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Abstract

The current chapter illustrates how both electron and scanning probe microscopy can
be utilized to unravel the supramolecular organization of amyloid fibrils, 3-sheet-rich
protein aggregates, which are strongly associated with various neurodegenerative
diseases. It also discusses why morphologically different fibrils can be grown from the
same protein under slightly different experimental conditions, which is a phenomen-
on known as fibril polymorphism. Next, it establishes the high potential of vibrational
circular dichroism (VCD) for unraveling the supramolecular organization of amyloid
fibrils. Finally, it discusses several hypotheses of amyloid fibril formation that were
developed based on numerous microscopic and spectroscopic studies.

Keywords: amyloid fibrils, supramolecular chirality, microscopy, VCD, polymor-
phism or fibril polymorphism

1. Introduction

Under normal physiological conditions, the native structure of partially unfolded proteins is
restored by numerous self-sustaining pathways of cell homeostasis. However, under some
pathological conditions, such as neurodegenerative diseases, partially unfolded proteins may
adopt B-sheet structure [1, 2]. This primarily happens because the [3-sheet structure is energet-
ically more favorable when compared to the native structure of the protein. When two f3-
sheet moieties associate together plane-to-plane, they form a very stable structure, known as a
cross-[3-sheet. The cross-p-sheetis capableoftemplating theaggregation of misfolded or partially
unfolded proteins. As a result, fibril filament, the simplest supramolecular architecture, is
formed. It stretches microns in length in the direction perpendicular the peptide strands in the
[-sheets [3-5]. Following electrostatic energy minimization, filaments tend to twist along their
longitudinalaxis. And asaresult, local chargesonthefibril surfaceincrease theirmutual distance.
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Contrastingly, twisted filaments have much higher elastic energy than a flat structure. And
consequently, the filaments tend to adoptbecoming asrelaxed and flat geometrically as possible
to reach the elastic energy minimum. The net between these two competing energies, electro-
static and elastic, determines the degree of the filament twist [6, 7].

Twisted filaments also braid and coil with other filaments [8-10], forming higher hierarchical
supramolecular structures named proto-fibrils and fibrils [11, 12]. Alternatively, twisted
filaments may associate side-by-side, forming cross-p-sheet tape-like fibrils [10, 11]. Different
filaments” propagation pathways result in a large diversity of fibril morphologies. This
phenomenon is known as fibril polymorphism [3, 13]. Post-mortem microscopic examination
of fibrils that were detected in the organs and tissue of patients, who were diagnosed with
different neurodegenerative diseases, also revealed their morphological heterogeneity [14,
15]. Moreover, in vitro studies have demonstrated that morphologically or structurally
different fibril polymorphs had different toxicity [16]. And as a result, a clear understanding
of fibril supramolecular organization will help to unravel the origin of fibril toxicity.

Methodologically, unraveling the supramolecular organization of amyloid fibrils is a
challenging task. This is primarily because fibrils are insoluble and cannot be crystalized,
which unfortunately limits X-ray and NMR, classical tools of structural biology, for their
studies [17, 18]. Historically, microscopy was the first, and most commonly utilized technique
which is capable of unraveling supramolecular organization of amyloid fibrils. There are
several microscopes that are effective in resolving amyloid aggregates which include: electron
(EM), transmission (TEM), and scanning electron (SEM) microscopes, and lastly probe
microscopes. In addition to microscopy, vibrational circular dichroism (VCD) can directly
probe supramolecular organization of amyloid fibrils [11, 19]. It was recently discovered that
VCD can detect the twist of the fibril filaments, which not always may be visualized using
SEM or atomic force microscopy (AFM) [8]. The observed VCD intensities of fully developed
tibrils and their filaments are one to two orders of magnitude larger than VCD intensities
observed from solutions of individual proteins. This indicates that enhanced VCD arises from
the long-range supramolecular chirality of fibrils, making VCD a unique solution-phase, stereo-
specific probe of protein fibril structure and chiral morphology. A growing body of literature
indicates that VCD has already become a powerful and broadly used tool for the
supramolecular characterization of amyloid aggregates [11, 20, 21].

2. Unraveling supramolecular chirality of amyloid fibrils using microscopy

Conventional light microscopy is not capable of visualizing individual amyloid aggregates
due to their small sizes. According to Abbe diffraction limit, a resolution (d) directly depends
on a wavelength of light (1), where a is the half-angle of the maximum cone of light that can
enter the microscope objective (1).
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For a microscope objective, the aperture angle is described by the numerical aperture (NA),
where NA =nesina (nis a media refractive index). Consequently, 4 of any confocal microscope
can be expressed as (2).
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The expression 2 indicates that the resolution increase with the decrease in the wavelength
and an increase in the NA of the objective. The best optical systems would be equipped with
100x oil immersed objective (NA=1.4) will give the resolution of ~200 nm. At the same time,
amyloid fibrils, as we will discuss below, are only 10-20 nm in diameter. Nevertheless, it
should be mentioned that the light microscopy is the most commonly utilized technique in the
clinical practice for the confirmatory diagnostic of amyloid plaques. Upon staining with
Congo-red, in the linearly polarized light, these amyloid deposits exhibit green birefringence.

