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Abstract

Many, perhaps most, proteins, are capable of forming self-propagating, B-sheet (amyloid)
aggregates. Amyloid-like aggregates are found in a wide range of diseases and underlie prion-
based inheritance. Despite intense interest in amyloids, structural details have only recently begun
to be revealed as advances in biophysical approaches, such as hydrogen-deuterium exchange, X-
ray crystallography, solid-state nuclear magnetic resonance (SSNMR), and cryoelectron
microscopy (cryoEM), have enabled high-resolution insights into their molecular organization.
Initial studies found that despite the highly divergent primary structure of different amyloid-
forming proteins, amyloids from different sources share many structural similarities. With higher-
resolution information, however, it has become clear that, on the molecular level, amyloids
comprise a wide diversity of structures. Particularly surprising has been the finding that identical
polypeptides can fold into multiple, distinct amyloid conformations and that this structural
diversity can lead to distinct heritable prion states or strains.
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1. INTRODUCTION

As early as the 1700s, observations of “lardaceous” or “waxy” substances in the spleen,
liver, and kidneys of deceased patients began to arise (1). These deposits were named
amyloid after being incorrectly identified as starchy material. We now know that amyloids
are actually self-propagating p-sheet-rich protein aggregates and that many (and perhaps
most) proteins are able to form structurally similar amyloid-like aggregates (2). Interest in
understanding the structural basis of amyloid formation has been strongly motivated by their
association with a number of diseases, such as Alzheimer’s (AD), Parkinson’s, and prion
diseases. More recently, it has become clear that there is a role of amyloid formation in
normal (nondisease) biology. Here the self-propagating, stable nature of amyloid provides a
mechanism for controlling diverse phenomena ranging from epigenetic traits in fungi, to
pigment deposition and hormone release in humans (3-5).

T
T
=
>
<
—t
=
=
<
)
=
c
@
Q
=

Structural studies on amyloid started in the 1930s with a fortuitous observation by Astbury
& Dickinson (6). When the structure of stretched unfolded protein aggregates was
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investigated by X-ray diffraction, a common pattern was observed with two major equatorial
bands at around 4.7 and 10 A. This was interpreted to be the result of backbone and side
chain spacing in the aggregates, respectively, essentially describing elongated peptide chains
running parallel to each other along the axis of the stretched aggregate. However, for
poached egg-white films, the backbone 4.7-A reflection was now on the meridian, whereas
the 10-A side chain reflection remained equatorial. This became known as the “cross-p”
pattern and soon came to represent a diagnostic hallmark of amyloid structure, interpreted as
short peptide chains that were parallel to each other but aligned perpendicular to the
direction of the stretched aggregate.

Since the initial observation of the ubiquitous cross-f diffraction pattern in amyloid
structure, many more structural traits have been characterized as components of the common
amyloid fold. Amyloids are typically long, unbranched fibrous structures formed through the
templated homotypic polymerization of hundreds to thousands of monomeric peptides. The
fibers are typically 5-15 nm in width and several micrometers in length, and these fibers
have similar tinctorial properties, binding the dye congo red and displaying fluorescence
bifringence when bound to the dye thioflavin T. Amyloid fibers are also often composed of
multiple thin fibers, or protofilaments, that are entwined around each other, giving a twisted
ultrastructural appearance with regular periodicity. The protofiliment’s structure involves
multiple B-sheets that run parallel to the fiber axis, with individual B-strands perpendicular to
the fiber axis. These sheet structures may be arranged in an antiparallel or parallel fashion,
although the parallel orientation is most common (Figure 14)
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The recent advances in our understanding of the diversity of amyloid structures have been
made possible by the development of complementary structural techniques. Owing to the
technique dependency of this field, the section two of this review provides an overview of
the common structural techniques used to study amyloid structure. The precise details of
how monomers, B-strands, and B-sheets coalesce into fibers, however, can differ greatly
between amyloid systems. Thus, the third section provides a more detailed perspective of
some of the best-characterized amyloid structures. Finally, as our understanding of amyloid
structure has come into focus, it has become more and more evident that amyloid structures
can in fact differ within a single amyloid system. This has been particularly significant in the
prion field, where the existence of different strains of prion disease has proven to be a
formidable hurdle in the acceptance of a causative “protein-only” infectious agent.
Structural diversity has provided a plausible and convincing explanation for this
phenomenon and is discussed in depth in section four.
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2. TECHNIQUES TO STUDY AMYLOID STRUCTURE

2.1. Introduction

Amyloids are typically large (megadalton) elongated structures with varying lengths and
often varying ultrastructural appearances. These properties make solution nuclear magnetic
resonance (NMR) and X-ray crystallography difficult. In this section, we describe some of
the most commonly used techniques employed in amyloid structure characterization, with an
emphasis on the higher-resolution methodologies, focusing on the specific contribution of
each technique as well as its limitations.

2.2. Fiber Diffraction

Fiber X-ray diffraction was one of the first structural techniques that provided a substantial
clue to the overall fold of amyloid fibers (7). In this method, fibrous samples are bombarded
with X-ray radiation, and diffraction patterns result from interference patterns from any
regularly spaced structural features present in the fibers. As alluded to above, this technique
established the cross-f diffraction pattern interpreted as B-sheets parallel to the fiber axis,
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with B-strands perpendicular (Figure 14) (6, 7). It has also aided in testing the validity of
particular model structures. Here, a theoretical X-ray fiber diffraction pattern is calculated
on the basis of a particular model and then is compared to an actual diffraction pattern (8, 9).
Despite limitations that make de novo structure determination difficult, fiber X-ray
diffraction has played a crucial role in demonstrating the common cross- nature of the
amyloid fold (10) and distinguishing between different structural models.

2.3. Electron and Atomic Force Microscopy

Electron microscopy (EM) and atomic force microscopy (AFM) are the two most widely
used microscopy techniques employed in the study of amyloids. Both EM and AFM provide
a nanometer-resolution perspective of the ultrastructural characteristics of amyloids. This
includes amyloid fiber length and width, morphology such as curvature and persistence
length, surface characteristics such as periodic twists, and higher-order assembly. EM and
AFM helped establish many of the common ultrastructural characteristics of amyloid fibers,
such as the long, relatively straight and unbranched nature of the fibers; the typical fiber
width of 5-15 nm; the periodic twist often observed; and the conclusion that many amyloid
fibers are made up of the bundling of thinner protofibrils (11-13). To better understand the
higher-order assembly of amyloid fibers, scanning transmission electron microscopy
(STEM) and tilted-beam transmission electron microscopy, both forms of EM, have
provided data that describe the amount of mass-per-unit length (MPL) of amyloids (14, 15).
These data are particularly valuable in determining how many monomers make up a single
layer of the fiber structure. AFM has also been used to determine the relative fiber rigidity
by monitoring its propensity to bend (16). EM and AFM both have the advantage of being
single-fiber approaches, which are useful in visualizing structural heterogeneity within a
single-fiber preparation.
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2.4. Fourier Transform Infrared Spectroscopy and Circular Dichroism

Fourier transform infrared (FTIR) spectroscopy and circular dichroism (CD) are absorptive
spectroscopic techniques that measure nonsymmetrical or chiral molecular systems in bulk,
FTIR spectroscopy measuring molecular bond vibrational frequencies and CD the
differential absorption of left versus right circular polarized light. Both of these properties
are highly sensitive to secondary structure, and therefore, deconvoluted FTIR (17) and CD
(18) spectra can provide accurate estimations of the contribution of B-sheets, a-helices, and
loops to the overall structure. FTIR spectroscopy and CD have thus provided evidence for
the transition to a largely B-sheet structure and have been useful in establishing that there are
differences in B-sheet content in different fiber preparations of the same protein (19-22).
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2.5. Mutagenesis and Introduction of Conjugated Probes

