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I. INTRODUCTION

AD is a degenerative brain disease that is clinically characterized by progressive memory and cognitive function loss, ultimately leading to death. Microscopically, the disease is associated with abnormal extracellular amyloid fibril structures formed by Aβ peptide, and the presence of intracellular neurofibrillary tangles formed by hyperphosphorylated tau protein [1][2][3]. Aβ is produced by proteolytic cleavage of the transmembrane amyloid precursor protein [4]. The primary forms, consisting of 40 (Aβ40) and 42 (Aβ42) residues, self-assemble into insoluble fibrils via intermediate states including transient oligomers, protofibrils and amyloid-β derives diffusive ligands [1,[5][6][7]. It is known that soluble Aβ oligomers, rather than Aβ fibrils, are toxic species in the pathogenesis of AD [8,9]. The toxicity could be caused by various effects due to interactions between Aβ and membrane, such as structural changes in membrane [10], changes in activities of membrane-bound receptors [11,12], formation of membrane ion pores [START_REF] Quist | Proc. Natl. Acad. Sci. USA[END_REF][START_REF] Demuro | [END_REF], modulation of ion flux [15,16] and enhanced membrane permeability [17]. Clearly, the interplay between Aβ and membrane is influenced by physico-chemical properties of both Aβ pep-tides and membranes [6,7]. For example, Aβ peptides in different configurations and/or sequences interact differently with membranes, causing different effects [18][19][20]. In contrast, changes in membrane composition can alter membrane properties, thereby affecting the incorporation of Aβ into the membrane [19,[21][22][23][24][25]. For instance, Drolle et al. [23] showed that changes in lipid composition induce structural alterations in the nanodomains of membranes, which in turn impact amyloid binding. While this is a significant breakthrough in understanding the role of the membrane in AD, the molecular details underlying these changes, such as individual lipid clustering within the domains, remain unclear and could be best addressed with molecular dynamics simulations. Such simulations would provide a better understanding of the factors influencing Aβ/membrane interactions, which are critical for the development of effective therapeutics.

An increasing amount of evidence reveals specific changes in lipid metabolism that is associated with neurodegenerative processes underlying AD [26][27][28], such as lowering the concentration of the SM lipid [29], and changing the GM1 concentration [21,[30][31][32][33]. Note that while the total ganglioside amount in the brain of AD patients decreases, the concentration in the specific lipid rafts may increase [33][34][35][36]. Because GM1 participates in many modulatory and communication functions associated with the development, differentiation, and pro-tection of neuronal cells, therefore the effects caused by changes in GM1 concentration on the cell membrane are of interest in the progression of AD.

Many experiments and molecular dynamics (MD) simulations have been carried out to study effects of GM1 on the structure of membranes alone, or interactions between Aβ and membranes [21,33,[37][38][39][40][41][42][43][44][45][46][47][48]. One important result of these studies revealed that GM1 forms clusters in AD neuronal cell membranes, which serve as binding sites for Aβ. Interactions between Aβ and GM1 clusters induce specific changes in the secondary, tertiary, and quaternary structures of Aβ [44][45][46][47], which in turn, enhance Aβ aggregation and membrane insertion. The role of SM seems to lie in its ability to favour the formation of GM1 clusters [49,50]. Interestingly, it has been shown that if GM1 is uniformly distributed then Aβ does not specifically bind to membranes [51]. At very low, physiological concentrations of 1-4%, GM1 forms small aggregates of 5-7 nm in radius in membranes [52], and these aggregates have no effect on the lateral diffusion of Aβ and no oligomerization occurs [53]. So, what is the role of GM1 at very low concentrations when GM1 clusters do not exist in the early stage prior to the AD symptoms? At the early stage, GM1 levels may have already changed and this alteration may induce changes in properties of the membrane, which then trigger interactions with Aβ. Among possible changes in membrane properties, we are particularly interested in the GM1induced change in the mechanical property of the membrane. We hypothesize that reducing GM1 and SM levels might cause neuronal membranes to soften. Membrane softening could cause membrane curvature, and increase membrane fluidity. The membrane curvature affects the Aβ binding [54], and the decrease in the membrane rigidity could facilitate the absorption and insertion of Aβ to the membrane [25,55].

