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Abstract

:

The disruption of cell membranes by tau and amylin oligomers is linked to amyloid diseases such as Alzheimer’s and diabetes, respectively. The recent studies suggest that misfolded tau and amylin can form neurotoxic hetero-oligomers that are structurally different from homo-oligomers. However, the molecular interactions of these hetero-oligomers with the neuronal membranes remain unclear. Using MD simulations, we have investigated the binding behaviors, membrane disruption, and protein folding of hetero-oligomers on a raft membrane containing phase-separated lipid nanodomains like those found in neurons. We discovered that the hetero-oligomers bind to the liquid-order and liquid-disorder phase boundaries of the raft membrane. The major lipid-binding sites of these interactions include the L16 and I26 residues of amylin and the N-terminal of tau. Strong disruptions of the raft domain size by the hetero-tetramer were detected. Furthermore, the hetero-dimer disrupted the saturated phospholipid orientational order to a greater extent than the individual tau or amylin monomer. In addition, the constituent tau more strongly promoted the alpha-helix to the beta-sheet transition of the constituent amylin within the hetero-dimer when compared with the amylin monomer alone. Our results provide new molecular insights into understanding the neurotoxicity of the hetero-oligomers associated with the cross-talk between amyloid diseases.
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1. Introduction


The misfolding and subsequent aggregation of amyloidogenic proteins, e.g., amylin and tau, have been associated with the progression of amyloid diseases, e.g., type 2 diabetes (T2D) and Alzheimer’s (AZ), respectively. The major cellular targets of these misfolded amylin and tau aggregates are the beta cells in the pancreas [1] and neurons in the brain [2], respectively. However, recent in vivo and clinical studies have provided strong evidence that the cross-seeding of misfolding amylin and tau aggregates can occur in the brain [3,4]. This cross-seeding process results in the formation of heterogeneous amyloid aggregates that are more neurotoxic than the tau aggregates alone [3,5,6]. Additionally, a recent in vitro study [7] has indicated that the hetero-complexes of amylin and tau in solution can be formed with low concentrations of peptides. Furthermore, the protein secondary structures of these hetero-complexes are very different from those of the homo-complexes [7]. At present, the detailed molecular structures of these heterogeneous amylin–tau aggregates in a solution and on the targeted neuronal membranes are still unknown.



Clinically, the presence of microscopic, water-insoluble, beta-sheet-rich fibrils of amylin and tau have been established as major histopathological markers in T2D [8] and AZ [2], respectively. However, the recent in vitro cellular and lipid membrane investigations [9,10,11] have concluded that the nanoscopic and highly disordered amylin or tau oligomers are more neurotoxic than the mature amylin or tau fibrils. In addition, the early molecular events of protein–lipid interactions and the subsequent surface-induced protein folding of these disordered oligomers upon their binding to the beta cell membranes in the pancreas or the neuronal membranes in the brain may play a critical role in the pathogenesis of T2D or AZ, respectively. However, the details of these molecular events for heterogeneous amylin–tau oligomers interacting with neuronal membranes that link to the prevalent cross-talking between AZ and T2D remain unclear. Also, the direct comparison of these amylin–tau hetero-oligomers with homo-oligomers consisting of individual amylin or tau and their effects on membrane structure disruptions, or membrane damage, has not been conducted. Furthermore, the protein’s secondary structures, particularly the alpha-helix and beta-sheet conformations, of the constituent amylin or tau protein within the hetero-oligomer when compared with those of the same protein in the homo-oligomer have not been explored. To address these issues, this computational study aims at investigating the lipid binding behaviors, membrane damage, and protein-folding of both the hetero-oligomers and homogeneous-oligomers of different sizes.



In this work, we have created hetero-oligomers in a solution based on the known atomistic (AA) Cryo-EM structures of the full-length, 37-residue-long amylin [12] and a 130-residue-long truncated human tau peptide containing four microtubule binding repeats [13]. We have used a self-aggregation process based on coarse-grained (CG) molecular dynamics (MD) simulations [14,15] to create these hetero-oligomers. Here, the membrane binding events of these hetero-oligomers to phase-separated lipid nanodomains that mimic the raft membrane domains were investigated. Our model raft membrane contains saturated phosphatidylcholine (PC), unsaturated PC, and cholesterol. Under physiological conditions, highly dynamic and phase-separated liquid-ordered (Lo), liquid-disordered (Ld), and mixed Lo/Ld (Lod) domains are spontaneously formed on the microsecond time scale. The interactions of the hetero-oligomers with these lipid domains were examined via up to 10 μs of CG simulations. Important protein–lipid interaction events, such as the binding kinetics, lipid domain preference, residue-resolved binding patterns, and domain disruptions, were systematically investigated. To investigate the local membrane disruptions and protein folding, we have used a CG-to-AA resolution [16] transformation followed by 100 ns-long AA simulations to examine the lipid orientational order and protein-folding events of the membrane-bound hetero-oligomers with atomistic details.



Our combined multiscale, CG and AA, MD simulation approach, therefore, has allowed us to sample sufficient translational and rotational conformational phase space of the complex protein–lipid binding events on a physiologically relevant microsecond scale and explore the details of protein-induced membrane damage and protein folding with atomistic details. We have discovered that the hetero-oligomers bind specifically to the Lod domain, with the hydrophobic L16 and I26 residues of the amylin and the N-terminal of tau as the major lipid binding sites. Strong disruptions of the lipid domain size and localized lipid orientational orders by the hetero-oligomers were detected. Our results provide new insights into understanding the unknown molecular mechanisms of protein-induced membrane damage and surface-induced protein folding on neuronal membranes associated with the cross-seeding of amylin and tau aggregates in the brain. These molecular mechanisms provide new knowledge of the cross-talk between T2D and AZ. In addition, the simulated atomistic structures of hetero-oligomers are useful for future therapeutic interventions such as virtual drug discovery, targeting the membrane-attack complexes associated with the co-localized amylin and tau oligomers in the brain.




2. Materials and Methods


2.1. Modeling Heterogeneous Tau–Amylin Oligomers


Our heterogeneous tau–amylin oligomers, or hetero-oligomers, were generated from two independently equilibrated tau and amylin monomers, as shown in Figure 1. The structures of these monomers were obtained from our recent studies on homogeneous tau [14] and amylin [15] oligomers, respectively. In brief, each tau or amylin monomeric structure was created by first extracting a peptide chain from a truncated, atomistic (AA) Cryo-EM pentamer structure [12,13], as shown in Figure S1. After attaching a random coil segment to the N-terminal of the extracted chain followed by energy minimization, the AA 37-residue-long amylin and 130-residue-long tau peptides were separately simulated [17]. Using an AA-to-coarse grained, or AA-to-CG resolution transformation procedure, a CG monomer of either amylin or tau peptide was subsequently created [18].



