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Simulation Studies of Amyloidogenic Polypeptides and Their

Aggregates
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ABSTRACT: Amyloids, fibrillar assembly of (poly)peptide chains, are associated with
neurodegenerative illnesses such as Alzheimer’s and Parkinson’s diseases, for which
there are no cures. The molecular mechanisms of the formation of toxic species are still
elusive. Some peptides and proteins can form functional amyloid-like aggregates mainly
in bacteria and fungi but also in humans. Little is known on the differences in self-

assembly mechanisms of functional and pathogenic (poly)peptides. We review

atomistic and coarse-grained simulation studies of amyloid peptides in their monomeric, oligomeric, and fibrillar states.
Particular emphasis is given to the challenges one faces to characterize at atomic level of detail the conformational space of
disordered (poly)peptides and their aggregation. We discuss the difficulties in comparing simulation results and experimental
data, and we propose new simulation studies to shed light on the aggregation processes associated with amyloid diseases.
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Figure 1. (a) Cartoon of the amyloid cross-f diffraction pattern. (b) Atomic force microscopy image of an amyloid fibril (left, courtesy of Dr. Slav
Semerdzhiev) and schematic representation of the distances within an amyloid fibril (right).

Amyloid formation is commonly described as a nucleation—
elongation mechanism.”*~>* The nucleus is the unstable species
that has the same probability to dissociate and to form a fibril. It
acts as the initial template of aggregation for the free monomers
in solution. The nucleation of pathological amyloids can be a
one-step process in which monomers simultaneously adopt the
fibrillar structure and aggregate, or it can involve a disordered
aggregated state (two-step process).””” In contrast, functional
amyloids have been (so far) identified to nucleate in a single
step.”> While the nucleation is a rare stochastic event, the
elongation is much faster and occurs through monomer binding
at fibrillar ends.

Amyloid aggregation can be modulated by varying the
solution pH>**> and temperature,”**” by adding cosolvents or
osmolytes,” or by the presence of membranes. For example, the
nucleation rate of a-synuclein can be increased in the presence
of lipid membranes,” DOPC lipid vesicles accelerate the Af,,
growth rate or can augment monomer-dependent secondary
nucleation.>® Furthermore, bilayers consisting of lipids
commonly found in membranes of synaptic vesicles (DOPE,
DOPC, DOPS, POPS, and cholesterol) do not enhance a-
synuclein aggregation substantially, whereas DMPS and DLPS
model membranes significantly increase its aggregation rate.”’
On the other hand, upon interaction with membranes
amyloidogenic aggregates can have modulating or disruptive
effect, resulting in cell dysfunction.”>**> Amyloid fibrils attached
to membranes have been observed to extract lipids,**™*° and
oligomeric aggregates were shown to perturb the membrane and
disrupt the cellular function by insertion into lipid bilayers,
which ultimately leads to leakage.”” We refer the reader to a
series of reviews addressing the interaction of amyloidogenic
peptides with membranes in refs 37—39.

The molecular mechanisms underlying the formation of early
stage aggregates, oligomers, and amyloid fibril are still elusive
and pose a series of difficulties to classical simulation
approaches, e.g, molecular dynamics. One of the most
challenging aspects is recovering relevant experimental time-
and length-scales. In classical molecular dynamics the computa-
tional demand depends on the simulated time and the number of
atoms. The dependence on number of atoms is linear thanks to
nonbonding cutoffs and neighboring lists. The size of a
simulation system spans usually from a few nanometers and
10° to 10* atoms for single peptides to micrometers and 10* to
10° atoms for fibrils. The length of the longest simulations even
on the fastest (dedicated) hardware is less than 1 ms. As a

consequence the time scales of minutes to hours required for
amyloid aggregation in vitro**~** are several orders of magnitude
longer than those acessible by atomistic simulations. While
experimental methods enable the monitoring over relevant time
and length scales, simulations require special techniques to
circumvent this problem. These include coarse-grained
descriptions of (poly)peptides, simplified treatment of the
aqueous solvent (implicit solvent) and/or membranes, and
protocols for accelerating rare events (enhanced sam-
pling). =S

This review describes the challenges inherent to the
simulations of amyloid forming (poly)peptides and their
aggregates, as well as the difficulties in comparing to
experimental data. In particular, this review will address the
generic amyloid growth mechanisms and the associated kinetics
from interdisciplinary, multiscale simulation, and experimental
perspectives, with an emphasis on the complementarity between
them. Next, it will provide a perspective on the future problems
that can be tackled using computational methods, the predictive
role of simulations, and their limitations. It lies outside the scope
of this paper to review the force-fields or water models used
when dealing with amyloid forming proteins or any experimental
techniques, as these have been reviewed elsewhere.”*™*’ It is
unavoidable that this review does not include all simulation
studies of (poly)peptide self-assembly. We made a selection of
amyloidogenic (poly)peptides and tried to exhaustively mention
the simulation studies that were carried out with them. Lists of
human (poly)peptides that can form pathogenic and functional
amyloids are provided in Tables 1 and 3, respectively, of ref 8.

2. EXPERIMENTAL BACKGROUND

Under specific conditions, (poly)peptides can aggregate into
amyloids both in vitro and in vivo.”**>° In vitro experiments try
to reproduce cellular conditions to shed light on the mechanisms
of amyloid formation and the structure of the fibrils.”' We refer
the interested reader to a review addressing the various
experimental techniques used to study the formation of
amyloids in vitro in ref 51 and proceed with discussing the
fibrillar structures and mechanisms of amyloid aggregation.

2.1. Cross-f# Structure

An amyloid fibril can consist of a single filament or of several
protofilaments wrapped around each other in an ordered
fashion. Structurally, amyloids follow the same X-ray diffraction
fingerprint,>” in which two major reflections are observed at 0.47
nm and about 1 nm on perpendicular axes (Figure 1(a)).>
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Figure 2. Schematic representation of the three phases of amyloid aggregation. The sigmoidal curve (solid line) is a simplified representation of the
temporal evolution of a fluorescent signal. Inset A shows the change in internal free energy of a peptide (U) in the free state (blue profile) as compared
to the bound state (red profile). The spheres represent peptides in the disordered conformation, and the spherocylinders symbolize ordered f-rich
peptides. Note that the change in internal free energy for cross-f association (arrow on the right) is more favorable than the one for disordered
aggregation (arrow on the left). Moreover, the cross-f3 association more than compensates for the increase in the internal free energy associated to the
conformational change of the monomer. Inset B shows the equivalence between the experimental “stop-and-go” mechanism and the computational

“dock—lock” mechanism.

These reflections correspond to distances between f-strands
stabilized by backbone hydrogen bonds and packing of f-sheets
stabilized by side chain contacts, respectively (Figure 1(b)). In
this arrangement the f-sheets and backbone hydrogen bonds are
parallel to the fibrillar axis with B-strands perpendicular to the
axis (cross-f).>*”°*~>" The common features of amyloids are

(i) the diffraction fingerprint corresponding to the cross-f§
architecture,”®>’
(ii) binding affinities to specific dyes, i.e., thioflavin-T, Congo
red, etc.,°”®! and
(iii) structural and mechanical stability of the fibrils.
It has been proposed that some functional amyloids form -
helical structures, rather than the conventional cross-f arrange-
ment observed for the pathological aggregates, but with
diffraction patterns matching the amyloid fingerprint®* (Figure
1(a)). The relationship between the two types of amyloids is still
unknown, as well as the ability of the cell to discern between
toxic and useful fibrillar aggregates.

2.2. Kinetics

Amyloid self-assembly is a complex multiphase process
governed by noncovalent interactions with a delicate balance
of enthalpic and entropic contributions.”> Generally, amyloid
aggregation is considered a nucleation-dependent polymer-
ization mechanism, in which the formation of nuclei is obligate
for fibril formation.”>**%*%

Experimentally fibril growth is described by a sigmoidal curve
(Figure 2), which results from the temporal monitoring of the

62,63

binding of a dye to the cross-f aggregates.”®**” This enables the
identification of three main regions along the aggregation
process:

o the lag phase, during which soluble monomers undergo
structural rearrangements and self-assembly into dimers,
trimers, and/or oligomers;

o the growth or elongation phase which starts from an
oligomeric nucleus that acts as template for the monomers
in solution and proceeds by fibril elongation, aided by
fragmentation, secondary nucleation, and fibril conjoi-
ning;

o the saturation phase in which the system reaches an
equilibrium consisting of mature fibrils and a reduced
concentration of the monomeric species.

2.2.1. Nucleation. Nucleation is a thermodynamically
disfavored process, as peptides are required to overcome a free
energy barrier that originates from the loss of conformational
entropy (see inset A, Figure 2). In principle, nucleation can occur
in one step (1SN), during which two peptides in the “binding-
prone” conformation spontaneously meet and aggregate. It is
more likely that monomers aggregate to form intermediate
metastable species consisting of peptides in various conforma-
tions. The constituents of the aggregate simultaneously undergo
structural rearrangements to give rise to f-rich nuclei, a process
referred to as two-step nucleation (2SN) (Figure 3). Both
nucleation mechanisms can occur simultaneously, but only the
dominating one can be observed experimentally.”” Among the
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Figure 3. Schematic representation of the main nucleation mechanisms investigated by atomistic and coarse-grained simulations. Purple spheres
depict monomers in the disordered state, and blue spherocylinders illustrate monomers in the cross-f conformation. Agglomerations of spheres form
an oligomer while spherocylinders aggregate into fibrils. Abbreviations: 1SN, one-step-nucleation; 2SN, two-step-nucleation.

intermediate species there are dimers, the smallest toxic
aggregate for some peptides, which can later evolve into
oligomers by further monomer addition.””’" Oligomers are
nonfibrillar aggregates, which consist of partially (mis)folded
peptides and have been identified to fulfill several roles. They
can be intermediate structures toward attaining the final fibrillar
aggregate (“on-pathway”),””’>~"* or they can grow into
disordered a_gégregates without converting into fibril (“off-
pathway”).”>”® Furthermore, disordered aggregates can interact
with the fibril surface to be involved in secondary nuclea-
tion”>”” "% (discussed in Section 2.2.2) or bind to mem-
branes.””***"** Conflicting hypotheses have risen regarding
which type of aggregate is the most toxic for the cell. On the one
hand, fibrils have been shown to be the toxic species,&g’84 while
on the other hand, evidence suggests that off-pathway oligomers
may be the more toxic species responsible for neuronal loss.””**
Oligomeric species are difficult to detect because of their
transient existence. Differentiating between on- and off-pathway
oligomers is very challenging but crucial in understanding the
fibrillization kinetics*>®” and for possible stabilization of the
nontoxic structures.

2.2.2. Growth and Saturation. The exponential part of the
curve in Figure 2 is associated with all the mechanisms involved
in fibril elongation. During the growth phase the fibrils elongate
while the concentration of free monomers decreases steadily.
Soluble monomers diffuse and attach to the end of the fibrils,
followed by structural rearrangements to adopt the cross-f
conformation, and act as a template for incoming monomers.
Kinetic studies have shown that fibril elongation can be
described by a two-phase process.*”**™"" An active growing
phase, in which the fibril elongation occurs by monomer
addition (referred to as “go”), is interrupted by long pauses in
which no elongation is observed (referred to as “stop”), inset B
in Figure 2. During the “stop” phase growth can be limited by the
structural rearrangements of the attaching monomer, which
needs to overcome a high free energy barrier to adopt the fibrillar
template. Furthermore, a monomer can attach and detach to and
from the fibril several times until it binds “correctly” to its ends.

A number of secondary processes contribute to the kinetics of
the growth phase. These include secondary nucleation (Figure
3), fibril breaking, and merging. With increasing number of
fibrils, the probability of new nuclei to form and transform into
fibrils decreases. In contrast, the secondary nucleation mecha-

nism>>***> becomes more likely as more fibrils can act as
catalyst for free monomers to form a new aggregate, which can
shrink or grow until the critical nucleus has been formed. The
new fibril can preserve the structural characteristics of the parent
fibril, but whether this is a generic feature or not remains elusive.
Secondary nucleation is a structurally and energetically different
process from primary nucleation; that is, a foreign surface is
involved,*” and it can be several orders of magnitude faster.”*
The theoretical framework behind nucleation in general has
been derived and reviewed by several research
groups,” 9?39 4nd we will therefore not discuss it here.

Fibril breakage or fragmentation is another mechanism that has
been proposed to generate new nuclei during the growth phase.
Amyloid fibrils are stabilized by optimal van der Waals packing
within and between f-sheet structures and the backbone
hydrogen bonds of the cross-f arrangement. Thus, they have
high values of Young’s modulus.’”” As a consequence
fragmentation can be usually achieved by using external stimuli
such as variations in temperature®®*” or mechanical stress.*" It
has been experimentally proposed that fibril fragmentation is
length dependent and that breakage can occur through three
different mechanisms depending on the environment.”® In
particular, one can experience breakage at the ends (erosion) at
high temperatures’® or fragmentation around the center of the
fibril (central) or with equal probabilitz at any location within
the fibril (random) at low temperatures”” and under mechanical
stress.”!

In the saturation phase, a low concentration of monomers is in
equilibrium with the fibrillar aggregates, and the growth curve
reaches a plateau. It is important to note that monomers
continuously detach and reassociate noncovalently at the tips of
the fibrils in the final equilibrium. Thus, fibrils are aggregates that
dynamically recycle their (poly)peptide chains.”

3. SIMULATION STUDIES

In this section we first focus on the simulations dealing with
monomeric systems followed by the computational studies
(Table 1) of nucleation and growth.

3.1. Monomeric State
3.1.1. Amyloid-f(42) and Its Variants. Amyloid-$ (Af) is
an intrinsically disordered peptide (IDP) up to 43 residues long

cleaved from the Alzheimer polypeptide precursor (APP). It can
aggregate into oligomers, fibrils, or amyloid plaques, the
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Figure 4. Schematic representation of the sequences of the amyloidogenic (poly)peptides discussed in this review. The relative residue boundaries are
marked by the numbers. The sequence lengths are not up to scale. Notation. Af}, amyloid-f peptide; a-syn, a-synuclein; hJAPP, human islet amyloid
polypeptide; tau, tau protein; PrP€ cellular prion protein; CsgA, major curli subunit, N-ter, N-terminus; CHC, central hydrophobic cluster; C-ter, C-
terminus; NAC, nonamyloid component; AC, amyloid core; R1—RS, repeat regions.

presence of the latter being considered the hallmark of
Alzheimer’s disease. The Af peptide exists in two dominant
forms consisting of 40 (Af,,) or 42 residues (Af,,), respectively.
The latter variant was shown to aggregate faster,”" be more
toxic,'** and be the main species present in amyloid plaques."*’
The Af peptide consists of a highly unstructured N-terminus
(first 1S residues) followed by a central hydrophobic cluster
(CHC), and a hydrophobic C-terminus (last 10—12 residues);
see Figure 4. Whether 40 or 42 residues long, the Af variants and
the effect of mutations have been widely investigated by means
of computer simulations; both atomistic and coarse grained, in
explicit or implicit solvent.

. 100—103
Garcia and co-workers

° investigated the accessible
conformations of both Af alloforms and various mutations by
using Replica Exchange Molecular Dynamics (REMD)
simulations in explicit solvent. They showed that Af,, samples
more conformations than its two residue shorter variant and that
its C-terminus is also more structured. A study using a similar
simulation protocol and carried out later by Velez-Vega and
Escobedo confirmed their results and extended the analysis to
investigate the structural differences between wildtype (wt)
AP, the soluble GM6 (F19S and L34P) mutant, and the highly
insoluble Dutch mutant (E22Q).'** They identified that the
main structural differences between the peptides arise in the
diversity of the structures sampled in the N-terminus. They
correlated the relative N-terminus rigidity of the monomers with
their relative aggregation tendency; that is, only the soluble
mutant showed a stable well-conserved fS-hairpin in this region.
The mutants showed transient ordered structures in their central
hydrophobic components, yet no clear differences arise in the
CHC and the C-termini to distinguish between the three
peptides. On the other hand, Ball et al. found that the CHC of
Ap,, forms an antiparallel f-hairpin, while the CHC of Af,,
interacts with the N-terminus forming a less populated
antiparallel ﬁ-hairpin.130 Furthermore, the two C-terminal

residues of Af,, appear to control the differences in f-strand
propensity.

The unstructured nature of the N-termini was observed in a
molecular dynamics (MD) study carried out by Olubiyi and
Strodel.'” They identified an increased disorder in the 40
residue long variant as compared to its more toxic partner, which
can transiently adopt helical or f-conformations. Furthermore,
they showed that the protonation of the histidine residues in
Ap,, stimulates the interactions between the N- and C-terminus,
leading to an increased f-sheet content, which may be the cause
of fast aggregation kinetics in an acidic environment.

Vitalis and Caflisch made use of Monte Carlo simulations
(temperature replica exchange) with the ABSINTH implicit
solvation model'®' to analyze the free-energy surface of the
monomeric Af,, and Af,, peptides.106 They observed that the
N-termini are disordered with a more pronounced flexibility for
Ap,,. The simulations showed a micelle-like architecture of the
monomer, in which the hydrophobic residues are buried in a
fluid-like core and shielded from solvent exposure by the
charged and polar side chains, which form the micellar surface.
Importantly, the charged side chains and in particular the dyad
of acidic sidechains E22-D23 protrudes toward solvent in both
Ap variants. Recent solution state nuclear magnetic resonance
(ssNMR) structures have confirmed the exposure of the acidic
dyad"*? as predicted in the simulations.'°

In a recent paper Roeder and Wales explored the conforma-
tional energy landscape of the truncated Af; _ ,, monomer in
the attempt of finding structures that may be precursors of the
fibril bound monomer."””> They used the generalized Born
implicit solvation model ** to perform simulations and found a
rugged energy landscape. The monomer is highly dynamic with
the lowest energies recorded by conformations with helical
segments, mainly in the **FAED* and 29-33 *’GAIIG*
regions, and pf-structures, with contacts formed between
residues '"LVFFA?! and **AIIGL*.
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Table 1. Computational Studies of the Monomeric State”

Reference

Sgourakiset al.'*’

Sgourakis et al. 1ot

102
Rosenman et al.

103
Rosenman et al.

Velez-Vega and Escobedo'%*

Ball et al.'®®

1 105

Olubiyi and Strodel et a
Vitalis and Caflisch'*®

Mudlela et al.'”’
Meng et al."

