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The activities of amyloids from
a structural perspective

Roland Riek' & David S. Eisenberg?*

The aggregation of proteins into structures known as amyloids is observed in many neurodegenerative diseases, including
Alzheimer’s disease. Amyloids are composed of pairs of tightly interacting, many stranded and repetitive intermolecular
R-sheets, which form the cross-R-sheet structure. This structure enables amyloids to grow by recruitment of the same
protein and its repetition can transform a weak biological activity into a potent one through cooperativity and avidity.
Amyloids therefore have the potential to self-replicate and can adapt to the environment, yielding cell-to-cell transmis-

sibility, prion infectivity and toxicity.

unbranched protein fibril. It was introduced by physician Rudolf

Virchow to describe a macroscopic tissue abnormality with a
pale, waxy appearance that produced a positive result — characteristic
of starch-like materials — in an iodine-staining reaction; notably, the
Latin word for starch is amylum'. As defined by pathologists' who docu-
ment amyloids in numerous diseases, the fibrils must be deposited in
body tissues and fluoresce a green—yellow colour when stained with
the dye Congo red and viewed between crossed polarizers. As defined
by biophysical scientists, who also see amyloids as denatured protein
aggregates”* and associate them with microbial and cellular functions®,
the fibrils must display the ‘cross-p’ diffraction pattern caused by the
cross-B-sheet motif when irradiated with X-rays (Box 1). The motif
is composed of tightly interacting intermolecular f-sheets, and each
B-sheet comprises thousands of identical copies of the same -strand
that stack through hydrogen bonding. The backbone amide hydrogen
bonds maintain the -strands at a spacing of 4.8 A in the direction of the
fibril. Two or more such B-sheets lie in parallel, 6-12 A apart.

The study of amyloids over the past half century has revealed that
numerous proteins form amyloid fibrils, some of which are functional
and some of which are pathological®'. More than 40 proteins are
known to form pathogenic amyloid fibrils' and there are at least a dozen
functional amyloid fibrils'*"*, with new members of both classes being
discovered constantly. Therefore, a fascinating feature of the amyloid
state is that a single type of fibril is formed by a wide variety of proteins
and is associated with a wide variety of functions — both beneficial and
pathogenic. In this Review, our aim is to examine present knowledge
of the structures of these fibrils and to establish a structure-activity
relationship for amyloid diseases, with a focus on devastating neuro-
degenerative disorders. Crucial questions include: the extent to which
amyloids are the causative entities in the disease process; the mecha-
nisms by which amyloid diseases are transmitted from cell to cell; and
the cause of amyloid-induced toxicity.

The term amyloid describes a particular type of elongated,

The cross-f-sheet structure at atomic resolution

Although the cross-f-sheet structure was described 80 years ago and
was found to be common to half a dozen different disease-related amy-
loid fibrils 19 years ago™, after which it was studied using cryo-electron
microscopy (cryo-EM)", important questions remained because no
atomic-resolution structures were available. One question concerned
the features of the cross-p-sheet structure that account for the extreme

stability of the amyloid, given that f-sheets form and break up readily.
Another question focused on why amyloid fibrils consist generally of
a single protein and do not contain mixtures of proteins as would be
expected if they were held together mainly by intermolecular backbone
hydrogen bonds. Answers emerged from atomic-resolution X-ray struc-
tures of amyloid fibrils formed by short peptide segments of amyloid-
forming proteins'®*. These structures were enabled by the discovery
that such fibril-forming segments also form needle-shaped microcrys-
tals in which the amyloid protofilaments span the entire length of the
crystals”.

The atomic-resolution X-ray structures reveal that the basic cross--
sheet motif consists of a pair of tightly mating repetitive p-sheets (Fig. 1
and Box 1). When viewed along the axis of the protofilament, the two
[B-sheets adhere by the interdigitation of the side chains of the mating
strands, much like the teeth of a zipper. For this reason, the dual-sheet
motif is termed a ‘steric zipper’ The interface between the two sheets in
almost all cross-B-sheet structures is devoid of water. The intricate inter-
lacing of the side chains shows that the formation of the fibrils depends
on the sequence of the participating segments. That is, the segments
that form these structures are self-complementary. The stability of the
fibrils arises from several factors. One such factor is the hydrogen bonds
that form between backbone amide groups that run up and down the
[-sheets. Because each amide hydrogen bond is polar, lines of parallel
hydrogen bonds pointup and down the B-sheets. In this arrangement,
the hydrogen bonds polarize one another, which creates a cooperative
energy of formation®. Another factor is the van der Waals forces that
form between the closely interacting pairs of B-sheets. A third factor is
the increase in entropy of the water molecules that are released from
the inner faces of the two -sheets that meet so closely. And a further
stabilizing factor is the interaction of side chains that run up and down
the B-sheets. Interacting side chains include Tyr aromatic rings that
stack because of m—m interactions. Side chains of Asn, GIn, Thr and Ser
form hydrogen bonds known as ladders, which run up and down the
fibrils (for example, the Gln ladder in Fig. 1) (refs 16 and 17).