The above monomer of amylin or tau was solvated in 0.1 M NaCl and underwent an energy minimization with position restraints to reduce the local high-energy-level structures between the solvent and protein atoms [19]. This energy-minimized structure in solution underwent a 5 μs-long CG MD simulation in the NPT ensemble under the physiological conditions at 1 atmospheric pressure and 310 K using the Martini-2.20 CG force field [18], and it was ran on the GROMACS-4.67 MD simulation program [19]. At the end of the CG MD simulation, the equilibrated monomer structures of tau and amylin were finally obtained independently.



The hydrophobicity profiles of amylin and tau monomers in the form of hydropathy index vs. protein residue plots are shown in Figure S1B,G, respectively [20,21]. Using a 5-point moving average fit to the hydropathy index plots, the major hydrophobic residues of amylin at C7, L16, I26, and V32, and those of tau at V6, I35, I66, I86, I112, and V21, respectively, were determined from the peaks in the hydropathy plots (Figure S1). The details of identifying the hydrophobic residues of amylin and tau peptides have been described elsewhere [14,15].



The hetero-dimer was simulated in a rectangular simulation box of size ~21   ×   11   ×   11 nm3, as shown in Figure 1A. First, the equilibrated tau and amylin monomers were placed at the origin (0, 0, 0) and (Lx/2, 0, 0) locations, respectively, of the simulation box, where Lx is the width of the box along the x-direction. The hetero-tetramer was simulated in a larger rectangular box of size ~21   ×   21   ×   11 nm3. The first amylin monomer was placed at the origin (0, 0, 0). Afterward, two tau monomers were placed at (Lx/2, 0, 0) and (0, −Ly/2, 0), and the second amylin monomer was placed at (Lx/2, −Ly/2, 0). Here, Lx and Ly are the widths of the simulation box along the x- and y-directions, respectively.



With the above symmetric placements of hetero-monomers, the initial separation between the tau monomer and the amylin monomer was ~10 nm in both the dimeric and tetrameric simulation designs. In contrast, the initial separation between all the homogeneous monomers was ~14 nm in the tetrameric simulation design. Each of the above simulation boxes containing the amylin and tau monomers was then solvated in 0.1 M NaCl. After an identical energy minimization with position restraints followed by a 5 μs-long CG MD simulation [18] procedure as described above, the hetero-dimer or -tetramer, or 1tam or 2tam, were created via the self-aggregation procedure.



During the CG simulations, we observed that these separated tau and amylin monomers quickly established contact and formed a highly dynamic hetero-dimeric (1tam) or hetero-tetrameric (2tam) at 0.12 or 1.6 μs, respectively. We noticed that the individual tau and amylin chains inside the 1tam or 2tam complex remained attached throughout the entire 5 μs-long simulation after establishing firm contact at those time points, as shown in Figure 1. Videos S1 and S2 in the Supplementary Materials demonstrate these self-aggregation events of 1tam and 2tam in the solution.



The locations of the major hydrophobic residues (see above) of amylin and tau in the homo-oligomers (Figure S1) and hetero-oligomers (Figure 1) were highlighted before and after the self-aggregation of the oligomers. We noticed that these hydrophobic residues remain randomly distributed before and after the 5 μs-long CG simulations for the hetero-oligomers (Figure 1) and the homo-oligomers (Figure S1). Upon equilibration, these 5 μs–1tam and −2tam structures were used as the starting protein structures for exploring the protein binding events of the hetero-oligomer to the raft membrane, as described below.



Note that a similar self-aggregation procedure was employed to generate the homo-amylin dimer (2am) and tetramer (4am), as well as the homo-tau dimer (2tau), and tetramer (4tau) from the equilibrated tau monomer (1tau) and amylin monomer (1am). The detailed steps of simulating these homo-tau and -amylin oligomers have been given elsewhere [14,15].




2.2. Modeling of the Raft Membrane


Our raft membrane is a self-assembled lipid bilayer containing saturated and unsaturated phosphatidylcholine (PC) and cholesterol (CHOL) in water with a size of ~21   ×   21   ×   20 nm3. Briefly, our simulated raft membrane has 828 saturated dipalmitoyl (or 2   ×   C16:0)-PC (DPPC), 540 unsaturated dilinoleoyl (or 2   ×   C18:2)-PC (DLPC), 576 CHOL, and 66,741 water molecules. Here, both the sn-1 and sn-2 acyl chains of DPPC are fully saturated, while those of DLPC are unsaturated and contain two double bonds in each acyl chain. Under the physiological conditions of 0.1 M NaCl, 1 atmospheric pressure, and 310 K, our simulated raft membrane contains highly dynamic, ordered DPPC-rich and CHOL-rich (Lo), disordered DLPC-rich (Ld), and mixed DPPC-DLPC (Lod) domains for up to 20 μs of CG simulations. Our simulated Lo, Ld, and Lod domains are structurally similar to the lipid raft, the non-raft, and the boundary between the raft and non-raft regions, respectively, found in the plasma membranes of most mammalian cells, including neurons [22,23,24,25]. The details of the construction of the raft membrane can be found elsewhere [26,27].




2.3. Simulations of Heterogeneous Oligomer Binding to the Raft Membrane


To simulate protein binding to the raft membrane, each equilibrated hetero-oligomer, 1tam or 2tam, was placed at a distance above the raft membrane surface without being in contact with the lipids of the membrane, as demonstrated in Figure 1. To improve the phase sampling of protein–membrane binding events, three independent simulation replicates were created for each oligomer–raft starting complex: replicate 1, replicate 2, and replicate 3. Here, replicate 1 represents placing the protein above the center of the surface of the lipid leaflet (upper leaflet), with the minimum distance between any atom of the protein and any atom of the lipid > 5 nm. Replicates 2 and 3 were subsequently created with the protein position shifted +2 nm and −2 nm along the x-direction relative to the protein position of replicate 1, respectively. Upon generating the initial structure of each replicate, the same CG MD simulation procedure as that used for preparing the oligomer or raft membrane in a solution was performed for 10 μs or longer.



Using the MD simulation visualization program VMD [28], the time-resolved protein binding event of each replicate was carefully examined. For 1tam, stable membrane binding events were observed at the time intervals from 0.2 to 10 μs, 2 to 10 μs, and 3 to 10 μs for replicates 1, 2, and 3, respectively. For the 2tam, replicate 1 did not bind to the membrane within 15 μs of simulation, replicate 2 exhibited two independent membrane binding events from 1.1 to 4.8 μs and 11.2 to 15 μs, and replicate 3 showed a single membrane binding event from 4 to 10 μs. Therefore, we have successfully obtained three independent membrane binding events for either 1tam or 2tam from multiple replicates using the CG simulations.



Figure 2A,B demonstrates the structures of the replicate 3 of the 1tam/raft complex and that of the 2tam/raft complex, respectively, at 0 and 10 μs. In the absence of the oligomer binding at 0 μs, the raft membrane exhibited phase-separated lipid domains in both the transverse and lateral views. These lipid domains are DPPC- and CHOL-enriched Lo shown in green, DLPC-enriched Ld shown in orange, and interfacial or mixed DPPC/DLPC Lod (boundaries between the green and orange patches). Each oligomer bound to the boundary region or Lod domain as shown in the 10 μs structures, as given in Figure 2A,B. Videos S3 and S4 in the Supplementary Materials demonstrate the transverse and lateral views of the protein/raft binding events as well as the dynamic nature of the lipid domains of the 1tam/raft complex.



