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The proteolytic cleavage of C99 by γ-secretase is the last step in the production of amyloid-β (Aβ) peptides. Previous studies have shown that membrane lipid composition, cholesterol concentration, and mutation in the transmembrane helix modified the structures and fluctuations of C99. In this study, we performed atomistic molecular dynamics simulations of the homodimer of the 55-residue congener of the Cterminal domain of the amyloid protein precursor, C99(1-55), in a POPC-cholesterol lipid bilayer, and we compared the conformational ensemble of WT sequence to those of the A2T and D23N variants. These mutations are particularly interesting as the protective Alzheimer's disease (AD) A2T mutation is known to decrease Aβ production, whereas the early onset AD D23N mutation does not affect Aβ production.

We found noticeable differences in the structural ensembles of the three sequences.

In particular, A2T varies from both WT and D23N by having long-range effects on the population of the extracellular justamembrane helix, the interface between the G29xxx-G33xxx-G37 motifs and the fluctuations of the transmembrane helical topologies.

I. INTRODUCTION

The misfolding and early aggregation steps of the Aβ peptides play a central role in Alzheimer disease (AD) and cerebral amyloid angiopathy. [START_REF] Greenberg | Cerebral amyloid angiopathy and Alzheimer disease -one peptide, two pathways[END_REF][START_REF] Selkoe | The amyloid hypothesis of Alzheimer's disease at 25 years[END_REF] The cleavage of APP by βsecretase produces C99, and its subsequent sequential cleavage by γ-secretase produces different Aβ forms varying from 37 to 46 residues in length, including Aβ40 the most abundant alloform, and Aβ42 the most toxic species. [START_REF] Funamoto | Truncated Carboxyl-Terminal Fragments of β-Amyloid Precursor Protein Are Processed to Amyloid β-Proteins 40 and 42[END_REF][START_REF] Nguyen | Amyloid Oligomers: A Joint Experimental/Computational Perspective on Alzheimer's Disease, Parkinson's Disease, Type II Diabetes, and Amyotrophic Lateral Sclerosis[END_REF][START_REF] Qi-Takahara | Longer forms of amyloid beta protein: implications for the mechanism of intramembrane cleavage by gamma-secretase[END_REF] C99 consists of an extracellular region, including a N-terminal domain, an extracellular justamembrane (JM) helical domain (residues 15-21), a loop region (residues 22-28), a transmembrane (TM) domain spanning residues 29-53 which contains two dimerization-inducing G-x-x-x-G motifs, and an intracellular C-terminal domain. [START_REF] Barrett | The Amyloid Precursor Protein Has a Flexible Transmembrane Domain and Binds Cholesterol[END_REF] The sequential cleavage mode of C99 with alternative initiation and proteolysis sites depends on many factors, such as peptide sequences, membrane properties, and structures and stabilities of the TM domain, among others. [START_REF] Barrett | The Amyloid Precursor Protein Has a Flexible Transmembrane Domain and Binds Cholesterol[END_REF][START_REF] Sato | A helix-to-coil transition at the -cut site in the transmembrane dimer of the amyloid precursor protein is required for proteolysis[END_REF][START_REF] Dominguez | Transmembrane Fragment Structures of Amyloid Precursor Protein Depend on Membrane Surface Curvature[END_REF][START_REF] Dominguez | Impact of Membrane Lipid Composition on the Structure and Stability of the Transmembrane Domain of Amyloid Precursor Protein[END_REF][10] C99 dimerization was proposed to lead to a change in the Aβ ratio. 