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Abstract

A direct observation of amyloid aggregation from isolated peptides to cross-β fibrils is crucial for 

understanding the nucleation-dependence process, but the corresponding macroscopic timescales 

impose a major computational challenge. Using rapid all-atom discrete molecular dynamics 

simulations, we capture the oligomerization and fibrillization dynamics of the amyloid core 

sequences of amyloid-β (Aβ) in Alzheimer’s disease and islet amyloid polypeptide (IAPP) in 

type-2 diabetes, namely Aβ16–22 and IAPP22–28. Both peptides and their mixture spontaneously 

assemble into cross-β aggregates in silico, but follow distinct pathways. Aβ16–22 is highly 

aggregation-prone with a funneled free energy basin toward multi-layer β-sheet aggregates. 

IAPP22–28, on the other hand, features the accumulation of unstructured oligomers before the 

nucleation of β-sheets and growth into double-layer β-sheet aggregates. In the presence of Aβ16–

22, the aggregation of IAPP22–28 is promoted by forming co-aggregated multi-layer β-sheets. 

Our study offers a detailed molecular insight to the long-postulated oligomerization-nucleation 

process in the amyloid aggregations.
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Introduction

Aggregation of proteins and peptides into amyloid fibrils is implicated in many human 

diseases1, including amyloid-β (Aβ) in Alzheimer’s disease (AD)2–4, α-synuclein in 

Parkinson’s disease5, prion protein in the prion disease6, 7, and islet amyloid polypeptide 

(IAPP, a.k.a. amylin) in type 2 diabetes mellitus (T2D)8–10. Experimental studies including 

x-ray crystallography and solid state NMR11–13 have established that amyloid fibrils formed 

by various proteins and peptides share the same characteristic cross-β structures, where 

multi-layer β-sheets with strands perpendicular to the fibril axis are forming the amyloid 

core. The formation of insoluble amyloid fibrils is known to be a complex multistep process, 

involving the formation of soluble oligomers, the nucleation of β-rich aggregates or 

protofibrils, and the elongation and bundling of protofibrils into mature fibrils14. Increasing 

evidence supports the toxic oligomer hypothesis, where soluble low molecular weight 

oligomers corresponding to the aggregation intermediates are found more cytotoxic than the 

final fibrils15,16. Therefore, understanding the detailed aggregation pathways and the 

structure and dynamics of various aggregation intermediates is important for the design of 

anti-amyloid therapeutic strategies targeting these toxic oligomers.

Due to the heterogeneous and metastable nature of the aggregation intermediate species, it is 

experimentally challenging to pinpoint various oligomeric species and structurally 

characterize them. The macroscopic timescales of amyloid aggregation, especially the rate-

limiting nucleation process from pre-fibrillar oligomers to β-rich protofibrils, also make it 

difficult to computationally capture the assembly process at the molecular and atomic level. 

Computational studies of full length peptides or their aggregation-prone amyloidogenic 

fragments are often limited to the observation of early events of misfolding and self-

association corresponding to the pre-nucleation step17 or the energetics of fibrillar oligomers 

with different sizes corresponding to post-nucleation step, i.e., the fibril elongation18. Using 

umbrella sampling simulations with the fibril structure as the template, the free energy 

landscape of amyloid aggregation can be inferred19–21. However, a direct observation of the 

nucleation process from pre-fibrillar oligomers to protofibrils in atomistic simulations is still 

lacking. The outstanding questions include what are the critical prefibrillar oligomers? how 

do these oligomers convert into protofibrils? and how do the protofibrils grow?

Here, we apply atomistic discrete molecule dynamic (DMD) simulations, an efficient and 

predictive molecular dynamics method22–25, to investigate the assembly dynamics of the 

amyloid core sequences of Aβ (16KLVFFA22E, denoted as Aβ16–22) and IAPP 

(22NFGAIL28S, denoted as IAPP22–28) from isolated monomers to cross-β fibril-like 

aggregates. The fragment Aβ16–22 has been identified as one of the β-strands constituting 

the fibril core of full length Aβ by solid-state NMR and H/D exchange experiments12,26–28. 

Numerous studies29–35 have demonstrated that Aβ16–22 could self-assemble into oligomers 

and amyloid fibrils with cytotoxicity. Similarly, the fragment IAPP22–28 has also been 

identified as one of the amyloidogenic sequences of IAPP forming the cross-β core of 

fibrils36–38. Short peptides with sequences around IAPP22–28 are cytotoxic to pancreatic 

cell lines and able to form amyloid fibrils independent of the full-length polypeptide39–41. 