After the CG simulation, the stable CG oligomer/raft complex from each replicate containing the membrane-bound oligomer was converted to an AA structure by a CG-to-AA resolution transformation procedure [16]. The transformed AA structure was equilibrated with similar energy minimization and position-restraining procedures as in the simulations of the CG oligomer–raft complexes. However, instead of the Martini CG force fields, the atomistic AMBER99SB [29] for proteins and SLIPIDS for lipids force fields [30,31] were used in all the AA MD simulations up to 100 ns. The final 100 ns AA structures of the representative replicates of the 1tam/raft and 2tam/raft complexes are illustrated in Figure 2C,D, respectively.




2.4. Classifications of Lipid Domains and Annular Lipids


The phase-separated lipid domains, Lo, Ld, and Lod, of our raft membrane, as described above, were classified using a data clustering tool, g_select, from GROMACS 4.6.7 [19]. This clustering tool was based on a proximity threshold of 0.5 nm between any atoms of DPPC and DLPC, as described in detail elsewhere [26]. Briefly, in the presence or absence (control) of membrane-bound oligomers, all the PC molecules in the raft membrane were classified into Lo-DPPC, Ld-DPPC, and Lod-PC. Here, the Lo-DPPC group consists of DPPC in the Lo domain, the Ld-DLPC group consists of DLPC in the Ld domain, and the Lod-PC group contains both DPPC and DLPC in the boundary Lod domain. Similarly, all the CHOL molecules were classified into the Lo-CHOL, Ld-CHOL, and Lod-CHOL groups, for which at least one CHOL atom is within 0.5 nm of the PC lipid atoms in the Lo, Ld, and Lod domains, respectively. Therefore, the Lo-DPPC and Lo-CHOL groups consist of lipid molecules residing in the highly ordered Lo domains. The Ld-DLPC and Ld-CHOL groups represent the lipid molecules made up of the highly disordered Ld domains. Finally, the Lod-PC and Lod-CHOL represent the lipid molecules in the boundary region between the Lo and Ld domains. Detailed description of classifying lipid domains in the presence or absence of membrane-bound protein can be found elsewhere [26].



The same g_select tool was also used to characterize the annular lipid (AL) shell from each oligomer–raft complex upon protein binding. If an atom of any lipid was within 0.5 nm from an atom of an oligomer, that lipid was assigned to the AL shell. The non-annular lipid (nAL) region was also classified. This nAL region contains lipids that are outside the AL lipid shell. The details of AL and nAL lipid assignments are described in detail elsewhere [26].




2.5. Membrane Binding Behaviors of Oligomers


The membrane binding behaviors, in terms of the lipid-binding kinetics and protein residue-resolved, lipid-, or water-binding regions, of the oligomers were investigated using a minimum-distance analysis tool, mindist, from GROMACS [19]. Briefly, the time-dependent information of protein–lipid or protein–water minimum distance (mindist), defined as the minimum distance between any protein atom and the atom of its binding lipid or water neighbors, was recorded during the entire MD simulation. In addition, the number of contacts of the mindist within an interaction threshold (2 nm) vs. simulation time was also determined. Finally, the time-averaged mindist vs. protein residue number over the stabilized membrane binding event of the CG simulation or the last 50 ns of the AA simulation was calculated. These three parameters, mindist vs. time (upper panel), number of contacts vs. time (mid panel), and mindist vs. protein–residue number (bottom panel) are presented as a 3-panel plot of each replicate. Detailed procedures of the mindist analysis are described elsewhere [15,26].




2.6. Characterizations of Disruptions of Lipid Orientational Order by Membrane-Bound Oligomers


To evaluate the spatially resolved protein-induced membrane lipid structural order disruption by the membrane-bound oligomer, the lipid orientational order parameter of the lipids in the AL shell or the nAL region as a function of the carbon number of each lipid acyl chain, i.e., sn-1 and sn-2, was systematically calculated using the order tool of GROMACS [19]. This calculated lipid order parameter is a measurement of the tilt of three sequentially connected carbon atoms along the PC acyl chains with respect to the normal of the bilayer, and therefore, provides a transverse (along the bilayer normal) profile of the lipid acyl chain ordering in the AL shell surrounding the membrane-bound protein and in the nAL region (control). Similarly, the orientational order of the rigid fused rings of CHOL was also determined in the AL shell and the nAL region. The time- and replicate-averaged values of the lipid order parameters of DPPC, DLPC, and CHOL across the last 50 ns of the simulations and from three independent replicates were systematically determined. Details of the membrane disruption characterization of the lipids in the AL and nAL shells in the lipid membrane have been given elsewhere [26].




2.7. Secondary Structures of Membrane-Bound Oligomers


The residue-resolved secondary structure of the membrane-bound oligomer at every time step was calculated from the AA simulation using the tool, do_dssp, from GROMACS [19] based on the Define Secondary Structure of Proteins (DSSP) algorithm [32]. To streamline surface-induced protein folding analysis, we grouped the beta-sheet and beta-bridge structures into a single “beta” group, and the three helical structures, alpha helix (A-helix), p-helix (or 5-Helix), and 310 helix (3-Helix), into a single “alpha” group. The time- and replicate-averaged numbers of amino acid residues of the protein in each secondary structure group, beta, alpha, turn, and random, were calculated over the last 50 ns and across all three replicates for each membrane-bound oligomer in the raft membrane.




2.8. Protein–Residue Contact Maps of Membrane-Bound Oligomers


To evaluate the interactions between residues from different types of proteins within the hetero-oligomer, 3D protein residue contact maps describing the color-coded residue-residue minimum distances among all the protein residues along the x- and y- axes were calculated using the tool, g_mdmat, from GROMACS [19] and a statistical and molecular interaction analysis tool, CONAN [33]. Time-averaged protein residue contact maps with standard deviation were generated. Details of residue contact map generation were described in our previous studies [15,26].





3. Results


Using both CG and AA simulations, we aimed to explore the lipid binding, membrane disruption, and protein-folding events of the hetero-oligomers on phase-separated raft membranes. These events were compared with those from the homo-tau and -amylin oligomers.



3.1. Lipid Binding Kinetics of Hetero-Oligomer Binding to the Raft Membrane


In addition to the qualitative VMD visualization of the oligomer binding to the raft membrane, minimum distance (mindist) analysis (see Section 2) based on a three-panel mindist plot format was employed to examine the detailed binding kinetics of 1tam and 2tam in the raft membrane.