All amyloid-segment microcrystals show that the cross-p-sheet motif
is composed of two, almost infinite, 3-sheets with a steric-zipper side-
chain interface. However, the various cross-p-sheet structures can be
categorized according to several criteria: whether their B-strands are
parallel or antiparallel; whether their B-sheets pack with the same sur-
faces (face-to-face packing) or different surfaces (face-to-back packing)
adjacent to one another; and, whether the two closely packed B-sheets
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BOX1
The cross-[3-sheet motif

Amyloids are composed of an ordered, repetitive arrangement of
many (usually thousands) copies of a peptide or protein (Box Fig.,
array of arrows). The repeating substructure consists of two layers
of intermolecular 3-sheets that run in the direction of the fibre axis.
Amyloid fibrils can be identified easily using electron microscopy as
long, unbranched filaments with diameters of 6-12nm (ref. 129).
The cross-B-sheet motif gives rise to characteristic X-ray fibre
diffraction patterns with a meridional reflection at about 4.8 A, which
corresponds to the spacing between B-strands, and a protein-
dependent equatorial reflection at 6-12A, which corresponds to the
distance between stacked B-sheets!*'*° (an example spacing of 10A
is shown in the Box Fig.). The cross-B-sheet motif was first described
in 1935 by William Astbury, who measured the X-ray diffraction
pattern of stretched, poached egg white'*°.
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are oriented in the same direction (up—up) or opposite direction (up-
down). Combinations of these three structural arrangements give eight
theoretically possible classes of steric zippers, seven of which have now
been seen in X-ray structures” (Fig. 1). Whether the p-strands in a
[-sheet are parallel or antiparallel to each other, they are generally in
register. This means that in a parallel B-sheet, each B-strand lies exactly
above the -strand below, and in an antiparallel B-sheet, each 3-strand
lies exactly above the B-strand that is two strands below. Out-of-register
B-sheets have been seen in X-ray structures but are rare**”.

The amyloid peptide crystal structures that we discuss indicate the
prevalence of the cross-B-sheet motif with steric-zipper-type side-chain
interactions in peptide complementation and oligomerization in amy-
loid fibrils. However, an important consideration is the extent to which
the structures of amyloid fibrils generated from segments of amyloid-
forming proteins represent the fibril structures that are formed by their
full-length parent proteins’.

3D structures of amyloid -3, o.-synuclein and HET-s prion
The relevance of the steric-zipper structures is supported by the obser-
vation of such a motif in a cryo-EM structure of amyloid-p(1-42),
which is a full-length amyloid fibril*>. However, two — essentially
identical — structures of amyloid-B(1-42) fibrils determined by solid-
state nuclear magnetic resonance (NMR) show that other types of
interactions are also present”’34 (Fig. 2). In these structures, there are
also two peptides per layer of the protofilament axis, but each layer
now contains two complete amyloid-p(1-42) peptides. Although resi-
dues 1-14 of each peptide are poorly ordered, residues 15-42 form a
double horseshoe shape, which resembles the letter S (ref. 35). Each
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peptide contains four B-stands that stack on top of identical -strands
along the axis to form in-register, intermolecular -sheets. Pairs of these
strands interact with interdigitating or abutting side chains, but the pair
members differ in sequence (Fig. 2b). Therefore, these zippers are het-
erosteric zippers, unlike the homosteric zippers that are found in the
amyloid segments of the X-ray structures. Furthermore, each peptide
has sharp bends at its Gly residues and contains two hydrophobic cores,
an Asn ladder, a Gln ladder and a salt bridge between the side chain of
Lys28 and the C terminus®, and its polar side chains face the solvent
on the periphery of the protofilament. The two peptides of each layer
meet at a two-fold axis (Fig. 2c) in a homosteric-zipper-like interaction;
however, because each peptide contributes two segments to the zipper,
it is a non-contiguous zipper interaction. Overall, the complexity of
the fold seems to be dictated by the degree to which hydrophobic side
chains can be buried, which also drives the folding of soluble proteins.
Unusual structural features can arise from the energetic drive to bury
hydrophobic side chains in structures that have not evolved to perform
functions. Examples of these include sequential aromatic side chains
(Phel9 and Phe20) that both face the hydrophobic core, and two nega-
tively charged side chains (Glu22 and Asp23) in concert with Ala21
that face the solvent.

