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Abstract

Tons at the two sides of the plasma membrane maintain the transmembrane po-
tential, participate in signaling, and affect the properties of the membrane itself. The
extracellular leaflet is particularly enriched in phosphatidylcholine lipids an under the
influence of Nat, Ca?t, and Cl~ ions. In this work, we combined molecular dynam-
ics simulations performed using state-of-the-art models with vibrational sum frequency
generation (VSFG) spectroscopy to study the effects of these key ions on the structure
of dipalmitoylphosphatidylcholine. We used lipid monolayers as a proxy for membranes,
as this approach enabled a direct comparison between simulation and experiment. We
find that the effects of Nat are minor. Ca?T, on the other hand, strongly affects the

lipid head group conformations and induces a tighter packing of lipids, thus promoting



the liquid condensed phase. It does so by binding to both the phosphate and carbonyl
oxygens via direct and water-mediated binding modes, the ratios of which depend on
the monolayer packing. Clustering analysis performed on simulation data revealed that
changes in area per lipid or CaCly concentration both affect the head group conforma-
tions, yet their effects are anti-correlated. Cations at the monolayer surface also attract
C17, which at large CaCls concentrations penetrates deep to the monolayer. This phe-
nomenon coincides with a radical change in the VSFG spectra of the phosphate group,

thus indicating the emergence of a new binding mode.

Introduction

Concentration gradients of cations across cellular membranes are required to maintain the
electrostatic potentials across these membranes. This potential can be harnessed to drive
transmembrane processes, and its localized changes are used as a means of signaling. More-
over, cations such as calcium also directly participate in numerous signaling pathways at the
membrane surface.'™ Cation adsorption can also affect the lateral structure of lipid mem-
branes and vice versa,*® which could regulate membrane protein function via membrane-
mediated effects. Therefore, understanding the interactions between cations and lipid mem-
branes is of crucial interest—a task best tackled with a collaboration between simulations
and experiments.

Indeed, numerous molecular dynamics (MD) simulation studies have focused on lipid—ion
interactions in an attempt to reveal atom-level information of these interactions.% ' Unfor-
tunately, it has only recently become evident that in most of these studies the adsorption of
both sodium and calcium onto phosphatidylcholine (PC) head groups has been significantly
overestimated.® While lipid bilayer simulations are routinely performed in silico, they are
often not convenient to study experimentally. Therefore, lipid monolayers are often used as
a model of the bilayer.!* In contrast, MD simulations have traditionally struggled with lipid

monolayers'? due to the inadequate description o6 water—air interfaces. These compatibil-



ity issues between experiment and simulation have traditionally prevented quantitative and
interdisciplinary studies on lipid—-ion interactions.

In this work, to overcome the aforementioned issues, we complemented experimental
work on lipid monolayers with simulations that bring together three key methodological
improvements in the field. Namely, we combined a recent ECC lipid model by Melcr et al.,!?
the ECC ions,'* !¢ and the optimal point charge (OPC) water model. The ECC (“electronic
continuum correction”) ions account for electronic polarizability in a mean-field manner by
using scaled-down charges. The ECC lipid model is based on the Lipid14'” model and
correctly describes the adsorption of ECC ions onto the PC head group region.!® Finally, the

OPC water model'® was recently shown to be able to describe lipid monolayer behavior, 1%-2°

and thus avoid many of the issues with MD simulations of such systems.!?

With this state-of-the-art set of force fields and in combination with Langmuir trough
measurements and vibrational sum frequency generation (VSFG) spectroscopy, we studied
the effect of the key cations — Na™ and Ca*" — on the properties of DPPC monolayers.
While such monolayes serve as models for lipid membranes, they are also interesting in the
context of the DPPC-rich pulmonary surfactant.?!22

We found that Na* has little effect on the monolayer properties. However, Ca?* causes
a significant decrease in the surface pressure of the monolayer by favoring the presence of
the liquid condensed phase. We also found that a few hundred millimolar concentrations of
CaCl, are able to induce this effect, whereas larger concentrations do not have a substantial
effect on the surface pressure. Nevertheless, at these larger concentrations, lipid head group
conformations are still affected as both Ca?" and Cl~ are able to penetrate and bind deep
into the lipid carbonyl region and displace hydration water. This observation is supported

by the VSFG spectra of phosphate stretching, which also indicates an emergence of a specific

Ca?*-PO7~ complex.



Methods

Simulation Models and Methods

Atomistic classical molecular dynamics simulations were performed to unravel the effect
of cations on the structure of a dipalmitoylphosphatidylcholine (DPPC) monolayer. The
simulated systems contained 512 DPPC molecules in two independent monolayers, each
with 256 lipids. These lipid films were located at the water—air interfaces formed on a slab of
~40,000 water molecules located in the middle of a periodic simulation box. Monolayers with
eight area per lipid (APL) values (42, 48, 54, 60, 66, 72, 78, 90 A?) were simulated. Hence,
the simulated systems captured the liquid condensed (L.) and liquid expanded L, phases as
well as their coexistence. The lateral sizes of the simulation box ranged from approximately
10 x 10 nm? to 15 x 15 nm?. The box was elongated to 22 nm in the direction normal to the
interface in order to avoid long-range electrostatic interactions of lipids through the vacuum
(air) phase. Snapshots of the monolayer at three different APL values are shown in Fig. 1.

