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Abstract
Amyloid fibrils are filamentous protein aggregates implicated in several common diseases like
Alzheimer’s disease and type II diabetes. Similar structures are also the molecular principle of the
infectious spongiform encephalopathies like Creutzfeldt-Jakob disease in humans, scrapie in
sheep, and of the so-called yeast prions, inherited non-chromosomal elements found in yeast and
fungi. Scanning transmission electron microscopy (STEM) is often used to delineate the assembly
mechanism and structural properties of amyloid aggregates. In this review we consider specifically
contributions and limitations of STEM for the investigation of amyloid assembly pathways, fibril
polymorphisms and structural models of amyloid fibrils. This type of microscopy provides the
only method to directly measure the mass-per-length (MPL) of individual filaments. Made on both
in vitro assembled and ex vivo samples, STEM mass measurements have illuminated the
hierarchical relationships between amyloid fibrils and revealed that polymorphic fibrils and
various globular oligomers can assemble simultaneously from a single polypeptide. The MPLs
also impose strong constraints on possible packing schemes, assisting in molecular model building
when combined with high-resolution methods like solid-state nuclear magnetic resonance (NMR)
and electron paramagnetic resonance (EPR).
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1. Introduction
The term amyloid was originally introduced with reference to proteinaceous fibrillar
structures that accumulate in the extracellular space in various diverse diseases - prominent
examples include type 2 diabetes mellitus (pancreatic amyloid deposits), dialysis-related
amyloidosis (amyloid deposits in vasculature), and Alzheimer’s disease (amyloid deposits in
brain parenchyma and vessels). There are also examples of amyloid fibrils that accumulate
intracellularly in certain neurodegenerative diseases - like Parkinson’s disease, Huntington’s
disease and other so-called poly-glutamine extension diseases as well as Alzheimer’s disease
and frontotemporal dementias (Ross and Poirier, 2004; Mandelkow et al., 2007). Both
plasma-derived and cellular proteins form systemic (in many different organs) or organ-
specific amyloid deposits that characterize the different forms of amyloidosis. Amyloid
fibrils also afford the molecular mechanism that underlies infectious self-propagating
protein polymers called prions in mammals (eg. leading to Creutzfeldt-Jakob disease in
humans and scrapie in sheep) and fungal systems (Baxa et al., 2006, 2008).

Correlation with particular disease states affords a clinical basis for distinguishing various
types of amyloid. Interestingly, the proteins that form the major components of these
amyloids are relatively few in number (about 20). More generally, many different
polypeptides are capable of forming structurally related amyloid fibrils or amyloid-like
structures in vitro (Kodali & Wetzel, 2007; Fändrich, 2007; Baxa, 2008). The hallmark of
amyloid fibrils is a cross-β structure in which the β-strands run approximately perpendicular
to the fibril axis. Further defining characteristics are that they are unbranched, smooth-
surfaced, physically and chemically robust (e.g. protease-resistant) and that they bind the
dyes Congo Red and thioflavin T.

Cytotoxicity and organ failure in amyloid-associated diseases is attributed to misfolding of
the normally soluble polypeptides into aberrant β-sheet conformations (Ross and Poirier,
2004, Novitskaya et al., 2006; Bitan et al., 2005; Konarkowska et al., 2006, Mocanu et al.,
2008). Resultant fibril assemblies, metastable intermediates and off-pathway oligomeric
aggregates have all been proposed to be cytotoxic (Wogolis et al., 2005; Lesné et al., 2006;
Lambert et al., 2007; Novitskaya et al., 2006; Konarkowska et al., 2006; Lansbury and
Lashuel, 2006). This has initiated many investigations into fibrillar and oligomer assembly,
which have revealed remarkably complex assembly pathways and polymorphic structures
(Kodali & Wetzel, 2007; Fändrich, 2007; Baxa, 2008). Due to the complexity of
nomenclature in the literature for various amyloid-related aggregates, a glossary of
terminology is provided in Box 1.

Electron microscopy (EM) of negatively stained or vitrified specimens has been applied
successfully to determine the structures of many kinds of protein filaments, but has been
relatively unproductive in the field of amyloid. The polymorphism of amyloid fibrils and
their tendency to aggregate poses problems. In addition their smooth surface tends to
generate little contrast in micrographs recorded by cryo-EM. In this situation, scanning
transmission electron microscopy (STEM) has proved a powerful tool helping to delineate
the assembly mechanism and structural properties of amyloids. Importantly, STEM is the
only method that can directly measure the mass-per-length (MPL) of individual filaments.
Working from an image, it also links the MPL to the sample appearance allowing a direct
correlation to negative stain or cryo-EM images that reveal structure. If the monomer mass
of the subunits that make up a fibril is known, the MPL determined by STEM imposes
strong constraints on possible packing schemes within fibrils, assisting in molecular model
building (Kajava et al., 2009; Petkova et al., 2005; Paravastu et al., 2008; Sen et al., 2007)
and illuminating hierarchical relationships between fibrils of different kinds (Bauer et al.,
1995; Goldsbury et al., 2005).
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Many different filamentous protein assemblies have been examined by STEM, among them
bacterial pili (Hahn et al., 2002; Köhler et al., 2004), viral filaments (Kendall et al., 2008)
and neurofilaments (Leapman et al., 1997). The method can also be used to measure the
masses of individual particles and, thus, define their stoichiometry. In the field of amyloid,
data of this kind document the compositional heterogeneity of oligomeric particles
assembled from amyloidogenic polypeptides and proteins (Lashuel et al., 2003; Goldsbury
et al., 2000). Further, STEM mass measurements have helped to show that polymorphic
fibrils and oligomers can assemble simultaneously from a single polypeptide. Such
morphological or molecular-level polymorphisms are believed to underlie the strain
phenomena and species barrier in prion transmission, as well as differences in cytotoxicity
in amyloid diseases.