The top panels of Figure 3A and Figure 4A demonstrate the protein–lipid mindist vs. time plots for the 1tam/raft and 2tam/raft complexes from 0 to 10 μs of the CG simulations, respectively, from replicate 3 of each complex. Large fluctuations in the mindist values from 0 to 2.8 μs and 0 to 3.8 μs followed by stable mindist values of ~0.5 nm were evident in the 1tam/raft and 2tam/raft complexes, respectively. The large fluctuating mindist values indicate that the oligomer stayed in the solution phase, but made transient contact with the membrane surface. On the other hand, stabilized mindist values around 0.5 nm indicate that the oligomer was in a stable membrane-bound state. Here, the time of transition from fluctuating to stabilized mindist values at 2.8 or 3.8 μs is defined as the lipid-binding time of the 1tam or 2tam to the raft membrane, respectively, and agrees with the qualitative VMD visualization results (see Section 2).



Other than the protein–lipid mindist vs. time plots, the number of contacts between protein and lipid atoms within 2 nm vs. time plots were also used to investigate the oligomer-to-membrane binding kinetics. As demonstrated in the mid panels of Figure 3A and Figure 4A, the number of contacts showed a transition from near zero to large values at 2.8 and 3.8 μs, signifying the establishment of contact between the protein and lipid atoms for 1tam and 2tam, respectively, and the results agree perfectly with the lipid-binding times revealed by the mindist vs. time plots (top panels), as described above.



Using the above mindist and the number of contacts vs. time analytical approaches, the lipid binding times for replicate 1 and replicate 2 of the 1tam/raft complex were detected at 0.2 and 2.2 μs, respectively, as shown in Figure S2A,B. For the 2tam/raft complex, the lipid binding times were 1.1 and 11.1 in replicates 2a and 2b, respectively, as shown in Figure S3A,B. As mentioned in Section 2, two independent membrane-binding events were detected in replicate 2.




3.2. Lipid Binding Patterns of Hetero-Oligomers


The protein residue-resolved binding patterns of hetero-oligomers in the raft membrane were investigated. The time-averaged mindist vs. protein residue number over the stable membrane binding interval (see Section 2), or mindist spectrum, was calculated for each independent membrane binding event of the 1tam/raft and 2tam/raft complexes. Here, both the protein–lipid and protein–water minimum distances were determined. The lower panels of Figure 3A and Figure 4A demonstrate the mindist spectra of the 1tam/raft and 2tam/raft complexes, respectively, from replicate 3 of each complex based on the CG simulations. The CG mindist spectra of other replicates are given in Figures S2 and S3. Since each hetero-oligomer contains multiple peptide chains of tau and amylin, the accumulated residue numbers, i.e., 1–130 and 131–68, were used to identify the tau (chain A) and amylin (chain B) for the dimeric 1tam. For the tetrameric 2tam, the residue numbers 1–37, 38–167, 168–297, and 298–334 were used to identify the amylin (chain A), tau (chain B), tau (chain C), and amylin (chain D), accordingly. Significant dips, or local minima, of the protein–lipid mindist spectra of 1tam and 2tam were evident. In addition, distinct peaks of protein–water mindist spectra were also detected.



The above three-panel mindist analysis was also applied to the CG-to-AA converted structures, as demonstrated in Figure 3B and Figure 4B for the 1tam/raft and 2tam/raft complexes, respectively, for replicate 3 of each complex. The mindist or numbers of contact plots of the AA structures did not show any abrupt changes in contrast to the abrupt transitions observed in the CG structures. These observations suggest that the oligomer remained bound to the raft surfaces throughout the entire AA simulation. Also, the AA protein–lipid mindist spectra showed similar binding patterns, or the locations of the local dips, when compared with the CG mindist spectra, suggesting similar protein–lipid binding patterns of the membrane-bound oligomer in both the CG and AA structures. Figures S2 and S3 show the AA mindist spectra of the other replicates. Note that the absence of large fluctuations during the 100 ns-long AA simulations simply implies that the protein remains attached to the raft membrane surface after the microsecond-long CG simulations. There is no guarantee that either the 10 μs-long CG or 100 ns-long AA represents a stable protein–membrane event. Much longer CG and AA simulations are needed to ensure stable protein–membrane binding behaviors.



To evaluate the stability of the protein–lipid binding pattern, Figures S4 and S5 show the protein–lipid and protein–water mindist heatmaps, i.e., the color-coded mindist values vs. protein residue number (column) and time of simulation (row), for all the replicates of the AA simulations of 1tam/raft and 2tam/raft complexes, respectively. Stable protein–lipid and protein–water binding patterns were evident in both the 1tam/raft and 2tam/raft complexes throughout the entire 100 ns AA simulations in all six independent replicates.



A careful examination of the mindist spectra in Figures S2 and S3 revealed that the single amylin (chain B) of the 1tam bound to the raft membrane around the L16 and I26 residues. However, only one of the two amylin chains (chain A or D) of the 2tam bound to the raft membrane at similar residue locations. For the tau (chain A in 1tam or chains B and C in 2tam), the regions around the N-terminal, I35, and I66 were the major lipid binding sites. Figure 5A,B shows the time- and replicate-averaged mindist spectra of the constituent amylin chain and the constituent tau chain, respectively, from the last 50 ns of the AA simulation and across three independent replicates of the 1tam/raft. Similarly, Figure 5C,D shows the time- and replicate-averaged mindist spectra of the 2tam/raft complex. Since only one of the two amylin chains bound to the raft membrane, these membrane-associated amylin chains were used in the calculation of the mindist spectra of the 2tam/raft complexes.



In the averaged mindist spectra of amylin, two well-resolved dips at ~L16 and I26 were evident for the 1tam/raft complex. In contrast, a broad dip from L16 to I26 was found for the 2tam/raft complex. Interestingly, two major protein–water peaks at L16 and I26 were clearly detected for both the 1tam/raft and 2tam/raft complexes. In the averaged mindist spectra of tau, a major minimum at the N-terminal was evident for both the complexes. Also, a broad minimum at around I66 or I35 was detected in the 1tam/raft or 2tam/raft, respectively. Again, the locations of the above minima of the protein–lipid mindist spectra agreed with those of the peaks of the protein–water mindist spectra, particularly for the peaks at the N-terminal and I66. Hence, the L16 and I26 residues of amylin and the N-terminal of tau represent the common and major membrane-binding sites of 1tam and 2tam binding to the raft membrane.




3.3. Disruptions of Lipid Domain Sizes by Hetero- and Homo-Oligomers


The perturbation effects of the membrane-bound hetero-oligomers on the lipid domain sizes were investigated by measuring the lipid compositions of the three lipid domains (Lo, Ld, and Lod), and the results were compared with those of the homo-amylin (1am, 2am, and 4am) and -tau (1tau, 2tau, and 4tau) oligomers. Figure 6 shows the time- and replicate-averaged lipid % in the Lo, Ld, and Lod domains vs. the total amino acid number of each oligomer from the CG simulations. For the homo-amylin and -tau oligomers, the total amino acid numbers of 1am, 2am, 4am, 1tau, 2tau, and 4tau are 37, 74, 148, 130, 260, and 520, respectively. For the hetero-oligomers, the total amino acid numbers of 1tam and 2tam are 167 and 334, respectively. Also, the lipid compositions of the lipid domains in the absence of oligomers (controls) are given. Note that the sum of DPPC and DLPC % in the Lod domain is labeled as Lod-PC (see Section 2).