Iie et al.'"”

Allison et al. ''°

111
Jonsson et al.

Yu et al.'"?

Nath et al.''?

114
Zerze et al.

Reddy et al.''®
Chiu et al.''®

Singh et al'’

. s 118
Larini et al.

Nath et al.'"?
Luo et al.""’

De Simone et al."*°

121
Chebaro and Derremaux

Camilloni et al."**
Huang and Caflisch'>*

Peptide
Aby

Ao
Ay
Afy,
Al
Abyy

Afy

Afy,

A (E22Q)
Ay, (F19S&L34P)
APy,

Ao

Afyp

AP

Ay

Ao

Afy,

APy,

Ao

Ay

Afy
A-Synzs _ 55
A-SyDs6 — 67
A-SyDgg — 78
QA-Synzg _ g7
A-SyNgg — 97
a-syn

a-syn
a-syn

A-SyD3s — 55
a-synss _ s5(A30P)
a-synq _ 55(AS3T)
a-syn

hIAPP

hIAPP

hIAPP

hIAPP(A25P)
hIAPP(S28P-S29P)
hIAPP(A25P-S28P-S29P)
hIAPP

Ty73 - 284

Ta73 - 284AK280

T

T4 - 372

Toas - 32AR2

PrPCys — 230

PrPCps - 228

PrPCy,s _ 5,5(T183A)
PrPCyy; 157

PrPCyys — 226

PrPCiys _ 5,6(Y169G)

Model

AMBER94
AMBER96

AMBER MOD-PARM

OPLS
GROMOS
OPLS
AMBER99SB
OPLS-AA/L

OPLS-AA/L

AMBER99SB-ILDM

CHARMM22*
CHARMM22*
OPLS-AA

AMBER99SB

GROMOS43a2 + 53a6

ABSINTH

AMBER99SB
AMBER99SB

AMBERO3ws

CHARMM?27/CMAP

CHARMMI19

atomistic
PACE

Rosetta
AMBER99SB
AMBERO3w

GROMOS96 53a6
GROMOS96 S3a6

GROMOS96 53a6
OPLS-AA

Rosetta

CHARMM?27/CMAP

GROMOS96
OPEP

OPLS
CHARMM36

Solvent

TIP3P

SPC
TIP3P
TIP4P-Ew
TIP3P

TIP3P-Ew
TIP4P
TIP3P
TIP3P
TIP3P

TIP4P-Ew
SPC
ABSINTH

TIP3P
TIP4P/2005

TIP3P

EEF1
SASA
EEF1
implicit
MARTINI

implicit
TIP4P-Ew
TIP4P/2005

SPC
SPC

SPC
TIP3P

implicit
TIP3P

SPCE

implicit

TIP3P
TIP3P

Method
REMD

REMD
REMD

REMD

REMD/APE

MREE

MD

REMC

US+DFT
REMD

MetaD

MD

PRE-MD
MC
MD

ECMC
MD

REMD
BEMD
REMD
BEMD

BEMD
REMD

ECMC
REMD

REMD
MD

PT-MetaD
MD+US

Samplingb
0.78 us
0.78 us
0.78 us
2.08 us
0.78 us
2.08 us
11.7 ps
52 ps
52 us
52 us
52 us
52 ps
52 ps
1.76 us
2.72 ps
1.44 ps
0.2 us
0.2 us
2 X 3.5 us
2 X 3.5 us
48 X 10° steps
48 X 10° steps
370 ns
740 ns
743 ns
750 ns
750 ns
300 ns
500 ns
500 ns
500 ns
500 ns
720 ns
580 ns
488 us
76.8 X 10" steps
32 us
60 us
32 us
32 ps
10° steps
474 ns
8 us
4.5 ps
740 ns
400 ns
400 ns
400 ns
400 ns
300 ns
15.5 pus
15.5 ps
5 X 109 steps
3.36 ps
3.36 us
1.2 us
350 ns
600 ns
2.4 ps
6.5 + 1.1S pus
1.3 + 1.1S pus

DOI: 10.1021/acs.chemrev.8b00731

Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.8b00731

Chemical Reviews

EVE

Table 1. continued

Reference Peptide Model Solvent Method Samplingb

PrPCps — 556(Y169A) 1+ L1S ps
PrPCpys _ 156(Y169F) Us 1.15 ps
PrPCys _ 50s(R164A) 1.1S s
PrPCy,s _ 5,4(F175A) 1.15 ps
PrPCpys _ 56(D178A) 1.15 ps

Caldarulo et al.'>* PrPCpy — 231 AMBER99SB*.ILDM+CHARMM?22*  TIP3P PT-WTE+MW MetaD  1.84 + 4.25 us
PrPCyy _ 53, (Y169A) 1.84 + 425 s

Tian et al.'>* CsgA ProFASi implicit MC 10 steps

DeBenedictis et al.'*° CsgA CHARMMS36 TIP3P MD 150 ns
CsgB 150 ns

“Abbreviations. MD, molecular dynamics; REM/APE, replica exchange molecular dynamics all pairs exchange; MREE, multi reservoir replica
exchange; MhREX, multiplexed Hamiltonian replica exchange; REMD, replica-exchange molecular dynamics; US, umbrella sampling; MetaD,
Metadynamics; PRE-MD, paramagnetic relaxation enhancement distances used as ensemble-averaged restraints in molecular dynamics simulations;
ECMC, experimentally constrained Monte Carlo; BEMD, Bias exchange metadynamics; PT-MetaD, Parallel tempering metadynamics. PT-WTE,
biased ensemble sampled by well-tempered metadynamics when the energy is used as collective variable; MW MetaD, multiple walkers

metadynamics. bCumulative sampling over all replicas.

Mudedla et al. used umbrella sampling and density functional
theory calculations to investigate the conformational free energy
landscape of the **GLMVGGVVIA* sequence in solution and
near molybdenum disulfide nanosurfaces.'”” They found that
the solvated monomer prefers to adopt helical structures, while
the surface stabilizes random coil conformations, preventing the
sequence from forming fB-rich aggregates and therefore reducing
the fibrillization process.

Meng et al. used both conventional and replica exchange
molecular dynamics simulations to complement their exper-
imental studies and explore the conformations of Af,, and Af,,
in explicit solvent.'”® They found that both peptides populate
mainly random coil conformations with Af3,, being slightly more
compact than Ap,,. Additionally, they identified small
populations of short-lived collapsed and structured states,
which differ from one peptide to the other in the contacts that
are being formed. For Af,, contacts are formed between D23
and K28, while for Af,, the interaction hotspots are between
Y10 and F4. Furthermore, only the longer polymorph forms
long-range terminal contacts, which give rise to a hairpin
arrangement.

To sum up, the two alloforms of Af visit transient f-hairpin
conformations, with the Ap,, variant experiencing more
pronounced and well defined states than Af,,. The collapse of
the peptides into semiordered structures is driven by the
hydrophobic residues. For detailed reviews of the simulation
studies of the Aff polymorphs and their aggregates, we refer the
reader to refs 135—138.

3.1.2. a-Synuclein. a-Synuclein is a 140 residue intrinsically
disordered protein found mainly in the neuronal tissue. It has
little or no secondary structure, low overall hydrophobicity, and
a high net charge. Based on its amino acid sequence (Figure 4)
three main regions can be defined: an amphipathic N-terminus
(first 60 residues), a hydrophobic nonamyloid-# component
(following 30 amino acids referred to as NAC), and a highly
negatively charged C-terminus (last SO residues). Depending on
the surrounding environment a@-synuclein can adapt its
secondary structure; that is, it is mainly disordered in an
aqueous solvent, or it curls into an a-helix near membranes'*” or
stretches into S-sheets in fibrils or amyloids.'* Due to the
versatility of a-synuclein, its relatively large size, and its high net
charge, it is difficult to characterize by computational means.
Therefore, most studies either focus on fragments or use

enhanced sampling methods, implicit solvent simulations, and/
or coarse-grained representations.

Ilie et al. used metadynamics to dissect the conformational
landscape of the hydrohpobic core of a-synuclein in explicit
solvent.'”” Starting from the solid state NMR structure of the
orthogonal Greek key topology of an a-synuclein filament (PDB
ID: 2NOA'*") they isolated the fragments building up the
fibrillar core, i.e., segments 35—55, 56—67, 68—78, 79—87, and
88—97. They found that each fragment independently has a
preference of attaining non-f conformations, and they showed
that the fibrillar structure is stabilized by interactions with
neighboring strands. By combining the information from
individual fragments they demonstrated that the core of a-
synuclein (residues 35—97) has to overcome a high conforma-
tional free energy barrier in order to attain the fibrillar S-rich
structure, which is stabilized predominantly by hydrophobic
contacts and hydrogen bonds.

Allison et al. used distances derived from spin label NMR
measurements as restraints to their molecular dynamics
simulations to obtain the free energy landscape of a-synuclein
in implicit solvent.''® They showed that the N-terminus has a
slightly higher propensity to adopt helical conformations than
the C-terminus. Furthermore, monomeric a-synuclein collapses
into conformations with a radius of gyration larger than that of
compact globular states, indicating that the protein becomes
more expanded. Using implicit solvent atomistic Monte-Carlo
simulations, Jonsson et al. add to the results of Allison et al.''’
the presence of two distinct phases for a-synuclein in
solution:''" a highly disordered one and one rich in S-content
that shows a fold comparable to the one found in amyloid fibrils.

A variety of coarse-grained models have been employed to
simulate a-synuclein . Some of them lump together the atoms
within a residue while others are even coarser and consider one
bead for several residues. Yu et al. used a united atom model
(PACE—proteins with atomic details in coarse-grained
environment'**) and the MARTINI solvent model'* to
investigate the role of S-hairpin formation in a@-synuclein
aggregation.''” In their model the essential structural features of
the protein are preserved; i.e., packing of the side chains and
directionality of hydrogen bonding. They showed that the f-
hairpin conformation includes two antiparallel S-strands
comprising residues 38—44 and 47—53, for systems consisting
of either wild type a-synuclein or A30P and AS3T single-point
mutations. The mutations are shown to accelerate the formation
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of f-hairpin conformations, suggesting that they may initiate the
aggregation of a-synuclein. This finding is consistent with
experimental results.*”

Another approach introduced by Nath et al. used distances
extracted from single-molecule fluorescence measurements as
constraints in excluded volume Monte Carlo simulations.'"
The peptide backbone is represented by an all atom model while
a single bead is used for each side chain, as modeled in
Rosetta.'** They investigated the polymeric properties of the
protein and showed that at low pH a-synuclein becomes more
compact.

Opverall it is difficult to extract common observations from the
simulation studies of full-length monomeric a-synuclein. Its
broad conformational space, limited amount of regular
secondary structure, and the influence of the environment are
major hurdles for reaching convergence of sampling by atomistic
models.

3.1.3. Islet Amyloid Polypeptide (IAPP). Islet amyloid
polypeptide (IAPP or amylin) is a 37-residue hormone
implicated in type II diabetes. Human amylin (hIAPP) is
prone to form amyloids yet is largely disordered in aqueous
solution."* For the full biological activity of amylin the
formation of a disulfide bridge between residues C2 and C7 is
required (Figure 4)."* We refer the reader to the reviews in refs
147—149 for a detailed overview of models, methods, and force
fields, physicochemical properties, functionality, etc. Below we
will focus solely on the more recent advances. Briefly, the
conformations hIAPP can be grouped in two main categories: an
aggregation-prone one in which S-rich states are present and a
physiological one consisting mainly of helix—coil conforma-
tions.' "’

Zerze et al. used enhanced sampling techniques to explore the
free energy landscape of the amylin monomer.'"* Their results,
obtained from both temperature replica exchange molecular
dynamics and bias-exchange metadynamics in explicit solvent,
are complementary along a range of collective variables. They
found a rugged free energy landscape populated largely by
unstructured conformations, moderately by helical structures
(20%), and very little by f-rich motifs (6%), consistent with
previous studies'”’ and across various force fields."*” These
results are however in contrast to earlier findings based on all-
atom replica exchange molecular dynamics which showed that
hIAPP adopts 40% f-hairpin conformations, which are highly
stable."'® In the context of experimental findings, the S-hairpin
has been proposed to be an on—})athway conformation toward
attaining the fibrillar structure.'®

The formation of #-hairpins has been identified also by Chiu
et al. in their bias-exchange metadynamics simulations."' They
explored the conformational free energy landscapes of hIAPP,
the A25P, S28P-S29P, and A2S5P-S28P-S29P (pramlintide)
mutations. They sampled mainly a-helices in the N-terminus,
unstructred coils, and S-hairpins. They showed that the
formation of f-hairpins is favored over the helical structures
for wildtype hIAPP. With increasing number of proline
mutations the free energy difference between the two states
decreases until the #-conformations are no longer favored; that
is, for pramilintide the a-helix is favored thermodynamically.
This study was extended by Singh et al. to examine the transition
pathways from helical to p-hairpin and unstructured coil
conformations.''” They identified two mechanisms of inter-
conversion which exhibit comparable free energy barriers: direct
transition from a-helical to f-hairpin conformations (barrier of
18.5 kJ/mol) or transformation via random coil structures (26.4

kJ/mol). In the first, a zipping mechanism has been identified, in
which residues '®AL"” and *TPIES? initiate the formation of
the fB-turn. In the second, residue V1S triggers the loss of helical
character followed by sampling of -hairpin conformations.

A number of observations arise from the aforementioned
studies. First, similar to Ap, the amylin monomer shows
formation of f-hairpins which are suggested to be on-pathway
toward attaining fibrillar structures. Second, hairpin-like
conformations form via structural transitions from helical
arrangements. Third, prolines act as structure breakers reducing
the stability of the f-hairpins.

3.1.4. Tau Protein. Tau is a 441 residue, highly soluble
microtubule associated protein found in the neuronal tissue. In
its aggregated form it has been connected to a number of
tauopathies. Tau can hyperphosphorylate, aggregate, and form
paired and straight helical filaments which present the cross-$
motif characteristic of amyloids. These structures have been
reported to be the second form of insoluble aggregates
associated with Alzheimer’s disease. Tau consists of four
imperfect repeats (labeled R1 to R4) flanked by a proline-rich
projection domain and the C-terminal segment (Figure 4).
Under physiological conditions the repeats bind to axonal
microtubules, stabilizing their structure. The projection domain
gives rise to a long-range entropic repulsive force providing
spacing between adjacent microtubules (MTs).">” Under
abnormal conditions the repeats have been identified as the
primary region involved in forming the f-rich structure in the
paired helical segments."> The size and flexibility makes it
difficult to investigate the monomeric properties and accessible
states of full length tau. Therefore, the focus is mainly on a
reduced number of residues and various mutations.

Ciasca et al. performed short (6 ns) molecular dynamics
simulations of the reconstructed tau monomer in explicit water
at 333 K to complement their small-angle X-ray scattering
(SAXS) experiments.">” They observed a reduction of the radius
of gyration (Rg) to 4.6 nm at 333 K as compared to earlier
studies reporting 6.0 nm at 300 K."** Given the present
computational power the length of these simulations could be
extended to obtain statistically more relevant results. As a matter
of fact, they later used both MD and metadynamics of 1000
conformers over a length of 10 ns and obtained slightly different
values, i.e., ~6.5 nm at 293 K and <5.7 nm at 333 K.'*°

Larini et al. used REMD in explicit water to investigate the
*BGKVQIINKKLDL*** wildtype and the AK280 mutant
sequences.''® The fragments contain the 2>VQIINK?**
sequence which had been previously 6proposed to increase the
aggregation propensity of tau.'” In their study, also
complemented by experimental findings, Larini et al. show
that both monomers have a preference toward attaining
compact conformations, with a slightly higher tendency of the
mutant to adopt extended conformations.

Nath et al. used distance constraints extracted from single-
molecule fluorescence experiments for their Monte Carlo
simulations to calculate the polymeric properties of tau.'"
They measured a mean radius of gyration of 5.1 & 0.5 nm at 293
K, which is slightly smaller than the one measured by Ciasca and
collaborators'>® Furthermore, they investigated the effect of
polyanion heparin, an aggregation enhancer of tau and
determined an increased radius of gyration of 6.0 + 0.6 nm.
Heparin eliminates the long-range contacts between the N- and
C-termini resulting in the increase of R,.

Luo et al. explored the conformational ensembles of the
microtubule binding region, i.e., those sequences R1-R4(wt) and
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R1-R4(AR2), by REMD simulations.''” They characterized the
conformational landscape as “a mixture of disordered and
ordered structures” with the ordered states being highly unstable
in solution. They identified the critical ordered states, the ones
prone to adopt f-conformations and possibly act as aggregation
centers for paired helical filaments, to be **VQIINK** in R2
and 3VQIVYK®! in R3 of wt, and 3®VQIVYK3!! in R3 of the
truncated mutant.

3.1.5. Prion Protein. Prions (proteinaceous infectious
particle) are associated with mad cow disease and scrapie in
cattle and Creutzfeldt-Jakob disease in humans.>”">® These
diseases, also called transmissible spongiform encephalopathies
(TSEs), are linked to the conformational conversion of the cell-
surface glycoprotein PrP¢ into the toxic isoform PrP%."*® In its
mature form, monomeric PrP°¢ consists of residues 23—231, as
the first 22 residues are cleaved during trafficking and amino
acids 231—253 are replaced by a glycosyl-phosphatidylinositol-
anchor."*” The remaining residues form an unstructured flexible
tail (residues 23—123) and a globular domain (residues 124—
230). The latter contains three a-helices, comprising residues
143—155 (), 171-190 (a,), and 199-226 (a;), and an
antiparallel S-sheet formed by residues 128—131 (,) and 160—
162 (f,) 8710 (Figure 4).

De Simone et al. explored the free energy profile of the
globular domain of the prion of the sheep by replica exchange
molecular dynamics simulations in explicit solvent.'”’ Their
results showed that the three a-helices are structurally stable, yet
interesting aspects arise in the global arrangement of the protein.
In particular, the disulfide bond formed between residues C179
and C214 contributes to the structural stability of the a,-a;
cluster. The a; helix, however, shows a high degree of flexibility
with respect to @,—a;. The main difference arises in the packing
of a; to the rest of the globular domain; that is, it can be closely
attached to the globular domain as well as completely detached
from it. Thus, the mobility of &; may form a possible pocket for
the binding of small molecules that could stabilize the globular
structure to prevent aggregation.

