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Abstract

Using a predictive coarse-grained protein force field, we compute and compare the free energy 

landscapes and relative stabilities of amyloid-β protein (1-42) and amyloid-β protein (1-40) in 

their monomeric and oligomeric forms up to the octamer. At the same concentration, the 

aggregation free energy profile of Aβ42 is more downhill, with a computed solubility that is about 

ten times smaller than that of Aβ40. At a concentration of 40 μM, the clear free energy barrier 

between the prefibrillar tetramer form and the fibrillar pentamer in the Aβ40 aggregation 

landscape disappears for Aβ42, suggesting that the Aβ42 tetramer has a more diverse structural 

range. To further compare the landcapes, we develop a cluster analysis based on the structural 

similarity between configurations and use it to construct an oligomerization map that captures the 

paths of easy interconversion between different but structurally similar states of oligomers for both 

species. A taxonomy of the oligomer species based on β-sheet stacking topologies is proposed. 

The comparison of the two oligomerization maps highlights several key differences in the 

landscapes that can be attributed to the two additional C-terminal residues that Aβ40 lacks. In 

general, the two terminal residues strongly stabilize the oligomeric structures for Aβ42 relative to 

Aβ40, and greatly facilitate the conversion from prefibrillar trimers to fibrillar tetramers.

Graphical abstract

Introduction

During normal brain metabolism, the cleavage of the amyloid precursor protein generates 

several versions of the Amyloid-β peptide (Aβ). 1,2 These rather insoluble pathological 
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products are major components of the senile plaques found in the brains of patients with 

Alzheimer’s Disease (AD).3,4 Cleavage generally gives either a peptide of length 40 or one 

of length 42. The longer of the two predominant peptide species Aβ42 has two additional 

hydrophobic residues (Ile41 and Ala42) at the C-terminus. Aβ42 is the minor component in 

human cerebrospinal fluid and plasma, being found in approximately a 1:10 ratio to the 

Aβ40 form.5 Nevertheless, Aβ42 is found three times more often in the senile plaques 

characteristic of the Alzheimer’s disease cortex according to studies that use end-specific 

monoclonal antibodies to differentiate the species.3 The shorter and more prevalent Aβ40 

form, on the other hand, seems to play a more important role in the later stages of plaque 

formation as evidenced by a strong correlation between detection of Aβ40 and the maturity 

of the plaques.3 In vitro, both peptides aggregate into fibrils, but Aβ42 aggregates more 

quickly at comparable concentrations.6 Systematic mutational studies reveal a strong 

correlation between the aggregation propensity and the hydrophobicity and the β-sheet 

propensities of the residues at the terminal position 41 and 42.7 In this paper, we use 

computation to compare the aggregation energy landscapes and structural ensembles for the 

two related proteins and explore the effects of these additional two residues on the early 

stages of aggregation.

In a micelle or in an apolar solvent environment, the monomers of both Aβ40 and Aβ42 are 

largely disordered but adopt α-helical structures in the central hydrophobic core region and 

in the C-terminal region.8,9 The NMR data in these environments reveal very little in the 

way of structural difference suggesting that the greater aggregation propensity of Aβ42 is 

not primarily related to this monomeric helix-rich membrane-bound structure.8 In water at 

pH 7.3, at room temperature and in the concentration range between 5 and 10 mM, however, 

the Aβ42 peptide appears to take on somewhat more β-sheet structure (79% β-sheet) 

compared with only 57% for Aβ40. Under those more physiological conditions little α-

helical structure appears to be present.10 We note however some recent studies using circular 

dichroism do report a dominant presence of coiled structure in the aqueous form with 

varying amount of α-helix and β-strand, depending on sample preparation.11 Extensive All-

atom simulations using both implicit and explicit solvent models have explored the 

monomeric configurations of Aβ peptides. Much as in the laboratory, the results of these 

computational studies are highly divergent.12–16 The β content of the monomer is crucial for 

further aggregation but is sensitive to environmental conditions.

One explanation for the different aggregation propensities of the two peptides lies in the 

fibril structure. By monitoring hydrogen/deuterium exchange in the fibrils, Sanchez et al. 

measured the rate coefficient for a monomer to dissociate from its fibril. This rate is 60 times 

larger for Aβ40 than it is for Aβ42.17 The reported fibril structures for Aβ40 and Aβ42 are 

different. Different high resolution fibril structures of Aβ40 obtained through several solid 

state NMR studies generally display the same U-shaped β-turn-β motif. The different 

polymorphs however do differ from each other mainly in the detailed way in which 

protofilaments stack; the turn region occurring between Asp23 and Gly29 is often stabilized 

by a salt bridge formed between Asp23 and Lys28.18,19 Determining the fibril structure of 

