spectra of systems with PS, as shown in Fig. 2. The carbox-
ylate peak shifts to lower frequencies by ~1 cm™'. This
slight shift is shown in the difference spectrum in Fig. 2 b.
A shift in this peak to lower frequencies generally indicates
that both oxygens participate in calcium binding, whereas a
shift to higher frequencies indicates contact only with one
oxygen (54-56).

Calcium changes ester-peak splitting in systems with 1:1
PS/PC composition, as shown by the second derivative spec-
trum in Fig. 2 ¢. This change is accompanied by an increase
in intensity at lower frequencies. Without calcium, the ester
peak consists of two features, which have been previously
assigned to 0 and 1 hydrogen-bond populations (25).
Upon adding calcium, four separate features are observed.
These features are visible in the difference spectrum
(Fig. 2 b) and in the second derivatives (Fig. 2 ¢).

FIGURE 2 Ester carbonyl (~1740 cm™Y), and carboxylate (1620 cm ™Y
absorption spectra in 1:1 PS/PC lipid vesicles with (green) and without
(red) CaCl,. (a) Normalized FTIR absorbance spectra of the carboxylate
and ester are shown shifted to ease visualization. (b) The difference
between the normalized spectra is shown. (¢) The second-derivative
spectrum showing the number of features in each peak is given. To see
this figure in color, go online.
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Ultrafast 2D IR spectroscopy

2D IR spectroscopy enables us to quantify the subpicosec-
ond hydrogen-bond dynamics at the ester group positions.
We monitor the dynamics by analyzing the line shapes at
different pump-probe delays or waiting times.

A 2D IR spectrum can be interpreted as an excitation-to-
detection frequency correlation map analogous to homonu-
clear COSY NMR spectroscopy, as shown in Fig. 3
(38,57,58). A pair of pump pulses generates the excitation
frequency w; (horizontal axis), followed by a probe pulse
to generate the detection axis w3 (vertical axis). When the
probe pulse passes through the sample, a positive signal is
generated because of stimulated emission from the first
excited state down to the ground state. This positive signal
contours are colored red. A negative signal, colored blue,
is generated because of absorption from the first excited
state to the second excited state. The negative and positive
signals appear in the same region on the pump axis but
are offset on the probe axis because of vibrational anharmo-
nicity (59-62).

We varied the waiting time between the pump and the
probe pulses to investigate dynamics. Changes in peak
shapes with waiting time report on the fluctuations in IR
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absorption frequency. The signal at short waiting times
is highly correlated; it is strongest when the pump and
probe frequencies are equal. The signal is less correlated
at longer time delays, as the environment evolves with
time. Changes in the spectra also result from vibrational
relaxation, which leads to decreases in intensity. If vibra-
tional relaxation is faster at some frequencies than others,
then vibrational relaxation can also alter the line shapes
measured at different waiting times.

The changes in the ester peak with waiting time can be
illustrated by plotting a difference spectrum made by sub-
tracting a spectrum with a short waiting time from a spec-
trum with a longer waiting time, as shown in Fig. 3. Loss
of signal for peaks that are initially positive (red) appears
as a negative feature (blue) and vice versa. In general, the
signal increases in off-diagonal regions and decays along
the diagonal, especially near the low-frequency side of the
peak below 1730 cm™'. The decay is greatest along the di-
agonal between 1710 and 1720 cm '. The off-diagonal
growth is broader and smaller than the decay. We observe
the same pattern for all samples regardless of lipid compo-
sition or presence of Ca®' (see Supporting Materials and
Methods, Section 4).

FIGURE 3 2D IR spectra of 1:1 POPS/DOPC
with 2.5 mM CaCl, with a 7, of 0.30 ps (left)
and 1.5 ps (right). Below is a difference spectrum
from these two 2D IR spectra. Black and white rect-
angles highlight the regions with maximum growth
and decay, respectively. To see this figure in color,
go online.