Introduction of single mutations within a sequence opens up a new level of resolution for
studying amyloid structure. By scanning a sequence with individual point mutations, one
can distinguish regions of the sequence that are important for amyloid structure from those
that are not. As amyloids consist mostly of B-sheet structure, the B-sheet breaker, proline, is
a natural choice of amino acid. Many such studies have utilized proline scanning to
successfully identify regions of structure, and data from these approaches have been highly
complementary to other techniques, discussed below, that map out the locations of p-sheets
(23-28).
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An alternative approach involving mutagenesis introduces a single cysteine residue to
provide a unique, chemically active site to couple to a specific structural probe. This
cysteine is often labeled with a paramagnetic spin label for use in electron paramagnetic
resonance (EPR) (29-36) or a fluorescence probe, such as pyrene, for fluorescence
spectroscopy (37, 38). The labeled proteins can then be assembled into the amyloid form,
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and the probe can report on the structural environment at that precise residue. When
performed with an array of singlely labeled proteins, one can get structural information
across the entire peptide. With this approach, two major types of structural information can
be obtained. First, EPR or fluorescence spectra can indicate the presence or absence of
structure at that residue. Second, both EPR and pyrene labeling can be used to measure
intra- and intermolecular distances between probes.

Mutagenesis and conjugated probes have two significant drawbacks. First, resolution is
limited by the number of residues examined. Thus, to get extensive coverage of a peptide,
numerous individual mutations must be made, and data are acquired one by one. More
fundamentally, introducing a mutation and a conjugated probe runs a substantial risk of
altering or perturbing the very same structure that is trying to be elucidated.

2.6. Hydrogen-Deuterium Exchange
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Hydrogen-deuterium (H/D) exchange is based on the principle that a protein possesses many
hydrogens that freely exchange with solvent (usually H,O) hydrogens. These exchangeable
hydrogens include the amide NH hydrogen that is present in the peptide backbone at every
amino acid excluding proline. These backbone amide hydrogens readily exchange with the
solvent (39), but this exchange is strongly inhibited when an amide hydrogen is engaged in a
hydrogen bond, such as that seen in B-sheets or a-helices. This feature makes H/D exchange
particularly well suited for defining regions of a polypeptide that are part of the p-sheet
amyloid structure.

One can monitor H/D exchange by placing a protein or amyloid of interest into a D,0O-based
buffer and following the exchange of protons with deuterons. The rate of exchange is
typically monitored through mass spectrometry (HXMS), taking advantage of the fact that
deuterons are heavier than protons, or through NMR (HXNMR), taking advantage of the
fact that, unlike protons, deuterons do not give an NMR signal. Although HXMS is often
simpler and faster, its resolution is limited by the ability to digest a protein into small
peptides. In contrast HXNMR potentially gives residue-specific information for each peak
assigned in the spectrum. Amyloids, however, are far too large (megadaltons) to be visible
by conventional NMR (<70 kDa is optimal). To circumvent this problem, Goto and
coworkers developed a novel solvent dissolution strategy using largely anhydrous dimethyl
sulfoxide, which prevents further exchange while dissolving the fibers into more NMR-
amenable monomers (40, 41)
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With spectrum assignments, HXNMR can provide residue-level resolution of the presence
of secondary structure in wild-type (WT) and unperturbed protein. It has also illuminated the
extreme stability of the amyloid fold (25, 26, 40, 42). This technique has been successful in
a number of systems, such as the yeast prion proteins Het-s and Sup35, AB, B,-
microglobulin, and SH3 domain fibers (25, 26, 40, 42, 43). A significant limitation of
HXNMR is the requirement to obtain an assigned and well-dispersed heteronuclear single
quantum coherence spectrum, which is often challenging because of the low-sequence
complexity (e.g., presence of Asn/GlIn-rich repeats) of many amyloid-forming proteins. A
more fundamental limitation, however, is the lack of distance restraints as HXNMR only
reports on the presence or absence of structure. Thus, HXNMR alone typically cannot
provide atomic-resolution molecular models of amyloid structure.

2.7. Cryoelectron Microscopy
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Like H/D exchange, cryoEM is a technique that positions itself as a capable alternative to
conventional X-ray crystallography and solution NMR in amyloid structure determination.
Unlike X-ray crystallography, proteins of interest need not be in a crystalline form for
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cryoEM,; rather, structural data can be acquired on single particles. Furthermore, amyloid
preparations do not need to be labeled with stable isotopes, as is the case with NMR, nor do
they even need to be highly pure preparations. This is particularly advantageous owing to
the inherent heterogeneous nature of the amyloid conformation. Technological and data
processing advancements have continuously pushed the resolution of cryoEM making it
possible to get high-resolution structural models of amyloid fibers by taking advantage of
their helical symmetry through helical reconstruction (44-46).

CryoEM structures of various amyloid conformations have provided a number of different
models with common characteristics. They all display a helical twist and have electron
densities that are consistent with an extensive p-sheet structure, where individual p-strands
run perpendicular to the fiber axis (47-52). In some cases, existing models of the -sheet
structure, determined through other methods, can fit within the cryoEM electron densities,
providing consistency across different methodologies (51). Although the structures thus far
have provided detailed images, the resolution is close but not quite at the point where the
polypeptide can be unambiguously positioned within the electron density. Futhermore, the
low contrast of cryoEM images can limit structure elucidation.
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2.8. Solid-State Nuclear Magnetic Resonance

Although advances in instrumentation and pulse sequences, such as TROSY, have increased
the size limit of what proteins can and cannot be studied by solution NMR (53), amyloid
fibers typically still far exceed this threshold. There has been limited success in using
solution NMR on amyloids as the only visible peaks in the spectrum correspond to only the
most highly mobile, and thus unstructured, regions of the protein (26, 54). Solid-state NMR
(SSNMR) provides a viable solution for the study of amyloids as it is tailored for the
analysis of noncrystalline solid or solid-like materials, including amyloid fibers. SSNMR
studies have resulted in a wealth of new structural data through the use of magic angle
spinning, where the SSNMR sample is rotated at high frequency at a particular angle,
averaging out chemical shift anisotropy and dipole-dipole couplings, resulting in an increase
in sensitivity and resolution (55). This enables a range of high-resolution analyses, including
approaches that report on the polypeptide mobility and interresidue distances. Of particular
value are approaches that monitor dipolar couplings as couplings between two nuclei are
dependant on the distance that separates them. These dipolar couplings are typically
averaged out with magic angle spinning; however, they can be recoupled using specific
pulse sequences. The ability to recouple these dipoles is dependent on the dipole coupling
strength and thus can be used to measure the distance between nuclei within 6 A (56). This
technique has successfully distinguished antiparallel from “in-register” parallel 3-sheet
structures because distances between identical nuclei in these two models differ substantially
(Figure 14) (57-70). Dilution experiments can also help distinguish between intra- and
intermolecular distances, providing quaternary structure information (Figure 156).
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Even in the absence of complete structural analysis, SSNMR can provide key information
on the secondary structure of specific residues in an amyloid as carbon nuclei, particularly
the Cq, Cg, and Co, have characteristic chemical shifts based upon the secondary structure
and torsion angles in which a particular nucleus is engaged (55). Thus, chemical shifts at
each residue of the peptide can map out the location of -strands and unstructured or loop
regions. The information gleaned from this technique is thus similar to that acquired from
HXNMR, and as such, the two techniques have been successful at confirming each other’s
results (25). Additional recent techniques similarly identify the presence or absence of
structure using pulse sequences that selectively eliminate mobile or immobile residues (62,
63)
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Because SSNMR is an NMR technique, like HXNMR, it requires the protein of interest to
be labeled with an appropriate NMR-visible nucleus, typically 1°N or 13C. This can be both
a blessing and a challenge. As many amyloids are made up of short peptides, the individual
peptides can be synthesized chemically with 15N or 13C residues inserted into specific parts
of the sequence, allowing the uncluttered study of only those labeled nuclei. This has been
most helpful in SSNMR experiments that measure very specific qualities, such as the
distances between two nuclei of interest. Consequently, however, this requires some prior
knowledge about where to place labels that will yield positive and productive information.
Other amyloids are composed of larger proteins that cannot be chemically synthesized, and
the entire protein needs to be labeled, or at least one amino acid type (25, 57, 60-62, 64, 71).
The large increase in the number of labels can result in multiple peaks that cannot be
resolved nor assigned to particular residues, making these uniformly labeled experiments
sometimes less helpful, although there are examples where uniformly labeled samples have
not been a problem (25, 57). A possible solution to this difficulty has emerged from
chemical ligation, where a chemically synthesized peptide is ligated to a biosynthetically
produced fragment of any size, allowing specific incorporation of single or multiple labels
into the synthesized peptide (72). Although laborious, protein ligation allows detailed
structural SSNMR analyses of longer proteins.
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2.9. X-Ray Crystallography

