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A B S T R A C T

We have studied the effect of calcium ions (Ca2+) at various concentrations on the structure of lipid vesicles in
the presence of amyloid-beta peptide Aβ (25–35). In particular, we have investigated the influence of calcium
ions on the formation of recently documented bicelle-like structures (BLSs) emerged as a result of Aβ (25–35)
triggered membrane disintegration. First, we have shown by using small-angle X-ray and neutron scattering that
peptide molecules rigidify the lipid bilayer of gel phase DPPC unilamellar vesicles (ULVs), while addition of the
calcium ions to the system hinders this effect of Aβ (25–35). Secondly, the Aβ (25–35) demonstrates a critical
peptide concentration at which the BLSs reorganize from ULVs due to heating and cooling the samples through
the lipid main phase transition temperature (Tm). However, addition of calcium ions does not affect noticeably
the Aβ-induced formation of BLSs and their structural parameters, though the changes in peptide's secondary
structure, e.g. the increased α-helix fraction, has been registered by circular dichroism spectroscopy. Finally, ac-
cording to 31P nuclear magnetic resonance (NMR) measurements, calcium ions do not affect the lipid-peptide
arrangement in BLSs and their ability to align in the magnetic field of NMR spectrometer. The influences of vari-
ous concentrations of calcium ions on the lipid-peptide interactions may prove biologically important because
their local concentrations vary widely in in-vivo conditions. In the present work, calcium ions were investigated
as a possible tool aimed at regulating the lipid-peptide interactions that demonstrated the disruptive effect of Aβ
(25–35) on lipid membranes.

1. Introduction

A full-length amyloid-beta peptide (Aβ) is known to be cleaved en-
zymatically from a transmembrane amyloid precursor protein (APP) in
1–40 and 1–42 isoforms (Aβ (1–40) and Aβ (1–42) correspondingly),
which are supposed to be the prime cause of the onset of Alzheimer's
disease (AD) [1]. A short amyloid-beta peptide Aβ (25–35) consisting of
11 amino acids is reported to be one of the most toxic fragments of full-
length amyloid-beta peptide [2]. Aβ (25–35) molecules, also found in
brains of AD patients [3], reproduce its main toxic properties, such as

tendency to the fast aggregation in different environment accompanied
with the fibril or oligomer formation [4–6], damage of DNA molecules
[7], and neuronal apoptosis [8–10].

Calcium ions may play an important role in the progression of AD
and in emerging of the Aβ-peptide pathological properties. Several
studies have shown that calcium ions accelerate the aggregation of Aβ-
peptides in solution. For example, physiologically relevant concentra-
tions of calcium ions (2 mM) induce the aggregation of Aβ-peptides,
which tend to form β-sheets with the subsequent growth of oligomers
and fibrils [11,12]. Elevated calcium ion concentrations around the Aβ
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aggregates have been detected in brains of AD patients, suggesting pos-
sibly a significant role in AD development [13,14]. Regarding the inter-
actions of Aβ-peptides with cells in the presence of calcium ions, it is
known that the peptides can lead to dysregulations of intracellular con-
centrations of calcium ions. This happens not only due to the activation
of calcium channels [15] by specific interactions between peptide mole-
cules and neuronal receptors on the membrane [16], but also due to for-
mation of ion channels inside the cell membranes by peptides them-
selves. It leads to the uncontrolled influx of calcium ions from the extra-
cellular environment into the cell [17,18]. On the other hand, increase
of the calcium concentration was able to block the formation of amyloid
channels in lipid membranes and subsequent membrane damage [19].
Finally, the presence of calcium ions has also been reported to stimulate
the growth of amyloid fibers on the lipid membrane surface [19,20].
Importantly, formation of ion channels in membranes was also pro-
posed in the case of Aβ (25–35) peptides [21,22]. The structure of such
Aβ (25–35) channels in lipid membranes was found to be represented
mostly by several amyloid molecules in an oligomeric state [23].

More recently, the investigations of amyloid toxicity have refocused
their attention from large extracellular fibrils to the membrane-
modulated actions of peptides embedded therein. Dysregulations of
many cellular processes are known to be affected by the membrane
composition, molecular surroundings, and protein concentration.
Meanwhile, thermodynamic phase of a lipid membrane is also among
the important factors, as it is supposed to affect fluidity and structure of
lipid membranes [24,25]. Recently, we have observed the ability of Aβ
(25–35) monomers incorporated into the lipid bilayer to trigger mor-
phological reorganization of lipid membranes during the changes in the
thermodynamic state of the membrane from the lipid gel phase to its
fluid phase [26–29]. Namely, the reorganization between planar bi-
celle-like structures (BLSs) and spherical unilamellar vesicles (ULVs)
has been reported when crossing the main phase transition temperature
(Tm) of lipids (see Supplementary material, Fig. S1). This effect of the
Aβ (25–35) driven membrane reorganization has been described for
fully saturated zwitterionic dipalmitoylphosphatidylcholine (DPPC) or
dimyristoylphosphatidylcholine (DMPC) lipids [26,29], as well as those
with the addition of negatively charged lipid head groups [27], choles-
terol, and melatonin molecules [28]. This reorganization was con-
cluded to be a result of a temporal disintegration of the lipid membrane
by monomeric Aβ (25–35) molecules, demonstrating thus their disrup-
tive properties during the lipid main phase transition. Changes to the
membrane fluidity were suggested to be the main factor promoting Aβ
(25–35) molecules to reorganize the lipids in these systems. Though the
saturated lipids, DPPC in particular, are the most relevant components
of lung surfactant [30], they are widespread also in the brain tissues
[31]. Their abundance there reaches up to 30–50% of all phosphatidyl-
cholines (PC), with the second most abundant lipid being mixed-chain
POPC (C16:0,18:1PC) at the comparable amounts [32,33]. Brain lipids
are relatively highly enriched also in polyunsaturated fatty acids,
mostly in the case of phosphatidylethanolamine lipids while <5% in
the case of PCs [32].