Because spectra can be interpreted as an excitation-to-
detection frequency correlation map, diagonal elongation
implies that the two frequencies are correlated, whereas
rounder peaks imply loss of correlation at longer waiting
times. Loss of correlation can be quantified by center line
slope (CLS) analysis (40.,41,58,63,64). The CLS is the
line along the ridge of maximal intensity in the spectrum.
The CLS decay with waiting time is equivalent to the
normalized frequency-frequency correlation function
(FFCF), which decays as the oscillator loses “memory” of
its initial frequency. The FFCF has been described in detail
elsewhere (63,65). Frequency fluctuations are due to the
environment, and thus the FFCF is a direct measure of fluc-
tuations in local electrostatics. Fig. 4 a shows examples
of spectra at various waiting times with a CLS fit to the
ester peaks. Fitting the time-dependent changes of the
CLS to a monoexponential decay yields FFCF lifetimes.
These lifetimes are plotted in Fig. 4 b for all samples.

We observe two significant patterns in the correlation life-
times. 1) In systems with PS lipids, Ca®" leads to longer
relaxation lifetimes or slower ester carbonyl dynamics.
Ca”" leads to slower dynamics for all samples containing
PS lipids, but the effect is greatest in the 1:1 PS/PC mem-
branes. In the 1:9 PS/PC sample, the difference is only
about ~30%. No change was observed in the membranes
composed of just PC lipids. 2) Dynamics are slower in
systems with large amounts of POPS, indicating that

FIGURE 4 (a) CLS decay and an exponential fit for esters in 1:1
POPS/DOPC vesicles with 2.5 mM CaCl,. The inset shows some of the
corresponding 2D IR spectra with their center line in white. (b) CLS life-
times for all systems studied with (green) and without (red) CaCl, are
shown. To see this figure in color, go online.

Calcium Slows Lipid-Water Dynamics

POPS induces slower interfacial dynamics compared to
DOPC. Changes related to the lipid composition are smaller
than the Ca>"-dependent changes. For example, in the 1:1
PS/PC mixtures, Ca>" slows the dynamics by ~40% (with
an increase relation time from 0.7 to 1.4 ps).

Diagonal slices of the 2D IR spectra are comparable to
IR absorption spectra. The comparison is useful for inter-
preting absorption spectra because both are related to the
distribution of environments within the samples. However,
IR absorption peak intensities are proportional to the
C=O0 transition dipole moment squared (%), whereas
2D IR peak intensities are proportional to u* (59). Conse-
quently, 2D IR spectroscopy enhances the intensity of
sharp spectral features. Comparison between diagonal
slices and similar IR absorption spectra has previously
been used by Dunkelberger et al. to study protein second-
ary structure (57).

Fig. 5 shows IR peaks and 2D IR diagonal slices for
our systems with and without Ca®*. The diagonal slices
of the spectra taken with calcium ions exhibit three
main peaks centered at 1745, 1730, and 1715 cm~ ', The
sharp features observed in the absorption spectra are not
present in 2D IR. We observe a general broadening and a
shift to lower frequencies after adding calcium to systems
with PS. The individual peaks that make up the overall
band do not shift, however. The apparent broadening and
red shift are instead due to changes in their relative
intensities.

FIGURE 5 (a) FTIR detail of the ester peak for 1:1 POPS:DOPC vesicles
with (green) and without (red) CaCl,. (b) Diagonal slices from 2D IR
spectra of all systems studied with (green) and without (red) CaCl, are
shown. Vertical gray lines highlight the three overlapping peaks observed
in the diagonal slices. To see this figure in color, go online.
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MD simulations