Chebaro and Derreumaux investigated the structural and
dynamical dimerization properties of the globular domain
PrP$,s _ 555 and the effect of the T183A Creutzfeldt-Jakob
disease variant by performing coarse grained molecular
dynamics simulations in implicit solvent at physiological and
at high temperatures.'”' Their results showed structural stability
for both variants, with a slight increase in flexibility recorded for
a; and the two f-strands in the case of the mutant. They found
that with increasing temperature the wt-protein maintains its
tertiary structure, while the mutant undergoes structural changes
with partial disorder in the a,-a; segment. This disorder is
compensated by the formation of transient helices in the f§,—a;-
P, region, in the f,—a,, and in the a,—a; loops. Additionally,
they found that in all cases @; maintains its helical structure
despite being detached from the rest of the construct, consistent
with the findings of De Simone et al.'*’

Camilloni et al. investigated the conformational free energy
landscape of the a; containing sequence '*ADYEDRYYR-
ENMHRY" of the prion of human by using metadynamics
combined with NMR measurements.'>” Their results show that
the peptide samples largely two conformations, populating
mainly a-helical structures in equilibrium with random coils.
The conformational free energy difference between these states
ranges from 7.1 to 15.6 kJ/mol, depending on the a-helical
conformation, with the coil state being more favorable.

Huang and Caflisch performed molecular dynamics and
umbrella sampling simulations of the globular domains of PrP*
(residues 125—226) to investigate the conformational plasticity
of the f2-a2 loop (*PVDQYSNQNNF'”) and six point
mutants (Y169G, Y169A, Y169F, R164A, F175A, and
D178A)."** They found that wild type PrP® has a higher free
energy barrier to convert a segment of the 2-a2 loop from a 3 -
helical to a f-turn conformation than any of the mutants. They
showed that this transition is hampered by residue Y169, which
stabilizes the 3, -helical turn. Furthermore, their results indicate
that the solvent exposure of Y169 is mediated by interactions
with V166, F175, Y218, E221, and Y225 in the p-turn
conformation.

Caldarulo et al. used parallel tempering in the well-tempered
ensemble version and metadynamics to explore the conforma-
tional heterogeneity of the 2-a2 loop of the mouse and the
mutated Y169A conformer.'”* They identified four main
conformational preferred states, two of which have a helical
character and two sampling mainly f-turns. In particular, they
showed that the differences between the two helical basins arise
from the different orientation of the carbonyl group of residue
Y169 and that for both mutants the highest free-energy barrier
corresponds to the transition from helical to -states. Consistent
with the results of Huang and Caflisch,'** Caldarulo et al.
provided further evidence that the side chain of Y169
contributes to the stabilization of the helical turn in the wild
type protein.

3.1.6. Curli. Curli are amyloid fibrils of biological importance
that contribute to autoimmunity activation,®" biofilm for-
mation, or cell adhesion.'' The principal building block of curli
is CsgA, a 151 residue long protein found in E. coli. CsgA is
secreted through the outer membrane by protein CsgG and
nucleated by CsgB to agég)regate into amyloid fibrils following a
B-helix-like structure.'”"®* The CsgA protein consists of a 22-
residue N-terminus (N-ter) required for outermembrane
secretion, and a C-terminal amyloid core domain (Figure 4).
The first 21 amino acids are cleaved as CsgA transverses the
inner membrane.'®® The amyloid core of CsgA comprises five
quasi-identical repeats of 19—23 residues each (R1 - residues
43—65, R2 - residues 66—87, R3 - residues 88—110, R4 -
residues 111—132, and RS - residues 133—151), and minor
sequence variations influence largely the aggregation capabilities
of the protein.'>'**

Tian et al. used implicit solvent Monte Carlo simulations to
explore the thermodynamics of the individual CsgA sub-
repeats.'*® Their results showed that the five repeats are mainly
unstructured in the monomeris state, with transient $-hairpins
being sporadically sampled. They extend the study toward the
investigation of the dimerization process which we discuss in
Section 3.2.1.1.

DeBenedictis et al. built four models of both CsgA and ngB
using various web servers (Robetta,'®> FALCON@home,
Quark,'”” RaptorX'®®) and then applied molecular dynamics
simulations in explicit solvent to refine the proposed
structures.*® They found that the structures using Robetta
and RaptorX correspond to f-helical arrangements. Further-
more, the predicted model structures are kinetically stable on a
time scale of 150 ns.

3.2. Amyloid Aggregation

In the following subsections we will review simulation studies of
the key phases of amyloid aggregation, i.e., nucleation, growth,
and saturation. The theoretical background of the kinetics of
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amyloid growth has been widely explored and will not be
reviewed here.'* ™7

3.2.1. Lag Phase and Primary Nucleation. In the lag
phase soluble monomers undergo conformational changes,
adopt folded and unfolded structures as described in Section 3.1,
and/or bind to each other. This phase is generally the longest
one ranging from milliseconds to days in vitro, and up to decades
in vivo. Its length depends on the concentration of the
amyloidogenic (poly)peptide, and buffer conditions, i.e., pH,
temperature, salt concentrations, etc. Given the long time scales,
in the attempt of finding the mechanisms behind nucleation,
primarily coarse grained models have been developed and used.
At high levels of coarse graining (multiple residues per particle)
the generic nature of the process is captured, meaning the
models describe, though crudely, a wide range of proteins and
peptides. With this in mind we proceed with detailing the coarse-
grained models in order of their granularity level from coarser to
finer.

The model proposed by the Frenkel group describes the Af
monomers as single spherocylinders with attractive patches able
to switch between two states: a soluble conformation and a /-
prone state similar to the one found in amyloid fibrils (Figure
5(a))."”?7'7° They used a free energy difference of +15 kT for a
particle to transform from a soluble state to a #-prone state and
dynamic Monte Carlo simulations to propagate the dynamics of
the system. To differentiate between the two states, they varied
the interaction energies between the patches. In their study they
showed that dimers and trimers are very dynamic, as they can
interconvert between different aggrgation states or dissociate
into monomers.'”” On the other hand, they found that tetramers
always evolve into fibrils and that the critical nucleus consists of
about four aggregated monomers. In a more recent study, using
a slightly modified version of the same model, they investigated
the effect of monomer concentration on the aggregation
pathway.'”* They found that at high concentration monomers
can spontaneously transform and aggregate into a fibril, a
process referred to as one-step-nucleation, and at low
concentrations fibrillar nucleation is preceded by the formation
of oligomeric intermediates, two-step-nucleation. Additionally,
they studied the temperature dependence of the nucleation and
found a nonmonotonic dependence of the nucleation rate on the
temperature.'” First, at low temperatures the nucleation rate
decreases with temperature and occurs mainly via 2SN. With
increasing temperature the nucleation rate starts to increase and
1SN becomes predominant.

The Briels group developed a polymorph particle model
inspired by the amyloidogenic core of a-synuclein'’® (Figure
5(b)). They created a particle that can alternate between a
disordered state and a -prone state by introducing a parameter
to describe the internal state of the protein. More specifically, the
disordered state is modeled as a single soft sphere with weak
isotropic interactions, while the ordered S-prone conformation
is represented as a single spherocylinder with strong directional
interactions. Brownian dynamics was used to simulate the
dynamics and the internal states of the particles.'”” They showed
that the polymorph particles spontaneously form both oligomers
of particles in the disordered state and fibrils of particles in the
folded state. Furthermore, by regulating the internal parameter,
i.e,, changing the internal free energy barrier of the particles, they
found that amyloid aggregation can occur in one step, driven by
the simultaneous transformation and binding of two particles in
the J-prone state, or in two steps, in which aggregates can
transform from one type into another. Additionally, they

B-prone

soluble

(c)

Figure S. Coarse grained models used to study the lag phase of amyloid
growth introduced in the groups of (a) Frenkel, (b) Briels, (c) Urbanc,
(d) Caflisch, and (e) Shea (Adapted with permission from ref 147.
Copyright 2014 American Chemical Society).

proposed that the conversion of oligomers into new fibrils is
enhanced in the presence of mature fibrils, a process that may
explain the rapid generation of nuclei and implicitly lead to an
increased growth rate of fibrils. We will discuss the extension of
the model and the relevant details in Section 3.2.2.
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The Urbanc lab developed a rigid tetrahedron representation
with two hydrophobic (attractive) and two hydrophilic
(repulsive) beads (Figure 5(c))."”® They combined it with
discrete MD simulations in implicit solvent to investigate the
aggregation pathways of their molecules. The beads are
characterized by effective attractive and repulsive potentials.
Their ratio gives rise to 7, the sole model parameter used
throughout the simulations. For purely attractive monomers (7
= 0) the molecules simply aggregate into large oligomers,
whereas at 77 = 0.5 the process becomes more complex. Their
results showed the coexistence of two types of aggregates: quasi-
spherical oligomers and elongated aggregates. The elongated
aggregates grow by monomer addition, while the quasi-spherical
oligomers vanish as the simulations evolve. Compared to other
coarse grained models the monomer introduced here is rigid and
therefore trapped in a f-prone state, and hence does not capture
the conformational entropy of an amyloidogenic peptide.
Nevertheless, the efficiency of the model is higher when
studying fibrillar growth (Section 3.2.2).

The Caflisch group introduced a phenomenological model of
an amphipathic polypeptide as a ten bead molecule with one
internal dihedral degree of freedom to convert between amyloid-
forming (f-prone) and amyloid-protected (soluble) states
(Figure 5(d))."”~"*" In this model four beads represent the
backbone of the molecule while the remaining six approximate
the side chains. The switching between the two states is achieved
by changing the potential of the backbone dihedral angle
according to an amyloidogenicity parameter. The simulation
results showed that the amyloid-protected-monomer nucleates
only at concentrations larger than the critical micelle
concentration, whereas the amyloid-forming-monomer nucle-
ates even at lower concentrations. Furthermore, peptides with a
high amyloidogenic tendency nucleate without intermediates,
whearas low amyloidogenic peptides nucleate either through
micelle-sized oligomers or transient oligomers.'”

The Shea model contains three beads per amino acid, two for
the backbone and one for the side-chain, capturing the
hydrophobic, polar, or charged nature of the residue (Figure
5(e)). To regulate the B-propensity in the monomeric form, a
dihedral potential is introduced to constrain all beads.'*"'** A
peptide becomes more rigid, i.e., more f-prone, with increasing
value of the dihedral energy constant. Consistent with the other
coarse-grained models, they show that the resulting aggregates
depend on the affinity of the peptides to form f-rich structures.
P-Prone peptides, i.e., very rigid, exist mainly in fibrillar states,
and very flexible molecules accumulate into amorphous
aggregates. Peptides with intermediate flexibility can coexist in
aggregates ranging from amorphous accumulations to S-barrels
and antiparallel double- and triple-layered fibrils.

We refer the interested reader to a number of reviews focused
on experimental, theoretical, and simulation aspects of the lag
phase in refs 40, 93, and 184. Since lattice models'*>'%¢ have
already been reviewed in the latter, we will not discuss them
again in the present review. Most of these studies refer to
different proteins and peptides, yet as discussed above, the
results are consistent across the different models and simulation
methods emphasizing the generic behavior of amyloid forming
peptides.'®” Furthermore, these studies inform on the
nucleation mechanisms at lower resolutions and across time
scales. Nevertheless, higher resolution models are needed in
order to propose successful inhibition tools, especially in light of
the current hypothesis that the oligomers may be the toxic

species in neurodegenerative diseases and since the peptide
sequence can affect the specific dynamics of amyloid formation.

In an attempt to elucidate the details of the lag phase at
atomistic resolution, Baftizadeh et al. started from single
disordered oligomers in explicit solvent and used bias-exchange
metadynamics simulations to explore their transformation into
amyloid like structures.'*>'® They investigated 18-mers of
polyvaline (eight residues)"*® and of AB;; _ 4 peptides,® both
yielding similar results. They reconstructed a multidimensional
conformational free energy landscape as a function of three
variables, which quantify the parallel and antiparallel arrange-
ments of f-strands within a peptide layer and the steric zipper
packing of adjacent f-strands. They identified that the lowest
point in the free energy landscape corresponds to disordered
aggregate structures. Higher plateau regions in the free energy
profile are populated by structures rich in antiparallel f-sheet
aggregates followed by a small minimum, separated from the rest
by a barrier, in which conformations rich in parallel S-strands are
present. The path followed by the peptides in the space
projected onto the collective variables is intricate. The
disordered aggregate first favors the formation of antiparallel
P-sheets followed by the formation of a few parallel S-sheets.
Once the system has nucleated, i.e., a sufficiently large number of
peptides are in the parallel arrangement, the free energy
decreases toward a minimum, which is separated from the
other states by a free energy barrier.

3.2.1.1. Dimers. The smallest aggregates associated with
cellular toxicity are dimers.”>”" Therefore, understanding their
structural and dynamic properties is of great interest. Here we
present the dimerization mechanisms (Table 2) identified by
molecular simulations for the reviewed peptides.

Chebaro et al. studied the dimerization thermodynamics and
the structural conversions of Af¢_ ;5 by means of replica
exchange molecular dynamics simulations in implicit solvent
and using the OPEP coarse force-field.'”® They started from a
random dimeric structure and evolved 20 replicas over a total of
12 ps. From a structural perspective, they found that the dimer is
scarcely populated by a-helical or f-sheet-like structures. Next,
they identified that the "*VFF*® hydrophobic patch has a higher
affinity toward attaining f-sheet-like structures than *'TIGLM™.
The Af 4 _;s-dimer populates various states; there is a
transition from an antiparallel B-sheet construct formed by
residues "*VFFA?! and ""LVFF® of the two peptides into a
disordered dimer with parallel orientations of these fragments
and the 31—-35 sequence. This study was later extended to
include the full Af,, dimer, the S8C mutant,'”"'** as well as
ABuo,"""1%% and the Af,, (D23N) mutant.'”> They showed that
the highest number of inter- and intramolecular contacts is
maintained in the region of hydrophobic patches for all mutants,
i.e, CHC and C-terminus.'”” The peptides record an increase in
the averaged total f-strand propensity upon dimerization, with
the highest increment recorded for the Af,, peptide. Addition-
ally, they extended their protocol to understand the effect of
point mutations on the propensity of Af,, homo- and
heterodimers, ie, Af,(A2V) — ApB,,(A2V) and AB,, —
ABo(A2T) and AB,, — AB,(A2V), respectively.l%’l% They
identified two different dimerization pathways, a slow one for
homodimers and a fast one for heterodimer. They defined the
fast-pathway to be predominant when the interpeptide distance
is below 0.8 nm and the peptides have a radius of gyration
between 0.95 and 1.25 nm or record an interpeptide van der
Waals energy below —107 kcal/mol. Furthermore, they showed
that the transition from hydrophobic intrapeptide to interpep-
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Table 2. Computational Studies Focusing on Dimerization”

Reference Dimer Model Solvent Method Samplingb
Chebaro et al."*° AP - 35 — APs _ 35 OPEP implicit REMD 12 ps
Man et al.'”’! Ay, — Abuy AMBER99SB-ILDN TIP3P REMD 25 us
APi(S8C) — AP, (S8C) 25 ps
Cote et al.'”* APy — ABuo OPEP implicit HT-REMD  27.5 us
AB4(D23N) — AB,(D23N) 27.5 us
APy — APp 27.5 ps
Man et al.'”? APy — APy OPLSAA TIP3P REMD 36 us
CHARMM22* 36 ps
AMBER99SB-ILDN 36 ps
AMBERSB14 36 s
Tarus et al.">* APy — A CHARMM22* TIP3P REMD 24 us
Nguyen et al.'” AB(A2V) — AB,(A2V) CHARMM?22* TIP3P REMD 24 us
Ao — APao 24 ps
Ao — APy (A2V) 24 ps
Nguyen et al.'® APy — APy (A2T) CHARMM?22# TIP3P REMD 24 us
Cao et al.'”’ APy — Ao PACE MARTINI  REMD 2.7 ms
Sharma et al.'** APy, — APy CHARMM36 TIP3P MD+REMD 1.5 us
APy — Ap (a2v) L.S ps
APip(A2T) — APy, (A2T) LS ps
Ay (A2T) — Af,(A2V) LS ps
Afiy (A2V) — Af(A2V) LS ps
Das et al.'”’ OPLS-AA TIP3P REMD 512 us
Afi — Ay, (A2T) S1.2 ps
Barz et al.** Ao — APy OPLS/AA GBSA MD 2.5 us
APy — Ay 2.5 pus
Zoete et a] 2022 insulin’ — insulin” CHARMM?22 TIP3P MD Sns
Raghunathan et al.”** insulin® — insulin? CHARMM?22/CMAP, TIP3P MD, TI 10, 100, 4 ns
CHARMMS36
insulin’(F24G) — insulin’(F24G) 10, 100, 2 ns
insulin?(F24A) — insulin?(F24A) 10, 100, 2 ns
insulin?(F24D-A) — insulin’(F24D-A) 10, 100, 2 ns
insulin?(AF25) — insulin”(AF25) 10, 100, 2 ns
Dupuis et al.>** hIAPP — hIAPP AMBERY6 GB MD 2.4 ps
rIAPP — rIAPP 2.4 us
Qi et al>*® hIAPP,, _ ,5 — hIAPP,, _ ,, OPLS-AA/L TIP4P MD, REMD 12, 12 us
Qiao et al.>* hIAPP;, _,s — hIAPP;; _ 5 OPLS TIP4P MD 90 us
Titchev et al.>* hIAPP, _ s — hIAPP, _ OPLS-AA TIP3P REMD 3.6 us
Guo et al.>”’ hIAPP — hIAPP AMBER99SB*-ILDN TIP3P BE-MD 3 us
Larini et al.'"® Tyrs - 250 — Ta73 — 284 OPLS-AA TIP3P REMD 7.92 us
Ty73 — 204AK280 — 7,73 _ 55,AK280 7.92 us
Ganguly et al.”*® Ty73 — 288 — Tars — 254AK280 OPLS-AA TIP3P REMD ~18 us
T273 — 284 — T306 - 317 ~18 s
Ta73 - 264AK280 — 7306 _ 3,K280 ~18 ps
T306 — 317 — T306 — 317 ~19 ps
Chebaro and Derremaux'*" PrPiys _ 258 — PrPpys _ 5ag OPEP implicit MD 180 ns
PrPys _ 505(T183A) — 320 ns
PrPjps _ 15(T183A)
Chamachi and Chakrabarty®”®  mPrPC,, _ 556 — mPrPCiyy _ 26 Gromos54a7, AMBER99SB-ILDN  SPC REMD 38.4, 38.4 us
Tian et al.>"’ CsgA — CsgA ProFASi implicit MC 64 X 3-10° steps
Tian et al.'*® CsgA — CsgA ProFASi implicit MC 10° steps

“Abbreviations. MD, molecular dynamics; REMD, replica-exchange molecular dynamics; HT-REMD, Hamiltonian and temperature replica

exchange molecular dynamics; TI, thermodynamic integration; MC, Monte Carlo. bCumulative sampling over all replicas.

tide interactions leads the transformation from slow- to fast-
pathway dimers.