Emerging evidence suggests that interactions between different amyloid proteins and 

peptides may play a critical role in amyloid diseases (e.g., Aβ–tau42, tau-synuclein43, Aβ–
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transthyretin44, and IAPP–Aβ45). For example, T2D has been identified as a major risk 

factor for AD46–48 and thus the co-aggregation of IAPP and Aβ may contribute to the cross-

talk between these two diseases49,50. Therefore, we also investigate in our simulations the 

co-aggregation between Aβ16–22 and IAPP22–28, experimentally identified as the hotspot 

regions for the inter-molecular interaction between full-length Aβ and IAPP45.

With up to 16 peptides in all-atom DMD simulations, we systematically investigate the 

aggregation dynamics of both Aβ16–22 and IAPP22–28 and their mixture at 1:1 ratio. Both 

Aβ16–22 and IAPP22–28 and their mixture can form highly ordered cross-β aggregates 

from isolated unstructured peptides, but feature distinct different aggregation dynamics and 

pathways. Aβ16–22 shows a high aggregation propensity, which firstly self-assemble into 

small single-layer β-sheets and then further associate into multi-layer cross-β aggregates. In 

contrast, IAPP22–28 peptides initially form unstructured oligomers. As the oligomer size 

increases beyond six, a conformational transition from random coil to β-sheet take place and 

a large number of IAPP22–28 peptides form two-layer cross-β structures. In the mixture, the 

aggregation propensity of IAPP22–28 is significantly enhanced by co-aggregating with 

Aβ16–22. Based on the unconstrained aggregation simulations of multiple peptides from 

monomers to cross-β aggregates, the aggregation free energy landscape computed as the 

potential of mean force (PMF) with respect to the oligomer size and corresponding β-sheet 

contents readily capture the distinct aggregation dynamics and pathways of different 

peptides and mixtures.

Results and Discussion

For both Aβ16–22 and IAPP22–28, eight molecular systems with even number of peptides 

from 2 to 16 (denoted as (KLVFFAE)2n and (NFGAILS)2n with n from 1 to 8) were studied. 

Mixed at 1:1 ratio, eight co-aggregation systems with the total number of peptides from 2 to 

16 (denoted as (KLVFFAE)n-(NFGAILS)n with n from 1 to 8) were also studied. In all 

cases, the same peptide concentration of ~26 mM was maintained by adjusting the 

simulation box sizes. For each molecular system, ten independent simulations starting with 

different inter-molecular distances and orientations and lasted 200 ns were performed 

(Methods).

Aβ16–22 shows a higher propensity to form β-sheet aggregates than IAPP22–28

We first examined the secondary structure properties of the pure (KLVFFAE)2n and 

(NFGAILS)2n systems using the last 100 ns of simulation trajectories to avoid potential 

biases of starting configurations (Fig. 1). Aβ16–22 displayed a high β-sheet propensity as 

even in the smallest (KLVFFAE)2 system an average of ~43% β-sheet propensity was 

observed (Fig. 1a), where the probabilities of residues V18, F19, F20 to form β-sheets were 

over 60% (Fig. S1a). When n increased from 2 to 8, the β-sheet propensity reached around 

55%–60%, consistent with a previous computational study that three and six Aβ16–22 

peptides could from β-sheet aggregates driven by only hydrogen bonds and hydrophobic 

interactions51. Examination of simulation trajectories indicated that the peptides in 

(KLVFFAE)2 simulations mainly adopted antiparallel β-sheet dimers (Fig. 1c), and multi-

layered β-sheets in (KLVFFAE)16 (Fig. 1f). The time evolution of β-sheet and coil 
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propensities (Fig. S2) showed that Aβ16–22 preferred to stay in the β-sheet conformation. 

The little fluctuations of β-sheet propensity in (KLVFFAE)16 simulations after saturated 

around 60% indicated that these β-rich aggregates were stable (Fig. S2d). These results were 

consistent with previous computational results where the antiparallel alignment was found to 

be the lowest-energy conformation for Aβ16–22 dimers52. Hence, our simulations suggested 

that Aβ16–22 peptides preferred to form stable β-sheet rich aggregates.

