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S1 Computational Methods
S1.1 Simulated Single Phase Systems
The list of all studied systems is given in Table S1. Set 1 was simulated without ions and used as a reference
for the effects of cholesterol alone. The Slipids [1–3] and Charmm36 [4, 5] lipid models were employed in sets
1A and 1B, respectively. Set 2 was employed to study the effect of cholesterol on sodium adsorption. In
sets 2A and 2B, the Slipids force field was used with the ion parameters by Smith and Dang [6] (SD). Two
different concentrations of NaCl, namely 130 mM (set 2A) and 1 M (set 2B) were employed. Additionally,
sets 2C and 2D were employed to study whether the ion model [7] (MK, set 2C) or the lipid model (Slipids
vs. Charmm36 [4, 5], 2D) affect the effect of cholesterol on sodium binding. The sodium model in Charmm36
is that derived by Noskov and Roux [8] (NR).

The binding of calcium into POPC bilayers with varying amount of cholesterol was studied in set 3 with
both Slipids and Charmm36 lipid force fields. The recently published calcium and chloride ion parameters
with scaled charges (MK) [7] (sets 3A and 3B) were employed. Additionally, these simulations were repeated
with the standard ion models supplied with the Slipids and Charmm36 force fields (sets 3C and 3D). These
default calcium parameters are the default ones supplied with Amber (AM), and the ones derived by Marchand
and Roux [9] (MR).

The effect of temperature on binding of both sodium and calcium into a cholesterol-free POPC bilayers
was studied using the Slipids force field in set 4. The ion models by Smith and Dang [6] (SD) and Kohagen
et al. [7] (MK) were employed for sodium and calcium, respectively.

The binding of sodium and calcium into Ld phase cholesterol-free DOPC bilayers and into gel phase
cholesterol-free DPPC bilayers were studied in set 5 using the Slipids lipid model and ions from Refs. 6 (SD,
sodium) and 7 (MK, calcium).

Finally, the binding of sodium into heterogeneous membranes with liquid ordered (Lo) and liquid disordered
phases present was studied in set 6. Here, the Slipids lipid model was used together with the ions from Ref. 6.
More details on the setup of these systems is given in Section S1.2.

All membranes in sets 1–5 were built with CHARMM-GUI membrane builder [10, 11] and hydrated by 45
water molecules per lipid.

S1.2 Simulated Two-Phase System

Figure S1: Side view of the ternary system consisting of DOPC (cyan), DPPC (green) and cholesterol
(orange). DOPC is in the Ld phase, whereas DPPC and cholesterol together form the Lo phase. Sodium ions
are shown as pink spheres. Water, lipid hydrogens and chlorides are not shown. The simulation box with
periodic boundary conditions is shown in blue.
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Table S1: List of simulations performed in this study (see text for explanation of “Set” numbers). The symbols
correspond to initial and final bulk concentrations (c0 and cb), temperature (T ) and simulation time (t). The used
ion models are by Smith and Dang [6] (NaCl, SD), the ions with ECCR correction by Kohagen et al. [7, 12] (NaCl
& CaCl2, MK), the default Amber calcium parameters (CaCl2, AM), and the default sodium and calcium ions in
Charmm36 developed by Noskov and Roux[8] (NaCl, NR) and Marchand and Roux[9] (CaCl2, MR), respectively.
Note that the NBFIX correction [13] is included for Charmm36 sodium. Also note that the simulations marked with
∗ were simulated with version 1.7 of GROMACS topology files output by Charmm-GUI, which had an issue with
dihedral multiplicity. However, we expect this not to result in large changes regarding ion adsorption. The systems
with no ions were rerun with fixed a topology file, and the changes in area per lipid and lipid diffusion were minor.

Set Composition (numbers) Salt c0/cb (mM) T (K) FF Lipid/Ion t (ns)

1A[14]
POPC/0% chol (200/0) – –/– 310 Slipids 100
POPC/10% chol (200/22) – –/– 310 Slipids 100
POPC/20% chol (200/50) – –/– 310 Slipids 100
POPC/30% chol (200/86) – –/– 310 Slipids 100

1B[15]
POPC/0% chol (200/0) – –/– 310 Charmm36 100
POPC/10% chol (200/22) – –/– 310 Charmm36 100
POPC/20% chol (200/50) – –/– 310 Charmm36 100
POPC/30% chol (200/86) – –/– 310 Charmm36 100

2A[16]
POPC/0% chol (200/0) NaCl 130/61 310 Slipids/SD 200
POPC/10% chol (200/22) NaCl 130/57 310 Slipids/SD 200
POPC/20% chol (200/50) NaCl 130/62 310 Slipids/SD 200
POPC/30% chol (200/86) NaCl 130/69 310 Slipids/SD 200

