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Probing Oligomerization of Amyloid Beta Peptide in Silico  

L. Dorosh
a,b

 and M. Stepanova
a,b,c

†
 

Aggregation of amyloid β (Aβ) peptide is implicated in fatal Alzheimer’s disease, for which no cure is available. 

Understanding of mechanisms responsible for the aggregation is required for therapies to be developed. In an effort to 

better understand molecular mechanisms involved in spontaneous aggregation of Aβ peptide, extensive molecular 

dynamics simulations are reported, and the results analyzed through a combination of structural biology tools and a novel 

essential collective dynamics method. Several model systems composed of ten or twelve Aβ17-42 chains in water are 

investigated, and the influence of metal ions is probed. The results suggest that Aβ monomers tend to aggregate into 

stable globular-like oligomers with 13% – 23% of β-sheet content. Two stages of the oligomer formation have been 

identified, quick collapse within the first 40 ns of the simulation characterized by a decrease of inter-chain separation and 

buildup of β-sheets, and subsequent slow relaxation of the oligomer structure. The resulting oligomers comprised a stable, 

coherently moving sub-aggregate of 6-9 strongly inter-correlated chains. Ions Cu2+ and Fe2+ have been found to develop 

coordination bonds with carboxylate groups of E22, D23 and A42, which remain stable during 200 ns simulations. The 

presence of Fe2+, and particularly Cu2+ ions in negatively charged cavities has been found to cause significant changes in 

the structure and dynamics of the oligomers. The results indicate, in particular, that formation of non-fibrillar oligomers 

might be involved in early template-free aggregation of Aβ17-42 monomers, with charged species such as Cu2+ or Fe2+ ions 

playing an important role. 

 

 

Introduction 

The unique ability of proteins to adopt different conformations 

and to selectively and tightly bind other molecules determines 

their diverse functions, but the same ability can also cause 

protein’s misfolding and aggregation. Toxic protein aggregates 

have been implicated in amyloidosis diseases, including 

Alzheimer’s disease (AD), Parkinson’s disease (PD), 

amyotrophic lateral sclerosis (ALS), and transmissible 

spongiform encephalopathies (TSE) 
1,2

. Since the plaques and 

fibrils of amyloid β (Aβ) peptide were found in the brains of 

patients suffering from Alzheimer’s disease, the amyloid 

(cascade) hypothesis emerged in early 90
th

 stating that the Aβ 

peptide fibrils are responsible for the pathology of AD 
3
. 

However, subsequently evidence was collected towards an 

alternative toxic oligomer hypothesis suggesting that smaller, 

soluble amyloid oligomers known as “seeds” or toxic pre-

fibrillar aggregates, rather than mature plaques and fibrils, 

determine neurodegeneration in AD and other protein 

misfolding diseases 
4–8

. For example, polyclonal antibodies 

were found to supress the toxicity of many soluble oligomers 

from different proteins (indicating common structural 

features), but they did not bind to mature fibrils 
7
. Recent 

experimental studies indicate in particular that Aβ42 oligomers, 
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rather than fibrils, bind to lipid membranes causing their 

damage 
9
. Experiments on misfolded Aβ peptide, α-synuclein, 

and transthyretin also suggest that amyloidogenic cytotoxicity 

may share a common mechanism unrelated to the specific 

sequence 
1
. Structure-based screening of compounds that bind 

to amyloid fibers (BAFs) allowed to find BAFs which decreased 

Aβ peptide toxicity but not its fibrillation propensity 
10

. 

Another hypothesis suggests that plaques may play a role in 

trapping of toxic oligomers converting them into a more inert 

form 
11,12

. This in turn suggests that a dynamic equilibrium may 

exist in transition state between the two species highlighting 

the importance of understanding detailed molecular 

mechanisms behind their interactions at various stages of 

aggregation.  

Specifically for Aβ peptide, monomers are found in soluble 

form and largely unstructured, with partial α-helical 
13

 or β-

strand 
14

 structure. They are believed to acquire β content 

when they aggregate 
13

. The term oligomer is employed to 

describe many aggregated species, from low-molecular-weight 

(less than eight units) to high-molecular-weight species of 

various symmetries. The term protofibril usually denotes a β-

sheet rich heterogeneous kinetic intermediate arising before a 

mature fibril structure is formed. Stable entities which serve as 

nuclei for aggregation when introduced in solution containing 

Aβ monomers are known as seeds 
15

.  

Two types of Aβ peptide fragments known as P3 (Aβ17-40/42) 

and P4 (Aβ1-40/42) can be derived from amyloid precursor 

protein (APP) by two mutually exclusive proteolytic pathways 

via cleavage by α-/γ- and β-/γ-secretases, respectively 
16

. 

These fragments are believed to form small and mobile 

neurotoxic oligomers. Other fragments, such as Aβ1-16 or Aβ25-

35, have also been studied, however only P3 and P4 peptides 

have been associated with neuroinflammation 
16

. Neurotoxic 

effects of P3 activated through a specific signal transduction 

pathway were also reported 
17

. Although P3 was absent or 

sparse in aged non-AD brains, insoluble diffuse deposits of P3 

were found in nervous and vesicular systems associated with 

AD pathology 
18,19

. Diffuse non-fibrillar deposits consisting 

mainly of Aβ17-42 were also found in the gray and white matter 

and leptomeningeal/cortical vessels of AD patients after 

vaccination against fibrillar Aβ42 
20

. It was concluded that 

solubilized Aβ peptides from such deposits may ultimately 

have cascading toxic effects on cerebrovascular, gray and 

white matter tissues 
20

. As a potential mechanism, membrane-

destabilising properties of C-terminal domain of Aβ peptide 

have been hypothesized 
21

.  
In the cerebrospinal fluid of non-demented controls about 
one-half of the Aβ end at amino acid 40, 16% end at amino 
acid 38, and 10% end at amino acid 42 

22
. Increased production 

rates of Aβ42 in comparison to Aβ40 have been found in AD 
patients, and therefore associated with AD synaptic changes 

23
. 

Due to more exposed hydrophobic residues of Aβ1-42, this 
construct tends to aggregate faster than Aβ1-40 

24
. Also, 

increased proportion Aβ42:Aβ40 has been shown to enhance 
synaptotoxicity 

25
. Aβ1-42 dimers, tetramers, hexamers, and 

dodecamers have been detected in ion mobility spectroscopy-
MS in vitro experiments 

26,27
. Multiples of Aβ1-42 hexamers have 

also been observed 
27,28

. Recent study of early stages of 

aggregation 
29

 suggests that monomeric Aβ1-40 and Aβ1-42 
peptides tend to coalesce into largely unstructured globules 
from 15 nm in diameter, which slowly grow larger until a sharp 
transition occurs to nucleation and growth of β-rich fibrillar 
structures. Formation of the fibrils was found faster in Aβ1-42 

peptide than in Aβ1-40 peptide. Cell toxicity tests have indicated 
that the most toxic species is formed at early stage of 
aggregation when unstructured globules are observed, leading 
to a hypothesis that the globules themselves represent the 
toxic species 

29
. A very recent high-resolution atomic force 

microscopy study shows specifically that soluble oligomers 
Aβ42, rather than Aβ40, quickly become dominant oligomers 
with the propensity of seed and protofibrilar structures 
formation in aggregation experiments in-vitro 

30
. Also, it has 

been demonstrated 
31

 that Aβ fragments 24-34, 25-35, and 26-
36 alone may form oligomeric structures resembling cylindrins 
and β-barrels.  

It is believed that toxic Aβ oligomers can interact with cell 

membranes, cause oxidative stress, and increase the amount 

of transition metal ions, which in turn may lead to cell 

death 
7,32

. Since metal ions have been found in high 

concentrations in the senile plaque core and rim in AD 

brains 
33–35

, the Aβ and APP were even identified as 

Al/Cu/Zn/Fe metalloproteins. Three N-terminal histidine 

residues H6, H13, and H14, and tyrosine Y10 have been 

identified as main high-affinity Cu
2+

 coordinating residues 
36–41

. 

However, deprotonated main-chain amide groups or 

carboxylate groups D1, E3, D7, E11, E22, and D23, as well as 

methionine M35 are also expected to play a role in transient 

coordination of metal ions 
36–38,41

. Studies suggest that a large 

region involving N-terminal and adjacent area 
36

, might be 

involved in coordination of Cu
2+

 ions, whereas Zn
2+

 might 

interact with central region around residues 26-28 
39,42

. 

