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1. INTRODUCTION

Alzheimer’s disease (AD) challenges our society with an annual
estimated cost of $1.08 trillion in the United States alone by
2050." AD is a progressive irreversible neurological disorder
with marked atrophy of cerebral cortex and loss of cortical and
subcortical neurons, which is characterized pathologically by
accumulation of amyloid plaques and numerous neurofibrillary
tangles formed from filaments of microtubule-associated highly
phosphorylated Tau proteins.” The pathogenesis of AD
includes other factors such as cholinergic malfunction and
oxidative stress.”

The major constituents of the senile plaques are amyloid S
(Ap) peptides of 39—43 amino acids. Af derives from cleavage
of the transmembrane amyloid precursor protein (APP),
located in chromosome 21, by ff-secretase (BACE1), producing
a 99 amino acid fragment (C99) that is further cleaved by the y-
secretase.” The human AB1—42 wild-type (WT) sequence is
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLM-
VGGVVIA. Five drugs are currently available for AD. These
include four cholinesterase inhibitors, donepezil, reminyl,
razadyne, and rivastigmine, and the N-methyl-p-aspartate
(NMDA) receptor antagonist memantine. However, they are
only effective for 6—12 months and for half of the patients with
milder forms of Alzheimer’s.” Scientists are developing novel
benzopolycyclic amines with increased NMDA receptor
antagonist activity’ and are targeting BACE1” and Tau and
Ap proteins.”” Despite many in vitro and in vivo studies, drug
after drug has failed to slow the progression of AD for several
reasons.

First, while oligomers such as dimers, trimers, and 12-mers
(Ap*56) are the most critical players in the pathology of
AD'*!*P and larger aggregates and fibril fragmentation are

3519

toxic as well,">"? there is currently little information on their

rate and extent of formation. Experimental and theoretical
studies showed that Af1—40/1—42 peptides self-assemble into
amyloid fibrils by a nucleation—condensation polymerization
mechanism. However, while master equations allow interpre-
tation of the experimental sigmoidal kinetic profiles of amyloid
formation by means of primary and/or secondary (fragmenta-
tion or lateral) nucleation processes,'*”' they do not provide
any information on the 3D topology and size of the primary
nucleus. Overall, probing the conformational changes of Aj
aggregation is challenging owing to the vast heterogeneity of
the aggregates, the number of substates for each aggregate, and
the sensitivity of the process to pH, agitation, temperature,
concentration, ionic strength, surfactants, sample preparation,
and the sequence (AS1—40 vs Ap1—42)."7 7"

Second, standard tools of structural biology have failed to
provide the 3D structures of the monomers and the oligomers
of the AS1—40/1—42 peptides in aqueous solution. Ap
monomer is described as a random coil by solution nuclear
magnetic resonance (NMR)*® and circular dichroism (CD).*!
Due to their heterogeneity and high propensity to aggregate,
the low molecular weight A oligomers are not amenable to
NMR and X-ray crystallography. As a result, only low-
resolution structural data from CD, ion mobility mass
spectrometry (IM-MS), electron microscopy (EM), trans-
mission electron microscopy (TEM), and atomic force
microscopy (AFM) measurements are available."">°72¢ At the
end of the reaction, the fibrils are insoluble, and we are left with
complicated experiments using isotopic labeling to propose
models. These experiments revealed that fibrils of synthetic
AP1—42 peptides have U-shaped conformations with f-strands
at residues L17—F20 and 131-V40 with the 16 N-terminal
residues disordered, while fibrils of synthetic AB1—40 peptides
have f-strands at Y10—D23 and A30—G38 with the 9 N-
terminal residues disordered.””*® Fibrils made of AD-brain-
derived AB1—40 peptides show, however, deformed U-shaped
conformations, with a twist in residues F19—D23, a kink at
G33, and a bend at G37—G38 and a more ordered N-
terminus.”” Overall, the final products are very sensitive to the
nature of the sample (synthetic or brain-derived A} peptides).
Fibril formation is also under kinetic control rather than
thermodynamic control, adding further complexity to the
determination of the physical factors governing Af1—40/1—42
amyloid fibril formation.'”*°

Third, because of their presence in the brain, the metal ions
Cu®, Zn**, and Fe’* and the cell membrane have to be
considered. A full dynamic and thermodynamic picture of the
interactions of Af1—40/1—42 oligomers with metal ions or the
membrane is very difficult, but recent progress has been
made.>">

Fourth, it is important to better understand the molecular
interactions of Af oligomers with the proteins colocalized in
the brain and notably human serum albumin,® the most
abundant protein in cerebral spinal fluid, and the prion protein
(PrP), concentrated at the synaptic terminals with a high
affinity for AB.**** Mapping all partners that bind to Ap
oligomers is a daunting task because disparate results can
emerge from experiments depending on the initial state of the
protein, its source, and its stoichiometry.36 In addition, as
functional genomics has taught us,”” biomolecules are involved
in a network of interactions, so toxicity is likely to be
multifactorial and to result from interactions of Af with
multiple partners. Three recent papers illustrate this fea-
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ture.**~*° Murine-paired immunoglobulin-like receptor B and

its human orthologue leukocyte immunoglobulin-like receptor
B2 were identified as receptors for Ap oligomers, with
nanomolar affinity.*® A oligomers also induce synaptic damage
via Tau-dependent microtubule severing by tubulin-tyrosine-
ligase-like-6 and spastin,®® and Af oligomer—PrP complexes
generate metabotropic glutamate receptor S-mediated increases
of intracellular calcium.** Finally, among the apolipoprotein E
(apoE) isoforms, apoE4 increases the risk of AD. While
transporting cholesterol is its primary function, apoE regulates
Ap metabolism, aggregation, and deposition and competes with
Ap for cellular uptake through apoE receptors.*' Overall, our
current structural knowledge of A oligomers with receptors is
still in its infancy.

Fifth, the summer of 2012 was plagued by the release of bad
news from clinical trials of two drugs targeting Ap,
bapineuzumab and solanezumab.*” The general consensus for
a couple of years has been that the drugs are given too late.*
Scientists have failed to provide the structures of A monomers
or Af oligomers with known inhibitors of Af aggregation in
vitro and toxicity, a prerequisite to develop more specific drugs
with optimal affinities for A oligomers.*

In addition, working on the most abundantly produced
species, Af1—40, and the far less abundant but more
aggregation prone and toxic form, Aff1—42, is a simplification
as the y-secretase generates peptides from AB1-36 to AS1—
43.% Several truncated variants are also observed in the
amyloid plaques with various populations. These include Ap4—
42 and AB5—42,* AB1-26 and AB1—-30,* and post-transla-
tional modifications of Af peptides: isomerization at DI,
phosphorylation at S26, a dityrosine covalent bond at Y10, and
proteolytic removal of D1 and A2 and the subsequent cyclizing
of E3 and Ell to a pyroglutamate (designated Af3(pE) and
AB11(pE)), among others.””~* The AB(pE) species in vivo
consist of AB3(pE)-40/42 and ApS11(pE)-40/42, with AS3-
(pE)-42 being the most abundant. AB(pE) is more cytotoxic
and aggregates more rapidly than conventional Ap, and a recent
study raises the possibility that A3(pE)-42 formation acts at a
primary step in AD pathogenesis.*’

Finally, while most Alzheimer’s disease is sporadic, ie., not
the result of inheritance (familial AD (FAD) represents 5% of
the cases), we have learned a large amount about the genetic
risk factors that predispose an individual to contract the disease.
One of the major risk factors for AD is mutation in the APP
gene, though many mutations in two presenilin genes have also
been reported and are constantly discovered.”’ Mutant APP
may be more likely to be proteolytically cleaved into the A
form, which generates the amyloid plaques. Some familial
mutations, including H6R (English), D7H (Taiwanese), D7N
(Tottori), A21G (Flemish), E22Q (Dutch), E22G (Artic),
E22A (Osaka), and D23N (lowa), change aggregation and
toxicity and lead to different phenotypes.”>>> Two recent FAD
mutations, however, turn that inheritance pattern on its head.
The A673V mutation in APP or A2V in Af is associated with
AD, but the inheritance pattern is recessive; i.e., a patient needs
two mutant alleles to acquire the disease risk. In combination
with the WT allele, A673V does not cause AD. Furthermore,
the presence of the mutant peptide prevents the WT peptide
from forming amyloid fibrils, even under very favorable in vitro
conditions.>* The second striking result comes from the coding
variants in APP in a set of whole-genome sequence data from
1795 Icelanders and the discovery that the mutation A673T in
APP or A2T in Ap protects against AD in both homozygous
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and heterozygous patients. Though A2T reduces the cleavage
of APP by 40%, how the mixing of Af1—40 A2T and A1—40
WT protects patients from AD remains to be determined.>®

Overall, a full understanding of AD within the amyloid
cascade hypothesis requires the development and use of
innovative biophysical techniques. Along with standard
approaches, e.g, Fourier transform infrared spectroscopy
(FTIR), CD, X-ray powder diffraction, TEM, AFM, solid-
state nuclear magnetic resonance (ss-NMR), dynamic light
scattering (DLS), and IM-MS, new techniques are being
applied. These include, notably, pulsed hydrogen/deuterium
exchange coupled with mass spectrometry analysis,>® which
unlike fluorescence methods, does not require labeling with a
fluorophore, photonic crystal-based approaches,®”  single-
molecule imaging techniques,®® and specific isotope labeling
with electron paramagnetic resonance (EPR), advanced
hyperfine sublevel correlation (HYSCORE), and electron—
nuclear double resonance (ENDOR) methods.>°

Experimental studies alone are not sufficient, however, since
they generally give time- and space-averaged properties.
Computer simulations by exploring different time and length
scales can complement experiments. Simulations are very
challenging due to the inherent flexibility and heterogeneous
ensemble of the Af1—40/1—42 monomers and oligomers and
the impact of a crowded environment. As a result, we need to
develop and/or use various protein representations ranging
from all-atom and coarse-grained (CG) to mesoscopic models
and improve sampling techniques to converge rapidly to
equilibrium and explore the dynamics over a wide range of time
scales.* ¢!

In summary, we provide an in-depth review on the
contribution of biophysical and biochemical studies and
computer simulations to characterize the molecular structures
of Af1—40/1—42 monomers, oligomers, protofibrils, and
amyloid fibrils in aqueous solution. We then focus on our
current knowledge of the AS1-40/1—42 nucleus and the
structures and dynamics of AS1—40/1—42 oligomers in
proximity of or at the membrane. We summarize what is
known about the interactions of A monomers and oligomers
with ion metals, cellular partners, and potential inhibitors. We
also report the main findings of the simulations on FAD
mutations and conclude by offering a perspective on the future
of the field and the major questions that need to be addressed
to discover drugs with much higher efficacy.

2. MOLECULAR STRUCTURES OF Af1-40 AND
Ap1-42 FIBRILS TO MONOMERS FROM
EXPERIMENTS

Experimental characterization of amyloid fibril structures has
been the topic of extensive research for decades, producing
remarkable molecular-level insights.éz_65 Nonfibrillar monomer
and oligomer structures, in contrast, are not well understood.
We summarize the major findings on Af1—40/1—42 molecular
structure from monomers to fibrils with emphasis on the most
recent results. Structural understanding of Ap fibrils and
insights into the self-assembly process establish a basis for
addressing the challenges associated with determining the
structures of Ap protofibrils and low molecular weight
oligomers.

2.1. Fibrils

Due to the incompatibility of amyloid fibrils with X-ray
crystallography and solution-state NMR, there is no single
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technique able to readily provide enough structural information
to fully specify molecular structure within Af fibrils. Our
structural knowledge of Af amyloid fibrils, therefore, is derived
from the integration of complementary information from
different experimental techniques. Fibril dimensions (nano-
meter length scale) have been probed by EM and AFM.*” 66-68
Fibril mass can be quantitatively measured by scanning TEM
and, more recently, tilted beam TEM.® 2D structure (mostly

B-strand) has been probed by FTIR.”®”" This technique, along
with diffraction-based measurements, hydrogen/deuterium
exchange, mutagenesis, proteolysis, EPR, and ss-NMR, can
provide information on molecular fold and intermolecular
packing (f-sheet formation and organization).25’27’71_79 Fiber
diffraction studies established the “cross-f” structure, in which
A molecules assemble into f-sheets with f-strands oriented
perpendicular to the long axis of the fibril.”>**~® The fS-sheet
structure was further confirmed by the blndm% of f-sheet-
specific dyes such as thioflavin-T and Congo red.” It should be
noted that Sawaya et al. used X-ray diffraction to measure the
detailed cross-f structures of microcrystals of several short
peptides forming amyloid fibrils.*> The data provide atomic
details of “steric zippers” created by packing of interdigitated
side chains between stacked f-sheets, described in terms of
eight possible symmetry classes. The free energies of different
steric zipper configurations were also calculated using all-atom
molecular dynamics (MD) simulations. Comparisons to
experimental results suggest that the observed amyloid-like
crystals are thermodynamically stable, although kinetic trapplng
can be driven by electrostatic side chain interactions.®

Among the experimental techniques mentioned here, ss-
NMR has provided the most atomic-level detail of A amyloid
fibrils. This technique is well suited for amyloid fibrils because it
provides information on local structure without requiring long-
range orientation order.** In 1998, Benzinger used *C—"C
dipolar recoupling ss-NMR data on ApS10-3S fibrils to
challenge the then common belief that Af amyloid fibrils are
composed of antiparallel f-sheets.’® This preference for
antiparallel f-sheets originates from earlier interpretations of
FTIR data, the intuition that like-charged side chains are
unlikely to be in close proximity, and NMR studies of the
AB34—42 fibril.”"*’~%° Controversy over the arrangement of f-
strands within Af amyloid fibrils further motivated the
development of improved measurements for nuclear magnetic
dlspolar interactions”® "> and more analysis of Af fragment-

>939% 1t was found that the AB1-28 peptide forms in-
register parallel S-sheets, in which B-strands are aligned for
close proximity between like residues.”>® The in-register
parallel configuration which maximizes overlap of hydrophobic
residues influenced the view that amyloid formation is driven
by hydrophobic interactions.®*® A recent review on FTIR
examines the experimental complications leading to incorrect
assignment of antiparallel f-sheets and describes more reliable
approaches to data interpretation.®®

In 2002, Petkova et al. reported a molecular model of an
AP1—40 fibril based on constraints obtained from ss-NMR and
EM.*” This model refined subsequently with additional NMR
constraints’” reported an unstructured peptide for the first 10
residues with two f-strands (residues 11—24 and 30—40), as
shown in Figure 1A. The first 10 residues were assigned as
unstructured because isotopic labeling (*C and '*N) yielded
NMR signals that were either broad (static disorder) or not
observed (dynamic disorder).”” The f-strands form in- register
parallel f-sheets to produce the protofilament (Figure 1B).
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Figure 1. Schematics describing known structural motifs for Af1—40
WT and Af1—40 D23N fibrils. Arrows, thin lines, and colored
symbols represent f-strand regions, non-f-strand regions, and selected
residues, respectively. (A) Molecular conformation of Af molecules
within fibrils, with arrows representing f-strand regions. (B)
Organization of A monomers into a protofilament. Each Af peptide
contributes two f-strands to two stacked in-register parallel f-sheets,
with hydrogen-bonding interactions between equivalent A-strands
along the fibril axis. (C) Cross-section of the Af1—40 fibril model of
Petkova et al. composed of two protofilaments.””?? (D) Two distinct
side chain arrangements experimentally observed for different A1—40
fibrils. (E) Fibril cross-section predicted of the Af1—40 model
determined by Paravastu et al. and composed of three protofila-
ments.”” (F) Antiparallel B-sheet arrangement regported by Qiang et al.
for fibrils of the Towa A1—40 D23N peptide.”

Protofilaments associate in pairs to form the 2-fold topology for
the striated fibrils (Figure 1C). The turn region (residues 25—
29) is stabilized by a salt bridge between the charged D23 and
K28 side chains. Note that Nussinov et al. also proposed in
2002 the in-register parallel motif on the basis of MD
simulations using several topologies.” o4

The structural model of Petkova does not describe, however,
every Af1—40 fibril because fibrils are polymorphic. Poly-
morphism refers to the existence of multiple pathways for self-
assembly, producing assemblies that differ in molecular
structure. When observed by EM or AFM, distinct fibrils are
observed with various width, twist, and cross-section
dimensions.””%~% Multiple fibril polymorphs usually coexist
within the same samples, although many samples are
characterized by a dominant fibril polymorph. Petkova showed
that subtle environmental factors such as solution agitation can
produce samples with different predominant fibril morpholo-
gies (2-fold symmetry under agitation and 3-fold symmetry
under quiescent conditions) and that distinct NMR peak
positions and line shapes indicate distinct underlying molecular
structures.””*” Additional factors affecting fibril self-assembly
are the pH, the presence of metal ions, and interaction with
interfaces.®#¢7%7 Furthermore, there is an inheritance of
structure when fibrils of one morphology are used to seed
the self-assembly of A monomers into new fibrils.”” Af fibril
polymorphism was further characterized using cryo-EM by
Meinhardt®® and Paravastu®” using ss-NMR. An important
structural difference between different Af fibril polymorphs lies
in the orientations of the residues within the f-strands and the
presence or absence of the D23—K28 salt bridge (Figure 1D).
By taking advantage of observed differences in seeding
efficiencies between different fibril polymorphs and using
quiescent conditions, Paravastu isolated a new Aﬂl 40 fibril
with a 3-fold symmetric cross-section (Figure 1E).%” Bertini
reported another Af1—40 fibril model with a topology similar
to that of Petkova (Figure 1A-C), but with different atomic
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details.”® An Ap1—42 fibril model with a similar configuration
was also published by Luhrs, based primarily on hydrogen/
deuterium exchange and mutagenesis data, but with different
residues in the f-strand and turn reglons % While this model
differs from structures observed for Af1—40, it is not clear how
the ranges of possible Af1—40 and Ap1—42 fibril structures
could differ. The symmetries of all the experimentally
constrained Af fibril structural models predict a single
molecular conformation. Thus, detection of multiple NMR
signals from each labeled site is normally assumed to imply
polymorphism within the sample. Contrary to this interpreta-
tion, Lopez del Amo et al. recently published an NMR-derived
fibril composed of Af molecules in two nonequivalent
conformations.”” An asymmetric fibril structure was also
proposed by the theoretical work of Wu, but whether such
A fibril geometry is correct remains to be validated
experimentally.' %

The growing consensus that A$1—40 and Af1—42 fibrils are
composed of in-register parallel S-sheets has recently been
disrupted by recent reports on fibrils formed by the Iowa
mutant (D23N) of the AB1—40 peptide.”'®" This peptide
forms fibrils composed of antiparallel S-sheets as depicted in
Figure 1F. It was suggested that substitution of the positively
charged D23 side chain with the uncharged N23 side chain
affects the nucleation rate of the parallel B-sheet structure,
which is stabilized by the D23—K28 salt bridge.'*" Interestingly,
the parallel f-sheet structure remains the thermodynamically
preferred structure for the D23N mutant, but antiparallel f-
sheet fibrils propagate more slowly in seeding experiments and
dissolve at the expense of parallel S-sheet fibrils in mixtures.”

Experimental observations of environment-dependent self-
assembly led to questions about the biological relevance of
structural information from in vitro generated Af samples. The
use of repeated seeding steps to amplify early-nucleating or fast-
growing fibrils within a sample, for example, could result in a
kinetically favored structure, which may differ from the most
thermodynamically stable structure. The theoretical work of
Pellarin based on a mesoscopic model with one internal degree
of freedom per peptide supports this notion, suggesting that
less thermodynamically favored fibril structures could nucleate
more rapidly.'®* In addition, the microenvironment in vivo is
likely to differ significantly from environments accessible in
vitro and may be affected by conditions promoted by
Alzheimer’s disease. Paravastu showed that amyloid plaques
in the brains of deceased Alzheimer’s patients could be isolated
at concentrations high enough to seed the self-assembly of
synthetic Af1—40 monomers, enabling the incorporation of
isotopic labels into brain-derived fibril structures.'” Lu
analyzed fibril samples from the brains of two deceased
Alzheimer’s patients with distinct clinical histories.” ss-NMR
analysis of brain-seeded fibrils indicates that plaques from each
brain are characterized by a single predominant fibril structure,
though polymorphism was also observed.””'®® Dominant
structures differed, however, between the two Alzheimer’s
brains. Lu established a constrained structural model for the
brain-derived Af1—40 fibril composed of in-register parallel 3-
sheets.” Figure 2 compares the all-atom pictures of the brain-
derived Af1—40 fibril model and the fibril models of the
synthetic A1—40 peptides determined by Paravastu and
Petkova. Lu observed NMR signals consistent with an ordered
structure for every residue in Af1—40 and particularly a
structured N- termmal region in contrast to that of the synthetic
AP1—40 fibrils.”® How this N-terminal structure will change
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Figure 2. All-atom pictures of cross-sections of brain-derived Af1—40
fibrils modeled by Lu et al*® (A), compared to cross-sections of
models for in vitro generated fibrils reported by Paravastu et al.?” (B)
and Petkova et al.>” (C). The fibrils in (B) and (C) correspond to the
diagrams shown in parts C and E, respectively, of Figure 1.

with the binding of metal ions remains, however, to be
determined.