MD trajectory analysis informs our interpretation of the
FTIR and 2D IR spectra. These spectra probe the local envi-
ronment of the lipid, and therefore the simulations should
reproduce local features and not necessarily long-range
correlations; see Fig. S1 for a convergence test. Qualita-
tively, we observe that calcium ions, which were placed in
bulk water at the beginning of each trajectory, diffused to-
ward the carboxylate region and remained within the
lipid-water interface for the remainder of the trajectory.
More quantitative analyses were performed to pinpoint the
Ca®" location within the interface. Plots of the location of
calcium relative to lipid carbonyls are shown in Figs. S5
and S7. Table 2 shows the number of oxygen atoms from
various functional groups within 3 A of the calcium ions.
Ca®" shows strong preferential binding to the carboxylates,
as the number of oxygens from these groups is the largest
among the lipid groups. Furthermore, this number is
greater than two, which shows that on average, more than
one carboxylate coordinates each calcium ion. This suggests
that, by binding two or more carboxylates, strong
electrostatic interactions effectively cross-link lipids. This
assignment is also in agreement with the experimental
carboxylate asymmetric stretch FTIR spectra, in which
the small red shift can be attributed to binding of Ca*"
in a bidentate-type configuration involving both oxygen
atoms. A 2:1 lipid/ion complex is in agreement with
previous Ca®'-binding measurements involving PS
(17,18,21,28). Furthermore, Table 2 shows that ions interact
weakly with the ester carbonyls, and direct complexation by
the phosphate groups is negligible.

Because IR frequencies are sensitive to electrostatic envi-
ronments (66—68), we compute the distribution of electric
fields along the C=0O bonds from the trajectories. Fig. 6
shows the distribution of electric fields at the carboxylate
positions. These do not change significantly with Ca®",
which explains the underlying reason why carboxylate
peak frequencies shift by only ~1 cm™' with Ca®"
(Fig. 2 a). The average electric field around the ester groups
(Fig. 6, b and c), on the other hand, is shifted in the presence
of Ca®". In the 100% POPS system (Fig. S8), the Ca*"
affected the electric field for both the snl and sn2 ester
carbonyls, although the effect was greater for the snl esters.
In the system with 1:1 POPS/DOPC (Fig. 6), an effect was
only observed for the snl ester of POPS.

TABLE2 Number of Oxygen Atoms from Different Functional
Groups Surrounding Ca®* lons in Simulations Computed from
the Last 200 ns of the 400 ns Trajectories

Group POPS 1:1 POPS/DOPC
Phosphate 0.018 0.020
Carboxylate 2.84 2.59
Ester 0.13 0.072
Water 4.65 4.89

1546 Biophysical Journal 115, 1541-1551, October 16, 2018

FIGURE 6 Electric field projected onto carbonyl bonds in simulations. (a)
The electric field distribution for the carboxylates in a 100% POPS system
with and without Ca>" is shown. (b) Electric field distributions for POPS
esters and (¢) DOPC esters with and without Ca®" in a 1:1 mixture of
POPS and DOPC are shown. Distributions for the pure POPS bilayer are
shown in the Supporting Materials and Methods. These plots are obtained
by first averaging the electric fields along all carbonyl bonds in each time
frame and then binning those averages. To see this figure in color, go online.

Local water dynamics at the ester carbonyls are quantified
through hydrogen-bond correlation functions between water
OH groups and the carbonyl oxygen atom. Hydrogen-bond
lifetimes are typically in the picosecond range; thus, we use
configurations from five short (2 ns) trajectories saved every
10 fs. The results of this analysis are shown in Fig. S10. In
general, we observe that Ca®" slows down hydrogen-bond
dynamics at the ester carbonyl positions. The effect only ap-
pears to be significant for DOPC esters in the 1:1 POPS/
DOPC system in the simulations.

Together, these results point toward calcium perturbing the
lipid-water interface through direct effects such as binding to
carboxylates, as well as indirect effects such as altering the
electrostatic environment and hydrogen-bond dynamics at
the ester carbonyl positions. In the next section, we combine
the results from absorption spectra, ultrafast 2D IR spectra,
and simulations to extract a comprehensive molecular picture
of the changes that Ca>" binding induces on the lipid bilayer.