A 3D structure of a-synuclein amyloid fibrils, which are pathogenic
in neurons and are associated with Parkinson’s disease (PD), has been
determined by solid-state NMR* (Fig. 3a). The core structure (resi-
dues 46-94) has an orthogonal Greek-key topology. It is composed
of several parallel, in-register cross-p-sheets with heterosteric-zipper
side-chain interactions such as hydrophobic interactions, aromatic
ni—7 stacking (Phe94) and glutamine ladders (for example, GIn79). It
is flanked by less-structured N-terminal and C-terminal segments of
more than 40 residues in length.

So far, no high-resolution structure of a mammalian prion in the amy-
loid state has been determined. A low-resolution electron tomography
study of infective prion fibrils from the brain of a mouse has revealed
paired protein fibrils” and a cryo-EM study of the infectious variant
of prion protein (PrP*) from a mouse suggests that each molecule of
PrP* has a B-solenoid structure with four layers™. By contrast, solid-
state NMR experiments suggest that fibrils of recombinant PrP*
have a parallel in-register, intermolecular -sheet architecture™ *. In
the absence of atomic-level information on mammalian prions, the
high-resolution structure of the amyloid of infectious prion HET-s is
noteworthy for its further elements of fibril architecture. HET-s is a
functional prion from the filamentous fungus Podospora anserina and is
involved in a primitive immune system*. The 3D structure of the infec-
tious HET-s(218-289) fibrils determined by solid-state NMR reveals
a left-handed B-solenoid that is composed of four in-register parallel
B-sheets" (Fig. 3b). Each protein molecule contributes two windings of
ahelix to the length of the fibril so that the f-strands alternate between
intermolecular and intramolecular hydrogen bonding along the axis of
the fibre. The interior of the -solenoid is composed of a hydrophobic
core as well as Thr-Ser and Asn ladders, and the solvent-exposed face
consists mostly of polar and charged side chains forming a pattern of
alternating charges along the fibril axis that is enabled by the fibril’s
two-layer architecture. Notably, mammalian PrP* also seems to be com-
posed of a B-solenoid but with four windings per molecule®*.

Structural polymorphism of amyloids

Amyloid polymorphism is a phenomenon in which a given peptide
or protein sequence adopts two or more structurally distinct confor-
mations of amyloid under the same environmental conditions. At the
mesoscopic level, amyloid polymorphs can be identified using the fea-
tures of their fibrils, including fibril morphologies (such as the ribbons
or twisted fibrils of a—synuclein)“"”, the degree of twist in the fibril,
the number of protofilaments per fibril and the diameter or mass per
unit of fibril length®, or by the detection of numerous signals per atom
in solid-state NMR spectra’’**~*2. At the atomic level, insights into the
basis of the structural pluralism of amyloids can be obtained from

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



crystal structures of amyloid peptides (Fig. 4). For example, for the
peptide segment KLVFAA (residues 16-21) of amyloid-p(1-42), three
steric zipper cross-p-sheet motifs were found (Fig. 4a—c) and for the
peptide segment MVGGVVIA (residues 35-42), two structures were
found® (Fig. 4d, €). On the basis of these structures, such polymor-
phisms can be classified as segmental polymorphs in which different
segments form the cross-p-sheet cores of the two polymorphs, or as
packing polymorphs in which the same segment forms the cross-f3-
sheet core but is packed differently (such as parallel strands versus
antiparallel strands or alternative steric-zipper side-chain interac-
tions)*. At the mesoscopic level, polymorphisms can occur through
different modes of binding between the protofilaments in a fibril.
These weak, local interactions gain avidity by their summation over
thousands of identical copies along the axis of the fibril. Such different
supramolecular structures might be the result of underlying packing
or segmental polymorphisms at the atomic level or could themselves
be an independent form of polymorphism, termed an assembly poly-
morphism'. The number of amyloid polymorphs of a protein depends
on the protein and can be estimated crudely as varying between a few
and a few dozen”™.

