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ABSTRACT: Protein self-assembly plays an important role in biological systems,
accounting for the formation of mesoscopic structures that can be highly symmetric
as in the capsid of viruses or disordered as in molecular condensates or exhibit a
one-dimensional fibrillar morphology as in amyloid fibrils. Deposits of the latter in
tissues of individuals with degenerative diseases like Alzheimer’s and Parkinson’s
has motivated extensive efforts to understand the sequence of molecular events
accounting for their formation. These studies aim to identify on-pathway
intermediates that may be the targets for therapeutic intervention. This detailed
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knowledge of fibril formation remains obscure, in part due to challenges with

experimental analyses of these processes. However, important progress is being achieved for short amyloid peptides due to advances
in our ability to perform completely unbiased all-atom simulations of the self-assembly process. This perspective discusses recent
developments, their implications, and the hurdles that still need to be overcome to further advance the field.

B INTRODUCTION

The self-assembly of peptides and proteins into cross-f-
amyloid aggregates is a characteristic of both amyloid protein
folding disorders and regulated assembly of functional
structures in biological systems.'”* Cross-f-amyloid fibrils
are composed of parallel or antiparallel f-sheets in which the
amide carbonyl and N—H groups are oriented parallel to the
fibril axis, enabling formation of intermolecular stabilizing
hydrogen bonds between neighboring peptides within a f-
sheet.”® The side chain groups are oriented perpendicular to
the fB-sheets, facilitating cross-sheet side chain interactions that
also stabilize the assembled systems. Multiple f-sheets are
typically laminated to give rise to the observed fibril structures.

The mechanisms of cross-f-amyloid self-assembly are the
focus of intense research interest.”® Amyloid self-assembly is a
nucleation-dependent process characterized by an initial
nucleation phase, during which prefibrillar oligomeric
aggregates are formed, followed by an exponential growth
phase wherein nuclei mature into fibrils by addition of
monomer. Experimental kinetic and thermodynamic analyses
have provided insight into these self-assembly processes,
although the events that occur during the nucleation phase
remain poorly understood.”'® These events are of particular
importance in disease-relevant amyloid self-assembly since data
indicates that prefibril oligomers may be the main toxic
congeners in the related disorders.'”'* The direct character-
ization of these early amyloid intermediates is challenging.
Thus, computational simulations have proven to be a critical
tool to gain insight into early events during the self-assembly
process. ”'* This perspective discusses recent advances in the
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use of unbiased all-atom simulations in the interrogation of
early amyloid self-assembly events.

Diversity of Amyloid Fibril Structures. The kinetics of
amyloid self-assembly and the structures formed during this
process differ significantly for short (<10 residues) and long
(>30 residues) peptides. In amyloid fibrils, each short peptide
is incorporated onto one f-sheet, whereas in fibrils of long
peptides, different segments along the sequence form umque p-
sheets separated from each other by f-arc loop regions,”” see
Figure la and 1b. These f-sheets are more often (but not
always) parallel for long peptides, whereas they are more
variably parallel or antiparallel for short peptides depending on
their amino acid sequence. Two or more f-sheets pack against
each other in laminates to bury nonpolar side chain residues
away from the solvent, accounting for the characteristic cross-
p-pattern of amyloid fibrils.'® For short peptides, Eisenberg
and Sawaya'® identified six and four symmetry classes that
emerge from packing of parallel or antiparallel S-sheets against
each other, respectively, see Figure lc and 1d. Recently,
polymorphic cross-f-structures of the amphipathic (FKFE),
peptide determined by cryo-EM have been reported in which
the laminated S-sheets are of differing orientations, one parallel

and one antiparallel,'” suggesting the existence of additional
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Figure 1. Cross-f-structures from short and long peptides. (a) Short amyloid peptides fold into f-strands where side chains can point in one of two
directions labeled up and down. They can form (c) parallel and (d) antiparallel S-sheets with all up side chains pointing in the same direction or
where up and down side chains alternate. Six and four types of cross-f structures (or symmetry classes) can be formed by laminar packing of
parallel and antiparallel S-sheets. Numbers close to the different cross-f-structures refer to the symmetry classes identified by Eisenberg and
Saway."® (&) Thin nanotube (PDB ID: 7LQG) formed by packing four fibrils from (FKEE), peptides.'” (b) Schematic representation of a cross-f-

structure and f-arc in long peptides.

symmetry classes, see Figure le. Currently, it remains unclear
how a single peptide sequence can form different types of f-
sheets in these self-assembled structures.

