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Abstract

Peptides or proteins convert under some conditions from their sol-

uble forms into highly ordered fibrillar aggregates. Such transitions

can give rise to pathological conditions ranging from neurodegen-

erative disorders to systemic amyloidoses. In this review, we identify

the diseases known to be associated with formation of fibrillar aggre-

gates and the specific peptides and proteins involved in each case. We

describe, in addition, that living organisms can take advantage of the

inherent ability of proteins to form such structures to generate novel

and diverse biological functions. We review recent advances toward

the elucidation of the structures of amyloid fibrils and the mecha-

nisms of their formation at a molecular level. Finally, we discuss the

relative importance of the common main-chain and side-chain inter-

actions in determining the propensities of proteins to aggregate and

describe some of the evidence that the oligomeric fibril precursors

are the primary origins of pathological behavior.

333

Petitioner Merck, Ex. 1139, p. 333 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00017



Contents

INTRODUCTION. . . . . . . . . . . . . . . . . 334

THE ROLE OF AMYLOID-LIKE

STRUCTURES IN DISEASE

AND IN NORMAL BIOLOGY . . 335

Many Human Diseases Are

Associated with Protein

Aggregation . . . . . . . . . . . . . . . . . . . 336

Formation of Amyloid Fibrils Is

Sometimes Exploited by Living

Systems . . . . . . . . . . . . . . . . . . . . . . . 339

Amyloid Structures Can Serve as

Nonchromosomal Genetic

Elements. . . . . . . . . . . . . . . . . . . . . . 339

THE STRUCTURES OF

AMYLOID FIBRILS. . . . . . . . . . . . . 341

High-Resolution Structural Studies

Using Solid-State NMR . . . . . . . 341

High-Resolution Structural Studies

Using X-ray Crystallography . . . 343

Other Approaches to Defining the

Structural Properties of

Amyloid Fibrils . . . . . . . . . . . . . . . . 343

Similarities and Differences in

Fibrillar Structures from

Various Systems . . . . . . . . . . . . . . . 344

The Polymorphism of Amyloid

Fibrils . . . . . . . . . . . . . . . . . . . . . . . . 345

MECHANISMS OF AMYLOID

FIBRIL FORMATION . . . . . . . . . . 346

Amyloid Formation Occurs via a

NucleatedGrowthMechanism. . 347

Oligomers Preceding Amyloid

Fibril Formation: Structured

Protofibrils . . . . . . . . . . . . . . . . . . . . 347

Oligomers Preceding Fibril and

Protofibril Formation:

Unstructured Aggregates . . . . . . 348

Aggregation of Globular Proteins

Can Occur via Partial

Unfolding. . . . . . . . . . . . . . . . . . . . . 349

Aggregation of Globular Proteins

Can Occur via Formation of

Native-Like Oligomers . . . . . . . . 349

A Multitude of Conformational

States Is Accessible to

Polypeptide Chains . . . . . . . . . . . . 350

THE INFLUENCE OF

SEQUENCE ON AMYLOID

FORMATION . . . . . . . . . . . . . . . . . . . 352

Hydrophobicity, Charge, and

Secondary Structure

Propensities Strongly Influence

Amyloid Formation . . . . . . . . . . . 353

The Amino Acid Sequence Affects

Fibril Structure and

Aggregation Rate . . . . . . . . . . . . . . 353

Unfolded Regions Play Critical

Roles in Promoting the

Aggregation of Partially Folded

States . . . . . . . . . . . . . . . . . . . . . . . . . 355

Variations in Fibrillar Structure

Can Be Reconciled by Common

Determinants of the

Aggregation Process . . . . . . . . . . . 356

THE PATHOGENESIS OF

PROTEIN DEPOSITION

DISEASES . . . . . . . . . . . . . . . . . . . . . . 357

The Search Is on for the Causative

Agents of Protein Aggregation

Diseases . . . . . . . . . . . . . . . . . . . . . . 357

The Toxicity of Prefibrillar

Aggregates Results from their

Misfolded Nature . . . . . . . . . . . . . 358

PERSPECTIVES . . . . . . . . . . . . . . . . . . . 359

INTRODUCTION

Writing a review focused on protein misfold-

ing and the diseases with which it is related

is both an exciting and a challenging activity.

