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Abstract: Chirality is a fundamental feature of asymmetric
molecules and of critical importance for intermolecular
interactions. The growth of amyloid fibrils displays a strong
enantioselectivity, which is manifested as elongation through
the addition of monomers of the same, but not opposite,
chirality as the parent aggregate. Here we ask whether also
secondary nucleation on the surface of amyloid fibrils, of
relevance for toxicity, is governed by the chirality of the
nucleating monomers. We use short amyloid peptides (Ab20-34
and IAPP20-29) with all residues as L- or all D-enantiomer in
self and cross-seeding experiments with low enough seed
concentration that any acceleration of fibril formation is
dominated by secondary nucleation. We find a strong enantio-
specificity of this auto-catalytic process with secondary nucle-
ation being observed in the self-seeding experiments only. The
results highlight a role of secondary nucleation in strain
propagation.

Surface-catalyzed secondary nucleation is an autocatalytic
process by which new aggregates are formed in a reaction
involving both monomers and already existing aggregates.[1,2]

Such secondary nucleation is prominent in self-assembly
reactions, including crystallization of small molecules and
proteins[3, 4] and the formation of fibrous aggregates of
proteins and peptides.[5–8]

The energy barrier for all forms of nucleation is higher
than for growth of existing aggregates; however, the energy
barrier for secondary nucleation is much lower than for
primary nucleation.[9, 10] Thus, as soon as a finite amount of
aggregates have formed in an initially monomeric solution, or
if a small amount of aggregate is introduced from an external
source, secondary nucleation dominates over primary nucle-
ation in the generation of new aggregates. In a system
dominated by secondary nucleation, the end point aggregates
may be highly monomorphic.[11] This fact is exploited in
industrial crystallizers to obtain a homogeneous end prod-

uct[1] and to generate multiple identical crystals for diffraction
analysis; seeding of a supersaturated monomer solution with
pre-formed crystals leads to the generation of new crystals
with the same morphology, chirality, crystal packing and space
group as the seed due to secondary nucleation of monomers
on the original seed.[12, 13]

Chiral selectivity of secondary nucleation has been
reported for the formation of optically active assemblies
from chiral[13] as well as non-chiral monomers.[12–14] The
formation of optically active aggregates from an initially
inactive system was reported in 1954,[15] and a few years later
a model was presented for autocatalytic processes leading to
the spontaneous formation of product with high enantiomeric
excess.[16] In the presence of a chiral product, achiral reactants
may preferentially produce crystals of one chirality, leading to
a feedback mechanism for the generation and amplification of
optical activity.[17] Enantioselectivity of secondary nucleation
and growth is thus established in a number of cases.[12–14, 18,19]

Amyloid-forming peptides are intensely studied, due to
their involvement in neurodegenerative diseases. The forma-
tion of amyloid fibrils from monomers is a nucleated, multi-
step process in which unstable reaction intermediates are
believed to be the most toxic species.[20] The end product
consists of highly ordered fibrils in which every peptide unit is
folded in the same way. Replication of the fibril structure by
monomer addition contributes to the propagation of fold and
morphology in amyloid and prion systems[21] and may
contribute to the proliferation of disease-relevant forms. It
has been proposed that structure propagation may originate
not only from fragmentation and growth, but also from
monomer-dependent secondary nucleation.[22]

Peptides are chiral substances, naturally only occurring in
the L-form. Studying co-assembly or self-sorting in mixtures
of L- and D-peptides has yielded important insights into the
chiral basis of protein interactions.[23–27] Using this approach
with amyloidogenic peptides, it has been observed that L- or
D-peptides form similar fibrils but with inverted handedness
as reported by circular dichroism (CD) spectroscopy and
atomic force microscopy (AFM).[28] In racemic mixtures,
monomers have been observed to form heterochiral fibrils
with a structure distinct from the homochiral aggregates.[29] If
monomers of one enantiomer forms fibrils, it is typically
observed that monomers of the other are unable to be
incorporated into these mirror-image seeds. Such enantiose-
lective fibril growth has been established in a number of
systems including b2-microglobulin fragments,[30–32] amyloid b

peptides,[31, 33,34] and other short amyloidogenic pep-
tides.[28,35, 36] PolyQ peptides seem to be an exception to this
rule.[37]
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The aggregation of many different amyloidogenic pep-
tides has been found to be dominated by surface catalyzed
secondary nucleation.[7, 8,38] This process has been linked to
massive transient generation of oligomers,[39] which are widely
believed to be the toxic species of relevance in disease.[20]

Catalysis of nucleation on fibril surfaces is in many cases
remarkably specific with regards to peptide sequence,[40,41]

implying that, analogously to elongation, secondary nuclea-
tion requires a structural compatibility between the parent
fibril and nucleating monomers.