DISCUSSION
Ca’* primarily binds carboxylates

MD trajectories indicate that Ca®" primarily binds to the
carboxylates. These results are consistent with previous



literature (19,22,32,33) but are surprising in the context of
the IR results. Previous FTIR results show minimal changes
to the carboxylate peaks and large changes to the phosphate
and ester peaks (25). Even though the calcium ions primar-
ily bind with the carboxylates in our MD trajectories, their
effect on the electric field around the carboxylates is
minimal because of screening by water molecules and aver-
aging of orientations. In contrast, the less polar domain of
the carbonyl experiences more significant electric field
(Fig. 6). This is consistent with recent 2D IR and ab initio
MD simulations by Kuroda and co-workers in which no
changes in the IR spectra or relaxation dynamics of the ac-
etate carboxylate were observed in solutions up to 6 M NaCl
(69). Recent results from our own group also point toward
larger changes in carboxylate frequencies with a monoden-
tate binding configuration (70). Likewise, in our study,
carboxylates are fully hydrated and primarily experience
electric field fluctuations from the surrounding water, and
the ion does not appear to modify the local dynamics.
Calcium ions exert a larger effect on the partially hydrated
ester groups at the lipid-water interface, even though the
esters rarely bind Ca®". Further investigation is required
to experimentally determine the location of Ca®" ions.

Ca’* changes the dynamics and structure of the
membrane-water interface

The ester region remains hydrated

Previous experiments show that Ca®" impacts the overall
hydration of bilayers. Binder et al. found that dried lipid
films hydrate differently in the presence of Ca*" (71), calo-
rimetric data suggests that PS-Ca®" binding is driven entro-
pically by both Ca*" and lipid dehydration (21), and
PS-Ca®" binding changes the antisymmetric phosphate
group’s IR absorption the same way that lipid dehydration
does (7,26). PS-rich membranes can even form a separate
dehydrated phase, forming cylindrical aggregates, with
excessive calcium ions (28,44). The small changes in our
measured ester line shapes, both FTIR and 2D IR, indicate
that the carboxylate region remains hydrated. In fact,
hydrogen-bond populations increase slightly with Ca’",
which points toward a slight increase in hydration.
Calcium-free ester FTIR peak shapes for PS-containing
membranes (Figs. 2 and 5) show the characteristic two-
band structure observed in similar bilayers (41-43,72,73).
The overall peak is the sum of two Gaussians, each centered
where one of the second derivative’s minima appears: 1730
and 1745 cm'. These peaks, referred to as peak A and
peak B, respectively (41,73), indicate that the lipid esters
experience two distinct electrostatic environments. The ori-
gins of these peaks are attributed to hydrogen bonding
(41,43). Peak A corresponds to esters with a single hydrogen
bond to water (C=0-HOH), whereas peak B corresponds to
esters without a hydrogen bond. The center frequency of

Calcium Slows Lipid-Water Dynamics

Peak A is ~15 cm™' lower than the center frequency of
peak B, consistent with the measured shifts for hydrogen-
bond formation (74). In FTIR spectra of lipids with one ester
isotope labeled such that each of the two tails absorbs in a
different region, peak A and peak B were observed in
each of the individual esters, showing that the two groups
experience similar environments (25,37). Recent experi-
ments have demonstrated that peak A experiences faster dy-
namics than peak B and has a shorter vibrational lifetime
(41), which is consistent with our difference spectra
(Figs. 3 and S4). Also visible in the difference spectra are
off-diagonal crosspeaks, which grow as a function of the
pump-probe delay. We attribute these to hydrogen-bond
switching between peak A and peak B. Esters that experi-
ence the breaking or forming of a hydrogen bond between
the pump and probe pulses exhibit peaks at peak A in one
frequency axis and peak B in the other frequency axis.
Our simulations show the fast decay of hydrogen bonding
between water and the carbonyl esters (Fig. S10).

Ester peaks in the presence of both calcium and PS
contain at least four different spectral features as clearly
shown in the second-derivative spectrum (Fig. 2 c). These
sharp peaks have been observed before for PS lipids in the
presence of calcium (7,24) and have been explained either
as being due to increased rigidity in the motions of the esters
and lipid tails (7) or as being due to interfacial water trapped
near the ester by a calcium-lipid complex (24). Our simula-
tions do not show enough large differences in interfacial
water trapping or ester rigidity between the systems with
and without calcium to be able to draw a clear picture about
their relevance to explain the spectral features.