In terms of solvent, either pure water or solutions of NaCl or CaCly were considered. For
NaCl, 600 Nat and CIl~ ions were inserted, which yielded a concentration of ~820 mM. For
CaCly, 300 Ca?*t ions were included with twice the amount of C1~ counterions to provide a
concentration of 410 mM. Additionally, monolayers with APLs equal to 48, 66, and 78 A2,
corresponding to the L. phase, L./L. coexistence, and the L. phase, were simulated with
different amounts of CaCly. To this end, 75, 150, 300, 750, or 1500 Ca?* ions were included
with twice the amount of Cl™ counterions to provide concentrations of 101 mM, 203 mM,
1.06 M, and 2.25 M (note that ions are added by replacing water molecules with them).

In the case of both pure water and NaCl, 200 ns-long trajectories were simulated whereas
300 ns-long trajectories were collected for the systems containing CaCl,. In each case, the last
100 ns were used for analyses. Simulations were performed employing canonical ensemble
at a temperature of 298 K. The simulation outputs are available at doi.org/10.5281/

zenodo. 1043958 (no ions), doi.org/10.5281/zenodo.1043956 (NaCl), and doi.org/10.



5281/zenodo. 1154569 (CaCly).

48 A% L, phase

Figure 1: Side and top views of selected systems with 410 mM CaCl, and at varying APLs.
These correspond to the L. phase (48 A?), the L. phase (78 A?), and their coexistence
(66 AQ). DPPC is shown in green, Ca?*t in yellow, Cl~ in orange, and water as a transparent
blue surface. Hydrogens are omitted for clarity.

To accurately capture both the lipid behavior at a water—air interface and the cation
affinity for the PC head group, we combined a set of state-of-the-art force fields. Lipids were
modeled using the headgroup parameters adapted from ECC-POPC,!® which is based on
Lipid14.17 This lipid model was parameterized to capture the head group responses to cations
when combined with the ion models developed by the group of Pavel Jungwirth. 416 Briefly,
these ion models account for electronic polarizability in a mean field manner by adapting
the electronic continuum correlation (ECC) approach.?726 Effectively, the charges of the
ions are scaled by a factor of 0.75 and the Lennard-Jones ¢ parameter is fine-tuned to agree
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with neutron scattering data. Finally, the OPC water model'® was recently demonstrated

19,20 and

by us to provide good agreement with experimental isotherms of lipid monolayers
was hence adapted to this work. Since the ECC ions were parametrized with another water
model (SPC/E), we refined their o parameters so that the first peak in the water—ion radial
distribution function agreed with experimental findings (see Table S1 in the SI).

The simulations were performed using GROMACS v5.1.4.27 Periodic boundary conditions
were used in all directions and the Newtonian equations of motion were integrated with a time
step of 2 fs. Lennard-Jones potential was shifted to zero at 1.2 nm, and the smooth particle

mesh Ewald method?® was used to calculate the long-range contribution to electrostatic

interactions. The dispersion correction? was applied to energy and pressure to account for



long-range Lennard-Jones interactions. Neighbor lists were maintained using buffered Verlet
lists.?® The temperatures of the lipids and the solvent were separately coupled to a stochastic

t31

velocity rescaling thermostat®' with a target temperature of 298 K and a time constant of

1 ps. The bonds involving hydrogens were constrained using the LINCS algorithm.3%33

Simulation Analyses

The surface pressures IT at an APL of A were calculated from the surface tensions v measured

from simulations as

II(A) =% —v(A), (1)
where g is the surface tension of the lipid-free solvent—air interface, and due to the symmetry

of the simulation system, ~ is calculated simply as

y= Tz BIxL 2)

where Py and P, = 1/2 x (P,, + P,,) are the lateral and normal components of the pressure,
P,, = P, are the lateral components of the pressure tensor, and L, is the length of the
simulation box normal to the interface. The value of =, is sensitive to ions so its values were
extracted for all used ionic conditions from simulations without lipids.

The fractions of the L. phase were calculated as in our previous work.'® The oxygen—
cation contacts were measured with a cutoff of 0.325 nm as in our earlier work.® For chloride,
we set the cut-off to 0.535 nm as it includes the first peak in the oxygen—chloride RDF.
Density profiles were calculated with the gmx density tool bundled with GROMACS. The
profiles were centered based on the lipid coordinates, and symmetrized. The numbers of
Ca?* and Cl~ ions that penetrated below the phosphate region was calculated as follows:
The number densities of the ions were integrated from the maximum of the phosphate density

until the vacuum phase. This maximum density was obtained as the midpoint of a Gaussian



fit to the phosphate density profile.