This is in part because recent interest in this

topic has led to an explosion in the number

of papers published across a broad spectrum

of disciplines, and in part because many of

the pathological features of the different dis-

eases, and the characteristics of the proteins
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with which they are associated, appear at first

sight to be quite diverse. Despite this diver-

sity, it is increasingly evident from the experi-

mental data emerging from a wide range of

studies that there are some, perhaps many,

common features in the underlying physico-

chemical and biochemical origins of the var-

ious disorders and, indeed, of the cases in

which similar processes contribute positively

to biological function. It has been one of our

primary objectives during the writing of this

article to explore the extent to which such

common features can provide the founda-

tion on which to develop a deeper under-

standing of the various phenomena associated

with protein misfolding and its consequences.

Fortunately, within the past year or two, a

variety of excellent reviews and books has

appeared on the more specific features of

many aspects of this complex subject, such as

the two-volume book entitled Protein Misfold-

ing, Aggregation and Conformational Diseases

(1).

To provide a framework on which to build

this article, we first describe the variety of hu-

man diseases that are now thought to arise

from the misfolding of proteins, particularly

those, perhaps the majority, in which mis-

folding results in the formation of highly or-

ganized and generally intractable thread-like

aggregates termed amyloid fibrils. We point

out, however, that in addition living organ-

isms can take advantage of the inherent abil-

ity of proteins to form such structures to gen-

erate novel and diverse biological functions.

Second, we describe the dramatic advances

that have recently been made toward the elu-

cidation of the structures of amyloid fibrils

at a molecular level and emphasize that our

knowledge of these structures is no longer

limited to the notion of a fibrillar morphol-

ogy and an ordered “cross-β” arrangement of

the polypeptide chains of which they are com-

posed. We then describe the progress that is

being made toward understanding the mech-

anism of aggregation and toward identifying

the nature of key intermediates in the aggre-

gation process. Finally, we discuss some of the

Protein misfolding:
the conversion of a
protein into a
structure that differs
from its native state

Amyloid fibrils:
protein aggregates
having a cross-β
structure and other
characeristics, e.g.,
specific dye-binding

Protein deposition
disease: any
pathological state
associated with the
formation of
intracellular or
extracellular protein
deposits

important ideas that are emerging about the

pathogenesis of the various protein deposi-

tion diseases and show that, in at least some

cases, the prefibrillar aggregates, rather than

the mature and stable fibrils into which they

convert, are the likely origins of pathological

behavior.

From the evidence that emerges from such

considerations, we have tried to pull together

the various threads of this complex subject in

an attempt to identify both the common fea-

tures of the various disorders and the differ-

ences that lead to their individual identities.

We also try to show that, in delving into the

general phenomenon of protein misfolding,

considerable light can be shed on the origins

of some of the most debilitating and increas-

ingly common diseases that affect humanity

as well as on the strategies that are likely

to be most effective for their prevention and

treatment.

THE ROLE OF AMYLOID-LIKE
STRUCTURES IN DISEASE AND
IN NORMAL BIOLOGY

A broad range of human diseases arises from

the failure of a specific peptide or protein to

adopt, or remain in, its native functional con-

formational state. These pathological condi-

tions are generally referred to as protein mis-

folding (or protein conformational ) diseases. They

include pathological states in which an im-

pairment in the folding efficiency of a given

protein results in a reduction in the quan-

tity of the protein that is available to play

its normal role. This reduction can arise as

the result of one of several posttranslational

processes, such as an increased probability of

degradation via the quality control system of

the endoplasmic reticulum, as occurs in cys-

tic fibrosis (2), or the improper trafficking of

a protein, as seen in early-onset emphysema

(3). The largest group of misfolding diseases,

however, is associated with the conversion of

specific peptides or proteins from their soluble

functional states ultimately into highly orga-

nized fibrillar aggregates. These structures are
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Amyloidosis: any
pathological state
associated with the
formation of
extracellular amyloid
deposits

TEM: transmission
electron microscopy

AFM: atomic force
microscopy

ThT: thioflavin T

CR: Congo red

Protofilaments: the
constituent units of
amyloid fibrils. They
should not be
confused with
protofibrils

generally described as amyloid fibrils or

plaques when they accumulate extracellu-

larly, whereas the term “intracellular inclu-

sions” has been suggested as more appropri-

ate when fibrils morphologically and struc-

turally related to extracellular amyloid form

inside the cell (4). For simplicity, however,

we shall describe all such species as amy-

loid fibrils in this article. It is also becoming

clear that fibrillar species with amyloid char-

acteristics can serve a number of biological

functions in living organisms, provided they

form under controlled conditions. Perhaps

the most fascinating of these functions lies in

the ability of such structures to serve as trans-

missible genetic traits distinct from DNA

genes.

