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CONSPECTUS

E volution has fine-tuned proteins to accomplish a variety of tasks. Yet, with aging, some
proteins assemble into harmful amyloid aggregates associated with neurodegenerative
diseases, such as Alzheimer's disease (AD), which presents a complex and costly challenge to
our society. Thus, far, drug after drug has failed to slow the progression of AD, characterized by
the self-assembly of the 39—43 amino acid #-amyloid (AS) protein into extracellular senile
plaques that form a cross- structure. While there is experimental evidence that the Ag small
oligomers are the primary toxic species, standard tools of biology have failed to provide
structures of these transient, inhomogeneous assemblies. Despite extensive experimental
studies, researchers have not successfully characterized the nuceus ensemble, the starting
point for rapid fibril formation. Similarly scientists do not have atomic data to show how the
compounds that reduce both fibril formation and toxicity in cells bind to A#42 oligomers. In this context, computer simulations are
important tools for gaining insights into the self-assembly of amyloid peptides and the molecular mechanism of inhibitors.

This Account reviews what analytical models and simulations at different time and length scales tell us about the dynamics,
kinetics, and thermodynamics of amyloid fibril formation and, notably, the nudeation process. Though coarse-grained and
mesoscopic protein models approximate atomistic details by averaging out unimportant degrees of freedom, they provide generic
features of amyloid formation and insights into mechanistic details of the self-assembly process. The thermodynamics and kinetics
vary from linear peptides adopting straight -strands in fibrils to longer peptides adopting in parallel U shaped conformations in
fibrils. In addition, these properties change with the balance between electrostatic and hydrophobic interactions and the intrinsic
disorder of the system. However, simulations suggest that the critical nucleus size might be on the order of 20 chains under
physiological conditions. The transition state might be characterized by a simultaneous change from mixed antiparallel/parallel
-strands with random side-chain packing to the final antiparallel or parallel states with the steric zipper packing of the side chains.

Second, we review our current computer-based knowledge of the 3D structures of inhibitors with AB42 monomer and
oligomers, a prerequisite for developing new drugs against AD. Recent extensive all-atom simulations of A#42 dimers with known
inhibitors such as the green tea compound epigallocatechin-3-gallate and 1,4-naphthoquinon-2-yl-i-tryptophan provide a
spectrum of initial AB42/inhibitor structures useful for screening and drug design. We conclude by discussing future directions that
may offer opportunities to fully understand nucleation and further AD drug development.

1. Introduction

Alzheimer's disease (AD) is the most common form of senile
dementia, currently affecting 24 million people with an
annual worldwide cost of 1 trillion US dollars. AD is char-
acterized pathologically by abnormally high levels of neu-
rofibrillary tangles resulting from the accumulation of tau
protein in dead and dying neurons and by elevated num-
bers of extracellular amyloid plaques with cross g-structure
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in the cortex and hippocampus of the human brain. The
major component of senile plaques is a small protein
of 39—43 amino acids called amyloid-3 (Ap)." Any step to
target the tau protein or to interfere with the production,
self-assembly, and clearance of Ag is considered a potential
treatment for preventing or delaying the onset of AD,
but thus far despite the number of inhibitors, vaccines,
and compounds tested, all of them have failed to slow the
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FIGURE 1. Polymorphisms of amyloid fibrils and structures of toxic oligomers: (A) microcrystal structures of Af35—42 fibrils composed of -sheets
with either parallel or antiparallel 8-strands; (B) the in-register antiparallel 3-strands of A337 —42 fibrils; (C) the hexamer of the KV11 peptide consisting
of six antiparallel 8 strands forming a barrel;'* (D) the predicted OPEP j-barrel of the 52m(82—87) peptide.>”8

progression of sporadic and familial AD.> Many scientists
now believe that Aj is the main culprit in the initiation with
the discovery of the mutation A2T protecting against AD.>
They also think that the drugs are given too late, they lack
specificity and optimal binding affinities, and though Ag40/
42 small oligomers are the most toxic species, larger aggre-
gates and fibril fragmentation contribute as well.*>