The relative numbers of ions bound directly and in a water-mediated manner to lipids
were calculated as follows: non-normalized radial distribution functions (RDFs) of ions
around carbonyl and phosphorus (the two bound only to phosphorus) oxygens were calcu-
lated. The first peak (direct binding) was numerically integrated from 0 to 0.32 nm, which
lies in the first wide minimum. For carbonyl, the top of the second peak was fitted with
a Gaussian function and analytically integrated, whereas for phosphate a double Gaussian
was used to capture the clearly visible bimodal distribution. These Gaussians were used as
the RDF did not return to zero after the second peak and hence we wanted to avoid setting
an arbitrary cutoff distance. The coordination numbers were estimated by integrating RDFs
of carbonyl and phosphate (the two bound only to phosphorus) oxygens up to the minimum
after the second peak.

Conformations of the lipids were analysed statistically by a computer clustering method.
Data from all simulations were combined and the pairwise inter-lipid distances were cal-
culated. The distance was defined as the Euclidean distance between the positions of the
head-group atoms which were first aligned. The alignment (translation and rotation) was
done in a pairwise fashion using a rigid part of glycerol backbone, namely the C1, C2 and
C3 atoms. Hierarchical clustering method using the Ward’s linkage method was applied
on a total of 359424 lipid conformations randomly sampled from 18 individual simulations
with varying conditions (area per lipid of 48, 66, or 78 A2 and CaCl, concentration of 0,
101, 203, 410, 1060, or 2250 mM). The trajectory was pre-processed with the help of the
MDAnalysis python package.?* The pairwise distance was calculated using an in-house de-
veloped software employing an optimized singular value decomposition method based on Ref.
35 and implemented by Eric V. Jang (https://github.com/ericjang/svd3). The cluster-
ing was carried out using a modified version of the scipy.cluster.hierarchy Python package
https://github.com/scipy/scipy/tree/v1.5.2/scipy/cluster.

Deuterium order parameter is defined as Scp = %(3 cos®# — 1). The Scp values for the



head group 3, a and g; carbons (see Fig. 10) were calculated from the carbon and hydrogen
positions with an in-house script. The values for the two hydrogens were calculated and
the mean and average of these two values were used as the value and error for each studied
carbon.

Visualization was performed using the VMD Molecular Graphics Viewer® and rendered

with the use of the Tachyon Ray Tracing System.3”

Materials

Sodium chloride (NaCl) (certified ACS, 99.5-100.5%) and calcium chloride hexahydrate
(CaCl2-6H,0) (certified ACS, 99%) were purchased from Fisher Scientific (Waltham, MA).
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (>99%, Avanti Polar Lipids, Alabaster,
AL) was used as received and dissolved in chloroform (>99.9%, HPLC grade, Sigma-Aldrich,
St. Louis, MO) at a 1 mM concentration. Ultrapure water with a resistivity of 18.2-18.3
MQ-cm and measured pH of 5.6 (the pH is slightly acidic due to the dissolution of gaseous
COs) was obtained from a Barnstead Nanopure system (D4741, Thermolyne Corporation,
Dubuque, IA) equipped with additional organic removing cartridges (D5026 Type I ORGAN-
[Cfree Cartridge Kit; Pretreat Feed). Stock chloride salt solutions were prepared by dissolv-
ing salts in ultrapure water and pretreated according to procedures described previously to
remove potential remaining organic contamination.3® Concentrations of these solutions were
standardized by Mohr titration.?® Once the concentrations were known, each salt stock so-
lution was diluted to the desired concentrations. The measured pH of the salt solutions laid
in the range 5-7. All salt solutions were shown to be free of organic impurities, as revealed
by their VSFG spectra obtained in the surfactant CH stretching region (2800-3000 cm™!).
All solutions were thermally equilibrated to room temperature (23£1°C) over 24 h prior to

measurement.



VSFG Spectroscopy Measurements

VSFG spectra (‘X(SZ) (MIR)‘2> from the lipid-covered aqueous surfaces were obtained on a
broad-bandwidth VSFG spectrometer setup that has been described elsewhere.’ The av-
erage visible/infrared (IR) pulse energy of the visible (0.8 pm) and IR (2.6-3.3 pm and
8.3-10.0 pm in the water OH and phosphate stretching regions, respectively) beams incident
on the aqueous surface were 300/6 and 300/10 nJ for the phosphate and water OH spectral
regions, respectively. Spectra were recorded with a 5 min integration time. All VSFG spec-
tra were background-subtracted and normalized against the non-resonant VSFG spectrum
from a GaAs(110) crystal (Lambda Research Optics, Costa Mesa, CA) to eliminate the spec-
tral distortion caused by the frequency-dependent IR beam energy in the spectral region of
interest. For each experiment, ultrapure water was poured ( 28 mL) in acid-cleaned Petri
dishes (5 cm diameter) and spectra of the neat air/water interface were used as a reference
to assess reproducibility during the entire experimental period. Then, water was replaced by
aqueous salt solutions onto which DPPC monolayers were overspread (~12 pL). Under this
condition, DPPC monolayers were equilibrated in the highly ordered liquid-condensed (LC)
phase as tested by surface tension measurement. Prior to any spectroscopic measurements,
10 min was allowed for solvent evaporation. The ssp (s for sum-frequency, s for visible, and
p for infrared) polarization combination was selected for all spectra presented here. All mea-
surements were repeated at least three times to ensure reproducibility and were recorded at
room temperature (234+1°C). Only every second data points are plotted in the VSFG spectra

to avoid spectral clutter.