Amyloid polymorphism might seem to challenge Christian
Anfinsen’s thermodynamic hypothesis, which describes a one-to-one
correlation between a polypeptide sequence and its 3D structure™.
However, Anfinsen stated that his hypothesis applies to the structures
of native proteins in their normal physiological milieu, in which the

REVIEW

native state is the lowest free-energy state under the given conditions.
Pathogenic amyloid sequences are not in their native states when they
form amyloid fibrils and, because they change conformation to reach
the amyloid state, probably pass outside of their normal physiological
milieu. Amyloid sequences that form pathogenic fibrils have not expe-
rienced evolutionary optimization, unlike functional amyloids“, which
can yield energetically similar but distinct structures that are separated
from one another by energy barriers larger than thermal energy. Fur-
thermore, even a less stable polymorph can be the predominant spe-
cies in a sample. This is because the aggregation of amyloid is initiated
by stochastic nucleation and aggregates grow by kinetic processes in
which the polymorph can replicate itself more quickly than a more
stable polymorph. Together, these factors result in a plethora of kineti-
cally uncoupled alternative structural states. For this reason, the col-
lection of amyloid aggregates in an infected organism might comprise
a pool of polymorphs with condition-dependent relative abundancies.
Because these polymorphs are structurally distinct, they could also
have different activities. This is exemplified by the atomic-resolution
structures shown in Fig. 4. The intersheet steric-zipper motifs between
the polymorphs differ, yielding distinct amyloid stabilities, and cor-
respondingly, the surfaces between the polymorphs require dissimilar
interaction activities™.

General properties of amyloids
Two general biochemical properties account for the biological effects
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Figure 1 | Atomic-resolution X-ray diffraction steric-zipper structures of
amyloid protofilaments formed by short segments of amyloid-forming
proteins. Each structure illustrates one of the possible symmetry classes

of steric zippers, with views along (top) and perpendicular to (bottom)

the protofilament axis. One B-sheet is shown in black and the other is in
grey. Notably, water molecules (light blue spheres) are excluded from the
tight interface between the -sheets. Nitrogen atoms (blue), oxygen atoms
(red), sulfur atoms (yellow) and -strands (arrows) are depicted. For each
class, the amino-acid sequence of the representative segment, the parent
protein from which the segment was selected and the Protein Data Bank
(PDB) accession code (in parentheses) for the coordinates of the structure
is presented. Classes 1, 2 and 4 (top row) describe parallel B-sheets and
classes 5-8 (bottom row) describe antiparallel B-sheets. Asn and Tyr ladders

ladder ladder

Class 7 Class 8
MVGGVVIA, amyloid-p GYMLGS, human
peptide (2Y3K) prion (3NHC)

are also shown (top right). Class 3 has not yet been observed experimentally.
Each class is defined on the basis of several characteristics: whether their
B-strands are parallel or antiparallel; whether their B-sheets pack with the
same (face-to-face) surface or different (face-to-back) surface adjacent to one
another; and, whether the two closely packed p-sheets are oriented in the same
(up-up) direction or the opposite (up—down) direction. In summary: class 1
contains parallel, face-to-face, up—up structures; class 2 contains parallel,
face-to-back, up-up structures; class 3 contains parallel, face-to-face, up-
down structures; class 4 contains parallel, face-to-back, up-down structures;
class 5 contains antiparallel, face-to-face, up—up structures. Class 6 contains
antiparallel, face-to-back, up-up structures; class 7 contains antiparallel, face-
to-face up—down structures; and, class 8 contains antiparallel, face-to-face,
up-down structures. IAPP, islet amyloid polypeptide.
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Figure 2 | Solid-state NMR structure of the ordered portion of the
amyloid fibril formed by the AD-related peptide amyloid-p(1-42). a,
Views along the axis of the protofilament of amyloid-p(1-42) (left) and
almost perpendicular to the same protofilament (right). Two essentially
flat molecules in each layer of the protofilament are related by a two-fold
axis (black circle). Each molecule has the shape of a double horseshoe, or an
inverted letter S, and is stabilized by hydrogen bonding to molecules both

of amyloids. The first is that amyloid-forming proteins can switch from
soluble monomers to insoluble fibrils (Box 2). This change of phase
can disrupt the function of cells and organs, through either the loss
of a crucial function or the gain of a toxic function. For example, the
tumour-suppressor function of p53 is lost through p53 aggregation® ™.
And the HET-s prion induces refolding of the soluble HET-S prion into
amembrane protein that induces a necroptosis-related, spatially limited
cell death in Podospora anserina®®.