2. STEM
STEM is used for diverse applications in various fields but few instruments are tuned to
make quantitative measurements on biological specimens (Müller et al, 1992): namely the
dedicated instruments at the Brookhaven National Laboratory (BNL), (Upton, New York,
USA), at the Biozentrum, University of Basel (Basel, Switzerland), and at the National
Institutes of Health (Bethesda, USA). In addition, there is a TEM with STEM attachment at
the Wellcome Trust Centre for Cell-Matrix Research, University of Manchester
(Manchester, UK) (Holmes et al., 2006; Sherratt et al., 2009). In particular, wide-angle
detector systems capable of single electron counting are a prerequisite for all quantitative
measurements (reviewed in Engel, 2009). Quantitative biological dark-field STEM exploits
the linear relationship between the number of electrons elastically scattered by the specimen
and the mass of the irradiated region (Figure 1A; Müller and Engel, 2001; Ksiezak-Reding
and Wall, 2005). Visualization is thereby combined with the ability to measure the masses,
for example, of individual protein complexes. Calibration is assisted by measuring the MPL
of tobacco mosaic virus (TMV) in the same session. The RNA containing TMV rods are
highly uniform, ~300 nm long and 18 nm wide, and have a known MPL of 131 kDa/nm.
Note, however, that a fully calibrated STEM measures absolute mass so a calibration
standard such as TMV is not strictly required to achieve mass measurements but is very
useful for detecting any drift in the microscope calibration or, when adsorbed to the same
grid as the sample, problems with specimen preparation (Wall and Hainfield, 1986). Once
images have been collected, mass analysis of sample and standard is carried out offline
using custom software. Two packages are freely available; MASDET (Basel; Krzyžáneka et
al, 2009) and PC-Mass (Brookhaven; Wall et al., 2008;
http://www.bnl.gov/biology/stem/files/PCMASS30.pdf).

The overall accuracy of a STEM mass measurement is typically 5-10% depending on the
sample. Instrument-related uncertainty predominantly involves the counting statistics of the
scattered electrons: the quantum efficiency and the collection efficiency of the annular
detector (Wall and Hainfield, 1986; Müller et al., 1992, Müller & Engel, 2006). Precise
knowledge of the incident beam current and microscope magnification are also prerequisites
(for a detailed discussion of instrumental accuracy and calibration see: Wall and Hainfield,
1986 and Müller et al., 1992). Mass measurements have been achieved with samples at
room temperature (Müller et al., 1992), and with samples at −160°C (Wall and Hainfield,
1986) the latter condition reducing beam-induced mass loss. Since mass loss kinetics can be
measured for each sample and appropriately corrected for (Müller et al., 2001), the results of
room temperature measurements are equivalent to those obtained at −160°C. Specimen-
related factors are also a large contributor to the experimental error (Müller et al., 1992).
These include the thinness and uniformity of the carbon support film and the purity of the
sample (Wall and Hainfield, 1986; Müller and Engel, 2006). To routinely achieve accuracies
of 5-10% for mass measurements, it is essential to minimize statistical variation in the
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support scattering by preparing highly reproducible thin, clean carbon films, to avoid
residual salts and small polypeptide contaminants in the sample and to carry out low dose
measurements. In the case of amyloids, the presence of unassembled protein monomers and
small aggregates (below 100 kDa) in the sample is often unavoidable. This can decrease the
accuracy of the measurements in the same way as other polypeptide contaminants.

Images are analyzed by selecting regions-of-interest (ROIs; Figure 1B) and using the
software to calculate their total mass, average MPL (Supplementary Material Figure S1) or
average mass-per-area (MPA; Kržyzáneka,et al.,2009; Wall et al., 2008). Correction is made
for electron beam-induced mass-loss and the data is pooled and binned into histograms
(Figure 1C). The histograms immediately reveal the extent of heterogeneity of a specimen,
and in the case of amyloids formed from short polypeptides (~3-5 kDa), can often be
described by multiple Gaussian distributions demonstrating hierarchical assemblages of
protofilament strands in mature fibrils (Figure 1C). As each pixel of a STEM scan is a
quantitative measurement it is also possible to obtain detailed mass maps (Wall and
Hainfeld, 1986; Wall et al., 2008; Reichelt et al, 1990). In particular, this allows MPL
variations along the length of filaments that are not uniform to be more finely monitored
(Herrmann et al., 1996; Steinmetz et al., 2008).

It should be noted that recently, an attempt was made to use dark-field images obtained by
tilted-beam TEM to estimate the MPL of amyloid fibrils (Chen et al., 2009). Unlike the
dedicated STEMs, this technique utilizes a relatively ill-defined electron signal making the
measurement entirely dependent on a mass standard; absolute mass values cannot be
obtained. Accordingly, the standard must be of high-quality, a criterion that may not have
been optimal in the work in question; the TMV particles show clear signs of retained salt
(high electron scattering at the edges of the virus rods).

3. Polymorphisms in amyloid fibrils revealed by STEM
Amyloid fibrils are visualized by electron microscopy as unbranched, ~6-20 nm wide, rope-
like polymers of up to several μm in length that, as stated above, have cross-β core
structures (Eanes and Glenner, 1968). Variations in the packing of the β-strands in their
cores are now thought to distinguish different amyloids from each other and to distinguish
different polymorphs assembled from the same amyloidogenic building blocks (Baxa et al.,
2006; White et al., 2009; Petkova et al., 2005, Kajava et al., 2009). Broadly speaking, there
are two types of polymorphism: (1) Variability in fibril morphology and the number of
filamentous strands termed protofilaments. This form of polymorphism is clearly
discernable in images (Figure 1D and Goldsbury et al., 1997) and can be further dissected by
STEM MPL measurements (Figure 1, B and C). (2) Molecular level polymorphism arising
from slight differences in the conformation of polypeptide molecules within fibrils (Petkova
et al., 2005). This second type of polymorphism usually cannot be dissected by STEM MPL
measurements and will only be visible by electron microscopy if different long-range
repeats result.

