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ABSTRACT 

Neuronal membrane damage is related to the early impairments appearing in Alzheimer's disease 

due to the interaction of the amyloid -peptide (A) with the phospholipid bilayer. In particular, 

the ganglioside GM1, present with cholesterol in lipid rafts, seems to be able to initiate Aβ 

aggregation on membrane. We studied the thermodynamic and structural effects of the presence 

of GM1 on the interaction between A and liposomes, a good membrane model system. 

Isothermal Titration Calorimetry highlighted the importance of the presence of GM1 in 

recruiting monomeric Aβ toward the lipid bilayer. Light and Small Angle X-ray Scattering 

revealed a different pattern for GM1 containing liposomes, both before and after interaction with 

Aβ. The results suggest that the interaction with GM1 brings to insertion of Aβ in the bilayer, 

producing a structural perturbation down to the internal layers of the liposome, as demonstrated 

by the obtained electron density profiles. 

 

KEYWORDS: A-Membrane Interaction; Double layer Perturbation; Small Angle X-ray 
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INTRODUCTION 

The accumulation and deposition of the amyloid -peptide (A) in the neuronal extracellular 

space and its interaction with neuron membranes (pre- and post-synaptic) are considered crucial 

steps in the complex neurodegenerative process of brains affected with Alzheimer’s disease 

(AD). In fact, neuronal membrane damage seems to be related to the early impairments 

appearing in the disease. In neuron plasma membranes are abundant distinct microdomains, rich 

of cholesterol and gangliosides, so called lipid rafts, considered essential for the membrane 

fluidity and the electrical and chemical signaling [1]. It has been reported that Ais able to bind 

the ganglioside GM1, that is expressed on the extracellular surface, particularly on synaptic 

membranes [2]. The complex GM1-Ain vivo has been identified in cerebral cortices from AD 

and Down’s syndrome subjects, while it was not detected in controls [3]. Lipid rafts and in 

particular cholesterol associated GM1 clusters can modulate the conversion from unordered to 

more ordered ( or ) A conformations, by creating a potential endogenous seeds able to onset 

self assembly on the membrane surface [4-6]. The interaction and the effect on A has been 

widely studied through different techniques in vitro and in silico, trying to understand the 

mechanism and also highlight the important role of the lipid environment [7-12]. Literature data 

indicate that the composition of the membrane system, the Aform, the physico-chemical 

conditions during the experiments are all extremely important parameters in determining the 

behavior of the system, and this explains the quite broad spectrum of reported results. In few 

studies, the interaction of GM1 with Ahas been investigatedby isothermal titration calorimetry 

[13-14] and small angle X-ray scattering [15], by using suitable membrane model systems. 

In this work we report a study on the interaction of A with liposomes, made of a binary mono-

unsatured POPC:POPS lipid combination and 10% w/w of cholesterol, with and without GM1 

(5% w/w). This kind of liposomes constitutes a good example of membrane model system, 

mimicking some properties (dynamics, lipid phase, membrane charge) of the natural membranes 

under physiological conditions. The interaction was studied by isothermal titration calorimetry 

(ITC) and small angle X-ray scattering (SAXS), in order to extract both thermodynamic and 

structural information. Results clearly show that the presence of GM1 is crucial in determining 

the interaction between Aand membranes at a a quite low concentration of A with a 

lipid/peptide molar ratio of 300:1. The low Aconcentration allows to prevent aggregation and 

to single out the interactions between GM1 and freshly dissolved Amolecules. The electron 

density profile obtained from SAXS data analysis indicates that, in the presence of GM1, Ais 
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able to produce a perturbation in the lipid bilayer structure, which propagates down to the inner 

polar region. 

 

MATERIAL & METHODS 

Sample Preparation 

Synthetic 40 (Polypeptide Group. Product SC869) was pretreated according to the procedure 

of Fezoui et al. (2000) for improving the reliability of experiments at neutral pH [16].  

40 samples were prepared by dissolving the lyophilized peptide in 50 mM phosphate buffer at 

pH 7.4 and 20mM NaCl. The initial concentration was about 20% higher than the one chosen for 

the experiment. Solutions were filtered sequentially through 0.22 m (Millex-LG syringe filters) 

and 20 nm filters (Anaspec) and the concentration was measured by tyrosine absorption at 276 

nm, using an extinction coefficient of 1390 cm-1 M-1 [17]. The sample was then diluted to the 

suited concentration for the experiments.  

Phospholipids, POPC (P3017) and POPS (51581), ganglioside GM1 (G7641) and cholesterol 

(C8667) were purchased from Sigma-Aldrich and used without any further purification. 