11-13 C99 dimer structure diversity, ranging from right-handed coiled coil to left-handed coiled coil, was suggested to play an important role in APP processing and the distribution of Aβ alloforms based on NMR and simulations in different membrane environments. [14][15][16][17][18] A recent study demonstrated that the C99 dimer containing the G33-x-x-x-G37 motif in the interface promoted the Aβ42 processing line and the dimer exhibiting the G25-x-x-x-G29 motif in the interface favored processing to Aβ43/40. 19 Membrane composition is also important in APP processing and Aβ production, and impacts the conformational ensemble of C99. [START_REF] Barrett | The Amyloid Precursor Protein Has a Flexible Transmembrane Domain and Binds Cholesterol[END_REF][START_REF] Dominguez | Impact of Membrane Lipid Composition on the Structure and Stability of the Transmembrane Domain of Amyloid Precursor Protein[END_REF] Membrane-rich in omega-3 polyunsaturated fatty acids (PUFA) reduces Aβ production, whereas membrane-rich in omega-6 increases the secretion of Aβ. 20 All-atom molecular dynamics (MD) simulations revealed that both PUFA change the orientations and conformations of C99(15-55) homodimer. 21 Membrane-rich in cholesterol causes an increase in Aβ secretion, 22,23 and the impact of cholesterol concentration on C99(16-55) monomer and homodimer was investigated by atomistic and coarse-grained MD simulations of C99(16-55). 24,25 It was found that C99-cholesterol interfaces depend on C99 tilt angle and orientation of the JM domain, and there is no specific C99-cholesterol dimerization interface. 25 Overall, many experimental and computational studies are conducted to understand the heterogeneous conformational ensemble of C99 fragments and its full-length. 26 The link between γ-secretase cleavage, flexibility of the TM helix, C99 dimerization and mutations is being studied. Mutations of G29 and G33 reduce Aβ42 production 18 and are suggested to reduce C99 dimerization. 27 K28A mutation shifts Aβ alloform production from Aβ40 to Aβ33. 28 On the basis of a combined experimental (CD and NMR) and allatom MD simulation in a POPC bilayer, Steiner et al. found that both de novo G38L and G38P mutations strongly reduced cleavage essay. Yet G38L led to a globally more stable TM helix, and G38P reduced its overall helicity. 29 Interestingly this MD simulation and previously described simulations revealed that the residues T43-I45 upstream the initiation sites provide additional hinge flexibility. 30 Many familial AD (FAD) mutations leading to early onset AD are located in the Nterminus (A2V, H6R, D7H, D7N), the C-terminal end of the central hydrophobic core (A21G) and the loop region (E22K, E22Q, E22G, D23N) of Aβ peptide. From biophysical and computational studies, it was observed that these mutations promote Aβ fibrillogenesis by altering the conformational ensemble of monomer and dimer in the bulk solution, the oligomer size distribution during the lag phase and the elongation and secondary nucleation rates. [31][32][33][34][35][36] Among these FAD mutations, D23N mutation is linked with severe cerebral amyloid angiopathy in a lowa kindred, 37 but does not affect Aβ production. 38 Many studies reported on its impact on fibril structures, the early aggregation steps in the bulk solution, the dissociation from a fibril, and the stability of preformed aggregates. [39][40][41][42][43][44][45][46][47] Recently, its impact on the association of C99(16-55) monomer and cholesterol was investigated computationally. 25 In contrast to the early onset AD mutations, A2T mutation has a protective effect against AD, 48 decreases Aβ production, 48 and delays amyloid fibril formation. 49 A2T was studied to characterize the transition between disordered monomers and fibrils, and variations in oligomer size distribution, and aggregation kinetics, [49][50][51][52][53][54][55] but no NMR experiments and MD simulations were conducted on A2T C99.

