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Abstract
Membranes play key regulatory roles in biological processes, with bilayer composition exerting
marked effects on binding affinities and catalytic activities of a number of membrane-associated
proteins. In particular, proteins involved in diverse processes such as vesicle fusion, intracellular
signaling cascades, and blood coagulation interact specifically with anionic lipids such as
phosphatidylserine (PS) in the presence of Ca2+ ions. While Ca2+ is suspected to induce PS
clustering in mixed phospholipid bilayers, the detailed structural effects of this ion on anionic
lipids are not established. In this study, combining magic angle spinning (MAS) solid-state NMR
(SSNMR) measurements of isotopically labeled serine headgroups in mixed lipid bilayers with
molecular dynamics (MD) simulations of PS lipid bilayers in the presence of different
counterions, we provide site-resolved insights into the effects of Ca2+ on the structure and
dynamics of lipid bilayers. Ca2+-induced conformational changes of PS in mixed bilayers are
observed in both liposomes and Nanodiscs, a nanoscale membrane-mimetic of bilayer patches.
Site-resolved multidimensional correlation SSNMR spectra of bilayers containing 13C, 15N-
labeled PS demonstrate that Ca2+ ions promote two major PS headgroup conformations, which are
well resolved in two-dimensional 13C-13C, 15N-13C and 31P-13C spectra. The results of MD
simulations performed on PS lipid bilayers in the presence or absence of Ca2+ provide an atomic
view of the conformational effects underlying the observed spectra.

In healthy cells, phosphatidylserine (PS) resides on the inner leaflet of the plasma membrane
(1) and represents 10–20% of all plasma membrane lipids (2,3). PS both imparts a negative
surface potential for nonspecific binding of cationic proteins (4,5) and recruits several
proteins through specific interactions, frequently involving Ca2+ (6). Externalization of PS
in activated platelets and apoptotic cells constitutes a signal eliciting coagulation and
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phagocytosis, respectively (7,8). It is well documented that relatively high concentrations of
Ca2+ can exert dramatic effects on membranes containing PS, observed as alterations in
phase transition and separation of lipid components leading to aggregation, fusion, and even
collapse of the membrane bilayer structure (9–12). However, Ca2+ in the cytoplasm is
tightly controlled at much lower levels, around 100 nM for a quiescent cell, increasing 10 to
100-fold (to ~μM) for an activated cell (13), while plasma contains about 2.4 mM total Ca2+.
At physiologically relevant concentrations, Ca2+ may exert more subtle effects on a bilayer
structure that are challenging to measure but of potential importance to the timing and
coordination of many cellular processes.

Microscopic and transient islands enriched in specific lipids are proposed to act as targets
enhancing and/or coordinating activities such as cell signaling and blood coagulation
(14,15). To date, most investigations of divalent cation- and protein-induced PS
microdomains have either relied on perturbative methods or focused on bulk characteristics
such as surface pressure (15–17). For instance, it has been demonstrated that membrane-
binding proteins, such as annexin A5 and 2, in concert with plasma concentrations of Ca2+

induce the lateral organization of anionic phospholipids such as PS, phosphatidic acid (PA)
and phosphatidylinositol (4,5)-bisphosphate (PIP2) (16,18,19). Recently, fluorescence
microscopy has revealed that plasma Ca2+ concentrations induce clustering of PIP2 into sub-
micrometer domains, but no such effect was observed for PS (20). Intriguingly, fluorescence
microscopy previously revealed micrometer scale clustering for PA (19), and more detailed
infrared vibrational spectroscopic studies using plasma levels of Mg2+ showed clustering of
DPPS into groups of 10–100 acyl chains (17), well below the resolution of light microscopy
(17). This suggests that Ca2+-induced lateral organization of PS may occur at a limited scale
on the order of ~102 lipids. A few previous NMR studies have shown that Ca2+-PS
interactions in mixed bilayers cause conformational changes in PS headgroups (21,22), but
only structures of PS headgroups in the absence of Ca2+ are currently available (23). Thus, a
detailed molecular model of exactly how Ca2+ ions interact with PS molecules at a
membrane surface has yet to emerge and may provide clues important for unraveling why
the lateral organization of PS seems to occur at different size scales from other anionic
phospholipids.