In the absence of oligomers, the compositions of CHOL were ~64, 11, and 25% in the Lo, Ld, and Lod domains, respectively. On the other hand, the compositions of Lo-DPPC, Ld-DLPC, and Lod-PC were ~28, 9, and 63% in the Lo, Ld, and Lod domains, respectively. Except for the dimeric oligomers, i.e., 2am, 2tau, and 1tam, the CHOL and PC % were found to decrease in the Lo domain (Figure 6A,D), but increase in the Lod domain (Figure 6C,F) when compared with those of the controls. Interestingly, the lipid % of all the lipid types remained the same in the Ld domain (Figure 6B,E) in the presence or absence of all the types of oligomers.




3.4. Characterizations of Annular Lipids Surrounding the Hetero- and Homo-Oligomers


To examine the local membrane disruptive effects of membrane-bound oligomers, the annular lipids surrounding each membrane-bound oligomer were identified (see Section 2). Figure S6 shows the time- and replicate-averaged numbers and percentages of DPPC, DLPC, and CHOL in the AL shell over the last 50 ns of the AA simulations and across three independent replicates of the hetero- and homo-oligomers. We observed that the number of lipids in the AL shell increased steadily with the total amino acid number of the protein for the AL-CHOL and AL-DPPC. In contrast, these values remained relatively constant at ~10 for the AL-DLPC. As a result, the percentages of CHOL, DPPC, and DLPC in the AL shell were ~20, 35, and 45% for the homo-amylin oligomers and ~30, 45, and 25% in the homo-tau oligomers or hetero-oligomers, respectively. Therefore, DPPC represented the major lipid type in the AL shell of the homo-tau or hetero-oligomers. In contrast, DLPC was the major lipid type in the AL shell of the homo-amylin oligomers.




3.5. Disruptions of Orientational Orders of Annular Lipids by Hetero- and Homo-Oligomers


The extent of disruption of the orientational order of the acyl chains in the AL shell was investigated for each hetero-oligomer, and the result was compared with that for the homo-oligomer.



Since each PC has two acyl chains, i.e., sn-1 and sn-2 chains, the order parameter vs. carbon number plots, or order profiles, of both chains were calculated separately, for all the oligomers. As a control, the order profile of the lipids in the nAL region for each oligomer is also shown. The order profiles of DPPC and DLPC in the AL shell for the hetero-oligomers are shown in Figure 7. In general, the order profile of the sn-2 chain of either DPPC or DLPC was lower than that of the sn1 chain as expected since the sn-2 chain is closer to the membrane surface than the sn-1 chain. For the hetero-oligomer, the disruptions of the DPPC lipid profile over the first eight carbons caused by the dimeric 1tam (Figure 7B) were much stronger than those caused by the tetrameric 2tam (Figure 7F). Yet, no significant difference was evident for the DLPC lipid profile (Figure 7D vs. Figure 7H).



The disruptions of PC order profiles cause by the hetero-oligomers were directly compared with those caused by the homo-tau-oligomers. In DPPC, the order parameter profile for the 1tam was significantly lower than that for the 1tau in the first four carbon numbers, or near the PC headgroup, as shown in Figure 7A,B for the sn-1 and sn-2 chains, respectively. However, in DLPC, the trend was reversed as shown in Figure 7C,D, accordingly. For larger oligomers, the disruption of DPPC order profile caused by 2tau was significantly greater than that caused by either 2tam or 4tau over the carbon numbers 2–10 in the sn-2 chain (Figure 7F), but less so in the sn-1 chain (Figure 7E). In contrast, the disruption of DLPC order profile by the 2tam was large, while it was very similar to that caused by 2tau (Figure 7H) in the sn-2 chain. Relatively less-disruptive effects caused by 2tam, 2tau, and 4tau were found in the sn-1 chain (Figure 7G).



Similar comparisons of the disruptions of PC order profiles caused by the hetero-oligomers with those caused by the homo-amylin oligomers were performed, and the results are shown in Figure S7. In DPPC, the disruption of the order profile caused by 1tau was significantly greater than that caused by 1am over the first five carbon numbers in both the sn-1 and sn-2 chains (Figure S7A,B). Yet, no significant disruptions of the DPPC order profiles were found in both chains of DLPC (Figure S7C,D). For the larger oligomers, all oligomers (2tam, 2am, and 4am) reduced the DPPC order profile by a similar amount, e.g., with a decline of 16% at the eighth carbon for both the sn-1 (Figure S7E) and sn-2 (Figure S7F) chains. In DLPC, the disruption of the order profile caused by 2tam was much greater than that caused by either 2am or 4am in both the sn-1 (Figure S7G) and sn-2 (Figure S7H) chains.



The CHOL ring order parameters (see Section 2), or defined as the CHOL order, of the AL and nAL for all the oligomers were also determined, and the results are shown in Figure 8. Overall, the values of CHO order were around 0.5 for all the oligomers, except for the 2tam of ~0.4, which was significantly smaller than that for 1 tau or 2tau, but not much for the 4tau, suggesting strong disruption of CHO order caused by 2tam when compared with that of most homo-oligomers.




3.6. Protein Folding of Hetero- and Homo-Oligomers on Raft Membrane Surfaces


The time- and residue-resolved protein secondary structures, or the DSSP profiles (see Section 2), of the membrane-bound hetero-oligomers were determined, and the results of the representative replicates for 1tam and 2tam are shown in Figure 9. For comparison, the representative DSSP profiles for the homo-amylin and -tau oligomers are shown in Figure S8. For the homo-oligomers, we observed that more beta-sheet structures were found in the larger oligomers than those in the small oligomers. In addition, significant alpha-helix structures were found exclusively in the amylin oligomers, but not in the tau oligomers. For the hetero-oligomers, beta-sheet structures were evident in both 1tam and 2tam. Also, alpha-helix structures were again evident in the single amylin chain of 1tam and two amylin chains of 2tam. By combining the secondary structures into four major classes, i.e., beta, alpha, turn, and random (see Section 2), Figure 10C,D shows the fraction of each major secondary structure from the DSSP profile vs. time for the representative replicates. Here, ~3 and 8% of alpha and beta structures, respectively, were observed in both the replicates.



To reveal the effect of protein self-aggregation on the secondary structures of the constituent amylin and tau chains separately, we have directly compared the time- and replicate-averaged numbers of secondary structures of the tau and amylin chains in the homo-oligomers with those of the constituent tau and amylin chains in the hetero-oligomers. The data points from the last 50 ns of the AA were used for the time average. The comparisons are expressed in a stacked histogram format, as given in Figure 10. For the beta structure (Figure 10A), a small, but significant, beta structure was detected in the single amylin chain of the dimeric 1tam, but not in the 1am monomer alone. No significant difference in the beta structure was detected in either the tau or am chains in 2tam vs. the 2tau and 2am chains alone. Interestingly, alpha structures were exclusively found in the amylin chains, but not in the tau chains in both the homo- and hetero-oligomers, as shown in Figure 10B. Also, a decline in the alpha structures was evident for larger oligomers, i.e., 2tau, 2am, and 2tam, when compared with that of the smaller oligomers, i.e., 1tau, 1am, and 1tam. No significant differences in turn or random structures were found among the homo- and hetero- oligomers, as shown in Figure 10C,D.