The niche of our studies is investigating the pre-clinical stages of AD
by modeling the system with Aβ (25–35) peptides incorporated in the
membrane. We choose the 25–35 fragment because it is an APP trans-
membrane segment [34,35] allowing to study the lipid-peptide interac-
tions and its location in the membrane, while it exhibits cytotoxic prop-
erties similar to the full-length peptide [36]. In the current work, Aβ
(25–35) molecules are incorporated in the membrane during the sam-
ple preparation and according to our results they most likely do not es-
cape the membrane during the entire course of our measurements. This
is supported by absence of peptide aggregates outside the membranes
and presence of reversible morphological changes. Also, the recently re-
vealed arrangement of BLS supports the idea of non-aggregated pep-
tides incorporated in the membrane while mixed with lipids at the rim
of BLSs [29].

In the present study, we focus on the role of calcium ions via their
addition to the solvent. We investigate the effect of calcium ions on the
lipid membrane morphological reorganizations occurring at the verge
of the lipid gel phase (BLS and ULV morphologies in particular) - the
morphological changes caused by Aβ (25–35). Demonstrating no spe-
cific binding to the Aβ-monomers [37], calcium ions are among the ef-
fective biological modulators of lipid membrane structure [38–41].
They strongly bind to lipids altering their conformations, dynamics, and
structural ordering [42–47]. A millimolar range of calcium ion concen-
trations was found to alter the structural parameters of lipid mem-
branes demonstrating several peculiarities in the bilayer thickness and
vesicle size [38–40,48–50]. Thus, we accentuate our attention on the
emergence of BLSs in the lipid gel phase as a result of Aβ(25–35)-
induced membrane disintegration and correlate it with the effect of cal-
cium ions on the lipid bilayer structure. As peptide-induced changes of
the structure of lipid membranes and their disintegration are relevant
for understanding the origins of AD development, we use the small an-
gle X-ray scattering (SAXS), small angle neutron scattering (SANS),
molecular dynamics (MD) simulations, and 31P nuclear magnetic reso-
nance (NMR) spectroscopy to evaluate the structural parameters of
lipid membranes upon increasing concentration of calcium ions and to
unravel general shape and lipid-peptide arrangement in emerged lipid
objects (BLSs and ULVs). At the same time, the circular dichroism (CD)
spectroscopy is used to study the peptide secondary structure in BLSs
when adding calcium ions.

2. Materials and methods

2.1. Sample preparation

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) from Avanti Polar
Lipids (Alabaster, AL), and amyloid-beta peptide fragment 25–35, Aβ
(25–35) (purity >95% by HPLC), from Abbiotec (Escondido, CA) were
purchased in powder form and used without further purification. Or-
ganic solvents of 2,2,2-trifluoroethanol (TFE) and chloroform, as well
as 2,2,2-trifluoroacetic acid (TFA) and salt of CaCl2·2H2O were pur-
chased from Sigma Aldrich (Russia). Ultrapure H2O (18.2 MΩcm at
25 °C) was obtained from the MilliQ purification system.

Lyophilized Aβ (25–35) peptide was dissolved in TFA and treated in
the ultrasonic bath for 5 min in order to avoid the peptide aggregation
[51]. Aliquots of acid were distributed into vials to reach the desired
peptide concentration for final samples. Acid was then evaporated from
each vial under a stream of nitrogen and dried under vacuum for
~15 h. The efficiency of procedure for preparing non-aggregated Aβ
(25–35) peptide samples was confirmed by examining the selected sam-
ples dispersed without lipid environment in water solution with or
without calcium ions using the CD spectroscopy (see Supplementary
material, Fig. S2).

Lipid powders were dissolved in the organic solvent mixture of chlo-
roform:TFE taken in ratio of 1:1 (vol/vol) at the total lipid concentra-
tion of 90 mg/ml for DPPC and 20 mg/ml for DMPC. The mixture of
lipids and organic solvents was added to the vials with peptide for ob-
taining lipid-peptide samples. The lipid and lipid-peptide mixtures in
organic solvents were then evaporated in the CentriVap® Centrifugal
Concentrator equipped with a Cold Trap (Labconco, USA) and exposed
to vacuum overnight for removing traces of the remaining solvent.

The lipid and lipid-peptide films were hydrated with H2O (for SAXS
and CD measurements), D2O (for SANS measurements), or with the
mixture of H2O and D2O (for NMR measurements) at the desired con-
centrations of calcium ions in the range of 0–50 mM prepared as stock
solutions. Total lipid concentrations were equal to 0.5 wt% (7.4 mM
DMPC for CD measurements), 1 wt% (13.6 mM DPPC for SAXS and
SANS), 5 wt% (68.1 mM DPPC for NMR experiments). The peptide/
lipid fraction was equal to the range of 0.01–5 mol% (SAXS and SANS
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experiments), 1 mol% (for NMR experiments) and 3 mol% (for CD ex-
periments). The hydrated samples were subjected to 7–8 freeze-thaw
cycles accompanied with a thorough vortexing and shaking. This
process is supposed to create a sample consisting of regularly hydrated
multilamellar vesicles (MLVs). The peptide/lipid fraction was selected
relatively low (≤ 5 mol%) to avoid a spontaneous aggregation of Aβ
(25–35) peptide in lipid bilayers [26,35].