The second property is the repetitive structure of amyloids. Because
the cross-f-sheet structure is built mostly of intermolecular contacts,
the initial formation of amyloid is governed by a high concentration
of amyloid protein, and after aggregation has been triggered (Box 2),
amyloids might persist indefinitely (such as in the cases of the HET-s
prion, which persists in nature®, and the amyloids that are proposed to
be involved in memory® **). Because of the subnanometre repetitive-
ness of the structure, a non-specific activity such as (inappropriate)
ligand binding can be amplified into a potent effect through avidity or
cooperativity. Its repetitive configuration also endows amyloids with a
capacity to bind to other repetitive biomolecules such as RNA, DNA,
glycosaminoglycans and lipid membranes with a relatively high affin-
ity’>*>%, The structural repetitiveness of the amyloid fibre provides
an ideal template for replication and might therefore be transmissible
between cells — or even infectious in the case of prion diseases”.

Replication and transmission of amyloids
The repetitive nature of amyloids is the basis of their capacity for tem-

plating identical structures through the recruitment of identical soluble
protein molecules, therefore replicating themselves (Fig. 5). Replication

= 140

Figure 3 | 3D structure of the cores of the a-synuclein fibrils and the
HET-s(218-289) prion. a, Views along the axis of the protofilament of
a-synuclein (left) and almost perpendicular to the protofilament (right)
(PDB accession code 2NOA). The overall architecture of the core of
a-synuclein fibril comprising residues 44-97 is shown with nine molecules
using a ribbon representation; p-strands are indicated (right). b, Views
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above and below, as well as by several heterosteric zippers. b, Example of a
stabilizing heterosteric zipper. Note the tight packing of the side chains at the
interface between the two segments of the zipper. ¢, The homosteric zipper
that forms between the two molecules across the two-fold axis. Amino-acid
residues from each molecule that contribute to the zipper interaction are not
contiguous in the protein chain. In b and ¢, dotted lines represent intervening
residues. Adapted with permission from ref. 128.

depends on the concentrations of soluble and aggregated amyloid pro-
teins, the rate of growth of the amyloid and the rate of breakage of the
amyloid fibre into seeds, and it might also depend on so-called second-
ary nucleation steps such as amyloid aggregation that is catalysed on the
surface of the side of the fibril®*”°. According to this theoretical frame-
work, manipulation of these variables affects the growth and replication
of amyloids™. For example, an increase in the levels of soluble amyloid
protein in the host might be sufficient for the replication and spread of
amyloid-f aggregates in vivo on inoculation with seed material (that
is,amyloid templates)’*, and the chaperone protein Hsp104, which has
the ability to fragment fibrils of the Sup35 prion into smaller pieces, is
required for prion propagation in yeast”.

Prions are the prototypical amyloids with in vivo replication proper-
ties. The ‘protein-only’ hypothesis™ " states that prion diseases, includ-
ing scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle
and Creutzfeldt-Jakob disease in humans, can be distinguished from
infectious diseases that are caused by bacteria, viruses or viroids. Prion
diseases originate and propagate through the conformational conver-
sion of normal cellular prion protein (PrP) into PrP* (ref. 67), an
altered B-sheet-rich — and usually protease-resistant — form of PrP that
is now known to be an amyloid entity. The amyloid serves as an infec-
tious seed, which recruits soluble host PrP° for growth. The growing
amyloid can fragment to produce further infectious seeds, which means
that prions are essentially infectious proteins. Prions have been identi-
fied in lower eukaryotes, namely yeast and Podospora anserina™”’™*,
as well as in mammals, and recombinant protein production has been
used to show that the amyloid of a corresponding prion protein can be
infectious in several of the kingdoms of life* .