Results

Ca2* but not Na®™ Induces a Shift In the Pressure—Area Isotherm

We first calculated the surface pressure—area isotherms for DPPC in the presence and absence
of ions and compared them against experimentally measured isotherms for similar systems.*!
In simulations, the surface tension of the pure water—air interface was calculated to be
70.9 4+ 0.3 mN/m, in good agreement with the experimental value of 71.97 mN/m.*? The
ions had little effect on this tension, yet the g value in Eq. (1) was still calculated separately
for each ion concentration. As the surface tension values of electrolyte solutions in Fig. S1 in
the Supporting Information (SI) demonstrate, the used ECC ions'* 6 indeed underestimate
the effect of increasing salt concentration. This results from the fact that the charges should
in principle be scaled by different factors at the two sides of the interface, which is also
manifested by the fact that full charges tend to overestimate the dependence of surface
tension on salt concentration.?®

Both experimental and computational isotherms are shown in Fig. 2. The computational
ones were calculated from the last 100 ns of simulation data so that the number of bound
ions at the surface had equilibrated (see top row of Fig. S2 in the SI). The experimental
isotherms (top panel, adapted from Ref. 41) show that NaCl has little effect on the shape
and position of the isotherm, whereas CaCly shifts the isotherm downwards in the coexistence
region. This behavior is also captured well in the computational isotherms (middle panel),
where NaCl has little effect on the isotherms and CaCl,; mainly affects the pressure at the
coexistence plateau. The numbers of cation—lipid interactions, plotted in the bottom panel
of Fig. 2, reveal that Na™ binds little to the lipids regardless of the monolayer APL. Ca?*,
on the other hand, binds much more to lipids, and the amount of bound cations depends
on the APL. Between 42 and 60 A2, the cation-lipid contacts increase by ~40%. Further
increase in APL does not increase the number of these contacts.

We also studied the interaction of the chloride ions with the lipids. A longer cutoff was

10
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Figure 2: Experimental (top panel, adapted from Ref. 41) and simulated (middle panel)
isotherms of the DPPC monolayer under various solvent environments. Note that the used
concentrations between experiments and simulations are not equal. Still, in both cases NaCl
has no effect on the isotherm, whereas CaCl, induces a downward shift especially in the L. /L,
coexistence region. The number of cation—lipid contacts is shown in the bottom panel. For
NaCl, this number is small and independent of APL, whereas for CaCl, the number of
contacts increases upon increasing APL, until it saturates at an APL of ~60 A2.

used to analyze the lipid—ion contacts (see Methods) since Cl~ ions do not bind to the lipids
directly, but instead are bridged to negative lipid groups via cations. As demonstrated in the
bottom row in Fig. S2 in the SI, we observed that in the case of NaCl, the larger the APL,
the more chlorides were located in the vicinity of the lipids. This is somewhat surprising
considering that the number of bound Na™ ions is constant across the studied APLs. For
CaCly, the Cl~ binding over time follows a similar pattern as that of Ca?", and a similar

dependency on APL is observed.
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Ca’* Bridges Lipid Head Groups and Thereby Promotes the L, Phase

We next studied how the ions affect the packing of lipids at a nanoscopic level within the
coexistence region. To this end, we calculated the fraction of lipid chains that were loosely-
packed and hence in the liquid expanded (L.) phase. The analysis was adopted from our
previous work,'® and the results are shown in Fig. 3. At 54 A2, the entire monolayer is
in the liquid condensed (L.) phase, whereas the fraction of the L. phase grows steadily for
lipid areas between 60 and 72 A2. The growth is similar independent of the presence of
ions, yet the values for the system with CaCl, are always somewhat lower than for the ion-
free monolayer and the monolayer with NaCl. This indicates that CaCl, can induce tighter

packing of the lipids, likely by clustering the head groups of multiple lipid molecules.
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Figure 3: The fraction of the L. phase of the DPPC monolayer as a function of solvent
environment in systems that are within the L. /L. coexistence plateau.

A detailed look into the direct binding modes of Ca?" to lipid oxygens is provided in
Fig. S4 in the SI. In the radial distribution functions (RDFs), this direct binding has a sharp
distribution at 0.21-0.23 nm (data not shown). Upon growing area, the repulsion between
cations decreases and thus more Ca?* binds to the phosphate groups. In the carbonyl region
the situation is different as the number of Ca?* penetrating there is also much smaller. At the

smallest area, less Ca?t reaches the carbonyl region likely due to the compact packing, yet

12



at larger areas the number of Ca*" bound to carbonyls is fairly constant. Only at the largest
area per lipid, the number of bound Ca?* slightly decreases, likely due to the dynamic nature
of the L, phase monolayer which makes it difficult for the cations to engage in optimally
coordinated binding modes.

In addition to these direct binding modes, we also analyzed the solvent-shared Ca?*—
lipid binding. For carbonyl oxygens, the number of Ca*'s bound via water molecules was
~2.2 times that of the directly-bound ones and the RDFs had a single Gaussian distribution
centered at ~0.46 nm.