STEM MPL measurements have been instrumental in determining the relationship between
polymorphic variants that co-exist in some fibril populations (Bauer et al., 1995; Goldsbury
et al., 1997, 2000a,b; Sen et al., 2007). Aβ, calcitonin, amylin, and other relatively short
amyloid-forming polypeptides have in common that they form hierarchical assemblages of
fibrils with different numbers of protofilament strands (Figure 1, C and D). The resulting
fibrils typically have from two to six protofilaments that are either coiled in cable-like
structures or packed side-by-side in ribbon-like structures (Figure 1D) (Bauer et al., 1995).
The various fibril polymorphs can often be distinguished in STEM MPL histograms as
Gaussian components whose peaks are spaced at equal increments corresponding to the
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MPL of one protofilament (Figure 1C). Their coiling gives rise to axially periodic crossover
points that are visible in side-views of the fibril. The coiled fibrils and ribbons of some
amyloids, e.g., those formed by amylin and Aβ, have a distinct left-handed twist. The
periodicity is distinctive for a given amyloid, although some fibrils formed by different
polypeptides have the same axial periodicities, e.g., both amylin and Aβ form 2-
protofilament coiled fibrils that have an ~25 nm cross-over spacing (Figure 1D) (Goldsbury
et al., 2000a,b). Although, there is virtually no amino acid sequence homology, the amylin
and Aβ polypeptides are of similar length and have corresponding short internal sequences
with high β-sheet forming propensity. This, in turn, may explain a common tertiary fold
resulting in similar fibril morphologies (Goldsbury et al., 2000a,b) and structural models
(Wiltzius et al., 2008, Petkova et al., 2002). Conversely, polymorphic fibrils assembled from
the same polypeptide subunit can have different discrete periodicities (Baxa et al., 2002,
Goldsbury et al., 2000a,b).

STEM is able to link the packing density indicated by the MPL to the axial periodicity and
width of fibrils, imposing strong constraints for model building (Kajava et al., 2005; Petkova
et al., 2002, Luca et al., 2007, Wiltzius et al., 2008). In this context, it is often helpful to
express fibril MPLs in terms of the number of monomeric subunits (Nsub) per 0.47 nm axial
step, which corresponds to the inter-strand spacing in a -sheet. To within experimental error,
the MPLs of many amyloid fibrils come out as simple integral numbers in these units (e.g.
Aβ (Figures 1 and 2), some tau-related fibrils (Figure 3), several kinds of fibrils of Ure2p
(Figure 4) and Sup35p fusions (Diaz-Avalos et al, 2005) (Table 1). The non-unitary cases
(Nsub > 1) generally represent fibrils consisting of multiple protofilaments. Along the same
lines, a fibril may entail more than one 0.47 nm step per monomeric subunit, as in the case
of HET-s, which has two steps (Nsub ~0.5 monomers per 0.47 nm step; Figures 2 and 4).
According to current data, there are some apparent exceptions to this trend, e.g., amylin
fibrils (Goldsbury et al., 2000a; Figure 1), some tau fibrils (von Bergen et al., 2006; Figure
3), and one type of Sup35p fusion fibril (Diaz-Avalos et al, 2005) (Table 1).

Interestingly, for many of the shorter polypeptides (up to ~5 kDa), the minimum number of
protofilaments in a mature fibril is two, with single protofilaments rarely being observed
(Figure 1C). As mentioned above, many of these polypeptides have a propensity to form
even higher-order fibrils. For example, the predominant amylin fibrils contain 3
protofilaments. Although the most prevalent Aβ1-40 fibrils contain 2 protofilaments, higher
MPL species are also present (Figure 1C). These higher MPL peaks are spaced at equal 9
kDa/nm increments corresponding to the MPL of one protofilament (Figure 1C) (Table 1).
However, it should be noted that another study envisaged a higher MPL Aβ protofilament of
23 kDa/nm rather than 9 kDa/nm indicated by the data in Figure 1C (Schmidt et al., 2009).

Further to this, the prevalence of different fibril polymorphs can be influenced by solution
conditions (Fraser et al., 1991, Gosal et al., 2005). For example, Aβ fibrils assembled under
shaking or quiescent conditions also showed differences in the most prevalent fibril
polymorph (Goldsbury et al., 2000b; Petkova et al., 2005). Similarly, Aβ10-35 fibrils
prepared at pH 3.7 revealed thinner fibrils of lower MPL than at pH 7.4 where heavier fibrils
predominated (Figure 2A) (Antzutkin et al., 2002). HET-s prion domain fibril interactions
were also found to be dependent on pH with triplets predominating at pH 2 and singlets at
pH 7.4 (Figure 2B) (Sen et al., 2007). STEM measurements showed that the MPL of singlet
fibrils did not change. Rather, interactions between charged side-chains influenced by pH
caused the aggregation of singlet fibrils into higher order assemblies (Sen et al., 2007;
Figure 2B). By contrast, deleting the first 8 amino acids of the 37-amino acid residue amylin
polypeptide did not change the overall fibril morphology, although it altered the relative
frequency of 2- versus 3-protofilament fibril polymorphs present as shown by STEM MPL
analysis, increasing the relative number of the 2-protofilament polymorph (Goldsbury et al.,
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2000a). This indicates an influence of the N-terminus on protofilament-protofilament
interactions in this case. On the other hand, fibrils formed from larger proteins are often
more homogenous and as such can give rise to single Gaussian distributions in STEM MPL
histograms. Examples may be found in Figures 3 and 4. One explanation for the absence of
hierarchal assembly in many cases may be that flanking domains outside the β-sheet core of
the protein sterically inhibit filament-filament association, as for example in prion fibrils
(Figure 4). The situation for some tau filaments (Figures 3) is discussed further below.

As described above, Aβ fibrils formed under different growth conditions – quiescent vs.
agitated or low vs. high pH – exhibit different morphologies and differentiable STEM MPL
distributions (Fraser et al., 1991; Goldsbury et al., 2000a,b; Antzutkin et al., 2002; Petkova
et al., 2005) (Figure 2A). Petkova et al., (2005) made the additional observation that
quiescent vs. agitated fibril preparations are distinct, not only at the morphological level, but
also at the molecular level by their solid state NMR spectra. From seeding experiments, they
proposed a mechanism of self-propagating molecular polymorphism whereby the underlying
molecular structure of “parent” fibrils defined by solid-state NMR spectra dictates the
ultimate structure of “daughter” fibrils. In this particular case, the molecular-level
polymorphism also gave rise to discernable differences in the numbers of protofilaments per
fibril detectable by STEM MPL measurements and in TEM micrographs (Petkova et al.,
2005). However, the effect of molecular-level polymorphism on the overall morphology of
fibrils may in other cases be more subtle and not clearly discernable by STEM, for instance
as discussed below for yeast prions.

