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Abstract

:

The molecular events of protein misfolding and self-aggregation of tau and amylin are associated with the progression of Alzheimer’s and diabetes, respectively. Recent studies suggest that tau and amylin can form hetero-tau-amylin oligomers. Those hetero-oligomers are more neurotoxic than homo-tau oligomers. So far, the detailed interactions between the hetero-oligomers and the neuronal membrane are unknown. Using multiscale MD simulations, the lipid binding and protein folding behaviors of hetero-oligomers on asymmetric lipid nanodomains or raft membranes were examined. Our raft membranes contain phase-separated phosphatidylcholine (PC), cholesterol, and anionic phosphatidylserine (PS) or ganglioside (GM1) in one leaflet of the lipid bilayer. The hetero-oligomers bound more strongly to the PS and GM1 than other lipids via the hydrophobic and hydrophilic interactions, respectively, in the raft membranes. The hetero-tetramer disrupted the acyl chain orders of both PC and PS in the PS-containing raft membrane, but only the GM1 in the GM1-containing raft membrane as effectively as the homo-tau-tetramer. We discovered that the alpha-helical content in the heterodimer was greater than the sum of alpha-helical contents from isolated tau and amylin monomers on both raft membranes, indicative of a synergetic effect of tau-amylin interactions in surface-induced protein folding. Our results provide new molecular insights into understanding the cross-talk between Alzheimer’s and diabetes.
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1. Introduction


The uncontrolled aggregations of misfolded amyloidogenic proteins, e.g., the tau in the neurons of the brain and the amylin in the beta cells of the pancreas, have separately been linked to the early molecular events of the progression of Alzheimer’s (AZ) and type-2 diabetes (T2D), respectively [1,2,3]. Recent studies suggest that amylin and tau engage in cross-seeding to form hetero-tau-amylin oligomers [4,5,6], and those hetero-oligomers are more neurotoxic than the homo-tau aggregates alone [4,7]. Interestingly, an in vitro study indicates that the tau and amylin aggregate rapidly in solution at low concentrations. Furthermore, the protein secondary structures of the tau-amylin aggregates are not the same as those of the tau or amylin aggregates [8]. At present, the early macromolecular interactions of these hetero-amylin-tau aggregates on functionalized lipid nanodomains of the neuronal membrane that link to the early molecular cross-talk between AZ and T2D are unknown.



The neuronal plasma membrane contains asymmetric, compartmentalized, and functionalized lipid nanodomains, or raft membranes, in both the inner and outer leaflets of the lipid bilayer [9,10]. Here, mono-unsaturated phosphatidylserine (PS) and ganglioside (GM1) are the major anionic lipid markers located exclusively in the inner and outer leaflets of the neuronal plasma membrane, respectively [10,11,12]. These anionic lipids play major physiological roles in signal transduction, protein docking, and protein sorting in the neurons [11,12]. In addition, recent computational and experimental studies indicate that PS-clusters and GM-clusters form functionalized nanodomains that regulate the membrane disruption and protein-folding activities of various homogeneous amyloidogenic protein aggregations from beta-amyloid, tau, and amylin on neuronal membranes [9,13,14,15,16]. These PS- and GM1-functionalized nanodomain interactions with early amyloid aggregates, or oligomers, may represent early protein-lipid interaction events on the inner and outer leaflets of the neurons that are associated with the membrane damage, toxicity, and death of the neurons [16]. So far, the detailed macromolecular interactions of hetero-tau-amylin aggregates with these leaflet-specific, functionalized lipid nanodomains of neurons await to be explored.



Recently, we have designed and created two hetero-tau-amylin oligomers, a dimer and a tetramer, in solution from disordered tau and amylin monomers via a self-assembling approach based on the microsecond resolved coarse-grained (CG) molecular dynamics (MD) simulation [17]. In addition, we observed fast membrane binding of these hetero-oligomers to the lipid nanodomain membrane, or a CO-raft, containing saturated phosphatidylcholine (PC), unsaturated PC, and cholesterol [17]. However, the CO-raft presented in the previous work does not contain anionic lipids, which are important in regulating the membrane binding and protein folding behaviors of various membrane-active amyloid aggregates on lipid membranes [16]. In this study, we added a fourth lipid component, PS or GM1, to one lipid leaflet of the above CO-raft membrane. With the additional lipid component, we have created the asymmetric PS-raft or GM-raft, respectively [13,15]. Under physiological conditions, flexible and dynamic and phase-separated liquid-ordered (Lo) domains, liquid-disordered (Ld) domains, mixed Lo/Ld (Lod) domains, and PS- or GM1-clusters in the Lo domain are spontaneously formed on the microsecond time scale [13,15]. The PS- or GM1-clusters are located in only one leaflet of the bilayer, mimicking the functionalized lipid nanodomains exclusively found in the intracellular (inner) leaflet or extracellular (outer) leaflet of the neuronal membrane [9,11,12]. Here, with CG simulations, the macromolecular interactions of the hetero-oligomers with these PS- or GM1-functionalized lipid nanodomains were investigated. From the CG results, the microsecond-long lipid binding behaviors of hetero-oligomers were investigated. The kinetics of protein-lipid binding, protein binding patterns, and domain structural alterations were obtained. Other than the global lipid-protein interactions, localized disruptions of lipids structures and surface-induced protein folding were examined after a CG to all-atom (AA) spatial mapping [18] transformation, followed by a 100 ns-long AA MD simulation. Here, the binding or interaction energetics of protein-lipid and protein-protein interactions, lipid chain orientations, and protein secondary structures of the AA hetero-oligomers on raft surfaces were obtained.



Our multiscale MD simulations allow efficient sampling of the rotational and translational phase space of the microsecond-resolved protein-lipid binding events and exploring the nanosecond-resolved and atomistic membrane damage and protein behaviors of the protein on raft membrane surfaces. Our results suggest that PS- and GM-clusters are key membrane-binding sites of hetero-oligomers via hydrophobic and hydrophilic protein-lipid interactions, respectively. By comparing our results with the homo-tau and homo-amylin oligomers, the specific and global effects of membrane damage and surface-induced protein folding on the functionalized raft membranes involving tau and amylin were revealed. Similar to the homo-tau oligomers, the hetero-oligomers strongly disrupt the lipid orientational order of PS and GM1. Other than surface-induced beta-sheet formation upon protein binding to the raft membranes on both homo- and hetero-oligomers, we discovered an interesting synergetic role of amylin in promoting the alpha-helix formation of tau in the hetero-oligomer. The above molecular events of hetero- and homo-oligomer binding to functionalized lipid nanodomains provide new insights into revealing the intriguing molecular cross-talk between T2D and AZ [19].




2. Results


2.1. Lipid Binding Kinetics of Hetero-Oligomers


We have modeled two pre-equilibrated and highly dynamic heterogeneous tau-amylin oligomers, a hetero-dimer (1tam) and a hetero-tetramer (2tam), in solution via a self-assembling process of equilibrated amylin and tau monomers based on the microsecond-resolved CG-MD simulations [17]. The primary sequences of the 37 residue-long-amylin and the 130-residue-long tau monomers, as well as their hydrophobicity profiles [14,15], are known and are summarized in Figure S1. Key hydrophobic residues of amylin are C7, L16, I26, and V32 (Figure S1B), and those of tau are V6, I35, I66, I86, I112, and V121 (Figure S1G). It is clear that the hydrophobic regions are much broader and better defined in amylin than in tau. The CG structures of 1tam and 2tam before, during, and after the self-assembling process in solution are further illustrated in Figure S2. The above hydrophobic residues of amylin and tau were randomly distributed in homo-oligomers (Figure S1) and hetero-oligomers (Figure S2). The average sizes of the hetero-dimer and tetramer were ~2 and 4 nm, respectively. The highly dynamic nature of hetero-oligomers in solution is also demonstrated in Videos S1 and S2 in Supplementary Materials.



