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Coarse-grained and All-atom Simulations towards the
Early and Late Steps of Amyloid Fibril Formation
Mara Chiricotto†,[a] Thanh Thuy Tran†,[a] Phuong H. Nguyen,[a] Simone Melchionna,[b] Fabio Sterpone,[a] and
Philippe Derreumaux*[a]

1 Introduction

Alzheimer�s disease (AD) is the most common neurode-
generative disease and is pathologically characterized by
neurofibrillary tangles resulting from the accumulation of
hyper-phosphorylated tau protein and by amyloid plaques
made of the amyloid beta (Ab) protein that results from
cleavage of the transmembrane amyloid precursor protein
(APP) by beta-secretase (BACE1) and gamma-secre-
tase.[1] Despite continuous debate, there is strong evi-
dence that an imbalance between production and clear-
ance of Ab1–40/1–42 and related Ab proteins (either truncat-
ed or post-translational modified) plays a key role in ini-
tiating AD.[2,3]

Though research aimed at targeting BACE1,[1] modu-
lating the response of the innate immune system,[4] inter-
fering on Apolipoprotein E4 and other components of
cholesterol metabolism, and regulating endosomal vesicle
recycling is pursued,[5] controlling Ab self-assembly with
inhibitors is considered as one of the most promising sol-
utions to delay the onset or stop the progression of AD.[6]

The challenge arises first from the intrinsically disordered
structure of the human wild-type (WT) Ab monomer in
aqueous solution. Ab1–42 WT sequence, DAEFRHDS-
GYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA,
has two hydrophobic patches, L17-A21 (CHC) and A30-
A42 (C-terminus), and two hydrophilic patches, E22-G29
(loop region) and D1-K16 (N-terminus).[7] The challenge
also comes from the lack of high-resolution structures
and formation/dissociation rates of the low molecular
weight Ab1–40/1–42 oligomers, including dimers, which are
believed to be the most critical players in the patholo-
gy;[8,9] and for these oligomers, we have at hand low-reso-
lution structural data.[1] Finally, the experimental sigmoi-

dal kinetics of amyloid formation is the result of a linear
combination of microscopic reactions involving primary
classical and secondary (fragmentation and surface-de-
pendent lateral) nucleation processes, and we know little
on the topology and size of the primary nucleus.[10–13] The
kinetics is also sensitive to the experimental conditions
and the sequences, with mutations enhancing or reducing
fibrillogenesis and toxicity.[6,10]

Here, we review the contribution of my group and col-
laborators to understanding the early and late aggrega-
tion steps of amyloids in aqueous solution based on
coarse-grained (CG) OPEP and all-atom simulations. We
focus on five aspects and compare with other simulation
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Abstract : Alzheimer’s disease is the most common neurode-
generative disease. Experiments and computer simulations
can complement one another to provide a full and in-depth
understanding of many aspects in the amyloid field at the
atomistic level. Here, we review results of our coarse-
grained and all-atom simulations in aqueous solution aimed

at determining: 1) early aggregation steps of short linear
peptides; 2) nucleation size number; 3) solution structure
of the Ab1–40/Ab1–42 wild-type dimers; 4) impact of FAD
(familial forms of Alzheimer’s disease) mutations on the
structure of Ab1–40/Ab1–42 dimers; and 5) impact of protec-
tive mutations on the structure of Ab1–40/Ab1–42 dimers.
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results and experimental data, when possible. Simulations
of Ab and related peptides interacting with inhibitor can-
didates, such as EGCG, NQTrp, N-methylated peptides,
and carbon nanotubes, or aimed at dissociating amyloid
fibrils, are described elsewhere.[14–22]

Prior to amyloid results, we recall that the OPEP (opti-
mized potential for efficient protein structure prediction)
CG model represents the amino acid by six centers of
force. Each side chain is represented by a unique bead,
and the backbone uses an atomic resolution with N, HN,

