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1. ABSTRACT 
 

Amyloid-β (Aβ) peptides can elongate in the 
fibril axis and associate in the lateral direction. We present 
detailed atomic Aβ models with different in-register 
intermolecular β-sheet-β-sheet associations. We probe 
structural stability, conformational dynamics, and 
association force of Aβ oligomers with various sizes and 
structures for both wild-type and mutated sequences using 
molecular dynamics (MD) simulations. MD simulations 
show that an Aβ oligomer that is laterally associated 
through the C-terminal-C-terminal interface is energetically 
more favorable than other oligomers with the N-terminal-
N-terminal and C-terminal-N-terminal interfaces. We 
further develop a simple numerical model to describe the 
kinetics of Aβ aggregation process by considering fibril 
elongation and lateral association using a Monte Carlo 
algorithm. Kinetic data suggest that fibril elongation and 
lateral association are mutually competitive. Single-point 
mutations of Glu22 or Met35 at the interfaces have 
profound negative effects on intermolecular β-sheet-β-sheet 
association. These disease-related mutants (E22K, E22Q, 
and M35O) display more flexible structures, weaker lateral 
association, and stronger elongation tendencies than the 
wild type, suggesting that amyloid oligomerization and 
neurotoxicity might be linked to fibril longitudinal growth. 

 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Alzheimer’s disease (AD) is a progressive 
neurodegenerative disease, which is characterized by the 
deposition of insoluble fibril plaques in the extracelluar 
space of the brain issue (1). The major component of these 
plaques is a 40- to 42-residue peptide, called the β-amyloid 
(Aβ), which is a product of cleavage of the 
transmembrane amyloid precursor protein (APP). 
Although the mechanism of fatal neurotoxicity 
associated with amyloid fibril formation is still unclear, 
increasing evidence accumulates to suggest that soluble 
oligomers, rather than insoluble mature fibrils, are the 
toxic species (2-4). Whereas atomic force microscopy 
(AFM), electron microscopy (EM) imaging and fiber 
diffraction are sufficient to identify the overall size, 
shape, and morphology of different fibrillar species at 
different time-points during the growth process, they 
can not provide the detailed 3D structural organization 
of amyloid oligomers at the atomic level due to their 
small size and the dynamic, short-lived nature (5, 6). 
However, molecular modeling (7) has been widely used 
to characterize the structural and dynamic properties of 
amyloid oligomers at the molecular level, which is 
essential for understanding the mechanism of self-
assembly in amyloidosis. 
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Several structural models of Aβ based on 
different experimental (i.e. x-ray diffraction and solid-state 
NMR) and computational techniques have been proposed. 
Experimentally, Tycko and co-workers (8) suggested a 
structural model of Aβ1-40 with a cross-β structural motif, in 
which residues 12-24 and 30-40 form two β-strands 
connected by a loop with the sequence of Gly25-Ser26-
Asn27-Lys28-Gly29. Riek and co-workers recently (9) 
proposed a generally similar structure 3D structure of the 
Aβ1-42 although differing in the turn conformation, by using 
side chain contact constraints from pairwise mutagenesis 
studies and quenched H/D exchange NMR. Riek’s model 
also consists of a β-strand-loop-β-strand motif at residues 
18-42, with a loop occurring at residues Asn27-Lys28-
Gly29-Ala30. In parallel, computations by Ma and 
Nussinov (10) independently led them to propose a parallel 
β-sheet model for the Aβ16-35 with a β (Lys16-Glu23)-loop 
(Asp23-Lys28)-β (Gly29-Met35) motif. All three models 
revealed that the Aβ peptide adopts a β-strand-loop-β-
strand motif, with each Aβ peptide stacked in a parallel and 
staggered manner within β-sheets. All models remarkably 
agree that the buried salt bridge between residues Asp23 
and Lys28 stabilizes the loop, although each model has 
distinct loop region that could affect the in-register manner 
of parallel intermolecular β sheets organization. This β-
strand-loop-β-strand motif allows multiple β-sheets to stack 
on top of each other in the lateral direction through 
different β-sheet interfaces. 