4. Structural polymorphism underlies variant phenotypes in yeast prions
In infectious amyloids (prions), filament structures are thought to correlate with
phenotypical behavior in the infected organisms (e.g. neurotoxicity in humans). In yeast, for
example, the prions [URE3] and [PSI+] are directly linked to loss of function of the
respective prion proteins, Ure2p and Sup35p (Wickner 1994) (Figure 4, A and B). In wild-
type (uninfected) yeast strains, these proteins are soluble and exercise biological functions -
for Sup35p in translation termination and for Ure2p in nitrogen catabolism. In the prion
form (in infected cells), they form filaments with no (Ure2p) or greatly reduced (Sup35p)
activity. The direct connection to a phenotype makes these systems uniquely advantageous
for studying the so-called prion strain or variant phenomenon. Prion variants were first
observed for the mammalian prion protein (Collinge et al.,2007, Fraser and Dickinson 1973)
and refer to slight phenotypical differences that are inheritable. Recently, cell-cell
transmission of amyloid aggregates has also been recognized as a potential mechanism for
the spread of non-prion amyloids within organs – for example the progression of α-
synuclein aggregates in the Parkinson’s disease brain (Desplats et al., 2009). In yeast,
different prion variants can be distinguished by differences in the residual biological activity
of the prion protein (strength of prion) and the mitotic stability (stability of prion) or some
other phenotypic features.

It has been shown that in vitro assembled yeast prion fibrils give rise to a range of variants
when transformed into yeast cells (Brachmann et al., 2005, Tanaka 2004) suggesting that
there is a corresponding structural polymorphism. Interestingly, only one fibril type is
isolated from any selected yeast clone despite the original recombinant prion inoculum
containing a polymorphic mixture of fibrils (Baxa et al., 2006, Brachmann et al., 2005,
Tanaka et al., 2004). This outcome indicates a mechanism of selection whereby, although
there could be more than one fibril polymorph in a single cell, only the “dominant” one
prevails (possibly because it grows faster and depletes the soluble protein from the other
fibril variants). The in vitro assembled fibrils all give rise to MPL histograms with a single
peak (Figure 4A) (Baxa et al., 2003; Diaz-Avalos et al., 2005; Sen et al., 2007). Since by
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and large they also have indistinguishable MPLs indicating the presence of ~1 monomer per
0.47 nm (Table 1), their polymorphism exists at the level of subtle differences in
conformation that are currently beyond the resolution of STEM (see above). Other features,
e.g. repeat length and growth rate, may reflect these subtle differences in structure (Baxa et
al., 2006; DePace et al., 2002, Diaz-Avalos et al., 2005). However, in one study of a
Sup35p1-61-GFP construct, apparent small deviations in MPL were reported, indicating the
presence of slightly more than 1 monomer per 0.47 nm for some fibril polymorphs (Table 1;
Diaz-Avalos et al., 2005).

Nevertheless, the general architecture of the fibril variants is very similar and the subunits
have been shown to be organized in an in-register, parallel, stacked arrangement of β-sheets
(Shewmaker et al., 2006, Baxa et al., 2007, Wickner et al., 2008). In summary, the structural
polymorphism underlying yeast variants is likely to reflect subtle conformational differences
in the parts of the polypeptide chain involved in the amyloid structure (Baxa et al., 2006).
The “parallel superpleated β-structure” model (Kajava et al, 2004) is in compliance with
these constraints and affords a framework wherein such variants could be constructed. The
distinction between infectious, propagating amyloids and non-infectious amyloids is very
likely not based on general morphological differences but due to slight differences in growth
and breakage rates of fibrils and their interactions with the environment (Baxa 2008; Tanaka
et al., 2006).

The MPL and the in-register parallel architecture of yeast prions is in marked contrast to the
HET-s prion protein found in the filamentous fungus Podospora anserina. Fibrils of HET-s
have a MPL of ~0.5 monomeric subunits per 0.47nm (Figure 4E; Table 1; Sen et al., 2007)
and their structure has recently been elucidated by solid state NMR (Figure 5A; Wasmer et
al., 2008; Ritter et al., 2005). Appending an extra 50 amino acid residues to the 72-residue
HET-s prion domain did not alter the axial packing density of subunits per 0.47nm in the
fibrils, consistent with the proposition that the prion domains form a β-sheet backbone that is
decorated peripherally with other domains (Figure 4, C and D). HET-s also differs from the
other yeast prions in that it has a biological function in the prion form, which therefore
might be seen as the “native” structure of the protein.