Although the large and heterogeneous nature of amyloid fibers would seem to be
incompatible with X-ray crystallography, Eisenberg’s group (73) has enjoyed some
remarkable success with this technique. Eisenberg and colleagues have been able to acquire
adequate diffraction data from microcrystals of short peptides (6—7 residues) that formed
amyloid-like structures (73). The resulting structures bore strong resemblance to many
existing models of amyloid fibers, suggesting they may in fact represent the structure of the
amyloid fold. Since this initial study, multiple amyloidogenic peptides have been
successfully crystallized and their structures solved (74-76).

X-ray crystallography of these short peptides has provided the most detailed and high-
resolution view of amyloid fiber structure. A major limitation of this technique is similar to
conventional X-ray crystallography in that not all peptides form crystals. More significantly,
however, is that current structures are only of 4-7 residue peptides that are far smaller than
their parental full-length proteins. Thus, the wealth of information needs to be validated by
other methods that can analyze these sequences in the context of the full-length protein.
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3. AMYLOID STRUCTURES

3.1. Introduction

Using these structural approaches in concert, a highly detailed perspective of several
amyloid structures has begun to emerge. Although these structures share common core
characteristics as described in Section 2, there are significant differences in the details of
each fold. In Section 3, we introduce different classes of amyloid structure. We then
describe three representative structures that are some of the best-characterized amyloid
systems to date. The first is the fungal prion [Het-s] from Podospora anserine, next the AD—
associated aggregate composed of the peptide AB, and finally the X-ray crystallography
structure of short amyloidogenic peptides from a variety of amyloid systems. These
structures represent our most detailed view of the spectrum of amyloid folds and provide a
template that other amyloid structures are likely to resemble.
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3.2. Elements of the Amyloid Fold

The primary structural characteristic of amyloid fibers is a predominantly -sheet structure.
These B-sheets, however, can come in two major forms: parallel and antiparallel (Figure 13).
The parallel B-sheet has another important designation, which is based on whether it is in-
register or out of register. In-register refers to the instance where, within a 3-sheet, each p-
strand is composed of identical residues on different molecules that are aligned in register
with respect to each other such that each residue is adjacent to the identical residue on each
neighboring molecule (Figure 14). The majority of amyloids studied to date appear to have
an in-register parallel p-sheet structure; however, there are some that are parallel but pseudo-
in-register (25, 57), and others that are antiparallel (70, 77, 78).

B-sheets can coalesce into a tertiary fold in a number of ways that are found in amyloid
structures. The first is termed a -sandwich, where two [-sheets come face-to-face often
separated by a loop hinge region. If this pattern is continued, it can form a superpleated f-
sheet structure, where several B-sheets form stacks aligned in the same direction. An
alternative cross B-sheet structure found in amyloid is the “B-solinoid,” where the same
polypeptide chain forms a single 4.7-A layer, or rung, of the fiber and then loops back
around and forms a second 4.7-A layer on top of the first. Because a single polypeptide
makes up two or more rungs of the structure, it cannot be in register as the neighboring -
strands come from a different part of the same or neighboring protein. However, they can be
pseudo in register if the neighboring B-strands share high sequence similarity. The B-solinoid
can come in two major flavors (Figure 1¢). The first is the classic B-helix, where three -
strands often form a triangular layer and loop back to form an additional layer. The other is
the B-roll, where a single layer is composed of two B-strands and resembles the p-sandwich
but loops back to form a second identical layer. The first described structure, the [Het-s]
prion, represents an example of a B-solinoid structure, whereas AR can be thought of as a
type of B-sandwich.
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3.3. Het-s Structure

[Het-s] is a prion found in the filamentous fungus Podospora anserina, participating in a
functional role in heterokaryon incompatibility (79). The genes responsible for this
heterokaryon incompatibility are referred to as het genes, and in Podospora, come in two
forms, Het-s and Het-S. Only the 289 residue protein Het-s can exist in both a nonprion
([Het-s™]), and prion ([Het-s]) state, and only the prion-positive [Het-s] state confers the
heterokaryon incompatibility function (79). [Het-s] is a true prion with a gain-of-function
physiologically productive role (80). Despite the fact that this prion is not toxic and even
“native” to the host organism, its structure displays all the hallmarks of its toxic and
nonnative amyloid cousins.
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Initial structural studies on Het-s fibers began with the demonstration that recombinant Het-s
proteins would spontaneously form amyloid-like fibers in vitro 81) and that these fibers
were indeed the physiologically relevant prion form because their introduction into [Het-s"]
cells caused conversion to the [Het-s] state (80). FTIR spectroscopy and CD showed that
Het-s fibers were enriched in B-sheet content (81), and protease treatment of the fibers
produced a small protease-resistant ~7-kDa fragment that mapped to a C-terminal domain
between residues 218-289 (82). Subsequent experiments showed that the N-terminal region
of Het-s had a globular fold, and the 218-289 domain was natively unstructured in the
nonfibrillar form and was necessary for the prion activity, implicating this region as a
putative prion aggregation domain.
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Further work concentrated on the Het-s 218-289 domain, showing through HXMS that this
domain became substantially protected, and thus structured, in the fiber form (83, 84).
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Although the resolution of the HXMS was high, precise mapping of secondary structure did
not come until a study that employed HXNMR (25). This study identified four B-strands
within the 218-289 domain: residues 226-234 (B1), 237-245 (B2), 262-270 (3), and 273-
282 (4). SSNMR on these Het-s fibers produced beautiful spectra with well-dispersed
peaks; most of these peaks could be unambiguously assigned to specific nuclei on Het-s
218-289. On the basis of chemical shifts, the SSNMR largely confirmed the existence and
location of the four p-strands identified by HXNMR, which were again confirmed through
proline mutagenesis. With the identification of the four -strands along with the observed
sequence similarity between the strands B1/B3 and B2/p4, a model was postulated that
positioned the four strands in a B-roll structure, where a 1-loop-B2 motif formed a single
layer and a B3-loop-p4 motif formed a second layer directly on top and in-line with the first
layer. This structure predicted a MPL value of one Het-s unit per 0.94 nm, which was
precisely what was observed in a later STEM study (85). Though a putative model for Het-s
fibers had been made, it was formulated without the insight of any distance restraints. A
follow-up SSNMR study provided these needed measurements, resulting in significant, but
not radical, modifications to the B-roll model (57). This study used a combination of labeling
techniques and dilution experiments to establish 134 total distance restraints, 23 hydrogen
bond restraints, and 74 dihedral angle restraints. With these data and previous observations
in hand, an atomic model was formulated (Figure 2¢). This model revealed a similar overall
structure to the original model; however, each previously proposed p-strand actually
represented two B-strands (now called a and b). Six of these strands contributed to a 3-
solenoid structure (Bla,b,f2a and 3a,b, f4a) and two lay outside the solenoid (32b and p4b)
(Figure 24). The inside of the solenoid formed a dry, hydrophobic core, with most charged
and polar side chains pointing outward. There were also several salt bridges (Figure 25),
both intra- and intermolecular, and two asparagine “ladders,” where vertically stacked
asparagine side chains form a ladder of hydrogen bonds, all providing substantial stability to
the structure. The salt bridges, in particular, were suggested through molecular dynamics
simulations to be dynamic and provide considerable thermostability to the structure (86).
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3.4. AB Structure