Piecing together what is known about a few Ca2+-dependent membrane-binding domains,
and what is predicted about the PS lipid bilayer structure, suggests that the bulk of PS-bound
Ca2+ resides in the phosphodiester region of the bilayer, and that the PS headgroup rigidifies
upon Ca2+ binding. For instance, several Ca2+-dependent C2 domains penetrate the bilayer
sufficiently to position their Ca2+ binding sites within the phosphodiester linker region of
the membrane (24–26), and a similar behavior has been predicted in a recent model for GLA
domains (27). It has also been reported that PS increases the apparent binding affinity of
Ca2+ to the zwitterionic lipid, phosphatidylcholine (PC), if an excess of Ca2+ in the electrical
double layer due to the formal negative charge of PS is taken into account (i.e., the amount
of Ca2+ bound by either PS or PC is correlated with the concentration of Ca2+ directly
adjacent to the bilayer) (28). Both observations hint that Ca2+ is most likely intercalated
within the phosphodiester layer of the membrane, and in such a position it would rigidify not
only PS headgroups but also perhaps the glycerol backbone of PS and neighboring PC
headgroups. Indeed, molecular dynamics (MD) investigations concur with this hypothesis,
demonstrating that Ca2+ predominantly resides within ~10 Å of the phosphodiester moiety,
and may be found associated to a lesser extent with the PS carboxyl (29,30). Whether Ca2+

preferentially binds the PS phosphate or carboxyl has not been observed directly, and may
have biological consequences in promoting or limiting the lateral organization of PS.

In this study, we investigate the interactions of Ca2+ with PS-containing lipid bilayers using
all-atom MD simulations paired with magic angle spinning (MAS) solid-state NMR
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(SSNMR) studies that employ two membrane mimetics, liposomes and Nanodiscs.
Nanodiscs are discoidal phospholipid bilayers of 8 nm-diameter containing ~67 lipids per
leaflet which are wrapped and stabilized by two molecules of an amphipathic helical protein
termed membrane scaffold protein (MSP) (31–34). Many studies have effectively used the
Nanodisc system as a membrane mimetic to study membrane protein interactions (35,36),
including SSNMR analyses of membrane protein structures (37–39). One advantage of the
Nanodisc system, in addition to precise local control over lipid composition, is that their
structural integrity is maintained in the presence of mM concentrations of Ca2+, even with
up to 90% PS in the bilayer—as opposed to liposomes which cannot tolerate more than
~30% PS in the presence of Ca2+ without undergoing vesicle aggregation, fusion and
collapse. For these reasons, the Nanodisc system is an ideal experimental platform for
investigating nanoscale Ca2+-PS interactions on a membrane surface by SSNMR.

In the present study, the serine headgroup of PS has been isotopically labeled and
incorporated into the lipid bilayers, allowing high-resolution NMR spectra of PS headgroup
moieties interacting with Ca2+ ions. Our results indicate that Ca2+ ions promote the
formation of a more ordered liquid phase, producing rigid conformations for PS headgroups.
Mobility of the lipid acyl chains is not as affected by interactions with Ca2+ ions as the
headgroups, although alteration of the phase transition behavior of the bilayer by Ca2+-PS
interactions is presented. We report carbon, nitrogen and phosphorus chemical shift values
for two Ca2+-induced PS conformations as well as initial estimates of intermolecular
distances between the two PS conformations in the bilayer. Furthermore, all-atom MD
simulations performed in conjunction with NMR measurements support the idea of the
Ca2+-induced lateral reorganization of PS and indicate a much tighter fluctuation radius for
Ca2+ over Na+ at the PS phosphodiester and carboxyl moieties. In the simulations, two
predominant conformational species are also observed. These two PS conformations may be
a basis for Ca2+-induced lateral organization of PS molecules.

EXPERIMENTAL PROCEDURES
Isotopically Labeled POPS

In a modification of the method of Iwasaki et al. (40), phospholipase D from Streptomyces
(PLD; Sigma-Aldrich, St. Louis, MO) was used to replace the choline headgroup of POPC
(1-palmitoyl-2-oleoyl-phosphatidylcholine) with U-13C, 15N-L-serine (Cambridge Isotopes
Laboratories, Andover, MA) to yield POPS (1-palmitoyl-2-oleoyl-phosphatidylserine)
isotopically labeled in the serine headgroup (termed POPS*). Briefly, 5 μg/mL PLD was
added, with stirring, to a mixture of 1.5 M 13C, 15N-serine, 36 mg/mL POPC (Avanti Polar
Lipids, Alabaster, AL) and CaSO4 in 50 mM sodium acetate buffer, pH 5.6, and allowed to
react overnight at 42 °C. The supernatant was collected by centrifugation, flushed with
nitrogen gas and stored at 4 °C for use in subsequent reactions. The pellet was washed with
water and re-suspended in 2:1 hexane:ethanol (5 mL per 1 mL original reaction volume),
followed by water (1/4 the volume of hexane:ethanol) and 1 N HCl (1/10 the volume of the
water). After vortexing, the hexane phase was collected, and the aqueous phase and pellet
were extracted with additional hexane. The pooled hexane phases were dried under vacuum
and POPS* was purified by CM52 chromatography (41). Purity of POPS* was evaluated by
two-dimensional thin-layer chromatography, using 90:54 chloroform:methanol for the first
dimension and 65:25:4 chloroform:methanol:water for the second dimension. When
necessary, POPS* was further purified by flash silica chromatography developed with
90:40:12:2 chloroform:methanol:acetic acid:water. Purified POPS* was stored in
chloroform and its concentration determined by inorganic phosphate analysis after complete
hydrolysis. POPS* purity and the level of 13C, 15N-serine incorporation was verified by
HSQC solution NMR in chloroform.
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Nanodisc Preparation
Nanodiscs were prepared as previously described (33) using mixtures of POPC and POPS*.
After the Nanodiscs were assembled, they were purified by size-exclusion chromatography
(33), except that the buffer was 10 mM Tris-HCl pH 7.4, 10 mM NaCl, with 2 mM CaCl2.
Samples were concentrated using an Amicon Ultra 10000 NMWL centrifugal filter (Thermo
Fisher Scientific, Waltham, MA) to 2–3 mM phospholipid (15–22 μM Nanodiscs). The
lyoprotectant, trehalose, was added in a 1:1 molar ratio to phospholipid, after which samples
were frozen and lyophilized. The powders (~50% Nanodiscs by weight) were packed into
3.2 mm SSNMR rotors, after which water was added (equal to ~50% of the dry weight of
packed samples).