Amyloid peptides require a minimum critical concentration
to form fibrils, and there is evidence that disordered globular
aggregates emerge at high concentrations without nucleating
fibrils within experimental time scales.®'” This upper bound
concentration is dependent on the peptide sequence and is on
the order of a few millimolar for the long Af peptide, whereas
it may be much higher or lower for short peptides. This is
relevant for computational studies since all-atom simulations
cannot track the motion of more than a few millions of atoms
for a few microseconds using state-of-the-art resources. This
accounts for simulations in which the peptide concentration is
usually above the upper critical concentration of long
peptides.”

Amino Acid Sequences of Short Amyloid Peptides.
Experimentally, short amyloid peptides rapidly form fibrils at
concentrations that are accessible to all-atom simula-
tions.'**"** The amino acid sequence of these short peptides
often corresponds to small amphipathic segments of longer
pathological amyloids. This includes segment 16—22 of the A
peptide (KLVFFAE) and segment 23—27 of amylin (FGAIL).
These segments play an important role in triggering the
aggregation of the corresponding full-length amyloid peptides,
and thus, understanding their self-assembly (through simu-
lations and experiments) may have implications for the self-
assembly processes and the treatment of related diseases by
perturbing these processes.”’ Extensive efforts are also being
dedicated to the design of nontoxic short amyloid-like peptides

for biotechnological applications. The latter efforts often take
advantage of aromatic amino acids (e.g, phenylalanine and
tyrosine) that are found with higher probability in sequences
that form fibrils.”* The distribution of polar and nonpolar
amino acids in the peptide sequence is also a main
consideration in these initiatives.”> Cases in point are
sequences with alternating nonpolar and polar amino acids
which favor the formation of extended conformations where
hydrophobic and hydrophilic side chains are segregated to
different fB-sheet faces. This facilitates burial of nonpolar
residues in cross-f-structure formation. Examples of the latter
sequences include EAK16-II (AEAEAKAKAEAEAKAK),26
(FKFE),,*” and RAD16-1 (RADARADARADARADA)*® pep-
tides.

Nowadays, it is mostly accepted that the formation of
amyloid fibrils emanates from the general properties of the
polypeptide backbone.” Thus, any peptide sequence is
expected to form fibrils under the appropriate conditions,
although off-pathway oligomers have also been reported.’”’’
However, the propensity of a peptide to form fibrils depends
enormously on its amino acid sequence. The latter determines
the secondary structure of peptides and their ability to
segregate nonpolar and polar residues when incorporated
onto amyloid fibrils. Several of the extensive efforts to
understand how the peptide sequence encodes for amyloido-
genicity are now summarized in repositories like the WALTZ
database.” The latter contains 930 hexapeptides out of which
180 form fibrils and 750 are nonamyloidogenic. This database
is commonly used to develop and test bioinformatic tools
aimed at guiding the design of new peptides that form fibrils.*
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Figure 2. Kinetics of fibril formation. (a) Schematic representation of experimental fibril formation highlighting lag, elongation, and equilibrium
phases. Monomers and low molecular weight oligomers coexist in the lag phase. Fibrils nucleate and grow in the elongation phase. Fibrils coexist
with monomers and low molecular weight oligomers in the equilibrium phase. (b) Illustration of the different mechanisms related to fibril
formation and the reaction rates associated with them. (c) Classical nucleation theories predict an energy barrier (in red) for oligomer formation.
The latter emerges from the sum of an unfavorable term (in green) related to the creation of an interface with the solvent and a favorable term (in
blue) associated with the formation of atomic contacts within the oligomer. (d and e) Experimental fibril yield of Af (dots) where each color
corresponds to a different concentration ranging from 1 to S uM. Solid lines correspond to best fits of eqs 1—3 using (d) Kiigo = 0 and (e) Koliga #
0. (f) Dependence of the lag phase of A on peptide concentration. Reproduced from ref S1. Copyright 2013 PNAS.