Samples needed for SAXS and SANS experiments were further sub-
jected to the following procedure. The resulting solution of dispersed
MLVs was extruded. The extrusion was performed by using the Avanti
Mini Extruder® (Avanti Polar Lipids, AL) fitted with polycarbonate
membranes of pore size 500 Å (for SAXS experiments) leading to forma-
tion of the unilamellar vesicles. The samples were subjected to 31
passes through the filter. Further, the samples were measured by means
of SAXS and SANS. After the measurements, the samples were subjected
to 3 heating-cooling cycles between 10 and 60 °C (below and above Tm
of lipids) being exposed to the limit temperatures for 8–10 h. This ma-
nipulation ensures the stability of the samples, as well as formation of
small ULVs above Tm and BLSs below Tm by peptide-induced breakage
of lipid bilayers at suitable Aβ (25–35) concentrations [26].

The separate samples for NMR and CD experiments were subjected
to the same heating-cooling cycles right after hydration by buffer (with-
out extrusion). This manipulation is alternative to the extrusion as it
promotes the MLV disintegration by peptide-induced breakage of lipid
bilayers [29].

2.2. SAXS measurements

SAXS measurements were performed on the Xenocs Xeuss 3.0 SAXS/
WAXS instrument (FLNP JINR, Dubna, Russia). The spectrometer has a
GeniX 3D microfocus X-ray generator with a copper anode, at a voltage
of 50 kV and a current of 0.6 mA with a power of 30 W. The SAXS in-
strument also has a vacuum tube equipped with the moving detector
Eiger2 R1 M with a sensitive area of 77.1 × 79.7 mm2, where the pixel
linear size is equal to 75 μm. All sample measurements were carried out
at two detector positions – at the sample-detector distances of 350 mm
and 1800 mm to cover the q range of 0.005 Å−1–0.75 Å−1. The samples
were placed in the 2-mm-thick round glass capillaries (Hilgenberg
GmbH, Germany) and measured at T = 20 °C, while data accumulation
at each detector position was 1 h. Intensity calibration was performed
using the calibration samples of silver behenate and amorphous carbon.

After measurements, the 2D scattering patterns obtained from the
detector were processed by the XSACT 2.4 program to obtain one-
dimensional scattering curves. The collected curves were also corrected
for background scattering from the buffer solution. The final SAXS
curves were fitted using the SASfit 0.94.11 software package [52]. We
have used a fitting model containing form-factor of a thin sphere (or a
thin disk) describing a unilamellar vesicle (or a bicelle-like structure)
combined with form-factor of a lipid bilayer represented by 3 G func-
tions. From the fitting, we were able to obtain the radii of vesicles de-
scribed by the thin sphere (RULV) and radii of BLSs described by the thin
disk (RBLS). The fitting expressions for SAXS curves are presented in
Supplementary Material.

2.3. SANS measurements

SANS experiments were performed on the time-of-flight small-angle
neutron scattering spectrometer YuMO, located at the IBR-2 pulsed nu-
clear reactor (FLNP JINR, Dubna, Russia) serving as the source of neu-
trons [53]. A beam of cold neutrons with a cold-moderator setup [54]
or a beam of thermal neutrons was adjusted by a set of two pinhole col-
limators with diameters of 40 and 14 mm and directed onto the sam-
ples. The neutrons scattered from the samples were recorded by two
gas-filled ring detectors located at distances of 4.5 m and 13 m from the
sample position. Such geometry made it possible to cover the range of

the scattering vector q from 0.007 Å−1 to 0.5 Å−1, where q = (4π/λ)sin
(θ/2), λ is the wavelength and θ is the scattering angle. The lower limit
of q-range was extended to 0.005 Å−1 in the case of cold neutrons.

The samples were placed in the 1-mm-thick flat quartz cuvettes
from Hellma (Germany) and held in the multipositional sample holder
connected to the Lauda liquid thermostat. The device has a temperature
controller Pt-100 that allows for a temperature accuracy of ±0.03 °C.
The vanadium standard was used to calibrate the absolute scattering in-
tensity, while the blank buffer solution was used to calibrate the back-
ground intensity. The accumulation of SANS data took 15–20 min.

The treatment of raw data from detectors was performed in the SAS
program [55]. The resulting neutron scattering curves were analyzed
by OriginPro 2018 software utilizing the models described in the Sup-
plementary Material. The Kratky-Porod model described by a single pa-
rameter of Gibbs-Luzatti bilayer thickness (dL) was used [56,57]. The
uncertainties of fitted parameters were calculated from the covariance
matrix multiplied by the square-root of normalized chi-square.

2.4. Molecular dynamics simulations

Molecular dynamics (MD) simulations on the lipid membrane sys-
tems were performed using the Gromacs package [58]. Our base mem-
brane system consisted of 242 DPPC molecules solvated with 12,100
TIP3 water molecules. The original topology was taken from CHARMM-
GUI_v1.9, while MD modeling was carried out in three stages: the en-
ergy minimization, NVT and NPT relaxation procedures. All the MD cal-
culations were carried out with a CHARMM36m force field with the full
atomic interaction approach [59].

The systems containing lipid, Aβ (25–35) molecules, and ions were
formed using CHARMM-GUI and additional simulation packages, such
as VMD, Chimera, and Pymol [60,61]. The systems were constructed
with the lipid:Aβ ratio of 242:7 (3 mol% Aβ) and lipid:Ca2+ ratio of
242:24 to enforce a close correlation with experimental conditions.