Compared to Aβ16–22, IAPP22–28 displayed a weaker β-sheet propensity (Fig. 1a). Two 

NFGAILS peptides mainly adopted random coil structure, and the dimeric β-sheet 

conformation (Fig. 1d) was unstable and only transiently observed (Fig. S2b). As the 

number of peptides increased, the β-sheet propensity slowly increased. With sixteen 

peptides, the β-sheet propensity gradually increased during the first 100 ns simulations and 

fluctuated between 0.35 and 0.45 during the last 100 ns (Fig. S2e), also forming the β-sheet 

rich aggregates (Fig. 1f). While helical intermediates were found important for the 

aggregation of full-length IAPP53, the helical content of IAPP22–28 was very low in our 

simulations (less than 1%) since the 7-residue sequence was too short to form stable helixes. 

The analysis of the averaged β-sheet and coil propensities per residue (Fig. S1b,f) indicated 

that the β-sheet propensity of the central hydrophobic residues A25 and I26 were markedly 

enhanced when the number of peptides were larger than or equal to eight. Therefore, the 

formation of β-rich aggregates by IAPP22–28 depended on the system size.

The mixture of Aβ16–22 and IAPP22–28 could co-aggregate into β-sheet rich structures 

(Fig. 1). Compared to (NFGIALS)2n simulations, the β-sheet propensity of IAPP22–28 

peptides was significantly enhanced, because the Aβ16–22 peptide could interact with 

IAPP22–28 and form a hetero-dimer β-sheet more stable than a β-sheet dimer of IAPP22–28 

peptides (Fig. 1e, Fig. S2c). The β-sheets in the (KLVFFAE)n-(NFGAILS)n systems were 

mainly formed among Aβ16–22 peptides (denoted as KLVFFAE-KLVFFAE in Fig. 1b and 

Fig. S3), and between Aβ16–22 and IAPP22–28 (denoted as KLVFFAE-NFGAILS). The β-

sheet propensities of the central hydrophobic residues A25 and I26 of IAPP22–28 in 

(KLVFFAE)n-(NFGAILS)n simulations (~0.55–0.77 with n larger than 1 in Fig. S1d) was 

much larger than those in (NFGAILS)2n simulations (Fig. S1b,d), while the β-sheet 

propensities of Aβ16–22 with and without IAPP22–28 peptides (Fig. S1a,c) was negligible. 

Therefore, Aβ16–22 promoted the amyloid aggregation of IAPP22–28.

We also analyzed the probability distribution function (PDF) of the number of inter-peptide 

backbone hydrogen bonds (Fig. S4, S5). Aβ16–22 peptides were mainly connected by 2, 3 

and 4 hydrogen bonds in (KLVFFAE)2n simulations, with the peak at 4 hydrogen bonds 

(Fig. S4a). In contract, most of the IAPP22–28 peptides in (NFGAILS)2n simulations had 2 

inter-peptide backbone hydrogen bonds (Fig. S4b), indicating that the β-sheet structures 

formed by Aβ16–22 were more stable than those of IAPP22–28. In the case of mixed 

(KLVFFAE)n-(NFGAILS)n simulations (Fig. S4c), the dominant number of inter-peptide 

backbone hydrogen bonds changed from 2 to 4 when the value of n increase from 1 to 4. By 

analyzing inter-peptide backbone hydrogen bonds between different types of peptides in the 

mixed peptide simulations, we found that the size-dependent PDF shift was mainly between 

Aβ16–22 and IAPP22–28 in the co-aggregates (Fig. S5). The strong inter-peptide interaction 

between Aβ16–22 and IAPP22–28 drove their co-aggregation (Fig. 1g).
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The β-sheet aggregates of all peptide systems feature the cross-β morphology

We analyzed the parallel or antiparallel alignment propensities of adjacent β-strands in the 

β-sheet aggregates (Fig. S6). Aβ16–22 preferred to form antiparallel β-sheets in 

(KLVFFAE)2n simulations due to the electrostatic attraction interactions between the 

oppositely charged K16 and E22 at the termini. The formation of predominantly antiparallel 

β-sheets by Aβ16–22 has also been observed in previous computation and experimental 

studies of the same fragment sequence29,33,54, which is different from the in-registered 

parallel β-sheets in the fibril structures of full length Aβ1–40 or Aβ1–4212,55,56. IAPP22–28 

in (NFGAILS)2n simulations had both antiparallel and parallel alignments of β-strands with 

a ratio ranging from 6:4 to 5:5. This result was also consistent with experimental 

observations for similar peptides around the amyloidogenic core of IAPP. For example, both 

parallel and antiparallel β-strands were observed in hIAPP20–29 fibrils using solid-state 

