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Secondary nucleation in amyloid formation
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Nucleation of new peptide and protein aggregates on the surfaces of amyloid fibrils of the same peptide
or protein has emerged in the past two decades as a major pathway for both the generation of
molecular species responsible for cellular toxicity and for the autocatalytic proliferation of peptide and
protein aggregates. A key question in current research is the molecular mechanism and driving forces
governing such processes, known as secondary nucleation. In this context, the analogies with other self-
assembling systems for which monomer-dependent secondary nucleation has been studied for more
than a century provide a valuable source of inspiration. Here, we present a short overview of this
background and then review recent results regarding secondary nucleation of amyloid-forming peptides
and proteins, focusing in particular on the amyloid B peptide (AB) from Alzheimer’s disease, with some
examples regarding a-synuclein from Parkinson’s disease. Monomer-dependent secondary nucleation of
AP was discovered using a combination of kinetic experiments, global analysis, seeding experiments and
selective isotope-enrichment, which pinpoint the monomer as the origin of new aggregates in a fibril-
catalyzed reaction. Insights into driving forces are gained from variations of solution conditions,
temperature and peptide sequence. Selective inhibition of secondary nucleation is explored as an
effective means to limit oligomer production and toxicity. We also review experiments aimed at finding
interaction partners of oligomers generated by secondary nucleation in an ongoing aggregation process.
At the end of this feature article we bring forward outstanding questions and testable mechanistic
hypotheses regarding monomer-dependent secondary nucleation in amyloid formation.

involved has hampered detailed molecular understanding and
effective treatment for the diseases in question.® Much of this

Monomer-dependent secondary nucleation has been identified
during the 1900s and 2000s as a key step in the formation of
self-assembled aggregates of monomers covering a wide range
of chemical space. This includes the conversion of monomeric
peptides and proteins to large fibrillar aggregates known as
amyloid fibrils associated with a range of human disorder
(Fig. 1).>”7 The devastating nature of these debilitating diseases,
including Alzheimer’s, Parkinson’s and Huntington’s diseases,
and their increasing prevalence, has stimulated a major research
interest in finding the molecular basis of amyloid diseases.
Despite massive effort, the sheer complexity of the systems
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complexity goes beyond the scope of this feature article, yet we
address here one aspect of the puzzle, which involves the
molecular mechanisms for amyloid formation. Studies in this
area aim to identify the microscopic steps behind the overall
reaction pathway. These mechanistic studies and findings
provide the basis for the identification of which of the under-
lying steps are associated with the emergence of toxicity to
human cells and tissues, and screening for inhibitors that can
act specifically on those steps with an aim to limit toxicity.
Amyloid fibrils of a wide range of peptides and proteins
display similar structures irrespective of their sequence,®™® in
stark contrast to the wide variations seen in the folded structures
and functions of the native states of proteins which are largely
governed by their amino acid sequences.” It has even been
postulated that amyloid may represent a generic structure that
can be formed by peptides and protein of any sequence, at least
under appropriate solution conditions.'® Amyloid fibrils display
a highly repetitive packing of multiple identical protein chains
in extended B-sheets."* The densely packed and highly ordered
cores of amyloid fibrils have been revealed by a number of
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Fig.1 A Cryo-EM image of AB42 fibrils composed of two filaments. CPK models of 10 planes of a filament and one plane of a filament with two
monomers, prepared using pdb file 5KK3! and Molmol.2 The magnifying glass highlights a cartoon over monomer-dependent secondary nucleation on

the fibril surface.

high resolution models based on data from X-ray diffraction,
X-ray crystallography, solid state NMR spectroscopy and cryo
electron microscopy."'*° The sensitivity of the formed fibril
structure to the solution conditions was recently illustrated for
AB42. While two virtually identical models of AB42 fibrils were
presented based on independent sample preparation and sSNMR
studies at close to physiological pH and ionic strength™'® a very
different model was inferred based on ssNMR and cryo-EM data
obtained for fibrils formed at acidic pH in high concentration of
acetonitrile.”’

Amyloids are thus self-assembled structures of multiple
identical monomers. In chemistry, materials science and biology
there are many other examples where the emergence of structure
and function relies on the self-assembly of monomeric building
blocks into extended structures of more or less defined size in
one, two or three dimensions, e.g. hydrogels,>"*> nanoparticles,?
nanowires,>* zeolites,*® nano-capsules,*® drug crystals,?” protein
crystals,*® virus coats,”® cytoskeletal filaments,* liposomes,*
protein fibres in the context of natural and artificial nano-
materials’*>* and implicated in the aetiology of human
diseases.”” The repetition of the bonding pattern between
monomers and the chirality of these interactions controls the
structural order and symmetry on much larger length scales.?”
The surface properties of the aggregates govern their inter-
actions with other molecules and aggregates, and lead to more
or less organized aggregate networks or bundles, which in turn
may promote specific materials properties of synthetic or natural
self-assembled systems.

This Feature Article aims to provide an overview of some
recent advances regarding our understanding of the self-assembly
mechanisms in amyloid systems, in particular with respect to the
secondary nucleation of monomers on the surfaces of amyloid
fibrils. We argue that insights from many decades of studies of a
wide range of other self-assembled systems may provide clues
that can forward our understanding of amyloid formation
mechanisms, and we will therefore include a brief summary
of some results from such work.

8668 | Chem. Commun., 2018, 54, 8667-8684

2. Self-assembly through nucleation
and growth

The formation of molecular aggregates involves the transition
of a system initially in a homogeneous solution phase, to form
a new aggregated phase co-existing with a monomer solution
phase. Such transitions can in principle occur either through
spinodal decomposition, which involves the spontaneous
coalescence of a large number of molecules initially in homo-
geneous solution as monomers, or through nucleation and
growth. The simultaneous coalescence of thousands or more
molecules into an ordered aggregate is unlikely, and instead,
self-assembled protein filaments typically emerge through
nucleation-and-growth processes,*® where the formation of
nuclei is an obligatory step and bottle-neck in the overall
reaction towards a new phase or a new structure with lower
free energy. In classical nucleation theory, very small clusters of
monomers have a high interfacial energy towards water and
hence a high free energy per monomer; as a consequence, they
have a high probability to dissociate into their component
monomers. With increasing size, however, stabilization from
monomer-monomer interactions within the cluster becomes
more significant, and the probability of a nucleus to grow through
monomer addition rather than shrink through dissociation
increases. Critical nuclei are commonly defined as the smallest
aggregates in the process that are stable enough to go on to form
the new phase with a higher probability than to dissolve. In
energetic terms, critical nuclei are thus the species with highest
Gibbs free energy along the aggregation pathway. Nucleation is an
intrinsically slow event characterized by a high free energy barrier,
whereas additional growth occurs at higher rate with a lower
free energy barrier. Nucleation reactions may in general follow
complicated pathways that populate a cascade of intermolecular
metastable species®” or pre-nucleation clusters.

Coarse-grained simulations of amyloid formation have revealed
that non-specific (non-fibrillar) contacts between peptides promote
the formation of relatively disordered clusters, which undergo a

This journal is © The Royal Society of Chemistry 2018
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structural conversion to the fibrillar state.>*™*°

For some systems,
the nucleation step may be preceded by liquid-liquid phase
separation,”’ leading to the formation of liquid droplets of a
dense liquid phase which is a precursor for solid nuclei to form.
Interestingly, liquid/liquid phase separation behaviour of this
type may be implicated in the nucleation of amyloid and amyloid-
like fibrils.*>** Thus, the nucleation of amyloid fibrils follows
many but not all aspects of classical nucleation theory, and
involves at least an additional slow conformational conversion

step as discussed in Sections 3.7 and 4.

2.1 Solubility, stability, metastability, saturation and
supersaturation

Self-assembled structures emerge through the spontaneous
association of monomers. Homogeneous monomer solutions
may be classified as stable, metastable or unstable (Fig. 2)
depending on the monomer concentration at the specified
temperature and solution conditions.***° Monomer solutions
are stable up to a solubility limit, Sy, also called the crystalline
solubility. At concentrations below S,, the solution remains
monomeric for infinite time and the thermodynamically most
stable state of the system is a homogeneous solution of mono-
mers. Under such conditions, the Gibbs free energy of transferring
a monomer from the solution phase to the aggregated phase is
positive and thus thermodynamically unfavourable. Above S,, the
solution is supersaturated. Such situation may arise after a sudden
change in temperature or pH, or by dilution into aqueous solution
from an organic solvent. Under supersaturated conditions, the
most stable state is a two-phase system, with aggregated structures
co-existing with the monomer. The system remains metastable,
and as such only rare fluctuations are significant enough to lead to
the formation of a new aggregated phase within the soluble phase
through nucleation and growth. However, even though nucleation
is largely suppressed, already formed aggregates grow until the
monomer concentration reaches S, and equilibrium is reached. In
the unstable regime, the monomer concentration is high enough
such that the homogeneous phase is unstable with respect to even
small density fluctuations and spontaneously decomposes into a
two phase system. The width of the unstable and metastable
zones is time dependent®® since for longer times, the probability
of observing larger fluctuations leading to nucleation in the
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Fig. 2 Solubility and monomer concentration in self-assembling systems.
So is the monomer concentration that will exist in equilibrium with
aggregates after a system with total concentration > S has reached
equilibrium. The lower limit of the metastable zone (light purple) is always
So. but its upper limit will be lower the longer the incubation time of the
samples (A and B) and will eventually disappear (C).
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metastable zone increases and as such metastable solutions
with high concentration display nucleation and growth more rapidly
than metastable solutions with lower monomer concentration.