Many Human Diseases Are
Associated with Protein Aggregation

A list of known diseases that are asso-

ciated with the formation of extracellular

amyloid fibrils or intracellular inclusions

with amyloid-like characteristics is given in

Table 1, along with the specific proteins that

in each case are the predominant components

of the deposits. The diseases can be broadly

grouped into neurodegenerative conditions,

in which aggregation occurs in the brain, non-

neuropathic localized amyloidoses, in which

aggregation occurs in a single type of tissue

other than the brain, and nonneuropathic sys-

temic amyloidoses, in which aggregation oc-

curs in multiple tissues (Table 1).

Some of these conditions, such as

Alzheimer’s and Parkinson’s diseases, are pre-

dominantly sporadic (labeled c in Table 1),

although hereditary forms are well doc-

umented. Other conditions, such as the

lysozyme and fibrinogen amyloidoses, arise

from specific mutations and are hereditary (la-

beled d in Table 1). In addition to sporadic

(85%) and hereditary (10%) forms, spongi-

form encephalopathies can also be transmis-

sible (5%) in humans as well as in other mam-

mals. It has also been found that intravenous

injection or oral administration of preformed

fibrils from different sources can result in ac-

celerated AA amyloidosis in mice subjected to

an inflammatory stimulus (5, 6). It has there-

fore been postulated that an environment en-

riched with fibrillar material could act as a risk

factor for amyloid diseases (6). Similarly, in-

jection of the recombinant mouse prion pro-

tein in the form of amyloid-like fibrils has

been reported to generate disease in mice that

express the prion protein (7).

The extracellular proteinaceous deposits

found in patients suffering from any of the

amyloid diseases have a major protein compo-

nent that forms the core and then additional

associated species, including metal ions, gly-

cosaminoglycans, the serum amyloid P com-

ponent, apolipoprotein E, collagen, and many

others (8, 9). Ex vivo fibrils, representing the

amyloid core structures, can be isolated from

patients, and closely similar fibrils can also be

produced in vitro using natural or recombi-

nant proteins; in this case, mildly denatur-

ing conditions are generally required for their

rapid formation, at least for proteins that nor-

mally adopt a well-defined folded structure

(see below).

The fibrils can be imaged in vitro using

transmission electron microscopy (TEM) or

atomic force microscopy (AFM). These ex-

periments reveal that the fibrils usually consist

of a number (typically 2–6) of protofilaments,

each about 2–5 nm in diameter (10). These

protofilaments twist together to form rope-

like fibrils that are typically 7–13 nm wide

(10, 11) or associate laterally to form long rib-

bons that are 2–5 nm thick and up to 30 nm

wide (12–14). X-ray fiber diffraction data have

shown that in each individual protofilament

the protein or peptide molecules are arranged

so that the polypeptide chain forms β-strands

that run perpendicular to the long axis of

the fibril (11). The fibrils have the ability to

bind specific dyes such as thioflavin T (ThT)

and Congo red (CR) (15), although the speci-

ficity of binding of CR to amyloid fibrils

and the resulting green birefringence under

336 Chiti · Dobson

Petitioner Merck, Ex. 1139, p. 336 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00017



Table 1 Human diseases associated with formation of extracellular amyloid deposits or intracellular inclusions with

amyloid-like characteristics

Disease

Aggregating protein or

peptide

Number of

residuesa

Native structure of protein or

peptideb

Neurodegenerative diseases

Alzheimer’s diseasec Amyloid β peptide 40 or 42f Natively unfolded

Spongiform encephalopathiesc,e Prion protein or

fragments thereof

253 Natively unfolded (residues 1–120)

and α-helical (residues 121–230)

Parkinson’s diseasec α-Synuclein 140 Natively unfolded

Dementia with Lewy bodiesc α-Synuclein 140 Natively unfolded

Frontotemporal dementia with

Parkinsonismc

Tau 352–441f Natively unfolded

Amyotrophic lateral sclerosisc Superoxide dismutase 1 153 All-β, Ig like

Huntington’s diseased Huntingtin with polyQ

expansion

3144g Largely natively unfolded

Spinocerebellar ataxiasd Ataxins with polyQ

expansion

816g,h All-β, AXH domain (residues

562–694); the rest are unknown

Spinocerebellar ataxia 17d TATA box-binding

protein with polyQ

expansion

339g α+β, TBP like (residues 159–339);

unknown (residues 1–158)