Different liposome compositions were obtained by weighing and mixing in the chosen 

proportion the different components and then by dissolving the obtained mixture in chloroform. 

We studied three lipid combination, designed from now on as A (PC:PS=9:1), B 

(PC:PS:Chol=8.1:0.9:1) and C (PC:PS:Chol:GM1=7.65:0.85:1:0.5). The composition is 

expressed in mass ratio. Lipid films were obtained by evaporation of the solvent under a very 

gentle nitrogen flux and in order to remove all chloroform, films were further dried overnight in 

vacuum in order to remove residual chloroform. A Multi Lamellar Vesicle solution was obtained 

by hydration of the lipid film with 50mM phosphate buffer with 20mM NaCl at pH7.4. 

Liposomes were then obtained through extrusion with a mini-Extruder Avestin after 21 passes, 

by using a couple of 100nm polycarbonate filters. Mass concentration of lipids was known from 

the lipid film. The recovery of the whole lipid mass from the apparatus was achieved by adding 

buffer to perform a second extrusion after the one to produce the liposomes used for the 

experiments, in order to obtain a better estimate of the lipid concentration (see below). 

 

Evaluation of lipid mass loss during extrusion 

In order to appreciate if there was a loss of mass during the extrusion step, we extimated the final 

concentration of the extruded solution by assuming the starting film mass and using static light 

scattering. We measured the Rayleigh ratio, I1 and I2, relative to the two extruded solutions, step 

1 and 2 respectively (see above), after appropriate dilution (d1 and d2 respectively, on the order 
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of 100 - 1000). Known the total mass M into the hydrated film, the extruded volumes V1 and V2 

and the unrecovered volume V, we thus calculated c1=M/V1 [(1+ ((I2 d2)/(I1 d1))(V2+V)/V1]-
1. 

c1 is the experimental estimated mass concentration of the solution used in the experiments. 

As an example, with an initial mass of 0.55mg in the PCPS lipid film (dissolved initially in 

0.6mL of buffer), c1=(0.87 ± 0.04) mg/ml in a volume V1=(0.49 ± 0.01)mL for the first 

extrusion and c2=(0.18 ± 0.04)mg/mL in a volume V2+V=(0.650 ± 0.024)mL for the 

second one.  

In both extrusion steps, the particle solutions obtained after the extrusion were found to have, by 

dynamic light scattering measurements, superimposable autocorrelation functions. By CONTIN 

analysis we found an average hydrodynamic radius of 79 nm (A), 82 nm (B) and 87 nm (C), by 

calculating the harmonic average on the distribution; by cumulant analysis the hydrodynamic 

radius was found (77.5 ± 1.5)nm (A), (79 ± 1)nm (B) and  (87.5 ± 1.0)nm (C). 

With the aim of obtaining a conversion factor between lipid and liposome molar concentrations 

in our systems we made the following estimate: we calculated the external surface SLipo=4Rh
2 

and by using the single lipid occupied area for POPC A=(0.627 ± 0.013)nm2 [18, 19], we found 

an average lipid number per liposome <Nlip>=2*SLipo/A = (2.253 ± 0.097) x105. 

 

Static and Dynamic Light Scattering 

Liposomes were characterized by Static and Dynamic Light Scattering techniques (SLS and 

DLS). The extruded sample, after suitable dilution, was placed into a dust-free quartz cell 

without further filtering and kept at 200C in the thermostated cell compartment of a Brookhaven 

Instruments BI200-SM goniometer. The temperature was controlled within 0.10C using a 

thermostated recirculating bath. The scattered light intensity and the time autocorrelation 

function were measured by using a Brookhaven BI-9000 correlator and a 100 mW solid-state 

laser at = 532 nm. Multi-angle Static Light Scattering was performed on the liposome samples 

in order to obtain the form factor of the nanoparticles in the q range 5 - 29 m-1. Data were 

analyzed in terms of two populations of hollow spheres with a fixed layer, R (3.6nm for 

samples A and B, and 3.9nm for C, as obtained from SAXS results) and external and internal 

radius R1 and R2 = R1 + R, respectively. DLS measurements were performed at 90°, 

corresponding to q=23m-1. Static light scattering data were corrected for the background 

scattering of the solvent and normalized by using toluene scattering intensity as reference. 