Experimental studies of possible role of metal ions in the 

aggregation are also in the pipeline. The metal chelation was 

shown to dissolve amyloid aggregates, therefore reversing Aβ 

aggregation 
34

. Moreover, the rapid acceleration of Aβ 

oligomer aggregation dynamics was observed in experiments 

in the presence of Zn and Al, whereas Cu and Fe showed 

limited propensity for Aβ aggregation 
33–35,43

. Cu and Zn 

prevented Aβ from forming fibrils 
44

, however Zn promoted 

formation of small globular aggregates, while Cu produced 

poorly-structured micro-aggregates 
45

. However, a different 

group 
46

 found Cu inhibiting Aβ aggregation by competing with 

Zn for histidine residues.  

Broader aspects of electrostatic, hydrophobic, and other non-

covalent interactions on Aβ aggregation have been studied 

extensively 
47–50

. Protofibril formation is believed to be driven 

by hydrophobic, aromatic and steric interactions, with fold 21-

30 playing an important role. A strong evidence that aromatic 

interactions from the phenylalanine and tyrosine rings play 

important role in amyloid formation has been reported 
51

. 

These interactions are complemented with electrostatic 

interactions, particularly hydrogen bond V21-K28 and salt 

bridge E22/23-K28. A recent four-dimensional electron 

microscopy study 
52

 indicates that forces responsible for 

amyloid stability are highly anisotropic, and that inter-
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backbone hydrogen bonding network within β-sheets is 20 

times more rigid than side-chain interactions. 

Overall, the body of literature addressing Aβ peptide structure, 

aggregation, and the associated toxicity has increased 

exponentially for the last two decades, APP thereby becoming 

“the most studied protein in the 21
st

 century” 
53

. However, 

despite the significant progress, detailed mechanisms of toxic 

oligomers (seeds) formation, and their exact structure remain 

elusive. Complementary to the experimental studies, 

molecular dynamics (MD) simulations and other 

computational models provide important insights into detailed 

atomistic mechanisms of Aβ peptide misfolding, aggregation, 

and fibril growth 
50,54–57

. Thus, many computational works 

study the structure and dynamics of Aβ peptide monomers 
58–

63
 employing disordered amyloid peptide constructs and/or 

known NMR structures of insoluble fibril fragments as the 

initial structure models. Early stages of oligomerization were 

also investigated, particularly addressing dimers 
62,64–66

 and 

other small size oligomers 
49,67–72

. Such computational studies 

allowed identifying the dock and lock mechanism of fibril 

formation, U-shape topology of β-sheet-turn-β-sheet motif of 

the peptide, clarified the role of water in aggregation, 

elucidated how Aβ peptide protofibrils might be solvated, and 

what may affect their stability. Recently, Aβ dodecamers have 

been constructed from monomers employing a docking 

algorithm, and their structural evolution of analyzed 
73

. After 

4 ns MD simulations, the dodecameric Aβ complexes have 

been found stable within hydrophobic core, albeit not entirely 

ordered 
73

. The mechanisms of Aβ oligomers interaction with 

cell membranes are not obvious yet, however a role might be 

played by their ability to form membrane pores (ion channels). 

Simulations 
74

 have shown that Aβ17-42 peptides indeed can 

form ion channels in lipid bilayer, and that these ion channels 

might be blocked by Zn
2+

 ions. Simulation studies also 

indicate 
75

 that binding of Zn
2+

 ions to individual Aβ peptide 

molecules may significantly change their conformational 

distribution. Binding of Cu
2+

 ions by monomeric Aβ peptide has 

been investigated by MD simulations as well 
76

. The study 

suggests that binding of Cu
2+

 ions in the H13-H14 region of 

Aβ1-42 in solution may be accompanied by coordination of the 

ions by carboxyl groups D1, E3, and E22 via electrostatic 

attraction.  

Molecular dynamics sampling of conformational space for Aβ1-

42 peptide oligomers is computationally expensive. Especially 

all-atom simulations of Aβ multimers containing the flexible N-

terminal region Aβ1-16 would exhibit a substantially slower 

aggregation process in comparison to shorter chains 
54

, urging 

the development and application of various cost-reduction 

methods, or using shorter fragments of the peptide. Some 

works use coarse-grained models, such as the discrete MD 

with four bead peptide model 
24,77–79

. In a recent discrete 

dynamics study employing a novel coarse-grained force field 

PRIME20, several pathways of Aβ17-42 aggregation from 

disordered oligomers to protofilaments have been identified, 

including U-shaped, O-shaped and S-shaped “seeds” 
80

. 

However, application of discrete dynamics was shown to 

strongly enhance hydrogen bonding in proteins, resulting in 

overestimated β-content in comparison to fully atomistic 

MD 
62

. Other works apply implicit solvent coarse grained 

model with optimized potential for efficient structure 

prediction (OPEP) force field, when backbone is described in 

all-atom representation, and side-chains are represented by 

centroids with different van-der-Waals radii associated 
81

. To 

speed up folding simulations high-temperature MD have also 

been employed 
82,83

. Other strategies for enhanced sampling 

include replica exchange MD (REMD) 
84

, Hamiltonian 

temperature REMD 
85

, meta-dynamics 
86

 and bias-exchange 

meta-dynamics 
87,88

. These methods allow accelerating 

sampling, study folding and aggregation and reducing the size 

of studied systems. However, this is achieved at the expense of 

lower resolution and strong dependence on the choice of force 

fields 
89

 raising questions of the reliability of the predictions 

employing accelerated MD sampling, considering the 

demonstrated importance of the force fields in MD 

simulations 
56,90,91

.  

An alternative approach employs partially misfolded 

constructs as initial structures for all-atom explicit-water MD 

simulations. In the absence of reliable structural information of 

the oligomeric/seed state, the usage of existing Aβ peptide 

protofilaments allows addressing the dynamics of β-rich 

constructs directly without long simulations of the transition to 

such constructs. In particular, several published MD 

simulations 
49,67,92–94

 were using hydrogen/deuterium-

exchange NMR-derived structure 2BEG of Aβ17-42 pentamer or 

its individual chains 
92

 as the initial model. The model helped 

to investigate template induced conformational changes 
93

, 

stability of annular intermediates 
94

, or fibril elongation 
95

. 

Broader aspects of template-assisted aggregation have been 

addressed in recent review articles 
50,54,55

 and references 

therein. A slight limitation of starting simulations from an 

experimentally derived fibril fragment structure is the focus on 

the existing in-register parallel β-sheet aggregates which 

usually do not disintegrate spontaneously, neither form 

alternative anti-parallel constructs during MD simulations. 

Nevertheless, extensive simulations of protofilament-derived 

constructs in explicit solvent provide valuable information on 

the stability of these structures, as well as allow predicting 

new rotated forms 
96

 which can be seen as potential 

candidates of Aβ seed structures. Recently new Aβ peptide 

structures were published, such as the octamer of D23N 

mutant Aβ17-40 fragments 
48

, and Aβ1-40 nonameric fibril 

fragment 
97

, and Aβ1-42 peptide dimers with face-to-face 

packing 
98

. Computational modeling studies employing these 

new constructs can be expected to provide further insights 

into the molecular dynamics of Aβ peptide aggregates. Various 

descriptors have been employed to analyze the fibril stability. 

These include, for example, the number of side-chain to side-

chain hydrogen bonds, the volume packing fraction within 

fibril fragment, and the frustration index 
99

; geometrical 

distance between the planes of the core and the side-chains in 

vertical and horizontal directions 
100

; as well as stability 

landscapes employing the binding free energies with dipolar 

solvent model 
101

.  
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In this work, we report extensive fully atomistic MD 

simulations of several model systems composed of ten to 

twelve Aβ17-42 peptides in water with the addition of Cu
2+

 and 

Fe
2+

 ions. We use multiple randomly positioned monomers 

from protofibfil model 
92

 for our initial constructs, and employ 

an explicit water model for the solvent. Oligomers from C-

terminal fragment Aβ17-42, also known as P3, which mainly 

contain hydrophobic residues, may be expected to drive the 

processes of aggregation and fibrillization 
49,67

. They are found in 

diffuse deposits associated with AD 
16,17,19 

and known to be 

toxic 
16,17,20

. Although it is clear that electrostatic interactions 

should be important for the process of aggregation of Aβ17-42 

fragments, the influence of such common charge-bearing 

compounds as metal ions has not been investigated yet in a MD 

simulation of the aggregation. Even though fragment Aβ17-42 does 

not contain the main metal binding site, possible influence of 

transient coordination through carboxyl groups begs for a 

better understanding. We investigate the evolution of these 

multimeric systems starting from initially random orientations 

of the Aβ peptide chains, specifically focusing on the changes 

in their secondary structure content and interatomic contacts. 