In this study, we performed atomistic MD simulations of the homodimer of the 55-residue congener of the C-terminal domain of APP, C99 (1-55), in a POPC (1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine)-cholesterol bilayer, and compared the conformational ensemble of WT sequence to those of the A2T and D23N variants. For each species, we carried out five simulations, each of 2 microseconds.

II. MATERIAL AND METHODS

The WT sequence of C99 (1-55), which corresponds to Aβ (1-55), is shown in FIG. 1.

The N and C termini were capped by NH3 + and COO -groups. The full structure of C99 (1-55) was generated by MODELLER program 56 based on PDB 2LOH, C99(17-55).

MODELLER implements an automated approach to comparative protein structure modeling by satisfaction of spatial restraints from the known related structures and their alignment with the target sequence. The form of these restraints are obtained from a statistical analysis of the relationships between many pairs of homologous structures.

The dimer was embedded into a membrane with 80% POPC and 20% cholesterol using CHARMM-GUI program 57 with a membrane thickness of 4.2 nm, and a 3.5 nm thickness of water molecules on each side of the membrane. We used the same construction and starting structure for the A2T and D23N variants. Overall the dimension (x, y and z) of the system is (7.6 nm, 7.6 nm, and 11.2 nm). The initial conformation of the system is shown in Fig. 1. POPC was selected because past simulations of C99 used this lipid, [START_REF] Dominguez | Transmembrane Fragment Structures of Amyloid Precursor Protein Depend on Membrane Surface Curvature[END_REF][START_REF] Dominguez | Impact of Membrane Lipid Composition on the Structure and Stability of the Transmembrane Domain of Amyloid Precursor Protein[END_REF] and the cholesterol ratio was selected because it is representative of its amount in cell membranes, 58 and was used in previous simulation of C99 25 . Molecular dynamics simulations were performed by using GROMACS 5.1.2. 59 Most past simulations on C99 employed CHARMM36 force field. [START_REF] Dominguez | Impact of Membrane Lipid Composition on the Structure and Stability of the Transmembrane Domain of Amyloid Precursor Protein[END_REF]25 In this work, the force field is Amber ff99SB*-ILDN 60 for the peptide, Slipids 61-63 for the membrane, and TIP3P for water, 64 as the combination of these three force fields was demonstrated to reproduce the experimental conformational ensemble of transmembrane proteins. 62 The capability of the Amber ff99SB*-ILDN force field to reproduce the conformational ensemble of Aβ in solution was also reported. 65 The temperature was kept at 310 K, by using V-rescale thermostat 66 and a coupling constant of 0.5 ps. Pressure was kept semi-isotropically at 1 atm by using Parrinello-Rahman barostat 67 with a coupling constant of 2 ps. All bonds were constrained using LINCS algorithm 68 with a 2 fs integration time step. A cutoff of 1.0 nm was used for Van der Waals interactions, and a cutoff of 1.0 nm for electrostatic interactions using the particle-mesh Ewald method. 69 We performed five runs for each system, each for 2000 ns, representing a total simulation time of 30 µs. The last 1800 ns of all simulations were used for analysis. Simulations were performed at neutral pH, representative of the plasma membrane environment and allowing comparison with previous simulations of C99. [START_REF] Dominguez | Transmembrane Fragment Structures of Amyloid Precursor Protein Depend on Membrane Surface Curvature[END_REF][START_REF] Dominguez | Impact of Membrane Lipid Composition on the Structure and Stability of the Transmembrane Domain of Amyloid Precursor Protein[END_REF] The impact of acidic pH protonation states of E22 and D23, representative of the environment of endosomes, was reported in Refs. 25,70 The conformational ensemble of WT, A2T and D23N C99 (1-55) homodimers was analyzed by various parameters. These include the secondary structure using the DSSP program, 71 the distribution of the crossing angle between the two TM helices, as defined as the angle between the two vectors formed by the Cα atoms joining residues 30 and 52, and the distribution of the crossing angle between the JM helix (residues 15-21) and the Cterminal TM helix spanning residues 29-36. A JM helix was considered formed if the rise per helical residue is 0.15 nm. The flexibility of the TM helix along the sequence was estimated by the Cα root-mean-square fluctuations (RMSF) about the averaged MD structure.

The conformational ensemble was also characterized by 1D and 2D probability maps, the insertion depth of residues 1-28 into the bilayer, and several 2D free energy landscapes (FELs). The 2D free energy surfaces were constructed using the formula -RT ×log(H(x, y), where H(x, y) is the histogram of the two selected parameters x and y. 72 Finally, clustering of the full structures was performed using the Daura's algorithm as implemented in GROMACS with a Cα root-mean square deviation (RMSD) cutoff of 0.3 nm. Snapshots were created by using VMD package. 73 The interactions of cholesterol with C99, proposed to be important as suggested by Sanders et al., 14 have been analyzed in Refs. 25,26 

III. RESULTS AND DISCUSSION

Simulation convergence was checked using the first half of all trajectories (200-1100 ns) and the second half of all trajectories (1100-2000 ns). As reported in Supplementary Information, the secondary structure compositions of the extracellular (Table S1) and intracellular (Table S2) domains, and the probability distributions of the crossing angle of the TM helices (Fig. S1) are independent of the time interval. We also controlled that differences between WT and mutants are observed in each simulation, as reported by the probability distributions of the crossing angle between the JM and C-terminal TM helices (Fig. S2), and the probability distributions of the intermolecular Cα K28K28 distance (Fig. S3). All together, these data provide the proof that the conformational ensembles of the three sequences are not due to insufficient sampling or convergence issues.

