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ABSTRACT: Numerous experimental studies indicate that amyloid beta protein (Aβ) oligomers as small as dimers trigger
Alzheimer’s disease. Precise solution conformation of Aβ monomer is missing since it is highly dynamic and aggregation prone. Such
a knowledge is however crucial to design drugs inhibiting oligomers and ﬁbril formation. Here, we determine the equilibrium
structures of the Aβ140, Aβ142, and Aβ140(D23N) monomers using an accurate coarse-grained force ﬁeld coupled to
Hamiltonian-temperature replica exchange molecular dynamics simulations. We observe that even if these three alloforms are
mostly disordered at the monomeric level, in agreement with experiments and previous simulations on Aβ140 and Aβ142, striking
morphological diﬀerences exist. For instance, Aβ142 and Aβ140(D23N) have higher β-strand propensities at the C-terminal,
residues 3042, than Aβ140. The D23N mutation enhances the conformational freedom of the residues 2229 and the propensity
for turns and β-strands in the other regions. It also changes the network of contacts; the N-terminal (residues 116) becoming more
independent from the rest of the protein, leading to a less compact morphology than the wild-type sequence. These structural
properties could explain in part why the kinetics and the ﬁnal amyloid products vary so extensively between the Aβ140 and the
Aβ140(D23N) peptides.

1. INTRODUCTION
Alzheimer’s disease (AD) is characterized by the presence of
extracellular neuritic plaques and intracellular neuroﬁbrillary
tangles in the brain.1 Senile plaques are made of the amyloid
beta (Aβ) protein. This protein is naturally produced through the
cleavage of the amyloid precursor glycoprotein (APP) by the βand γ-secretases. Many alloforms with amino acid lengths varying
between 39 and 43 are produced. Of these, Aβ40 is the most
abundant, and Aβ42 is the most toxic and aggregation prone.2
Experimental studies using circular dichroism (CD) spectroscopy and electron microscopy3 indicate that Aβ peptides exhibit
a transition from random coil to β-sheet during ﬁbrillation. Other
experiments reveal that the ﬁnal amyloid product, the nucleation
and elongation rates4 are distinct for diﬀerent alloforms and are
modulated by experimental conditions.5 The oligomerization
pathways also vary for diﬀerent alloforms6,7 and Aβ oligomers,
rather than the amyloid ﬁbrils, are the principal neurotoxic
agents2,8 interacting with receptors,9 metal ions,10 cell membranes,11 and synapses.12 Despite these signiﬁcant advances in
Aβ amyloid ﬁbril assembly, precise aqueous solution conformations of Aβ monomer are missing. We know from solution NMR
that it is mostly coil turn with little β-strand content in water
solution,13,14 that Aβ42 is more structured at the C-terminal than
Aβ40,15 and that oxidation of Met35 causes important changes in
the monomer structure.16 Also, hydrogen/deuterium exchange
experiments showed that the monomer is completely exposed to
the solvent, revealing that it is highly ﬂuctuating.17 Finally,
limited proteolysis/mass spectrometry on Aβ40 monomer suggests many turns, such as between Val24 and Lys28, which was
observed by solution NMR on the Aβ2130 fragment.18
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Yet detailed conformational knowledge of Aβ monomer is of
utmost importance for two reasons. First, the monomer exists in
equilibrium with oligomers during polymerization,6 interacts
with the cell membrane,11 binds to ﬁbril,19 and may even be
neuroprotective.20 Second, since Aβ oligomers as small as dimers
have been implicated in AD,21 it is important to block oligomerization at the monomer level. To complement biophysical
studies, computer simulations are often used. Several molecular
dynamics (MD) simulations have already been reported on
Aβ4022 and Aβ4223 folding in aqueous solution. Other studies
examined the role of ion binding,24 oxidation of Met35,25 and salt
bridge Asp23-Lys2826 on the folding of Aβ monomers. These
simulations revealed many interesting features, but the generated
conformational ensemble is aﬀected by the starting structure
used and by the short time scale explored. Moreover, MD
simulations easily get trapped in local minima biasing the results
when the energy landscape is rugged, as is the case with Aβ.
Replica exchange molecular dynamics (REMD) simulation,
which enhances conformational sampling,27 has also been used.
For the monomer of Aβ40 and Aβ42, it was coupled to diﬀerent
all-atom force ﬁelds with explicit28 and implicit solvent models.29
Each replica was however simulated for 60100 ns,28,29 which
may not be enough to sample the complete morphological
ensemble. This convergence problem certainly holds for the
simulation of Aβ139.30 A recent extensive all-atom simulation
with implicit solvent on the truncated Aβ1040 monomer reached
convergence.31 However, the predicted percentage of R-helix
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content (∼38%) is signiﬁcantly overestimated compared to the
CD analysis (between 9 and 12%3,32) and the weak R-helix signal
detected by NMR.13 In addition, the N-terminal segment must
not be discarded as it has been recently recognized that mutations at positions 6 and 7 alter monomer folding and oligomerization.33 Finally, two long all-atom simulations based on diﬀerent
force ﬁelds and sampling approaches were recently performed on
the Aβ42 monomer. They reported, however, very diﬀerent
conformational ensembles: with high β-sheet content and forming,
for instance, a four-stranded antiparallel β-sheet using Monte Carlo
simulated annealing and an implicit solvent34 or an ensemble of
predominantly random coil conformations from a 225 ns REMD
simulation using AMBER force ﬁeld with explicit solvent.35
These divergent computational conclusions on the nature of
the conformations that characterize the whole ensemble of Aβ40
and Aβ42 monomer motivated us to re-explore their foldings
using a diﬀerent approach. Here, we use the coarse-grained protein force ﬁeld (OPEP), which has been tested on widely
diﬀerent systems,36 and we couple it to a hybrid of Hamiltonian
and temperature replica exchange molecular dynamics (HTREMD),37 which allows a more eﬃcient sampling of the conformational space than standard temperature REMD. Along the
wild-type Aβ40 and Aβ42 peptides, we also examined the Aβ40(D23N) variant implicated in early onset AD.38 To our knowledge, there is no experimental and computational study on the
Aβ40(D23N) monomer. Yet, the mutation D23N has strong
consequences on polymerization and ﬁbril product. While the
kinetics of Aβ40 and Aβ42 polymerization shows a lag phase, with
Aβ42 peptide forming ﬁbrils at a much faster rate, the Aβ40(D23N) peptide does not display any lag phase.39 In addition,
Aβ40 and Aβ42 form in-register parallel β-sheet ﬁbrils,4042
whereas Aβ40(D23N) predominant ﬁbrils form antiparallel βsheets.39 Such ﬁbrillar morphologies are usually seen only for short
sequences making therefore Aβ40(D23N) a very special alloform.