2B[17]
POPC/0% chol (200/0) NaCl 1000/703 310 Slipids/SD 200
POPC/10% chol (200/22) NaCl 1000/692 310 Slipids/SD 200
POPC/20% chol (200/50) NaCl 1000/705 310 Slipids/SD 200
POPC/30% chol (200/86) NaCl 1000/700 310 Slipids/SD 200

2C[18]
POPC/0% chol (200/0) NaCl 130/84 310 Slipids/MK 200
POPC/10% chol (200/22) NaCl 130/87 310 Slipids/MK 200
POPC/20% chol (200/50) NaCl 130/85 310 Slipids/MK 200
POPC/30% chol (200/86) NaCl 130/90 310 Slipids/MK 200

2D∗[19]
POPC/0% chol (200/0) NaCl 130/103 310 Charmm36/NR 200
POPC/10% chol (200/22) NaCl 130/104 310 Charmm36/NR 200
POPC/20% chol (200/50) NaCl 130/105 310 Charmm36/NR 200
POPC/30% chol (200/86) NaCl 130/108 310 Charmm36/NR 200

3A[20]
POPC/0% chol (200/0) CaCl2 450/68 310 Slipids/MK 600
POPC/10% chol (200/22) CaCl2 450/55 310 Slipids/MK 600
POPC/20% chol (200/50) CaCl2 450/37 310 Slipids/MK 600
POPC/30% chol (200/86) CaCl2 450/22 310 Slipids/MK 600

3B∗[21]
POPC/0% chol (200/0) CaCl2 450/79 310 Charmm36/MK 800
POPC/10% chol (200/22) CaCl2 450/77 310 Charmm36/MK 800
POPC/20% chol (200/50) CaCl2 450/62 310 Charmm36/MK 800
POPC/30% chol (200/86) CaCl2 450/61 310 Charmm36/MK 800

3C[22]
POPC/0% chol (200/0) CaCl2 450/97 310 Slipids/AM 2000
POPC/10% chol (200/22) CaCl2 450/110 310 Slipids/AM 2000
POPC/20% chol (200/50) CaCl2 450/99 310 Slipids/AM 2000
POPC/30% chol (200/86) CaCl2 450/85 310 Slipids/AM 2000

3D[23]
POPC/0% chol (200/0) CaCl2 450/45 310 Charmm36/MR 2000
POPC/10% chol (200/22) CaCl2 450/52 310 Charmm36/MR 2000
POPC/20% chol (200/50) CaCl2 450/31 310 Charmm36/MR 2000
POPC/30% chol (200/86) CaCl2 450/25 310 Charmm36/MR 2000

4[16, 20]

POPC (200) NaCl 130/62 330 Slipids/SD 200
POPC (200) NaCl 130/56 350 Slipids/SD 200
POPC (200) NaCl 130/52 370 Slipids/SD 200
POPC (200) CaCl2 450/14 330 Slipids/MK 800
POPC (200) CaCl2 450/6 350 Slipids/MK 800
POPC (200) CaCl2 450/2 370 Slipids/MK 800

5[24]
DOPC (200) NaCl 130/64 310 Slipids/SD 200
DOPC (200) CaCl2 450/25 310 Slipids/MK 500
DPPC (200) NaCl 130/61 295 Slipids/SD 200
DPPC (200) CaCl2 450/130 295 Slipids/MK 800

6[24] DOPC/DPPC/chol (166/204/52) NaCl 150/67 310 Slipids/SD 200
DOPC/DPPC/chol (166/204/52) NaCl 1000/693 310 Slipids/SD 200
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To further evaluate whether sodium binding depends on the phase (Lo/Ld) of the membrane, we simulated a
ternary (DOPC/DPPC/cholesterol) lipid mixture with a pre-assembled phase boundary in the presence of two
sodium chloride concentrations, namely 130 mM and 1 M (see Fig. S1). The ternary DOPC/DPPC/cholesterol
(39%/49%/12%) system was built so that it initially contained a well-defined phase boundary separating the
Lo (DPPC+cholesterol) and Ld (DOPC) phases. This boundary is stable yet it becomes slightly less sharp
during the simulation. This composition is known to phase separate into coexisting liquid ordered (Lo) and
liquid disordered (Ld) phases in experiments [25]. Two NaCl concentrations, namely ∼150 mM and ∼1 M
were employed. The Slipids force field [1–3] was employed together with the ion parameters of Smith and
Dang [6].