3.7. Residue-Resolved Protein–Protein Contact Map


Using a statistical and molecular interaction analysis tool, CONAN (see Section 2), the resolve-resolved protein–protein interactions at the interface between the amylin and tau monomers inside the hetero-oligomers were examined, as shown in Figure S9. It appears that the residues around the C-terminal of amylin interact strongly with mostly the middle region of the tau in both the hetero-dimer and -tetramer. Furthermore, the two monomeric amylin monomers did not make contact with each other in the hetero-tetramer (Figure S9B). Interestingly, the highly dynamic nature of the protein–protein residue contacts among the residues in the amylin–tau interfacial regions is evident in the standard deviation contact maps, as shown in Figure S9C,D.





4. Discussion


Using multiscale MD simulations, we have investigated the macromolecular interactions associated with the lipid binding behaviors, the protein-induced membrane damage, and the surfaced-induced protein folding of the hetero-oligomers vs. homo-oligomers on the phase-separated raft membrane.



We have created a hetero-tetramer by protein self-assembling or -aggregation in a solution involving two amylin and two tau monomers. Clearly, the other combinations of tau and amylin monomers, i.e., three amylin monomers and one tau monomer, or one amylin monomer and three tau monomers, can form a hetero-tetramer in a solution. Also, these alternative combinations of amylin and tau monomers might have very different membrane binding interaction and protein-folding behaviors than the two amylin and two tau combination in this pilot study. More work is needed to explore these alternative combinations since multiple combinations of amylin and tau-monomers are likely to exist in an experimental setting. On particular interest is how the presence of three amylins may improve the binding affinity of the hetero-tetramer when compared with the presence of two amylins, since amylin has more specific and stronger lipid binding sites than tau. Other than different amylin and tau combinations in the hetero-tetramer, future studies on hetero-trimer consisting of multiple combinations of amylin and tau monomers will be of great interest to explore the hetero-oligomer interactions with the raft membrane.



Among three distinct lipid domains, Lo, Ld, and Lod, of the raft membrane, we discovered that the hetero-oligomers of all sizes preferentially bind to the Lod domain, as revealed by three-panel mindist analysis. Here, Lod represents the phase boundary region between the ordered Lo and the disordered Ld domains in the raft membrane. Interestingly, this finding is in line with recent computational studies on homo-oligomers involving beta-amyloid [26], tau [14], and amylin [15], which are all based on the same raft membrane. Besides amyloid oligomers, the other membrane-active proteins, such as HIV-gp42 fusion protein and certain antimicrobial peptides [34,35,36], have also been found to bind to this Lod domain region. It is believed that the line tension at the highly dynamic, phase domain boundaries or lipid packing defects due to the lipid bilayer thickness mismatch between the thicker Lod and the thinner Ld drives these membrane-active proteins to the dynamic Lod region [27,37,38]. Furthermore, a recently proposed elastic model [39] predicts that the Lod phase boundary serves as a universal attractor to regulate protein lateral sorting and affects the enrichment of membrane inclusions in the phase-separated membrane. Therefore, the Lod domain may represent a common lipid nanodomain region for some non-amyloidogenic and amyloidogenic proteins to bind to. In addition, the Lod domain may represent a unique biophysical-based membrane target for future drug interventions for preventing toxic and membrane-active protein attachment to the host cell membranes. Additional experimental and computational investigations are needed to further explore the macromolecular mechanism of protein/Lod binding and how it affects the subsequent protein-induced membrane damage.



Our results reveal that the hydrophobic residues L16 and I26 of amylin and the N-terminal of tau are the common and major membrane-anchoring sites of hetero-oligomers. Note that these results agree with those of homo-amylin [15] and homo-tau [14] oligomers on the raft membrane. Therefore, our current results suggest that the formation of a hetero-oligomer from tau and amylin retains the lipid binding specificities or patterns of membrane-binding domains of either a tau- or amylin-containing homo-oligomer.



The binding efficiency of the smaller hetero-dimer 1tam was greater than that of the larger hetero-tetramer 2tam. Interestingly, all three replicates of the 1tam/raft complex bound firmly to the membranes, while only two out of three replicates of the 2tam complex did. In addition, for the hetero-tetramer containing two chains of amylin and two chains of tau, we observed that only one of the two amylin chains was attached to the membrane. This can be due to the nature of the different attachment sites of the two amylin proteins on the surfaces of the neighboring tau proteins. Interestingly, our recent study shows that strong membrane binding via the L16 and I 26 residues of amylin was evident for the homo-amylins of all sizes [15]. Therefore, if a membrane-bound and stable dimeric amylin can form in the tetrameric 2tam, we should expect the stronger and more efficient membrane-binding of 2tam. However, we failed to observe such a structure in our self-assembling 2tam oligomers in a solution. This suggests that for larger hetero-oligomers the constituent amylin protein may protrude outside the membrane surface, making it more susceptible to refolding in a non-membrane environment.



We observed significant protein-induced membrane damage caused by the membrane-bound hetero-oligomers in terms of the raft domain lateral organizations across the entire raft membrane. The binding of the tetrameric 2tam strongly disrupted the raft organization by decreasing the amounts of DPPC and CHOL in the Lo domain and concomitantly increasing the boundary Lod domain. The extent of Lo domain disruption by the 2tam was comparable to that by the homo-oligomers, suggesting that the large hetero-oligomers have a strong lipid domain disruption effect on the raft membrane like the homo-oligomers of similar sizes.



For the local disruption effects of hetero-oligomers, we discovered that the perturbation effects of lipid order profiles by the membrane-bound oligomer depend on the oligomer size, the makeup (homo- vs. hetero) of the oligomers, and the lipid type. Saturated DPPC and CHOL are the major lipid constituents of the highly ordered Lo or raft domain, which is important in regulating the normal physiology of various membrane events, such as signal transduction or protein sorting [22]. Here, we observed that both dimeric 1tam and tetrameric 2tam disrupt the order profile of DPPC to a similar extent, suggesting the membrane disruption by hetero-oligomer is oligomer-size-independent for the raft membrane. However, we observed that the DPPC order disruption effect by the dimeric 1tam was much stronger than either 1am or 1tau, indicating the presence of amylin or tau in the 1tam promotes the lipid perturbation than either the amylin or tau monomer alone. On the other hand, the lipid order disruptive effects of the larger tetrameric 2tam were similar or even lower than those of the homo-amylin or -tau oligomers of similar sizes. For cholesterol, the other major building block of the raft domain, the 2tam disrupted the CHOL ring order the most than any other hetero- or homo-oligomers, even the largest tetrameric tau oligomer, suggesting that the hybrid tau–amylin surfaces in the 2tam perturbs the CHOL orientation more effectively than the homo-tau-tau and -amylin-amylin surfaces in the homo-oligomers.