Along the same lines the Belfort group performed MD and
REMD simulations in explicit solvent of Af,, homo- and
heterodimers, i.e, ABy, - Ay, APy, - ABp(A2V), AR, (A2T)-
Aﬁ42(A2T): Aﬂ42(A2T)‘ Aﬂ42(A2V), and Aﬁ4z(A2V)‘
AB,,(A2V), to understand the relationship between the N-
termini and dimer toxicity.'”¥'” They found that the toxic

dimers (containing A2V mutation) record frequent contacts
between the N-termini of the monomers, while protective
dimers (A2T) have more flexible N-termini.'”® Additionally,
they found that the Af,, - AB,,(A2T) heterodimer is more
disordered than the wild-type Af,, homodimer, leading to a
reduced secondary structure content and a weak intermolecular

. 199
interface.
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Cao et al. investigated the mechanisms of dimerization for
APy by using a hybrid resolution model (PACE)."”” In
particular, they built a Markov state model (MSM) to investigate
the formation of S-hairpins and stuctures similar to those
sampled in fibrils, but in dimeric systems. Upon studying the
dimerization pathways, they found that S-hairpin aggregates
follow a different route than fibril-like dimers. The formation of
P-hairpin dimers, comprising residues 16—3S, occurs via one-
step-nucleation; that is, two peptides simultaneously sample this
conformation in solution, and they randomly meet and bind,
preserving the f-hairpin conformation. This process occurs on a
time scale of about 200 us, which is much faster than the
aggregation of fibril-like dimers (25.8 ms). These were found to
form due to the binding of two monomers in random
conformations followed by their structural rearrangement into
the fibrillar topology, which is only marginally sampled by the
soluble monomers. Their results indicate that aggregation is
initiated by nonspecific hydrophobic interactions followed by a
rapid replacement of intramolecular contacts with intermolec-
ular contacts. Next, the peptides unfold while undergoing
structural rearrangements. They continue to break the intra-
molecular contacts and start to form parallel, in-register
contacts, characteristic of fibrillar structures. While additional
cross-f# sheets form, the peptide ensemble continues to unfold.
The radius of gyration records fluctuations, which correlate with
the expansion and the compression of the peptides. At the final
stage, the peptides adopt the folded fibrillar conformation. The
pathways by which this assembly is formed are diverse, yet in the
most prominent route aggregation is initiated in the
SKLVFFA?*! region, followed by the 30—40 segment and finally
the 23—29 region.

As part of their atomistic study on the early stages of
aggregation of Af,, and Af,, (see Section 3.2.1.2), Barz et al.
characterized the structural differences between dimers and
trimers of the two alloforms.””” They observed formation of
dimers by the aggregation of free monomers in both cases, yet
some difference appeared. Apf,,-dimers record only little
contacts between their first 10 residues, whereas for Af,, they
appear to be engaged in contacts with their correspondent
amino acids. The same behavior is observed for the M35-A42
sequence. They hypothesize that the increased flexibility of the
N- and C-termini in Af,, may drive the association of two
dimers into tetramers, this being one of the main conclusions of
their study (see Section 3.2.1.2)

Zoete et al. investigated the stability of porcine insulin dimers
by means of molecular dynamics simulations in explicit
solvent.””" They showed that the dimer is structurally stable
with marginal deviations from the X-ray structure within a time
scale of S ns. They calculated the binding free energy of insulin
dimerization using the generalized Born MV2 approach (GB-
MV2).>”* The determined binding free energy of —11.9 kcal/
mol compares favorably to the experimental —7.2 kcal/mol.
Raghunathan et al. extended the study of Zoete et al. to include
key mutations involving residue F24 (F24G, F24A, F24D-Ala,
AF25).>” They used the molecular mechanics-generalized
Born surface area (MM-GBSA) and thermodynamic integration
(TI) to determine the binding free energy. They found that the
wild-type dimer is the most stable one, with a binding free energy
in the [—16; —8.4] kcal/mol interval depending on the method
used, MM-GBSA or TI, respectively. Both values compare
favorably to previous studies””” and experimental measure-
ments. Furthermore, they showed that the AF25 mutant is
unstable, while F24G and the alanine mutants are structurally

less stable than the wild type dimer; hence, they measure higher
binding free energies.

Dupuis et al. performed atomistic simulations in implicit
solvent on the human (hIAPP) and rat IAPP (rIAPP) to
complement their experimental study on the assembly
mechanisms of these peptides.””* They found that rIAPP
forms mainly coil-rich dimers while hIAPP dimers are largely
populated by f-strand interfaces. Furthermore, they showed that
the binding between dimers is preferred by monomers adopting
the f-strand conformation. They identified the major binding
mode to be side-by-side assembly of f-hairpins (comprising
residues 'IVLSVALN'® and *TPIESHQVEK>?) rather than
their stacking. Next, their results showed that the monomers
undergo structural transitions from helical to S-rich structures
upon dimerization. Their binding energies revealed that hIJAPP
dimerization is more favorable than rIAPP binding with energies
of —59.5 kcal/mol and —38.3 kcal/mol, respectively.

The thermodynamics and kinetics of hIAPP,; _ ,5 dimeriza-
tion have also been explored by atomistic simulations in explicit
solvent facilitated by the construction of Markov state models
and REMD simulations.””*"" Qiao et al. found that the
hIAPP,, _ ,5 dimer populates multiple metastable states, ranging
from random coil structures to small fragments rich in helical or
f-rich confromations. The most visited state consists of peptides
adopting elongated antiparallel cross-f structures. The dimeri-
zation process is driven by hydrophobic and electrostatic
interactions, and the cross-f# conformation is adopted at a later
stage after the peptides have undergone large confromational
reorganizations. Interestingly, they found transitions from a-
helical to f-rich conformations which have been observed also
for other peptides.

Recent studies in the Shea and Bower groups further
investigated the importance of the disulfide bond by focusing
on the first eight residues of hIAPP.**® They used replica-
exchange molecular dynamics to simulate the 'KCNTATCA®
fragment and the influence of the C2S/C7S mutation on
aggregation. Their study showed that the reduction of the
disulphide bond by mutation increases the aggregation rate of
the peptide. They suggested that the intact disulfide bond in the
wild-type peptide may be protective against aggregation due to a
reduction of interpeptide hydrogen bonding. This finding is
consistent with recent experiments showing that the removal of
the disulfide bond accelerates amyloid formation in solution and
near membranes.”'”

Guo et al. investigated the early stages of hIAPP dimerization
by means of bias-exchange metadynamics in explicit solvent.”"”
They derived the dimerization pathways using the finite
temperature string method and found that in the initial state
disordered monomers need to overcome a free energy barrier of
7kgT, in order to form an intermediate f-sheet structure. This
barrier depends on the distance and the orientation of the
peptides with respect to each other. As more bonds form
between the peptides, a second barrier emerges in the free
energy profile (~ 2kgT), which is associated with the
conformational adjustment of the two monomers. The free
energy then decreases as the peptides undergo conformational
changes from two extended chains stacked side-by-side in
parallel to a compact “ribbon-like” structure exhibiting a slight
twist.

Ganguly et al. investigated the binary mixtures of several tau
truncations containing the segments identified to act as
aggregation centers for paired helical filaments, i.e.,
SVQIINK and 3VQIVYK3'L'"*%% In particular, they
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Table 3. Computational Studies of Oligomerization”

Reference Peptide Model Solvent Method Samplingb
Gsponer et al.>"? Sup3S, _ 15 CHARMM19 implicit MD 20 ps
Urbanc et al.*"* APy, CG implicit DMD 1 X 107 steps

AP 1 X 107 steps
Barz et al.”° Apy, OPLS-AA GBSA MD 2.5 us
APy 2.5 ps
Sun et al*'® A _m CG EEF1 DMD 2 ps
hIAPP s _ o5 3ps
hIAPP,; _,,(S20G) 3 s
hIAPP g _ 5 3us
hIAPP,, _ ,,(S20G) 3 s
hIAPP;, _ 5 2 pus
A-Syn g _ 78 2 pus
Sun et al.*'® hIAPP CG EEF1 DMD 10-25 us
Collu et al.*"” ovPIPSc o) — 6 GROMOS53a6 SPC MD 2.2 us
Carballo-Pacheco et al.**® ABos _ 35 OPLS-AA TIP4P MD 30 ps
kassinin 30 us
neuromedin K 30 ps

“Abbreviations. MD, molecular dynamics; DMD, discrete molecular dynamics; CG, coarse-grained. bCumulative sampling over all replicas.

used atomistic descriptions of R2/wt **GKVQIINKKLDL**,
R3/wt 3%VQIVYKPVDLSK?, and R2/AK280 **GKVQIIN-
KLDL?*** mixtures in explicit solvent and sampled trajectories
using REMD. Their study, complemented by experiment,
revealed the formation of homo- and heterodimers. The R2/
wt-R3/wt and R3/wt-R3/wt dimers populate both compact and
extended conformations, with the latter consisting of peptides
alternating between parallel and antiparallel arrangements for
the heterodimer and with the homodimer preferring parallel
orientations, respectively. The parallel arrangement is driven by
hydrophobic interactions and hydrogen bonds in the ***VQI-
VYKPVDLSK3Y region. On the other hand, the R2/AK280-
R3/wt aggregate is more flexible, rich in extended structures and
antiparallel orientations of the peptides.

Chebaro and Derreumaux investigated the structural and
dynamical dimerization properties of the prion globular domain
PrPC,5 _ 5,5 Furthermore, they looked into the effect of the
T183A disease variant on the dimers by using a coarse
representation of the peptides in implicit solvent at physiological
and high values of the temperature.'”" They found that a; is
structurally stable in the wild-type dimer and that intermolecular
P-sheets form at positions 142—143 and 226—227. Furthermore,
they showed that the T183A mutation leads to unfolding of a,
and a; at high temperatures. This can result in the sporadic
formation of intermolecular f-sheets localized in a,.

Chamachi and Chakrabarty used REMD in explicit solvent to
investigate the aggregation and thermodynamic stability of the
mouse PrP‘),, _ 5,4 globular domain dimer.””” They observed a
spontaneous and irreversible dimerization process, mediated by
salt-bridges, hydrogen bonds, and hydrophobic interactions.
They identified three main interaction sites by using principal
component analysis (PCA) and characterizing the three most
dominant clusters. In the largest cluster, contacts between the
BUTIKQHTVTTTTK™® residues of a, of one protein with
24L,GG!% and BUTIKQHTVTITTTK'® of the other molecule
are formed. In the second case, the '>MYRYPNQ'® and
STTVTTTTKGEN" sequences of one of the peptides can bind
to "3GLGGYML'® of the second peptide, occasionally forming
a f-sheet. Lastly, the "'NITIKQHTVTTTTK'” fragment
forms contacts with '*DQYSNQNNFVHD'”” of the other
peptide.

Tian et al. used enhanced sampling Monte Carlo simulations
of CsgA dimers and trimers in implicit solvent to refine the
contacts resulting from their homology model.*"" Later they
extended the simulation procedure to investigate the formation
of dimers consisting of the five subrepeats of the protein.'*®
They determined the binding free energy of each fragment and
found that the individual fragments have different dimerization
tendencies. In particular, R1, R4, and RS display a high -
content and increased dimerization preference, while R2 prefers
to remain unbound and R3 adopts intermediate bound
conformations. Additionally, they found that the hydrogen
bonds are the stabilizing contacts within the dimers.

From the atomistic simulation studies aimed at various
peptides we conclude that dimerization is driven by the
hydrophobic effect (like protein folding) and stabilized
structurally (i.e., kinetically) by hydrogen bonds. Furthermore,
a variable degree of f-sheet content is associated with the
dimerization process, yet there is no concrete evidence on how
or if f-hairpin tendency in the monomeric form of the peptides
contributes to dimer formation. Additionally, hardly any studies
focusing on the dimerization of functional peptides exist in the
current literature. We propose the exploration of the self-
assembly of functional amyloids which might reveal similarities
and differences with respect to pathological amyloids.

3.2.1.2. Oligomers. Oligomeric assemblies have been
proposed to be intermediate (on-pathway) species toward the
formation of amyloid fibrils.”*’*~”* Off-pathway oligomers have
been associated with cellular toxicity and were proposed to play
a role in membrane disruption and to be implicitly linked to
disease pathogenesis.””*>*’ The aggregation into oligomers has
been investigated by the coarse-grained models mentioned in
the previous section, yet none can inform on the conformations
and plasticity of such aggregates at atomic level of detail
Therefore, in this section we focus on the simulation studies
(Table 3) carried out with atomistic simulations and slightly
coarse grained representations.

Gsponer et al. carried out implicit solvent molecular dynamics
simulations to study the early steps of aggregation of three
"GNNQQNY" peptides, extracted from the N-terminal prion-
determining domain of the yeast protein Sup35.”" It emerged
from the simulations that backbone hydrogen bonds favor the
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antiparallel f-sheet arrangement, while side-chain hydrogen
bonds and aromatic stacking stabilize the in-register parallel
structure. The comparison with the sampling obtained with
peptide mutants devoid of Y13 showed that aromatic residues
stabilize kinetically the parallel assemblies. One of the
conclusions of their study was that the dependence of
aggregation and disaggregation rates on the peptide sequence
might be an essential factor determining the time scale of
nucleus formation. Up to that time, the general accepted
hypothesis was that the peptide backbone is the main driving
force of amyloid aggregation, irrespective of the primary
structure.

Urbanc et al. used a four bead per residue representation to
investigate the early stages of Af3 peptide oligomerization.”'* In
their model four beads are used to represent each residue; three
beads for the backbone atoms and one bead for the side-chain.
The simulation system consisted of 32 copies of either AB42 or
Ap40, and discrete molecular dynamics simulations in implicit
solvent were used to propagate each system. The self-assembly is
initiated in the **VGV® region followed, at a later stage, by the
2 AEDVGSNKGA®* sequence for both Af,, and A, Their
results revealed that the shorter peptide prefers to form more
dimers than Af,, which, on the other hand, forms more
pentamers than Af,,. Structurally, the stability of the pentameric
core is ensured by the hydrophobic clusters '"LVFFA?!,
SATIGLM?, and ¥VIA*? whereas the first 16 residues remain
solvent exposed. This result is consistent with experimental
findings, which emphasize the importance of the LVFF sequence
in f3-sheet formation and amyloid growth,””**" as well as with
simulations, which show that the hydrophobic segments are the
ones to initiate docking and the last to detach from a preformed
fibril; see Section 3.2.2. Additionally, their results inform on the
formation of an internal f-strand within the N-terminus of the
shorter peptide, which they correlate with the instability of Af,-
oligomers due to the solvent exposure of the core of the
aggregate.

Along the same lines, Barz et al. investigated the early stages of
aggregation of the two amyloid-f alloforms in implicit solvent by
means of molecular dynamics simulations.””’ Starting from
systems consisting of 20 disordered monomers, they built
transition networks and defined aggregation states by means of
four variables: number of peptides per oligomer, number of
intermolecular salt bridges, number of intermolecular hydro-
phobic contacts, and the shape of the aggregate. They identified
the coexistence of oligomers consisting of the same number of
peptides, but which differ significantly in shape. They found that
for both Af alloforms elongated and compact oligomers are
formed. While the first appear to be involved in the assembly
process, the latter are metastable and contribute little to the
formation of new aggregates. Interestingly, they showed that the
two alloforms populate differently sized oligomers; that is, Af,,
will mainly be engaged in dimers (discussed in Section 3.2.1.1),
tetramers, and hexamers, while Af,, will form primarily dimers,
trimers, and tetramers. The major differences arise in the role of
the tetramers toward the formation of higher order assemblies.
In particular, Af,,-tetramers contribute toward the formation of
bigger oligomers (pentamers, hexamers, heptamers, 10-mers,
and 14-mers) while Af,, oligomers appear to contribute less to
the formation of 10-mers and 14-mers.

Sun et al. investigated the oligomerization dynamics of
fragments extracted from Ap, a-syn, and hIAPP by means of
discrete molecular dynamics simulations.”"® Their simulation
systems consisted of two to twenty copies of each hIAPP

fragment (hIAPP ; _ 55, hIAPP, _ 5o, and their S20G mutants)
and eight copies of hIAPP,, _ 55, Aff 16 _ 52, O-SYyn g5 _ 75. Starting
from random initial configurations, they found that the
aggregation process is very dynamic with oligomers that can
interconvert between species. They found that the monomers
accumulate into intermediate J-barrel oligomers prior to
transforming into cross-f3 aggregates.”'> They later extended
their study to investigate the behavior of full length hIAPP and
found that it also forms f-barrel intermediates.”"®

Collu et al. studied early stages of aggregation of ovine PrP**
(a, - ;) by means of molecular dynamics simulations.”"’
Starting from 18 randomly distributed peptides, they found that
aggregation follows a two step process; first a nucleus consisting
of five to eight monomers is formed, followed by the attachment
of other free monomers. Additionally, they showed that residues
T195 and T196 are indispensable in maintaining the stability of
the nucleus.

Carballo-Pacheco et al. studied the aggregation of Af,s _ 35
and two tachykinin peptides (neuropeptides), kassinin and
neuromedin K, using atomistic simulations in explicit solvent.”"®
They started from systems consisting of six randomly distributed
monomers and found that the aggregation kinetics of the
neuropeptides is much faster than that of Af,s _ 5. Further-
more, the size of the aggregates also varies significantly; that is,
the tachykinin peptides form hexamers on time scales of 100 ns,
while Af,s _ ;5 can only form tetramers on time scales three
times longer. Additionally, they found that the aggregation
kinetics is highly dependent on the configuration of the
monomers, as hairpin-like conformations appear to reduce the
aggregation kinetics for these short fragments.

