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Abstract

The accumulation of misfolded proteins (MP), both unique and common, for different diseases is
central for many chronic degenerative diseases. In certain patients MP accumulation is systemic
(e.g. TTR amyloid) and in others this is localized to a specific cell type (e.g. Alzheimer’s disease).
In neurodegenerative diseases, NDs, it is noticeable that the accumulation of MP progressively
spreads throughout the nervous system. Our main hypothesis of this article is that MPs are not
only markers but also active carriers of pathogenicity. Here, we discuss studies from
comprehensive molecular approaches aimed at understanding MP conformational variations
(polymorphism) and their bearing on spreading of MPs, MP toxicity, as well as MP targeting in
imaging and therapy. Neurodegenerative disease (ND) represents a major and growing societal
challenge, with millions of people worldwide suffering from Alzheimer’s or Parkinson’s diseases
alone. For all NDs, current treatment is palliative without addressing the primary cause, and is not
curative. Over recent years particularly the shape-shifting properties of misfolded proteins and
their spreading pathways have been intensively researched. The difficulty in addressing ND has
prompted most major pharma companies to severely downsize their nervous system disorder
research. Increased academic research is pivotal for filling this void and to translate basic research
into tools for medical professionals. Recent discoveries of targeting drug design against MPs and
improved model systems to study structure, pathology spreading and toxicity strongly encourage
future studies along these lines to provide an opportunity for selective imaging, prognostic
diagnosis, and therapy.
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Protein misfolding and amyloid diseases

Amyloid disease is characterized by the abnormal accumulation of aggregated misfolded
protein (MP) in diseased tissue. Disease pathology can be localized or systemic. Localized
amyloidosis occurs where the MP accumulates in the tissue where the MP is produced while
systemic amyloidosis is caused by MPs synthesized distant from the site of deposition.
Aggregated MPs in amyloidosis appear as ordered aggregates with fibrillar structure. To be
pathologically defined as an amyloid fibril, it must be Congophilic /.e. have affinity for the
histological dye Congo red and show characteristic colors and patterns known as
birefringence when the Congo red-stained amyloid deposits are viewed through crossed
polarizers. In addition to the described Congophilia and birefringence, the identity of the
core protein defines the disease [1]. Each form of amyloidosis is hence defined by the
molecular identity of the amyloid fibril protein that deposits in tissues and organs and gives
rise to the disease condition (Fig. 1).

MP precursors are often intrinsically disordered proteins (IDPs) but also originate from
stable globular proteins. Invariably disease severity is correlated with MPs accumulation.
The associated MPs appear specific for each disease: Alzheimer’s disease (AD)
neuropathology comprises senile amyloid plague formed from the peptide Ap and
neurofibrillary tangles derived from the hyperphosphorylated form of microtubule-
associated Tau protein. Parkinson’s disease and multiple system atrophy are distinct from
AD as they are associated with alpha-synuclein (a-syn) aggregates, which occur in distinct
neuronal and glial cell populations in characteristic brain regions. Similar to AD, however,
they can occur concomitantly with Tau inclusions. In systemic amyloidosis proteins such as
serum amyloid A (SAA), immunoglobulin (1gG) light chains or transthyretin (TTR) can
form deposits within vital organs, e.g. liver, heart, kidneys, peripheral nerves or blood
vessels (Fig. 1). While the amyloid precursor proteins in different forms of amyloidosis are
unrelated in sequence or natively folded structure, all amyloid fibrils are p-sheet rich. They
comprise repetitive segments of approximately 4.7 A spaced B-strands along the direction of
the main fibril axis with inter-sheet spacings occurring at approximately 10 A in the
direction perpendicular to it. This generic structural arrangement, termed cross-g, is shared
by all amyloid fibrils forming a backbone which can otherwise differ in the fold of the non-
homologous polypeptide chains within the fibril. A particular remarkable phenomenon,
however, is that the same polypeptide chain can adopt multiple modified fibril states,
referred to as structural polymorphism [2]. This is in apparent contrast to the Anfinsen “one
sequence one fold” postulate [3, 4].

Assembly polymorphisms in organic chemistry

The polymorphic nature of amyloid fibrils was recognized already in the original description
of the fibrillary ultrastructure of amyloid by Calkins and Cohen almost 60 years ago [5], and
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was elaborated on in some detail in 1965. “The Fibril is made up of filaments of varying
lengths but with reproducible diameter of 75 + 9 A. It occurs most commonly in lateral
aggregates of 4 but may be found in side-to-side groups of 1-8 filaments”[6]. While this
may have been perceived as being new at the time it was not an unprecedented phenomenon
in organic chemistry. Crystallographic polymorphism of organic small molecules has been
known for a very long time. Here various packing patterns in organic molecule crystals
impose physico-chemical diversity. For example the simple organic molecule benzamide
was described in 1832 by Wohler and von Liebig [7] to display crystallographic
polymorphism, however it took until 2005 for the polymorphic forms to be revealed in
atomic detail [8, 9]. Similar phenomena are described for D-mannitol, presenting three
different crystal polymorphs with various physicochemical characteristics. An interesting
observation of D-mannitol crystals is that seeding with preformed crystals of various types
can, in addition to nucleating further growth of the initial templated polymorph, also trigger
cross-nucleation into competing polymorphs. Hence, templated crystal growth can be altered
by growth conditions and the alternative forms appear at interfaces determined by competing
growth rates [10, 11].

Amyloid fibril polymorphism

Amyloid fibril polymorphism describes the variations in fibril structures formed by a given
polypeptide chain. Variations between sequence different polypeptide chains, such as AB(1-
40) and AB(1-42), may not therefore classify, strictly speaking, as polymorphisms. The
polymorphism of a fibril sample can be analyzed easily with high-resolution microscopic
techniques, such as electron and atomic force microscopy [12, 13]. The persistence length
and fibril bending, the cross-over distance and the fibril width/height at or in between the
cross-overs can be useful parameters in determining the fibril morphology. Less useful may
be the fibril length, which can vary depending on sample pretreatment. For example,
conditions that fragment long fibrils will affect the length but not necessarily alter the fibril
morphology. Based on the measurement of the aforementioned parameters such as fibril
width and cross-over distance, it is a common observation that fibril samples are
polymorphic; that is, multiple fibril morphologies are present in one sample. Such
polymorphic samples can, in some cases, produce uniform spectroscopic signatures,
indicating that the fibril morphologies present in this sample consist of similarly structured
building blocks or protomers. Hence, uniform spectral characteristics do not always
guarantee a monomorphic sample. Conversely, it is possible that observation of
spectroscopic heterogeneity does not necessarily imply separated polymorphs in a sample as
a fibril morphology may consist of more than a single conformation of the fibril-forming
polypeptide chain, as was suggested previously for several Ap(1-40) derived fibril samples
[14, 15].