Spinal and bulbar muscular atrophyd Androgen receptor with

polyQ expansion

919g All-α, nuclear receptor

ligand-binding domain (residues

669–919); the rest are unknown

Hereditary

dentatorubral-pallidoluysian atrophyd

Atrophin-1 with polyQ

expansion

1185g Unknown

Familial British dementiad ABri 23 Natively unfolded

Familial Danish dementiad ADan 23 Natively unfolded

Nonneuropathic systemic amyloidoses

AL amyloidosisc Immunoglobulin light

chains or fragments

∼90f All-β, Ig like

AA amyloidosisc Fragments of serum

amyloid A protein

76–104f All-α, unknown fold

Familial Mediterranean feverc Fragments of serum

amyloid A protein

76–104f All-α, unknown fold

Senile systemic amyloidosisc Wild-type transthyretin 127 All-β, prealbumin like

Familial amyloidotic polyneuropathyd Mutants of transthyretin 127 All-β, prealbumin like

Hemodialysis-related amyloidosisc β2-microglobulin 99 All-β, Ig like

ApoAI amyloidosisd N-terminal fragments of

apolipoprotein AI

80–93f Natively unfolded

ApoAII amyloidosisd N-terminal fragment of

apolipoprotein AII

98i Unknown

ApoAIV amyloidosisc N-terminal fragment of

apolipoprotein AIV

∼70 Unknown

Finnish hereditary amyloidosisd Fragments of gelsolin

mutants

71 Natively unfolded

Lysozyme amyloidosisd Mutants of lysozyme 130 α+β, lysozyme fold

Fibrinogen amyloidosisd Variants of fibrinogen

α-chain

27–81f Unknown

Icelandic hereditary cerebral amyloid

angiopathyd

Mutant of cystatin C 120 α+β, cystatin like

(Continued )
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Table 1 (Continued )

Disease

Aggregating protein or

peptide

Number of

residuesa

Native structure of protein or

peptideb

Nonneuropathic localized diseases

Type II diabetesc Amylin, also called islet

amyloid polypeptide

(IAPP)

37 Natively unfolded

Medullary carcinoma of the thyroidc Calcitonin 32 Natively unfolded

Atrial amyloidosisc Atrial natriuretic factor 28 Natively unfolded

Hereditary cerebral haemorrhage with

amyloidosisd

Mutants of amyloid β

peptide

40 or 42f Natively unfolded

Pituitary prolactinoma Prolactin 199 All-α, 4-helical cytokines

Injection-localized amyloidosisc Insulin 21 + 30j All-α, insulin like

Aortic medial amyloidosisc Medin 50k Unknown

Hereditary lattice corneal dystrophyd Mainly C-terminal

fragments of

kerato-epithelin

50–200f Unknown

Corneal amylodosis associated with

trichiasisc

Lactoferrin 692 α+β, periplasmic-binding protein

like II

Cataractc γ-Crystallins Variable All-β, γ-crystallin like

Calcifying epithelial odontogenic

tumorsc

Unknown ∼46 Unknown

Pulmonary alveolar proteinosisd Lung surfactant protein C 35 Unknown

Inclusion-body myositisc Amyloid β peptide 40 or 42f Natively unfolded

Cutaneous lichen amyloidosisc Keratins Variable Unknown

aData refer to the number of residues of the processed polypeptide chains that deposit into aggregates, not of the precursor proteins.
bAccording to Structural Classification Of Proteins (SCOP), these are the structural class and fold of the native states of the processed peptides or

proteins that deposit into aggregates prior to aggregation.
cPredominantly sporadic, although in some cases hereditary forms associated with specific mutations are well documented.
dPredominantly hereditary, although in some cases sporadic forms are documented.
eFive percent of the cases are transmitted (e.g., iatrogenic).
fFragments of various lengths are generated and have been reported to be present in ex vivo fibrils.
gLengths shown refer to the normal sequences with nonpathogenic traits of polyQ.
hLength shown is for ataxin-1.
iThe pathogenic mutation converts the stop codon into a Gly codon, extending the 77-residue protein by 21 additional residues.
jHuman insulin consists of two chains (A and B, with 21 and 30 residues, respectively) covalently linked by disulfide bridges.
kMedin is the 245–294 fragment of human lactadherin.

cross-polarized light has recently been ques-

tioned (16, 17).

The proteins found as intractable aggre-

gates in pathological conditions do not share

any obvious sequence identity or structural

homology to each other. Considerable het-

erogeneity also exists as to secondary structure

composition or chain length (Table 1). Inter-

estingly, some amyloid deposits in vivo and

fibrils generated in vitro have both been found

to include higher-order assemblies, including

highly organized species known as spherulites,

which can be identified from a characteris-

tic Maltese cross pattern when observed un-

der cross-polarized light (18, 19). Such species

are also observed in preparations of synthetic

polymers, such as polyethylene, a finding

consistent with the idea that amyloid fibrils

have features analogous to those of classical

polymers.
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Formation of Amyloid Fibrils Is
Sometimes Exploited by Living
Systems

An increasing number of proteins with no link

to protein deposition diseases has been found

to form, under some conditions in vitro, fib-

rillar aggregates that have the morphological,

structural, and tinctorial properties that allow

them to be classified as amyloid fibrils (20, 21).