5. Differentiation of Aβ oligomers, metastable-protofibrils and mature fibrils
using STEM

Solutions of amyloid polypeptides often form metastable structures at early time points
before mature amyloid fibrils appear. This has been especially well investigated in the case
of the Alzheimer’s disease-associated Aβ polypeptide whereby these various assemblies
have been given a complex set of terminology in the literature – labels include “oligomers”,
“globulamers”, “protofibrils” and “annular pores” (see glossary of terms: Box 1) (Kodali
and Wetzel, 2007). Since in the disease context, smaller oligomeric structures formed by Aβ
have been linked to cytotoxicity (Glabe, 2008), it is of considerable interest to determine the
relationship of these transient assemblies to stable amyloid fibrils, which are the
predominant structures that accumulate in brain tissue. Despite the characterization of
oligomers of various sizes and metastable protofibrils in solutions of Aβ in vitro, the actual
molecular pathways of assembly are poorly understood. Indeed, there are many examples of
“off-pathway” stable and metastable oligomeric and fibrillar amyloid species (Gellermann et
al., 2008;Necula et al., 2007;Ehrnhoefer et al., 2008;Gosal et al., 2005). The dynamic and
heterogeneous nature of the aggregates makes kinetic studies challenging (Yun et al.,
2007,Bitan et al., 2005). At the same time, given the proposed role of oligomers in affecting
cytotoxicity in diverse diseases, further understanding of their placement within or separate
from mature amyloid fibril assembly pathways is needed.
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In the case of Aβ, STEM was used to compare the MPLs of metastable protofibrils with
mature fibrils (Figure 1, B and C). The homogenous appearance of the protofibrils in both
STEM and TEM images suggested that at the morphological level, they comprised a single
polymorph. This inference was supported by the MPL histogram, which could be described
by a single Gaussian distribution (Figure 1C; Table 1). In particular, STEM revealed that the
MPL of the metastable protofibrils was too large for them to correspond to protofilament
strands of the polymorphic mature fibrils (Figure 1, B and C). STEM was also used to
measure the mass distribution of the globular oligomers that appear in solutions of Aβ
(Table 1). Aβ oligomerization was thus found to be highly heterogeneous, realizing small
oligomers (e.g., up to hexamers) as well as larger spheroidal structures containing from ~12
to 200 Aβ monomers (Glabe, 2008; Bitan, 2006; Goldsbury et al., 2000b). As the lower limit
for STEM detection of unstained particles is approximately 100 kDa, this method is
restricted to the analysis of oligomers of n >~20 monomers in the case of Aβ. Subject to this
constraint, STEM mass measurements of oligomers formed from Aβ1-40 recorded a
continuum of particle masses corresponding to up to ~200 monomers. Most of the masses
measured fell into a broad peak at corresponding to 72±21 monomers, with a shoulder at
128±21 monomers (Goldsbury et al., 2000b). Further, STEM mass measurements of
oligomers formed by Aβ polypeptide sequences containing the familial Alzheimer’s disease
“Arctic mutation” revealed populations containing 18-93 monomers or 81-186 monomers, in
reasonable agreement with assemblies of the wild-type Aβ1-40 (Lashuel et al., 2003). Other
techniques including electrophoretic and cross-linking assays are needed to identify the
smaller oligomers formed by Aβ (Bitan, 2006; Barghorn et al., 2005). Cross-linking assays
have documented transiently stable Aβ pentamers and hexamers that are particularly
abundant in solutions of Aβ1-42 (Bitan, 2006). Another in vitro study characterized stable
dodecameric globular oligomers also formed by Aβ1-42 that are proposed to assemble
through an aggregation process distinct from the fibril-forming pathway (Barghorn et al.,
2005; Gellermann et al., 2008).

Coupled to TEM imaging and STEM mass measurements, time-lapse atomic force
microscopy has given a detailed picture of how the various Aβ fibril polymorphs form and
elongate in vitro, helping to clarify the inter-relation of the various assembly pathways
(Goldsbury et al., 1999, 2005). Importantly, seeding with the species of interest considerably
increased assembly rates. The propensity of specific amyloid structures to propagate
themselves in seeded growth was further exploited in a recent study employing MPL and
NMR measurements to characterize the species present in Alzheimer’s disease brains
(Paravastu et al., 2009). Here fibrils extracted from the brains were used to seed fibril
formation in synthetic Aβ1-40 solutions.

6. STEM analysis of tau filaments isolated from brains of Alzheimer’s
disease and related dementias

It is desirable to be able to relate structural information gained from in vitro assembled
amyloid to what occurs in organs of the body as amyloid-associated diseases progress.
STEM provides a way to compare amyloid fibrils purified from tissue to fibrils assembled in
vitro. However, the only ex vivo fibril preparations so far extensively analyzed by STEM are
the paired helical filaments (PHFs) made of the microtubule-associated protein tau that are
isolated from intracellular neurofibrillary tangles, a hallmark in Alzheimer’s and other
neurodegenerative diseases (note: a recent study has investigated ex vivo Alzheimer’s
disease-associated Aβ fibrils, using energy filtering transmission electron microscopy
(EFTEM) (Feja et al., 1997) to make MPL measurements (Paravastu et al., 2009)). Due to
characteristic intraneuronal accumulations of tau, all of these neurodegenerative diseases are
classified as “tauopathies”. Understanding how the normally soluble and microtubule-bound
axonal tau protein forms aberrant amyloid aggregates in the somatodendritic compartment of
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neurons is of great interest. A number of studies have been carried out by the Brookhaven
STEM group (reviewed in Ksiezak-Reding and Wall, 2005), including extensive MPL
measurements on tau fibrils (PHFs) isolated from different Alzheimer’s disease brains as
well as from brains of other tauopathies including corticobasal degeneration and Pick’s
disease (Figure 3, A to D; Ksiezak-Reding and Wall, 1994; Ksiezak-Reding et al., 1996,
Ksiezak-Reding et al., 1998, King et al., 2001). Following this work, the Basel STEM group
independently analyzed PHFs isolated from Alzheimer’s disease brains and compared their
packing density to in vitro assembled fibrils made from various tau constructs (Figure 3, E
to I; von Bergen et al., 2006).

The results obtained by the two STEM groups for tau PHFs isolated from various
Alzheimer’s disease cases are in good agreement (Figure 3I; Table 1). Variations between
the individual Alzheimer’s disease cases and in purification procedures likely explain the
differences. Synthetic fibrils made from the full-length tau protein construct htau40-ΔK280
assemble into filaments with MPLs that span a large range indicating sample heterogeneity,
although there appears to be no hierarchal filament association detectable by STEM (Figure
3I). The MPLs measured for PHFs isolated from Alzheimer’s brains may be interpreted in
the same way (Figure 3I). This reflects the more homogenous morphological appearance of
fibril preparations from synthetic full-length tau constructs, which generally comprise
filaments of consistent width and periodicity in electron micrographs (Figure 3E-H). By
comparison, synthetic fibril preparations formed from ~3-5 kDa amyloid polypeptides look
relatively heterogeneous whereby the MPL histograms can clearly be described by multiple
Gaussian distributions (Figure 1B-D).

Short fragments of the tau C-terminus corresponding to its microtubule-binding repeats,
form fibrils that, when examined by negative stain TEM, appear morphologically
indistinguishable from full-length tau fibrils except that they are narrower and lack the
surrounding characteristic “fuzzy coat” (Figure 3, E to H) (von Bergen et al., 2006). The
MPLs of these fibrils fall into single histogram peaks (Figure 3I). Synthetic fibrils
assembled from the full-length construct of the largest tau isoform yielded MPLs
corresponding to an axial packing of monomers per nm that was in very good agreement
with that of preparations isolated from Alzheimer’s brains, particularly, when keeping in
mind that the ex vivo Alzheimer’s disease fibrils represent a mixture of isoforms including
lower MW species (Figure 3I). Notably, tau fragments formed denser fibrils corresponding
to slightly more monomers per nm (Figure 3I). Hence, it was proposed that this difference
arises because the peripheral N-terminal domain of full-length tau partially interferes with
the fibril assembly process, thereby causing a slightly looser, suboptimal, packing (von
Bergen et al., 2006).