Three independent simulation replicates correspond to placing the oligomer at three different positions above the raft membrane surface before the simulations were created (see Section 4). With two hetero-oligomers: 1tam and 2tam, and two asymmetric raft membranes: PS-raft and GM-raft, a total of 12 independent, 15 μs-long-CG simulation replicates of hetero-oligomer/raft complexes were systematically investigated spanning 180 μs of CG-simulation time or ~720 μs of real-time based on the fact that CG water has ~4× faster diffusion than real water in CG simulations [20].



The microsecond binding behaviors of the hetero-dimer to the PS-raft and the GM-raft are demonstrated in Figure 1A,B, respectively. The modeling and contents of the PS-raft and GM-raft are described in Section 4. Both the transverse (x-z) and lateral (x-y) views of a representative hetero-dimer/raft complex before and after the 15 μs-long-CG simulations are shown in Figure 1. Here, the z-axis represents the normal of the lipid bilayer plane. We observed that the PS and GM1 lipids formed clusters within the DPPC-rich Lo domains in the top lipid leaflets of the PS-raft and GM-raft, respectively. This asymmetric distribution of PS- and GM1-clusters was preserved during the entire 15 μs CG simulation for all simulation replicates. In other words, no translocations of PS or GM1 lipids from one lipid leaflet to the opposite lipid leaflet were evident in our CG simulations. For all 12 CG replicates, each CG oligomer bound to the membrane surface within the first 8 μs and remained firmly attached to the membrane surface for the rest of the 15 μs simulation. No dissociations of the constituent monomers on the raft surfaces were also observed. Videos S3–S8 in Supplementary Materials demonstrate the lipid binding behaviors of the hetero-dimer to the CO-, PS-, and GM-rafts in both the transverse and lateral views from 0 to 15 μs.



After the CG simulations, the equilibrated 15 μs-CG structure of each simulation replicate was transformed to an AA structure using a CG-to-AA spatial resolution transformation (see Section 4). Each transformed AA structure then underwent a 100 ns-long-AA simulation. Figure 1C,D demonstrate the equilibrated 100 ns-structures of the 1tam/PS-raft and 1tam/GM-raft complexes, respectively. For clarity, only the lipid molecules in the 0.5 nm annular lipid shell (see Section 4) are illustrated. Again, for all 12 replicates, each AA oligomer remained firmly attached to the membrane surface, and no dissociations of the constituent monomers during the entire 100 ns AA simulation were evident.



To assess the lipid binding kinetics of the hetero-oligomers to the raft membranes, a minimum distance (mindist) statistical analysis (see Section 4) was performed on all 12 simulation replicates at both CG and AA resolutions.



The lipid binding kinetics of the hetero-dimer to the PS-raft were examined based on the calculated minimum distance between protein and lipid atoms vs. simulation time (upper panel) plots of all three replicates, as shown in Figure S3A–C. Here, large fluctuations of mindist values from 0–2, 0–8.2, and 0–1.8 μs followed by stable mindist values of ~0.5 nm were evident in the three independent replicates 1, 2, and 3, accordingly. The observation of large fluctuating mindist values in each replicate suggests that the protein stayed in the solution phase but made numerous transient contacts with the raft membrane surface. On the other hand, a stabilized mind indicates that the dimer is in a stable membrane-bound state. Here, the time of transition from fluctuating to stabilized mindist values at 2, 8.2, or 1.8 μs is defined as the lipid-binding time of the hetero-dimer to the PS-raft membrane for each replicate, accordingly. The number of contacts between protein and lipid atoms vs. time (mid-panel) plot was also used to examine the binding kinetics. Here, the number of contacts showed an abrupt transition from zero to large values indicative of an onset of the protein-lipid binding event, and the times of transition from the number of contacts vs. time plots were detected at 2, 8.2, and 1.8 μs and agreed with those from the mindist vs. time plots for the same replicates, accordingly. Similar observations of stable hetero-tetramer binding to the PS-raft membranes were also found (Figure S4A–C) among all three replicates. Here, the lipid-binding times were 1.8, 0.7, and 4.2 μs for replicates 1–3. Interestingly, the lipid-binding time for each replicate in the hetero-dimer/PS-raft or hetero-tetramer/PS-raft complex was the same for all lipid types, i.e., DPPC, DLPC, CHOL, and POPS. The results suggest that all four lipid types were responsible for initiating the microsecond-resolved lipid-binding event.



The binding kinetics of the hetero-oligomers to the GM-raft membrane were also examined from the mindist perspective, as were the number of contacts vs. time plots. Again, stable oligomer binding to the raft membranes was evident for both hetero-dimers (Figure S5A–C) and hetero-tetramers (Figure S6A–C). Here, the GM1-binding times were 2, 0.2, and 1 μs for the hetero-dimer but 1.8, 4.0, and 0.1 μs for the hetero-tetramer for the protein-to-GM1 binding. However, some differences in the lipid-protein binding times for other lipid types were evident. Specifically, a few microseconds of time lag in the protein-lipid binding for non-GM1 lipids was clearly found in some replicates, e.g., replicate 1 (Figure S5A) and replicate 3 (Figure S5C) of the hetero-dimer, as well as replicate 2 (Figure S6B) and replicate 3 (Figure S6C) of the hetero-tetramer. In addition, we observed some transient behaviors of the protein-DLPC binding in replicate 3 of the hetero-tetramer/GM-raft complex, indicative of the intermittent association and dissociation of the hetero-tetramer with the DLPC.




2.2. Lipid and Water Binding Patterns of Hetero-Oligomers


Both lipid and water binding patterns of hetero-oligomers in the raft membranes were determined by examining the time-averaged mindist vs. protein residue number plots, also defined as the mindist spectrum (see Section 4), over the stable membrane binding interval for each simulation replicate. The lower panels of Figures S3–S6 show the mindist spectra of all 12 replicates of the hetero-oligomer/raft complexes at both CG (panels A–C) and AA (panels D–F) spatial resolutions. The last 5 μs and 50 ns of the CG and AA simulations were used for the time-averaged calculation of the mindist spectra. Careful examinations of the mindist spectra revealed minima of protein-lipid and peaks of protein-water mindist spectra for both hetero-dimer and -tetramer in PS- and GM-raft membranes. The minimum mindist value for the AA simulations was ~0.2 nm, while that for the CG simulations was ~0.5 nm. Similar protein-lipid and protein-water mindist spectral features were observed in both AA and CG simulations. We focused our mind-based spectral analysis on the AA simulations in this study.



Figure 2 and Figure 3 show the time- and replicate-averaged mindist spectra of the constituent amylin and tau chains inside the hetero-oligomer from the last 50 ns of the AA simulation and across three independent replicates of the hetero-dimer (panels A, B) and hetero-tetramer (panels C, D) in the PS-raft and GM-raft, respectively. Except for the amylin in the hetero-dimer (Figure 2A), the mindist values of the protein-PS or protein-GM1 were predominantly lower than those of protein-DPPC, -DLPC, and -CHOL for all hetero-oligomers in both raft membranes, indicating a preference of protein binding to the anionic PS or GM1 than to the neutral DPPC, DLPC, and CHOL, as shown in Figure 2B–D and Figure 3. For the amylin in hetero-dimer (Figure 2A), the mindist values of protein-DPPC and protein-PS were nearly identical, indicating an identical binding preference of amylin with either DPPC or PS. To facilitate the identification of the lipid binding patterns, we focused only on the protein-lipid mindist values below 1.0 nm, which is ~5× the lowest mindist value as described above.



For the protein-lipid mindist spectra of hetero-dimer in the PS-raft, two minima at residues 12–15 and 23–26 of amylin for all lipid types (Figure 2A) and three minima at residues 5–15, 35–42, and 65–75 of tau for PS (Figure 2B) were evident. However, for the hetero-tetramer, only one minimum at residues 15–20 of amylin for PS (Figure 2C) and two minima at residues 5–15 and 35–42 of tau for PS (Figure 2D) were detected. Interestingly, prominent peaks in the protein-water mindist spectra at residues 25–26 of amylin (Figure 2A) and residues 6–8 of tau (Figure 2B) in the hetero-dimer, as well as residues 5–6 of tau (Figure 2D) in the hetero-tetramer, were found. These protein-water mindist spectral peak locations coincide with the protein-lipid mindist spectral minimum locations, indicative of the hydrophobic protein-lipid environments in those protein residues. Furthermore, those residue locations match the peak locations of the hydrophobicity vs. protein residue plot of each protein (see Figure S1) based solely on the known amino acid sequence of the protein.