2. METHODOLOGY
We use the implicit coarse-grained potential OPEP 3.2 parameter set36 coupled with HT-REMD37 to describe the morphologies visited by Aβ140, Aβ142, and Aβ140(D23N) alloforms
using the same protocol. Aβ40 has the following amino acid
sequence: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV. For Aβ42, two more residues, Ile41 and Ala42, are
present at the C-terminal end, and for Aβ40(D23N), the positively charged residue Asp23 is mutated into the neutral Asn23.
We use 23 temperatures following an exponential distribution:
200.0, 229.7, 239.9, 259.4, 261.5, 273.1, 285.1, 297.7, 310.8,
324.6, 338.9, 353.9, 369.5, 385.8, 402.8, 420.6, 439.2, 458.6,
478.6, 500.0, 502.0, 504.0, and 505.0 K. At the highest temperature, we use a potential reduction scale composed of 5 steps: 0.8,
0.7, 0.6, 0.4, and 0.2 that fractionally reduces nonbonded
attractive forces. Exchanges between neighboring replicas are
attempted every 7.5 ps resulting in an exchange rate of 5060%.
This relatively high exchange rate is due to the use of a coarsegrained protein model coupled with an implicit solvent, which
decreases the eﬀective number of degrees of freedom, and to the
low secondary structure probability of the peptides, as discussed in
Section 3. In the absence of clear structural diﬀerences, conﬁgurational energies between nearby temperatures tend to be closer.
Bond lengths are constrained with the RATTLE algorithm.43
The simulations are thermalized using Berendsen’s thermostat
with a coupling constant of 0.1 ps44 and have an integration time
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step of 1.5 fs. Simulations are started from a random extended
conformation with an end-to-end distance of 36.9, 37.5, and
36.9 Å for Aβ140, Aβ142, and Aβ140(D23N), respectively.
Each monomer is simulated in a sphere of 60 Å radius with
reﬂecting boundary conditions. The size chosen for the sphere
minimizes boundary conditions bias. Each replica of Aβ140
is simulated for 700 ns (giving 19.6 μs total time), each replica of
Aβ142 for 900 ns (giving 25.2 μs total time), and each replica
of Aβ140(D23N) for 900 ns (giving 25.2 μs total time). These
extensive simulations are necessary to reach convergence as
discussed below.
Potential. We choose the implicit solvent coarse-grained
potential optimized potential for efficient structure prediction
(OPEP) 3.2 because it captures the main interactions during
protein folding without costing much computational time, such
as an all-atom explicit solvent potential.36 This potential has been
shown to recover the native structure of a variety of peptides with
widely different secondary and tertiary structures as accurately as
all-atom potentials using temperature REMD simulations.45
OPEP has also been applied to short and long amyloid sequences
giving results with strong similarities with experiments.37,4651
Coupled to a greedy algorithm and a structural alphabet, OPEP
was able to locate, using a benchmark of 25 peptides with 923
amino acids, lowest energy conformations differing by 2.6 Å CR
root-mean-square deviation (rmsd) from the full NMR structures.52,53 Briefly, this model approximates each amino acid by
6 beads: N, HN, CR, SC, C, and O, where the side chain (SC) is
represented by a unique bead with glycines having a H instead of
SC. The interaction parameters are finely tuned against protein
structures and thermodynamics and include bond lengths and
angles, improper torsions, dihedral angles, van der Waals interactions, and two- and four-body cooperative hydrogen bonds.
HT-REMD. In order to determine the conformations of Aβ, we
use an hybrid of Hamiltonian and temperature replica exchange
molecular dynamics (HT-REMD). T-REMD is widely used to
simulate protein aggregation with a variety of implicit and explicit
solvents.27 Nonetheless, for some proteins, it is observed that
T-REMD alone is not sufficient to completely unfold the protein
and escape from strong local minima. HT-REMD enhances
sampling by reducing nonbonded attractive forces at the highest
temperature.37 This allows Aβ to unfold completely into an
extended chain.
As T-REMD,27,45 HT-REMD has a distribution of temperatures allowing exchanges between neighboring replicas i and j
according to the Metropolis criterion that preserves thermodynamic ensembles:
(
"
#)
Ei  Ej
ð1Þ
Probði T jÞ ¼ min 1, exp
kB ðTi  Tj Þ
where Prob(i T j) is the probability of exchange between replicas
i and j, Ei and Ej are the energies of replicas i and j, respectively,
and T is the temperature.
As H-REMD,54 HT-REMD possesses an energy scale at the
highest temperature in which nonbonded attractive forces are
fractionally reduced. Exchanges between neighboring replicas i
and j are governed by
(