We observed significant surface-induced protein folding from the highly disordered structures in the solution to partially ordered membrane-bound structures for both homo- and hetero-oligomers. The previous studies have indicated that amylin forms an alpha-helix structure first and a beta-sheet structure later in a membrane environment [40,41,42]. The newly formed beta-sheets may create beta-sheet-enriched ion pores that disrupt the membrane functions, as suggested by various computational and experimental investigations [43,44,45]. For both the homo- and hetero-oligomers, we discovered that alpha-helix structures were mostly associated with the amylin, but not with the tau. In addition, we observed that the alpha-helix decreased drastically, with a concomitant increase in the beta-sheet structure as the oligomer size increased from a monomer to a tetramer. Therefore, the presence of amylin in the hetero-oligomer supports alpha-to-beta refolding on the raft surface. Furthermore, the presence of tau in the dimeric 1tam promotes the formation of beta-sheets of amylin, while no significant beta-sheet is evident in the amylin monomer alone in the 1am. Hence, the presence of tau in the 1tam facilitates the surface-induced alpha-to-beta transition in our raft membrane. The above surface-induced protein folding events of homo- and hetero-oligomers indicate that the hetero-oligomers have a similar propensity of expressing beta-sheets structures when compared with homo-tau or -amylin alone.



Note that this study focuses only on the 2D protein folding of pre-formed hetero-oligomers on the surface of a phase-separated raft membrane. In the absence of lipid membranes, 3D protein folding in a solution also occurs. Clearly, the energy landscapes of folding of oligomers in 3D solution may be more complex than those on a 2D surface. More future work on the protein folding of hetero-oligomers in a solution is still needed.



In summary, our comparative and analytical results on the binding patterns and membrane disruption of homo- and hetero-oligomers may serve as a mechanistic model of neural degeneration initiated by the binding of cross-seeded amylin and tau oligomers on the neuronal membrane. Note that the hetero-oligomerization of tau and amylin in solution and spectroscopic characterizations of amylin–tau hetero-oligomers have previously been reported in an in vitro study [7]. In addition, a recent in vivo study found that the amylin–tau hetero-oligomers indeed lead to neurotoxicity through neuroinflammation and neuronal dysfunction in mice [3]. Building upon these previous in vitro and in vivo research approaches, our findings allow for the identification of the specific amino acid residues of amylin (I16 and L26) and tau (N-terminal) responsible for protein binding to lipid rafts, as well as the global (domain size) and local (lipid order) membrane damage mechanisms leading to cytotoxicity. In addition, the in vitro study suggests an increase in beta-sheet formation, proceeding with amylin’s oligomerization [7]. Further substantiating this result, our findings on protein folding indicate that the amylin’s beta-sheet formation not only proceeds oligomerization, but is increased in the presence of tau, suggesting a synergistic interaction between tau and amylin in promoting the beta-sheet formation of amylin.



As indicated by a recent review [5], the clinical efficacy of current treatments of AZ are scarce, and the cross-talk between AZ and T2D is increasingly prevalent worldwide. Future preventive and therapeutic interventions for AZ require new knowledge of the protein–lipid interactions responsible for the membrane damage induced by the cross-seeded oligomers and the atomistic structures of the membrane-bound oligomers. Our mechanistic model and new atomistic membrane-bound oligomer structures may inspire future development of multipurpose drugs that can inhibit the initial protein–lipid interaction of cross-seeded oligomers with neurons and prevent the further aggregation of membrane-bound oligomers to form cytotoxic macromolecular structures that lead to neuronal death.




5. Conclusions


In conclusion, this computational study indicates that the hetero-and homo-oligomers prefer to bind to the Lod domain, and the membrane binding of either type of oligomer involves the L16 and I26 residues of the amylin and the N-terminal of the tau. The domain disruption effects caused by tetrameric 2tam were similar to those caused by the homo-oligomers of similar sizes. Dimeric 1tam has a much stronger local order disruption of DPPC than monomeric 1am, monomeric 1tau, or tetrameric 2tam. Finally, the presence of tau in the dimeric 1tam promotes the alpha-helix-to-beta-sheet transition of the constituent amylin when compared with the monomeric 1am alone. Our results will provide useful information for understanding the cross-seeding effects of amylin and tau on the membrane damage of neurons and for developing new therapeutic interventions targeting the formation of cytotoxic hetero-oligomers on neuronal membranes associated with Alzheimer’s.
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	AA
	all-atom