All covalent bonds in our simulated systems were limited by the
LINCS algorithm. The Lennard-Jones interaction calculations were
processed using a force-based switching algorithm started at 10 Å using
cutoff at 12 Å. The electrostatics calculations were performed by Ewald
method with a cut-off radius of 12 Å. The periodic boundary conditions
were used in all three dimensions. The integration of the equations of
motion was done using a modified Verlet algorithm with a time step of
1 fs under a radius of 12 Å. The preparation stage (energy minimiza-
tion, NVT and NPT equilibration) were carried out for 10 ns. In the sys-
tem balancing, we have used a Berendsen thermostat at the tempera-
ture of 293.15 K for the NVT and NPT ensembles, as well as a semi-
isotropic Berendsen barostat for a pressure balancing at 1 bar for the
NPT ensemble. The production simulations were carried out in the NPT
ensemble with a Nose-Hoover thermostat at 293.15 K and a Parrinello-
Rahman barostat at 1 bar for 100 ns, while assessing their equilibration
via surveying the area per lipid. The temperature and pressure of the
entire system (membrane and water solvent) were connected indepen-
dently to each other. All simulations were carried out under the full hy-
dration mode (i.e., >30 water molecules per lipid).

The analysis of simulation results was focused on obtaining the av-
eraged distributions of various components. We employed the inhouse
software SIMtoEXP [62] for reconstructing the electron density profiles
(EDP) of the DPPC lipid bilayer and Aβ (25–35) molecules from the sim-
ulated results. Namely, the simulation results are first averaged later-
ally by binning the z location of various atoms. The bin size was about
0.2 Å and the atoms were grouped into functional groups defined ac-
cording to the SDP model [63] (PCN – phosphate and CH2CH2N,
CholCH3 – three choline CH3 groups, CG – carbonyl and glycerol, CH2 –
lipid chains methylene groups, CH3 – terminal methyls, water, Aβ
(25–35), and calcium and chlorine ions). The electron density of each
group was normalized by the number of electrons occurring in the
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given group. The results are then obtained in the form of 1D electron
density distributions.

2.5. 31P NMR spectroscopy

31P NMR experiments were performed on the Bruker AVANCE II
NMR spectrometer with a working proton frequency of 500 MHz. The
spectra were collected at the 202.46 MHz frequency for 31P using the
zgpg30 pulse sequence with proton decoupling. The duration of pulses
was 15 μs with 6-s recycle delay. The spectral width was set to 24.3 kHz,
while exponential multiplication with the line broadening parameter of
100 Hz was applied prior to Fourier transformation. Acquisition time
was 1.35 s. A total of 2000 signal transients were collected. Chemical
shift was referenced to 0 ppm using 85% H3PO4. Samples were measured
in the temperature range of 30–45 °C.

2.6. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were collected with J-1500 CD
spectrometer (JASCO International Co. Ltd., Tokyo, Japan). All mea-
surements were performed with lipid-peptide systems enriched by cal-
cium ions at various concentrations. The samples were loaded to the
Hellma quartz cells with an optical pathlength of 1 mm. CD spectra
were accumulated with 3 scans. We used wavelength range from 190 to
250 nm with a 0.5 nm step. Scanning speed was set to 20 nm/min, time
per point 3.0 s, and bandwidth equal to 5 nm. The spectrum of the sam-
ples without added Aβ (25–35) peptide was used as a reference sample
and its CD signal was subtracted from the spectra of studied samples.
All CD spectra were normalized to the mean residue molar ellipticity
[θ]. We have used the DichroWeb website [64] in order to calculate
fraction of different peptide secondary structures from obtained CD
spectra via CONTIN [65] deconvolution program while applying SM-
P180 set [66] of referential protein secondary structures.

3. Results and discussion

3.1. Effect of Aβ (25–35) peptides and calcium ions on the structure of lipid
membranes in extruded unilamellar vesicles

SANS and SAXS techniques were used to determine the effect of cal-
cium ions on the structural parameters of the DPPC membranes with
amyloid-beta peptide incorporated. The membranes were prepared in
the form of ULVs via extrusion procedure and examined first without
further (thermal) manipulation for establishing their initial characteris-
tics. We have focused particularly on the bilayer thicknesses (dL) and
vesicle radii (RULV) as main structural parameters of ULV systems. The
samples were studied in a wide range of low peptide concentrations
(0.01–5 mol% of peptide-in-lipid fractions) and concentrations of cal-
cium ions (0–10 mM calcium ions in solutions) in the gel phase of DPPC
at the temperature of 20 °C. Determination of the parameters was im-
plemented by a model-based fitting of experimental small-angle scatter-
ing curves that is described in the Supplementary Material and Materi-
als and Methods section. Briefly, the fitting model containing a form-
factor of thin sphere describing the ULV was used in the case of SAXS,
while SANS data were fitted by Kratky-Porod approximation related to
the bilayer properties.

Fig. 1 shows the SAXS and SANS curves and their best-fit results
of extruded DPPC(1 wt%) + Aβ (25–35) samples containing various
concentrations of Aβ (25–35) molecules (Fig. 1a and b) and DPPC
(1 wt%) + Aβ (25–35)+Ca2+ samples with different concentrations
of calcium ions at constant Aβ (25–35)(1 mol%) content (Fig. 1c
and d). This peptide concentration was chosen based on our previ-
ous observations of detectable impact of Aβ (25–35) on the morpho-
logical changes of membranes, yet avoiding the regime of peptide
aggregation [26–29]. The model used in SAXS data analysis fits well

to the curves over an entire q-range measured (Fig. 1a and c). These
curves are characteristic by a pit at low q values (shown by black
arrow at q ≈ 0.01 Å−1) that corresponds to the relatively large sizes
in real space (2π/q ≈ 600 Å) and provide thus best information
about the ULV radii (RULV). The high q-range data (q > 0.1 Å−1)
may be used for describing the inner membrane structure when de-
tailed models are employed, though this typically requires high-
quality data up to q ≈ 0.5 Å−1 and more [67,68]. We therefore fo-
cus on obtaining the former information that is contained in the low
q-range (namely, RULV). We receive the information about the bilayer
structure (its thickness dL) from our SANS data analysis. The data
and their best-fit results (Fig. 1b and d) display characteristically
smooth curves, typical for samples with high polydispersity, that
provide best the bilayer thickness parameter when Kratky-Porod ap-
proximation is employed [26].