We refer the reader to a review focusing on the
oligomerization progess of pathologic peptides.”*' Additionally,
we mention studies assessing the effects of various force fields
and different water models on the aggregation of intrinsically
disordered proteins**>*** or fragments thereof.”**

3.2.2. Growth Phase. While nucleation is a rare event, fibril
elongation is a much faster process and occurs through
monomer binding at fibrillar ends and other mechanisms.
Most mechanisms of fibril growth depend on the concentration
of monomers and aggregates:' "'

e monomer addition takes place usually at the fibrillar tips
and is reversible as it involves noncovalent interactions;

e fibril breaking results in a higher effective concentration of
tips which can grow by monomer addition and/or other
mechanisms;

e secondary nucleation gives rise to additional aggregates
on the surface of the fibril which may act as catalysts in the
generation of new filaments;

e fibril merging gives rise to larger fibrillar aggregates by
joining the ends of two fibrils that meet in properly
aligned orientations.

In the coming sections we will not elaborate on the kinetic
theory behind fibrillar growth but rather emphasize the different
models and simulation techniques used to study the distinct
processes.

3.2.2.1. Monomer Addition. At higher resolutions, the
experimental “stop-and-go” growth mechanism is defined in
simulations as a “dock—lock” mechanism, in which a monomer
first attaches to the fibril surface (“dock”) and then undergoes
structural rearrangements to adopt the template of the fibril
(“lock™), enablinsg the attachment of further monomers (Figure
2 inset B).'*”**>7*** While coarse-grained models are highly
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Table 4. Computational Studies Focusing on Fibril Elongation”

Reference Peptide Model
Association simulations
Nguyen et al??® ABis 2 GROMOS96 43al
Reddy et al.”*’ Sup35, _ 13 CHARMM?22
Ay 4
O’Brien et al.”*’ ABss _ 40 CHARMM?22/CMAP
CHARMM22
Takeda and Klimov?3*?3* APy _ a0 CHARMM19
Han and Hansmann®*° AP _ s AMBER99SB
Gurry and Stultz>*’ APy _ i CHARMM]19
APy — 40
Han and Schulten®*® Afr_w PACE
Schwierz et al.**! Ay _ 40 CHARMM-C27
Sasmal et al.>*¢ APy _ a0 CG
Tlie et al.”*® a-syn 3 _ oo HCG
Roeder and Wales'* AP _ AMBER {f14SB
Dissociation simulations
Buchete et al.** APy _ 40 CHARMM27,AMBER94
Baumketner et al.>*° APy _ 40 OPLS/AA
Schor et al.>*! insuling; _ 1, GROMOS96
TTRygs 115
Lemkul and Bevan™* APir_p GROMOS96 53A6
Bacci et al.”* Ap42 CHARMM36
Rodriguez et al>* Afyr_w CHARMM36
Davidson et al.** T306 — 378 CHARMM36m
Apii—n
hIAPP, _,;
Tlie and Caflisch®” Apy, CHARMM36m
Tofoleanu et al.** hIAPP CHARMM36

PDB ID Solvent Method Samplingb
1HZ3>! SPC MD 2.1 ps
1yjp** TIP3P MD 0.8 s
20NV>* 0.23 us
20KZ>* GBSW LD + MhREX 1.03 ps

TIP3P MD ~ 180 ns
2LMN** SASA REMD 48 us
2BEW>* GB REMD 5.94 us
2BEG™® EEF1 Us 33 us
2LMN,2LMO *3* 66 us
2BEG™® Martini US+REMD 1.3 ms
2LMN** TIP3P us 0.5 us
2M45*Y implicit LD 15s
toy-model implicit constrained BD 94 ps
2BEG** GB DPS
2LMN*** TIP3P MD 126 ns
2LMN>* TIP3P MD 50 ns
3HYD>** SPC SMD + TPS 750 ns
2MSNY 5 ps?
2BEG™® SPC MD + SMD + US 310 ns
2BEG™> TIP3P PIGS 10 ps
2MPZ>** TIP3P SMD
503L,503T>7 TIP3P MD 1.7 s
SKK3'? 2 us
3KIB>® 2 ps
SKK3"? TIP3P MD 15 ps
261 TIP3P MD 250 ns

“Abbreviations. MD, molecular dynamics; LD, Langevin dynamics; CG, coarse-grained; HCG, highly coarse-grained MhREX, multiplexed
Hamiltonian replica exchange; REMD, replica-exchange molecular dynamics; US, umbrella sampling; BD, Brownian dynamics; DPS, discrete path
sampling; SMD, steered MD; TPS, transition gath sampling; PIGS, progress-index guided sampling. bCumulative sampling over all replicas. “The

studies are presented in chronological order. “For each value of pH.

efficient in recovering the low-resolution process, atomistic
simulations are more adequate in elucidating the molecular
details underlying this process. The complexity, conformational
flexibility, and large number of states that amyloidogenic
peptides can adopt, as well as the millisecond to hours fibril
elongation time scales, require a large computational power to
enable monomer characterization upon binding to preformed
nuclei. Therefore enhanced sampling techniques have been
widely applied to elucidate the mysteries of the dock—lock
mechanism. Furthermore, many groups studied the growth of
truncated fibrils containing key residues for the elongation
(Table 4). In the following paragraphs, we direct our attention
toward these methods in relation to monomer attachment. We
start by describing simulations studying the attachment of a
monomer to the fibrillar tip and then proceed with studies
focused on the dissociation of the tip peptide.

In one of the pioneering studies of the dock—lock mechanism
Straub, Thirumalai, and co-workers performed molecular
dynamics simulations in explicit solvent on an Af¢_ 5,
(YKLVFFAE??) hexamer extracted from solution NMR (PDB
ID: 1HZ3%*").”*° Their results showed that upon elongation the
peptide is absorbed on the fibrillar surface and then undergoes
structural rearrangements with a stepwise growth in f-content.
In particular, upon docking they observed a significant increase
in f-content as compared to the soluble state, followed by large
structural rearrangements in the slower locking stage. They
showed that during locking the monomer conformation

resembles the one of the fibrillar template. Additionally, their
results revealed that the rate-limiting step in fibrillar growth is
the locking step. Later they extended the study to fragments
from the yeast prion Sup3S ("GNNQQNY"), the Afy; _ 4,
(*’GGVVIA*®) peptide®™, and Afss _ 40 (MVGGVV®).>?’
Their results showed that during fibril elongation the attaching
monomer undergoes several docking/undocking events before
being absorbed onto the fibril. Furthermore, the locking stage is
highly sensitive to the conformation that the docked monomer
adopts; that is, only the peptides that form at least one native
contact with the fibril lock rapidly to the fibril and adopt the
template. During the locking stage the monomer forms
hydrogen bonds with the water molecules which gradually get
replaced by in-register interactions with the fibril tip. Never-
theless, a number of non-native contacts form between the
attaching monomer and the template which are perceived as
kinetic traps that hamper the efficient locking.

Takeda and Klimov studied the attachment of AB,_ 4
peptides onto fibrils (PDB ID: 2LMN”**) consisting of single
and double protofilaments by REMD.”*>*** They found the
"EVHHQKLVFF*’ sequence to be the most aggregation prone.
Additionally, they tested the role of the side-chain interactions to
fibrillar growth by partially deleting contacts between individual
residues. They found that this partial deletion stabilizes the
locked amyloid state, yet complete elimination of these
interactions may hamper fibrillar growth.**”
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Table S. Thermodynamics and Kinetics from Association and Dissociation Simulations

Reference Peptide Model
Association simulations
Schor et al.>* TTR 05 — 115 AMBER99SB-ILDN
Han and Schulten®”® AP _ s PACE
Schwierz et al.**! APy _ 40 CHARMM27
Sasmal et al.>* Afis— a0 CG
Iie et al.>** a-synzg _ g0 HCG
Dissociation simulations
Tie et al. "%’ a-synss _ o7 CHARMM?27/CMAP
Lemkul and Bevan®** APy _ GROMOS96 53a6

APy~ 12(F19G)

APi7 _ 12(D23A)

ABy; _ p(132G-L34G)
APy _ 12(K28A)

APv7 s

Rodriguez et al>* CHARMM36

Details” AGyg (kgT) Tiock Tiock temp (K)
low pH 22 us 300
neutral pH 56 us
dis (odd) 6.8 1 ps 100 ms 332
dis (even) 7.2 0.5 us 2.5 ms
dis (odd) 24.9 thind = 2.3 us 310
dis (even) 22.8 thind = 9.9 us
dis (Cter) 14.3 40 us 0.44—1.2 ms 337
dis (Nter) 13.6 - 14.2 60 ps 0.48—1.4 ms
fib (Cter) 13.6 20 us 0.56—1.2 ms
fib (Nter) 13.5 60 us 0.5—1.3 ms
dis 64 310
dis 31 310
ord (odd) 84 310

85
75
72
62
ord (odd) 14.7 298

“Conformation of the attaching monomer: dis, disordered; fib, in the fibrillar state.

Han and Hansmann investigated the thermodynamics of the
APy, _ 4, fibril (PDB ID: 2BEG™) by means of atomistic
REMD in implicit solvent.”** They found that docking is
initiated by the *'IIGLMVGGVVIA* segment, which attaches
to the preformed fibril in a random-coil conformation. The
monomer then undergoes structural rearrangements to form a -
sheet with residues 31—42 of the edge peptide of the fibril,
followed by a reorganization into conformations characteristic
to the template.

Gurry and Stultz investigated the elongation of Af, _ 4, and
two ABy _ 4 polymorphs by using umbrella sampling in implicit
solvent.”*” They showed that both peptides follow a similar
elongation pathway in which the monomer evolves according to
a downhill free energy path with the global minimum
corresponding to the ideal fibrillar state. First, the peptide
docks onto the fibril localized around the ""LVFF* patch. An
intermediate state is sampled in which the peptide adopts the
monomeric f-hairpin conformation. Finally, the intramolecular
hairpin bonds are disrupted and intermolecular hydrogen bonds
are formed, while the monomer adopts the fibrillar template.
They proposed that the f-hairpin is a required intermediate
conformation upon binding to the fibrillar tip.

Han and Schulten combined umbrella sampling with a
hybrid resolution model and replica exchange molecular
dynamics to study the elongation of the Af, _,, polymorph
as extracted from solution NMR (PDB ID: 2BEG**®).**® In
their simulations they used PACE'*” for the representation of
the peptide in a coarse Martini solvent'*’ to explore the
thermodynamics and the kinetics of fibril elongation. Their
results showed that the hydrophobic patches, "LVFF** and
¥GGVVIA*®, may be the ones initiating contacts of the
monomer with the fibril (docking). Furthermore, upon
attachment they identified structures rich in p-hairpin
conformations similar to those observed for the monomers in
solution. They hypothesize that the contacts formed in the
monomeric structure are lost upon attachment as the peptide
first breaks the monomeric native contacts and then attaches and
rearranges on the fibrillar tip, suggesting that the hairpin

238—-240

arrangement is an on-pathway conformation in fibril elongation.
This result is consistent with the observations of Gurry and
Stultz. >’ Additionally, they showed that fibril elongation is
much slower at the odd end as compared to the even end; see
Table S.

A different transfer from intra- to intermolecular contacts
upon attachment has been observed in a later study by Schwierz
et al.”*' They used umbrella sampling simulations in explicit
solvent to study the association/dissociation pathways of the
APy _ 4 monomer onto the solid state NMR protofilament
(PDB ID: 2LMN**?). They showed that the initial interactions
are driven mainly by non-native hydrogen bonds of the free
monomer with the fibril. The docking is then followed by an
increase in the number of native hydrogen bonds, which form by
sacrificing multiple non-native ones, consistent with the results
on smaller fragments."'>**” Additionally, the formation of long-
lived non-native contacts leads to kinetic trapping of
intermediate conformations that slow down and implicitly
hamper the elongation process.

Contrary to previous studies, Roeder and Wales documented
no intermediate hairpins upon Af,, _ 4, attachment (PDB ID:
2BEG™*) in their atomistic simulations in implicit solvent.'*®
They used discrete path sampling*** to explore the kinetic
pathways of aggregation and focused on characterizing the
kinetic traps occurring during the locking stage. They identified
trapping due to misaligned interactions, such as out-of register
stacking of residues F19 and F20, or twisting, which has as a
natural consequence a misalignment between peptide layers.
Their study confirms previous simulations studies*’ (see
Section 3.2.2.2) regarding the increased disorder at the tip as a
rate-limiting step during the locking stage.

Sasmal et al. sacrificed the atomistic detail to reach longer
simulation times and recover the time scales characteristic to
fibrilar growth (ms to min).**¢ They used a coarse grained
model, with one bead per residue, combined with Langevin
dynamics and complemented by explicit solvent molecular
dynamics simulation to study the influence of the conformation
of the attachment Af,, _ 4 on fibril elongation. They populated

DOI: 10.1021/acs.chemrev.8b00731
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.8b00731

Chemical Reviews

EVE

a simulation box with a stable fibril and soluble monomers,
which could freely attach to the nucleus, to determine the
thermodynamics and kinetics of fibril elongation. Their results
showed that the docking of a monomer is up to 30 times faster
than the locking step depending on the conformation of the
attaching peptide. A disordered peptide will lock onto the
fibrillar template more slowly than one that is preformed to
attach (see Table S), consistent with the coarse grained
simulations introduced in Section 3.2.1. Additionally, they did
not record significant differences between the docking and
locking time scales at the two ends.

Ilie et al. used a highly coarse grained model in implicit solvent
for the truncated a-synuclein (residues 30—90) to study its
attachment and detachment to and from a fibril model inspired
by the fold proposed by Vilar et al.>* by means of distance
constrained Brownian dynamics simulations.'””*** They
endowed five particles connected by springs with internal
degrees of freedom such that they capture the agility of the
protein to adapt its secondary structure in response to the
environment. Each “chameleon” particle'’® (see the Briels
model in Section 3.2.1) consists of about 12 residues. A protein
in the disordered conformation is represented as a chain of soft
spheres. By transformations of the particles into spherocylinders
with directional binding affinities and by their rearrangement
into a planar configuration, the protein can adopt an ordered
state capable of forming fibrils. They found that upon gradually
approaching a disordered peptide toward a preformed fibril the
attaching monomer easily gets trapped in suboptimal config-
urations that hamper fibrillar growth. The nature of this contacts
can, however, not be probed using low resolution models.
Furthermore, they measured the attachment free energy of a free
monomer which is slightly higher than the experimentally
measured one; see Table § for the exact values. They also studied
the dissociation process, which revealed a stepwise detachment
of the monomer, by gradual dissociation of each bead with
increasing distance. They later complemented the highly coarse
grained study with atomistic representations in explicit solvent
to calculate the binding free energies starting from the Greek key
fibril template (PDB ID: 2NOA'*")."” They treated each
fragment involved in the fibrillar core separately and derived the
theoretical framework to calculate the binding free energy of a-
Synss _ o7 attachment. Their results yielded a total favorable
attachment free energy of 77 kJ/mol, which is comparable to
experimental measurements.*”

3.2.2.2. Fibril Stability and Dissociation. As described in the
previous section, it is computationally very challenging to study
the attachment of a protein or peptide to a mature fibril. For this
reason several studies focused on the reverse process, i.e., the
detachment of a tip monomer to analyze the structural stability.

Buchete et al. investigated the structural stability of multiple
C, symmetric Ay _ 4 fibril topologies by means of atomistic
molecular dynamics simulations in explicit solvent.”** They
showed that the fibrils are structurally stable on a time-scale of
10—20 ns, which is relatively short for current computational
performances but still very informative. The D23-K28 intra-
molecular salt bridge contributes largely to fibrillar stability. In
addition, residues close to the EDVGSNKG**-loop are rigid
and do not record any significant structural motion. Later they
extended their study to explore the behavior of fibrils at elevated
temperatures.”” They found that the dissociation of the tip
peptides is initiated in the 24—30 region, followed by residues
9—23, resulting in the breakage of the D23-K28 salt bridge .
Furthermore, the *EDVGSNKG? loop region becomes

disordered and the two fB-strands slide on top of each other.
On the other hand, the 32—40 fragment remains closely
attached to the fibril, suggesting that in the reverse process these
residues may be the ones initiating the contact between an
incoming monomer and the fibril.

Baumketner et al. used a rigid template for the Afy _ 4, and
E22Q mutant fibril (PDB ID: 2LMN"*?) in explicit solvent to
study the dissociation of the tip peptide.””’ They show that,
upon unbinding, residues '"LVFF? are the last to break from the
fibrillar template, suggesting that in the reverse process they may
be the first ones to dock. This result is consistent across most Af3
simulation studies addressing fibrillization and even oligomeri-
zation. Furthermore, they showed that the 9—14 fragment
behaves similarly for both peptides. A closer analysis of fragment
15—28 reveals that the mutant is 1.4 times faster than the wt
peptide to successfully lock onto the fibrillar template. The
activation free energy of the two mutants is 5.4 and 4.6 kJ/mol
for the wild-type and the E22Q mutant, respectively.

Schor et al. investigated the molecular mechanisms under-
lying the growth of the amyloidogenic region of the insulin B-
chain ("'LVEALYL" PDB ID: 3HYD>®) by using steered
molecular dynamics (SMD) simulations in explicit solvent
combined with transition path sampling.””' The monomer
center of mass pulling simulations resulted in a free energy loss
of about 42k T per peptide. They identified L17 and Y16 as the
last to detach from the mature fibril, which stands as an
indication that they may be the first to dock. They then used
docked conformations from SMD as starting point for the TPS
sampling and focused on the rate limiting transition from a
docked stage to the locked arrangement. They identified several
metastable misfolded states characterized by misalignment, i.e.,
antiparallel attachment of the peptide and register shift upon
locking. Nevertheless, they described two locking pathways: the
peptide can either first form a majority of the backbone
hydrogen bonds with the tip of the fibril followed by the
reorientation of the E13 sides chain to complete the hydrogen
bond pattern with the template or the orientation of the E13 side
chain occurs before the building of the appropriate H-bond
network.