Ca, C, and O atoms. Proline is an exception, represented
by all its heavy atoms (Figure 1A).[23,24] The implicit sol-
vent OPEP model retains chemical specificity and is free
from any biases. This runs in contrast to the Martini CG
model that imposes secondary structure constraints,[25]

and the CG Caflisch[26] and Shea[27] models that tune the
probability of the monomer to form b-strand. The OPEP
energy function is expressed as a sum of local, nonbond-
ed, and hydrogen bonding (H-bond) terms, and all analyt-
ical terms are given in Refs. [28,29]. Notably, H-bonds

Mara Chiricotto is currently a Ph.D.
student under the supervision of Prof.
P. Derreumaux and Dr. F. Sterpone at
Laboratoire de Biochimie Th�orique,
IBPC. She received her B.Sc. and M.Sc.
in physical and computational chemis-
try at University of Rome – La Sapien-
za. Her research interests are the hy-
drodynamic effects of amyloid aggrega-
tion using multiscale simulation meth-
ods.

Thanh Thuy Tran is currently a Ph.D.
student under the supervision of Prof.
P. Derreumaux and Dr. P. H. Nguyen
at Laboratoire de Biochimie Th�orique,
IBPC. She obtained her B.Sc. and M.Sc.
in theoretical and mathematical phys-
ics at Hanoi University of Education,
Vietnam, and her diploma in con-
densed matter physics at the Abdus
Salam International Centre for Theoret-
ical Physics (ICTP), Trieste, Italy. Her
research interests are coarse-grained
lattice models for amyloid aggregation
and all-atom simulations.

Phuong Nguyen is currently a CR1
CNRS researcher at IBPC, Paris. He ob-
tained his Ph.D. from the Physics De-
partment, Bielefeld University, Germa-
ny, and did a postdoc at the Chemistry
Department, Frankfurt University, Ger-
many. His current research focuses on
the development and application of
theoretical methods for studying equi-
librium and nonequilibrium structure,
dynamics, and thermodynamics of
single and amyloid proteins.

Simone Melchionna is currently a re-
searcher at the Institute for Complex
Systems, of the Italian Consiglio Nazio-
nale delle Ricerche. He has a Ph.D. in
chemistry from the University of Rome,
Sapienza, during which he developed
computational techniques for molecu-
lar dynamics of biological systems,
such as constrained mechanics, en-
hanced sampling, and isothermal-iso-
baric dynamical approaches. Then he
moved for three years to Cambridge,
where he worked on confined fluids,
water, and ion channels via density functional and other theoretical
approaches. Subsequently, he worked for three years at Harvard on
lattice Boltzmann and multiscale simulation methods, with applica-
tions to DNA translocation and blood flow in cardiovascular sys-
tems. His research focuses on high-performance computing applied
to proteins and other biological systems.

Fabio Sterpone is currently a CR1
CNRS researcher at IBPC, Paris. He
graduated from the University of Paris
UPMC (Biophysics) and occupied sev-
eral postdoc positions later on; he
dealt with quantum classical simula-
tions of materials and the effect of sol-
vent on biomolecular structure and dy-
namics. Presently, he is mainly interest-
ed in the study of protein stability and
aggregation in extreme environments
by applying and developing multiscale
simulation methodologies.

Philippe Derreumaux is professor at
the University Denis Diderot, Sorbonne
Paris Cit�. His main research contribu-
tions involve coarse-grained model de-
velopments for many applications, in-
cluding neurodegenerative diseases.

Isr. J. Chem. 2016, 56, 1 – 11 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de &2&

These are not the final page numbers! ��

Review
1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36
37 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
46 46
47 47
48 48
49 49
50 50
51 51
52 52
53 53
54 54
55 55
56 56

http://www.ijc.wiley-vch.de


between backbone atoms are modeled by two- and four-
body potentials, rather than Coulombic interactions. In
contrast to other CG models used for amyloid pro-
teins,[30,31] OPEP has been successfully tested on many
non-amyloid proteins, recovering experimental structures
and thermodynamic properties,[29,33–37] and protein/protein
complexes using various advanced sampling methods.[38]