"

Hi ðX 0 Þ  Hi ðXÞ + Hj ðXÞ  Hj ðX 0 Þ
Probði T jÞ ¼ min 1, exp 
kB Tmax

#)
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Figure 1. Entropy as a function of temperature S(T) averaged over
diﬀerent time intervals. Aβ40, Aβ42, and Aβ40(D23N) are shown in the
top, middle, and bottom panels, respectively.

where H denotes the Hamiltonian (energy) and X and X0 are the
conﬁgurations of replicas i and j, respectively. By decreasing the
nonbonded attractions between atoms at the highest temperature, HT-REMD helps the replicas escape from deep local
minima increasing the conformational space sampling.
Analysis. We analyze the secondary and tertiary structures at
325 K as justified in Section 3.2 using the equilibrated time
interval of each alloform. The secondary structure is analyzed
using STRIDE,55 and the tertiary structure is analyzed using
contacts between side chains and clustering. Contacts are
considered when the distance between two side chain beads is
smaller than the sum of their van der Waals radii plus 0.5 Å. For
clustering, we first calculate the rmsd between all structures for
each alloform. We then find the biggest cluster, remove from the
pool of structures all those contained in this cluster, and repeat
iteratively until no structure is left.56 We select a small threshold
of 2 Å CR rmsd to increase the discrimination between clusters.
The weighted histogram analysis method57 is used to calculate
the free energy, and the entropy is calculated using S = (E  F)/T.
J-coupling constants between HN and HR, 3JHRHN, are calculated
using the Karplus equation58 with three diﬀerent sets of
coeﬃcients.35,59,60 Error bars for the J-coupling constants and
the secondary structure propensities show the interval of conﬁdence on the mean value given by the bootstrap statistical
analysis method.61
Convergence. Convergence in our simulations is assessed by
three criteria. First, we check that, at equilibrium and based on
the ergodic principle, the entropy as a function of temperature,
S(T), is time independent when averaged over sufficiently long
periods as is seen in Figure 1. Aβ40 is the most rapidly converged
simulation, and S(T) converges within 200 ns time intervals after
only 100 ns of equilibration. As Aβ42 converges more slowly, the
equilibration takes 300 ns, and the entropy becomes time
independent when averaged over 300 ns time windows. Aβ40(D23N) requires an equilibration time of 500 ns, and S(T)
remains constant within 200 ns time windows. Note that the
differences in the time windows to reach equilibrium and obtain
converged entropies starting from similar conformations for the
three alloforms cannot be related to differences in aggregation
properties. They only indicate that the configuration space of
Aβ42 is more complex than those of Aβ40 and Aβ40(D23N). We
further note that the entropy of the three alloforms has a similar
slope, which is related to their weak secondary structure signals
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and their overall behavior as random coil polymers. Second, to
further confirm convergence, we look at the variation of secondary structure using the time windows mentioned above for each
alloform. The same trend is observed in each time window, and
the probabilities of secondary structures per residue vary on
average by only 45% implying convergence (data not shown).
Third, as a final check, we cluster all structures in each time
window for each alloform and find that the resulting distribution
of clusters is very similar between different time windows. These
results confirm that, with our simulation protocol, each alloform
has fully converged. As a result, for analysis, we use the equilibrated
time interval of each alloform: from 100 to 700 ns for Aβ40, 300 to
900 ns for Aβ42, and 500 to 900 ns for Aβ40(D23N), totaling
80 000, 80 000, and 53 333 structures, respectively.
Naming Convention. To facilitate analysis, the sequence is
often split into four regions: the N-terminal (residues 116), the
central hydrophobic core or CHC (residues 1721), the loop
region (residues 2229), and the C-terminal (residues 3042).
The N-terminal is mostly hydrophilic, the CHC corresponds to17
Leu-Val-Phe-Phe-Ala (LVFFA),21 the loop region refers to the
residues forming a loop in the fibrillar morphologies, and the
C-terminus is mostly hydrophobic.

3. RESULTS
3.1. J-Couplings. Before comparing the properties of the
three alloforms, it is important to select the appropriate simulation temperature for comparison with experiments. It is known
that even all-atom simulations with explicit solvent generally
show a shift between the predicted and experimentally observed
melting temperatures, indicating that the comparison between
computation and experiments cannot be made directly with the
temperature used in the experiments.62 This feature has also been
observed with the OPEP force field.51 To find the simulation
temperature corresponding best to experiments, we calculate the
J-coupling constants, 3JHNHR, of Aβ40 and Aβ42 at 300 and 325 K
(the highest temperature before transition to random coil) and
compare those with experimental J-coupling constants measured
at 300 K.28 We also examine the use of three sets of parameters
for the Karplus equation (namely the Vuister’s,59 Sgourakis’,35
and Schmidt’s60 parameter sets) in calculating the J-coupling
constants from the simulations.
Figure 2 superposes the J-coupling constants calculated for
both alloforms at 300 and 325 K using the Vuister’s parameter
set59 on the experimental values.28 In the inset, the Vuister’s
parameter set is compared to that proposed recently by Sgourakis
et al.35 for the simulations at 325 K. Qualitatively, both temperature data sets follow the same trend for Aβ40 and Aβ42. We note,
however, for the Vuister’s set, an overall J-coupling shift in the
N-terminal region for Aβ40 compared to experiment, a shift that
is considerably reduced with Sgourakis’ set. Quantitatively
(Table 1), the Pearson correlation coeﬃcient (PCC) remains
nearly the same for Aβ40 independently of the simulation
temperature and the parameter set used but is signiﬁcantly
improved for Aβ42 at 325 K, indicating that this latter temperature is most relevant for comparison with experiment.
Using the same residues and experimental J-coupling constant
values28 as benchmark, our results can be compared to the PCC
obtained by other computational studies. For Aβ42, our PCC
value of 0.43 agrees with the values derived from all-atom REMD
simulations in explicit solvent using OPLS (PCC of 0.43 using
60 ns per replica) and AMBER99SB (PCC of 0.40.5 using
2586
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Figure 3. Per residue secondary structure propensities. From top to
bottom: β-strand, R-helix, turn, and R-helix plus β-strand propensities in
percentage (%). Aβ40 is shown in green, Aβ42 in red, and Aβ40(D23N)
in blue.