2.2 Definition of primary nucleation

Primary nucleation is a reaction involving monomers (Fig. 3)
without contributions from already formed aggregates. In this
process, monomers associate into small aggregates that can
reach sizes at which they growth faster by monomer addition
compared to the rate by which they dissociate. Primary nucleation
may occur in bulk solution (homogeneous nucleation) or at a
surface (heterogeneous nucleation). This surface could for example
be the wall of a reaction vessel, the surface of an assembly of
another protein or some other substance such as a lipid vesicle,®
or the air-water interface.>

2.3 Definition of secondary nucleation

Monomer-dependent secondary nucleation is defined as a
process whereby nucleus formation from monomers is catalysed
by existing aggregates composed of the same type of monomeric
building blocks. Usually this takes the form of monomers
forming a nucleus on the surface of an already existing aggregate
(Fig. 3). Secondary nucleation thus happens in the presence of a
parent seed aggregate. Secondary nucleation is distinct from
heterogeneous primary nucleation in that no foreign surface is
involved and while the molecular mechanisms of the two
processes have some similarities, the resulting overall kinetics
of aggregation are quite distinct. Here we will briefly review
some general features and historical findings regarding secondary
nucleation in self-assembly reactions in general, before we high-
light findings and hypotheses regarding secondary nucleation in
amyloid formation.

2.4 Occurrence of secondary nucleation in non-amyloid systems

The autocatalytic amplification of aggregate mass due to secondary
nucleation has been observed in self-assembly reactions for more
than a century.*>***® Examples of 3D assemblies for which
secondary nucleation leads to propagation of aggregates can be
found in the crystallization of proteins and small molecules,>* >’
and even the formation of ice crystals can be governed by
secondary nucleation.>® Other 3D assembled systems for which
secondary nucleation has been reported are CaF and MgF
particles,” silver nanoparticles,*® zeolites,**** and other inorganic
and organic compounds,®®**® as well as phase transitions in
superfluid helium.®” Remarkably, molecular dynamics simulations
have revealed secondary nucleation in crystallization of a simple

secondary nucleation

primary nucleation
0. © \
— N
0 0 = — —

Fig. 3 Cartoon of primary and secondary nucleation reactions. Monomers
of one substance may nucleate in solution (primary nucleation, left) or on
the surface of an already existing aggregate (secondary nucleation, right).
Green and blue colour symbolises the conformation in free state and
aggregated state, respectively.
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model system - that of Lennard-Jones particles — depending on the
level of super-saturation of the system.®** Examples of assemblies of
low dimensionality are actin filaments and the fibrous aggregates
of sickle cell haemoglobin.®®7°

2.5 Mechanisms of secondary nucleation inferred from
non-amyloid systems

Forces between monomer clusters and a crystal surface favour
secondary nucleation. The interfacial energy, the molar volume
of the solid phase and the difference in chemical potential
between the solution and solid phase have been noted as key
parameters governing the rate of secondary nucleation.”>”?
Similar to primary nucleation, the rate of secondary nucleation
increases abruptly above a certain level of super-saturation,
however the level of supersaturation at which this occurs can be
lower than for primary nucleation (Fig. 4).

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.’ This fact is exploited in industrial crystallizers where
care is taken to design rectors and solution conditions such
that secondary nucleation can be utilized as a route to more
homogeneous product.”? In mixtures of enantiomers, a higher
rate of secondary nucleation has been observed for the monomers
in solution which are of the same enantiomer as those in the
aggregate, because there is a concentration window in terms of
supersaturation where the secondary nucleation of the same
enantiomer is fast while the surface-catalysed nucleation of the
opposite enantiomer is negligible (Fig. 4). Thus, in many cases,
secondary nucleation has been observed to be enantioselective.”"”>

Several molecular mechanism of monomer-dependent secondary
nucleation have been discussed. In one mechanism, clusters of
monomers form in a supersaturated solution of monomers. If a
crystal seed is added to such a solution, a large number of
clusters may form in the vicinity of the crystal surface, where
they may coalesce and form nuclei.”"”’* In this mechanism,
dissociation of the formed nuclei from the parent surface to the
bulk is an essential step to complete the secondary nucleation
process, and this detachment step may be enhanced by shear
flow or collisions. Contact nucleation is used in the literature as a
term to denote secondary nucleation that occurs as a consequence
of collisions but with no visible impact on the parent crystal, thus

Secondary Primary
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Fig. 4 Nucleation rate as a function of supersaturation. Primary nucleation
rate (red) and secondary nucleation rate for monomers of the same
enantiomer as the monomers in the aggregate (blue solid line) and the
surface nucleation rate for monomers of the opposite enantiomer relative
to the monomers in the aggregate (dashed blue line). Adapted from ref. 72.
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the origin of the nucleus is from the monomers in the solution
phase. Secondary nucleation has been associated with the
appearance of dendrite-like irregularities on the surface of the
parent crystal, the detachment of which seems to rely on
coarsening of these structures at the remote end concomitant
with thinning at the end closest to the parent crystal (ref. 75 and
references therein).

3. Secondary nucleation in amyloid
formation

In the following we will review some recent results regarding
secondary nucleation in amyloid formation from our own and
other investigators’ work. Based on these results we will put
forward some open questions and testable hypotheses regarding
mechanisms of secondary nucleation and discuss how these
questions might be addressed in future experiments.

3.1 Monomer-dependent secondary nucleation is observed in
amyloid formation from several peptides and proteins

Historically, monomer-dependent secondary nucleation in the
formation of protein filaments was first identified in the 1980’s
in the context of pioneering studies on the aggregation of the
mutant haemoglobin HbS,*®*7° a process linked to sickle-cell
anaemia. Later, monomer-dependent secondary nucleation in
amyloid formation has been inferred for the aggregation of
several other proteins, including, for example insulin,”® Islet
Amyloid Poly Peptide (IAPP),”” amyloid-B peptide (AB),”®”°
a-synuclein (a-syn)®*>®" and carbonic anhydrase.®” These proteins
and aggregation processes have been implicated in devastating
diseases such as diabetes (Insulin, IAPP), Alzheimer’s (AB,) and
Parkinson'’s (o-syn) diseases. In all these systems, proliferation of
aggregates and the fact that once initiated the disease is very
difficult to cure, may be related to the autocatalytic amplification
of aggregate mass due to secondary nucleation (Fig. 5).

3.2 Discovery of monomer-dependent secondary nucleation
in amyloid formation of AB42

In the case of AB, monomer-dependent secondary nucleation
was discovered as late as during the current decade’® based on
three levels of evidence, as follows:

o_.
O «—

Fig. 5 Auto-catalytic amplification of aggregate mass due to monomer-
dependent secondary nucleation. Monomers (green or blue) may undergo
primary nucleation (left). Aggregates may elongate by monomer addition
(middle) or catalyse the generation of new aggregates through monomer-
dependent secondary nucleation (right, auto-catalytic cycle).

This journal is © The Royal Society of Chemistry 2018
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(1) The first indication came from the fact that experimental
data for the concentration-dependent time course of amyloid
fibril formation from a solution of AB42 monomers could not
be explained by classical models of nucleated polymerization
involving primary nucleation and fibril growth (Fig. 6A).”®
In particular, the data shows a lag phase followed by sharp,
exponential-type growth in the fibril mass, which was in contrast
to the polynomial growth predicted in the absence of secondary
nucleation pathways (Fig. 6A). Moreover, the concentration
dependence of the data could not be described by the addition
of a filament fragmentation step,®® which is an alternative auto-
catalytic mechanism to monomer-dependent secondary nucleation
that results in a weaker concentration dependence to that observed.
However, the data could be reproduced to a high level of accuracy by
a model including primary nucleation, fibril growth and secondary
nucleation of monomers on the surface of fibrils (Fig. 6A).5*%
While this global analysis of the concentration-dependent data
provided initial evidence of the role of secondary nucleation
in AP42 aggregation, the analysis also provided further
predictions for the outcome of new experiments that were then
verified.