2 Early Aggregation Steps of Short Linear
Peptides

Independently of the sampling method (molecular dy-
namics (MD), replica exchange molecular dynamics
(REMD), and replica exchange Monte Carlo (REMC)),
whether CG or all-atom force field with explicit/implicit
solvent is used, the self-assembly of short linear peptides
starts with the formation of partially ordered oligomers,
which is modulated by the hydrophobic character of the
system. Then, the formation of H-bonds drives oligomers
to transient and marginally populated b-rich aggre-
gates.[39–43]

Using OPEP, we were the first to observe that these b-
rich oligomers have various sheet-to-sheet pairing
angles,[44] a prediction that was confirmed by X-ray struc-
tures of macrocyclic b-sheet mimics[45] and other force
field calculations.[28,40] We predicted that these b-rich olig-
omers can form transient b-barrels,[44,46] and this was vali-
dated by the microcrystal structure of an 11-residue amy-
loid peptide[47] and other simulations,[27,48] and is compati-
ble with IM-MS data.[49] We also identified rare events in-
volving reptation moves of the b-strands,[50,51] allowing the
change in the register of the H-bonds without full detach-
ment of the peptides, prior to Fourier transform infrared
spectroscopy (FTIR)[52] and atomistic simulation re-
sults.[53,54]

Of particular interest from all simulations of 7-mers to
20-mers is that the b-rich oligomers are characterized by

a predominance of mixed parallel-antiparallel b-strands,
independently of the sequence.[30,39–41,46,55–57] This runs in
contrast to the final products, which display either anti-
parallel or parallel b-strands within the sheets.[58] This b-
strand orientation mismatch, also observed experimental-
ly for Ab1–40/1–42 peptides,[1] raises the question about when
the transition towards fully parallel or antiparallel inter-
molecular b-sheets occurs during oligomerization.

Most computer studies of amyloid aggregation have fo-
cused on thermodynamics, rather than dynamics, because
enhanced advanced sampling from REMD, simulated
tempering (ST), and metadynamics does not provide
direct information about kinetics. In addition, an accurate
description of dynamics obtained from CG models with
implicit solvent requires inclusion of computationally de-
manding hydrodynamic interactions that water exerts on
the solute.[59,60] Hydrodynamic interactions arise from the
motion of atoms that generate a velocity field in the sur-
rounding aqueous environment and the resulting flow
acts on other protein atoms. While hydrodynamic interac-
tions do not impact the equilibrium distribution of states,
they affect dynamics and escape from metastable states
and have striking effects on the simulated diffusion and
folding of proteins.[61]

In this context, we recently presented a novel computa-
tional framework that integrates the OPEP CG model for
proteins with the lattice Boltzmann molecular dynamics
(LBMD) methodology to account for the fluid as a contin-
uum in a probabilistic sense, and determine the explicit
and on-the-fly solutions of the fluid dynamics and kinet-
ics.[29] Protein particles are advanced in time by MD, fluid
populations are used to represent the solvent and are ad-
vanced in time by the lattice Boltzmann equation, and
the coupling between the motion of a solute particle and
fluid is based on the assumption that momenta exchange
in a Stokes fashion, i.e., modeled by a drag force between
each particle and the fluid, with one term proportional to
the friction coefficient, g.[62] This parameter is empirically
tuned so that the diffusion constant of the molecular
system at infinite dilution matches the experimental
value.

Figure 2 shows the time evolution of the size of the
largest cluster, and the number of free monomers using
Langevin dynamics and LBMD simulations of 100 Ab16–22

peptides, starting from 100 randomly placed peptides in
a cubic box of size L=150 �. The aggregation process is
characterized by a first timescale (<10 ns) that controls
the first encounter of the peptides and the formation of
small oligomers, and a second timescale of 102 ns that
controls the fusion and the growth of larger aggregates.
The first striking effect of the hydrodynamic interactions
(HI) is to speed up the early aggregation phase, as high-
lighted in the inset graphs. The second key effect is that
HIs favor the growth of the largest cluster and its size
fluctuations. The aggregates behave as active particles,
and their change in shape and size alter the surrounding

Figure 1. OPEP models. A) The peptide Ala-Lys-Phe-Pro-Val in its
zwitterion form shows the details of the backbone and the side
chains for the off-lattice model. B) One on-lattice structure of the
Ab37–42 peptide Gly+(red)-Gly (yellow)-Val (grey)-Val (grey)-Ile
(green)-Ala�(blue). For simplicity, the aliphatic hydrogen of Gly side
chain is also shown.
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fluid with effect on the inclusions of free monomers in
larger clusters, as well as the fusion of separate aggre-
gates. Note that after 300 ns of LBMD (data not shown),
all the monomers fuse in a unique elongated 100-mer
with 17% b-content, and the simulation time may not

correspond to the real aggregation timescale, which is
much slower.