This finding has led to the idea that the ability

to form the amyloid structure is an inherent

or generic property of polypeptide chains, al-

though, as we discuss below, the propensity

to form such a structure can vary dramati-

cally with sequence. This generic ability can

increasingly be seen to have been exploited by

living systems for specific purposes, as some

organisms have been found to convert, during

their normal physiological life cycle, one or

more of their endogenous proteins into amy-

loid fibrils that have functional rather than

disease-associated properties. A list of such

proteins is reported in Table 2.

One particularly well-studied example of

functional amyloid is that of the proteina-

ceous fibrils formed from the protein curlin

that are used by Escherichia coli to colo-

nize inert surfaces and mediate binding to

host proteins. Consistent with the charac-

teristics of other amyloid structures, these

fibrils are 6–12 nm in diameter, possess ex-

tensive β-sheet structure, as revealed by cir-

cular dichroism (CD) spectroscopy, and bind

to CR and ThT (22). A second example in-

volves the filamentous bacterium Streptomyces

coelicolor that produces aerial hyphae, which

allow its spores to be dispersed efficiently; a

class of secreted proteins called chaplins has

been identified in the hyphae of this organ-

ism with the ability to form amyloid fibrils

that act cooperatively to bring about aerial

development (23). All these systems have ex-

tremely highly regulated assembly processes;

generation of the bacterial curli, for exam-

ple, involves several proteins, including one

that nucleates a different protein to form

fibrils.

Functional
amyloid: an amyloid
structure found to
have a beneficial
function in living
systems

CD: circular
dichroism

As well as these examples from bacte-

ria, the formation of functional amyloid-

like structures has recently been observed

in a mammalian system. The melanosomes,

lysosome-related organelles that differentiate

in melanocytes to allow the epidermal produc-

tion of the melanin pigment, are characterized

by intralumenal fibrous striations upon which

melanin granules form. This fibrous material,

sharing significant analogies with amyloid fib-

rils, is assembled from the intralumenal do-

main of the membrane protein Pmel17 that is

proteolyzed by a proprotein convertase (24).

This result is a direct indication that even in

higher organisms amyloid formation can be

physiologically useful for specific and special-

ized biological functions, provided it is regu-

lated and allowed to take place under highly

controlled conditions.

Amyloid Structures Can Serve as
Nonchromosomal Genetic Elements

As we discussed in the previous paragraph,

it is clear that living systems can utilize the

amyloid structure as the functional state of

some specific proteins. It is also clear, how-

ever, that nature has selected, or at the very

least has not selected against, some proteins

that can exist within normally functioning bi-

ological systems in both a soluble conforma-

tion and in an aggregated amyloid-like form.

Remarkably, this phenomenon has resulted

in the latter state being self-perpetuating, in-

fectious, and inheritable as a non-Mendelian

nonchromosomal genetic trait (25). Proteins

with such behavior are called prions and are

listed in Table 2. Although the only endoge-

nous mammalian protein so far recognized

to have such properties is associated with the

group of invariably fatal and transmissible dis-

eases, the heritable conformational changes

of prion proteins from some other organisms

have, in some cases, been found beneficial.

The prion proteins from Saccharomyces

cerevisiae, including Ure2p and Sup35p, give

rise to distinct phenotypes when adopt-

ing either one or the other forms of the
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Table 2 Proteins forming naturally nonpathological amyloid-like fibrils with specific functional roles

Protein Organism Function of the resulting amyloid-like fibrils References

Curlin Escherichia coli

(bacterium)

To colonize inert surfaces and mediate binding to

host proteins

22

Chaplins Streptomyces coelicolor

(bacterium)

To lower the water surface tension and allow the

development of aerial hyphae

23

Hydrophobina EAS Neurospora crassa

(fungus)

To lower the water surface tension and allow the

development of aerial hyphae

23a

Proteins of the chorion of the

eggshellb
Bombyx mori (silkworm) To protect the oocyte and the developing embryo

from a wide range of environmental hazards

23b

Spidroin Nephila edulis (spider) To form the silk fibers of the web 23c

Intralumenal domain of

Pmel17

Homo sapiens To form, inside melanosomes, fibrous striations

upon which melanin granules form

24

Ure2p (prion) Saccharomyces cerevisiae

(yeast)

To promote the uptake of poor nitrogen sources

([URE3])