The intra-sample polymorphism is not only typical for the cross-p fibrils that were formed in
a test tube from chemically synthetized or recombinantly expressed polypeptide chains. It is
also seen when analyzing amyloid fibrils extracted from patients or animal diseased with
amyloidosis. A comparative analysis of fibrils extracted from different forms of amyloidosis
revealed polymorphic fibril morphologies based on electron microcopy and this result was
independent of the type of amyloidosis analyzed, the amyloid-forming protein. and the organ
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involved in the amyloid deposition [16]. Changing the conditions of fibril formation /in vitro
can alter the distribution of fibril polymorphs present in a sample [17]. It may also alter the
extent of polymorphism of a sample, but it may also trade one fibril ensemble for another
[18]. Generally speaking, the polymorphism of cross- fibrils can arise from three types of
variations: first, variations in the number of protofilaments constructing the mature fibril;
second, variations in the relative arrangement of the protofilaments, and third, variations in
the protofilament substructure [19]. Theoretical assembly polymorphism where
protofilament assemblies generate different fibril surface structures despite having identical
monomeric protomers is illustrated in Fig.2.

Variations in the protofilament substructure importantly involve differences in the peptide
fold, such as variations in the p-strand composition, as well as variations in the packing of
multiple polypeptide chains into a protofilament. Nevertheless, the three types of variations
can to some extent be intertwined. For example, variations in the relative arrangement of the
protofilaments, which involve altered interaction surfaces between the protofilaments, may
be accommaodated with at just minor re-adjustments in the peptide fold. Yet, all three levels
of polymorphism need to be distinguished from additional sources of heterogeneity in a
fibril sample, such as the variable bending and variable twisting of fibril structures, which
can even vary within a single fibril particle [13]. Ultimately, it was found that the fibrils can
participate in the formation of different fibril network super-structures. Star-like and bundle-
like arrangements as well as amorphous fibril meshworks have been found in the amyloid
deposits observed in cellular models of Ap and serum amyloid A fibril formation [22, 23]
and by electron microscopic analysis of histological specimens in diseased tissue [24-26].
All levels of polymorphisms contribute to variations of microscopically identifiable
structures and can collectively be called aggregate morphotypes. Morphotypes can be
defined as a specific subtype of amyloid aggregates of a distinct protein distinguishable from
other aggregates of the same protein on the basis of morphologic or staining-specific
characteristics.

Basis for protein conformational polymorphism

The diversity of native, rather well behaved, protein structures exemplifies the dramatic
structural polymorphism of polypeptides. The SCOPe classification released in 2016
presents 1221 unique folds [27]. The native state is an ensemble of conformational states
with a narrow distribution of conformations. Protein misfolding is by definition a process
where aberrant conformations are attained by the protein molecule that are distinct from its
native structure. This misfolded conformation is retained by intermolecular stabilization of
identical protein chains.

Misfolded proteins (molten-globule like) are inherently comprised of a high degree of
disorder. This plasticity provides a broad distribution of conformational polymorphism when
such proteins assemble into multimers. With this in mind it is obvious that the theoretical
analysis of amyloid fibril conformational polymorphism is a daunting task.
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Methods to study polymorphic amyloids

Max Perutz proposed a polar-zipper model for poly-L-glutamine fibrils [28]. This model
elegantly described the aggregation of poly-Q-containing proteins in disease. The Perutz
paper, in addition to describing a molecular model for the poly-Q aggregates, also proposed
a model for recruitment of vital regulating neuronal proteins into such a pathological
aggregate, a proposed pathophysiological model which now is accepted for many
neurodegenerative diseases including Huntington’s disease. The Eisenberg group has built
significantly on this work using micro- and nanocrystals grown from short peptide fragments
of amyloid-forming proteins to demonstrate various packing patterns into cross-p sheets [29]
and revealed a plethora of so called steric zippers formed through assembly polymorphism
[30].

Solid-state NMR is a recent technique which can provide information from signal
fingerprints directly from spectra reflecting protein conformation, through secondary
structures derived from chemical-shift assignments, to full 3D structures of amyloid fibrils.
Data from this technique has over the last few years provided the most direct insight into
how different secondary structures can be in different polymorphs of the same protein, for
AP, a-synuclein, and for yeast prions.

While solid-state NMR has advantages in detecting residue-specific conformational features
such as the distribution of p-strand structure along the sequence, it is challenging to
determine the full quaternary structure. Electron microscopy and in particular cryo-EM have
recently become potential methods to determine global features of the fibril architecture.
Very recently, it even produced several reconstructions at 3.4-4.0 A resolution that sufficed
to construct a molecular model for the fibril [31, 32]. Electron tomography is a methodology
that can visualize larger areas of a sample, such as a fibril deposit, at high resolution
enabling the definition of multiple network structures or the interactions of fibrils with lipid
membranes, such as cellular surfaces and lipid inclusions [22, 23]. However, it is more
challenging to discern the fibril morphology with this methodology [22].

Fluorescence spectroscopy is a powerful complement to high resolution structural biology
methods for studying amyloid structures. Luminescent conjugated oligo- and polythiophenes
(LCOs and LCPs) represent a promising class of amyloid imaging agents, recognizing and
differentiating a broader subset of protein aggregates than conventional amyloid dyes [33—
43]. It was recently shown by combinatorial sSSNMR, modeling, and fluorescence that the
main molecular binding site for the LCO p-FTAA appears to overlap with that described for
Congo red [44, 45] (see more below). LCOs and LCPs contain a twistable thiophene
backbone and upon conformational restriction of this backbone, different emission profiles
are observed from the oligo-thiophene derivatives. Hence in comparison to Congo red,
which is a rigid molecule, oligo-thiophene based fluorescent dyes offer an optical fingerprint
corresponding to a distinct conformational state of a specific molecule. Two LCOs can also
be used in combination to increase the resolution and differentiate various polymorphs by
their binding properties and relate this to identified polymorphs by AFM and TEM [46]. The
conformational-sensitive optical properties of LCOs and LCPs have proven to be important
for studying protein misfolding and aggregation. This property is especially useful as a
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marker for studies of amyloid polymorphism to translate /n vivo signatures towards defined
detailed /n vitro studies.