 
In this work, we perform molecular dynamics 

(MD) simulations of various models to explore the 
structural stability and dynamics, and the kinetic properties 
of Aβ9-40 double-layered oligomers for the wild-type and 
mutated sequences, with particular attention to different 
sheet-to-sheet associations in the lateral direction. The 
cross-section of the Aβ models contains a dimer of two 
hexamers packed in an antiparallel organization, each of 
which consists of six parallel β-strands (Figure 1). The 
binding energies between two β-sheets associated through 
different interfaces are first evaluated and compared to 
determine which interface is more energetically favorable. 
Furthermore, a simple numerical model is developed to 
study the competitive assembly of the protofilament along 
both fibril elongation and lateral directions using a 
Metropolis Monte Carlo (MC) algorithm, in which the 
association probability is determined by binding energies 
obtained from MD simulations. Finally, computational 
mutagenesis of residues of Glu22 and Met35 at interfaces is 
performed to examine the effects of mutation on Aβ sheet-
to-sheet association and kinetic assembly behavior.  
 
3. MATERIALS AND METHODS 

3.1. Systems setup 
The starting monomeric structure of a 32-residue 

Aβ9-40 peptide was extracted from the NMR structures 
kindly provided by R. Tycko (8). Aβ9-40 consisted of two β-
strands, β1 (residues Gly9-Glu22) and β2 (residues Gly29-
Val40), connected by a U-bent turn spanning four residues 
Asp23-Lys28, as shown in Figure 1. Double-layered Aβ 
oligomers were built from two β-sheets which are at a 
distance of ~10 Å in an antiparallel organization, each 
made up of six strands ~4.7 Å apart stacked in parallel to 

each other. Since Aβ has a U-turn shape, Aβ oligomers can 
associate through three possible interfaces determined by 
two stacked β-sheets in the lateral direction perpendicular 
to the fibril growth axis. The cross-section of the oligomers 
is made of two “U-shaped” β-sheets, i) with hydrophobic 
C-terminal–C-terminal (CC) interface through van der 
Waals contacts from Ile31 to Val40, ii) with N-terminal–N-
terminal (NN) interface through partial hydrophobic 
contacts between Val18 and Phe20 and salt bridges 
between Hsp14 and Glu22, or iii) with C-terminal–N-
terminal (CN) interface through various side-chain contacts 
(see Figure 1). All interfaces were shielded from the 
solvent. The wild type sequence was mutated at two 
positions, at Glu22 and Met35 to examine the sheet-to-
sheet association behavior at the interfaces, i.e. Glu22 was 
mutated to Lys or Gln at the N-terminal, while Met35 was 
oxidized at the C-terminal. All starting structures of the 
mutants were built from the wild-type Aβ9-40 by replacing 
the side-chains of the targeted residues, but without 
changing the backbone conformations and side-chain 
orientations. The structure of the designed mutant was first 
minimized for 500 steps using the steepest decent algorithm 
with the backbone of the protein restrained before being 
subjected to the following system setup and production 
runs. 

 
3.2. MD protocol 

All MD simulations were performed using the 
NAMD program (11) with the CHARMM22 force field (12). 
The Aβ oligomers and mutants were solvated by a periodic 
box of TIP3P water molecules that extended 10 Ǻ from any 
edge of the box to the protein atoms. Counter ions were added 
to the box by randomly replacing water molecules to neutralize 
the system, resulting in ionic concentration of ~ 0.15 molar 
NaCl. We followed a standard protocol for each MD 
simulation, which consists of initial minimization, heating 
procedure, equilibrium, and production run. Each system was 
initially energy minimized to remove bad contacts by using 
the conjugate gradient method with the peptides 
constrained and then to relax the atoms without position 
constrains. The system was then subjected to 1 ns of heating 
procedure while constraining the backbone atoms of the 
protein to allow relaxation of water and ions, followed by 5 ns 
equilibrium run without position constraints on the peptides. 
The production simulation used the velocity Verlet integrator 
in the NPT ensemble under periodic boundary conditions with 
the minimum image convention. Constant pressure (1 atm) and 
temperature (330 K) on the system were maintained by an 
isotropic Langevin barostat and a Langevin thermostat. Short-
range van der Waals interactions employed a switch function 
with a twin range cutoff of 10.0 and 12.0 Ǻ. Long-range 
electrostatic interactions employed particle mesh Ewald 
summation with a grid size of ~ 1Å. An integration time step 
of 2 fs was used, with a multiple time-step algorithm employed 
to compute covalent bonds at every time step, short-range non-
bonded interactions every two time steps, and long range 
electrostatic forces every four time steps. Each system was 
simulated for 20 ns and trajectories were saved at 2.0 ps 
intervals for later analysis. The VMD (visual molecular 
dynamics) program (13) was used for visualization of the 
trajectories and preparation of figures. The details of the 
set-up of the simulations were listed in Table 1. 
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Figure 1. (a) Atomic structure of the monomeric Aβ9-40 peptide labeled with residue names and numbers. Atomic models and the 
corresponding schematic organization of double-layered Aβ peptides comprising two antiparallel packed hexamers with (b) CC 
interface, (c) NN interface, and (d) CN interface. Color Id: polar residues in green, non-polar residues in orange, positively 
charged residues in blue, and negatively charged residues in red. In the schematic presentation, a shadowed circle presents the 
out-forward orientation of the side-chain of the amino acids. 
 