For the phosphates, the situation is quite different: The solvent-shared binding displayed
a bimodal distribution with characteristic Ca?*—oxygen distances of 0.39 nm and 0.44 nm.
These corresponds to modes where the binding is coordinated by two or one water molecules,
respectively. For the former, the Ca?*, oxygen, and the two waters form a rhombus-like shape
and thus the Ca?t—oxygen distance is shorter than in the case of a single water bridging the
Ca?" and oxygen in a linear arrangement. The conformation with a single shared water
molecule was always more prevalent by ~50%. However, unlike for the carbonyls where
the solvate-shared binding dominates, the number of Ca?* bound by solvent-sharing to
phosphate oxygens was 10% lower than the number of directly bound Ca?*.

The coordination number of carbonyl and phosphate oxygens around Ca?* at 0.32 nm
ranged from 1.0 to 1.4, growing monotonously with area per lipid. However, a molecule can
reside close to both carbonyl and phosphate oxygen of the same lipid, so our numbers are
likely somewhat overestimated. At the end of the second peak in the Ca?T—oxygen RDF at
0.53 nm, the coordination numbers ranged from 2.2 to 2.9. These numbers indicate that
Ca?* directly binds to one lipid, yet it can bind to another 1-2 lipids via solvent-shared

binding.
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Higher CaCl, Concentrations Affect Lipid Head Group Conforma-

tion Instead of Lipid Packing

Next, we studied the effect of CaCly concentration on the monolayer at selected values for the
area per lipid. These systems corresponded to the L, and L. phases as well their coexistence,
and the studied CaCl, concentrations were 101, 203, 410, 820, 1060, and 2250 mM. We again
verified that the number of bound ions had stabilized before the last 100 ns of the simulation
trajectory that was used in the analyses (see top row Fig. S3 in the SI). We first calculated
the dependency of the surface pressure on the CaCly concentration, which is shown in Fig. 4.
It is clear that at small CaCl; concentrations, the surface pressure values drop, yet the curves
stabilize at around 400 mM. This could either mean that the monolayer is saturated with ions
at that concentration, or that the additional adsorption of ions has no effect on the packing
of the monolayer. Further analysis demonstrates that the effect of CaCl; concentration on
the L, fraction was also negligible at concentrations larger than 400 mM (see the inset of

Fig. 4.
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Figure 4: The surface pressures of the simulated DPPC monolayers in different phases as a
function of CaCl; concentration. The inset shows the fraction of the L. phase as a function
of CaCl, concentration for the monolayer with an APL of 66 A2,

The number of contacts between lipid oxygens and calcium ions, shown in Fig. 5, reveal

14



that no such saturation of ion adsorption is observed in the studied concentration range.
This is also highlighted by the time evolution of the lipid-Ca?* contacts shown on the top
row of Fig. S3 in the SI. At small CaCl, concentrations, the binding to monolayers with
different APLs and hence different phases is fairly equal, whereas at higher concentrations
the adsorption to monolayers with larger APL values is substantially larger. At high CaCl,
concentrations, the binding to the carbonyl groups seems to be somewhat saturated and
there is little difference between binding to the these groups in the monolayers with the two
largest APLs. However, at the high CaCl, concentrations, the phosphate oxygens bind a
substantial amount of cations. As discussed earlier, this binding to phosphates seems to
have little effect on lipid packing and hence on surface pressure (see Fig. 4). The binding of
Cl1~ ions to lipids via Ca?" bridges again showed the same shape and tendency as the Ca?"

binding (see bottom row in Fig. S3 in the SI).
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Figure 5: The binding preference of Ca?t as a function of APL in A? (coloring) and CaCl,
concentration (z-axis). The binding is resolved between carbonyl and phosphate oxygens.
Notably, as a single ion can simultaneously fulfill the criteria of binding into both types of
oxygens, the total number of bound ions is smaller than the sum of the two bars.

In addition to global effects manifested in phase behavior, lipid—ion interaction can also
lead to conformational changes in the lipid head group. This is well described by the deu-
terium order parameters Scp of the hydrocarbon segments of the lipid head group.®*® We
calculated the deuterium order parameters for three carbon atoms labeled in Fig. 10 as a

function of CaCl;y concentration, and the results are shown in Fig. 6.
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Figure 6: The dependency of lipid head group deuterium order parameters on CaCly con-
centration.

Based on Fig. 6, already a presence of a small amount of CaCl, has a significant ef-
fect on the head group conformation. While an increasing CaCly concentration has an ever
smaller effect on the order parameters, the change is still measureable and systematic. The
shapes of the curves in Fig. 6 agree with those measured for lipid bilayers in both experi-
ments?? and simulations with the ECC lipid model.*® Curiously, the magnitude of the effect
of CaCly depends on monolayer packing; the smaller the monolayer APL, the more drastic
the conformational changes seem to be. However, such comparison should be avoided as the
dependence of the deuterium order parameter on lipid head group tilt is not linear.