Toluene Rayleigh ratio was taken as Rtol=28e-6 cm-1. In DLS experiments, the field 

autocorrelation function, g(1)(t)= [g(2)(t)-1]1/2 was obtained by measuring the intensity correlation 

function and analyzed by using a smoothing constrained regularization method [20], in order to 
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determine the distribution of relaxation times according to: 

   g(1) (t) = ∫ A(Γ) exp(− Γ t)d Γ     (1) 

where A() denotes the contribution amplitude of the mode with characteristic time -1. The 

latter is related to the diffusion coefficient by  = D q2. A() can be expressed also as A(Rh), 

where Rh is the hydrodynamic radius, by using the Stokes-Einstein relationship D=kBT/6Rh. 

The distribution obtained by data analysis is intensity weighted. To obtain a number distribution, 

we considered liposome mass proportional to Rh
2, a reasonable assumption, given the geometry 

of the liposomes. The harmonic intensity average radius was obtained from the weighted 

intensity distribution. 

 

Differential Scanning Calorimetry 

Calorimetric experiments were conducted on a DSC (Hart Scientific-Model 707) to characterize 

the liposomes produced for the experiments of interaction. Measurements were carried out in the 

temperature range from -12 to 30 °C, with heating rates of 15°C/hour, and different protein 

concentration (2÷15 mg/ml) in 50mM phosphate buffer, 20Mm NaCl. 

For the measurements 200 μL of protein solution was loaded into the sample cell of the 

instrument while a matching buffer solution was loaded into the reference cell. Samples and 

buffers were filtered and degassed in vacuum before loading into the DSC sample cell and 

reference cell. 

The calorimetric enthalpy changes of the transitions (∆𝐻𝐶𝑎𝑙) were calculated by integrating the 

area under the peak of the heat capacity (𝐶𝑝𝑡𝑟𝑠) of the transition using the following equation:  

 

∆𝐻𝐶𝑎𝑙 =  ∫ 𝐶𝑝𝑡𝑟𝑠𝑑𝑇
𝑇2

𝑇1
      (2) 

 

Where 𝑇 is the absolute temperature. 𝑇𝑚  was estimated as the midpoint of transition.  

 

Isothermal Titration Calorimetry 

The heat flow resulting from the binding of the peptide to lipid vesicles was measured using a 

NANO ITC Low Volume (TA Instruments, USA), with a reaction cell volume of 170 μL. Prior 

to use, all solutions were degassed under vacuum to eliminate air bubbles. The data were 

acquired by computer software developed by TA Instruments. All the titration experiments were 

performed by successive 2μL injections of freshly prepared 73μM Aβ40 into 4mM LUVs 

solutions (POPC:POPS 9:1; 10%wt Cholesterol and 5%wt GM1 when present), and the interval 

between injections was 300 sec. All experiments were conducted at 25 °C. Stirring at 280 rpm 
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ensured a good mixing. Each injection produced a heat of reaction, which was determined by 

integration of the heat flow tracings. Binding isotherms were corrected by subtracting the 

corresponding LUV and ligand dilution isotherms.  

ITC data were analyzed using the Nano Analyze Data Analysis TA® software. Data fits were 

obtained using an independent binding model (one-site Independent), for which the analytical 

solution for the total heat measured (Q) is determined by the formula: 

 

𝑄 =
𝑉 ∆𝐻

2𝐾
((1 + [𝐿𝑖𝑝]𝑛𝐾 + 𝑘[𝐿] − √(1 + [𝐿𝑖𝑝]𝑛𝐾 + [𝐿]𝐾)2 − 4[𝐿𝑖𝑝]𝑛𝐾2[𝐿] )  (3) 

 

where V is the reaction volume, ∆H is enthalpy of binding, [L] is ligand concentration, [Lip] is  

the total concentration of lipids available for binding ligand, n is the molar ratio of interacting 

species, and K is the equilibrium binding constant [21]. Gibbs free energy, ∆G, was determined 

from the binding constant (∆G=−RTlnK, where R is the gas constant and T is the absolute 

temperature in Kelvin) and entropy, ∆S, from ∆G=∆H−T∆S. 

 

Small angle X-ray Scattering (SAXS) 

Liposomes, without and with A were prepared in a phosphate buffer (20mM NaCl, 50 mM 

phosphate buffer at pH 7.4). Total lipid concentration of liposomes was 15 mM, and Aβ final 

concentration was 50 µM. (lipid:Aβ ratio 300:1). Small-angle X-ray scattering (SAXS) spectra 

of membranes were collected at the SAXS beamline of the Elettra Synchrotron (Trieste, Italy). 