Most of previous experimental and MD simulation studies on the effects of GM1 and SM on the membrane properties and Aβ aggregation only considered simple membrane models composed of one or a few lipid types [21,33,[37][38][39][40][41][42][43][44][45][46][47]. Therefore, their results cannot be easily compared with in-vivo results because of the simplicity in their membrane models. Recently, Sasahara et al. have developed a complex in-vitro membrane model composed of five lipid types to study effects of membrane interaction and aggregation of Aβ peptide on lipid mobility and membrane domain structure [56]. Drolle et al. have also developed lipid models that mimic healthy and AD neuronal membranes [23]. These membranes in the healthy or disease state contain the same lipid compositions, including 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC), 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC), cholesterol (CHL), SM and GM1, but differ in lipid composition ratios. Using these models, their in-vitro experiment suggested that reduction in GM1 and SM lipids due to aging and AD may trigger amyloid toxicity via an electrostatic mechanism where the membrane surface electrical po-tential is modified, leading to an enhancement of the incorporation of Aβ into the AD membrane [23]. Yee et al. have recently developed realistic models of human brain membranes models, incorporating 27 lipid types to simulate healthy and AD conditions. The authors observed several structural and dynamic changes in the AD membranes, with significant differences in the lateral diffusion compared to the healthy membrane [57].

Although Yee et al.'s models [57] are realistic, the complex alterations in lipid ratios between healthy and AD membranes make it difficult to determine the specific effects of changes in individual lipids. Our study aims to investigate whether reducing the concentrations of GM1 and SM lipids in neuronal membranes leads to specific alterations in membrane structure and elasticity. To achieve this goal, we therefore utilize simpler membrane models developed by Drolle et al. [23] and carry out atomistic MD simulations of one healthy membrane and three AD membrane models. We perform long simulations of 2 µs each and analyze various structural quantities, including bilayer elastic moduli such as bending, tilt, and twist. By comparing these quantities between the healthy and AD membrane models, we can better understand the effects of GM1 and SM on membrane structure and elasticity in both healthy and AD conditions. Previous studies have revealed changes in the lipid composition of the neuronal membrane that occur during AD progression [26][27][28]. Based on Drolle et al. results on lipid compositions and ratios [23], we construct three computational membrane models, one healthy membrane (HM) and two Alzheimer's disease (D1 and D2) membranes. The HM model contains five lipid components commonly found in a healthy neuronal membrane, including DPPC, POPC, CHL, SM and GM1. The D1 model takes into account the reduction in the GM1 concentration as AD progresses. The D2 model takes into account the reduction of both SM and GM1 lipids compared to the healthy model. In addition to the D1 and D2 models, we also constructed a third model (D3) which has the same number of DPPC, POPC, SM, and CHL lipids as the D1 model, but with a higher GM1 concentration (32 GM1 compared to 6 in D1). The purpose of the D3 model is to examine the specific impact of GM1 content on the membrane. However, since the lipid ratios in the D3 model differ from those in the healthy membrane model, we also consider D3 as a disease model in our study. Note that in all three AD membrane models, the concentrations of DPPC and POPC are slightly higher than that in the healthy membrane model, consistent with experiments [28]. All four membrane models are symmetric, with the number of lipids in the inner and outer leaflets of each membrane being identical. The numbers of lipids and cholesterol of the four membrane models are listed in Tab.I.

B. Simulation method

Given the numbers of lipids listed in Tab.I, we use the CHARMM-GUI serve to build the membranes [58]. The all-atom CHARMM36 force field [59] and the TIP3P water model are used to model the lipids and solvent, respectively. The initial dimensions of the primary cell are (L x , L y , L z ) = (12,12,[START_REF] Demuro | [END_REF] nm, containing around 80000 membrane atoms, 138000 water atoms, 159 sodium cations and 127 chloride anions. Starting from each initial structure, an equilibrium MD simulation is carried out for 100 ns, followed by a production run for 2000 ns in the NPT ensemble with the pressure P = 1 bar and temperature T = 303 K. The GROMACS simulation package [60] is used for the simulation. The Parrinello-Rahman barostat [61] and the Nose-Hoover thermostat [62,63] are used to maintain the pressure and temperature of the system at the desired values. The equations of motion are integrated using the leapfrog algorithm with a time step of 2 fs. The electrostatic interactions are calculated using the particle mesh Ewald method and a cutoff of 1.2 nm [64]. The van der Waals interaction used force switched to zero from 1.0 to 1.2 nm. The nonbonded pair lists are updated every 5 fs. The data is saved for every 50 ps for subsequent analyses.