Properties of polymorphic fibrils and oligomers

AB

35 different proteins in humans are classified as amyloid proteins by the International
Society of Amyloidosis [1]. Herein we discuss a subset of these proteins (Fig. 1) for which
amyloid polymorphism has been described in the literature.

A is a proteolytic fragment from APPP and is intimately linked biochemically and
genetically to Alzheimer’s disease. AB is highly amyloidogenic and forms a multitude of
aggregated states. Initially the monomer undergoes a conformational change and
multimerizes forming dimers, trimers and hexamers. This process of forming hexamers
appear to be significantly more prevalent for Ap1-42 compared to 1-40 and is possibly
linked to its higher cytotoxicity [47]. Oligomer formation with malleable heterogeneous
protein folds as well as interactions between fibrils and transient exchanges forming
oligomers on their surfaces is a dynamic energetically complex process (Fig. 3). This
structural continuum is present at many levels of size distributions from single molecules
through nanoscopic fibrils, to multi-million molecular assemblies forming microscopic
aggregates (Fig. 3). If we focus on the structural polymorphism of the fibrils and do not
include possible variations within oligomers, protofibrils, and their interactions, several high
resolution structures of in vitro produced fibrils of AB1-40 and Ap1-42 are reported in the
literature. It is apparent that the conformational plasticity in forming these various types of
fibril polymorphs implies comparable conformational stabilities of these various polymorphs
within the energy landscape describing the conformational space of an aggregation-prone
polypeptide chain (Fig. 3). Minute differences in assembly conditions allowing kinetic
selectivity may be one reason for the propagation of certain fibril polymorphs over others.

In comparing fibrils formed /n vivo versus in vitro it was shown that mature fibril
polymorphs i.e. laterally associated multifilamentous bundled fibril types are formed with
AP1-40 to a larger extent than with AB1-42 under the same experimental conditions. From
LCO staining properties using two different LCOs in combination (qFTAA and hFTAA),
this fibril type appeared prevalent in plaque cores in particular in transgenic tg-ABPP mice
rich in AB1-40 [48]. Direct comparisons were not made with isolated A fibrils from tissues
here so the association was indirect. Spectroscopic changes of the LCO fluorescence
response correlated in vitro with concomitant formation of bundled fibrils by AFM and
TEM. A recent study of A polymorphism in human samples using the same technology
revealed a distribution of spectroscopic signatures from AP plaque cores [49]. This strongly
suggests that a cloud-like diversity of Ap conformations exist within each patient,
representative of the variations of Ap fibrils within a single sample [18]. The conformational
cloud was weighted towards a certain type of mature or immature fibril distributions
depending on the predisposing mutations in the PS1 and APP genes for fAD cases [49].
However, it is not directly known what causes these variations in the gFTAA staining
properties; i.e. whether they are influenced, for example, by covalent modifications or the
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presence of non-fibril amyloid plaque components that account for different architectures of
the biological deposit [22].

AB1-42 is dramatically more toxic than Ap1-40. Even though tg-ApPP mice do not show
neurodegeneration as a response to overexpression of Ap peptides, it is notable that
APP/PS1 mice producing more AB1-42 than Ap1-40 have a significantly shorter lifespan
than APP23 mice where the opposite 42/40 distribution is present [50]. Tg-Drosophila
directly expressing AB1-42 peptides show severe neurodegeneration [51-53]. Importantly
even single amino acid substitutions have profound impact on decreasing toxicity. It was
recently shown that 1-41 and 1-43 are much less toxic than 1-42 suggesting that a specific
conformational assembly with increased neurotoxicity is formed for Ap1-42 [54].
Interestingly these neuronal deposits of AB1-42 appear predominantly intracellular [52]
with an immature polymorph as deduced by LCO fluorescence (unpublished results).
Notably Ap1-40 is non-toxic in the fly likely due to efficient intracellular clearance [54].

Propagation of Ap polymorphs by seeding

The notion of seeded nucleation reminiscent of prion-transmission has been intensively
discussed in the literature over the past years and includes fibrils of AB, Tau, a-syn, PrP,
SAA and others [2, 55-57]. As one example let us consider Ap. Nucleation dependent
polymerization of amyloid fibrils is reminiscent of crystal growth and was discussed early
on in amyloid disease research [58]. Importantly, this mechanism appears protein sequence
selective and can impose polymorphic templating similar to the case of crystal growth of
organic molecules discussed earlier in this article. For research in the case of transmission of
AP pathology the low neurotoxicity makes fibril formation of microscopically detectable
aggregates the only readout available in mice [50, 59]. Many things can influence fibrillation
of AB (Fig. 3), but by all measures /n vitro the most efficient kinetic seeds are small fibril
fragments and early stages of Ap amyloidosis /77 vivo [50]. This implies that the high surface
area of amyloid structures makes them active species for conversion. Furthermore, in the
case of pure preparations of synthetic or recombinant A fibrillized /in vitrothese are
extremely poor at seeding plaque pathology in transgenic AD model mice. By contrast,
pathology isolated from human AD brain or transgenic AD model mice readily seeds
pathology in transgenic AD model mice. The resultant histopathology depends on both the
source of the seed and on the host mouse model [59]. Interestingly not only does the
pathology development speed up, but the amyloid conformation, the polymorph, appears to
propagate from mouse to mouse [60] and from human to mouse [49]. Given that human
cases of AD contain a variety of amyloid polymorphs [61] even cloud-like broad
distributions within individuals [49], propagation of individual amyloid polymorphs should
be considered during disease progression.