Two types of aggregates are typically found in the brains of AD patients. Intracellular
neurofibrillary tangles are aggregates composed of the hyperphosphorylated protein tau,
whereas extracellular plaques are made up of aggregates of the AP peptide (87, 88). AB isa
39-42-residue peptide that is derived from the membrane protein amyloid- precursor
protein following proteolytic cleavage by B- and y-secretases (89). Mutations in and around
the AP sequence have been found to be associated with early-onset AD, as are mutations that
result in an elevated extracellular Ap concentration, although AB production seems to be a
normal occurrence in healthy individuals (90). Of the multiple forms, Ap1_42 (where
subscripts denote the residues the peptide spans) has been found to be the most toxic and
aggregation prone (91, 92). Like other amyloids, AB aggregates through a templated
polymerization model both in vitro and in vivo. Despite an incomplete understanding of the
role of the amyloid form of AB in AD, the structures of these aggregates are nonetheless of
great interest and have motivated the use of the full arsenal of structural techniques
employed in the study of amyloid structure.
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Even before the protein responsible for the extracellular amyloid plaques in AD patients was
identified, X-ray fiber diffraction had revealed the common cross-f diffraction pattern from
extracellular plaques isolated from AD patients (93). Once the peptides from these inclusion
bodies were identified, aggregates formed in vitro from these sequences were also found to
produce the cross-B diffraction pattern (94, 95). Structural studies continued on the most
abundant variants, AB1-39, AB1-40, and the more aggregation-prone ABq_42, which differed
simply by the addition of amino acids on the C terminus (87, 91, 92, 96-98). FTIR
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spectroscopy and CD showed that these truncated AP peptide aggregates were composed of
primarily B-sheet structure, with FTIR spectroscopy suggesting that these -sheets are in an
antiparallel arrangement (70).

SSNMR has played a critical role in the high-resolution structural determination of Ap
fibers. Initial studies on the AB34 4o peptide amyloid suggested the peptide was in an
extended [-sheet conformation consisting of a single straight strand per molecule, positioned
in an antiparallel arrangement similar to that suggested by FTIR spectroscopy (70). An
alternative study, however, found AB1q_ss had very short distances between single 13C
nuclei, an observation only possible if the peptides were in an in-register parallel sheet
arrangement (67). Similar studies were performed on other truncations, with AB1g_22,
AB11-05, and APq4_»3 all displaying an antiparallel B-sheet structure (77, 99, 100). When
SSNMR was finally performed on full-length AB1_40 and ABy_4o fibers, these structures
were found to be in an in-register parallel 3-sheet pattern (67, 101). What could account for
these discrepancies? A follow-up study observed that the C terminus of the longer peptides
(10-35, 1-40, and 1-42) is hydrophobic and amphiphilic and that the juxtaposition of this
region with a nonhydrophobic N terminus, as would occur in an antiparallel p-sheet, would
be disfavored (99). When the authors then acylated AB15_» to make it more amphiphilic,
they found that this peptide then adopted an in-register parallel -sheet structure. Thus, the
antiparallel B-sheet may have been an artifact resulting from the truncation of hydrophobic
and amphiphilic regions on AB.
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Although full-length AR peptides seemed to adopt an in-register parallel B-sheet structure,
the location, organization, and packing of this structure was not known. HXMS showed that
approximately 50% of the peptide quickly exchanged with the solvent, providing a rough
estimate of the structure content (102). Analysis of SSNMR spectra revealed that the N-
terminal residues had broader line widths, suggestive of disordered or nonexistent structure
in this region (103). HXMS, HXNMR, proline-scanning mutagenesis, and EPR
spectroscopy similarly all pointed toward the disordered N terminus and two, or three, C-
terminal B-strands (27, 35, 104, 105). Further refinement of the location of these strands,
however, was still needed.
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Numerous SSNMR and HXNMR studies on full-length AR peptides provided the resolution
and refinement necessary to provide much of the missing details (42, 69, 106-108).
Chemical shift values of the labeled residues with predicted torsion angles identified two
regions that corresponded to B-strands, 12—-24 and 30-40, with a loop region in between
(69). Meanwhile, HXNMR studies on ABq_4o provided slightly shifted regions of B-strands,
spanning roughly from 18-26 and 31-42 (42). Both of these structures contained two f-
strand segments separated by a loop region. The width of AR fibers as determined by EM,
however, is far too narrow to allow both B-strand segments to extend along the same line;
thus, the B-strands must fold back on each other.

Determining how these -strands folded back was achieved through two independent
methods. First, SSNMR on AB1_40 was used to determine torsion angles at the predicted
loop regions (69). Inter- and intramolecular distance restraints were also made, including the
identification of a salt bridge between D23 and K28 (109). This positions the peptide in a -
turn-f structure with the polypeptide chain forming a 180° loop back on itself. Also in this
model, odd residues in p-strand 1 (f1) form an intramolecular interface with the even
residues in B-strand 2 ($2). An alternative approach introduced the point mutations K28D,
D23K, F19G, and G38F into the AB1_42 sequence (42). When assayed for fiber-forming
ability, none of the mutants formed fibers with identical appearance to WT fibers. It was
found, however, that the double mutants K28D/D23K and F19G/G38F, and the quadruple
mutant F19A/A21F/VV36G/G38F, all restored the ability to form WT-like fibers. This
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suggested B-strand/p-strand contacts between K28/D23, F19/G38, and A21/V36. When
these mutants were tested for their ability to coaggregate with WT AP, however, none did.
Only when pairs of single-point mutants were mixed in equal ratios with WT (e.g., K28D,
D23K, WT) was coaggregation observed. These data suggested a B-sandwich similar to that
observed by SSNMR with the odd residues in 1 forming an interface with the even residues
on B2, but also indicated domain swapping between peptides, where the 2 on one peptide
interfaces with 1 on the next peptide (Figure 2d-#). This is in contrast to the SSNMR
structure that advocated a B-sandwich formed by a single peptide lying in the same plane as
one layer of the fiber structure (109). Regardless, for both AB1_40 and AB1_4, the basic fold
of an AP monomer appears to be a B-strand followed by a hairpin loop and then another 3-
strand that folds back on itself.