2.2. Protofibrils and Oligomers

Complexity in Af self-assembly was observed with the
discovery of multiple soluble metastable A oligomers at
early and intermediate aggregation times.'**~'® While system-
atic classification of soluble Af species is difficult without more
knowledge of the structure and assembly pathways, soluble Af
aggregates are generally referred to as protofibrils or oligomers.
Protofibrils have elongated aspect ratios and a curvilinear
appearance.'® They are argued to be “on-pathway” inter-
mediates to amyloid fibril formation and are believed to convert
to fibrillar structures without first dissociating to mono-
mers.'%*'%1% Protofibrils have been reported to seed the
growth of fibrils, have molecular masses near 250 X 10° kDa
(~60 molecules), consist of S-sheets, and bind thioflavin-T."'
Oligomers are smaller species, with molecular masses ranging
from 9 kDa (Af dimers) to hundreds of kilodaltons (~50 Aj
molecules). While oligomers exhibit f-strand secondary
structure when probed by FTIR and CD, they do not
necessarily bind thioflavin-T or seed fibril formation.>'!!
These observations motivate the interpretation that at least
some oligomers are “off-pathway” to fibril formation. Since
fibril formation is accelerated by seed- or nucleus-dependent
self-assembly, conversion of oligomers into fibrils is prolonged
when oligomers are separated from fibrils and protofibrils; this
separation is normally accomplished by size exclusion
chromatography (SEC).'® Species isolation and dynamics
also increase structural homogeneity, which prevents structure
elucidation. Oligomers have been further stabilized by cross-
linking or interactions with engineered proteins."*~"'* Several
protocols for production and isolation of oligomers have been
reported, and the different oligomer products have been named
amyloid-derived diffusible ligands, globulomers, amylosphe-
roids, I5, and annular protofibrils. 105,109,115-119

Recent studies report structural characterization of proto-
fibrils by ss-NMR. Scheidt stabilized Af1—40 protofibrils
through interaction with an antibody-derived fusion protein
(B10AP) and found *C NMR chemical shifts which differ from
those observed for amyloid fibrils and also indicate shorter f-
strand regions."*”"*! The '*C NMR chemical shifts resemble
reported values for IS oligomers, suggesting that protofibril
structure more closely resembles oligomer structure than fibril
structure.'”!  Although I; oligomers were reported to be
composed of in-register parallel f-sheets, Scheidt et al.
proposed an intramolecular antiparallel f-hairpin within AS
oligomers.nz_114 This f-hairpin model (Figure 3A) predicts
hydrogen bonding between f-strands in the same molecule,
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Figure 3. Proposed models for nonfibrillar Af aggregates. As in Figure 1, arrows, thin lines, and colored symbols represent f-strand and non-f-

strand regions and selected residues, respectively. (A) Antiparallel f-hairpin conformation predicted by Hogrer et al. for the monomer
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* and

suggested by Scheidt et al. for protofibrils.'>***" (B) Dimer structure proposed for preglobulomers by Yu et al.'** (C) Disk-shaped pentamer model
proposed by Ahmed et al.'”** (D) Two different views of the antiparallel S-sheet model for 150 kDa oligomers, reported by Tay et al.'** (E) X-ray
crystallographic structure of the trimer of the designed cyclic AB17—36 peptide.'*® (F) Representative structures of highest populations in the MD
ensembles of the A#21—30 WT peptide with the D23—K28 salt bridge (left) and the AB21—30 peptide with pS26 substitution (right).*”

which does not occur in the fibril structural models (Figure 1).
Structural similarity between BI1OAP-stabilized AS1—40
oligomers and protofibrils was supported by intramolecular
proximity between E22 and 131 observed for both structures.'*’
Although these results do not specify how neighboring Af
molecules are arranged within protofibrils or oligomers, they
suggest that structural rearrangement is required for protofibrils
to convert to fibrils. Further evidence for structural
reorganization from protofibrils to fibrils was found by Doi
using lyophilization to stabilize Af1—42 protofibrils and ss-
NMR to show that protofibrils are not composed of in-register
parallel S-sheets.'*

The diagrams in Figure 3A—D depict alternative schemes for
the intermolecular organization based on experimental data of
Ap1—42 oligomer samples. Hoyer observed that Af1-40,
which is normally an unstructured monomer in solution, adopts
an antiparallel S-hairpin conformation (Figure 3A) upon
binding to an antibody-mimicking protein.''* This result
inspired the construction of a double cysteine A mutant (at
positions 21 and 30) that was constrained to adopt the j-
hairpin conformation. This mutant was shown to form
oligomers and protofibrils but not fibrils.""*"'"* Yu performed
solution NMR on preglobulomers produced through inter-
actions between N-Met-Af42 (additional M residue on the N-
terminus) and sodium dodecyl sulfate (SDS) micelles (0.2%
SDS by weight), resulting in the proposed model shown in
Figure 3B."** This model also predicts intramolecular hydrogen
bonds to produce an antiparallel f-hairpin between f-strands
spanning residues 17—23 and residues 28—33. In addition,
intermolecular parallel $-sheet contacts are predicted for pairs
of p-strands formed by residues 34—42. While the preglo-
bulomer molecular mass was measured to be 16 kDa (~4 Af
molecules), it is not known how the dimer drawn in Figure 3B
would assemble into a larger structure. In another study,
Ahmed prepared Af1-42 pentamers by incubation of
monomers at low temperature, and ss-NMR provided the
basis for the model of Figure 3C."** This model does not
include hydrogen bonds between any of the f-strands (no f-
sheets). Another ss-NMR study conducted by Tay was based
on 150 kDa (~33 Af} molecules) oligomers produced using a
procedure similar to that used for globulomers (removal of SDS
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from preglobulomer solutions by dialysis).''" ss-NMR data
were consistent with the molecular conformation found in
fibrils (Figure 1A), but a significant distinction was reported in
terms of intermolecular organization. Unlike fibrils, 150 kDa
oligomers are not composed of in-register parallel f-sheets.
Instead, Tay proposed the model shown in Figure 3D, with
intermolecular antiparallel f-sheets.''' Consistent with this
interpretation, Gu used site-directed spin labeling and EPR on
Ap globulomers to show that their structures are not consistent
with in-register parallel f-sheets, but rather antiparallel S-sheet
structures.™ Finally, Nowick et al. designed a macrocycle
peptide derived from A$17—36 in which residues 17—23 and
30—36 form the f-strands with two §-linked ornithine fS-turns
connecting the side chains of D23 with A30 and the side chains
of L17 with V36. X-ray structure shows that trimers consist of
three highly twisted f-hairpins in a triangular arrangement
(Figure 3E), and four trimers form a 12-mer Af*S6 species
with a central cavity, one important species to impair
memory.'*®

Despite significant advances, we emphasize that it is not yet
clear how Ap oligomer and protofibril structures can be
distinguished. None of the diagrams in Figure 3 correspond to
widely accepted models for Af protofibril or oligomer
structures. In contrast, the fibril structures in Figures 1 and 2
benefitted from much more sample preparation experience and
better optimized structural measurements. While the solution-
NMR-derived model of Yu is based on many constraints,'>* the
high concentration of SDS in the final sample is known to affect
Ap structure. The models in Figure 3A,D are works in progress,
in need of many more structural constraints, including
complete residue-specific information about secondary struc-
ture and experimental constraints on intermolecular packing. In
fact, a recent proline mutagenesis study conducted by Haupt
reported that oligomers might be distinguished from
protofibrils by the structure of the N-terminus.'”® Using
fluorescence correlation spectroscopy (FCS) and Forster
resonance energy transfer (FRET), Maiti showed that the
two hydrophobic regions (residues 10—21 and 30—40) have
attained the p-strand conformation in both oligomers and
fibrils. However, the conformations of the turn region (residues
22-29) and the N-terminal tail (residues 1—9) are markedly
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different.'*”® The role of the turn region has also been

emphasized by NMR and replica-exchange molecular dynamics
(REMD) simulations, which demonstrate that phosphorylation
at S26, which interferes with formation of the D23—K28 salt
bridge, impairs Af1—40 fibrilization while stabilizing its
monomer and nonfibrillar aggregates (Figure 3F).Y Using
pulse hydrogen/deuterium exchange MS, the middle region of
AP1-40 (residues 20—3S) was found to be the first to
aggregate, followed by residues 36—42 and then the N-terminus
(residues 1-19).**

It is interesting that these A NMR-derived models from 4 to
33 peptides predict antiparallel S-sheets.''"'2®!2b123124 1
some cases, the oligomers take up a f3-hairpin structure.'** This
conformation is, however, very different from that in the fibrils.
The overall topology looks similar, but the orientation of the
hydrogen-bonding network and the side chain contacts are very
different. This may be an important factor in the ability of the
oligomers to insert into the membrane (because the only large
family of membrane proteins with antiparalllel 3-sheets consists
of porins) and in the formation of the nuclei as described in
section S. Further support for antiparallel f-sheet arrangement
of Ap oligomers (Figure 3A,B,D) comes from FTIR** and X-
ray crystallography data on a hexamer of a segment of aB
crystallin (K11V)."*”® These X-ray diffraction results suggest
that it may be possible to study Af oligomer structure by
crystallography without any chemical modification,'>* and Ap
oligomers could adopt a structure similar to the cylindrical
antiparallel f-sheet structure (or cylindrin) of the KI1V
peptide.”””* Indeed, these f-barrels were predicted prior to
the determination of the K11V peptide structure on several
peptides by computer simulations using coarse-grained and all-
atom representations in explicit and implicit solvent,'>*~'3%13%

Atomistic characterization of the small and large Af1—40/1—
42 oligomers is very difficult as these oligomers are highly
aggregation-prone and degenerate by displaying multiple
polymorphic structural variants analogous to strains in prion
diseases. In a recent study, Glabe et al. designed 23 monoclonal
antibodies against A1—42 and showed that no single antibody
is able to recognize the different states of Af1—42 in vitro and
in AD brain.">*® What is clear from various experiments is that
synthetic Af1—40 and AS1—42 polymerize through distinct
pathways. Photoinduced cross-linking of unmodified protein
(PICUP) with a Y10—Y10 side-chain—side-chain bridge
followed by SDS—polyacrylamide gel electrophoresis
(PAGE), DLS, and SEC has been used to unveil the oligomer
size distribution of A oligomers."**™"3¢ A first study showed
that Af1—40 exists as monomers, dimers, trimers, and
tetramers in rapid equilibrium, while AB1—42 preferentially
forms pentamer/hexamer units. This difference was linked to
the specific roles of 141 and A42: I41 is essential to induce
paranucleus formation, while A42 enhances the self-association
of these paranuclei.”> Bowers et al. further used IM-MS to
investigate the early oligomers of Af1—40 and AB1—42."" They
confirmed that Af1—40 dominantly populates monomers,
dimers, and tetramers, while Af1—42 mostly forms dimers,
tetramers, hexamers, and dodecamers, and provided for each
species a cross-collision section that can be used to validate the
simulations. Moreover, they proposed an assembly mechanism
in which the dimer plays a key role, and they identified
structural differences in the tetramer that rationalize the
formation of higher order oligomers by Af1—42, but not by
AB1-40."" However, using the same experiment with muta-
genesis, Dadlez showed that Af1—40 oligomers consist of at
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least two families of conformers: compact and extended. The
compact form resembles the fibril-like structure, while the
extended form resembles the globular form determined by Lu
et al,, with the C-terminal ends forming intermolecular parallel
f-sheets.">”*® Note however that other globular structures
could fit the cross-collision section. Using fluorescence, Chen
and Glabe found that the Af alloforms have different
conformations and assembly states upon refolding from their
unfolded conformations. A1—40 is predominantly an unstable
collapsed monomer, while Af1—42 samples a stable structured
trimer or tetramer at concentrations >12.5 /,tM.137C

Many experimental studies have revealed the importance of
the central hydrophobic cluster (CHC; residues L17—A21) and
the C-terminus. While these hydrophobic patches form
intermolecular f-sheets in fibrils, their role in aggregation is
just beginning to become clear. Incubation of Af40 fragments
with the full-length peptide show enhanced fibrilization rates
only for the fragments containing residues L17—F20 or A30—
M35."%® Proline mutations of residues in the 17—20 or 30—35
region in Af1—-40 and ApB1—42 are more disruptive to
fibrilization than mutations in other regions."*” Finally, tethered
Ap1—40 demonstrated decreased spin mobility at regions
H14-V18, G29—A30, and G38—V40 when investigated with
EPR spectroscopy.140

Other experimental studies have helped clarify the role of the
two additional C-terminal residues in Af1—42-specific
aggregation. The VPV substitution (G33V, V36P, and
G38V), promoting a f-hairpin at the C-terminus, increases
the Af aggregation rate and higher order oligomers, while the
PP substitution (V36-p-Pro, G37-L-Pro), leading to a hairpin-
breaking motif, disrupts the Aff1—42 aggregation kinetics and
changes the oligomer size distribution to one more character-
istic of AB1—40."*" PICUP results suggest that a turn centered
at residues V36 and G37 of Af1—42 and its absence in Af1—40
are responsible for the characteristic features of Af1—42 early
oligomers."*® These findings suggest that the formation of an
additional # topology sampled at the C-terminus, driven by
hydrophobic side chain interactions, may be responsible for
AP1—42’s unique assembly properties.

The central region, consisting of the hydrophilic residues
E22—G29, has also been implicated for its unique properties
and effects on Af assembly. This region was identified due to
its inherent resistance to proteolysis, which is maintained when
the Ap21-30 fragment is isolated. Solution NMR of this
fragment reveals that V24—K28 samples two turnlike structures
that may be critical in the folding of the monomer,'** and this
was confirmed by computer simulations using various force
fields."*~'* Furthermore, substitution of contiguous pairs of
residues in the V24—N27 region with a turn-nucleating p-
ProGly motif largely accelerated fibril self-assembly of Af1—
40.1 Lastly, charge-altering point mutants of residues E22 and
D23 that are implicated in FAD and cerebral amyloid
angiopathy also demonstrate increased oligomerization orders
and fibrilization rates when introduced into Af1—40.
Furthermore, the oligomerization propensities of each of
these mutants in full-length Af are directly correlated to both
susceptibility of trypsin proteolysis and instability of the V24—
K28 turn for the AB21—30 fragment."*’* This suggests that
these FAD mutants may destabilize turnlike structures in the
central region, possibly changing the ensemble and allowing the
monomer to seed different types of aggregates. This change in
turn conformation has been confirmed by MD simulations on
the AB21-30 peptide with the Arctic, Dutch, and Iowa
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mutations and two biologically relevant salts (CaCl, and
KCl). 147

Recently, various experiments have shed light on the role of
the N-terminus in self-assembly. The D7N (Tottori) mutation
accelerates the kinetics of transition from random coil states to
P-sheet-rich configurations and promotes the early formation of
higher order oligomers with more a/f structures that are
significantly more toxic than WT AS1—40 and Ap1—42
peptides."**'** The H6R mutation, the substitution of K16
by Ala, and the substitution of D1 by Tyr also affect self-
assembly and toxicity.”*'>'* A single-molecule AFM experi-
ment shows many dimer configurations stabilized by N-
terminal interactions, although there is a difference in the
interaction patterns of Aff1—42 and A1—40 monomers within
dimers.*® Finally, two single mutations at position A2 protect
from AD.>*%°

In summary, in vitro and in AD brain experimental studies
indicate polymorphism and inherent diversity of structures
present in fibrils and aggregates. Many physical factors can
contribute to the formation of strains and in how the f-sheets
pack or the strands hydrogen bond to each other: pH,
temperature, concentration, supersaturation of the Af solution,
ionic strength, sample, agitation conditions such as shear forces
or sonication, interfaces, and the presence of seeds,!82%151b—d
Other data indicate that the structures and polymorphism of AB
fibrils critically depend on the oligomeric states of the starting
materials, the ratio of monomeric to aggregated forms of Af1—
42 (oligomers and protofibrils), and the probability of
secondary nucleation.'® A recent study investigated how local
physical forces interfere with the fibrillation kinetics, the general
morphology, and the local structure and dynamics of the fibrils
formed from the Ap1-40 peptide. The well-described
hydrophobic contact between F19 and L34 was rationally
modified, and the F19G, F19E, F19K, F19W, and F19Y
mutants were studied to understand the impact of the change in
electrostatic (E and K mutations) and hydrophobic (W and Y
mutations) interactions between side chains and larger
flexibility of the backbone (G mutation). Local interactions
were observed to influence the fibrillation kinetics, dynamics,
and structure (the register of the hydrogen bond pattern) of
Ap1-40, but leave the general fibril structure unchanged. These
data also indicate the role of the nonlocal F19—L34 contact in
the early oligomers.">'® Overall, a solid fundamental under-
standing of the principles underlying polymorphism and strain
behavior of fibrils remains to be determined.

2.3. Monomers
Although Af1—40 and Af1—42 monomers are described by

disordered conformations, there is experimental evidence
suggesting a bias toward f-strand character in the CHC core
and the C-terminus and a propensity for turns at specific
positions within the Af monomers. Solution NMR studies
targeting the monomeric state best characterize Af with a
collapsed coil ensemble and not by a unique structure.'>
Nevertheless, backbone Ha, Ca, and Cf chemical shift indices
suggest f-strand propensities in the CHC, 131-V36, and V39—
141, as well as turn character at D7—E11 and F20—S26 in Af1—
42" Residues V18—F20 (in AB1—40, AB1—42, and Ap1—42-
M350z, ie., with oxidation of the M35 side chain) and V39—
141 (in Af1—42 and AS1—42-M35ox) also possess exper-
imental *Jpa > 7.5 Hz, indicative of a bias toward ¢ dihedrals
characteristic of f-strands in these regions.153’154 Far-UV CD
spectra for Af1—40 and Af1—42 monomers are also
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dominated by random coils, but suggest f-strand content."*'3>

Using different preparation methods, CD analysis reported a -
strand content between 12% and 25% and an a-helix content
between 3% and 9% at 295 K and pH 7.5 on day 0 (therefore,
for a mixture of aggregates), indicative of the dependence of the
secondary structure on sample preparation.zo’14 SN spin NMR
relaxation data reveal that Aff1—42 monomer demonstrates
more rigidity at the C-terminus than A$1—40, in terms of both
side-chain and backbone dynamics,"*>"*® suggesting residual
secondary structure formation. Although these biases may
characterize the Af monomeric ensemble in aqueous
conditions, other individual structures may be possible. For
example, an NMR structure of A1—40 monomer forms a 3—
10 helix from H13 to D23 at pH 7.3, even if exchange between
the 3—10 helix and other conformations in this region cannot
be ruled out."*”* In contrast to previous NMR studies, this
study was conducted at 50 mM NaCl, and it is well established
that salt shifts the ensemble from unstructured to more helical
conformations.">”® The structure of Af1—40 monomer with a
N-terminal cysteine attached to silver nanoparticles has also
been interrogated by surface plasmon enhanced Raman
spectroscopy (SERS). This shows no change between pH
10.5 and pH 5.5 in the presence of partial a-helical content,
indicating the existence of short and transient a-helical
conformations for WT Af1—40 monomer in physiological
conditions.'” Finally, a phase-modulated CLEAN chemical
exchange experiment with a fast heteronuclear single-quantum
coherence (HSQC) detection scheme'*® on Af1—40 monomer
shows that residues 10—13, 17—22, and 30—36 are partially
protected from exchange with solvent, while D23 and the
region G25—G29 are susceptible to exchange,'* consistent
with the idea of a solvent-exposed turn in the central region.

3. SIMULATIONS OF Af1-40 AND Ap1-42
MONOMERS IN AQUEOUS SOLUTION

Characterizing the monomeric state of Af in atomic detail
under physiological conditions can be key to understanding
how Af assembles into disease-causing oligomers because they
represent a base state common to all aggregation pathways.”
This knowledge could be crucial in developing therapeutics that
prevent nontoxic monomers from progressing into toxic
species, one of the fundamental strategies in the ongoing effort
to treat AD. It is well established that self-assembly is
profoundly influenced by very subtle chemical changes, ranging
from the two-residue difference between AS1—40 and Af1—
42'3%155 and FAD mutations’">® to the single-atom
modification caused by M35-ox.'®® The polymorphism of
monomeric A under physiological conditions may underlie
this relationship. In the absence of unambiguous stable native
states, simple chemical modifications could have a profound
effect on the type of ensemble sampled by that particular A
peptide. This intrinsic disordered property, in addition to the
high aggregation propensity, has frustrated experimental efforts
to characterize the Af1—40/1—42 structures.