The mechanism by which Ap42 peptides of sequence
DAEFRHDSGY'°EVHHQKLVFF*°AEDVGSNKGA°lIGLMV-
GGVV*IA, produced as soluble monomers, self-assemble
reliably into amyloid fibrils is described experimentally and
theoretically by a nucleation—condensation polymerization
process.® 8 A contains two hydrophobic patches L17—A21
(central hydrophobic core, CHC) and A30—A42 separated by
a hydrophilic patch E22—G29. Ag42 mature fibrils display
U-shaped conformation with -strands formed by residues
17—-20 and 31-40 and the 16 N-terminal residues disor-
dered, whereas A540 mature fibrils have g-strands at 10—23
and 30-38. Despite extensive experimental reports,
the atomistic description of the nucleus from which AS
fibril formation occurs rapidly after the lag phase remains
to be determined. The physical basis of amyloid forma-
tion is also difficult to describe due to the sensitivity of
the process to experimental conditions (pH, agitation,
temperature, concentration, ionic strength, fibril growth,
sample preparation), and the use of synthetic or AD-brain
derived Ap peptides.>91°
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In addition, it is fully appreciated that the aggregation
intermediates preceding the emergence of fibrils, called
micellar or amorphous soluble oligomers, annular aggre-
gates with central water-filled channels, and protofibrils,
each class representing a group of states and comprising
multiple conformations, vary from A540 to A42, and in the
presence of familial (H6R, D7N, K16N, A21G, E22G, E22Q,
E22K, E22A, and D23N) and nonfamilial (K16A, F19P, G33A,
and G33I) mutations.>'" Both A340 and Ap42 fibrils possess
a long, straight, and highly regular topology visible by
transmission electron microscopy (EM) with a cross-3-sheet
structure as demonstrated by X-ray diffraction with spacings
at4.7 and 10 A, and in-register parallel 8-sheets as deduced
by solid-state NMR spectroscopy. However, the detailed
molecular structures depend on the details of experimental
conditions.'® The variations that underline fibril polymorph-
ism include 3-fold and 2-fold symmetries about the long
Ap40 fibril axis, and the transition from antiparallel to
parallel g-sheets for the A40-D23N fibril under conditions
of repeating seeding.®'%'2 The models in Figure 1 illustrate
another polymorphism type for the A335—42 fibrils and the
current structure of AB37-42 fibrils, all displaying polar
zipper interactions of the side chains.'® Figure 1 also shows
the microcrystal structure of the linear KV11 peptide oligo-
mer with a g-barrel conformation.’*

Despite all these data providing strong evidence that
the morphology and the detailed structures of fibrils may



(A)

Understanding Amyloid Fibril Nucleation Nguyen and Derreumaux

o (B)
@
LN "ﬁ

B &=

=
Free energy

amyloid-competent amyloid-protected

(D)

FIGURE 2. Main models. (A) Each peptide is centered at a lattice site, and its orientation is defined by the backbone vector b and the H-bond direction
p, and the side chain direction is defined by the vector product b x p.'® (B) Caflisch's model with the 8 and z minima of each monomer. The large
spheres are hydrophobic (black) and hydrophilic (gray), and the two dipoles are shown with small red and blue spheres.?® (C) OPEP model.?* (D) Each
peptide is represented as cylinder*® occurring in R-state (random coil, blue circle with a 90° red patch) or 5-state (a half orange/half gray circle). Here,

we show the R2, RS, and 52 dimers.

originate from Kinetics rather than thermodynamics and
should be encoded in the diverse Aj oligomers, the exact
molecular assembly of a nascent fibril and the atomic
structures of the monomers and oligomers of A340/42 in
the presence of drugs remain to be determined. Here, we
report on recent computational results obtained on these
two issues.