Recently invented super-resolution microscopy, such as photoactivated localization micro-
scopy (PALM) and direct stochastical optical reconstruction microscopy (d-STORM), allowed
for overcoming the Abbe diffraction limit and reach 2-10 nm spatial resolution [22-24]. For
example, d-STORM was capable of resolving individual amyloid 3 aggregates [25]. However,
very limited information about their supramolecular organization could be obtained. Partially,
because sample labeling with fluorophores is required, which obscures tiny details of fibril
topology. Also, since there are only a few fluorophores are activated per every light exposure
in super-resolution microscopy, long acquisition time is typically required for an image
processing. Therefore, thermal drift of current super-resolution microscopes becomes the
serious issue which limits their spatial resolution.

2.1. Unraveling the shape and localization of amyloid fibrils by TEM

The invention of the electron microscope, by Max Knoll and Ernst Ruska at the Berlin Tech-
nische Hochschule, in 1931, allowed for overcoming the limitation of a visible light in obtaining
higher spatial resolution. Using TEM, the first morphological characterization of the individual
amyloid fibrils was achieved [26, 30]. This microscopic technique is relatively facile when
compared to other microscopic tools which will be discussed below. In most cases, only a drop
of the analyzed sample is needed to be placed onto a carbon or formvar-coated Cu film support
and dried under ambient conditions. Uranium or osmium salts are often applied to the dried
sample to increase the contrast of biological samples. Alternatively, samples for TEM can be
prepared by cutting plastic embedded biological samples. For example, TEM imaging of the
thin-cut plastic embedded amyloid tissues revealed long unbranched rod-like aggregates that
were named amyloid fibrils (Figure 1A) [26-29]. Aggregates with the same morphology were
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later reported by M. Kidd upon TEM imaging of the extract of amyloid-loaded liver tissue
(Figure 1B) [30].

Figure 1. TEM images of amyloid fibrils in (A) thin-cut plastic embedded amyloid tissue (x50,000) and (B) extract of
amyloid-loaded liver tissue. Locations of amyloid fibrils and their twisted filaments are marked by “A” and “F” re-
spectively. Adapted from Tosoni et al. [26] and Kidd [30].

Aggregates of Tau proteins, histologically known as neurofibrillary tangles, are commonly co-
present together with amyloid plaques in brains of patients, who have been diagnosed with
Alzheimer’s disease. Their detailed microscopic study conducted by Wischik et al. (Figure 2)
[14, 15]. Using TEM, Wischik et al. studied the extracts from the human brains that contained
neurofibrillary tangles. Authors observed fibrils with flat and twisted topologies. Using metal

Figure 2. TEM images of uncoated (A, B) and metal coated (C, D) Tau fibrils extracted from the human brain. Scale
bards are 100 nm (A, C, D) and 1000 nm (B) [14, 15].
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shadowing, Wischik et al. determined the twist direction, which appeared to be left-handed.
Additional, it was discovered that these left-twisted fibrils were composed of two intertwined
left-handed proto-fibrils. The exposure of left-twisted fibrils to an alkali solution led to their
untwining, which made Wischik et al. to conclude that the integrity of left-twisted fibrils was
held by electrostatic interactions between their proto-fibrils.

These pioneering works were followed by numerous studies that report TEM microphoto-
graphs of various protein aggregates and amyloid fibrils [31, 32]. It has been demonstrated
that TEM was capable of detecting twists in ribbon-like fibrils, curvature of fibrils, and the
roughness of their surfaces. TEM images could also be used to obtain quantitative data,
including dimensions of fibrils and their precursors, such as oligomers and filaments. In
addition, TEM was able to reveal a number of filaments in the mature fibril, as well as the
periodicity of the fibril twists. However, in most cases, TEM imaging was simply used to
confirm a presence of fibril species rather than to provide their morphological characterization.
This is in parts because such microscopic examination can be performed relatively quickly,
allowing researchers to verify whether fibril formation has occurred or not.

In parallel, TEM was used to monitor changes in the structure of mature fibrils which were
caused by various chemical and physical factors [33, 34]. For example, it has been demonstrated
that integrity of insulin fibrils could be perturbed through alteration of fibril electrostatic
interactions [33]. Shammas et al. exposed insulin fibrils which were grown at pH 2 to solutions
with pH 4, 6, 8, 10, and 12. Using TEM, Shammas et al. found that at pH above 4 insulin fibrils
drastically changed their morphology (Figure 3). Moreover, full disintegration of fibrils was
observed if the solution pH was higher than pH 10. It has been concluded that these changes
were caused by the strong electrostatic repulsion of the protein amino acid sequence in the
tibril cross-f-sheet.

Figure 3. TEM images of insulin fibrils (pH 2.0) after prolong exposition in solvents with higher pHs. Scale bars are 200
nm [34].

Separately, using VCD, Kurouski et al. demonstrated that a small change in pH drastically
changes morphology and supramolecular chirality of insulin fibrils [35]. This process was
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irreversible and occurred only when the pH was raised from 1.5 to 2.5. No effect of solution
ionic strength was found. An addition of sodium chloride up to 1 M concentration to pH 1.5
tibrils did not change the kinetics of the polymorphs’ inter-conversion.