NMR and X-ray crystallography57. The β-sheets in hIAPP19–29 fibrils was found to have 

parallel alignment of β-strands using Micro-Electron Diffraction (MicroED)36. The 

antiparallel β-sheets were observed in fibrils of hIAPP23–2958 and hIPP22–2959 in other 

experiments. In (KLVFFAE)n-(NFGAILS)n simulations, the antiparallel β-strands were the 

dominant conformation (with a probability ~ 0.7–0.8) due to the antiparallel alignment 

preference among Aβ16–22 peptides and between Aβ16–22 and IAPP22–28 (Fig. S6d,f).

We further calculated the probability distribution of β-sheet sizes in each system (details of 

analysis in Methods). When the number of Aβ16–22 peptides were 2, 4 and 6, they 

preferred to form into a single β-sheet (Fig. 2a). As the number of peptides increased from 8 

to 12, the dominant β-sheet sizes were 4, 5 and 6, respectively, which suggested that the 

corresponding β-sheets aggregates had a high propensity to form two-layer β-sheets. This 

behavior was consistent with a previous computational study30, where the most stable 

conformation for an Aβ16–22 octamer was two parallel β-sheets, each comprising of four 

antiparallel β-strands. As the number of peptides increased to 14 and 16, the β-sheet size 

remained ~4–6 peptides and three-layer β-sheets could be observed (Fig. 1f). The β-sheet 

sizes of the Aβ16–22 and IAPP22–28 mixture had a similar dependence on system size as 

the (KLVFFAE)2n simulations (Fig. 2a). In contrast, there were no well-defined β-sheet sizes 

in (NFGAILS)2n simulations, but a weak linear dependence between the β-sheet sizes and 

the number of peptides (Fig. 2a).

Next, we quantified the number of β-sheet layers in the aggregates for each molecular 

system. For a given snapshot structure from DMD simulations, we grouped the identified β-

sheets in contact by heavy atom contacts together into the β-sheet oligomers (see Methods). 

Using the largest β-sheet oligomer to represent the most stable aggregate, we estimated the 

number of β-sheet layers by dividing its size (i.e., the number of peptides) with the average 

mass-weighted β-sheet size of the corresponding molecular system (Fig. 2b). As expected, 

two or four Aβ16–22 peptides in (KLVFFAE)2n mainly aggregated into a single-layer β-

sheet structure. Six Aβ16–22 peptides formed a single β-sheet structure with a probability of 

~57%, and also two-layer β-sheets with a probability of ~43%. When the number of 

peptides increased to 8 and 10, the two-layer β-sheets became the dominant species with 

probabilities of ~78% and ~92%, respectively. As the number of peptides increased up to 12, 

14 and 16, the peptides predominantly aggregated into two- and three-layer β-sheets. The 
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four-layer β-sheets was also observed with a probability of ~6% in (KLVFFAE)16 

simulations. The preference of Aβ16–22 peptides to aggregate into multi-layer β-sheets was 

due to fact that residues at both surfaces of a β-sheet - i.e., L17, F19, A21 on one side and 

V18, F20 on the other side - are both highly hydrophobic (Fig. 1c,f). This result was 

consistent with the experimental observation that KLVFFAE peptides could self-assemble 

into sheet-to-sheet lamination nanostructure before aggregating into nanotubes in lamination 

order60, indicating that the peptides could from multi-layer β-sheets.

In (NFGAILS)2n simulations, a small system with 2 or 4 peptides mainly aggregated into a 

single-layer β-sheet, which was usually not stable (Fig. S2). Both single- and two-layer β-

sheets were observed for larger systems, but only when the number of peptides increased to 

12, 14 or 16, the two-layer β-sheets became the dominant species (Fig. 2b). The probability 

to observe β-sheet aggregates of IAPP22–28 with more than two layers was rare. Therefore, 

IAPP22–28 tends to form two-layer β-sheet, corresponding to the proto-fibril building block. 

This feature resulted from the difference in the hydrophobicity of two surfaces in IAPP22–

28 β-sheet, where the side with F23, A25, L27 is more hydrophobic than the other with L27 

and G24 (Fig. 1d,g). In the mixture, the dependence of β-sheet morphology on system sizes 

was very similar to that of Aβ16–22, consistent with the observations that the aggregation 

was driven by Aβ16–22.