The lipid binding patterns of hetero-oligomers to the GM-raft were different from those to the PS-raft. For the hetero-dimer, a minimum baseline from residues 1 to 18 of amylin (Figure 3A) and two minima at residues 10–15 and 50–55, followed by a flat minimum baseline from residues 90–130 of tau (Figure 3B), were found. However, for the hetero-tetramer, a minimum baseline from residues 1 to 10 of amylin (Figure 3C) and two minima at residues 10–15 and 55 of tau (Figure 3D) were detected. Interestingly, those residue locations did not coincide with the peak locations of either the protein-water mindist spectra or hydrophobicity vs. residues plots of both amylin and tau, indicating that hydrophobic interactions are likely not involved in the protein binding to the GM-raft.




2.3. Binding Energetics of Hetero- and Homo-Oligomers


Protein-protein (Figure 4) and protein-lipid (Figure 5) interaction energies of the membrane-bound hetero- and homo-oligomers in the PS-raft and the GM-raft were systematically examined.



Figure 4 shows the time- and replicate-averaged protein interchain interaction energies of hetero-oligomers, i.e., the dimeric 1tam and tetrameric 2tam, homo-amylin oligomers, i.e., the dimeric 2am and tetrameric 4am, and homo-tau-oligomers, i.e., the dimeric 2tau and tetrameric 4tau, from the last 50 ns of the AA simulations and across all three replicates of each oligomer. Both the non-covalent Lennard-Jones and Coulomb interactions (Figure 4A,B), as well as the sum of both (Figure 4C,D), were determined. Since each monomeric tau (1am) or monomeric amyloid (1tau) contains only one chain, no interchain interaction energy calculation was performed for those monomers. It is clear that both Lennard-Jones and Coulomb interactions contributed equally to the interchain interaction energy in all oligomers.



To facilitate the comparison of protein-protein interaction energies of oligomers of different protein types, homo vs. hetero, and aggregation sizes, dimer vs. tetramer, a scattered plot of interaction energy vs. amino acid number of all 6 oligomers, differentiated by color-codes, in the PS-raft and GM-raft is presented in Figure 4C,D, respectively. Overall, the protein interchain energy increased linearly with the total amino acid number for all six oligomers of different types in both PS-raft and GM-raft. The protein interchain energy of a given oligomer in the PS-raft is similar to that in the GM-raft, with the exception of the 2tam. Here, the interchain energy of 2tam in the PS-raft was ~4000 kJ/mol, which was almost twice as large as that in the GM-raft.



Figure 5 shows the time- and replicate-averaged protein-lipid interaction energies of 6 oligomers, also from the last 50 ns of the AA simulations and across all three replicates of each oligomer. The protein-lipid interactions between different lipid types were separately determined. In general, the protein-lipid interaction increased linearly with the total amino acid number for all lipid types, with the exception of the DLPC in both PS-raft (Figure 5C) and GM-raft (Figure 5G). For the PS-raft, a sharp increase in the protein-DLPC interaction from −200 to −1200 kJ/mol as the size of the homo-amylin-oligomer increased from monomer to tetramer was evident (Figure 5C). In contrast, only a moderate increase in the protein-DLPC interactions with the homo-tau-oligomer size was found. In addition, no significant differences in the protein-DLPC interaction of the 1tam and that of the 2tam were noticed. For the GM-raft, small protein-DLPC interactions around −100 to −300 kJ/mol for the homo-amylin and hetero-tau-amylin of all sizes, as well as the monomeric tau, were detected. However, the protein-DLPC energies of the dimeric and tetrameric tau oligomers were ~750 kJ/mol, which was much higher than that of the other oligomer. Among all lipid types, the protein-GM1 interaction energy (Figure 5H) was the highest, while the protein-CHOL interaction energy was the lowest. Overall, the protein-lipid interaction energies among different lipid types follow a ranking order of GM1 > POPS > DPPC ≈ DLPC > CHOL, particularly so for the tetramers.




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


To investigate the disruptive effects of the membrane-bound oligomers on the lipid domain sizes, the compositions of the Lo, Ld, and Lod domains from the last 5 μs of the CG simulations and across all three replicates of the raft membranes in the presence of and absence of hetero-oligomers (controls) were calculated. Here, a total of 8 oligomers of different types and sizes: 1am, 2am, 4am, 1tau, 2tau, 4tau, 1tam, and 2tam, were investigated. Figure 6 and Figure 7 show the time- and replicate-averaged compositions of the Lo, Ld, and Lod domains vs. the total amino acid number of each oligomer from the CG simulations in the PS-raft and GM-raft, respectively. As controls, the compositions of the lipid domains without oligomers are also given. Note that the sum of DPPC and DLPC% in the boundary Lod domain is labeled as Lod-PC (see Section 4).



For the PS-raft and in the absence of oligomers (Figure 6), the compositions of CHOL were ~48, 14, and 38%, and those of Lo-DPPC, Ld-DLPC, and Lod-PC were ~17, 8, and 75% in the Lo, Ld, and Lod domains, respectively. However, in the presence of membrane-bound oligomers, the values of CHOL% and PC% increased in the Lo domain (Figure 6A,D), remained unchanged in the Ld domain (Figure 6B,E), and decreased in the Lod domain (Figure 6C,F). A very similar domain-size disruption effect by oligomers was found for the GM-raft. Here, and in the absence of oligomers, the compositions of CHOL were ~61, 10, and 29%, and those of Lo-DPPC, Ld-DLPC, and Lod-PC were 22, 9, and 69% in the Lo, Ld, and Lod domains, respectively (Figure 7). In the presence of oligomers, an identical trend of CHOL and PC% changes in the presence of oligomers was evident when compared with the results for the PS-raft above.




2.5. Disruptions of Lipid Acyl Chain Orientational Order by Hetero- and Homo-Oligomers


To examine the localized disruptions of the membrane-bound oligomers, the 0.5 nm annular lipids were extracted, and the lipid acyl chain orientational order profile, order parameter vs. carbon number, of these annular lipids was subsequently calculated (see Section 4).



Figure S7 shows the time- and replicate-averaged numbers and percentages of DPPC, DLPC, CHOL, and POPS in the 0.5 nm annular lipid (AL) shell of the PS-raft over the last 50 ns of the AA simulations and across three independent replicates of the hetero- and homo-oligomer/raft complexes. We found that the number of lipids in the AL shell increased steadily with the amino acid number of the protein for all lipid types (Figure S7A–D). As a result, the percentages of CHOL, DPPC, DLPC, and POPS in the AL shell were ~30, 25, 15, and 30% for all oligomer types (Figure S7E–H). Similarly, Figure S8 shows the time- and replicate-averaged numbers and percentages of DPPC, DLPC, CHOL, and GM1 in the AL shell of the GM-raft. Again, a similar trend of an increase in the number of lipids in the AL shell with increasing amino acid numbers was found. However, the percentages of CHOL, DPPC, DLPC, and GM1 in the AL shell were ~15, 35, 15, and 35% for all oligomer types (Figure S7E–H), indicating a significant decrease in the CHOL and DPPC% in the GM-raft when compared with those in the PS-raft.



Once the AL shells were identified, the disruptions of the orientational order of the lipid acyl chains vs. chain carbon number in the AL shells, or lipid order profiles, were investigated for all hetero-oligomer/raft complexes, and the results were compared with those for the homo-oligomer/raft complexes. Since each PC has two lipid acyl chains, i.e., sn-1 and sn-2 chains, the order profiles of both chains were calculated separately for all oligomers. As a control, the order profiles of the lipids outside the AL region (nAL) for each oligomer were also determined.