C. Calculation of the membrane elastic moduli

In this work, we employ the method developed by Levine et al. [65][66][67] to extract the elastic moduli of a membrane from the MD trajectory. It is useful to summarise the main aspects of the method here. First, to characterize the orientation for each DPPC, POPC and SM lipid molecule, we define a unit vector n α , which points from the midpoint between phosphorus and glycerol C2 atoms of the head group to the midpoint between the two terminal methyl carbons of the two lipid tails. For the GM1 molecule, the head of the orientation vector is located at the midpoint between the atoms C1 of D-galactose (GAL) and C2S of the ceramide (CER), and the tail is at the midpoint of C18S and C18F of CER. For the cholesterol molecule, the unit vector joins C3 and C17 atoms [Fig. 1]. Here, α = 1 and 2 denote the lipids belonging to the outer and inner leaflets, respectively. The projection of n α on the xy plane of the membrane is denoted as u α r (r), (r = r(x, y)). Let u α q (q) be the Fourier transformed of u α r (r). The orientation vector of the bilayer is then defined as u q (q) = [u 1 q (q)u 2 q (q)]/2, whose longtitudinal component is u q = 1/q[q.u q ] and transverse component is u ⊥ q = 1/q[q × u q )].ẑ . It has been shown that [65][66][67] 

|u q | 2 = k B T K c q 2 , |u ⊥ q | 2 = k B T K θ + K tw q 2 (1)
where T is temperature, k B is Boltzmann's constant, K c , K θ and K tw are the bilayer bending, lipid tilt and twist moduli, respectively. The angular bracket • • • denotes a time and ensemble average over all lipid and cholesterol molecules, which is directly obtained from the MD trajectory.

III. RESULTS

In the following we compare membrane models in terms of the structural and elastic properties. All results are obtained using 2000 ns trajectories. The error bars are calculated by using the block average method with five time blocks, each 400 ns. To obtain a first impression on lipid packing in the membranes, we calculate the area per lipid, A L . It is defined as the average area occupied by individual lipids pertaining to the membrane. It is calculated by using the method of Gapsys et al. [68], which is based on the GridMAT-MD algorithm [69] and implemented to GRO-MACS as the analysis tool g lomepro . Results are listed in Tab.II. A comparison of the HM, D1 and D3 models, which are mainly different in the GM1 concentration, shows a decrease in A L , from 52.66 ±0.10 Å2 (D1) to 49.48 ±0.11 Å2 (D3) with increasing GM1 concentration from 1% (D1) to 2.6% (HM) and 5.1% (D3). This indicates an increase in lipid packing with increasing GM1 concentration, consistent with recent simulation studies [38,39]. For the effect of SM, the values of A L of D1 and D2 are quite similar, indicating a minor effect on lipid packing caused by a reduction of SM. We calculate the electron density profile of the membrane, sodium cations and chloride anions of the four models along the membrane normal (i.e., the zdirection), and results are shown in Fig. 2. Overall, the profiles exhibits four main features of different molecular components, including the terminal methyl group of lipid tails (around z = 7.5 nm), the methylene chains (around z = 6.5 nm and 8.5 nm), the phospholipid head groups (around z = 5.5 nm and 9.5 nm), and the GM1 oligosaccharide head groups (around z = 4.5 nm and 10.5 nm) [Fig. 2A]. The profiles of D1 and D2 membranes are very similar, indicating a minor effect of SM on the overall bilayer structure. The profiles of HM, D1 and D3 show an increase in the peaks located at the positions of the GM1 oligosaccharide head groups with increasing GM1 concentration. The membrane thickness, which is measured as the distance between two peaks located at the phospholipid head groups of the electron density profile, is quite similar, ∼ 4.5 nm, for all models [Tab.II]. This is consistent with experimental result of McIntosh et al., which showed that the GM1 concentrations do not have influence on the membrane thickness [70]. However, as expected, the oligosaccharide peak-to-peak distance gradually increases with increasing GM1 concentration [Fig. 2A]. We note that the calculated peak electron densities for the phospholipid head groups of all membranes are ∼ 300 electrons/nm 3 , qualitatively in agreement with the experimental electron density of ∼ 440 electrons/nm 3 of multiwalled vesicles of egg phosphatidylcholine at a GM1 concentration of 10% [70].