S1.3 Simulation Parameters
S1.3.1 Simulations With the Slipids Force Field

The membranes were simulated in the NPT ensemble at 1 bar using the velocity rescaling thermostat [26] and
a semi-isotropic Parrinello–Rahman barostat [27]. Their time constants were set to 0.5 and 1 ps, respectively.
The temperatures of the membrane and the solvent were coupled separately. Constraints were applied to all
bonds using the Lincs algorithm [28].

The smooth PME scheme [29, 30] was employed for the electrostatics, whereas the Lennard-Jones (LJ)
potential was cut off at 1 nm. To account for the long-range LJ interaction, dispersion correction was applied
to both energy and pressure. A neighbor list with a radius of 1 nm was updated every 10 steps.

The simulations, varying in length (see Table S1), were all performed with a time step of 2 fs employing
the GROMACS v4.6.x [31] simulation package.

S1.3.2 Simulations With the Charmm36 Force Field

The simulations using the Charmm36 force field were performed with the simulation parameters provided
by the CHARMM-GUI. Namely, the NPT ensemble was provided by the Nóse–Hoover thermostat [32, 33]
and the Parrinello–Rahman barostat [27]. The time constats were set to 1 and 5 ps for the thermostat and
barostat, respectively. The bonds connected to hydrogen atoms were constrained with the Lincs algorithm
[28]. The smooth PME scheme [29, 30] was employed for electrostatics. The LJ interactions were cut off
at 1.2 nm and the force switch modifier was employed from 1.0 nm on. The Verlet-type neighbor list was
employed. The simulations were performed using a 2 fs integration time step using the GROMACS v.5.0.x
[34] simulation package.

S1.4 Analysis Methods
All analysis was performed using either the last 50 ns (systems without ions), the last 150 ns (systems
containing sodium) or the last 250 ns (systems containing calcium) of the data. Membrane areas and numbers
of contacts and were calculated with g_energy and g_mindist tools bundled with GROMACS, respectively.
A cation within 0.325 nm from a lipid oxygen was defined to be bound to the membrane. This definition was
carefully validated, see Section S1.4.1. The dynamic surfaces, employed as an alternative criterion for bound
ions (see below), were calculated with g_lomepro [35] and processed with MATLAB [36].

Diffusion coefficients (D) were extracted by a linear fit (MSD = 4D∆) to the lag time (∆) interval between
10 and 30 ns of the mean squared displacement (MSD) data, calculated from the center of mass trajectory
(generated by g_traj) with the g_msd tool. Lipid motion was measured with respect to the centre of mass of
the bilayer, hence bilayer drift does not affect the diffusion coefficients.

S1.4.1 Ion Binding and Coordination Cut-Offs Do Not Affect the Results

In this work, an ion was defined to be bound to the membrane if it was closer than 0.325 nm from any oxygen
atom of the phospholipid. This definition was chosen so that the number of possible binding sites would be
constant regardless of the number of cholesterol concentration. We also carefully validated that this definition
does not affect the results in two ways.
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First, we included the cholesterol oxygens in the analysis. The values obtained this way for sodium are
shown (blue curve) in Fig. S2 together with those obtained by only considering PC oxygens (red curve). The
contacts between calciums and cholesterol hydroxyl oxygens are also very rare (data not shown).
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Figure S2: The number of bound sodiums determined in three ways. Average number of sodiums that are
closer than 0.325 nm to a PC oxygen are shown in red. Similarly, the average number of sodiums that are
closer than 0.325 nm to either a PC or cholesterol oxygen are shown in blue. The average number of sodium
ions located between dynamic surfaces defined by phosphorus positions (see text) is shown in green. Error
bars show standard deviations.
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Figure S3: Number of bound ions as a function of the cutoff length for both sodium and calcium ions. The
employed value as well as the number of bound ions measured with this value are highlighted with dashed
lines. The cholesterol-free membrane and the Slipids lipid model were employed together with the sodium
model of Smith and Dang (SD) and the ECCR corrected calcium model (MK).

Second, we also evaluated the number of bound ions based on their location with respect to the membrane
surface. Since even membranes formed of 200 lipids fluctuate slightly, density profiles do not necessarily
provide a good estimate of bound ions. Instead, we calculated the number of ions that are located between
two surfaces that are defined as follows: First, continuous surfaces are generated through interpolation from
the phosphorus atom locations. Then, these surfaces are extended 0.3 nm outwards from the membrane core.
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This definition takes into account all oxygens that are bound to the phosphate oxygens. The ion positions
are recorded every nanosecond and the surfaces are generated from the average positions of the phosphorus
atoms during this nanosecond interval. The analysis is therefore repeated for every nanosecond of data. The
number of bound sodiums calculated this way is also shown in Fig. S2 (green curve). This curve agrees
substantially well with those obtained using the two other definitions.