Figure 2. J-coupling constants 3JHRHN for Aβ40 and Aβ42 at 300 and
325 K. The J-coupling constants determined experimentally28 for Aβ40
and Aβ42 are compared to the predicted J-coupling constants obtained in
our simulations. The inset in each ﬁgure compares experiment28 (black
curve) and the numerically predicted J-coupling constants at 325 K using
Sgourakis’35 and Vuister’s59 (blue and red curves, respectively) parameter sets in Karplus equation.58 Glycine residues are not included
because their experimental values are ambiguous.

Table 1. PCC between Experimental and Calculated
J-Coupling Constantsa
Vuister et al.59

Sgourakis et al.35

Schmidt et al.60

parameter set

all

part

all

part

all

part

Aβ40 - 325K
Aβ40 - 300K

0.28
0.26

0.45
0.40

0.29
0.27

0.57
0.53

0.29
0.27

0.57
0.50

Aβ42 - 325K

0.43

0.65

0.42

0.72

0.43

0.71

Aβ42 - 300K

0.27

0.52

0.29

0.39

0.27

0.44

a

Glycine residues are not included because their experimental values are
ambiguous. The ﬁrst and the second columns for each parameter set
contain, respectively, the PCC obtained when using all the data points
and when neglecting the four most problematic residues. For Aβ40, we
neglected residues 15, 21, 30, and 40 when using Vuister et al.,59 residues
22, 30, 39, and 40 when using Sgourakis et al.,35 and residues 22, 30, 39,
and 40 when using Schmidt et al.60 parameter sets. For Aβ42, we
neglected residues 2, 21, 40, and 41 when using Vuister et al., residues
2, 22, 40, and 41 when using Sgourakis et al., and residues 2, 22, 40, and
41 when using Schmidt et al. parameter sets.

225 ns per replica) force ﬁelds.28,35 For Aβ40, our PCC value of
0.29 is lower than that obtained by all-atom REMD using OPLS
(PCC of 0.66) but is similar to that obtained using all-atom
REMD with the AMBER96 force ﬁeld (PCC of 0.27).28 Our
moderate correlation for Aβ40 is due a shift of more than ∼1 Hz
for most of the N-terminal residues and the four outliers at
positions Glu22, Ala30, Val39, and Val40.
Though there is no physical rational for eliminating outliers, to
compare with Mitternacht et al.,34 we follow their procedure and
eliminate the four most signiﬁcant outliers out of the 24 and 21
experimental data points for Aβ40 and Aβ42, respectively, and
compute the PCC using the Schmidt’s parameters set.60 Doing

so, our PCCs increase from 0.29 to 0.57 for Aβ40 and from 0.43
to 0.71 for Aβ42, showing that only a few outlying points strongly
impact the PCC (Table 1). Using the same approach, our PCC
for Aβ42, 0.71 is comparable to the PCC of 0.86 determined by
Mitternacht et al.34
3.2. Aβ40 Properties. Secondary Structure. Averaged over all
structures and residues, Aβ40 has 7.7 ( 0.1% β-strand, 3.4 (
0.1% R-helix, 50.2 ( 0.1% turn, and 38.8 ( 0.1% random coil.
Compared to a recent CD study on Aβ40 (8% R-helix and 24%
β-strand),32 our ensemble shows a comparable propensity
for R-helices but underestimates the percentage of β-strands.
This experiment, however, may overestimate the percentage of
β-strands because NMR shows a very weak signal,13,16 and an
earlier CD experiment using a more stringent sample separation
protocol reports only ∼12% of β-strands.3
The secondary structure propensities for each residue in Aβ40
are shown in Figure 3. Three β-strands are present from Ala2 to
Arg5 with a propensity of 2050%, from Glu10 to His13 and
Lys16 to Leu17 with a propensity of 1530%, and from Phe18 to
Ala30 with a small propensity (<1%). The ﬁrst two β-strands are
stabilized by turns at His6-Gly9 and His13-Gln15. The β-strands
2 and 3 are found in competition with 2 R-helices spanning
Glu11-Gln15 with a small probability (<1%) and Glu22-Asn27
with a probability of up to 25%, as depicted in Figure 3. Finally,
our analysis also shows a high turn signal (>60%) between
residues 21 and 28 and between residues 33 and 39.
Tertiary Structure. Several contacts play a dominant role in the
tertiary structure of Aβ40, as shown in Figure 4. The C-terminal
interacts with the CHC forming hydrophobic contacts between
Leu34-Phe19, Val36-Phe19, Met35-Phe19, and Met35-Phe20
with high probabilities and between Ile31-Ile32 and Val18 with
slightly lower probabilities. We also observe hydrophobic contacts localized in the CHC between Leu17-Phe19 and Val18Phe20, indicating a mostly collapsed core. We also find that the
electrostatic Asp23-Lys28 contact, present in about 65% of the
morphologies, stabilizes a turn between Ala21 and Lys28.
Column 1 of Figure 5 shows the center of the ﬁve dominant
Aβ40 clusters with their respective populations. These ﬁve clusters contain 34.3% of all generated conformations. The center of
cluster 1 is fully random coil. The centers of clusters 25 display
two β-strands at the N-terminal residues 24 and 1012,
leading to a well-formed or a very ﬂexible β-hairpin for the
clusters 45 and 23, respectively. While the cluster centers do
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Figure 4. Contact maps between side chains. The contact maps of Aβ40,
Aβ42 and Aβ40(D23N) are shown in the top, middle, and bottom panels,
respectively. The upper left corner of each panel depicts the propensity
of contact between side chains in each alloform. The lower right corner
for Aβ42 and Aβ40(D23N) displays the contact diﬀerences between each
alloform and Aβ40. When there is more contacts in Aβ40, the propensity
is negative (blueish), and the opposite yields a positive propensity
(reddish).