2. Coarse-Grained and Mesoscopic Models for
Amyloid Proteins

In principle, classical molecular dynamics (MD) can contri-
bute to a better understanding of how proteins fold or
misfold. By invention of Anton, which can only do one thing,
MD, but 100 faster than the best supercomputer, it has been
possible using 1 ms trajectories to elucidate the atomic detail
of how 15 proteins with 10—80 amino acids fold into their
native states in explicit solvent, providing thereby insights
into quantitative thermodynamic and kinetic data.'®
Despite continuous progress in computer science and
algorithmic development to enhance conformational
sampling,'®'” atomistic simulations of amyloid plaque for-
mation are still out of reach because the process includes
too many degrees of freedom and spans time scales of
days in vitro. To overcome this limitation, several simplified
models have been developed by averaging out most
(on-lattice coarse grained, CG) or many unimportant degrees

of freedom (off-lattice CG) or by retaining one single intra-
molecular degree of freedom (mesoscopic models). The
basic idea of CG, which is to replace groups of atoms by a
single bead, poses the problem of how to derive effective
potentials that maintain the all-atom physical behavior in a
physiological environment. Note that CG simulations accel-
erate the atomistic MD time in explicit solvent by 1—3 orders
of magnitude depending on the level of granularities used.

The simplest CG model is on-lattice, where each chain
consists of M connected beads that are confined to the
vertices of a cube using an approximate description of the
hydrophobic and electrostatic inter- and intrachain forces.'®
Another on-lattice cubic model uses peptides represented
by unit-length sticks interacting by H-bonding interactions
favoring slightly parallel over antiparallel g-strands and
hydrophobic forces to mimic the zipper packing of the
side chains (Figure 2A)."® While various off-lattice models
have been developed such as the flexible tube?° and the
Shea's model,?" the most two widely used CG's for amyloids
are the four-bead “Urbanc” or PRIME20 models®*** and the
six-bead OPEP?**?* (Figure 2C) model.

In PRIME20, each residue consists of three spheres for the
backbone (NH, CaH, and CO) and one for the side chain.
Backbone bond angles and Ca—Ca. distances are enforced
by pseudobonds, and the potential includes backbone
H-bonding and side-chain—side-chain square-well potentials.
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Using discontinuous MD (DMD), Urbanc reproduced differ-
ences in oligomer size distributions between Ag40 and Ap42
consistent with experiments.>®> Using PRIME20/DMD, Hall
studied successfully a series of hexapeptides known to form
nonamyloid and amyloid fibrils in vitro.?* These two models
were not tested, however, on systems with well-defined NMR
structures in solution.

On the other hand, OPEP is basically an all-atom back-
bone with CG side chains. The nonbonded potential consists
of two-body and four-body backbone H-bonding terms,
attractive—repulsive or repulsive side-chain terms depend-
ing on the pairs of uncharged amino acids,** and all-atom
PMF-derived potentials for the salt-bridges.?® In contrast to
other CG models, the OPEP force field has been extensively
tested, by recovering the NMR structures of several nona-
myloid peptides®*?® and the temperature transition of pep-
tides from coiled coils to amyloid aggregates.?® Using OPEP,
we were the first to identify reptation moves between the
strands and observe p-barrels*®?” (Figure 1D) during self-
assembly of amyloid peptides that were validated by FTIR,>°
X-ray crystallography,'* and other simulations.?'*®

Finally, it is possible to use a mesoscopic description,
where each peptide has one degree of freedom with two
minima corresponding to amyloid-competent (3) and amy-
loid-protected ( or R) states and differing in free energy by
dE.2930 Caflisch's model (Figure 2B), coupled to Langevin
dynamics, offers the possibility to generate fibril topologies
resembling those observed experimentally (e.g., twist and
multifilament composition).?° Frenkel's model (Figure 2D),
coupled to dynamic Monte Carlo (MC), allows computing
the free energy landscape of oligomers.3® While both meth-
ods enable the calculation of the nucleus size, they lack
sequence and atomistic details.