In Figure 3, we present the results of an LBMD simula-
tion of a system of unprecedented size composed of 1000
Ab16–22 peptides, placed initially in random positions in
a cubic box of size L=250 �. Transposed to an explicit
solvent all-atom resolution, this system would count
2.4 million particles. A system of such a size allows, when
compared with smaller systems, to explore a large
number of intermediate states. At the time scale explored
in the simulation, 200 ns, we observe a continuous growth
of the larger clusters. The jumps observed along the
growth curves mirror the sudden absorption of smaller-
sized entities. At the end of the simulation, about 30 % of
the system is assembled in the two larger clusters. Two
representative configurations of the largest structures,
formed at different times, are also presented. Interesting-
ly, during the growth, we observe the presence of
a branched structure with a b-content of 14% (see the
snapshot at 200 ns), as predicted by lateral secondary nu-
cleation and observed for some proteins experimentally.

3 Nucleation Size Number

A very important question is that related to the size of
the primary nucleus or critical nucleation number, N*. In
addition to pH, concentration, and temperature, many

Figure 2. Aggregation results of 100 Ab16–22 peptides. Time evolu-
tion of the size of the largest cluster (blue), and the number of free
monomers (green and red) in solution, using Langevin dynamics
and lattice Boltzmann molecular dynamics (LBMD). The inset
shows the monomer population in the first 10 ns. The clusters are
defined by considering the distance between the monomer center
of mass, and considering a cut-off of 12 �.

Figure 3. System with 1000 Ab16–22 peptides. Time evolution of the size of the largest cluster (blue), the second largest cluster (green) and
the number of free monomers in solution. The panels A) and B) show representative configurations of the largest aggregates explored be-
tween 110 and 115 ns and between 210 and 215 ns.

Isr. J. Chem. 2016, 56, 1 – 11 � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de &4&

These are not the final page numbers! ��

Review
1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36
37 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
46 46
47 47
48 48
49 49
50 50
51 51
52 52
53 53
54 54
55 55
56 56

http://www.ijc.wiley-vch.de


factors are known to modulate N* and the lag-phase
time, from experimental studies, as measured by Thiofla-
vin-T Fluorescence,[12,63,64] and theoretical studies, as de-
termined by kinetic models,[65] atomistic nucleation
theory,[66] and simulations of mesoscopic and on-lattice
models.[11,26,27,67,68] These factors range from salt and metal
concentration, energy landscape of the monomer, and
population of the monomeric aggregation-prone state,
shear flows to the supersaturation of the protein solution.
Using simplified models, it has been shown that increas-
ing the total side-chain hydrophobicity switches the fibri-
lization mechanism from one- to two-step nucleation,
where in the one-step nucleation, the b-sheet enriched
nucleus forms directly from the solution, and in the two-
step nucleation, soluble monomers first assemble into dis-
ordered oligomers, which subsequently convert into a b-
sheet nucleus.[12,69]

All-atom simulations in explicit solvents were per-
formed to determine N*. By following the stability of pre-
formed b-sheet oligomers by MD or REMD, and charac-
terizing the free-energy landscape from disordered aggre-
gates by REMD or bias-exchange metadynamic simula-
tions, it was suggested that N* varies between 7 to 16 de-
pending on the peptide (e.g., Ab16–22, STVIYE,
GVIGIAQ, Val8).[70–73] Also, the highest free-energy barri-
er could be associated with the transition from mixed b-
strand orientation to native b-strands and the formation
of highly interdigitated side chains, the so-called steric
zipper.[56,74] The limitation of standard atomistic simula-
tions is that rare events and high-energy states are not
properly explored and metadynamic simulation results
are very sensitive to the choice of the collective variables.

