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ABSTRACT: Despite years of intensive research, little is known about oligomeric structures
present during Alzheimer’s disease (AD). Excess of amyloid beta (Aβ) peptides and their
aggregation are the basis of the amyloid cascade hypothesis, which attempts to explain the
causes of AD. Because of the intrinsically disordered nature of Aβ monomers and the high
aggregation rate of oligomers, their structures are almost impossible to resolve using
experimental methods. For this reason, we used a physics-based coarse-grained force field to
extensively search for the conformational space of the Aβ42 tetramer, which is believed to be
the smallest stable Aβ oligomer and the most toxic one. The resulting structures were
subsequently optimized, tested for stability, and compared with the proposed experimental
fibril models, using molecular dynamics simulations in two popular all-atom force fields. Our results show that the Aβ42
tetramer can form polymorphic stable structures, which may explain different pathways of Aβ aggregation. The models obtained
comprise the outer and core chains and, therefore, are significantly different from the structure of mature fibrils. We found that
interaction with water is the reason why the tetramer is more compact and less dry inside than fibrils. Physicochemical
properties of the proposed all-atom structures are consistent with the available experimental observations and theoretical
expectations. Therefore, we provide possible models for further study and design of higher order oligomers.

1. INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent type of
dementia among senior population.1 The pathological hall-
marks of AD are characterized by extracellular senile plaques
composed of amyloid fibrils, intracellular tangles constituted by
hyperphosphorylated tau protein, neuron and synapse loss, and
progression of cognitive decline.2 Although AD has been
identified more than 100 years ago, the mechanism of AD is
still largely unknown. There are three main hypotheses
proposed to explain the mechanism of AD including the
cholinergic, tau, and amyloid cascade hypothesis.3 It has been
observed that the exaggerated aggregation of amyloid beta
(Aβ) occurs before the accumulation of the hyperphosphory-
lated tau protein.4−6 Based on these observations, one has
proposed the amyloid cascade hypothesis, which posits that the
extracellular deposit of Aβ is the cause of AD.
Extracellular plaques consist of Aβ peptides which are

generated from the proteolytic cleavage of amyloid precursor
protein by β- and γ-secretases.7 Aβ has many alloforms with a
length from 39 to 43 amino-acid residues. From these
alloforms, Aβ1−40 and Aβ1−42 are the most prevalent, with 40
and 42 residues, respectively.8 Although Aβ1−40 is approx-
imately 10-fold more abundant, Aβ1−42 is the main constituent

of senile plaques9,10 as it has higher aggregation propensity and
consequently higher toxicity.10

Aβ peptides belong to an intrinsically disordered protein
class because they do not form a stable structure in water
environment.11,12 The aggregation forms of Aβ are divided into
oligomers, protofibrils, and fibrils. Oligomers and protofibrils
are considered as intermediate aggregates with a lower mass
than the fibril and do not have a specific structure as the Aβ
fibril.13 Because Aβ peptides aggregate into fibrils to constitute
plaques, the amyloid cascade hypothesis states that Aβ fibrils
play a dominant role in AD. However, recent clinical trials have
shown that removal of plaques cannot stop AD14,15 and soluble
aggregation states of Aβ, such as oligomers, are primary toxic
species rather than mature fibrils.16,17 Soluble Aβ oligomers
also have a higher correlation with severity of AD.18,19

Moreover, experiments observed that Aβ1−42 but not Aβ1−40
oligomers form pores in lipid bilayers leading to a loss of ionic
homeostasis.20,21 In agreement with these results, Drews and
coworkers observed that the Aβ1−42 tetramer or larger
oligomers cross the neuron membrane, and calcium ions
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enter the cell.22 Low-molecular weight oligomers (8−70 kDa)
are far more bioactive than heavier oligomers (>150 kDa).23

Because the mass of Aβ monomers is about 4 kDa, these
oligomers are from a dimer to an 18-mer. The results from
studies of Jana et al. and Ono et al. suggest that the Aβ
tetramer may be the most toxic oligomer.24,25 Thus, low-
molecular weight Aβ oligomers are the most prominent targets
to shed light on the mechanism of AD.
Because of the toxicity and the importance of self-assembly

of Aβ oligomers, the determination of the molecular structure
of these aggregation forms may allow one to understand the
mechanism of AD as well as other diseases associated with
protein misfolding.3 Although the structures of mature Aβ
fibrils are available in the literature,26−30 the structure of
soluble Aβ oligomers is still largely unknown. Experiments
show that Aβ fibrils are in the “cross-beta” structure, where Aβ
molecules assemble into β-sheets with β-strands aligned
perpendicularly to the long axis of the fibril.31 The relative
arrangements of monomers in the cross section of the fibril
lead to the polymorphic character of the Aβ fibril.31 Aβ fibrils
favor in-register parallel β-sheets except fibrils formed by the
Iowa mutation.32,33 In contrast to fibrils, experiments show
that Aβ oligomers and protofibrils are still in a disordered
structure, and the β-content generally increases with the
increase of their molecular weight.3 The oligomers can form
both antiparallel and parallel β-sheet structures.34,35 These
results suggest that oligomers and protofibrils undergo
structural rearrangement to form fibrils. However, Qiang and
coworkers observed that Aβ1−40 protofibrils with the
antiparallel structure of the Iowa mutation are metastable
and dissociated to monomers before assembling to fibrils with
a parallel structure.33 Therefore, these reports indicate that
oligomers and protofibrils are polymorphic and that an
antiparallel structure can be off-pathway to fibril formation.
As experiments only determine a general characteristic of

oligomer structures, the molecular dynamics (MD) technique
is a tool that can provide key insights into the structure of
oligomers. Simulations using replica exchange and classical
MD for Aβ monomers, dimers, and their mutants are usually
consistent with the experimental data.36−48 However, simu-
lations for higher weight Aβ oligomers are difficult to conduct
because of the very large number of degrees of freedom and
the fact that initial structures can bias toward specific
conformations. Brown and coworkers simulated the Aβ42
tetramer and its interactions with the lipid membrane.49

However, conventional MD was used for these studies, which
may not be efficient enough to provide good sampling and
therefore can lead to artificially overstabilized conformations.
Furthermore, the conventional MD was also used to
investigate the aggregation processes of Aβ monomers.50−52

The structure of truncated Aβ oligomers have been simulated
using replica exchange MDs (REMD).53,54

Motivated by results about toxicity of Aβ1−42 oligomers and
the importance of their structures in the self-assembly
process,24,25 in this work, we performed coarse-grained
REMD and all-atom MD simulations for the Aβ1−42 tetramer,
one of the most toxic oligomers.24 Because the system
possesses large conformational varieties due to the presence
of four flexible chains, we used the coarse-grained united
residue (UNRES)55−58 force field to reduce the computational
cost and improve the sampling. The UNRES model allows one
to simulate protein systems with an effective timescale of
simulation of 3−4 orders of magnitude larger than all-atom

methods. By using this model, we can simulate the tetramer at
a significantly longer timescale and a wider temperature range
than all-atom models but not requiring massive parallel
computations. In the second step, classical all-atom MD
simulations were used to assess the stability and refine the
reconstructed coarse-grained models. Our results show that the
Aβ tetramer is dominated by coil structures in an oblate
spheroid shape. The different energies of the tetramer and fibril
suggest a radical change in the structure of the oligomer to
form the fibril, which is strictly connected to changing the
three-dimensional structure of the small oligomer to the quasi-
one-dimensional fibril. The solute−solvent interaction is
responsible for the difference between oligomer and fibril
structures.
The question of existence of water inside Aβ fibrils is under

debate. Early experiments did not observe water molecules
buried in the fibril core,59 but more recent solid-state NMR
experiments have provided evidence for their presence.60,61

This result was also confirmed by all-atom MD simulation62

using fibril structures which were resolved by the experiment
and designed by the computer. The question of the difference
between the distributions of water molecules in Aβ oligomers
and fibrils remains open. In addition, because the water leakage
may play a decisive role in neurotoxicity and oligomers are
presumably more toxic than mature fibrils, we will consider this
problem for the tetramer case.
The structures of Aβ1−42 obtained in this work can also be

used as initial conformations to build higher oligomers and in
further studies of the amyloid aggregation process. Because in
this study, the full-length structure of Aβ1−42 was used, it will
be called Aβ42 throughout the manuscript, instead of Aβ1−42,
for clarity.