The challenges and limitations inherent to the current set of
experimental techniques for studying these polymorphic,
aggregation-prone A monomers have encouraged many
groups to use a wide variety of computational techniques to
more thoroughly investigate the conformational properties of
these peptides. Over the years, the ability to perform extensive
MD simulations has improved. Today, simulations for AfS
extend over multiple microseconds using explicit and implicit
solvent models. Additionally, REMD,'®" simulated temper-
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Figure 4. Transient REMD-sampled conformations of Aff monomers bearing similarity to experimental intrapeptide models of higher order
aggregates. (A) f-Hairpin models for Af1—42 and A1—40 monomers derived from the simulations of Rosenman et al,"** based on the most
populated cross-region backbone hydrogen bonds and secondary structure proclivities in the ensemble. Residues that have a high population for both
donor to acceptor and acceptor to donor backbone hydrogen bonds are illustrated with a bold line. Sampled conformations matching these models
exist as hi%lz—ranking centroid structures. (B) Ribbon overlay of residues 16—3S for centroid 3 derived from clustering analysis of the A1—40

simulation™®

and the solution NMR structure of monomeric Af1—40 in complex with a phage-selected affibody (PDB entry 20TK) published by

Hoyer et al'** (C) Intrapeptide model for Af1—40 fibrils based on ss-NMR, as published by Bertini et al.”® (D) Intrapeptide model for AB1—42
“on-pathway” pentamers based on ss-NMR, as published by Ahmed et al.'**
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ing,'”> and metadynamics'® simulations are used to escape
energy minima and enhance sampling. In general, the results
obtained in simulations of intrinsically disordered proteins
(IDPs) such as Af depend strongly on the set of parameters
(such as the force field) used to describe the energy of the
peptide and its interactions with the aqueous solvent. Widely
used force fields for biomolecular simulations are OPLS-AA,'*
AMBER99sb and its variants,'*> and CHARMM?22%,'*® while
frequently used water models are the three-site models
TIP3P'®” and SPC/E'®® and the four-site models TIP4P'%
and TIP4P-Ew.'” These force fields have been calibrated
against model compounds and peptides, and in most instances,
the force fields reproduce folded conformations of small
globular proteins with root-mean-square deviations (RMSDs)
within angstroms of the experimentally determined structur-
es.'7% However, experimental validation of the ensembles
produced by these force fields, for either the unfolded states of
globular proteins'’ or IDPs,'”” remains essentially an
unsolved problem. Here, we review some of the more recent
simulation studies, which employ state-of-the-art strategies,
ranging from all-atom REMD simulations to other approaches,
to extensively characterize the equilibrium structures of Af1—
40 and 1—42 monomers.

All-atom REMD simulations on the microsecond per replica
time scale with OPLS-AA/TIP3P conducted by Rosenman et
al.">* revealed that AB1—40 sampled S-hairpins between the
L17—A21 and I31—-V36 regions, while Af1—42 sampled a
second f-hairpin spanning V39—A42, forming transient p-
meander structures. The hairpin model of Af1—40 with the
backbone of K16 hydrogen bonded to the backbone of G37 is
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found in both centroids 3 (4.2%) and 4 (3.9%) using a linkage
clustering shown in Figure 4A, top. This conformation does not
exist for Af1—42, as centroid 1 of AB1—42 possesses a different
CHC to C-terminal hairpin with a backbone H-bond register
shifted by two residues. The double hairpin for Af1—42 is
found in centroid 7 (Figure 4A, bottom). The predicted hairpin
for Aff1—40 is consistent with the NMR structure of Af1—40
in complex with a phage-selected affibody’'* as shown in Figure
4B and the intrapeptide model of A1—40 fibrils as published
by Bertini et al.”® shown in Figure 4C. The predicted double
hairpin for Af1—42 is consistent with the intrapeptide model of
AB1—42 pentamers as published by Ahmed et al.'** shown in
Figure 4D. Taken together, these REMD-predicted hairpins, by
demonstrating a structural similarity to models of higher order
aggregates, suggest that they may act as the seeds for Ap
assembly.

Previous characterizations of A through REMD simulations
with OPLS-AA/TIP3P and AMBER99sb/TIP4P-Ew also
predicted conformations where Af was mostly flexible but
possessed some structured segments; in particular, f-hairpins
populated the C-terminus in Af1—42 but not AB1—-40.""" A
different approach was taken by Ball et al.,'”* who had used 100
ns multiple-reservoir replica exchange (MRRE) simulations
with AMBER99sb/TIP4P-Ew to determine that Aff1—42 was
mostly disordered, with significant & character in residues Y10—
F19 and E22—N27 and little to no B content. The same group
then reported their analysis of multiple trajectories acquired
with the same simulation method, this time processing the
resulting ensemble using the ENSEMBLE package'”® to select
structures that best match experimental chemical shifts, residual
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dipolar couplings, *Jynya couplings, and 'H—'N NOEs."”*
After refinement with ENSEMBLE, the aforementioned a-
content is de-emphasized, and antiparallel f-hairpins between
the K16—A21 and G29—V36 regions are promoted in Af1—42.
Ap1—40 after ENSEMBLE refinement, in contrast, is
characterized by reduced C-terminal f propensity and sampling
of a hairpin between the CHC and residues G9—H13."”* The
data suggest that the extra two residues in Af1—42 primarily
promote hydrophobic clustering that directs the increase in f
content in the CHC and G29—V36 region, rather than the
direct formation of additional secondary structure, such as the
second hairpin discussed above. Furthermore, despite possess-
ing similar overall biases, the ensembles generated by Ball'”*
and Rosenman'** also differ in 3 content (%) per residue, with
the largest residue propensities in the range of 20—30% in the
former and 50—60% in the latter. It is worth noting a 100 ns/
replica REMD simulation with AMBER99sb/TIP3P also
revealed that Af1—42 forms contacts between L17—A21 and
I31-V36 with a transient turn in the region D23—N26,
consistent with a quasi-hairpin-like conformation.'”

Other approaches beyond atomistic REMD in explicit
solvent have also been used to investigate the properties of
Ap. The two alloforms were explored using the Folding@home
platform and thousands of MD trajectories with AMBER99sb/
TIP3P, each of average length ~30 ns, for each species.'”*'”’
Both WT Af’s are described as mostly disordered ensembles,
with some a-helical character from residues 10—20 and almost
no f content, in reasonable agreement with the SERS
experiment.'>”” Of the 3 content that exists, f-sheet propensity
near the C-terminus is notably less in A#1—40 than in Af1—42.
Granata et al.'”® investigated the Af1—40 ensemble with
NMR-guided metadynamics, which uses experimental data as
collective variables to drive metadynamics calculations rather
than using them purelzr for simulation validation or as hard
structural restraints.'”®® Simulations were carried out with
CHARMM22*/TIP3P at 350 K and eight replicas for 310 ns/
replica. Each replica was biased by a history-dependent
potential acting on a different collective variable, including
two variables for the difference between predicted and
experimental chemical shifts. The resulting unbiased free
energy surface (FES) has many extended and highly disordered
states and large radii of gyration.”sa In terms of structured
states, the FES displays structures with long a-helical content
similar to the structure predicted by Vivekanadan,"” structures
with short a-helix content similar to the structure predicted by
Pande et al,,'”® and structures with various #-hairpins spanning
the L17—A21 and I31-V36 re;ions similar to the structures
predicted by Rosenman et al.'"”® Further simulations showed
the FES does not change at 300 K.

A3 monomers have also been investigated by REMD'”® with
the six-bead CG OPEPv3 model in implicit solvent'*** and
Monte Carlo simulated annealing with the all-atom PROFASI
force field.'®'* The OPEPv3 force field has been calibrated
against nonamyloid peptides and in most instances predicts
folded conformations with 2—3 A RMSD from the NMR
structures,”>18%27¢ although it cannot reproduce vibrational
frequencies with high accuracy as all-atom models.'***¢ OPEP
has also been coupled to a greedy algorithm for structure
prediction of peptides with 9—52 amino acids."**™ The OPEP-
REMD simulation revealed Af ensembles that were mostly
turn/coil, but possessed substantial f-sheet propensity in the
N-terminus.'®> It remains to be determined whether OPEPvS
with better electrostatic interactions leads to a different
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picture.'® The PROFASI simulation characterized Af1—42
as possessing strong f probability in many of the residues over
the peptide.’®'®

All-atom REMD simulation of both alloforms was performed
for 110 ns/replica with AMBER99sb/generalized Born
(GB)."®** Each monomer behaves as a unique statistical coil
at 298 K with five relatively independent folding units
comprising residues 1-5, 10—13, 17—22, 28—37, and 39—42,
connected by four turns. The two turns predicted at positions
6—9 and 23—27 are in agreement with NMR, and residues 141
and A42 increase contacts within the C-terminus and between
the CHC and the C-terminus, leading to a more structured C-
terminus.'*** Finally, discrete MD (DMD) simulations, where
all interparticle interactions are expressed by square-well and
steplike potentials, coupled to a four-bead CG model, find that
Ap1—42 displays a turn centered at G37—G38 and a f-hairpin
spanning V36—A42 that are absent in Ap1-40."%** DMD
simulations also capture two other differences between the
alloforms: a highly populated S-strand at A2—F4 in Af1—-40
but not in Af1—42 and a f-hairpin centered at S8—Y10 in
Af1—42 but not in AB1—-40.

While the most recent and exhaustive all-atom studies in
explicit solvent have started to show some consistent depictions
of the properties of the Af ensemble, most characterizations of
the AB1—40 and AB1—42 peptides, in our opinion, remain
highly divergent. These variations may arise from differences in
simulation conditions, extent of sampling, or trajectory analysis.
IDPs such as Ap, or even the unfolded ensembles of well-folded
proteins, remain difficult test cases for our current range of
computational techniques because they lack nonambiguous
energy minima. The types of conformations sampled through
simulation may be much more sensitive to simulation
conditions than globular proteins, where parameter differences
could still lead to similar final results. For the globular villin
headpiece, for example, independent MD simulations using
different all-atom force fields were able to recapture the
experimental folded structure and folding rate of the protein,
but the unfolded states and foldin% mechanism were highly
dependent on the force field choice.'® Meanwhile, in the case
of two intrinsically disordered proteins (a SO-residue peptide
derived from an FG-nucleoporin and a 20-residue RS repeat
peptide), microsecond length REMD simulations with four
different all-atom force fields were found to adopt substantially
different hydrogen bonds, secondary structure tendencies, and
radii of gyration.185 With this in mind, the force fields that are
capable of reversibly folding globular proteins such as
AMBER99sb'%%* with * 1% and/or ILDN'®*° modifications
and CHARMM?22* "% in the studies described in refs 170b and
170d may not necessarily be the most suitable for characterizing
the metastable states of disordered ensembles.

Given these circumstances, we suggest that multiple
simulation studies consistent with experimental data are likely
to be much more valuable than a single study with one force
field. To sort out ungeneralizable findings, more stringent and
sensitive experimental validations are necessary, particularly
using better reporters on the tertiary structural biases. Many of
the values commonly used for experimental comparison, such
as NMR chemical shifts and scalar J-couplings, are good “sanity
checks” on sampling, but primarily report on local structure and
are highly prone to sequence-specific bias. Full characterization
of the structures sampled by intrinsically disordered proteins
remains a major challenge. The development of new
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Table 1. Summary of A Aggregation Simulations from Random States”

ref force field solvent model method
195 OPEP 3.2 implicit HT-REMD
199 CHARMMI19 SASA T-REMD
202 PROFASI implicit MC
204° OPLS-AA SPC/E MD
OPLS-AA TIP3P MD
207 OPLS-AA TIP3P T-REMD
206 AMBER99sb TIP4P-Ew T-REMD
205 AMBER99 TIP3P MD
208 OPEP 3.2 implicit T-REMD
203" CG implicit DMD
200 CHARMM19 SASA T-REMD
210° OPLS-AA GB/SA T-REMD

time scale Ap alloform oligomer size
1.25 ps X 26 rep 1-40, 1-42 2
0.8 ps X 24 rep X 8 sim 1-40 2
2 x 10" steps X 40 sim 1-42 2
0.05 ps X 1000 sim 1-40, 1-42 2
0.05 ps X 1000 sim 1-40, 1-42 2
0.2 pus X 64 rep 1-42 2
0.05 ps X 52 rep 1-42, 1-43 2
0.1 us 1-42 2
1.2 ps X 22 rep 17-42 3
6 X 107 steps X 8 sim 1-40, 1-42 1-32
0.8 ps X 24 rep X8 sim 10—40 4
0.2 pus X S sim 1-42 1-20

“In the time scale column, “sim” stands for the number of independent simulations, “rep” stands for the number of replicas for REMD or HT-
REMD, and the time is that of one MD trajectory or one replica. bLarge—scale aggregation simulations resulting in an ensemble of oligomer sizes
sampled and analyzed. “The all-atom, explicit solvent simulations in ref 204 start from an ensemble of conformations obtained by the CG DMD

simulations of ref 203.

experimental techniques to probe the A monomer structures
in solution is also needed.

4. SIMULATIONS OF Aj1-40/1—-42 DIMERS AND
HIGHER ORDER ASSEMBLIES IN AQUEOUS
SOLUTION FROM RANDOM STATES

Soluble Af3 dimers are the smallest toxic species in AD,'® and
isolated from Alzheimer cortex, they directly induce Tau
hyperphosphorylation and neuritic degeneration.'® Trimers
and larger aggregates are also toxic. Knowledge of their key
structural and dynamical features is of significant interest to
design drugs inhibiting their formation and toxicity. The
conformational stability of preformed Af assemblies of various
oligomer sizes, inspired from ss-NMR-derived fibril structures
(5-mers and 10-mers of AB17—42),"* fibril polymorphisms of
other amyloid sequences (10-mers of AS19—42),'%® glob-
ulomers (12-mers of AB17—42),"® and the design of triple-
sheet motifs (24-mers and 60-mers of AB17—42),"”° was
assessed by atomistic MD of 50—100 ns, proving only that
these states are stable within the simulation times. In what
follows, we describe the most recent simulations aimed at
understanding the aggregation of Af peptides from random
states (Table 1). Along with Af1—40 and AfS1—42, we also
report the results of three nonpathogenic truncated variants,
Ap9—40, Af10—40, and AB17—42. We recall the N-terminal,
central, and C-terminal regions cover residues 1—16, 22—29,
and 30—40/42.

4.1. Dimer Simulations with Simplified Representations

Using the six-bead CG OPEPv3 model with implicit
solvent,®V 183191719 the structures of AS1—40 and AS1—42
dimers were determined by HT-REMD simulations startin%
from randomly chosen conformations."”> HT-REMD"'’
combines standard REMD'”® with a Hamiltonian exchange
procedure, where several replicas with reduced nonbonded
energies are used at the highest temperature. Both alloforms
populate mostly turn/random coil conformations with a f-
sheet propensity at the C-terminal region higher than in the
monomers. Dimerization is characterized by CHC/CHC,
CHC/C-terminal region, and C-terminal region/C-terminal
region interpeptide hydrophobic contacts. However, the Af1—
42 dimer has a higher propensity than the Af1—40 dimer to
form f-strands at the CHC and in the C-terminal region. The
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free energy landscape of the Af1—42 dimer is also broader and
more complex than that of the AB1—40 dimer.'”
United-atom REMD simulations with CHARMM19'®” and a
solvent-accessible surface area (SASA) implicit solvent'® were
performed on AS1—40 and A10—40 dimers."*>** Truncation
of the first nine residues leads to minor changes in the structure
of the dimer.>*® The conformational ensemble of the A$10—40
dimer can be described by three distinct basins differing with
respect to the distribution of secondary structure and the
amount of inter- and intrapeptide interactions. The interface is
largely confined to the region 10—23, which forms the bulk of
interpeptide interactions and a few interpeptide hydrogen
bonds.”” Random reshuffling of the amino acids, i.e., sequence
permutation, does not impact the A$10—40 dimer globule-like
states, suggesting that the Af10—40 peptides in the dimer
behave as ideal chains in a polymer melt, in which amino acids
lose their identities.”®" These results run in contrast to MC
simulations with the all-atom PROFASI model and implicit
solvent,'®'* where the Af1—42 dimer is mostly composed of a
four-stranded antiparallel f-sheet or two layers with mixed
parallel/antiparallel arrangements and three major clearly
identified turns at positions 13—16, 23—26, and 35—38.2%2
Finally, extensive DMD simulations coupled to a four-bead
CG model found that the Af dimer conformations are
collapsed and disordered with a small content of f-strands
linked by loops and turns.*®> The Af1—42 dimer has a higher
propensity of f-sheets at the CHC and C-terminal region than
the Af1—40 dimer. Af1—40 dimer formation is mainly driven
by intermolecular interactions between the CHC regions, while
the C-terminal region plays a significant role for AB1—42.>%
Fifty nanosecond MD stability simulations with OPLS-AA/
TIP3P or SPC/E starting from the dominant DMD-obtained
CG structures confirm the main DMD results>® and enable a
precise analysis of secondary structures, salt bridges, and free
energy landscapes.”®* Overall, the free energy landscape of
Af1—42 is much more complex than that of Af1—40.

4.2. All-Atom Dimers in Explicit Solvent

Solvation free energy analysis based on the integral equation
theory of liquids and MD trajectories of 100 ns suggests that
dimerization occurs through a two-step nucleation-accommo-
dation mechanism: decrease of the monomer solvation free
energy followed by structural reorganizations in the dimer,
leading to a decrease in the protein internal energy.”®* Fifty
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Table 2. Secondary Structure Contents of Af1—40 and A$1—42 Dimers Using Enhanced Sampling Techniques Starting from
Randomly Chosen States®

AB1—40
helix content  f-strand content  turn content random coil content
ref (%) (%) (%) (%)
149" 105 38.6 50.9
20" 0 12 28 60
195 13 +0.1 12.6 + 0.1 50.7 £ 0.1 354 + 0.1
202
203 0.1 +£0.1 13.6 + 1.6 40.6 + 4.1 37.5 £ 5.0
204° 0.5+ 0.1 5.5+ 08 43.5 £ 3.6 46.8 + 4.1
207

Ap1-42
a-helix content ~ f-strand content  turn content random coil content
(%) (%) (%) (%)

11 3 26 60

44 £ 0.1 30.8 +£ 0.1 324 + 0.1 324 + 0.1
09 + 0.1 429 + 0.7 33.0 +£ 04 232+ 0.8
0.0 + 0.0 157 = 1.9 392 + 3.7 39.0 £ 4.9
09 + 0.2 6.6 + 0.8 40.1 £ 3.2 48.0 + 3.8
84 + 0.7 119 + 0.6 512+ 1.0 285 + 08

“Values from simulations are computed using STRIDE. bCircular-dichroism-derived values using different sample preparations. “MD values starting

from the CG DMD structures of ref 203 and using OPLS-AA and SPC/E. Similar values are obtained using OPLS-AA and TIP3P.

nanoseconds per replica REMD with AMBER99sb/TIP4P-Ew,
followed by ab initio energy calculations on selected poses,
concluded that the stability of the water molecules solvating
around the dimer mainly determines the relative stability for the
different conformations of the A1—42 dimer.>°*

Recently, REMD simulations using OPLS-AA/TIP3P with
250 ns/replica were performed on AB1—42.>"" The AS1—42
dimer mostly populates coil/turn (80.4%) and then a-helix and
f-strand with 11.1% and 8.4%. The latter values do not match
exactly, but are consistent with the CD-derived values: an a-
helix content varying from 3% to 10.5% and a fS-strand content
varying between 12% and 38%.2%'*" The most f-rich signal is
at the C-terminal region. Looking at the networks of interchain
contacts, the interface of the 1—42 dimer is mainly composed
of the C-terminal and CHC regions, as the regions of highest
contact probability are C-terminal/C-terminal, CHC/CHC,
and CHC/C-terminal. The calculated collision cross-sections of
the three most populated dimer states nicely fit to IM-MS
values."'® Using a general method to characterize oligomer
structures,206b there is no evidence of well-formed intermo-
lecular parallel and antiparallel f-sheet configurations. Rather,
the first 11 N-terminal residues are essentially disordered, and
residues 12—17 have a non-negligible probability for a-helix.**”

4.3. Toward Atomistic Structures for Dimers

As for the monomers, common trends start to emerge from the
most recent dimer simulations: (1) the dimerization of Af is
mainly driven by a hydrophobic collapse through intermo-
lecular contacts involving CHC and the C-terminal region,
agreeing with the importance of these regions during
aggregation as observed experimentally,"*”'** (2) Ap1-42
has a larger f-strand propensity than Af1—40 at the CHC and
C-terminal regions, (3) the free energy landscape of Af1—42 is
more complex than that of Af1—40, (4) all possible salt bridges
are highly accessible to the solvent,”®” and () both alloforms
have many structural differences already at the dimer level that
can account for their very different oligomerization pathways
and toxicity potencies as observed experimentally,'3%!361153
For each alloform the results between the simulations still
diverge, and we can identify qualitative differences in the total
and per residue propensities of secondary structure (Table 2,
Figure S) and the tertiary/quaternary structures.

4.4. Aggregation of High-Order Assemblies

Simulations of higher order assemblies from random states are
very challenging as the number of minima scales exponentially
with the number of particles. CG and all-atom models coupled
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AB1-40

AB1-42

15 20 25 30 35 40
Residue no.

5 10

Figure S. Per residue probabilities of f-strand, turn, and others (coil
and a-helix) for the AB1—40 and AB1—42 dimers as computed by
different simulation protocols. As seen in Table 2, the total a-helix
content amounts to less than 1.3% in refs 195, 202, 203, and 204, so
others represent coil. In ref 195, there is a total of 44% a-helix in the
dimers of A1—42, and there is a probability of 27% for residues 23—
28 to form an a-helix. In ref 204, there is a total of 8.4% a-helix in the
dimers of Af1—42, and there is a probability of 45% for residues 13—
17 to form an a-helix. (a) HT-REMD with the CG OPEP model and
implicit solvent.'”> (b) United-atom CHARMM19 REMD with the
SASA implicit solvent."”® (c1) CG DMD with implicit solvent.*** (c2)
All-atom MD with OPLS-AA/SPCE>%* (c3) All-atom MD with
OPLS-AA/TIP3P.*** (d) All-atom MC with implicit solvent.'*'* (e)
All-atom REMD with OPLS-AA/TIP3P.2%7 All secondary structure
probabilities were computed using STRIDE, except for (b), for which
the secondary structures are determined using information on the ¢
and y dihedral angles only, without consideration of the H-bond
network. As such, the ff-sheet probabilities for (b) must be considered
as extended conformations, and no turn probability can be determined.
The vertical dotted white lines delimit the four regions: N-terminal
(residues 1—16), CHC (residues 17—21), loop region in the fibril
(residues 22— 28), and C-terminal (residues 29—40/42).

to implicit solvent schemes enable long time scales that are not
reachable by all-atom explicit solvent MD.