(2) One key prediction was that the addition of small amounts
of preformed fibrils (seeds), of a quantity so small that the
sigmoidal-like shape of the growth curve is conserved, would
bypass the primary nucleation process, resulting in almost all
new fibrils being generated through secondary nucleation.
Indeed, it was observed that the addition of a small fraction
of preformed seeds reduced the timescale of the aggregation
reaction to such an extent that the entirety of the peptide was
converted into aggregates before the corresponding reaction in
the absence of seeds had proceeded through the lag phase
(Fig. 6B).”® These data confirmed that the presence of fibrils
at the start of the reaction resulted in a fibril-dependent
nucleation process that did not occur in their absence.
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(3) Finally, radio-isotope labelling was used to pinpoint the
origin of the new aggregates being generated in a manner
dependent on the presence of fibrils in the pre-seeded reaction.
When radio-active monomer was mixed with unlabelled seeds,
radioactive oligomers (up to ca. 20-mers) were found to be
formed. By contrast, no radioactive oligomers were found when
unlabelled monomer was mixed with radioactive seeds (Fig. 6C).
These data showed conclusively that new aggregates are generated
from monomer in a fibril-catalysed reaction, rather than being
breakdown products due to fragmentation of the pre-formed
seeds.”® Note that the reason dimers were excluded from the
analysis was to avoid contamination by monomers, which are
present at much higher concentration than the oligomers.

Thus while kinetic analysis indicated that the aggregation
mechanism is dominated by a secondary pathway, seeded
experiments and the use of specific isotope labelling identified
unequivocally the secondary pathway as a process that produces
new aggregates from monomers on the surface of fibrils.”®

Interestingly, after establishing that AB42 aggregation is
dominated by monomer-dependent secondary nucleation,”® the
efficient shortening of the characteristic lag phase of AB42 amyloid
formation in a manner dependent on seed concentration was
utilized as a tool to quantify the fibril concentration as a function
of time during the lag phase.®® It was found that AB42 fibrils can be
detected from very early stages of the lag phase, that their concen-
tration grows almost exponentially during the lag phase (or rather
proportional to cosh(kf) — 1)*® as also found for sickle cell
haemoglobin,”® long before they can be detected by bulk techniques,
the signal-to-noise of which may require on the order of 1% of the
monomers converted to fibrils for detection to be possible.

3.3 Monomer-dependent secondary nucleation of a-syn

The o-syn protein, involved in Parkinson’s disease, displays
monomer-dependent secondary nucleation at mildly acidic pH.**
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Fig. 6 Discovery of monomer-dependent secondary nucleation of Ap42.

(A) Fibril formation kinetics starting from monomer solutions at several

concentrations (individual colours, in quadruplicate). Top: Best fit for a model with primary nucleation and elongation. Bottom: Best fit when also secondary
nucleation of monomers on aggregate surface is included. (B) Experiments in the presence of low concentration of seeds (blue) show reduced lag phase
relative to non-seeded reaction (black) signifying a secondary process. (C) Radio-assay with radioactive monomer and 1% unlabeled seed (left sample) or
unlabeled monomer and 1% radioactive seed (right sample). Both samples were incubated until half the monomers had converted to fibrils, which were
removed by centrifugation. The supernatant was subjected to gel filtration to collect the oligomer fractions. Radio-oligomers were detected from the left
sample but not for the right sample. This shows that new aggregates (oligomers) are generated from monomer in a reaction catalyzed by the seed fibrils.”®
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For this protein, primary nucleation in bulk solution is extremely
slow. To be able to observe aggregation within a reasonable
experimental time-frame under quiescent conditions, foreign
surfaces need to be introduced, e.g. negatively charged phos-
pholipid membranes®® or polystyrene surfaces in the form of
sample containers® or nanoparticles® to promote heterogeneous
primary nucleation. Alternatively, aggregation can be monitored
for solutions of monomer that are supplemented with low
concentration of preformed fibrils, which bypass the need for
primary nucleation altogether.®>®' In the case of a-syn, the
mechanism of fibril propagation and growth is dependent on
pH. At neutral pH, the reaction is dominated by elongation of
seeds, whereas at pH below 6.0, a secondary process is
significant.® The existence of secondary nucleation was thus first
inferred from the requirement of a secondary process to produce
reasonable global fits to aggregation data and the significant
shortening of the lag phase upon addition of low (sub-%)
concentrations of seeds.®® As described above for AB42, additional
experiments were then needed to assess whether this secondary
process can be ascribed to the nucleation of monomers on the
surface of fibrils. A combination of trap-and-seed experiments,
quartz crystal balance with dissipation and centrifugal sedi-
mentation analyses of size distribution was used, and the data
revealed that the secondary process observed at mildly acidic pH
is indeed monomer-dependent secondary nucleation on the
surface of fibrils.®!

3.4 Thermodynamic signature

Mapping energy landscapes has proved to be a powerful tool
for studying reaction mechanisms across many fields, and this
approach has recently been extended to amyloid formation in a
study of AP42 aggregation.’” The results revealed that monomer-
dependent secondary nucleation of AP42 displays a distinct
thermodynamic signature compared with primary nucleation,
even though both processes generate aggregates from soluble
peptides. Specifically, although the rate constant for both primary
nucleation and fibril elongation increase at higher temperatures,
the rate constant for secondary nucleation has only a very weak
dependence on temperature and rather increases slightly with
decreasing temperature (Fig. 7). While primary nucleation is a
slow event with a high free energy barrier, secondary nucleation
was found in the case of AB42 to be associated with a four-fold
reduction in the free energy barrier relative to primary nucleation,
demonstrating the remarkably effective manner in which amyloid
fibrils catalyse the nucleation of new aggregates from monomers.”*

Furthermore, the interactions between monomers and amyloid
fibrils were found to not only change the rate constant char-
acterising nucleation, but also to fundamentally reverse the
thermodynamic signature of this process relative to primary
nucleation.”® Specifically, the energy barriers for both primary
nucleation and fibril elongation were found to be enthalpic in
nature, with a favourable entropy of activation, indicating that
the hydrophobic effect plays a dominant role in both processes.
By contrast, the enthalpic barrier is abolished for secondary
nucleation and the lowered free energy barrier was shown to
be entirely entropic in nature. These results are analogous to
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Fig. 7 Temperature dependence of the rate constant for monomer-
dependent secondary nucleation (middle) compared to primary nucleation
(left) and elongation (right) and the derived barriers.

surface catalyzed reactions involving an exothermic pre-binding
step®” and reveal that the catalytic efficiency of AB42 fibril surfaces
results from the enthalpic stabilisation of adsorbing peptides in
conformations amenable to nucleation, driving a significant low-
ering of the activation energy barrier for nucleation.”

3.5 Underlying molecular events

Secondary nucleation of monomers on fibrils surface involves
at least three molecular events: peptide arrival at the fibrils
surface, product formation and release. In analogy with enzyme
catalysis, secondary nucleation may saturate at high monomer
(substrate) concentration (Fig. 8). For enzyme catalysis, saturation
kinetics may be observed when there is a substrate-binding
equilibrium preceding product formation and release. AB40 was
the first case for which such saturation at high monomer concen-
tration was observed,”® implying that secondary nucleation is not a
single-step reaction. Saturating secondary nucleation has since
been observed for AB42 upon reduced electrostatic repulsion due
to salt screening,”** pH variation,” or mutation.”>™®” The composite
steps may include association of monomer, or small clusters of
monomers, to the surface of fibrillar aggregates, nucleation on the
surface, and finally detachment (Fig. 8).