Finally, we also calculated the number of bound ions with different cutoff lengths (in addition to the
employed 0.325 nm). As shown in Fig. S3, the number of bound ions is very insensitive to the choice of the
cutoff length for both sodium and calcium.
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Figure S4: The effect of cutoff on the average coordination number (phosphori) of calcium ions. The
cholesterol-free POPC bilayer using Slipids lipid force field and the ECCR corrected ions (MK) is employed.

When calculating coordination numbers of calcium bound to a bilayer, phosphori closer than 0.5 nm from
a calcium ion are considered to be in contact with it. As shown in Fig. S4, the coordination numbers are also
not sensitive to the change of this cutoff length.

These results together clearly support the robustness of the used definitions.

S2 Fluorescence Methods
S2.1 Materials
1-palmitoyl,2-dioleoyl-sn-glycero-3-phosphocholine (POPC) and ovine wool cholesterol were purchased from
Avanti Polar Lipids, Inc. (Alabaster, USA). 6-lauroyl-2-dimethylaminonaphthalene (Laurdan) was obtained
from Molecular Probes (Eugene, USA). Calcium chloride and sodium chloride with purity ≥ 99% and
ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich (St. Louis, USA). Organic
solvents of spectroscopic grade were supplied by Merck (Darmstadt, Germany). All chemicals were used
without further purification.

S2.2 Liposome Preparation
Appropriate volumes of lipids and Laurdan stock solutions were mixed in glass tubes. The final lipid
concentrations were 1.0 mM for pure POPC and 1.25 mM for POPC/Chol liposomes. Consequently, the
concentration of POPC was kept constant between the samples as in MD simulations. The final Laurdan
concentration was 0.01 mM in all the samples. Mixtures were dried under nitrogen stream and left for at
least 2 hours in vacuum. Dry lipid film was rehydrated in 1.5 mL sterile-filtered water (Sigma-Aldrich, St.
Louis, USA) containing either 0.1 mM EDTA or appropriate concentration of salt and vortexed for 4 mins.
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Large unilamellar vesicles (LUVs) were formed by extrusion through a 100 nm pore diameter membrane
filters (Avestin, Ottawa, Canada).

S2.3 Fluorescence Measurements
All measurements were performed in 1.5 mL quartz cuvettes (Hellma, Müllheim, Germany) thermostated at
288 K, 298 K, or 310 K using water circulating bath. Steady-state emission and excitation spectra were recorded
on a Fluorolog-3 spectrofluorometer (model FL3–11; JobinYvon Inc., Edison, NJ, USA) equipped with a
xenon-arc lamp. Excitation generalized polarization (GPEX) was calculated from excitation spectra measured
for the emission at 440 and 490 nm in the range 340–380 nm, according to: GPEX = (I440−I490)/(I440 +I490),
where I440 and I490 are the mean fluorescence intensities emitted at 440 and 490 nm [37].

Time-resolved fluorescence was recorded using a 5000U Single Photon Counting setup equipped with a
cooled Hamamatsu R3809U-50 microchannel plate photomultiplier (IBH, UK). Emission >399 nm cutoff
filter was used to eliminate the scattered light. Laurdan probe was excited at 373 nm with the IBH NanoLed
11 laser diode and fluorescent decays were collected between 400 and 540 nm with a 10 nm step. Each decay
was fitted with a multi-exponential function using the iterative reconvolution procedure (IBH DAS6 software).
Time-Resolved Emission Spectra (TRES) were reconstructed from the decays and the steady-state emission
spectrum and fitted with log–normal function in order to determine position of their maxima, ν(t), and their
width[38]. Subsequently, ν(t) was used to calculate mean relaxation time and total emission shift (∆ν).

The relaxation times were integrated after first normalizing them in the form of correlation functions C(t)
with C(0) = 1 and C(T ) = 0, where T is 15 ns and 30 ns for measurements at 310 K and 298 K, respectively.
These curves were then integrated from 0 to T to get an average relaxation time. This approach was not
suitable for the measurements at 288 K. For them, the mean relaxation time, τr, was obtained by the fitting
of two-exponential function: ν = ν0 +A1 exp(−t/τ1) +A2 exp(−t/τ2) to the measured ν(t), and averaging
the obtained decay constants: τr = (A1τ

2
1 +A2τ

2
2 )/(A1τ1 +A2τ2). The total emission shift was calculated, as

∆ν = ν(0)− ν(∞), where ν(0) and ν(∞) are TRES positions before and after dipolar relaxation, respectively.
ν(0) was estimated according to Ref. 39 to be 23800 cm−1 for Laurdan. Intrinsic uncertainties are 0.05 ns for
τr and 50 cm−1 for ∆ν.