To the best of our knowledge, this is the first report describing 

the evolution of large (containing more than 6 units) 

multimeric Aβ peptide systems from initially random 

orientations down to the formation of more compact 

oligomeric aggregates, as observed from all-atom MD 

simulations in explicit solvent. To analyze the dynamical 

stability of the various constructs, we employ a novel essential 

collective dynamics (ECD) method that our group has 

developed and applied to analyze a number of biomolecular 

systems 
102–110

. 

Methods 

Modeling structures 

Our initial structures comprise randomly positioned 

monomeric Aβ peptide fragments 

17LVFFAEDVGSNKGAIIGLMVGGVVIA42. For these monomer 

units, we used the coordinates of chains A-E of N-terminally 

truncated Aβ17-42 experimentally derived pentamer from PDB 

ID 2BEG 
92,111

, see Figure 1(a). To prepare the control 

monomer system, chain C from 2BEG.pdb was extracted from 

the complex, minimized in vacuum, solvated in single point 

charge extended (SPCE) water box, and counterions Na
+
/Cl

-
 

were added (see Table 1, system A1). Next, using Accelrys 

VS 
112

 and VMD 
113

 packages, we have built a system 

containing ten monomers out of two sets of monomeric Aβ17-42 

units from 2BEG.pdb by randomly rotating and shifting the 

units against each other with a minimal distance of 5 Å, so that 

none of the units were in contact with each other. Then we 

minimized these ten randomly positioned units system in 

vacuum and added solvent and counterions (see Table 1, 

system A2). The Aβ17-42 decamer system was NPT simulated in 

a SPCE water box for 50 ns. In order to probe the formation of 

multiples of hexamers as seen in experiments 
26,27

, water 

molecules and ions were removed from the decamer system 

and two more monomer units were added, randomly rotated 

and distanced by at least 5 Å from the other units (see Table 1, 

system A3). The resulting dodecameric system was also 

minimized in vacuum, solvated in SPCE water box, and electro-

neutralized. The sites bearing negative charges, predominantly 

exposed carboxylate groups of E22 and D23 of different chains, 

were identified in system A3 employing Accelrys Discovery 

Studio Visualizer 
112

, and Cu
2+

 or Fe
2+

 ions were added to these 

sites resulting in systems A4a, A5a, and A6a (Table 1). To 

collect statistics on systems dynamics, we run additional 

control simulations for each of the systems A4a, A5a, and A6a, 

as listed in Tables 1 and S1. The same starting coordinates of 

atoms and changed seed numbers when random-generating 

the initial Maxwell distributions of atom velocities were used 

in the additional simulations, which are labeled as “b”, “c”, and 

so on. In systems A5 and A6 all metal ions were positioned in 

negatively charged cavities. In system A4a and the 

corresponding controls two Cu
2+

 ions were positioned in 

negatively charged cavities, and the third Cu
2+

 ion was 

positioned outside at a distance of approximately 7 Å from the 

surface of the oligomer.  

 

 
 

Figure 1: Snapshots of the secondary structure of Aβ17-42 

monomer (system A1) in 20 ns MD simulation: initial model 

before equilibration (A), random coil conformation at 12 ns 

(B), and three-fold conformation at 16 ns (C). 

 

 

Table 1: The list of systems studied. 

 System Details of preparation 

A1a, A1b Aβ monomer two systems, chains C and D from 2BEG.pdb 
92

 

A2 Aβ17-42 (10) decamer, random chains position based on 2BEG.pdb coordinates, monomers rotated by random angles 

and shifted by random distances of 5-7Å against each other 

A3 Aβ17-42 (12) dodecamer based on A2 after 50 ns with two monomers added at random positions  

A4a-A4e Aβ17-42 dodecamer with 3 𝐶𝑢2+ ions based on A3 with three Cu
2+

 ions added  

A5a-A5e Aβ17-42 dodecamer with 6 𝐶𝑢2+ ions based on A3 with six Cu
2+

 ions added to negatively charged sites 

A6a-A6e Aβ17-42 dodecamer with 6 𝐹𝑒2+ ions based on A3 with six Fe
2+

 ions added to negatively charged sites 
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All systems A4-A6 were minimized in vacuum, then water and 

Na
+
/Cl

-
 counterions were added. Minimizations, equilibrations 

and production MD simulations on systems A1-A6 were carried 

out using Gromacs v4.5.3 package 
114

. Optimized potentials for 

liquid simulations (OPLS) force fields 
115

 were used for the 

peptide molecules and ions. Subsequent solvent minimizations 

involved decreasing position restraints on non-hydrogen 

protein atoms, as well as and the heating with Berendsen 

thermostats and an NVT-equilibration. 

 

Molecular dynamics simulations 

The production MD simulations, and also the last equilibration 

step, were conducted at 310 K temperature and at a pressure 

of 1 atm with isotropic pressure coupling (NPT ensemble), and 

bond lengths restrained with the linear constant solver (LINCS) 

algorithm with a fourth order of expansion. These simulations 

were performed for 200 ns for systems A2, A3, A4a-e, A5a-e, 

and A6a-e  (see Table S1). 1 fs time steps were used, and 

snapshots saved every 20 fs in order to analyze the essential 

collective dynamics. Additional details of system preparation 

and simulations have been described elsewhere 
108

. 

Structural analysis of the trajectories, including assessment of 

secondary structure, calculations of RMSD, the number of 

hydrogen bonds and salt bridges, the radii of gyration, distance 

maps, and solvent accessible areas has been done using 

GROMACS package scripts 
114

 and the VMD package 
113

. For 

graphical representation, the VMD and Accelrys VS packages 

were employed. 

 

Essential collective dynamics (ECD)  

The essential collective dynamics (ECD) method allows 

identifying persistent dynamic correlations in macromolecules 

from short fragments of MD simulation trajectories. According 

to the statistical-mechanical framework 
102,107

 macromolecular 

dynamics can be described by generalized Langevin equations 

(GLE) with essential collective coordinates defined by applying 

the principal component analysis (PCA) on MD trajectories. 

More specifically, short fragments of MD trajectories (usually 

from the last 20 ns of a production run) are analyzed. A 

fragment represents a temporal sequence of atomic positions, 

        tz,ty,txtq iiii 


,   N,...,,i 21 ,      (1) 

where N is the number of atoms in the protein, and xi(t), yi(t), 

and zi(t) are Cartesian coordinates of atom i at discrete 

temporal snapshots denoted by the time variable t. From 

these data, a covariance matrix of size 3N3N is calculated 
102

, 

 ))()()(( jjiiij qtqqtqC


,      (2) 

where the averaging is done over all temporal snapshots in the 

fragment. In a multimer, the indices i,j in the covariance matrix 

(2) run over all atoms in all units. Eigenvectors and eigenvalues 

of the covariance matrix are obtained, and the eigenvectors 

ordered according to the magnitude of the corresponding 

eigenvalues. The complete set of 3N eigenvectors is then 

deduced to a lesser number of principal eigenvectors, which 

we also refer to as the essential collective coordinates 
102

, 

 k

N

kkk EEEE 321 ,...,


,    K,...,,k 21 .      (3) 

The number of principal eigenvectors K is selected such that 

90% or more of the total displacements are sampled, which is 

usually achieved with K=10-30. The expression for the 

eigenvectors (3) can be equivalently rewritten as follows, 

 k
N

kkk r,...r,rE


21 ,    K,...,,k 21 .       (4) 

Here k
ir


 denote triplets of direction cosines  k
z,i

k
y,i

k
x,i E,E,E


 of 

eigenvectors kE


 relative the x, y, and z degrees of freedom for 
atom N,...,,i 21  in 3N-dimensional configuration space 

102
. 

Equation (4) is equivalent to (3) with the only difference that 

3N direction cosines defining each eigenvector are grouped 

into N triplets, such that each triplet is associated with one 

atom in the protein. It has been shown 
102,107

 that such triplets 

of direction cosines can be employed to evaluate dynamical 

coupling (correlation of motion) between atoms of the 

protein, to find out which of the atoms move coherently. For 

this purpose, a set of N vectors is constructed as follows 
107

: 

 K

iiii rrrr


,..., 21 ,   N,...,,i 21 .       (5) 

Earlier it has been demonstrated that each of the vectors (5) 

identifies a projected image of the corresponding atom i in a 

3K-dimensional space
106

 such that distances between the 

images of two atoms i and j, 

jiij rrd


 ,   N,...,,j,i 21 ,        (6) 

represent the degree of dynamic correlation between these 

atoms 
106,107

. In particular, short distances 
ijd  indicate that 

atoms 𝑖 and 𝑗 move coherently regardless of their proximity in 

3D structure, whereas larger distances represent a relatively 

independent motion 
106

. It has also been shown 
107

 that the 

values of d represent invariant (stable) correlations, and as 

such they allow predicting persistent dynamics trends from 

relatively short fragments of MD trajectories.  