They later applied a similar protocol to study the locking of a
transthyretin TTR amyloidogenic fragment
(‘SPFHEHAEVVF'®) to a fibril at low and neutral pH.>*
First, they heated up the system to 900 K, to stimulate
detachment, and then they chose docked conformations as
starting points for their time-lagged independent component
analysis (TICA) and constructed Markov state models to extract
the locking time scales. They found multiple trapped states that
contribute unfavorably to the locking of the incoming peptide
and that the escape rates from these metastable states are slower
at low pH than at neutral pH. Furthermore, they identified that
at low pH the aggregation pathways are driven by the
hydrophobic residues whereas at neutral pH the mechanisms
are more intricate. The new effect is reflected on the locking time
scale which is almost three times slower at neutral pH as
compared to low pH; see Table S.

Lemkul and Bevan performed both explicit solvent conven-
tional MD, steered MD, and umbrella sampling simulations to
investigate the dissociation thermodynamics of the wild-type
ABy; _ 4, peptide and some mutations (F19G, 132G/L34G,
K28A, and D23A) from a single filament fibril (PDB ID:
2BEG™*®).”>® They started by relaxing each system for 100 ns
followed by sampling with restraints applied on the center of
mass of the dissociating peptides. Their initial simulations
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showed structural distortions of the mutated protofilaments,
with maximal deformations created by the K28A mutation, due
to the absence of the salt bridge characteristic to the fibril
polymorph. The F19G and 132G/L34G mutants follow similar
dissociation pathways; the *'IIGLMVGGVVIA* residues are
the first to detach, followed by the loop region and finally
SVFFAEDVGS®*. The mutants with the missing salt bridge
(D23A and K28A) follow a different pathway; the dissociation is
initiated in the loop region comprising residues **SNKGA*
succeeded by a simultaneous detachment of the rest of the
peptide. The dissociation of wild-type peptide is initiated by the
solvent exposure of the salt-bridge upon pulling which results in
the destabilization of residues **IGLM*. Additionally, they
calculated the binding free energies of each monomer showing
that the AfB;_, and the F19G mutant have comparable
binding energies, while K28A has the least preference toward
binding; see Table S.

Okumura and Itoh investigated the structural and fluctua-
tional differences between fibrillar ends for Af,, in explicit
solvent by usin§ molecular dynamics simulations.”** Starting
from the 2BEG™” fibril polymorph, they showed that the tip
peptides adopt different conformations at the two ends over a
run length of 200 ns. In particular, they found that at the even
end the tip monomer records little fluctuations and scarce
deviations from the its original U-shape maintaining its closed
conformation. At the opposite end, the peptide can adopt an
open conformation which deviates from the NMR structure and
is far more flexible than its opposite adjacent. Taking this into
consideration, they speculated that the even end would extend
faster due to the reduced flexibility and conformation of the tip
monomer. This is consistent with the results of Han and
Schulten, who calculated lower locking rates at the even end.**®

Bacci et al. investigated the dock—lock mechanism of the
solution NMR Ap,, pentamer (PDB ID: 2BEG™”") in explicit
solvent by using the progress index guided sampling simulation
protocol (PIGS).*” They explored the transient states
encountered during fibril elongation and investigated the
disorder-to-order transition equivalent to the locking stage.
They built a Markov state model for aggregation, and their
results show transitions to the locked state on the microsecond
time scale. Similar to previous studies,?****! they found that the
hydrophobic "LVFF* patch is often involved in non-native
conformations with the preformed fibril. An important addition
to the literature is the characterization of the N-termini, which
appear to shield the lateral interfaces of the growing fibril acting
as polymer brushes. Furthermore, their findings suggest that a
certain degree of disorder in the penultimate peptide layer of the
fibril contributes favorably to the binding of free monomers from
solution, therefore introducing the hypothesis that the rate-
limiting step may be regulated by the degree of disorder at the
tip. Contrary to previous studies, in which the S-hairpin was
proposed to be a crucial step in fibril elongation, Bacci et al. have
not recorded any clear evidence that the presence of #-hairpins is
mandatory.

Rodriguez et al. studied the unbinding of the Af;5 _ ,0 D23N
mutant from the odd end of a single filament fibril (extracted
from PDB ID: 2MPZ”***) in explicit solvent by using steered
molecular dynamics simulations.”>* They calculated an
activation free energy barrier of about 36.4 kJ/mol for the tip
monomer and, consistent with previous studies, they identified
three elongation stages driven by the hydrophobic residues. The
OAIT* fragment detaches from the fibril, followed by a
simultaneous dissociation of residues A21, A30, and 132 and

finally a disruption of amino acids L34, M45, V36, V39, and V40.
Furthermore, they found that the penultimate peptide layer
undergoes structural rearrangements upon the dissociation of
the tip. This observation is consistent with the hypothesis
introduced by Bacci et al,*** which assumes that monomer
attachment requires a certain degree of disorder at the tip.

Davidson et al. investigated the stability of various amyloid
fibrils and the structural similarities between them by means of
molecular dynamics simulations with a polarizable force field in
explicit solvent.”*® As starting structures they used the new
alloforms of Af,, _ 4, (PDB ID: SKK3'*?), 7,06 _ 375 (PDB ID:
503L and 503T**’), and hIAPP,, _,, (PDB ID: 2KIB**®).
They showed that both tau alloforms and the Af,, double-
horseshoe form water channels in their structures that exchange
water molecules with the surrounding solution throughout the
simulations. While for the tau fibrils on average five water
molecules are bound in the hydrophobic turn of each filament,
the Ap,, fibril forms large channels of about 50 water molecules.
The similarity between the fibrils lies in the slight asymmetry in
the number of water molecules in the channels of each
protofilament forming the fibrils. Furthermore, they showed
that the architecture of the fibrils is stabilized by salt bridges that
naturally differ from the ones identified for older polymorphs of
the peptides. Next, they investigated the hydration of two
hIAPP(21-27) alloforms, with parallel and with antiparallel -
sheets. They found that the parallel fibril is more hydrated than
the antiparallel one. This occurs due to the structural instability
of the antiparallel fibril, which distorts in an attempt to form
parallel layers.

The authors of this review investigated the structural stability
of the tip peptides of the full len%th double-horseshoe Ap,, fibril
polymorph (PDB ID: 5KK3'**) by multiple explicit solvent
molecular dynamics simulations.”> They showed that the
central five peptide layers are structurally stable despite an
increase in the twist between consecutive layers of about three
degrees, which is consistent with experimental findings.”>*%°
They found that the tip peptides dissociate at both ends and the
detachment is localized around residues *AEDVGSNKG?.
Furthermore, residues "LVFF?® and *MVGGVVI* remain
closely attached to their neighbors. The preference of the
hydrophobic sequences to remain attached to their correspond-
ing neighbors is a common feature throughout all the presented
studies, independently of the fibril polymorph. In addition, they
showed that the tip N-termini occasionally form transient
contacts with the adjacent neighbors in an ordered fashion but
prefer to be largely disordered. The ordered attachment of the
N-terminus to the core of the adjacent peptide may hamper the
docking of a free peptide to the fibril and hence contribute to the
stop phase of fibrillar growth.

Tofoleanu et al. simulated the hIAPP fibril and multiple
mutants in explicit solvent, starting from the refined structure
proposed by Luca et al,”®" to study the effects of sequence
alteration on the dynamics of the aggregates.”*” They found that
mutations contribute both favorably and unfavorably to the
fibrillar stability. Fibrils consisting of S28P, S29P, N31K,
pramlintide, or rIAPP mutants show a decrease in f-sheet
content along the simulations. This is consistent with the
monomeric studies of Chiu et al. reporting on the effect of
proline mutation on structure alterations.''® On the other hand,
mutations to hydrophobic or charged residues such as V17I,
S20R, 126V, or L27F enhance the f-sheet content and
contribute favorably to fibrillar stability. Their results indicated
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that A2ST and N31K are the most structure disruptive
mutations that contribute to fibril solubility.

As for protein folding, the hydrophobic effect is the main
contribution to monomer attachment to the fibrillar tip.
Hydrogen bonds have both a favorable and unfavorable
contribution to fibril elongation: they efficiently lock the
monomer on the surface, yet they can also trap the peptide in
non-native configurations on the fibrillar surface. As a result of
their study Ilie et al. showed that the binding free energy of a
monomer on the fibrillar surface can be split in several key
terms.'”” Two large opposing components result from the
favorable hydrogen bonding effects and the loss in conforma-
tional entropy of a monomer upon binding to the fibrillar
template, modulated by weaker hydrophobic terms. Overall
fibril elongation is a complex process which results from the
competition between native/non-native hydrophobic contacts
and hydrogen bonds outweighed by the loss in conformational
disorder of the monomer and the fibrillar tip.

3.2.2.3. Fibril Growth. Once the structural details of the rate
limiting step have been elucidated, one can study fibril
elongation from a different perspective. In particular, the
coarse-grained models introduced in Section 3.2.1 have been
employed to simulate the fibril elongation process by
incorporating the fine details in single parameters.

The ten bead per protein model introduced by Pellarin and
Caflisch (Figure 5(d)) has a single free parameter that
modulates the tendency for fibril formation. This phenomeno-
logical coarse grained model captures a broad range of
aggregation kinetics and was used to describe the heterogeneity
of pathways of self-assembly and fibril polymorphs.'””~"*" The
elongation rate was shown to be up to 4 orders of magnitude
slower for the f-amyloid-protected monomer as compared to
the f-amyloid-forming monomer.'”” Furthermore, the elonga-
tion rate is highly dependent on the monomer concentration for
the #-prone, but not for the f-protected, for which the formation
of on-pathway oligomeric intermediates results in a constant
concentration of monomers. In the final equilibrium, the fibrils
consist of bundles of four intertwined filaments, with disordered
peptides at the tips.'”” The latter result is consistent with recent
atomistic simulations which have provided evidence of disorder
at the fibrillar tips.”****” In a later study, Pellarin et al. employed
the same model to gain insight into the elongation mechanisms
and to determine the association rates of a monomer to a
preformed fibril."®® In particular, the amyloid-protected-
monomer can access oligomeric states before it fully associates
with the four intertwined filament arrangement. Most of these
intermediate states consist of only two or three protofilaments.
They found wide transition regions from two- to three-
protofilament fibrils and from the three- to the final protofila-
ment state. Next, they observed the f-monomer to be almost
twice as efficient as the protected monomer in attaching to a
mature fibril. Additionally, they investigated the relation
between the amyloidogenic capabilities of the monomer and
the fibril polymorphism.'®' They showed that the amyloid-
competent monomers aggregate in the fibril that has the highest
stability (thermodynamic control), while the amyloid-protected
monomers self-assemble into metastable fibrils and form the
energetically most favorable fibril with a lower probability
(kinetic control). The kinetic control of amyloid aggregation
had been suggested earlier by Karplus and co-workers on the
basis of atomistic simulations of peptide dimerization.”’

The rigid tetrahedron model developed in the Urbanc lab
(Figure 5(c)) captures similar aggregation patterns.'”® In

particular, for # = 0.75 fibrillar growth is characterized by a
mix of fast and slow processes involving either oligomer addition
or monomer association and dissociation, respectively. The
quasi-spherical oligomers formed during the nucleation phase
evolve into curviliniar protofilaments and finally into even larger
aggregates consisting of multiple domains, generally separated
by kinks.

The polymorph patchy particle representation of Ilie et al.
(Figure S(b)) suggests that fibril merging is an additional
mechanism of fibril growth.'”® In this model, merging is possible
only when the ends of two fibrils are in the correct orientation,
i.e., the patches mimicking hydrogen-bonding face each other.

3.2.2.4. Secondary Nucleation. The one particle coarse
models for A and a-synuclein are efficient in capturing fibril
self-replication.'”®**® The model introduced by Ilie et al.
captured the interaction of a-syn oligomers with mature
fibrils.'”® In particular, they observed the simultaneous binding
of several monomers onto the surface of a fibril, followed by a
rapid interconversion of the oligomer’s constituents into
elongated f-conformations and simultaneous binding to form
a child fibril, which detaches from the parent-fibril; see Figure 3.
Saric et al. extended their model for Af to include a third
intermediate state, in which a soluble monomer can interact with
a fibril, to investigate the self-replication regime of fibrillar
assemblies.”*® They varied the protein concentration and the
interactions between peptides to measure the primary and
secondary nucleation rates. They found that self-replication
occurs in a very narrow regime, at low protein concentrations
and weak interactions between the peptides, where it dominates
significantly over the primary nucleation mechanism. A
necessary requirement in this case is that the secondary nucleus
is different than the primary one. Later they extended the study
to investigate the effect of temperature on secondary
nucleation.”> Opposite to primary nucleation, they found that
secondary nucleation is hindered at high temperatures due to
the fact that fewer monomers attach to the fibrillar surface,
therefore inhibiting the formation of oligomers. Additionally,
they identified a higher free energy barrier for oligomer
conversion than for oligomerization on the fibril surface.

Schwierz et al. used REMD simulations in explicit solvent to
elucidate the structural information and the kinetic details of
secondary nucleation of Af, _ 4.”" They set up four systems,
each consisting of a parent 12-mer fibril (PDB ID: 2LMN**)
and a child fibril, of 1 to 4 monomers, oriented perpendicular to
the long axis of the first filament. The association/dissociation
was monitored along the center of mass of the two entities, i.e.,
restrained parent and mobile child fibril. Their results showed
that for all systems the binding of the child fibril is favorable.
They found that the monomer has a binding affinity (25.3k5T)
comparable to the binding free energy of monomer attachment
to the tips; see Table S. Interestingly, the dimer has the lowest
binding affinity (19.7kzT), the trimer is higher than the
monomer (35.1kzT), and the tetramer records the highest
binding preference (63.7kzT). In the detached state the
monomer is mainly disordered, while the other aggregates
preserve their cross-f-conformations. The attachment of the
child fibril(s) is driven by the hydrophobic interactions with the
parent, while the hydrogen bonds contribute very little to the
process. The monomer attaches in stretched conformations with
initial non-native contacts followed by a collapse of the
monomer on the surface. The dimer is ordered with a slightly
disordered C-terminus disrupting the cross-f-conformation, yet
binding is initiated between the dimeric G9-A21 residues and
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Figure 6. Schematic representation of the spatiotemporal scales of simulation protocols (round boxes) and experimental methods (rectangles). At,
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nuclear magnetic resonance spectroscopy; AFM, atomic force microscopy; EM, electron microscopy; X-ray, protein crystallography. Adapted with

permission from ref 276. Copyright 2012 Annual Reviews.

the fibril A30-A40 fragment. The cross-#-conformation is kept
throughout the simulations involving trimers and tetramers, and
contacts with the fibril are concentrated at the C-termini but also
with residues G9-A21 of the fibril.

Bellaiche and Best explored the thermodynamics of Af,,
adsorption on the surface of a mature fibril by means of
Hamiltonian replica exchange molecular dynamics simulations
in explicit solvent.”’® They set up 16 copies of their system
consisting of a mature fibril (PDB ID: 2MXU*"') and a
monomer in various initial configurations, i.e., attached or
completely detached from the parent. They determined a
favorable adsorption free energy of the monomer on the fibrillar
surface of about 19 kJ/mol, which is comparable to experimental
findings and coarse-grain simulations”’” but smaller than the
one obtained by Schwierz et al. for Afy _ 4,.° Additionally, they
identified frequent contacts of E22 and D23 of the monomer
with the fibrillar Q16, suggesting monomer adsorption is driven
by polar interactions.

Most of the amyloidogenic peptides have been experimentally
shown to self-replicate under certain conditions. As an example,
a-synuclein undergoes secondary nucleation at mildly acidic pH,
i.e., at pH below six.”*”* It has been proposed that the efficiency
of the secondary nucleation of the prion protein could be one of
the factors that influences the pathology of prion diseases.”” The
generic dependence of the secondary nucleation on the fibril
concentration has been demonstrated also for hIAPP.”®

Despite experimental evidence and extensive derivation of the
theoretical framework, secondary nucleation is far from being
explored from a simulation perspective. Simulations of

secondary nucleation are computationally expensive because
of the large size of the system. An interesting question is if
different fibril polymorphs form or rather the child fibrils adopt
the template of the parent-fibril despite nucleating on the
surface. A related question is whether oligomers formed during
secondary nucleation are toxic. Secondary nucleation is not
limited to amyloidogenic peptides, but it applies to a vast
number of nucleating systems, including organic crystals,
inorganic crystals,”’> and polymers.”’* In contrast, no clear
evidence of fibril-surface-catalyzed secondary nucleation exists
in the case of functional amyloids."?

3.2.2.5. Fragmentation. The coarse-grained models dis-
cussed in the previous sections do not report on fibril breakage
except for the four bead model developed in the Urbanc lab.'”*
They found that upon increasing the repulsive potential, fibril
breakage dominates the systems therefore reducing the size of
the largest aggregates to about 120 monomers per fibril.

From an atomistic perspective Schwierz et al. examined both
fragmentation and association of two Afly _ 4o hexamers by using
umbrella sampling and generating intermediate states along the
axis separating centers of mass of the aggregates.”*' They found
that the association free energy is about 47.3ky T, which is almost
twice as much as the binding free energy of a monomer to any of
the tips; see Table 5. Additionally, they measured an unbinding
time of 3 X 10'? s, which indicates that compared to both locking
and docking fragmentation is a much slower process. On the
other hand, the association times are within the same order of
magnitude as the monomer association times, i.e., 1.4 X 107%s.
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Ndlovu et al. investigated the fragmentation of several IAPP
fibrils in explicit solvent by using steered molecular dynamics
simulations.””> They reconstructed the double filament
29SNNFGAILSS* wild-type human fibril and five mutations
thereof, i.e, F24L, A26P, 127V, F24L-A26P, F24L-A26P-127V,
and rIAPP. They equilibrated the systems and subsequently
applied four deformation protocols on each of the polymorphs
independently: along the direction of fibrillar growth (stretch),
perpendicular to the filament interface to pull these apart (peel),
perpendicular to the fibril axis by shear (shear), dragging of a -
sheeet across another by pulling it parallel to the fibril growth
axis (slide). They found that all aggregates are the most resistant
to the stretch deformation, which becomes stronger as the
number of hydrogen bonds between the layers is increased,
contrary to shear. Peel and slide act on the hydrophobic core and
experience hydrophobic resistance, as the hydrophobic
interactions are primary responsible for keeping the protofila-
ments together. Structurally, the rIAPP is the least stable and it
already destabilizes during the equilibration phase. The
substitution of residues leads to a reduced degree of order in
the fibrils which become more susceptible to deformation as
compared to the wild-type.