On-lattice simulations were also conducted to deter-
mine N*. Using a hydrophobic-polar energy model, Li
et al. found that N*=11 for Ab1–42.

[75] By introducing the
orientation of the side chains, Irback et al. showed that
the highest free-energy barriers for an oligomer to form
a fibril is accompanied by a change in width.[76] Using spe-
cific side-chain interactions, backbone H-bonds and sol-
vent effects, Frenkel et al. found that N*=10 for the amy-
loid peptide TFTFTFT, with alternating polar and hydro-
phobic amino acids.[77]

Recently, we went one step beyond, by presenting an
OPEP force-field parametrization for the lattice model
developed by Frenkel[77] to determine the critical nucleus
size of the experimentally well-characterized Ab16–22 and
Ab37–42 peptides.[78] A representative structure of Ab37–42

in the lattice representation is shown in Figure 1B. There
are various bottom-up approaches to develop coarse-
grained potentials matching all-atom simulations or ex-
perimental data. Our bottom-up approach starts with the
optimization of the lattice force parameters for the Ab16–

22 dimer by fitting its equilibrium parallel and antiparallel
b-sheet populations to all-atom REMD simulation results,
using both CHARMM22*/TIP3P and AMBER-f99SB-
ILDN/TIP3P force fields. We found that the OPEP four-

body H-bond interaction plays a crucial role in the cor-
rect description of secondary structures and end-to-end
distributions, and this force field is transferable to the
Ab16–22 trimer and the dimers and trimers of Ab37–42, again
by comparing with all-atom REMD simulations.[78] Using
this set of parameters and extensive REMC simulations
at the calculated folding temperature of the monomer, we
characterized the free-energy landscapes (FEL) of the 10-
mers.

The most populated structures of the Ab16–22 10-mers,
representing more than 90% of the ensemble, display
one 10-stranded b-sheet or two 5-stranded b-sheets (Fig-
ure 4A), matching the microcrystal and solid-state NMR
structures of the amyloid fibril. Experimentally, the Ab16–

Figure 4. On-lattice OPEP-REMC simulations of Ab16–22 and Ab37–42

peptides. A) The free-energy landscape (in kBT) of Ab16–22 10-mers
as a function of the order parameter P2 and the total number of
intermolecular H-bonds below the melting temperature of the ag-
gregate. Representative structures at the center of all minima are
depicted. B) The population of one (black), two (red), and three
(green) b-sheet layers as a function of the number of b-strands.
Shown are results of the 15-mer (upper) and 20-mer (lower) Ab37–42

below the melting temperature of the aggregates.
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22 fibril forms antiparallel b-sheets with antiparallel b-
strands within individual sheets.[79,80] Additional OPEP-
REMC simulations for aggregates between 4- and 12-
mers indicate a nucleus size of 10 chains.[78]

The FEL changes completely for the Ab37–42 10-mers.
At room temperature, this oligomer is very disordered
and 91 % of the conformational ensemble has a total of
intermolecular H-bonds (NH-bond)�12, and an order pa-
rameter P2�0.3. This ensemble is characterized by Ab37–

42 peptides mainly folded into b-hairpins with turns at res-
idues 39–40, and packed in different architectures. Analy-
sis of the ordered states shows that the experimental
fibril state is present with a Boltzmann probability of
2 %, indicating that N*>10 chains.[78] Importantly, in con-
trast to Ab16–22 fibril, the Ab37–42 amyloid fibril features
experimentally parallel b-strands (i.e., with the two end
termini identically charged residues in contact) and anti-
parallel layers of b-sheets.[79]

Because the determination of critical nucleus sizes is
important in our understanding of fibril formation mecha-
nisms, we present new OPEP-REMC simulation results
of the Ab37–42 peptide for 15-mer and 20-mer, starting
from disordered states at the folding temperature of the
monomer. Figure 4B shows the population of one, two,
and three layers of b-sheets composed of n-stranded b-
strands. The one-layer architecture is more populated
than the two-layer one, and the three-layer structure is
hardly formed, and overall, both systems are mainly dis-
ordered, as reported by the low population (<15%) of
the layers of b-sheets. These results indicate that N* is
>20 chains for Ab37–42.