2. MATERIALS AND METHODS
2.1. Generation of Initial Structures. To enhance the

sampling of configuration space, we used various structures as
the initial conformations for the UNRES REMD simulation.
They were obtained using ClusPro 2.0 webserver (https://
cluspro.bu.edu/), which is designed for protein−protein
docking with high reliable results,63 with the default scoring
function used for docking simulations.64 In the first step, 24
trimeric structures were obtained from the docking simulations
using nine monomers taken from the study of Yang and
Teplow,36 and the dimer was taken from the study of Zhang et
al.40 In the second step, 24 trimeric structures obtained from
docking and nine monomeric structures from the study of
Yang and Teplow36 were used to generate Aβ42 tetramers,
from which 24 lowest energy structures of tetramers out of 216
generated and were used as initial structures in REMD
simulation (Figure S1 in the Supporting Information) with 24
replicas.
Root-mean-square deviation (rmsd) of the docked structures

was in the range from 9 to 24 Å from model 1 providing
satisfactory diversity of initial models. The rmsd of the initial
structures shows that these conformations are distinct and that
they are located in very different points of the phase space. The
initial tetrameric structures are dominated by statistical coil
(Table 1), indicating that these structures are in unordered
conformations. The helix propensity is rich and higher than the
beta content (Table 1).

2.2. UNRES Coarse-Grained Model. In the UNRES
model, the polypeptide chain is represented by a sequence of
α-carbons (Cα’s) linked by virtual bonds with attached united
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side chains (SCs) and united peptide groups (p’s) located in
the middle between the consecutive α-carbons.65 The united
peptide groups and united side chains serve as interaction sites,
while α-carbons assist the definition of geometry.55 UNRES is
a physics-based force field, in which most of the potentials of
mean force were obtained not by statistical analysis of the pdb
database but by ab initio and semiempirical calculations.66 The
newest version of the UNRES force field, optimized for protein
structure folding67 with periodic boundary conditions,68

included in the UNRES package (http://unres.pl), was used
to perform REMD simulation. Because the UNRES force field
does not require any structural restraints in simulations, it can
be used to study large conformational changes, such as protein
folding and assembly of protein complexes.69 The UNRES
force field was found to be able to predict structures of the
small and average-size proteins with good quality70 and
accurate enough to predict correctly structures and melting
temperatures of the fibril-like protein with single amino-acid
residue substitutions,71 while older versions of the UNRES
force field were successfully used to study the Aβ aggregation
process.72,73

2.3. Replica Exchange Method. In this paper, 24 replicas
with temperatures from 292 to 462 K were used. Each
trajectory consisted 409 000 000 steps, each of 0.1 molecular
time unit56 (4.89 fs, which is a natural time unit if energy is
expressed in kcal/mol, mass in g/mol, and distance in Å),
providing 2000 ns. Replica exchanges were attempted every
1000 steps, and snapshots and other information were saved
every 1000 steps. The dimensions of the cubic periodic box
were set to 20 × 20 × 20 nm, which allows four Aβ42 chains to
dissociate and associate during simulations to limit the bias
coming from the initial structure but do not slow down the
simulation due to the long binding time, resulting in Aβ42
concentration of 830 μM, which is higher than in the brain.74

Simplification of the protein representation in coarse-grained
models is the reason of smoothing the free energy landscape
what leads to a much faster rate of observed phenomena
comparing to all-atom methods.75 Therefore, 1 ns of UNRES
time corresponds to approximately 1−10 μs of real time.56

However, for clarity, UNRES time is used in the rest of the
manuscript. Twenty four tetramer structures obtained from
docking were used for initial conformations (Figure S1) in
REMD runs. The structures were sorted from the lowest
docking energy to the highest which corresponded to the
lowest and the highest temperature replicas.
2.4. Weighted Histogram Analysis Method. The

weighted histogram analysis method (WHAM)76 method,
implemented in the UNRES package, was used to obtain
structures of the Aβ42 tetramer at distinct temperatures77 from
the last 1800 ns of the REMD simulation. Subsequently, the
tetramer structure ensemble corresponding to 295 K was
clustered using Ward’s minimum variance method78 with rmsd
cutoff between clusters set to 10 Å, to get representative

structures, which were used as initial conformations for all-
atom simulations (Figure 1).

2.5. All-Atom MD Simulation. To investigate the stability
of representative Aβ42 tetramer conformations, obtained in the
coarse-grained REMD simulation, we analyzed these structures
in all-atom force fields with the explicit solvent model. The
MD simulations were carried out by the GROMACS 2016
package.79 The leaf-frog algorithm was used to integrate the
equations of motion with a time step of 2 fs. A cutoff of 1.0 nm
was applied to electrostatic and van der Waals (vdW) forces,
and the particle mesh Ewald method was used to calculate the
long-range electrostatic interactions.80 The covalent bonds
were constrained by the LINCS algorithm.81 Because the
structures obtained from REMD simulation are coarse-grained
conformations, pulchra software was used to reconstruct all-
atom conformations from UNRES model structures.82

Subsequently, the scwrl4 program was used to optimize side
chains in the obtained all-atom models.83 Then, MD
simulations were run for these optimized structures with two
setups: the tetramer is parameterized by AMBER99SB-ILDN84

and OPLS-AA/L85 force fields and then solvated in a cubic box
by TIP3P86 and TIP4P86 water models, respectively. The
simulation study suggests that these force fields provide the
agreement between the secondary structure of the Aβ42 dimer
and CD data.87 The OPLS-AA/L force field produced results
for monomer Aβ40 that agree with experimental data.88

Furthermore, AMBER99SB-ILDN shows that this force field
can successfully reproduce NMR results of Aβ40.89,90 To
neutralize the charge of the systems, 12 Na+ counter ions were
added. The systems were minimized by the steepest descent
algorithm and equilibrated for 500 ps in the NVT ensemble at
300 K kept by the v-rescale algorithm91 followed by 10 ns in
the NPT ensemble at 300 K and 1 bar. Finally, the production
MD simulations were performed for 200 ns at constant
temperature and pressure conditions. For each representative
structure from REMD, five independent MD trajectories were
conducted.
The equilibrium procedure for four chains extracted from

the Aβ42 fibril structure (PDB code 2NAO27) was the same as

Table 1. Secondary Structure Content (%) of the Initial
Structures Used for the REMD Simulation and the
Structures from Two Periods of the REMD Run: 200−800
and 200−2000 ns at 296 K

structure initial 200−800 ns 200−2000 ns

β 10.6 ± 2.1 19.5 ± 1.4 18.5 ± 2.7
α 20.0 ± 2.8 3.6 ± 1.1 2.7 ± 1.1
coil + turn 69.4 ± 6.5 76.9 ± 4.5 78.8 ± 7.1

Figure 1. Cartoon representations of the reconstructed representative
structures for five clusters obtained from UNRES REMD simulation.
Cyan balls represent the N-termini, and orange balls represent the C-
termini.
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for our tetrameric models. Then, five independent trajectories
of production MD simulations were carried out for 20 ns with
restraints placed on Cα atoms with a spring constant of 1000
kJ/mol/nm to preserve the fibril structure and allow water
molecules to equilibrate and properly solvate the system.
Simulations were run at the constant temperature and pressure
conditions, and snapshots from last 10 ns were used for data
analysis.
2.6. Tools for Data Analysis. 2.6.1. rmsd and RMSF.