2.2. Mass-per-length measurements of amyloid fibrils using scanning transmission electron
microscopy

As the analog of TEM, scanning transmission electron microscopy (STEM) is often used to
explore the morphological organization of amyloid aggregates. Similar to TEM, the back-
ground of STEM images has lower intensity than protein specimens. This is due to stronger
electron scattering from protein aggregates comparing to a thin carbon film on which they are
adsorbed on. As a result, STEM image intensities appear to be proportional to mass densities
(per unit area). This can be used to determine mass-per-length (MPL) values of the analyzed
specimens [17, 36, 37]. MPL can be determined directly by measuring the incident electron
beam flux if the electron scattering cross-sections, as well as the detector geometry and
sensitivity are known. Alternatively, MPL can be evaluated by a comparison of the intensities
of the analyzed specimens with the intensities of objects with known mass densities. Tobacco
mosaic virus (TMV) is the most commonly used reference for such a comparison-based MPL
imaging. MPL values can be utilized to determine secondary structure of amyloid fibrils. For

.

[ 20 #0 &0 [ 00
Mass-per-kength (kDa/nm)

Figure 4. TEM microphotograph (A) of amyloid fibrils grown from Rnql prion and their MPL (B) histogram. STEM
microphotographs (C and D) or the same fibrils and TMV rods (indicated by double-headed arrows). MPL values
(kDa/nm) are shown for fibril segments enclosed in rectangles [39].
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example, using MPL, it has been found that 40-residue amyloid 3 peptide (A31-40) formed
two distinct fibril polymorphs with 2- and 3-fold symmetry [36]. MPL measurements con-
tirmed a {-helix-like structure of HET-s prion (HET-s218-289) protein fibrils, where each
peptide molecule spanned two turns of the (3-helix [38]. It has been also shown that MPL
measurements could be used to investigate structural organization of fibrils formed by the
yeast prion protein Rnql (Figure 4) [39]. Chen et al. found that the prion sequence was folded
into in-register parallel 3-sheet structure, with one Rnql molecule per 0.47-nm (-sheet repeat
spacing.

2.3. Probing topology and supramolecular chirality of amyloids by SEM

In SEM, both detector and the electron source are located on the same side of the sample.
Consequently, only scattered electrons (rather than electrons that go through the sample, as
in the case of TEM) are used to obtain the image of the analyzed specimen. SEM also requires
much lower energy of the electron beam (0.2—40 keV vs 100-120 keV, as used for TEM) to obtain
the contrast image. Similar to TEM, protein samples, such as amyloid fibrils, are commonly
stained with uranium or osmium salts prior to microscopic examination to gain a better
contrast. While SEM is not capable of resolving amyloid fibrils in the fixed tissues, it provides
excessive morphological information about the in vitro prepared or ex vivo extracted fibrils.
One of the most valuable sides of SEM morphological examination is its capacity to determine
the twist handedness of amyloid fibrils. For example, using SEM Rubin et al. evaluated
supramolecular chirality of fibrils grown from short amino acid fragments of serum amyloid
A (SAA) protein [40, 41]. SAA are a group of apolipoproteins associated with high-density

Figure 5. SEM image of simultaneously grown amyloid fibrils of serum amyloid A SAA, ; peptide that exhibit left- and
right-twisted fibrils [40].
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lipoprotein (HDL) in blood plasma that are often expressed in response to inflammatory
stimuli in liver.

Rubin et al. found that SAA fragment with the sequence SFFSFLG (SAA, ) simultaneously
formed both left- and right-twisted fibrils (Figure 5). It was also found that fibrils with the
same twist direction had different twist periodicity. Some of the right-twisted fibrils were
highly twisted (Figure 3, fibril marked R at the top), while others had much more of a loose
twist (Figure 3, fibrils marked R on the right and bottom). This indicated that several right-
twisted fibril polymorphs have simultaneously grown. Rubin et al. also discovered that
SAA, ;, with the sequence SFFSFLGEAFD exclusively formed right-twisted fibrils, while its
analog with only two different amino acids, SAA, ;;RSFFSFLGEAF aggregated in 100% left-
twisted fibrils [40]. This discovery suggested that amino acid sequence may control the su-
pramolecular chirality of amyloid aggregates.

At the same time, Kurouski et al. demonstrated that fibril morphology and supramolecular
chirality can be directly controlled by pH [8, 42]. Insulin and lysozyme aggregation at pH below
2 (25°C) led to a formation of tape-like flat fibrils [11]. At the same time, at pH above this point,
both of these proteins formed left-twisted fibrils (Figure 6) [8]. A fragment of transthyretin
(105-115) and HET-s prion (HET-s218-289) protein, on the opposite, formed left twisted fibrils
at low pH (25°C), while their aggregation at pH above 2.5 resulted in flat tape-like fibrils [11].
HET-sis a prion protein of the fungus Podospora anserine, which C-terminus fragment is capable
of forming amyloid fibrils at low pH. Authors suggested that protonation/deprotonation of
aspartic and glutamic amino acid residues, as well as peptide C-termini, which was taking
place around this pH, changed the charge on the surface of the filaments. As a result, filaments
adopted either left-handed or right handed twist. Left twisted filaments tended to braid and
coil forming left-handed fibrils. At the same time, right twisted filaments associated side-by-
side forming tape-like fibrils [11].

Figure 6. SEM images of insulin (A, B) and lysozyme (C and D) tape-like (top panel) and twisted (bottom panel) fibrils
[8]. Twists on the fibril surface are marked by red arrows. Scale bars are 100 nm.
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2.4. Application of cryo-SEM for determination of amyloid fibril topology

Typically, both TEM and SEM require sample dehydration. Protein specimens in general and
amyloid fibrils in particular are very sensitive to dehydration, which may cause drastic changes
in their morphology. To overcome this limitation, cryo-procedure of the sample preparation
is often used. In cryo-SEM, protein specimens are imaged at temperature below ambient
(typically between —100 and —175°C). This allows for the sample to be preserved and recorded
in the fully hydrated and chemically unmodified state.

