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Abstract

Accumulating evidence suggests that soluble oligomers are more toxic than final fibrils of amyloid 

aggregations. Among the mixture of inter-converting intermediates with continuous distribution of 

sizes and secondary structures, oligomers in the β-barrel conformation – a common class of 

protein folds with a closed β-sheet – have been postulated as the toxic species with well-defined 

three-dimensional structures to perform pathological functions. A common mechanism for 

amyloid toxicity, therefore, implies that all amyloid peptides should be able to form β-barrel 

oligomers as the aggregation intermediates. Here, we applied all-atom discrete molecular 

dynamics (DMD) simulations to evaluate the formation of β-barrel oligomers and characterize 

their structures and dynamics in the aggregation of a seven-residue amyloid peptide, 

corresponding to the amyloid core of amyloid-β with a sequence of 16KLVFFAE22 (Aβ16-22). We 

carried out aggregation simulations with various numbers of peptides to study the size dependence 

of aggregation dynamics and assembly structures. Consistent with previous computational studies, 

we observed the formation of β-barrel oligomers in all-atom DMD simulations. Using a network-

based approach to automatically identify β-barrel conformations, we systematically characterized 

β-barrels of various sizes. Our simulations revealed the conformational inter-conversion between 

β-barrels and double-layer β-sheets due to increased structural strains upon forming a closed β-

barrel while maximizing backbone hydrogen bonds. The potential of mean force analysis further 

characterized the free energy barriers between these two states. The obtained structural and 

dynamic insights of β-barrel oligomers may help better understand the molecular mechanism of 

oligomer toxicities and design novel therapeutics targeting the toxic β-barrel oligomers.

Introduction

Amyloid depositions of protein aggregation are associated with more than 25 degenerative 

diseases, including Alzheimer’s disease [1, 2], Parkinson’s disease [3, 4], prion conditions 

[5] and type-2 diabetes [6–8]. Despite differences in sequence and length of aggregating 
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proteins, different amyloid proteins show similar all-or-none sigmoidal aggregation kinetics 

and common fibrillar morphology with the characteristic cross-β core of their final 

aggregates. These similarities together with the shared symptoms of different amyloid 

diseases suggest a potentially common mechanism for amyloid cytotoxicity [9–11]. 

Although mature fibrils were long suspected to be the toxic disease agents, more and more 

experimental studies with different amyloid proteins suggested that the small soluble 

oligomer intermediates populated during aggregation are more toxic [12–14]. These 

oligomer intermediates correspond to the mixture of many small aggregates with continuous 

distributions in sizes and secondary structure contents, not all of which are cytotoxic. In 

addition, several non-fibril intermediates have been shown important and applicable to 

develop small molecules that are able to regulate Aβ aggregation and cytotoxicity [15–18]. 

As the aggregation intermediates, these oligomers are highly heterogeneous, polymorphic 

and transient in nature, imposing major experimental challenges for pinpointing and 

characterizing the exact toxic species of amyloid aggregation.

Based on the general structure-function principle in biology [19–21], toxic oligomers are 

expected to have well-defined three-dimensional structures to carry out their pathological 

functions. A common amyloid toxicity mechanism also suggests that toxic oligomers of 

different amyloid proteins may have similar structures. For example, experimental studies 

using atomic force miscopy (AFM) showed that various amyloid peptides could form pore-

like structures in the membrane, causing membrane leakage and disruption [22–24]. Using 

an 11-residue peptide fragment from a slow-aggregating αB crystalline (with the sequence 

of 90KVKVLGDVIEV100, named K11V), Laganowsky et al. discovered that the short 

peptides could form a stable toxic hexamer [12]. Using x-ray crystallography, the hexamer 

was found to feature a β-barrel or β-cylindrin structure. β-barrel is a common protein 

topology, which is adopted by both soluble and membrane proteins. In addition, Do et al. 

combined experimental characterizations with computational modeling to show that the C-

terminal fragments of amyloid-β (Aβ) with a length of 11 residues might form similar β-

barrel oligomers [20]. The potential formation of β-barrel oligomers during the aggregation 

of hIAPP8-20 has been supported by a recent mass spectra and ion mobility study [25]. 