3.1. Kinetic model 
An in-house Monte Carlo (MC) program was developed to 
study the competitive associations of Aβ oligomerization in 
both the fibril growth and lateral directions. As shown in 

Figure 2, an Aβ peptide was modelled by a single pseudo 
particle that has three binding sites, labeled by N, C, and H 
where superscript 1 indicates that this binding site is 
available and 0 when unavailable.
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Table 1. Summary of all simulation of Aβ models with two antiparallel β-sheets, each comprising of six β-strands packed in 
parallel 

Twist Angle (degree) Sc 
Simulation 

sheet 1 sheet 2  
C-C 15.3 ± 3.0 15.5 ± 2.0 0.71 ± 0.01 
N-N 11.0 ± 1.2 10.7 ± 0.8 0.65 ± 0.04 
C-N 21.2 ± 2.2 20.9 ± 3.5 0.58 ± 0.06 
C-C, M35O 21.1 ± 3.0 7.6 ± 1.3 0.68 ± 0.03 
N-N, E22K  16.2 ± 3.1 14.1 ± 0.9 0.57 ± 0.04 
N-N, E22Q 11.9 ± 1.4 14.2 ± 1.3 0.62 ± 0.05 
C-N, M35O 18.4 ± 3.6 12.6 ± 2.4 0.57 ± 0.05 

 
For example, two units (unit could be monomer, dimer, 
trimer, or other high-order oligomers) could associate with 
each other in either fibril axis (i.e. HH binding) direction or 
lateral axis normal to fibril axis (i.e. CC, NN, or NC 
binding). We assumed that oligomers have the equal 
probability to associate with each other in either fibril or 
lateral directions. However, in the lateral direction, Aβ 
peptides can associate with each other through one of three 
interfaces (i.e. CC, NN, and NC interfaces), which 
correspond to three different association probabilities. The 
association probability is proportional to the averaged 
binding energy (Table 2), while dissociation probability is 
inversely proportional to the averaged binding energy. For 
double-layered Aβ models, the binding energies between 
two adjacent β-sheets forming different interfaces were 
calculated using the generalized Born method with 
molecular volume (GBMV) (14) on the basis of all-atom 
MD trajectories, i.e. 

21 sheetsheettsdoublesheebind EEEE ∆−∆−∆=∆ . Detailed 

binding energy calculations can be found in reference (15). 
The system consisted of 4,000 Aβ monomers at the 
beginning of the simulations. To initiate a nucleus seed 
formation, at the beginning of the MC simulations, i.e. 
when the number of monomers was larger than 3950, only 
association events occurred. Under other circumstances in 
the aggregation process, the ratio of association and 
dissociation was approximately 70%. The probability of an 
attempt to association/disassociation being accepted 
was [ ]{ }EPaccept ∆−= βexp,1min , where ∆E is the change 

in binding energy.  
 

4. RESULTS AND DISCUSSION 

4.1. Relative structural stability of Aβ oligomers 
The conformational change and the conservation 

of the oligomers were monitored by the time evolution of 
the backbone root mean square deviation (RMSD) through 
the simulations relative to their initial energy minimized 
structures, as shown in Figure 3a. It can be seen that the 
structural deviation of double-layered Aβ 12-mers was 
strongly dependent on the sheet-to-sheet interfaces. The 
oligomer with C-terminal-C-terminal (CC) interface 
experienced the least structural deviation with an averaged 
RMSD of 5 Å during the 20 ns simulation, while the 
oligomer with C-terminal-N-terminal (CN) interface 
displayed dramatic conformational changes with a 
continuously increasing RMSD up to 12 Å at 20 ns. The 
oligomer with the N-terminal-N-terminal (NN) interface 
experienced intermediate structural deviation. As shown in 
Figure 1, the association force between the β-sheets largely