There are few simulation studies of fibril breaking. Given the
contribution of this process to creating new and fast growing
fibrils, it is important to understand the mechanisms underlying
fibril breakage at molecular or even atomistic level. It does not
suffice to match experimental and theoretical kinetic rates to
obtain a detailed picture which can be used to predict new
experiments. Comparison of atomistic simulations and exper-
imental data on fibril fragmentation would provide confidence in
the models and simulation protocols and/or reveal weaknesses
in the simulation methodologies.

4. SYNERGIES WITH EXPERIMENTS

The goal of the simulation studies is to shed light into the
structure, dynamics, and interaction mechanisms within and
between amyloidogenic peptides, and their potential involve-
ment in pathology and/or functionality.””” Computer simu-
lations and experiments are complementary methods because of
the inherent differences in spatiotemporal scales and resolutions
(Figure 6). Simulations can reach very high temporal resolution
(1 fs) and essentially unlimited spatial resolution which are not
accessible by conventional biophysical techniques. On the other
hand, simulations are hampered by the approximations required
to access physiologically and pathologically relevant time and
length scales. The atomic level of detail is sacrificed in the coarse
grained and mesoscale simulation models, which can reach the
time scales required for capturing the self-assembly process
(Figure 6).

4.1.Challenges in Comparing Simulations and Experiments

Quantum mechanical (QM) methods capture the electronic
properties, which enable the study of reaction mechanisms,
charge distribution, and transition states in chemical reac-
tions””’ (Figure 6). Nevertheless, they require a lot of
computational resources and can thus only address small
systems (<10* atoms) over short time scales (fs to ps).””® Most
QM methods scale with the third power (or higher) of the
number of electrons so that their application even to a short
peptide is computationally prohibitive for time scales longer
than nanoseconds.

In simulations based on classical mechanics (here referring to
all types of atomistic simulations: MD, Monte Carlo, umbrella

sampling, etc.) electronic degrees of freedom are not taken into
account explicitly. Thus the atomic nuclei behave as particles
(spheres) that follow the laws of classical physics, e.g, the
Newton equation of motion in MD of proteins.””” This enables
the characterization of systems, usually consisting of up to 10°
atoms over us time scales see Figure 6. Thus classical
simulations, without sacrificing the atomic detail, can reach
length and time scales that are sufficient to describe the
monomeric and oligomeric state for peptides with less than
about 50 residues.

Frequently the structural information extracted from small-
angle X-ray scattering, nuclear magnetic resonance spectrosco-
py, and X-ray diffraction is used to validate simulation results.
Additionally, quantities derived from electron paramagnetic
resonance (a spectroscopy technique for the analysis of
molecules that have one or more unpaired electrons), circular
dichroism, infrared, Raman spectroscopy, fluorescence micros-
copy, and response from atomic force microscopy experiments
aids in the comparison to simulation results.”’”** Examples
include NMR derived distances, distances probed via nuclear
Overhauser effect, J-couplings, chemical shifts, and binding
energies. We refer the reader to the reviews that deal with
potential problems when comparing simulation and exper-
imental results”’”*"***>**! and just list these problems here.
First, the quantities extracted from most experimental
techniques are averaged over multiple molecules and over
long time-scales. A direct comparison of simulation results and
experimental data is possible for mainly rigid molecules or
flexible (macro)molecules in a well defined state, e.g, a globular
protein in its folded state. In the case of dynamical systems, such
as unstructured (poly)peptides and amyloids, different averag-
ing techniques need to be employed.””” Second, comparison to
quantities derived from experiments, i.e., not directly measured,
may be erroneous and can introduce noise, as they rely on
approximations and assumptions.”*”*** Therefore, one should
be careful when comparing with experimental data, but also
when using experimental information to bias simulation studies.
Third, simulations generally emulate experimental arrangements
reduced to a finite system and, hence, constrained in space by
boundary conditions. Fourth, atomistic simulations of fibrillar
aggregates frequently use as starting configurations structures
extracted from NMR measurements or cryo-EM experiments.
One has to be careful to remove any potential bias introduced by
the initial configuration. In other words, averages taken over
trajectories are representative if the sampling time is much
longer than the relaxation time. Furthermore, in order to sample
the statistically significant dynamics of a system, one should
simulate at least 1 order of magnitude longer than the process
one is interested in.”** In this context it is important to note that
convergence is rarely reached either due to the complexity and
diversity of phase space or because it is poorly probed.”** Some
of the studies described in the present review combined
experimental and computational techniques to explore different
spatiotemporal resolutions. Examples include, probing of the
aggregation tendency of mutated peptides””**°® and/or analysis
of oli§omer size and shape distributions,”" fibril length and
pitch,”” and binding affinities."****' With recent computational
advances and the abundance of high-resolution data, coarse
grained models are becoming more descriptive. They usually
exceed atomistic time- and length-scales by several orders of
magnitude so that some of the difficulties mentioned above are
alleviated, e.g, dependence on starting structure. One critical
aspect of coarse-grained models is the danger to steer the
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simulation in a desired direction. To circumvent this problem,
the Boltzmann distribution should be sampled. As discussed in
Section 3.2.1 coarse grained models are highly efficient in
capturin§ the generic mechanisms of protein aggrega-
tion.'”#!7*17%18 They have been efficiently tuned to capture
the ex;gerimental elongation rates”™ and fibril self-replica-
tion.”*® They can efficiently predict bindin§ free energies and
elongation mechanisms at low resolutions.”*® Combined with
reaction rate theories, they showed that the conformational
conversion drives primary nucleation at high temperatures,
whereas secondary nucleation is hampered by the adsorption
and oligomerization on the fibril surface.'” Additionally, they
have been successful in determining the activation energies and
entropies for primary and secondary nucleation,”’” later probed
also by atomistic simulations.””’

Different protocols and models not only enable reaching of
relevant experimental time-scales but also facilitate the visiting of
important states that are hard to access via conventional
methods. Markov state models enable the extraction of kinetics
from multiple (short) simulations explorin§ statistically relevant
states***®” or upon biased sampling,”®® and have been
successfully used to calculate elongation time-scales.”*****
Transition path sampling aids in overcomin§ the barriers
when dealing with rare events such as nucleation™*” and enables
the calculation of rate constants.”*"*** Enhanced sampling
techniques such as replica exchange molecular dynamics
simulations, umbrella sampling, or metadynamics enable access
to states otherwise inaccessible and allow the recovering of the
thermodynamics of the aggregation process being analyzed.
Combinations of simplified models and enhanced-sampling
simulation protocols enable access to time- and length-scales to
reduce the gap with experimental studies.

4.2. Mechanisms and Rates

The mechanisms of fibril nucleation and elongation have been
characterized by AFM,"**° internal reflection fluorescence
microscopy,”® """ and direct stochastic optical reconstruction
microscopy.”’ On mica substrates a-synuclein can form fibrils
directly, while in the presence of polyamines (e.g, spermidine
and spermine) it forms spheroidal oligomers as intermediate
along the pathway of fibril formation.*” These processes are now
referred to as primary and secondary nucleation, respectively.
Fibril elongation has been observed to occur in two stages, an
actively growing phase hampered by long pauses, a process
experimentally referred to as: stop-and-go”.***="**" From a
simulation perspective, the “dock—lock” mechanism has been
analyzed at atomic resolution.'*”***~>** At a lower resolution
(Figure 6), atomic force microscopy has shed light onto the
mechanisms that contribute to fibril elongation. Briefly,
ultrasonication or shaking can accelerate the nucleation process,
fibril elongation can occur via templated-dependent propaga-
tion, and fibrils can transform from one type to another.*"*""
The mechanisms involved in fibril elongation have been
included in kinetic theories'®”*"*** and thermodynamic
models'??*** to enable interpretation, comparison, and
validation of experimental and simulation findings. The
thermodynamic stability of amyloid fibrils has been determined
by in vitro measurements of the free energy difference between a
protein in solution and in the fibril” The values of the
elongation free energy determined by experiments (Table 1 of
ref 62) are within the same order of magnitude as those
calculated from the simulation studies described here (~10—
100k T, Table S). The free energy barrier associated with

fibrillar growth consists of large and opposing terms, viz., a
favorable enthalpic term and a large entropic penalty of the
solute.®® The burial of hydrophobic side chains at the fibrillar tip
contributes favorably because of the hydrophobic effect as in
protein folding. There is little information on the saturation
phase of fibrillar aggregates which is the final equilibrium
between the remaining free monomers and the fibrillar species.
A recent study reports on the existence of a maturation process
during fibril saturation; that is, fibrils undergo structural
rearrangements over a very long period of time (up to 1 year)
to attain the thermodynamically favorable state.””* On time
scales of 20 to 40 ys, the coarse grained model of Pellarin et al.
has captured the process of transformation from one fibril
polymorph to another.'®’ The much faster kinetics in the
simulations are due to finite size effects and lack of friction with
the solvent which is not considered explicitly.

The growth rate of amyloid fibrils depends on peptide
sequence, fibrillar morphology, monomer concentration, and
external parameters such as temperature and pH. The
experimentally calculated monomer binding rates at the fibril
ends are up to 2 orders of magnitude slower for tau (9.5 X 10*
M~'s7*"*) and a-synuclein (1.3 X 10°M ™' s7*' t0 2 x 10° M ™!
s71**) than for the prion protein (2 x 10° M~ s7*%°) and
insulin (1.8 X 10° M~! s71*°°). The growth rate of fibrils
consisting of long polypeptide chains depends, at least in part, on
the number of conformations that are accessible in solution and
the aggregation tendency of the most populated states. It is
difficult to achieve time scales of fibril growth by atomistic
simulations even with enhanced sampling protocols and Markov
state models®***® (see the locking rates in Table 5). On the
other hand, nucleation kinetics have been investigated by coarse
grained models.'”¥?°%*%

4.3. Pore Hypothesis

The controversies around the disruptive nature of fibrils and/or
oligomers have brought a number of questions to our attention.
On the one hand, fibrillar aggregates have been linked to cellular
toxicity,”** while on the other hand, a plethora of experimental
data indicate that oligomeric aggregates can be pathogenic.””’
Atomistic simulations of polythiophene binding to a simplified
model of the prion fibril (see Section 4.4) have revealed that
fibril stabilization by small-molecule binders can be benefi-
cial.”® Various peptides share the ability to induce disruption in
cellular membranes and lipid bilayers, resulting in dysfunction
and neurodegeneration, yet the detailed mechanisms are still
elusive.”””*°" Three main models have been introduced to
explain membrane disruption induced by amyloid peptides: the
carpetin% model, the detergent-like model, and the pore
model.’"” In the carpeting model, the interaction of the peptides
with the membrane leads to an asymmetric pressure between the
two lipid layers of the membrane, inducing leakage of small
molecules.’”*” In the detergent-like model, the peptides
introduce defects in the membrane by producing micelle-like
structures on the surface.’*”*°* In the third model, the peptides
aggregate into pore-like structures on the membrane surface,
enabling ion passage.’”

Here we will focus on the formation of pores as the primary
cause of membrane induced leakage and will not discuss the
other two models as these have been covered in ref 302. Briefly,
calcium ions regulate the function of neuronal cells; that is, Ca?t
ions are involved in neuronal firing.’** Calcium ions are present
both inside and outside the cell, yet in different concentrations,
ie, 107 M and 107> M, respectively.””> The high difference
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gives rise to a gradient in Ca®" concentration. The transfer of
ions across the cell membrane is regulated by specific ion
channels, which allow passage of a controlled amount of Ca>".
Increasing the intracellular concentration of Ca*" ions by as little
as 1 order of magnitude leads to apoptosis.’’® It has been
proposed that amyloid pores form in the cellular membrane and
alter the Ca®" concentration in the cytosol ultimately
contributing to neuronal death, 00307308

The mechanisms of membrane permeation and disruption are
poorly understood. Experimentally, single point mutations have
been shown to influence binding to a membrane and regulate its
disruption.”’ For example, the H30Q and G51D mutations in a-
synuclein have been associated with increased progression of
Parkinson’s disease.”” Small angle X-ray scattering studies
showed that oligomers of a-synuclein and mutants thereof bind
to negatively charged bilayers, and despite the similarities in
aggregation number and membrane lipids, differences arise in
membrane permeabilization as the GSID oligomers do not
induce leakage, unlike H50Q.*" Furthermore, the A30P and
AS3T mutations were shown to induce leakage more than the
wild-type protein.®’’ The latter was shown to allow only
molecules of specific size to permeate vesicles through pores
with inner diameters of up to 2.5 nm. Af,, and fragments thereof
were shown to form membrane pores that could facilitate Ca*
passage.””*”® The E22G mutation can also form membrane
pores consisting of 40—60 monomers.’'" Furthermore, hTAPP
and fragments thereof were observed to permeabilize mem-
branes by a pore-like mechanism.”'*~*'* Differential scanning
calorimetry, thioflavine-T fluorescence assay,”'” and circular
dichroism spectroscopy’ '~ have revealed that fragments prone
to form fibrils (i.e., hIAPP,, _ ;5) have less membrane damaging
effect than segments that do not form fibrils (i.e., hIAPP; _
and hIAPP,, _ ,,). This finding suggests that amyloid formation
and membrane disruption are process driven by distinct
sequences of the peptide. Interestingly, the CsgG lipoprotein
(required for curli production and the assembly of CsgA and
CsgB) can form pore-like structures.”'®

Several simulations studies have investigated the interaction
of amyloidogenic peptides with lipid membranes, yet few have
focused on the “pore hypothesis”. Simulations with coarse-
grained models have shown that the surface of a lipid bilayer can
induce the formation of f-rich fibrillar aggregates.’’’ Fur-
thermore, united atom representations have revealed that AS,,
inserts into a lipid bilayer from residue 17 onward and forms a f3-
hairpin at the segment 17—36 of its sequence.”'® For more
details we refer the reader to reviews addressing the interactions
with membranes.”***"?

4.4. The Gap to in Vivo

The cell is a highly complex and crowded environment, rich in
water, ions, carbohydrates, proteins, lipids, and nucleic acids.
Each of these (macro)molecules contributes to cellular
functionality, and their combination in different concentrations
gives rise to rich structural and functional diversity. Biophysical
and biochemical experiments and simulations are based on
assumptions that reduce the complexity of a cellular system in
order to apply simple analytical models or numerical approaches
with a predictive role.”*” They usually rely on idealization and
homogeneity of the system; that is, the system is dilute enough
to ensure no interaction between the molecules and
homogeneous enough to assume the composition is everywhere
the same. Yet in the living cell this is rarely the case as the
environment is rich in constituents and therefore crowded. In

other words, crowding affects the thermodynamics and kinetics
of the system, i.e., equilibrium, folding, aggregation, efc. First,
crowding influences the binding curves determined by statistical
mechanics in idealized systems, as entropic effects are induced
by the crowding agents.”*” Examples include the structural
reordering induced by entropy in systems dealing with patchy
particles.””*** Second, the dynamics of a system is physically
different in crowded environments as compared to diluted
systems. The highest impact is on the diffusion of the molecules,
which will experience more collisions in a highly dense and
complex medium. As a consequence, the reaction rate can also
be affected. Furthermore, the folding of certain proteins is
modulated by various aiding agents in the cell, e.g,, chaperones,
which can prevent the formation of misfolded intermediates.
Additionally, protein concentrations used for in vitro experi-
ments (e.g, of aggregation) are frequently higher than those in
the cell, which may lead to inconsistent results.

Computer simulations use simplified representations of such
crowded environments, which try to reproduce the chemical and
physical conditions of the cell. It is both computationally and
experimentally more feasible to investigate individual processes
independently from each other depending on the addressed
question. This divide-and-conquer strategy may influence the
significance of the results and their comparison with in vivo
systems. As an example, experimental and computational studies
of amyloid fibril nucleation and growth are usually carried out in
the absence of cellular membranes (exceptions, e.g, refs 42, 323,
324). The lack of the membrane prevents any insight on
potential toxicity, e.g, due to membrane defects and leakage.
Thus, it comes as no surprise that even in vitro and in vivo
experiments do not always provide a consistent description. a-
Synuclein, for example, was shown by both in vitro experiments
and simulation studies to transiently adopt well defined
secondary structures and fold upon interaction with other
molecules.'”~""'** Nevertheless, recent in vivo findings
revealed that in cells the protein can both preserve the
disordered nature observed in vitro®>>~>*” and sample ordered
structures.”>>**"

On the computational side, recent efforts have focused on the
improvement of force fields and simulation protocols.*>*” At the
atomistic level, classical transferable force fields enable the
accurate description of structural ensembles of peptides and
their aggregates as observed in vitro.””> In the attempt to
reproduce interactions with membranes and capture the pH
sensitivity of peptides, Roux and collaborators have developed a
constant-pH simulation protocol which is based on non-
equilibrium MD/Monte Carlo sampling.’*” Furthermore,
Harada et al. explored the effects of the crowding effect on
water using explicit solvent molecular dynamics simulations of
dense protein solutions.”*” While at low concentrations both
structure and dynamics remain unaffected, at high concen-
trations the diffusion rates and dielectric constants of water
beyond the first solvation shell are reduced.