The order profiles of DPPC, DLPC, and POPS in the AL shells of the PS-raft were examined, as shown in Figure 8. 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 in a lipid bilayer. For the hetero-oligomers, the disruptions of the DPPCs sn-2 lipid order profile over the first 8 carbons by the tetrameric 2tam (Figure 8H) were much stronger than those by the dimeric 1tam (Figure 8B). No significant differences in lipid profile disruptions were evident in DLPC (Figure 8J vs. Figure 8D) or POPS (Figure 8L vs. Figure 8F).



The order profiles of DPPC, DLPC, and GM1 in the AL shell of the GM-raft were also examined, as shown in Figure 9. For the hetero-oligomer, no significant disruptions of the lipid profiles of DPPC by either 1tam or 2tam were evident (Figure 9G,H vs. Figure 9A,B). However, a stronger disruption of the lipid profile of DLPC, particularly for the sn-1 chain, by the 2tam than by the 1tam was detected (Figure 9I,J vs. Figure 9C,D). Interestingly, the disruption of the lipid profile of the sn-2 chain of GM1 by the 1tam was significantly stronger than that by the 2tam (Figure 9F vs. Figure 9L).



The disruptions of lipid profiles by the hetero-oligomers were compared with those by the homo-tau-oligomers of similar aggregation sizes in both PS-raft and GM-raft. For the DPPC in the PS-raft (Figure 8), the 1tau had a stronger disruptive effect than the 1tam, but the 2tam had a stronger disruptive effect than the 2tau (Figure 8B). In addition, the disruptive effect of the 2tam was stronger than that of the 2tau and even matched that of the 4tau (Figure 8H). No significant differences among hetero- and homo-tau oligomers in the disruptive effects were detected for the DLPC and POPS in the PS-raft. In the GM-raft, the disruptive effects of 1tam and 1tau were similar in all lipid types (Figure 8A–F). However, the 2tau and 4tau had a slightly stronger disruptive effect in both chains of DPPC than the 2tam (Figure 9G,H). Overall, similar but strong disruptive effects of homo-tau and hetero-oligomers were observed in the chains of GM1.




2.6. Surface-Induced Protein Folding of Hetero- and Homo-Oligomers


The time- and residue-resolved protein secondary structures, or DSSP profiles (see Section 4), of the membrane-bound hetero-oligomers in the PS-raft and GM-raft were examined as demonstrated in Figure 10 and Figure 11, respectively. The alpha-helices and beta-sheets represented the predominant protein secondary structures of the constituent amylin and tau chains inside the 1tam or 2tam bound to the PS-raft (Figure 10), respectively. Similar observations were found for the case of GM-raft, but detectable beta-sheets started to form in the amylin in the 2tam, as illustrated in Figure 11B. The DSSP profiles of all simulation replicates of hetero-oligomers are given in Figure S9.



To streamline our protein folding analysis, some of the resolved secondary structures from DSSP were grouped into three newly defined structures: beta, alpha, and random. Here, the beta structure includes beta-sheets and -bridges; the alpha structure includes alpha-, 5-, and 3-helices; the random structure includes coils and bends; and the turn structure remains an independent structure. Note that the residues with the random structure do not involve hydrogen bonding, but the other structures do (see Section 4).



Figure 12 shows the averaged number of residues with the four reclassified secondary structures in the hetero- and homo-oligomers bound to the PS- and GM-rafts. Here, each data point represents the time- and replicate average over the last 50 ns of the AA simulation and across three simulation replicates of each membrane-bound oligomer. Interestingly, we discovered that the number of beta, turn, or random structures increased linearly with the total amino acid number for all oligomers in both the PS-raft (Figure 12A,C,D) and the GM-raft (Figure 12E,G,H). In contrast, a non-linear relationship between the number of alpha structures and the total amino acid number was evident for all oligomers in both raft membranes, as shown in Figure 12B,F. Specifically, in all raft membranes, we observed that the 4am had the largest number of alpha structures, and the tau oligomers of all sizes had the smallest number of alpha structures when compared with other homo- and hetero-oligomers.



To assess the general effects between tau and amylin in protein folding on different raft surfaces, we directly compared the numbers of beta (Figure 13A,E), alpha (Figure 13B,F), turn (Figure 13C,G), and random (Figure 13D,H) structures of tau and amylin in the homo-oligomers with those of the constituent tau and amylin in the hetero-oligomers separately in a stacked-histogram format. Here, the sum of secondary structures of the homo-oligomer, i.e., 1tau+1am or 2tau+2am, is plotted alongside that of the hetero-oligomer, i.e., 1tam or 2tam, for tau and amylin, separately. Note that the total amino acid number of 1tau+1am is 167, which is identical to that of 1tam. Similarly, the total amino acid number of 2tau+2am is 334, again identical to that of 2tam. The representative secondary structures of amylin and tau in both homo- and hetero-oligomers and the corresponding AL lipid shells are also demonstrated in Figure 14 and Figure 15 for the PS-raft and the GM-raft, respectively. ANOVA analyses comparing the effects of protein and surface on beta structure formation revealed no significant differences across all types of oligomers. However, strong protein but not surface effects on the alpha-helix formation among several oligomers were detected, and the results are summarized in Table S1. Here, the alpha-helical content of 1tam was greater than that of 1tam+1tau (p < 0.01) but much greater than that of 2tau (p < 0.001).



To further investigate the specific effects of tau-amylin interactions on the surface-induced protein folding for different protein and membrane types, the secondary structure contents of the constituent amylin monomer (1am’) and the constituent amylin dimer (2am’) in the dimeric 1tam, as well as those of the constituent tau monomer (1tau’) and the constituent tau dimer (2tau’) in the tetrameric 2tam, were extracted. These extracted secondary structures of the constituent monomers or dimers allow us to compare them with those of the monomers or dimers of the homo-tau and homo-amylin oligomers. Careful statistical assessments of the differences among the monomers and dimers from the hetero- and homo-oligomers are described below.



We have conducted multiple ANOVA statistical analyses to investigate the effects of protein and raft surface types on alpha and beta structure formation. Figure S10 shows the effect of amylin on the folding of tau. Our results of comparing 1tau’ vs. 1tau revealed a marginal significance of p = 0.05 with preferential beta-folding for oligomers bound to the GM-raft instead of the PS-raft (Figure S10B). No significant effects of protein or raft surface were found for the alpha-helical structures. Figure S11 shows the effect of tau on the folding of amylin. Our results show that 1am’ formed significantly more alpha helices than 1am with p < 0.0001 (Table S1) on both PS-raft (Figure S11A) and GM-raft (Figure S11B). However, the comparison between larger amylin structures, i.e., 2am’ and 2am, did not show significant differences in alpha-helix formation (p > 0.05). No significant effects of tau on the beta-folding of amylin were evident (Figure 11B,D).




2.7. Residue-Resolved Protein-Protein Contact Map


Based on a molecular interaction analysis tool, CONAN (see Section 4), the residue-resolved protein-protein interactions at the contacting interface between the constituent amylin and tau in the hetero-oligomers were examined using the contact maps. Figure S12 shows the contact maps of 1tam and 2tam in solution, and Figures S13–S16 show the contact maps of the membrane-bound 1tam and 2tam in CO-raft (no PS or GM1), PS-raft, and GM-raft, respectively. Overall, the results provide evidence that the amylin and tau monomers were strongly coupled in both solution- and membrane-bound states. The C-terminal of the amylin strongly interacted with mostly the middle region of tau in both solution- and membrane-bound states for the CO-raft and PS-raft. However, for the GM-raft, a strong contact between the N-terminal and tau, particularly the 1tau (Figure S15A), was found. In general, both the intra- and inter-chain protein-protein contacts were highly dynamic in both solution-bound and membrane-bound states, as clearly demonstrated in the standard deviation maps.





3. Discussion


Based on multiscale MD simulations, we have investigated the protein-lipid binding behaviors, protein-induced membrane disruptions, and surface-induced protein folding of the hetero-oligomers vs. homo-oligomers on the asymmetric raft membranes containing PS- and GM1-clusters. Those PS- and GM1-clusters mimic the anionic lipid nanodomains found in the intracellular and extracellular leaflets of the neuronal membrane [9,11,12,16], and our results, therefore, provide new information on the early molecular events of protein-lipid interactions of tau-amylin aggregations on both leaflets of the neuronal plasma membrane.