For all the peptide and calcium ion concentrations studied, the SAXS
and SANS curves have typical patterns of scattering on ULVs [50], and
reveal the absence of Bragg peaks that would result from multilamellar
vesicles (MLVs) even when comprising two lamellae only or in the case
of MLV contamination as low as 5% [69–71]. Examining the effect of
increasing peptide concentration first, we note a systematic shift of the
pit described above (Fig. 1a marked by arrows) to the even smaller val-
ues of q. This indicates an increase in the RULV values with increasing
peptide concentration in the samples without ions added. The quantita-
tive results of scattering data analysis presented in Fig. 2 confirm the es-
timated trend of changes in RULV and complement it by the results of
changes in dL as a function of Aβ (25–35) concentration. Within the
studied concentration interval, one can observe a systematic increase in
the RULV by almost 100 Å (from 289 Å to 383 Å; Fig. 2a) and increase in
the dL by >4 Å (from 50.0 Å to 54.8 Å; Fig. 2b). The gradual increase in
the structural parameters confirm incorporation of the Aβ (25–35) mol-
ecules into the lipid bilayer.

The increase in the size of ULVs can be explained by the fact that the
Aβ (25–35) peptide molecules being embedded in the lipid bilayer regu-
late its elasto-mechanical properties by rigidifying the membrane. A
rigid lipid membrane is characterized by higher bending modulus lead-
ing to the decreased bending ability of a membrane that defines its cur-
vature in vesicles and therefore the vesicle size when extruding the
samples. The direct correlation between the lipid bilayer rigidity and
vesicle size was for example reported during vesiculation processes
when adding cholesterol [28,72]. Elevated membrane rigidification
upon peptide addition in our case is supported also by the increase in
the lipid bilayer thickness, which is known to be an indicator of the im-
paired dynamics of hydrocarbon chains promoting their ordering [73].
Thus, the increase in the concentration of the Aβ (25–35) peptide in our
case leads to the increase in rigidity of the lipid bilayer.

Intriguingly, the presence of calcium ions (2 mM) in the samples of
similar content as above affects the influence of Aβ (25–35) on the RULV
values. This can be recognized from the pattern of SAXS curves in Fig.
S5, as well as from the qualitative results shown in Fig. 2a (red points).
Under these circumstances, the ULV radius as a function of Aβ (25–35)
concentration increases only slightly (≈ 30 Å) over the entire peptide
concentration interval investigated. This observation of the obstructing
effect of calcium ions on the effect of Aβ (25–35) on the membrane
structural parameters prompted us to investigate such systems in the
presence of calcium ions more closely.

We have scrutinized the series of samples based on the ULVs pre-
pared of DPPC(1 wt%) + Aβ (25–35) at various concentrations of cal-
cium ions, where Aβ (25–35) concentration was fixed to 1 mol%. The
SAXS pattern (Figure 1с) reveals a shift of the low-q values pit towards
the higher q-values while increasing concentration of calcium ions. The
observed changes correspond to the decrease in RULV by about 40 Å
over a range of calcium ion concentrations up to 5 mM (Fig. 3a). At the
same time, the analysis of appropriate SANS curves (Fig. 1d) reveals the
change of almost 2 Å in the case of dL (Fig. 3b).
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Fig. 1. a) SAXS and b) SANS intensities I as a function of scattering vector q obtained for DPPC(1 wt%) + Aβ (25–35) samples prepared in the form of ULVs and con-
taining different concentrations of Aβ (25–35): 0 mol%, 0.01 mol%, 0.1 mol%, 0.5 mol%, 1 mol%, 3 mol%, 5 mol%. c) SAXS and d) SANS intensities I as a function
of scattering vector q obtained for DPPC(1 wt%) + Aβ (25–35)(1 mol%) systems prepared in the form of ULVs and containing different concentrations of calcium
ions: 0 mM, 1 mM, 2 mM, 5 mM, while Aβ (25–35) concentration is equal to 1 mol%. All curves were obtained at T = 20 °C in the gel phase of DPPC. Full lines rep-
resent the best fit results. The curves are shifted vertically for better visualization.

The addition of calcium ions apparently inhibits the impact on
membrane structural parameters caused by Aβ (25–35). Several possi-
ble mechanisms of inhibition may include changes in peptide confor-
mations, peptide localization or emergence of its clusterization. Unfor-
tunately, our experimental results do not elaborate on the way the cal-
cium ions evoke this effect. We have thus turned to the molecular dy-
namics simulations, scrutinizing in particular the changes in peptide lo-
calization in the lipid membrane due to calcium ion addition. Initially
constructed patch of a DPPC lipid bilayer in the gel phase loaded with
incorporated peptide molecules, similar system containing calcium ions
located initially near the bilayer-water interface, and another system
with calcium ions distributed randomly in bulk (Fig. S6) were analyzed
after 100 ns of simulation. The electron density distribution functions
calculated from the results were averaged over simulation time and ap-
propriate atoms (peptides and lipids separately) (Fig. 4). The results of
performed simulations reveal the electron density profiles of the DPPC
lipid bilayer and Aβ (25–35) molecules, the last of which remained in-
corporated into the hydrophobic part of the lipid bilayer without signif-
icant differences whether ions are added or not, indicating the absence
of changes in the peptide localization within the lipid membrane.