We first reported on the secondary structure content of the extracellular domain for the three systems (Table I). All secondary structure components (coil, beta-sheet, beta-bridge, bend, turn, alpha-helix, Pi-helix and 3-10 helix) are very similar between the WT and D23N sequences. They display small differences in alpha-helix content (23.3% for WT vs 19.4% for D23N) and bend content (13.7% for WT vs 17.6% for D3N). Analysis of the secondary structure along the amino acid sequence in FIG. 2(a) shows an increase of alphahelix (difference of 20 percents) in the region 18-23 and a decrease of alpha-helix (difference of 40 percents) in the region 24-27 upon D23N. Upon D23 mutation, there is an increase (difference of 10 percents) for the 3-10 helix at residues 3-10 (FIG. 2(b)), and the beta-sheet content slightly decreases (1.7% vs 4.0% for WT), mostly impacting residues 10 and 16-17 (FIG. 2(c)). The bend+turn content is higher for D23N (36.4%) than WT (30.2%), and impacts all residues 3-27 (FIG. 2(d)).

The secondary structure components change between the WT and A2T sequences (Table I). The (coil, alpha-helix and bend) contents amount to (43.9, 6.2 and 23.6%) in A2T vs (36.2, 23.3 and 13.7%) in WT. The reduction of alpha-helix impacts all residues, the exception being residue 28 (FIG. 2(a)). The A2T mutation augments and decreases the 3-10 helix content of residues 15-27 and 2-12, respectively (FIG. 2(b)). The bend+turn is much higher in A2T (39.2%) than in WT (30.2%), and impacts all residues 3-27. Overall, the JM helix content is slightly higher in WT than in D23N and is largely reduced in A2T species.

Table II gives the secondary structure content of the TM domain. In the three systems, the 3-10 helix content is very marginal, and the turn+bend content remains constant on the order of 4-6%. D23N slightly destabilizes the alpha-helix content (83%) and notably residues 29-30 (FIG. S4(a)) compared to WT and A2T sequences (86.4 and 85.1%). In all systems, the C-terminal residues 50-53 lose their helix content varying from 90% to 12%, and prefer bend+turn (FIG. S4(b)). The flexibility of the TM helices was evaluated by the crossing angle between the helices and the RMSF along the sequence. As seen in FIG. 3, the distributions of the crossing angle between the two TM helices in A2T and D23N mutants superpose very well and are shifted to slightly higher values than in WT (peak at 25 • in A2T and D23N vs 21 • in WT). It is noted that the distribution is more Gaussian-like than in the simulation of C99(29-42) homodimer in POPC. 21 There are no significant differences between the three RMSFs, even if A2T displays more mobility than WT and then D23N (FIG. S5).

The flexibility comes from the interactions between the two chains, and not from a single chain. The lowest RMSF surprisingly occurs at the G37G38 hinge residues, and residue A42. Overall, the high helicity and the crossing angle distribution of the two TM helices are insensitive to A2T and D23N mutations. Our results are consistent with MD simulation of WT and D23N C99(16-55) monomers with different cholesterol concentrations. 25 Next we determined the FEL of the three systems projected onto d GG and Φ 4G , as the GxxxG motif is known to promote helical dimerization. 74 d GG is the distance between the two Cα atoms of G33, and Φ 4G is the dihedral angle formed by G29-G37-G37-G29, as schematically shown in FIG. 4(a). FIG. 4(b)-(d) show the resulting FEL for WT, A2T and D23N. The WT FEL displays three free energy minima, denoted as w1, w2 and w3 with median values of Φ 4G and d GG , and populations of (-23.4 • , 1.62 nm, 20.9%), (-17.9 • , 1.47 nm, 13.7%), and (0.2 • , 1.31 nm, 11.5%) respectively. The A2T FEL displays one unique minimum, denoted as a1, with values of (0.4 • , 1.41 nm, 57.1%), whereas the D23N FEL points to two minima, denoted as d1 and d2, with values of (-14.1 • , 1.73 nm, 15.8%) and

(1.2 • , 1.42 nm, 44.0%).