S2.4 Excitation Generalized Polarization
In excitation generalized polarization (GPEX) the emission maxima at 440 and 490 nm are phenomenologically
assigned to the gel and liquid crystalline lipid phases, respectively [37]. GPEX values ranging from about
−0.4 for liquid disordered (Ld) to +0.6 for gel phases provide a rough measure of the changes in the local
lipid hydration or packing.

S3 Additional Experimental Results
S3.1 Generalized Polarization Measurements (GPEX)
Generalized polarization measurements, shown in Fig. S5, reveal that both the addition of cholesterol or
the decrease in the temperature apparently increase the ordering in the system. Interestingly, the decrease
of temperature by 22 K from 310 K to 288 K induces a larger increase in GPEX than the addition of 20%
cholesterol. This suggests that when lowering the temperature we do not only witness changes in membrane
packing, but also the slowdown of the self diffusion of Laurdan, which amplifies the observed variations.
Considering now the interaction of these membranes with Ca2+ and Na+, we see a linear increase in the
calculated GPEX values with an increasing salt concentration. This effect is significantly larger for CaCl2
than for NaCl, independently of the temperature and the presence of cholesterol. The slopes of the linear
fits presented in Fig. S5 range from 0.01–0.05 M−1 for NaCl to 0.08–0.20 M−1 for CaCl2. In fact, adding
NaCl has virtually no effect on GPEX, in other words on the membrane environment surrounding Laurdan.
In contrast, Ca2+ has a clear albeit rather complex effect on GPEX for both concentrations (150 mM and
1.0 M). As GPEX contains convoluted information on the polarization of the environment as well as on the
packing/local mobility, the TDFS method is required to deconvolute the result into the two contributions.
The results obtained with the TDFS method are shown in the main text and in S3.2.

7



0 150 1000

−0.4

−0.2

0

0.2

0.4 No cholesterol

Ion concentration (mM)

G
en

er
al

iz
ed

Po
la

riz
at

io
n

CaCl2 NaCl
310 K 298 K
288 K

0 150 1000

−0.4

−0.2

0

0.2

0.420% cholesterol

Figure S5: Generalized polarization measurements.

S3.2 Time-Dependent Fluorescence-Shift Measurements (TDFS)
Examples of the ν(t) relaxation curves are shown in Fig. S6 for the POPC and POPC/20% chol systems at
298 K, both on semi-logarithmic and linear axes. The relaxation time τr as a function of cholesterol content,
temperature, and ionic environment is shown in Fig. S7. Whereas data for 310 K were shown in the main
text, data for two other measured temperatures (288 K and 298 K) are shown here.

It might seem possible that the direct ion–Laurdan interactions could explain the increased relaxation
times. However, this possibility seems unlikely based on the local polarization measurement provided also
by TDFS, shown in Fig. S8. We observe that the polarity of the environment of Laurdan does not change
substantially in our experiments with all measurements falling within the error range. The simulations also
show similar behavior, see Section S4.4. This indicates that the Laurdan–solution interaction is negligible,
in accordance with the positioning of Laurdan below the sn-1 carbonyl [40] where polarizability of the
environment is rather low due to the scarcity of water present. Otherwise, the dehydration observed at the
membrane surface upon the addition of cholesterol [41] would affect local polarization. For the same reason
no changes are observed with increasing ion concentration, suggesting that no direct ion–Laurdan interaction
exists. This evidences the inability of ions to insert below the carbonyl level in the membrane. It is also clear
that the changes observed in GPEX (see Fig. S5) are solely due to changes in Laurdan relaxation times and
not in its hydration.

Note that ∆ν data for the POPC/Chol mixture could not be measured at 288 K or at 298 K.

S4 Additional Computational Results
S4.1 Sodium Binding Is Not Affected by the Membrane Phase
The number of sodium ions bound to the Lo phase (16.9) is ∼24% higher than that in the Ld phase (13.6)
with 130 mM NaCl, respectively. At first, this observation seems to be in direct disagreement with the results
recently reported in Ref. 42 where apparently the presence of cholesterol was found to lead to less sodium
adsorption. However, while these two phases have the same area, the number of PC head groups in the Lo
phase (204) is ∼23% larger than that in the Ld phase (166). Hence, when the numbers of bound ions in the
two phases with equal area are normalized by the by the number of PC lipids present in them, no significant
difference between the two phases is observed, as shown in Fig. S9. This follows the observations presented in
the main paper for single phase bilayers and agrees with the result in Fig. S9 of Ref [42]. This result also
holds for a 1 M concentration of NaCl, where the number of sodium ions bound to the Lo phase (69.5) is
∼27% higher than that in the Ld phase (54.9), as demonstrated in Fig. S9.
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Figure S6: Relaxation curves from time-dependent fluorescence-shift measurements performed at 298 K. Data
is shown on both semi-logarithmic (top row) and linear (bottom row) axes.