In a translational study, atomistic simulations of a reduced
fibrillar structure were used to make predictions of antiprion
agents for direct in vivo validation.””® Briefly, a simplified model
of a prion fibril was constructed on the basis of solid-state NMR
data, and the model was employed for umbrella-sampling MD
simulations of ligand unbinding. The simulations revealed that
negatively charged functional groups on polythiophene-based
ligands form favorable ionic interactions with complementary,
regularly spaced lysine side chains on the model of the prion
fibril. The potential of mean force for unbinding (calculated
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from the simulations) was used to design new polythiophene
derivatives which showed substantial prophylactic and ther-
apeutic potency in prion-infected mice. Notably, the most
potent polythiophene derivative extended survival of mice
(infected by hamster or mice prions) by more than 80%. The
success of this in silico to in vivo study provides evidence of the
usefulness of atomistic simulations with classical force fields for
the design of compounds that may prevent neuronal injuries
caused by aberrant protein aggregation.””®

5. OUTLOOK AND FUTURE OPPORTUNITIES
5.1. Lack of Therapies

With an increasing number of patients affected by Alzheimer’s
disease and other neurodegenerative diseases, the need for novel
therapeutic treatments is adamant. While the few current
therapies can alleviate the initial symptoms, there is no treatment
to reverse or just block the progress of amyloid diseases. As a
matter of fact, a large number of small molecules and antibodies
targeting Alzheimer’s disease developed in the past 15 years have
failed in clinical trials.”*'~*** Only five molecules are approved
by the FDA for Alzheimer’s disease, and their efficacy for
alleviating the symptoms is debated. We refer the reader to
detailed reviews of the molecules that have been developed to
modulate the pathogenic factors of Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis,”** and type
11 diabetes.”*

The biggest drawback encountered in the development of
new therapeutic approaches is the lack of understanding of the
pathological species. The most accepted hypothesis is that
protein aggregates are the primary culprits, but the mechanisms
of formation and their exact implication on neurotoxicity are
unclear. Despite extensive efforts, it remains unknown which
types of aggregate contribute to cytotoxicity, whether intra- or
extracellular accumulations lead to apoptosis, and whether
specific conversion mechanisms into aggregate structures are
damaging or protective.336 Current strategies target protein
aggregation and focus mainly on protein reduction (organ
transplantation in non-neuronal amyloidoses,””*** small-
molecule inhibitors,>* anti-inflammatory treatment’>®), pro-
tein stabilization (kinetic control of a desired aggregate
species,”” small-molecules™******"), protein quality control,
or proteolysis.**° Strategies targeting specifically amyloid fibrils
aim to reduce the propagation of these aggregates by amyloid
remodeling, minimization of the production of prefibrillar
oligomers, isolation of amyloids within membrane bound
organelles,”*' amyloid removal by immunization, and inhibition
of cell-to-cell signaling.*® Other promising therapies aim to
modulate neuroinflammation and synaptic transmission.>*>**?
References 336, 342, and 343 review all these strategies in detail
and will not be rediscussed here.

5.2. Functional Amyloids and Coexistence

The present literature is highly focused on the pathological
aspects related to amyloidogenic peptides and their aggregation.
However, under nonpathological conditions cells have the
ability to regulate the production and localization of
amyloidogenic peptides so that they can carry out their
physiological function. For instance, Af may be involved in
controlling synaptic activity’** as its production is required for
neuronal activity.”** Furthermore, it has been suggested to act as
a protective agent against infections or as a repairing assistant of
the blood—brain barrier.*** a-Synuclein may play a role in the
regulation of neurotransmitter release, synaptic function, and

plasticity.”*”**® Amylin is a regulatory peptide for insulin and
glucagon secretion, with binding sites in the brain and has been
proposed to promote satiety and inhibit gastric emptying.**’
Tau is implicated in microtubule stabilization, in the
morphological differentiation and synaptic integration of new
neurons.””” Among the potential physiological roles of PrP¢ are
synaptic transmission and plasticity, memory formation, calcium
homeostasis, neuroprotection, and peripheral myelin main-
tenance.”' Given the abundance of functional activities of these
(poly)peptides, we propose a redirection of focus toward the
exploration of the structural and dynamic properties related to
their nonpathological roles. For instance, simulations of their
soluble monomeric state in proximity of membranes, receptors
(e.g, the G protein-coupled receptor Adgrgé for PrP***%), or
microtubules (for tau) could be carried out first with coarse
grained models to sample a large variety of relative positions and
orientations. These complexes could be used as starting
structures for enhanced sampling by atomistic simulations.

Functional amyloids are gradually attracting more interest due
to their properties and similarities to disease-related amyloids. In
healthy cells they fulfill a range of tasks both intra- and
extracellularly; that is, they act as agents for pigmentation,
hormone storage, cell regulation, epigenetic inheritance, signal
transductions, and me.mory.lo’13’353’354 Furthermore, it has been
recently shown that part of the functional cytoplasmic
polyadenylation element binding protein (CPEB) can form
toxic oligomers, which is prevented by rapid formation of
innocuous species.””> A number of questions arise in the context
of functional amyloids. Why are functional and pathological
amyloids so similar in overall structure and yet so different in
phenotype? Are there substantial differences in their aggregation
mechanisms? How does the cell regulate the production of
functional amyloids? Are functional amyloids able to penetrate
cellular membranes in a similar way as disease-related ones? And
more importantly, what can one learn from functional amyloids
and how can it be deciphered in a toxic context? Given the time
scales involved in the formation of functional amyloids,
phenomenological or bottom-up coarse-grained models seem
more appropriate than atomistic simulations to investigate
differences in aggregation mechanisms.

Collective interactions between amyloidogenic peptides can
have a functional or pathological role. For example, PrP* appears
to scavenge amyloid-f aggregates®™' or bind to a-synuclein
fibrils modulating their effect’™® and inhibit the elongation of
Ap,, fibrils.**” Furthermore, PrP¢ was shown to aid in the
transport of Af across the brain—blood barrier.”>® In vivo
experiments show that interactions between Af, tau, and a-
synuclein promote protein aggregation and accelerate cognitive
dysfunction.” Af and a-synuclein have been proposed to
collectively form ion channels which may contribute to
neurodegeneration.’*”*" Interactions between a-synuclein
fibrils and tau were shown to inhibit microtubule assembly
and stimulate tau algg1‘egation.362 Interestingly, exposure of
bacterial amyloid was shown to enhance a-synuclein aggrega-
tion and stimulate the innate immune system.’®’ The
mechanisms of interaction between distinct peptide species
remain elusive. It is, to date, unclear how cross-binding of
peptide species can influence each other’s aggregation and
regulate neurodegeneration. While from an experimental
perspective some aspects have been explored, from a simulation
view there are, to our knowledge, few studies examining
coexistence and cross-interactions between different amyloido-
genic peptide species.’****> We propose to study the formation

DOI: 10.1021/acs.chemrev.8b00731
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.8b00731

Chemical Reviews

EVE

of mixed oligomeric states and fibrils by grand-canonical Monte
Carlo sampling which can treat a variable number of peptide
molecules (at a constant chemical potential). The grand-
canonical Monte Carlo sampling has to be combined with MD
simulations to relax the system upon each insertion or deletion
of peptide(s).

5.3. Emerging Techniques

5.3.1. Cryo-EM. Recent advancements in cryo-electron
microscopy (cryo-EM)***7*% have enabled the determination
of three-dimensional (3D) structures of new fibrillar poly-
morphs at atomic resolution. These 3D structures represent new
avenues toward the development of therapeutic interventions
for AB,,>" tau,”*”?”° and a-synuclein.’”"*”* Despite the variety
in their sequence all fibrils follow the common amyloid fold with
parallel S-sheets ordered along the fibrillar axis, and thus fS-
strands perpendicular to the axis (Figure 1). Furthermore, they
consist of two filaments wrapped around each other and
stabilized at the interfacee by hydrophobic steric zippers and/or
salt bridges (see Figure S in ref 373).

The structural polymorphism of amyloid fibrils and its
influence in disease onset and progression are poorly under-
stood. With cryo-EM being an emerging field, an increasing
number of fibrillar structures at atomic resolution will be
determined in the coming years. They will be valuable
candidates to investigate by atomistic simulations, which,
combined with experimental biophysical approaches, would
provide insight into the role of fibril polymorphism not only in
disease but also in functionality. Cryo-EM aids in the
identification of possible similarities between fibril polymorphs
and, combined with molecular simulations, can lead to the
recognition of metastable druggable states.’*® Future directions
of cryo-EM may even provide a platform for direct comparison
and/or validation against simulations. In particular, full
resolution imaging of dynamic states of biological molecules
would enable a better understanding of the relationship between
structure, dynamics, and function. The imaging of short-lived
states of biological molecules has been reported by introducing
the time component into cryo-EM, and it could recover a
continuum of coexisting states.””*"*’® This appears to be a
promising technique to connect experiment and simulations,
particularly for protein targets that are difficult to treat by X-ray
crystallography and NMR spectroscopy. Nevertheless, it
encounters some drawbacks, e.g, radiation damage and image
quality, which will most probably be open to discussion and
clarification in the coming years.

5.3.2. Machine Learning. Machine learning is a subfield of
computer science that has experienced a boom for about a
decade because of the large amount of data to train neural
networks (e.g, for object classification) and the availability of
GPUs for efficient training. With a proven record in various
fields (e.g, image and voice recognition) and broad applicability
including super-resolution microscopy data,””” machine learn-
ing is finding its utility in drug discovery’”**”” and gradually in
prediction of protein structure, binding, or phosphorylation
sites.®* 7% Recently, machine learning software has been
developed to try to classify intrinsically disordered proteins into
soluble and insoluble categories (reviewed in ref 381).

For high precision output, the training data set needs to
contain a large quantity of high quality information. Here a
number of challenges arise in the prediction of the behavior of
amyloidogenic peptides and/or their aggregates. The amount of
data determined experimentally and computationally is too

small and often contradicting, making it difficult to evaluate the
accuracy of the training data. The molecular mechanisms
underlying protein aggregation are to date unclear; therefore,
the choice of representation for the proteins is intricate and
limited to biochemical properties.’**

Future applications of machine learning algorithms will
require a large amount of input data, e.g., for the prediction of
amyloidogenic (poly)peptide sequences or the design of small-
molecule modulators of self-assembly. It will be necessary to
acquire large data sets for peptides and protein fragments from
simulations and experiments using combined approaches based
on biophysical and biochemical methods. This will enable the
extrapolation to larger peptide sequences or aggregates.
Furthermore, similarities in sequence and propensity for regular
elements of secondary structures (e.g, f-hairpin formation and/
or cross-f arrangement) could be used as additional
representations to describe the generic amyloid state. We
would like to close this subsection by noting that for the
prediction of aggregation rates (linear) analytical models fitted
on experimental data can also be considered machine learning
tools even if they were not classified as such by their developers.
Predictive models trained on experimental data of lag times and
elongation rates, and/or atomistic simulations of ordered
aggregation, have existed for more than 15 years.”***%*

5.3.3. Progress in Hardware Technology and Simu-
lation Techniques. The past two decades have witnessed
major progress in computational methods for simulations of
biological (macro)molecules. The improvements in hardware
include graphics processing units, special-purpose parallel
architectures, and parallelization across general-purpose com-
puter chips, while the main advancements in simulation
methodology are enhanced sampling, coarse graining, and
force field development.*”*”%*%*% These progresses enable the
access to longer time- and length-scales, and in turn to
conformations otherwise unreachable by conventional methods.
Nevertheless, they are not sufficient to reach a more direct
comparison to experiment. While it is expected that computa-
tional methods will improve further in the coming years,
multiscale approaches will equally facilitate the connection
between experiment and simulations. Here we mention
integrative methods, which combine information from exper-
imental techniques (e.g, small-angle X-ray spectroscopy, NMR
spectroscopy, X-ray crystallography, electron and atomic force
microscopy) with physical theories (e.g, statistical mechanics)
and statistical analysis (e.g, Bayesian statistics) to compute
integrative or hybrid models of protein assembly.’*”***
Examples include the use of chemical shifts as restrains to
explore the conformational space of disordered peptides®® and
characterization of binding sites.””® Reviews addressing the most
commonly used techniques in the context of integrative
methods can be found in refs 387, 391, 392. Additionally, the
development of new integrative modeling platforms (e.g, refs
393—395) facilitate the processing of a large amount of data at
atomic resolution into three-dimensional macromolecular
assemblies™’ or even models of cells.*”” Potentially interesting
are the multiscale models that integrate atomistic representa-
tions with coarse-grain models.*> Hybrid atomistic/coarse-grain
representations are a mix of all-atom force-fields with coarse
representations within the same molecule. For example, a recent
combination of the all-atom CHARMM force field and coarse-
grained PRIMO model*”® was used to calculate the free energy
profile for the transition from the closed to the open state of
adenylate kinase.””” The PACE force-field uses a united-atom

DOI: 10.1021/acs.chemrev.8b00731
Chem. Rev. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.chemrev.8b00731

Chemical Reviews

EVE

representation coupled to a coarse MARTINI water model'**

and was employed to study the early oligomerization pathways
of AB,'"”” and studying fibril elongation.228 Furthermore, the
UNRES model,**” in which a protein is represented as a chain of
C, atoms with united peptide groups and side-chains attached to
them, can provide insight into the mechanisms of Af fibril
elongation*" or cross-binding between different peptides.**®
From a coarser perspective we mention the self-organized
polymer model (SOP-SC), in which each residue is represented
by two interaction centers, i.e., one located at C,, and one at the
center of mass of the side chain. This model demonstrated that
the application of mechanical force enhances the population of
the otherwise rarely populated aggregation-prone states.'®”
Additionally, it was recently used to show that cosolvents can
modulate the elongation kinetics of A, _ 4.""> Furthermore, its
implementation on GPUs enables access to time scales up to
centiseconds.*”

5.4. New Directions in Simulations

Despite major progress in experimental and simulation studies
of amyloidogenic polypeptides, a series of questions remain
unanswered. These questions offer the opportunity to explore
new directions from a simulation perspective, which can add to
the current limited understanding of the toxic species and
mechanisms of neuronal injury. We propose that coarse grained
and multiscale models would be suitable in exploring the
molecular mechanisms underlying pore formation. Further-
more, atomistic simulations could be used to investigate the
monomeric and/or aggregated forms of peptides that interact
with membrane-anchored proteins in vivo and modulate their
activity."”* With this in mind, we suggest that a complete
analysis of the interaction of amyloidogenic species with distinct
cell surface receptors would reveal further permeation
mechanisms, which may lead to therapeutic intervention (e.g,
development of channel blockers). Atomistic studies addressing
the full pallette of amyloidogenic peptides would aid in
differentiating between the selectivity of receptors for certain
species; as an example good receptors for Af promote its
transcytosis out of the brain, and bad receptors bind to
oligomers and contribute to synaptic loss.*"*

Furthermore, a change in direction from the frequently
analyzed proteins and peptides such as amyloid-f and amylin to,
the less investigated, tau, a-synuclein, and functional amyloido-
genic peptides could inform on (common) mechanisms of
membrane permeation. Next, the investigation of the structural
differences between pore-like oligomers and other types of
oligomers (e.g., on- and off-pathway) using enhanced sampling
techniques at high resolution may reveal key aspects that
contribute to the evolution of these aggregates into other
species. Lower resolution models are efficient in capturing
processes such as secondary nucleation and fibril fragmentation,
which contribute significantly to the generation of new
nuclei.'”*"7%? Starting from pathways obtained by coarse
grained models, umbrella sampling and atomistic MD could be
used to shed light on the energetics and pathways of nucleus
formation which would help for the design of small-molecule
modulators. Furthermore, atomistic simulations can inform on
the coexistence and cross-interactions between amyloidogenic
(poly)peptides in the cell.

6. CONCLUSIONS

We have reviewed simulation studies of amyloidogenic (poly)-
peptides in the monomeric state, their nucleation, and fibril

AA

propagation. Coarse grained models capture the self-assembly of
amyloidogenic peptides and proteins into oligomeric states and
fibrillar structures, but it is difficult to use the results obtained
with simplified models to suggest new experiments because they
lack atomic detail. Atomistic simulations face difficulties in
reaching the time scales of nucleation and fibril elongation. Thus
several computational studies of amyloid aggregation have made
use of implicit solvent and enhanced sampling techniques and/
or have tried to infer from simulations of detachment the
mechanisms of monomer association to the fibrillar tips. These
studies have been successful in shedding light on the pathways
and kinetics of oligomerization and fibril formation.

Despite intensive experimental efforts and a large number of
computational studies, several questions on amyloid aggregation
remain unanswered. Very little is known on the toxic species in
vivo and the mechanism(s) of neuronal injury. Is it beneficial to
design molecules that block or hinder fibril formation, the so-
called f-sheet breakers? This question is relevant because of
recent evidence that small molecules (more precisely linear
conjugated polythiophenes) that stabilize cross-f aggregates
show grophylactic and therapeutic efficacy in prion-infected
mice.””® Thus, f-sheet breakers could increase the amount of
toxic (oligomeric) species.

Evidence has accumulated on amyloid-like aggregates with
physiological properties. As an example, a functional amyloid
seems to be involved in memory consolidation in a broad range
of living organisms from marine snails to mice.'® In contrast, the
knowledge on the spatial and temporal regulation of functional
amyloids is rather limited. It is not clear what are the differences
in aggregation pathways and kinetics between pathological and
functional amyloids. The understanding of these differences at
atomic level of detail may help in designing drugs against
neurodegenerative diseases for which there are currently no
cures. We hope that this review will inspire and motivate
computational structural biologists to collaborate with exper-
imentalists to shed light onto the molecular details of amyloid
disorders. The failure of the many clinical trials of potential
medicines for Alzheimer’s disease®' ~**” is due not only to the
complexity of the human brain but also to the limited knowledge
of the molecular aspects of amyloid diseases.
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ABBREVIATIONS

1SN 1-step nucleation
SN 2-step nucleation
Ap amyloid-f peptide

ABSINTH self-assembly of biomolecules studied by an
implicit, novel, and tunable Hamiltonian

AD Alzheimer’s disease

CHC central hydrophobic cluster

cryo-EM  cryo-electron microscopy

C-ter C-terminus

DPS discrete path sampling

EEF1 effective energy function 1

GB generalized Born

GBSW generalized Born with a simple switching

IAPP islet amyloid polypeptide

IDP intrinsically disordered protein

LD Langevin dynamics

MD molecular dynamics

MhREX  multiplexed Hamiltonian replica exchange

ML machine learning

MM-GBSA molecular mechanics—generalized Born surface
area

MSM Markov state model

MT microtubule

NAC non-amyloid component

N-ter N-terminus

PACE proteins with atomic details in coarse-grained
environment

PCA principal component analysis

PD Parkinson’s disease

PIGS progress index guided sampling
REMD replica exchange molecular dynamics
radius of gyration
SASA solvent accesible surface area
SAXS small-angle X-ray scattering
SMD steered molecular dynamics
SPC simple point charge water model
ssNMR solution state nuclear magnetic resonance
TI thermodynamic integration
TICA time-lagged independent component analysis

TIP3P transferable intermolecular potential with 3 points
TSE transmissible spongiform encephalopathy
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