Depending on the ratio between monomer concentration
and available surface area (number of sites for secondary
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Fig. 8 Multi-step secondary nucleation. Left: At low monomer concentration,
the process is unsaturated and the observed overall aggregation profiles are
strongly dependent on monomer concentration. Right: At high monomer
concentration, the process is saturated and the observed overall aggregation
profiles show little dependence on monomer concentration.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cc02204f

Open Access Article. Published on 06 July 2018. Downloaded on 1/26/2026 1:06:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

nucleation), any one of the rearrangement or detachment steps
may become rate-limiting at high monomer concentration.
Multi-step secondary nucleation share many features with
Michaelis-Menten kinetics of enzyme activity such as a strong
rate dependence on monomer concentration in the unsaturated
regime at low monomer concentration, while in the saturated
regime at high monomer concentration the rate of secondary
nucleation is independent of monomer concentration.”® The
kinetic modelling of saturated secondary nucleation includes
the equivalent of a Michaelis constant, Ky, which indicates the
monomer concentration at which the process is half saturated
(Fig. 8).”° Saturation of secondary nucleation (multi-step secondary
nucleation) leads to a change in scaling exponent in plots of
half-time (the time it takes until half he monomer has converted
to fibrils) versus initial monomer concentration, a feature which
can not be explained by models including only primary nucleation
and singe-step secondary nucleation.”**>%>

Most likely the process is more complex than pictured in
Fig. 8. For example, the surface of the aggregate may serve as an
oligomer generator with the final transformation/nucleation to
an aggregate with the same structure and growth rate as the
fibril occurring after detachment. Alternatively, monomers may
bind to the surface where small clusters form and nucleate/
transform to fibril structure before they detach and grow.’® The
nucleated species may also continue to grow along the aggregate
surface before they detach. In a fourth scenario, clusters of
monomer could form in solution and nucleate when they come
in contact with the aggregate surface.**”*%°

3.6 Oligomer definitions

The definitions for oligomers vary in the literature from being
defined by size (e.g. 2 to 20-mers or other size range), growth
rate (lower growth rate than fibrils), structure (less organized
structure than fibrils) or biological activity (more toxic than
fibrils). Here we discuss oligomers that have less ordered
structure and a lower growth rate than fibrils, and we will focus
on oligomers that form during an ongoing amyloid formation
process, in contrast to oligomers defined according to preparation
methods using substances that block them from further growth.

3.7 Oligomer generation & toxicity

A critical feature of secondary nucleation is that it can generate
significant concentrations of oligomeric aggregates. This is
because the rate of secondary nucleation depends on the
amount of fibrils formed, which in turn grows exponentially with
time, at least during the early times of aggregation (see Fig. 9 and
associated discussion). It is thus of critical importance to under-
stand the mechanisms of oligomer generation by secondary
nucleation. Secondary nucleation is likely to generate oligomeric
aggregates with a wide range of sizes and structures. The products
of secondary nucleation are thus aggregates that are smaller than
the mature fibrils, with less organized structure and lower growth
rate. For example, recent single-molecule studies of oligomers of
Ure2p generated by primary nucleation have highlighted that these
oligomeric populations consist of relatively disordered oligomers
that either dissociate back to monomers or undergo a structural
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Fig. 9 Time-dependence of the macroscopically observable monomer
and fibril concentration as a function of time and (B, C and E) nucleation
rates. Starting from 5 uM (A-C) or 100 nM (D and E) AB42 monomer in
20 mM NaP, 150 mM NaCl, pH 8.0 for, the rate of primary nucleation (red),
depends on monomer concentration only, and has its maximum at time
zero and remains relatively constant over the lag phase where the mono-
mer concentration (A and D blue) remains almost intact. Secondary
nucleation (green) requires both aggregate and monomer and has its
maximum rate close to mid-point of the overall aggregation curve.
(F and G) Starting from 1.6 times supersaturated paracetamol with seeds
added at time zero, the rate of secondary nucleation (green) is always
higher than that of primary nucleation (red). Curves in panels A, B, C, F and
G are adapted from ref. 112 and 113.

conversion into more structured oligomers, which, in turn, can
convert to elongation-competent fibrillar structures. A common
feature of oligomers generated by primary and secondary
nucleation seems to be that they initially take the form of less
structured aggregates that then undergo a conversion into
growth-competent species. In the case of primary nucleation,
this mechanism has been observed in simulations of coarse-
grained model systems,*®*° in atomistic simulations of tau'®°
and AB"*" fragments, and experimentally in the case of the yeast
prion protein Ure2.'®> Simulations of coarse grained systems
have also revealed that secondary nucleation may involve the
structural conversion of disordered oligomers to ordered
aggregates.®"°® The existence of a conversion step of oligomeric
species into growth-competent fibrillar species is supported by
experiments, in which case measurements of oligomer populations,
generated by secondary nucleation during AP42 aggregation were
coupled to kinetic analysis,'* see also Section 4.

Many studies have indicated that toxicity is associated
with protein oligomers or the ongoing process leading to their
generation.'® %" Most intriguingly, toxicity seems to arise
most prominently during the aggregation process in a reaction
involving both fibrils and monomers.”®%%'% Electrophysiology
measurements of y oscillations in rat brain slices, a process
involved in memory and learning, revealed a strong toxic effect
from oligomeric AB42 species produced due to monomer-
dependent secondary nucleation.'® While amyloid fibrils do
not seem to be toxic per se, fibrils might still be considered
disease-relevant species,''® possibly by presenting an oligomer-
breeding surface.

In order to gain quantitative insights into the rate of
oligomer generation during an ongoing aggregation reaction, it
is useful to calculate the nucleation rate in a given experimental
setup. In Fig. 9, we have calculated the rates of primary and
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secondary nucleation as a function of time for in vitro reactions
starting at time zero from a defined monomer concentration
using the values for the rate constants for primary nucleation,
secondary nucleation and elongation, as obtained from global
fitting to aggregation kinetics data for AB42 over a range of
different peptide concentrations.”®"'" These calculations reveal
that the rate of primary nucleation is maximal at time zero, when
only monomer is present, and, in the absence of preformed
fibrils, dominates over secondary nucleation during the very early
stages of aggregation, when the aggregate concentration is low.
By contrast, the rate of secondary nucleation, which depends
on the aggregate concentration, is zero initially and overtakes
primary nucleation only after a critical concentration of fibrils is
reached. Dimensionality arguments show that this critical aggre-
gate concentration above which secondary nucleation dominates
the production of new fibrils is equal to the ratio of the primary
and secondary nucleation rates. Eventually, over the time course
of the reaction, secondary nucleation may therefore generate
many orders of magnitude more oligomers than primary nucleation.
Because the rate of secondary nucleation (Fig. 9B, C and E)
depends on both aggregate and monomer concentration, it has
its maximum close to the mid-point of the growth phase of
the macroscopic aggregation curve, where both monomer and
fibril concentration are close to 50% of the total monomer
concentration (Fig. 9A and D). Very similar curves can be
presented for the rates of primary and secondary nucleation
in the presence of preformed aggregates, such as in the case of
paracetamol (Fig. 9F and G).'"> In this case, if a sufficient
amount of seed is added initially, the rate of secondary nucleation
may dominate the production of new aggregates over the entire
duration of the reaction.

3.8 Intra-cellular targets of toxic oligomers that form during
an aggregation reaction

The calculated nucleation rates (Fig. 9), can be used to guide the
experimental setup for finding oligomer-specific interaction
partners. Such design, aiming to cover the time-frame during
which the majority of toxic oligomers are generated, was
recently used in protein array screening for intracellular targets
of AB42 oligomer generated by secondary nucleation during an
on-going aggregation reaction.'"® Using the rate constants,
determined in physiological salt buffer at 37 °C,” it was
calculated that most of the toxic oligomers would be generated
between 8 and 23 minutes of a reaction starting from 5 uM
monomer at time zero (Fig. 10A). An upside-down orientation,
with the array placed on top of the reaction solution, was a critical
feature of the experimental setup to avoid fibril sedimentation
onto the array. This approach lead to the identification of one
target significantly above the noise - glycogen synthase kinase 3a
(GSK3a, Fig. 10B and C). An interaction between AB42 oligomers
and GSK3a, and between AB42 oligomers and the close homologue
GSK3p, was validated using thermophoresis, surface plasmon
resonance and phosphorylation assays.''® The results are
intriguing in the light of the protein tau, another main player
in Alzheimer’s disease, being one of the substrates that gets
phosphorylated by GSK3a and GSK3p.
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Protein arrays were incubated between 8 and 23 minutes into an ongoing
aggregation reaction of 5 uM AB42 (A), with a minor fraction being
fluorophore labelled to facilitate imaging (B) leading to identification of
one putative target significantly above back-ground (C).***

3.9 Secondary-nucleation inhibitors

The strong connection between monomer-dependent secondary
nucleation and generation of toxicity, motivates the search for
inhibitors that specifically suppress this microscopic step. Inhibitor
failures at late stages of development have been taken as an
argument against the amyloid cascade hypothesis;"'*'*> however,
these inhibitors were identified before the AP aggregation mecha-
nism was known with an aim to retard the overall macroscopically
observable aggregation process. Recent advances have now made it
possible to instead search for inhibitors that selectively target the
nucleation steps (Fig. 11A and B), such that the generation of toxic
species is either delayed (Fig. 11D) or reduced (Fig. 11E), while
inhibitors of elongation (Fig. 11C), which may even increase toxicity
over time (Fig. 11F), can be discarded early in the discovery process.