Liposome Preparation
Mixtures of dried POPC and POPS* (10 mg total) were suspended in 30 μL of 50 mM Tris-
HCl pH 7.4, 100 mM NaCl, 2.5 mM CaCl2 and sonicated until the solution was visually
homogeneous, after which 1 mL of 2.5 mM CaCl2 was added and the solution was sonicated
again. Sample preparation in the absence of Ca2+ was identical except for the inclusion or
addition of CaCl2. Liposomes were collected by ultracentrifugation at 4 °C for 2.5 hours at
250,000 rcf, and the pelleted liposomes were packed into 3.2 mm SSNMR rotors.

SSNMR
SSNMR studies were performed on four-channel Varian InfinityPlus spectrometers.
POPS*:POPC Nanodisc spectra were acquired at 600 MHz with a Varian T3 1H-13C-15N
3.2 mm probe at an MAS rate of 10,000±3 Hz. The variable temperature gas was maintained
at 90±10 scfh flow, and the reported sample temperatures take into account thermocouple
calibration and frictional heating due to MAS, as calibrated with ethylene glycol (42). All
experiments utilized tangent ramped cross polarization (CP) (43) with TPPM (44)
decoupling of the protons applied during acquisition and evolution periods on average at
~80 kHz. Data were processed with NMRPipe (45) with back linear prediction and
polynomial baseline (frequency domain) correction applied to the direct dimension, and zero
filling and Lorentzian-to-Gaussian apodization applied to each dimension before Fourier
transformation; additional processing parameters are located in the figure captions.
Chemical shifts are referenced to adamantane, using the IUPAC standard gyromagnetic
ratios to indirectly reference 15N and 31P spectra (46). Peak picking and assignments were
performed with Sparky (47).

MD Simulations
Two systems, each consisting of 288 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS),
were simulated in the presence of two different counterions. The first system included 144
Ca2+ ions and the other 288 Na+ ions. Each system was simulated for 100 ns under NPnTA
conditions using NAMD 2.6 (48) with the CHARMM27 set of force field parameters (49).
Periodic boundary conditions were assumed and the particle mesh Ewald (PME) method
(50) was employed for the computation of long-range electrostatic interactions without
truncation. A constant area of 9,409 Å2 (97 Å × 97 Å) was imposed for both systems to
maintain an experimentally obtained area-per-lipid value (51). The details of the simulations
are identical to those described elsewhere (27,52). The last 90 ns of the trajectories were
used for analysis.
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RESULTS
Effects of Ca2+ Binding on 13C Chemical Shifts in PS Headgroups

To test the effect of Ca2+ on PS headgroup conformation, we initially compared one-
dimensional 13C spectra of mixed POPS*:POPC bilayers, observing the effects of Ca2+ on
the 13C chemical shifts, which are sensitive to binding events and structural changes.
(POPS* is phosphatidylserine whose L-serine headgroups are uniformly labeled with 13C
and 15N.) One-dimensional CP 13C spectra (Figure 1) were acquired on liposomes
containing 30% POPS*, 70% POPC in the absence (Figure 1a, b) and presence (Figure 1c,
d) of 2.5 mM Ca2+. We observe narrow resonances due to natural abundance 13C on the
fatty acyl chains (predominantly at 25 to 40 ppm, but also the ~132 ppm resonance ascribed
to the olefinic carbons in the oleoyl chain), which are consistent with previous SSNMR
assignments of lipids in bilayers (53). Above the phase transition (10 °C, Figure 1b) in the
absence of Ca2+, the POPS* headgroup signals are narrow and strong, when observed via
direct (13C Boltzmann) polarization in Bloch decay experiments (data not shown), yet cross
polarize weakly from protons, indicative of fast-limit motions averaging dipolar couplings to
a nearly isotropic limit. When frozen in the absence of Ca2+ (−20 °C, Figure 1a), the gel
phase spectrum exhibits broad features characteristic of the inhomogeneous distribution of
headgroup environments, since no particular conformation is preferred. In contrast, spectra
of liposomes at −20 °C in the presence of 2.5 mM Ca2+ (Figure 1c) contain distinct 13C
resonances from POPS* headgroups, which cross polarize with high efficiency and have the
typical characteristics of a rigid solid (e.g., cross polarization buildup in hundreds of
microseconds and a requirement for high power decoupling to observe well-resolved
spectra). Two resonances, at 66.3 and 67.9 ppm, are tentatively assigned to the POPS* alpha
carbon (Cα), while upfield POPS* peak at ~60 ppm is significantly broadened (line width
190 Hz), potentially arising from two unresolved beta carbon (Cβ) signals (we remind
readers that the lipid nomenclature for PS headgroups differs from that used for amino acids;
i.e., the carbon proximate to the 31P is called Cα). Similarly, the POPS* gamma carbon (Cγ)
(at ~174.2 ppm) resonance is also slightly broadened to 131 Hz, which, while not as
dramatic as the Cβ, is still consistent with two unresolved signals.