Moreover, the β-barrel structure as a model for small Aβ40 oligomers was also supported by 

hydrogen exchange mass spectrometry experiments [20]. Other experimental studies of Aβ-

membrane interactions suggested the insertion of Aβ into the membrane and formation of an 

ion channel like configuration, causing an abnormal flux of ions into the cell [26–28]. 

Hence, these β-barrel oligomers with the capability to be incorporated into the membrane 

and thus compatible to the “amyloid pore” hypothesis [22–24] have been postulated as the 

early aggregation intermediates exerting toxic effects on cells [12].

The formation of β-barrel oligomers was also observed in previous computational studies of 

several short peptides [29–32]. Using Monte Carlo [33] simulations, Irback & Mitternacht 

found that Aβ16-22 (i.e., the amyloid core of Amyloid-β with a sequence of 16KLVFFAE22) 

could form β-barrels. Via enhanced sampling with replica exchange molecular dynamics 

(REMD), β-barrel conformations have been observed in all-atom aqueous simulations of 

NHVTLSQ of the beta-2 microglobulin protein [30] and KLVFFAE of Aβ peptide [29]. 

However, the detailed structure and dynamics of β-barrel oligomers – including size 

dependence, structural characterization, and conversion to protofibrils or fibrils – remain 
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unknown. Recently, Zhang et al. investigated the fibril-barrel transitions of K11V using a 

structure-based constraints to model both barrels and fibrils [31], however the independent 

insights from unconstrained simulations remain to be seen. Molecular insights of the 

structures and dynamics of β-barrel oligomers as aggregation intermediates may help 

understand the origin of amyloid toxicity and design novel therapeutics targeting these toxic 

species.

Recently, all-atom discrete molecular dynamics (DMD) simulations – a predictive and 

computationally efficient molecular dynamics approach [34–37] – have been used to capture 

the assembly dynamics of Aβ16-22 from monomers to oligomers and to fibril-like cross-β 
structures [38], where the formation of β-barrel oligomers was not the focus. Motivated by 

recent experimental and computational studies, we used the same approach to evaluate 

whether Aβ16-22 could also form β-barrel oligomers and to investigate the detailed 

structures and dynamics of these well-structured oligomers. Indeed, the 7-residue peptide 

could form β-barrel oligomers as the aggregation intermediates. We proposed a network-

based approach to identify β-barrels in simulations and characterized β-barrels with various 

sizes. The formation of β-barrels was driven by minimizing the exposure of hydrophobic 

residues to solvent along with maximizing the number of backbone hydrogen bonds, 

although the closure of a β-sheet into a β-barrel also resulted into conformational strains in 

the structure. We also observed the conformational inter-conversion between β-barrels and 

double-layer β-sheets, suggesting their co-existence with comparable free energies. The 

potential of mean force (PMF) analysis of DMD simulations further characterized the free 

energy barrier between these two states. With double-layer β-sheets resembling the cross-

beta core of fibrils, our results suggested the β-barrel oligomers as “off-pathway” aggregates 

towards fibrillization in solution. Future aggregation simulations with full-length amyloid 

peptides and/or in the membrane environment are necessary to decipher the general roles of 

β-barrel oligomers in amyloid toxicity.

Results and Discussion

In order to investigate the assembly dynamics and aggregate structures of Aβ16-22, twelve 

molecular systems with the number of peptides varying from 1 to 12 were studied. In all 

simulations, the same peptide concentration (~15 mM) was maintained by adjusting the 

dimensions of simulation boxes. To obtain sufficient sampling and avoid potential biases 

from the starting configurations, we performed fifty independent simulations for all 

molecular systems, each of which started with different initial configurations and lasted 200 

ns (details of simulations see Methods).