S4.2 Effect of Temperature on Cation Binding Is Complex
Figs. S10 and extend the figures shown in the main paper by including the simulations on POPC bilayers
performed at higher temperatures. These elevated temperatures, equal to 330 K, 350 K, and 370 K, are shown
in blue with the area per PC systematically increasing upon temperature increase. The system simulated at
310 K is shown in blue/red, since it belongs to the two data sets.

It is evident that the results obtained at higher temperatures deviate somewhat from the behavior of
other systems suggesting that in addition to the relations resolved in the main paper, namely the the number
of PC head groups and the membrane area, other and more complex factors are in play.

S4.3 Rotational Freedom of Cholesterol Resembles That of Laurdan
Since our simulations do not contain Laurdan, we use the rotational autocorrelation function of cholesterol to
roughly estimate how the increase of cholesterol and salt concentration could affect the rotational diffusion of
Laurdan. This is justified by the similar size and positioning of Laurdan and cholesterol in the membrane.
The cholesterol vector used to calculate the ACFROT is the one between atoms C13 and C18 following Ref. 43.
From the decay curves extracted from simulations, shown in Fig. S11, one can extract the relaxation times
shown in Fig. S12 by fitting a double exponential function. The same formula for extracting the relaxation
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Figure S7: Relaxation times from time-dependent fluorescence-shift measurements for all three measured
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Figure S8: ∆ν from time-dependent fluorescence-shift measurements.

time τr as for the Laurdan experiments, given in the main text, is used.

S4.4 Hydration of Cholesterol Is Not Affected by Ions
In our experiments, we did not observe a significant change in polarity, characterized by ∆ν, upon the
addition of cholesterol or ions as shown in Fig. S8. This suggests that the hydration of Laurdan is not affected
by these changes. Analysis on the hydration of cholesterol hydroxyl group, residing in the same carbonyl
region as Laurdan, confirms these findings. As shown in Fig. S13, the hydration levels are not significantly
affected by either the addition of ions or cholesterol.
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cation charge density on the area per phospholipid in membranes (Right). In addition to the data shown in
the main paper, data for elevated temperatures is shown. Red dots are POPC with 10, 20, or 30% cholesterol
at 310 K (smallest to highest area). Black dot is DOPC at 310 K. Green dot is DPPC at 295 K. Blue dots
are POPC at 330 K, 350 K, and 370 K (smallest to highest area. The red/blue dot is 0% cholesterol at 310 K,
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S5 Computational Results Are Independent of the Employed Mod-
els

This section characterizes in detail the binding of ions to membranes in our simulations and describes
numerous small and large differences in the behavior of the tested lipid and ion force fields. Small differences
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Figure S12: Relaxation time τr of cholesterol rotation as a function of salt concentration in the simulations.

are seen in the ability to condense lipid bilayers and to affect lipid diffusion, as well as in coordination
numbers of bound calcium ions. Larger differences, on the other hand, are seen in the binding mode of both
the calcium and sodium ions. However, despite these features, the key results presented in the main text are
consistently reproduced across all employed models.

S5.1 Ion Binding Results in Tighter Phospholipid Packing
The area per POPC molecule is plotted in Fig. S14 as a function of cholesterol content. The effect of ions is
evident in this figure. Whereas the effect of small concentration (130 mM) of weakly-binding sodium is fairly
small, a larger concentration (1 M) decreases the area per POPC by approximately 3 Å2. An even stronger
effect is observed for a concentration of 450 mM of calcium, and the models with full charge (AM and MR)
result in smallest areas per lipid.

In addition to condensing the bilayers, ions also affect lipid mobility. As shown in Fig. S15, calcium ions
drastically slow down the diffusion of POPC whereas sodium has no effect, in line with their effect on area
per PC (see Fig. S14) and relaxation times probed by Laurdan. Addition of cholesterol consistently slows
down lipid diffusion, as expected.