The dynamics of oligomerization and fibrillization

We analyzed the equilibrium distribution of oligomers with different sizes as well as the β-

sheet contents per chain with respect to system sizes for each peptide system (Fig. 3). An 

oligomer was defined as the peptide aggregate inter-connected by at least one heavy atom 

contact. Aβ16–22 was highly aggregation prone as all peptides associated into a single 

oligomer in all simulations. Aβ16–22 peptides in these oligomers mostly formed β-sheets 

with an average content of ~0.6, indicating that more than 4 out of 7 residues adopted β-

sheet structure besides two terminal residues always counted as coil (Fig. S1). Therefore, our 

results suggested that the minimal oligomer size to form β-sheet aggregation, known as the 

critical aggregation nucleus61, was less than or equal to 2 for Aβ16–22.

In (NFGAILS)2 and (NFGAILS)4 simulations, isolated monomers were the most populated 

species due to the relatively weaker hydrophobicity of IAPP22–28 peptides compared to 

Aβ16–22 (Fig. 3b). As the system size increased, larger oligomers with their sizes equal or 

close to the number of peptides in simulations became the dominant species. The isolated 

monomers were still observe but with significantly reduced probabilities in larger systems. 

In terms of the β-sheet content, there was a transition with respect to system sizes (Fig. 3e). 

With simulations up to 6 peptides, the distribution of β-sheet content was peaked at zero; but 

when the system size increased to 8 and higher, the distribution peaked around 0.3–0.4 

suggesting a conformational transition from random coil to β-sheet. Therefore, our results 

indicated that the critical aggregation nucleus of IAPP22–28 was between 6 and 8. In the 

mixture, a similar transition was observed between two and four peptides (Fig. 3c,f), 

consistent with the co-aggregation scenario driven by Aβ16–22 where two Aβ16–22 

peptides nucleated the β-sheet aggregates and IAPP22–28 peptides co-aggregated with 

them.
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We also examined the dynamics of oligomerization and fibrillization by monitoring the 

largest oligomer size, the largest β-sheet oligomer size, and the mass-weighted β-sheet size 

in large simulations of 16 peptides for each peptide system (Fig. 4). For Aβ16–22, the 

process of oligomerization and β-sheet formation coincided with each other with negligible 

differences; and the step-wise increase of the β-sheet oligomer size suggested that isolated 

Aβ16–22 peptides spontaneously converted into β-sheets after they associated with together 

in the early stage (e.g., snapshot structures at t = ~3 and 5 ns in the inset of Fig. 4a) and also 

that the aggregate grew by associating with smaller pre-formed β-sheet aggregates (e.g., ~77 

ns). This behavior was consistent with the previously proposed "dock-lock" aggregation 

elongation mechanism in a computational study of Aβ16–22 aggregation34. After all 

peptides aggregated into a single oligomer after ~80 ns, the mass-weighted β-sheet size 

remained ~5, corresponding to a three-layer β-sheet aggregate (e.g., ~100 & 200 ns). The 

averaged root-mean-square fluctuation (RMSF) per residue computed during the last 100 ns 

simulations was less than 0.6 nm (Fig. S7). Together with the low RMSF values, the small 

fluctuations of the largest oligomer size, largest β-sheet, and mass weighted β-sheet size 

(especially during the last 120 ns simulation), our results indicated that these multi-layer β-

sheet aggregates formed by Aβ16–22 were very stable.

Different from Aβ16–22, IAPP22–28 peptides first assembled into unstructured oligomers 

(e.g., ~3 ns in Fig. 4b), and then β-sheet conformations started to emerge but was not stable 

(e.g., ~8ns). The β-sheet conformation became relatively stable and started to increase when 

the oligomer grew bigger with isolated peptides directly bound to the surface of those β-rich 

oligomers (e.g., 22 & 30 ns), and then rearranged into a two-layer β-sheet structure (e.g., 75 

& 100 ns). During the last 100 ns simulation, the gap between the largest oligomer size and 

the largest β-sheet size kept around 1~5, indicating that there were always unstructured 

peptides on the oligomer surface (e.g., 200 ns). In addition, most residues in the final 

aggregates displayed high conformational flexibility with RMSF values larger than 2 nm 

(Fig. S7), suggesting that the aggregates of IAPP22–28 were highly dynamic.