Cryo-SEM has been extensively used to investigate supramolecular organization of amyloid
aggregates that strongly associated with Alzheimer’s and Parkinson’s diseases. For example,
using cryo-EM, Meinhardt et al. found that A3(1-40) peptide could form amyloid fibrils with
arange of different morphologies [43]. Authors showed that proto-fibrils could associate either
side-by-side, forming tape-like fibrils, or coil (intertwine), forming twisted cables. It has been
also shown that despite the width of the coiled fibrils varied from 10 to 21 nm, all of them
exhibited the same left-handed twist with a turnover from 65 to 163 nm. It was concluded that
such difference in the fibril thickness could be due to a different number of proto-filaments
that were taking place in their formation [44].

Antzutkin et al. investigated an aggregation of Arctic mutant of AB(1-40). It has been shown
that this peptide formed seven fibril polymorphs (three non-coiled and four coiled) if aggre-
gated at pH 7.4, 22°C [45]. Moreover, Antzutkin et al. demonstrated that these fibril poly-
morphs with different morphologies had dramatically different growth rates. Ithas been found
that ApB(1-40) fibril morphologies could have significant variations in both width and twist
tightness, depending on the ionic strength (and the nature of ions) in the aggregation solution
[46]. Finally, Petkova et al. investigated the sample agitation impact on the morphology of
AP(1-40) fibrils. Using microscopy and solid-state NMR (ss-NMR), significant structural
differences between fibrils that were grown with and without agitation were found [47].

Supramolecular organization and polymorphism of A(3(1-42) fibrils are much less investigated
comparing to A3(1-40) fibrils. Using cryo-SEM, Liihrs et al. investigated structural organiza-
tion of A(1-42) fibrils and found that they were composed of several filaments that had ~2.5
nm in height and around 4.5 nm in width [48]. These filaments braided and coiled together
forming thick left-handed cables. Later, Zhang et al. confirmed that ApB(1-42) formed exclu-
sively left-handed fibrils [49]. It has been also suggested that AB(1-42) filaments intertwined
around each other, forming a hollow core.

In 2008, Vilar et al. reported results of a very detailed investigation of supramolecular organ-
ization of a-synuclein fibrils [50]. Using cryo-SEM and ss-NMR, Vilar et al. found that a-
synuclein aggregated formed straight filaments that were around 2 nm in width. These
filaments tended to dimerize into thicker proto-fibrils via side-to-side association, forming
straight tape-like fibrils. At the same time, they it has been noticed that these filaments could
braid together forming left-handed proto-fibrils, with a diameter of ~6.5 nm, and fibrils with
a diameter of 9.8 nm (Figure 7) [50]. In fact, both straight and twisted a-synuclein fibril
polymorphs were detected upon the post mortem examination of brains of people who were
diagnosed with Parkinson’s disease [51, 52].
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Figure 7. Cryo-SEM images of tape-like (top row) and twisted (bottom row) a-synuclein fibrils. Scale bars are 20 nm

[50].

Recently, using cryo-SEM, Rubin et al. examined how the absolute chiral configuration of the
amino acids in a peptide sequence impacts on the supramolecular organization of the peptide

aggregates [41].
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Figure 8. Cryo-SEM images of fibrils grown from all-L amino acid (A) and all-R (B) amino acid fragment of serum
amyloid A (SAA, ,,) protein [41].
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It has been found that all L amino acid peptide with the sequence RSFFSFLGEAFD (SAA,_,)
formed right-handed fibrils (Figure 8). At the same time, aggregation of the same amino acid
sequence with all D amino acids led to a formation of exclusively left-twisted fibrils. Separately,
Harper et al. demonstrated the same for AR, 4, peptide. It has been found that all L amino
acid APy peptide formed left-handed fibrils twist. At the same time, aggregation of all D
amino acid peptide Af 4, resulted in right-handed fibrils. These experimental pieces of
evidence demonstrate that absolute chiral configuration of the peptide sequence may
determine whether one or another chiral polymorph will be grown.

2.5. AFM is capable of unraveling mechanisms of fibril formation and structural
organization of amyloids

In AFM, silicon or silicon nitride cantilever is used to image the sample. Changes in the
frequency of tip oscillation, as it is moved across the surface (tapping mode AFM), are recorded
by the laser that is reflected from the back side of the cantilever. As higher the object on the
surface, as smaller becomes the amplitude of the tip oscillation. In another modification of
AFM, known as contact-mode AFM (CM-AFM), the tip is not oscillating above the surface, but
rather steadily kept at it. When CM-AFM tip is moved across the surface, it simply reflects its
roughness, similar to a finger of a blind person who reads the Braille font. One can imagine
that the CM-AFM cantilever can easily damage fine protein samples upon such microscopic
examination. This much rarely happens in AC-AFM because the tip is being repulsed from the
surface as soon as van der Waals forces appear between the two. Therefore, CM-AFM is much
less frequently used for imaging biological samples, including amyloid fibrils.