25

Sup35p (prion) Saccharomyces cerevisiae

(yeast)

To confer new phenotypes ([PSI+]) by facilitating

the readthrough of stop codons on mRNA

26–28

Rnq1p (prion) Saccharomyces cerevisiae

(yeast)

Not well understood ([RNQ+], also known as

[PIN+], phenotype)

28a

HET-s (prion) Podospora anserina

(fungus)

To trigger a complex programmed cell death

phenomenon (heterokaryon incompatibility)

31, 32

Neuron-specific isoform of

CPEB (prion)

Aplisia californica

(marine snail)

To promote long-term maintenance of synaptic

changes associated with memory storage

30

aOther proteins from this class, collectively called hydrophobins, have been found to play similar roles in other species of filamentous fungi.
bSuggested to form amyloid-like fibrils in vivo, although amyloid formation has only been observed in vitro.

protein (soluble or fibrillar). These proteins

are not related to each other, although they

do have some characteristics in common, such

as the presence of a globular domain and

an unstructured portion of the sequence and

the high occurrence of glutamine and as-

paragine residues in the unstructured domain.

The polymerization-mediated inactivation of

Sup35p, a protein involved in the termina-

tion of mRNA translation, confers a wide va-

riety of novel phenotypes ([PSI+]) by facilitat-

ing the readthrough of stop codons (26–28).

The aggregation of Ure2p destroys its ability

to bind and sequester the transcription factor

Gln3p; this results in the activation of a series

of genes involved in the uptake of poor ni-

trogen sources (25). The resulting yeast cells

[URE3] can grow on media that, for example,

lack uracil but contain its precursor ureido-

succinate (25). Although the low natural oc-

currence of [URE3] and [PSI+] strains sug-

gest that the corresponding phenotypes are

not generally beneficial (29), they can still be

advantageous under particular environmental

circumstances.

In the marine snail Aplysia californica,

a neuron-specific isoform of cytoplasmic

polyadenylation element-binding protein

(CPEB) has also been found to exist in a

soluble and a self-perpetuating prion form

(30). The prion form was found to be more

active than the soluble form in stimulating

translation of CPEB-regulated mRNA. From

this finding, the suggestion was made that

the polymerization of the protein could be

essential for the long-term maintenance of

synaptic changes associated with memory

storage (30). Finally, the polymerization of

the HET-s protein from Podospora anserina

is involved in a controlled programmed cell

death phenomenon termed heterokaryon

incompatibility (31, 32).
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It is evident, even from the relatively few

examples that have been studied in detail

so far, that the aggregation of proteins into

amyloid-like structures can generate a num-

ber of extremely diverse biological functions.

The presence of many other sequences in the

genomes of different organisms with the char-

acteristics of prions suggests that there may

yet be surprises in store for us when their

properties are investigated.

THE STRUCTURES OF
AMYLOID FIBRILS

For many years the only structural informa-

tion about amyloid fibrils came from imaging

techniques such as TEM, and more recently

AFM, and from X-ray fiber diffraction (10,

11, 33). Despite the structural insight given

by these techniques, as outlined above, one of

the most common statements in the introduc-

tory sections of papers in this field until about

three years ago was to the effect that “amy-

loid fibrils cannot be characterized in detail

at the molecular level because they are not

crystalline yet they are too large to be stud-

ied by solution NMR spectroscopy.” The sit-

uation has changed dramatically recently as a

result of major progress in the application of

solid-state NMR (SSNMR) spectroscopy to

preparations of amyloid fibrils (34–36) and of

successes in growing nano- or microcrystals

of small peptide fragments that have charac-

teristics of amyloid fibrils yet are amenable

to single crystal X-ray diffraction analysis

(37, 38).

High-Resolution Structural Studies
Using Solid-State NMR

Using SSNMR, in conjunction with compu-

tational energy minimization procedures, Ty-

cko and coworkers (34, 39, 40) have put for-

ward a structure of the amyloid fibrils formed

from the 40-residue form of the amyloid β

peptide (Aβ1−40) at pH 7.4 and 24oC un-

der quiescent conditions. In this structure,

each Aβ1−40 molecule contributes a pair of β-

SSNMR: solid-state
nuclear magnetic
resonance

STEM: scanning
transmission
electron microscopy

SDSL-EPR:
site-directed spin
labeling coupled to
electron
paramagnetic
resonance

Aβ: amyloid
β peptide

strands, spanning approximately residues 12–

24 and 30–40, to the core region of the fib-

rils (Figure 1a). These strands, connected by

the loop 25–29, are not part of the same β-

sheet, however, but participate in the forma-

tion of two distinct β-sheets within the same

protofilament (Figure 1a). The different Aβ

molecules are stacked on to each other, in a

parallel arrangement and in register, at least

from residue 9 to 39 (39, 40). By invoking ad-

ditional experimental constraints, such as the

diameter of the protofilaments observed using

TEM, and the mass per unit length, measured

by means of scanning transmission electron

microscopy (STEM) (34, 41), it has been sug-

gested that a single protofilament is composed

of four β-sheets separated by distances of

∼10 Å (Figure 1a).