Structural changes and dynamics of the Aβ42 tetramer were
studied using the rmsd and root-mean-square fluctuations
(RMSF). The initial conformations from MD runs were used
as references to calculate both rmsd and RMSF. The
fluctuation of the atom j is given by the following equation

n
r rRMSF

1
( )j

i

n

i j j
1

, 0,
2∑= −

= (1)

where n is the number of analyzed snapshots, ri,j is the position
of atom j in snapshot i, and r0,j is the position of atom j in the
initial structure.
2.6.2. Secondary Structures. The STRIDE algorithm92 was

used to calculate the propensity of secondary structures of the
tetramer. Based on both dihedral angles and hydrogen bond, it
is less sensitive to imperfections resulting from conversion of
coarse-grained models to all-atom structures.
2.6.3. Interchain Contacts and Oligomer Size. Interchain

contacts were examined by calculating the distance between
side chain centers of mass of two residues from different
monomers, and the contact was detected if it was less than 6.5
Å. To determine the size of the oligomer, we used the criterion
that two chains are considered as part of an oligomer if they
have at least five interchain contacts, which allows to exclude
contribution of the weak interactions between chains due to
their accidental proximity during simulations. The structures
from coarse-grained REMD simulation are used to assess
number of interchain contacts.
2.6.4. Hydropathy. We used the hydropathy indexes from

the study of Kyte and Doolittle.93 The total hydropathy is the
total value of hydropathy of residues which form contacts. In
this work, if one residue forms multiple contacts, its
hydropathy contribution is proportional to the number of
contacts.
2.6.5. Residues Binding New Chains to Dimer and Trimer

to Form Tetramer. When the tetramer is formed from smaller
oligomers as two interacting dimers or trimer interacting with
the monomer, the residues of different oligomers forming
interchain contacts are calculated. Then, the population of
contacts is obtained from the ratio between the number of
contacts of these residues and the number of tetramer
formations from different structures.
2.6.6. Radial Distribution. The distances between the

charged atoms and the center of mass of the oligomer are
calculated and histogrammed.
2.6.7. Water Molecules Located inside the Oligomer. To

calculate the number of water molecules in the oligomer, the
quickhull algorithm was utilized to construct the convex hull of
the oligomer.94 Then, the concave hull of the oligomer was
generated using the algorithm proposed by Park and Oh with a
threshold of 5.95 Finally, water molecules which are inside the
concave hull are counted as internal water molecules.
2.6.8. Clustering. The gmx cluster tool from the

GROMACS package was used to cluster structures of the

tetramer from canonical MD simulations, using the GRO-
MACS algorithm96 with a cutoff of 2.5 Å.

2.6.9. Eccentricity. The protein was fitted in the ellipsoid
centered at the center of mass with semiaxes a, b, and c. When
c < a, the ellipsoid is called oblate spheroid and prolate
spheroid when c > a. The eccentricity is calculated as

e 1 c
a

2

2= − when c < a and e 1 a
c

2

2= − when c > a. The

semiaxes are calculated from moments of inertia I1, I2, and I3
using the following equations

I m b c I m c a I

m a b

2
5

( ),
2
5

( ), and

2
5

( )

1
2 2

2
2 2

3

2 2

= + = +

= +

Here, the mass of the tetramer is m = 18.024 kDa. The three
moments of inertia are calculated by diagonalizing the inertial
tensor using the gmx principal tool from the GROMACS
package.

2.6.10. Height of Tetramer. Based on the moments of
inertia I1, I2, and I3, we calculated a, b, and c semiaxes from the
equations: a I I I( )

m
2 5

4 2 3 1= + − , b I I I( )
m

2 5
4 1 3 2= + − , and

c I I I( )
m

2 5
4 1 2 3= + − . The height of the tetramer is the

smallest half-axis multiplied by 2.
2.6.11. Transition Network. Based on the idea of the

transition network from previous studies,51,52,97,98 we con-
structed the transition network as follows. The state of the
oligomer in all-atom simulations was defined as a combination
of two numbers: shape index of the oligomer (ratio between
the lowest and the highest moment of inertia, Imin/Imax,
multiplied by 10 and rounded to the nearest integer) and the
number of interchain contacts, while in the REMD coarse-
grained simulation, the oligomer size was used as an additional
property. For all-atom simulations, the transition matrix was
calculated from all equilibrated parts of the MD trajectories,
whereas for the coarse-grained simulation, whole 24
trajectories were used. First, N states of the oligomer were
determined in the simulations. Then, the N × N matrix was
constructed, in which the value at i row and j column is the
population of transition from state i to j. The data in the rows
of the transition matrix were normalized. On the transition
graph, the color of the nodes represents the state index, and
the color of the edges represents the transition between two
states with a nonzero population. The node area and the edge
thickness correspond to the population of the state and the
transition probability between two states, respectively. The
Gephi visualization and exploration software were used to
visualize the transition network, and the node distribution was
optimized using the Force Atlas algorithm.99

2.6.12. Collision Cross Section. Ion mobility of the Aβ42
systems was estimated by theoretical calculations of collision
cross-section (CCS) values using the trajectory method (TM)
implemented in the Mobcal software100,101 for representative
structures of dominant clusters from all-atom MD simulations.
In the TM model, instead of using hard core radius, other
effects such as ion-induced interactions are included. While
theoretical CCS values are difficult to interpret independently,
they are very useful for the comparison with the experimental
observations.102

2.6.13. Hydrophobic Solvent Accessible Surface Area. The
tool gmx sasa from the GROMACS package was used to
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calculate hydrophobic solvent accessible surface area
(hSASA).103 In this work, residues treated as hydrophobic
are as follows: glycine (Gly), alanine (Ala), valine (Val),
leucine (Leu), isoleucine (Ile), proline (Pro), phenylalanine
(Phe), methionine (Met), and tryptophan (Trp).
2.6.14. Dipole Moment. Dipole moment of the system μ⃗ is

defined as follows

q r
i

N

i i
1

∑μ ⃗ = →
=

where qi and ri⃗ are charge and position vectors of atom i, and N
is the total number of atoms.

3. RESULTS AND DISCUSSION
3.1. Convergence of Coarse-Grained Simulations.

Coarse-grained simulation was performed using the REMD
method starting from 20 different orientations of chains to
enhance sampling. The acceptance ratio between replicas was
above 31% between any pair of neighboring replicas providing
good exchanges between temperatures. This is also evident
from the random work in the replica space (Figure S2),
showing that the exchange occurred between any pair of
neighbored replicas.
Cα-rmsd at 296 K (Figure S3) shows that the system is

stable from approximately 200 ns, so the first 200 ns was
discarded in further analysis. However, based on rmsd, we
cannot be sure of achieving equilibrium because in REMD
simulations, chains can switch places and conformations in the
oligomer,42,104 making the rmsd definition ambiguous. There-
fore, to examine if the simulation converged, the trajectory at
296 K was split into two time windows, 200−1100 and 200−

2000 ns, which were subsequently used for WHAM and
clustering analysis. The heat capacity (Cv) obtained from the
WHAM analysis (Figure S4) is virtually identical for these two
time windows, which means that we have at least reached
quasi-equilibrium. In addition, the secondary structures of
reconstructed all-atom representative structures from both
time windows are similar (Table 1), providing additional
support for this conclusion. Therefore, only the 200−2000 ns
time window was used in further analysis.
Note that the heat capacity has a peak at T = 297 K (Figure