To have a more detailed view on the effect of CaCly concentration and APL on the head
group conformations, we performed clustering analysis on the lipid head group conforma-
tions. An equal number of lipid molecules was randomly selected from 18 simulations with
varying area per lipid (48, 66, and 78 A2) and the Ca?* concentration (0, 101, 203, 410,
1060, and 2250 mM). According to their conformation the lipid molecules were separated
into “clusters” (see Methods for details). The relative abundance of lipids from different sim-

ulations in individual clusters can be used to analyse the effect of the varying conditions (the



area per lipid and the CaCly concentration) on the lipid conformation. Note that clustering
algorithm is ignorant about all properties of the simulations and considers all lipid molecules
as equivalent.

Since the number of conformations is not known a priori, clustering analysis was per-
formed for different number of clusters. The conformations are distributed continuously
(homogeneously covering part of the physical space) signifying that the number of clusters
can not be guessed from the clustering results. Conversely, different number of clusters can
be used depending on the analysis specifics — a small number of clusters (12) was used for
detailed analysis of each representative conformation while a large number (64) of clusters
was used especially for visual analysis of the bulk properties.

Twelve different conformations can be readily distinguished in Fig. S5 in the SI. All
such clusters are significant in terms of abundance (Fig. S6 in the SI). The relative cluster
abundances within each of the different simulations were analysed statistically. It turns out,
that both the CaCly concentration and the area per lipid influences the distribution of the
lipid among representative conformations (Fig. S6 in the SI). The degree (magnitude) of
influence can be defined as the normalized slope of the cluster abundance as a function of
the “condition” £, where £ stands either for the CaCly concentration or the area per lipid).
Positive values represent affinity towards a high condition &, while negative values represent
affinity to a low &. The affinity can also be viewed as increased probability to find a lipid
of selected conformation as the condition £ increases. The magnitude of the influence was
estimated through linear fitting. This is well justified as the cluster abundances clearly
exhibit linear behavior with ¢ (Fig. S6 in the SI).

The CaCl, concentration has a higher impact on distribution of the lipid population
among the clusters than the area per lipid. A clear anti-correlation can be observed between
the two in Fig. 7. In other words, if the relative abundance of a given conformation increases
with CaCly concentration, it decreases with APL and wvice versa.

Next, we focused on the effect of CaCly; concentration on the cluster populations, as

17
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Figure 7: A) Correlation between the impacts of CaCly concentration and APL on the
lipid head group conformation. Numbered dots signify individual clusters, where the color
symbolizes the total cluster abundance. A clear anti-correlation can be observed, the con-
formation No. 7 being the only outlier. Linear fit of the data weighted by the relative
cluster abundance (dashed gray line) exhibits a slope of 0.4 and an offset of 1.6. The
range of the afinity towards CaCly concentration is slightly higher than for APL (-50 to
+80 vs. —30 to +70) signifying that the lipid conformation is affected more by the for-
mer. B) Representative conformations coloured by the correlation of the cluster abun-
dance between the CaCly concentration and the APL within the respective cluster, (green:
correlated, white: no correlation, red: anticorelated), the shade specifies the total CaCl,
concentration and APL dependence magnitude (light: low dependance, dark: high de-
pendence). See http://doi.org/10.6084/m9.figshare.12783584 for additional visual-
ization. C) The clusters—or the representative lipid conformations—can be classified by
their affinity to concentrated Ca?' environment. The measure of such affinity can be de-
fined as a slope of the relative abundance as a function of concentration. Positive values
(blue) signifies affinity to high CaCl, concentrations while negative (red) to low ones. See
http://doi.org/10.6084/m9.figshare. 12783584 for additional visualization.

the effects of APL are mostly the opposite based on the anti-correlation in Fig. S6. The
degree of influence can be used to further separate the clusters into two groups—those with
a positive or a negative affinity towards higher CaCl, concentrations. It turns out that the
clusters are not randomly distributed amongst the groups, but rather the groups divide the
physical conformation space into two areas—hemispheres (Fig. 7C). That means that the
conformations with an affinity towards higher CaCl, concentrations are physically similar. It
is also evident from Fig. 7C that an increase in CaCl, concentration results in more compact

packing of the head group.
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To further clarify the effect of CaCl, on the individual lipid head groups, we performed
vibrational sum frequency generation (VSFG) spectroscopy measurements of the phosphate
group. As shown in Fig. 8, VSFG spectroscopy reveals a substantial effect of high CaCl,
concentrations on the phosphate spectrum. The spectra at different concentrations in Fig. 8,
show that the phosphate stretching peak shifts upon an increase in CaCl, concentration. This
effect likely result is in the lowered hydration of the phosphate environment due to increased
presence of ions. However, at ~2 M there is an abrupt jump of the peak position in the

1

spectra to ~1143 cm™". Moreover, the peak position saturates and a further increase in

CaCl;y concentration to 2.7 M has no visible effect on the shape nor the position of the peak.
The addition of 600 mM of NaCl had little effect on the spectra with the peak location

aligned with that measured in the absence of salt at ~1108 cm™!.
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Figure 8: Vibrational sum frequency generation spectra (SSP polarization) of DPPC mono-
layers spread on CaCly subphases revealing dramatic changes in intensity and frequency
coinciding with increasing calcium chloride concentrations indicative of differing binding
motifs. The dashed gray line highlights the alignment of the peaks measured in the absence
of salt and with 600 mM of NaCl at ~1108 cm™!, whereas the dotted gray line shows the
alignment of the peaks at ~1143 cm™! measured for CaCl, concentrations of 2 and 2.7 M.