3. Insights into the Nucleation Process from
Simulations

While master equations allow interpretion of the experi-
mental sigmoidal kinetic profiles of amyloid formation by
means of primary or secondary (fragmentation or lateral)
nucleation processes,” they do not provide any information
on the topology and size of the primary nucleus. What
is clear from all simulations is that self-assembly starts
by a two-step mechanism that is dependent on the hydro-
phobic character of the peptides. The first step involves
a hydrophobic collapse and the formation of molten oligo-
mers. In the second step, interpeptide hydrogen bonding
interactions drive the system to highly flexible p-rich
oligomers.2'3132
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In recent studies, the nucleus size, N*, was determined
from the dependence of the free energy on the number
of GNNQQY and STVIYE monomers with OPEP?>3 and all-
atom>* simulations, respectively. N* was found to be 4—5
and 5-8 for these two linear peptides (LP). By following the
aggregation of a mesoscopic LP by Langevin dynamics,
Pellarin et al. showed the nucleus size or critical f-domain
size with a probability of 50% to form a fibril to vary with
dE, ranging from 4 (dE = —1.5 kcal/mol) to 35 peptides
(dE = —2.5 kcal/mol, that is, for a & state 100 times more
populated than the g state) and indicating the strong depen-
dence of N* and the lag phase on the energy landscape of
the monomer.?° Using lattice models, Thirumalai evidenced
that the balance between electrostatic and hydrophobic
interactions not only modulates the population of the amy-
loid-competent monomeric state and the lag phase, but also
the topology of the fibrils.>> Based on multiscale simulations,
De Simone showed that a comprehensive description
of the flexibility of the all states is also a modulator of self-
assembly.>®

Using on-lattice MC simulations of N chains with each
chain consisting of eight particles as a model of Ap42, Li
found that N*is 11, independent of the metrics used. Though
the concentration is 2 orders higher than that used in
experiments,'® this result is similar to N* of 16 found by
Fawzi using CG simulations of A540.3” Notably, the atomistic
nucleation theory shows that N* is 15 for A540 at a protein
concentration of 120 «M, but variation in the supersatura-
tion of the phase can cause N* to increase to 50.32

Though these simulations quantify the nucleus size, they
do not provide any structural insights into the nucleus. One
first move toward connecting macroscopic observables and
microscopic assembly events with the nucleus size was
provided by two simulations using low-resolution models.
In the first, the aggregation thermodynamics and Kinetics of
a linear peptide were studied by using generalized-ensem-
ble techniques and MC for 256 peptides on a cubic lattice
with a concentration of 102 per unit volume. The aggregate
mass distribution, p(m), which gives the probability of
an aggregate of size m, is bimodal at the midpoint tempera-
ture with p(m < 6) = 81.4% and p(m > 62) = 16.7%. The free
energy surface projected on the length and width of the
aggregates and the evolution of the mass of the largest
aggregate as a function of MC steps show that the
free energy barriers faced by an aggregate to form a fibril
are associated with changes in width, and the width of the
aggregate prior to nucleation is 3.5.'° These results, in line
with the self-assembly of cuboids, show that nucleation is



directly linked to the formation of multiple sheets and,
without intersheet interactions, the Kinetics does not follow
a sigmoidal shape.®

The second simulation, based on Frenkel's mesoscopic
model with a dE of 9 kcal/mol, shows that the self-assembly
of AB42 is described by a nucleation—conformational con-
version process with a nucleus size of four chains and
a nucleus characterized by a mixed aggregate with RS3
character.?® The lowest energy path to the fibril consists
of the following states of increasing oligomer size: R, R2, R3,
R24, R22, RA3, and $4. Given that N* is much lower than
what has been predicted by other models,'®3738 the real
topology of N* for A542 remains to be determined.

A second move toward characterizing the nucleus at an
atomistic level was provided by three simulations in explicit
solvent. In the first two studies, Laio investigated the aggre-
gation of 18 Val8 and 18 AB35—40 peptides employing
bias-exchange metadynamics with eight collective variables
so as to explore increasing number of fully parallel (P) or
antiparallel (AP) p-sheets and steric zipper contacts.'”*° In
both systems, the basin of lowest free energy, B1, includes
disordered or amorphous aggregates. In the Val8 system, an
effective nucleus size on the order of 14 was proposed and
the crossing of the maximum free energy is characterized by
a transition from mixed P/AP to parallel g-strand orienta-
tions and only when a sufficient number of parallel sheets
are formed the free energy starts to decrease to a minimum
with fully parallel s-sheets (Figure 3A)."7 Interestingly, this
transition to parallel sheets has been found also by CG
simulations.*' In the A335—40 system, a similar but more
complex picture emerges. Transitions between the basin B1
and the basin B2 (containing antiparallel -sheets with
up to 10-12 B-strands and random side-chain packing)
take a few tens of nanoseconds, and the rate-limiting step
in the nucleation pathway involves crossing a barrier of
40 kcal/mol associated with the formation of parallel 5-sheets
closely packed with a steric zipper of the side chains, slightly
different however from the experimental final product.*°