Scattered radiation was recorded in a Pilatus3 hybrid photon counting detector. The sample-

detector distance of 1 m covered the range of momentum transfer 0.1 < q < 5.0 nm–1 (q = 4π sin 

(θ)/λ, where 2θ is the scattering angle and λ = 0.154 nm is the X-ray wavelength; the optical path 

of the X-ray through the sample is about 1 mm). Data were collected from samples quartz 

capillaries kept at 25 °C. For each sample, we recorded 30 spectra of 10 s each, with a dead time 

of 15 s between an acquisition and the next, corresponding to a total of 5 min of data acquisition, 

and 5.6 min of radiation exposure. Given the random orientation of the vesicles, the detector 

images were integrated radially with the program Fit2D [22], resulting in the so-called ‘I–q plot’, 

a one-dimensional profile of X-ray intensity I(q) versus scattering vector q. The comparison of 

ten successive exposures of an acquisition experiment indicated no changes in the scattering 

patterns, i.e., no measurable radiation damage to the samples. The scattering data of the buffer, 

tested before and after each corresponding measured sample, were averaged and used to subtract 

the background. 

 



 7 

 

 

 

SAXS Data Analysis 

The structure of the membranes was inferred from their electronic density profiles calculated 

from the SAXS spectra. In these experiments, the measured X-ray intensity is an average over a 

polydisperse vesicle population according to Debye scattering theory [23] such that 

 ⟨𝐼(𝑞)⟩ = 𝑁⟨𝐹(𝑞)2⟩ + ⟨𝐹(𝑞)2⟩ ∑ ⟨𝑐𝑜𝑠(𝑞 ⋅ 𝑟𝑛𝑛′)⟩𝑁  (4) 

 

where F(q) is the bilayer form factor, N is the number of particles (vesicles) and rnn' is the inter-

vesicle vector. The first term of equation (4) represents the average scattering of N individual 

vesicles, while the second term comes from the interference between vesicles and depends on the 

distance between them, rnn' . Because of the low vesicle concentration used in this study, no 

interference between vesicles is expected [24]. In fact, scattering coming up from the second 

term becomes significant at q << 0.1 nm-1  [24] that is beyond of the q range utilized here. Thus, 

the second term of equation (4) could be neglected, and we can use the simple relation: 

 

 ⟨𝐼(𝑞)⟩ ∝ ⟨𝐹(𝑞)2⟩ (5) 

where N is included in the arbitrary instrumental scaling. The form factor, F(q), is the Fourier 

transform of the electronic density ρ(r) of the bilayer. To calculate the electronic density we 

constructed a model of the membrane, and adjusted the parameters of the model to fit its Fourier 

transform to the experimental SAXS spectra. The electronic density of the vesicle wall can be 

described by five concentric Gaussian shells [24-28], that include an asymmetric bilayer profile 

with added decorations on the inner and outer sides of the vesicle wall. The bilayer electronic 

density profile is modelled by two positive Gaussians, representing the headgroups of the two 

lipid leaflets (in and out, respectively) and a negative Gaussian representing the hydrophobic 

core (tail). The asymmetric distributed material extending beyond the bilayer towards the 

internal or external sides of the vesicle (inner and outer) are modelled by concentric Gaussians 

attached to the inner and outer sides of the bilayer, respectively. The electronic density of the 

bilayer profile as a function of the distance r is given by: 

 𝜌(𝑟) = ∑ 𝜌𝑘𝑘=1 𝑒𝑥𝑝 [
−(𝑟−𝛿𝑘)2

2𝜎𝑘
2 ] (6) 
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with the peak position δk, amplitude ρk, and width σk with k indicating in, out, tail, inner, outer, 

for each of the three Gaussians representing the headgroups of the two leaflets and the 

phospholipid tail region, and the inner and outer membrane decorations, respectively. The radius 

R is the distance defined from the center of the vesicle to δtail. Thus, we define εk =  δk – R, and 

therefore we fixed  εtail = 0. The membrane thickness is characterised by the total thickness d of 

the bilayer structure: 

 𝑑 = [𝜖in − 𝜎in√2𝜋] − [𝜖𝑜𝑢𝑡 + 𝜎𝑜𝑢𝑡√2𝜋] (7) 

In other SAXS data analysis methods, where the electronic density is based on the chemical 

composition of the bilayer, the membrane thickness is calculated as the distance between the 

water-lipid interphase, explicitly defined on the membrane models [19]. 