How each of these individual AB units come together to form the full amyloid fiber would
still require further refinement. As described above, the fiber is arranged in an in-register -
sheet structure. Thus, each A monomer stacks on top of each other exactly in line. MPL
data suggested two or three AP units per 4.7-A layer, requiring some sort of horizontal
packing of A monomers (15, 67, 110). SSNMR data again provided distance restraints,
resulting in a model where the odd residue sides of 2 strands from two AB monomers form
an intermolecular interface, lying in the same plane (109). Determining the higher-order
assembly of an Ap monomer into the fiber structure has also benefited greatly from cryoEM.
A number of studies have produced multiple structures that were constructed from images of
a homogeneous population of fibers and even from single fibers (49-51, 111). Though the
resolution of these studies is not yet high enough to unambiguously fit the AB peptide into
the model densities, they do provide enough information to suggest how each AR monomer
might interface with one other. Some resulting models of AB;_49 closely resemble those
suggested by the above SSNMR studies (49). Another cryoEM model of AB1_42, however,
had yet another alternative arrangement of A monomers, suggesting pairs of -sheets
separated by a significant distance (51). This structure differs significantly from other
models in that the distance between the pairs of sheets results in a hollow core, which is
something predicted and seen in other amyloids, and observed for Ap in the form of an
“electron-luscent” core (47, 112-114). The proposed models of a -sandwich formed by a
single AB monomer does, however, fit into the densities of this model.
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Through the use of the full spectrum of techniques available for exploring amyloid structure,
our understanding of AP fiber structure has become one of the most comprehensive of all
amyloids. Nonetheless, there remain important issues to resolve. The precise locations of 3-
strands and loops, although in general agreement, are perhaps not fully settled. Furthermore,
how these B-strands and loops position themselves internally and in conjunction with other
AP units also has not been unequivocally established. Despite these open questions, the
current view of AP structure, in-register parallel p-strands following a serpentine pattern,
embodies many aspects of a canonical structure that many other amyloids are likely to
resemble.

3.5. Peptide Structures by X-Ray Crystallography

As briefly described above, X-ray crystallography has experienced limited success in the
study of amyloid structure involving long polypeptides. In contrast, crystallographic studies
of amyloid-forming peptides have provided a wealth of structural information and insight
(73-76). X-ray crystallography on amyloids began in earnest with an observation that six-
and seven-residue peptides from the yeast prion protein Sup35 spontaneously formed
microcrystals in solution (115). These crystals had some properties of amyloid fibers, such
as the cross-f diffraction pattern, and it was known that the peptide on its own could
polymerize off of full-length Sup35 fibers. These crystals, however, were far too small for
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data acquisition on conventional X-ray sources and required a microfocus beam line for data
acquisition.

The resulting atomic structures of these two short peptides confirmed a number of
observations and predictions observed in other amyloid systems (Figure 3) (73). The main
unit of the structure was two f-sheets that ran along the axis of the fiber, separated by a
distance of 8.5 A (Figure 34). Individual B-strands within each sheet were aligned
perpendicular to the fiber axis and spaced 4.87 A apart, precisely what the cross-p
diffraction pattern suggested (Figure 36). Similar to the SSNMR and HXNMR models for
AR, the two sheets came together along the long edge of the sheet; however, the two sheets
were independent of each other rather than being hinged by loop regions as seen in Ap.

Beyond these observations, a number of characteristics not before seen were discovered in
the peptide structure. First, the interface between the two B-sheets was very tight, completely
excluding any water molecules and was thus referred to as a dry interface. Second, the -
strands in one sheet were slightly offset from the opposing B-sheet such that the side chains
from one sheet nestled in between opposing side chains from the opposite B-sheet (Figure
3b). This side chain packing pattern was largely devoid of any hydrogen bonds, relying
more on van der Waals interactions with the exception of stacks of Asn and GIn where
hydrogen bonds were formed to equivalent side chains above and below on neighboring
peptides (Figure 35). The tight interface in which these side chains carefully interdigitated
with each other was termed a steric zipper and has similarities to a polar zipper, previously
postulated by Perutz (116).
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X-ray crystallography structures of various amyloidogenic peptides have clearly contributed
a level of resolution that no other technique has been able to achieve. This advancement in
resolution provides new insights into possible fiber structure, including the dry interface and
steric zipper. What remains to be seen is if the use of this technique can be extended to
peptides longer than seven residues. Most amyloidogenic proteins are in excess of 40
residues. How well the short peptide structures translate into the context of the full-length
protein remains to be seen.
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4. STRUCTURAL HETEROGENEITY

4.1. Introduction

One of the earliest lessons learned from the structural characterization of amyloids is that
there exists a great diversity in the conformations the aggregates can adopt (12). This was
particularly crucial in the mammalian prion field, where the existence of different prion
disease strains provided a formidable challenge to the protein-only prion hypothesis (117,
118). How could a protein-only infectious agent cause different disease phenotypes in
genetically identical animals? Within the context of the protein-only hypothesis, the only
explanation for this strain phenomenon was that there existed multiple infectious
conformations of the prion protein, each corresponding to a specific disease manifestation
(119, 120). As radical as this hypothesis seemed at the time, there is now compelling
evidence that this is in fact the case (32, 121-123). The yeast prion system [PS/*], which
results from self-propagating aggregates of Sup35, has been particularly valuable for
studying the connection between amyloid conformation and heritable differences in prion
strain phenotypes (26, 32, 124). For [PSI*], it has been possible to create distinct prion
conformations of Sup35 in vitro and to show that infection with these different
conformations leads to different prion strains. These studies demonstrated that strains are
“enciphered” in self-propagating differences in the conformation of the infectious amyloid
of Sup35. Additionally, this ability to create distinct infectious conformations has made it
possible to study the structural differences underlying the different strain conformations and
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reveal the mechanism by which structural and physical properties of the different aggregates
relate to their corresponding in vivo phenotypes (26, 124).

Conformational diversity is not limited to prion aggregates and has appeared as recurring
theme in a number of amyloid systems. In fact, in the first characterization of amyloid
structure, ultrastructural differences between different fibers of a single preparation were
observed (12). Despite the difficulty of studying these nonprion amyloids, the gamut of
possible conformations these amyloidogenic peptides can form is now coming into focus. As
we begin to characterize this spectrum of structures, it will be interesting to see, as in the
prion amyloids, what physiological consequences structural diversity imparts in various
disease contexts. The next sections detail a subset of some of the better-characterized
examples of structural heterogeneity in mammalian prions, yeast prions, and nonprion
amyloids.

4.2. Conformational Diversity in Mammalian Prions

1dudsnueiy Joyiny [INHH

Conformational heterogeneity has perhaps been most significant in the field of prions. A
prion, as described by Stanley Prusiner in 1982, is “a small proteinaceous infectious particle
which is resistant to inactivation by most procedures that modify nucleic acids” (125).
Initially allowing the presence of a small amount of nucleic acid, the prion hypothesis
evolved to more narrowly describe the infectious agent as composed solely of protein (the
prion protein, Prp) and as completely devoid of nucleic acid (126). As a genome-less
pathogen was a lengthy divergence from known infectious agents at the time, such as
bacteria and viruses, the prion protein-only hypothesis experienced a tumultuous journey to
widespread acceptance.

Perhaps one of the more challenging arguments against the protein-only hypothesis was the
existence of strains in prion diseases. Strains were first observed as different isolates of the
infectious agent that gave rise to different disease phenotypes in the form of incubation
times and histopathology when introduced into genetically identical animals (117). Different
disease strains are easily explained by differences in the infectious agent’s genome.
However, in the absence of any nucleic acid genome, as was proposed to be the case with
prions, how could different strains possibly arise? This was a large part of an argument
against the protein-only hypothesis when in 1987 Bruce & Dickinson wrote regarding the
scrapie prion in sheep, “The considerable strain diversity in scrapie, together with the
evidence for mutational change presented here and elsewhere, offer compelling arguments
that scrapie has its own independently replicating genome” (118, p. 88). Experiments with
two different strains of prion-based transmissible mink encephalopathy, however, offered a
possible explanation for this phenomenon. Bessen & Marsh (119, 120) found that the
infectious agent that caused the drowsy and hyper strains in transmissible mink
encephalopathy had different sensitivities to proteases despite being made up of the same
prion protein. This suggested that prion strains were the result of conformational
heterogeneity; a model that bypassed the need for a nucleic acid genome.
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Despite this study and increasing evidence from others, there remained resistance to not only
the protein-only prion hypothesis, but also to the possibility that prion strains result from
distinct infectious conformations of the prion protein. How could a protein fold into multiple
stable conformations? How is the information encoding these distinct conformations
accurately propagated to new hosts? The answers to these questions and consensus on the
protein-only hypothesis could not be satisfied without a better understanding of the
structures of these infectious particles, as pointed out by Robertson et al. when they wrote
that “Final judgment about the nature of the scrapie agent will not be possible until the
structures of the prion protein and any associated nucleic acid can be related to scrapie strain
specificity” (127, p. 727). Thus, structural insights into prion particles were not only a
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matter of curiosity; rather, they held the possible solution to the prion strain enigma as well
as bore some of the burden of proof for the protein-only hypothesis.