Aβ42 has been more difficult owing to its much higher aggregation propensity in 

comparison with Aβ40. In 2015 and 2016, three groups nevertheless successfully elucidated 

the Aβ42 fibril structure arriving at consistent results reflecting most likely the 
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thermodynamically most stable form.20–22 This fibril structure can be recognized by the 

fibril-specific antibodies that bind to senile plaques in AD patients’ brain, but is not 

recognized by other antibodies that do not bind to such plaques.21 The Aβ42 fibril displays a 

triple parallel-β-sheet structure in an “S” shape but manifests several detailed differences 

from the above-mentioned “β arch”23 structure for the Aβ40 fibril. The two additional C-

terminal residues that are not present in Aβ40 seem to provide additional stabilization for 

the Aβ42 fibril. In this fibre form the C-terminal carboxyl group of Ala42 forms a salt 

bridge with Lys28, and IlE41 is in close contact with Gly29.22 Without these interactions 

there would be space for water molecules to intercalate into the turn region and destabilize 

the fibril structure. This structural difference may explain why seeding with Aβ42 fibril does 

not speed up the aggregation of Aβ40 as much as seeding with Aβ40 fibrils does.20 Colvin 

et al. also suggest that the hydrophobic strip formed by residues V40-A42 that is located at 

the outer surface of the protofilament could enhance secondary nucleation, a possible 

mechanism for faster aggregation of Aβ42.22 The newly discovered Aβ42 fibril structure is 

clearly an important piece of the puzzle that motivates our present computational work 

which aims to explore the similarities and differences in aggregation mechanism for the two 

peptides.

It has become widely accepted that the soluble oligomeric forms of Aβ can be potent 

neurotoxins and may be closely linked to the neuronal injury and death in AD patients.24 

Bitan et al. isolated low-molecular-weight Aβ oligomers and used photo-induced cross-

linking techniques to show that Aβ40 and Aβ42 oligomeric ensembles have different 

distributions of structures. Their studies indicated that Aβ40 existed as monomers, dimers, 

trimers and tetramers in rapid equilibrium; while in contrast, Aβ42 formed mainly pentamer 

and hexamer units which further assembled to protofibril-like structures.25 Understanding 

the concentration dependence of these oligomer ensembles and their structural details, 

especially the effects of residues 41 and 42 on the stability of configurational ensembles 

calls for computational investigation. For all-atom simulations, however, simulating even 

just a dozen full-length Aβ peptides in a box is a dauntingly computationally intense task 

because of the long time scales for association at laboratory concentrations.26 This argues 

for using coarse-grained models, but while computationally efficient, many coarse-grained 

transferable force field models suffer from a lack of proven track record in successful 

structure prediction in folding and binding. This makes it hard to assess their predictive 

power for aggregation. Here, we employ an efficient force field, AWSEM, which in contrast 

to other coarse-grained models, has been shown to be effective at predicting folding 

structure27 and thermodynamics. 28 Even with the coarse-grained model, we must use high 

concentrations to overcome the association time scale problem. Statistical mechanical 

analysis using physical cluster theory, however, allows us to extrapolate reliably simulation 

results to realistic laboratory concentrations. Using these tools, in this study we can compare 

the aggregation energy landscapes and aggregation mechanisms of Aβ40 and Aβ42 over a 

wide range of concentrations, side by side, illustrating their differences in solubility as well 

as thermodynamic stability at various oligomer sizes. Our previous work on Aβ40 revealed 

an interconversion between prefibrillar and fibrillar forms where local stabilizing contacts in 

the prefibrillar form must be broken in order to form a new set of stablizing contacts in the 

fibrillar form–the reaction bottleneck. By requiring the breakup of stable structures, this 
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backtracking slows primary nucleation significantly for Aβ40. This “backtracking” event 

however is not prominent in the simulations for Aβ42 for any oligomer sizes, perhaps 

providing an explanation for its outsize role in early pathology. The presence of the C-

terminal residues 41I-42A in Aβ42 greatly stabilizes a tetrameric fibrillar cluster which is 

the bottleneck for fibrillization in Aβ40. We highlight differences in the oligomerization 

pathways of the two forms by constructing a detailed map with nodes that represent clusters 

of structures based on similarities in contact patterns and connect the nodes using the 

similarity between structures in different clusters to determine the strength of the 

connection. This local similarity based map of the landscape should resemble the map of the 

most kinetically relevant connections between structural assemblies since barriers generally 

grow with the amount of structural rearrangement29 needed to interconvert the species.

Methods

Simulation model

In this study, we use AWSEM to compute and compare the aggregation landscapes of both 

Aβ40 and Aβ42. AWSEM (Associative memory, Water mediated, Structure and Energy 

Model) is a predictive and transferable coarse-grained protein folding force field. In the 

AWSEM coarse-grained scheme, each amino acid residue in a protein is described by three 

beads, which represent the Cα, Cβ and carbonyl O atoms of the residue’s chemical structure 

with an ideal peptide bond geometry. In addition to maintaining protein backbone 

geometries, the energy function of AWSEM includes physically motivated potentials that 

embody the chemical and physical properties of residues in the context of secondary and 

tertiary interactions. These energy terms are transferable between different proteins. The 

tertiary interactions use parameters that are learned using the energy landscape theory.30 

Additionally, the formation of local sequence structure is biased through an associative 

fragment memory term, which selects input based on similarity in local sequence to peptide 

fragments where structures are available in the Protein Data Bank (PDB). The associative 

memory term encodes local structural tendencies.27 Detailed descriptions of the setup in 

AWSEM, tertiary interaction, and fragment memory usage can be found in our previous 

work31 as well as the original AWSEM paper.27

To study the concentration dependence of the aggregation process of Aβ42, we first simulate 