Overall, the w1 and w2 minima are consistent with a NMR structure of WT C99 (23-55) homodimer in a micelle (Φ 4G of -25 • and d GG of 1.4nm). 15 In all minima, glycine repeats face the outside of the homodimer, d GG varying between 1.4 and 1.6 nm, and correspond to the Gly-out state. [START_REF] Dominguez | Impact of Membrane Lipid Composition on the Structure and Stability of the Transmembrane Domain of Amyloid Precursor Protein[END_REF] Values of 1.5 nm were found in previous MD simulations of C99(29-42) and C99(15-55) homodimer in a pure POPC bilayer. 21,75 There are notable differences in the three FELs. A2T C99(1-55) displays much less freedom around its unique minimum than its WT and D23N counterparts for both d GG and Φ 4G parameters. All basins are rather narrow (∆Φ 4G on the order of ± 10 • ), the exception being state d2 in D23N with Φ 4G varying between -40 and +23 • . WT C99(1-55) has a very strong preference for right-handed coiledcoil geometries (negative values of Φ 4G ), consistent with a NMR structure in a micelle. 15 The positive Φ 4G values account for 18% of all states in WT. The A2T and D23N systems populate both right-handed and left-handed coiled-coils. A2T has the same probability for both coiled-coil states, while D23N displays a slight preference for right-handed coiled-coil geometries, the positive Φ 4G values accounting for 52% and 32% of all states for A2T and D23N, respectively.

We examined the impact of the two mutations on the hinge bending at G37G38, as this hinge has been conjectured to be important for Aβ processing. 17,76,77 The FEL was projected onto the tilt angle which is the angle between the vector L52A30 and z axis, and the kink angle at G37, which is the angle between the vectors L52G37 and G37A30, as schematically shown in FIG. 5(a). The three FELs shown in FIG. 5(b)-(d) are nearly identical, displaying one global minimum and median values of the (tilt and kink) angles at (11.4 • and 12.9 • for WT), (12.1 • and 14.2 • for A2T) and (12.6 • and 14.2 • for D23N). D23N exhibits, however, a wider distribution than WT and A2T, and WT has the smallest distribution. We emphasize that the high similarity of the three FEL's does not result from sampling, as MD simulations of 1 µs on C99(15-55) homodimer show significant differences between the FEL(tilt angle, kink angle) in pure POPC, omega-3 and omega-6 membrane environments. 21 To further explore TM dimerization, we calculated the 2D probability distance maps of the Cα K28A-K28B distances (where A and B correspond to the two chains) and Cα K54A-K54B distances. We used the terminology defined by Dominguez et al. 17 for two topologies, namely parallel or ll (small values of the two distances < 0.8 nm), and λ (small KK28 distance < 0.8 nm and large KK54 distance > 1.1 nm). For large KK28 distance > 1.1 nm and small KK54 distance < 0.8 nm, the topology is V-like rather than Y-like, and for values > 1.1 nm of the two distances, the topology is bent-twisted (BT) rather than X-like. As shown in FIG. 6(a)-(c), WT simulation explores λ (population of 21%) and BT (19%) topologies, and then the V topology (11%). D23N simulation captures V and BT topologies (population of 26% and 24%) and then λ (14.%). A2T simulation samples BT and V topologies with population of 29% and 23%, and λ with a population of 7.5%. In all systems, the population of the ll topology is rather small, amounting to (0.9%, 5.4% and 0.1%) for WT, A2T and D23N, respectively. Representative structures of the four topologies are shown in FIG. 6.

Overall, there are substantial differences between the 2D probability maps. The three sequences explore the λ, BT and V topologies with different populations. A2T is the single sequence to populate the ll topology. The V states in D23N and WT display much larger fluctuations of KK28 distances (variation between 1.5 and 2.2-2.6 nm) than in A2T (variation between 1.2 and 1.4 nm). The high probability of WT for the λ topology was reported in a previous simulation of C99(15-55) homodimer in pure POPC. 17 Variation in topology description between the two simulations may result from differences in the amino acid length, membrane composition and force field.

Homodimer structures were characterized by the distributions of the crossing angle between the JM helix and the N-terminal of TM helix (FIG. 7). The distribution features two peaks in WT, whereas the distribution displays one dominant peak in A2T and D23N. The mean and standard deviation is 44±19°, 73±14°and 91±18°for WT, A2T and D23N respectively. WT and D23N display the smallest and largest average crossing angles, respectively.