4 Solution Structure of the Ab1–40/Ab1–42 Wild-type
Dimers

The Ab1–40 and Ab1–42 WT dimers in aqueous solution
were studied by Hamiltonian replica exchange molecular
dynamics coupled to OPEP, all-atom REMD with a sol-
vent-accessible surface-area implicit solvent,[81] discontin-
uous MD (DMD) with a four-bead CG model,[31] and all-
atom MD simulations starting from CG DMD struc-
tures.[82] The results of these simulations show many dis-
crepancies in the 3D intra-/inter-molecular structures.[1]

To get a better understanding of the equilibrium struc-
tures, we studied the Ab1–40 WT dimer by REMD simula-
tions, 400 ns per replica,[83] using the all-atom
CHARMM22* force field, considered as one of the best
force fields, at least for folded proteins.[84,85] The represen-
tative structures of the first 10 overall states of the Ab1–40

WT dimer at 315 K are reported in Ref. [83].
The cross collision sections (CCS) of the first 20 clus-

ters for Ab1–40 WT dimer were found to vary between
1195 and 1322 �2, and using all conformations, the aver-
aged CCS value is 1255 �2.[83] These values are compati-
ble with two ion mobility-mass spectrometry (IM-MS)

studies, based on distinct sample preparations, and lead-
ing to a mean CCS of 1142 and 1245 �2.[86,87] Note there
is experimental evidence that there are multiple struc-
tures with different mobilities and cross sections.[87] Using
all REMD-generated structures, the percentage of secon-
dary structure averaged over all residues of the Ab1–40

dimer is found to be 18.7�3.3% for b-strand, 10�2.7 %
for a-helix, 43�3.7 % for turn, and 28�3.1 % for random
coil.[83] This calculated 2D structure is consistent with cir-
cular dichroism (CD) analysis, using two sample prepara-
tions, which reported a-helix, b-strand, and random coil/
turn contents of (10.5, 38.6, and 50.9 %) and (0, 12, and
78%).[88,89]

This first all-atom extensive simulation demonstrates
the inherently disordered structure of the Ab1–40 WT
dimer with high coil/turn content. We observe, however,
multiple transient intramolecular b-hairpins spanning the
CHC and residues 30–36 that persist from monomer[7,90–94]

to dimer simulations, and involve the F19-L34 contact
with a lifetime of 34 %. The role of this contact on the
early oligomers and toxicity has been discussed experi-
mentally.[1,95] Consistent with many models of Ab oligo-
mers derived from nuclear magnetic resonance (NMR)
spectroscopy,[1,96] we find transient antiparallel b-sheets
between the two CHCs. Our equilibrium ensemble also
reveals: short-lived all-a topologies (Figure 5A); all-b top-
ologies (Figure 5B) with two perpendicular b-sheets;
mixed ab topologies, characterized by one compact pep-
tide, with the b-sheet structure stabilized by a rather ex-
tended peptide with a-helical content; and parallel b-
sheets between the CHC and the C-terminus, rather than
between the two CHCs and between the two C-termini,
as observed in the fibrillar states.

Overall, a large structural rearrangement is necessary
to fit the fibrillar-like states. We are exploring the Ab1–40

WT dimer with other atomistic force fields by extending
each replica to the microsecond time-scale. Indeed it has
been shown that there is some dependence of Ab mono-
mer dynamics and thermodynamics on protein force
fields.[94,97,98]

Figure 5. Representative structures of Ab1–40 dimer at 315 K for the
WT, WT/A2V, A2V, and A2T peptides. The Ca atom of D1 is repre-
sented by a sphere. A) All-alpha topologies; B) all-beta topologies
with two double b-hairpins; and C) an intramolecular 3-stranded b-
sheet.
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5 FAD Mutations on the Dimer Structure of Ab1–