The structural ensemble of the AB17—42 trimer was
investigated using REMD and the six-bead CG OPEPv3, with
1.2 ps for each replica.”®® This fragment was selected because it
covers the fB-strand—loop—f-strand in the Af1—42 fibril. At
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equilibrium and 300 K, the trimer adopts globular con-
formations with 46% turn, 35% random coil, 8.7% helix, and 7%
p-strand. Using an RMSD cutoff of 3 A, 35% of all sampled
conformations can be described by two clusters. The first
cluster with a population of 19% displays one chain with a -
hairpin spanning residues F17—L34 and the other two chains
with a disordered ff—a—p-turn—f motif. In this motif, the a-
helix spans residues E22—K28, the turn spans G37—G38, and
the f-strand signal is rather weak elsewhere. The second cluster
(15.4%) is more disordered with an interpeptide antiparallel j-
sheet spanning the CHC region and residues 131134, an a-
helix spanning A21—N26, and turns at positions G37 and G38.
The third (13.3%) and fifth (8.2%) clusters are random coil in
character, but display intermolecular antiparallel p-sheets
between V36—G38 and V39—V41 (cluster 3) or between
131—G33 and G38—V40 (cluster S). Overall, the preference for
a parallel -sheet is not encoded in the Af17—42 trimer. This
picture is fully different from the REMD results of the Af10—
40 tetramer using CHARMMI19/SASA, showing rather
amorphous states that are structurally similar to the dimers.**’

A total of five all-atom MD simulations of 200 ns each with
OPLS-AA'®* and GB/SA> on a 20 AS1—42 system at a
concentration of 0.8 mM starting from various structures and
dispersed peptides®'® reveals that the early aggregation
pathways at 300 K are very diverse and are dominated by
unstructured oligomers characterized by 82% coil, 7.6% f-
strand, and 10% a-helix, consistent with atomistic REMD of the
AB1—42 dimer in explicit solvent.*®” The conformations are
characterized by strong intermolecular interactions involving
residues 31—42 and 17—-21, and several differences between
AP1-42 and AP1-40 aggregation are observed from the
intermolecular contact maps. The oligomer mass distribution,
though out of equilibrium within 200 ns, displays a higher
population for dimers, tetramers, hexamers, octamers (globular
shape), 12-mers, and 18-mers (elongated shape), in agreement
with experimental results.'*> A maximum flow transition
network analysis unveils a complex aggregation process,
although key preferential pathways are found: for instance,
the trimer serves as the building block for the hexamer, while
the dimer preferentially aggregates into a tetramer and an
octamer.*"°

Finally, CG DMD simulations have been used to study the
aggregation of 32 peptides of both AS alloforms."#*"2%* The
simulations reproduce qualitatively the main features of the
oligomer size distribution of A1—40 and Af1—42 as measured
experimentally. Overall, these oligomers, as for the dimer, form
rather amorphous aggregates with a low propensity of fS-sheet
that are stabilized by intermolecular contacts between the CHC
and C-terminal regions. The main differences between AB1—42
and A1—40 oligomers are the larger f-strand propensity at the
C-terminal region and turn propensity at G37—G38 and the
larger flexibility and solvent exposure of the N-terminal of
Ap1—42. Interestingly, there is no substantial increase of f-
strand content from dimers to hexamers and larger oligomers,
with all § contents varying between 14% and 22%. We recall
that the pB-sheet content amounts to 50% in fibrils. DMD
further indicates that Af1—40 dimers and hexamers have
indistinguishable intramolecular contact maps and tertiary
structures, whereas the Af1—42 transition from dimers to
hexamers is accompanied by a partial loss of intramolecular
contacts within the CHC.

In summary, higher resolution experimental data going
beyond cross-collision sections (IM-MS), secondary structure
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content averaged over different oligomer sizes (CD), and
hydrodynamic radii (diffusion NMR) as well as standardized
simulations will help converge on the most relevant dimer and
oligomer structures. While the simulations agree on a few
structural aspects, they widely differ on the equilibrium
ensemble due to the difficulties associated with correct
sampling and force field accuracy. Comparisons between
simulations with different force fields are required as well as
multiscale approaches that couple cheap potential for fast
sampling and more reliable force fields for refinement of
selected poses.’****® Another possibility is to run CG
simulations for a short time and then switch to atomistic
simulations for a few picoseconds and so on. It may be at this
cost that we will obtain a convergent and reliable free energy
landscape of dimers and high-order oligomers.

5. A NUCLEUS IN AQUEOUS SOLUTION

5.1. Nucleation and Protein Aggregation

The nucleation of amyloid fibrils is a process associated with
the generation of nanoscale fibrils or protofilaments that have
the property of irreversible growth.'** Unless the nanofibril size
exceeds the size N. of the so-called critical nucleus, the
nanofibril is more likely to dissolve rather than grow. Only if
the number of monomers becomes larger than N, can the
system grow irreversibly into a macroscale amyloid fibril. From
a thermodynamic point of view, the size of the critical nucleus
may be defined as a turnover point of the free energy plotted as
a function of the number of chains (Figure 6A).*""

Protein aggregation might occur through three possible
pathways. In homogeneous nucleation,”'* new aggregates are
generated at a rate that depends on the concentration of
monomers alone and is independent of the concentration of
existing fibrils. In the fragmentation process, the rate of
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Figure 6. (A) Schematic plot of the free energy of the aggregate,
relative to the monomer, as a function of the aggregate size. The
critical nucleus size corresponds to the peak of AG, while AAG, is
the barrier to nucleation. (B) Time dependence of the fibril mass,
M(t). Within homogeneous nucleation theory, M(t) ~ t* on short time
scales. The plateau corresponds to the lag phase, whose duration is
proportional to exp(AAG,,q/ksT). (C) A typical initial conformation
for the (S + 1) system in the lattice models with eight-bead sequence
+HHPPHH—, where + and — refer to charged residues, while H and P
denote hydrophobic and polar residues.””” (D) Final fibril
conformation with the lowest energy. (E) Dependence of the adding
time 7,44 on the number of monomers that belong to the preformed
template. Results are averaged over S0 Monte Carlo trajectories. At a
concentration of 290 uM, 7,44 becomes independent of N for Niepplate
larger than 11. The arrow refers to N, = 11.2%°
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generation of new aggregates depends only on the concen-
tration of existing fibrils.”’> Finally, within the secondary
nucleation process, the rate depends on the concentrations of
both the monomer and the existing fibrils.”'* The six-bead CG
OPEPv3 simulations revealed that the fibril formation of short
linear peptides occurs via the homogeneous nucleation
mechanism.”'* OPEP has been optimized by discriminating
native from non-native structures of proteins and successfully
folding peptides to their NMR structures.'””'*** Using an off-
lattice model coupled to enhanced sampling, the rate-limiting
step has been suggested prior to nucleation to be associated
with a change in the width of the fibrillar aggregate of 3.5.216
AP1—42 aggregation was shown to proceed through the
secondary nucleation pathway rather than through a classical
mechanism of homogeneous primary nucleation using a
combination of kinetic studies and selective radiolabeling
experiments.14

In homogeneous nucleation, the lag phase (Figure 6B) is
weak, and at short times the fibril mass M(t) scales with CN<">2,
where C is the monomer concentration. Thus, from the
concentration dependence of the slope of lo_g M-—log , one
can extract the size of the critical nucleus.”’” N, can also be
estimated from the dependence of the lag phase time on the
protein concentration, as approximately C~ Ner1)/2 218

Using a simple two-state model and Langevin dynamics, the
lag phase and the nucleus size N_ have been shown to vary from
4 to 35 linear peptides depending on the energy difference
between the amyloid-competent and amyloid-protected mini-
ma, and one can generate fibril topologies resembling those
observed experimentally, e.g., twist and multifilament compo-
sition.'” Using a lattice model and Monte Carlo (MC)
simulations, it was evidenced that the balance between
electrostatic and hydrophobic interactions modulates not only
the populations of the amyloid-competent monomeric state
and the lag phase, but also the topology of the fibrils.*"* Using a
more complex on-lattice model and dynamic MC, 10 linear
peptides of 7 amino acids with an alternative hydrophobic and
hydrophilic pattern remain stable at low temperature. When the
short fibrils are subsequently simulated in a grand canonical
ensemble, further growth of the structure is observed,
indicating that N, is at least equal to 9.22° These N, values
are much higher than that derived by atomistic simulations
followed by ab initio calculations, where N, = 3 was found to be
sufficient to trigger fibril growth of the GNNQQNY peptide.”*!
This low N, value is likely due to the neglect of conformational
entropy. Indeed, on the basis of multiscale simulations, De
Simone showed that a comprehensive description of the
flexibility of all states must also be considered for self-
assembly.”**

By using a mesoscopic model similar to that defined by
Caflisch, one can establish a connection between the early
nucleation events and the kinetic information available in the
later stages of the aggregation process. Using an energy
difference between amyloid-competent and non-amyloid-
competent states from all-atom simulations and translational
and rotational diffusion constants from experiment, the nucleus
was estimated as N, = 4 for AB1—42 using dynamic MC.**?
This estimate does not agree with the quasi-elastic light
scattering (QLS) experiment at an A} concentration of 1.16 or
0.47 mM in 0.1 M HCI, where the experimental kinetic data at
low pH are reproduced correctly when the number of peptides
involved in the critical nucleus of AB1—40 is 10.>** The kinetic
data vary, however, with the experimental conditions used, as
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described below. In contrast, calculating AG as a function of
the number of monomers with the help of a CG model, Fawzi
et al. obtained N, = 10 for AB1—40.>°> On the basis of the
experimental®*® and theoretical’””**® observations that the
binding of monomers to a preformed fibril obeys the dock—
lock mechanism in which a monomer first docks and then
undergoes the structural arrangement necessary to lock onto
the template, Li et al. proposed that the time for adding a new
monomer, T4 is expected to become independent of the
template size when it exceeds N..>'***° By using a lattice model
with eight beads for Af1—40 (Figure 6C,D), N, was found to
be 11 (Figure 6E). However, the population of the amyloid-
competent monomer is found to be on the order of 9% at the
folding temperature, a value that is possibly overestimated.
Nevertheless, one can show that this approach®*® provides an
estimate of N_ consistent with the dependence of the free
energy variation on the number of monomers.”"'

By using classical nucleation theory to describe amyloid
nucleation, Cabriolu et al. predict the nucleus size and the fibril
nucleation rate as a function of the supersaturation of the
protein solution. It was found that N_ is 15 for Af1—40 at a
protein concentration of 120 uM, but variation in the
supersaturation of the phase can cause N to increase to
50.%*'* This is rather consistent with the experimental estimate
of the size of the critical nucleus (N, > 29) using fluorescence
correlation spectroscopy at a supersaturation of 100 uM AfB1—
40 solution.”*'® Note that Auer et al. argued that, in some cases,
the dependence of the fibril nucleation rate on the
concentration of monomer protein is stepwise and not power
law.>** If this were the case also for AB1—40 and Ap1—42, a
treatment of the nucleation process based only on CNT would
be only approximately correct.

5.2. Nucleus of C-Terminal A Fragments by Atomistic
Simulations

Recent advances in sampling techniques allowed studying by an
all-atom description the early stages of the aggregation process
of the octavaline peptide (Valg) and the Af35—40 pep-
tide.”*>*** Several studies reported the importance of residues
35—40 in triggering the aggregation process of the whole Af
peptide.**>™>>” The microcrystalline structure of this peptide in
a amyloid-like configuration reveals antiparallel (AP) f-strands
within the sheets and parallel (P) f-sheets.*** AB35—40 was
modeled with AMBER99sb/TIP3P at a concentration of 120
mM and 350 K.*** At this concentration, the peptide
spontaneously forms a compact disordered aggregate, and the
“rare event” is the formation of an ordered nucleus. The
process was studied by bias-exchange metadynamics,**®
allowing reconstruction of multidimensional free energy
landscapes with large barriers and in which a reliable reaction
coordinate is unknown.

The free energy landscape of 18 AS35—40 peptides displays a
funnel with two local minima at its bottom and a third local
minimum at a free energy approximately 40 kcal/mol higher
(Figure 7).>** Basin 1 includes structures that are mainly
disordered. Basin 2 contains a much larger fraction of
antiparallel f-sheets (up to 10—12 f-strands). In this basin
the f-strands, although common, are not organized in a stable
configuration, and contacts between different layers form only
transiently. Basins 1 and 2 are separated by a relatively low
barrier that can be crossed on the time scale of a few tens of
nanoseconds. Basin 3 includes structures with a high content of
antiparallel f-sheets, which are closely packed on top of each
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Figure 7. Free energy landscape of 18 Aff35—40 peptides estimated by
atomistic metadynamics simulations with explicit solvent as a function
of the number of antiparallel -sheets and the number of antiparallel
frontal packings (different f-sheets facing each other).'”® Basin 1
includes structures that are mainly disordered, with secondary
structure elements formed only transiently. Basin 2 contains a much
larger fraction of antiparallel f-sheets (up to 10—12 f-strands). The
main characteristic of this basin is that the p-strands, although
common, are not organized in a stable nucleus. These structures are
only metastable and can convert to the disordered melt in a few tenths
of a nanosecond. Basin 3 includes instead structures with a specific
interdigitation of the side chains, which are stable at least on the
millisecond time scale.

other in a steric zipper. This basin might represent a viable seed
for the formation of an amyloid-like ordered aggregate. The
structure is similar but not identical to those reported by
Sawaya et al.¥® In particular, the layer of fS-sheets (top) is
shifted by two residues with respect to the layer (bottom), as
compared to the experimental structure. Consequently,
intersheet contacts involve different side chains, providing a
better screening from the solvent. The barrier associated with
the disruption of the structure of basin 3 is 16 kcal/mol at 300
K, indicating that it is remarkably stable, at variance with basin
2, and at variance with the experimental structure, which , if
used for constructing a model of an aggregate with less than 30
chains, is stable only for a few nanoseconds. These results led
Baftizadeh et al. to hypothesize that the rate-limiting step for
the nucleation of A#35—40 is not associated with the formation
of AP f-sheets, but with the formation of specific interdigitation
of the side chains observed in basin 3. Indeed, structures with a
content of -sheets comparable to the one observed in basin 3
will become disordered, while structures arranged in a correct
steric zipper are orders of magnitude more stable. This scenario
is qualitatively consistent with the dock—lock mechanism.**
An unbiased REMD simulation of 16 Af37—42 peptides
with CHARMM?27/TIP3P was performed using 48 replicas,
each for 500 ns.*** AB37—42 with opposite charges at the
termini is particularly intriguing because it forms amyloid fibrils
with AP sheets and P f-strands. Despite frequent f-sheet
formation/fragmentation events and 20% free monomers, the
population of 4—5 fully P B-strands, consistent with the fibril
structure, is 1—2%, while the population of 4—5 fully AP S-
strands is 3—8%. The global free energy minimum consists of
structures with 2—3 f-sheets, each of 2—3 mixed AP/P f-
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strands and a variety of sheet-to-sheet pairing angles
surrounded by random coil peptides.’*® The aggregates of
low-to-medium free energies consist of mixed P/AP f-strands,
in agreement with integrative temperature sampling simulations
of the same peptide with 16 copies using AMBER99 and GB/
SA** and CG-REMD of 20 NNQQ and GNNQQNY peptides
and other amyloid-forming peptides.”*'™>*> This free energy
picture is also consistent with atomistic metadynamics of 18
Valg peptides in explicit solvent,”>> where the maximum free
energy involves a transition from P/AP to P orientations when
a sufficient number of parallel sheets are formed so that the free
energy starts to decrease with fully P S-sheets. The REMD
simulation for Af37—42 indicates that N_ is >8, but whether N,
is around 12—16 as estimated for the Valg peptide****** cannot
be determined due to finite size effects.

5.3. Structures of the Nuclei for Af1-40 and Af1-42
Peptides

Simulating the formation of the critical nucleus of full-length
Ap starting from a disordered aggregate and by describing the
system with an atomistic Hamiltonian in explicit water is still
not possible with current computational resources. However,
the results obtained from the nucleation process of smaller
fragments, the MD structural ensemble of the AS1—-40/42
monomers, and experimental data on small oligomers allow
some hypotheses to be drawn on the structure of the nucleus of
Ap1-40/42.

What is clear from various experimental studies is that small
Af1-40/1—42 oligomers are rich in antiparallel p-
sheets 223111123124 A golution NMR structure of AS1—40
monomer with a dimer protein is also available,""* where the
CHC and C-terminal form a f-hairpin spanning residues 17—
36, with the loop region resistant to proteolysis and the rest of
the Af residues disordered. This specific structure is also
observed in three atomistic simulations of Aff1—40 monomer
using three different force fields>*'”*'”® and CG OPEP-
REMD of the monomer of AS17—36'* and the trimer of
AB17—42,% albeit with low probabilities. On the basis of these
observations, one can speculate that, during aggregation,
soluble oligomers may form by stacking A-hairpin-like
structures with a loop formed and loose f-strands at positions
30-35 and 17-20. The next step toward the formation of the
fibril, once a critical nucleus is formed, would be the crossing of
a high-energy barrier associated with a concerted conforma-
tional transition in which the #-sheets become parallel and pass
from out—of—re§ister to in-register arrangements via chain
re:ptation.246_25

This scenario explains why the Af peptide with a lactam
bridge between residues 23 and 28 does not display any lag
phase,**"*** and the FAD mutations and Pro replacement at
positions 21—23 change the time for aggregation.”>>>*>* This
scenario is also supported by IM-MS on Af1—42, where the
first region to aggregate spans residues 20—3S, followed by
residues 36—42 and then residues 1—19,°° and the fact that a
turn-nucleating b-ProGly motif in the V24—N27 region largely
accelerates fibril formation of AS1—40."*® Finally, there is
strong theoretical evidence on several amyloid peptides that f-
hairpins formed in the monomer provide a perfect seed for
further growth of the aggregates and reduce lag phases for fibril
formation. This is supported by simulations on Af25—35
peptides,”** prion fragment PrP106—122,>% 2-microglobulin
20—41 and 83—99 peptides,”****” and human islet amyloid
polypeptide hIAPP1—37.>***° For instance, simulations on
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AP25—-35 showed that, although the monomer preferentially
forms a p-hairpin, a transition from compact p-hairpin
conformations to extended f-strand structures occurs between
the dimer and trimer.”>*

An alternative Af nucleus is based on the atomistic
metadynamics simulations of Valg,**> OPEP REMD simulations
of GNNQQNY and Af16—22,°" PROFASI MC simulations of
AP16—22 and AB25—35,”%° and enhanced sampling simulations
of AB37—42 peptides,”***** where a mixing of AP/P f-strands
dominates in the early low-order oligomers. In this case, the
maximum free energy involves a transition from mixed P/AP to
tully P orientations, which occurs when a sufficient number of P
P-strands is formed so that the free energy starts to decrease to
a minimum. Clearly, the transition time varies with the
frequency of fragmentation events dependent on the
concentration. Aggregation could also start in the C-terminal
region or at the CHC. Initiation in the C-terminal region is
supported by two IM-MS experimentsss’lwb and the propensity
of AB35—42 fibrils to display either P or AP f-strands within
the sheets.”®'* Initial aggregation at CHC is supported by
mutagenesis, where Pro replacement in any residue of region
17-21 leads to the loss of A fibril formation,* and
replacement of residues F19 and F20 by Leu or Ile does not
prevent aggregation, but enhances amyloid formation.”*'

Lastly, it is possible that fully extended metastable states with
a population of 7% as described in the metadynamics of Af1—
40 monomer'”® and REMD of Af}1—28 monomer (see section
10) in explicit solvent represent seeds for polymerization.
Overall, several nuclei could coexist with populations depend-
ing on the experimental conditions, such as T, pH, agitation,
etc.

6. INTERACTIONS OF Ap PEPTIDES WITH
MEMBRANES

AD pathology is linked to interactions between various types of
assemblies of Af3 peptides (e.g, oligomers, channels, and fibrils)
and neural cell membranes, the membrane integrity being
directly affected. Several recent experimental and theoretical
studies have been aimed at unveiling the details of the specific
molecular interactions between Af peptides and lipid
membranes, providing a wealth of information. Folowing are
the key findings and related hypotheses.

(1) Membranes become more permeable to ions in the
presence of Af peptides. In contrast, monomers or fully
developed fibrils have little or no effect on membrane
permeability.**>*®* Lipid vesicles may also become more
permeable in the presence of attached growing (ie., not
mature) fibrils.”** Mature fibrils can also affect the structure of
membranes to some (=.)(tent,265 but the effect is thought to be
much less dramatic. Moreover, if the Aff peptides are modified
such that amyloid fibril formation is accelerated and the
formation of small soluble oligomers is decreased, both their
toxicity and their propensity for binding to lipid membranes are
attenuated.>*®

(2) Several different mechanisms that could lead to
membrane leakage®®”?*® have been proposed and discussed:
(i) the simple mechanical “carpeting” by fibrillar peptide
aggregates on one leaflet of the membrane surface, which
destabilizes the membrane by creating an asymmetric pressure
between the leaflets; (ii) the detergent effect—a result of the
surfactant-like properties associated with the amphiphilic nature
of Af, which causes the removal of lipids from the membrane,
leading subsequently to thinning or even occurrence of holes in
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membranes; (iii) the formation of toroid-like Af pores and
membrane channels. It is well accepted that neuronal death in
AD is related to disturbances in Ca** homeostasis. The
formation of Ca®* channels in lipid bilayers was directly
observed in experiments where Af1—40 peptides were
incorporated into planar phosphatidylserine bilayers. A linear
current—voltage relationship in symmetrical solutions was
recorded, and using AFM, an 8—12 nm doughnut-shaped
structure with a 1—2 nm internal pore cavity that protrudes
approximately 1 nm above the embedded bilayer surface was
revealed.”®® These channels are composed of three, four, five, or
six subunits, with the most common structures being those with
four or five subunits (Figure 8).2%

A B

11.5 nm 18.1 nm

- > >

Figure 8. High-resolution AFM images of individual AB1—42

channels. They are most often observed as (A) tetrameric or (B)

pentameric subunit assemblies. Other tz?es (e.g, hexameric) of
. 9

porelike Af structures were also reported.