Among the Lo, Ld, and Lod nanodomains, the hetero-oligomers preferentially bind to the Lod domain, as revealed by the mindist and AL shell composition analyses for both PS- and GM-rafts. This finding is in line with the recent computational studies on homo-tau [13] and homo-amylin [15] oligomers binding to the PS-raft and GM-raft. Interestingly, other cytotoxic and membrane-active proteins, such as the HIV-gp42 fusion protein and certain antimicrobial peptides [21,22,23,24,25,26], are also known to bind to the Lod domain. It is believed that the line tension at the domain boundaries due to the lipid bilayer thickness mismatch between the thicker Lo domain and the thinner Ld domain drives the membrane-active proteins to the dynamic Lod region [25,27,28,29]. Therefore, the boundary Lod domain may be a common lipid nanodomain region for other non-amyloidogenic and amyloidogenic proteins to bind to. We further propose that the Lod domain may represent a unique self-assembled macromolecular target for future drug interventions that aim to prevent toxic amylin, tau, and amylin-tau oligomers attachment to the host cell membranes in T2D [3], AZ [1], and the cross-talk between T2D and AZ [4,5,6,19], accordingly.



We discovered that the protein binding patterns of the hetero-oligomer to the PS-raft were different from those to the GM-raft. Here, regions around the hydrophobic L16 and I26 of amylin and V6 and I36 of tau were major membrane anchoring sites of both 1tam and 2tam to the PS-raft. In contrast, the N-terminals of amylin (residues 1–10) and tau (residues 1–15) were membrane anchoring sites of 1tam to the GM-raft. Additional membrane anchoring sites around residues 50–55 and the C-terminal (residues 100–130) of 2tam to the GM-raft were evident. In the case of GM-raft, most of the membrane anchoring regions are associated with the hydrophilic or polar residues for both amylin and tau. Therefore, we propose that the protein-lipid interactions between the protein residues of hetero-oligomers and the lipids are mainly hydrophobic for the PS-raft but mostly hydrophilic for the GM-raft.



A linear correlation between the non-covalent or inter-chain protein-protein binding energy and the total amino acid number for the membrane-bound oligomers of different types and sizes was evident in both raft membranes. This result suggests that the aggregation energy of amyloidogenic oligomers increases with the number of amino acids in the amyloid peptides, independent of the protein type, or primary sequence, of the constituent peptides. Furthermore, a linear correlation between the protein-lipid binding energy and the amino acid number was also evident for all lipid types except DLPC in both PS- and GM-raft. Here, the macromolecular interactions between the highly unsaturated DLPC and the membrane-bound oligomer depend strongly on the protein type and the membrane composition. Specifically, the AL-DLPC lipids in the PS-raft bind stronger to the tetrameric amylin oligomer on the PS-raft than the other oligomers. On the other hand, the AL-DLPC lipids in the GM-raft bind stronger to the dimeric and tetramer tau oligomers than the other oligomers. The specific protein-type and raft-composition dependence on oligomer/DLPC suggests a key role of unsaturated lipids in protein-lipid binding energetics that may have important implications for the structure-function relationship of oligomer-raft interactions in cell membranes. Finally, a direct comparison of protein-lipid binding energies across oligomers of different types reveals a ranking order of GM1 > PS > DPPC ≈ DLPC > CHOL. Note that GM1, PS, and saturated DPPC represent the major lipid types found in the phase-separated lipid raft domain, and unsaturated DLPC is the major lipid type in the non-raft Ld and phase boundary Lod [9,30,31,32]. The above ranking suggests that all oligomers preferentially interact with the raft-associated lipids over the non-raft lipids. Therefore, raft lipids may represent the major membrane-attack targets in both homo- and hetero-oligomers. The cholesterol molecule is embedded below the polar surface of the raft membranes. The CHOL binding affinity of oligomers of all types, particularly the larger ones, was stronger in the PS-raft than the GM-raft. Since GM1 has a much larger polar carbohydrate headgroup than PS or PC, the difference in CHOL binding affinity is mainly attributed to the accessibility of the oligomer to the CHOL due to the thicker carbohydrate cushion separating the protein and the CHOL molecules in the GM-raft.



Note that our protein-protein and protein-lipid binding energies, as described in Figure 4, are total interaction or potential energies among various interacting atoms within the 1.2 nm energy sampling threshold using the GROMACS energy tool (see Section 4). These binding energies depend on the number of interaction atoms in the protein and lipid groups. Future work will include the use of the Molecular Mechanics/Poisson-Boltzmann Surface Area approach to investigate the free energy of binding in the presence of solvents to obtain more detailed interactions among molecules in our membrane-bound hetero-oligomer complexes on different membrane surfaces.



Note that recent computational investigations involving other hetero-oligomers containing beta-amyloid and amylin in solution [33] and on membrane surfaces [34] have been performed. Interestingly, our observation of the stronger interaction of our hetero-tau-amylin oligomers with the anionic lipid, i.e., GM1 or PS, than the neutral PC lipid agrees with the previous work on a hetero-oligomer containing beta-amyloid and amylin interacting with the PC and PC/PG membranes. Here, PG, or phosphatidylglycerol, is also an anionic lipid. Therefore, the hetero-oligomer/anionic lipid interaction may be a universal feature involving cross-seeded oligomers and lipid membranes.



The extent of alteration of lipid domain compositions by membrane-bound oligomers was used to evaluate the oligomer-induced perturbation of the lateral organization of raft membranes. Here, we detected a small yet significant increase in the Lo-CHOL and Lo-DPPC contents in the Lo domain and a concomitant decrease in the Lod-CHOL and Lod-PC in the Lod domain in the presence of oligomers for both PS- and GM-rafts. These observations suggest that the oligomers exclusively affect the size of the Lo or Lod domain but not the size of the Ld domain in both raft membranes. Interestingly, the domain size perturbation effect is slightly stronger in the PS-raft than in the GM-raft.



We observed that the localized perturbation effects of oligomers on the lipid order profile, or the oligomer-induced membrane damaging effects, depend on the raft membrane type (PS-raft vs. GM-raft), lipid type, as well as the type (homo vs. hetero) and size (dimer vs. tetramer) of the oligomer.



For the PS-raft, the hetero-dimer has a smaller perturbation effect than the monomeric tau in the order profile of DPPC, indicating that the presence of amylin in the hetero-dimer suppresses the perturbation effect of monomeric tau. In contrast, the presence of amylin in the hetero-tetramer has a much stronger perturbation effect on DPPC than the dimeric tau. In other words, the presence of amylin in the hetero-tetramer enhances rather than suppresses the perturbation effect of dimeric tau on DPPC. Our results indicate that hetero-tetramers are more structurally disruptive than homo-tau oligomers of similar sizes. Comparatively, no significant differences were found in the strong perturbation effects of the order profiles of DLPC and PS. Hence, this study identifies the strongest DPPC disruptive effect of hetero-tetramers in the PS-raft membrane when compared with homo-oligomers of similar sizes.



The membrane-disruptive effects in the GM-raft are quite different from those in the PS-raft. Here, the hetero-oligomers of all sizes disrupted GM1 as effectively as the homo-oligomers. Yet no significant order disruption effects by hetero-oligomers on other lipid types were found.



Recent in vivo studies have provided strong evidence that amylin exacerbates the cytotoxicity of tau [5,6,19]. Interestingly, we found that monomeric amylin forms an increased number of alpha-helical structures upon its interaction with tau in the hetero-oligomer, in comparison to monomeric amylin on raft membranes. Since the formation of the alpha structure is an important intermediate structure before the beta structure, we propose that the presence of amylin promotes the random-to-alpha-beta folding pathway of tau upon binding to the neuronal plasma membranes. The presence of both alpha-helical and beta-sheet structures in the membrane-bound homo- and hetero-oligomers on both raft membranes suggests that both secondary structures may participate in the formation of alpha- and beta-barrel transmembrane pores, as proposed in recent computational and experimental studies [16,35,36]. In addition, the prevalence of beta-sheet structures in all homo- and hetero-oligomers further suggests that these localized beta-sheets may act as a nucleation seed to recruit other amyloidogenic oligomers to create surface-bound fibrils [16]. Finally, recent studies strongly supported surface-induced fibril growth as another major membrane damage mechanism other than the creation of transmembrane pores by oligomers [16,35].