depends on side-chain interactions at the interface. These 
side chains differ in hydrophobicity, electrostatics, and 
geometrical characteristics (size and shape), thus 
introducing different corresponding interactions. Native 
contacts between two β-sheets were used to roughly 
estimate those side-chain-side-chain interactions. As shown 
in Table 2, the average numbers of native contacts, sampled 
from the last 10 ns of the simulations, were 145, 100, and 
60 for the CC, NN, and CN oligomers, respectively. The 
trends observed in the native contacts (Figure 3b) were in 
good qualitative agreement with those observed in the 
RMSD profiles, in which a lower RMSD value is generally 
correlated with a higher number of native contacts and 
vice-versa. Additionally, to characterize how two surfaces 
geometrically fit each other, shape complementarity (Sc) 
was used to measure the extent of the surface match of two 
facing β-sheets using the program SC of the CCP4 with 
default parameters (16). Sc of 1.0 implies perfect interface 
match, while 0.0 means two unrelated surfaces. As shown 
in Table 1, as expected, a CC interface has relatively higher 
Sc of 0.71 than the NN (Sc=0.65) and CN (Sc=0.58) 
interfaces.  

 
Taken together, the CC oligomer displayed the 

highest structural stability, which was mainly attributed to 
hydrophobic interactions, whereas the NN oligomer folded 
through weak sidechain–sidechain hydrophobic interactions 
and unprotected interstrand salt bridges between Hsp14 and 
Glu22 (17). In parallel, based on experiments, Petkova and 
co-workers (8) recently proposed a minimal quaternary 
structure of Aβ1-40 protofibrils using NMR data, in which 
two intermolecular β-sheets associated through CC 
sidechain–sidechain hydrophobic interactions in an 
antiparallel manner. Dolphin and coworkers (18) presented 
alternative possible quaternary structure of Aβ protofibrils, 
where two C-terminal strands in each layer were packed in 
parallel via the central hydrophobic core. All these models 
suggest that the CC association is favored over other 
associations, independent of how the β-sheets are packed - 
in a parallel or antiparallel fashion. Additionally, parallel 
Aβ strands within the β-sheet provide extra structural 
stability through backbone/side-chain hydrogen bonds, salt 
bridges, and in-register π-π interactions (i.e. identical 
positions along the sequence from two neighboring 
peptides interact with each other) (19). It should be noted 
that although all simulations presented here were based on 
the Tycko’s model of Aβ9-40 (8), our recent Aβ 
simulations (15) on the basis of the Luhrs’s model of 
Aβ17-42 (9) also found that the CC interface essentially 
stabilized by hydrophobic and van der Waals (shape 
complementarity via M35-M35 contacts) intermolecular 



Aβ MD simulations 

3923 

 
 

Figure 2. Schematic illustration of the kinetic model. (a) 
Pseudo particle with four binding sites labeled by H, N, and 
C that could be associated through the fibril axis, N-
terminal, and C-terminal, respectively. Two monomers 
assemble into a dimer (b) along the fibril axis, or through 
(c) CC, (d) NN, and (e) CN association in the lateral 
direction. Superscript 1 indicates binding site available and 
0 unavailable. 
 

 
 

Figure 3. (a) Backbone root mean square deviations of Aβ 
oligomers as a function of time. The RMSD is calculated 
relative to the initial energy minimized structure. (b) Time-
dependent native contacts between two β-sheets. The native 
contacts consist of backbone-backbone hydrogen bonds and 
side-chain–side-chain contacts. 
 
interactions was more stable than the NN stabilized by 
hydrophobic and electrostatic interactions. Although these 
two Aβ models differ in the length of peptide and detailed 
turn structure, overall dynamic and association behaviors of 
Aβ oligomers were consistent with each other. 