The diagonal slices from 2D spectra at high PS concentra-
tions and 2 mM Ca®" do not exhibit the same four peaks as
FTIR spectra of the same systems. These differences can be
attributed to how the transition dipole moments, u, of oscil-
lators contribute to the spectra. In FTIR, the signal is propor-
tional to u?, whereas in 2D IR, the signal is proportional
to u*. For this reason, small-amplitude peaks can be buried
within the background. Furthermore, our 2D IR spectral
resolution may contribute to the suppression of these sharp
peaks.

Diagonal slices, with or without calcium, exhibit peak A
(or Al) and peak B at 1728 and 1743 cm™!, respectively
(Fig. 5). Additionally, a shoulder is observed between
1710 and 1715 cm™', shifted ~15 cm™! from peak A.
This is the shift expected to result from an ester participating
in two hydrogen bonds. For convenience, we refer to the sin-
gle-hydrogen-bond feature as peak Al and the double-
hydrogen-bond feature as peak A2 in the 2D IR slices.
Cation-carbonyl interactions do not produce a sufficiently
large shift to explain this feature (75). This feature near
1715 cm ™" is observed in all the samples, including the
system with only DOPC and no Ca®", and decays faster
than any other peak as a function of waiting time (Figs. 3
and S4). We interpret the feature between 1710 and
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1715 cm™" as a small population of esters with two
hydrogen bonds to water. In the absorbance spectra, both
features appear under peak A because of their broadness
and the small amplitude of peak A2 relative to peak Al.
The relative amplitudes of the diagonal 2D IR peaks
changed with calcium.

The amplitude of peak A2 increasing in POPS and the 1:1
mixture provides evidence that Ca>" increases ester hydra-
tion. In general, Ca>" increases the interfacial polarity, and
as a result, the overall peak shifts toward lower frequencies.
This shift can also be seen in the FTIR of PS-containing
systems, particularly the difference spectrum in Fig. 2 b.

Calcium ions slow down interfacial dynamics

The experimental CLS and MD trajectories (Figs. 4 and S10)
show that calcium in POPS-containing bilayers slows down
the picosecond local water dynamics at the ester positions.
The measurements show that in the 1:1 POPS/DOPC
mixture, these fluctuations can be slower by ~50%, which
is significant given the 20:1 lipid/ion ratio used in these
experiments. We postulate that ion-mediated electrostatic
cross-linking between PS lipids contributes significantly to
the slowdown in dynamics. Further, a single lipid-ion-lipid
cluster may affect the dynamics of its surrounding neighbors
(four to six lipids), which would explain the considerable
slowdown observed even at physiological ion concentrations.
Furthermore, these local interactions may explain the more
global changes in membrane properties such as rigidification.
Karathanou and Bondar pointed out that increased rigidity
and slower diffusion may be connected to changes in the
hydrogen-bond network at the lipid-water interface in mem-
branes with anionic lipids (31). Our simulations similarly
suggest that the interfacial hydrogen bond between water
and ester lipids slows down slightly when Ca”" binds anionic
lipids (Fig. S10). The simulations also indicate that the
slowdown is not restricted to the lipids directly binding
Ca®", as hydrogen-bond dynamics slowed around DOPC
despite calcium binding to POPS. Melcrova et al. found
slower fluorescence relaxation times for a fluorophore near
the lipid esters with Ca”", further suggesting that Ca®" in-
duces slower dynamics at the lipid-water interface (22).
Here, we have directly measured the predicted changes in
the dynamics with a label-free method and have found the
degree to which calcium ions can slow down molecular dy-
namics at the lipid-water interface. The degree of change
induced by Ca®" binding appears to be composition depen-
dent, with the greatest change occurring in a bilayer that is
1:1 PS/PC, but changes at 1:9 PS/PC are still significant.
The pure PC bilayers were not significantly affected, which
may be explained by the absence of a net negative charge
in a bilayer composed of zwitterionic lipids.