. N-terminus

along the axis of the protofilament of the HET-s(218-289) prion (left) and
almost perpendicular to the protofilament (right). The overall architecture
of the HET-s(218-289) prion fibril is shown with three molecules using
aribbon representation; the molecules are coloured black or grey and
arrows indicate B-strands. Each molecule makes two windings in the
(-solenoid structure.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Given the ability of amyloids to replicate, it is possible that amyloids
other than prions might also spread from cell to cell in vivo, as well as
from organism to organism. Cell-to-cell spreading of several disease-
associated proteins in the amyloid state has been confirmed in labo-
ratory animals*, but see Walsh and Selkoe®. Such amyloids include
amyloid- [372’86’87, which is associated with Alzheimer’s disease (AD), and
a-synuclein®. The transmission of disease symptoms between mice has
been shown for the amyloid-related condition amyloid A (AA) amyloi-
dosis®. Furthermore, there is considerable evidence to suggest that the
accumulation of amyloid-f was induced in people through treatment
with growth hormone prepared from large pools of cadaver-derived
pituitary glands™ and that brain homogenates from deceased people
with AD induced the formation of plaques in marmosets”". The cellular
spread of amyloid-p is supported further by the presence of a single
amyloid-p polymorph in different regions of the brain in people with
AD™. Although amyloid replication in vivo and its transmissibility are
evident in many cases, it must be noted that, with the exception of prion
diseases and systemic amyloidosis, the clinical symptoms of the diseases

in these settings have been mostly missing”™*.

Prion strains

In mammals, more than a dozen strains of prion are known®. Prion
strains are distinguished by several phenotypes, including the length
of incubation, the ability to cross a species barrier and the area of
the brain in which PrP is deposited. Because PrP in its aggregated
conformation is the infectious culprit of prion diseases (according to
the protein-only hypothesis), the strain-specific properties must be
attributed to altered conformations of PrP amyloids. On this basis,
it is straightforward to propose that several distinct structural poly-
morphisms yield various forms of amyloid with distinct activities.
Indeed, mammalian prion strains can be differentiated through pat-
terns of PrP glycosylation®, conformation-selective PrP antibodies”,
fluorescent dyes that bind to specific amyloid conformations™ and
PrP resistance to protease”. Furthermore, amyloids of the yeast prion
Sup35 with distinct conformations can be propagated in vitro to pro-
duce several distinct strains of prion on infection®'®. Specifically,
two polymorphs of Sup35 fibrils lead to different strains of prions with

distinct cross-p-sheet cores'".

REVIEW

a KLVFFA (16-21) form 1 b

KLVFFA (16-21) form 2

c MVGGWV (35-40) form 1 d  MVGGVWV (35-40) form 2

Figure 4 | Polymorphic atomic-resolution X-ray structures of amyloid
fibrils formed by fragments of amyloid-f, viewed along the axes of the
fibrils. a, b, Three polymorphic protofilaments of a segment of amyloid-3
with the sequence KLVFFA (residues 16-21). Actual fibrils have tens of
thousands of layers but only four layers are shown. Alternating layers are
coloured black and grey. ¢, d, Two polymorphic protofilaments of a fragment
of amyloid- with the sequence MVVGGVV (residues 35-40). Note that all
B-sheets are antiparallel”'.

Adaptation of amyloids

Strain adaptation is observed in prion diseases. For example, the adapta-
tion of a prion strain to a new host results in a decrease in the time to the
onset of symptoms for the first few serial transmissions. Several studies
provide further evidence that prions are able to adapt to a new cellular
environment'* ", In the presence of the drug swainsonine, a popula-
tion of prions that were resistant to swainsonine emerged. Interestingly,
after the drug was withdrawn, drug-sensitive prions appeared again.
These findings indicate that the infectious material is composed of a
pool of several prion polymorphisms, some of which are present only at
very low levels. However, one such polymorphism might replicate more
efficiently when the environment changes, becoming the predominant