12 Aβ42 monomers in a box of volume 272 Å × 272 Å × 272 Å with periodic boundary 

condition. This simulation thus has nominal monomer concentration of 1mM. Initially, the 

free monomers are distributed evenly in the box. The system is first equilibrated for a 

simulation time, equivalent of 1 μs in real time scale. Simulation snapshots are then 

collected for structural sampling and for calculating free energy profiles in this fixed 

ensemble. We use Reiss’s nucleation theory32 as a theoretical framework for this ensemble 

to compute the population of individual oligomers/clusters and convert their population into 

corresponding free energy. Suppose we have N protein monomers in a macroscopic box of 

volume V at temperature T. According to this theory (using a grand canonical approach), the 

probability of finding a single n-mer cluster and N − n free monomers in the box is
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(1)

where qn(V, T) is the partition function for the n-mer cluster and μ0 is the chemical potential 

of the free monomers. See the Methods section in our previous work31 for details. The 

corresponding free energy is given by

(2)

where F(n) = −kBT ln qn is the free energy of the cluster in the fixed ensemble. Eq. (1) and 

(2) are valid for a macroscopic system where the total number of free monomers is way 

larger than the size of the cluster, i.e., N ≫ n (μ0 is therefore invariant). Owing to the 

theoretical treatment used, all simulation snapshots in principle should be properly filtered 

such that only some selected snapshots with the presence of exact n-mer cluster and N − n 
free monomers in the box would be screened out for performing free energy calculation.

Because of the finite number of protein monomers in the simulation box, the effective 

monomer concentration changes as the cluster continues to grow. To account for this finite-

size effect one adds a free energy correction as shown below:

(3)

where Fsim(n, N − n) is the free energy obtained from simulation and the last term refers to 

the free energy correction term. In other words, the free energy of a macroscopic system is 

approximated using the free energy calculated from simulation with the finite-size 

correction. Once the finite-size issue has been taken into account, one can estimate the free 

energy F(n, N − n) as a function of n at any particular initial concentration c0.

Since the unbound monomers are dilute, the free energy calculated at a particular c0 can be 

extrapolated to another concentration of interest c1

(4)

All the simulations were carried out using the Nose-Hoover thermostat (for NVT ensemble) 

as implemented in the LAMMPS molecular dynamics simulation package.33 To study the 

free energy profile along the fiber structural coordinate Qfibril, we used umbrella sampling 

techniques as described in our previous work.31 The Qfibril is a collective coordinate that 

calculates the fraction of contacts formed in an oligomer structure with repect to a reference 

fibrillar structure. In this study, a relaxed Aβ42 structure is used as a reference. The 

reference Aβ42 fibrillar structure we use was generated by relaxing a solid-state NMR 
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structure22 (PDB ID: 5KK3) with the AWSEM force field. We also studied a relaxed 

structure that was obtained using another recently solved NMR structure21 (PDB ID: 2NAO) 

as the starting point. The two initial structures used were both solved at neutral pH (pH 8 

and 7.4, respectively) and are essentially identical in both the ordered region (15–42) and 

disordered N terminal tail (1–14). Notice also that the final relaxed Aβ42 fibrillar structure is 

consistent with the solid-state NMR structure of Aβ4018 used in our previous work.31 

Recently after our paper was submitted, we learned of another recently solved cryo-EM 

structure that shows some polymorphic characteristics for the Aβ42 peptide in the fibril, 

e.g., the EM density map of the entire N terminus was now well resolved in contrast to the 

solid-state NMR structures we used as starting points.34 We note that this cryo-EM structure 

was obtained under relatively acidic conditions. The effects of pH are quite interesting but in 

our view call for considerably more simulation work specifically focused on them.

Clustering and generating the oligomerization map

In order to quantify the differences and similarities of the structures of Aβ40 and Aβ42 

oligomers, we have applied clustering analyses to subsets of structures from both the 

unbiased and the biased simulations. We use 1 − Qrelative as a distance measure between two 

snapshots, where Qrelative is the fraction of the contacts that are the same for the two 

structures. The C-terminal residues 41I and 42A of Aβ42 are excluded when calculating 

Qrelative so Aβ40 and Aβ42 structures can be compared to each other. To generate the set of 

structures for clustering, we extract all the trimer, tetramer and pentamer structures from the 

Aβ42 and Aβ40 unbiased simulations in which there are twelve Aβ proteins. Then we 

randomly select 500 structures from the Aβ40 simulations and 500 structures from the Aβ42 

simulations for the trimer, tetramer and pentamer. For the tetramer and the pentamer, we also 

select 250 structures from biased simulations of Aβ40 and 250 structures from biased 

simulations of Aβ42, so that the selected structures represent a more thorough sampling of 

the energy landscape. We select trimer, tetramer and pentamer structures for clustering 

analyses because this is the size range for the transition to the fiber for Aβ40 at the 

concentration of 40μM as shown in Fig. 2. This structural change is crucial for the 

understanding of the early stages of aggregation. We separate the selected structures into 5 

non-overlapping groups: prefibrillar trimer (p-III), prefibrillar tetramer (p-IV), prefibrillar 

pentamer (p-V), fibrillar tetramer (f-IV) and fibrillar pentamer (f-V), regardless of whether 

the configuration represents an Aβ40 or Aβ42 structure. We then performed hierarchical 

clustering for each group individually and identify centroid structures of each cluster. To 

characterize the structural transitions between groups, we calculate the Qrelative between all 

the cluster centroid structures for the following pairs of groups: p-III & p-IV, p-IV & p-V, p-

III & f-IV, p-IV & f-V, f-IV & f-V. The fraction of contacts compared with the β-arched 

Aβ40 fibril structure, Qfibril, for all the centroids is also calculated. This coordinate is also 

indicated on the oligomerization map. We want to point out several aspects of the calculation 

of the fraction of shared contacts between two structures. First, the last two residues of each 

chain of Aβ42 are always excluded from the calculation for consistency. Since the specific 

chain order for two structures of the same size (e.g., both are trimers) may affect the Q 
value, all permutations of the chain order for each structure are used for the calculation and 

the largest Q value of these permutations is assigned as the final result. For two structures of 

different size (e.g, a trimer and a tetramer), all possible subsets of chains of the larger 
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complex and their permutations are considered and the largest Q of the subset permutation is 

again chosen as the final result. Dealing with these combinatorial issues required deciding 

how many structures to use for the calculation, because the combinatorics of this Q 
calculation results in a rapid increase of the computational cost (with increasing cluster 

sizes).