SAXS data allow to measure the scattering contrast Δρ = ρ(r) – ρsolvent. This analysis provides the 

relative amplitudes of each bilayer feature, not the absolute amplitudes, and the magnitude of 

ρsolvent is arbitrary and set equal to zero. The electronic density of the two peaks representing the 

headgroups were defined to be ρin,out > 0, and the peak that represents the lower electronic 

density  of the bilayer, plausibly corresponding to the methyl groups of the phospholipids was 

fixed to ρtail = –1 [29]. These two assumptions reduced the parameter dependency of the fitting 

procedure and also provided a means of comparing the models since all results were normalized 

to the central region of the bilayer. Notice that the Gaussians representing the bilayer profile and 

the protein shells inter-penetrate to some extent. For a perfectly spherical, radially symmetric 

vesicle composed of n Gaussian shells, the form factor F(q)2F(q)F(q)* is obtained from the 

radially symmetric Fourier transform of equation 5. We used a normalized ensemble average 

over F(q)2  [24, 27-28], resulting in   

 ⟨𝐹(𝑞)2⟩ = 𝜁 {
1

𝑞2
∑ (𝑅 + 𝜖𝑘)(𝑅 + 𝜖′𝑘)𝜌𝑘𝜌′𝑘𝜎𝑘𝜎′𝑘 × 𝑒𝑥𝑝 [−𝑞2 (

𝜎𝑘
2+𝜎𝑘′

2

2
)] 𝑐𝑜𝑠[𝑞(𝜖𝑘 − 𝜖′𝑘)]𝑘,𝑘′ }(8) 

where F(q)2 is the form factor and ζ is a proportionality factor. Note that equation 8 is an 

approximation valid only in the region 0.1 nm-1 > q > 10 nm-1, where intensity, arising from 

intra-bilayer features, dominates the scattering curve. The derivation of the expression in 

equation 8, obtained from a normalized ensemble average over F(q)2 utilizing a Gaussian weight 

to describe the distribution of vesicles with radii R', average radius R and standard deviation σR, 

is described in the Appendix A of the article of Brzustowicz and Brunger (2005) [25]. The data 
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fitting procedure utilized the non-linear, least-squares Levenberg-Marquardt fitting (NLSF) 

algorithm to minimize χ2 (IgorPro, Wavemetrics, Lake Oswego, OR, USA):   

 𝜒2 = ∑
𝐼(𝑞𝑗)−𝐼̂(𝑞𝑗)

2

𝜎(𝑞𝑗)𝑗  (9) 

where Î(qj) is a fitted value (model value) for qj , I(qj) is the measured data value for the jth point 

and σ(qj) is an estimate of the standard deviation for I(qj). The goodness of the fit was 

characterized by the correlation coefficient r2. The electronic density profile of the lipid vesicle 

wall was obtained with high accuracy fitting the model over the experimental data. This method 

allows also to having a good estimate of the average vesicle radius. 

RESULTS 

The interaction of A with liposomes, made of monounsaturated lipids, with a composition that 

can mimic the surface charge of plasma membrane, in the presence of 10% cholesterol and 5% 

ganglioside GM1 was studied by ITC and SAXS. A preliminary characterization of the liposome 

systems studied was performed by Light Scattering and DSC. We remind here the composition 

as mass ratio of the three investigated liposome samples: A (PC:PS=9:1), B 

(PC:PS:Chol=8.1:0.9:1) and C (PC:PS:Chol:GM1=7.65:0.85:1:0.5). 

 

Liposome characterization 

Static and Dynamic Light Scattering 

All samples were firstly characterized by light scattering. In fig.1, the upper panels report the 

Dynamic Light Scattering results. The intensity autocorrelation functions (fig.1a) were analyzed 

according to the expression (1), and the resulting distributions of the hydrodynamic radii are 

reported in panel (b) (intensity weighted) and in panel (c) (number weighted). In the lower 

panels the multi-angles Rayleigh ratio, together with the analysis, performed according to the 

presence of two populations of spherical shells with thickness R (set 3.6nm for A and B and 

3.9nm for C liposomes) and external and internal radius R1 and R2 = R1-R respectively, are 

reported (d); The single contributions coming from the two shells are also reported, as an 

example for the sample A. It is worth to note that at i.e. the q value corresponding to our DLS 

measurements for the determination of the hydrodynamic radius, the scattering arising from the 

larger species is almost negligible with respect to the scattering contribution coming from the 

small ones. As a consequence, the hydrodynamic radius obtained by DLS at q=23m-1, is 

comparable to the radius of the smaller species observed by multi-angle SLS (see fig. 1e). 
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Figure 1: Dynamic (a, b, c) and Static (d, e) Light scattering characterization: [g1(t)]
2 for A 

(black), B (red) and C (green) in panel (a); Continuous lines are the data fits according to eq.(1). 