Since the protein-only hypothesis was first introduced in 1982, much progress has been
made in the structural characterization of these proteinaceous infectious particles. As
described above, prions adopt elongated, fibrous structures that result from the templated
polymerization of the prion protein. The ultrastructural characteristics and templating
mechanism of prion aggregation closely mirror that of other amyloids and as such have
followed a similar trajectory of structure elucidation (128). Although the first indications
that prion strains relied on an aggregate conformation were found over 15 years ago, high-
resolution insight into different conformations of prion aggregates and a detailed molecular
understanding of the consequences of these structural deviations on prion strain phenotypes,
for mammalian prions, remain a critical goal in the field.

One of the primary difficulties with studying mammalian prion strain structures is isolating
appropriate particles that represent the true infectious material. A given prion strain
aggregate may not represent a single infectious conformation; rather, it may be composed of
a spectrum of structures, not all of which may act as a true templating and toxic aggregate.
Despite the difficulty in producing biochemical amounts of structurally homoegenous
physiologically accurate infectious mammalian prions (129), remarkable progress has been
made into providing a structural link between prion conformation and disease strains. An
early step toward this goal was demonstrated using human prions when two different prion
strains were successfully propagated in genetically identical mice, mirroring the initial
results seen earlier by Bessen & Marsh (123). More recent studies have utilized “synthetic
prions” wherein the prion particles originate from an in vitro source (130) and a method
called protein misfolding cyclic amplification, which uses infectious material to convert
noninfecious brain homogenates (131, 132). These infectious preparations have proven to be
competent for structural studies and have provided strong evidence for the conformation/
disease-strain relationship (122, 130, 133-135). As these new amplification techniques will
enable more comprehensive structural analyses, it will be exciting to see what
conformational diversity lies in mammalian prions.
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1dudsnuey Joyiny [INHH

4.3. Conformational Diversity in Yeast Prions

Although prions were first hypothesized as the infectious agent for a class of diseases known
collectively as transmissible spongiform enchphalopathies, they were later proposed to be
the underlying causative agent for a number of epigenetic traits in fungi (136, 137). The
yeast prion systems have provided a powerful platform for studying the conformational
basis of prion strain variants (138-141). The yeast [£S/*] prion state can be monitored
through a convenient color-based phenotypic readout wherein [ps/~] (nonprion) cells adopt a
red color phenotype, and [PS/*] (prion) cells have a white color phenotype (142). [PSI]
strains are manifested in the form of different shades of color, ranging from dark pink to
white, and these color phenotypes remain stable upon multiple passages (138). Precise
control over which prion strain is adopted was demonstrated for two strains named Sc4
(white) and Sc37 (pink) (32, 121), where polymerization at 4°C and 37°C resulted in
aggregates that conferred the Sc4 and Sc37 [PS/] strains, respectively, when introduced
into [psi~] yeast (32). Owing to the loss-of-Sup35p-function nature of the [PS/*] prion, the
actual differences in color phenotypes could be explained by differing residual quantities of
soluble, and therefore functional, Sup35p in the [2S/*] backgrounds. What could influence
the levels of unaggregated protein in these cells? Subsequent biophysical studies began to
shed light on this as it was demonstrated that these two fiber preparations differed in their
physical characteristics, such as in their ability to be broken and fiber polymerization rate. In
the case of Sc4, it is the propensity of the prion to be broken, thereby generating new seeds,
which is the key determinant of how strong an impact it will have on a cell. Thus, less-stable
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prions paradoxically lead to more intense phenotypes (124). Although these observations
provided convincing evidence that prion strains were caused by different aggregate
conformations as well as by a possible molecular mechanism of phenotype manifestation,
they did not provide direct insight into the actual structural differences of these aggregates.

Cysteine mutants with coupled EPR or fluorescent probes as well as FTIR spectroscopy
provided early glimpses of the conformational differences between Sc4 and Sc37, albeit at a
relatively low resolution (32, 37, 143). FTIR spectroscopy suggested less structure in the
Sc4 conformation (143), whereas EPR probe mobility and coupled fluorescent probes at
single cysteine residues similarly suggested that Sc37 had a more ridged and extended
structure compared to Sc4 (32, 37, 143). Another study that used cysteine-coupled
fluorescent probes found that the Sc4 conformation had a smaller core structure and melted
at a lower concentration of guanidine than the Sc37 conformation (37). Identification of the
“head” and “tail” regions also revealed potentially different tail-tail contacts between these
two conformations.
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A more detailed picture emerged with a study that utilized HXNMR to probe the Sc4 and
Sc37 structures (26). This study found that Sc4 exhibited an extremely stable structure from
residues 8-37, whereas Sc37 was structured from residues 5-70 (Figure 44). This represents
an almost doubling of structure in the Sc37 conformation, with evidence that the region of
overlapping structure (residues 8-37) represented distinct conformations. Thus, Sc4 and
Sc37 most likely form two different folds on the monomeric level, rather than having an
identical “amyloid core” with Sc37 displaying an expansion of structure beyond that core.
Subsequent mutagenesis analysis from this study, and another work, corroborated this
overlapping amyloid core and strain-specific expansion of structure (Figure 45) (23, 26).

A different and complementary perspective on strain differences has come from the
Eisenberg group’s (74, 75) X-ray structural analysis of a number of peptide microcrystals
derived from the Sup35 sequence and other amyloids similar to the previously described
peptide structure. Sawaya and coworkers (74) successfully solved the structures of peptides
with sequences derived from a variety of amyloid sequences including Tau, AB, insulin, and
amylin. The structure of all these peptides shared a number global similarities to the original
Sup35 peptide structure, such as the cross-B sheet structures, the dry interface between
sheets, and the steric zippers. They differed, however, through three main criteria that
highlighted the possible permutations of amyloid packing structure (Figure 34). The first
was the orientation of individual -strands within a B-sheet, aligned antiparallel or parallel.
The second criterion was in which faces of the sheets face each other. The last criterion was
the directionality of the -sheets, or how the two B-sheets are oriented with respect to each
other, defined as ipsidirectional (both sheets are up or down) or contradirectional (one sheet
is up while the other is down) (Figure 34).
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The combinations of these characteristics thus allows eight possible orientations of the
peptide within the fiber structure. For example, the original Sup35 peptide structure would
be classified as parallel, face-to-face, and ipsidirectional. With the addition of all the new
peptide structures, five of these eight classifications have now been observed. Significantly,
one peptide from Sup35, NNQQ, was found to be able to adopt both a face-to-face and face-
to-back orientation (Figure 3¢). This may be exactly what is occurring with the Sc4 and
Sc37 structures. Residues 40—70 represent a region that is structured in the Sc37 but not the
Sc4 conformation, and residues 1-40, although structured in both conformations, have their
[-sheets packed in two unique arrangements. The different orientations of -sheets seen in
the peptide structures could thus be representative of these unique conformations between
residues 1-40 in Sup35.
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With the above advances in our structural understanding, we can now start to piece together
the sequences of characteristics that produce the prion strain phenomenon and begin to
answer Robertson’s challenge. The disparity in the length of the amyloid fold between the
Sc4 and Sc37 conformations provides a structural rationale for the differences in the
physical characteristics of the respective fibers (26, 124). Sc37 fibers are less fragile than
Sc4 fibers owing to the increased number of residues that participate in the fiber fold. Thus,
the smaller amyloid fold of Sc4 results in weaker, more breakable fibers, resulting in many
small fibers that are more effective at recruiting and sequestering natively folded protein,
which results in a minimal population of soluble and function Sup35p, causing the white
color phenotype. The larger amyloid fold of Sc37 results in stronger fibers, which more
effectively resist shearing, resulting in fewer fibers to help recruit and sequester natively
folded protein; this allows more soluble and functional Sup35p to persist, causing the pink
color phenotype. There is also evidence of a strong correlation between aggregate stability
and in vivo phenotype in the mammalian system (122). Here, it was demonstrated that the
incubation time of the disease correlated with the stability of the aggregate, where the more
easily the aggregate melted, the shorter the disease incubation time. Perhaps now, over 20
years later, endeavors into the study of prion structures have finally allowed us to
demonstrate how the “structures of the prion protein...can be related to scrapie strain
specificity,” satisfying a lingering challenge to the protein-only prion hypothesis.
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4.4. Conformational Diversity in Nonprion Amyloids