The oligomerization map is essentially a graphical representation of the free energy 

landscape with nodes and edges. The nodes represent the clusters. We use the Qfibril of the 

centroids from all the clusters as the x-coordinate of the map and the size of the oligomer as 

the y-coordinate for the center of each node representing its own cluster; the size of the disc 

representing the node is proportional to its weighted population calculated from the two-

dimensional aggregation free energy at 40μM concentration for Aβ40 and Aβ42; the width 

of the edges is proportional to the Qrelative between the two centroids. A large relative Q 
should indicate a facile transformation. We generated oligomerization maps both for Aβ40 

and Aβ42 separately to visualize the difference between them.

Results

Comparing the aggregation free energy landscapes of Aβ40 and Aβ42

While secondary nucleation is important in many experiments35 as well as in vivo, at some 

point, the formation of Aβ amyloids must begin with the primary nucleation of fibers from 

peptide monomers. From a thermodynamic perspective, the progress of the primary 

nucleation of Aβ can be described using a grand canonical free energy potential as a 

function of the size of the formed oligomer. In this grand canonical formulation, the 

thermodynamic potential of an Aβ oligomer with a particular size is obtained by subtracting 

from the standard free energy of the n-mer, the summed chemical potential of the 

monomeric proteins which make it up (see Methods for details). In the grand canonical 

ensemble, the chemical potential is largely set by the concentration of free monomers. This 

effective thermodynamic potential for aggregation determines the extent to which Aβ 
oligomerizes and whether an oligomer once formed will continue to grow by adding new 

monomer units from solution. Macroscopic fibrils will form when this thermodynamic 

potential decreases monotonically in a downhill manner after a critical nucleation size has 

been reached. The aggregation nucleus can be defined as that particular oligomer size at 

which the free energy peaks, assuming there are no additional barriers to structural 

rearrangement which, as we will see, is indeed an issue for amyloid β. The size of the 

nucleus depends on the protein concentration. Fig. 1 compares the aggregation free energy 

profiles for Aβ40 and Aβ42 at different monomeric protein concentrations. Each individual 

free energy curve is plotted as a function of the oligomer size. To obtain the aggregation free 

energy we start by first simulating twelve monomers in a simulation box of fixed size having 

periodic boundary condition, which yields a nominal initial protein concentration of 1mM. 

This free energy for a finite system having a fixed finite number of monomers is then 

corrected by using physical cluster theory to remove the finite-size effects so as to describe 

nucleation in a thermodynamically large system with a macroscopically defined monomer 

concentration. The resulting free energy (at 1mM) is then used to extrapolate to lower 

concentrations, again employing physical cluster theory. We show results for 40 μM, 4 μM, 
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0.4 μM, and 0.04 μM. The experimental value of the solubility for Aβ42 is 0.04 μM,36 

nearly the value at which we find that the corrected free energy curves flatten out for large 

oligomer size. In our previous paper,31 we used the same simulation protocol to obtain the 

aggregation free energy for Aβ40 at 1mM, and extrapolated the free energy curves to find 

the protein’s solubility 0.4 μM37 which also compares favorably to experiment. We see the 

grand canonical free energy analysis for Aβ40 and Aβ42 at the macroscopic level 

successfully builds a thermodynamic correspondence between simulation and experiment.

The known fiber structures of both Aβ40 and Aβ42 differ considerably from the prefibrillar 

forms as witnessed by there being antibodies that bind specifically to the fiber and not to 

prefibrillar forms and vice versa. The structural difference between fiber and prefibrillar 

forms for Aβ40 was confirmed in our earlier simulations of Aβ40. As in that study in order 

to understand the mechanism of fibrillization, we must define a collective coordinate Qfibril, 

which is the fraction of contacts formed within an oligomer structure with respect to a 

reference fibrillar structure. In this case we use a relaxed Aβ42 structure for the hexamer as 

the reference state. Free energy profiles projected onto Qfibril along with the oligomer size 

then monitor the overall progress of Aβ42 aggregation using two reaction coordinates just as 

in our earlier Aβ40 study. Fig. 2 compares the two-dimensional grand canonical free energy 

surfaces for Aβ40 and Aβ42 in each case using Qfibril measured with respect to their 

respective reported fibril structure along with the oligomer size n as coordinates. The critical 

nucleus for Aβ42 is smaller than it is for Aβ40 at the same concentration of 40 μM at 300K. 

At this concentration for Aβ40, there is a clear separate step for structural conversion when a 

monomer is added to the tetramer to form a pentamer. At this point the simulations show a 

free energy barrier that separates the prefibrillar and fibrillar basins. This reaction path 

feature, in contrast, is not prominent for Aβ42. This difference in topography reflects the 

result that the individual oligomers for Aβ42 with n ≤ 3 display a shallower free energy 

basin along Qfibril than does Aβ40. This feature implies Aβ42 has a higher kinetic 

propensity for fibrillization.