To summarize, calcium binding to PS lipids slows the dy-
namics at the ester position and introduces more heteroge-
neous molecular environments. The slowdown cannot be
attributed to complete ester dehydration or decreased
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hydrogen bonding to water, so we interpret these results as
evidence that the lipid headgroups adopt more rigid but
disordered conformations on the molecular level. The
decrease in dynamics observed experimentally indicates
that the network of hydrogen bonds between lipids and
water at the polar-nonpolar interface becomes slower, as it
was shown by Karathanou and Bondar (34). This is
bolstered by recent NMR work showing that binding to
Ca”’" induces two different rigid conformations in the
glycerol backbone of lipid headgroups (18).

Ca®"-lipid interactions with physiologically
relevant amounts of PS

Approximately 10-20% of the lipids on the inner leaflet of
the plasma membrane are PS lipids (6), which is approxi-
mated by our 1:9 PS/PC sample. The inner leaflet is never
exposed to millimolar Ca®" concentrations. However, there
are situations in which a membrane leaflet with ~10% PS
may experience such concentrations. During apoptosis and
blood coagulation, proteins scramble the lipid distribution
between leaflets (6). PS scrambling also occurs in several
pathological cell types, including sickle cells and some
cancer cells (8). Together, these results point toward mem-
brane rigidification as one of the biological roles of Ca®"
and a feature of apoptotic cells.

In the absorption spectra of 1:9 PS/PC systems with and
without calcium, we did not observe significant Ca®'-
induced changes to either the ester or carboxylate stretches
(Fig. S9). In our 2D IR measurements, however, differences
became clear. In the diagonal slices of the 2D spectra, shown
in Fig. 5, the intensity at low frequencies increases with
calcium. Changes in dynamics also occur in the 1:9 PS/PC
system with Ca>™ (Fig. 4). Because the same patterns occur
when the bilayer is composed primarily of PC, these find-
ings may be generalized to model systems primarily con-
taining zwitterionic lipids.

CONCLUSIONS

We have demonstrated, both through experiment and simu-
lation, how calcium binding to PS lipids influences the
interfacial dynamics and intermolecular interactions. The
lipid-water interface near the esters in membranes bound
to Ca*" experiences strong electrostatic interactions and
distinctly slowed dynamics. This occurred even in mem-
branes with 90% zwitterionic PC lipids.

These results are relevant in the context of PS lipids on
plasma membranes. PS on the extracellular leaflet is one
of the hallmarks of both apoptosis and blood coagulation,
although PS is also seen on the outer leaflet in several types
of abnormal cells, including red blood cells affected by
sickle cell anemia (8). These interactions have been shown
to dramatically alter the properties of model membranes
through rigidification, changes in membrane curvature,



domain formation, and decreased lateral diffusion. We have
investigated the molecular origin of the rigidification and
decreased lateral diffusion, finding that calcium binding
does not dehydrate the ester region, but even with only
10% PS lipids, the local dynamics slow around the esters.
The slower local dynamics provide a molecular explanation
for the Ca?*-dependent decreases in fluidity observed on
longer length and timescales.

There is considerable room for further improvement in the
force fields for ion-membrane interactions. Particularly,
small differences in short-range interactions may determine
the local geometries (34). Most of our conclusions are, how-
ever, based on long-range effects (i.e., electric field generated
by the ion at significant distances from the carbonyl groups),
which are less sensitive to the details of the force field. This
work demonstrates the power of direct comparison between
simulations and experiments. Indeed, our 2D IR measure-
ments provide a direct, nonperturbative probe of the interfa-
cial dynamics and demonstrate the capabilities of 2D IR
spectroscopy as a biophysical tool to study molecular inter-
actions in heterogeneous systems. Ultrafast data may serve
as a useful benchmark for future refinement of MD models.

Other divalent cations have been shown to associate
strongly with PS lipids, such as Mg*" (22.76) and Cd*"
(77), and are relevant either because of their physiological
ubiquity or toxic effects. Interactions between PS lipids and
many of these cations have been studied with FTIR and
have been shown to be ion dependent. Further exploration
with ultrafast 2D IR and simulations will provide insights
into the interactions between these other cations and PS lipids.
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