Size distributions resulting from the analysis of g1(t), as it comes from the analysis, i.e. intensity 

weighed (b) and corrected to obtain a number distribution (c). Multi-angle scattering (d). Thick 

continuous lines show the fit functions according to the two shells model for A, B and C. The 

light and hatched black lines represents the two components in the A analysis. Radii obtained 

from the analysis of DLS and SLS results. 

 

Differential Scanning Calorimetry 

The interaction between cholesterol and phospholipids has been widely studied by DSC 

technique [30, 31]. First, we characterized LUV made of only POPC and POPC:POPS (9:1), 

without and with cholesterol. The resulting molar heat capacity is reported in Fig.2a. (black and 

blue line, respectively). As evident in the figure, in these first two cases, we observe a phase 

transition, for which the integral and temperature corresponding to the maximum of the 

thermograph were estimated giving a ∆𝐻𝐶𝑎𝑙 of 10.5 kJ/mole and 20 kJ/mol, and a 𝑇𝑚 of -1.4°C 

and 0.55°C respectively. These parameters corresponding to the main transition, from gel to 

crystal liquid. When cholesterol is added (15%w/w) to the phospholipid components, the main 

endothermic transition of the phospholipids disappears (Fig.2a, red line). Cholesterol exerts a 

strong perturbing effect on phospholipid bilayers, indicating a marked growth in the orientational 

disorder of the phospholipid chains, as reported in literature [32]. 

Fig.2b reports the heat capacity for liposomes A, at two different concentrations, for liposomes A 

with 15% of cholesterol, and liposomes C, containing also GM1. A transition is observed only in 
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liposomes A, indicating again a high disorder of the phospholipid chains in the bilayer in the 

presence of cholesterol and both cholesterol and GM1 (red and green line respectively).  

 

Figure 2: DSC thermographs of phospholipid vesicles: (a) Molar heat capacity, after baseline 

subtraction, for 15mg/ml solutions of POPC LUV (blue), POPC:POPS LUV (black), 

POPC:POPS + 15% Cholesterol (red) and 28% Cholesterol (grey); (b) Raw heat capacity of 

POPC:POPS LUV (black) at 15mg/ml (top) and 2.3mg/ml (below), 2.3mg/ml POPC:POPS + 

15% Cholesterol (red) and 2.3mg/ml POPC:POPS + 10% Cholesterol + 5% GM1 (green). 

 

Interaction Studies 

The interaction between Aβ and liposomes of different type, A, B and C has been investigated by 

Isothermal Titration Calorimetry and Small Angle X-ray Scattering, in order to study both the 

thermodynamics of the interaction and changes in the structure of the liposome double layer due 

to Aβ peptide presence. 

 

ITC 

Fig. 3a reports the rate of heat flow measured under titration of liposomes B and C. Results show 

that the addition of Aβ to solution of liposomes, containing GM1 ganglioside and cholesterol, 

leads to a heat exchange, inferring an interaction between the two systems (green line). In 

contrast, no heat exchange occurs in the absence of GM1. The binding isotherms corresponding 

to ITC experiments for the three samples A, B and C are reported in fig. 3b. The simultaneous 

presence of cholesterol and GM1 promotes the interaction with the Aβ peptide, with a strong 

exothermic binding enthalpy, thus indicating the recruitment of Aβ toward the membrane. 
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Figure 3: (a) Heat rate flow in the titration of 73μM Aβ40 in B LUVs containing (red) and C 

LUVs (green). (b) Binding isotherms obtained using Incremental Injection ITC, titrating (2μL) 

73μM of Aβ40 into the three different liposome solutions (4mM): A LUV (black); B LUV (red); 

C LUV (green). The line represents the binding curve obtained by the analysis according to one-

site Independent binding model reported in eq. (2). 