Support for key elements of this proposed

structure comes from experiments of site-

directed spin labeling coupled to electron

paramagnetic resonance (SDSL-EPR) (42).

The values of the inverse central line width

in the EPR spectra for a series of labeled

residues indicate that the segments of the

Aβ1−42 molecule corresponding to residues

13–21 and 30–39 are highly structured in the

fibrils, parallel and in register. High flexibility

and exposure to the solvent of the N-terminal

region, in contrast to considerable structural

rigidity detected for the remainder of the se-

quence, are also suggested by experimental

strategies that use hydrogen-deuterium ex-

change methods in conjunction with mass

spectrometry (43), limited proteolysis (44),

and proline-scanning mutagenesis (45).

SSNMR, in conjunction with site-directed

fluorescence labeling and an ingenious hy-

drogen/deuterium exchange protocol applied

previously to probe the regions of β2-

microglobulin fibrils that are involved in

persistent structure (46), has led to identifi-

cation of the regions of the C-terminal frag-

ment of HET-s that are involved in the core

of the fibril (36). In the proposed structure,

each molecule contributes four β-strands,

with strands one and three forming the same

parallel β-sheet and with strands two and four
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Figure 1

Recent three-dimensional structural models of fibrillar aggregates from different sources. (a) The
protofilament of Aβ viewed down the long axis of the fibril. Reprinted with permission (177), copyright
(2003) American Chemical Society. The segments 12–24 (red) and 30–40 (blue) are shown. (b) The fibril
from the C-terminal domain 218–289 of the fungal prion protein HET-s [reproduced with permission
(36)]. The ribbon diagram shows the four β-strands (orange) (residues 226–234, 237–245, 262–270, and
273–282) and the long loop between β2 and β3 from one molecule. Flanking molecules along the fibril
axis (gray) are shown. (c) Atomic structure of the microcrystals assembled from the GNNQQNY peptide
[reproduced with permission (38)]. Each β-strand is a peptide molecule. (d) The protofilament from
amylin [reprinted with permission from Elsevier (51)]. Green, yellow, and pink β-strands indicate
residues 12–17, 22–27, and 31–37, respectively. The unstructured N-terminal tail is shown on the right
of the panel along with the disulfide bridge between Cys2 and Cys7. (e) The fibril from the NM region of
Sup35p [reproduced with permission (52)]. The colored ribbons indicate residues 25–38 (red), 39–90
(blue), and 91–106 (green). The unstructured regions 1–20 (red dashed lines) and 158–250 (black dashed lines)
are shown.
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forming another parallel β-sheet ∼10 Å away

(Figure 1b).

Advances in SSNMR techniques that

enable specific internuclear distances and tor-

sion angles to be measured have also allowed

the structure of a 11-residue fragment of

transthyretin within an amyloid-like fibril to

be defined in atomic detail (35, 47). This study

shows that the peptide adopts an extended β-

strand within the fibrils. Most importantly,

however, this pioneering study reveals that the

molecules within the fibrils possess a degree of

uniformity, even at the level of the side-chain

torsion angles, that has previously only been

associated with crystalline materials. Because

this regularity is reflected in the very narrow

resonance lines in the SSNMR spectra, we can

anticipate that complete atomic-level struc-

tures will soon begin to emerge for a range of

systems, transforming our understanding of

this facet of the amyloid phenomenon.

High-Resolution Structural Studies
Using X-ray Crystallography

The remarkable achievement of induc-

ing a peptide derived from Sup35p (GN-

NQQNY) and another with sequence KF-

FEAAAKKFFE, to form three-dimensional

crystals that possess key characteristics of

amyloid fibrils, has allowed both the struc-

ture of the peptides and the way the molecules

could be packed together to be determined

with unprecedented resolution (37, 38). In

the case of the Sup35p fragment, the crys-

tal consists of pairs of parallel β-sheets in

which each individual peptide molecule con-

tributes a single β-strand (Figure 1c). The

stacked β-strands are parallel and in register

in both sheets. The two sheets interact with

each other through the side chains of Asn2,

Gln4, and Asn6 to such a degree that water is

excluded from the region between them. The

remaining side chains on the outer faces of

the sheets are hydrated and more distant from

the next pair of β-sheets, suggesting that this

less intimate interaction could represent a

crystal contact rather than a feature of the

fibrillar state.