Electron density profile and membrane thickness

The membrane surfaces of HM and D3 are more negatively charged compared to D1 and D2, due to higher contribution of negatively charged sialic acid moieties in the GM1 head-groups of HM and D3. Therefore, the sodium cations prefer to bind to HM and D3 than to D1 and D2, resulting in higher peaks in the electron density profile of HM and D3 at z ∼ 4.8 nm and z ∼ 9.5 nm [Fig. 2B]. In contrast, chloride anions prefer to bind to the membrane surface of D1 and D2 as indicated by the higher peaks in their density profiles at z ∼ 4.0 nm and z ∼ 10.9 nm [Fig. 2C]. This is because D1 and D2 membrane surfaces are more positively charged than HM and D3, due to low-ering in GM1 concentrations, and higher contribution of positively charged choline groups in DPPC, POPC and SM lipids. The density profiles of D1 and D2 models are quite similar, indicating again minor effect of SM on the overall structure of the AD membranes. Overall, our simulations show that the reduction in GM1 slightly affects the density profiles of the membranes as well as of the ions, and a change in the SM concentration does not lead to significant changes in the electron density of the membranes as well as of the ions. To study the effect of GM1 and SM lipids on the flexibility of carbon tails, we calculate the order parameters for carbon atoms of the sn-1 and sn-2 lipid acyl chain tails using the fomula S i CH = 3 cos 2 θ i -1 /2, where θ i is the angle between the i-th C-H bond vector and the bilayer normal [71]. The angular brackets represent averages over all lipids and 2000 ns. The numbers of order parameters of sn-1 tail are 14 for DPPC, SM, GM1, and 16 for POPC. For tail sn-2, there are 14 order parameters for DPPC, POPC, SM and 16 order parameters for GM1. Fig. 3 plots the value of each order parameter for all lipid types. As seen, the order parameters of both tails of all lipid types are very similar for HM and D1 membranes, indicating a minor effect on the flexibility of carbon tails caused by the reduction of GM1 concentration from 2.6% in HM to 1% in D1 membranes. An increase to a higher GM1 concentration (5.1%) in D3 membrane slightly reduces the dynamics of the lipid tails as compared with the other membranes, consistent with the increase in lipid packing shown above, and with previous MD simulation studies which showed that the lipid order parameters increase with increasing GM1 concentration [39]. As previous reported [38], and observed in our simulations, the reduction in the SM concentration in D2 membrane slightly decreases the carbon tail order parameters. Overall, the results show that the ordering of lipids is not affected much by changes in the ratios of GM1 and SM lipids on going from the healthy membrane to AD membranes. To calculate the membrane dipole potential, we first calculate the charge density ρ(z) along the membrane normal z axis. Then, the potential Ψ(z) is calculated by solving the Poisson equation:

d 2 Ψ(z) dz 2 = - ρ(z) ǫ 0 . ( 2 
)
where ǫ 0 is the electrostatic permittivity of vacuum. Solving Eq.2 with boundary conditions Ψ(0) = Ψ(L) and Ψ(0) = 0, we obtain [72]:

Ψ(z) = - 1 ǫ 0 z 0 (z -t)ρ(t)dt + z ǫ 0 L L 0 (L -t)ρ(t)dt, ( 3 
)
where L is the simulation box length in z-direction. To calculate the charge density ρ(z), we divide the simulation box into 500 slabs of 0.024 nm parallel to the x-y plane and counting the number of charges in each slab. Fig. 4(A) shows the charge density profiles of HM, D1, D2 and D3 membranes. As seen, there are two very small negative peaks at z ∼ 3.7 nm and 10.9 nm in the profiles of HM and D3 membranes, which are contributed by the negatively charged sialic acid moieties in the GM1 headgroups. All profiles exhibit two dominant positive peaks at z ∼ 4.3 nm and 10.4 nm, which are mainly contributed by the positively charged choline groups of DPPC, POPC and SM lipids. The negative peaks at z ∼ 5.2 nm and 9.7 nm of all profiles come from the negatively charged phosphate groups of DOPC, DOPE and SM lipids. Finally, the positive peaks at the membrane centre z ∼ 7.1 -7.4 nm result from the positively charged sn-1 and sn-2 termini.