Here we investigated the role of chirality in secondary
nucleation in amyloid formation. We studied the low seed
regime, in which secondary nucleation, if existent, may lead to
a significant shortening of the lag phase in a manner
dependent on the seed concentration.[42] We used the 20–34
fragment of amyloid b peptide (Ab(20–34)), for which
efficient seeding at low seed concentration has been
reported,[43] and global analysis of data at multiple monomer
concentrations support secondary nucleation as the dominant
route of new aggregate generation (Figure S3, S4). We
prepared supersaturated monomeric solutions of the L- and
D-peptide, respectively, and monitored their aggregation in
the absence and presence of 0.3% preformed fibrils (seeds) of
the same or opposite chirality (Figure 1) using thioflavin T
(ThT) fluorescence (Figure 2) and CD spectroscopy (Fig-
ure 3D,E). The end state was investigated using CD spec-
troscopy and AFM (Figure 3A–C, Figure S2).

The results show that the aggregation of L-monomers is
efficiently catalyzed by seed fibrils formed from L-monomers,
but not by D-fibrils (Figure 1 A, 2). Orthogonal to this, the
aggregation of D-monomers is efficiently catalyzed by seed
fibrils formed from D-monomers, but not by L-fibrils (Fig-
ure 1B, 2). The cross- and self- seeding analysis was repeated
using L- and D- versions a peptide comprising of residues 20–
29 of human islet amyloid polypeptide (IAPP(20–29)),
(SNNFGAILSS), for which secondary nucleation has been
reported,[6] and the same lack of cross reactivity was observed
(Figure S5). We thus find that surface-catalyzed secondary

nucleation is effective only if the monomer building blocks in
the seed and in solution are of the same chirality. This is
a strong evidence that in secondary nucleation of amyloid
peptides, the structure of the parent seed fibril is replicated by
the new fibrillar aggregates that are formed from monomers.
The finding of chiral specificity of secondary nucleation
underscores the homogeneous nature of this process. Primary
nucleation can be either homogeneous, in solution, or
heterogeneous, on a foreign surface or the surface of an
aggregate of another substance. Surface-catalyzed secondary
nucleation, by definition, occurs on the surface of an
aggregate of the same substance as the monomer. The
newly formed aggregates will have lowest interfacial tension
if they replicate the detailed structure and morphology of the
parent aggregate. Detachment and growth by monomer
addition serve to extend the new aggregates thereby amplify-
ing the morphology of the original seed. We show here very
clearly that the same substance refers not only to the same
peptide sequence, but also to the same enantiomer: secondary
nucleation is only possible if the nucleating monomers are of
the same chirality as those in the parent aggregate.

Our results provide strong evidence for enantioselectivity
of secondary nucleation, which implies that catalysis of
nucleation on the fibril surface requires that the incoming
monomers are able to adopt a structure that is a copy of the
template fibril. This highlights a role of secondary nucleation
in strain propagation.

Figure 1. Secondary nucleation. Cartoons depicting A) L-fibril + L-
monomer, in which case the seed catalyzes the formation of new
aggregates from monomer; B) L-fibril + D-monomer, no catalysis;
C) D-fibril + L-monomer, no catalysis; D) D-fibril + D-monomer, seed
catalyzes formation of new aggregates. Blue indicates L-enantiomer
and red indicates D-enantiomer.

Figure 2. Self- and cross-seeded aggregation. Aggregation kinetics for
3 mM monomer with or without 10 mM seed of the same or opposite
chirality. A) Normalized ThT fluorescence for reactions starting at time
zero from L monomer (open blue triangles), L-monomer plus L-seed
(blue dot), 3 mM L-monomer plus D-seed (filled blue triangles), D
monomer (open red triangles), D-monomer plus D-seed (red dot), D-
monomer plus L-seed (filled red triangles). Examples of curves are
shown. B) Half-time of aggregation, defined as the point in time where
the normalized ThT intensity is 0.5, extracted from all repeats for the
self-seeded cases (L+ L-seed and D+ D-seed). For the non-seeded (L
and D) and cross-seeded (L+ D-seed and D + L-seed) cases, no
aggregation was observed within one week as indicated by the up-ward
arrowhead symbols. Here, L refers to L-Ab20-34 peptide and D refers
to D-Ab20-34 peptide. We note a difference in raw ThT intensity and
average half-time between the L and D peptides (see the Supporting
Information).
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