A suite of dynamics descriptors, such as the protein’s dynamics 

domains 
102

; main-chain flexibility profiles 
103

; and main-

chain/backbone and side-chain pair correlation maps 
106,109

 

have been derived within the ECD framework, extensively 

validated, and successfully applied to analyze dynamics of 

proteins, protein-ligand, and protein-nanoparticle 

complexes 
103–106,108–110

. Importantly, the ECD method does not 

require exhaustive sampling of the conformational space in 

order to draw accurate predictions. Short sub-nanosecond 

segments of MD trajectories are usually sufficient for a 

compatibility of the predictions with NMR experiments 

representing significantly longer time regimes 
102,103,105–107

. 

In this work we assess the dynamics of Aβ aggregates using 

ECD dynamics domains, main-chain flexibility profiles, and 

backbone/side-chain correlation maps. The dynamics domains, 

which represent relatively rigid parts of the structure that 

move coherently, are identified through a clustering procedure 

described in detail in 
102

. The ECD main chain flexibility 

descriptor C
mF  for 

C  atom in residue m is defined as a 

distance between the projected image of this 
C atom, C

mr


, 

and the centroid over the images of all 
C  atoms, C  

103
:  
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  CC
m

C
m rF

 ,         (7)  






  C
m

C

C r
N

 1 .          (8) 

Index m in equations (7) and (8) runs over all residues in all 

chains of the Aβ aggregate. Finally, to calculate ECD main-
chain correlation maps we use projected distances 

ijd  from 

equation (6), where indices i and j run over non-hydrogen, non-

consecutive backbone atoms 106 in all chains of the aggregate. 

When calculating side-chain correlation maps, the indices run 

over non-hydrogen end-group atoms in all residues excluding 

glycines. More details of the calculations of ECD flexibility 

profiles and pair correlations can be found in our earlier 

reports 
103–106

 and 
106,108–110

, respectively. All ECD descriptors 

used in this work were obtained with K=20. For each construct 

considered, we employed 100 segments, each of 0.2 ns, from 

the last 20 ns of the MD trajectories, to obtain the averaged 

data for the analysis.  

 

 

Table 2: Locations of stable β-strands in modeled Aβ systems. Indicated are residues that were populated for more than 26% of 

time during 20 ns simulation for system A1 and for more than 50% of time for 200 ns simulation for systems A2-A6.  

Chain 
System 

A1 A2 A3 A4a A5a A6a 

A 18-20, 33-35, 

39-41 

32-34 18-19, 31-34 29-34, 39-40 31-33 18-19, 29-32 

B  

 

18-20, 25-26, 

34-37, 39-41 

18-20, 25-26, 

34-37, 39-41 

18-19, 25-26, 

34-41 

18-20, 25-26, 

35-37, 39-41 

19-20, 37-40 

C  32-33 32-33 18-19, 32-33 32-35 32-36 

D  19-23, 31-36 18-22, 35-38 19-22, 31-36 19-20, 35-36 19-21, 34-36 

E  18-21, 35-38 18-21 18-21, 39-40 18-21 18-22, 32-37 

F  33-34 33-35 31-34 33-35 33-37 

G  26-27, 31-32, 

40-41 

18-19,26-27, 

31-32, 36-37,  

26-27, 31-32, 

40-41 

26-27, 31-32, 

40-41 

26-27, 31-32 

H  

 

18-19, 28-29, 

37-38 

18-19, 37-38 18-19, 37-38 18-19 18-19, 37-38 

I  

 

39-41 18-20, 34-35, 

39-41 

18-20, 39-41 18-20, 39-41  

J  

 

20-21, 32-34, 

40-41 

32-35 32-35, 37-38 32-35 32-35 

K   34-35, 40-41 29-34 32-35 18-20, 36-39 

L   34-35 32-39 34-37 19-24, 34-38 

 

 

Results and Discussion 

Multiple solvated Aβ17-42 monomers form stable β-sheet 

containing oligomers.  

Two independent 20 ns simulations of Aβ monomers (system 

A1) were conducted. As Figure 1 shows, individual solvated 

monomer units initially adopt a random-coil conformation 

without β-structure. In one of two trajectories for the 

monomer system, a three-fold anti-parallel β-sheet involving 

residues 18-20, 33-35, and 39-41 was detected during 26% of 

the simulation time (see Figure 1C and Table 2), consistent 

with the propensity of the Aβ17-42 monomers to form β-sheets 

reported earlier 
66

. However, for another monomer system we 

observed mainly random coils with a transient β-content 

present for only 2.3% of time. The formation of metastable β-

strands close to C-terminus of Aβ monomers has been 

observed earlier in numerous modeling studies, such as for 

example 
56,61,62,116,117

.  

In particular, β-sheet or β-hairpin motifs involving residues 

from regions 18-20, 30-32, and 39-41 have been 

observed 
61,62,117

. Our finding of β-sheet locations (see Table 2 

and Figure S2) is in good agreement with these studies. Some 

modeling works also report a significant -helical content, 

especially in N-terminal region of Aβ monomers 
61,62,118

. That 

we do not observe -helices in this work, may be attributed to 

the absence of N-terminal region in Aβ17-42, and forcefileds 

used 
56

. 

Figures 2A and 2B illustrate the structure of system A2, 

composed of ten randomly positioned Aβ17-42 monomers in 

water, before and after the 200 ns MD simulation, 

respectively. As it is evident from Figure 2A, no β-structures 

were present in any of the chains initially. However, the 

decamer started aggregating already during the 0.2 ns NPT 

equilibration stage. This involved a rapid decrease of inter-

chain separations and development of numerous side-chain 

contacts for the first 20-40 ns. Since the Aβ17-42 peptide 

comprises mostly hydrophobic residues, the aggregation was 

accompanied by expulsion of water molecules from the inter-

chain space within 40 ns of the simulation. The distance maps 

in Figure S1 show the mean smallest distances between side-
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chain atoms (above the diagonal) and main-chain atoms 

(below the diagonal). As one can see from Figures S1A-S1C, 

about 80% of the closest inter-atomic contacts that we 

observe at 200 ns have been developed over the first 60 ns of 

the simulation. Further contact formation was relatively slow. 

As one could expect, somewhat shorter distances are observed 

between side-chain atoms in comparison to the main chain. 

Figure 3A shows the time dependence of the gyration radius of 

the decamer A2; Figure S2(B) shows the secondary structure 

evolution; Table 2 lists stable β-strands identified during 

200 ns of the simulation; and the third row in Table 3 

summarizes the various structural changes observed for this 

system. Overall in the course of a 200 ns simulation of the 

decamer, the radius of gyration has decreased from 30.66 Å to 

20.82 Å, and a compact oligomer formed that contained both 

parallel and anti-parallel β-sheets. Often, although not always, 

stable β-strands are found in regions 18-21 and 31-41, where 

the monomeric system A1 also developed β-content during a 

20 ns simulation (Figures 1C and S2, and Table 2). Overall, as 

Table 3 shows, β-content of system A2 increased from 3.7% to 

20% in the course of 100 ns, and then decreased to 12.8% 

after 200 ns. This is accompanied by a pronounced increase in 

the number of inter-peptide and intra-peptide hydrogen bonds 

(HBs), as Figure 3B illustrates. During the first 100 ns of the 

molecular dynamics run, the decamer A2 developed 27 pairs 

of HBs, in addition to the existing 14 pairs of HBs which were 

already formed during the equilibration. However, during the 

next 100 ns the decamer lost some of these HBs, so that 36 

bonds remained by end of the 200 ns simulation (see Table 3 

and Figure 3B). We attribute this to a redistribution of 

hydrogen bonding with the solvent during the simulations. 

System A2 also developed 18 salt bridges (SBs) involving acidic 

residues E22 or D23 and basic residue K28 in the course of 

200 ns of simulations. 

 

 

 
 

Figure 2: Ten Aβ17-42 monomers in water (system A2) before MD simulation (A) and decamer formed after 200 ns of the 

simulations (B); Aβ17-42 decamer after 50 ns of MD simulation with the addition of two monomers (system A3) before MD 

simulation (C) and dodecamer formed after 200 ns of the simulations (D). Random coils are indicated with white color, β-strands 

are shown by yellow and turns are shown by green. On panels B and D, inter-protein salt bridges (blue spheres) and intra-protein 

SB’s (red spheres) are shown. 
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Figure 3: Changes in radius of gyration (protein’s level of compactness) calculated by VMD over the simulation time (panels 

A,C,E,G) and detected number of hydrogen bond pairs (panels B,D,F,H) for systems A2 (A,B), A3 (C,D), A5a (E,F), and A6a (G,H). 