A minor subset of the Alzheimer’s disease tau fibrils analyzed by the Brookhaven group had
distinctly lower MPLs and could be isolated from the heavier fraction by sucrose density
gradients (Ksiezak-Reding and Wall, 2005). As according to immunogold labeling
experiments these lighter \fibrils lacked the N-terminal antibody epitopes of tau, it was
concluded that they most likely arose from endogenous degradation. Indeed, both
recombinant and ex vivo tau PHFs contain a central β-sheet core surrounded by a fuzzy coat
that gives TEM images of these assemblies a blurred appearance (Figure 3E). The peripheral
coat can be proteolytically digested in vitro, leaving behind a protease-resistant C-terminal
core domain made up of tau’s microtubule binding repeats plus flanking sequences thereby
yielding sharper TEM images (Wischik et al., 1988; Ksiezak-Reding and Wall, 2005; von
Bergen et al., 2006). Interestingly, early MPL measurements of tau fibrils isolated from
Alzheimer’s disease brains after pronase treatment (Wischik et al., 1988) demonstrate that
the MPL of the protease resistant fibril core is in very good agreement with that of synthetic
fibrils assembled from short tau fragments comprising the assembly domains alone (Figure
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3I; Table 1; von Bergen et al., 2006). Degradation also occurs to varying extents in vivo,
during postmortem delay or during purification procedures, resulting in fibrils with lower
MPLs than expected for fibrils made of full-length tau. This can be seen in Figure 3C and
3D for cases of corticobasal degeneration and Picks disease; the degraded filaments also
sometimes appear to be laterally associated (Ksiezak-Reding and Wall, 2005). In contrast to
samples derived from Alzheimer’s disease, preparations from Picks disease and corticobasal
degeneration exhibited a higher abundance of the lighter fibrils, indicating a difference in
fibril stability depending on the form of tauopathy (Figure 3, A to D; Ksiezak-Reding and
Wall, 2005). A trend to lower MPL values from fibrils isolated from older compared to
younger brains has also been observed, possibly indicating more fibril degradation at later
disease stages (Ksiezak-Reding and Wall, 2005, von Bergen et al., 2006).

Importantly, STEM data has helped to prove that cofactors such as heparin act catalytically,
i.e. to promote assembly without being incorporated into the fibril structure itself. Most
remarkably, the subunit packing in synthetic fibrils assembled in vitro is similar to that in
authentic fibrils, i.e. those isolated from Alzheimer’s brains (Table 1; Ksiezak-Reding and
Wall, 2005,von Bergen et al., 2006). This finding is very encouraging suggesting that in
vitro models of amyloid fibrils are physiologically relevant and, hence, will aid the rational
design of inhibitors of tau filament formation.

7. STEM provides constraints for molecular structure model building of
amyloid fibrils

High-resolution structures of amyloid fibrils (see Kajava et al., 2009 for recent review) have
been (with rare exceptions (Wiltzius et al., 2008) notoriously difficult to obtain due to the
insolubility, lack of crystallographic order and inaccessibility of filamentous specimens to
X-ray crystallography or solution NMR. By contrast, solid-state NMR and electron
paramagnetic resonance (EPR) have in some instances enabled secondary structure and
tertiary conformations of peptide sequences within amyloid fibrils to be resolved (Wasmer
et al., 2008; Ritter et al., 2005; Cobb et al., 2007; Petkova et al., 2002; Chen et al., 2007).
Merging as many constraints from different methods as possible is therefore an important
way to obtain high-resolution information about amyloids (Baxa 2008). To this end, STEM
MPL measurements provide strong constraints and complement the information obtained
from other methods including solid-state NMR, EPR and fluorescence labeling. Whereas
NMR constraints give information about distances at the atomic level, STEM MPL data
provide an indication of how the molecules are stacked or aligned at the macromolecular
level, for example, within protofilaments.

To date, the most detailed experimentally determined structure for an amyloid fibril is the
solid-state NMR-derived model of the C-terminal domain of the fungal prion protein HET-s
(Figure 5A; Wasmer et al., 2008; Ritter et al., 2005). This model, which is based on >100
solid-state NMR constraints, envisages a fibril made of a single protofilament that is formed
by stacking subunits in a β-solenoid conformation with each subunit contributing two turns
of the solenoid. As such, this model predicted an MPL of Nsub = 0.5 monomers per 0.47nm,
which was confirmed by STEM data (Table 1; Sen et al., 2007). MPL measurements have
also played a crucial role in developing models for yeast prion fibrils Ure2p and Sup35p
(Figure 5E; Kajava et al., 2004; Shewmaker et al., 2006). Another well-defined amyloid
model is of an Aβ fibril polymorph (Petkova et al., 2002) and recently, a model for a
different Aβ fibril polymorph was reported by the same group (Figure 5B; Paravastu et al.,
2008). The conformation of the subunit within the protofilament in this second model is
close to that in the first, although there are small but significant differences. The solid-state
NMR signals were used to define secondary and tertiary structural elements of the
polypeptides and interactions in the main-chain hydrogen-bonding direction for both fibril
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polymorphs. STEM MPL measurements (Antzutkin et al., 2002, Goldsbury et al., 2000,
Paravatsu et al., 2008) were essential to ascertain that each protofilament consists of two
continuous β-sheets stacked perpendicular to the fibril axis and that the Aβ fibril is built
from two or three such protofilaments (Figure 5B; Petkova et al., 2002, Paravatsu et al.,
2008). For another Aβ fibril polymorph, which has been studied by cryo-electron
microscopy, STEM MPL measurements have reported Nsub = 5 monomers per 0.47nm
(Table 1; Schmidt et al., 2009). It is not clear how this corresponds to the apparent two-fold
symmetry of the fibrils however.