Constructing and comparing the oligomerization maps of Aβ40 and Aβ42 oligomers

To quantify and visualize the differences between the dominant oligomerization pathways 

for Aβ40 and Aβ42 species, we construct an oligomerization map by clustering the 

structures obtained from our simulations. This clustering uses a local measure of similarity 

based on the number of common contacts in any two structures. In random heteropolymers, 

the paths of escape from a trap can be characterized with a local reaction coordinate that is 

correlated to an overlap measure Qij, the fraction of common contacts.29 Thus, we expect 

clustering based on Qij to give a first approximation to the kinetically significant basins of 

attraction on the rough landscape of a typical polymer. Using this notion, we carry out the 

clustering analysis for the trimers, tetramers and pentamers in order to cover thoroughly the 

prefibrillar oligomeric region of the aggregation landscape. We employ a scheme of 

clustering common to both the Aβ40 and Aβ42 species. To do this we clustered at the same 

time a large group of structures, 50% of the structures being selected from the Aβ40 

simulations and 50% being selected from the Aβ42 simulations. By mixing the structures of 

the two species to set up the clustering one develops a common set of local basins of 

structures that can be used to visualize both the similarities of and the differences between 
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the landscapes for the two species. As shown in Fig. 3, after first identifying all the clusters 

using a mixture of Aβ40 and Aβ42 structures, we can then isolate the Aβ40 structures and 

recalculate the population of each cluster without counting the Aβ42 structures and vice 

versa. We then visualize the cluster populations and their stronger kinetic connections based 

on contact similarities. In the diagram the area of the discs in the figure scales with the 

equilibrium population of the clusters. The clusters of structures from the unbiased 

simulations are colored in blue. We have also included structures clustered from simulation 

runs that are biased along the Qfibril reaction coordinate. These are indicated in light blue. 

Their populations reweighted to take into account the biasing are again indicated by the 

areas of the corresponding discs.

Comparing the map in Fig. 3 for Aβ40 and the map in Fig. 4 for Aβ42, we can see that the 

main differences in the oligomerization pathway for the two species can be traced to the two 

tetramer clusters A and B that are located in the region where 0.4 < Qfibril < 0.6. Cluster B is 

structurally quite similar to the pentamer fibril cluster C and can grow into it by the simple 

addition of a monomer. In contrast, some backtracking that would require breaking the 

hydrogen bonds of the β-hairpins is required for an oligomer in cluster A to grow into one in 

a fiber forming cluster C, hence there should only be a weak kinetic connection between 

these two clusters. In the case of Aβ40, cluster A is well connected to prefibrillar trimers 

(Qfibril < 0.4) whose kinetic linkage extends over prefibrillar tetramers and pentamers. These 

prefibrillar species exhibit a range of morphologies, as shown in Fig. 3 (see section below 

for taxonomy of these prefibrillar species). The structural transformations among these 

prefibrillar species represent a dynamical search in which individual Aβ monomers explore 

their binding configurations on pre-existing molecular constructs having partial sheet 

structure. This search continues until the prefibrillar species undergo a proper structural 

rearrangment into the prefibrillar cluster A. As a result, backtracking is required for species 

in cluster A to turn into fibrillar species i.e., cluster B and finally goes through structures in 

cluster C. For Aβ42 there are few connections from prefibrillar trimers to cluster A; 

however, these prefibrillar trimer clusters with cluster B remain connected, as shown in Fig. 

4. These residual links to cluster B ensure that facile formation of fibril cluster B almost 

always occurs through the trimer species via direct monomer addition, not from structures in 

cluster A which must backtrack.

Cluster A is well-populated in the map of Aβ40 (Fig. 3) while cluster B is dominant for 

Aβ42, as shown in Fig. 4. This difference arises from the presence of C-terminal residues 

41I-42A because these terminal residues stabilize the fibrillar oligomer structure. This is 

evident in Fig. 5 where for the Aβ40 species which lacks the C-terminal residues, the 

contact map (shown on the left) indicates the β-arch structure becomes loosely packed. 

There are only scattered contacts in the map. We also see the arches break down and turn 

into β-hairpins at both ends. For Aβ42 on the other hand, the β-arch structure is quite well 

formed along the fibril, the interchain contacts are densely formed and the C-terminal 

residues are deeply involved in the formation of β-hydrogen bond contacts. To further 

localize the regions where these intra- and inter- contacts are reorganized when converting 

into a fibrillar structure, we compute contact probability maps for the ensembles 

corresponding to clusters A and B (see Fig. S1 in supporting information). By substracting 

the contact probability map of the cluster A ensemble from the map for the cluster B 
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ensemble, we obtain the difference map shown in the middle part of the figure. This 

difference map highlights the regions where changes occur. The locations where existing 

intra-monomer contacts must break are shown in blue while the newly formed inter-

monomer contacts are shown in red. These regions agree with the loosely packed C-terminal 

regions found in the Aβ40 contact map (left). The difference map clearly demonstrates the 

backtracking in molecular detail where intra- and inter-monomer contacts are broken and 

formed, respectively, at both ends when converting from a prefibrillar to fibrillar structure.

Taxonomy of oligomer clusters

Fig. 6, Fig. 7, and Fig. 8 show structural ensembles for the clusters of the prefibrillar 

oligomers (trimer, tetramer, and pentamer, respectively) as obtained by our clustering 

analysis, using relative Q. These figures show all the clusters with more than one member. 