 

 

 

Table 3: Changes in the number of HBs, SBs, secondary structure content, and gyration radius for different constructs in the 

beginning of the trajectory for 0 ns (the first number), after 100 ns (the second number) and after 200 ns (the third number).  

 

  

Hydrogen 

Bonds 

Salt 

Bridges 

𝛂 helical 

content, % 

𝛃-sheet 

content, % 

Isolated 

bridges content 

% 

Radius of gyration, 

Å 

A2 10-mer 14-41-36 18 0-0-0% 3.7-20.0-12.8% 2.2-3.7-5.7% 30.66-21.76-20.82 

A3 12-mer 39-47-50 18 0-0-0% 12.6-15.6-19.4% 5.6-7.1-7.4% 26.08-22.13-22.05 

A4a 12-mer 3 Cu ions 36-45-51 16 0-0-0% 14.3-17.5-23.3% 5.0-4.0-4.1% 28.39-21.71-21.48 

A5a 12-mer + 6 Cu ions 35-40-41 19 0-0.03-0.2% 14.5-15.9-13.3% 4.6-6.5-6.5% 25.59-22.28-21.94 

A6a 12-mer + 6 Fe ions 38-46-51 13 0-0-0% 9.9-20.0-19.7% 6.5-4.6-5.2% 24.86-21.22-20.89 
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Figure 4: Intra-molecular and inter-molecular salt bridges (SB) 

for Aβ42 dodecamers A5 with six Cu
2+

 ions (A) and A6 with six 

Fe
2+

 ions (B). The residues participating in intra-molecular SBs 

are indicated with red spheres, while residues in inter-

molecular SBs are shown in blue. 

 

 

Dodecamer systems A3-A6 were built by adding two Aβ17-42 

monomers to decamer system A2 after 50 ns of the simulation. 

As an example, Figure 2C shows the initial configuration of 

dodecameric system A3. Figures 2D, 4A, and 4B illustrate the 

structures of systems A3, A5a, and A6a respectively after 

200 ns, and Figures 3C-3H show the evolution of the gyration 

radii and HB numbers.  

Since the initial structures for dodecamers A3-A6 were 

composed of a partially aggregated decamer with two 

additional chains distanced by more than 5 Å, the initial sizes 

of systems A3-A6 were slightly higher than the size of system 

A2, whereas the number of initial HBs in these systems was 

equal to the final number of HBs in system A2 after 50 ns (see 

Table 3). Similarly to system A2, the dodecamer systems A3-A6 

have decreased in size, developed hydrogen bonds and 

maintained salt bridge networks during the simulations. 

Remarkably, the β-sheet content increased in most cases in 

comparison to the initial composite structure. The locations 

where stable β-content is found involve residues 18-21 and 31-

41, similarly as for the decamer (Table 2). The dodecamer 

structures were formed from decamers after 50 ns of 

simulations, when 37 HBs were present. After 200 ns of 

simulations, the number of hydrogen bonds increased 

reaching the total of 41-51 bonds. However, no significant 

change in the number of salt bridges was observed in 

dodecamers A3 and A5a. Interestingly, dodecamer A5a with six 

Cu
2+

 ions developed one SB more than dodecamer A3 without 

ions, but less HBs and less β-sheet content; whereas 

dodecamer A6a with six Fe
2+

 ions exhibited less SBs than A3, 

but showed an almost similar number of HBs and similar β-

sheet content (see Table 3 and Figure 4). Overall, acidic 

residues E22, D23 and basic residue K28 were often involved in 

inter-molecular or intra-molecular salt bridges for all Aβ 

systems, although in the system A6a with six Fe
2+

 ions some of 

the bridges were disrupted.  

 

Peptide aggregation involves rapid collapse and slow 

relaxation stages.  

As mentioned in the previous section, a rapid decrease in 

inter-chain separation in Aβ oligomers has been observed 

during the first 20-60 ns of the MD simulations, followed by 

longer, slower structural changes. The corresponding time 

dependencies for the radius of gyration for Aβ17-42 decamer 

(A2) and dodecamer (A3) shown in Figures 3A and 3C, 

respectively, exhibit two distinct phases. A quick collapse of 

the decamer occurs within the first 40 ns, followed by a slower 

relaxation afterwards. The dependence of the number of 

hydrogen bonds on time for decamer A2 depicted in Figure 3B 

exhibits a quick increase followed by a slower trend to 

saturation, compatible with the described two-stage process 

of aggregation, however a slight decrease follows after 

approximately 100 ns. In contrast, the dependence of the 

number of HBs in dodecamer A3 shows a smooth increase with 

time throughout the entire 200 ns simulation (Figure 3D). 

Figures S3 (A,C) compare the evolution of the radius of 

gyration of systems A5a (A) and A6a (C) with the 

corresponding control simulations, which exhibit similar 

trends, although one can see some variations of the gyration 

radius for the systems. 

All systems studied show significant fluctuations of the radius 

of gyration typical for MD (see Figures 3 and S3). In 

dodecamers A5 and A6 with six Cu
2+

 or Fe
2+

 ions the 

fluctuations are especially pronounced. Unlike the other 

systems, dodecamer A5a with six Cu
2+

 ions exhibits wave-like 

expansions and contractions (Figure 3E) accompanied by well-

discernible waves in the number of HBs. The average number 

of HBs in system A5a after 200 ns is lower than in system A3 

(Figure 3F). When six Fe
2+

 ions are added to Aβ dodecamer 

instead of Cu
2+

 ions, the resulting system A6a develops a 

similar number of HBs as dodecamer A3 without ions. It also 

shows a milder expansion-contraction variation of the gyration 

radius than system A5a. Figures S3 (B,D) compare the HB 

numbers of systems A5a (B) and A6a (D) with the control 

simulations. The resulting amounts of HBs built would be 

approximately the same in all simulations for both systems.  

Figure S4 shows typical solvent-accessible surface 

representation of systems A3a, A5a, and A6a at 70 ns and at 

200 ns. The control systems A5 and A6 (not shown) exhibit 

similar trends as in Figures S4 (B-E). While systems without 

ions and those with copper ions develop more compact, oval-

like shapes, systems with iron ions tend to form more 

developed surfaces. Since in initial constructs Aβ monomers 

were placed at a distance from each other, all oligomers 

initially contained cavities and channels formed by connecting 

of two or more peptide chains. However, most of the channels 

have disappeared completely or transformed into cavities in 

the course of the relaxation stage, or approximately 30-40 ns. 

By 70 ns and thereafter, only a few cavities are found in A5 

and A6 systems.  

Overall, radius of gyration of the initial quasi decameric system 

A2 of 30.66 Å decreased to 20.82 Å after 200 ns (Figure 3A), 
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whereas an initially more compact dodecamer A3 decreased 

its gyration radius from 26.08 Å down to 22.05 Å (Figure 3C). 

Dodecamer with six Fe
2+

 ions A6a developed an even more 

compact structure (20.89 Å) than the dodecamer with six Cu
2+

 

ions A5a (21.94 Å) as Figures 3E and 3G illustrate. In 

dodecamers A3, A5a, and A6a, the radius of gyration has 

largely stabilized after 80-120 ns, however their hydrogen 

bonding systems continued to develop throughout the entire 

200 ns simulations (Figures 3D, 3F, and 3H). 

 

Cu
2+

 and Fe
2+

 ions develop coordination bonds with 

negatively charged groups of Aβ17-42 

Detailed close-up images of copper/iron ions in systems A5a, 

and A6a are shown on Figures 5A-D and S5. In all the systems 

we observe transient coordination bonds of the ions with 

carboxylate groups E22, D23, and A42 via electrostatic 

interaction in aqueous environment. In systems A5a and A6a, 

as well as in the corresponding controls, all six ions were 

positioned in negatively charged cavities, all of which 

happened to be close to at least one acidic side-chain E22. 

These ions started forming coordination bonds with neighbor 

carboxylate groups immediately during equilibrations. In 

system A5a and the corresponding controls six copper ions 

initially developed bonds with carboxylate groups of E22 in 

negative charged cavities of the oligomer. In the course of 

production simulations the initial bonding of each copper ion 

to at least one E22 group was preserved, and additional bonds 

with groups from the same or other chains were formed. For 

example, Cu
2+

 ion shown in Figure 5A developed a bond to 

carboxylate group of E22 from chain A in system 5Aa after 

equilibration.  