S4), which indicates the dissociation temperature of the
tetramer. A similar result was obtained for the dimer of the
acshorter Aβ peptide.105

3.2. Tetramer Structure from REMD Simulation. At
295.6 K, the converged part of the simulation was used for
clustering to obtain five groups of structures, from which
cluster centroids were selected as representative models
(Figure 1). Clustering criteria provided low diversity within
clusters (rmsd below 1.5 Å) with large diversities between
clusters (rmsd in range 6.2−12.0 Å). These models will be
used in all-atom simulation. Clusters 1, 2, 3, 4, and 5 constitute
33.4, 24.7, 16.9, 15.0, and 10.0% of all structures, respectively.
The low propensity of beta strands in tetrameric structures
from REMD simulations (Table 1) shows that they are still in
a disordered state. The short beta strand in monomers form
the parallel beta sheet (Figure 1), but this structure is still
different from fibril structures of Aβ,26,27 in which monomers
form a “cross-beta” structure. There are multiple suggested
structures of Aβ oligomers (e.g., barrel-like); however, most of
them are constructed using truncated parts of Aβ,106−108 and
there is no experimental evidence that such conformations can
be present in nature for a full sequence of Aβ42. The all-atom

Figure 2. Electrostatic and vdW energy components (kcal/mol) for intermolecular (intermolecular interaction energies between chains of
tetrameric structures) and solute−solvent interactions (intermolecular interaction energies between tetrameric structures and water and ions). For
2NAO, the result was averaged over snapshots for the last 10−20 ns period of MD simulations, whereas for five representative structures for each of
the five trajectories (25 structures in total). Error bars represent standard deviations.
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structures of the five clusters in the PDB file format are
attached in the Supporting Information.
3.3. Distribution of Interchain Contacts and

Oligomers in UNRES. We calculated the number of side
chain contacts between chains in the oligomer. The histograms
of interchain contacts (Figure S5) show that the interactions
between different pairs differ significantly from each other. The
population of interchain contacts between chains A and B is
the smallest, and at temperatures around 300 K, the average
number of contacts is 5. Therefore, in this work, we used five
contacts as the criterion to determine whether two chains are
in the same oligomer or not. Using this criterion we obtained
the distribution of oligomer size showing that at high
temperatures, the tetramer decomposes into monomers,
dimersm and trimers due to the significant populations of
these molecules at high-temperature replicas (results not
shown). At lower temperatures, the monomers cannot
decompose leading to the stable structure of the tetramer.
This result shows that the Aβ42 tetrameric structures are
formed by two processes: addition of the monomer to the
seeds at high temperature and the structural rearrangement at
low temperature replicas. These processes eliminate any bias
coming from the initial structures from docking as well as
speed up the tetramer formation because the distance between
the monomers is small enough.
3.4. All-Atom Simulations. In the next step, conventional

all-atom MD simulations were performed at 300 K with
AMBER99SB-ILDN and OPLS-AA/L force fields using
reconstructed coarse-grained models (Figure 1) as the initial
conformations. All MD trajectories are stable from about 100
ns (Figure S6), so snapshots from 100−200 ns range were used
for clustering and further analysis.
To compare the obtained tetrameric structures with the

more organized fibril-like structure, four chains from the Aβ42
fibril (PDB code: 2NAO27) were extracted and used to
perform five MD trajectories of 20 ns in two all-atom force
fields. Because Cα atoms were restrained, rmsd with respect to
the 2NAO structure is small (about 0.47−0.61 Å).
3.5. Representative Structures in All-Atom Simula-

tions. Similar to coarse-grained simulations, five representative
structures were obtained, which are cluster centroids of the
largest clusters from all trajectories starting from coarse-
grained models (Figures S7). In total, we have 50
representative structures for Amber and OPLS force fields.
By clustering the snapshots obtained in the last 10 ns of the
simulation which started with the 2NAO PDB structure, we
obtained the two most populated structures for these force
fields (Figure S7).

3.6. Analysis of the Energy Components. The
intermolecular interaction energy was calculated for the
representative structures of the first clusters from MD
trajectories (Figure S7) starting from coarse-grained models
and compared to the analogous simulations starting from the
tetrameric structure from the 2NAO pdb file (Figure S7). In
the case of 2NAO, the impact of the force field on the energy is
strong (Figure 2). The electrostatic component is positive in
both force fields AMBER99SB-ILDN and OPLS-AA/L, and
their values in these force fields are substantially different. In
the AMBER force field, UNRES cluster 2 has a slightly higher
electrostatic energy compared to 2NAO leading to the fact that
its total interaction energy exceeds other clusters (Figure 2).
All clusters, in particular cluster 3, have less energy than
2NAO. Therefore, in terms of the solute energy, representative
compact structures, obtained by UNRES and all-atom
simulations, are more favorable than fibril-like structure 2NAO.
In the OPLS-AA/L force field, cluster 1 has equivalent

energy with 2NAO within the error range. Similar to the
AMBER force field, cluster 2 has higher electrostatic energy
than 2NAO, while others have lower energy than 2NAO
(Figure 2).
In the case of electrostatic energy, the difference between the

clusters is significant in both force fields (Figure 2). The
electrostatic energy of 2NAO and our tetramer structures in
the OPLS-AA/L force field is lower than in AMBER99SB-
ILDN. The difference in electrostatic energy between the
clusters indicates that the structures of the tetramer are
polymorphic because electrostatic energy is sensitive to
conformation. In terms of vdW energy, the difference between
the UNRES clusters is insignificant. Except cluster 1, this
energy component in OPLS-AA/L is lower than in
AMBER99SB-ILDN, suggesting a denser tetramer package
than in the AMBER99SB-ILDN force field. This situation is
similar to the case of 2NAO, where the vdW energy in OPLS-
AA/L is lower than in AMBER99SB-ILDN.
In all our tetrameric structures and structures of 2NAO, the

vdW component prevails in the nonbonded energy, and it is
significantly larger than the electrostatic component (Figure
2). Furthermore, the difference between the nonbonded
molecular interaction energies of 2NAO and our tetrameric
structures is very sensitive to the structure indicating that the
potential barrier for conversion of our tetramer to fibril is
significantly diverse. This result suggests the existence of
multiple oligomerization pathways and that the tetramer can
easily form fibrils or must rearrange the conformation or favor
the oligomer state due to the strong nonbonded interaction
energy.

Table 2. Secondary Structure Content (%) Averaged over the Snapshots Collected from 100−200 ns Period of all MD
Simulations for five Representative Structuresa

structure force field cluster 1 cluster 2 cluster 3 cluster 4 cluster 5 2NAO

beta AMBER 16.8 ± 1.9 18.2 ± 1.8 21.1 ± 1.9 19.3 ± 2.2 21.9 ± 2.1 40.0 ± 1.1
OPLS 21.9 ± 2.4 21.0 ± 2.1 19.8 ± 1.9 12.7 ± 1.7 20.3 ± 2.2 34.7 ± 0.8

helix AMBER 4.7 ± 0.7 2.4 ± 0.5 1.0 ± 0.2 1.1 ± 0.3 2.0 ± 0.3 0.0 ± 0.0
OPLS 3.2 ± 0.9 2.0 ± 0.6 0.5 ± 0.1 1.1 ± 0.3 0.2 ± 0.0 0.0 ± 0.0

turn AMBER 35.9 ± 2.1 41.4 ± 2.1 37.1 ± 1.9 36.8 ± 2.2 40.2 ± 2.2 26.7 ± 0.8
OPLS 41.5 ± 2.4 39.3 ± 2.3 43.2 ± 2.0 40.0 ± 2.4 38.4 ± 2.2 30.0 ± 1.7

