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SANS data analysis
Generally, for a system of monodisperse centrosymmetric particles the coherent scattering
intensity is given by
𝐼(𝑞) = 𝑁|𝐹(𝑞)|2 𝑆(𝑞)
where q is the scattering vector amplitude q=4sin/, 2 the scattering angle, N is the number
density of particles, F(q) is their form factor and S(q) the interparticle structure factor.1,2 S(q) is
approximately equal to 1 for dilute and weakly interacting particles, what is a good
approximation for unilamellar vesicles at phospholipid concentration < 2 wt%.3,4
The experimental SANS curves were analyzed using the model of polydisperse unilamellar
vesicles. The fitting of the measured scattering intensity was processed with SasView software5
employing a built-in model of vesicle. A unilamellar vesicle is represented as a hollow sphere
with the shell of lipid bilayer thickness (Figure S1). The form factor is normalized by the
volume of the shell as 〈|𝐹(𝑞)|2 〉/𝑉𝑠ℎ𝑒𝑙𝑙 . The scattering intensity is calculated:1
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where Vshell is the volume of the shell, scale is a scale factor, Vlip is total volume of vesicle with
radius R2, Vcore is the volume of the core with radius R1; Δρ = 1-2 is the contrast between the
lipid bilayer and the solvent, bcg is background. The lipid bilayer thickness DL is given by DL=
R2 – R1. Polydispersity was included in fitting by convolution with a distribution of vesicles
radius using Schulz function. The ideal model scattering curve is smeared by the instrumental
resolution, q/q  10%.

Figure S1: Vesicle geometry
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SAND data treatment
The intensity of neutron diffraction was recorded using a position-sensitive 2D detector as a
function of the sample angle  and the angle of the diffracted beam 2. The 2D images measured
at various  were collapsed vertically (by summing along the beam size), and the obtained
horizontal lines (along the 2) were plotted in a 2D image with the  coordinate on the vertical
axis and the 2 coordinate on the horizontal axis (Figure S2).

Figure S2: 2D image of a SAND measurement (the sample made of DOPC with Ca2+ at 1:0.1
(mol/mol) measured at 25°C and 97% RH while using 70% D2O contrast condition). The
horizontal axis represents the angle of diffracted beam 2 (units of the detector pixels), and the
vertical axis corresponds to the sample angle  (the arbitrary units represent the scan order). The
dark blue regions were not covered by our measurements while positioning the detector at
Γ = 12° (top left area) and 27° (bottom right area). The positions of diffraction peaks are marked
by the black crosses.
The data plotted along the  angle provide the rocking curves, while the diffraction curve can be
obtained by plotting the data along the line fulfilling the condition =2 (i.e. the line
connecting the diffraction peaks) as shown in Figure S3. The two directions are perpendicular in
the representation of scattering vector q (the out-of-plane qz, and the in-plane qin directions).
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Figure S3: 1D diffraction data plotted along the two different directions. The left panel shows
the diffraction curve characteristic by 5 peaks. The other two panels display the rocking curves
for peaks 1-4 (central panel) and 4-6 (right panel).
The peaks analyzed in the diffraction curve representation provide the input data for the Fourier
reconstruction of neutron scattering length density profiles (Figure S4, green curve). Herein, the
integrated intensities are used in the calculations.6 We note however, that because the
instrumental setup provides the diffraction peaks whose widths vary with q very little, the peak
heights may be used equivalently (Figure S4, red curve). Finally then, exactly the same peak
heights can be obtained from rocking curves, while providing the same NSLD profiles when
used in their reconstructions (Figure S4, black curve).

Figure S4: NSLD profiles reconstructed via Fourier analysis while using the integrated
intensities of diffraction peaks (green curve), the peak heights extracted from the diffraction
curve (red curve), or the peak heights extracted from the rocking curves (black curve).
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Equilibration of MD simulations

Figure S5: Radial distribution functions for O-O atoms of water molecules for the systems with
Ca2+ or Mg2+ ions. In the case of systems with the ions, the ordering of water molecules is
enhanced due to the additional dipole moments. Our results nevertheless suggest its decay, while
nearly (g(r)=1.1) reaching the properties of bulk (g(r)=1) towards the borders of our simulation
box at the hydration with 50 waters per lipid.

Figure S6: Root mean square deviations (RMSD) averaged over all atoms and calculated as
functions of time for the systems of the neat DOPC and those with the addition of Ca2+ and Mg2+
ions (left-hand panel), and the neat DPPC and those with the addition of Ca2+ and Mg2+ ions
(right-hand panel). All the curves suggest that systems reach equilibration reasonably fast (~40
ns and ~50 ns, respectively).

5

MD simulated NSLD profiles

Figure S7: NSLD distributions calculated from MD simulations for the cations (blue color; multiplied by
a factor of 50 for the clarity of presentation), total lipid (green color), and water (red color) in the case of
various systems.
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Radial Distribution Functions
The RDF for a given particle is defined as a ratio of its local density (r, r+r) within a shell
with radius r and thickness Δr, and its averaged density (r+r) within a sphere of radius r+r,
and is calculated as7
𝑔(𝑟) =

𝑛(𝑟,𝑟+𝛥𝑟) (𝑟+𝛥𝑟)3
3𝑟 2 𝛥𝑟 𝑛(𝑟+𝛥𝑟)

,

where n(r, r+Δr) is the number of the considered molecules/subgroups in the defined shell.

Figure S8: RDF of various oxygens from Ca2+ (top row) and Mg2+ (bottom row) in the systems
based on DPPC bilayers in the gel (left column) and fluid (right column) phases. Both ions (at
their ratio to lipid of 0.5 mol/mol) show the highest preference towards the phosphate group (i.e.,
phosphate oxygens) with some interactions also with carbonyl groups (i.e., carbonyl oxygens).
The temperature, and thus the thermodynamic phase does not seem to affect the results
considerably, while the extent of interactions appears to be larger in the case of Mg2+ when
compared to that of Ca2+. In addition, a regular crystal arrangement of water molecules around
Mg2+ (suggested by the RDF narrow peak for water oxygens) allows also its closer interactions
with the lipid (see the smaller peak position for phosphate oxygens in the case of Mg2+ compared
to that in the case of Ca2+).
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Figure S9: RDF of various oxygens from Ca2+ (top row) and Mg2+ (bottom row) in the systems
based on DOPC bilayers hydrated by 15 (left column) and 50 (right column) water molecules
(T=30oC). Both ions (at their ratio to lipid of 0.5 mol/mol) show the highest preference towards
the phosphate group (i.e., phosphate oxygens) with some interactions also with carbonyl groups
(i.e., carbonyl oxygens). The hydration level does not seem to affect the results considerably,
while the extent of interactions appears to be larger in the case of Mg2+ when compared to that of
Ca2+. In addition, a regular crystal arrangement of water molecules around Mg2+ (suggested by
the RDF narrow peak for water oxygens) allows also its closer interactions with the lipid (see the
smaller peak position for phosphate oxygens in the case of Mg2+ compared to that in the case of
Ca2+).
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Ion-Lipid Interactions

Figure S10: MD simulations snapshot (top view) of DOPC:Ca2+=0.5 mol/mol system. The
cations (cyan color) interact with the partially negative oxygens (red color) of lipid phosphate
groups (tan color) as depicted by the blues lines (the distance within the limitation of 4 Å).
Multiple lines suggest that one cation can bridge several lipids at once (up to 4 in the snapshot
shown).
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