The amyloid propensities of peptide sequences that differ
significantly from those in the repository are, however, not
always predicted correctly.”**> A case in point is the
propensity to form fibrils of three sequences made from the
same amino acids, i.e., (FKFE), KEFFFFKE, and (KFFE),.
Careful experiments have shown that (FKFE), forms fibrils at
low (0.2 mM) and high (1.0 mM) concentrations, whereas
KEFFFFKE forms fibrils only at high concentration; (KFFE),
fails to form fibrils at any of the studied concentrations.*® In
contrast to all-atom simulations, existing bioinformatic tools
predict a trend of aggregation for these peptides that differs
significantly from the experimental observations.”' This shows
that all-atom simulations can not only provide insights into the
mechanisms and structure of aggregation but also guide the
design of new amyloid-like sequences.

B KINETICS OF FIBRIL FORMATION

Most in vitro studies of fibril formation are carried out at fixed
peptide concentrations. The assumption underlying those
experiments is that peptides are initially uniformly distributed
in space, and as time evolves, they aggregate into fibrils.”” A
common experiment of choice for these studies uses dyes (e.g.,
thioflavin-T or Congo red) that experience changes in
fluorescence emission upon binding selectively to amyloid
fibrils.*® In these dye-binding assays, the fluorescence intensity

can be followed as a function of time, quantifying the fibril-load
increase in the system. The main goals of these studies have
been to compare aggregation propensities of different proteins
(e.g, wild-type versus mutated sequences) and/or compare
aggregation propensities at different solvent conditions, e.g.,
solutions without and with inhibitors.

A characteristic fluorescence-intensity profile is shown in
Figure 2a, where lag, growth, and stationary phases are
highlighted.39 The aggregates (i.e., oligomers) formed during
the lag phase are made of only a handful of peptides.*” They
are mostly disordered, soluble, and unstable, whereby they
dynamically disassemble into lower molecular weight species,
i.e, monomers, dimers, etc. At the end of the lag phase, larger
aggregates undergo a conformational change, giving rise to the
fibril nucleus. Thus, it is usually assumed that fibril nucleation
takes place in two steps, whereby peptides form a disordered
nucleus that subsequently undergoes a conformational change,
leading to ordered amyloid fibrils.*"** The latter elongate in
the growth phase by absorbing monomers from the
solution.*”** In the stationary/equilibrium phase, fibrils
mature while coexisting with a residual number of low
molecular weight species.”’

Rate equations are often used to model fluorescence-
intensity profiles.* Simplified versions of these equations
assume that proteins exist in one of three states: monomeric,

https://doi.org/10.1021/acs.jpcb.3c07861
J. Phys. Chem. B XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07861?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07861?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07861?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c07861?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c07861?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