The assembly dynamics of Aβ16–22/IAPP22–28 mixture was similar to that of Aβ16–22, 

but with a larger gap (~1–5) between the largest oligomer size and the corresponding 

number of β-sheet (Fig. 4c). Aβ16–22 peptides in the early co-aggregates with IAPP22–28 

(e.g., ~3 ns) initiated the β-sheet formation (e.g., ~7, 25 and 30 ns) and the β-sheet rich 

oligomer rearranged into a multi-layer β-sheet structure (~130 & 160 ns). In the final 

aggregates, most peptides featured RMSF values less than 1 nm except two IAPP22–28 

peptides bound to the surface with larger fluctuations (e.g., C14 and C16 in Fig. S7). 

Together with small fluctuations of the largest oligomer size, number of β-sheet, and mass 

weighted β-sheet size, our results suggested that the co-aggregates of Aβ16–22 and 

IAPP22–28 were more stable than those of IAPP22–28 alone.

The aggregation free energy landscape

To better understand the aggregation process, we computed the potential of mean force 

(PMF, i.e., the effective free energy) as a function of the oligomer size (noligomer) and the 

number of residues in β-sheet structure per peptide (nβ-sheet) for simulations of 16 peptides 

(Fig. 5). All the 200ns trajectories from 10 independent simulations were included in the 
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analysis to capture the early assembly process. Aβ16–22 featured two well-defined energy 

basins at (1, 0) and (16, 4), corresponding to isolated monomers at the initial aggregation 

stage and the multi-layer β-sheet structure in the aggregated state. There were several local 

basins with the oligomer size ranging from 2 to12 and nβ-sheet ~3–4.5, corresponding to β-

sheet rich intermediates along the aggregation pathway (e.g., highlighted as regions 2 & 3 in 

Fig. 5a). IAPP22–29, on the other hand, had a deeper basin near regions with small 

unstructured oligomers (noligomer ~1–6 & nβ-sheet ~0–1) and another broad basin located at 

the region corresponding to larger oligomer size with significantly β-sheet content (n ~12–

16 & nβ-sheet ~1.5–4.5) (Fig. 5b). Compared to Aβ16–22, the aggregation intermediate 

species, corresponding to oligomers with size around 6–8 and nβ-sheet around 1.5–2.5, were 

more populated. The shallow basin of large aggregates indicated that the aggregate structure 

of IAPP22–28 were highly dynamic with unstructured peptides at the surface (Fig. 4). The 

Aβ16–22/IAPP22–28 mixture displayed a similar aggregation free energy landscape (Fig. 

5c) as that of Aβ16–22, including a deep basin of the large aggregates and weekly-populated 

intermediate states with high β-sheet content. Compared to Aβ16–22 alone (Fig. 5a), a 

slightly broader basin of the large aggregates (e.g., the region highlighted as 4), indicating 

that there were a few unstructured IAPP22–28 on the surface.

Conclusion

In summary, we investigated the assembly dynamics of amyloid core peptides of Aβ and 

IAPP using rapid DMD simulations without any structural bias. We found that both peptides 

and their mixtures can form fibril-like aggregates with the characteristic cross-β structures in 

our simulations, but feature distinct aggregation dynamics and pathways. Aβ16–22 peptides 

have a high propensity to form β-sheet aggregates, even in the dimer structure, indicating 

that the critical nucleus size was likely less than two. Due to their high hydrophobicity, the 

peptides could assemble into multi-layer β-sheet structures. The aggregation free energy 

landscape of Aβ16–22 features a deep energy basin toward the fibrillar aggregates. In the 

case of hIAPP22–28, we observed the accumulation of unstructured oligomers before the 

nucleation of β-sheet aggregates. Peptides in oligomers less than six mainly adopted random 

coil structures. When the oligomer size increased to eight or bigger, a conformational 

transition from random coil to β-sheet structure were observed and the β-sheet structures 

became stable. Our results suggested that the critical nucleus size for IAPP22–28 

aggregation was approximately between 6 and 8. As a result, compare to Aβ16–22 the 

aggregation free energy landscape of IAPP22–28 featured a shallower basin for the amyloid 

aggregates with higher populations for intermediate states with small oligomers and low β-

sheet content. After mixing the two types of peptides at 1:1 ratio, we observed that the 

aggregation of IAPP22–28 was significantly enhanced in the presence of Aβ16–22 peptides. 