In the third study, an unbiased all-atom REMD simulation
of 16 AB37—42 peptides in explicit water was performed
using 48 replicas, each for 460 ns.*? This peptide blocked by
opposite charge at both extremities is particularly intriguing
because it forms fibrils with antiparallel sheets and parallel
p-strands (Figure 1B)." Despite frequent -sheet formation/
fragmentation events and a significant reservoir of free
monomers, the population of four to five fully P 5-strands,
consistent with the fibril structure, is 1—2%. The population
of four to five fully AP -strands is higher (3—8%), and overall
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FIGURE 3. Free energy surfaces (FES) of the all-atom systems formed
by 18Val8 and 16A37—42 peptides in explicit solvent. (Top) FES for
18Val8 as a function of the number of parallel and antiparallel 5-sheets
and zipper contacts.'” The red line shows the lowest free energy path
from disordered states (region 1, F = 0) to the nucleus (F = 7.9), from
which fully antiparallel s-sheets with parallel strands form (F= 5.3,
region 3). Each box depicts a -strand, and the central blue dot (or circle
with a cross) shows a g-strand pointing outside (inside) the plane.
(Bottom) FES for 16A337—42 as a function of the mean distance
between the centers of mass of -sheets and the number of H-bonds
within g-sheets.*? The main free energy minima are shown with
p-strands in yellow, and the color scale is given in kcal/mol.

the global free energy minimum consists of two and three
pB-sheets each of two to three jg-strands with mixed AP/P
strands and a variety of sheet-to-sheet pairing angles
surrounded by random coil peptides (Figure 3B). Looking
at higher free energy minima, the aggregates also consist
of mixed P/AP f-strands, with few P 5-strands surrounded by
AP p-strands, in agreement with metadynamics simulations
of Val8 and Ap35—-40 peptides'”*° and REMD of GNNQ
peptides.*? Extending the simulation to 800 ns per replica
does not change the picture and indicates that N* is >5—8 for
ApB37-42. Whether N* is around 15, as reported for other
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LPs,'”38 cannot be determined due to finite-size effects and
the fact that polymorphism is under Kkinetic control.%'%2°
Indeed, while Ap35—42 fibril can display either P or AP
B-strands within the sheets (Figure 1A),'2 this polymorphism
has not been reported yet for A337—42, a surprise given that
AB34—42 fibril forms AP p-strands.**

4. Insights into the 3D Structures of Drug/Af
Oligomers from Simulations

Many molecules have been screened against A5 aggrega-
tion and toxicity, including Zn chelators, peptide-based
derivatives of AS, and heterocyclic compounds such as
cucurmin and the green tea compound epigallocatechin-
3-gallate (EGCG). Recently, Landau reported microcrystal
structure of AB16—21 fibril with the dye Orange G.** Simula-
tions on AB16—22 protofibril reveal that small molecules
can block both g-sheet elongation and lateral association
of layers but also sequesters A16—22 peptides.*® Based on
13C NMR spectroscopy and all-atom MD simulations, it was
possible to obtain direct information on an inhibitor candi-
date in its direct complex with AB42 fibrils.*”