oligomeric, and within an amyloid fibri.*” In this context,
“oligomer” is used as an umbrella term to define nonfibrillar
aggregates without needing to specify its size or configuration.
Oligomers are formed at a rate k,,; when monomers m(t)
encounter each other in solution in a process called primary
nucleation, see Figure 2b. In classical nucleation theories, the
free energy of oligomer formation emerges as the sum of
favorable intermonomer interactions and an unfavorable term
due to the oligomer—solvent interface.”® Assuming spherical
oligomers of radius R, former and latter terms scale as ca. —R?
and R%, respectively, accounting for the free-energy profile in
Figure 2c. The latter predicts that the growth of small
aggregates is unfavorable and oligomers tend to dissociate into
low molecular weight aggregates at a rate k. Spontaneous
fluctuations can, however, give rise to oligomers with larger
radii. The free energy of oligomer formation is a maximum
when aggregates reach the critical size R, in Figure 2c.
Accordingly, oligomers that are larger than the critical size
grow favorably by incorporating monomers dissolved in
solution. In the case of amyloids, large oligomers undergo a
conformational change, forming protofilaments at a rate k.,
see Figure 2b. These protofilaments grow irreversibly at a rate
k, when monomers bind to its two tips in a process called fibril
elongation. Figure 2b illustrates the different processes
accounting for fibril formation that are used to write eqgs
1-3 for the population of oligomers O(t), concentrations of
fibrils F(t) in the system, and the fibril load M(t).

do
o kg 1 (£) = keonO(£)m(t) — kqO(t) +

+ kolig,Zm(t)M(t) (1)
dF
E - kconvo(t)m(t) (2)
— =2k F(t)m(t) 3)

The different rates in these equations can be determined by
fitting the ﬁbrll Ioad M(t) to experimental fluorescence-
intensity profiles.*” Until recently, the mechanism described by
the rate kg, in eq 1 was ignored, and it will be discussed in
more detail below.

Equations 1—3 have been used to study the dependence of
the fibril load on the concentration of monomers. One result
that emerges from these studies is that the lag phase defined by
the time t;,, when one-half of the monomers in the solution
are in the fibrillar state is given by

*Jogt)

log(t, = constant —
g( 1/2) ( )
where log(t,/,) depends linearly on log(m) and the slope of
this equation is proportional to the number N, of monomers in
the nucleus.*® Several experimental studies have confirmed the
validity of eq 4 under certain conditions 951 A case in point is
shown Figure 2f for the Af protein.”’ Despite this success, the
fibril growth velocity computed by fitting the experimental
M(t) to eqs 1—3 with k;,, = 0 is not reproduced accurately,
i.e, it is much smaller than that in experiments, see Figure
2d.°" The experimental growth velocity can only be
reproduced if the last term in eq 1 is taken into account, i.e.,
Kqiiga # 0. The latter assumes that new oligomers are nucleated
at a non-negligible rate on the surface of existing fibrils in

solution. Thus, the last term is a function of the concentration
of monomers (i.e., m(t)) and the concentration of proteins in
the fibrillar state, i.e., M(t). This mechanism of nucleation on
the fibril surface is known as secondary nucleation, and it
enables eqs 1—3 to provide a reasonable description of
experiments as shown in Figure 2e.”"”

Rate constants obtained by fitting eqs 1—3 to experiments
have provided important insights into the different mecha-
nisms accounting for fibril formation.*” Whereas the first fibrils
in the system have to emerge via primary nucleation, most
subsequent fibrils were found to emerge from oligomers
formed via a secondary nucleation mechanism. Moreover,
oligomers were found to be mostly unstable and to dissociate
into monomers with only a very small fraction of them being
converted into fibrils. This accounts for a more holistic view of
amyloid formation where there is a strong interdependence of
monomer, oligomer, and fibril populations. Thus, it is not
possible to predict the concentration of oligomers (which are
the toxic aggregates in many amyloid diseases) without
knowledge of fibril and monomer populations.