The centroid of each cluster is shown as a single dark blue Richardson trace while other 

members of the ensemble are shown in transparent gray to give an idea of the breadth of 

each ensemble. One also finds some largely unstructured clusters for the trimer with only 

single representative seen in each cluster. The oligomer structures exhibit a range of 

configurations with a mixture of secondary structure elements (α-helix, β-hairpin, and coil). 

The individual monomers sometimes align into a sheet structure but sometimes the 

secondary structure elements are randomly oriented into an overall disordered aggregate. 

The structure ensembles of prefibrillar trimer, tetramer, and pentamer share many common 

structural features. For each oligomer group, the most populated cluster always corresponds 

to a sheet-based structure in which the individual monomers by themselves are well formed 

into a β-hairpin structure and are then properly aligned and stacked on each other. The most 

populated clusters for the trimer, cluster 1 (31 %) and cluster 4 (26.7 %), both show a β-

sheet structure formed by aligning two β-hairpins in the same plane but with the third β-

hairpin loosely attached to the sheet structure (see Fig. 6). This additional β-hairpin in the 

context of the tetramer can either initiate the development of a second layer of the β-sheet 

shown in cluster 1 (25.3 %) or participate in elongating the pre-existing sheet structure 

shown in cluster 5 (33.9 %) (see Fig. 7). Similarly, for the pentamer, cluster 2 (29.6 %) 

exhibits a longer β-sheet structure formed by aligning four β-hairpins (see Fig. 8). 

Interestingly, owing to the chiral nature of β-sheets, the single sheet structure becomes 

twisted as the oligomer size grows. As a result, the cluster begins to resemble a cylindrin, as 

can be seen in the pentamer cluster 2 (see Fig. 8). In many cases, the sheet structure exhibits 

variations from perfection. For instance, a sheet structure is sometimes augmented by adding 

only a single β-strand which involves only partial sequence length of a single Aβ momoners 

(see cluster 5 (2.3 %) and cluster 24 (16.3 %) in the trimer). Moreover, in some cases two β-

strands from the same Aβ momoner are shared by two different layers of β-sheets, 

respectively. This β-strand sharing behavior is mostly seen in larger oligomers, for example, 

cluster 3 (5.6 %) and cluster 4 (16.8 %) in the pentamer. This sharing phenomenon is not as 

common in the trimer clusters simply because there are fewer β-strands present. To clarify 

the structural heterogeneity outlined above, we have developed a notation specifically to 

describe the topologies of the sheet-based configurations. These classifications for the 

clusters of prefibrillar sructures are shown in Fig. 6. Last but not least, we see that helical 

structure is not very prevalent but does occur in the smaller oligomers. In other words, there 

is a significant trend for α to β conversion as the oligomer size increases from trimer to 
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pentamer. Indeed, for the trimer there is a category of amorphous aggregates with such a 

broad range that each cluster is rarely populated being represented as singletons in our study. 

Most of the configurations of these amorphous aggregates show significant content of helical 

structures as shown in Fig. 9. As we mentioned earlier under appropriate solvent conditions, 

a single Aβ monomer undergoes a dynamic conversion between α-helix and β-hairpin (see 

Fig. 10). This same structural conversion occurs then as oligomerization proceeds in 

aqueous solvent. Explicit all-atom simulation also supports this dynamic conversion of the 

monomer in the early stage of the oligomerization process.16 When the oligomer grows into 

a key prefibrillar tetramer species (Qfibril > 0.4), the prefibrillar species may undergo a 

prefibrillar-to-fibrillar structural conversion, as summarized by the major oligomer clusters 

shown in Fig. 11. In this figure, the oligomer species from left to right correspond to the 

prefibrillar cluster A, fibrillar clusters B and C, respectively, as indicated in the maps shown 

in Fig. 3 and Fig. 4.

The taxonomy of oligomer clusters presented in the work should allow a comprehensive 

stuctural analysis of the oligomer landscape which may be important in computationally 

targeting specific oligomer structures which may be especially toxic in neurodegenerative 

diseases. The library of backbone structures can form the basis for a library of fully 

atomistic oligomer structures that could be used for drug design.

Discussion

Nucleation mechanism for fibrillization: the importance of backtracking

The comparison between the Aβ40 and Aβ42 free energy surfaces already highlights the 

importance of the two additional hydrophobic residues (Ile41 and Ala42) at the C-terminus 

of Aβ42. The two residues should affect the kinetics of primary nucleation, as the nucleus 

size decreases from 4 (for Aβ40) to 3 (for Aβ42) at the concentration of 40 μM. The 

corresponding free energy profile for Aβ42, exhibits a lower barrier of nucleation prior to 

forming fibrillar structures. This low nucleation barrier allows a more rapid fiber formation.