Finally, the strong binding effects of the hetero-oligomers to the GM1-clusters suggest that the preformed tau and amylin outside the neurons can readily interact with the neuron extracellularly. Therefore, the site of membrane attack by tau, amylin, and tau-amylin can occur both inside and outside the neurons. The atomistic structures of these membrane-bound oligomers will be useful for future therapeutic interventions that target those membrane-bound oligomer-PS and -GM1 complexes to prevent the early progression of Alzheimer’s and, importantly, the cross-talk between Alzheimer’s and diabetics.




4. Materials and Methods


4.1. Modeling Hetero-Oligomers in Solution


Highly dynamic and equilibrated hetero-oligomers in solution were created via a self-assembling CG simulation process, as described in a recent study [17]. Starting from separated monomers, the design and modeling approaches for creating hetero-oligomers are identical to those for creating homo-oligomers [17]. In brief, the hetero-dimer contains one tau monomer and one amylin monomer, while the hetero-tetramer contains two tau and two amylin monomers. The size of the simulation box was ~21 × 11 × 11 nm3 for the hetero-dimer and ~21 × 21 × 11 nm3 for the hetero-tetramer. Each CG simulation was performed under the physiological conditions of 1 atmospheric pressure, 310 K, and 0.1 M NaCl using the Martini-2.20 CG force field [20], and it was run on the GROMACS-4.67 MD simulation program [37]. To reveal the distribution of the hydrophobic residues in each protein, a hydropathy index (hydrophobicity) vs. residue number plot, or hydrophobicity profile, was determined for each tau or amylin monomer based on its primary sequence. Briefly, the hydropathic character of each amino acid in the protein was plotted as a function of the residue number, and a 5-point moving average was further applied to create the continuous hydrophobicity profile of a given protein [38,39]. Detailed discussions of the generation of the hydrophobic profiles of tau and amylin are further given elsewhere [13,14].




4.2. Modeling Asymmetric Raft Membranes


Our asymmetric raft membrane, i.e., PS-raft or GM-raft, is a lipid bilayer containing saturated dipalmitoyl-PC, unsaturated linoleoyl-PC (DLPC), cholesterol (CHOL), and 1-palmitoyl-2-oleoyl-PS (POPS) or monosialotetrahexosylganglioside (GM1) in water with a size of ~22 × 22 × 20 nm3, respectively. Descriptions of the modeling of these raft membranes are given elsewhere [13]. Briefly, the PS-raft contains 162 POPS, 666 DPPC, 540 DLPC, 576 CHOL, and 65,365 water molecules, and the GM-raft contains 36 GM1, 709 DPPC, 407 DLPC, 410 CHOL, and 56,114 water molecules. Under the physiological conditions of atmospheric pressure, 310 K, and 0.1 M NaCl, the lipids are phase-separated into ordered DPPC-rich and CHOL-rich Lo domains, disordered DLPC-rich Ld domains, and mixed DPPC-DLPC or Lod domains for up to 15 μs in CG simulations [20,37]. In addition, PS- or GM1-clusters within the Lo domain on one lipid leaflet were maintained for the PS-raft or GM-raft, respectively, throughout the entire CG simulation [13,15]. Note that the PS-raft and GM-raft described in this work are identical to the raft membranes used in our homo-oligomeric models, i.e., homo-tau and homo-amylin oligomers of different sizes [13,15].




4.3. Multiscale Simulations of Hetero-Oligomer Binding to Asymmetric Raft Membranes


To simulate hetero-oligomer binding to either PS- or GM-raft membrane in CG resolution, each equilibrated hetero-oligomer in solution was placed at a distance above the raft membrane surface containing the PS- or GM-clusters without contacting any lipid atoms of the membrane. The designs of the initial hetero-oligomer/raft complexes are identical to those of the initial homo-oligomer/raft complexes in our previous studies [13,15]. Briefly, to improve phase sampling of protein-membrane binding events, three independent simulation replicates were created for each initial hetero-oligomer/raft 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 the complex, the same CG MD simulation procedure for preparing the oligomer or raft membrane in solution was performed for 15 μs. The MD simulation visualization program VMD [40] was used to monitor the protein/lipid binding events for all the replicates.



After the 15 μs-long CG simulation, the equilibrated hetero-oligomer/raft complex from each replicate containing the membrane-bound oligomer was converted to the AA structure by a CG-to-AA resolution transformation procedure [18]. However, instead of the Martini CG force fields, the atomistic AMBER99SB [41] for proteins and SLIPIDS [42,43] for lipids force fields were used in all AA MD simulations up to 100 ns.



Note that identical CG and AA MD simulation protocols and data analysis procedures for homo-oligomer systems were directly applied to the current hetero-oligomer systems.




4.4. Classifications of Lipid Domains and Annular Lipids


The phase-separated Lo, Ld, and Lod domains of the raft membranes in the absence and presence of membrane-bound oligomers were classified using a lipid clustering tool, g_select, from GROMACS [37]. This tool is based on a proximity threshold of 0.5 nm between any atoms of DPPC and DLPC, with details given elsewhere [44]. The selection of the 0.5 nm threshold is arbitrary and has been used as a common metric in our previous computational studies to define our annular lipid shell in different protein/membrane models [13,14,15,17,44,45]. Briefly, in the presence or absence (control) of membrane-bound hetero-oligomers, all 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 CHOL molecules were classified into 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.



The same g_select tool was also used to classify the annular lipid (AL) shell from each oligomer-raft complex upon hetero-oligomer binding, with details given elsewhere [44]. Briefly, if an atom of any lipid is within 0.5 nm of an atom of an oligomer, that lipid is 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.




4.5. Characterizations of Membrane Binding Behaviors of Hetero-Oligomers


The lipid-binding kinetics and residue-resolved binding patterns were analyzed using an analysis tool, mindist, from GROMACS [37], and the details are given [44]. Briefly, the time-dependent protein-lipid or protein-water minimum distance, defined as the minimum distance between any protein atom and the atom of its binding lipid or water neighbors (mindist), was recorded during the entire CG or AA MD simulation. In addition, the number of atom 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 last 5 μs of the CG simulation or the last 50 ns of the AA simulation was calculated. Collectively, these three parameters, mindist vs. time (upper panel), number of contacts vs. time (mid panel), and mindist vs. protein-residue number (bottom panel), were presented as a 3-panel plot of each replicate. Finally, the binding energetics, i.e., the nonbonded potential energies between the oligomer atoms and lipid (or water) atoms, were collected using the energy calculation tool, energy, from GROMACS [37] for each simulation time frame. Both Lennard-Jones and Coulomb energies were determined with an energy sampling threshold of ~1.2 nm. The details of these energy calculations are given elsewhere [44].




4.6. Characterizations of Lipid Orientational Order of Raft Membranes


To assess protein-induced membrane disruption, the lipid orientational order parameter vs. acyl chain carbon number, or lipid order profile, in the AL shell and nAL region was calculated using the tool order from GROMACS [37]. This lipid order profile measures the tilt of three sequentially connected carbon atoms along the PC acyl chains with respect to the normal of the bilayer and provides a transverse (along the bilayer normal) profile of the lipid acyl chain ordering in the AL shell and the nAL region. Details of the lipid order profile calculation are given elsewhere [44].




4.7. Secondary Structures of Membrane-Bound Hetero-Oligomers


The residue-resolved secondary structure of the membrane-bound oligomer was calculated from the AA simulation using the tool do_dssp from GROMACS [37]. This tool is based on the Define Secondary Structure of Proteins (DSSP) [46] algorithm. To streamline the analysis, we grouped the beta-sheet and beta-bridge structures into a single “beta” group, the three helical structures, alpha helix (A-helix), p-helix (or 5-helix), and 310 helix (3-helix), into a single “alpha” group, and the bend and coil into a single “random” group at each AA simulation time frame.