BOX 2
Amyloid aggregation

A simplified mechanism of the nucleation-dependent process of
amyloid aggregation’>118131-133 s shown in the Box Fig. For aggregation
to be initiated, the soluble amyloid proteins or peptides (blue coils)
must be partially unfolded, misfolded or intrinsically disordered.
Furthermore, several molecules must come together to form a nucleus
(star-like entity composed of several extended blue coils) from which
the amyloid can grow. Because the nucleus is the most energetically
unfavourable state, nucleus formation seems to determine the reaction
rate. After the nucleus has formed, the further addition of monomers
becomes faster, favouring growth of the aggregate (arrays of extended
blue entities). Evidence from experiments indicates that such nuclei

could be oligomers of a different structural nature to that of the

final amyloid fibrils (arrays of blue arrows). There might be further
intermediates such as protofibrils (array of arrowless, extended blue
entities) that finally become amyloid fibrils (array of blue arrows). Some
fibril formation in vitro might also be driven by the artificial water-air
interface!®*%® or could include helical intermediate states. Secondary
nucleation processes, including fibril fragmentation and nucleus
formation induced at the amyloid fibril surface®7°1%¢, are of particular
relevance to the kinetics of fibril growth. Off-pathway aggregation
might also occur. Notably, other mechanisms of aggregation such as
downhill polymerization of transthyretin'®” can occur.
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Figure 5 | The replication of amyloids. An amyloid seed (array of five blue arrows) recruits soluble amyloid protein (blue coils) and expands. The
growing amyloid might fragment, which generates two seeds and therefore increases the number of replicative entities (arrays of five and eight arrows).

The green background represents a given environment.

species'”™'* (Fig. 6). Even in the absence of a polymorph that is suited
to the environment, a new polymorph could emerge through a de novo
nucleation-dependent process of amyloid aggregation. Therefore, a
species of amyloid protein has the potential to self-replicate after it has
aggregated and can adapt to its environment, which suggests that it
might evolve in a non-Mendelian fashion.

Toxicity of amyloids

Although the pathological properties of amyloid load and propagation
can be understood from the structural and physical-chemical proper-
ties of amyloids, the mechanism of amyloid toxicity in neurodegen-
erative diseases remains unknown. The association of amyloid fibrils
with disease is strong: aggregates of amyloid-{ are found in plaques
associated with AD; tau aggregates are found in neurofibrillary tan-
gles that are also associated with AD; a-synuclein fibrils are the main
protein in Lewy bodies, the histological hallmark of PD'”’; and pro-
tease-resistant amyloid fibrils are found in prion diseases. Also, familial
amyloid diseases are characterized by mutations that favour aggregation

Figure 6 | The adaptation of amyloids to various environments. Four
different amyloid polymorphs (arrays of three polymorph-specific blue
arrows, top) are surrounded by soluble amyloid protein (blue ribbons).
When the environment is changed (red, pink or orange background) mainly
one of the four polymorphs continues to grow, and each set of environmental
conditions selects a different polymorph for expansion. With time, the
growing polymorph becomes most abundant.
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by enhancing either the production of the amyloid protein or by
stabilizing the amyloid structure, as evident from the 3D structure of
the amyloid-B(1-42) amyloid (Fig. 2). All familial mutations in the
amyloid-p(1-42) sequence (that is, Lys16Asn, Ala21Gly, Glu22Gln,
Glu22Gly, Glu22Lys, Glu22A and Asp23Asn) are located at the structur-
ally frustrated segment Ala20-Asp23, and most of these mutations are
expected to release this frustration, at least partly. Although many of the
mutations (Lys16Asn, Glu22Gln, Glu22Gly, Asp23Asn and Glu22Lys)
probably attenuate intermolecular charge repulsion, Ala21Gly and
Glu22Gly might instead relax the backbone restraints, owing to the
peculiar side-chain arrangements of the segment Phe19-Asp23. Fur-
thermore, in the rare familial neurodegenerative disease diabetes
insipidus, amyloid aggregation of the prohormone provasopressin in
the endoplasmic reticulum causes endoplasmic reticulum stress that
results in cellular death"". Consequently, the amyloid state is associated
strongly with disease. However, its association with direct cytotoxicity
is less strong. The anchorless PrP* is highly infectious without causing
toxicity'"?, and in other mammalian prion systems, the infectivity titre
and toxicity seem to be uncoupled'”’. Furthermore, there seems to be a
weak correlation between amyloid load and toxicity in AD'.