Several models of single amylin fibril polymorphs have likewise been proposed by using, in
part, restrictions imposed by STEM MPL data (Figure 5, C and D; Kajava et al., 2005; Luca
et al., 2007; Wiltzius et al., 2008). The latter models relied heavily on constraints from solid-
state NMR (Luca et al., 2007) or X-ray crystallography (Figure 5D; Wiltzius et al., 2008) as
well as information from biochemical and fluorescence resonance energy transfer (FRET)
data (Padrick and Miranker 2001). Both propose a fibril polymorph, consistent with STEM
MPL data, containing four parallel β-sheets differing only slightly in the details of side-
chain packing. The structure of the fibrils formed by a 2.2 kDa model peptide called ccβ-
Met has also been determined using a combination of several methods (Steinmetz et al.,
2008). This peptide forms an α-helical coiled-coil structure at ambient temperature but
converts to amyloid when the temperature is raised (Kammerer et al., 2004). Detailed
analysis of MPL variations along individual filaments indicated that heterogeneity can even
exist along the same fibril, an observation that might reflect the dynamic nature of amyloid
fibrils described by Carulla et al., (2005).

A model recently derived from cryo-EM data for beta-2 microglobulin (β2m) fibrils
assembled in vitro at pH 2.5 also used STEM MPL data as a major constraint (White et al.,
2009). This model challenges the generic idea of amyloid as a continuous β-ribbon. Instead
the β2m protofilaments, with an MPL of 53 kDa/nm resemble a string of beads and the
tetrameric building blocks form at least three different subunit interfaces within the
homopolymeric assembly. Importantly, the 3D EM maps reveal that the globular repeat
forms an integral part of the fibril structure rather than being a folded “passenger” domain
located externally to the fibril backbone, as for example seen in fibrils of Sup35p (Glover et
al., 1997) and Ure2p (Kajava et al., 2004).

8. Concluding Remarks
The first contributions of STEM to the amyloid field were published in the 1990s (Ksiezak-
Reding and Wall 1994; Bauer et al., 1995). Since then this technique has been widely
employed to characterize amyloid fibril structure and polymorphism. In combination with
constraints imposed by other experimental techniques, STEM-derived data on fibril MPL
and on their morphological features and dimensions have made a major contribution to the
current generation of structural models. Given the putative role of amyloid in a number of
diseases, such models or their successors may ultimately bear fruit in the design of new
diagnostic amyloid-binding probes and ultimately, rationally designed therapeutic
compounds that suppress oligomer formation or fibril growth in vivo.

Box 1: Glossary of terms

Amyloid

Protein deposits in the form of filamentous aggregates that are implicated in a broad
spectrum of diseases. Although the deposits share conserved tertiary cross β-sheet
structural motifs, the fibril/filament (terms used interchangeably) forming protein and
organ involved is disease specific; for example, deposits of Aβ form amyloid plaques in
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Alzheimer’s disease brains and deposits of amylin (Islet Amyloid Polypeptide: IAPP)
form in the islets of Langerhans in the pancreas in the course of type 2 diabetes mellitus.
Fibrils can be straight or twisted and sometimes contain multiple protofilaments that
align parallel to the fibril axis or coil around each other. The term “amyloid” has been
extended by structural biologists to additionally encompass the fibrillization of synthetic
and recombinant polypeptides from various sources that also assemble cross β-sheet
structure (Kajava et al., 2009).

Protofibril

Intertwining strands that make up mature amyloid fibrils. This term is used
interchangeably with the term “protofilament”. However, in the case of Aβ, “protofibril”
has additionally been used to describe metastable fibrils that appear early in solutions of
this polypeptide in vitro before mature amyloid fibrils appear (Walsh et al., 1997; Harper
et al, 1997). These are short flexible fibrils, rods or globular structures with no clear axial
periodicities. Although the term implies it, these transient “protofibrils” are not
necessarily on-pathway intermediate structures and may represent semi-stable off-
pathway assemblies (Kodali and Wetzel, 2007).

Protofilament

Intertwining strands that make up mature amyloid fibrils.

Oligomer

Macromolecular complexes of self-assembled amyloid polypeptides but not in fibril/
filament form. Oligomers can be off-pathway stable structures (Gellermann et al., 2008).
Other oligomers represent unstable transient nuclei that initiate fibril assembly. When
visible in electron micrographs or atomic force microscopy images, stable oligomers
resemble globules or ring-like assemblies (Lambert et al., 1998; Nybo et al., 1999;
Goldsbury et al., 2000; Lashuel et al., 2003). A complex set of terminologies exists in the
literature describing oligomers - for example, for Aβ: ADDLs (Aβ-derived-diffusible-
ligands; Lambert et al., 1998), globulomers (n≈12 oligomers; Gellermann et al., 2008)
and Aβ* (n≈12 oligomers; Lesné et al., 2006).

Paired Helical Filaments (PHFs)

Name given to amyloid fibrils formed by tau protein. PHFs have only relatively recently
been widely recognized structurally as amyloid fibrils. This is due to the atypical nature
of tau as the molecular subunit in the fibrils. Only a relatively small segment of this large
protein contributes the β-sheet core structure that forms these filaments (Mandelkow et
al., 2007). The rest of the tau protein lies peripherally and does not have β-structure. This
made detection of defining cross-β diffraction patterns more challenging. PHFs also form
intracellularly, in contrast to the classical extracellular amyloid deposits.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank all current and past operators of the Basel STEM for their contributions to the cited work and Robert
Häring, Robert Wyss and Roland Burki for maintenance of the instrument and its computer system. We thank
Robert Tycko, Beat Meier and David Eisenberg for data and images adapted in figures 2 and 4. The Basel STEM
has been continuously supported by Swiss National Foundation grants (present Grant: 3100A0-108299 to A.E.) and
by the Maurice E Müller Foundation of Switzerland. This work was supported in part by the Intramural Research
Program of NIAMS, National Institutes of Health. The BNL STEM is supported by USDOE-OHER (Department of
Energy, Office of Health and Environmental Research).