Bl ALL-ATOM SIMULATIONS

All-atom simulations have the potential to provide insights into
the pathways and interactions accountmg for the different
mechanisms enabling fibril formation."* This knowledge is
critical to correlate amyloid self-assembly with emergent
amyloid toxicity in protein folding disorders and to potentially
enable the rational design of drugs to treat amyloid diseases by
selectively perturbing formation of toxic ohgomerlc species
without disrupting nontoxic species, including fibrils.”* In long
simulations performed with a few thousand molecules of
protein at a concentration of ~1 uM, one would expect to see
the first fibrils emerging via primary nucleation. The latter
would then grow via monomer addition while catalyzing the
formation of oligomers on its surface. Most of these oligomers
would dissociate into monomers, and only a few of them
would form new fibrils. Alternatively, these types of simulations
may also indicate that oligomer formation and fibril formation
pathways are separate, requiring disassembly of intermediates
in order to move from oligomeric pathways to fibril formation
pathways. Since the coordinates of all of the atoms are known
in these simulations, it would be possible to determine the
interactions accounting for primary and secondary nucleation
as well as fibril growth. However, this holistic picture remains
impossible to simulate using all-atom models in explicit solvent
as it requires tracking a large number of atoms (ie., ~10"
atoms if 1000 peptides are simulated at a concentration of 1
uM) for many time steps (e.g., ~10'* time steps to account for
1 ms).

An alternative approach has been to simulate a few peptides
in solvated boxes at concentrations greater than 1 mM.
Enhanced sampling methods are commonly used to obtain
converged structures of monomers from full-length amyloid
peptides.”* These structures are affected by point mutations,*’
conditions of the solvent, e.g, the presence of salts and
inhibitors,”® but also the choice of force field used to perform
the simulation.”*” In the case of AB(1—42), a strand—loop—
strand conformation®®~*® has frequently been associated with
an intermediate state on the pathway to fibril formation
wherein residues 26—32 adopt a looplike structure enabhn%
residues 16—22 to form a f-sheet with residues 38—42.
The Venetian blind pathway of fibril formation suggests that
nucleation emerges from the juxtaposition of two strand—
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loop—strand structures followed by the rotation of the strands
wherein intrapeptide hydrogen bonds are replaced by
interpeptide bonds.”" In contrast to strand—loop—strand
structures, the formation of a f-sheet involving three strands
(residues 16—22, 26—32, and 38—42) could slow down or
impede the formation of fibrils.> Despite these insights, the
complete process ending up in the formation of cross-f-
structures for full-length amyloid has only be simulated using
coarse-grained simulations.””"*

All-atom simulations of short fragments of amyloid peptides
have mostly provided insights into the formation of disordered
aggregates. Recent studies however show that these disordered
aggregates also form fibrils if simulations are performed long
enough using the appropriate force fields. In particular, the
AB(16—22) peptide was shown to form fibrils within a time
frame of 2 ps using variants of the CHARMM36m force field,
whereas fibrils did not form successfully using AMBER99SB-
disp.”>®* In another study, the amphipathic (FKFE), peptide
was shown to form a fibril using the AMBER99SB-ildn force
field, and at high peptide concentrations, increasing temper-
ature was shown to accelerate this process.”’ In the same vein,
simulations with a preformed fibril and a few peptides
randomly located in the simulation box were used to study
fibril growthss_67 and secondary nucleation.”® These studies
are opening the door to our understanding of the sequence of
molecular events leading to fibril formation.

Primary Nucleation. Using a multiscale method, primary
nucleation of AB(16—21) peptides was shown to emerge in
one or two steps depending on whether a disordered nucleus
formed before the fibril-like state.*” The absence of a
disordered nucleus was observed preferentially at submillimo-
lar concentrations, whereas ordered f-sheets emerged from the
core of a disordered nucleus at high concentrations. These
results are consistent with all-atom simulations of the
ampbhipathic (FKFE), peptide where cross-f-structures formed
in the presence of a disordered nucleus (at the highest
concentrations studied) and in the absence of a disordered
nucleus (at the lowest concentrations studied).”® In both
pathways, the two p-sheets of the cross-f-structure were
initially oriented perpendicularly to each other, see blue panel
in Figure 3. This intermediate structure was shown to last for
at least ~0.5 ps before these f-sheets rotated to become
aligned with each other, enabling additional growth. Hydro-
phobic interactions and hydrogen bonds were shown to
stabilize this intermediate state. If these perpendicular cross-f-
structures are found to be general intermediate states on the
pathway to fibril formation, they could become a target for
agents to inhibit fibril formation. This could have important
implications to treat amyloid diseases.