High resolution structural models of AB fibril folding polymorphs

Solid-state nuclear magnetic resonance (NMR) or electron cryo microscopy (cryo-EM)
studies performed by different research groups recently provided data on the structure of
AB1-42 peptide in fibrils [32, 62—-65]. These groups observed different arrangements,
indicating that the peptide can attain variable stable folds and protofilament structures (Fig.
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2). Overall AB1-42 shows an intertwined horseshoe or kringle fold, however, with very
distinct intermonomer interfaces. While the first structures have been obtained from solid-
state NMR (Fig. 2A-B), Cryo-EM (Fig. 4 C-D) is recently also used demonstrating its
exceptional potential to achieve high resolution structures of protein fibrils.

High-resolution 3D structures are also available for Ap1-40. Importantly, the folds are
different from that of AB1-42. Hence, the C-terminal extended residues have profound
influence on the folding of the protein. A point deletion within the AB1-40 protein termed
the Osaka variant E22A has yet another distinct fold [66]. Several Ap1-40 structural models
are available, which include B-archs, and polymorphs showing dimers and trimers of the
filament cross sections (Fig. 5) [67, 68]. The trimeric cross section (Fig. 5B) was obtained in
fibril samples seeded with brain-derived amyloid fibrils isolated from an Alzheimer’s
disease patient [69]. The C-terminus is hidden within the fibril (Fig. 5B) whereas it is
located close to the surface of dimeric polymorph (Fig. 5A). A highly similar polymorph
was previously described for AB1-40 also in pure in vitro samples showing that it is a
polymorph attainable also in the absence of brain derived seeds [67]. Importantly the two
different folding polymorphs were described as showing ultrastructure by TEM displaying
striated and twisted ribbon morphologies, respectively.

a-synuclein

Tau

Parkinson’s disease is associated with Lewy body inclusions in dopaminergic neurons. Lewy
body cores are composed of fibrils of the synaptic chaperone protein a.-synuclein. In
comparison with the much smaller AB, a-synuclein is 3-fold larger containing 120 residues.
Differences in the fibril structures seem more dramatic due to its size which augments its
conformational space compared to AB. Typical p-strand signatures of a-synuclein were
found to be located in totally different parts of the protein for example, as shown in Figure 6.
Indeed, for this protein, a wide variety of different pure polymorphs could be produced. It
has been shown also for two different polymorphs that they induce different behavior not
only with respect to structure, but also to function [70-72]. Although a first structural model
has been developed [73], full 3D structure determination is still difficult due to its size.

Tau is a microtubule stabilizing chaperone with its activity being regulated by
phosphorylation and other posttranslational modifications. Misfolded hyperphosphorylated
aggregated Tau is associated with various NDs including AD, frontotemporal dementia,
corticobasal dementia, chronic traumatic encephalopathy, and progressive supranuclear
palsy. Various isoforms of Tau are linked to different disease states. The mechanism behind
this selectivity is unknown [80]. Recent structures of Tau fibrils by cryo-EM from AD brain
reveal two ultrastructural polymorphs: Paired helical and straight filaments that differ in
their protofilament packing [31]. Importantly, both fibril morphologies were found in the
brain tissue of the same patient. These polymorphs are best described as assembly
polymorphs rather than conformational polymorphs since the constituent fold of each horse
shoe shaped protomer is highly similar (Fig. 7).
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Demonstration that PrP in its native (PrPC) versus its misfolded infectious conformer (PrPSC)
was identical in chemical composition with post translational modifications and disulfide
bond intact but varied in conformation was the initial definition of an MP-driven disease [57,
81]. Prions composed of PrP thus constitute the canonical example of the strain
phenomenon. Here, disease phenotype is intimately linked to the structure of prions.
Although clinical samples are highlighted as variations in glycosylation patterns, hydrogen-
deuterium exchange experiments of different prions purified from mouse brains show that
various lengths of PrP comprise the fibril core in different prion strains [82]. Most
importantly for the topic of this review, the structure can directly be interrogated using
molecular probes. LCP fluorescence spectroscopy [43] and lifetime imaging (FLIM) makes
it clear that the conformation of PrP within the strain aggregates are different [83]. Several
aspects of a prion, directly linked to its conformation, make up its infectivity. Most often this
infectivity is assayed based on neurotoxicity and not on amyloid fibrillation propensity. It is
clear that fibril forming prion strains appear less neuroinvasive and less neurotoxic
compared to diffuse aggregate assemblies particularly with synaptic localization patterns
[84, 85]. Importantly, hyperstable prions such as those of synthetic origin, are less infectious
than natural prions with lower conformational stability [86]. These findings suggest that
identification of conformational stabilization by exogenous hyperstabilization molecules
could be a viable treatment avenue [87]. In particular this strategy should be applicable to
prions because of the rapidity of CJD in causing neurodegeneration to which such an
aggressive shock-and-lock countermeasure is desirable. This approach was demonstrated to
work in tg-mouse studies [45]. It would be interesting to propose that such a strategy is
tested in human disease.

Amyloid from the plasma transport protein transthyretin (TTR) occurs both as a sporadic
wild-type and dominantly inherited disease from missense mutations (>120 different
mutations currently known) in the TTR gene. Extraction of amyloid fibrils deposited in the
hearts of patients suffering from ATTR amyloidosis revealed structural variations and thus
the polymorphism of the TTR-derived amyloid fibrils in this patient [88]. Moreover, there is
evidence that TTR can undergo different proteolytic processing in different patients [89].
Fibril type A, the predominant fibril type, occurs in one set of patients and is composed of a
mixture of length TTR 1-127 and TTR C-terminal sequence approximately residues 50—
127. Fibril type B occurs in another set of patients, predominantly V30M patients, in which
the fibril is derived from entirely full length TTR. Type A fibrils often target the heart while
type B fibrils occur predominantly with early neurological symptoms. The differences
between the two types of fibrils is observed morphologically in the microscope and by the
brightness of the Congo red-green birefringence of histological sections analyzed by
polarization microscopy. This implies that binding of molecular probes differ between the
fibril types. It was recently shown that imaging of TTR in tissue reveals differences in LCP
and LCO spectra indicating differences in structure. The differences were attributed to a
mutation Y114H comprising a significant proportion of the amyloid protein [90]. Amyloid
fibril structures from microcrystals of TTR peptides downstream and upstream of this site
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[91] suggest that a structural difference due to the Y114H mutation could induce a packing
variation and thereby a new polymorph to explain these differences in probe fluorescence.