(3) Ap aggregation can be significantly accelerated by the
presence of membranes.”’°">”> An important factor favoring
membrane binding is the presence of electrostatic attractions
between negatively charged lipid headgroups and peptides,
which even persist in solutions with high ionic stren%th, where
electrostatic interactions are almost fully screened.””® It has
been suggested that electrostatics drives the initial binding of
Ap peptides while preventing a deeper insertion into the
membrane.””®> Using two novel mouse models expressing
membrane-anchored or nonanchored versions of the human
AP1—42 peptide, membrane-anchored Af accelerates amyloid
formation. This strongly suggests that Af—membrane inter-
actions play a pivotal role in early onset AD and exacerbate
toxicity in mice.

(4) Another factor proposed to favor membrane binding is
the propensity of Af to form weakly stable a-helical
configurations that anchor the peptide to the membrane.”*>7®
Several effects have been discussed that might promote the
aggregation of membrane-bound peptides.”””*”® Peptides that
bind to membranes are oriented and accumulated, and they
have a reduced diffusion constant. Furthermore, membranes
may induce conformational changes in the binding peptides
themselves (i.e,, may lower their unfolding activation barriers),
and they may even serve as a template for fibril formation.*”’

Many techniques are used to demonstrate the membrane-
mediated effect on Af agéregation, including imaging methods
such as AFM and TEM,”***” binding to amyloid-specific dyes,
such as thioflavin-T, and techniques monitoring changes in
protein size, i.e., gel electrophoresis, SEC, and DLS. AFM is the
main techni%ue to demonstrate amyloid pore formation in
membranes.”*>**” CD and attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy monitor secon-
dary structure changes upon Af—membrane interactions.
Electrophysiological techniques allow the study of amyloid-
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A

Figure 9. Various models of membrane-bound Af studied by MD simulations. (A) Monomeric Aff1—40 is localized as a helical structure at the
interface between membrane and solvent with the C-terminal helix inserting into the membrane.”®® (B) A fibrillar AB1—40 oligomer interacting with
the membrane on the surface causes both a loss of f-structure and a thinning of the membrane.””> (C) The membrane-inserted f-sheet tetramer
composed of Aff1—42 allows water to permeate through the membrane®®” and can further assemble into a pore structure.””® (D) Af1—42 barrel
structure leading to pore formation in the membrane, which allows water and ion transport across the membrane.”***** Note that structures shown
here are simulation-based models, as experimental high-resolution structures of membrane-bound Af peptides have yet to be resolved. The structural
and mechanistic relationships between the simulation models are unknown. Af peptides are represented according to their local secondary structure:
helices (red), B-sheets (yellow), and turns (silver). The bilayer phosphorus atoms (blue) are shown as van der Waals spheres and the lipid tails as
licorice-type structures (cyan). For clarity, only water molecules inside the membrane are shown (van der Waals spheres).

enabled membrane leakage.”***”° Total internal reflection
fluorescence microscopy (TIRFM) enables the visualization
of individual Af species on membranes and the characterization
of their oligomeric states, all at biologically relevant nanomolar
concentrations.* 28281

The numerous recent experimental studies examining Af—
membrane interactions have led to key, central questions that
remain open, such as the following: (i) What is the main
pathway for the a-to-f molecular transition accompanying the
aggregation of membrane-bound Af? Though some studies
have suggested an a-helical conformation for the membrane-
attached Ap, there is also evidence that the oligomers that
attach the membrane are f-sheet-rich.®' (ii) What is the
primary molecular reason behind the toxicity of aggregated Af
peptides. (iii) Why are amyloid oligomers the most toxic
species?'**?%% Molecular simulations may help answer these
questions in greater detail as they allow the investigation of
Af—membrane interactions at the atomistic level.

The direct simulation of entire peptide aggregation processes
using atomistic models remains a challenge by speed limitations
of today’s computers.”'® All-atom MD simulations can give
insight into the early stages of peptide adsorption and peptide—
membrane interactions. Davis and Berkowitz have used REMD
simulations and umbrella sampling to study the adsorption of
AB1—-42 on bilayers”®** and possible mechanisms of
dimerization, focusing in particular on the role of electrostatic
interactions.”® They found that lipid—protein interactions
dominate the behavior of Af on dipalmitoylphosphatidylcho-
line (DPPC) bilayers, whereas protein—protein interactions
prevail on negatively charged 2-dioleoyl-sn-glycero-3-phospho-
L-serine (DOPS) bilayers. Independent simulation studies
arrived at the conclusion that the adsorption of Af on
membranes follows a two-step mechanism. First, electrostatic
interactions between charged residues and phosphate lipid
headgroups drive the initial binding of Af to the membrane
surface. Once Af is anchored to the membrane, hydrophobic
interactions involving residues 17—21 and the C-terminal
region from residue 30 onward gain in importance, stabilizing
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membrane-bound AS.>>?$328%286287 yn0n adsorption on the
lipid bilayer, the Af peptides appear to preferentially adopt a
structure involving two helices: a more flexible a-helix in the N-
terminal half of Af and a second one with a higher
conformational stability, involving residues 30—36 (Figure
9A). In addition, binding to the membrane seems to induce the
formation of the intrapeptide D23—K28 salt bridge in Af. This
conformational propensity was determined from all-atom
REMD with both implicit**® and explicit**® membranes and
is in agreement with NMR studies.””>*’® The Af peptides are
localized at the interface between membrane and water, with
the C-terminal helix penetrating into the membrane core, while
the polar N-terminal region interacts mainly with the bilayer
surface.

Tofoleanu and Buchete probed the molecular interactions
between preformed fibrillar Af oligomers and lipid bilayers in
the presence of explicit water molecules using atomistic MD.>”
They studied the adsorption of models of Af1—40 dimer
fibrillar oligomers on phosphatidylethanolamine (POPE) lipid
membranes (composing about a quarter of all phospholipids in
living cells) under different relative orientations between
membrane and fibrils. They investigated the relative contribu-
tions of different structural elements and interaction factors to
the dynamics and stability of A protofilament segments near
membranes and simulated the first steps in the mechanism of
fibril—membrane interaction. The AB#1—40 fibril structures used
here were constructed on the basis of atomistic constraints
from ss-NMR***”7® and refined by MD simulations.”%*>%
They identified the electrostatic interactions between Ap
charged side chains and lipid headgroups to be the main
force driving conformational transitions, together with hydro-
gen bonds formed between specific residues in the Af
protofilaments and the lipid headgroups. These interactions
facilitate synergistically the insertion of the hydrophobic C-
terminal segment of Af peptides through the lipid headgroups,
leading both to a loss of the f-sheet-rich fibril structure and to
local membrane-thinning effects (Figure 9B).””> Additional
computational studies showed that the chemical composition of
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Table 3. Summary of Molecular Simulation Studies Focused on Interactions of A} Peptides with Lipid Membranes®

key notes

helical Af structure at membrane—water interface

helical Af structure in bilayer with tendency to exit the membrane and
localize at membrane—water interface

helical Af structure at membrane—water interface

binding of A to membranes, dimerization of membrane-bound Ap

interactions between Af fibrillar oligomers and membranes influence
lipid composition, structural effects

stability of membrane-inserted Ap, effect of insertion depth and
membrane composition

effect of rafts on membrane binding and dimerization of Af

structure prediction for transmembrane Af, testing the stability and
membrane effects of the resulting fB-sheet structures, effect of
mutations

models for Af channel structures, water and ion flux across membranes

through Af pores, effect of A mutations

Ap adsorption and aggregation on small vesicles

ref Ap system type of membrane simulation
288 Ap40 monomer  implicit IMMI1 all-atom REMD
299 Af40 monomer DPPC all-atom MD
286 Ap10—40 DMPC all-atom REMD
monomer
283—285  Af42 monomer DPPC and DOPS all-atom REMD and
and dimer umbrella sampling
MD
273,291, Ap40 POPE and POPC all-atom MD
292 protofilament
300, 301 Ap40 monomer DPPC, POPC, POPS, POPC/  all-atom MD
POPS, rafts
302—-304  Ap42 dimer mixed bilayers with cholesterol  all-atom MD
and/or GM1-mimicking rafts
296—298  AP42 monomer implicit IMM1 POPC, POPG,  all-atom Monte Carlo
and oligomers DPPC and MD
293-295 Ap barrels DOPC, POPC, POPG all-atom MD
311 ApP40 and AP42  three-bead model for lipids coarse-grained MD
monomers

“DMPC stands for dimyristoylphosphatidylcholine, POPC for palmitoyloleoylphosphatidylcholine, POPS for 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoserine, and POPG for palmitoyloleoylphosphatidylglycerol.

the lipid headgroups can control in a specific manner both the
type and magnitude of interactions between Af protofilaments
and membranes.””" These findings suggest a polymorphic
structural character of amyloid ion channels embedded in lipid
bilayers.””> Atomistic computational models suggest that
putative amyloid channel structures could also be stabilized
by interpeptide hydrogen bonds (leading to the formation of
long-range-ordered f-strands), though Af channels may also
present a significant helical content in peptide regions (e.g, the
peptide N- and C-termini) that are subject to direct interactions
with lipids rather than with neighboring Af peptides. Before
experimental high-resolution structures of Aff amyloid channels
become available, various models of Af porelike structures
traversing lipid bilayers were constructed, including helical and
P-sheet and combinations of these two secondary structures.*”

Nussinov et al. developed a model for Af channel structures
which break into mobile -sheet subunits and enable toxic ionic
flux (Figure 9D).>*7*° The subunits are preferentially
tetramers or hexamers, which could serve as building blocks
for the transmembrane pores reported from AFM studies
(Figure 8).”%° Strodel et al. also proposed Af pore models
composed of tetramer to hexamer f-sheet subunits, which
emerged from a §lobal optimization study of transmembrane
AP (Figure 9C).>*® Large-scale MD of these f-sheet subunits
revealed that the tetramers themselves are sufficient to cause
membrane damage, while transmembrane A monomers do
not perturb the membrane sufficiently to make them
permeable.””” The membrane-damaging effect of the S-sheet
tetramers is further enhanced by Af mutations (e.g, the
“Arctic” E22G mutation) and may explain the higher toxicity of
these mutants compared to wild-type Af peptides.*””**® Also,
for helical Af peptides in their monomeric states, the
membrane-inserted stability was tested for several pure and
mixed model membranes.”””***73°! Different insertion depths
were considered, with K28, V24, D23, or K16 located at the
membrane—water interface. The most stable transmembrane a-
helix was observed for Af peptides positioned at residue D23 at
the interface of a DPPC membrane,”®” while unsaturated lipids
or smaller insertion depths cause a loss of @-helix, in some cases
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in favor of f-strands. The first stages of Af self-assembly inside
mixed bilayers were recently tested by MD, revealing the
formation of a B-sheet between two 3peptides in the presence of
cholesterol®® or ganglioside GMI. 0330435 1 the absence of
GM1, no f-sheet formation is observed as GM1 mediates the
initial interactions between Af peptides leading to oligomeriza-
tion. These computational findings are in agreement with the
observation that lipid rafts (i.e., cholesterol- and sphingolipid-
enriched highly ordered membrane microdomains) are
potential modulators of Af production, aggregation, and
toxicity.’*® Finally, one MD simulation with umbrella sampling
has recently focused on the effect of attached Ap1—42
monomers on the free energy of membrane pores modeled
with DPPC lipids. They found that the attached Af1-42
monomers reduce the free energy of membrane pores by 2
kcal/mol, increase the lifetime of pores, and enlarge the pore
density.>® Most of the simulations studying membrane
interactions with Af are summarized in Table 3.

For studying the membrane-mediated aggregation of AfS
peptides on a larger time scale, one must resort to coarse-
grained simulations. A number of models have been
proposed.>” " One may distinguish between specific models,
where amyloids are represented by a specific sequence,®** and
phenomenological models, which are designed to reproduce the
aggregation process in general.>® One of the latter, the two-
state mesoscopic model for proteins,®'® has been combined
with a simple solvent-free three-bead model for lipids by
Friedman et al. to study peptide adsorption and aggregation on
small vesicles and peptide-induced membrane damage.’’’ In
agreement with the experimental picture, this Langevin
dynamics study found that vesicle leakage occurs primarily
due to transient defects during filament growth; mature fibrils
did not damage the vesicles. Studying the fibril degradation in
the presence of vesicles, the simulation showed that it results in
protofibrillar intermediates whose structure differs from those
formed upon aggregation or upon disaggregation without lipid
vesicles.

All these results suggest that, in spite of the high complexity
of the systems including lipid membranes, computational
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studies are becoming increasingly more feasible due both to
accelerated hardware and to methodological developments and
may guide new experiments that could test more efficiently the
assembly and structural features of membrane-formed amyloid
channels. Future simulations should be able to unravel how
membranes can facilitate the aggregation of A peptides and
modulate the formation of oligomers, fibrils, and channels,
while novel experiments are still needed to provide high-
resolution structures of membrane-bound Af aggregates.

7. INTERACTIONS OF Ap PEPTIDES WITH METAL
IONS

7.1. Relevance of the Interaction of Metal lons (Cu, Zn, and
Fe) with Ap

The accumulation of zinc, copper, and iron ions in amyloid
plaques, a hallmark of AD, is well documented.>? Interestingly,
human plaques showed higher metal content than plaques in
AD model mice.*”> Raman studies further suggested that
Zn(Il) and Cu(Il) are bound directly to Af, the main
constituent of amyloid plaques. Amyloid plaques are also
enriched in iron, mainly present as particles containing Fe(III)
supposed to originate from ferritin. Whether ionic, mono-
nuclear iron is bound to Af is not clear.>'*

Although there is clear evidence for Zn and Cu interactions
with Af in amyloid plaques, it is not known at which time point
or which aggregation state these metal ions bind to Af in vivo.
However, it seems that under normal physiological conditions
Zn(II) and Cu(I/1I) do not bind to monomeric Af, and the
hypothesis is that only upon metal and/or A deregulatlon can
the formation of metal—Af complexes occur.>'® This is in
agreement with the finding that amyloid plaques are formed
around synapses in which high concentrations of Zn and Cu are
released in the synaptic cleft. These released metal ions are a
peculiar pool. Their ligands are not known, but these metals are
readily accessible for chelation by ligands with moderate
affinity. This is in contrast to classical metalloproteins, where
metal ions are strongly bound and often buried in the proteins.
This suggests that these synaptic metal pools are kinetically
labile and moderately thermodynamically stable.*'®

Numerous other studies, from in vitro to in vivo, report
evidence of a connection among metal metabolism, Ap
metabolism, and AD. This includes, for instance, reports on a
Cu pool in the blood as an AD marker, the mutual regulating
effects of APP and metal ions, the association of a single-
nucleotide polymorphism of the Cu transporter ATPase
(ATP7B) with sporadic AD, and the decrease of amyloid
plaque load in AD mice after disruption of the Zn transporter
ZnT-3.317318

Taken together, these data suggest that metal ions such as Zn
and Cu can bind to Af under AD conditions and could have
two important impacts directly linked to AD: modulation of the
aggregation behavior and, for Cu, catalysis of toxic reactive
oxygen species (ROS) production.

7.2. Structure of the Cu-, Zn-, and Fe-Binding Sites of Af

The metal-binding sites of Cu(I/II), Zn(II), and Fe(II) within
the Ap sequence have been studied during the past two
decades. Complexes of Fe(Ill) with Af at neutral pH are not
stable enough to inhibit precipitation of Fe(Ill) as iron
oxide.’'* This suggests that the interaction of Fe(III) with Af is
only relevant in a ternary complex with another biomolecule or
with particles containing Fe(III). There is a general agreement
that the main binding sites for Cu(1/II), Zn(II), and Fe(II) are

3536

located in the first 16 amino acids of the peptide, at least for the
monomeric form.>'* The truncated A}1—16 peptide containing
the metal-binding domain, which is more soluble and hence
more appropriate for studies in solution and does not form
amyloids, is often used instead of the full-length peptide.
Indeed, several spectroscopic studies showed that the metal
binding of AB1—-16 is very similar to that of the full-length
ApP1-40/42. However, as small changes can have a large impact
on aggregation, further experimental and theoretical studies
well connected to experiments are needed to elucidate the
detailed structures of truncated and full-length AS.

The current knowledge on the metal-binding sites of the
most relevant metal ions is summarized in Figure 103143197322
They have been identified for the soluble, monomeric
complexes, but might be different in the aggregated AS. A
general feature for all these metal-binding complexes is that

Cu(l His13 His14
NH/EN Cu"—N/;‘NH
-
Kq*PP ~ 107 M
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Figure 10. Models of the coordination sphere of different monomeric
metal—Af complexes. K4*P stands for apparent dissociation constant
(i.e., dissociation constant at pH 7.4 in 0.1 M salt and in the absence of

buffer).
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they are very flexible and dynamic. Monomeric Af remains an
intrinsically disordered peptide upon metal binding, as fast
ligand exchange reactions and equilibrium between different
binding sites exist, leading to a polymorphism in the
coordination environment.

There is consensus about the Cu(I)-binding site within Af at
pH 6—8, which consists of a linear site with two His residues as
ligands. The main site is with H13 and H14 as ligands (Figure
10, top), but this site is in fast exchange (less than seconds)
with linear Cu(I) bound to H6 and H13/H14.*"* Cu(I)—Ap
around neutral pH exists with two different types of
coordination spheres, called components I and II (Figure 10),
which are in fast equilibrium (less than seconds). Moreover, in
each of these two components, further exchange between the
same type of ligand occurs (e.g, between H13 and H14).
Recent MD simulations confirmed this polymorphism of
Cu(II)—AB.3**3** There was a long debate about the
coordination sphere of component I, but a consensus has
been reached following the application of site-specific isotope
labeling and advanced EPR and other experimental and
theoretical methods.*'#3!%3** Regarding component II, there
are still different models proposed, but most results support the
structure shown in Figure 10. Drew described however an
alternative structure.>"’

Mutations of amino acids in A (such as A2V, H6R, D7N),
even when they concern residues not directly involved in metal
binding, can have a large imgact on the coordination site via
second-sphere interactions.”*> This is exemplified by the
comparison of Cu(II) binding to human murine Af, in which
the mutation responsible for a dramatic change of the major
coordination is RSG and leads to the following major
coordination sphere: D1 (via NH, and O=C) and H6
(imidazole N and amide N). The impact of mutants outside the
metal-binding domain remains to be established.**®

Less is known about the binding sites in aggregated Af
(oligomers, amyloids, etc.). Most studies suggest the same type
of residues coordinating Cu(II) for the soluble Af, but these
might come from two different A molecules. A very recent
study based on advanced EPR methods of fibrillar Cu(Il)—
AP1—40 confirmed the same equatorial coordination sphere of
component I as in monomeric Cu(II) —AP1-16.3%° The results
propose that the Cu(II) sites along the fibrils alternate between
the two subcomponents Ia (D1, H6, H13) and Ib (D1, H6,
H14). This would be in contrast to the soluble form, in which a
fast (less than seconds) equilibrium between subcomponents Ia
and Ib exists. Cu(I) binding to amyloid AB1—40 fibrils was
also studied by ss-NMR coupled to MD.**” In general, the
results agreed with the EPR measurements, because H13 and
H14 resonances were broadened upon addition of Cu(II) (H6
and D1 were not addressed). Other residues were also affected,
in particular the C-terminal COO™ and Glu side chains. This
might be explained by axial binding to Cu(II), as it was also
st;gg%sted for COO™ groups in monomeric Cu(Il)—Apf1—
16.

In contrast to Cu, the coordination spheres of Zn(II) and
Fe(1I) have been less investigated. Current favored models are
given in Figure 10. The models show the main ligands involved,
but due to their flexibility, a polymorphism in the coordination
can be expected.” Indeed, recent MD simulations on Zn(II)—
Ap reported that the COO™ from either D1 or E7 can bind, but
in two different conformations and with a higher population for
E7. The binding of either D1 or E7 had an impact on the
preferred partner (ie, D22 or E23) of the salt bridge with

3537

K28.%*° Due to the insolubility of Fe(III) even in the presence
of Ap, no well-defined species for structural studies has so far
been obtained.****!

The apparent binding constants of metal ions to Af have
been determined by several methods (Figure 10 and refs 331
and 332). After some discussions in the literature, an apparent
dissociation constant K? (pH 7.4 in the absence of buffer) of
Cu(II) from monomeric Af on the order of 107'° M is now
relatively consensual.*** Interestingly, the affinity for aggregated
Ap is about 2 orders of magnitude higher.333 A consensual
value for K4*F for Zn of around 1-10 uM is reported, with an
up to 10-fold higher affinity for aggregated Af.>*' No values are
reported for Fe(II/III). The binding affinity of Cu(I) to Af is
still under debate, with values for K;° from 1077 to 107!
M. 34335 1 general, the affinities obtained for Cu(I/II)— and
Zn(II)—Ap are several magnitudes below the affinities of Cu—
and Zn—proteins with a defined 3D structure. This is in line
with the entropic penalty of metal binding to a disordered
peptide. Moreover, this suggests that metals might only be able
to bind AB at the Zn- and Cu-rich synapses and under
Alzheimer conditions where metal deregulation occurs.