Experimental and computational studies in different membrane compositions have reported on transient insertion of the JM helix into the membrane. [START_REF] Barrett | The Amyloid Precursor Protein Has a Flexible Transmembrane Domain and Binds Cholesterol[END_REF]70 FIG. 8(a) reports on the probability of each residue spanning the extracellular region to be inserted into the membrane, and FIG. 8(b) shows the average insertion depth of all residues 1-28. We observe that the N-terminal residues 1-11 of all species have almost a probability of 100% to lie above the membrane. The probability of JM helix to be inserted increases in the following order: D23N > A2T > WT. A probability of insertion > 12.5% involves the JM residues 15, 16, 17, 18, 20 and 21 in the D23 system, and residues 17, 18 and 20 in the A2T system. In the WT system, residues 15, 17, 18 and 21 also show insertion events, but with lower probabilities.

Overall, the D23N and A2T mutations increase the crossing angle between the JM and TM helices, and the insertion of the JM helix into the membrane. Our predicted insertion profile of the JM helix for WT sequence is in agreement with EPR and NMR chemical shifts. [START_REF] Barrett | The Amyloid Precursor Protein Has a Flexible Transmembrane Domain and Binds Cholesterol[END_REF] Finally, we performed cluster analysis using the full sequence. The centers of the first five clusters of each sequence are shown in FIG. S6 and the cross RMSD deviations are shown in Table S3. Clusters 6-10 are not shown. The first ten clusters account for 36.4%, 43.9%, and 44.6% of all the conformations for WT, A2T and D23N, respectively. Of note, a few clusters display JM helices and transient beta-strands in the three sequences. Clusters 3 and 7 of WT with a total population of 5.9% show an extension of the TM helix on the N-terminal end spanning residues 16-51 in one chain and 19-52 in the second chain, allowing the formation of a G25xxxG29 interface. This event is however rare as it is observed in one single trajectory of WT. Transient beta-strands in the extracellular domain were reported on the basis of NMR and FTIR experiments on the WT and A21G C99(1-55), 78 and recent simulation of the full-length WT C99 monomer. 26 An extension of the TM helix from residues 30-53 to 26-55 was reported by increasing the z dimension of the lipid bilayer, 26 but an extension of 14 residues has never been reported. Overall, the long-range effects of A2T mutation on the conformational ensemble of C99 result from a different balance between the insertion probability into the membrane (and thus solvent accessibility) of the extracellular domain and the intermolecular forces between the two chains: the two TM helices and the two Nterminal regions, as shown in FIG. S7 which reports on the intermolecular side chain side chain contact probability maps between residues 1-23. The long-range effect of mutation at position 2 was already reported in the simulations of A2V Aβ28 monomer, 79 and A2T:WT Aβ40 dimer 53 in the bulk solution.

IV. CONCLUSIONS

We have investigated the effects of A2T and D23N mutations on the conformations of C99(1-55) homodimer embedded in membrane by using all-atom MD simulations. Multiple parameters were analyzed in order to determine the link between Aβ production and conformational properties. We found that variation in Aβ production between the three sequences cannot be explained by the hinge bending at G37G38, the helical content of the TM helix, and the population of right-handed and left-handed coiled coil geometries. In contrast, we found that A2T varies from both WT and D23N sequences by having long-range effects on the population of the extracellular JM helix, the interface between the G29xxx-G33xxx-G37 motifs and the fluctuations of the TM helical topologies. Whether these conformational differences are sufficient to explain difference in Aβ production between A2T and (WT, D23N) remains to be determined, as other factors may alter the presentation of substrate to the proteolytic enzyme changing the initial -cleavage site. [START_REF] Nguyen | Amyloid Oligomers: A Joint Experimental/Computational Perspective on Alzheimer's Disease, Parkinson's Disease, Type II Diabetes, and Amyotrophic Lateral Sclerosis[END_REF]80 To further explore the link between Aβ production rate and conformational ensemble, it would be interesting to perform C99(1-55) homodimer simulations of the A21G and E22G mutations in in vivo mimicking-membrane environment.