One advantage of AFM over EM is its ability to image the specimen without any dehydra-
tion or fixation. This is extremely important for microscopic characterization of protein
samples, such as amyloid fibrils. It should be noted that AFM provides an accurate height of
the imaged specimen, while width often appear slightly larger than the real width of the
imaged object. This error is known as the tip convolution effect. It arises from the tip that is
used for the sample imaging: as larger the tip diameter and smaller the object on the surface,
as larger the tip convolution error. Therefore, AFM and SEM are commonly used complimen-
tary to each other for a determination of accurate height (AFM) and width (SEM) of the
analyzed specimens [8, 11].

Using AFM, Mezenga group recently investigated aggregation of bovine serum albumin (BSA)
[53]. Usov et al. found that BSA aggregated forming flexible filaments with left-handed twisted
morphology. On later stages of fibril formation, they observed rigid fibrils that either had no
twist or were right-twisted. Usov et al. proposed that tube-like structures could be formed if
the left-twisted filaments would continue twisting along their longitudinal axis. Such super-
twisting would finally result in a formation of a hollow tube. Usov et al. also proposed that
observed right-handed twisted ribbons could be formed if left-handed filaments would
continue to twist passing through the tube stage. This paradigm is very easy to visualize with
a piece of rope. If a degree of left-handed twist will be increased, the left-twitted rope would
suddenly start making right-handed twists. Therefore, Usov et al. concluded that observed
right-twisted fibrils had the left-handed twist of their internal filaments [53].
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Adamcik et al. recently demonstrated that the degree of the fibril twist could be changed by
the solvent ionic strength. It has been shown that if -lactoglobulin was aggregated in 100 mM
Na(l, it formed tape-like fibrils. However, at 0 mM NaCl, grown fibrils tended to adopt a left-
handed twist. It has been concluded that as lower the ionic strength, as higher the twist degree
of the formed [-lactoglobulin fibrils [54].

Mezzenga group also explored how pH controlled supramolecular organization of amyloid
tibril growth at water-air interface (AWI) [55, 56]. It was discovered that small change in pH
caused significant differences in interfacial properties of B-lactoglobulin fibrils, such as their
alignment, entanglement, multilayer formation, and fibril fracture. For example, at pH 2, 3-
lactoglobulin fibrils did not change their aggregation state after 5-hour exposition at AWI
(Figure 9). However, at pH 3, these fibrils tended to associate into bundles rather than stay in
nematic domains. It has been concluded that such drastic changes were caused by the change
of the charge on the fibril surface [56].

Figure 9. 3-Lactoglobulin fibrils on water-air interface at pH 2 (top) and 3 (bottom) after (A) 1, (B) 2, and 5 hours (C).
Modified from Jordens et al. [56].

Nearly a decade ago, it was demonstrated that vortexing of insulin solutions during protein
aggregation at 60°C caused formation of similar bundled fibril superstructures [57, 58]. In
addition to AFM, Dzwolak group explored chiroptical properties of these insulin bundles
using induced circular dichroism (ICD) [59]. In ICD, an achiral chromophore is used to probe
the structure of a chiral molecule that has very low intensity of circular dichroism signal. It has
been found that these fibril superstructures are capable of binding thioflavin T (ThT), which
results in a negative induced circular dichroism (-ICD). However, if the protein aggregation
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was carried out at steady-state conditions, insulin fibrils did not form bundles and conse-
quently no enhanced ICD signal was observed.

Mezzenga group also explored aggregation of a-synuclein at AWI and solid-liquid interfa-
ces using AFM [60]. They found that at AWI, a-synuclein rapidly aggregated into amyloid
tibrils that remained adsorbed to the AWI. Instead, when the protein aggregation was taken
place at solid-liquid interface, a-synuclein aggregation is greatly reduced. This finding
demonstrated that protein aggregation is a very complex process that can be altered by varying
solution conditions and presence of interfaces that can either accelerate or decelerate fibril
formation.

Separately, Qin et al. aggregated a-synuclein in similar conditions (10 mM phosphate buffer,
pH 7.4) and found that mature fibrils have a left-handed twist [61]. They also elucidated the
role of two terminal fragments of a-synuclein. It was found that the protein without the first
29 amino acids from the N terminus (syn30-140) formed fibrils similar to the intact a-synu-
clein. These fibrils had a right-twisted twist and were composed of two filaments and were
around 107 nm in height (AFM), Figure 10.

Figure 10. Morphology of the fibrils derived from three truncated a-synucleins. The inserted panels in each AFM im-
age are a single fibril (upper) and its second derivative image (lower). Syn30-140 fibrils show long, straight morpholo-
gy, and the double-filament twisted structure is observed in the enlarged fibril and its second derivative images
(attributed to a pair of twisted protofibrils). Syn1-103 gives much thinner fibrils, but double-filament twisted structure
is also observed (attributed to a protofibril consisting of two protofilaments). Syn30-103, however, shows very thin
fibrils with a single filament and untwisted structure (attributed to a protofilament) [61].