The corresponding aggregation free energy landscape displayed a deep basin for the amyloid 

aggregates, where IAPP22–28 peptides were incorporated into the cross-β structure. 

Together, our systematic DMD simulations uncovered a complete picture of peptide 

oligomerization, nucleation of β-sheets, and the formation of cross-β aggregates for the 

amyloid core sequences of both Aβ and hIAPP and their mixture.
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Material and Methods

Molecular systems used in simulations

We studied the aggregation of Aβ16–22 (Lys-Leu-Val-Phe-Phe-Ala-Glu, i.e., KLVFFAE) 

and IAPP22–28 (Asn-Phe-Gly-Ala-Ile-Leu-Ser, i.e., NFGAILS) as well as their co-

aggregation at 1:1 ratio. For each of three cases, 8 molecular systems with the even number 

of peptides from 2 to 16 were investigated. For each molecular system, 10 independent 

DMD simulations were performed for 200 ns with different initial configurations (i.e., 

coordinates and velocities). All peptides started with fully extended conformations and they 

were initially positioned randomly (both positions and orientations) within the simulation 

box with any pairwise center-of-mass distances no less than 1.5 nm. In all cases, the same 

peptide concentration of ~26 mM was maintained by adjusting the simulation box sizes. The 

details of all the simulations were summarized in Table 1.

Details of DMD simulations

All simulations were carried out using the discrete molecular dynamics (DMD) 

algorithm22,23,62. DMD is a unique type of molecular dynamics algorithm with significantly 

enhanced sampling efficiency, which has been widely used by our group and other in 

studying protein folding22, aggregation63, small molecule/nanoparticle peptides 

interactions10,64. In DMD simulations, the inter-atomic interactions have similar 

components as conventional molecular mechanics force fields, but the potential functions are 

modeled by discrete step-wise functions mimicking the continuous potential functions. 

Bonded interactions (bonds, bond angles, and dihedrals) are modeled as infinite square 

wells, where covalent bonds and bond angles usually have a single well and dihedrals may 

feature multiple wells corresponding to cis- or trans-conformations. Non-bonded 

interactions (i.e., van der Waals, solvation, hydrogen bond, and electrostatic terms) are 

represented as a series of discrete energetic steps, decreasing in magnitude with increasing 

distance until reaching zero at the cutoff distance. The van der Waals parameters are adopted 

from the CHARMM force field65, and bonded termed are parameterized based on statistical 

analysis of protein structures from protein data bank (PDB). The water molecules are 

implicitly modeled using the EEF1 implicit solvation model developed by Lazaridis and 

Karplus66. A reaction-like algorithm is used to model hydrogen bond formation67. The 

electrostatic interactions are screened using the Debye-Hückel approximation with the 

Debye length set to 10 Å, which corresponds to ~100 mM of NaCl under physiological 

conditions.

With step-wise inter-atomic potential functions in DMD simulations, the velocity of each 

atom is constant until a collision occurs when an inter-atomic interaction potential changes 

and the new velocity is updated following the conservation laws of energy, momentum and 

angular momentum. The units of time, length, and energy are ~50 femtosecond, 1 Å, and 1 

kcal/mol, respectively. The temperature of the system is maintained around 300K using the 

Anderson thermostat68. Each independent simulation was first energy minimized for 1000 

DMD time units (~50 ps) with a strong heat-exchange coefficient with the virtual heat 

bath69, followed by equilibrium simulations carried out for four million DMD time units, 

which corresponds to a simulation time of ~200 ns.
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Analysis methods

Secondary structure analyses were performed using the dictionary secondary structure of 

protein (DSSP) method70. A hydrogen bond was considered to be formed if the distance 

between backbone N and O atoms was ≤3.5 Å and the angle of N–H⋯O ≥120°. Following a 

previous work71, two chains were considered to form a β-sheet if (i) at least two consecutive 

residues in each chain adopted the β-strand conformation and (ii) they formed at least two 

backbone hydrogen bonds. Based on a vector defined as Cα atoms from N- to C-termini, 

two neighboring β-strands with the angle within the range of 90–180 degree were defined as 

antiparallel, and parallel otherwise.