40/Ab1–42 Peptides

Familial forms of Alzheimer�s disease (FAD) represent
only a small fraction of all AD cases. Here, we only dis-
cuss the mutations located within residues 672–714 of
APP, from which Ab42 is processed. Although the addi-
tion of the residues IA at positions 41 and 42 increases
the pathogenic character of the Ab peptide and a high
percentage of Ab with a Met-sulfoxide at position 35 is
present in the AD brain, the C-terminus is devoid of
FAD mutations.[1]

The most common mutations located in the loop and
near CHC, the Flemish (A21G), Dutch (E22Q), Italian
(E22K), Arctic (E22G), and Iowa (D23N) mutations, and
in the N-terminus, FAD H6R (English), D7H (Taiwa-
nese), and D7N (Tottori), are known to increase Ab pro-
pensity to aggregate in vitro and the toxicity mediated by
Ab.[1] Using IM-MS experiments, Gessel et al. showed
that the D7N, A21G, and E22G peptides display very dif-
ferent oligomer distributions with respect to the WT re-
sults, that also vary from Ab1–40 to Ab1–42.

[99] Two other
FAD mutations exist near the CHC: the Osaka E22D mu-
tation consisting of a deletion of residue 22, and K16N,
which is itself not harmful, but becomes toxic when
mixed upon an equimolar ratio of WT.[1,100]

Using Markov state models and the potential of mean
force calculations, Xu et al. showed that one FAD muta-
tion changes the rugged free-energy landscapes of the
Ab1–42 monomer by altering the energy barriers around
basins. The E22 (E22D, E22G, E22K, and E22Q) and
D23N mutants generate more hub-like microstates than
Ab42 WT, offering, therefore, alternative pathways for
transitions that could explain enhanced aggregation kinet-
ics.[101] Based on the thousands of all-atom MD simula-
tions of the Ab1–42 monomer in explicit solvent, a link be-
tween a-helix propensity and aggregation kinetics was
proposed by Lin et al.[102] Based on REMD simulations
with various force fields, Garcia et al. showed that these
mutations increase interactivity of the N-terminus in
b pairing that could allow for the seeding of different
oligomers and faster aggregation pathways.[94]

Insights into the impact of FAD mutations on Ab1–40

and Ab1–42 dimers were investigated using different simu-
lation conditions and extent of sampling. Atomistic MD
simulations reported a decrease in b-strand propensity, an
increase of the flexibility of CHC, and a change in contact
maps in Ab1–40 and Ab1–42 dimers upon A21G substitu-
tion.[103] CG DMD simulations with implicit solvent
showed the destabilizing effect of E22G mutation on the
structure of residues 20–30 and its increased b-strand
impact on the N-terminus of dimers.[31] The other muta-
tions at the position 22 were also found to impact the
CHC and the global topologies.[31] OPEP CG REMD
simulations of Ab1–40/1–42 dimers in implicit solvent showed
that the Ab1–40 D23N dimer exhibits structural motifs that

differ from those observed in Ab1–40 WT and Ab1–42 WT.
For instance, while its C-terminal has a higher b-strand
propensity than in Ab1–40, its CHC is almost free from
secondary structure, as opposed to Ab1–42.

[81]

All-atom MD simulations of the Ab1–40/1–42 dimers in ex-
plicit solvent proposed different mechanisms for the in-
creased Ab aggregation upon FAD D7N and H6R muta-
tions. The D7N mutation could accelerate the kinetics by
reducing the bending free energy of the loop region;[104]

while, upon H6R mutation, the aggregation kinetics of
Ab1–42 could increase due to an enhanced b-strand at the
C-terminus and higher stability of the salt bridge D23-
K28.[105]

While these simulations help understand the increase
in aggregation kinetics upon mutations, the structural
characterization of FAD dimers remains, in our opinion,
very elusive. What is clear from experiments and simula-
tions is that the results obtained on Ab1–40 cannot be
transposed to Ab1–42, but whether the variations observed
between the mutants arise from differences in simulation
details or analysis has to be explored.