 
 

4.2. Effects of sequence variation on the stability of Aβ 
oligomers 

To examine the effect of sequence variation 
occurring at the interface on the structural stability of the 

preformed Aβ oligomers, four mutations were introduced at 
different interfaces, Met35 oxidation at the CC interface 
(CC-M35O), Glu22 Lys and Glu22 Gln at the NN 
interface (NN-E22K and NN-E22Q), and Met35 oxidation 
at the CN interface (CN-M35O). It is clear that the 
backbone RMSD difference between the wild type and the 
corresponding mutants was significant, indicating that the 
mutations were indeed responsible for changes in the 
stability. The native contacts between two antiparallel β-
sheets revealed the same pattern as the backbone RMSDs. 
This indicates that the side-chain interactions at the 
interface are important and affect the stabilities of the Aβ 
oligomers, in good agreement with previous studies (20). 
For example, when Met35 residues were oxidized at the the 
CC interface, neutral hydrophobic Met residues became 
negatively charged residues, which introduces unfavorable 
charge-charge repulsion between two β-sheets, as 
evidenced by the remarkable increase in backbone RMSD 
and decreased native contacts (Figure 3). A more 
pronounced electrostatic repulsion was also observed in the 
E22K mutation at the NN interface. The two β-sheets of the 
NN-E22K mutant were pushed away from each other 
(Figure 5e) due to repulsive forces between the K16 and 
K22 residues. The stabilities of mutants were further 
compared based on the binding energies between two β-
sheets, as shown in Figure 4 and Table 2. The binding 
affinities of all mutants were larger than the corresponding 
wild type oligomers, with the following increasing order: 
CC-M35O < NN-E22Q < NN-E22K < CN-M35O. In 
general, the NN and CN interfaces were more vulnerable to 
mutations than the CC interface because they can not attain 
sufficient packing interactions or the hydrophobic 
interactions were too weak. On the other hand, the 
favorable side-chain geometry match between two β-sheets 
is important for the residue to fit into the interface without 
disturbing the proper hydrophobic interactions or salt 
bridges. Consistent with snapshots of mutants at 20 ns in 
Figure 5, all Sc values of mutants were reduced as 
compared to the wild type Aβ40. Taken together, although 
these disease-related mutants (E22K, E22Q, and M35O) 
experience large overall structural deviations as determined 
by weak sheet-to-sheet associations, they appear to still 
maintain each single-layered β-sheet, indicating that their 
structures are more flexible, and thus they might present 
increased amyloid oligomerization in the longitudinal 
direction. Cheng and coworkers (21) recently reported that 
the “Arctic” mutation (Aβ E22G) accelerated the 
aggregation of Aβ into protofibrils and fibrils in vitro, but 
decreased the abundance of nonfibrillar Aβ assemblies as 
compared with wild-type Aβ, consistent with our 
simulation observations of higher rates of fibril nucleation 
and formation. 

 
4.3. Water channel and twisted β-sheet 
Aβ peptide has a β-strand-loop-β-strand motif. In general, 
the β-strand–loop–β-strand motif has inherent structural 
stability due to intrastrand side-chain–side-chain 
interactions including salt bridges, hydrogen bonds, and 
hydrophobic interactions. In the simulations, this native 
motif was well preserved over time in all models. Thus, 
when Aβ peptides pack in parallel along the fibril axis, they 
possess internal cavities near the Asp23-Lys28 salt bridges.
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Table 2. Mean interaction energy and native contacts between two β-sheets by averaging the last 10 ns simulations 
Simulation Interaction Energy (kcal/mol)  Native Contacts 
C-C -484.5 ± 16.5 145.0 ± 5.9 
N-N -284.7 ± 12.5 99.6 ± 4.3  
C-N -210.2 ± 29.5 59.4 ± 9.5 
C-C, M35O -373.2 ± 15.7 122.4 ± 5.2 
N-N, E22K  -174.1 ± 11.7 50.9 ± 5.1 
N-N, E22Q -250.4 ± 13.4 82.1 ± 5.1 
C-N, M35O -111.2 ± 25.3 26.9 ± 7.1 

 

 
 
Figure 4. Interaction energies for the wild type and 
mutated sequences between two antiparallel β-sheets 
associated through different interfaces. The interaction 
energy is calculated by the GBSW implicit solvent model 
in the CHARMM program. 
 