12



0 0.2 0.4 0.6 0.80

5

10

15

20

Cutoff (nm)

C
on

ta
ct

s
pe

r
ch

ol
es

te
ro

l

10% Cholesterol
20% Cholesterol
30% Cholesterol

0 0.2 0.4 0.6 0.8 1
Cutoff (nm)

No ions
150 mM NaCl
1 M NaCl
450 mM CaCl2

Figure S13: Hydration of cholesterol hydroxyl group. Number of water molecules within a cutoff from the
hydroxyl group are shown as a function of cholesterol concentration as well as ion type and concentration.

0 10 20 30

58
60
62
64
66
68
70
72

Cholesterol content (%)

A
re

a
pe

r
PC

(Å
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Figure S14: Dependence of area per POPC molecule on the inclusion of cholesterol when exposed to sodium
or calcium. Error bars show standard deviations.

S5.2 Effect of Cholesterol on Ion Binding Is Consistent Among Tested Models
The number of bound ions versus cholesterol content is shown in Fig. S16 for the Charmm36 lipid model [4, 5]
and for its default ion model [8] with the NBFIX correction [13]. Also data for Slipids [1–3] with the recent
sodium chloride parameters [7] are shown in Fig. S16. The data shown in the main text is also included in
the figure for better comparison between the models.

In the main text, adsorption of sodium to a POPC membrane was shown to not depend on the presence
of cholesterol and this is also verified with Charmm36. Additionally, the increase in calcium binding due to
the increase in cholesterol content reported in the main text is also reproducible with Charmm36 lipids and
the ion model employing the ECCR correction [7]. Furthermore, the behavior of both Slipids and Charmm36
lipids with their standard ion models is also consistent with this observation yet the effect seems to be
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somewhat smaller (see Fig. S16).

S5.3 Membrane Surface Saturates with Calcium
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Figure S17: The number of adsorbed calcium ions versus time in a number of systems with different lipid
and ion models. Last 250 ns of these simulations are employed in all analyses.

Sodium ions exchange constantly between the membrane surface and the bulk water, which means that
the systems containing sodium ions reach equilibrium fairly quickly. To ensure that the simulations with
calcium have reached equilibrium, we verified that the number of bound calcium ions did not show any drift
during the last 250 ns (employed for analyses) of the simulations. Indeed, as shown in Fig. S17, the number
of bound calcium ions eventually reaches a plateau in all systems, even though this takes more time in the
gel-phase DPPC bilayer or in systems simulated with the calcium models with a charge of +2 (AM and MR).

S5.4 Calcium Ions Simultaneously Bind to Three Lipids
Calcium adsorbs rapidly into the membrane and generates characteristic complexes with lipids. These
complexes are visualized in Fig. S18, where the calcium positions are plotted at the end of selected simulations
together with the phosphorus atoms. Phosphori and bound ions are shown for one leaflet. Data are shown
for both Slipids [1–3] and Charmm36 [4, 5] lipid force fields and for the ion model that takes the polarization
into account in an effective way [7]. Data are shown for systems with 0% and 30% cholesterol. In the latter
case, the positions of cholesterol hydroxyl oxygens are also drawn.
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(a) Slipids 0% Chol, 450 mM CaCl2 (b) Charmm 0% Chol, 450 mM CaCl2

(c) Slipids 30% Chol, 450 mM CaCl2 (d) Charmm 30% Chol, 450 mM CaCl2

Figure S18: Snapshots of the positions of phosphorus atoms (brown), calciums (blue) and cholesterol oxygens
(red) of one leaflet at the end of the simulation. Very stable clusters containing calciums and phosphori in
the 1:3 ratio are observed. Cholesterol seems not to play a role in the formation of these clusters.

From Figs. 18(a) and 18(b) it seems that bound calciums are coordinated with 3 phosphori in the cholesterol-
free systems, whereas the situation is not that clear in the cholesterol-containing systems (Figs. 18(c) and
18(d)).

This coordination with 3 phosphori is also evidenced by Fig. S19, which shows the average number of
phosphorus contacts for a calcium ion adsorbed to the membrane surface.

A more thorough investigation reveals a fairly wide distribution of coordination numbers. These distri-
butions, shown in Fig. S20 for the ECCR corrected ions (MK) and for both Slipids and Charmm36 force
fields, reveal that some ions are coordinated to an average of 4 phosphori, whereas 3 is the most common
coordination number.

Based on this analysis, the addition of cholesterol does not have a large effect on the calcium–phosphate
coordination, and the coordination number is close to 3 even in the gel phase. Interestingly, the values increase
when a cholesterol-free POPC membrane is heated up. This probably results from the greater adaptability of
the lipid head groups to the bound calcium due to their increased flexibility.