To find a molecular explanation for the behavior of the VSFG spectra, we calculated the
density profiles of Ca?* and Cl~ ions together with the phosphorus atoms from simulations
at 66 A2 and at different ion concentrations. Selected profiles are shown in the top three

panels of Fig. 9. Curiously, we find that the shift and saturation of the peak in the VSFG

19



spectrum coincides with the penetration of Cl~ ions to the region below the phosphorus
atoms of DPPC. The numbers of ions that penetrate below the phosphorus density peak are
plotted in the bottom panel of Fig. 9. At low concentrations, there are more Ca?* ions in
this region, yet the numbers are fairly small. However, after ~700 mM, there are more Cl™
than Ca?* ions below the phosphorus level, and at the largest studied concentration Cl1~
dominates by already ~45%. This effect is also visually evident in Fig. 10, which shows a
typical arrangement of ions at the surface of a monolayer with an APL of 66 A2 at 2.25 M
of CaCly. The Ca?' ions, shown in yellow, are bound to the phosphate group, whereas
the Cl~ ions, shown in green, can penetrate to beyond this region and all the way to the
vicinity of the carbonyl groups. Since the carbonyl oxygens bear a negative partial charge,
this arrangement is likely stabilized by the overcharging at the phosphate level caused by

the large amounts of Ca®* ions therein.**

Discussion and Conclusions

In this work, we combined molecular dynamics simulations with Langmuir trough measure-
ments and vibrational sum frequency generation spectroscopy to unravel the effect of cations
on the properties of lipid monolayers. To this end, we have simulated DPPC monolayers at
various compression states and in the presence of NaCl and CaCly. The force fields used
for DPPC, water, and ions were all state-of-the-art and accurately describe the behavior

9 as well as the lipid—ion interactions.® The simulated sys-

of lipids at water—air interfaces!
tems cover all monolayer phases — liquid condensed and liquid expanded phases and their
coexistence. For CaCl,, additional simulations where performed with multiple salt concen-
trations for three compression states that correspond to the two studied monolayer phases
and their coexistence. Experimentally, we evaluated the effects of NaCl and CaCl, on Lang-

muir isotherms and studied the effect of various CaCly concentrations on the vibrational

spectrum of the phosphate group in the DPPC head group.

20



10 —P  —ClI" 101 mM |
]_ % _CaQ+ 5
— 0.1 - g
= 0.01 ]
= 0]
= B
§% I E
= B
2 017
g o001 N\
= 10} 225 M
ZEERN
0.1}
oorf /. |
2 25 3 35 4 45 5
Distance from water COM (nm)
’U T T T T T
icé 100 | o a2+
25 . —=Cl™ ]
g 10} \ .
(o8 F 1
. I crossover 1
ZO | | | | | |
101 203 410 1060 2250

Concentration (mM)

Figure 9: Top three panels: Number density profiles of phosphorus (P), calcium and chloride
on the monolayer surface at an APL of 66 A2 as a function of CaCl, concentration for selected
systems. Bottom panel: The number of ions that have penetrated below the phosphorus level,
shown in the log-log scale. At ~700 mM, the number of penetrated C1~ becomes larger than
that of Ca?*.

We first obtained surface pressure—area isotherms from both experiments and simula-
tions. From these isotherms in Fig. 2, it is evident that the shapes of the simulated and
experimental isotherms are not identical. Nevertheless, the simulated isotherm reproduces
the characteristic plateau of DPPC isotherms!® and the surface pressure values are mostly
reasonable without any shifting of the isotherms. 2 Moreover, it seems that at small areas per
lipid the current ECC-based model performs better than CHARMMS36 in our earlier work, **

whereas at larger areas CHARMM36 is in better agreement with experiment. Strikingly, at
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Figure 10: Characteristic conformation of the DPPC head group and bound ions under
high CaCl, concentrations. Here, carbons are shown in cyan, oxygen in red, phosphorus in
brown, and nitrogen in blue. Ca?* and CI~ ions are shown in yellow and green, respectively.
Hydrogens and water are omitted for clarity. The labels indicate the carbons for which
deuterium order parameters are reported in Fig. 6.

APL equal to 54 A2, the surface pressure in the system with CaCl, reaches a negative value.
It seems that at this area, CaCly is able to cluster the lipids efficiently, which in a finite sim-
ulation box leads to a phase separation between tightly-packed clusters and small amounts
of exposed surface. Despite these limitations, the simulation model seems to capture well
the effect of ions on the pressure—area isotherms and justifies our attempts to explain the
experimentally observed behavior based on simulation data.