coil AMBER 42.6 ± 2.2 38.0 ± 1.9 40.8 ± 1.9 42.8 ± 2.1 35.9 ± 2.1 33.3 ± 1.0
OPLS 33.4 ± 2.3 37.7 ± 2.1 36.5 ± 2.0 46.2 ± 2.2 41.1 ± 2.4 35.3 ± 1.0

aFor 2NAO, the results were obtained using snapshots collected for 10−20 ns period of MD simulation. Error bars represent standard deviations.
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On the other hand, the tetrameric Aβ42 interaction with a
solvent is approximately an order of magnitude higher than the
internal energy of the tetramer (Figure 2). These interactions
are dominated by the electrostatic component, which suggests
that oligomers tend to form a hydrophobic core. In OPLS, the
nonbonded interaction energy between our models and the
solvent is lower than that of 2NAO solvent, implying that the
extended fibril structure is less favorable.
3.7. Secondary Structures of Representative Struc-

tures. The secondary structure content of representative
structures of the five clusters from all-atom simulation (Table
2) shows that in both force fields, tetrameric Aβ42 is
dominated by turn and coil, indicating the disordered state,
which is consistent with experimental observations.3 The
percentage of beta structures in both force fields is equivalent
to REMD simulation (Table 1). However, the beta propensity
of REMD cluster 1 in the OPLS-AA/L force field is higher
than AMBER99SB-ILDN, but cluster 4 has lower beta in
OPLS-AA/L. The beta population of other clusters in both
force fields is equivalent (Table 2). With the exception of
cluster 1, in MD simulations, the helix structure is lower than
in REMD, and in both cases, the propensities are low (Tables
1 and 2). For 2NAO, the beta content is about 40 and 35% in
Amber and OPLS, respectively (Table 2), and these values, as
expected, are higher than those of the five REMD clusters. The
helix structure did not occur in 2NAO, while the turn is lower
than the coil, but they vary between 27 and 33% depending on
the force fields.
The distribution of secondary structures of the Aβ42

tetramer (Figure 3) is similar in both force fields. The beta
structure concentrates in residues 9−14, 17−21, and 30−40
are in agreement with experimental data on the Aβ40 oligomer
(regions 7−12, 17−26, and 30−39).109 The region of 11−21
residues has the highest beta propensity (Figure 3) which is
consistent with simulation results of Brown and Bevan
(residues 17−21).49 The C-terminus has a lower beta
propensity than these residues, and it is slightly higher in
OPLS-AA/L than in the AMBER99SB-ILDN force field (17.7
and 14.2%, respectively). The concentration of the beta
structure in the residues 11−21 and the C-terminus is also in
agreement with previously theoretical studies of the Aβ42
monomer39,110,111 and experimental data of the Aβ42
fibril.27,28 However, the average level of beta is lower than
that of oligomers (44%),112 but this result is reasonable
because oligomers studied by studied by Ahmed et al.,112 have
more chains than tetramers. On the other hand, the obtained
beta content is lower than in monomers.113 The short α-helix

structure is rarely observed in the N-terminus and 20−30
residue range, with insignificant population.
The secondary structures, obtained for each chain in MD

simulations, show the difference between two force fields
(Table S1). In AMBER99SB-ILDN, four chains have
equivalent beta propensity in clusters 3 and 4 within the
error range. The distribution of secondary structures for each
chain (Figure S8) is distinct from others, especially turn and
coil structures. In OPLS-AA, the chains have various average
beta populations, and other secondary structure propensities of
residues are also different (data not shown), similar to the
AMBER99SB-ILDN force field. These results indicate a
distinct character of the chains in the oligomeric tetramer as
it differs from fibril structures, in which properties of chains are
homogenous. The difference may be due to the different
exposition of the chains to the solvent in the tetrameric
structures.

3.8. Chains Display Different Flexibilities. In coarse-
grained simulations, the RMSF of the chains in the tetramer
(Figure S9) shows that in chains 2, 3, and 4, the N-terminus
and region 20−30 are more flexible than 10−20 and 30−40
regions. In the case of chain 1, the N- and C-terminal residues
are more flexible than others. In all-atom simulations (Figure
S10), regions 20−30 and C-terminus are more flexible than
other domains. In case of chain 2 and 3, regions 10−20 and C-
terminus are more flexible than other regions in the
AMBER99SB-ILDN force field (Figure S10). However, in
OPLS, the difference is not that pronounced as in the
AMBER99SB-ILDN force field. The region close to the C-
terminus is significantly more flexible in OPLS (Figure S10).
These results show the different impact of force fields on
dynamics of the amino-acid residues.

3.9. Shape of Aβ42 Tetramer. To determine the
compactness of the Aβ42 tetrameric structure, we calculated
RIthe ratio of the smallest component of the moment of
inertia and the largest one for the structures in the equilibrated
part of MD trajectories. This quantity is similar to parameter
N4 used by Barz et al52 For direct comparison with results of
Barz et al.52 RI is multiplied by 10 and rounded to the nearest
integer. The tetramer conformation is called “compact” when
RI is larger than 5 and “extended” with the ratio less or equal to
5. The population of “compact” and “extended” conformations
of the Aβ42 tetramer from two force fields is similar. In both
force fields, the tetramer favors the “compact” structure;
however, OPLS-AA/L preserves “compact” conformation
stronger than AMBER99SB-ILDN.

Figure 3. Distribution of average secondary structures calculated using all snapshots from 100−200 ns period of all-atom MD simulations.
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In the study of Barz et al.,52 the Aβ42 tetramer structures
exist in extended conformation or compact conformation
which have a prolate or oblate spheroid shape, respectively. For
more detailed information on the shape of the Aβ42 tetramer,
the eccentricity of structures obtained from MD simulation
was calculated. The semiaxes show that the structures are in
the oblate spheroid state (c < a); the eccentricity values (Table
3) indicate that the tetramer structures are in the disc-like

state, which is consistent with Aβ42 oligomers described by the
experiment of Ahmed et al.112 Brown and Bevan49 also
obtained an oblate spheroid in all-atom simulations, in which
ratio RI is 6, and the eccentricity is 0.79 ± 0.03. The oblate
spheroid state of the Aβ42 tetramer in this work is also
consistent with the Aβ18−41 tetramer structure from Streltsov et
al.114 in which the eccentricity value is ∼0.8 (c < a). However,
using mass spectrometry, being an in vacuo technique,
Bernstein and coworkers115 found that the Aβ42 tetramer
comprises two dimer subunits making an angle of 120° a
planar plane. The effect of the solvent may be responsible for
the difference between our results and Bernstein et al.115

We have calculated the height of oligomers and 2NAO using
the definition given in Materials and Methods and snapshots
collected from the 100−200 and 10−20 ns period of all-atom
MD simulations for five clusters and 2NAO, respectively. The
height of the tetramer models was in the range of 2.0−2.2 nm,
in contrast to the 0.98−1.0 for four chains of 2NAO. Our
result is in agreement with Ahmed et al.112 who reported that
the height of oligomers of different sizes varies from ≈2 to 5
nm.
3.10. Collison Cross Section of Tetrameric Aβ42. The

results of CCSs of the Aβ42 tetramer (Table 4) show that all
REMD clusters have similar cross-section values within error
ranges, except cluster 3. The difference between two all-atom

force fields is small, indicating that the shape of the tetramer in
both force fields is the same that is consistent with eccentricity
results. In general, the structures in AMBER99SB-ILDN are
slightly less compact; therefore, their eccentricity and CCSs are
slightly higher than in the OPLS force field. Our values (Table
4) are lower than experimental data of Bernstein et al.115 which
is 2332 Å2. However, the CCSs are consistent with the result
from Zheng et al.116 Using the TM, Barz and coworkers
obtained 2109 ± 3 and 1978 ± 9 Å2 for CCS of Aβ42 from
MD simulation with implicit solvent which is not far from our
results.52 This result also indicates that the Aβ42 tetramer is in
disc-like conformation because the CCS values are equivalent
to packed model in Bernstein et al., which is 2135 Å2.115

Overall, in terms of CCS, cluster 3 agrees with the
experiment115 better than other models. The CCS value for
2NAO is significantly higher than any experimental and
computational values, confirming our conclusion that the fibril
is less compact than oligomers. However, it should be noted
that CCSs values are just rough estimated, subjected to
uncertainty of the prediction tool, and they do not take into
account the ionization and gas phase, respectively, for
theoretical and experimental methods.