6 Protective Mutations on Ab1–40/Ab1–42 Dimer
Structures

While the FAD and A2V mutations increase aggregation
Ab kinetics, the A2T mutation and the equimolar mixture
of the WT and A2V peptides (WT/A2V), and of the WT
and A2T peptides (WT/A2T), retard kinetics.[106–110] Het-
erozygous carriers of A2V, and both homozygous and
heterozygous carriers of A2T are protected against
AD.[106,111] A2T reduces the production of Ab from APP
by 20–40%, in contrast to A2V, which enhances Ab pro-
duction.[106,111] In vitro experiments have shown that A2V,
WT/A2V, and WT/A2T change the oligomer size distribu-
tions and the stability of the oligomers.[106–110] For in-
stance, by using IM-MS, A2V caused Ab1–40 to aggregate
similarly to Ab1–42 WT with the formation of dimers, tet-
ramers, hexamers, and dodecamers, while the WT/A2V
mixture inhibited formation of hexamers and dodeca-
mers.[112] Unique morphologies of the A2T aggregates
were also observed using atomic force microscopy.[110]

As a first step towards determining the impact of the
single A2V mutation, Nguyen et al. found, by atomistic
REMD simulations, that the Ab1–28 A2V monomer is
much less intrinsically disordered than the WT peptide,
has a higher propensity to form b-hairpins, and displays
a conformational ensemble totally different from that ob-
served in WT.[113] The monomer structures of Ab1–40/1–42

A2T were also investigated by two REMD simulations
differing in force field and simulation time: 175 ns/repli-
ca[113] vs. 500–1000 ns/replica.[94] It was shown that this
mutation encourages the N-terminus to engage distant re-
gions of the peptide and increases the N-terminus in
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b pairing, leading to the possibility of more diverse b top-
ologies.

Next, we compared the equilibrium structures of the
Ab1–40 A2V and A2V/WT dimers with the structures of
the WT dimer using extensive atomistic REMD simula-
tions at pH 7 with 400 ns per replica. As Ab1–40 peptide is
much less prone to aggregation than the more toxic Ab1–

42 peptide, our predictions can be more easily tested ex-
perimentally. Our simulations reveal that, while the mean
secondary structure composition is almost unchanged,
there are drastic differences in the intramolecular confor-
mations, and tertiary and quaternary structures upon
single and double A2V mutation.[115]

The intrinsic disorder and the intermolecular potential
energies are reduced upon A2V mutation with respect to
WT. In contrast, the A2V and WT have similar intrinsic
disorder and the A2V dimer states have more favourable
interpeptide energies than the WT states. The WT and
A2V peptides display many all-a topologies (Figure 5A),
whereas WT/A2V is almost devoid of them. Very inter-
estingly, the population of the intramolecular 3-stranded
b-sheet spanning Nter-CHC-Cter (Figure 5C) ranks in the
order: WT/A2V (23 %) >WT (15%) and A2V (9 %),
correlating with the increase in the experimental lag
phases. The presence of this transient N-terminal b-strand
in Ab1–40 dimers upon single A2V mutation is likely to in-
crease the free-energy barrier to convert one molecule to
its aggregation-prone state.[115]

Whether the protective effect of A2T in the heterozy-
gous form can be rationalized similarly on the Ab1–40

dimer was recently examined by atomistic REMD simula-
tions.[116] We find that the calculated binding free energies
correlate well with the observed kinetics of fibril forma-
tion, and the intramolecular 3-stranded b-sheet is an ap-
propriate variable to differentiate fast (A2V, WT) from
slow (WT/A2V, WT/A2T) aggregation-prone sequences.
The corresponding values are 9 % in A2V and 15% in
WT vs. 23% in WT/A2V and 25% in WT/A2T.[116] It
would be interesting to study the Ab1–40 A2T dimer to de-
termine whether we can propose a theoretical framework
that unifies the experimental results on the assembly ki-
netics of the protective mutations in heterozygous and
homozygous cases.

7 Conclusion

We have reviewed what our computer simulations based
on off-lattice and on-lattice protein models can tell us
about Ab self-assembly and its link to Alzheimer�s dis-
ease. For each of the five aspects considered, we have
looked at dynamic and thermodynamic properties in
aqueous solution. It is clear that these simulations should
be repeated including metal ions, main protein receptors,
and the membrane, so as to be closer to in cell conditions.
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