Intriguingly, according to their AFM images, full-length a-synuclein fibrils were almost 140
nm in height. It has also been found that C-terminal truncated a-synuclein (syn1-103) was able
to aggregate. However, this 103 amino acid peptide formed fibrils with smaller height (~57
nm). These fibrils, like syn30-140, also exhibited a right-handed twist. According to the Qin et
al., syn1-103 fibrils looked rather like proto-fibrils than mature fibrils [61]. Based on this
observation, authors made a conclusion that C-terminus of a-synuclein was highly impor-
tant for the assembly of two proto-fibrils into a mature fibril. Finally, the central sequence
fragment of a-synuclein that lacked both N- and C-termini, syn30-103, was found to be able
to aggregate forming long un-branched fibrils. However, these fibrils were only 28.8 nm in
height with no clear twist evident from the obtained AFM images.
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Using AFM, Jansen et al. performed a detailed investigation of insulin aggregates that were
grown at pH 1.6 [62]. It was determined that insulin proto-fibrils, which had around 1.2 nm
in diameter, intertwined, forming left-handed fibrils with 3-7 nm in diameter. In addition,
right-handed fibrils were simultaneously observed. Intriguingly, that it has been proposed
that these right-handed fibrils were formed not as a result of proto-fibril coiling, but rather as
a result of a lateral aggregation or small fibril blocks (10 x 60 nm). This aggregation mecha-
nism will be further discussed in the last section of this chapter. This type (side-by-side) of
aggregation was also proposed as the origin of binary, tape-like ribbons that were also
observed upon insulin aggregation. Finally, authors observed that many insulin fibrils formed
from small (~150 nm in length) subunits that are linearly extend one other. Based on this
observation, Jansen et al. proposed that insulin fibrils can assemble via chainlike quenching
of these subunits.

Human amylin is a 3.9 kDa protein secreted by islet 3-cells of the pancreas. Together with
insulin, it is involved in glucose metabolism. Amylin fibril aggregates are toxic and strongly
associated with diabetes type II. Upon invitro aggregation at neutral pH (7.4), amylin forms
thin proto-fibrils, which are around 5 nm in width and tend to aggregate further, forming two
morphologically distinct polymorphs. In one case, proto-fibrils intertwine (coil), and form
cable-like structures 8-10 nm in width with a distinct left-handed twist with a crossover of 25
nm. These cable-like structures could coil further, forming thick left-handed cables with larger
widths. In addition, the height of these twisted fibrils has been determined. It has been shown
that it varies from 3 (proto-fibrils) to 7 nm mature fibril cables [63]. Alternatively, three, four,
or more proto-fibrils could aggregate side-by-side, forming flat, single-layer ribbons.
Intriguing that the ribbons also twist at moderate regular intervals in a left-handed fashion
[31]. Based on these observations, Goldsbury et al. proposed that amylin fibril polymor-
phism originated from different ways of proto-fibril associations, while all observed fibril
polymorphs have the same structure [64]. There was no clear understanding about the nature
of a force that determined the formation of either type of those polymorphs. Three years later,
Goldsbury et al. investigated aggregation of the full-length amylin (37 amino acids) and two
fragments of amylin: 8-37 and 20-29. It was found that 20-29 fragment formed exclusively
tlat-ribbons, which were around 40 nm in width. However, 8-37 fragment, similar to the full-
length amylin, formed fibril polymorphs with variable morphologies. Most of them were left-
handed cables with 25 or 50 nm cross-over and flat-like ribbons [32]. Thus, based on this
observation, authors proposed that peptide sequence was directly responsible for the
determination of the fibril morphology.

2.5.1. Changes in supramolecular chirality upon fibril disintegration

Recently, Kurouski et al. explored how supramolecular architecture of insulin fibrils could be
changed by bacterial chaperonins. The interactions of heat shock proteins with amyloid fibrils
have drawn significant attention in recently years. However, most of these studies focused on
one group of heat shock proteins with small molecular mass, so called small heat shock
proteins [65-67]. Many small heat shock proteins have been reported to disassemble fibrils or
prevent the fibrillation process in vitro [68].
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Kurouski et al. investigated the effect on the mutant chaperonin complex from Pyrococcusfur-
iosus (Pf) on insulin fibrils [69]. This chaperonin (Cpn) was composed of identical subunits and
commonly found in most hyperthermophiles [70]. Cpn was mutated to reach its optimum
activity below 50°C. Using AFM, Kurouski et al. found that after 5 min of incubation of insulin
fibrils with Cpn, fibrils were found fragmented (Figure 11) [69].

30 min later

Figure 11. AFM kinetic examination of the insulin fibrils (Fibrils) mixed with Cpn and deposited right away (Fibrils +
Cpn), five (5 min later) and half an hour (30 min later) later on mica surface. Immediately upon mixing, Cpn absorb on
the fibril surfaces (shown with red arrow). As a result of these Cpn-Fibril interactions the last swell and break apart (5
min later). Even some fibril fragments that are evident on the early microscopic examination (5 min later) disappear
after 30 min (30 min later). The scale bar is 1 um [69].

The foreshortened fibrils looked like swollen clamps with significantly lower height (~6 nm)
and width up to 200400 nm. Interestingly, white image features on the edges of these clamps
mimicked the outline of the original fibrils. Most likely they were fibrillar regions that were
not melted by Cpn because the reaction was quickly terminated. These observations con-
firmed that Cpn was able to change the fibril architecture. Kurouski et al. concluded that Cpn
melted the fibril core and formed an amorphous protein mass from regular (3-sheet structure.
Microscopic observations of this phenomenon also indicated a fibril swelling. Authors also
found that longer exposure of insulin fibrils to Cpn resulted in their further fragmentation into
smaller and smaller species with irregular shapes. These species coagulated during late stages,
forming large amorphous aggregates. Most of the fibril-shaped species disappeared and
predominantly amorphous objects form after 30 min of Cpn-fibril co-incubation were
observed (Figure 11) [69].