Oligomers of TTR have been described and often show the morphology of curvilinear
protofibrils. These can form either at ambient conditions imposing a destabilizing mutation
L55P from familial amyloid polyneuropathy (FAP) [92] or for wild type TTR under mildly
denaturing conditions (pH 3, 4 °C) [93]. These protofibrillar structures are exceptional in
that they appear to be hindered from further maturation over the time course of months. The
process appears to be kinetically hindered at the stage of protofibrils (comprising approx.
200 monomers) because they are constantly undergoing monomer exchange at the surface
[93]. Such an elusive and dynamic species would naturally be very hard to investigate and to
target. Development of probes which target and specifically distinguish these states
spectroscopically have been reported [94, 95], although the same probes also bind the native
tetramer conformation at the thyroxine (T4) binding site. While the relationship of these
protofibril species to oligomers /in vivo is not known, soluble TTR oligomers have recently
been detected in plasma of patients carrying heritable FAP mutations in the TTR gene [96].
Importantly this recent paper proposes a minimally invasive test for diagnosis and treatment
follow up of FAP. Targeting of these species was performed using a peptide-based detection
agent comprising a p-strand sequence of TTR. The structural basis for recognition appear to
be a non-native p-strand motif determined from alanine scanning of the probe peptide.

Light chains

Systemic immunoglobulin light chain amyloidosis (AL) occurs as a secondary complication
of a plasma cell dyscrasia which leads to abnormally high levels of free 1gG light chains in
the blood [97]. Normally, light chains are part of antibodies but due to an imbalance in the
antibody production of an aberrantly proliferating plasma cell clone, light chains that are not
complexed with a heavy chain are released into the blood. A fraction of the patients affected
by this serum protein disturbance eventually develop AL amyloidosis. Amyloid fibrils
primarily affect heart, kidneys and liver but they may occur in many other organs as well.
The cardiac forms of systemic AL amyloidosis are devastating and can be life threatening if
not treated by chemotherapy and heart transplantation. Systemic AL amyloidosisis is unique
amongst all protein misfolding diseases as each patient essentially suffers from a patient-
specific and sequence different LC [98]. While there are evidently different variants of
systemic AL amyloidosis it is difficult to attribute these differences purely to morphological
variations of the fibril and aggregate structures as there are substantial variations in the
amino acid sequence of different fibril proteins as well as posttranslational modifications. As
further support for the presence of chemical and potentially polymorphic AL deposits found
in vivo, LCP staining and spectroscopy revealed a substantial variation of emission spectra
from amyloid among AL patients [40]. Furthermore, ample evidence has been provided for
morphological polymorphism in this disease as the amyloid fibrils that could be extracted
from any one patient were polymorphic and each patient comprised a variety of different
fibril architectures in the body that were all formed from the same sequence fibril protein
[88]. Similar to observations made with fibrils extracted from systemic ATTR amyloidosis
(see above), it was found that different patients were associated with different ensembles of
fibril morphologies. Interestingly, however, within the same patient consistent fibril
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morphologies were seen in the different tissues (heart muscle, heart fat and abdominal fat)
[16]. Detailed fibril structures by cryo-EM are currently available for a 12-residue peptide
fragment of an amyloidogenic light chain [99]. Fibrils of the peptide fragment exhibit a
significant morphological polymorphism as judged by electron microscopy.

Systemic AA amyloidosis occurs as a secondary complication of chronic inflammatory
states in humans and animals (birds and mammals) [1]. Its associated amyloid deposits
consist of truncated SAA protein and are usually found in spleen, liver, and kidneys. The
time of onset of this disease can be drastically reduced in inflamed mice upon injection of
amyloid-containing spleen extracts from AA amyloidotic mice, reminiscent of a
transmission of prions [100]. Interestingly, AA amyloidosis in mice seeds promiscuously
and can be induced using a variety of molecular agents acting as seeds [101, 102].
Extraction of amyloid fibrils from the spleens of AA amyloidotic mice revealed multiple
fibril morphologies, demonstrating the in vivo polymorphism of AA amyloid fibrils.
Consistent observations were made with the fibrils extracted from the AA amyloidotic
tissues of deceased wild-living goats and island foxes (Urocyon littoralis). In all animals,
multiple fibril morphologies were found per individual. Interestingly, comparison of the
spleens and liver of the same animal revealed the same fibril morphologies to be present in
both organs [16]. In contrast to different cases of human AL amyloidosis, each being
associated with a genetically different fibril precursor protein, different AA amyloidotic
mice showed the same polymorphs [88]. A recent study additionally shows that two isolates
of AA amyloid fibrils induced two different amyloid deposit structures in identical recipient
AA mice [103]. Isolates showed a variety of tissue deposition seeding activity. Whereas
Congo red-positive amyloid was detected in both recipient mouse cohorts the pattern of
LCO staining was different. Here the pattern of LCO binding in the recipient mice reflected
the pattern of the initial isolate amyloid exemplifying for the first time that this progression
reminiscent of templating of an amyloid strain polymorph is inducible outside of the brain,
here in a systemic amyloidosis. Moreover, there are two variants of AA amyloidosis in
humans, termed glomerular and vascular, depending on the deposition pattern of the AA
amyloid in the kidneys [104]. These two variants of the disease are usually associated with
different clinical presentations. Proteinuria is mainly confined to the glomerular AA
amyloidosis, and with a different C-terminal truncation of the SAA protein. Glomerular
amyloidosis occurs when the SAA is truncated after position 76, while the protein is
variably truncated approximately at positions 50 and 94 in the vascular variant of the disease
[104].

How do we target polymorphic amyloid fibrils and oligomers?