We propose that the carbon chemical shifts of the PS headgroup are the result of two distinct
chemical environments in the presence of Ca2+ that are long-lived on NMR time scales (>10
ms). This hypothesis is compatible with earlier studies (21,22) showing that PS headgroups,
in mixed bilayers, adopt a rigid conformation in the presence of Ca2+. To test whether this
rigidity is sufficient to maintain near rigid-lattice behavior of the lipid headgroup above the
phase transition, we also performed experiments with Ca2+-treated liposomes at 10°C
(Figure 1d). Under this condition, the POPS*:POPC liposomes exhibited the same splitting
of the POPS* Cα, and broadening of the POPS* Cβ and Cγ resonances, as in spectra
acquired at −20 °C (Figure 1c). Again, these results agree with the results reported by Roux
et al., where the conformational changes were observed with Ca2+ and membrane mimetics
in solution NMR experiments at 25 °C, well above the phase transition (22).

We also investigated the effect of Ca2+ on PS headgroups using POPS*:POPC Nanodiscs in
the presence of 2 mM Ca2+, containing either 30% POPS* (Figure 1e, f) or 70% POPS*
(Figure 1g, h), both above (+10 °C, Figure 1f, h) and below (−20 °C Figure 1e, g) the phase
transition. One-dimensional 13C spectra are consistent with the spectra of similarly treated
liposomes shown in Figure 1a–d, with identical chemical shifts observed for the POPS*
headgroup carbons. These data show that the same Ca2+-induced PS conformations are
present in both liposomes and nanoscale bilayers over a broad range of PS concentrations.
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Ca2+-PS Interactions Alter the Phase Transition and Dynamics of Lipids within the Bilayer
A first experimental investigation of Ca2+-induced PS microdomain dynamics was
performed by examining the change in the apparent phase transition of the mixed
POPS:POPC Nanodisc bilayers in the presence of Ca2+. 1H transverse relaxation (T2) values
of directly detected 1H spectra over a ±20 °C temperature range reveal acyl chain dynamics
as a function of temperature (Figure 2a). We confirmed the expected ~3 °C phase transition
of pure POPC Nanodisc bilayers observed in previous differential scanning calorimetry
measurements (54). Dynamics measurements on mixed lipid POPS*:POPC Nanodiscs with
2 mM Ca2+ (Figure 2a) display a broadened (spanning about a 30 °C range) and slightly
elevated phase transition in comparison to POPC Nanodisc. This effect has been reported
previously using other membrane mimetics (28, 55, 56) and is attributed to the Ca2+-PS
coordination.

A control study was performed on the POPC Nanodisc bilayer to investigate the lateral
diffusion and mobility of lipids inside the Nanodiscs and to identify any possible
interactions between the lipid acyl chains and the MSP protein that might distort the phase
transition (i.e., to identify whether a perturbed boundary layer of lipids exists in Nanodiscs).
The 1H T2 (at 25°C) of the methylene protons neighboring the olefinic bond (carbon
positions 8 and 11 in Figure 1), unique to the lipid acyl chain, were measured to prevent
spurious contributions from MSP protons (Figure 2b). A single exponential fit best
described the decay behavior (Figure 2b), indicating that all the lipids are fully mobile
within the Nanodisc and diffuse freely on NMR time scales. Thus, any interactions between
lipids and the membrane scaffold protein occur in the rapid exchange regime and therefore
have only negligible effects on the phase transition.