Unfortunately, because A542 has a high propensity to
associate and explore a heterogeneous ensemble of con-
formations, standard tools of biology have failed to provide
atomic structures of the monomer and oligomers of Ap42
with inhibitors, and we only have low-resolution experi-
mental data on oligomers. Using ion-mobility mass spectro-
metry, Bernstein reported a collision cross-section (CCS) of
1256 A? for Ap42 dimers.> Using different preparation
methods and CD analysis, Teplow reported a -strand con-
tent between 12% and 25% and an a-helix content between
3% and 9% at 295 K, pH 7.5, and day 0, for a mixture of
various aggregates.>*® Using isothermal titration calorime-
try at different EGCG and salt concentrations, Sun showed
that the interactions between Ag42 and EGCG are mainly
hydrogen bonding in the region 1—16 and hydrophobic in
the region 17—-42.4°

Among all compounds tested, 1,4-naphthoquinon-2-yl--
tryptophan (NQTrp) reduces the toxicity of Ag42 oligomers
toward a cultured neuronal cell line and transgenic AD
Drosophila model. The NMR structure of NQTrp bound to
Ap12—-28 monomer at a molar ratio 0.5:1 combined with
MD simulation shows three dominant binding sites between
NQTrp and the A318—21 (VFFA) region,*® but whether these
conformations hold for A42 and oligomers remains to be
determined. To address this issue, extensive CG simulations
of AB17—42 trimer followed by all-atom docking of five
molecules on the most populated Aj structures show that
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FIGURE 4. Ap oligomers/drugs. (Top) Two binding modes of NQTrp to
the AB17—42 trimer.>" N-termini are located by yellow balls. (Bottom)
FES in kcal/mol of A342 dimer and A542 dimer/EGCG with their three
and four most populated structures. For each state, we give the CCS in A?
and the number of EGCG bound.>*

the five drugs including cucurmin, EGCG, 2002-H20, and
resveratrol have a lower binding affinity for the fibril than
the other states, and NQTrp is the most favorable inhibitor.>’
The results also show that NQTrp can bind to four AG17—42
poses with similar energies and in all cases with the side
chains of F19/F20 and the main chain atoms of F19—E22.
The results of this hierarchical procedure, consistent with ref
50, show that NQTrp can have multiple binding modes to
ApB17—-42 trimer in a 100 ns all-atom MD even within a
given pocket (Figure 4A).

Experimentally, EGCG has been reported to redirect the
aggregation of the A42 peptide into unstructured, off path-
way oligomers.>? In contrast to this study, by using solution-
and solid-state NMR spectroscopies, EM, and a 10-fold molar
excess of EGCG, Reif captured stable spherical EGCG-induced
Ap40 oligomers of 2.1 nmin height that are not fully random
coil. While the residues 1—20 are disordered, the salt bridge
D23-K28 is formed, and the residues G29-V36 adopt



a p-strand as in the fibril. EGCG interacting with the CHC
region prevents the formation of g-strand in the region
17-20 as seen in the fibril.>>

Recently, an all-atom REMD study on Ap42 dimer with
the OPLS force field and explicit solvent in the absence
and presence of EGCG molecules with a molar ratio 2:10
(AB/EGCQ) as used experimentally was performed using
64 replicas, each for 200 ns.>* Though different force fields
may generate different free energy landscapes,”” the results
on the pure Ap42 dimer are consistent with available low-
resolution experimental data.>*® Analysis of secondary
structure shows that the free Ag42 dimer mostly populates
coil/turn (79%), and then a-helix (11%) and S-strand (8%), in
agreement with CD analysis. The centers of the three most
populated clusters have collision cross sections of 1243,
1275, and 1210 A?, in agreement with the experimental
value of 1256 A? (Figure 4B). Upon EGCG binding, the bend,
turn, and coil remain constant and the o-helix content
spanning residues 12—18 is increased from 11% to 13%.
Though the overall 5-content is reduced from 8% to 4%, the
reduction is significant in the N-terminal region (residues
1-16, varying from 10% to 1%), the CHC, and residues
39-42 (from 20% to 5%) resulting in a less-fibril state, while
the g-strand of the residues 30—36 with a probability of 20%
is not impacted. Note this g-strand distribution along the
amino acid sequence in the complex is consistent with the
NMR results of the EGCG—Af40 oligomers.>>