S5.5 Density Profiles Reveal Differences Between the Models
The density profiles also confirm that the number of sodium ions interacting with the membrane does not
change upon addition of cholesterol. Additionally, they reveal the different behavior among the studied
models. These profiles are plotted for different cholesterol concentrations and for different models in Fig. S21.
All plots are aligned so that the maxima of the phosphorus density in each system is located at the same
position.
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Slipids and Charmm36 lipid models with the ECCR-scaled ions (MK).

Whereas the ion model (SD) by Smith and Dang together with the Slipids provides a 2.5-fold increase of
sodium concentration in the membrane surface as compared to the bulk water (see Fig. 21(a), this difference
is reduced to 1.5-fold when the ion model with effective polarization by Kohagen et al. (MK) is employed
instead (see Fig. 21(b)). These correspond to binding free energies of ∼2.4 and ∼1 kJ/mol, respectively. As a
comparison, GROMOS force field suggests a much higher accumulation (6-fold increase [44], corresponding
to binding free energy of 4.6 kJ/mol) of sodium on the surface of a PC membrane. As shown in Fig. 21(c),
density profiles for Charmm36 lipid force field together with its default ion model by Noskov and Roux does
not provide a maximum in the density profile at the membrane head group region due to the extra repulsion
between sodium and the lipid oxygens [13]. Notably, even with this fix, an approximately 1.5-fold increase in
sodium concentration at the membrane surface as compared to the bulk water has been measured [44]. In
the case of Slipids and 1 M of sodium (SD), the density of sodium at the membrane surface is similar to that
in the bulk water (see Fig. 21(d)). These two are separated by a noticeable minimum occupied by chlorides.
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The density profiles for calcium ions are shown in Fig. S22. The curves using Slipids and Charmm36
lipid models show very similar behavior when both are combined with the calcium model with effective
polarization (MK). Importantly, the height of the density maxima grow upon addition of cholesterol in line
with the increased number of adsorbed ions. The density profiles also suggest that the adsorption is strongest
for the Charmm36 lipid model combined with its standard calcium parameters with full charge (MR).

S5.6 Cations Interact Mostly With Phosphate Oxygens
To define which lipid oxygen atoms are involved in the adsorption of sodium and calcium into membranes, we
calculated separately the number of ion contacts formed by phosphate and ester oxygens. These preferential
binding sites are shown in Fig. S23 for selected model combinations and for the cholesterol-free POPC
membranes.

These plots suggest that with the Slipids lipid model, sodium interacts preferentially with the phosphate
oxygens, whereas with Charmm36 lipids they prefer the ester oxygens. However, the differences are small in
line with the observed weak binding and rapid exchange of ions between the bilayer and the aqueous phase.

Calcium, on the other hand, clearly prefers to attach to the phosphate oxygens with both lipid models and
both ion models. For the model with effective polarization (MK), the binding modes of Slipids and Charmm36
lipid models are very similar with phosphate oxygens binding approximately twice as many calcium ions as
the carbonyl ester oxygens. However, for the calcium models with full charge (sets 3C and 3D in Table. S1),
the lipid models behave differently. Combined with Slipids, these ions penetrate deep so that ∼70% of them
also interact with carbonyl ester oxygens. Combined with Charmm36, on the other hand, the ions with full
charge form very few contacts with ester oxygens (< 5% of bound ions). Notably, this deeper penetration
with the Slipids model is also highlighted by the density profiles shown in Figs. S22(c) and S22(d).
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Figure S21: Density profiles of sodiums aligned based on the maxima of the phosphate density. The behavior
of the models is very different yet the changes induced by cholesterol are minimal in all models.
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Figure S22: Density profiles of calciums aligned based on the maxima of the phosphate density. The two
lipid force fields together with two ion force fields each behave in a fairly similar way. However, for the scaled
ions, Slipids binding is increased more upon addition of cholesterol. In Charmm36 with scaled ions this effect
is present but more subtle. With the standard calcium models of the Amber (Slipids) and Charmm36, the
behavior is reversed.
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S6 Comparison to Earlier Computational Studies
Our results might seem to contradict with recent reports [42, 45] on the effect of cholesterol on the binding of
sodium to PC membranes. However, the simulation results in Ref. 42 – when normalized by the number of
POPC molecules – provide the same conclusion as our current work, regardless of the authors’ claim that
cholesterol decreases Na+ binding. Similarly, we believe that analogous conclusions drawn in Ref. 45 are
not substantiated due to the neglect of volume entropy contributions. Namely, the phase space volumes
associated with each (discrete) reaction coordinate value are not the same. No attempt to normalize these
volumes has been done (which would admittedly be rather difficult), therefore, the direct comparison of free
energies between states is not valid. The fact is that only for large cholesterol concentrations (>33%) a slight
decrease in sodium binding is observed.
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