Inhibitors may suppress a single microscopic step in the
overall aggregation process, or may act on more than one step,
depending on whether the inhibitor interacts with monomers,
oligomer or fibrils.**® Monomer-binders may block any one process,
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Fig. 11 Predicted changes in the macroscopic aggregation curves upon
selective reduction of the rate constants of (A) primary nucleation (k,),
(B) secondary nucleation (k) and (C) elongation (k) calculated using the
Amylofit platform.**” All calculations assumed that the reaction was
initiated at time O from a solution containing 3 uM AB42 monomer. The
reference black curves in each panel were calculated using the rate
constants measured for AB42 in 20 mM sodium phosphate buffer with
0.2 MM EDTA, pH 8.0, 37°C: k, =3 x 10 M 157t k, =1 x 10* M1 s7%,
ki =3 x 10° Mt 57178 For each coloured curve, two rate constants were
fixed at these values and the fold-reduction of the selected microscopic
rate constant colour coded as shown above the panels. In panels D, E and
F is shown the total nucleation rate (primary plus secondary) as a function
of time for the same selective rate constant reductions.
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and fibril-binding molecules may block secondary nucleation or
elongation.

The screening for inhibitors that specifically suppress secondary
nucleation is facilitated by the fact that very different effect on the
macroscopic aggregation curves can be expected upon inhibition of
this process compared to inhibition of primary nucleation or
elongation (Fig. 11). Inhibition of secondary nucleation leads to
a reduced slope of the growth phase and this effect saturates at
high inhibitor concentrations (Fig. 11B).

The first example of a specific inhibitor of monomer-
dependent secondary nucleation of AP42 was the molecular
chaperone domain pro-SPC Brichos, which inhibits this process
in a highly selective manner by binding to the fibril surfaces."”
Electrophysiology measurements show that the toxicity related
to oligomers generated in an ongoing aggregation reaction is
blocked in the presence of pro-SPC Brichos.'?® Further work has
shown that secondary nucleation inhibitors can be produced in
the form of antibody fragments either through rational design
towards discrete regions of the AB42 sequence'® or through
selection from phage-display libraries using a combination
negative selection to remove monomer binders and positive
selection to retain fibril binders."*® The coupling to kinetic
screening allowed identification of antibody fragments (scFvs)
that inhibit the secondary nucleation of AB42 on fibril surfaces
in a specific manner, while disregarding scFvs that inhibit
elongation to ensure suppression rather than enhancement of
oligomer generation."*° The finding of both kinds of antibodies,
moreover implies that the “sites” for secondary nucleation and
elongation are not the same."'®''® Inhibition of secondary
nucleation of AB42 or AB40 has also been observed with small
molecules.’?®'?! On the contrary, the cellular prion protein has
been found to inhibit elongation with no effect on secondary
nucleation."”* Secondary nucleation of a-syn can be inhibited by
the homologous protein B-synuclein, which competes with o-syn
in binding to the fibril surface.'*

3.10 Insights from studies of AP variants

AP exists in body fluids like blood and cerebrospinal fluid as a
range of length variants"*>"'?® besides the main species with 40
or 42 residues. As described above, both AB40 and AB42 display
efficient monomer-dependent secondary nucleation.”®”® The
relative importance of secondary nucleation is higher in AB40
compared to AP42 because of dominating suppression of
primary nucleation.”® Secondary nucleation has been inferred
also for variants of N-terminally extended AB42 with up to 40 extra
residues from the precursor protein'*’ and for N-terminally
truncated AP5-42'*° and AB3-42 with pyroglutamate at the
N-terminus.'® These studies show that the exact length of the
peptide is not critical for secondary nucleation and that
secondary nucleation is retained even if the monomer and fibril
are decorated with an additional equal number of residues at
the N-terminus.

There are several known familial mutations, which lead to

124 One such

increased risk of Alzheimer’s or related diseases.
mutation is A2V, which increases the hydrophobicity of the

N-terminal part of the peptide, and has been observed to increase
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AB production with enhanced aggregation in vivo."*° In vitro
mechanistic studies of AB42 A2V show that the overall rate
of aggregation is largely unaffected. However, this mutation
enhances the relative importance of secondary over primary
nucleation, such that the secondary process becomes even
more dominant compared to AP42 wild-type and saturates at
lower monomer concentrations than the wt.”> Other very
aggressive AP variants contain the so-called Arctic mutation
E22G and the Iowa mutation D23N, both of which diminish the
electrostatic repulsion between monomers and between monomers
and fibrils, therefore an increase in aggregation rate is expected.
Recent work has shown, however, that the rate constant for
secondary nucleation is increased more than those for primary
nucleation and elongation, with saturation of secondary nucleation
for AB42 with E22G**°” and D23N.%” Moreover, the effect of these
mutations is more severe the lower the peptide concentration and
the halftime for fibril formation is shortened by more than two
orders of magnitude relative to WT in measurements at peptide
concentrations approaching the physiological range. Although these
mutations occur very close to one another in the peptide sequence
and on the fibril surface, D23N leads to a more significant loss of
electrostatic repulsion than E22G.°” This finding might seem
surprising in light of the long-range nature of electrostatic
interactions and may indicate that the contribution to the
electrostatic repulsion from the E22 side-chain is modulated
by its closeness to the K16 side-chain on the fibril surface
(Fig. 12). An enhanced rate of monomer-dependent secondary
nucleation has also been observed for AB42 with the so-called
Dutch and Italian mutations E22Q and E22K.°”

Two nearly identical models of the AP42 structure, each
based on many hundreds of distance constraints, were recently
presented,’'® and serve as a source for design of inhibitory
molecules as well as new mutational variants of the AB42
peptide. In particular relevance for understanding the molecular
determinants of secondary nucleation are 9 sidechains which are
exposed on the surface of the ordered part of the fibril (K16, V18,
A21, E22, D23, S26, K28, V40 and A42), plus residues 1-14 in the
relatively less ordered N-terminus (Fig. 12). On-going work
in our laboratory addressing all these 23 residues shows that
it is very difficult to design mutations that remove secondary
nucleation.'*""3?

3.11 Insights from variations in solution conditions

Understanding how variations in solution conditions affect the
aggregation behaviour is crucial in extrapolating the findings
from in vitro kinetics to other systems and in particular to
in vivo aggregation. The presence of solutes that bind to specific
parts of the protein can significantly alter the aggregation
behaviour, for example leading to an increase of the relative
importance of secondary nucleation by suppression of elongation."**
More generally, the effects of ionic strength and pH are two
fundamental aspects governing protein aggregation. The mono-
meric state of the aggregating protein is often charged and thus
the aggregation involves the association of like charged states,
disfavoured by electrostatic repulsion. In general, changes that
lead to a decrease in the charge repulsion effect are found to
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fibrillar structure with top view of one plane with two monomers to the left and a side view of ten such planes to the right. The colors are used to indicate
hydrophobic (gold), acidic (red), basic (blue), titrating (green) and hydrophilic (purple) side-chains. Residues which are exposed on the fibril surface are
indicated with * above the sequence, and also numbered in the structure plots. This figure was prepared using Molmol? based on the pdb file 5KK3.!

speed up aggregation, in particular the processes that involve
the encounter of several charged species. These changes can
take the form of a change in pH®® or an increase in ionic
strength.”>®* In addition to increasing the overall rate of
aggregation, these changes often also affect the balance of the
individual steps in multistep processes, such as secondary
nucleation. As secondary nucleation involves an attachment
step, followed by a rearrangement/detachment step, decrease
in charge repulsion often speeds up the initial attachment step
more than the subsequent steps, thus leading to a saturation of
secondary nucleation.”®%®

3.12 Specificity

As described above, both of AB40 and AB42 display significant
secondary nucleation, which is observed as a very significant
shortening of the lag phase upon addition of sub-1% (by mass)
of pre-formed seeds. Several studies have investigated mixtures
of AB40 and AB42 of varying origin and purity, with acceleration
of AP40 aggregation in the presence of AB42 monomers and a
slight retardation of AP42 aggregation in the presence of AB40
monomers as a convergent result (ref. 134 and references
therein). A recent study using ultra-pure recombinant peptides
showed that fibrils of each length variant fail to accelerate the
aggregation of the other variant.’** AB40 monomers fail to
nucleate on fibrils of AB42 and APf42 monomers fail to nucleate
on fibrils of AB40, thus there is no cross-catalysis of nucleation
(Fig. 13A).