To further understand the dynamics of Ca2+ on the POPS*:POPC bilayers, a more detailed,
site-specific investigation of the bilayer dynamics was performed. Site-specific dynamics
measurements using SSNMR recoupling methods were performed for POPS*:POPC
Nanodisc bilayers utilizing the symmetry-based sequence R181

7 (57), which reports
on 1H-13C dipolar couplings. The R181

7 sequence recouples the 1H-13C-dipolar interactions,
and signal intensity measured as a function of time reports on the dynamics of the system.
Observed here are the 1H-Cα (Figure 3a) and 1H-Cβ (Figure 3b) dephasing curves due
to 1H-13C-dipolar interactions of the POPS* headgroup at varying temperatures. The bulk
acyl chain trajectory (Figure 3c) shows that at −30 °C, the 13C signal dephases to 30% of its
original intensity within 180 microseconds and at −5 °C this happens within 190
microseconds, but at +5 °C the dephasing requires 220 microseconds and at +20 °C, 240
microseconds. In contrast, the headgroup 13C signal (Figure 3a, b) dephases to 30% of its
original intensity within 100 microseconds, which is in the rigid lattice regime where the
order parameter is ~0.9 or higher (depending on normalization of the 1H-13C bond length),
independent of temperature. The order parameter for the acyl chain is approximately 0.5 at
+20 °C. Thus, the serine headgroups have very little change in order parameter over a
temperature range of −30 to +20 °C in the presence of Ca2+ ions (Figure 3). In contrast, the
acyl chains’ motions are activated over the same temperature range, becoming
approximately twice as mobile as the temperature is increased. This result is consistent with
the model in which the POPS lipids form microdomains when the headgroups are restrained
in position by the presence of Ca2+ ions (likely also restraining lateral diffusion), while the
acyl chains have fewer restrictions to motional modes such as axial diffusion and trans-
gauche isomerization.

Ca2+-PS Interactions Observed in All-Atom Simulations
To gain further insight into the ordering of the PS-containing membranes, we have
investigated the effect of the counterion on PS headgroups by all-atom MD simulations.
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Pure DOPS membrane patches were prepared with either Ca2+ or Na+ as counterion and
simulated each for 100 ns. Structural comparison of the two systems clearly indicates Ca2+-
induced organization of the PS headgroups, as demonstrated by the decrease in fluctuation
of the phosphate and carboxyl groups of the lipids illustrated in Figure 4. Distinct patterns of
Ca2+ and PS headgroups are evident (Figure 4, top right panel) indicating lateral
organization of PS headgroups within the membrane environment in the presence of Ca2+

ions, an effect that is smaller in the Na+ system and in line with the fact that residence times
for cation-lipid interactions are shorter for Na+ compared to Ca2+. Even though the time
scale of the simulations is shorter than the time scales that fully capture the conformational
dynamics measured in the NMR measurements, structural analysis of the results can shed
light on the putative conformations that might represent the two PS populations detected in
the NMR measurements (which we term PS1 and PS2). In the simulations, two major
conformational populations are observed for the lipid headgroups, with regard to the O-Cα-
Cβ-N dihedral angle. These populations are the two gauche conformations of the serine
headgroup, with average dihedral angles of around −60 and 60 degrees respectively; these
dihedral angels correspond to P-Cγ distances centered around ~4.5 Å and ~5.1 Å, which are
the distances derived for PS1 and PS2 from the NMR measurements. A snapshot showing a
PS1 and a PS2 joined by a common Ca2+ ion is shown as an inset in Figure 7. The Ca2+

counterions themselves are also significantly immobilized (average RMSF, 3.45 ± 1.10 Å)
by interacting with the phosphate and carboxyl groups, whereas Na+ moves rather rapidly
from one headgroup to another on the order of a few nanoseconds, thus traveling a long
range on the membrane patch within the time scale of the simulation (average RMSF, 12.41
± 3.51 Å).

Two-Dimensional Spectra of POPS*:POPC Nanodiscs
Using a series of two-dimensional spectra (Figure 5) acquired on 70% POPS*, 30% POPC
Nanodiscs in the presence of 2 mM Ca2+, we site-specifically assigned the chemical shifts of
the two PS headgroup conformations and report on their intra- and intermolecular
correlations. We acquired 13C-13C, 15N-13C, and 31P-13C two-dimensional spectra (Figure
5) and assigned the chemical shifts for both PS spin systems (Table 1) for all carbon,
nitrogen and phosphorus atoms. We arbitrarily refer to the two spin systems PS1 and PS2
(Table 1). The 13C-13C two-dimensional spectra were acquired with 25 and 200 ms of
DARR mixing (58,59) (Figure 5a, b). The carbon signals arising from the naturally
abundant 13C on the acyl chains are observed along the diagonal below 40 ppm; as expected,
no cross peaks observed in this region. 13C-13C spectra with 25 ms DARR mixing (Figure
5a) show intramolecular Cα-Cβ cross peaks of both PS1 and PS2. The ratio of integrated
intensities of the PS1:PS2 intramolecular Cα-Cβ cross peaks is 50:50, indicating that the PS
is divided approximately equally between the two conformations. Additionally,
intramolecular Cα-Cγ and Cβ-Cγ correlations are observed for both conformations. Similar
intramolecular correlations are observed between both 15N and 31P of the two PS
conformations and the three carbon resonances (Cα, Cβ, Cγ) in the 15N-13C and 31P-13C
two-dimensional TEDOR (60) spectra (Figure 5c, d).