not exhibit secondary structure in the CHC or the C-terminal,
the loop region is structurally near a R-helical conformation, and
we ﬁnd a R-helix at residues 2226 with ∼45% probability when
averaging over all conformations belonging to the top three clusters.
All ﬁve clusters display contacts between CHC and the C-terminal.
Clusters 13 also show contacts between residues 115 and
2138, while these contacts are absent in clusters 4 and 5.
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3.3. Aβ42 Compared to Aβ40. Secondary Structure. Averaged
over all structures and residues, Aβ42 shows 2.1 ( 0.1% R-helix,
6.1 ( 0.1% β-strand, 48.3 ( 0.1% turn, and 43.4 ( 0.1% random
coil contents, whereas Aβ40 exhibits 3.4 ( 0.1% R-helix, 7.7 (
0.1% β-strand, 50.2 ( 0.1% turn, and 38.8 ( 0.1% random coil.
Thus, these two sequences have the same overall secondary
structure composition. It is in the propensity per residue that
differences arise.
The secondary structure propensity for each residue is shown
in Figure 3. As for Aβ40, there are β-strands at the N-terminal at
positions Ala2-Arg5, Glu10-His13, and Lys16-Val17, but their
propensities are smaller in Aβ42. Noticeably, Aβ42 is more prone
than Aβ40 to form β-strands at the CHC and at positions Ala30Ile32 and Val39-Ile41, as depicted by the inset in Figure 3. Thus,
there is a small random coil to β-strand transition at the CHC
and the C-terminal in going from Aβ40 to Aβ42. Overall, 1.4% of
Aβ40 and 8.6% of Aβ42 structures display β-strands at the CHC
or C-terminal. As for Aβ40, there are in Aβ42 two R-helices at
positions Glu11-Gln15 and Glu22-Asn27 (Figure 3). The Rhelix at Glu22-Asn27 is however reduced in going from Aβ40
(∼22%) to Aβ42 (∼10%). In addition, we ﬁnd in Aβ42 a third
helix at positions Met35-Val40 that is absent in Aβ40 (Figure 3).
On the other hand, both alloform share a very similar turn proﬁle.
Tertiary Structure. Many hydrophobic contacts contribute to
the Aβ42 monomer morphologies. Most of them are also present
in Aβ40, as depicted in Figure 4 that shows the differences in the
contact propensity between the two alloforms. These include a
number of contacts between the CHC and the C-terminal, particularly between Met35 and the two residues Phe19 and Phe20.
The hydrophobic residue Ile41 increases the overall contact
occurrence between the CHC and the C-terminal by interacting
predominantly with Leu17 and Val18. It also increases contacts
inside the C-terminal itself. Finally, the addition of Ile41 and Ala42
causes a small shift of the interactions between the N-terminal
and the region 1535 toward the C-terminal or the N-terminal.
This shift may allow the conformational freedom necessary for
the CHC to form β-strands and for the region 2229 to form
more easily the specific loop conformation required for fibrillation. Electrostatic interactions also play a role in Aβ42 structures.
Aβ42 and Aβ40 have approximately the same propensity of
forming a contact between Asp23 and Lys28 (∼ 60%) with a
similar contact distance distribution (data not shown).
While the probability of contact occurrence diﬀers between
Aβ40 and Aβ42, both alloforms have a very similar conformational
ensemble, and only 16% of all Aβ42 conformations are unique,
i.e., show a CR-rmsd greater than 2 Å from any observed Aβ40
structures by using residues 140. The centers of the ﬁve
dominant Aβ42 clusters are shown in column 2 of Figure 5.
These ﬁve clusters include 50.1% of all conformations. We
observe that some of these clusters are structurally similar to
the main clusters of Aβ40. For instance, clusters 2 and 4 of Aβ42
are respectively similar to clusters 2 and 5 of Aβ40. The third
cluster is similar to the cluster 6 of Aβ40 that represents 1.2% of its
structural ensemble. On the other hand, the ﬁrst cluster of Aβ42 is
only similar to marginal clusters of Aβ40 (<1%), and its ﬁfth
cluster is not present in Aβ40.
To identify the structural diﬀerences between Aβ42 and Aβ40,
we cluster all unique structures of Aβ42. The ﬁrst ﬁve unique
clusters of Aβ42 are shown in column 4 of Figure 5 and represent
6% of all generated conformations. We observe that these Aβ42
unique morphologies display β-strands at the C-terminal and
CHC. In particular, the ﬁrst, third, and ﬁfth unique clusters show
2588
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Figure 5. Clusters centers. Centers of the ﬁve dominant clusters for Aβ40 (ﬁrst column), Aβ42 (second column), and Aβ40(D23N) (third column). The
fourth and ﬁfth columns contain, respectively, the centers of the ﬁve dominant clusters of Aβ42 and Aβ40(D23N) unique morphologies. The percentages
shown are with respect to the total number of structures analyzed. The secondary structure was assigned using STRIDE.55 The N- and C-termini are
shown in green and orange, respectively, for all alloforms, Tyr10, Phe20, Ala30, and Val40, and for Aβ42 only, are shown in teal.