Aβ16-22 shows a high propensity to form β-sheet aggregates

We estimated the aggregation thermodynamics using the last 100 ns trajectories of 

independent simulations, which reached their corresponding steady states in terms of 

energetics and secondary structure contents (data not shown). By computing the number of 

atomic contacts between peptides for each snapshot, we were able to group peptides into 

connected clusters (i.e., oligomers) and analyze the distribution of oligomer size defined as 

the number of peptides forming an oligomer (Fig. 1A). The oligomer size was nearly equal 
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to the number of peptides within the corresponding molecular systems, suggesting the high 

self-association propensity of Aβ16-22 [39, 40].

We also computed the average contents of various secondary structures, and found the 

aggregates were dominated by β-sheets (Fig. 1B). It was noticeable that even in simulations 

with only two peptides, the dimer already had ~45% of β-sheet conformations. To 

characterize the formation of β-sheet rich aggregates, we further investigated the formation 

of β-sheet oligomers, which were defined as aggregates comprised of β-sheets and whose 

sizes were determined to be the number of peptides adopting β-strand conformations (details 

of analysis in Methods). The probability distribution of observing β-sheet oligomers with 

various sizes as the function of total peptides in a molecular system further suggested 

Aβ16-22 peptides could readily associate with each together and form β-sheet rich 

aggregates (Fig. 1C). Since a β-sheet rich aggregate could be comprised of multiple β-

sheets, we also evaluated the distribution of individual β-sheet size defined as the number of 

β-strands in a β-sheet (Fig. 1D). We found that small systems would form a single β-sheet 

with the size of β-sheet close to the number of total peptides in simulations, while the 

aggregates of larger systems could end up as double or multi-layer β-sheet structures. Our 

simulation results are in agreement with previous experimental and computational studies, 

where Aβ16-22 were observed having a high propensity to self-assemble into aggregates 

rich in β-strand content, with a preference for the antiparallel arrangement [39].

Size dependence of Aβ16-22 aggregation structures

We estimated the number of β-sheets in a β-sheet oligomer by dividing its size with the 

mass-weighted average β-sheet size (Methods) and computed the distribution of β-sheet 

numbers in β-sheet oligomers of each molecular system (Fig. 2). As expected from the β-

sheet size distribution in Fig. 1D, small molecular systems (with the number of peptides less 

than 5) mainly aggregated into a single β-sheet structure. Six Aβ16-22 peptides had a 

probability of ~57% to form a single β-sheet and ~40% to form double-layer β-sheet 

aggregates. With eight peptides, the systems had approximately equal probability to end up 

in either single- or double-layer structures. The double-layer structure became the dominated 

species and the triple-layer structure started to emerge after the system size reached nine and 

larger. These results suggested that an isolated Aβ16-22 β-sheet aggregate might be stable 

with up to five peptides, while multi-layer aggregates became more favorable when more 

peptides were introduced into the system. This size dependence of Aβ16-22 aggregate 

structures likely resulted from the fact that residues at both surfaces of an Aβ16-22 β-sheet 

are hydrophobic – i.e., L17, F19, A21 on one side and V18, F20 on the other side. By 

forming the multi-layer structures, a large number of Aβ16-22 peptides could bury 

hydrophobic residues to minimize the hydrophobic solvent accessible surface area. These 

results are consistent with our previous study [38] and also the experimental report that 

Aβ16-22 peptides could self-assemble into the ribbon-like aggregate [41], indicating the 

formation of multi-layer β-sheet structures.