As Figure 5B shows, after 200 ns of production simulations this 

ion remained bound to E22 of chain A, and additionally 

developed a bond to C-terminal carboxyl group of A42 of chain 

J. An example of different Cu
2+

 ion from system A5a is 

illustrated in Figures S5A and S5B. This ion was initially bound 

to E22 of chain C in close proximity to E22 of chain L (Figure 

S5A), whereas after 200 ns simulations it additionally bounded 

to A42 from chains L and E, while remaining bound to E22 of 

chain C (Figure S5B). Fe
2+

 ions in system A6a and the 

corresponding controls A6b and A6c exhibit a similar 

coordination pattern. After equilibration they were mainly 

bound to carboxylate groups of E22. Most of the ions 

remained in the same bonding position during the entire 

production run. However, as the oligomers aggregated and 

become more compact, slight re-arrangements of the 

coordination occurred in most cases. As Figures S5C and S5D 

illustrate, a Fe
2+

 ion from system 6Aa has retained its initial 

coordination bonding to E22 of chain F and D23 of chain H., 

However, amide group of hydrophobic residue I31 of chain L 

has moved closer to the ion by end of the 200 ns simulation, 

and formed a van der Waals bond. In the example shown in 

Figures 5C and 5D, a Fe
2+

 ion that was initially in contact with 

E22 of chain C and with E22 of chain L, has been approached 

by amide group of I32 from chain I during the simulations, and 

developed a close van der Waals bond. Overall, in both 

systems A5 and A6 the majority of metal coordination bonds 

were formed with carboxylate groups of E22, D23 and C-

terminal carboxyl group of A42, often from different chains. 

After 200 ns of production simulations, six Cu
2+

 ions in system 

A5a had the total of 14 such bonds, and six Fe
2+

 ions in system 

A6a had 13 bonds. Out of these, 7 bonds Cu
2+

 ions and 8 bonds 

of Fe
2+

 ions were with E22. Overall, bonds with E22 occur 

roughly twice as often as bonds with D23 or A42 each. We did 

not observe any substantial differences between Cu
2+

 and Fe
2+

 

coordination bonding to Aβ17-42 oligomers. 

 
Figure 5: Close-up images of metal ions in systems A5a (A,B), 

A6a (C,D), and A4a (E,F) after equilibration (A,C,E) and after 

200 ns (B,D,F). The ions shown in panels (A-D) were initially 

placed in negatively charged cavities. 

 

A similar behaviour was also observed for two Cu
2+

 ions 

positioned in negatively charged cavities in system A4a (see 

Figures S6E-S6F) as well as in the corresponding controls. The 

third Cu
2+

 ion, which was positioned at a distance from the 

surface of chain C in oligomer A4a (Figure 5E), has traveled 

along the periphery of the oligomer until it developed a 

coordination bond with carboxyl group of C-terminal residue 

A42 of chain G after the first 10 ns of production simulation. 

This bond remained stable for the subsequent 190 ns of the 

simulation, and another bond with E22 of chain B was also 

established, resulting in the ion remaining positioned between 

chains B and G (Figure 5E) at a distance of approximately 37 Å 

from its initial location. In three out of four similar control 

systems, Cu
2+

 ions positioned distantly also developed 

coordination bonds, yet at different locations. In first and third 
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control systems A4b and A4d the ion has bound to E22 of 

chain A at a distance of 28-29 Å from its initial location, and in 

fourth system A4e the ion has bound to  A42 of chains G and F 

at a distance of 32 Å from its initial location. In second control 

system, A4c, the ion did not bound to any group of the 

oligomer, and remained in solution. We attribute the 

relocations of these ions primarily to random-walk occurring 

until they develop a coordination bond with a negatively 

charged group.  

Remarkably, in our simulations all metal ions have developed 

coordination bonds with multiple residues of the Aβ17-42 

oligomers, and retained most of these bonds in the absence of 

the N-terminal metal binding cite. Furthermore, we observe a 

coordination of the ions by similar groups, especially E22, 

which was found to move into the coordination sphere of Cu
2+

 

when it is bound in the N-terminal site of Aβ1-42 monomer 
76

. 

Also, consistent with published simulations 
76

, we do not 

observe a coordination of metal ions by M35.  

ECD analysis of Aβ oligomers reveals strong impact of secondary 

and tertiary structures on the dynamics  

The essential collective dynamics analysis (ECD) has been 

performed on the modelled systems employing trajectory 

fragments from the last 20 ns of simulations. The essential 

collective dynamics theory employs a set of principal 

eigenvectors of the covariance matrix to describe correlations 

between pairs of atoms in the system. The number of the 

eigenvectors required to sample the total displacement with a 

given accuracy (principal components) defines the essential 

dimensionality of the system. Figure S7 shows a dependence 

of the percentage of the total displacement sampled by the 

principal components as a function of the number of the 

components, in average over a hundred of 0.2 ns long 

segments of MD trajectories for systems A2-A6. It can be seen 

that 20 principal components sample more than 97% of the 

displacement for all the systems. 

 

 
Figure 6: Side chain (above the diagonal) and backbone (below the diagonal) ECD correlation map (A) and mean smallest 

distance map calculated with the GROMACS software (B) for decamer A2. In the correlation maps, stronger correlations are 

shown by red, orange, and yellow colors, and weaker correlations are shown with blue color. In the side-chain correlation maps, 

glycine residues are excluded (shown in grey color) because of absent side chain. The distance maps show mean smallest 

distances between main-chain (below the diagonal) and side-chain (above the diagonal) atoms. In the distance maps, shorter 

distances are shown with red, orange, and yellow colors, and longer distances are shown in blue. 

 

 

We used 20 principal eigenvectors to determine ECD 

correlations of motion between main-chain and side-chain 

atoms (see Methods) in the systems considered. Figure 6A 

shows the side-chain (above the diagonal) and backbone 

(below the diagonal) correlations in decamer A2 averaged over 

100 0.2 ns long segments from 180-200 ns of the simulation, 

and Figure 6B shows the corresponding mean distances for 

comparison (the colors were intentionally selected to match 

the correlation maps). The comparison of side-chain and main-

chain correlations indicates a pronounced similarity. In most 

cases, stronger correlations of side-chains are found in regions 

where backbone correlations are also stronger. As the 

correlation map indicates, units A-F, H, and most of N-ter of 

units I and J have formed a coherently moving sub-aggregate. 

The areas of strongest pair correlations (colored in red and 

orange) often include stable β-sheet formations. In particular 

hydrophobic residues V18-A21, which are often implicated in 

β-sheets, tend to exhibit strong inter-unit correlations. In turn, 

strong correlations can also be seen between units that are 

located close to each other according to the distance map, for 

example units F and H. Units G and C-ter of units I and J exhibit 

the weakest correlations with the rest of the oligomer. 

According to Table 2 and Figure S2, unit I of system A2 also 

forms little β-structure, and according to Figure 2B, this unit 

does not form inter-chain salt bridges. Contrarily, units G and J 

form three stable β-strands each. However in the weakly 
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correlated units, β-sheets are located within the units, rather 

than across different units. Unit G also does not exhibit inter-

chain salt bridges (Figure 2B). In units B, D, E, G, H, K, and L, an 

“X”-shaped pattern of intra-chain correlations is visible, which 

is related to antiparallel hairpin-like bending of these units.  

From comparison of the pair correlation map with the distance 

maps for system A2 (Figures 6A and 6B) it is evident that 

residues located in close proximity of each other also tend to 

develop strong correlations, as one could expect. However, 

Figure 6A also shows strong correlations between some of the 

residues positioned distantly from each other, such as for 

example, units B and C, or units J and A. This can be explained 

by non-direct interactions between the residues mediated by 

water or other residues, which, in turn, allows those residues 

to move coherently. 

Pair correlations and mean smallest distance maps of 

dodecamer A3 (Figure S8) show similar trends as for decamer 

A2. As described in Methods, the dodecamer was obtained by 

adding two units to A2. These added units, denoted as K and L 

in Figure S8, formed close contacts and strong correlations 

with units E, I and J. Strong dynamical coupling in sub-

aggregate composed of units A-F, H, I and J is observed in the 

dodecamer similarly to system A2. Some of the correlations, 

especially involving units I and J, have increased and new 

correlations, primarily with unit L, have formed extending the 

strongly correlated sub-aggregate. 