a β-hairpin motif with strands spanning the C-terminal at
residues 3032 and 3941. Structurally, these three clusters are
near each other diﬀering only at the N-terminal. Another interesting motif is seen in the second unique cluster, where we note that
the extremity of the C-terminal may also interact with the CHC
forming a β-sheet between residues 1820 and 3941.
3.4. Aβ40(D23N) Compared to Aβ40. Secondary Structure.
Averaged over all structures and residues, Aβ40(D23N is composed of 10.1 ( 0.1% β-strand vs 7.7 ( 0.1% in Aβ40, 0.5 ( 0.1%
R-helix vs 3.4 ( 0.1% in Aβ40, 56.2 ( 0.1% turn, which is 6.0%
higher than in Aβ40, and 33.2 ( 0.1% random coil.
Diﬀerences are also observed in the per residue secondary
structure, as shown in Figure 3. For example, the β-strand
propensity of residues Tyr10-His14 is higher in Aβ40(D23N)
than in Aβ40 causing a lower β-strand propensity at Gln15Leu17. Aβ40(D23N) and Aβ42 show similar β-strand propensities at positions Val18-Ala21 and Ala30-Ile32 that are absent in
Aβ40(Figure 3). Overall, 5.0% of Aβ40(D23N) structures vs 1.4%
of Aβ40 structures display β-strands at the CHC and the
C-terminal. From our simulations, we also see that Aβ40(D23N)
has a negligible propensity for R-helical conﬁgurations, with a
small signal at positions 2227, a feature that may favor a faster
appearance of ﬁbril-compatible intermediate oligomers with
β-strands at the CHC and the C-terminal in Aβ40(D23N) than
in Aβ40.
The turn propensity in the N-terminal, at His6-Gly9 and
His13-Gln15, is very similar to Aβ40 and Aβ42. Diﬀerences are
however observed for the CHC, the loop, region and the
C-terminal. At the CHC, residues 1720 have a propensity for
turn of ∼50%, which is higher than in Aβ40 and Aβ42 by
∼2030%, resulting in less random coils. The C-terminal also

exhibits a higher propensity for turn in Aβ40 and Aβ40(D23N)
than in Aβ42, particularly at residues 3335, generating a longer
turn extending from residues 33 to 39. Finally, the loop region has a
higher propensity for turn in Aβ40(D23N) than in the wild-type
alloforms, and the contacts that stabilize this region are very
diﬀerent from Aβ40 as described below.
Tertiary Structure. While 16% of Aβ42 conformations differ
from any observed Aβ40 conformations, cluster analysis reveals
that 35% of Aβ40(D23N) conformations are distinct from those
obtained for Aβ40 (CR-rmsd >2 Å). Differences in the contact
distribution between Aβ40 and Aβ40(D23N) are shown in
Figure 4. For instance, there is a shift of the contacts between
the N-terminal and the residues 1530 toward the C- or
N-terminal. While this shift is qualitatively similar to what occurs
in Aβ42 as described previously, the overall reduction in contacts
is more important in Aβ40(D23N). The N-terminal of Aβ40(D23N) looses many contacts with the region 1530 without
recovering them all with the C-terminal, as shown by Figure 4,
allowing more conformational freedom. Another main difference
is observed for the Asp(Asn)23-Lys28 contact propensity which
is reduced by 54% in going from Aβ40(D23N) to Aβ40
(Figure 4). This induces a rich polymorphism for the region
between Ala21 and Ala30 as opposed to the other two alloforms
studied. Noticeably, the side chains of Asn23 and Lys28 in
Aβ40(D23N) are then unconstrained as they do not form other
significant contacts (Figure 4).
The centers of the ﬁve dominant clusters of Aβ40(D23N) are
displayed in the third column of Figure 5. These represent 27.3%
of all generated conformations. As for Aβ40, they are mostly
disordered without any β-strands at the CHC or C-terminal as
could be expected, since 65% of Aβ40(D23N) and Aβ40
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conformations are structurally similar (CR-rmsd < 2 Å). For
instance, the centers of the clusters 2 and 3 of Aβ40(D23N) are
similar to the centers of the clusters 4 and 1 of Aβ40, respectively.
On the other hand, cluster 4 of Aβ40(D23N) is only similar to
Aβ40 marginal clusters (<1%), and its ﬁrst cluster is not found in
the structural ensemble of Aβ40.
The Aβ40(D23N) unique clusters are shown in the ﬁfth
column of Figure 5. The ﬁrst unique cluster, which has a
population of 9%, is also the most dominant cluster for this
sequence (see column 3). In term of secondary structure, this
cluster is rather unstructured with β-strands only at residues 25
and 1116. The fourth unique cluster displays a β-sheet between
residues 1820 and 3032 and represents 1.6% of all visited
structures. While the other Aβ40(D23N) unique clusters are as
unstructured as Aβ40, their contact distributions diﬀer in two
notable ways: (1) Their N-terminals can be isolated from the
loop region and interact less with the CHC (unique clusters 1
and 3); their contact maps show very few contact between
residues 115 and 2229 and between residues 515 and
1421 (data not shown), or (2) these unique clusters can have
few contacts between residues 19 and 2240 (unique clusters
2 and 5). For these two latter unique clusters, we note also that
they exhibit electrostatic interactions between the positively
charged Lys28 and the negatively charged Glu11, as Lys28
now interacts very weakly with Asn23 as opposed to wild-type.
Overall, these unique morphologies do not have contacts between the N-terminal and the loop region allowing Aβ40(D23N)
to be less compact than Aβ40.