Intra- and intermolecular correlations in the two-dimensional spectra reveal structural
insights of individual PS headgroups and on the lateral organization of the two
conformations, respectively. TEDOR (heteronuclear) (60), DARR (homonuclear, 13C-13C)
(58,59), and 1H diffusion (CHHC) (homonuclear, 1H-1H) (61,62) pulse sequences take
advantage of strong dipolar interactions present in SSNMR. The dipolar interaction is a
through-space interaction and therefore inherently contains information on distance (∝1/r3)
that is reflected in the intensity of the cross peaks as a function of mixing time. Using
the 1H-1H, 13C-13C, and 13C-31P dipolar interactions, distances up to ~6 Å can be measured
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between atoms. The 31P-13C TEDOR spectrum (Figure 5d) exhibits P-Cγ and P-Cβ
intramolecular cross peaks with differing intensities for the PS1 and PS2 conformations.

Finally, using 13C-13C DARR spectrum with 200 ms mixing (Figure 5b), and CHHC spectra
with 100 and 400 μs mixing (Figure 6) we show direct evidence of Ca2+-induced PS lateral
organization. Both types of 2D 13C-13C spectra show cross peaks between the Cα of PS1
and the Cα of PS2. These experiments both support the semi-quantitative restraint on the
intermolecular 13C-13C distance of less than 6 Å, based on previous studies that have
calibrated these methods (61, 62). The fact that such correlations are observed in the CHHC
experiment at less than 1 ms mixing time furthermore illustrates that chemical exchange
could not account for the observed cross peaks, since rates of exchange on this timescale
would lead to substantial line broadening in the NMR spectra. To provide a compelling
quantitative measurement of the intermolecular arrangements, we collected a trajectory of
mixing times from the 3D ZF-TEDOR experiment (63), utilizing 31P and 15N, for which the
complication of homonuclear scalar and dipolar couplings is minimized. The
intermolecular 31P-15N distance fits to 6.1 Å (Figure 7). Altogether, the multiple
observations of intermolecular cross peaks and dipolar coupling confirm a tight packing of
the PS headgroups in the presence of Ca2+ ions, and give insight into the geometric
arrangement of the PS conformations.

DISCUSSION
Ca2+ is thought to induce the formation of PS microdomains in mixed lipid bilayers and has
previously been shown to induce rigid PS headgroup conformations (21,22). The interaction
of PS with Ca2+ has also been shown to affect the bulk properties of the bilayer and indicate
the formation of larger PS microdomains. However, observations of the phenomena have
not resolved the scale of the PS assemblies formed with Ca2+ (in particular), nor have key
features of the molecular structure of such assemblies been reported. Our observations using
POPS*-enriched liposomes and Nanodiscs now demonstrate the formation of two distinct,
rigid PS headgroup conformations induced upon interaction with Ca2+, that are within ~6 Å
of each other. We also report the site-specific assignments of headgroup nitrogen, carbon
and phosphorus resonances for the two PS headgroup conformations, PS1 and PS2 (Table 1)
and give preliminary distance measurements that report on their structure. Previously,
Sanson et al. reported two headgroup conformers solved at pH 7.5 for the PS headgroup of
1,2-dimyristoyl-phosphatidylserine (DMPS) in dodecylphosphocholine (DPC) micelles (23).
That report (23) focused on the conformation of the glycerol backbone of the lipids and no
angular or distance data were specifically reported for the serine headgroups. This makes
comparing our preliminary distance data with previous structures difficult, so we cannot
exclude or confirm the existence of those structures in the Ca2+-induced PS domains.
Significantly, we observe a major change (reduction) in the dynamics of the conformations
in the presence of Ca2+. PS conformers in the presence of Na+ are in fast chemical
exchange, sampling many conformations over the NMR chemical shift timescale (23,64).
Therefore, this fast exchange among conformations in the absence of Ca2+ results in only
one chemical shift value for each of the three carbons (Cα, Cβ, Cγ) above the phase
transition temperature and broad signals below it (Figure 1). Addition of Ca2+ to the system
coordinates PS into two distinct conformations, changing the dynamics of the system, so that
PS1 and PS2 are long-lived on the NMR timescale.