The dynamics of Aβ16-22 oligomerization and identification of β-barrel structures

We next examined the dynamics of peptide oligomerization and β-sheet formation by 

monitoring various structural properties along DMD simulation trajectories, including the 
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sizes of the largest oligomer, the largest β-sheet oligomer, the largest β-sheet, the mass-

weighted β-sheet, and the β-barrel. For a given snapshot, a simple method was used to 

identify the β-barrel structure (Fig. 3), which corresponds to a closed β-sheet. We 

constructed a network by connecting any two peptides forming a β-sheet with multiple 

consecutive backbone-bone hydrogen bonds. For each inter-connect cluster, we iteratively 

eliminated all terminal elements (peptides with only one β-sheet neighbor) until there were 

no further dangling terminal elements. The clusters left were those with closed circuits of 

multiple elements (peptides), and thus, determined as β-barrels (Fig. 3B). It is noticeable 

that the elements inside such a closed circuit could have more than two neighbors, and thus 

the whole structure may form multiple loops. However, this scenario could only take place 

when a long peptide had more than two β-sheet neighbors (Fig. 3C, D), which was not 

observed for a short 7-residue peptide in our simulations.

The monitored structural properties were computed along each simulation trajectory, with 

typical ones shown to illustrate the aggregation process of Aβ16-22 (Figs. 4, 5, 6). In all 

simulations, we observed rapid peptide association, as the size of the largest oligomer (red) 

rapidly reached its maximum and equaled the number of total peptides. The time evolution 

of the largest β-sheet oligomer size (blue) displayed similar trend with only a short “lag 

time” during which the peptides inside the oligomers underwent conformational changes to 

adopt β-rich structures. Size of the largest β-sheet (green) displayed high fluctuations, and 

the mass-weighted β-sheet size (orange) ended up with approximately five in relatively large 

systems, confirming the observation that the size limit for an isolated Aβ16-22 β-sheet was 

approximately five (Fig. 1). Remarkably, we observed β-barrel structures (purple) in all 

simulations with six or more peptides. The formation of β-barrel oligomers appeared rather 

dynamic. A β-barrel could occur during the early stage of a simulation and then unfold (Fig. 

5A), or undergo unfolding/refolding transitions (Fig. 6A). From our simulations, we 

determined the minimum number of Aβ16-22 peptide required to form a β-barrel was six, 

slightly above the upper limit of a stable isolated Aβ16-22 β-sheet. In the case of six 

Aβ16-22 peptides (Fig. 5A), we observed conversions of β-barrel to a single and then a 

double-layer β-sheet aggregates. A β-barrel could be considered as a unique single-layer β-

sheet, where the β-sheet was large enough to curve and form a closed loop to maximize the 

number of backbone-backbone hydrogen bonds and minimize the hydrophobic solvent 

accessible surface area by allowing peptides at edges to make contacts and form hydrogen 

bonds. Similarly, a small double-layer β-sheet with aligned β-strands could have peptides at 

both ends forming inter-peptide hydrogen bonds to form a closed β-barrel. Since it was rare 

for peptides in both ends to close simultaneously, the latter process could be described 

stepwise as double-to-single and then sheet-to-barrel transitions.

β-barrel conformations of various sizes

We further focused on the identified β-barrel structures from simulations with six or more 

peptides. As discussed above, we did not observe multi-barrel structures in our simulations 

(Fig. 3C, D), which might occur in longer peptides. The probability of finding a peptide in 

β-barrel oligomers at any given time was computed for each molecular system and averaged 

over fifty independent simulations (Fig. 7A). The probability increased initially with the 

increasing number of peptides until reaching the maximum (~4%) with nine peptides, and 
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dropped to an approximately saturated value of ~1–2% in our simulated systems up to 12 

peptides. We also obtained the size distribution of β-barrels in different molecular systems, 

and found that barrels in small systems with less than eight peptides were likely to have the 

same sizes as the corresponding system sizes. In simulations with more than eight peptides, 

however, peptides could form β-barrels with different sizes (Fig. 7B) and the octameric β-

barrel was the most populated species.