In this section, supramolecular organization of amyloid fibrils that were formed by most of
known amyloid-associated proteins was discussed. It was shown that an aggregation of these
proteins may result in either flat, left- or right-twisted fibrils. Very often several different fibril
polymorphs can be grown simultaneously. Numerous research findings indicate that fibril
polymorphism can be controlled by pH. At the same time, there are several studies which
showed that amino acid sequence can determine supramolecular organization of amyloid
tibrils. This section also demonstrated that microscopy can be utilized to monitor changes in
the fibril morphology during fibril formation. Moreover, microscopy can be used to monitor
changes in the structure of mature fibrils, which can be initiated by chemical or physical factors,
or triggered by biological molecules, such as chaperonins. Based on these finding one can
envision that amyloid fibrils are dynamic rather than static thermodynamic systems and that
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small change in pH or salinity may change fibril morphology or aggregation state of fibrils at
the interfaces.

3. Vibrational circular dichroism a unique tool for the determination of
fibril supramolecular organization

VCD is a unique spectroscopic technique that is capable of probing supramolecular chirality
of amyloid fibrils [19, 42, 71]. In VCD, left (L)- and right (R)-circularly polarized infra-red (IR)
light pass through the sample. It is well known that solutions of two enantiomers have different
absorption of left- vs right-circularly polarized light. This physical principle is used to
determine the absolute configuration or small chiral molecules, as well as to unravel supra-
molecular organization of macromolecules. VCD probes deeper levels of fibril supramolecu-
lar chiral organization that may not be apparent to existing forms of microscopy [8]. It was
also shown that enhanced VCD sensitivity arose directly from the long-range supramolecu-
lar chirality of fibril structures at all hierarchical levels [11]. Measey and Schweitzer-Stenner
modeled VCD spectra of a fibril filament that had only two peptide units long, run perpen-
dicular to the filament axis direction [72]. The model was based on exciton coupling among
amide I transition dipoles arrayed as dual, stacked 3-sheet ribbons. They introduced a 2° left-
hand twist between the strands yielding a long-range gradual helical twist of the filament with
a one full-turn distance of 180 strands. It was found that such a structure yields enhanced VCD
with a negative VCD band near 1620 cm™ and a positive VCD band to higher wavenumber
frequencies. A corresponding 2° intrastrand helical twist in the opposite direction, corre-
sponding to a right-hand helical filament, reversed the sign of the enhanced VCD couplet and
corresponds to the reversed VCD. This theoretical work demonstrated that VCD directly was
capable of a determination of the supramolecular chiral organization of fibril filaments.

Recently, it has been found that insulin aggregation at pH 2.1 and higher results in the
formation of fibrils that show a strong VCD spectrum with peaks near 1554, 1593, 1627, 1647,
1670 cm™ that have (+ + — + +) sign pattern [42]. The fibril VCD spectrum with this sign patters
was called “normal VCD.” Microscopic examination of these fibrils indicated that a majority
of them had a left-handed helical twist [8]. However, if the pH of the aggregation solution is
lower than 2.4, the distribution of fibrils shifts to increasingly flat, tape-like, or binary fibrils
as the incubation pH continues to be lowered that under microscopic examination show no
noticeable chirality or twist on their surface. Nevertheless, these fibrils show a strong, but often
somewhat smaller, VCD with a sign pattern (— — + — -) that is nearly the mirror-image of
“normal” VCD fibril spectrum and is referred to as the “reversed” polymorph. The fact that
flat tape-like fibrils show a strong reversed VCD signal indicates that they must be com-
posed of right-handed filaments, the chirality of which lies below the limit of AFM or SEM
detection. The combined VCD-microscopic studies showed that pH determines not only the
net handedness of the filaments, precursors of mature fibrils, but also controls their associa-
tion pathways. Left-handed filaments intertwine, forming left-handed proto-fibrils and
mature fibrils that have normal VCD. On the other hand, right-handed filaments associate
side-by-side, forming flat, tape-like, or binary fibrils. Thus, pH most likely alters protein-
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solvent interactions or causes protonation of some amino acid side chains, which are lying on
the surface of the filaments. These changes cause variations in the way these filaments bind
together to form mature fibrils that either twist together to form braids or align side-by-side
without braiding. In addition, it was discovered that pH not only determines insulin fibril
morphology and net chirality at the stage of the protein aggregation, but also may dramati-
cally change the morphology of mature fibrils and overturn their initial chirality.

Most likely, the sensitivity of amino-acid side chains to the aqueous solvent is responsible for
this pH sensitivity. Moreover, different ways of constituent side-chains, exposed or not to the
solvent, result in different pH sensitivity (high versus low) for the sense of filament chirality
observed. This is a long-range fibril property that likely cannot be predicted, even qualitative-
ly, without a realistic model of protein side chain influence on the sense of helical chirality as
a function of pH. Moreover, the chirality of individual fibril filaments lies below the sensitiv-
ity of AFM or SEM imaging, but can be observed with VCD at the initial and subsequent stages
of fibril formation [11].