Fig. 4(B) shows the dipole potential obtained from Eq.3 with charge density from Fig. 4(A). At the same GM1 concentration, the dipole potentials of D1 and D2 are very similar with the potential depth ∼ -0.2 V. This shows that a reduction in the SM concentration from 9.6% (D1) to 4% (D2) does not result in essential difference in the dipole potentials. As the GM1 concentration increases from 2.6% (HM) to 5.1% (D3), the potential depth is negatively increased from ∼ -0.3 V to -0.44 V, respectively. This is due to an increase in the negatively charged GM1 sugar heads in D3. Overall, our simulation shows that the membrane dipole potential is affected by the reduction of GM1 lipid, but not by the reduction of SM lipid.

B. Membrane elastic property

From the simulation trajectory, we calculate the orientation vectors u α r , [Fig. 1], of all lipid and cholesterol molecules and the power spectra as a function of the wavelength q are calculated from Eq.1. The spectra obtained over 2000 ns are shown in Fig. 5 for four membrane models. As seen, the spectra |u q | 2 (weighted by q 2 ) is almost constant with q < 1.5 nm -1 or equivalently r > 2π/q ≈ 4.2 nm [Figs. 5(A,B,C,D)]. In this plateau region the theoretical prediction for K c , Eq.1, is valid, and this allows us to extract the bending constant K c by fitting the data to a straight line [Figs. 5(A,B,C,D)]. Note that the plateau region extends over the distances r > 4.2 nm, which is much smaller than the length of the simulation box of 12 nm, thus results of K c are wellconverged with system size. To obtain the tilt, K θ , and twist, K tw , moduli, we fit the power spectra shown in Figs. 5(E,F,G,H) to the theoretical prediction curve, Eq.1.

Here, only data within 0 < q < 3.5 nm -1 are used for the fit. The elastic moduli of all membrane models at 303 K are listed in Tab.III. As seen, at the same GM1 concentration of ∼ 1%, but difference in the SM concentration (9.7% for D1) and (4% for D2), the bending modulus, K c , of D1 (20.13 × 10 -20 J) is very similar (within the error bars) to that of D2 (21.06 × 10 -20 J), indicating a minor role of SM in membrane bending. With an increase of the GM1 concentration in HM (2.6%), the bending modulus Models Kc(10 -20 J) K θ (10 -20 J/nm 2 ) Ktw(10 of HM increases to 24.50 × 10 -20 J, ∼ 17% higher than that of the disease membranes D1 and D2. At a higher GM1 concentration (5.1%) in D3, K c of D3 increases to 27.25 × 10 -20 J. The tilt modulus, K θ , of all membranes is quite similar, within the error bars, regardless of the healthy or disease membrane types. There are small decreases in the twist modulus, K tw , on going from the healthy to disease membrane models. Overall, the results show that the reduction in the GM1 concentration from the healthy to disease membranes yields to low bending and twist elastic moduli, i.e, softening in the membranes. The decrease in the SM concentrations does not affect much the elastic moduli of the D1 and D2 membrane models.

C. Discussion

Accumulating evidence has shown that GM1 usually aggregates into clusters or microdomains where SM lipids and cholesterols are colocalised [49,50]. However, a few studies showed that at low concentrations, GM1 lipids are dispersed in the phosphatidylcholine bilayers [73]. At physiological GM1 concentrations, 1-4 %, experimental study of Sachl et al. observed the formation of only small GM1 aggregates [52]. Various MD simulation studies, employing all-atom or coarse-grained membrane models have been carried out for single lipid component or mixed lipids membrane models to study the aggregation of GM1 lipids. The atomistic MD simulation of Patel et al. [39] showed that at a concentration of 10%, GM1 lipids in a single component POPC membrane model form aggregates with sizes smaller than 5 GM1 lipids. Large clusters start to form at GM1 concentrations as high as 30%. All-atom simulations of Gu et al. for a POPC membrane mixed with 17% GM1 showed that a large GM1 cluster which exists at the beginning of the simulation quickly disassociates, and clusters are found over most of the simulation time of 3 µs with an average cluster size of only 2 GM1 lipids [74]. A coarse-grained simulation of Ingolfsson et al. also obtained small clusters with size of 2-3 GM1 lipids [75]. Mori et al. compared GM1 clusters in pure POPC bilayers with that in lipid mixtures containing SM and cholesterol, and showed that GM1 at a concentration of 20% does not form clusters in the The best fits of the data to Eq.1 are shown by the red lines. Only data in the range 0 < q < 1.5 nm -1 are used for the fit of the longitudinal curves, and 0 < q < 3.5 nm -1 for the transverse curves. The spectra are averaged over 2000 ns trajectories.