	CG
	coarse-grained



	MD
	molecular dynamics



	1am
	monomeric amylin



	2am
	dimeric amylin oligomer



	4am
	tetrameric amylin oligomer



	1tau
	monomeric tau



	2tau
	dimeric tau oligomer



	4tau
	tetrameric tau oligomer



	1tam
	dimeric tau–amylin oligomer



	2tam
	tetrameric tau–amylin oligomer



	PC
	phosphatidylcholine



	CHOL
	cholesterol



	DPPC
	dipalmitoyl-PC



	DLPC
	dilinoleoyl-PC



	Lo
	liquid-ordered



	Ld
	liquid-disordered



	Lod
	mixed Lo/Ld



	AL
	annular lipid



	nAL
	non-annular lipid



	mindist
	minimum distance



	DSSP
	Define Secondary Structure of Proteins
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Figure 1. Modeling heterogeneous tau–amylin oligomers in solution. The initial (0 μs) and final (5 μs) CG structures of 1tam (A) and 2tam (C) in solution and their formation evolutions (B,D) from tau and am monomers are given. Water and ion CG atoms are as green dots and purple beads, respectively. The protein structures are shown in a backbone ribbon form with chain A in blue, chain B in red, chain C in gray, and chain D in orange. All CG simulations were performed in 0.1 M NaCl and under physiological conditions of 1 atmosphere and 310 K. A scale bar of 2 nm is shown. 
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Figure 2. Modeling heterogeneous tau–amylin oligomer binding to the raft membrane. The initial (0 μs) and final membrane-bound (10 μs) CG structures of 1tam/raft (A) and 2tam/raft (B) complexes from representative replicates in both transverse (x-z) and lateral (x-y) views are shown. In the CG structures, the DPPC, DLPC, and CHOL are shown in green, orange, and black beads, and the protein structures are represented in a backbone ribbon form with chain A in blue, chain B in red, chain C in gray, and chain D in orange, respectively. A CG-to-AA spatial transformation step converted the 10 μs-structures of CG 1tam/raft and 2tam/raft complexes to the corresponding AA structures. Thereafter, 100 ns-long AA simulations were performed, and the final 100 ns structures of 1tam/raft (C) and 2tam/raft (D) complexes are shown. Other than the backbone ribbons, the colored AA protein surfaces of all the protein atoms are also given. The lipids are shown in licorice with identical color assignments as in the CG structures. All the CG and AA simulations were performed in 0.1 M NaCl and under physiological conditions of 1 atmosphere and 310 K. The two hydrophobic residues at L16 and I26 of the amylin chain in both 1tam and 2tam are shown in black. A scale bar of 1 nm is shown. 
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Figure 3. Minimum distance analysis of 1tam binding to the raft membrane. Two three-panel plots of the minimum distance (mindist) between protein and lipid (or water) atoms (mindist) of replicate 3 of 1tam/raft complex in a 10-μs-long CG (A) and a 100-ns-long AA (B) AA simulation are shown. The initial structure of the AA simulation was obtained from the 10 μs CG structure after a CG-to-AA spatial transformation step. The upper panel shows the mindist between protein and lipid atoms vs. time, and the middle panel shows the number of contacts within 2 nm between protein and lipid atoms vs. time. The lower panel shows the time-averaged mindist between protein and lipid (or water) atoms vs. protein residue # over the last 5 μs for CG (A) and the last 50 ns for AA (B). All mindist values are color-coded based on the lipid types; DPPC is shown in green, DLPC is shown in orange, CHOL is shown in black, and water is shown in blue. The error bar represents the standard deviation of the mean. The protein residue locations of the tau and amylin (am) chains inside the 1tam are identified by the blue (chain A) and red (chain B) arrows, respectively. 
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Figure 4. Minimum distance analysis of 1tam binding to the raft membrane. Two three-panel plots of the minimum distance (mindist) between protein and lipid (or water) atoms (mindist) of replicate 3 of 1tam/raft complex in a 10-μs-long CG (A) and a 100-ns-long AA (B) AA simulation are shown. The initial structure of the AA simulation was obtained from the 10 μs CG structure after a CG-to-AA spatial transformation step. The upper panel shows the mindist between protein and lipid atoms vs. time, the middle panel shows the number of contacts within 2 nm between protein and lipid atoms vs. time. The lower panel shows the time-averaged mindist between protein and lipid (or water) atoms vs. protein residue # over the last 5 μs for CG (A) and the last 50 ns for AA (B). All mindist values are color-coded based on the lipid types; DPPC is shown in green, DLPC is shown in orange, CHOL is shown in black, and water is shown in blue. The error bar represents the standard deviation of the mean. The protein residue locations of the tau and amylin (am) chains inside the 2tam are identified by the blue, red, gray, and orange arrows, corresponding to chains A (am), B (tau), C (tau), and D (am), respectively. 
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Figure 5. Minimum distance spectral analysis of tau–amylin oligomers in the raft membrane. The minimum distance (mindist) spectrum, defined as time-, replicate-, and chain-averaged minimum distance between protein and lipid (or water) vs. protein residue, for the 1tam/raft (A,B) and 2tam/raft (C,D) complexes. Each data point represents the average over the last 50 ns, across three replicates, and over the constituent chain (amylin or tau). The error bar represents the standard error of the mean. The mindist values are color-coded, with DPPC shown in green, DLPC shown in orange, CHOL shown in black, and water shown in blue. The hydrophobicity plot is given in red (see Section 2) to facilitate the identification of the hydrophobicity residues in each chain. A 5-point moving-average fit is presented for the mindist spectral plots. 
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Figure 6. Lipid domain disruption by oligomers in the raft membrane. Plots of the percentages of CHOL in the Lo (A), Ld (B), and Lod (C) domains, and those of DPPC in the Lo domain (D), DLPC in the Ld domain (E), and the sum of DPPC and DLPC, or PC, in the Lod domain (F) vs. the total amino acid number of each oligomer are shown. Each percentage data point represents the time- and replicate average over the time interval of stable membrane binding and across three independent replicates. Both homo-amylin oligomers (1am, 2am, and 4am), homo-tau oligomers (1tau, 2tau, and 4tau), and hetero-oligomers (1tam and 2tam) are shown in blue circles, filled black circles, and filled red circles, respectively. The control represents the percentage data in the absence of protein. The oligomers are placed in the plot according to their total amino acid numbers. The error bars are standard errors of the means. 
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Figure 7. Phospholipid order disruptions by hetero- and homo-tau oligomers. The time- and replicate-averaged plots of the phospholipid orientational order parameter vs. lipid acyl chain carbon number, or order profiles, over the last 50 ns of the AA simulation and across all replicates, for DPPC (A,B,E,F) and DLPC (C,D,G,H) in the 0–0.5 nm annular lipid (AL) shell of the hetero-oligomers (1tam and 2tam) and homo-amylin oligomers (1tau, 2tau, and 4tau) are shown. The lipid profiles of the lipids outside the AL shell, or non-annular lipids (nAL), are also shown as controls. The data points for the sn-1 (A,C,E,G) and sn-2 (B,D,F,H) chains are presented. The error bar indicates the standard error of the mean for each data point. 
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Figure 8. Membrane cholesterol order disruptions by hetero- and homo-oligomers in the raft membrane. The time- and replicate-averaged plots of the cholesterol (CHOL) orientational order parameter over the last 50 ns of the AA simulations and across all replicates, in the 0–0.5 nm annular lipid (AL) shells of the hetero-oligomers (1tam and 2tam), homo-tau-oligomers (1tau, 2tau, and 4tau), and homo-amylin-oligomers (1am, 2am, and 4am) are shown. The oligomers are placed in the plot according to their total amino acid numbers. The error bar indicates the standard error of the mean for each data point. 
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Figure 9. Time evolution of protein secondary structure of hetero-oligomers upon binding to the raft membrane. The 3D color-coded protein secondary structures as a function of residue number (vertical axis) and simulation time (horizontal axis) are presented in a DSSP format (see Section 2) for the representative replicates of 1tam (A) and 2tam (B) oligomer. The protein residue locations of the constitute tau and amylin (am) chains inside the hetero-oligomers are identified by the blue, red, gray, and orange arrows, respectively, and correspond to the chain A (tau) and chain B (amylin) for the membrane-bound 1tam, and chains A (am), B (tau), C (tau), and D (am), for the membrane-bound 2tam, accordingly. 
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Figure 10. Protein secondary structures of membrane-bound hetero- and homo-oligomers. The fraction of protein residues that participated in four secondary structure groups, beta, alpha, turn, and random (see Section 2) vs. time of the representative replicates of the membrane-bound 1tam (A) and 2tam (B) from the AA simulations are demonstrated. The number of residues that participated in each secondary structure group was also calculated from each of the AA trajectories. Comparisons of the time-, replicate-, and chain-averaged secondary structure groups (C–F) over the last 50 ns across all three replicates and over the tau and amylin chains separately of oligomers are shown in stacked histograms. For the homo-oligomers, the sum of secondary structures from 1tau and 1am or 2tau and 2am are presented as a (1tau + 1am) or (2tau + 2am) group, and this sum is directly compared with the secondary structure of 1tam or 2tam, respectively. Note that the total amino acid number of (1tau + 1am) or (2tau + 2am) is 167 or 334 and matches with that of 1tam or 2tam, accordingly. 
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