On the basis of these apparently inconsistent data, the following five
hypotheses on the origin of toxicity have been proposed. First, amyloid
fibrils are the toxic entities, as stated in the amyloid cascade hypoth-
esis'"**. For example, on the basis of the high-resolution structure of
amyloid-B(1-42) fibrils, it is difficult to imagine that the presence of
the hydrophobic repetitive patches of Val40-Ala42 flanked by Lys28
or Val18-Ala21 flanked by Argl6, which run along the surface of
amyloid-P(1-42) amyloids (Fig. 2) are without consequences for cell
viability. Such regions might bind to other proteins tightly and without
specificity through hydrophobic interactions or perturb or integrate,
in part, with membranes.

Second, amyloid oligomers are the toxic entities. These are smaller
aggregates of the same proteins that go on to form fibrils"**"**"** (Box 2).
Amyloid fibrils might catalyse the formation of toxic oligomers through
their surfaces”'*' and could be the agents for cell transmission. This
would make fibrils an important, although indirect, component of the
mechanism of toxicity.

Third, other oligomers off the pathway to fibrils are the toxic entities.
An example is cylindrin'?, which might perturb the integrity of the
cellular membrane by insertion. In this hypothesis, the amyloid fibril
is a non-toxic entity that enables the cell to escape the toxicity caused
by the oligomers.

Fourth, a process — rather than a specific structural state — accounts
for the toxicity. That is, the mechanism of fibril growth per se is the toxic
process'**"**, This hypothesis is supported by the finding that during the
aggregation of a-synuclein on a lipid membrane, lipids are extracted by
the growing fibril, whereas adding a fibril to a lipid bilayer merely results
in binding of the amyloid to the membrane'**.

Last, cellular stress accounts for the toxicity. The so-called neuronal
vulnerability hypothesis states that neurodegenerative diseases spread
in an organism: concomitantly, aggregation of the amyloid protein is a
cellular stress that is transferred from cell to cell. The cellular stress not
only degrades the cell but also induces de novo aggregation®.

When weighing up the various hypotheses, it must be noted that
several amyloid polymorphs and various amyloid oligomers might be
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present in an affected individual and that each of these structural enti-
ties or mechanisms of aggregation could have distinct toxicity-related
activities. The diseases might therefore be caused by several of these
structural entities and processes, which would account for the complex,
multifaceted nature of amyloid diseases that has been documented.

Given the limited fidelity of animal models to human diseases, trac-
ing mechanisms of toxicity is especially challenging. Seeking chemical
or biological interventions on the basis of structural and physical-
chemical considerations might help to elucidate the structure-toxicity
relationship in amyloid diseases. Possible approaches to interven-
tion'” include: the prevention of amyloid elongation through use of
structure-based inhibitors (such as ref. 58); the inhibition of secondary
nucleation'"'*; the inhibition of amyloid nucleus or oligomer for-
mation; the inhibition of amyloid oligomer membrane insertion; the
inhibition of amyloid spreading between cells; and, the inhibition of
amyloid formation through the stabilization of native structures. The
structures of the amyloids might therefore be used in the rational design
of molecules for disease intervention. For example, the hydrophobic
hot spot around Phe19 and Phe20 in the structure of amyloid-f(1-42)
(Fig. 2) is a potential interesting pharmacophore for the inhibition of
fibril elongation. The epitopes comprising residues Val40-Ala42-Lys28
or Leul7-Ala21-Argl16 form surface-exposed hydrophobic patches
that are flanked by a positive charged ladder, indicating that they are
involved in secondary nucleation or membrane interaction and mak-
ing them prime candidates for intervention in these processes. Disease
intervention through the stabilization of a native structure has yielded
a drug for the condition transthyretin amyloidogenesis (reviewed in
ref. 127). This physico-chemical approach, termed kinetic stabiliza-
tion, is built on the hypothesis that the formation of amyloids causes
disease and that amyloid aggregation can be inhibited by stabilizing the
folded native tetramer of the protein transthyretin®. Remarkably, this
approach enabled discovery of the drug tafamidis without the avail-
ability of good animal models of transthyretin amyloidogenesis. Tafa-
midis was recently approved by the European Medicines Agency for
the treatment of transthyretin familial amyloid polyneuropathy. This
example illustrates how a thorough understanding of the mechanism
of aggregation of the soluble state of an amyloid protein can lead to a
treatment for amyloid-based disease. Furthermore, it is a prime exam-
ple of the establishment of a drug based purely on physical-chemical
principles and studies and it is the first drug that has been approved to
treat an amyloid disease. m
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