A growing body of literature indicates that VCD has become a useful tool for the chiral
characterization of amyloid aggregates. For example, Measey and Schweitzer-Stenner recently
reported a large enhancement of VCD upon aggregation of short polypeptides [73]. They also
demonstrated that mature fibrils formed from the N-terminal peptide fragment of the yeast
prion protein, Sup35, and the amyloidogenic alanine-rich peptide AKY8 have opposite signed
VCD. It has been also demonstrated that opposite signed VCD spectra could be obtained for
mature fibrils formed from poly-L or -D glutamic acid [74]. Polyglutamic acid formed spiral-
ly twisted aggregates with handedness determined by the amino acid chirality (left-handed
for Land right-handed for b).

4. Models of amyloid fibril formation

Accumulated experimental evidence suggested three protein aggregation pathways that lead
to the discussed above morphological heterogeneity of amyloid fibrils. According to the first
one, fibril polymorphism could be caused by deviations at the stage of monomer-monomer
associations, while protein oligomers are formed [75]. Consequently, these structurally
different oligomers will lead to structurally and morphologically different fibrils. For exam-
ple, Srinivasan et al. recently investigated morphologies and structural organization of
prefibrilar oligomers and mature fibrils formed from two murine serum amyloid A (SAA)
isoforms, named SAA1.1 and SAA2.2 [75]. These two isoforms only have a difference in six
amino acids [76]. SAA1.1 had an oligomer-rich fibrillation lag phase of a few days, while
SAA22 formed small fibrils within a few hours, exhibiting virtually no lag phase [77].
Structural differences of SAA 1.1 and SAA 2.2 resulted in morphological differences of their
filaments and consequently fibrils. Specifically, SAA 2.2 formed worm-like filaments that were
able to coil and braid. At the same time, the filaments and proto-fibrils of SAA 1.1 had a rod-
like supramolecular organization. They were unable to braid and formed thick straight fibrils.
Using CD and Raman spectroscopy Srinivasan et al. confirmed structural differences be-
tween SAA 1.1 and SAA 2.2 oligomers and fibrils.
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Scheme 1. Models of amyloid fibril formation. Differences in the morphology of mature fibrils can be caused by differ-
ent ways of protein-protein aggregation on the stage of fibril oligomers’ formation (A). Alternatively, protein aggrega-
tion leads to the formation of a filament that is able to intertwine forming twisted fibrils, or associate side-by-side (B).
In the late case, tape-like fibrils are formed. Adapted from Srinivasan et al. [77] and Kurouski et al. [11].

Alternatively, the heterogeneity of fibril morphologies could be due to different ways of
filament associations. Specifically, fibril filaments can either braid and coil or associate side-
by-side, forming twisted or tape-like fibrils, respectively (Scheme 1B). These morphological-
ly different fibrils will consequently have the same structure [8, 11]. Recently, Kurouski et al.
investigated polymorphism of insulin, lysozyme, apo-a-lactalbumin, HET-s (218-289) prion,
and a short polypeptide fragment of transtherytin, TTR (105-115). Authors demonstrated that
all these proteins form two distinct fibril polymorphs: tape-like and twisted. They have also
found that pH directly controls which polymorph will be formed. Using IR and Raman
spectroscopy it has been demonstrated that both tape-like and twisted fibril polymorphs have
the same secondary structure [11].

Besides braiding and side-by-side association, filament propagation can occur via several
alternative pathways. According to Jansen et al. filament fragmentation may result in short
filament fragments that serve as templates for lateral rather than axial protein aggregation [62].
As aresult, short fibril blocks are formed (Scheme 2A). These blocks tend to associate side-by-
side forming the fibril that has a right-handed twist upon the microscopic examination.
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Scheme 2. Models of amyloid filament propagation. Mechanism of side-driven templation (A) and super-coiling of
left-twisted fibril filament that leads to the appearance of a right-handed twist on the mature fibril (B). Adapted from
R. Jansen et al. [62] and Usov et al. [53].

Separately, Usov et al. proposed two additional mechanisms that resulted in formation of
morphologically different fibril polymorphs [53]. According to one, the left-twisted filament
may continue twisting along the longitude axis. As a result, a hollow tube-like protein
aggregate will be formed. Alternatively, it has been proposed that the left-twisted fibril
tilament may flip the handedness of its twist, as was discussed in the Section 2.5.

Summarizing, this chapter aimed to demonstrate how microscopy, including electron and
probe microscopy, can be utilized to investigate supramolecular organization of amyloid
aggregates. It demonstrated that microscopy was capable of elucidating mechanisms of fibril
formation and unraveling the origin of fibril polymorphism. It was also shown that using AFM,
SEM, and cryo-SEM, chiral nature of fibril supramolecular organization can be determined.
The author also wanted to attract reader’s attention to VCD. This powerful spectroscopic tool
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is capable of probing supramolecular chirality of fibril filaments that may to always be
accessible for currently available microscopic techniques.

This chapter reviewed supramolecular organization of amyloid fibrils formed by almost all
known amyloidogenic proteins, including amyloid 3, a-synuclein, tau, insulin, and lyso-
zyme proteins. It demonstrated how physical and chemical factors could change morpholo-
gy of fibril aggregates at the stage of their formation. It was also shown how these factors, as
well as chaperonins, could change the supramolecular organization of already grown fibrils.

One should note that microscopy itself often may not be sufficient for the determination of
fibril structure. Therefore, microscopy is often used with numerous spectroscopic techni-
ques, such as ss-NMR, Raman, and IR spectroscopy. These techniques allow for the determi-
nation of { and ¢ angles of the peptide backbone, which is necessary to fully elucidate the
structure of the fibril cross-3 core.
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