3.2. Effect of Aβ (25–35) peptides and calcium ions on formation of BLSs

After the measurements performed above, several of the same DPPC
(1 wt%) + Aβ (25–35) samples in the presence and absence of calcium
ions were subjected to 3 heating-cooling cycles in a thermobox as de-
scribed in the Sample preparation section in order to study the Aβ
(25–35) driven morphological reorganization of lipid membranes upon
addition of calcium ions. Being explained by the Aβ (25–35) induced
membrane disruption, the lipid objects are known to be transformed
from initially extruded ULVs into bicelle-like structures (BLSs) in the
lipid gel phase after crossing Tm upon heating and subsequent cooling of
the samples containing Aβ (25–35) (see also Fig. S1) [26–28]. Follow-
ing the heating-cooling procedure, we have scrutinized the final-state
samples at 20 °C in the gel phase of DPPC, as it is the samples in the gel
phase that may adopt different shapes (the samples form always the
ULVs in the fluid phase [26]). The evaluation was performed by means
of SAXS and we compared the results to those obtained for initial-state
samples.

Fig. 5 depicts SAXS curves and their fits for DPPC(1 wt%) + Aβ
(25–35) samples at various concentrations of Aβ (25–35), as well as
those with 2 mM of calcium ions added. After the heating-cooling cy-
cles of the samples, all SAXS curves for samples at the peptide concen-
tration interval of 0–0.5 mol% remained the same as those for initially
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Fig. 2. a) Changes in the radius (RULV) of ULVs made of DPPC+Aβ (25–35) sys-
tems as a function of Aβ (25–35) concentration without calcium ions (black
dots) and in the presence of 2 mM calcium ions (red dots). b) Relative changes
(ΔdL) to the DPPC lipid bilayer thickness calculated as a difference between dL
of the bilayer with various concentrations of Aβ (25–35) and that of neat DPPC.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

extruded ULVs (described in the previous section). However, the curves
of the samples (with or without calcium ions) noticeably changed at the
peptide concentrations of 1–5 mol%. Namely, these curves show a typi-
cal downturn at the low q-range (< 0.01 Å−1) that has been docu-
mented previously in the case of disk-shaped objects [26,28]. This in-
terval and the curves in general can be fitted well by the model contain-
ing form-factor of a thin disk describing the BLS combined with form-
factor of a lipid bilayer represented by 3 G functions (see Supplemen-
tary material).

The size-related parameters of emerged objects (radii of the ULVs –
RULV and radii of the BLSs – RBLS) obtained from the fitting analysis of
SAXS curves are presented in Fig. 6. In the Aβ (25–35) concentration
range of 0–0.5 mol%, the values of RULV coincide with those of initially
extruded ULVs not treated with the heating-cooling cycles (compare
empty and full points in Fig. 6). However, the radius of objects changes
dramatically from ≈ 360 Å to 200 Å in systems with 1–5 mol% Aβ
(25–35), corroborating a ULV-BLS transition. It is important to empha-
size that changes of radius and thickness values between ULV and BLS
morphologies are in a good agreement with those described in our pre-

Fig. 3. a) Changes in the radius (RULV) of ULVs made of DPPC+Aβ (25–35)
(1 mol%) upon increasing calcium ion concentration at Aβ (25–35) concentra-
tion fixed to 1 mol%. b) Relative changes ΔdL to the DPPC lipid bilayer thick-
ness calculated as a difference between dL of the DPPC+Aβ (25–35) at various
concentrations of calcium ions relative to the system of neat DPPC. All R and dL
values were obtained at T = 20 °C in the DPPC gel phase.

vious works [26–29]. Hence, we confirm the formation of BLSs in the
gel phase of DPPC as a final state of the samples after being heated
through Tm with subsequent cooling.

Interestingly, calcium ions at 2 mM concentration do not affect the
formation of BLSs (compare black and red points in Fig. 6). The values
of RBLS are virtually identical to those of the samples without ions at the
same Aβ (25–35) concentrations of 1–5 mol%. This observation sug-
gests a direct interaction of Aβ (25–35) molecules with the lipid mem-
brane in the presence or absence of calcium ions, excluding the scenario
of calcium-induced Aβ-aggregation [11,12] outside the lipid bilayer in
our study.

Based on our results, we conclude Aβ (25–35) molecules being in-
corporated into the lipid bilayer at low concentrations (≤ 0.5 mol%)
without their ability to launch the chain of morphological reorganiza-
tions of lipid membranes. However, achieving a critical peptide concen-
tration allowed the Aβ (25–35) molecules to cause a morphological re-
organization of the lipid membrane from the initial ULVs to the final
morphology of BLSs. This reorganization and thus a temporal mem-
brane disintegration occurring when crossing Tm is a direct evidence of
Aβ-lipid interactions playing a major role in the membrane destruction.

6
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Fig. 4. Relative electron density profiles (ΔEDPs) of a simulated DPPC bilayer
(dashed lines; left-hand scale) with incorporated Aβ (25–35) molecules (full
lines; right-hand scale) with (red and blue lines) or without (black line) cal-
cium ions added as a function of distance z along the bilayer normal. The
ΔEDPs of peptides are enlarged for their better visualization. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

By calling the reorganization temporal disintegration we emphasize
that membranes do not get damaged, rather they break and change
their shape between two stable membrane morphologies (ULVs and
BLSs).