Conformational heterogeneity has also been of great interest in nonprion amyloids and has
enjoyed an even lengthier history. Starting from the initial qualitative observations by EM of
variations in amyloid protofibril composition from the same preparation, much progress has
been made in identifying these structural differences at high resolution. The usual suspects
of SSNMR, HXNMR, and CryoEM have contributed greatly to identifying structural
diversity, from differences in quaternary and tertiary packing of A fibers to identifying
single residues that participate in a different fold in AB, a-synuclein, and p,-microglobulin
fibers. These studies have demonstrated that conformational diversity is not a phenomenon
confined to the field of prion strains; rather, it is a common feature of almost all amyloids,
and may have significant physiological consequences.
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4.4.1. B2-Microglobulin—Although the initial observations of structural diversity in
amyloids were on tissue-derived material, subsequent higher-resolution studies have
concentrated on synthetic systems in which amyloids are made in vitro from peptides or
recombinant protein. Like prions, multiple conformations of these amyloids formed either
spontaneously or specifically under particular polymerization conditions. 3o-Microglobulin
is one such example, where multiple types of morphologically different fibers can form
under conditions of varying pH and salt (144-146). AFM and EM on synthetic po-
microglobulin fibers have been able to initially qualitatively distinguish a number of
morphologically different structures on the basis of fiber length, curvature, height, height
modulation, and periodicity (144, 145, 147). H/D exchange on two types of fibers, called
mature and immature aggregates, revealed that they indeed represent distinct folds, with the
ridged mature fiber structure occupying almost 80% of the residues in the protein, whereas
the immature fibers consisted of only 30% (148). This disparity in structure content is
consistent with the ridged and flexible morphologies of the respective fibers and the reduced
structural stability of immature fibers as revealed by guanidine hydrochloride unfolding.
This large conformational variance with predicted structural consequences served as a
precedence for the similar results later observed in the [PS/] prion.
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4.4.2. a-Synuclein—a-Synuclein constitutes a major component of intracellular deposits
of lipids and proteins called Lewy bodies found in neurons in Parkinson’s disease patients
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and has a strong genetic correlation to disease. a-Synuclein is also a natively unfolded
protein that can form aggregates that display all the hallmarks of amyloids. Synthetic fibers
of a-synuclein aggregates have allowed the observation of conformational heterogeneity in
this system as well. Unlike B,-microglobulin, however, conditions necessary to form
homogeneous conformations in a-synuclein have not yet been worked out, and as such, one
of two types of aggregates will form randomly under identical conditions. These types of
fibers were studied by SSNMR, revealing that they indeed were structurally distinct based
upon chemical shift differences for individual residues (71). However, when secondary
structure predictions were performed on the basis of chemical shift values, very similar
regions of B-sheets and loops were identified. Furthermore, the most significant chemical
shift differences were observed in loop regions, suggesting that the two forms of a-
synuclein fibers have similar overall structure but may differ more in loop conformation and
packing of B-strands. Unlike Sup35 and ,-microglobulin, the formation of structural
heterogeneity in a-synuclein seems much more stochastic and the resulting conformational
differences much more subtle.
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4.4.3. AB—Of all the nonprion amyloids, conformational diversity has been arguably best
understood, and most widely studied, in Ap. In this largely synthetic system, multiple
conformations of Ap fibers have been similarly formed by differing polymerization
conditions. One such example is AB11_25 fibers that form an antiparallel structure (149).
When polymerization was conducted at pH 7.4, SSNMR determined that the p-strand
register was 17+k = 20—k, where krepresents integer values, and the two numbers are the
residue numbers of adjacent positions on neighboring -strands. When fibers were formed at
pH 2.4, however, the register changed to 17+k < 22—k These data provided a clear
example of conformational heterogeneity that arises from secondary structure packing rather
than from quaternary structure differences.

Work on the full-length AB1_40 peptide revealed two more A forms that clearly represented
qualitatively different structures. These fibers, called “quiescent” and “agitated,” were
formed under still and stirring conditions, respectively (108, 110). The quiescent fibers had a
“twisted pair” appearance by EM wherein multiple protofilaments seemed to twist around
each other with a specific periodicity. The agitated fibers, conversely, took on a “striated
ribbon” morphology, where protofilaments appeared to associate laterally, forming ribbon-
like structures. Subsequent SSNMR studies with STEM MPL data on both of these fiber
conformations resulted in two distinct potential three-dimensional models. In these models,
agitated fibers displayed 2 AB1_40 units per -strand width, which with SSNMR data
suggested twofold symmetry, where the previously described p-turn-f motif of a single
AP1_40 sat next to and in the same plane as second B-turn- monomer (Figure 4¢) (69, 109).
The quiescent fibers, alternatively, had three AB1_4q units per B-strand width with threefold
symmetry (108). Each Ap monomer in this structure also displayed a similar f-turn-p motif
but had three such monomers on a single plane come together, forming a triangular cross-
sectional area (Figure 4c¢). The actual conformations of the -sheet regions on the residue
level did not differ greatly between agitated and quiescent fibers; rather, the primary
structural differences laid in the overall twofold versus threefold symmetry as well as the
corresponding differences in quaternary contacts between each monomer.
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Conservation of the basic B-turn-p motif while modulating the packing of these individual
units is a theme also observed by others. In two cryoEM studies, a spectrum of AR fiber
conformations was observed, varying in increasing fiber widths and crossover lengths,
defined as the distance between the thin modulations in the fiber appearance (49, 51). When
12 such conformations were reconstructed and their densities determined, many of them
were consistent with two monomers of the familiar -turn-p motif of ABy_4q fitting together
to form each 4.7-A layer of the fiber structure. The models differed in how the two p-turn-p
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ApB1_49 monomers came together, varying from the long edges of each monomer being
perfectly aligned, forming a rectangular cross section, to the monomers being parallel but
offset by almost one entire length of the monomer, forming an elongated “S” cross section
(Figure 4¢). The cryoEM studies, as well as those of quiescent and agitated fibers, show the
diversity of structures that can be achieved by varying the quaternary structural
arrangements of each monomeric unit and show how each unique structure can present a
distinct surface to the environment. Intriguingly, the initial study on quiescent and agitated
fibers suggested not only divergent structures, but also unequal levels of toxicity, with
quiescent fibers being more toxic than agitated fibers (110).