4. DISCUSSION
Knowledge of the Aβ conformations at the monomer level in
aqueous solution is of utmost importance since the monomer
interacts with higher order oligomers6 and ﬁbrils19 and is a
building block of the cytotoxic dimer.21 Both Aβ40 and Aβ42
monomers have been studied by NMR, CD, and computer
simulations. Results show that these peptides are described by
a distinct ensemble of predominantly random coil structures.
While many simulations were performed,29 very few showed
thorough sampling of the relevant morphological ensemble.34,35
The similarities and diﬀerences of our results with previous
experiments and simulations on the Aβ40 and Aβ42 monomers
can be summarized as follows.
Our contact distributions of Aβ40 and Aβ42 can be compared
to the previous all-atom implicit solvent simulation results
obtained by Yang and Teplow.29 We note two diﬀerences. First,
while we observe a fourth region between residues 30 and 40 in
which intraregion contacts are important for both Aβ40 and Aβ42,
the role of this region was only identiﬁed for Aβ42 by Yang and
Teplow. Second, there is a slight shift in the contacts between the
N-terminal and the loop region. If these regions were seen to
interact by contacts between residues 610 and 2228 in the
simulations of Yang and Teplow,29 our results show interactions
between residues 15 and 1628 (Figure 4). On the other hand,
both simulations agree on several points: the N-terminal interaction with the loop region, the increased number of contacts
between the CHC and the C-terminal for Aβ42, the presence of
more localized contacts at the C-terminal for Aβ42, and the fact
that intraregion contacts are more dominant in the four regions
corresponding to the turn distribution observed in Figure 3.
Inspection of the four sequence regions show interesting
features. We ﬁnd that the N-terminal (residues 116) of the
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two wild-type alloforms is very similar with turns at His6-Gly9
and His13-Gln15, stabilizing extended morphologies having βstrands. A weak turn was also observed at Asp7-Glu11 by NMR,16
and two turns were predicted at His6-Gly9 and His14-Lys16
using all-atom REMD simulations.28,29 On the other hand, the
presence of β-strands at the N-terminal of Aβ40 is clearly a matter
of debate from experimental and computational studies. While
some experiments show that the N-terminal of Aβ40 monomer
may form β-strands,63 others observe that it is extended and
highly ﬂuctuating14,17 without any β-strands.16 Three all-atom
REMD simulations report either negligible28 or low29,35 β-strand
percentages. In contrast, coarse-grained DMD simulations report
a propensity for β-strand of ∼40% at Ala2-Phe4.64 Taken
together, all these studies suggest that the N-terminal may be
in rapid exchange between an extendedturnextended motif
free of any H-bonds and β-stranded conﬁgurations, with a turn at
His6-Gly9 being formed most of the time, as shown in our study
by the propensities in Figure 3. We ﬁnd that Aβ42 has also a nonnegligible probability to populate a β-hairpin at the N-terminal, a
motif that has been predicted recently with two diﬀerent all-atom
potentials.34,35 This motif has however a lower probability in
Aβ42 than in Aβ40. This motif, which was not observed experimentally yet due to its low population, might have consequences
on the early formed Aβ42 oligomers.
The formation of a loop region between residues 2229
stabilized by a salt bridge between Asp23-Lys28 is thought to be
one of the rate-limiting steps of Aβ40 ﬁbrillation.65 Recently, the
formation of this contact was shown to increase the population of
competent ﬁbril-like monomers for Aβ1035.26 Here, we observe
many morphologies with a turn between Ala21 and Lys28
stabilized by interactions between the side chains of Asp23 and
Lys28 in the wild-type sequences (Figures 3 and 4), with a probability of ∼65%. This turn was suggested from proteolysis
experiment on the Aβ40 monomer,18 and its morphology
was resolved at the molecular level using solution NMR of the
Aβ2130 peptide.18 The turn ensemble of residues 2228 for
Aβ40, in our simulation, is marginally similar to the two NMR
conformations of the Aβ2130 peptide with 20% of our conformations deviating by less than 1.5 Å. These diﬀerences can be
explained by the presence of contacts between the N-terminal
and the loop region with ∼35% probabilities (Figure 4). Overall,
our results on Aβ40 are consistent with experiments on the Aβ40
monomer showing turns at positions 2329,14 2026,16 or
2428.18 Our results on Aβ40 also agree with previous REMD
simulations on the Aβ40 monomer29 and MD simulations on the
Aβ1035 monomer and dimer26 that suggest that the loop region,
residues 2229, needs to undergo structural changes during
ﬁbrillation, leading to further stabilization of the Asp23-Lys28
contact.
The CHC (residues 1721) and the C-terminal (residues
3042) are recognized experimentally as the driving regions for
aggregation through the formation of β-stranded and extended
structures.6668 Experiments revealed that the C-terminal of
Aβ42 monomer is more rigid than that of Aβ4015 and displays
β-strands at residues Val39-Ile41.14,16 Previous simulations
also observed a more structured C-terminal in Aβ42 than in
Aβ40.28,29,35,64 In agreement with these experiments and simulations, we observe in our study that the C-terminal residues Ala39Ile41 modulate, by direct interactions, the appearance of distinct
Aβ42 morphologies with β-strands at the CHC and the C-terminal that are absent in the Aβ40 ensemble. We isolated these
morphologies which exhibit a β-sheet between residues 3941
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and 3032 or between residues 3941 and 1820 (see fourth
column in Figure 5). Our results emphasize the important role of
Ile41-Ala42 in the monomer morphologies, and its role in the
early oligomerization process as was observed experimentally.3,69
Our ﬁndings on the aggregation prone mutant D23N can be
summarized as follows. Aβ40(D23N) appears to form a more
stable β-hairpin than the two wild-type peptides, as a signiﬁcant
portion of their N-terminal structures. As could be expected,
Aβ40(D23N) monomer does not exhibit any signiﬁcant interaction between Asn23 and Lys28. This region displays rather a high
conformational ﬂexibility giving the D23N alloform more freedom to adopt the loop conformations observed in its ﬁbrillar
states39 and therefore reducing the free energy barriers. Interestingly, solid-state NMR indicates that Aβ40(D23N) forms
ﬁbrils with multiple morphologies, with a majority having antiparallel β-sheets and a minority having parallel β-sheets.39 From
our simulations, we see that this wide polymorphism may
originate in part from the unconstrained side chains of Asn23
and Lys28, the ﬂexibility of the region 2129, and their overall
consequences on Aβ40(D23N) equilibrium ensembles.
Our results show that, while Aβ40(D23N) does not contain
Ile41, the mutation D23N increases the β-strand content at the
CHC and the C-terminal when compared to Aβ40 (Figure 3).
Speciﬁcally, one of our unique Aβ40(D23N) morphologies displays a β-sheet between residues 1820 and 3032 (ﬁfth
column in Figure 5). Even if its weight of 1.6% is small, this
motif is interesting as it involves two regions known to be crucial
during oligomerization.6,66,67
The higher propensity of Aβ40(D23N) monomer to form
β-strands at the CHC and the C-terminal and to prefer less
collapsed topologies than Aβ40 monomer suggests important
consequences on its dock-and-lock mechanism when it binds to
ﬁbril edge. Previous simulations on the Aβ1040 monomer at the
edge of a preformed ﬁbril showed that the ﬁbril edge induces a
conversion of the CHC to β-stranded conﬁgurations in the
monomer.31,70 In another computational study, interactions
between the C-terminal peptide Met35-Val40 and a ﬁbril were
simulated showing a transition of the peptide from random coil
to extended conﬁguration upon binding to ﬁbril edge.71 Taken
together, our results suggest that Aβ40(D23N) may exhibit easier
conversion to extended conﬁguration upon binding to the ﬁbril
edge and therefore increases its ﬁbril elongation rate.
Finally, it was observed using photoinduced cross-linking
experiments that D23N promotes the formation of high-order
oligomers when compared with wild-type Aβ40.6 High-order
oligomers are also formed by Aβ42, which preferably forms
pentamer and hexamer, in contrast to Aβ40, which forms loworder oligomers, such as monomers to tetramers in rapid equilibrium.6 In our simulation, we observe that both Aβ42 and
Aβ40(D23N) monomers exhibit a noticeable reduction of contacts between the N-terminal and the residues 2229 and
between the N-terminal and the residues 1821 of the CHC
(Figure 4), a feature that could favor the appearance of highorder oligomers by freeing the segment 2229 and the CHC.