pure POPC membrane, but clusters are observed in the GM1/SM/CHL mixed membrane with the same GM1 concentration [76]. This is supported by experiments showing that SM lipids and cholesterols assist GM1 lipids to form clusters [49,50]. Our membrane models also contain SM (∼ 10%) and cholesterol (∼ 18%). To assess the influence of SM, cholesterol, and GM1 concentrations on GM1 clustering and cluster size within long 2µs MD trajectories, we analyse GM1 clustering. GM1 lipids are considered to be in the same cluster if the distance between their centers of mass in the x-y plane is within 1.5 nm [74]. The probability GM1 aggregates with various sizes is shown in Fig. 6. At a concentration of 2.6%, GM1 in the HM membrane mainly forms an aggregate with a size of 2 GM1 lipids with a probability of 0.75 . At a very low concentration of 1%, GM1 in the D1 and D2 primarily existed in the monomer state with probabilities of 0.8 for D1 and 0.93 for D2. At a high concentration of 5.1%, GM1 in D3 forms aggregates with various sizes. The highest probability is 0.25 for finding an aggregate with a size of 5 GM1 lipids. These findings, along with visualizations of membrane snapshots at the beginning (0 ps) and end (2000 ns) of MD trajectories for all membrane models shown in Fig. 7, suggest that GM1 forms only small aggregates in our healthy and disease membrane models. These results are consistent with previous experimental data [52] and simulations [39,49,50,74,75].

Our simulation results show that the lipid packing in the D1 and D2 AD membranes is slightly decreased compared to the healthy membrane. The difference in the GM1 concentrations between the D1 (1%) and D3 (5.1%) models does not result in large difference in the lipid packing as reflected by the similarity in the lipid area of 52.66 Å2 for D1 and 52.48 Å2 for D3 [Tab.I]. Patel et al. also observed slight increases, ∼ 7%, in the average lipid area although the GM1 concentration increases from 10% up to 30% [39]. The other structural quantities such that membrane thickness and electron density profile do not vary much between the healthy and AD membranes or between different AD membrane models. Taken together, GM1 does not significantly affect the overall structure of the membranes, independently of membrane types.

To examine the influence of SM lipid on the structure of membranes, we focus on the two disease models D1 and D2 containing 9.6% and 4% SM lipid, respec- tively. Despite this difference, the average area of lipids, A L , are not much different, 52.66 ± 0.10 Å2 for D1 and 51.38 ± 0.18 Å2 for D2. We should mention that in a previous study, we simulated different membrane models containing SM/DOPC/DOPE/DOPS/Cholesterol which are different in the SM concentrations, and no major difference in lipid area was observed, with A L =54.28 Å2 and 52.48 Å2 at the SM concentrations of 18% and 14%, respectively [77]. Recently, Villa and colleagues studied the role of SM lipid and their simulations using CHARMM36 force field showed that SM lipids affect slightly the lipid area (around 4%) and the membrane thickness (around 3%) of 0% and 30% SM containing membranes [38]. As reported by Villa et al., and observed in our simulations [Fig. 3], the effect of SM lipids on the flexibility of carbon tails of lipids is minor.

Our healthy membrane model HM, and AD models D1 and D2 are constructed using the same lipid ratios determined experimentally in-vitro by Drolle et al. [23]. Their experiment showed that the AFM topography of the healthy model exhibits a network of densely interconnected nanodomains, while the AFM topographies of the AD models show less densely interconnected domains. The sizes of domains span from 25 nm up to 525nm. Obviously, the sizes of our membranes are too small, (L x , L y ) = (12,12) nm, and the simulation timescales are too short (2 µs) to directly capture the overall picture of AFM topographies. Nevertheless, to provide an insight, we calculate the order parameter map S CH (x, y) = i S i CH (x, y), where the sum runs over all order parameters of lipids at positions (x, y) of the membrane. Fig. 7 shows this map for four membrane models obtained from the last 500 ns trajectories. As seen, in the healthy membrane HM the ordered clusters (S CH (x, y) ≥ 0.30, red color) span across the membrane and are mixed with the less ordered clusters (S CH (x, y) ≤ 0.30, blue color). In the AD membrane D1, the ordered clusters are large and tend to be separated. These ordered clusters slightly become smaller but are still separated in the D2 membrane. This is due to the reduced SM concentration of the model, causing reduced lipid tail ordering. The D3 membrane is similar to the HM membrane, containing many small ordered, interconnected clusters. Overall, our simulations show differences in the distribution of ordered and disordered lipid clusters, and this is qualitatively in agreement with the experimental results [23].