To characterize the 3D structures of β-barrels, we computed the residue-wise contact 

frequency maps based on inter-peptide main-chain interactions (Fig. 8). β-barrels of various 

sizes shared similar features. For instance, a common binding pattern perpendicular to the 

diagonal suggesting anti-parallel alignments of β-strands and similar “hot-spot” regions 

indicating the same inter-peptide interactions. Typical snapshots of β-barrels with various 

sizes were selected to illustrate the structural features (both side and top views were 

provided in Fig. 9). Indeed, β-barrels had mostly anti-parallel alignments of strands with 

hydrophobic side-chains pointing towards the interior in agreement with previous 

computational studies [29]. The anti-parallel alignments arose from electrostatic interactions 

as the peptide contained a positively charged N-terminal residue K16 and a negatively 

charged C-terminal residue E22. More importantly, the cross-sections of small β-barrels 

(from size 6 to 8) displayed a round shape, while larger ones changed into more elliptical 

shapes. The size-dependent shape of either cylindrical or cylindroid β-barrels was mainly 

determined by hydrophobic interactions. An ideal cylindrical barrel with the number of 

peptides larger than eight might result into holes in the center, while a cylindroid could 

reduce the void. As the number of peptide increases, structural strains associated with large 

curvatures near the two ends of major axis of the cylindroid eventually led to the breakage of 

hydrogen bonds, limiting the observed β-barrel sizes of Aβ16-22 in our DMD simulations. 

However, in a lipid membrane environment larger β-barrels with hydrophilic residues 

pointing inward could be stable and form the pore.

The β-barrel oligomers might be “off-pathway” intermediates towards fibrillization

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 number of hydrogen bonds between 

main-chains and the number of β-sheet layer for simulations of eight peptides (Fig. 10A). 

All the 200ns trajectories from 50 independent simulations were included to capture the 

early aggregation process. This particular molecular system was chosen because of 

approximately equal probabilities to observe both single- and double-layer β-sheet 

aggregates (Fig. 2). Indeed, two major free energy basins could be observed corresponding 

to the single- and double-layer β-sheet aggregates, respectively. β-barrels are unique single-

layer β-sheets with more main-chain hydrogen bonds than extended sheets, and thus the 

normalized histogram of the total number of main-chain hydrogen bonds for β-barrels had 

peaks at larger numbers than that of all single-layer β-sheets (Fig. 10B). In another word, β-

barrels were enriched in the right end of the single-layer aggregate basin in the 2D-PMF.

Taken together, we could postulate the formation of β-barrels along aggregation pathway of 

Aβ16-22. Starting as isolated peptides in our simulations (Fig. 10a), peptides started to 

associate with each other and rapidly form inter-peptide hydrogen bonds as single-layer β-
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sheets (Fig. 10b). An anti-parallel alignment of the β-sheet was preferred due to charged 

K16 and E22. When the β-sheet was larger than five, the hydrophobic interaction drove the 

sheet into a curved conformation (Fig. 10c) and further into a closed β-barrel (Fig. 10d). 

Compared to a double-layer β-sheet conformation (Fig. 10e), a β-barrel conformation 

features a higher number of hydrogen bonds but also with higher structural-strains in curved 

sheets. Hence, the two types conformations – i.e., β-barrel and double-layer β-sheet – had 

comparable free energies and thus could inter-convert with each other (Fig. 10d, e). On the 

other hand, a β-barrel had to break hydrogen bonds along two ends in order to form the 

double-layer β-sheet with a curved single-layer β-sheet as the intermediate. With the double-

layer β-sheet en route toward the final fibrils, the β-barrel therefore could be considered as 

“off-pathway” intermediates towards the fibrillization of Aβ16-22.