The size of a β-sheet was the number of strands in a multi-strand β-sheet. The mass 

weighted β-sheet size, n̄β-sheet–size, was determined by the following equation

(1)

where nβ denoted the number of β-sheets, and ni was the size of the ith β-sheet. A β-sheet 

oligomer was defined as multiple β-sheets inter-connected by at least one heavy atoms pair 

contact, defined by a cutoff inter-atomic distance of 0.55 nm; and the total number of 

peptides in the complex corresponded to the β-sheet oligomer size. Two peptides inter-

connected by at least one inter-molecular heavy atom contact (the cutoff of 0.55 nm) was 

defined to belong an oligomer. The number of peptides in an oligomer was referred to the 

oligomer size. The two-dimensional potential of mean force (PMF, or the effective free 

energy) was computed according to

(2)

where KB was the Boltzmann constant, T corresponded to the simulation temperature 300 K, 

and P(noligomer, nβ-sheet) was the probability of an oligomer with the oligomer size noligomer 

and the average number of residues adopt β-sheet conformation per chain, nβ-sheet.

Supporting Information

Additional data in SI include the averaged β-sheet and coil propensity per residue in every 

system; the time evolution of coil and β-sheet secondary structure propensities of 

simulations with 2 and 16 peptides; the time evolution of averaged probability of β-sheets 

formed between different types of peptides in the mixed peptide simulations; the PDF of the 

number of backbone hydrogen bonds for each peptide system; and the probability of parallel 

and antiparallel β-sheet observed in each molecular system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The propensity of β-sheet formation. a) The average β-sheet content was computed from 

DMD simulations of (KLVFFAE)2n, (NFGAILS)2n, (KLVFFAE)n-(NFGAILS)n molecular 

systems. The probability was averaged over the last 100 ns of 10 independent simulations. b) 

The probability to observe pair-wise β-sheet between different types of peptides, including 

KLVFFAE-KLVFFAE, NFGAIL-NFGAIL and KLVFFAE-NFGAILS, was computed from 

simulations of (KLVFFAE)n-(NFGAILS)n mixtures. Typical β-sheet structures in 

simulations of 2 and 16 peptides are shown in panels (c–h). Both KLVFFAE of Aβ (blue) 

and NFGAILS of IAPP (pink) are shown as cartoon. The side-chains are shown as sticks and 
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colored according to residue type (hydrophobic in white, hydrophilic in green, positive 

charge in blue, and negative charge in red).
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Figure 2. 
The formation of multi-layer cross-beta structures. a) The probabilities of observing β-sheets 

with various sizes for simulations with different number of peptides, including 

(KLVFFAE)2n, (NFGAILS)2n, and (KLVFFAE)n-(NFGAILS)n, are shown as two-

dimensional heat-maps with respect to n and β-sheet size, where the color bar indicates the 

color-code according to probability values. The total number of peptides equals to 2n. The 

analysis was carried out for the last 100 ns of all 10 independent simulations. b) The 

probabilities to observe different number of β-sheet layers for different number of peptides 

(2n) are shown as three-dimensional plots with respect to n and the number of layers.
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Figure 3. 
The distribution of oligomer sizes and β-sheet contents. (a–c) The probabilities of observing 

oligomers with various sizes for simulations with different number of peptides, including 

(KLVFFAE)2n, (NFGAILS)2n, and (KLVFFAE)n-(NFGAILS)n are shown as the heat-maps 

with respect to n and oligomer size. The color bars denote the color-code according to 

probability values (d–f) The probability distributions of beta-sheet content for simulations 

with different number of peptides are also shown as heat-maps with respect to n and beta-

sheet content (divided into 10 bins from 0 to 1).
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Figure 4. 
The dynamics of oligomerization and fibrillization. The largest oligomer size (black), largest 

β-sheet oligomer size (red), and mass weighted β-sheet size (blue) were plotted as the 

function of simulation time from typical trajectories of aggregation simulations with 16 

peptides, including Aβ16–22 (a), IAPP22–28 (b), and the mixture (c). Snapshot structures at 

times indicated by blue arrows are shown in the inset. Aβ16–22 (blue) and IAPP22–28 

(pink) are shown in cartoon representation.
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Figure 5. 
The aggregation free energy landscape. The PMF (i.e., the effective free energy) is presented 

as the function of the oligomer size noligomer and the average number of residues adopt β-

sheet conformation per chain, nβ-sheet, for the aggregation simulations of 16 peptides, 

including Aβ16–22 (a), IAPP22–28 (b), and their mixture (c). To capture the initial 

aggregation dynamics, the analysis included the whole 200 ns trajectories of 10 independent 

runs.
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