 

The binding isotherm can be described by using a one-site independent binding model, according 

to the equation (2). Fit to data according to this model is reported in Fig. 3b (green line). The fit 

to the one-site binding model  model yields an association constant Ka = (1.64 ± 0.37) 106 M-1, 

an exothermic binding enthalpy H = (-202.5 ± 19.7) kJ/mol, and a binding entropy S = (-0.56 

±0.07) kJ/mol·K. The change of the free energy due to peptide binding is G = (-35.5 ± 0.6) 

kJ/mol. The binding stoichiometry was n = (5.0 ± 0.3) × 𝑚𝑚10−4 (A/lipid ratio, corresponding 

to ~0.02 A/GM1 ratio and approximately to 100 A/liposome ratio). Results clearly indicate 

that fresh Aβ has a high affinity only for GM1-cholesterol liposomes, but not for liposomes with 

cholesterol alone. ITC data could be interpreted also by a partitioning model, which in the 

experimental conditions here reported (low ligand/lipid ratio) is however mathematically 

undistinguishable from the binding model [33]. Furthermore, the interaction results to be 

enthalpy driven, and in higher ionic strength environments it is vanishing (data not shown), thus 

suggesting an essential role for electrostatic interactions in the binding. Previous studies on 

charged liposomes are consistent with these findings [14]. Further studies and different 

experimental conditions can give a more complete description of the interaction A-GM1-

cholesterol in LUV systems [33] 

 

SAXS 
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In SAXS measurements, A peptide concentration was chosen in order to have an A/lipid ratio 

of 0.0033. According to ITC results (see Fig. 3b), this value is high enough to observe a good 

interaction, still being sufficiently low to prevent unwanted peptide aggregation and/or 

oligomerization. Fig. 4a shows the SAXS spectra obtained from samples B and C, before and 

after mixing with A. Spectra are reported in an arbitrary intensity scale and translated in order 

to better visualize the different profiles. The addition of GM1 to the LUV introduces a 

modification on the structure of the liposomes, as results from substantial differences which can 

be observed in the range 1.5-3.5 nm-1 when comparing the bilayers B and C (Fig. 4a, red and 

green lines, respectively). The SAXS spectra recorded from B liposomes in the presence or in the 

absence of the Apeptide are quite undistinguishable (Fig. 4a, red and magenta lines, 

respectively), suggesting that B liposomes do not interact with the peptide at least in our 

experimental conditions. Conversely, the comparison of SAXS spectra of C liposomes with or 

without A shows striking differences, especially in the spectra minimum around 2.5nm-1 (Fig. 

4a, green and cyan lines, respectively). The analysis of the data according to the multi-Gaussian 

model described in the methods section, allows the construction of the electron density profiles 

of the bilayer of vesicle walls (Fig. 4b). A distinctive asymmetry in the bilayer comes out, for all 

the samples, most probably due to the membrane curvature [24, 28]. In the presence of GM1 the 

electron density shows up an inversion of sign close to the vesicle surface, which is modeled by 

a low intensity negative Gaussian, consistent with a protrusion from the shell, with hydrophobic 

tendency. This affects the external radius of the C liposomes, in agreement with DLS results. 

Interestingly, the presence of A brings about a lowering of the electron density, probably 

coming from neutralization of charges, due to the interaction and the disappearance of the 

negative Gaussian once the peptide is inserted. The peptide is eventually perturbing the double 

layer down to the inner polar layer. 
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Figure 4: (a) SAXS spectra of the LUVs B and C before (red and green, respectively) and after 

mixing with A(magenta and cyan, respectively). Lipid concentration was 15mM and, when 

present, A concentration was 50M. Continuous lines represent the best fitting of data, according 

to the multi-Gaussians model. (b) Electronic density profiles for sample B and C before (red and 

green, respectively) and after mixing with Amagenta and cyan, respectively), calculated from the 

experimental SAXS data according to the multi-Gaussians model. 

 

The structural parameters, calculated from the calculated electronic density distribution are 

reported in Table I. It is important to note that the analysis has been performed in a recursive 

way in order to use all accessible experimental information. In fact, SAXS modeling analysis 

was started by using the LUV dimensions, as obtained by DLS measurements (they were let free 

(a) 
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to change in the last runs), and in multi-angle light scattering analysis we used the layer 

thickness obtained by the gaussians model SAXS analysis. 

 

Table I: Structural parameters resulted from the calculation of the electronic density of the 

vesicle lipid bilayers by multi-Gaussian model. Data represents the values ± standard deviation. 

The correlation coefficient represents the goodness of the fitting of the original SAXS data with 

the model. 

 

 B B+Aβ C C+Aβ  

correlation coeficient 0.9951 0.9928 0.9933 0.9935  

bilayer thickness (nm) 3.59 ± 0.11 3.59 ± 0.06 3.91 ± 0.08 4.10 ± 0.11 

vesicule radius (nm) 76.8 ± 1.7  80.2 ± 1.7 81.9 ± 1.8  86.3 ± 1.7  

 

 

 

DISCUSSION 

We reported here a characterization and an interaction study on membrane model systems with 

the freshly dissolved A-peptide. The LUV composition has been chosen by perturbing a model 

liposome made of POPC, which is the most abundant component of natural membranes. POPS 

has been added to take into account the membrane charge, cholesterol as a main realistic 

membrane component and GM1 in vivo it is found to play a fundamental role in the interaction 

A peptide/membrane and further aggregation seeding, together with cholesterol. 