4.8. Protein-Residue Contact Maps of Hetero-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 participating protein residues along the x- and y-axes were calculated using the tool g_mdmat from GROMACS [37] and a statistical and molecular interaction analysis tool, CONAN [47]. Time-averaged protein residue-contact maps with a standard deviation were generated. Details of residue-contact map generation were described in our previous studies [14,44].





5. Conclusions


In conclusion, this study indicates that the hetero-oligomers bind strongly to the anionic PS- and GM-clusters in the raft-like lipid domains that mimic the inner and outer leaflets of the neuronal plasma membrane, respectively. The protein-lipid interactions are mainly hydrophobic and hydrophilic, involving both amylin and tau peptides in PS-raft and GM-raft, respectively. We observed that the protein-lipid binding affinity follows the ranking order of GM1 > POPS > DPPC ≈ DLPC > CHOL, indicating the importance of GM1- and PS-clusters in protein binding. The membrane-disruptive effects of hetero-oligomers depend on the oligomer size, lipid type, and raft type. Overall, the hetero-tetramer perturbed the DPPC and POPS lipids in the PS-raft but only the GM1 in the GM-raft as effectively as the homo-tau-tetramer. Like homo-oligomers, all hetero-oligomers express beta and alpha-helical structures on both PS- and GM-rafts, supporting the surface-induced protein effects on raft membranes. We discovered that the presence of amylin-tau interaction within the hetero-dimer strongly promotes alpha helix formation when compared with amylin or tau alone for both raft membranes. This synergetic effect of amylin-tau provides new molecular insight into the cross-talk between diabetics and Alzheimer’s. Finally, our new in silico structures of membrane-bound hetero-tau-amylin oligomers are useful for future therapeutic interventions targeting both intracellular and extracellular membrane tau-amylin oligomers in the early pathogenesis of Alzheimer’s in the presence of both toxic tau and amylin aggregates in the brain.
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Abbreviations




	AA
	all-atom



	CG
	coarse-grained



	MD
	molecular dynamics



	1am
	monomeric amylin



	2am
	dimeric amylin homo-amylin oligomer



	4am
	tetrameric amylin in homo-amylin oligomer



	1tau
	monomeric tau



	2tau
	dimeric tau in homo-tau oligomer



	4tau
	tetrameric tau in homo-tau oligomer



	1tam
	dimeric tau-amylin oligomer



	2tam
	tetrameric tau-amylin oligomer



	1am’
	monomeric amylin in 1tam



	2am’
	dimeric amylin in 2tam



	1tau’
	monomeric tau in 1tam



	2tau’
	dimeric tau in 2tam



	PC
	phosphatidylcholine



	PS
	phosphatidylserine



	CHOL
	cholesterol



	DPPC
	dipalmitoyl-PC



	DLPC
	dilinoleoyl-PC



	POPS
	1-palmitoyl, 2-oleoyl-PS



	GM1
	monosialotetrahexosylganglioside



	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 hetero-tau-amylin oligomer binding to raft membranes. The representative initial (0 μs) and final membrane-bound (15 μs) CG structures of 1tam/PS-raft (A) and 1tam/GM-raft (B) complexes from representative replicates in both transverse (x-z) and lateral (x-y) views are illustrated. The DPPC, DLPC, CHOL, and POPS (or GM1) lipids are shown in green, orange, black, and purple beads, and the protein structures are represented in backbone ribbon forms with chain A in blue and chain B in red. A CG-to-AA spatial transformation step converted the 15 μs-structures of CG 1tam/PS-raft and 1tam/GM-raft complexes to the corresponding AA structures. Thereafter, the 100 ns-long AA simulations were performed, and the representative final 100 ns-structures of 1tam/PS-raft (C) and 1tam/GM-raft (D) complexes are given. Other than backbone ribbons, colored AA protein surfaces of all protein atoms are shown. The AA lipids are represented in licorice with identical color assignments as the CG lipids. All CG and AA simulations were performed in 0.1 M NaCl and under physiological conditions of 1 atmosphere and 310 K. The two major hydrophobic residues at L16 and I26 of the amylin chain in the 1tam are shown in licorice. A scale bar of 1 nm is shown for each CG or AA protein/raft complex. 
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Figure 2. Minimum distance spectral analysis of hetero-tau-amylin oligomers in the PS-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, is shown for the 1tam/PS-raft (A,B) and 2tam/PS-raft (C,D) complexes. Each data point represents the average over the last 50 ns, across three replicates, and over the constituent chain, amylin (A,C) or tau (B,D). The error bar represents the standard error of the mean. All mindist values are color-coded, with DPPC in green, DLPC in orange, CHOL in black, POPS in purple, and water in blue. The hydrophobicity plot is given in red (see Section 4) to facilitate the identification of the hydrophobicity regions in each chain. A 5-point moving average fit is presented for the mindist spectral plots. 
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Figure 3. Minimum distance spectral analysis of hetero-tau-amylin oligomers in the GM-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, is shown for the 1tam/GM-raft (A,B) and 2tam/GM-raft (C,D) complexes. Each data point represents the average over the last 50 ns, across three replicates, and over the constituent chain, amylin (A,C) or tau (B,D). The error bar represents the standard error of the mean. The mindist values are color-coded, with DPPC in green, DLPC in orange, CHOL in black, GM1 in purple, and water in blue. The hydrophobicity plot is given in red (see Section 4) to facilitate the identification of the hydrophobicity residues in each chain. A 5-point moving average fit is presented for the mindist spectral plots. 






Figure 3. Minimum distance spectral analysis of hetero-tau-amylin oligomers in the GM-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, is shown for the 1tam/GM-raft (A,B) and 2tam/GM-raft (C,D) complexes. Each data point represents the average over the last 50 ns, across three replicates, and over the constituent chain, amylin (A,C) or tau (B,D). The error bar represents the standard error of the mean. The mindist values are color-coded, with DPPC in green, DLPC in orange, CHOL in black, GM1 in purple, and water in blue. The hydrophobicity plot is given in red (see Section 4) to facilitate the identification of the hydrophobicity residues in each chain. A 5-point moving average fit is presented for the mindist spectral plots.



[image: Molecules 29 00740 g003]







[image: Molecules 29 00740 g004] 





Figure 4. Protein-protein interactions of homo-oligomers and hetero-oligomers in the PS-raft and the GM-raft. The interaction energies among interchain protein atoms of homo-amylin (1am, 2am, and 4am), homo-tau (1tau, 2tau, and 4tau), and hetero-tau-amylin (1tam and 2tam) oligomers in the PS-raft (A,C) and the GM-raft (B,D) are given. The contributions of Coulomb (Coul) and Lennard Jones (LJ) energies are shown in a stacked histogram plot format (A,B). The total energy, i.e., the sum of Coul and LJ energies, of each oligomer is also presented in a scattered plot format (C,D), where the total amino acid number of each oligomer is given in the x-axis and the homo-amylin (blue), the homo-tau (black), and the hetero-tau-amylin (red) are color-coded. Each data point represents the time- and replicate-average over the last 50 ns and across all three independent replicates of the AA simulations. The error bar indicates the standard error of the mean. 






Figure 4. Protein-protein interactions of homo-oligomers and hetero-oligomers in the PS-raft and the GM-raft. The interaction energies among interchain protein atoms of homo-amylin (1am, 2am, and 4am), homo-tau (1tau, 2tau, and 4tau), and hetero-tau-amylin (1tam and 2tam) oligomers in the PS-raft (A,C) and the GM-raft (B,D) are given. The contributions of Coulomb (Coul) and Lennard Jones (LJ) energies are shown in a stacked histogram plot format (A,B). The total energy, i.e., the sum of Coul and LJ energies, of each oligomer is also presented in a scattered plot format (C,D), where the total amino acid number of each oligomer is given in the x-axis and the homo-amylin (blue), the homo-tau (black), and the hetero-tau-amylin (red) are color-coded. Each data point represents the time- and replicate-average over the last 50 ns and across all three independent replicates of the AA simulations. The error bar indicates the standard error of the mean.