We then evaluated how monolayer packing and cation type affect the adsorption of ions
to the monolayer surface. The dependence of cation-lipid contacts on APL (bottom panel
in Fig. 2) agrees well with our recent study® despite the fact that no ECC lipids were used
therein: Na*t binding depends only on the amount of PC head groups available for binding,
whereas the adsorption of Ca?* depends on the surface area available for binding. The
saturation of Ca*" binding at large areas (bottom panel in Fig. 2) is a new observation, and
likely results from the fact that the loosely-packed lipid—water interface undergoes charge
inversion. This is more likely with the ECC lipids used in this work (in contrast to Ref. 6),
as the inversion happens at a smaller amount of bound Ca?*.

Both simulations and experiments demonstrated a condensing effect of CaCly on the
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monolayers, whereas NaCl was not found to have an effect on lipid packing. The effect of
CaCly was most present in the L,/L. coexistence region, where the surface pressures were
lowered by CaCl,. The simulations revealed that this condensation resulted from an in-
crease in the fraction of the L. phase, whereas the properties of the individual phases were
not affected. Simulations with varying CaCl, concentrations demonstrated that the con-
densing effect of CaCl, is strong at relatively small concentrations and the effects saturate
at ~400 mM. Still, a further increase in CaCl, concentration affected the conformations of
lipid head groups (Figs. 6 and 7). Our cluster analysis revealed that increases in CaCly con-
centration and APL affect the cluster populations in an anti-correlated way. Moreover, we
observed that the clusters that are more preferred at higher and lower CaCl, concentrations
are physically distinct and populate two hemispheres. Moreover, higher CaCl, concentra-
tions also prefer more compact head group conformations (Fig. 7). At concentrations above
2 M, the VSFG spectra (Fig. 8) displayed drastic effects in the phosphate region. Unfortu-
nately, due to its quantum-mechanical nature, a VSFG spectrum cannot be resolved from
our atomistic simulations. Moreover, performing quantum-mechanical calculations for all the
lipid—cation geometries observed in our simulations is out of the reach of current resources.
Therefore, we connected the VSFG spectra to properties available in our simulations, namely
ion densities and binding modes. This approach revealed (Fig. 5) that at high CaCly con-
centrations the binding to the carbonyl groups is fairly limited, whereas more ions adsorbed
to the phosphate region and this binding was coupled with CI~ ions penetrating deep below
the phosphate region (Fig. 9). This arrangement with Cl~ ions allowing more Ca?" to bind
to the phosphate region appears only at high CaCly concentrations. We believe that this
specific organization of ions is the new binding mode that appears in the VSFG spectrum
at high CaCl, concentrations.

Based on our results, the changes in lipid packing take place at fairly low CaCly concentra-
tions and especially in the L. /L, coexistence region. However, lipid head group conformations

are systematically affected by an increasing CaCl, concentration at least until the largest
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simulated concentration of 2.25 M. Curiously, the head group conformations of the L. phase
monolayer are most affected by CaCl,. Finally, very large CaCl, concentrations introduce
a new and mutual binding mode for Ca?" and Cl~ detected in VSFG spectroscopy and our
density profiles. Thus it seems that the local (conformation and ion binding mode of a single
lipid) and global (lateral packing of lipids) effects are not connected in a straightforward
manner.

One limitation of the ECC framework worth mentioning here is that it is in principle
limited to studies on systems that are heterogeneous in their electronic response. This is
obviously not true for interfaces where the electronic polarizabilty changes abruptly, and
different scaling factors should therefore be applied on the two sides of the interface, 1 for
the air phase and 0.75 for the aqueous phase.?® We are not aware of any simulation code
which allows the definition of position-dependent ECC scaling factors or dielectric constants.
However, this should be possible to implement, as the profile of the dielectric constant at the
interface is known.*® Here, the use of the constant scaling factor of 0.75 leads to a too weak
effect of salt on surface tension of the electrolyte solution, whereas the effect with unscaled
charges is overestimated.?® Still, we consider this limitation acceptable, as the use of ECC
ions remedies the more severe issue of ion—lipid overbinding.

Our results help us understand how ions can regulate local lipid packing in the DPPC-rich
pulmonary surfactant monolayers, where the phase behavior of lipids is of key physiological
importance. Namely, the balance of L, and L. phases is required for the proper folding of
the pulmonary surfactant monolayer into lipid reservoirs during exhaling, as well as for the
correct function of surfactant proteins.??> However, application of our results to cellular mem-
branes is likely less straightforward, as the behavior of monolayers used here depend heavily
on their compression state. Still, the trends observed here especially for the head group
conformations are likely similar despite the level of lipid packing. Still, cellular membranes
are very complex entities with thousands of lipid components, proteins, and other molecules.

Notably, cellular membranes have other means to control lipid packing, the most well-known
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one being sterol molecules such as cholesterol. %6 It is also worth noting that while the con-
centrations used here for NaCl are close to those present in the extracellular fluid (145 mM),
the used CaCl, concentrations are drastically higher than those present therein (1-2 mM).*7
In the cytosol, CaCly is much more scarce, and its concentration remains smaller than in
the extracellular fluid even during signaling-related calcium spikes.*® Therefore, the possi-
ble applications of the high Cay. concentrations used in this study likely lie in the field of

engineering and in marine-derived atmospheric aerosol chemistry, rather than in biosciences.
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