In addition to the change in headgroup dynamics, the results show a marked change in the
bulk dynamics of the bilayer. The dynamics measurements using the Nanodisc system
demonstrate that Ca2+ interactions observed with mixed POPS:POPC bilayers are consistent
with previous studies using liposomes (21,22,28,65). Site-specific dynamics data (Figure 3)
indicate that interactions of Ca2+ with mixed POPS:POPC bilayers cause the PS headgroups
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to become highly ordered, while the acyl chains are only slightly affected by this ordering.
This observation has been made previously and indicates that in the presence of Ca2+, the PS
headgroups do not dominate the properties of the hydrophobic tails in the liquid-crystalline
state (65). This explains the increase in the liquid-crystalline to solid-gel phase transition
temperature of these mixed bilayers presented here (Figure 2a) and observed by others
(28,55,56). The restricted motion of the headgroups translates minimally to the carbons on
the acyl chains near the glycerol backbone, causing a slight increase and broadening in the
transition temperature. This is what we would expect in the model where headgroups in PS
microdomains are locked in position by the coordination of Ca2+, while the acyl chains
experience only slight restrictions on their motion. We propose that Ca2+ induces a more
ordered liquid crystal phase in which there is increased order in the PS headgroups, while
the acyl chains remain disordered as in a liquid phase. We picture this as a microdomain of
PS in which diffusion of PS molecules within the microdomain is likely, and the
microdomain, as a whole unit, is free to diffuse laterally in the bilayer. This is characterized
in MD simulations presented in Figure 4 and is consistent with the dynamics data, including
the increase and broadening of the liquid-crystalline to solid-gel phase transition
temperature.

The intermolecular cross-peaks observed in homonuclear and heteronuclear correlation
experiments (Figures 5 and 6) directly confirm a spatial reorganization of the PS
headgroups. The <6 Å distance between Cα carbons and 6.1 Å distance between the 31P of
PS2 and 15N of PS1 are in good agreement with the two major conformational populations
observed in the MD simulations. We propose that the two conformations of the PS
headgroup are arranged in a twofold symmetry around a shared Ca2+ coordination center
(Figure 7). This model is also consistent with binding data and previously reported MD
simulations showing a 2:1 ratio of PS:Ca2+ (10, 30, 66), although the exact stoichiometry of
the coordination center is yet to be determined.

In conclusion, we have demonstrated that Ca2+ interacts with PS in membrane bilayers to
form more ordered PS microdomains. The interaction induces a symmetric organization of
the PS in the lipid bilayer, which is free to diffuse laterally through the bilayer. By studying
these microscopic and transient islands of a specific PS lipid, we will be able to better
understand the membrane’s contribution to processes such as cell signaling and blood
coagulation (14,15). Specifically, we will be able to determine the conformations of the PS
headgroups in Ca2+-bound microdomains that may be encountered by PS-specific
membrane binding proteins. Our current work is focused on completing the analysis of
distance and angular restraints to use in calculations of an atomically resolved structure of
the PS microdomains in membrane bilayers.
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CP cross-polarization

DARR dipolar assisted rotational resonance

DMPS 1,2-dimyristoyl-phosphatidylserine

DOPS 1,2-dioleoyl-phosphatidylserine

DPC dodecylphosphocholine

GLA γ-carboxyglutamate-rich domain

MAS magic-angle spinning

MD molecular dynamics

MSP membrane scaffold protein

PIP2 phosphatidylinositol-4,5-bisphosphate

PKCα protein kinase C isoform α

PLD phospholipase D

POPC 1-palmitoyl-2-oleoyl-phosphatidylcholine

POPS 1-palmitoyl-2-oleoyl-phosphatidylserine

POPS* POPS with uniformly 13C, 15N-labeled L-serine

PS phosphatidylserine

REDOR rotational-echo double resonance

SSNMR solid-state nuclear magnetic resonance

TEDOR transferred-echo double resonance

TPPM two-pulse phase modulation

T2 transverse relaxation
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Figure 1.
Effect of Ca2+ and temperature on cross-polarized 13C one-dimensional spectra of
phospholipid bilayers. Spectra of 30% POPS*, 70% POPC liposomes were acquired without
Ca2+ at (a) −20 °C or (b) 10 °C; or with 2.5 mM Ca2+ at (c) −20 °C or (d) 10 °C. Spectra of
Nanodiscs were all acquired with 2 mM Ca2+, using 30% POPS*, 70% POPC Nanodiscs at
(e) −20 °C or (f) 10 °C; or 70% POPS*, 30% POPC Nanodiscs at (g) −20 °C or (h) 10 °C,
Spectra (a)–(d) were acquired with an MAS rate of 11.111 kHz on a 500 MHz (1H
frequency) spectrometer. Spectra (e)–(h) were acquired with an MAS rate of 10.000 kHz on
a 600 MHz (1H frequency) spectrometer; asterisks indicate a carrier frequency artifact at
~108 ppm. All spectra were zero filled to twice the original data size and line broadened 0.2
ppm.
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Figure 2.
(a) Normalized 1H T2 values of the bulk fatty acyl CH2 peaks of nanobilayers, as a function
of temperature. Nanodiscs were composed of either 100% POPC (squares, dashed lines) or
30% POPS*, 70% POPC (circles, solid lines) with 2 mM Ca2+. Transition temperatures
were determined using acyl chain signals, with 1H T2 values used to fit the inflection point
of the curve as a function of temperature. The solid arrow denotes the phase transition for
30% POPS*, 70% POPC Nanodiscs (~8 °C), while the dashed arrow denotes the phase
transition for 100% POPC Nanodiscs (~3 °C). (b) 1H Hahn echo was used to investigate the
T2 of the methylene protons (8 and 11; Figure 1) neighboring the olefinic bond at 25 °C.
Plotted is the intensity of the methylene proton peak as a function of the echo time. A single
exponential decay curve was fitted (using Spinsight 3.0); a bi-exponential fit did not yield
statistically significant improvement (F test). The T2 was determined to be 14 ms.
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Figure 3.
Dipolar dephasing trajectories of phospholipid headgroups and acyl chains in 30% POPS*,
70% POPC Nanodiscs with 2 mM Ca2+. 1H-13C dipolar trajectories (plotted as normalized
intensities) are presented at the indicated temperatures for (a) the Cα (CH2) of the serine
headgroup, (b) the Cβ (CH) of the serine headgroup, and (c) the bulk CH2 (same resonance
used in Figure 2b) of fatty acyl chains. The 1H-13C dipolar interaction was recoupled using
R181