In order to visualize the strongest correlations in the oligomers 

more explicitly, we have identified the largest coherently 

moving domains within the same ECD framework (see 

Methods). Figure 7 depicts major dynamics domains in 

decamer A2 as well as in dodecamers A3 and A5a mapped 

onto the corresponding tertiary structures. For each of the 

oligomers, the largest dynamic domain is shown in blue color. 

As one can see from the figure, in the three systems the 

largest domain of correlated motion occupies the central part 

of the oligomer, whereas smaller domains and off-domain 

parts are located primarily in the peripheral regions. The 

domain colored blue is clearly the largest in dodecamer A3, 

where the domain also contains more β-structures than in the 

other two systems. For the dodecamer with six copper ions 

A5a, the second and third largest domains (colored in red and 

green, respectively) involve more residues than in two systems 

without ions. For system A5a, the largest domain is slightly 

smaller than in two other systems. 

 
Figure 7: Dynamics domains of correlated motion in Aβ 

decamer A2 (A), dodecamer A3 (B) and dodecamer with six 

Cu
2+

 ions A5a (C). The dynamics domains, representing the 

most rigid parts of the oligomers, are colored blue, red, green, 

yellow, cyan, orange, pink, light blue, purple, tan, and mauve 

in order of decreasing size of the domains. Off-domain regions 

are shown in gray.  

 

The ECD flexibility profiles of dodecamers A3, A5a, and A6a are 

presented on Figure 8. Since in these systems unit L is located 

in closest proximity with units two other units K and J, its 

flexibility is somewhat lower than that of unit K. Overall, units 

D, G, H and K are positioned on the periphery of the oligomer, 

and therefore most of them show a relatively high flexibility. In 

contrast, units A, B, C, E and F are located in the central part of 

the oligomer, and they show a relatively low flexibility in all 

three systems. In systems A5a and A6a that contain ions, the 

flexibilities of units B, C, F, and L are somewhat lower in areas 

where an ion was located, but other regions may have an 

increased flexibility.  

 

 
Figure 8: Main chain flexibility profiles of Aβ dodecamer systems without ions (A3, red line), with Cu

2+
 ions (A5a, green line), and 

with Fe
2+

 ions (A6a, blue line). The letters along the lower axis denote the chains, and the vertical arrows on top indicate where 

Cu
2+

 or Fe
2+

 ions were positioned in dodecamers A5a and A6a, respectively. 
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In globular proteins with stable secondary structure, high 

levels of the ECD flexibility descriptor usually correspond to 

flexible loops as well as termini, whereas most of the flexibility 

minima indicate α-helices or β-sheets
103–106,108

. Consistent with 

this, Figure 8 shows an increase in main-chain flexibility at 

terminal regions of the twelve units. Comparison of positions 

of the main-chain flexibility minima in Figure 8 with the 

positions of stable β-strands in Table 2 reveals a significant, 

although not a complete overlap. As it can be seen from Table 

2 and Figure S2, system A3 exhibits the total of 24 stable β-

strands, and systems A5a and A6a develop 19 stable β-strands 

each. Out of these, 15 β-strands in systems A3 and A6a each, 

and 14 β-strands in system A5a are located in immediate 

proximity of main-chain flexibility minima. In particular, β-

strands located in regions 18-21 and 31-37 are often 

associated with minima of flexibility. For example, a minimum 

around residue 19 of unit H in all three systems indicates a β-

strand, which also affects the flexibility of adjacent units F and 

J, which are in direct contact with it. However, not all stable β-

strands could be associated with flexibility minima. For nine β-

strands in A3, seven β-strands in A5a, and three β-strands in 

A6a, no proximal flexibility minima were identified. We 

attribute this to occasional increase in overall mobility of the 

short peptide chains, such as for example for several β-strands 

in positions 39-41 close to C-termini. In turn, not all of main-

chain flexibility minima seen in Figure 8 could be associated 

with stable β-structures. In particular, some of such flexibility 

minima are found at positions 23-24 and 29-31 adjacent to 

residues 22, 23, and 28 that are often involved in salt bridges. 

The formation of salt bridges seems to be accompanied by a 

buildup of steric constrains on the neighboring residues, which 

explains the observed decrease in flexibility.  

Figure 9 presents ECD pair correlation maps (panels A, C,) and 

distance maps (panels B, D) of Aβ oligomers A5a and A6a 

averaged over 100 segments of the last 20 ns (180-200 ns) of 

the corresponding trajectories. The correlation maps show 

both side-chain correlations (above the diagonal) and 

backbone correlations (below the diagonal). Similarly to 

decamer A2 and dodecamer A3, stronger correlations of side-

chains are found in regions where backbone correlations are 

also stronger.  

Figures 9B and 9D represent averaged distance maps over the 

set of conformations for the time interval of 180-200 ns. As in 

systems A2 and A3, the strongest pair correlations shown in 

red and orange colors in Figures 9A and 9C have a lot in 

common with the corresponding contact distance maps, 

however distant correlations are also observed. This implicates 

that residues in immediate proximity tend to move coherently 

in many cases, although mediated indirect interactions are also 

present. 

For both dodecamers with the ions added, strong inter-chain 

correlations involving units A-F are evident from Figures 9A 

and 9C, similarly as observed in systems A2 and A3. .Units H, I, 

J, and L exhibit strong inter-chain correlations with C, E, and F 

in both systems, however these correlations tend to be 

stronger in dodecamer A6a with Fe ions than in dodecamer 

A5a with Cu ions (Figures 9A, 9C). In both dodecamers, unit G 

exhibits low correlations with the rest of the oligomer 

(Figures 9A and 9B) consistent with its relatively high flexibility 

(Figure 8). In the MD trajectories, this chain was also found the 

weakest bound. When compared with the ion-free 

dodecameric system A3 (Figure S8), systems A5a and A6a 

exhibit buildup of close intern-chain contacts of several units. 

In both ion-containing systems, unit C developed more 

contacts with K and H, as chains K and H shifted towards an ion 

around chain C; unit D in turn developed more contacts with E; 

and the latter additionally developed more contacts with H 

and I (Figures 9B, 9D, and S8B). With the exception of contacts 

of C with K and E with I in system A5a, this buildup of 

additional contacts was accompanied by an increase in 

corresponding inter-chain correlations shown in Figures 9A, 

9C, and S8A. At the same time, both systems A5a and A6a 

exhibit an increase in correlations of unit H with F and K in the 

absence of a pronounced increase in their contacts. In both 

ion-containing systems, units C and H exhibit the most 

extensive increase of inter-chain contacts or correlations, 

especially with E, F, K, and L. The peripheral chain L, however, 

lost both in contacts and correlations with units E, I, J, and K 

upon addition of the ions. Another notable loss in correlation 

in comparison to system A3 occurred between units J in E in 

both A5a and A6a dodecamers. However, overall increase in 

inter-chain contacts and/or in correlations prevails over the 

losses. Most chains that have shown changes in the dynamics 

in comparison with ion-free dodecamer, either were in close 

proximity of initial ion positions (such as units C and H), or 

developed coordination bonds with ions during simulations 

(for example F, E, and L). The inter-chain correlation data 

suggest that presence of the ions may promote shifts of 

neighbouring chains closer towards ion locations, tending to 

increase inter-chain dynamical coupling. 

Similarly to the case of systems A2 and A3, in dodecamers A5a 

and A6a units A-F and H are strongly inter-correlated. 

Significant parts of units I, J, K. and L also show pronounced 

inter-chain correlations. The regions that tend to be β-

populated are also often associated with stronger intra-chain 

and inter-chain correlations in the oligomers. For example in 

A5a, residues 30-35 of unit K which accommodate a stable β-

strand, exhibit pronounced inter-chain correlations with C, F, 

H, and L. In particular, strong correlations are observed 

between residues 33-40 of unit K and residues 30-38 of unit L 

(Figure 9A), where β-sheets were found (Table 2 and Figure 

S2). In A6a, β-populated regions of unit K also show strong 

correlations with other units. A similar tendency is also clearly 

seen in unit L for both systems A5a and A6a. Strong 

correlations of unit A with units F and J were found for A6a, 

while for A5a the correlations are less pronounced. Correlation 

maps also show strong correlations for mostly hydrophobic 

residues L34-A41 and F19-A21, which are often β-populated.  

Overall, from comparison of Figures 6A, S8, 9A, and 9C it is 

evident that the dodecamers exhibit more pronounced inter-

chain correlations than observed in decamer A2.  
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Figure 9: Side chain (above the diagonal) and backbone (below the diagonal) ECD correlation maps (A, C), and mean smallest 

distance maps calculated with the GROMACS software (B, D) for dodecamer A5a (A, B) and dodecamer A6a (C, D). The color 

schemes are as in Figure 6.  