5. CONCLUSION
In this study, we have revisited the structures of the Aβ40 and
Aβ42 monomers using the OPEP force ﬁeld and the HT-REMD
technique and provided for the ﬁrst time the structures of
the peculiar Aβ140(D23N) monomer, which self-assembles
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without any lag phase to predominant amyloid ﬁbrils with
antiparallel β-sheets.39
We observe that even if these three alloforms are mostly
disordered at the monomeric level, in agreement with experiments and previous simulations on Aβ140 and Aβ142, striking
morphological diﬀerences exist. For instance, Aβ142 has higher
β-hairpin propensities at the C-terminal, residues 3042, than
that of Aβ140. Moreover, 16% of all Aβ142 conformations do
not ressemble to any Aβ140 conformations.
The monomeric morphological ensemble of Aβ40(D23N)
also presents signiﬁcantly diﬀerent from that of Aβ40 with 35%
of unique conformations. In particular, we observe a β-hairpinlike motif between residues 1820 and 3032 in Aβ140(D23N) that is not present in Aβ140. Moreover, D23N
enhances the conformational freedom of residues 2230. It
changes the network of contacts, the N-terminal becoming more
independent from the rest of the protein, leading to less compact
morphologies than the wild-type Aβ140 peptide. These structural properties could explain why the kinetics and the ﬁnal
amyloid products vary so extensively between the Aβ140 and
Aβ40(D23N) peptides, by increasing the population of the
amyloid-competent monomeric state.
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