Amyloid fibrils of most proteins are highly polymorphic, both in vitro and in vivo. So how
can such species be effectively targeted? A guide for structure based drug design at high
resolution would require a model of monomorpbhic fibrils. In a recent study structural
analysis followed by molecular modelling and molecular dynamics simulations fostered
additional design of new molecules [45]. Herein, initially the yeast prion HET-s(218-289)
amyloid fibril was used as a model because an atomic-resolution structure is available. From
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here on at least one binding site has been determined for LCP/LCOs to overlap at the
atomistic level with that of Congo red (Fig. 8A). Extension of this work has revealed how
positive and negative design by protein engineering of the binding site and anionic
LCO/LCP molecule determines specificity and spectroscopic properties of the LCP/LCO.
The molecule encounters an accessible elongated groove as the primary binding site. To
optimally bind the amyloid, the anionic LCP/LCO must pair with specific regioregular
arrangements of positively charged amino acids on the amyloid surface that match its
negative charges [105]. While these are initial studies performed on yeast prions, they can
offer available polymorphic test beds for amyloid-targeting probes. In yeast prions,
polymorphism of the amyloid core has been shown to be highly context-dependent as the
amyloid core varies whether the globular domains decorating the spine are present or not
[106-108]. This offers an opportunity by protein engineering to exploit these systems for
targeted drug design decoys for small molecule amyloid drugs and imaging agents.

MP polymorphism - opportunities for diagnosis, prognosis, and

intervention

The interaction of the cotton dye Congo red with fibrillar amyloid was an early diagnostic
tool for systemic amyloids that was soon applied to staining fibrillar amyloid-containing
pathology of Alzheimer’s disease and other neurodegenerative diseases. Thioflavin S (ThS),
a sulfonated fluorescent polymeric benzothiazole, was also reactive with amyloid fibrils in
tissue. A related dye the cationic Thioflavine T (ThT) containing a single benzothiazole
moiety, displayed minimal background for monitoring /n vitrofibril formation due to the
large hypochromic shift in its excitation spectrum upon fibril binding [111]. These
molecules were not suitable for /n vivo detection of Alzheimer’s disease (AD) pathologies in
animal models or in humans due to their low affinity, lack of blood-brain barrier penetration,
and metabolic lability. They also did not differentiate between AP and tau pathologies, an
essential distinction in AD.

The first Ap-selective imaging ligand with nM affinity successfully used in living human
patients to selectively detect AR pathology by positron emission tomography (PET) was 11C
— labeled Pittsburgh Compound B (PIB) [112], which has become a gold standard for non-
invasive AP brain imaging. Numerous amyloid ligands, many targeting AB, with a variety of
structures have since been synthesized and studied [113]. Imaging tools fostered a revolution
in thinking about AD by tracking the longitudinal progression of Ap pathology development
in living individuals decades before clinical signs were observable. Subsequently, other A
imaging molecules were developed incorporating the longer half-life 18F- isotopic PET
label. Amyvid™ [florbetapir, Neuraceq™ [florbetaben], and Vizamyl™ [flutemetamol]) all
compete for the same binding site on Ap as PIB.

Targeting A

Multiple independent binding sites for different ligands — the Lockhart model

With the clinical utility of 11C-PIB binding established and multiple ligands for AB being
developed, it was important to determine whether different ligands were seeing the same
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structures. Using a series of fluorescent and radioligand binding studies, Lockhart, Ye, and
colleagues defined three distinguishable high affinity binding sites on synthetic fibrils which
bound different classes of chemical structures [114, 115]. Their evidence suggesting partial
interaction between some of the sites has received support [116]. Although the molecular
structure of those sites remains to be experimentally determined, the ability to use
displacement of radioligand binding from synthetic A fibrils and brain tissue sections to
operationally identify candidate molecules for optimization was a logical approach. One of
the sites, BS1, was assigned to ThT. Another, more abundant site in Ap fibrils was BS2
which was associated with binding of Congo red — like molecules. BS3 was least abundant
and was associated with PIB binding. 3H-X34, a highly fluorescent analog of Congo red,
binds to the BS2 A site and is not effectively competed for by either ThT or PIB [117].
ThT, Congo red, and X34 seem to be pan-amyloid specific, interacting with amyloid fibrils
formed from a variety of proteins. The corresponding structural site for BS2 on Het-s fibrils
is illustrated in Fig. 8A. Whereas a BS1 site is hypothetically located at the interface of
protomers comprising individual filaments (Fig. 8B). Such a model would jive well with the
abundance of BS2 sites compared to BS1 sites. 3H-X34 binds with a constant stoichiometry
of 1:1 or 1:2 ligand/Ap monomer, while ThT and 3H-PIB binding depend on the conditions
of fibrillation. This indication that binding of some amyloid ligands was sensitive to fibril
conformation is a potentially valuable tool to assess phenotypes, or strains, encoded in the
structure of the amyloid fibrils. However, it is frustrating in development of quantitative
imaging probes that the complications from various conformational and assembly
polymorphisms alter the target.

One of the first examples of phenotypic expression of fibril polymorphism in the form of
ligand binding was the observation that PIB bound abundantly and with high affinity to
human AD AP pathology. By contrast, PIB bound weakly and in very low amounts to
natural and engineered animal models of AD [118-120]. PIB binding to synthetic Ap
peptide amyloid fibrils is weaker and occupies a smaller number of sites which depend
strongly on the conditions of fibrillation. Binding is detectable mainly because larger
amounts of fibrils can be assayed. PIB binds to a minority of all AR pathology in brain
sections from AD patients [121]. Interestingly, a very small number of AD subjects whose
histology on autopsy showed full AB and tau pathology lack /in vitro 3H-PIB binding [122,
123]. A similar lack of PIB binding is observed in AD subjects expressing the Arctic
mutation in the amyloid precursor protein [124].

Targeting Tau

Selective tau ligand binding has been more challenging to achieve with trials of tau PET
ligand imaging in patients only recently reaching the clinic. In many ways tau is a much
more challenging target than Ap. There are six tau isoforms generated by alternative splicing
of the tau gene as well as differential isoform expression depending on the specific disease
state. Tau is also subject to multiple types of posttranslational modification including
phosphorylation, acetylation, and O-linked N-acetyl-glycosylation to mention just a few.
Development of ligands using recombinant tau fibrils assembled /n vitro often doesn’t result
in tau-selective compounds in human disease tissue This demonstrates the requirement for a
different strategy of screening putative ligands. In addition, tau pathologies in different
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neurodegenerative diseases bind different tau ligands. Table 1 compares tauopathy-
dependence of several ligands which don’t compete with each other for binding tau
pathology, apparently recognizing different tau species. The fibril structural basis for this
selectivity remains to be determined. A common binding site on tau tangles in multiple tau
diseases is recognized by the PBB3 tau ligand [125] which is selective for tau over Af and
more generally recognizes tau pathology in several of the tauopathies where other tau
ligands showed differential reactivity.