7.3. Role of Metal lons in the Aggregation of Ag

The effects of metal ions on Af aggregation, i.e, in terms of
kinetics, thermodynamics, and structures formed and their
populations, are not clear and are condition-dependen-
13203263362 There are two effects on which there is a wide
agreement in the literature: (i) metal ions (mainly Cu(Il) and
Zn(1I) are studied) modulate the aggregation and (ii) the
effects are metal-specific; e.g,, Cu(Il) affects AS differently from
Zn(II). We recently did a survey of the literature about the
effects of Cu(Il) and Zn(II) on the aggregation of AB.>*%**
Several tendencies could be identified: (i) Zn(II) and Cu(II) at
high micromolar concentrations and/or in large superstoichio-
metric ratios compared to Af promote amorphous-type
aggregates (precipitation) over the ordered formation of
fibrillar amyloids. (ii) Metal ions affect the kinetics of Af
aggregation, with the most significant impact on the nucleation
phase. (iii) Cu(Il) and Zn(II) affect the population and/or the
type of aggregation intermediates formed.

At least two parameters might be important in the influence
of Zn(1I) and Cu(Il) binding on Af aggregation: changes in
the 3D structure(s) and in the overall charge of the AfS
complexes. At neutral pH Af has an overall charge of about —3:
divalent metal ion binding hence yields a more neutral charge
(about —2 with Cu(I/II)—Ap and —1 to —2 with Zn(II)—Ap at
pH 7.4: note that one has to consider not only the charge of the
metal ion, but also the replacement of protons by metal
binding), and a faster aggregation is expected. The fact that the
aggregation behavior is metal-dependent shows clearly that the
structural changes upon metal binding (which are also metal
specific; see Figure 10) play an important role as well.

In a more general way, metal ions can promote amorphous
aggregates and amyloid-type aggregates in a condition-depend-
ent way. It seems that the system proneness to aggregation is
crucial to determine which type of aggregates are formed
(amorphous vs amyloid). If conditions are such that
aggregation of Af is already fast (as with high concentrations
of A and Af1-42, pH dlose to pl, etc.), Cu(Il) or Zn(1I)
binding (in particular at high concentrations or ratios)
accelerates aggregation and favors amorphous aggregates.
Aggregation is too fast, however, to properly align the AS
peptides into an ordered f-sheet structure as in amyloids. For a
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system with a low propensity to aggregate (as with higher pH,
low concentrations of Af and Af1—40, etc.), metal ions (in
particular at lower concentrations or ratios) favor formation of
amyloid-type aggregates. Using MD simulations, Miller et al.
showed that Zn ions promote Af} aggregation via a population
shift of polymorphic states.>**

It is not well-known how much the structure of amyloid
fibrils differs from metal-free A peptides to metal—Af peptides
for Cu(ILI) and Fe(ILIII). For Cu(Il), addition of this metal to
preformed amyloid fibrils of A does not change the peptide
structure, as monitored by ss-NMR.>*” The conformation of
the Zn(II)-attached fibrils has also been investigated by ss-
NMR.*** The data show the absence of the D23—K28 salt
bridge, but the presence of the F19—L34 contact. Also, Zn(II)
tends to accelerate the precipitation of the oligomers without
changing the overall solubility of the peptide, which may help
explain why Zn(II) at low concentrations lowers Af
toxjcity.3'36‘i

7.4. Cu—Ap as a Catalyst for the Production of Reactive
Oxygen Species

A large body of evidence suggests that oxidative stress is
implicated in AD, but it is not clear if it is a primary cause or a
consequence.*®” The production of ROS is a major contributor
to oxidative stress, and indeed, AD-affected tissue shows signs
of enhanced ROS production, in particular around the amyloid
plaques. Cu is well-known to be able to catalyze the production
of ROS, and hence, it is possible that the complex Cu—Ap is
implicated in the production of ROS in AD.>*'

Indeed, in vitro experiments reported that Cu—Af is able to
catalyze the production of H,O, and HO® in the presence of a
biologically relevant reducing agent (such as ascorbate) and
dioxygen (Figure 11, top). There is an ongoing discussion of
whether Af is an antioxidant or prooxidant. Af is considered as
an antioxidant on the basis of the fact that Cu in buffer catalyzes
ROS production more efficiently than Cu—Af. However, “free”
Cu concentrations are extremely low in biology as Cu

reductant
{e.g. ascorbate)

oxidized
reductant

0, + 207, X HL0,

H H H w B H
~o-07 Yo o7
Cu! cu!
[RNTONR,  RNTNRY
< 180" < 180"

(NR.: His or amine of A7)

Figure 11. Catalytic role of Cu—Af in the production of reactive
oxygen species. Top: Cu—Af is able to catalyze the production of
H,0, and HO® in the presence of a reducing agent and dioxygen.
Bottom: catalytic active state capable of catalyzing the Fenton-type
reaction. Active are only the conformations with a diagonal ligation by
the peptide remote from an angle of 180° and in which the H,0,
binds to Cu(I) side-on.
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metabolism is tightly controlled. Hence, an antioxidant activity
of Ap compared to “free” copper might be only relevant under
particular conditions where free Cu reaches higher concen-
trations. It does not seem evident that this ever occurs, when
taking into account the presence of high concentrations of
potential ligands (such as glutathione, histidine, cysteine, etc.).

Therefore, in the framework of an imbalance of Cu, it seems
more relevant to compare the efficiency of Cu—Af with that of
the Cu pool from which Af obtains Cu in AD instead of free
Cu. However, the identity of this Cu pool is not known. To
address this, the ROS efficiency of Cu—Af was compared with
that of several biologically relevant Cu—peptide or Cu—protein
complexes. Generally, Cu—Af was quite active, and hence, one
can conclude that Cu—Ap has the potential to contribute to
oxidative stress in AD. This is supported by the finding that
oligomeric Cu—Ap aggregates have a higher ROS production
activity than monomeric Cu—Ap, in line with the higher
toxicity of oligomeric AB.**'

Electrochemistry of Cu—Af suggested that the reduction and
oxidation do not occur directly between the two ground states
(most populated), shown in Figure 10.>'* The reorganization
energy is too important, as can be seen from the very different
structures of Cu(I)— and Cu(II)—Ap. Instead, a low-populated,
(0.1%) intermediate state exists in equilibrium with the ground
states, but only this intermediate state undergoes a rapid redox
reaction. Thus, this state can be considered as a kind of
transient entatic state. This suggests that this low-populated,
intermediate state is responsible for all the redox activity, and
hence, such a type of state might also be responsible for the
reactivity with dioxygen and a biological reducing agent to
produce ROS. Recent advances were made in the under-
standing of this intermediate, “hot” state.>*® The ligands of this
intermediate state were assessed, and H13, H14, and D1 were
identified. Interestingly, H6 is not involved. This shows that the
intermediate redox-competent state is different from the two
ground states.

Further computational studies using MD (Car—Parrinello)
and DFT suggested that the highly reactive Cu(I)—Af state
consists of N—Cu(I)—N coordination with an angle far from
180° and high water crowding at the open side (Figure 11,
bottom).*** This allows side-on entrance of H,O, and its
cleavage to form a hydroxyl radical. Interestingly, a reactive
Cu(I)—Ap state was more easily originated when starting with a
dimer model (Cu(II)—Ap,) compared to a monomer (Cu(I)—
Ap), likely due to structural constraints of the peptide. This is
in line with the higher ROS production reactivity of Cu(II)—Ap
oligomers.

7.5. Metal-Based Therapeutics

As discussed above, AD involves a mismetabolism of Cu and
Zn. This mismetabolism is rather an imbalance than a general
overload or lack. The imbalance tends toward an extracellular
increase and an intracellular decrease of Zn and Cu. Moreover,
the extracellular Cu(II) is prone to catalyze ROS.*** On this
basis, therapeutical strategies have been developed to use
compounds that bind the misplaced Zn and/or Cu pool and
diminish the Cu prooxidant activity (i.e., redox silence it so that
it does not catalyze ROS production).>’***" This can be
achieved by moderate affinity ligands. Such drugs should have
the following properties: (i) they should be nontoxic, (ii) they
should cross the blood—brain barrier, (iii) they should have the
right affinity, higher than that of Af but lower than that of
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essential metalloproteins, and (iv) the Cu—ligand complex
should not itself produce ROS.**

Moreover, it seems also more advantageous not only to bind
the misplaced pool and redox silence it, but to transport it back
into the cell>*® Thus, a fifth property can be added: (v) the
metals should be relocated, from extracellular to intracellular.
The free ligand as well as its metal complex should be able to
cross the membrane. A driving force is needed to release the
metal intracellularly. In the case of Cu with two chemical
ligands, gtsm (glyoxal—bis(N(4)-methylthiosemicarbazone)
and PBT2 (hydroxyquinoline), the driving force is the
reduction of Cu(Il) to Cu(I) and subsequent decomplex-
ation.**® These properties are characteristic of ionophores or
chaperones. Several compounds have been synthesized along
these lines and tested in vitro or in AD models as inhibitors of
Ap aggregation or toxicity (for some examples, see Figure 12).
The compound PBT2 went to a phase Ila clinical trial and
showed improvements in two executive function component
tests in a battery of neuropsychological tests.”'”*"> These
effects have been attributed to the ability of PBT2 to facilitate
intracellular copper uptake (point v).

8. Af INTERACTIONS WITH PROTEIN RECEPTORS

Understanding the interactions that Af establishes with various
cellular components is a key challenge to unveil the molecular
mechanisms at the onset of AD. Aberrant interactions with
membrane-associated proteins and receptors can mediate the
neurotoxic effects of A1—42 oligomers, such as in the case of
the highly specific binding to the cellular prion protein
(PrP€).***>3* This controversial interplay has been associated
with impaired activity of NMDA receptors,**>**® which
mediate critical functions in the central nervous system, in
conjunction with copper binding from both Af oligomers and
prion protein. Other proposed rece}Jtors for toxic Apf
assemblies include mGIuRS,**’ EphB2, *% and GM1,** for
which the first simulations of GM1 complexes with Af1—42 in
lipid membranes have been reported.>**%

In contrast, other proteins are functionally employed as a
primary biological defense against the effects of Af aggregation.
In this context, both intracellular and extracellular chaperones
are able to bind and stabilize misfolded oligomer species in such
a way as to prevent further fibrilization or dissociation. In
particular, clusterin, highlighted in genome-wide association
studies, is thought to play a role as an extracellular
chape1‘one.350’351 Furthermore, serum albumin, the most
abundant protein in blood plasma and cerebrospinal fluid
(CSF), inhibits Af fiber formation.>>>

In addition to PrP, Af can bind to other amyloid peptides, in
particular serum amyloid P (SAP),*** islet amyloid polypeptide
(IAPP; ref 354), and transthyretin.355 Both SAP and PrP have
been found within plaques of AD patients.*****” Finally, we
should not forget Af1—42 interactions with other forms of Ap,
for examg)le, Af1—40, that may be crucial to the misassembly
process.3 8359

8.1. Af—Prion Protein

The membrane-anchored PrP® has been identified as a cell
surface receptor of Af. Specifically, a screen of more than 200
000 proteins, using an unbiased cDNA expression library, has
identified PrP€ as a principle candidate to bind to AB.>* This
study also showed that interaction between PrP and A1—42
oligomers leads to the inhibition of long-term potentiation
(LTP) in the hippocampal slices from normal mice expressing
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Figure 12. A selection of ligands studied in the context of metal
mismetabolism in AD. A and B have ionophoric properties, a dimeric
form (compound 15) is derived from clioquinol, where the covalent
attachment of two hydroxyquinolines increases Cu(II) affinity and
selectivity, compounds C are water-soluble Cu(II) chelators, C and D
are brain-penetrating Cu(Il) ligands, and E and F are bifunctional
Cu(Il) chelators with an Af-targeting unit (for more details, see refs
342 and 344).

PrPC. Crucially, it was shown using a mouse model of AD with
a knockout PrP that AD pathology was dependent on the
expression of PrP€,** while PrP knockout mice can develop Af
plaques but do not exhibit neurotoxicity.>*
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A nanomolar affinity between Af oligomers and PrP® has
consistently been reported.***®'73%* This interaction is
generally accepted; what remains contested is the influence of
PrP€ on A toxicity in vivo.>**~** The conflicting observations
might be explained by the multifactorial nature of AD; some of
its pathology could be independent of PrP€, while other aspects
of Af toxicity could be PrP“-dependent. The conflicting
observations might simply reflect differences in the AD mouse
model used or in some instances the Af preparations used.
There are however a growing number of reports in animal
models and hippocampal primary culture showing PrP°-
dependent Af toxic effects, which impair synaptic plasticity

and cause special memory defects and axon degenera-
34,345,360,367—372

tion. Furthermore, ex vivo AD brain extracts
indicate the colocalization of Af and PrP in amyloid
plaques 35737374

Numerous lines of inquiry have consistently highlighted the
natively unstructured N-terminal domain of PrP® as the
recognition site for AfJ. For example, the a-helical folded
domain of PrP® spanning residues 113—231 has no influence
on Af fiber growth, while the N-terminal half of PrP© spanning
residues 23—126 inhibits amyloid fiber formation in favor of
non-ThT-binding Af oligomers.>® These PrP“-trapped Af
oligomers bind the oligomer-specific A1l antibody, and SEC
indicates they are 12 and 24 Af monomers in size. More
recently, larger protofibril structures of Af have also been
identified in the presence of PrPC.*”* Solution NMR indicates
that the interaction between A and PrPC is conformation-
dependent. A monomer has little affinity for PrP®, and it is not
until A forms oligomers that it interacts with PrP. It is also
clear that PrP profoundly inhibits fiber formation by trapping
Ap in an oligomer form and is capable of disassembling mature
fibrils.>> The ability to trap and concentrate Af into toxic
oligomers suggests a mechanism by which PrP® might confer
A neurotoxicity in AD.

The structural bases of this interaction are currently
unknown. A major limiting factor in this context is the inability
of current techniques of structural investigation to characterize
Ap oligomers, which is largely due to the transient and
heterogeneous nature of these aggregates. Several models of Af
oligomers have been proposed on the basis of direct and
indirect experimental evidence. These range from highly
structured assemblies (mainly composed of a ff-sheet scaffold)
to poorly ordered oligomers, yet a consensus is still elusive on
the size of the most toxic assemblies, showing a dynamic
distribution of assemblies ranging from 2 to 14 monomers. An
additional barrier in the study of the interaction between Af
oligomers and PrPC is associated with the unstructured nature
of the N-terminal domain of PrP (residues 23—126), which
poses significant challenges of studying intrinsically disordered
proteins.>”>*”% It was proposed that the N-terminus of PrP is
the locus of the interaction with poorly structured, highly toxic
Ap oligomers.*** This interaction was recently studied using
computational approaches based on extensive MD simulations
of dodecameric Af assemblies featuring short antiparallel -
hairpins at the C-terminus of the protein monomers.>”” The
resulting oligomer models were used to infer the interaction
with the unstructured N-terminal tail of residues 23—127 by
using PrP© models from an experimental NMR ensemble (PDB
code 1QLX) and by performing mutant deletions according to
ref 362. While this study could only rely on a massive use of
modeling and simulations, it evidenced a conceptual model for
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the interaction between PrP® and toxic Af oligomers that can
be useful for seeding new experiments.

While the function and misfunction roles of the disordered
N-terminal domain of PrP® remain largely elusive, a large
number of studies have dissected the misfolding pathways of
the C-terminal PrP¢ domain in the mechanisms leading to
PrP%, the scrapie fibrillar form of the protein that is associated
with the prion disorders. The large number of NMR structures
of the C-terminus domain provides an important starting point
to sample misfolding pathways using computational®”®*>*" or
experimental®*"*** approaches. One of the most accredited
scenarios, which accounts for the role of a number of
pathological mutations, is the misfolding of the native interface
between two subdomains of PrP€, the first spanning strands S1
and S2 and helix H1 and the second spanning helices H2 and
H3.>»7°% This pathway, corroborated by a series of
experimental evidence, possibly can interplay also in the
mechanisms of interaction with Af oligomers by the exposure
of hydrophobic surfaces that are natively hidden in the interior
of the folded part of the protein.

It has been proposed that Af has an effect on CNS function
mediated by NMDA receptor activity, including strong
inhibition of long-term potentiation and enhancement of
long-term depression.**® Interestingly, it has been shown that
PrPC limits excessive NMDA receptor activity that might
otherwise promote neuronal damage.386 Significantly, PrP¢
only affects the NMDA receptor in a copper-loaded state.>*
A mechanism for the PrP“dependent Af toxicity has been
proposed which indicates Af disrupts copper homeostasis at
the synapse, which is required for normal PrP®-dependent
inhibition of excessive NMDA receptor activity.”*> Af released
at the synapse, with a picomolar affinity for Cu**,**” may
disrupt Cu** binding to PrP€ and so, in part, mediate neuronal
and synaptic injury.”** The mechanism by which PrP mediates
Ap toxicity and NMDA activity®*® may also involve the Fyn
receptor.>® Several lines of evidence have been reported on the
direct binding between A and NMDA receptors both in vitro
and in vivo™™ ! as well as on the activation of NMDA
receptors by Af oligomers.*”> Furthermore, A promotes
endocytosis of NMDA receptors and so reduces the surface of
NMDA receptors.346

The structural details of the Af—PrP interaction are clearly of
interest and yet to be fully elucidated. Indeed, if the PrP—Ap
interaction is responsible, at least in part, for Af toxicity, then
identifying a molecule that blocks this interaction represents a
novel pharmaceutical target.*”

8.2. Ap—Clusterin

Genome-wide association studies have highlighted a link
between the development of AD and an ATP-independent
chaperone, clusterin.*”®> Clusterin belongs to a family of
extracellular protein-folding chaperones, including a2-macro-
globulin, haptoglobin, and aS1- and f-casein, which have been
shown in vitro to stabilize proteins and prevent their
aggregation under conditions that normally lead to the
formation of amyloids.*****"3*736  Clusterin is able to
intervene in amorphous aggregation of a broad range of
proteins in such a way as to redirect the aggregation process in
the assembly process of soluble high-molecular-weight
aggregates.®”>*” It has been shown by single-molecule
fluorescence that clusterin interacts with small Af oligomers
ranging from dimers to 50-mers in such a way as to form long-
lived, stable complexes.’*" In this way clusterin can interplay
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Figure 13. Physiological micromolar concentrations of albumin inhibit fiber formation. (a) Kinetics of Af fiber formation in the presence of no
albumin (red) and 1 yM (dark green), 3 uM (green), S uM (light blue), and 10 #M (dark blue) albumin. (b) Competitive effects of albumin on total
AP fibrils generated with a strong direct correlation between the fraction of fibers generated and the calculated fraction of Af free to form fibers (not
bound to increasing concentrations of albumin), based upon a Ky of S mM. Adapted with permission from ref 352. Copyright 2012 American Society

for Biochemistry and Molecular Biology.

with both aggregation and disaggregation processes of Af,
sequestering small oligomers, which have been shown to be the
most toxic forms of Af, thereby mitigating the toxic effects of
Ap aggregation. This Alzheimer’s disease mechanism is
corroborated by the recent discovery of colocalization of
clusterin with extracellular amyloid deposits containing Af.**°
It has indeed been suggested that clusterin may interplay in a
novel extracellular proteostasis system, in which a series of
extracellular chaperones bind to misfolded proteins in vivo to
keep them soluble and to inhibit the formation of toxic
aggregates to facilitate their bulk uptake and degradation via
receptor-mediated endocytosis.**® The Af—clusterin interac-
tions remain to be studied by computer means.

8.3. Af—Albumin

An extracellular binding partner identified for A is human
serum albumin (HSA). This interaction was first described
when Af was isolated from blood plasma, with 90—95% of Af
within blood plasma directly bound to albumin.****® Tt is
suggested that this interaction might explain why, unlike
systemic amyloid-related diseases, although Af is found at a
similar concentration in blood plasma and CSF (0.1-0.5
nM),**"*? AB plaque deposits are typically only observed in
the brain and not peripheral tissue.

Albumin is the most abundant protein found in blood plasma
with a concentration of ca. 640 M. Concentrations of albumin
in the CSF are much lower (3 uM).**® Although markedly less
concentrated than in blood, this still constitutes the most
abundant protein in the CSF. The affinity of monomeric Af for
HSA has been determined, and a dissociation constant (K,) of
5—10 uM, for both Af1—40 and AS1—42, has been
consistently reported.*****#*% Despite the relatively weak
micromolar affinity (K3 = S—10 uM) of Af for albumin, a
concentration in the CSF of 3 uM suggests the capacity of
albumin to bind approximately half of Af in the brain CSF.
Furthermore, this will be quite sensitive to changes in HSA
concentrations. It is generally presumed that A will bind to the
hydrophobic pockets within albumin, which are often occupied
by fatty acids, although this is not confirmed. There are reports
to indicate HSA binds monomeric****** or oligomeric‘w@407
Ap.