In the near future, we anticipate that extensive all-atom
simulations will be performed to understand the relation
between peptide sequence and fibril formation. This will
provide (i) more accurate predictions of peptides that can form
amyloid fibrils, (ii) an outline of the different pathways leading
to the formation of cross-f-structures and how these pathways
depend on the peptide sequence, and (iii) an understanding of
how different nanofibril morphologies are related to the
peptide sequence. Although this level of understanding remains
mostly unknown, the striking effect of the peptide sequence on
the formation of cross-f-structures can be highlighted by
comparing coarse-grained simulations performed using the
OPEP force field for the (KFFE), peptide®® with all-atom
simulations of (FKFE), peptides.”’ In the former simulations,
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Primary nucleation
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:'\e, Perpendicular
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Figure 3. Schematic illustration of the mechanisms accounting for
fibril growth. (Blue panel) Primary nucleation takes place with
peptides aggregating in solution to form an intermediate cross-f
structure where f-sheets are oriented perpendicularly to each other.
(Red panels) Fibril elongation takes place via a dock-and-lock
mechanism. Peptides populate the fibril tip either after performing a
random walk in solution (i.e., bulk-docking) or after being directed
toward it after landing on the fibrils surface, i.e., surface-docking. After
landing on the fibril tip, side chains drive the proper alignment of
peptides with the fibril, i.e,, locking. (Green panel) Hydrophobic
patches on the fibril surface enable the nucleation and account for the
orientation of new fibrils via secondary nucleation. Reproduced from
ref 65. Copyright 2024 American Chemical Society.

aggregation proceeded bidirectionally along both the main axis
of the f-sheet and the stacking of different layers of f-sheets on
top of each other. In contrast, (FKFE), peptides in all-atom
simulations aggregated unidirectionally along the main axis of
P-sheets while forming a perpendicular cross-f-structure
intermediate.”’

Fibril Elongation. Simulations of preformed fibrils with
peptides dispersed in solvated boxes can be used to study how
peptides become incorporated onto the fibril ends accounting
for its elongation.”” Recently, it was shown that this type of
simulation can be performed without biases.”> In particular,
atomic restrains are not required to stabilize the preformed
fibril, and peptides can elongate the fibril independently of
initial molecular positions. In these simulations, elongation
proceeds via the commonly accepted dock-and-lock mecha-
nism, whereby peptides promptly land onto the fibril tip in a
random conformation (dock phase) before slowly adopting the
structure dictated by the fibril tip (lock phase).”” It is often
assumed that peptides land on the fibril tip after diffusing in
solution, i.e., bulk-docking. However, this assumption is almost
never tested as most simulations are performed starting with
peptides already docked onto the fibril tip.”” Unbiased
simulations are showing that peptides can also populate the
fibril tip after diffusing on the fibril surface, ie., surface
docking,” see upper red panel in Figure 3. The latter pathway
was shown to contribute significantly to docking.®®

There is a long-standing debate about how docked Peptides
adopt the structure established by the fibril tip.*"”" The
mechanism giving rise to this locking process is expected to be
robust since, for a micrometer-long fibril, it is reproduced by
more than 1000 peptides with atomic precision. Proposed
mechanisms for locking include a random conformational
search of docked peptides until they adopt the locked structure
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(ie., random templating mechanism) and a conformational
search driven by side chain interactions, i.e., driven templating.
Both mechanisms have been studied theoretically and using
coarse-grain models."*”" In recent unbiased all-atom simu-
lations using the (FKFE), peptide, temperature was used as a
parameter to increase the randomness of the conformational
change.® In seven independent simulations performed at high
(350 K) temperatures, docked peptides locked themselves in
“imperfect” conformations, e.g., in an parallel f-sheet structure
instead of the expected antiparallel one. These “imperfectly-
locked” peptides were stable until the end of the simulation
and for almost 1 ps. In contrast, docked peptides adopted the
structure imposed by the fibril tip at 325 K. This emerged in a
stepwise manner wherein complementary charged side chains
at one extremity of the peptide became aligned first followed
by the other extremity, see lower red panel in Figure 3. Thus,
all-atom simulations for the (FKFE), peptide suggest that
locking proceeds via a template-driven mechanism instead of
random templating.