3.11. Hydrophobic Solvent Accessible Surface Area.
The solvent accessible surface area for hydrophobic residues
was calculated for the equilibrated part of the MD trajectories
(Figure 4). The average hSASA values in the OPLS-AA/L

force field are smaller than in AMBER99SB-ILDN (Table 5),
which is consistent with the result of compact conformation
population in force fields. The areas in the OPLS-AA/L force
field are also smaller than results from Barz et al.52 (4833 and
5027 Å2) and Brown and Bevan49 (∼5400 Å2). In the case of
the AMBER99SB-ILDN force field, clusters 2 and 3 have
consistent values with the compact structure (4833 Å2) and
extended structure (5027 Å2) from Barz et al.,52 respectively.
As shown above, our tetrameric structures favor a compact
state.
Although our cluster 3 is compact, its hSASA is close to that

of the extended structure reported earlier.52 This can come
from the solvent model, which is an implicit solvent in the
previous study,52 while we used an explicit solvent. This is also
supported by the result obtained for hSASA of the compact
structure with an explicit solvent,49 which is close to the value
of cluster 3. The hSASA values of other clusters in the
AMBER99SB-ILDN force field are smaller than results from

Table 3. Eccentricity of Aβ42 Calculated Using the
Snapshots from 100−200 ns Period of all MD Simulationsa

REMD cluster AMBER99SB-ILDN OPLS-AA/L

1 0.67 ± 0.07 0.59 ± 0.05
2 0.75 ± 0.09 0.68 ± 0.05
3 0.82 ± 0.05 0.71 ± 0.07
4 0.73 ± 0.06 0.67 ± 0.07
5 0.71 ± 0.08 0.67 ± 0.05
2NAO 0.98 ± 0.01 0.98 ± 0.01

aFor 2NAO, we used the snapshots from the 10−20 ns period of
simulation.

Table 4. CCSs for Aβ42 Tetramer Clusters Calculated Using
Snapshots Collected from the 100−200 ns Period of All-
Atom MD Simulationsa

collision cross section (Å2)

AMBER99SB-ILDN OPLS-AA/L

UNRES cluster 1 2029.6 ± 48.6 1946.6 ± 27.4
2 2084.7 ± 60.4 2009.2 ± 46.7
3 2159.1 ± 86.2 1988.8 ± 37.9
4 2034.2 ± 44.8 1997.8 ± 35.7
5 2038.2 ± 62.7 2002.1 ± 42.4

2NAO 2649.1 ± 46.4 2656.4 ± 36.0

aResult for 2NAO was obtained using snapshots from the 10−20 ns
period.

Figure 4. hSASA of the Aβ42 tetramer calculated using all snapshots
from the 100−200 ns period of all-atom MD simulations.
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previous studies49,52 (Table 5). Therefore, the estimation of
hSASA supports the observation that our tetrameric structures
are in a compact state. The hSASA of four chains of 2NAO is
larger than all clusters in the AMBER force field, except cluster
3 (Table 5). However, in OPLS-AA/L, all our tetrameric
structures have lower hSASA than 2NAO (Table 5) because
the 2NAO structure is more extended.
3.12. Contact Maps of Aβ42 Tetramer. The intermo-

lecular contact maps for five MD trajectories of two clusters
from REMD show a high propensity to form interactions in
regions (30−42)−(30−42) in both force fields (Figure 5).
This result indicates that the C-terminus plays an important
role in stabilization of the Aβ42 tetramer. In addition, strong
contacts in the C-terminal region of a small oligomer as a

tetramer indicates the seeding role of this region in Aβ42 self-
assembly, which is consistent with results from discrete MD of
Urbanc et al.117 Interchain contacts between residues (10−
25)−(10−25) and (30−42)−(1−20) also have significant
populations, which are in agreement with the results of Barz et
al.52 However, the population in our contact maps is higher,
suggesting that the tetramer structures in our work are more
rigid than Barz’s conformations.
To explore the different behaviors of each chain in the

tetramer, we separated the contact map for each of the chains
(Figure S11). Chains B and D have the strongest contact,
indicating that they are located in the tetramer core. The
contacts of these chains are concentrated in areas (15−25)−
(15−25) and (30−42)−(30−42). Because these chains are in

Table 5. hSASA of the Aβ42 Tetramer, Total Hydropathy Index93 of the Residues That Have Interchain Contacts, and Number
of Water Molecules in the Polyhedrons Built From Tetramer Structuresa

hSASA (Å2) total hydropathy AMBER99SB-ILDN OPLS-AA/L

UNRES
cluster AMBER99SB-ILDN OPLS-AA/L AMBER99SB-ILDN OPLS-AA/L

number of
waters

molar
concentration

[M]
number of
waters

molar
concentration

[M]

1 4074.9 ± 88.7 3516.5 ± 178.7 390.8 ± 20.2 420.3 ± 21.2 158 ± 40 2.7 ± 0.4 120 ± 34 2.2 ± 0.4
2 4530.7 ± 183.2 3899.5 ± 235.4 293.3 ± 19.2 331.2 ± 19.4 179 ± 63 2.7 ± 0.4 144 ± 34 2.3 ± 0.4
3 5117.3 ± 190.8 4039.6 ± 151.4 240.5 ± 19.6 300.9 ± 20.0 150 ± 48 2.2 ± 0.5 178 ± 44 2.7 ± 0.5
4 4117.1 ± 247.8 3731.3 ± 142.1 395.5 ± 22.3 432.8 ± 22.2 137 ± 37 2.3 ± 0.4 123 ± 33 2.15 ± 0.4
5 4280.8 ± 172.9 4013.9 ± 156.6 287.1 ± 19.4 329.2 ± 20.0 147 ± 42 2.5 ± 0.4 163 ± 40 2.7 ± 0.5
2NAO 5355.1 ± 34.9 5354.9 ± 30.6 192.3 ± 16.7 192.9 ± 17.1 65 ± 4 0.8 ± 0.1 68 ± 11 0.9 ± 0.1

aThese results are calculated using all snapshots from 100−200 and 10−20 ns periods of all-atom MD simulation for our tetrameric models and
four chains of 2NAO, respectively.