The sizes of these internal cavities were maintained with a 
diameter of ~6-8 Å during the 20 ns simulations. It should 
be noted that there were no water molecules and ions inside 
the cavity at the beginning of simulations. Figure 6 shows 
the water occupancy profiles inside the Aβ hydrophobic 
cavity as a function of time. It can be seen that as the 
simulation proceeded the number of water molecules 
gradually increased during the first 6-8 ns and reached up 
to a relative constant plateau, indicating that water 
molecules were able to penetrate into these internal 
cavities, despite the hydrophobic character of the cavities. 
Due to the limited interior space and restricted side-chain 
movement, the entering water molecules almost aligned 
into a continuous spine of hydration along the fibril axis, 
interacting with the pore-facing side-chains via hydrogen 
bonding. A typical snapshot of the water inside the 
hydrophobic cavity of the double-layered CC model is 
shown in Figure 7. Similar hydrated cavities were also 
observed in the simulations (22, 23). Entering water 
molecules can form hydrogen bonds with the oligomer 
backbones and sidechains to maintain the integrity of the 
cavities. The hydrated cavity can help maintain and 
stabilize the oligomeric pore structures composed of the β-
strand–loop–β-strand motif. The desolvation of the interior 
of the Aβ oligomers would impose a large energy and 
entropic penalty on the structure and stability of oligomers, 
consistent with the observations of Hummer and co-
workers (22, 24). Unlike these interior hydrated cavities 
made of the internal β-strand–loop–β-strand motif, Aβ 
peptides can also form annular pores. Jang and co-workers 
(25) recently modeled Aβ annular structures which were 
fully embedded in the DOPC lipid bilayer. The average 
diameter of the Aβ annular structures containing 24 Aβ17-42

 
monomers is ~20 Å, which is large enough to conduct ions 
along with water molecules. Most importantly, they found 
that these Aβ annular structures have strong selective 
affinity for only Ca2+, supporting experimental observation 
of calcium-selective β-amyloid ion channel. Lashuel and 
coworkers (26, 27) reported that many amyloid proteins 
have channel- or pore-like properties in vitro. In addition, 
similar to other stable oligomers formed by amyloid 
peptides, Aβ strands are twisted, with a twist angle between 
11 and 21º between consecutive strands (Table 1). The 
twisted β-strands result from optimizing the side-chain-
side-chain interactions, hydrogen bonding, and backbone 
conformation. Twisting can assist in avoiding electrostatic 
repulsion by segregating the charged residues between the 
in-register β-strands. 

 
4.5. Kinetic of associations 

Amyloid-forming peptides not only grow along 
the fibril axis, but also assemble in the lateral direction 
leading to the formation of a continuous three-dimensional 
network, as revealed by AFM and EM experiments (28-30). 
To obtain insight into the kinetic properties of the Aβ 
aggregation process, we monitored the numbers of 
associations and of the oligomers as a function of time 
using MC. The longitudinal growth was measured by 
horizonal-horizontal (HH) associations, while the lateral 
assembly was measured by associations through NN, CC, 
and CN interfaces. In Figure 8a, all associations in both 
directions gradually increased, indicating that lateral 
association of aggregates occurs concurrently with fibril 
elongation growth, although elongation growth is dominant 
for all cases. As expected, mutations (E22K, E22Q, and 
M35O) occurring at the interfaces have a large effect on the 
corresponding lateral associations, which are determined by 
low affinity binding at the interfaces. For example, 
comparison of wild type with the CC-M35O mutant in 
Figure 8a, indicates that it took ~6,000 MC events for the 
wild type to consume all monomers, much less than the 
~7,000 MC events in the case of CC-M35O mutant due to 
its unfavorable sheet-to-sheet binding energy induced by 
M35 oxidation at the CC interface. At 6,000 MC events, 
the number of HH elongation associations increased to 
1,373 for the CC-M35O mutant as compared to 1,098 HH 
associations for the wild type, while the number of CC 
lateral associations decreased to 650 as compared to 761 
NN lateral associations for the wild type. At the final stage 
of the aggregation process, the HH and NN associations of 
the CC-M35O mutant reached 1,619 and 875 at 7,000 MC 
events, respectively. Other mutants displayed similar 
association behavior. Thus, as compared to the wild type, 
the weaker lateral association in mutants led to the 
enhancement of normal fibril elongation, suggesting that 
Aβ could aggregate into amyloid fibrils via two competing  
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Figure 5. Snapshots of double-layered Aβ models at 20 ns for (a) CC-WT, (b) NN-WT, (c) CN-WT, (d) CC-M35O, (e) NN-
E22K, (f) CN-M35O, and (g) NN-E22Q oligomers. Color Id: polar residues in green, non-polar residues in orange, positively 
charged residues in blue, and negatively charged residues in red. 
 
directions depending on the binding affinity. Experimental 
evidence (31-33) indicated that E22K and E22Q mutations 
had significantly higher rate of fibril nucleation and 
elongation and were more toxic than wild type Aβ40/Aβ42. 
Thus, comparison between experiments and simulations 
suggests that fibril elongation, rather than lateral 
association, might be mainly responsible for neurotoxicity.  