The oligomerization landscape maps for Aβ40 and Aβ42 can give us some ideas about 

which of the two species is better able to trigger a cascade of amyloid formation. From our 

calculations, the predicted solubility of Aβ42 is one order of magnitude lower than that of 

Aβ40. At the same time, the concentration of Aβ42 measured in the spinal fluid of healthy 

controls is also about 10 times lower. Apparently, then, the two species are present at similar 

levels of supersaturation. From the perspective of the thermodynamics of primary nucleation 

alone, then, it would be unclear which species would first aggregate if the local 

concentrations of both species rise in parallel. On the other hand, the comparison of the two 

oligomerization landscape maps suggests there should be some significant kinetic 

differences arising from the mechanistic details of the primary nucleation process for the 

two species: Aβ40 requires backtracking while Aβ42 does not. Likewise, if oligomers are 

the pathological culprits rather than the fiber forms, backtracking may cause an 

accumulation of prefibrillar Aβ40 in contrast to Aβ42 which more readily goes on to the 

fiber form. We expect aggregation without backtracking to be more facile than when 

backtracking is required. Indeed, kinetic measurements of aggregation of Aβ42 in general 

show a shorter kinetic lag time/half time than that do measurements on Aβ40 at the same 
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inital monomer concentration.38,39 The two species also differ in their secondary nucleation 

behavior according to experiments.40 We remark that some of the mis-stacked prefibrillar 

oligomer clusters resemble the structures we might imagine to occur in secondary 

nucleation. Further computational investigation will be needed however to elucidate the 

mechanism of secondary nucleation in molecular detail.

Another interesting issue is whether the aggregates of one form of Aβ can act as seeds for 

the other. There have been mixed conclusions from experimental studies. If cross seeding 

occurs, then the initially formed Aβ42 aggregate could further trigger the full amyloid 

cascade of the Aβ40 via either further growth of one species or seeding for the other species.

Towards building a kinetic model for the amyloid funnel

We constructed the oligomerization map using the structural similarity between clusters as 

an indication for how the clusters would be dynamically connected. To a first approximation, 

the clusters should reflect the kinetically significant basins of attraction on the 

oligomerization landscape and their high contact overlap connections should highlight their 

kinetically dominant paths of interconnections. Noting that the thicker edges in the maps 

refer to kinetically more relevent connections between the two clusters, we see that Aβ42 

should have a more facile path to fibrillation than does Aβ40 as we can clearly see a thicker 

edge between fibrillar cluster B and cluster C from the Aβ42 oligomerization map. This 

rapid fibrillation pathway implies that the addition of single Aβ42 monomers is in fact a 

kinetically favorable process that can go on with little rearrangement. Once nuclei are 

formed in a supersaturated system, a cascade of monomer additions becomes 

thermodynamcally favorable, eventually yielding a macroscopic fiber. The oligomerization 

map thus offers additional structural insight into the “amyloid funnel” picture that we 

discussed in our previous paper.31 The amyloid funnel of Aβ42 becomes more downhill due 

to the two additional C-terminal residues (41I and 42A). According to our aggregation 

landscape analysis, these two residues play an essential role in both thermodynamis and 

kinetics of aggregation. We note that these aggregation landscapes indicate that the early 

stages of aggregation are kinetically much more complex than has generally been considered 

in the kinetic descriptions used for quantitatively fitting experimental data for the different 

amyloid proteins that usually assume simple mass action kinetics for monomer addition at 

the primary stage.41–43 More appropriate quantitative kinetic analyses will require turning 

the oligomerization maps developed in the present work based on structural similarities into 

kinetic Markov state models having quantitatively correct rate coefficients.44,45 A deeper 

comparison of the structural differences between the clustered ensembles elucidated here 

should yield approximate reaction coordinates which can then be used to calculate 

intercluster conversion rate coefficients, a task we leave for the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
We plot the appropriate thermodynamic potential F − nμ in units of kcal/mol for an open 

grand canonical system. The aggregation free energy for Aβ42 is first obtained by 

simulating twelve monomers in a fixed size box with 1mM concentration at 300K. The solid 

line with spheres represents the corrected free energy at the simulated concentration of 1mM 

after removing the finite-size effect and accounting for the poor sampling of fibril structures 

in the raw simulation data which need to be supplemented by umbrella sampling as 

described previously for Aβ40.31 The free energy for Aβ40 at the same condition is in the 

dashed line with open spheres. n is the size of the oligomer. The extrapolated free energy 

profiles are also shown at 40μM (square symbol), 4μM (asterisk), and 0.4μM (diamond). We 

also show the profile at the predicted solubility 0.04μM for Aβ42 (triangles) and 0.4μM for 

Aβ40 (dashed line with diamonds).
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Figure 2. 
The grand canonical free energy surface in units of kcal/mol at the concentration of 40μM at 

300K is plotted using an added dimension of Qfibril that reveals more structural details of the 

oligomer. Qfibril is the fraction of contacts formed in a particular structure that match with 

those formed in the fibrillar counterpart which contains only parallel hydrogen bonds. The 

closer the value of Qfibril of a structure is to 1, the more similar the structure is to a fibril 

form. For Aβ40, there is a clear barrier between the tetramer and the pentamer, suggesting 

monomer, dimer, trimer and tetramer can be kinetically stable. On the other hand, for Aβ42, 

the barrier is not apparent, and the trimer and tetramer appear to be quite polymorphic with 

different Qfibril; once it reaches the pentamer and the hexamer, the free energy is downhill. 

This comparison is consistent with Bitan et al.’s cross-linking study on Aβ oligomers.25
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Figure 3. 
The oligomerization pathway map for Aβ40 at the concentration of 40 μM. The nodes in the 

graph represent the clusters of oligomeric structures and two nodes are connected by an edge 

if two clusters are similar to each other. The area of each circle is proportional to the 

population of the corresponding cluster and the thickness of the line scales with the 

magnitude of Qrelative between the centroid structures of two connected clusters (we use a 

cutoff value of 0.2 to filter insignificant connections). The navy blue points are formed using 

the unbiased simulations while the light blue points come from the biased simulations. 