In contrast, an acceleration of AB40 was observed in samples
containing also AB42 monomers, relative to samples with the
same concentration of AB40 alone. Moreover, reactions starting
from mixed monomers display macroscopic aggregation curves
with two sigmoidal curves when monitored by ThT fluorescence.
Mass spectrometric analysis of selectively isotope-labelled samples
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vs. 30AB42 — a 30 residue N-terminally extended variant of Ap42.

identified the first transitions as AB42 fibril formation and the
second one as AB40 fibril formation (Fig. 14)."**

The acceleration of AB40 aggregation in the presence of
AB42 monomers, but not AP42 fibrils, implies that the two
peptides cross-react at the stage of primary nucleation only.
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Fig. 14 Mass spectrometric quantification of the relative amount of
14N-AB40 and 15N-AB42 monomers remaining in solution after centrifu-
gation to remove any formed fibrils at time zero (A), after the first sigmoidal
transition (B), and after the second sigmoidal transition (C) as observed by
ThT fluorescence. At time zero, the solution contained 1.5 uM 14N-AB40
monomers and 1.5 uM 15N-AB42 monomers. Clearly AB42 is selectively
consumed during the first transition, which is thus identified as Ap42
fibril formation, and the second transition is identified as AB40 fibril
formation.*>4
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This remarkable result implies that monomer-dependent
nucleation on fibrils is not a general surface effect but dependent
on the detailed structure of the aggregate. While two independent
models of AB42 at physiological pH in water-based buffers are
nearly identical,"*® and also compatible with a much smaller
number of distance constraints in an earlier investigation,"’
there are multiple models of AB40 in the literature.'>'”"3¢7139
Still, the tight packing of the C-terminus and thereby fibril core of
AB42, with high structural order of all amino acid up to the very
end suggest that there would be very dramatic destabilization of
this fold for the AB40 peptide lacking both Ile41 and Ala42. Opposite
to this, many of the AP40 models display the C-terminus in a
conformation where steric clashes prohibit the incorporation of two
extra residues.

The lack of cross-seeding between AP40 fibrils and AB42
monomers, and vice versa, was confirmed in a recent study,
which also showed the emergence of cross-seeding between
AB42 fibrils and AB40 monomers if AB40 contains the arctic
mutation E22G."° Intriguingly the fibrils formed from AB40-
E22G monomers in the presence of AB42 fibrils showed the
same solid state NMR spectrum as the parent AB42 fibrils."*°

In contrast to the failure of AB40 and AP42 to form joint
fibrils, variation of N-terminal length seems less detrimental. A
series of N-terminally extended AB42 peptides cross-seed with
normal AB42 (Fig. 13B), implying that decoration of fibrils with
extended N-termini does not block the catalytic reaction,
nor does N-terminal extensions of the monomer hinder its
nucleation on the surface of fibrils formed from non-extended
AB42. The extended N-termini are likely to protrude from the
structured region like an unstructured polymer brush, meaning
that the fibril core structure might be the same as for Ap42.

3.13 Secondary nucleation in vivo

While much of the mechanistic work leading to the identifi-
cation and characterization of monomer-dependent secondary
nucleation has been performed in vitro with highly pure and
homogeneous peptides and proteins in aqueous buffers, a key
question is its relevance and importance in vivo, for example as
regards spreading of pathology and toxicity to neuronal cells.
The starting concentrations of monomer are also typically order
of magnitude higher in in vitro experiments compared to
physiological levels, while in an advanced disease state the
local concentrations of fibrillar material may be very high.
In vivo, monomers and aggregates exist in an environment that
contains high and low concentrations of many thousands of
other proteins and biomolecules, lipid membranes, electrolytes,
metabolites, etc. Each one of these may affect the aggregation
process in a different manner. Moreover, several amyloid proteins,
including AP peptide, exists in vivo as a collection of length
variants. However, most likely the same underlying microscopic
steps exist also in the aggregation reaction in a complex situation,
although the rate of each step will be governed by the net effect of
many different factors. Moreover, the species concentrations and
reaction rates will likely change over time much more slowly since
the concentrations of many proteins have a relatively slow
variation as regulated by catalytic and catabolic events.
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There are thus all reasons to believe that secondary nucleation
of monomers on the surface of fibrils occur also in vivo in body
fluids and tissues. In support of this, a recent investigation using
a range of optical probes found that most Alzheimer patient
brains include aggregates of a single morphology, or of two
discrete morphologies in physically separated locations.**' The
variability of the aggregate forms was also found to be much
lower within each patient than between different patients. Recent
studies of AB42 aggregation in cerebrospinal fluid (CSF) and in
the presence of phospholipid membranes, indicate that secondary
nucleation is the dominating nucleation process for Ap42 also in
these conditions."**'#

In vivo, aggregation occurs in the presence of phospholipid
membranes enclosing cells, organelles and extracellular
vesicles. In the case of a-syn, this has been established as a key
environment promoting heterogeneous primary nucleation, as
recently reviewed.'*> Much of the early work on the aggregation
of AP peptides in the presence of phospholipid membranes
employed synthetic peptide and the use of co-solvents, which
may alter the membrane integrity as well as the partitioning of
the peptide between solution and membrane. However, recent
work using recombinant peptide avoid such artefacts and have
revealed that membranes may retard or catalyse nucleation
of AB42 aggregation depending on the lipid-to-protein ratio
and the membrane composition.'**'****¢ The cholesterol
fraction has been identified as a key factor promoting
nucleation.'**™°

Several lines of evidence support seeding in vivo; while
this may at least in part be due to secondary nucleation, these
studies have not asked this question. After noting that fibril
deposits in familial Alzheimer’s disease (fAD) have different
conformations than in sporadic Alzheimer’s disease (SAD), fAD
AP40 fibrils (E22G or E22Q) were injected into transgenic
mouse brain that carried only wild type (WT) AB40 gene. The
plaque formation of AB40 WT was induced and the AP aggregate
strain (E22G or E22Q) was inherited and finally lead to a fAD-like
pathology. This indicates that the injected fibrils served as a
propagation template in the spreading of AR pathology. Several
other studies in rodent models confirm that an AD pathology can
be accelerated in a dose dependent manner by injecting AP
deposit containing brain extract.**”*>!

An animal model closer to human was employed in a long
term study, where brain homogenate from human or marmoset
with sAD was injected into marmoset brain."”" The experiment
was followed for up to 10 years, and the vast majority of injected
marmosets have developed cerebral amyloidosis, while in the
control group a minority had developed AD pathology.

While AB brain deposit has been repeatedly found to catalyse
the amyloidosis in various animal models, the same phenomenon
was accidentally studied in humans. Before 1985, human cadaveric
pituitary-derived growth hormone (hGH) was commonly used to
treat young individuals with growth hormone deficiency. Hundreds
of recipients caught Creutzfeldt-Jakob disease (CJD) due to the
contamination of the hGH sample. In a postmortem study of
iatrogenic CJD patient, AP deposit was surprisingly observed in
the brain tissue, which indicates that the hGH sample extracted

147-153
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from pituitary gland was not only contaminated by CJD prion
protein but also AB aggregates.'”>'**

4. Insights from simulations

Simulations can provide valuable insights into monomer-
dependent secondary nucleation by testing its requirements
in terms of molecular nature and interaction potentials and
may elucidate possible molecular events and driving forces.
A number of Monte Carlo or molecular dynamics simulations
have used various levels of coarse graining®**'>*'>% or atomistic
representation,"®>'%""*° as recently reviewed,'®® and provide
insights into the energy barriers and transitions during primary
nucleation. However, large system size and simulation time are
required to capture both fibril formation and the subsequent
secondary nucleation step. Simulations that address secondary
nucleation therefore typically use a stating configuration that
includes both preformed seeds and monomers,®%%159:161,162
There seems to be little restrictions in terms of monomer
structure since even Lennard-Jones particles, i.e. spheres, were
found to undergo secondary nucleation on the surface of
already formed aggregates of the same kind of particles.®* The
relative strength of solute-solute, solute-solvent and solvent-
solvent interactions, were varied as a means to control the level
of supersaturation of the system at time zero. Interestingly, in a
regime of intermediate supersaturation was found the formation
of disordered monomer clusters in solution, which nucleated in
contact with the surface of the parent aggregate, thereby taking
up the crystal packing arrangement of the parent aggregate.®* A
simulation of amyloid formation, used a more elaborate coarse-
grained model in which monomers were allowed to switch
between two different conformations, one of which represents
the conformation in fibrils and one representing the predominant
conformation in solution.”® These simulations highlighted that
the nucleation of amyloid fibrils follow many but not all aspects
of classical nucleation theory, for example involves at least an
additional slow step corresponding to a conformational conversion
of the nucleating aggregates.”® In this scenario, the nucleus size
corresponds to the number of interacting monomers in the
aggregate necessary to stabilize the conformational conversion
step.”® In correspondence with the simpler system,** it was
found that a key determinant for secondary nucleation is the
affinity of monomers for the surfaces of fibrils, and efficient
self-replication takes place only in a very narrow regime of inter-
monomer interaction strengths.”