Dysregulations of many cellular processes are known to be affected
by the membrane composition, molecular surroundings, and protein
concentration. The recent attempts to control membrane fluidity
through the addition of cholesterol and melatonin, or introduction of
charged lipids did not inhibit the Aβ (25–35) triggered morphological
membrane transitions [26–28]. The present results show that the effect
is not prevented either upon the addition of calcium ions. Via the
progress of eliminating various factors, we can now suggest to examine
the impact of other properties of membrane surrounding environment.
The solution pH in particular, may allow to reveal conditions that are
necessary for the mechanism of membrane disruption to take place, and
consequently, those that may prevent it.

3.3. Lipid-peptide arrangement of BLSs in the presence of calcium ions

Further, we employed 31P NMR to study the impact of calcium ions
on the lipid-peptide arrangement of BLSs. A special arrangement that
allows for a stable bicelle-like structure has been documented recently
for DPPC(5 wt%) + Aβ (25–35)(1 mol%) systems without calcium ions
[29]. Due to the increased lipid concentrations used in NMR, we have
extended the range of investigated calcium concentrations in these ex-
periments. Given that lipid/cation ratio varies from 10 to 2 in the range
of 1–5 mM calcium ions in the samples with 1 wt% DPPC (SANS and
SAXS measurements), we have used calcium concentrations equal to
10 mM and 50 mM for 5 wt% DPPC in order to preserve similar lipid/
cation ratios.

DPPC(5 wt%) + Aβ (25–35)(1 mol%) + Ca2+ samples treated
with 3 heating-cooling cycles prior to measurements, thus being sup-
posedly in the form of BLSs due to the action of 1 mol% Aβ (25–35)
[29], were placed in the NMR spectrometer and measured after temper-
ature equilibration. Static 31P NMR spectra recording signals from the
lipid head group phosphorus were obtained over the temperature range
from 30 °C to 45 °C with gradual heating. Fig. 7 depicts the spectra of
DPPC(5 wt%) + Aβ (25–35)(1 mol%) at calcium concentrations of 0,
10, and 50 mM. All spectra distinguish the presence of two phases in
the samples – the anisotropic phase in high-field region and a small

Fig. 5. SAXS intensities I as a function of scattering vector q obtained for a)
DPPC(1 wt%) + Aβ (25–35) and b) DPPC(1 wt%) + Aβ (25–35)+2 mM Ca2+

samples being extruded, subsequently subjected to 3 heating-cooling cycles,
and measured at T = 20 °C. The different curves correspond to samples with
varying concentrations of Aβ (25–35) in accordance to the legend. Solid lines
represent the best fits conforming to the models describing ULVs (0–0.5 mol%)
and BLSs (1–5 mol%). The circled q range depicts recognizable feature typical
for discoidal structures [26]. The curves are shifted vertically for better visual-
ization.

fraction of the isotropic phase at 0 ppm. The anisotropic phase is associ-
ated with the magnetic alignment of our BLSs according to our previous
findings [29], where the normal to the BLS surface is oriented perpen-
dicular to the magnetic field of the NMR spectrometer. At the same
time, the isotropic phase of the samples is related to the fast lipid mo-
tions, such as those of small tumbling vesicles or unoriented BLSs.

At low temperatures, the spectra for all studied samples reveal
mostly a broad peak in the region of ≈ −15 ppm. As discussed in our
previous work [29], the line broadening at these temperatures is most
probably caused by a wide angular distribution of BLSs in the magnetic
field of NMR spectrometer, although increased spin-spin relaxation of
phosphorus and possible undulations of the flat bilayered part of the
BLSs can be present in these signals as well. At higher temperatures
however, the broad peak is narrowed as a result of the well aligned
BLSs. Additionally, it splits into two peaks, which are the most dis-
cernible in the DPPC fluid phase at 45 °C (Tm of DPPC ≈ 41 °C [74]). In-
terestingly, the off zero peaks imply the presence of anisotropic phase
even at 45 °C, though the system was supposed to transform from BLSs
into small ULVs above the lipid Tm [26–28]. This behavior is however
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Fig. 6. Radii of ULVs at 0.01–0.5 mol% of Aβ (25–35) and radii of BLSs at
1–5 mol% of Aβ (25–35) in DPPC+Aβ (25–35) systems without calcium ions
(black dots) and in the presence of 2 mM calcium ions (red dots) after 3 heat-
ing-cooling cycles of initially extruded ULVs (full dots). For the sake of compar-
ison, empty dots display the same samples before heating-cooling cycles. All R
values were obtained at T = 20 °C in the DPPC gel phase. The drop of R values
at 1–5 mol% of Aβ (25–35) indicates the ULV to BLS transition after heating-
cooling cycles performed on ULVs. The circled group of points describes the
RBLS values. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

not unexpected in the systems with elevated lipid concentrations, for
which the transition may spread over several hours [29].

We take an advantage of delayed transition that results in the well
aligned BLSs for resolving their lipid arrangement. We interpret the two
peaks in high-field region as the lipid arrangement of our BLSs similar
to that of conventional bicelles [75–77] rather than nanodisks [78–80].
Namely, the pronounced peak in the relatively far high-field region is a
result of DPPC lipids located at the flat part of the BLSs, while the inter-
mediate peak is associated with the DPPC lipids situated at the perime-
ter of BLSs and covering the lipid bilayer hydrophobic part. The entire
shape of BLSs is supported by Aβ (25–35) molecules localizing predomi-
nantly on the rim of BLSs while mixing with lipid molecules [29]. Given
that in our present case all 31P NMR spectra for systems containing
0 mM, 10 mM and 50 mM calcium ions demonstrate the same splitting
into two peaks, we conclude that the ions affect neither the ability of
our BLSs to be well aligned in the magnetic field of NMR spectrometer,
nor the lipid arrangement of the BLSs. In addition, peptide localization
on the rim of BLSs is likely also unaltered, as the Aβ (25–35) molecules
are supposed to be involved in the lipid arrangement at the rim directly
[29].