Interestingly, in the presence of EGCG, the CHC/CHC and
C-terminal/C-terminal interactions observed in pure Ap42
dimer are greatly reduced, resulting in an increase of 8% of
CCSs of Ag dimer and a population of 5% of two separated
monomers. EGCG are buried in the interface between the
Ap42 peptides and bind mostly to the hydrophobic residues
of the CHC and C-terminal region through van der Waals
interactions. EGCG also bind to the hydrophilic N-terminal
amino acids D1/E3/R5/D7 and E11 through H-bonds, albeit
H-bonds with residues A21/E22/D23 and 132 are present,
consistent with isothermal titration calorimetry.*°

Overall, the results of this REMD simulation on Ajp42
dimer with 10 EGCG are patrticularly interesting in designing
new drugs for three reasons. First, they show that at equi-
librium, there is a population of 5% of free Af42 monomers
that would be able to associate to larger toxic and nontoxic
aggregates. This indicates that though inhibiting Ap42 ag-
gregation at the level of the monomer is an attractive
therapeutic approach, the results of simulations of Ap42
monomer with inhibitor do not preclude the formation
of Ap42 larger aggregates. Using the 45 most populated
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clusters from REMD simulations of A342 monomer in watet,
Zhu carried out fragment mapping calculations to identify
binding hot spots. A total of 35 clusters display binding
pockets made essentially of the CHC and the residues
F4/Y10/131 and M35, though hydrophilic residues partici-
pate in 8 binding pockets.>® Whether the same key interac-
tions would remain in a simulation of A42 oligomers has to
be determined.

Second, while simulations on Af12-28 or Af16—22
peptides with inhibitors may help rank compounds,°>7>%
the results are certainly not transposable to Ap540/42,
because the N-terminal and C-terminal residues contribute
to the binding energies*®>*>* and a toxic A40 oligomer of
high molecular weight was discovered with a 5-sheet at the
N-terminus.>®

Third, simulations on Ap42/EGCG show that there
is room for a better inhibitor that would bind more tightly
to and sequester AB42 dimers, preventing therefore Ag42
monomers to self-associate into toxic species. In this con-
text, NQTrp is much more efficient since the population
of free Ap42 monomers is 0% using a molar ratio 1:1 and
REMD simulation of 64 replicas, each of 250 ns, with the
Amber ff99sb*-ildn force field and TIP3P water model.®°

5. Conclusions

Overall, this report reviews over a decade computational
results on amyloid formation obtained with all-atom,
coarse-grained, and mesoscopic representations coupled
with state-of-the-art sampling techniques. First, we provide
a critical analysis of what we can tell on the nucleus size,
N*, and the conformational ensemble from which rapid fibril
formation starts. While the thermodynamics and Kinetics
vary from linear peptides adopting straight g-strands in
fibrils to longer peptides adopting in parallel U shaped
conformations in fibrils and change with the balance be-
tween electrostatic and hydrophobic interactions and the
intrinsic disorder of the system, it follows that the critical
nucleus size might be on the order of 20 chains under
physiological conditions. It also emerges that the transition
state might be characterized by a simultaneous change from
mixed antiparallel/parallel 5-strands to the final antiparallel
or parallel states and random packing to the steric zipper
packing of the side chains. Second, we discuss the various
predictions made by computer simulations and experiments
to determine how current inhibitors bind to A42 monomer
and small oligomers, a prerequisite for developing more
efficient drugs. Using multiple approaches, ranging from
REMD simulations to multiscale approaches combining
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exhaustive sampling, docking, and dynamics and with in-
creasing computer resources, we should soon have on hand
the structures of Ap42 monomer to tetramer with many
known inhibitors. Building on the full spectrum of Ap42/
inhibitor structures, we should be in position to screen and
predict new drugs with much higher efficacy by using virtual
screening and all-atom steered and metadynamics simula-
tions. Along these lines, a combined experimental and
theoretical effort must be made to understand the effects
of hydrodynamics, shear, metals, and crowding (cell mem-
brane and protein receptors) on the kinetics and thermo-
dynamics of Ap42 oligomers interacting with inhibitors.
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