Recently, it has been shown in vitro that physiological
micromolar levels of albumin found in the CSF do indeed
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inhibit Af amyloid fiber formation, significantly increasing the
time before fiber nucleation occurs and decreasing the total
amount of fibrils produced,®” as shown in Figure 13.
Furthermore, it was shown that the amount of amyloid fibers
generated directly correlates to the proportion of Af not
competitively bound to HSA.*** Indeed, it is likely nearly half
of Af in the CSF will be bound to HSA and inhibited from
forming fibers. This suggests a role for HSA in regulating Aj
fibril growth in the brain interstitium, and computer
simulations should soon be able to provide insights into the
Ap—HSA energy landscape as reported for HSA interacting
with other molecules.**® Thus, levels of albumin in CSF should
represent a risk factor and therapeutic target in AD. It is
therefore perhaps surprising that the correlation between
albumin levels in CSF and risk of developing AD pathology
is yet to be conclusively identified. This might suggest that
typically Af has already formed fibers within intracellular
vesicles before release into the synapse. Alternatively,
Alzheimer’s is a multifactorial disease, and albumin might just
be one of many risk factors associated with the disease. Small
variations in albumin levels in middle age may not be easily
recognized, masked by a multitude of other factors that protect
against or exacerbate AD pathology.

In summary, we have characterized Af protein interactions
into three broad themes: First are cell surface interactions, for
which we have focused on the prion protein (PrP®) and its
connection with NMDA receptor activity. In addition, we have
looked at protective defenses against the effects of protein
misfolding and aggregation in vivo, in particular by the
extracellular chaperone clusterin and also human serum
albumin. Finally, the interaction with other amyloidogenic
proteins suggests possible interconnections between different
protein misfolding diseases. For Af—Tau interactions, the
reader can find recent data in refs 186 and408b. Overall, Af
may exert its toxicity on neurons via more than one mechanism.
Furthermore, different forms of Af, monomeric, oligomeric,
and fibrillar, can present different recognition sites to different
binding partners. There is still much to be understood about
the molecular interactions of Af, both intra- and extracellular
and at the synaptic cleft, as it is these interactions that may
constitute new pharmaceutical targets.
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9. INTERACTIONS OF A WITH INHIBITORS

The failures of recent phase III clinical trials on two Af-
targeting monoclonal antibodies, bapineuzumab and solanezu-
mab, in the summer of 2012 indicate that the timing of the
intervention of AD needs to be reconsidered.*”**” In light of
these reports, are we back to 2008 when news in Nature
reported that the major conundrum in the field is whether we
are just treating people too late? The good news is that three
studies were launched in 2014 on asymptomatic individuals
identified as being at increased risk of developin§ AD on the
basis of genetic predisposition or amyloid levels.*

First, several protein-like drugs are briefly discussed. A
homodimeric protein of 58 residues, Z, 43, was found to bind to
AP1—-40 monomer and inhibit the fibrilization process. The
structure of the Z,;—Af1-40 complex by solution NMR
revealed that A$1—40 is locked into a f-hairpin conformation
spanning residues 17—36, with the rest of the amino acids
disordered, and the edges of Af1—40 f-sheets were capped by
the two fB-strands of Z,4,, thus blocking the f-sheet extension
of AB1—40.""* Similarly, reelin, an extracellular matrix protein,
was reported to stabilize the Af1—42 oligomers, leading to
reduced toxicity and delayed fibrillization.*'

A series of N-methylated peptides or p-amino acid peptides
were also found capable of inhibiting A amyloid formation,
targeting either Af residues 32-37" or Ap residues 1621
(SEN304; ref 412). For instance, SEN304 was found to bind to
the Af1—42 monomer and oligomers and to promote the
formation of nontoxic aggregates. With a concentration as low
as 100 nM, SEN304 was able to almost completely remove the
inhibition of LTP by 1 4uM A1—42 in a hippocampal slice.*'*
Recently, two inhibitors with alternating p- and L-amino acids
of lengths 21 and 23 designed by MD simulations to form an a-
sheet having all its peptide groups orientated in the same
direction were found to reduce Af1—42 aggregation and
toxicity at a molar ratio of at least 10:1.*'3

Small molecules as potential drug candidates against AD have
been investigated intensively in recent years. Though differing
in size, geometry, and chemical properties, the compounds in
general exhibit inhibitory effects by three modes. First, the
compounds can bind to fibrils and reduce toxicity by limiting
fibril fragmentation. In a recent study, several compounds,
including BAF31 shown in Figure 14, were found to reduce
AB1—42 cytotoxicity against mammalian cells by up to 90%.”
The compounds were identified through virtual screening of 18
000 purchasable molecules and ranked according to their
calculated binding energies to fibrillar Af16—21 segments.
What is interesting in this study is that the compound binding
increases the fiber stability to limit fragmentation, rather than
reducing fiber formation, and the compounds do not bind to
oligomers.

Second, the compounds can accelerate the formation of
fibrils and reduce the lifetime of toxic oligomers. An example is
an orcein-related polyphenol, O4 (Figure 14). The molecule
was found to bind directly to oligomers and promote the
conversion into larger amyloid fibrils, with O4 interacting with
hydrophobic residues of AB1—42.*'*

In the third mode, the small molecules interact with
oligomers and prevent fibrillization. The resulting complexes
are believed to be off-pathway and nontoxic. Several
polyphenols were reported to rescue AD in this way. &-
Viniferin glucoside (EVG for short; Figure 14) is one of the
polyphenols that inhibits fibril formation in AB25-35, AB1-40,
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Figure 14. Chemical structures of small compound inhibitors of AS
aggregation and toxicity.

and Af1—42 and protects against PC12 cell death induced by
these peptides.*'> Electrospray ionization mass spectrometry
showed a noncovalent com4plex between one A1—40 peptide
and two EVG molecules.*"® Solution NMR and molecular
modeling were used to characterize the interaction between the
compounds, using 1 mM Af40 and 2 mM EVG in DMSO.*'
EVG induces the formation of turns in the 10—12 and 28—30
regions of AB. Chemical shift perturbations and short-range
intramolecular nuclear Overhauser effects (NOEs) confirmed
that EVG predominantly interacts with clefts formed by Y10,
V12, QIS, and F19 or by K28, G29, A30, and 131, although no
intermolecular NOEs were observed.*'¢

The epigallocatechin gallate (EGCG; Figure 14) is another
polyphenol showing effects similar to those of EVG. EGCG is
currently undergoing a phase 2—3 clinical test against early
stages of Alzheimer’s disease (NCT00951834), which is
expected to be completed in June 2015. EGCG was shown
to redirect the Af aggregation pathway and generate off-
pathway nontoxic oligomers which are incapable of amyloid
fibrillogenesis.*'” EGCG can also remodel mature Af fibrils
into nontoxic oligomers,*'® suggesting its therapeutic potential
for treatment of AD patients. Thermodynamic analysis using
isothermal titration calorimetry for EGCG and Ap fragments/
full-length peptides by Wang et al. reported that EGCG mainly
interacts with Af residues 1—16 through hydrogen bondin:
and residues 17—42 through hydrophobic interactions.*'**
Higher resolution structures of the AB—EGCG complex are
also available. Solution-state NMR measurements performed by
Lopez del Amo et al. showed that the EGCG-induced Af1—40
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Figure 15. Contact probabilities of each Af1—42 amino acid with compounds. (A) Between EGCG and Aff1—42 dimer from atomistic REMD
simulation.””” (B) Between NQTrp and Ap1—42 dimer from atomistic REMD simulation.**> (C) Between 10 small organic molecular fragments
(e.g, dimethyl ketone, furan, and pyrazole) and Af1—42 monomer from REMD and FTMap."”> Nonbonded (black bars) and hydrogen-bonding

(red bars) interactions are shown separately.
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Figure 16. Representative structures of Aff1—42 dimer—NQTrp from atomistic REMD simulations: (A) cluster 1, (B) cluster 2, and (C) cluster 8.
Chains A and B are colored red and blue, respectively. The red and blue spheres represent the Car atoms of Aspl. The center of mass of NQTrp is
shown as green spheres, and we show NQTrp if it forms a contact of <4 A with any heavy atom of Aff1—42. Residues colored yellow assist in the

reading.

oligomers adopt a well-defined structure, rather than
disordered, in which residues 22—39 maintain a f-sheet
conformation and residues 1—20 are unstructured.*' Atomistic
REMD simulations for the Af1—42 dimer with 10 EGCGs
found that the equilibrium structures of the A#42 dimer in the
presence of EGCG were characterized by the existence of 5%
free Af42 monomers. Upon EGCG binding, the intermolecular
contacts between the CHC and residues 29—42 were also
greatly impacted.”®” The simulations also revealed EGCG was
most likely to interact with F4, RS, H6, Y10, L17—F20, I31—
132, L34—V36, V39, and 141 (Figure 15A).

Apart from the polyphenols discussed above, non-polyphenol
molecules were also found to inhibit Af fibrillization through
binding to oligomers. Carnosine (f-alanyl-L-histidine; Figure
14), a naturally occurring dipeptide, was found to bind Af and
inhibit fibril formation. With MD simulations and NMR
experiments, again without any detection of intermolecular
NOEs, carnosine was found to form transient salt bridges with
charged residues in Af (RS, K16, and K28) and hydrophobic
contacts with the CHC and flanking regions.*** Arai et al. also

designed a nonpeptidic inhibitor targeting CHC under the
assumption that intermolecular side-chain and main-chain
interactions must be optimal and minimal, respectively.*
Recently, the autoxidation of polyphenols, (+)-taxifolin,***
and EGCG* into quinone derivatives was reported to be
essential. The experiments revealed the potential of quinone
derivatives as Af} aggregation inhibitors. Indeed, the quinones
and quinone derivatives were found to inhibit amyloid
aggregation several years eago.426_428 In 2010, Scherzer-Attali
et al. observed that a quinone derivative, NQTrp (1,4-
naphthoquinon-2-yl-L-tryptophan; Figure 14), was able to
inhibit fibril formation by Aff1—42 and completely recover the
phenotype in a transgenic AD Drosophila model.**” An
extensive REMD simulation using the coarse-grained OPEP
force field, followed by all-atom docking calculations, picked
the NQTrp molecule as the best ligand of AB17—42 trimeric
structures among five small-molecule drugs, including three
polyphenols.”**® The NMR study with the presence of a 0.25
molar ratio of NQTrp to A$12—28 monomer found that the
structures of NQTrp-bound A12—28 were characterized by
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two turns formed by residues 18—20 and 22—26, although no
intermolecular NOEs were observed.*”” While several simu-
lations focusing on the binding of NQTrp to Af fragments
were performed,**" an all-atom REMD simulation of the
ApP1—42 dimer with the presence of two NQTrp molecules in
explicit solvent provided a different binding picture.”*> The
structure representing the first most populated cluster shown in
Figure 16A is characterized by two helices spanning the CHC
or part of the CT (residues 30—35) region in each chain. The
second cluster in Figure 16B is essentially a random coil with
two short helices spanning residues 3—6 in one chain and
residues 24—28 in the other chain. A structure with three f-
strands is found in cluster 8 (Figure 16C), where a f-hairpin
formed by residues 32—34 and 37—40 of one chain packed
against a third strand formed by residues 39—41 of the other
chain. Overall, 555 clusters were identified, and the residues
with high probabilities to interact with NQTrp are F4—D7,
Y10, H13—H14, K16-L17, F19—F20, S26, K28, 131-132,
L34—M35, and V39 (Figure 15B).**

Complexes of EGCG or NQTrp with A both involve
several hydrophobic residues, including Y10, L17, F19—F20,
131-132, L34, and V39, though, overall, the sites with the
highest interaction probability are clearly different (Figure
15A,B). RS, K16, K28, and the CHC region are found in the
binding sites of both NQTrp and carnosine. The proclivity of
Af1-42 monomer to form pockets able to bind small
molecules was investigated by Zhu et al. with a 100 ns
REMD simulation with AMBER99sb/TIP3P.'”> The 35 most
populated Af1—42 monomer centroids were subjected to
fragment-based calculations and the most populated binding
pockets identified using FTMap*** and FRED.**** The CHC
residues were found to have the highest propensity to bind
small molecular fragments, but F4, Y10, and M35 were also
involved in many of the hotspots (Figure 15C)."”> In contrast,
the central region (particularly 22—26) had a much lower
tendency to form binding hot spots. This reduced probability
agrees with the reduced experimental '"H—"*N HSQC chemical
shift perturbation of central region residues when certain small
compounds are titrated into the A monomer sample,***3°

Obtaining high-resolution structures of Af monomer—
inhibitor complexes from NMR with intermolecular NOEs
remains a challenge. The strategy adopted in REMD
simulations of AB—EGCG and Af—NQTrp complexes suggests
a general first-order approach to screen Ap—inhibitor
interactions, but this remains a very difficult task because
current inhibitors interacting with the A monomer, dimer, and
trimer show many binding sites with small occupancies and
contact surfaces.”””***” Apart from simulations, the cost-
effective virtual screening favors the discovery of novel
inhibitors with high-quality receptor structures. Recently, a
ligand-based drug design provided an approach different from
virtual screening to the discovery of novel inhibitors.”*® The
method used a known inhibitor, a substituted Af1—42 peptide
termed [Nle*,p-Pro*’]Af1—42. The structure of residues 35—
40 from the inhibitor was stripped of side-chain atoms except D-
Pro and used as a query to screen for small molecules with
similar spatial geometry and recapitulated hydrogen-bonding
interactions. A compound was found to inhibit Af1—42
aggregation with an ICs, of 13 M. The approach is of great
interest as it provides a good demonstration for both theoretical
and experimental work of how to cooperate and the great
benefits.
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10. TRUNCATED VARIANTS OF A AND PATHOGENIC
AND PROTECTIVE A MUTATIONS

Familial forms of Alzheimer’s disease represent only a small
fraction of all AD cases and show an autosomal dominant
pattern of inheritance, which often results in early onset
symptoms (in general between 40 and 65 years old). FAD
mutations occur on the presenilin PSEN1 and PSEN2 genes as
well as on the APP gene from which Af is processed.*® We
will therefore focus on APP mutations and particularly within
Ap spanning residues 672—714 for the 42 amino acid sequence.

10.1. Experimental Findings

Over 30 mutations in the APP gene are known today, 25 of
which are pathogenic and autosomal dominant with an early
onset disease phenotype and 2 of which are reported to be
protective mutations against AD.*** To better understand the
pathogenic and/or protective effects of AD mutations, it is
important to genetically screen significantly large groups of AD
and non-AD patients to obtain very good single-nucleotide
polymorphism (SNP) statistics.

Four types of FAD genetic aberrations have been observed to
happen within the APP gene: complete gene duplications,
single-point missense substitutions, and deletion or insertion of
a nucleotide. Gene duplications cause an overexpression of
APP, which inevitably implies an overproduction of Af**' and
all the consequential toxicity known to accompany it. Some
mutations occur near the APP-to-Af ff- and y-cleavage sites,
which generally results in an overproduction of ’
shifts the relative amounts of Af1—40 and Af1—42 toward a
higher production of the more toxic Af1—42.

Many pathogenic FAD mutations increase Af propensity to
aggregate in vitro.**>** In particular, the mutations located in
and near the CHC, the Flemish (A21G), Dutch (E22Q), Italian
(E22K), Arctic (E22G), and Iowa (D23N) mutations, are also
known to increase the toxicity mediated by Af. Because of their
close proximity to the a-cleavage site (K16—L17), some of
these mutations have been reported to also decrease the
production of nonamyloid products and increase Af levels
while making the mutant Af resistant to the Ap-degrading
enzyme neprilysin.*** Teplow et al. characterized the role of
various residues and reported that Af1—40 is mostly sensitive
to mutations at positions 22 and 23 such as E22G and D23N,
while AB1—42 is most affected by A21G."*° It has been shown
that A21G decreases fibril elongation and promotes protofibril
and toxic oligomer formation, while E22G is observed to
increase the rate of protofibril formation. The effects of the
FAD A21G and E22G mutations have also been studied using
IM-MS, showing that the early oligomer distributions differ for
each mutant and the Af alloform.> Another pathogenic FAD
mutation is the Osaka E22A mutation, which consists of a
deletion of residue 22. E22A is known to induce a cholesterol-
mediated toxicity as the mutation modulates levels of
intracellular and extracellular Af, the secretion of which
normally regulates cholesterol efflux.*** The de novo D23Y
mutant and proline substitutions in the CHC have also been
shown to affect self-assembly and toxicity.'*>**

Experiments have also hi§hli5ghted the importance of the N-
terminal residues 1—16,°%>3755*4%7 (hose role has been
underestimated in the past owing to their highly disordered
structure in synthetic A fibrils. These include the pathogenic
FAD H6R (English), D7H (Taiwanese), and D7N (Tottori)
mutations. In particular, D7N accelerates the kinetics of
transition to pf-sheet-rich configurations and promotes the
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Table 4. Computational Studies on the Variants®

Ref., Mutations Ap Oligomer Force field & Method Timescale Theoretical findings upon mutation
alloforms size solvent model
- population of A-hairpins increased 4-fold
473 Ay 1-28 1 CHARMM22* T-REMD 98 pus - intrinsic disorder decreased 2-fold
TIP3P - Free-energy landscape very different from WT
- rate of fibril formation increase
- in AS1-42 increase in S-structure at C-terminal {monomer and dimer) + increased stability
465 HE6R 1-40, 1-42 L2 OFLS-AA MD 3.7 ps of 23-28 salt-bridge in monomer
TIP4P - in ASL-4 increase due to enhanced turn in region 25-29 and decresse in a-helix propensity
in regions 10-13, 26-20 and 30-34 (monomes )
466 DTH 1-40, 1-42 1 OPLS-AA T-REMD 24 ps - 2-fold d in overall A ity + d in salt-beidge 23-28 formation in both
GB/SA MONOMErs.
- monomer changes its fold and its salt-bridges network
464 DTN 1-40, 1-42 1,2 OPLS-AA MD T4 ps - dimer changes its secondary structure, salt-bridges and topology
TIP3P - increase in the aggregation rate
- mutation destabilizes S-sheets and slows down aggregation for AF1-40 but not AF1-42
462 A21G 1-40, 1-42 2 GROMOS96 MD 60 ns - mutation increases the flexibility of the CHC in A81-40 & AF1-42
GB/SA - mutation affects intra- and inter-molecular salt-bridges involving Glu22, Asp23 and Ly=28
- all monomers are rather disordered
177 E22K, E22Q 1-42 1 AMBERFF9388 MD >1000 s - elimination of electrostatic interactions of E22K and E22Q) increases a-helices in region 20-23
E22G, D2IN TIP3P - ull mutants decrease o-helix propensity in the C-terminal region 33-36 but same S-propensity.
- higher a-helix propensity (both AS1-40 & AS1-42)
= turn strocture in region 21-30 less abundant in both AS1-40 & A81-42
460 E22A 1-40, 1-42 1 AMBERFF995B T-REMD 24 ps disapy of key int ar interactions between N-terminal, CHC and C-terminal
Implicit GB/SA = Afl-40-mut is more prone to aggregation that AS1-42-mut
- 30% decrease n Lysl6 salt-bridges but strengthening of Lys28 salt-bridges
178 E22K 1-42 1 AMBERFF995B MD >700 ps - E22K increases a-helix propensity in region 20-24
TIP3P
- E220 destabilizes contacts within the region 21-30 for AJ1-40 & AS1-42
184b E22G 1-40, 1-42 1 CG DMD B0*107 - major N-terminal structural change that prevents foemation of S-hairpin at A2-F4 (A§1-40)
Implicit steps - higher S-propensity in N-t I: induees a toxic S-hairpin st R5-H13 (A81-40)
463 D23N 15-40 2 AMBERFF99SB  Minimization n. a - disappearance of salt-bridge between Asp23 and Lys28 in paraliel S-sheet conformation
TIP4P-Ew ab-initio FMO = loss of stability for parallel S-sheoet conformer
202 F20E E22G 1-42 2 PROFASI MC BO*10™ . all mutations affect the aggregation propensity
E22G I31E Implicit stops - main structural variations in region 20-30
Pyroglu- - truncated varinnts form larger oligomers
474 tamate 3-40, 342, a2 CG DMD 3.2°10° - Af3-40/42 has & more flexible & selvent exposed N-t inal region
variants 11-40, 11-42 Implicit steps - AZ11-40/42 sees its N-terminal be less accessible to the solvent which might explain why it is
less toxic than full-length A8

“The abbreviation “na” stands for not applicable.

early formation of higher order oligomers with more a/f
structures that are significantly more toxic compared to WT
AB1—40 and AB1—42."** An IM-MS study also showed that
the FAD D7N mutation leads to early oligomer distributions
that differ from that of AB1—40 to AB1—42.% The double
substitution D1E/A2V also affects Af1—40 fibrillogenesis and
predominantly forms neurotoxic aggregates.**® Finally, a novel
FAD mutation, K16N, found in one family was shown to
increase Af production as it is a poorer substrate for a-
secretase. The mutant KI6N Af is itself not harmful, but
becomes toxic when mixed in an equimolar ratio with WT Ap,
inhibiting WT Af1—42 fibril formation and producing more Af
oligomers.444

In many cases, key side chain interactions are reported to be
at the origin of Af toxicity. On the basis of the Af1—42 fibril
model,” the KI6N mutation is reported to add a hydrogen
bond between the side chains of K16 and NI16 in
heterotetramers, therefore increasing the stability of the
aggregates.”™* The importance of the lysine residues in Ap
has been further highlighted by Sinha et al, who rationally
designed K16A and K28A mutants."*'* K16 is known to be
important for driving fibrillogenesis, while K28 is thought to
stabilize a loop driving Af folding. What they found is that each
mutation by alanine has profound effects on A assembly and
dramatically reduces Af toxicity, suggesting the design of
inhibitors targeting K16 and K28. Another example is provided
by the FAD D23N mutation, which, by preventing the
formation of a salt bridge with K28, also modifies toxicity.
Finally, the English mutation, by adding one charged residue,
and the Taiwanese and Tottori mutations, by deleting one
charged residue, are also likely to change the network and
populations of all salt bridges.