To explain the difference in the distribution of clusters between membranes, we analyse the inter-lipid hydrogen bonding (HB) network, and Fig. 8 shows the averaged number of HB between various lipid types obtained from the last 500 ns. As a unique structural feature among lipids, the oligosaccharide portion of GM1 has both HB donors (-NH and -OH) and acceptors (C=O and -OH), thus GM1 lipids interact strongly with the other lipids DPPC, POPC, SM and cholesterol CHL, forming "nucleilike" with GM1 lipids being a nucleus centre. The higher GM1 concentrations in the HM and D3 models, the larger numbers of HB between GM1 and the other lipids [Fig. 8]. For example, between GM1-DPPC lipids there are 24 HB in D3 membrane, 13 HB in HM membrane, and only 5 HB in D1 and D2 membranes. Similar trends are observed for the HB between GM1 and other lipids. As a concequence, the HB between other lipids CHL-POPC, CHL-SM, DPPC-SM and POPC-SM are less favored with increasing GM1 concentration. For example, there are 15 HB between CHL-POPC lipids in D1 membrane while only 10 HB in D3 membrane. Since there are more GM1 lipids in the HM and D3 membranes, and these lipids are distributed at various sites in the membranes, i.e., do not form large aggregates, [Fig. 7], therefore, there are more GM1 nuclei surrounded by other lipids in HM and D3 membranes. In contrast, there are less GM1 in D1 and D2, which are only distributed at a few sites in the membrane [Fig. 7], and thus fewer aggregates are formed. Our explanation seems to be consistent with a recent experimental study which showed that at very low concentrations of 1-4%, GM1 forms small aggregates of 5-7 nm in radius in DOPC and DOPC/CHL membranes, and such GM1 aggregates contain high amounts of DOPC and CHL [52]. Overall, our simulations suggest a plausible explanation of the observed AFM topographies, that is at very low concentrations, GM1 lipids do not form large clusters, but rather form dispersed small aggregates surrounded by other lipids. These aggregates act as nuclei and become larger over time and eventually form stable clusters, i.e., nanodomains observed by experiment [23].

It has been suggested that GM1 clusters seed formation of Aβ fibrils and are involved in the development of AD. However, this conclusion has been drawn from studies using high concentrations of GM1, typically above 20% [49,50]. In contrast, the levels of GM1 in neurons are much lower, usually around 2-4% [78]. Several ex- periments have shown that at such low concentrations, GM1 lipids are dispersed in the phosphatidylcholine bilayers [73], and only very small aggregates are formed [52]. These small aggregates have no effect on the lateral diffusion of Aβ, and oligomerization does not occur [53]. Thus, the role of GM1 at low concentrations remains unclear.

The experiment Drolle et al. showed that, even at low concentrations of GM1, there are noticeable differences between the healthy and AD membranes in terms of both membrane morphology and electrical surface potential [23]. Based on our simulations, it appears that GM1 has a substantial effect on the properties of neuronal membranes at low concentrations. Therefore, we propose that this impact is likely to influence the interaction between the membrane and Aβ peptides, supported by the following arguments. First, we show that the dipole potential of the healthy membrane HM is more negative than that of the AD membranes D1 and D2. Given that Aβ is negatively charged (-3) [79,80], it is reasonable to expect that Aβ would be more likely to interact with AD membranes that have weaker negative dipole potentials. Our results correlate well with the experimental results of Drolle et al. which demonstrate that nanodomains and their electrical surface potential are important factor in amyloid binding [23]. Second, we show that the AD membranes D1 and D2 have lower bending and twist moduli than the healthy membrane HM, indicating that they are more susceptible to curvature. This result also correlates well with the recent experiments by Ramamoorthy and colleagues, which suggest that the curvature of membranes plays a significant role in the Aβ-membrane interaction [54]. Third, the reduction in bending and twist moduli of the AD membranes D1 and D2 implies that they are softer than the healthy membrane. Experiments showed that the more fluid the membrane is, the easier the incorporation of Aβ to the membrane [25]. Thus, the softening of the D1 and D2 membranes may facilitate the insertion of Aβ peptides into the membranes. To advance these studies further, we plan to carry out MD simulations to study the details of binding of Aβ peptides to the mem-brane surface for both healthy and diseased membranes.