Recently a new class of thiophene-based fluorescent ligands that selectively detect tau
pathology in AD was reported [126]. As shown in Fig. 9, the pyridinyl-butadienyl-motif in
PBB3 was replaced by a bi-thiophenevinyl moiety rendering a set of compounds denoted bi-
thiophene-vinyl-benzothiazoles/benzothiazoliums (bTVBTS). When utilizing the bTVBTS in
combination with a thiophene-based ligand, g-FTAA-CN [127] selective towards aggregated
AP species, the two pathological hallmarks in AD could easily be distinguished (Fig. 9).
Thus, minor chemical alterations of the thiophene backbone can be utilized to develop high-
affinity ligands towards distinct disease-associated protein aggregates.

Targeting a-Synuclein

Specific high affinity ligands for misfolded a.-synuclein pathology suitable for brain imaging
have been difficult to identify [128, 129]. SIL23 is not sufficiently selective in the presence
of Ap or tau pathology. It is useable as a tool to find ligands with appropriate properties for
in vivo brain imaging [130]. a-synuclein pathology is characteristic of multiple
neurodegenerative diseases including Parkinson’s disease, dementia with Lewy bodies, and a
series of distinct diseases with a-synuclein inclusions grouped together as multiple system
atrophy [80]. The pathology spreads in a prion-like fashion and different polymorphic forms
of a-synuclein are observed along with different clinical presentations reminiscent of
conformational strains [131]. It is likely that multiple folding pathways and products are
present and disease-relevant as described above.

Not a bug, but a feature

While frustrating for developers of ligands, the sensitivity of ligand binding to variations in
fibrils offers the potential to link polymorphic structures, also known as “strains”, with
different diseases, disease stages, and progression rates. The appropriate ligand(s) could
provide important diagnostic and prognostic information by imaging and/or analysis of
pathology biomarkers in biofluids. There are hints of this potential. Aging of plaques in a
transgenic mouse model changes the ratio of binding of different oligothiophenes [48]. The
fluorescent properties of poly- and oligothiophene probes are also sensitive to probe
backbone conformation [132]. This allows the monitoring of protein conformational states
by these probes and can distinguish prion strains in tissue sections [83, 133].

In humans the Ap pathology in rapidly progressive AD cases has been shown to have
different conformational stability than typical sporadic AD [134]. Different fibril structures
have been determined for the typical and the rapidly progressive forms AD (by ssSNMR)
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which both differ from fibril structure in the posterior cortical atrophy AD variant [61]. It
would be useful to have ligands that could report on the rate of progression.

The utility of probes of informative polymorphic forms of MP pathology can potentially
extend beyond imaging applications. Exosomes produced by neurons and other brain cell
types in AD and PD patients have been shown to contain Af and tau pathology forms [135,
136]. Exosomes are thought to be one way MP pathology spreads in the brain [137]. These
small vesicles are present in CSF and in blood and could potentially serve as surrogate
biomarkers for disease pathology development if they include the informative polymorphic
fibril forms in accessible biofluids, or to determine when brain imaging with selected PET
ligands would be most useful.

Combinatorial treatments targeted at stopping spread and toxicity of MPs

Unfortunately, the difficulty in addressing ND has prompted most major pharma companies
to severely downsize their nervous system disorder research [138]. Increased academic
research is essential for filling this void. There are many strategies to prevent MP
proliferation to mitigate disease. Several are aimed at lowering MP protomer substrate for
further growth. This has been achieved through stabilizing the native state (TTR) [139],
inhibition of proteases (Ap), antibodies for increased clearance (AB), iRNA (TTR), reducing
inflammation (SAA), destroying the producing cell (light chain). These strategies and their
outcomes have recently been reviewed [140, 141]. Other strategies have been to target the
MP aggregated states. To stop neurodegeneration an important target is to stop the
propagation of MP states. A major challenge for drug development is to target shape-shifting
polymorphic MPs. Since individual patients display a distribution of MP polymorphs
observed as microscopic morphotypes, a particular clinical disease progression, as recently
shown for AD [49] (Fig 10) was suggested to be dominated by various polymorphs that
propagate efficiently [61]. The diversity of various MP polymorphs render specific targeting
complicated. Given this structural polymorphism it will by extension efficient treatment will
require an individualized medicine approach and may be specific for different stages of
disease (Fig. 10). In theory this strongly suggests that different MPs may be most efficiently
targeted by combinations of sequence-specific (e.g. antibody MP clearance?) and
conformational inhibitors (seedingy and propagationy) (Fig. 10).

Small molecule fibril stabilizers [87] prevent fibril fragmentation and/or prevent growth of
fibrils either blocking end-elongation or secondary surface-catalyzed fibril formation (Fig.
10). Direct targeting the MP aggregate with thiophene-based small molecules was recently
shown to work via this mechanism to prevent prion disease in mice [45]. Similarly, it was
recently shown that binding of curcumin to AP promotes fibrillation and shifts the A
equilibria towards mature fibrils at the expense of neurotoxic oligomers and prevented
neurodegeneration in Drosophila [51]. Targeting can be achieved by finding common and
divergent structural motifs within MP model structures and to target these by diversifying
the chemistry of the ligand to match the MP structures. Combinatorial chemistry using
fragments from various MP binding motifs [142] and testing cocktails with small molecules
and biologics are foreseen as promising approaches (Fig. 10). Published proof-of-concept
experiments referenced above are highly encouraging that this approach is viable.
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Figure 1.
Multiple different proteins are associated with amyloid disease and form deposits in various

organs. Each form of amyloidosis is defined by the molecular identity of the amyloid fibril
protein that deposits and gives rise to the disease condition. The figure illustrates the
proteins discussed in this article and the main organs affected by the respective protein. Ap,
Tau, a-syn, and PrP in brain, SAA in kidney, spleen, and liver. IgG light chains are found in
most tissues except for the CNS but mainly in kidney, heart, and liver. TTR in heart,
peripheral nerves, eye and CNS.