Our results show a structural asymmetry between the outer and inner leaflet, that is a naturally 

occurring property of the cellular membranes [34]. The X-ray scattering profile reflects the 

asymmetry in the characteristic nonzero minima pattern [35]. In the system we chose, that well 

simulate some peculiar properties of a natural membrane, we found a cholesterol dependent 

interaction involving GM1 and A with a KA = (1.6 ± 0.4) 106 M-1. Studies by Surface Plasmon 

Resonance, reporting a value of 0.8 106 M-1, with 20% GM1 in liposomes made of DMPC [13] 

and 1.2 106 M-1, with a relative composition DPPC:GM1:Chol of 5:4:1 in mass [14] agree with 

our value, considering the different lipid composition, and in particular the absence of 

cholesterol in liposomes studied in Valdes-Gonzalez et al. (2003). 

In our SAXS study we used a quite low ratio A/Lip=0.0033, as suggested by ITC titration 

results. Under such conditions we are sure to avoid aggregation and to focalize only onto the 
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interaction between the membrane and the A molecules. Indeed, studies on A40 

fibrillogenesis show that in these conditions stirring is needed for the onset of the aggregation 

process [36, 37], at least in the time course of our interaction experiments. In a previous study 

some of us studied by AFM spectroscopy the interaction between different aggregation states of 

A and a supported planar bilayer (PC:PS=9:1). A major topological effect, appearing like a 

lipid depletion, was observed under interaction with oligomers/protofibrils, while no effects at all 

were detected for mature fibrils and only minor changes for fresh A. In this work we do not 

observe any interaction for freshly dissolved A with analogous lipid composition liposomes 

(sample A). However, we have to consider that the number of peptide molecules per surface unit 

in the two studies was considerably different, being much higher (about 500 fold) for the planar 

bilayer study reported in ref [38]. 

In our study, the detected structural change in sample C consist in an average increase of the 

layer thickness, suggesting that the molecular interactions prompt the recruitment of the peptide 

to the raft lipid domains, which are rich in GM1 and cholesterol. Interestingly, the whole bilayer 

is perturbed by the interaction. According to a recent study reporting SAXS and neutron spin-

echo measurements, the phase state of the lipid system used for the interaction is a crucial point 

in order to appreciate bilayer changes. The interaction of fresh A with ternary LUV 

(PC:Chol:GM1) was investigated by detecting both the structure and dynamics of the bilayer: 

bending-diffusion motions were suppressed but only for the system in L (disordered) phase, 

while the structure was not altered [15]. This difference in the results could be caused by the 

formation of Aaggregates, that are not able in this case to penetrate the lipid bilayer, beeing in 

fact the Aβ concentration used by Hirai and collaborators significantly higher (~200 µM) 

[15]. 

In a series of calcein release experiments, we did not observe any membrane permeability when 

adding A peptide, even for GM1 containing liposomes (data not shown). Nevertheless, the 

calorimetric and SAXS data here reported clearly indicate an interaction between the membrane 

and the peptide. Put together these results indicate that the interaction does not lead to a 

membrane destabilization or loosening or to even a detergent effect of the peptide.  

Molecular simulation studies coupled also to physico-chemical interaction characterization have 

given a possible interpretation of the interaction molecular mechanism involving A, GM1 and 

cholesterol [7]. According to this study the domain A5-16 is interested in the binding to the 

ganglioside, while the domain A22-35 is linked to cholesterol into the bilayer, determining a 

partial insertion of the peptide in the lipid raft. Cholesterol is crucial in this model, being 
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responsible of a ganglioside conformational change, which enhances its affinity to the A 

peptide [5]. 

 

CONCLUSION 

We studied the interaction of fresh A with LUV systems, whose composition well mimics a 

membrane asimmetric system. An interaction between A and GM1 containing liposomes has 

been measured, in the presence of 10% (w/w) cholesterol. Results suggest that the peptide is 

recruited in the membrane. The peptide-GM1 interaction, crucially regulated by cholesterol, 

leads to structural changes in the bilayer down to the inner leaflet. These results confirm the 

important role that such a binding can play in tuning the structural and dynamic properties of the 

membrane. Future work will be devoted to better modeling the interaction, the role of the matrix 

and/or the dependence on the peptide concentration. 
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