Goldsbury et al. Page 12

J Struct Biol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Abbreviations

EM electron microscopy

EPR electron paramagnetic resonance

MPA mass-per-area

MPL mass-per-length

PHF paired helical filament

ROI region of interest

STEM scanning transmission electron microscopy

TEM transmission electron microscopy

TMV tobacco mosaic virus

NMR nuclear magnetic resonance

EFTEM energy-filtering transmission electron microscopy
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Figure 1. Collection of STEM data
(A) Schematic representation of STEM optics. Electrons elastically scattered from the
specimen are detected by an annular dark-field detector system. For thicknesses t < Λ where
Λ is the average mean free path between two subsequent scattering events, multiple
scattering may be neglected and this signal is proportional to the mass of the irradiated
region. (B) ROI selection on fibrils formed in vitro by synthetic Aβ and prepared for mass
measurement (upper panels, square boxes). The calculated MPLs are noted; units kDa/nm.
Data from hundreds of such segments are pooled to generate MPL histograms (shown in
upper row C). The images illustrate the spectrum of different fibril polymorphs including
metastable protofibrils (left), and mature fibrils (right) that form sequentially on incubating
the solutions. These images from unstained samples can be linked by dimensions and
morphology to fibrils imaged by negative stain microscopy (lower panels). (C) STEM MPL
histograms fitted with Gaussian distributions, from independent measurements made on
synthetic calcitonin, amylin and Aβ fibrils. The peak MPLs are indicated (kDa/nm). It is
useful to express MPLs as the number of monomeric subunits per 0.47 nm step (the inter-
strand spacing in a β-sheet, an axial spacing in cross-β structures). The corresponding
numbers are 2.1 for Aβ protofibrils (monomer mass, 4.3 kDa); 2.0 and 2.9 for Aβ mature
fibrils (monomer mass, 4.3 kDa); 2.6, 3.6, 4.9 and 6.1 for amylin fibrils (monomer mass, 3.9
kDa) and 2.7 and 3.7 for calcitonin fibrils (monomer mass, 3.4 kDa). (D) TEM images of
unidirectional metal shadowed samples. Aβ (i) and amylin (ii) both show left handed axial
cross-over spacings of ~25 nm. Twisted ribbons, shown here for A (iii) are also left-handed.
Combined with information from STEM, these TEM data were used to generate a model
illustrating the hierarchical protofilament substructure common to polymorphic amyloid
fibril assembly. Adapted from Ksiezak-Reding et al., 2005;, with permission from Wiley &
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Sons; Bauer et al., 1995; Goldsbury et al., 2000a,b; Goldsbury et al., 2005, all with the
permission of Elsevier. Scale bars, 50 nm.
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Figure 2. Fibril mass-per-length distributions depend on the solution conditions
Shown here for (A) Aβ10-35 and (B) HET-s-(218 –289); MPL of 9 kDa/nm at pH 3.3
indicating 0.5 monomers per 0.47 nm (monomer mass, 8.5 kDa) and the MPLs of 26 and 52
kDa/nm at pH 2.0 indicating 1.4 and 2.9 monomers per 0.47 nm, respectively. Adapted from
Antzutkin et al., 2002 and Sen et al., 2007. Scale bar, 100 nm.
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Figure 3. STEM measurements of tau fibrils isolated from diseased brain or assembled in vitro
Fibrils isolated from (A,B) Alzheimer disease (C) Corticobasal Degeneration and (D) Picks
disease brains. (E-H) Synthetic fibrils assembled from recombinant tau constructs as
indicated. The full-length tau protein construct shown here is htau40-ΔK280, while K18-
ΔK280 and K12 represent shorter C-terminal fragments of tau (von Bergen et al., 2006). (I)
STEM MPL histograms of Alzheimer brain PHFs and recombinant tau fibrils as indicated.
The Gauss peak positions are noted; units kDa/nm. The corresponding number of monomers
per 0.47 nm step are 2.2 for K12 (subunit mass, 13.1 kDa), 2.0 or 2.1 for K18ΔK280 (13.7
kDa) and 1.6 for htau40ΔK280 (45.7 kDa – full-length tau). Note that the full-length tau
Nsub per 0.47 nm value is ~30% less than the values obtained for constructs of repeat
domain fragments. This indicates that full-length tau packs less densely in filaments than the
repeat domains alone. Adapted from von Bergen et al., 2006 (Copyright 2006 American
Chemical Society) and Ksiezak-Reding et al., 2005, with permission from Wiley & Sons.
Scale bars, 100 nm.
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Figure 4. STEM measurements of prion protein fibrils
(A) Ure2p. (B) Sup35p(1-61)-GFP, VK variant (Diaz-Avalos et al., 2005). (C) HET-
s(218-289). (D) HET-s(157-289). Left dark-field STEM images of the unstained samples,
right MPL histograms. The Gauss peak positions are noted; units kDa/nm. The
corresponding numbers of monomeric subunits per 0.47 nm step are ~ 1 for Ure2p
(monomer mass, 41.8 kDa), ~1 for Sup35p(1-61)-GFP (37.2 kDa), 0.5 for HET-s(218-289)
(8.5 kDa), and ~ 0.5 for HET-s(157-289) (15.5 kDa). Note that Ure2p and Sup35p filaments
both have ~1 monomers per 0.47 nm step, whereas the HET-s filaments have only ~ 0.5
monomers per 0.47 nm step, indicating a different packing arrangement. (E) The graph
shows the average MPL of several Ure2p constructs (fusions of prion domain with different
C-terminal moieties) in gray, HET-s(218-289) and HET-s(157-289) in black against the
respective subunit molecular mass of each construct. The linear regressions of Ure2p
constructs has a slope of ~1 monomeric subunit per 0.47 nm whereas the regression for
HET-s constructs has a slope of ~0.5 monomers per 0.47nm. Adapted from Baxa et al.,
2003; Diaz-Avalos et al., 2005; and Sen et al., 2007. Scale bar for A to D, 100 nm.
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Figure 5. Molecular structure models of amyloid fibrils aided by packing constraints derived
from STEM measurements
(A) HET-s prion structure (Wasmer et al., 2008; adapted with permission from AAAS). (B)
Aβ fibril structures (Paravastu et al., 2008). (C) Amylin fibril structure (Kajava et al., 2005).
(D) Amylin fibril structure (Wiltzius et al., 2008; adapted with permission from The Protein
Society). (E) Ure2p (Kajava et al., 2004).
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