The relevance of β-barrel oligomers with the membrane-associated amyloid toxicity

While the relationship between amyloid deposition and cellular toxicity is still unknown, 

many studies suggest that Aβ oligomers are polymorphic and transient toward peptide 

fibrillization [42, 43], and may have different mechanisms of toxicity [44, 45]. For instance, 

the deposition of intermediate to large Aβ oligomers is believed to induce a general increase 

in the membrane permeability [46] which eventually leads to the cellular dysfunction [47–

50]. Aβ40 or its fragments are found capable of forming pore-like or barrel-like oligomers in 

neuronal plasma membranes, which can function as cation-selective channels and induce ion 

fluxes as what had been postulated in a two-step mechanism of membrane disruption [27, 

51–56]. Other soluble Aβ oligomers denoted as Aβ-derived diffusible ligands (ADDL), on 

the other hand, are linked to neuron toxicity via binding with protein receptors [49]. The 

AMF images of Aβ barrel-like structures revealed an outer diameter of 8–12 nm and an 

inner diameter of the cavity pore as 1–2 nm [57]. Computational studies about the 

polymorphism of Aβ barrel-like structures had also been carried out and revealed the linkage 

of Aβ barrels and amyloid channels in cell membranes [58, 59]. Moreover, the comparison 

of modeled channels of different amyloid peptides showed shared structural features, 

suggesting the formation of β-barrel structure is generic mechanism inducing toxicity among 

amyloid peptides.

Our simulation results suggested the 7-residue Aβ fragment 16KLVFFAE22 could 

spontaneously form the β-barrel oligomers in solution. With the experimental evidence of 

the insertion of Aβ into cell membrane, it’s possible for Aβ peptides to form pore-like barrel 

structures in similar way. Although large beta-barrel oligomers with big pores were unstable 

in our solution simulations (e.g., Fig. 9), the hydrophobic environment in the membrane 

could stabilize those oligomers. The formation β-barrel structures with large pores in the 

membrane could then result in the membrane leakage and abnormal flux of ions into the 

cell, causing cell death.

Conclusions

In summary, we performed all-atom DMD simulations of Aβ16-22 aggregation with 

different number of peptides. Consistent with previous studies [60], Aβ16-22 shows a high 

propensity to form β-sheet aggregates. While monomers were mostly coils, even two 
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peptides could form dimers with extensive β-sheet content. With the system size smaller 

than six, the peptides mainly formed single-layer β-sheets. Only when the number of 

peptides reached six and larger, the β-barrel oligomers could be observed. The observation 

of β-barrel oligomers was consistent with previous all-atom aqueous REMD and Monte 

Carlo studies [29, 33]. Using the proposed β-barrel detection algorithm, our systematic 

analysis of β-barrels indicated they were mostly formed by six to nine peptides. High-order 

β-barrels of larger sizes could be observed but with significantly smaller probabilities (Fig. 

7B). The β-barrels of six to eight peptides were mostly cylindrical (Fig. 9), and become 

more cylindroid with increasing sizes. These barrels were stabilized by maximizing the 

number of backbone hydrogen bonds and burying the hydrophobic residues, but the closing 

of a single β-sheet also imposed structural strains. As the result, we observed the dynamic 

inter-conversion from β-barrels to double-layer β-sheets via an intermediate state of highly-

curved single-layer sheets, where the breaking of hydrogen bonds likely happened at β-

strands with high strains (or large curvature). Calculation of the contact frequency maps of 

various β-barrels indicated that adjacent β-strands tent to be in anti-parallel alignment, 

similar to the experimentally solved K11V β-barrel hexamer [12]. We also performed PMF 

analysis of the aggregation of eight peptides, where both single- and double-layers β-sheets 

were populated with similar probability (Fig. 2). Our computational analysis suggested that 

β-barrels were “off-pathway” intermediates toward fibrillization. Taken together, our 

unconstrained all-atom DMD simulations offered detailed structural and dynamic insights to 

the formation of β-barrel intermediates. Although our simulations were performed in a 

membrane free environment, the spontaneous formation of β-barrels in our simulations may 

indicate an intrinsic propensity of the amyloid-core fragment of Aβ to form the pore-like 

structures. How the amyloid peptides form oligomers after their insertion into membrane or 

whether pre-formed β-barrels could be incorporated into the membrane still need to be 

established. In addition, our observed β-barrels are formed by the Aβ16-22 fragment, 

questions like whether and how full length amyloid peptides form the β-barrel structures 

remain to be answered. Further studies such as the formation of these β-barrels in membrane 

environments and experimental validation and characterization of these toxic species are 

necessary to better understand the mechanism of amyloid toxicity and design therapeutic 

strategies targeting these novel toxic species.