Figure 5. Intermolecular (upper part) and intramolecular (lower part) contact maps averaged over all snapshots from the 100−200 ns period of all-
atom MD simulations.
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the tetramer core, this result strengthens the conclusion that
these regions play an important role in stabilizing the tetramer.
Chain A and C have lowest number of contacts suggesting that
they are in the outer shell of the tetramer (Figure S11).
Although these chains form weak contacts, they are also
concentrated in regions (15−25)−(15−25). Consequently, all
tetramer chains have the same contact motif, but water
molecules act on the outer shell chains leading to weaker
contacts in these chains.
3.13. Transition Network. The population of the states

determined by the oligomer size (Figure 6) from the coarse-

grained REMD simulation shows that the tetrameric structure
has the highest propensity (76%), implying that the system still
retains tetramer conformation in the REMD simulation. The
probability of a process 2 + 2→ 4 (83.8%) is higher than 3 + 1
→ 4 (73.7%), which suggests that the tetramer is more likely to
be formed from two dimers than from a trimer and monomer
and from four monomers (50.6%). Furthermore, the
population of dimers is larger than the trimers, and the
probability of 4 → 2 + 2 is higher than the 4 → 3 + 1 process
(Figure 6), confirming the observation that the tetramer is
formed from the dimer−dimer association more often than
from the trimer−monomer. This result is consistent with Barz
et al.52 who observed the critical role of the dimer in the
formation of higher order oligomers. The probability of 3 + 1
→ 2 + 2 is higher than 2 + 2 → 3 + 1 (Figure 6), which shows
that the complex of the trimer and monomer is less stable than
two dimers. The full transition network (Figure S12) also
shows that the tetramer states are located closer to the two
dimer state than the trimer−monomer state, which indicates
that the transition between these states is easier and more
frequent than the trimer−monomer to tetramer.
Transition networks for the tetramer in all-atom simulations

are divided into distinct regions (Figure S13), showing that the
tetramer can exist in states with different shapes. Moreover, the
large distance between states with a big difference in the shape
index indicates that the free energy barrier between these states
may be high. Consequently, the tetramer conformation is

polymorphic, and this is due to the fact that the Aβ peptide is
intrinsically disordered. States, separated by a large distance of
shape index, are metastable because the transition between
them is practically forbidden.

3.14. Most Probable Structure of Aβ42 Tetramer.
Based on the above results, we now study the most probable
structure from five clusters, obtained from UNRES REMD
simulation. Experimental studies have shown that the Aβ42
oligomer has turns at residues 24−27,118 25−28,119 13−15,
25−29, and 37−38.112 These turns connect β-strand at regions
13−23, 28−42,118 15−24, 29−42,119 17−21, and 31−36.112
Furthermore, Streltsov et al. showed that the Aβ18−41 tetramer
comprises turns at residues 24−26, β-elements in the region
18−21, and a β-hairpin at residues 32−41.114 In our tetrameric
structures, all clusters have high β-propensity at residues 10−
15, 16−19, 30−34, and 38−40 (Figure 3). However, cluster 4
has a β-strand in residues 25−28 which is inconsistent with
experiments, while other clusters have a rich turn propensity in
regions 5−9, 13−15, 23−27, and 34−38. This result indicates
that secondary structure elements of clusters 1, 2, 3, and 5 are
consistent with experimental data.
As shown above, the CCS values of all clusters are lower

than the experimental value of Bernstein115 but consistent with
Zheng et al.116 (2172 Å2). Cluster 3 (2159.1 ± 86.2 Å2) is best
consistent with the result of Zheng et al. in the AMBER99SB-
ILDN force field. In the case of hSASA results, clusters 2 and 3
have consistent results with other studies. Ahmed et al. have
shown that residue Phe19 has intramolecular contact with
Leu34,112 and the region 17−21 has an interaction with 31−
36. The results for intramolecular contacts of all clusters
(Figure 5) indicate that clusters 3 and 5 form contacts between
residues 15−20 and 30−35, while others have a weak contact
propensity in this region. We can show that the population of
the Phe19−Leu34 intramonomer contact is ≈36% for cluster 3
in OPLS, while it is very poorly populated in other clusters
(less than 11%). From this point of view, cluster 3 is in better
agreement with the experiment112 than other clusters.
Ahmed et al. also showed that the C-termini are buried

inside the oligomer. Moreover, the Aβ18−41 tetramer structure
obtained from a study by Streltsov et al. indicates that the C-
termini constitute the core of the oligomer due to
intermolecular contacts.114 In our MD simulations, all clusters
have a high intermolecular contact propensity at C-terminal
residues (Figure 5). This result indicates the C-termini in our
simulations located close to each other, which is consistent
with experimental data.
Clusters 3 and 5 have lower nonbonded energy than 2NAO

in both force fields. However, in the AMBER99SB-ILDN force
field, the energy of cluster 5 is higher than cluster 3 (Figure 2).
Therefore, cluster 3 is the most energetically stable in both
force fields. Based on this result, cluster 3 seems to be the most
probable structure of the Aβ42 tetramer because of its stability,
and properties are in best agreement with experimental studies.
Representative structures of the largest cluster, obtained in all-
atom MD trajectories at equilibrium for cluster 3, are shown in
Figure 7. These structures have three C-termini located close
to each other, and they have a spheroid state but not rodlike
shape.

3.15. Reasons why Tetramer Structure is Different
from Fibril. Because the characteristics of the structure and
arrangement of monomers in our tetramer models are different
from four 2NAO chains, we investigated the total hydropathy
index of residues forming interchain contacts in all-atom MD

Figure 6. Coarse-grained transition network from UNRES REMD
simulation averaged over all replicas. Oligomer size is shown as a label
on each node, while the area of nodes corresponds to the population
of each state, which is also shown in brackets. Colors of the lines with
arrows and their labels represent exchange rates between nodes
(different oligomer sizes).
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simulation, which allows us to estimate the hydropathy of the
interface between monomers. In both AMBER and OPLS
force fields, all clusters are more hydrophobic at the interface
between monomers than 2NAO (Table 5) because of the
larger values of the hydropathy index. Interestingly, cluster 3,
which is the most probable structure of the Aβ42 tetramer, has
the closest hydropathy to 2NAO than any other cluster in both
force fields. This result is consistent with the hSASA values
(Table 5) because cluster 3 has the largest hSASA value
compared to other clusters. In addition, in AMBER, hSASA of
cluster 3 is equivalent to 2NAO. The fact that the most
probable tetrameric and fibril structures have low hydropathy
of the contact interfaces between monomers indicates that a
decrease in hydrophobic interactions at the interfaces of
monomers may be a mechanism in the formation of fibril
structures from oligomers.
Higher hydropathy values for our tetrameric structures than

for 2NAO indicate which areas of the oligomer play an
important role in the formation of tetramers and fibrils. The
population of residues that form contacts during tetramer
formation shows that in both tetramer formation processes 2 +
2→ 4 and 3 + 1→ 4, the C-terminus dominates the binding of
monomers to a dimer or trimer to form a tetramer (Figure 8).
This result is consistent with interchain contact results (Figure
5), in which the C-terminal region has high propensity to

contacts. The number of residue pairs that form interchain
contacts in our tetrameric structures (Figure 5) is larger than
in the case of 2NAO (Figure S11). However, the interchain
contact populations in our models are lower than in 2NAO.
Because of the ordered structure, the interchain contact maps
of 2NAO have high propensities along the diagonal elements,
which are low in our tetrameric models. In 2NAO regions
(30−42)−(30−42) and (13−20)−(30−42), there are signifi-
cant populations of contacts, which is similar to our tetrameric
models (Figure 5). These results suggest that in the beginning
of the aggregation, the C-termini of monomers bind to each
other and are located at or near the oligomer surface, while
during the formation of the mature fibril, the monomers are
aligned in the cross-beta structure with the C-termini out of
the core.
Results, obtained for the interface hydrophobicity, prompted

us to calculate the radial distribution of charged atoms in
tetrameric models and 2NAO to explore the charge
distribution in the fibril formation. In both force fields,
charged fragments of tetrameric structures are located closer to
the center of mass than in 2NAO (Figure 9) because the radial

distributions of charge are shifted to the lower values
compared to 2NAO. This suggests that in tetrameric
structures, charges are more focused inside, whereas in
2NAO, they are located near the surface of the fibrils.
Therefore, the presence of repulsion forces between negatively
charged monomers (−3e) leads to stretching the oligomer to
keep the charges away from each other.
To better understand the role of the charge, we calculated

the distribution of angles between the dipole moment and the
principal inertia axes of tetramers and 2NAO (Figure S14). As
evident from Figure 10, the distribution of three angles of
2NAO has a sharp peak in both force fields, while wide peaks
occur in the case of five clusters. Cluster 1 even has two peaks
in AMBER. Thus, the distribution of dipoles in tetrameric
structures is more isotropic than in fibrils, which can be
explained by the fact that the 2NAO structure is ordered,
whereas our tetrameric structures are partially disordered.
The fibril formation changes not only the arrangement of

hydrophobic residues and charges but also the number of
water molecules located inside the tetramer. Therefore, we
constructed concave hulls for the tetramers and counted the
number of water molecules present in the resulting
polyhedrons (Figure 11). The number of water molecules in