J Intern Med. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fandrich et al.

Page 24

Figure 2.
Schematic illustration of theoretical assembly polymorphism of identical monomeric

building blocks. A. First a beta-strand monomeric protomer conformation structure is
assembled in a linear monomorphic in register parallel beta-sheet polymeric single filament
fibril with a twisted sheet. The single filament is then assembled in a face-to-face (B) or
back-to-back (C) configuration rendering two different assembly polymorphs. Alternately
three filaments assemble in a polygonal configuration offering yet an alternative structure
(D). All assemblies generate distinctly different surface structures as illustrated by the
yellow and cyan colored residues and unique interface cavities in each polymorph (red
circles). The building blocks (top) are based on the 2BEG structure [20]. The 3D rendered
structures were generated using PyMOL and coordinates were calculated by the program
CreateFibril v 2.5 [21].
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Figure 3.
Illustration of the variable conformational landscape of AR molecular self-assembly from

monomeric molecules, through oligomers into polymorphic nanoscopic fibrils into
microscopic assemblies (plaque) with various morphologies found within brains of
Alzheimer’s disease patients. Structures were generated in PyMol using PDB codes (from
left to right) 1Z0Q, 20TK, 2BEG.
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A42

Figure 4.
Polymorphism of Ap1-42 fibrils formed in vitro. (A, B) Two in vitro formed structures were

almost identical [62, 65], (C) while a different peptide fold and protofilament structure was
observed with a third sample of AB1-42 fibrils assembled in vitro [63] and (D) in a recent
study combining cryo-EM with NMR [32]. Images show the cross-sections. Structures were
generated in PyMol using the pdb codes: (a) 5KK3 (b) 2NAO (c) 5AEF (d) 50VQ.
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D1

Figure 5.
Polymorphism of Ap1-40 fibrils formed purely in vitro in A [67] and seeded by fibrils from

an Alzheimer’s disease patient in B [69]. Structures were generated in PyMol using the PDB
codes (a) 2LMO (b) 2M4J.

J Intern Med. Author manuscript; available in PMC 2019 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fandrich et al. Page 28

10 20 30 40 50 60 70 80 90 100
MDVFMKGLSKAKEGVVAAAEK TKQGVAEAAGKTKEGVLY VGSKTKEGVVHGVATVAEK TKEQVTNVGGAVVTGVTAVAQKTVEGAGS IABATGFVKKDQL  Verasdonck ef al. 2015

MJVFHKGLSK:.BREGWMNI:KTKQGVAEBB?EKTKEGVLYVEGSKTKEGWH%GVATVAERTK:EQVTNVGG@V}PICVTAVAQK?TVEGAGSIAB?ATGFVHDQL Gath et al. 2012 (Ribbons)
MDVFMJ(GLsx?m(EGWMA&?KTKQGVAEAA;;1<TKEGVLW:_GsKTxEGW&?GVATVAEKﬂc?gQVTNVGGM?VTGVTAVAQK&VEGAGSIA&;ATGFMDQL Gath et al. 2013 (Fibrils)
HDVFMKGLSK‘;AKEGWAAAE:EKTKQGVAEAAEGKTKEGVLYVEGSKTKEGWH.‘:GV.%‘IV}\EKTK:EQVTNVGG&V;V‘TGVTAVAQK:‘I‘V‘EGAGSIBA?ATGFV‘KKDQL Heise et al 2005 (A)
MDVFI-H(GLSKEA](EGWAAAE“%](TKQGVAEAAEGKTKEGVLY\;GSKTKBGW&EGVRTVAEKTK?EQVTNVGGAV:VI'GVTRVMKLMGAGSIAAEATGFV‘KKDQL Comellas ef al. 2011

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGK TKEGVLYVGSKTKEGVVHGV I TVAEK TKEQVINVGGAVVIGVTAVAOKTVEGAGN I ARATGFVKKDOM  Lv et al. 2012

Figure 6.
Secondary structure elements of different a-synuclein polymorphs as revealed by solid-state

NMR studies. While certain studies revealed very similar elements, others, as the “ribbons”
polymorph, show a highly distinct pattern. Data are from references [70, 74-79].
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Figure 7.
Assembly polymorphism of the core of Tau fibrils comprising residues 306-378 purified

from Alzheimer’s disease brain. A. Protofilament structure from paired helical filaments and
B. from straight filaments. Structures were generated in PyMol using the PDB codes ()
503L (b) 503T from [31].
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A

Monofilament

Figure 8.
HET-s as a high resolution amyloid target testbed for amyloid probes. A. Structural model of

HET-s (218-289) monofilament in complex with the LCO p-FTAA overlapping with the
Congo red binding site. Pdb code 2MUS was used to create the structure in PyMol. B.
Hypothetical trimeric HET-s filament where the BS2 site is retained and a novel binding site
(BS1) suggestively forms at the filament interface. PDB: 2RNA [21, 45, 109]. Note: The
BS2 and BS1 nomenclature comes from the Lockhart binding site model proposed for Ap
fibrils [110].
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B)

PBB3 bTVBTs

D)

g-FTAA-CN

Human AD brain

Figure 9.
Chemical structure of fluorescent ligands for protein aggregates. A) The chemical structure

of PBB3, a high-affinity ligand for tau deposits in human AD brain. B) Chemical structure
of novel bi-thiophenevinyl-benzothiazoles/benzoimidazoles (bTVBTSs). C) The chemical
structure of g-FTAA-CN, a high-affinity ligand for Ap deposits in human AD brain. D)
Image of a human brain section with AD-pathology that was stained with tau-4 (yellow-red)
and g-FTAA-CN (blue).
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Theoretical model of how 3 different MP morphotypes propagate either in different
individuals or at various stages of neurodegenerative disease and display diverse toxicity
thresholds depending on polymorphic “strain”, physiology/cell-type and/or genotype. This
model proposes various windows of opportunity for intervention for treatments targeted for
increased clearance (e.g. antibody) and for targeted small molecules specific for each
morphotype. In theory each tailored treatment will show various efficacy at different stages

of disease progression.
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