 

Hydrophobic and hydrophilic interactions influence oligomer’s 

stability and morphology 

The results discussed above indicate that hydrophobic and 

electrostatic interactions are strongly implicated in the 

oligomer formation. To characterize these interactions, we 

have calculated changes in total solvent-accessible surface 

area (SASA) of hydrophobic and hydrophilic groups in decamer 

A2, dodecamer A3 without ions, and dodecamer A4a with 

three Cu ions along 200ns MD trajectories. In the case of Aβ17-

42 peptide, hydrophilic groups involve N- and C-terminal 

charged atoms, asparagine, aspartic acid, glutamic acid, lysine, 

and serine. The remaining 16 residues are considered 

hydrophobic. The normalized per-atom SASA for hydrophobic 

and hydrophilic groups are depicted in Figures 10A and 10B, 

respectively. The figures show that both hydrophobic and 

hydrophilic exposures have decreased in the course of 

simulations in all there constructs. In decamer A2 SASA of 

hydrophilic groups was slightly higher at the beginning of the 

simulation, and after 200 ns it decreased less than the SASA of 

hydrophobic groups. This is consistent with the general trend 

for hydrophilic groups to remain exposed to the solvent, and 

for hydrophobic groups to become buried. Since decamer A2 

was initially less compact than the dodecamers, the initial 

SASA of system A2 is higher than for A3 and A4a. However, at 

the end of the 200 ns simulation, the SASA for all the three 

systems has stabilized at the same level in average. In 

dodecamers A3 and A4a, the fraction of hydrophobic exposed 

area is slightly lower than that in decamer A2 until 180 ns of 

the simulation, after which the exposures adopt similar values. 

A significant portion of the hydrophobic exposure, 

approximately 57%, is due to valine and isoleucine residues 

(Figure S9). For example, a slight increase in hydrophobic side-

chain SASA for dodecamer A4a over the last 20 ns of the 

simulation was caused by the exposure of isoleucines and 

phenylalanines. 
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Figure 10: Normalized solvent accessible surface area of 

hydrophobic (A) and hydrophilic (B) groups in decamer A2 (red 

line) and dodecamers A3 and A4a (green and blue lines) over 

the course of 200 ns MD simulations. 

 

Figure 11 demonstrates the conformation for dodecamer A4a 

with three Cu
2+

 ions after 195.5 ns of the simulation. After 

approximately 30 ns of production run, due to connection of 

chains one channel has formed in central region in close 

proximity of copper ion bound to E22 of chain C, and another 

channel has formed in a peripheral region. The channels’ 

widths varied subsequently. By end of 200 ns run, the 

dodecamer has adopted an asymmetrical doughnut-like shape 

with a large channel in the central part and a smaller one in 

the peripheral region as Figure 11 shows. According to Table 3, 

β-content in this dodecamer is higher than in other systems 

considered. One can see from the Figure 11 that locations of 

channels in the structure are coinciding with the positions of 

copper ions. This suggests that copper ions may compete with 

development of salt bridges and other bonds in the oligomer, 

thereby creating favorable conditions for the development of 

channels in the oligomers. In distinction from the other 

dodecamers, in A4a unit G is better correlated with the rest of 

the oligomer, while unit D and the central part of unit H are 

less correlated, as the correlation map in Figure S10 shows. All 

chains are well-intertwined together: unit C (dark grey color on 

Figure 11A) is located in the central part of the oligomer, and is 

covered with unit A (blue), which in turn is overlapped by unit 

B (red). Unit H (green) is connected to units A, F (brown) and G 

(light grey). Unit J (pink) is in contact with unit C (dark grey) 

and unit L (purple), which in turn is in contact with unit K 

(cyan). Unit I (white) is bound to unit E, and in turn to unit J. 

Unit D (orange) is located between units A and E (yellow) and 

has the smallest inter-chain interaction area, as well as the 

largest solvent exposure.  

 
Figure 11: Doughnut-like conformation of Aβ17-42 dodecamer 

A4a with three copper ions added at 195.5 ns. A ̶ solvent 

accessible surface representation with twelve units shown 

with different colors; B - translucent solvent accessible surface 

with the secondary structure and location of three copper ions 

shown. 

 

 

Control systems A4b, A4c, and A4d have developed less 

symmetrical yet compact, slab-like oligomers with channels or 

cavities in similar locations  as in A4a (Figure S11). In both 

systems a cavity or channel was close to two of the ions, which 

positions were also similar across the systems 4a. However, 

the channels are narrower than in system A4a at similar 

simulation times. Overall, the described evolution of solvent 

accessible surfaces suggests that coordination bonds of metal 

ions may affects the oligomer compactness at the slow 

relaxation stage. As the chains slowly change their position, 

cavities and holes tend to form in close proximity to the ion 

location. 

Conclusions 

Molecular dynamics simulations reported in this work indicate 

that Aβ17-42 peptides tend to form compact oligomers in 

aquatic environment. Consistent with recent experimental 

findings 
29

, our modeling results suggest that aggregation of 

10-12 Aβ monomers tends to produce stable globular-like, 

largely unstructured oligomers without a pronounced long-

range alignment of the units. After 200 ns of the simulations, 

the oligomers exhibited 13% – 23% of β-sheet content. Stable 

β-strands were often found in regions 18-21 and 31-41 of the 

peptide chains, which is compatible with full-length 

simulations of Aβ monomers 
62

. Both parallel and anti-parallel 

β-sheets were observed.  

Two stages of the oligomer formation have been identified in 

the course of the 200 ns MD simulations, quick collapse within 

the first 40 ns, and slow relaxation afterwards. The collapse 

stage is characterized by quick decrease of inter-chain 

separation, disappearance of most cavities and channels, 

development of numerous inter-chain contacts, and buildup of 

the β-sheet content. Formation of hydrogen bonds and salt 

bridges, and expulsion of water from inter-chain space 

followed by burial of hydrophobic side chains appear to be the 

main driving forces of the first stage. The subsequent 

relaxation stage involves a slow decrease of the gyration 
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radius. In the decamer system, this was accompanied by a 

partial decrease in β-sheet content.  

The essential collective dynamics analysis of the Aβ oligomers 

indicates that motion of some units is inter-correlated stronger 

than others. Coherently moving sub-aggregates of 6-9 units 

have been detected, most of which are located in the central 

part of the oligomers. This agrees with the size of oligomers 

seen in experiments on Aβ1-42 aggregation in-vitro, which have 

been hypothesized to be building blocks for larger toxic 

complexes 
119

. Although strong inter-chain correlations were 

often found in the vicinity of stable β-sheets, this was not 

always the case. Chains located close to each other in the 

tertiary structure were often found to move coherently in the 

absence of stable β-content. Main-chain flexibility of the 

oligomers exhibited similar trends as in globular 

proteins 
103,105,106,108

. This includes increased flexibility at 

terminal regions of the units, and minima of the flexibility in 

the vicinity of stable β-strands and salt bridges.  

Coordination bonding of Cu
2+

 and Fe
2+

 ions involving 

carboxylate groups of E22, D23 and A42 was found for all 

simulated oligomers. Once formed, the coordination bonds 

have remained stable during our simulations. The Cu
2+

 and 

Fe
2+

 bonding does not prevent Aβ17-42 from forming compact 

non-fibrillary oligomers, indicating that disruption of Aβ1-42 

fibrils formation seen in experiments 
44

 involves different 

mechanisms than observed at early stages of Aβ17-42 

aggregation. Presence of Cu
2+

 and Fe
2+

 ions in negatively 

charged cavities of dodecameric oligomers was often found to 

result in decreased main-chain flexibility in the areas close to 

the ions, as well as in stronger inter-chain correlations. In the 

case of Fe
2+

 ions, this was accompanied by a slightly less 

compact oligomer with stronger inter-chain dynamical 

correlations. In one of trajectories for the oligomer with six 

Cu
2+

 ions added, pronounced wave-like expansion and 

contraction of the oligomer was observed at the slow 

relaxation stage, accompanied by a variation in the number of 

hydrogen bonds. Dramatic changes were observed in the 

dodecamer containing three Cu
2+

 ions. This dodecamer has 

repeatedly developed channels or cavities across several 

control simulations. In one simulation, this aggregate adopted 

a doughnut-like shape with a large channel in the central part 

and a smaller one in a peripheral region. Both channels were 

located close to a Cu
2+

 ion, suggesting that the ions might 

compete for development of bonds in the oligomer, thereby 

facilitating the formation of channels. 
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