[image: Molecules 29 00740 g004]







[image: Molecules 29 00740 g005] 





Figure 5. Protein-lipid interactions of homo- and hetero-oligomers in the PS-raft and the GM-raft. The interaction energies between protein and lipid atoms of homo-amylin (1am, 2am, and 4am), homo-tau (1tau, 2tau, and 4tau), and hetero-tau-amylin (1tam and 2tam) oligomers in the PS-raft (A–D) and the GM-raft (E–H) for CHOL (A,E), DPPC (B,F), DLPC (C,G), POPS (D), and GM1 (H) lipids are given. Each plot is presented in a scattered plot format where the total amino acid number of each oligomer is given in the x-axis, and the homo-amylin (blue), homo-tau (black), and hetero-tau-amylin (red) are color-coded. Each data point represents the time- and replicate average over the last 50 ns and across all three independent replicates of the AA simulations. The error bar indicates the standard error of the mean. 
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Figure 6. Lipid domain disruption by homo-oligomers and hetero-oligomers in the PS-raft. 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-tau-amylin-oligomers (1tam and 2tam) are shown in blue circles, filled black circles, and filled red circles, respectively. The control at zero total amino acid number (open black circle) represents the percentage data without protein. The error bar indicates the standard error of the means. 
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Figure 7. Lipid domain disruption by homo-oligomers and hetero-oligomers in the GM-raft. 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-tau-amylin-oligomers (1tam and 2tam) are shown in blue circles, filled black circles, and filled red circles, respectively. The control at zero total amino acid number (open black circle) represents the percentage data without protein. The error bar indicates the standard error of the means. 
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Figure 8. Phospholipid acyl chain order disruptions by homo-oligomers and hetero-oligomers in the PS-raft. The time- and replicate-averaged plots of the phospholipid orientational order parameter vs. lipid acyl chain carbon number, or lipid order profile, over the last 50 ns of the AA simulation and across all replicates for DPPC (A,B,G,H), DLPC (C,D,I,J), and POPS (E,F,K,L) lipids in the 0.5 nm annular lipid (AL) shell of the hetero-oligomers (1tam and 2tam) and homo-tau oligomers (1tau, 2tau, and 4tau) are shown. The lipid profiles of the lipids outside the AL shell, or non-annular lipids, are also given as controls. The data points for the sn-1 (A,C,E,G,I,K) and sn-2 (B,D,F,H,J,L) chains are shown. The error bar indicates the standard error of the mean. 
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Figure 9. Phospholipid acyl chain order disruptions by homo-oligomers and hetero-oligomers in the GM-raft. The time- and replicate-averaged plots of the phospholipid orientational order parameter vs. lipid acyl chain carbon number, or lipid order profile, over the last 50 ns of the AA simulation and across all replicates for DPPC (A,B,G,H), DLPC (C,D,I,J), and GM1 (E,F,K,L) lipids in the 0.5 nm annular lipid (AL) shell of the hetero-oligomers (1tam and 2tam) and homo-tau oligomers (1tau, 2tau, and 4tau) are shown. The lipid profiles of the lipids outside the AL shell, or non-annular lipids, are also given as controls. The data points for the sn-1 (A,C,E,G,I,K) and sn-2 (B,D,F,H,J,L) chains are presented. The error bar indicates the standard error of the mean. 
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Figure 10. Time-evolution of protein secondary structures of membrane-bound hetero-oligomers upon binding to the PS-raft. The 3D color-coded protein secondary structures as a function of residue number (vertical axis) and simulation time (horizontal axis) are given in a DSSP format (see Section 4) for the representative replicates of the 1tam and 2tam oligomers. The protein residue locations of the tau and amylin (am) chains inside the hetero-oligomers are color-coded. For 1tam (A), the chain A (tau) and the chain B (amylin) are shown in blue and red arrows, respectively. For the 2tam (B), the chain A (am), the chain B (tau), the chain C (tau), and the chain D (am) are shown in blue, red, gray, and orange arrows, respectively. 
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Figure 11. Time-evolution of protein secondary structures of membrane-bound hetero-oligomers upon binding to the GM-raft The 3D color-coded protein secondary structures as a function of residue number (vertical axis) and simulation time (horizontal axis) are given in a DSSP format (see Section 4) for the representative replicates of the 1tam and 2tam oligomers. The protein residue locations of the tau and amylin (am) chains inside the hetero-oligomers are color-coded. For 1tam (A), the chain A (tau) and the chain B (amylin) are shown in blue and red arrows, respectively. For the 2tam (B), the chain A (am), the chain B (tau), the chain C (tau), and the chain D (am) are shown in blue, red, gray, and orange arrows, respectively. 
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Figure 12. Protein secondary structures of membrane-bound homo-oligomers and hetero-oligomers in the PS-raft and GM-raft. The numbers of protein residues of the oligomers in the PS-raft (A–D) and the GM-raft (E–H) that participated in the beta (A,E), alpha-helix (B,F), turn (C,G), and random (D,H) structures are shown in a scattered-plot format where the total amino acid number of each oligomer is given in the x-axis and the homo-amylin (blue), homo-tau (black), and hetero-tau-amylin (red) are labeled in colors. Each data point represents the time- and replicate-average over the last 50 ns and across all three independent replicates of the AA simulations. The error bar indicates the standard error of the mean. 
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Figure 13. Protein secondary structures of the constituent proteins in membrane-bound homo-oligomers and hetero-oligomers. The number of residues in the PS-raft (A–D) and GM-raft (E–H) membranes that participated in the beta (A,E), alpha (B,F), turn (C,G), and random (D,H) structures is shown in a stacked histogram format. For the homo-oligomers, the sum of secondary structures from 1tau to 1am (1tau+1am) or the sum of 2tau and 2am (2tau+2am) group is directly compared alongside the secondary structure of 1tam or 2tam. Note that the total amino acid number of the (1tau+1am) or (2tau+2am) group is 167 or 334, respectively, and matches that of the 1tam or 2tam, accordingly. Each data point represents the time- and replicate-average over the last 50 ns and across all three independent replicates of the AA simulations. The error bar indicates the standard error of the mean. 
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Figure 14. Structures of the membrane-bound homo-oligomers and hetero-oligomers are surrounded by the 0.5 nm annular lipid shell in the PS-raft. The secondary structures of the homo-amylin monomer or 1am (A), the homo-tau monomer or 1tau (B), the hetero-tau-amylin dimer or 1tam (C), the homo-amylin-dimer or 2am (D), the homo-tau dimer or 2tau (E), and the hetero-tau-amylin tetramer or 2tam (F) are shown. All protein structures are presented in color-coded backbone ribbons. For the homo-oligomers, chains A and B are labeled in blue and red, respectively. For the 1tam (C), chain A (tau) and chain B (am) are labeled in blue and red, respectively. For the 2tam (F), chain A (am), chain B (tau), chain C (tau), and chain D (am) are labeled in blue, red, gray, and orange, respectively. The 0.5 nm annular lipids within are color-coded in licorice, with DPPC in green, DLPC in orange, cholesterol in black, and POPS in purple. A scale bar of 1 nm is shown. 
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Figure 15. Structures of the membrane-bound homo-oligomers and hetero-oligomers surrounded by the 0.5 nm annular lipid shell in the GM-raft. The secondary structures of the homo-amylin monomer or 1am (A), the homo-tau monomer or 1tau (B), the hetero-tau-amylin dimer or 1tam (C), the homo-amylin-dimer or 2am (D), the homo-tau dimer or 2tau (E), and the hetero-tau-amylin tetramer or 2tam (F) are shown. All protein structures are presented in color-coded backbone ribbons. For the homo-oligomers, chains A and B are labeled in blue and red, respectively. For the 1tam (C), chain A (tau) and chain B (am) are labeled in blue and red, respectively. For the 2tam (F), chain A (am), chain B (tau), chain C (tau), and chain D (am) are labeled in blue, red, gray, and orange, respectively. The 0.5 nm annular lipids within are color-coded in licorice, with DPPC in green, DLPC in orange, cholesterol in black, and GM1 in purple. A scale bar of 1 nm is shown. 
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