The results of molecular dynamics simulations of six Ap42
monomers in the presence of a fibril fragment composed of
twenty AB17-42 peptides (2BEG.pdb) imply that the hydrophobic
fibril region causes the structural changes required for catalyzing
the formation of B-sheet-rich AP1-42 oligomers on the fibril
surface.'®® These results thus reveal one plausible molecular
basis of the secondary nucleation pathway. A recent all-atom
molecular dynamics simulation of secondary nucleation of AB9-40
studied the association of monomers, dimers, etc. to the surface
along the sides of fibrils,"”® represented by the ordered part
(residues 9-40) of an early solid state NMR model of AB1-40
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fibrils with two monomers per plane (2LMN.pdb). This simulation
found the hydrophobic effect (entropic gain upon release of
hydration water molecules) as a major driving force for association
of monomers etc. with the fibril sides.'*

5. Kinetic experiments and analysis
5.1 Kinetic experiments

The discovery of secondary nucleation, as well as studies aimed
at understanding molecular determinants and driving forces,
require reproducible kinetic assays and well-defined starting
states. The requirements go hand in hand and can luckily be
optimized in parallel, as both reproducibility and defined
starting state can be achieved using ultra-pure and sequence-
homogeneous monomer preparations.'®® Recombinant expression
offers superior sequence homogeneity over peptide synthesis,
relying on the much superior fidelity of the protein translation
machinery relative to synthetic coupling steps. Expression of the
aggregation prone AP is facilitated by the formation of inclusion
bodies, which protects against degradation of the peptide and
allows large quantities to accumulate in E. coli cells without
significant inference with their growth. High purity AR can be
achieved using repeated sonication, inclusion body solubilization
in urea, ion exchange (IEX) in batch mode and size exclusion steps,
essentially as described,'®* using IEX elution with 50~75 mM NaCl
and repeated gel filtration steps.”® The peptide is considered pure
enough when no other proteins can be detected by silver-stained
electrophoresis gels, no other molecules can be detected by
'H NMR and only peptide with the correct M, for full-length
peptide can be observed by mass spectrometry.'®* Pure monomer
is then isolated from such samples using gel filtration just prior to
starting the kinetic experiment. High reproducibility of the latter
can be achieved through extensive degassing of the buffer used,
inertness of surface material used (e.g: PEGylated rather than plain
polystyrene), minimization of all surface areas, including that of
the air-water interface, use of highest grade ThT, optimization of
the ThT concentration to be in a regime where the fluorescence
intensity is proportional the mass concentration of fibrils
formed.”®'%® Moreover, it is essential to record aggregation data
both as a function of time and at several initial concentrations, with
better coverage if the latter varied such that each subsequent pair of
concentrations are related by the same multiplication factor, rather
than a linear variation.

5.2 Kinetic models and data analysis

At the basis of connecting experimental data with mechanistic
models of aggregation lies a mathematical description of the
kinetics of the phenomenon. The IUPAC definition of the term
reaction mechanism states “An acceptable mechanism [...]
must be consistent with [. . .] the rate law”.'®® Thus, the development
of integrated rate laws is crucial in obtaining a mechanistic model
of aggregation. Different models are derived starting from a master
equation that describes the time evolution of the concentration of
all species in the reaction network of aggregation.® This description
can be simplified considerably by reducing it to the experimentally
observable quantities, the total aggregate mass and aggregate
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number. Solutions to the resulting differential rate equations for
these two quantities can then be derived and used to fit the
data.**®® Due to the complexity of the models of aggregation, this
data analysis should be performed in a global manner, such that the
equations fit the kinetics at several monomer and seed concentra-
tions simultaneously. A software that automates many of these tasks
is available online.'”” Another aspect of a successful determination
of mechanism is the acquisition of data of sufficiently high quality
to enable a robust analysis. Important aspects include: (1) sample
purity to ensure the absence of any other substances, oxidized or
degraded proteins and, most crucially preformed aggregates.
(2) Optimization of the reporter dye, to verify that there is a
linear correlation between signal and fibril mass and that the
presence of the reporter dye does not affect the aggregation
kinetics. (3) Control of conditions at all stages of preparation
and during the experiment to avoid the introduction of reactive
surfaces, such as air bubbles, or the initiation of aggregation
during sample preparation.

6. Outlook — outstanding questions
regarding secondary nucleation in
amyloid systems

While secondary nucleation has been known for a long time in
non-amyloid systems its discovery in amyloid aggregation is
still relatively recent. For this reason, a number of key questions
pertaining uniquely to secondary nucleation in these low-
dimensional systems remain more or less open. We will here
take the opportunity to discuss a few of these questions, and to
propose some possible answers. We will also outline some
potential future directions for research in this field.

6.1 Does secondary nucleation happen along the fibril surface?

Elongation occurs at the end of the fibrils; however, the
catalytic surface for secondary nucleation may instead be found
along the sides of the fibrils (Fig. 15A). A first support of this
hypothesis are the results for the chaperone domain Brichos,
which is a potent inhibitor of secondary nucleation and by
immuno-gold TEM, Brichos appears to bind along the sides of
fibrils.'® As a second line of support, several antibodies that
selectively inhibit either elongation or secondary nucleation,
have been identified after rational design as well as from random

Fig. 15 The catalytic surface for secondary nucleation is present along
the sides of fibrils (A). This may take the form of distinct sites (B), or be a
more diffuse aspect of the surface (C).
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screens, which implies that these two processes do not occur at
the same sites."*®''® There are also results from high resolution
microscopy, including dSTORM,** AFM*®® and cryo-EM'®’ that
seem to show transient binding events on the sides of the fibrils.

6.2 Does secondary nucleation occur at defined sites or is it a
diffuse process?

Specific catalytic sites for secondary nucleation may exist at
random defects in the fibril structure or at well-defined locations
defined by the molecular structure of the surface and the fibril
architecture (Fig. 15B). In support of this hypothesis is the high
degree of specificity that has been observed in secondary
nucleation.”** On the other hand, the periodicity of such specific
sites may be as small as the repeat distance of the fibril, i.e. one
plane of 4.5 A. This would mean that even if the sites are well-
defined, they will be grossly overlapping with each other as each
site is likely to include more than one plane of the fibril. There is
also the opposite possibility that there are no specific sites, in
which case incoming monomers associate diffusely along the
fibril surface (Fig. 15C) and secondary nucleation would be
mainly an effect of the increased local concentration at the fibril
surface. This latter possibility is, however, more difficult to
reconcile with the structural specificity of the process."**

6.3 Does secondary nucleation involve the highly ordered fibril
core structure or the flexible termini that decorate the fibril?

Related, but not identical to the previous question is whether
specific residues or features that are exposed on the fibrils
surface take part in secondary nucleation. Building on the
enzyme analogy, secondary nucleation may require precise
positioning of key residues in space for efficient catalysis. This
would then suggest the involvement of residues with well-defined
structural positions on the fibril surface (Fig. 16A). In several
amyloid fibrils, including those of A and a-syn, these exposed
residues are of two kinds — more disordered and more rigid. In the
case of AP42, the exposed sidechains in relatively highly ordered
structure are K16, V18, A21, E22, D23, S26, K28, V40 and A42
(Fig. 12).

The relatively less ordered N- or C-termini of amyloid
protein monomers in fibrils form a flexible polymer brush
decorating the fibrils. In case of AB42 this includes residues
D1-H14, and for a-syn a very long C-terminus of ca. 40 residues
plus a shorter N-terminus. These polymer brushes may create an
environment in which incoming monomers are enriched and
nucleate (Fig. 16B). In the case of enzymes, mutational studies have
been of great importance in the identification of key catalytic
residues. Analogous studies are ongoing for various amyloids but
have this far failed to remove monomer-dependent secondary
nucleation, implying that this either is a very fundamental property
or an emergent property of the system.

6.4 Do oligomers form in solution or at the fibril surface?

Simulations in a minimal system using Lennard-Jones particles®*
have revealed a mechanism by which relatively large disordered
clusters form in solution at intermediate levels of supersaturation.
Upon encountering the surface of a seed crystal a disordered
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Fig. 16 Does monomer-dependent secondary nucleation involve the
more ordered (A), or more flexible (B), parts of the surface?

cluster may undergo crystallization and take on the structure of the
seed. One might envision a similar mechanism for secondary
nucleation in amyloid aggregation, in which disordered oligomers
form in solution and undergo structural conversion upon
encountering the surface of a mature fibril (Fig. 17A, kinetic
description in ref. 79). Alternatively, peptide monomers may
associate with the fibril surface and oligomerization might
occur on the fibril (Fig. 17B and C, kinetic description in
ref. 99), with a rate dependent on the amount of monomers
bound per surface area.