 
As can be observed in Figure 8b, the monomers 

decreased monotonically and fused to form low-order 
oligomers (i.e. dimers, trimers, tetramers, and hexamers), 

consistent with typical monomer depletion curve (34, 35). 
The aggregation kinetic of low-order oligomers was nearly 
identical. The number of these oligomers increased at the 
early stage of the aggregation process; once reaching a 
particular size, these aggregates of different sizes were 
consumed and further assembled into high-order oligomers 
in a progressive manner, and eventually all converted to the 
protofibrils, as indicated by the disappearance of these 
oligomers. The intensity of lower-order oligomer 
populations had the following deceased order: dimer > 
trimer > tretramer > hexamer > other high-order oligomers.  
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Figure 6.  Water occupancy profiles inside hydrophobic cavities of double-layered models with (a) CC interface, (b) NN 
interface, and (c) CN interface. The hydrophobic cavity is defined by the inward pointing side-chains of Phe19, Ala21, Asp23, 
Lys28, Ala30, and Ile32. Any water molecule within a 3.2 Ǻ cutoff of this cavity is counted as hydration number.   
 

 
 
Figure 7. Representative cross-section of the interior spine of hydration of Aβ CC-WT model, viewed along the protofibrils axis. 
Water molecules (color in green) are trapped in the interior cavity near the Asp23-Lys28 salt bridges. 
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Figure 8. The kinetics of Aβ aggregation process. (a) The number of associations in the fibril axis and lateral direction, and (b) 
the population of low-order oligomers (dimer, trimer, tetramer, and hexamer), as a function of MC events. 
 
There was no lag phase observed for dimer and trimer. The 
absence of lag phase suggests that the dimer and trimer 
formation is very rapid and unstable, thus neither can serve 

as minimal nucleus seeds that require highly organized and 
stable aggregates. But, tetramer, hexamer, and other high-
order oligomers exhibited a lag phase. The presence and  
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Figure 9. The population of high-order oligomers (32- and 
64-mer), as a function of MC events. 
 
length of a lag phase is determined by nucleus formation, a  
thermodynamically unfavorable state that requires a series 
of monomer association/disassociation (36). The lag time 
was significantly lengthened with the increasing the size of 

oligomers (Figure 8b and Figure 9), suggesting that 
monomers and lower-order oligomers are the dominant 
species at the beginning of the aggregation, but they finally 
fuse to give higher-order structures, consistent with 
experimental observations (37, 38). It should be mentioned 
that since all aggregates were modeled as spherical 
particles without structural details, our model did not 
consider energy barrier sinduced by geometry and collision 
effects when two aggregates tend to associate into high-
order oligomers during the aggregation process.  

 
5. CONCLUSIONS 
 

In this work, we explore the effect of β-sheet-to-
β-sheet organization on the structure, dynamics, and 
association of Aβ40 oligomers in solution using MD and 
MC simulations. Simulation results show that Aβ 
oligomers with the CC interface form the most stable and 
energetically favorable structure as compared to other 
oligomers with the NN and NC interfaces, in good 
agreement with experimental data. The stabilizing forces at 
the CC interface are mainly contributed to hydrophobic 
interactions between Ile31 and Val40 and steric zippers via 
Met35-Met35 contacts. All Aβ models having the β-strand-
turn-β-strand motif present intramolecular hydrated cavities 
near the Asp23-Lys28 salt bridges. Designed mutants with 
substituted residues at the Glu22 and Met35 positions 
occurring at the interfaces display lower structural stability, 
weaker lateral association, and stronger elongation than the 
corresponding wild types, suggesting that fibril elongation 
and lateral association are competitive to each other. These 
disease-related mutants (E22K, E22Q, and M35O) have 
more flexible structures and are more toxic in cell culture, 
suggesting that these mutants display fast amyloid 
oligomerization, and that fibril elongation rather than 
lateral association might be mainly responsible for 
neurotoxicity.  
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