Material and Methods

Simulation setup

In all simulations, we used peptide segment Aβ16-22 (KLVFFAE) to construct our 

molecular system. Twelve molecular systems were modeled, with the number of peptides 

varied from 1 to 12 and the peptide concentration maintained the same as that of a single 

peptide in a cubic box with the dimension of 48Å (~15 mM). The peptides were set fully 

extend and randomly placed with inter-chain minimum distance no less than 1.5 nm. 

Periodic boundary conditions were also applied. For each molecular system, we performed 

50 independent simulations with each started from different initial configurations (e.g., 

randomized velocities, intermolecular distances and orientations), and lasted 200ns to ensure 

sufficient sampling and avoid potential bias.
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DMD simulations

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

algorithm, a special approach of molecular dynamics in which discrete step functions instead 

of continuous functions are used to mimic the constraints [34]. DMD has been widely used 

by our group and others in studying protein folding, protein aggregation, protein-

nanoparticle interactions and protein-small molecule interactions [34, 61–63] In our 

simulations, the step function potentials are adapted from the continuous Medusa force field, 

with non-bounded inter-atomic interactions include van der Waals (VDW), solvation, 

hydrogen bond and electrostatic terms [63]. The VDW parameters were adopted from the 

CHARMM force field and the EEF1 implicit solvent model was used to model the solvation 

term [64, 65]. The hydrogen bond interactions were implicitly modeled with a reaction-like 

approach[66]. The Debye—Hückel approximation is applied to model screened electrostatic 

interactions, with the screening length set to 10Å. We also use Anderson’s thermostat to fix 

the simulation as 300K [67].

Analysis methods

We used the dictionary secondary structure of protein (DSSP) method in our analysis of the 

system secondary structure [68], and the cutoff of 3.5Å for inter-atomic distance to 

determine the formation of hydrogen bond. We also applied the same criteria in our previous 

works to determine the formation of β-sheet structure [32, 60]. If two peptides are connected 

by at least two backbone hydrogen bonds and each chain contains at least two consecutive 

residues adopting the β-strand structure, they are determined as forming a β-sheet. In 

addition, if two peptides are connected by at least one inter-molecular heavy atom contact 

(with the cutoff 5.5Å), they are determined belonging to the same oligomer, where the size 

of it is the number of peptide contained. We further defined the β-sheet oligomer as the 

multiple β-sheets connected by at least one inter-molecular heavy atom contact, and the size 

of the mass-weighted β-sheet was computed as

nmass − weighted =
∑i = 1

nβ ni
2

∑i = 1
nβ ni

where nβ denotes the number of β-sheet and ni is the size of the ith β-sheet in a simulation 

structure. Calculation of the two-dimensional PMF (or effective free energy) was according 

to the equation

PMF = − KBTlnP(NH − bond, Nβ − layer)

where KB is the Boltzmann constant, T corresponds to the simulation temperature 300K, and 

P(NH–bond, Nβ–layer) is the probability of finding a molecular system containing eight 