6.5 Does structural conversion happen before or after
detachment?

It is possible that the step catalyzed by the fibril surface is the
association of monomers into oligomeric clusters (Fig. 17B and C).
Once formed these clusters may either undergo conversion into
the fibrillar structure in solution after detachment (Fig. 17B) or
while attached to the parent fibril (Fig. 17C). The second scenario
is highly plausible; formation of new fibrils that adopt the precise
structure of the parent fibril is most favored, since the interfacial
energy, the molar volume of the solid phase and the difference in
chemical potential between the solution and solid phase will be
most favorable if the new aggregate takes on the same structure as
the parent; "’ this includes adopting the same monomer fold and
inter-monomer arrangement as in the parent aggregate. The
second scenario (Fig. 17C) is in keeping with the well-established
phenomenon of strain propagation. In the first scenario (Fig. 17B)
the detaching species will be in a pre-fibrillar oligomeric form,
which is widely suspected to be the main toxic species in
amyloidosis.'® % This would then be in keeping with the
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Fig. 17 Does the structural conversion to fibrillar form happen on the
surface (A and C) or in solution (C) and does the protein arrive to the
surface in the form of monomer (B and C) or in the form of monomer
clusters (A)?
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observed increase in toxicity of mixtures of fibrils and monomers
over pure preparations of either.”®' Pre-fibrillar oligomers may
be in exchange between solution and fibril surface and convert to
fibrillar form on the fibril surface and then detach as in Fig. 17A. It
is of course possible that all these options occur in parallel and
that their relative proportions may vary between different amyloid
protein and will also depend on the solution conditions.

6.6 What is the driving force for detachment?

One of the structural hallmarks of mature amyloid fibrils is
their unbranched nature. This implies that even if the catalytic
formation of new fibrils happens at high rates along the sides
of parent fibrils, it is always followed by efficient detachment.
Local packing interactions, which are essentially identical
between all monomers in the aggregate, dictate the morphology
at larger scale such as for example twist distance, twist chirality,
the number of monomers per filament plane, and the number
of filaments winding around each other in a fibril. Although
some variation in the latter parameter is observed,'®® there
seems to be an upper limit to the number of filaments in a fibril
for every amyloid system.

One plausible scenario is that the nucleating species grows
as a new filament, winding around the parent fibril. This new
filament must have the same monomer-monomer arrange-
ment per plane as the template to be able to build an additional
layer; however, it will detach above a defined size (Fig. 18A) in
the limit where additional planes would suffer from stain and
steric constraints; this will eventually force the new fibril to
detach. If this hypothesis is true, the efficiency of nucleation of
p-peptides on r-peptide fibrils, and of nucleation of 1-peptides
on p-peptide fibrils, would be much reduced compared to the
two homo-chiral secondary nucleation situations.

It is also plausible that the rate of detachment is sped up by
mechanical agitation (Fig. 18B), which used to be common
practice in aggregation studies and is often used in industrial
crystallizers. Even under quiescent conditions, which are preferred
in mechanistic studies, there will be some convection in the
solution. The effects of mechanical perturbations have been
discussed in several studies of non-amyloid systems; the rate of
secondary nucleation may increase upon increased shear flow
or upon contact with foreign objects that serve to remove the
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Fig. 18 Are steric clashes a driving force for detachment (A)? Is detach-
ment sped up by mechanical agitation (B) and thereby increasing the rate
of secondary nucleation by revealing more catalytic surface at higher rate?
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newly nucleated species from the crystal surface,>**"®* thereby
making room for new catalytic events. In the case of amyloid
growth, a challenge for the future will be to disentangle the
expected increase in secondary nucleation rate from an increase
in fragmentation rate.

6.7 Is secondary nucleation the origin of strain propagation?

Strain propagation is a well-known phenomenon in both amyloid
and non-amyloid systems, i.e. the new aggregates that form in the
presence of old aggregates copy the 3D structure of the old
aggregate. It is well-known that 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.>® When nucleation happens on
the surface of an already existing aggregate of the same sub-
stance, a seed, the newly formed aggregate will have lowest
interfacial tension if it copies the packing/morphology of the
seed. Detachment and growth by monomer addition then serves
to extend the new small aggregates into new seeds of the same
morphology as the original seed. This also means that the
aggregate structure with the highest rate of secondary nucleation,
is the one that is most efficiently propagated; this is taken
advantage of in industrial and analytical crystallization procedures
to obtain a more homogeneous product.**! In such reactions, old
crystals, seeds, are introduced into a reactor or drop of super-
saturated monomer solution. Secondary nucleation followed by
detachment and growth thereby amplifies the seed into multiple
crystals with identical packing.

Does secondary nucleation also lead to proliferation of amyloid
aggregates of a defined morphology, i.e. is the so-called strain
phenomenon of amyloid also rooted in secondary nucleation as
depicted in Fig. 19A? In the prion and amyloid field, this is often
discussed as being due to fragmentation and growth of the broken
seeds; this view may at least in part have originated from the fact
that many experiments have been performed under vigorous
mechanical agitation, conditions under which the generation of
new aggregates is in fact dominated by fragmentation.®* However,
in 1996 Leslie Orgel proposed that prion propagation may
originate from monomer-dependent secondary nucleation.'®’

Intriguingly, a recent investigation using a range of optical
probes found that most Alzheimer patient brains include
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Fig. 19 Does secondary nucleation propagate aggregate structure (A)? Is
secondary nucleation enantioselective (B)?
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aggregates of a single morphology, or of two discrete morphologies
in physically separated locations.** It would be very surprising
if the strain phenomenon in amyloid formation and prion
propagation is not, at least in some systems, a consequence
of monomer-dependent secondary nucleation. In that case,
monomer-dependent secondary nucleation of amyloid proteins
and peptides might be expected to be enantio-selective.

The connection between secondary nucleation and strain
propagation also ties into the discussion about structural
conversion in 6.4. It implies a high degree of structural specificity
which for example means that is should be enantioselective
(Fig. 19B and 4), as reported in other systems.’* Several studied
have demonstrated a strong enantioselectivity in amyloid seeding
experiments in various amyloid systems.”*™”> While these findings
have mainly been discussed in terms of enantioselective elongation,
it seems likely that the seed fibrils in these cases do not serve as
catalysts for nucleation of the mirror peptide, since elongation of
the new nuclei should then have been observable.

6.8 What is the role of secondary nucleation in amyloid
pathology and spreading?

The need to understand the processes underlying spreading
and toxicity in amyloid diseases is the main motivation behind
the study of aggregation mechanisms. For several years the
consensus in the field has been that the main toxic species in
amyloid aggregation are prefibrillar oligomers. Under typical
in vitro conditions oligomers generated from secondary nucleation
outnumbers those created from primary nucleation by several
orders of magnitude and ongoing work suggests that this is also
the case in the presence of biological fluids."** Additionally,
mixtures of fibrils and monomers have proven to be far more
cytotoxic than either component alone.”®'%%'% A different hall-
mark of various amyloid diseases is the distinct pattern of
spreading through adjacent tissues. The fibrils themselves are
possibly not mobile enough to explain spreading, but fibril-
derived secondary nuclei or small oligomeric products thereof
could very well fill that role. There is hope for the future that
methods to inhibit secondary nucleation could prove to be
useful in mitigating both toxicity and spreading.

7. Conclusions

Monomer-dependent secondary nucleation has emerged as a
key step in the aggregation mechanism of many amyloid-forming
peptides and proteins. The rate of this process seems to be
modulated by hydrophobic and electrostatic interactions involving
the amyloid proteins and their surroundings. Secondary nucleation
has many similarities with enzyme catalysis as well as general
surface catalysis and seems to have a high structural specificity.
Its temperature dependence and thermodynamic signature is very
different from primary nucleation and elongation. Moreover,
secondary nucleation and elongation occur at distinct “sites” of
a fibril; while secondary nucleation seems most prominent
along the sides of fibrils, elongation occurs at their ends. It is
therefore possible to derive inhibitors that selectively suppress
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secondary nucleation with little effect on elongation or primary
nucleation. As the products of secondary nucleation appear to
be toxic to cells and organs, these inhibitors may have significant
therapeutic potential. Since its discovery during the past two
decades, our understanding of monomer-dependent secondary
nucleation has now reached a level where it is possible to design
experiments to gain insights into the molecular determinants and
driving forces of this key process, to accelerate the development of
future therapeutics of amyloid diseases.
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