IV. CONCLUSIONS

We have carried out all-atom MD simulations of one healthy membrane and three AD membrane models to study the effects of SM and GM1 lipid concentrations on the structure and elasticity of the membranes. The AD membranes are constructed taking into the reduction in the SM and GM1 lipid concentrations. In both healthy and disease membrane models, the concentrations of GM1, ranging from 1% to 5.1%, are within the physiological range, and we do not observe the formation of large GM1 clusters. The results of the structural quantities, including the area per lipid, membrane thickness, and electron density are very similar between the membranes, regardless of healthy or AD models. The lipid packing is slightly decreased with decreasing of the GM1 concentration in the AD membranes. We find that the dipole potential of the healthy membrane is negatively weaker than that of the AD membranes, implying that the negatively charged Aβ can bind readily to the AD membranes than the healthy membrane. The simulations reveal that the membrane bending and twist moduli of the AD membranes are smaller than that of the healthy membrane, suggesting that the AD membranes are softer and prone to curvature, and these changes may trigger the interaction and incorporation of Aβ to the membranes.
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 1 Figure 1. The molecular structure of lipids and cholesterol of the membranes in this work. The orientation of a lipid molecule is described by a unit vector shown in black colour. See text for detailed definition.

Figure 2 .

 2 Figure 2. The electron density profile along the z-direction of the membrane (A), sodium cations (B) and chloride anions (C). Shown are results of HM (black), D1 (red), D2 (green) and D3 (blue) membrane models.

Figure 3 .

 3 Figure 3. The order parameters of two tails sn-1 (left panels) and sn-2 (right panels) of four lipid types DPPC, POPC, SM and GM1 of HM, D1, D2 and D3 models. Carbon atom numbers increase in the direction of the tail termini.

Figure 4 .

 4 Figure 4. The charge density (A) and the dipole potential (B) profiles along the z-direction. Shown are results of HM (black), D1 (red), D2 (green) and D3 (blue) membrane models.

Figure 5 .

 5 Figure 5. Power spectra of the longitudinal (weighted by q 2 ) (left panels) and transverse (right panels) components of the lipid orientation vectors. Shown are results of the healthy membrane HM model (A, E), disease membrane D1 model (B, F), disease D2 model (C,G) and disease D3 model (D,H). The best fits of the data to Eq.1 are shown by the red lines. Only data in the range 0 < q < 1.5 nm -1 are used for the fit of the longitudinal curves, and 0 < q < 3.5 nm -1 for the transverse curves. The spectra are averaged over 2000 ns trajectories.

Figure 6 .

 6 Figure 6. The probabilities of GM1 aggregates with various sizes. Shown are results of the HM (black), D1 (red), D2 (green), and D3 (blue) models.

Figure 7 .

 7 Figure 7. Top views of the snapshot structures of the healthy HM and disease D1, D2, D3 membranes taken at 0 ns (left panels) and at 2000 ns (middle panels) of MD trajectories. Lipids are coloured by lipid type: GM1 in red, cholesterol in blue, DPPC in green, POPC in silver and SM in black. (Right panels) The maps of order parameters, SCH(x, y) of the sn-1 and sn-2 lipid acyl chain tails lipid tails. Regions with SCH(x, y) ≥ 0.3 are shown in red, 0.2 ≤ SCH(x, y) ≤ 0.3 in blue and SCH(x, y) ≤ 0.2 in white.

Figure 8 .

 8 Figure 8. The total numbers of HB between various lipid types averaged over data from 1500-2000 ns. Shown are results for four membrane models.

Table II

 II 

	A. Structural properties
	1. Area per lipid	
	Membrane	AL [ Å2 ]	d [ Å]
	HM	50.51 ±0.46 4.51 ±0.23
	D1	52.66 ±0.10 4.51 ±0.24
	D2	51.38 ±0.18 4.54 ±0.26
	D3	49.48 ±0.11 4.53 ±0.30

. The area per lipid (AL) and the thickness (d) of the healthy (HM) and disease (D1, D2, D3) membranes. Shown are results averaged over 2 microsecond trajectories at 303 K.
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