Considering that calcium ions have not affected the overall shape
and structure of BLSs, we have also examined the effect of calcium ions
on the Aβ (25–35) peptide itself. Namely, we have used circular dichro-
ism to study the secondary structure of Aβ (25–35) molecules in BLSs at
various calcium ion concentrations extending our previous research of
DMPC(0.5 wt%) + Aβ (25–35) systems [29]. Diluted samples needed
for CD spectroscopy have been adapted to the desired relative lipid/ion
concentrations in order to compare the results with those of NMR. The
CD spectra of DMPC(0.5 wt%) + Aβ (25–35)(3 mol%) samples with
added calcium ions are presented in Fig. 8. The spectra were recorded
in the state of BLSs at 10 °C, which is below Tm of DMPC (Tm ≈ 24 °C
[74]). The spectrum of DMPC(0.5 wt%) ULVs extruded through the
500 Å filter was subtracted from each of the samples investigated. It is
worth noting that the secondary structure of Aβ (25–35) in BLSs is not

Fig. 7. Static 31P NMR spectra of DPPC(5 wt%) + Aβ (25–35)(1 mol%) sam-
ples containing Ca2+ ions at concentrations: a) 0 mM, b) 10 mM, c) 50 mM.
The spectra were obtained by heating each sample gradually from 30 °C to
45 °C with a step of 5 °C. The anisotropic phase at non-zero resonances is asso-
ciated with magnetically aligned BLSs.

affected by the choice of saturated lipid (DPPC or DMPC) [26,29], thus
we presume that calcium ions would contribute to the secondary struc-
ture of Aβ (25–35) incorporated into either DMPC or DPPC membrane
equally. The presence of BLSs in the samples used in CD measurements
was confirmed by SAXS measurements (not shown).

CD spectra of Aβ (25–35) incorporated into lipid BLSs at 0–0.5 mM
Ca2+ display a dip at 196 nm and a decline around 210–230 nm. This
indicates that secondary structures are predominantly represented by
random coils [81,82]. The further increase of calcium ions concentra-
tion leads to the spectrum profile changes (1 mM and 5 mM). In partic-
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Fig. 8. CD spectra of DMPC(0.5 wt%) + Aβ (25–35)(3 mol%) samples with
added calcium ions ranging from 0 to 5 mM concentrations. Samples were mea-
sured at 10 °C (gel phase of DMPC) in the state of BLSs.

ular, there is a pronounced maximum around 193 nm and two minima
around 205 nm and 217 nm. This behavior of the spectrum may be as-
sumed to indicate the presence of ordered secondary structures in the
form of α-helices [81,82].

The fractions of various secondary structures in the samples contain-
ing BLSs in the absence and presence of calcium ions was estimated by
using SMP180 protein data set [66] from the DichroWeb website [64]
reference list via CONTIN [65] analysis program. The calculated con-
tent of α-helices in the samples has gradually increased by 15% compar-
ing to the case of DMPC(0.5 wt%) + Aβ (25–35) without ions, whereas
the percentage of all remaining secondary structures slightly decreased
(Table S1). Hence we conclude, addition of calcium ions contributes to
the partial transition of Aβ (25–35) secondary structures to α-helices,
which happens most likely due to ion-lipid interactions, as similar tran-
sition was not observed in samples without lipid (Fig. S2). It is worth
noting that a full-length Aβ-peptide may adopt α-helix in the presence
of a zwitterionic lipid bilayer [83,84], including a central hydrophobic
region (K16-E22) [85]. Notwithstanding the mechanism of ion actions,
their impact does not seem to affect the entire lipid arrangement of
BLSs.

We have also examined the secondary structure of Aβ (25–35) at
T = 40 °C (Fig. S7) (fluid phase of DMPC, above Tm). Although it is un-
clear whether the system undertakes the assumed lipid morphology of
small ULVs at T = 40 °C [26] upon addition of calcium ions, the CD
spectra do not change noticeably compared to those obtained at
T = 10 °C. Consequently, the secondary structure of the Aβ (25–35)
peptides does not change upon varying the thermodynamic state of the
lipid bilayer in agreement with our previous findings [29].

4. Conclusion

Our investigation of model membranes made of fully saturated zwit-
terionic lipids (DPPC or DMPC) and Aβ (25–35) peptides dispersed in
the calcium ion containing solutions reveals the peptide and calcium
ion modulated changes in membrane structural parameters. The in-
creasing Aβ (25–35) concentration leads to the increasing membrane
thickness and enlarging vesicle sizes, both related likely to the rigidifi-
cation of gel phase lipid membranes. The addition of calcium ions to the
peptide-loaded membranes, in contrary, is prone to inhibit this effect.
However, despite of the obstructing effects of calcium ions on the Aβ
(25–35)-regulated membrane elasto-mechanic properties, their addi-
tion does not eliminate the membrane morphological reorganization

triggered by Aβ (25–35) molecules during the main phase transition of
lipids. Namely, we have observed the previously reported emergence of
bicelle-like structures in the lipid gel phase, advocating thus a temporal
membrane disintegration when crossing Tm, despite of adding the cal-
cium ions. We therefore conclude the key lipid-peptide interactions
leading to the morphological changes of lipid membranes unaffected by
the presence of the ions. Moreover, the lipid-peptide arrangement of re-
sulted BLSs is also unaffected by the presence of the ions and it is repre-
sented by Aβ (25–35) molecules and lipids co-located at the BLS rim in
the samples with or without the calcium ions added.
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