Aβ16-22 forming a structure with NH–bond main-chain hydrogen bond as well as Nβ–layer 
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layer of β-sheet at the time, where Nβ–layer was estimated by dividing the size of β-sheet 

oligomer with the size of mass-weighted β-sheet.
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Figure 1. 
Oligomerization and β-sheet formation in DMD simulations with different number of 

peptides. (A) Probabilities of observing oligomers of various sizes, (B) the total β-sheet 

content, and probabilities of observing (C) β-sheet rich oligomers formed by various number 

of β-strands and (D) β-sheets comprised of different numbers of β-strands were calculated 

for simulations with a given number of peptides. All analyses were averaged over all 50 

independent simulations and only the last half of each trajectory was used. In panels A, C & 

D, the probability of each aggregate shown in the heat map was weighted according to its 

size (i.e., the number of composite peptides). Error bars in panel B denote the standard error 

of means (S.E.M).
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Figure 2. 
The probabilities of observing β-sheet rich aggregates with different number of β-sheets 

were computed for simulations with a give number of peptides. For each β-sheet aggregate, 

the number of β-sheet layers was estimated according to the mass-weighted β-sheet size 

averaged over all compositing β-sheets.
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Figure 3. 
The network-based approach to identify β-barrel structures. (A) The schematic β-sheet 

contact network, where each element represents a peptide and any two peptides forming 

adjacent β-strands in a β-sheet is connected. The network is composed of two clusters with 

more than one connected elements (color in black and blue respectively) and isolated 

elements (colored in red). The circular structure highlighted by thick links represent a β-

barrel structure. (B) By iteratively removing dangling elements (i.e., having only one 

contacted neighbors), the only structure left in addition to isolated elements (removed) is the 

circular β-barrel. (C, D) Schematics of possible multi-barrel structures where a peptide 

could form more than two β-sheet neighbors. In our simulations of short peptides, such 

cases were not observed.
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Figure 4. 
The dynamics of oligomerization and aggregation. Sizes of the largest oligomer, the largest 

β-sheet oligomer, the largest β-sheet, the mass-weighted β-sheet, and the β-barrels were 

plotted as functions of the simulation time for typical simulations trajectories with (A) 2, (B) 

3, (C) 4, and (D) 5 peptides. Snapshot structures at different times with peptides shown as 

cartoon with different colors were used to illustrate the aggregate structures and their 

conformational dynamics.
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Figure 5. 
The dynamics of oligomerization and aggregation for simulations with (A) 6, (B) 7, (C) 8, 

and (D) 9 peptides. The same presentation style as Fig. 4 is used.
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Figure 6. 
The dynamics of oligomerization and aggregation for simulations with (A) 10, (B) 11, and 

(C) 12 peptides. The same presentation style as Fig. 4 is used.
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Figure 7. 
Probabilities of observing a peptide in (A) a β-barrel structure and (B) in a β-barrel of 

various sizes were computed for each simulation system with a given number of peptides. 

Error bars denote S.E.M.
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Figure 8. 
Inter-chain contact maps of β-barrel with various sizes. By constructing the structural 

ensemble of all β-barrel with a given size from simulations, the contact frequencies between 

any two residues were computed based on inter main-chain interactions between different 

peptides forming a β-barrel.
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Figure 9. 
Representative structures of β-barrels with various sizes are shown in both side and top 

views. Each peptide is shown in cartoon and all residues are shown as sticks. Positively-

charged lysine residues in the N-terminal are colored blue and negatively-charged glutamate 

residues in the C-terminal are colored red, while the rest hydrophobic residues are colored 

cyan.

Ge et al. Page 22

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
The aggregation free energy landscape estimated from simulations with 8 peptides. (A) The 

PMF was estimated according to the probability observing an aggregate with a total number 

of hydrogen bonds (inter main-chain) and the number of β-sheet layer in the structure. 

Basins and saddles were labeled (a–e) and connected to demonstrate the aggregation 

pathway. Structural snapshots were selected as the representative structures of each 

corresponding labels in the free energy landscape in panel A. Each peptide is shown in 

cartoon and hydrogen bonds are highlighted as dashed yellow lines. (B) Normalized 

histograms of the number of hydrogen bonds for both single-layer β-sheets and β-barrels.
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