Figure 7. Representative structures of cluster 3 from UNRES REMD
simulation and the largest cluster from five trajectories of all-atom MD
simulations. Cyan balls represent the N-termini, and the orange balls
represent the C-termini. The Cα-rmsd of structures from the MD
simulation in AMBER99SB-ILDN and OPLS-AA/L force fields is 7.6
Å.

Figure 8. Population of interchain contacts between residues of
dimer−dimer and trimer−monomer complexes, when a tetramer is
formed from binding of two dimers or a trimer and a monomer. The
result is obtained from all replicas of REMD simulation.

Figure 9. Distribution of distances between charged atoms and the
center of mass of the tetramer from all-atom MD simulations.
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2NAO is less than in our tetrameric models (Table 5).
Therefore, the fibril is drier than the oligomer, implying that
water molecules are ejected during the fibril formation process.
Reddy and coworkers showed that water molecules are
expulsed in the formation of the fibril of the Aβ C-terminal,120

which is consistent with our results. Because the number of
free water molecules in the solvent is increased with the fibril
formation compared to oligomers, the water entropy is higher,
which can compensate for the free energy required to form a
fibril.
Based on abovementioned results, we propose that the fibril

formation proceeds as follows: At the beginning, the
hydrophobic region of the monomers will be tightly packed
with each other forming a hydrophobic core. Because of the

small size of the oligomer, only weak repulsive electrostatic
interactions exist between Aβ42 chains (Figure 2) at this stage,
and the charges can be distributed almost randomly. Because
the interactions at this stage are mainly hydrophobic, which is
manifested in the decisive contribution of vdW interactions to
the total nonbonded energy of tetrameric structures (Figure 2),
oligomers tend to form spheroid structures to minimize the
solvent accessible area, which is reflected in hSASA results
(Table 5). However, when the number of monomers in the
aggregation state is large, the repulsive energy of long-range
electrostatic interactions prevails over short-range vdW
interactions of the hydrophobic interface between chains,
which cause the structures to adopt unstable states. The
monomers in the core of the spheroid oligomer will repel the
monomers in the shell because the vdW interaction energy
between them is small due to the large distance. Consequently,
the spheroid shape of oligomers should change to minimize
repulsion and optimize hydrophobic interactions in mature
forms of aggregates. The charged residues move to the
oligomer shell to reduce the internal repulsion energy, and the
hydrophobic regions are more exposed to the solvent than to
the oligomer to attract more monomers. This hypothesis is
supported by the radial distribution of charges (Figure 9) and
the higher hSASA values for 2NAO than for our models
(Table 5). This statement is also confirmed by the analysis of
the nonbonded energy components, which indicates that the
fibril structure has more unfavorable internal Aβ interactions
compared to our tetrameric models (Figure 2), while the
solute−solvent interactions are more favorable for fibrils than
oligomers in the AMBER force field, except cluster 1 (Figure
2). Moreover, fewer internal water molecules in four chains of
2NAO than in oligomer models (Table 5) indicate the
movement of hydrophobic regions from the interior of the
complex to the shell in the fibril formation.
Because the spheroid shape can compensate the repulsion

between the core and the shell of the oligomer, as well as the
binding of new Aβ chains to the oligomer, we hypothesize that
the oligomers will be organized in lower dimensions to form
mature fibrils. Monomers in the spheroid oligomer can repel
new monomers from three dimensions (Figure 12) due to
unfavorable electrostatic interactions. If the oligomers are
arranged in the disc shape, the repulsive force acting on new
monomers may decrease compared to three dimensions
because the monomers in the oligomer are organized along
the x and y axes (Figure 12). Finally, if the oligomers are
organized in rodlike shape, new monomers are repelled only
along one direction, namely, the x-axis (Figure 12), but they
are strongly attracted by monomers at the end of the rodlike
oligomer because of the vdW interactions. The electrostatic
repulsion between monomers in the oligomer can be easily
compensated by attractive vdW interactions between adjacent
monomers. These interactions can be increased if the
hydrophobic surface area at the interface of the aggregate is
large, which attracts additional monomers to bind. Therefore,
during the fibril formation, the monomers are regrouped to
obtain a conformation in which hSASA is large and the
electrostatic repulsion is weak. The energy required to
increasing hSASA and the entropy contribution for the
arrangement of monomers is positive, but they can be
compensated for by reducing the electrostatic repulsion and
increasing the water entropy due to the larger number of free
water molecules. We assume that with an increase in the
oligomer size, Aβ chains are organized in quasi-one dimension

Figure 10. Distribution of angles between the dipole moment and
three principal axes (major, middle, and minor) of inertial moment in
AMBER99SB-ILDN (A) and OPLS/AA-L (B) force fields.

Figure 11. Schematic representation of the tetrameric Aβ42
structures with marked internal water molecules fitted into the
constructed polyhedron.
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(e.g., in the form of a rod) and not in three dimensions (like a
sphere), as in the case of small oligomers. Such a quasi-one-
dimensional structure is consistent with many fibrillary
structures reported in the literature.27,29,30,32

4. CONCLUSIONS

Using REMD simulation with a coarse-grained UNRES force
field, we obtained five Aβ42 tetrameric structures, which were
subsequently refined using MD simulations in two popular all-
atom force fields. The most probable tetramer structures have
a disc-like shape without a cross-beta structure. Moreover, the
four chains in the tetramer are not equivalent to each other,
most of the time two of them form the core, while other two
are a shell that interacts weakly with other chains but much
stronger with water molecules. For this reason, the observed β-
content is lower for the oligomer than for fibrils. Our results
indicate that structural rearrangement of the tetramer is
necessary for the formation of higher order oligomers and
fibril. The refined structures of cluster 3, obtained in this work,
are in good agreement with experimental data, as well as with
theoretical expectations and can be used, for example, as initial
structures for constructing higher order oligomers or as targets
for the development of AD medicines.
The charge distribution in our tetrameric models is more

isotropic than in four chains taken from the fibril (PDB code:
2NAO). Furthermore, the hydrophobic regions in the fibril are
more exposed to the solvent than in the oligomer.
Consequently, the water density inside the oligomer is higher
than in fibrils, and this may be related to the enhanced toxicity
of oligomers. Based on the difference between our tetrameric
models and the 2NAO structure, we hypothesize that during
the fibril formation, the repulsion between monomers in the
core of spheroid oligomers is the main cause of the lower
stability of oligomeric conformations. Therefore, upon fibril
formation, they reorganize the structure to adopt a quasi-one-
dimensional or rodlike shape in order to minimize the
repulsion of the Aβ42 chains and optimize the attraction
between neighboring chains.
It has to be noted that results presented in this work are

valid only for water environment and Aβ structures and
dynamics can significantly vary in different environments (e.g.,
SDS)121 or water−lipid interface.122 The latter seems to play
an important role in AD development,123 and such studies are
currently undergoing in our lab.
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