V. SUPPLEMENTARY MATERIAL

See supplementary material for the secondary structure compositions of the extracellular (Table S1) and intracellular (Table S2) domains in different time intervals, the cross RMSD among the centers of the first five clusters (Table S3), the probability distributions of the crossing angle of the TM helices in different time intervals (Fig. S1), the probability distributions of the crossing angle between the JM and C-terminal TM helices for different simulations (Fig. S2), the probability distributions of the intermolecular Cα K28K28 distance (Fig. S3) for different simulations, secondary structure content of the intracellular domain (Fig. S4), RMSF of the intracellular domain (Fig. S5), The centers of the first five clusters (FIG. S6), and the intermolecular side chain side chain contact probability maps depth of residues 1-28. One residue is considered as inserted into the membrane if the insertion depth is less than 2.1 nm. The insertion depth of each residue was calculated as the z component of the distance between the center of mass of each residue and the center of mass of all lipid P atoms of the membrane (the origin of the membrane). The upper-leaflet and lower-leaflet of P atoms locate at ± 2.1 nm. For clarity, we do not show the residues that are not inserted.
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 1 FIG. 1. (a) The initial structure. The peptides are shown in cartoon representation with α-helix in purple, turn in cyan, and coil in white. The P atoms of the membrane are shown by tan spheres. The Cα atoms of D1 (N-terminal) and K55 (C-terminal) are represented as blue and red spheres respectively. The Cα atoms of A2 and D23 residues are represented as green and cyan spheres respectively. (b) The amino acid numbering of C99(1-55) in APP and the corresponding Aβ numbering. Also shown are the mutations A2T and D23N, the G29XXXG33XXXG37 motif, the location of the transmembrane helix domain (TMD), the γ-secretase sites at residues G38, V40 and A42 and the -cleavage sites at residues T48 and L49 (green arrows).
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 234 FIG. 2. Secondary structure content of the extracellular domain (residues 1-28). (a) α-helix, (b) 3 10 -helix, (c) β (sheet + bridge) and (d) turn+bend.

FIG. 5 .

 5 FIG. 5. Free energy landscape projected onto the tilt and kink angles for the three sequences. (a) Definition of tilt and kink angles. WT, A2T and D23N in (b), (c) and (d).
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 678 FIG. 6. Probability distance maps formed of Cα K28A-K28B distances and Cα K54A-K54B distances for WT (a), A2T (b) and D23N (c) respectively. Representative structures are shown in cartoon representation. The Cα atoms of K28 and K54 are shown in orange spheres. Residues from 28 to 54 are shown in green, and residues 1 to 27 are shown in silver.

  FIG.S3. Superposition of the probability distributions of the intermolecular Cα K28K28 distances using each of the five simulations of the three sequences.

  cluster

D23NFIG.

  FIG. S6. Centers of the first five clusters of the full systems by using a Cα RMSD cutoff of 3 Å. The percentages are shown on top of each snapshot. The peptides are shown in cartoon representation with α helix in purple, 3 10 helix in blue, β content in yellow, turn in cyan, and coil in white. The Cα atoms of G29, G33 and G37 are represented as green, yellow and cyan spheres respectively.

TABLE S3 .

 S3 Cross Cα RMSD (in nm) between the centers of the first five clusters of WT, D23 and A2T.

		cluster 1 cluster 2 cluster 3 cluster 4 cluster
	A2T 1	0.93	0.95	1.03	1.09	1.08
	2	1.12	1.03	0.92	0.97	0.96
	3	1.15	0.93	0.88	1.01	0.96
	4	0.95	1.01	1.04	1.20	1.08
	5	0.96	1.05	1.02	0.83	1.05
	WT cluster 1 cluster 2 cluster 3 cluster 4 cluster
	D23N 1 0.60	0.75	0.80	0.88	0.87
	2	0.66	0.98	1.02	1.00	1.11
	3	1.09	0.98	0.77	0.95	0.98
	4	0.60	0.87	0.97	0.94	0.99
	5	0.65	0.94	0.92	0.92	1.05
	A2T cluster 1 cluster 2 cluster 3 cluster 4 cluster
	D23N 1 0.82	1.01	1.09	1.03	0.85
	2	1.09	1.21	1.26	1.08	0.98
	3	0.99	0.83	0.94	1.07	1.04
	4	1.02	1.13	1.16	1.04	0.94
	5	1.11	1.06	1.11	1.09	0.99

between residues 1-23 (Fig. S7).
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