Further structural heterogeneity was also achieved not through differing polymerization
conditions, rather, through the use of slightly different, but physiologically relevant,
alternative peptides. For example, one study investigated the conformational differences
between synthetic AB1_4q fibers and AB1_4, fibers, both of which are present in AD patients
(106). Despite only a two—amino acid addition, the authors observed an extension of
protection for the N-terminal region stretching out the first p-strand. A second example of an
alternative peptide is lowa mutant A, which harbors a D23V mutation. A study that
investigated this peptide found that it yielded a mixed population of two different synthetic
fibers as observed by EM (78). When SSNMR was performed on these fiber preparations,
investigators found that one fiber form was consistent with the typical in-register parallel (-
sheet structure observed for WT fibers, and the other appeared to be in an antiparallel -
sheet structure. This was significant because it represents an entirely different fold for the
Ap peptide and is the first observation of an AP peptide over 15 residues long in an
antiparallel orientation. The link of this particular peptide to a familial form of AD
potentially provides another interesting avenue in the effort to understand physiological
consequences of structural diversity.
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5. The Next Steps

From the inceptive qualitative observations of structural diversity in amyloid structure, the
molecular details of the spectrum of structures a single polypeptide chain can aggregate into
and the consequences of this ability are now beginning to be revealed. This connection
between structure and function has been most readily and compellingly established in the
yeast prion systems, where the causative agent is unequivocally known, can be precisely
made in vitro, and has clear and specific phenotypic readouts for each form. The mammalian
prions and amyloidoses are inherently more difficult to study. Yet even with these technical
challenges, remarkable progress is being made.
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SUMMARY POINTS

1. Amyloids share a common architecture forming long, unbranched fibers, which
are rich in B-sheets, wherein each B-strand lies perpendicular to the fiber axis.

2. Each peptide in the fiber structure often, but not always, resides in an in-register,
parallel fashion, allowing a templating mechanism for fiber polymerization.

3. High-resolution techniques have enabled a detailed structural view of the Af3
and Het-s amyloids.

4. We are beginning to obtain molecular understandings of the structural diversity
in prion and nonprion amyloids, where conformation differences can exist as
distinct folds on the monomer level, rather than subtle differences in peptide
packing.
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5. A full understanding of the physiological consequences of conformational
diversity has become clear in yeast prions, wherein more compact amyloid folds
result in physically weaker fibers, which are able to fragment more easily in
vivo, resulting in a “stronger” amyloid phenotype.
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(% Figure 1.
Q Classification of different amyloid folds and techniques to distinguish between them. (a)
=l Amyloid B-sheet structures have largely fallen into three broad categories, all of which can

be distinguished from each other by the introduction of a single probe (red rectangle) in
identical positions for every monomer and by measuring the distance between probes. In one
antiparallel arrangement (left), the probe alternates positions in the fiber structure, resulting
in a distance between probes greater than 4.7 A. In the parallel in-register sheet, the probes
are directly adjacent to each other, with a probe distance of ~4.7 A. In a -solenoid in which
a single monomer forms two layers of the fiber structure, the distance between probes is
~9.4 A. (b) In systems in which two probes have been introduced (yellow and red
rectangles), intramolecular distances can be distinguished from intermolecular distances by
diluting labeled protein with unlabeled protein. Dilution increases intermolecular distances
while preserving intramolecular distances (right). (c) Types of B-solenoids are depicted
schematically. A B-solenoid is a structure in which a monomer loops around in a coil-like
manner and forms multiple layers of the fiber structure. Two types of -solenoid include the
B-helix (top), where three B-sheets form a triangular interface, and the B-roll, where two
sheets form an interface akin to the f-sandwich.
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Figure 2.
(a—c) Model structure of the Het-s prion fiber [Protein Data Bank (PDB): 2RNM]. (a) A

single Het-s monomer is shown in the fiber conformation down the fiber axis. Here, the
eight B-strands and the B-helix structure are clearly seen. f1a/f 3a, f1b/p3b, and f2a/B4a for
the three B-sheets, respectively, with f2b/B4b lying outside the helix structure. (b) Similar
view of the Het-s fiber structure with specific acidic side chains (red) and basic side chains
(blue) shown to illustrate the salt bridges that form in the fiber structure. (c) The full fiber
structure from a view perpendicular to the fiber axis. A single monomer is highlighted in
dark gray. (d—f) Model structure of AB1-42 (PDB: 2BEG). (d) A single AB1-42 monomer in
the fiber conformation is shown down the fiber axis. The N-terminal -strand and the C-
terminal B-strand are labeled B1 and B2, respectively. (e) A view of AB1-42 fiber structure
from the side, perpendicular to the fiber axis. A single AB1-42 monomer is shown in red,
with the neighboring monomer in gray. This illustrates how the side chains from one unit in
this structure (AB 3, strand B2) form an interface with the neighboring molecule (Ap 4,
strand B1). (f) Full structure of AB1-42 viewed perpendicular to the fiber axis. A single
monomer is displayed in red, with the others in gray.
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Figure 3.
(a—c) X-ray structure of the peptide GNNQQNY. (a) A view of the peptide structure down

the fiber axis. Visible is the interdigitation of side chains from opposing sheets forming a
dry interface devoid of water. (b) The peptide structure viewed from the side, perpendicular
to the fiber axis. Visible is the interdigitation of one set of side chains between side chains of
opposed peptides above and below. Hydrogen bonds (yellow) that form between asparagine
side chains are shown, forming the asparagine ladder structure. (c) Peptide structure viewed
face on, perpendicular to the fiber axis. (d—e) Different orientations of the peptide structures.
(d) A schematic of some of the possible peptide structures. Peptide structures can differ in
three main criteria: parallel versus antiparallel B-sheets, sheets that are face-to-face versus
face-to-back, and sheets that are ipsidirectional versus contradirectional. Only parallel
arrangements are displayed, where the individual B-strands within a sheet are all oriented in
the same direction. Face-to-face versus face-to-back depends on the face of the sheets that
forms the interface between the sheets. If this interface is formed by identical faces, it is
classified as face-to-face, whereas if the interface is formed by opposite faces, it is classified
as face-to-back. The different faces in the schematic are represented by a letter and color
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(face 1 is labeled a and gray, and face 2 is b and red). Ipsi- versus contradirectional is
distinguished by the direction of a particular reference hydrogen bond within a sheet. If the
direction of this hydrogen bond is the same for both opposing sheets, it is classified as
ipsidirectional, whereas if the hydrogen bond is in opposing directions, it is classified as
contradirectional. The direction of each sheet is illustrated by the orientation of the letter of
each strand (correct side up versus upside down). () The NNQQ peptide in two different
conformations, with the corresponding schematic to illustrate the orientations. On the left is
NNQQ in a parallel, face-to-face ipsidirectional orientation. On the right is NNQQ peptide
in a parallel, face-to-back contradirectional orientation.
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Figure4.

(a—b) Demonstration of the conformational differences between the yeast prion, strong and
weak, derived from the fibers Sc4 and Sc37, respectively. (2) HXNMR data after 1 min of
exchange for SUupNM residues 4-150 in the Sc4 (blue) and Sc37 (red) conformations. (b)
Mutation analysis of Sc4 and Sc37 conformations. Indicated mutants on the horizontal axis
were made, and their ability to form the Sc4 (blue) and Sc37 (red) conformations evaluated.
The larger the defect in forming these conformations, the higher the value on the y-axis. (c)
Conformational diversity of AP fibers. Shown are the cross-sectional views of several
models of AP fiber structures based on SSNMR (left: 108, 109) and cryoEM (middle: 51,
right: 49) Light gray areas approximate the electron density observed in the cryoEM
structures.
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