Surprisingly, there are no toxic FAD mutations reported in
the C-terminal region (residues 30—42), though a high
percentage of Af with a Met-sulfoxide at position 35 is present
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in the AD brain,** yet the de novo A G33A and GI33 variants
have been shown to promote the aggregation process in vitro
by increasing the population of large oligomers (16—20-mers)
at the expense of small oligomers (2—4-mers). However, how
they affect the structures of the early-formed Af1—42
oligomers is an open question.**® On the basis of in vitro
and in vivo experiments, Af1—42 oligomers with substitution
of G33 by alanine and isoleucine are much less toxic than the
WT ApP1—42, suggesting that G33 may represent the critical
residue linking toxicity and oligomerization, therefore adding
complexity to the origin of toxicity."° Enhanced aggregation
propensity of AB1—40 was also confirmed in the double de
novo mutants G33V/V40A and I31L/ M35L,451 and in a more
extensive study, Hecht et al. demonstrated that particular
nonpolar side chains in the C-terminal half of Af1—42 are not
required for aggregation and amyloidogenesis.*>*

Besides Af1—40 and Af1—42, the truncated Ap4—42 and
ABS—42,%¢ AB1-26, AB1-30, and AB1—39 peptides are found
in amyloid plaques.** The AB1—43 peptide, extended by a
single threonine at the C-terminus relative to Af1—42, has a
stronger neural toxicity and higher aggregation capacity than
AB1—-42*7 and increases the rate of extent of protofibril
aggregation and confers slow C-terminal motions in the
monomeric and protofibril-bound forms of AB1—43.%* In
addition, many post-translational modifications of Af peptides
are also observed in amyloid plaques. Among the modifications,
proteolytic removal of D1 and A2 and the subsequent cyclizing
of E3 and El1 to a pyroglumate (AB3(pE) and AB11(pE)) are
particularly interesting.*’~** AB(pE) is more cytotoxic and
aggregates more rapidly than conventional Af. Only 5%
AB3(pE)-42 mixed with 95% WT Af1—42 is enough to
significantly enhance the cytotoxicity in vivo through the
formation of hybrid AB3(pE)-42/Af1—42 oligomers. In light of
these observations, it was postulated that AS3(pE) might
trigger AD by propagating through a template-folding prion-
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like mechanism with Af1—42. This truncated variant is also
known to be acting in a Tau-dependent manner and to be
particularly resistant to degradation.>

The most intriguing and interesting mutations are
undoubtedly the AD-protective ones, but they have not been
extensively studied experimentally and theoretically. Two
protective mutations at position 2 of Af (position 673 in
APP) have been reported. A rare genetic mutation observed in
a single Italian kindred, A2V, causes an early onset of AD when
it is only inherited from both parents, while heterozygous
carriers of A2V are unaffected. A2V enhances Af1—40
aggregation kinetics by a factor of 4, but the mixture of the
AB1—40 WT and A2V peptides protects against AD.>* Using
multiple low-resolutions methods, an equimolar solution of
AP1—42 WT and A2V produces smaller aggregates with much
slower kinetics than Af1—42 WT, suggesting instability of the
mixed aggregates.**®

The A2T mutation, on the other hand, is always a protective
mutation, independently of its homozygous or heterozygous
form. It was reported in 79% of a non-AD control group with
better cognitive test results compared to those of an AD group
by using a large-scale DNA screening of Icelanders.> Thus far,
this mutation has not been observed in non-Nordic
populations.*****7 This mutation reduces Af production by
40%, at variance with A2V in its homozygous state, which
enhances Af production.®® Importantly, ThT fluorescence
essays reveal that the mutations, while having little effect on
AP1—42 peptide aggregation, drastically modify the properties
of the Af1—40 pool, with A2V accelerating and A2T delaying
aggregation of the peptides. In agreement with the results of ref
455 on the mixed A2V/WT aggregates, A2T forms smaller
aggregates than the WT peptides.”® This finding on the
kinetics and oligomer sizes should however be confirmed by
Nile red binding and static light scattering experiments,
respectively. Whether more unstable oligomers render them
more available for degradation is sufficient to explain in vitro
experiments showing that A2T attenuates the APP-mediated
intracellular cell death®® remains to be determined. Taken
together, the physical properties of the Af1—-40/42 A2V/A2T
and Af3(pE)-42 peptides raise many questions and open new
drug-design perspectives.

10.2. What We Have Learned from Mutational
Computational Studies

Most of the simulations studying the effects of mutations are
summarized in Table 4. For each mutant, we give its polymeric
state, the method used, and the main findings. Many
simulations of the Arctic E22G mutation have been performed
and highlight its destabilizing effect on the region 20—30'840202
and its increased f-strand effect on the N-terminal.'** The
other mutations at position 22 also have significant effects on
the CHC structure and flexibility and either induce
more'7®1774% o1 Tess'7® -helix structure, although all mutants
remain essentially disordered. Lin et al, on the basis of
thousands of MD trajectories simulated with AMBER99sb/
TIP3P, have therefore postulated that there might exist a link
between a-helix propensity and aggregation kinetics.'”” As a
result, an increased helix—helix interaction between dimers may
result in altered kinetics of oligomerization.

Other mutations in the region 20—23 have been shown
experimentally to modulate the rate of aggregation.**>*** This
effect is observed in several computational studies showing an
increased aggregation propensity for E22Q*" and a reduced
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aggregation propensity for F20E dimers.””> In some cases, the
CHC residues may also become solvent exposed and then serve
as docking sites for Af deposition onto the fibril (E22Q).*"
MD simulations on A21G report a decrease in f-strand
propensity for the Af1-40 and ApB1—42 dimers upon
substitution,*™> and this was confirmed by an IM-MS
experiment.>® The simulations also reveal that the per residue
f probability varies from that of Af1—40 and Af1—42 dimers
upon A21G substitution. The D3N mutant in both alloforms
was also studied by all-atom MC simulations and OPEP CG
REMD simulations, both in implicit solvent, and showed that,
by perturbing the side-chain H-bond network, the peptide
remains compact’” or displays a rather independent N-
terminus.'” In particular, the latter simulation showed that the
D23N mutation causes nonlocal perturbations of the WT
conformational ensemble by increasing the S-sheet propensity
at the C-terminal region. This result is in agreement with the ss-
NMR structure of a highly synaptic A1—40 toxic oligomer
with a stable N-terminal fS-strand.'*® Finally, the dimers of
Ap15—40 WT and D23N were studied using a selected number
of parallel and antiparallel molecular-mechanics-generated
conformations that were refined by ab initio FMO (fragment
molecular orbital) calculations. It is found that, in water, the
parallel conformation is more stable than the antiparallel one,
due to the larger hydration energy for the parallel conformation
for both the WT and the D23N Af15—40 dimers.**

Simulations of the FAD D7N and H6R variants also
proposed different mechanisms for the increased Af
aggregat1011.464_466 For instance, all-atom MD simulations
showed that D7N enhances the aggregation rate by decreasing
the turn propensity at residues 8—9, by perturbing salt bridge
half-lives, and by reducing the bending free energy of the loop
region.464 Simulations on H6R, in contrast, show the rate of
fibril formation of Af1—42 increases due to increased p-
structure at the C-terminal in both the monomer and dimer
and enhanced stability of salt bridge Asp23—Lys28 in the
monomer, while the enhancement of the turn at residues 25—
29 and reduction of the coil in regions 10—13, 26—19, and 30—
34 would play the key role for AB1—40.* The results of the
FAD D7H simulations** are discussed in Table 4.

De novo mutations were also investigated, such as the
mutation D23Y, whose effect on the hexamer of Aff1—40 was
reported to favor the locking of A monomer onto fibrils, thus
promoting fibril growth. Simulations found that the interactions
with the aromatic ring of Y23 are more fibril-compatible than
those with the negatively charged D23.%” The de novo G33A
and G33I mutations were also explored on the monomer and
dimer of Af29—42, and the REMD simulations showed a
significant reduction of the f-hairpin population upon both
mutations and a destabilization of the dimer due to an increase
in hydrophobicity.**®

Atomistic MD simulations of monomeric Af1—40 Met-ox
found that M3S$ oxidation decreases the f-strand content of the
C-terminal (residues 29—40), with a specific effect on the
secondary structure of residues 33—3S, thus potentially
impeding aggregation. Furthermore, there is an important
interplay between oxidation state and solution conditions, with
pH and salt concentration augmenting the effects of
oxidation.*® REMD simulations of A#1—43 dimers followed
by ab initio calculations revealed a ring-shaped conformation, in
which T43 is hydrogen bonded to RS, which is absent in Af1—
42 dimers.*”® Simulations of A#1—39 monomer and dimer with
CHARMMY/SASA revealed a very high percentage of a-helices,
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which is likely due to the very high bias for a-helix of this force
feld 471472

Finally, the A2V variant and the AB3(pE)-42 peptides have
started to be studied by computer simulations. First, Nguyen et
al. have found via all-atom REMD simulations that the A2V
mutant of A#1—28 is much less intrinsically disordered than the
WT peptide, increases the propensity to form f-hairpins, and
enhances the a-helix in the region 17—24. Both peptides
display a non-negligible population (7%) of extended
metastable conformations, differing however in their atomic
details, that represent ideal seeds for polymerization. More
importantly, the two conformational ensembles are totally
different, suggesting unstable dimers.*”®> This result is in
agreement with the increase in f-propensity of pure A2V
aggregates by light scattering and provides a first answer for the
reduced aggregation kinetics of the mixture of WT and A2V
peptides.>” Atomistic REMD simulations of WT—WT, WT—
A2V, and WT—A2T Ap1—40 dimers are in progress.

A DMD-CG simulation in aqueous solution of 32 ASpE3
and ABpE11 peptides lacking pyroglumate at positions 3 and 11
reported that truncation of the N-terminal residues in A$3—40,
Ap3—42, AP11—-40, and Af11—-42 shifts the oligomer size
distribution toward larger oligomers as observed experimen-
tally.*”* Moreover, the fact that the N-terminal of the ABpE3—
40/42 and Af11—42 variants is more flexible than the Af1—
40/42 WT peptides could be related to their increased toxicities
relative to those of the WT peptides. The activity of AB3(pE)-
42 pores has been studied using a planar bilayer recording and
their architectures provided by all-atom MD simulations
showing that the N-terminal f-strands tend to reside in the
hydrophobic lipid core, in contrast to those of WT' Af1—42
peptides.*’”> Using multiple experimental essays and MD
simulations, Lee et al. compared the adsorbed and
membrane-inserted oligomeric species of AfpE3—42 and
ApP1—42 peptides. They found lower concentrations and larger
dimensions for both species of membrane-associated APpE3—
42 oligomers. The larger dimensions are attributed to the faster
self-assembly kinetics of APpE3—42. Membrane-inserted
APpE3—42 oligomers were also found to modify the
mechanical properties of the membrane.*’®

11. CONCLUSIONS

We have reviewed what experiments and computer simulations
can tell us about the amyloid f protein and its link to
Alzheimer’s disease. Our knowledge of the structures of
synthetic Af1—40/1—42 fibrils, protofibrils, and large
oligomers has markedly increased in recent years, and it is
clear that polymorphism is present from the monomer to fibrils.
We know that fibrils with different molecular structures can
result from environment-dependent self-assembly and kinetic
rather than thermodynamic control. We also know that
metastable states can be alleviated by using appropriate seeds
or under shear flow and the structural models of the Af1—40
fibrils that build up take on different structures in the brain of
diseased Alzheimer’s patients with different AD symptoms.
This high degree of polymorphism, which arises from many
physical factors and persists in vitro and in brain tissues, is
correlated to different phenotypes and is rather bad news for
drug design because one drug may be efficient for one patient
but not for another.

Structural and dynamical characterization of the smallest
oligomers, the most toxic species, and the monomers has been
moving at a lower pace due to their transient character and
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intrinsic disorders, but with the help of new experimental
methods and efficient sampling methods using multiple force
fields and representations, our knowledge of these species in
aqueous solution, in proximity to or in the membranes, with
and without ion metals should significantly increase, although
polymorphism of the aggregates and high sensitivity of external
conditions will not facilitate the reproducibility of the
experimental readouts and the convergence of the simulations.
One particular advantage of computer simulations, however, is
that calculations can be repeated using different pH conditions
and model membranes and the effects of site-specific mutations
can be investigated.

Characterizations of the primary nucleus/nuclei and the
population of the amyloid-competent monomeric state*’” prior
to the lag phase remain difficult both experimentally and
theoretically due to the sensitivity of the experimental
conditions and the amino acid sequence. One amino acid
substitution is sufficient to change the free energy landscape as
evidenced from the kinetics and the oligomer size distribution
of FAD Af variants and the recent isotope-edited and ss-NMR
findings that Af16—22 with E22Q displays by unexpected
antiparallel S-strand orientation intermediates that later
transition completely into parallel S-strands, suggesting a new
nucleation mechanism in a progressive assembly pathway.*’®

Understanding the interactions that the Af1—40/42, Af1—
40/42 A2V and A2T variants, and A3(pE)-42 peptides in both
monomeric and oligomeric forms establish with metal ions and
various cellular components is a top challenge to unveil the
molecular mechanisms at the onset of AD. Again, both
biochemical and biophysical experiments along with simu-
lations have just started to give a more precise picture, but
important efforts toward this direction should be pursued.

How the structures of A may relate to the mechanism of
toxicity is still unknown since toxicity comes from all oligomers
to the fibrils. One source of toxicity comes from membrane
channel formation, and the cylindrin conformation has been
suggested to be toxic, but other antiparallel f-sheet
conformations are also considered toxic. In addition, a single
amino acid change is able either to reduce (A2T, A2V) or to
increase (FAD, K16A) toxicity. Another source of toxicity
comes from metal ions and the interactions with the cellular
partners, but our understanding is still limited. To this end, we
are currently investigating the polymerization and depolyme-
rization processes of A WT, A2V, and A2T assembly in the
absence and presence of PrP as well as the toxicity of the
assemblies.

Despite extensive studies, drug after drug aimed at targeting
Ap has failed to slow the progression of AD in clinical trials. If it
is true that we are treating people too late, there are however
two other hurdles for drug improvement. First, while many
groups are working on developing drugs that bind to Af fibrils
(therefore reducing the fragmentation process) or bind to Af
oligomers to slow or accelerate fibrillation, and in all cases
reduce Af cytotoxicity, how any interact with Af1—42 and
AB3(pE)-42 oligomers is unknown at an atomic resolution, yet
obtaining high-resolution structures of the Af oligomer/drug
complexes is a prerequisite to optimizing the kinetic and
thermodynamic binding properties of promising compounds
(and thus their specificity), prior to cell viability essays, animal
models for AD, and clinical trials. The second hurdle is that
repeated identification of the same types of molecules as
promising hits against different proteins is polluting the
chemical literature. For instance, quinones are redox cyclers,
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Figure 17. Af16—22 aggregation simulations under several conditions. (Top panels) Pictorial representation of monomer aggregation for several
simulation schemes: (i) Langevin dynamics, (ii) Langevin dynamics with hydrodynamic interactions (HIs), and (iii) Langevin dynamics with HIs
and longitudinal shear, shear rate Av/Az = 10% s™'. The time evolutions show the effect of HIs on the aggregation kinetics. When shear flow is
activated, also the details of the aggregation change: i.e., first two separate aggregates form, and their relative motion in the shear flow (translation
and rotation) guides their further encounter and fusion. (Bottom panels) Time evolution of key parameters describing the aggregation process in
shear flow for different values of the shear rate Av/Az (0, 10% 10%, and 10'° s™"): the gyration radius R, (left panel), the number of interpeptide
hydrogen bonds formed between backbone NH and O groups (middle panel), and the number of interpeptide side-chain contacts (right panel). The
system is composed of 18 peptides placed in a cubic box of L = 65 A, and the shear gradient is generated along the z direction.

metal complexers, and covalent modifiers.*”® It has also been
found that curcumin from turmeric, EGCG from green tea, and
resveratrol from grapes, which reduce Af aggregation in vitro,
also alter lipid bilayer properties and the function of diverse
membrane proteins.**® Therefore, the effect of one drug might
not be what we expect, and in this context, we recently showed
using expressed and then produced Af1-28, AS1—40, and
AP1—42 peptides with multiple assays and different readouts
that the NQTrp inhibitor exerts its inhibitory effect via
mechanisms other than direct interactions with Af peptides
(O. Berthoumieu et al., unpublished results).

Along with the next steps already described at the end of
each section, some challenges should be considered.

The first challenge is that the population of dimers, trimers,
and dodecamers (Af*S6) in brain tissues vary with aging,
indicating that the species to be targeted at early or late onset
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AD are not the same. By using 75 cognitively intact individuals,
ranging from young children to the elderly, and 58 impaired
subjects with mild cognitive impairment or probable
Alzheimer’s disease, it was found that Af*56 may play a
pathogenic role very early in the pathogenesis of AD.**'

The second challenge is that experiments have reported
drastic acceleration of fibril formation for the Af1—40 peptide
in shear flow.*®*~*** The origin of such a kinetic speed-up is
still debated. In addition, while atomistic simulations in explicit
solvent of the full aggregation of the Af1—40/42 peptides and
causing or protecting variants are still out of reach, coarse-
grained simulations in im4plicit solvent require the treatment of
hydrodynamics effects.””**> In Figure 17 we report preliminary
results of the early steps of the aggregation of 18 Af16—22
peptides blocked by acetyl and amine under shear flow as
obtained from simulations using the CG model OPEP with

DOI: 10.1021/cr500638n
Chem. Rev. 2015, 115, 3518—3563


http://dx.doi.org/10.1021/cr500638n
http://pubs.acs.org/action/showImage?doi=10.1021/cr500638n&iName=master.img-018.jpg&w=354&h=417

Chemical Reviews

hydrodynamic interactions (S. Melchionna, P. Derreumaux, and
F. Sterpone, unpublished results). For the sake of exemplarity,
the simulations were performed at rather high concentration
(109 mM) and in the absence of shear rates or in the presence
of high shear rates (10% 10° and 10'° s™!). With hydrodynamic
effects, the early steps of aggregation are already very different
from those of Langevin dynamics as seen from the size of the
oligomers. With high shear rates, we observe formation of a
unique elongated aggregate within 10 ns. For this highly
concentrated system the presence of the laminar shear flow
does not seem to affect the overall kinetics of the collapse, but
however does influence the way the aggregation proceeds.
Namely, by increasing the rate, an oscillatory behavior in the
aggregation process emerges (see the left panel reporting the
time evolution of the system’s gyration radius). The highest
shear rate also breaks down the hydrogen bonds and side-chain
contacts in the aggregates; thus, a nonmonotonic behavior as a
function of the hydrodynamic perturbation is expected for
similar aggregation processes of proteins. We are currently
investigating the dynamics over a much longer time scale.

A third challenge is to have a direct observation of Af protein
self-assembly in live cells as a result of crowding effects. Using
noninvasive fluorescence lifetime recordings and super-
resolution fluorescence, the formation of Af1—40 and Af1—
42 aggregates in live cells was dissected. Both peptides are
retained in lysosomes, where their accumulation leads to
aggregation, but the kinetics of Af1—42 aggregation are
considerably faster than those of Af1—40 and, unlike those
of Ap1—40, show no detectable lag phase. Compact amyloid
aggregates were observed for both alloforms.**® While these
experiments represent one step ahead toward understanding
aggregation in the cells, higher spatial resolution methods and
how the cellular environment affects the dynamics of Af1—-40/
42 and their variants are major concerns. To this end, in-cell
NMR of Af protein is an ideal tool for gaining information at
the atomic level, but several obstacles remain.**”*®

It is also a challenge to determine the impact of PrP and HSA
on Af oligomerization. We are addressing both aspects
experimentally by polymerization and depolymerization kinetic
experiments and theoretically by performing exascale simu-
lations. In this respect, we have recently shown that it is
possible to get the dynamics of 18000 HSA proteins
comprising 80 million particles with hydrodynamic interactions
consistent with the experimental translational and rotational
diffusion constants as a function of the density of the system.®!

Finally, pathogenic events involve an imbalance between the
production and the clearance of the Af peptide. It is important
to understand in atomic detail how the Af is cleaved by y-
secretase and how this process is affected by A2V and A2T
mutations. Clearly, the recent release of the 3D structure of the
human y-secretase complex at 4.5 A**® combined with
simulations going beyond the Af1-55 dimer*° should help
clarify this issue.

‘While many inhibitors have been designed to target a specific
region of AB, it would be interesting to study in cells the
cumulative effect of inhibitors designed to recognize different
regions of Af. It would also be of great interest to combine
different drugs targeting Af processing and rendering AS
aggregates very unstable and more prone to degradation.
Today, we are just seeing the tip of the iceberg in
understanding phenotype-related toxicity and aggregation
propensity of WT Af and its familial disease and protective
variants, but continuous and synergetic efforts between in vitro
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and in vivo studies (including basic verifications such as purity
and reproducibility of the results using various readouts or
transgenic animals with different sexes and times of AD
incubation) and theoretical studies (using multiple approaches)
should get us closer to finding a cure for AD.
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