Together they provide a rather complete coverage of the oligomerization map. The y-axis 

indicates the size of the oligomer, and the x-axis is the Qfibril for the centroid structure of 

each cluster. Some of the centroid structures are illustrated using a cartoon representation 

showing the directions of alignment of the β-strands in the map: the N-terminal is colored in 

deep blue and the C-terminal is colored green or light blue depending on whether it is 

formed in a β-hairpin structure or in a β-arch structure, respectively. It’s reassuring to see the 

topological similarities in the structural representations between connected nodes.
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Figure 4. 
The oligomerization pathway map for Aβ42 at the concentration of 40 μM. The red circles 

represent clusters formed using the unbiased simulations and the pink circles indicate 

clusters formed for the biased simulations. The clusters B and C are much more populated in 

this map than they were in the map of Aβ40 but cluster A is less well-populated. The more 

populated fibrillar clusters and thick edges between the tetramer and pentamer suggest a 

more facile fibrillization pathway for Aβ42 species that does not require backtracking.
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Figure 5. 
(left and right) The contact maps of the two tetramer clusters with Qfibril >0.4. The contact 

cutoff is set at 6.5 between Cβ atoms. The left contact map is calculated from the centroid of 

the cluster A that is highly populated in Aβ40 species, while the right contact map 

represents the cluster B that is highly populated in Aβ42 species. The presence of the two C-

terminal residues (41I-42A) increases the stability of the fibril structure significantly 

compared with other oligomeric tetramer structures for Aβ42. The representative structures 

of the clusters along with their cluster ensemble shown as transparent shadows are shown 

below. The difference map is created by substracting the contact probability map of cluster 

A from the map of cluster B (see Fig. S1 in supporting information). The color indicates 

formation of new contacts formed (red) or breakage of existing contacts (blue). The dotted 

red and blue circles highlight the regions of the intermolecular contacts that are formed and 

the intramolecular contacts that are broken, respectively, in the process of converting to a 

fibrillar structure.
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Figure 6. 
Structural ensemble for the clusters of the prefibrillar trimer are shown. These clusters all 

have more than one member. The centroid structure of each cluster is shown as a dark blue 

trace along with other members of the ensemble shown in transparent gray. The number in 

the parentheses represents the fractional population of the cluster in the prefibrillar oligomer. 

The notation in the square brackets is used to describe the topologies of the sheet-based 

configurations. Each digital number specifies a single layer of β-structure. The β-structure 

here refers to three different topologies: 1. single hairpin (use 1). 2. partial hairpin (use 1′), 

and 3. sheet structure (use the number of monomers >1). Depending on the size of the 

resulting sheet, the sheet structure consists of a different number of β-strands. Since each β-

hairpin contributes two β-srands, the sheet structures formed by three, four, five, and six β-

strands are represented by 1.5, 2, 2,5, and 3, respectively. Different layers of structural 

motifs are assigned another digital number, separated using a symbol “+”. In some cases, we 

use subscripts to show special variations for sheet topologies. For example, 1(0.5+0.5) refers 

to a sheet structure formed by two β-srands that come from different Aβ monomers; the 

former 0.5 is underscored in order to distinguish it from one having an other β-strand from a 

different Aβ monomer. A similar notation also applies to compound cases, where the two β-

strands from a single β-hairpin contribute to two different layers of sheet structures, 

respectively, as examplied by 1.5(0.5) + 1.5(0.5); the former 0.5 and the latter 0.5 are both 

underscored in order to show that these two β-srands in fact do come from the same Aβ 
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monomer. Helical structure is denoted by “h”. Some Aβ monomers are highlighted in cyan. 

Please see the main text for the explanation of this feature. Note that configurations 

belonging to the amorphous aggregates are shown in Fig. 9.
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Figure 7. 
Structural ensembles for the clusters of prefibrillar tetramers are shown. Cluster 1 shows 

double layers of the β-sheet structures (the second layer colored in cyan) while cluster 5 

exhibits an elongation for monomer addition (in cyan). See Fig. 6 for a more complete 

definition of the notation scheme.
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Figure 8. 
Structural ensembles for the clusters of the prefibrillar pentamer are shown. Cluster 3 and 4 

exhibit two β-strands from the same Aβ monomers (in cyan) are shared by two different 

layers of β-sheets. Yellow moieties are shown as a separated layer of the sheet in the cluster 

in order to reduce visual confusion. See Fig. 6 for a more complete definition for the 

notation scheme.
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Figure 9. 
Structural ensembles for the clusters of the amorphous aggregates of the prefibrillar trimer 

are shown. These clusters are rarely populated (each contributes only 0.09%) being 

represented as singletons in our clustering analysis. Most of the configurations of these 

amorphous aggregates show significant content of helical structures. The overall fractional 

population of these amorphous aggregates contributes a total of 1.8% of all the clusters of 

the prefibrillar trimer.
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Figure 10. 
A single Aβ monomer in solution undergoes a dynamic conversion between α-helix and β-

hairpin. Figure reproduced from our previous paper.31
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Figure 11. 
Structural ensembles for the major clusters that participate in prefibrillar-to-fibrillar 

structural conversion are shown. From left to right, the clusters correspond to the prefibrillar 

cluster A, fibrillar cluster B, and fibrillar cluster C, respectively, as illustrated in Fig. 3 and 

Fig. 4. See Fig. 6 for a more complete definition of the notation scheme.
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