Secondary Nucleation. Enhanced sampling simulations of
Ap peptides have shown that secondary nucleation is driven by
the release of a large number of water molecules to the bulk,
enabling the formation of nonpolar interactions between the
peptides and the fibril.”> The importance of hydrophobic
interactions was also highlighted using Discrete Molecular
Dynamics simulations of the heterogeneous aggregation of
AB(1-40) peptides on the surface of fibrils from AS(16—
22).” In implicit solvent simulations, the diffusion of peptides
on the fibril surface (see surface-docking pathway in fibril
elongationés) allowed Ap peptides to encounter each other on
the surface.”* The latter events could lead to secondary
nucleation.

More recently, secondary nucleation was also studied using
unbiased all-atom simulations of short (FKFE), peptides,” see
Figure 3. In these simulations, adsorbed monomers were
shown to diffuse and detach from the fibril surface but not
dimers or higher order aggregates, which remained bound to
the fibril surface for the whole duration of the simulation.
Secondary nucleation started with monomers or dimers
landing on the fibril surface where they adopted extended
conformations to maximize nonpolar interactions with the
fibril. This facilitated the formation of B-sheets, dictating their
orientations with respect to nonpolar patches on the fibril
surface, see green panel in Figure 3. The nonpolar pattern on
the surface may therefore template the formation of new fibrils
during secondary nucleation events, propagating specific fibril
structures/strains.””

B OUTLOOK

In this perspective, we have discussed recent developments
showing that unbiased all-atom simulations can be used to
study not only the formation of disordered aggregates but also
the formation of ordered cross-f-structures from small
peptides. The importance of these developments is com-
pounded by advances in experimental methods (e.g, cryo-EM,
2D IR spectroscopy, and solid-state NMR) that can determine
not only the hydrogen-bond registry of peptides in f-sheets but
also the packing of these sheets into cross-f#-structures and
larger scale structures, e.g., nanotubes and nanoribbons.>'””?
We anticipate that these experimentally resolved structures will
be used to improve current force fields, which in turn will be
used to make new structural predictions that can be tested.
Although current force fields can fold a large number of

protein sequences into a variety of different structures, some
studies are showing that they do not capture experimentally
observed residue-specific conformational propensities of short
GxG peptides (where x is the residue of interest) in water.”
The latter was confirmed for two six-residue peptides with
motif RxxS.”” In the same vein, protein—protein interactions
appear to be overestimated in most force fields compared to
protein—water interactions.”® Thus, a feedback loop between
experiments and simulations is needed to improve our
understanding of peptide self-assembly, which is one of the
open challenges in physical chemistry.

The novel long trajectories generated using unbiased all-
atom simulations are also providing opportunities for develop-
ments of new order parameters that are needed not only to
account for the diversity of cross-f§ structures (see Figure 1)
but also to characterize larger scale structures made by
combining various fibrils.”>”” This will allow the development
of a framework to understand how mesoscopic structures of
nanofibrils emerge from interactions at the atomic level.
Therefore, the search for complex order parameters may
become an intensive area of research in the theoretical physical
chemistry community. Although this perspective focuses on
unbiased all-atom simulations, we would be remiss not to
mention the important role played by coarse-grained
simulations in describing phenomena taking place at longer
and larger length scales® ™ or the role played by alpha-fold.**
It is also anticipated that our understanding of amyloid
aggregation will be significantly improved by studying longer
model peptides, which exhibit f-arcs in the fibril state, see
Figure le. These peptides adopt a broader spectrum of
conformations compared to the less than 10-residue peptides
discussed in this perspective. Currently, it has not been
possible to simulate fibril formation from longer peptides, and
it remains an open question of whether the current force fields
need to be modified to account for the formation of beta-arcs.
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