7 in a constant time manner. The PS headgroup maintains an order parameter near the
rigid lattice limit (S = ~0.9), while the acyl chain motion is substantially activated (S = ~0.6
to 0.9) over the range from −30 °C to +20 °C.
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Figure 4.
Structure and dynamics of lipid molecules. Top view of one of the leaflets of the DOPS
membranes simulated with either Ca2+ (top panel) or Na+ (bottom panel) as counterion. The
leftmost panels show the trajectories of phosphorus atoms of the phosphate groups in blue
lines, using positions taken every 0.2 ns from the last 90 ns of the 100 ns simulations. Using
the same snapshots, in the second panels the trajectories of the carboxyl carbons are shown
in black, and in the third panels the trajectories of the counterions within 3.5 Å of DOPS
lipids are depicted in red. The right-most panels show the overlap of the three sets of
trajectories. The average root-mean-square fluctuations (RMSFs) of the atoms used in each
panel are also shown. Due to the large number of frames included in the analysis and in
order to avoid overcrowding that would mask the differences between the two systems, in
each case, only half of the lipids (72 out of 144) were randomly selected for the analysis of
phosphorus and carboxyl carbon atoms.
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Figure 5.
Ca2+ induces two conformations of PS headgroups as evidenced by two-dimensional
SSNMR. Spectra were acquired of 70% POPS*, 30% POPC Nanodiscs with 2 mM Ca2+

using an MAS rate of 10 kHz on a 600 MHz (1H frequency) spectrometer: 13C-13C two-
dimensional DARR spectra with (a) 25 ms DARR mixing acquired at −30 °C and (b) with
200 ms DARR mixing acquired at 5 °C. Insets in panels a and b are expansions of Cα-Cβ
regions. The phosphorus and nitrogen chemical shifts of the two Ca2+-induced conformers
are also well resolved as shown in expansions of the serine Cα-Cβ and Cγ regions of
(c) 15N-13C TEDOR spectrum with 6.4 ms REDOR mixing acquired at −20 °C and
(d) 31P-13C TEDOR spectrum with 2.4 ms of REDOR mixing acquired at −20 °C. All
spectra were zero filled to twice the original data size. The 13C-13C two-dimensional spectra
were line broadened 0.2 ppm in each dimension. The 31P-13C and 15N-13C spectra were line
broadened 0.4 ppm in the carbon dimension and 0.25 ppm in the 31P and/or 15N dimensions.
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Figure 6.
Close intermolecular 13C-13C spacing between the two configurations of the PS headgroup,
demonstrated by intermolecular cross-peaks in CHHC two-dimensional correlation spectra
of 70% POPS* 30% POPC Nanodisc prepared with 2 mM Ca2+. Gel phase spectra (left)
were acquired at −20 °C and liquid crystal phase spectra (right) were acquired at 10 °C with
(a, c) 100 μs and (b, d) 400 μs of 1H-1H mixing. All spectra were acquired with an MAS rate
of 10 kHz on a 600 MHz (1H frequency) spectrometer, and processed with 0.3 ppm of line
broadening in each dimension.
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Figure 7.
Three-dimensional ZF TEDOR trajectories of the cross-peak observed for the 31P of the PS2
and the 15N of the PS1 headgroup spin systems with a T2 of 7.0 ms. To derive distance
values, experimental buildup curves were fitted using a nonlinear least-squares optimization
of the analytical expression described by equations 10 & 11 in Jaroniec et al. (63). Also
shown as an insert is a snapshot taken from the MD simulations depicting an example of a
PS1 and a PS2 headgroup interacting with the same Ca2+ ion. The O-Cα-Cβ-N dihedral
angle and the Cγ-P distance are −71.2° and 4.82 Å in PS1 (left), and 52.4° and 4.17 Å in
PS2 (right). The distance between PS1-N and PS2-P in this snapshot is 6.05 Å.
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