A particularly significant aspect of these

structures determined with X-ray or SSNMR

is that they are strikingly similar to proposals

from cryo-electron microscopy (EM) analy-

sis of the amyloid fibrils formed from an SH3

domain and from insulin, in which the elec-

tron density maps were interpreted as aris-

ing from pairs of relatively flat untwisted β-

sheets (48, 49). Such similarities suggest that

many amyloid fibrils could have core struc-

tures that have very similar features, which are

primarily dictated by the intrinsic conforma-

tional preferences of polypeptide chains. The

specific nature of the side-chain packing, in-

cluding such characteristics as the alignment

of adjacent strands and the separation of the

sheets (50), however, provides an explanation

for the occurrence of variations in the details

of the structures for specific types of fibril.

Hopefully, these pioneering X-ray and SS-

NMR studies may represent the first entries

in a new database of structures similar to the

current Protein Data Bank.

Other Approaches to Defining the
Structural Properties of Amyloid
Fibrils

As discussed above, SSNMR and X-ray crys-

tallography have recently made major con-

tributions to our knowledge of the struc-

tures of amyloid fibrils. Considerable progress

in this quest has also come from other ap-

proaches, typically involving the combination

of data from a number of different biophys-

ical experiments (13, 51, 52). One example

is the three-dimensional structure proposed

for amyloid fibrils from amylin (Figure 1d )

(51). The polypeptide chains were config-

ured within the fibrils on the basis of a cross-

β structure, deduced from X-ray diffraction

data along with measurements of the protofil-

ament diameter and mass per unit length,

determined using TEM and STEM, respec-

tively (53, 54). Additional constraints were

provided by evidence of a parallel and in
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register arrangement of the β-strands formed

by adjacent molecules from SDSL-EPR data

(55) and by evidence of the high propen-

sity of various amylin segments to form fib-

rils when dissected from the rest of the

sequence (51). In the resulting model, the

N-terminal “tail” (residues 1–11) is unstruc-

tured, and residues 12–17, 22–27, and 31–

37 form β-strands in a serpentine arrange-

ment, contributing to different β-ribbons in

the protofilament (Figure1d ).

In another particularly elegant example,

detailed structural information on the fibrils,

formed from the NM region (residues 1–250)

of the yeast prion protein Sup35p, was also ob-

tained by combining a variety of experimen-

tal strategies (52). Carefully chosen residues

spaced along the fragment of the protein were

mutated so as to generate 37 variants, each

having a single cysteine residue at a desired

position in the molecule. The variants were

then labeled with fluorescent probes. The

wavelength maximum and total emission in-

tensity of the fluorescent probes were then

used to provide information about the degree

of burial from solvent of the various residues

and about the distances between probes at-

tached to different molecules within the fib-

rils. Dimeric constructs were also generated

for each variant by covalently linking the free

thiol group of one molecule to the same group

in a second molecule, either directly by a disul-

fide bridge or by the insertion of a linker. The

ability, or lack of ability, of such dimers to form

fibrils was used to estimate the distances be-

tween corresponding regions of the sequence

from adjacent molecules in the fibrils.

Taken together, these complementary sets

of data allowed a model to be defined that

describes the molecular structure of the fila-

ments (52). In this structure (Figure 1e), two

segments of the N domain, corresponding to

residues 25–38 and 91–106 (colored green and

red in Figure 1e, respectively), interact with

the corresponding regions in other molecules

to form a “head-to-head” and “tail-to-tail” ar-

rangement. The large central region of the

sequence between these two segments (blue

in Figure 1e) is folded in such a way that it

forms only intramolecular interactions. The

C-terminal region of the N domain and the

proximal portion of the M domain (residues

107–157) are also structured within the fib-

rils, whereas the N-terminal region (residues

1–20) and the distal end of the M domain

(residues 158–250) appear to be structurally

heterogeneous and solvent exposed (dashed

lines in Figure 1e).

Finally, although detailed structural mod-

els have not yet been proposed, much has

been learned about the characteristics of other

types of fibrils through similar approaches.

This has led, for example, to the identifica-

tion of regions of the polypeptide chain that

are associated with an ordered structure in

α-synuclein and tau fibrils using SDSL-EPR

(56, 57). It was also possible to determine the

most structured regions in α-synuclein as well

as in both straight and curly fibrils from β2-

microglobulin using hydrogen-deuterium ex-

change (46, 58, 58a), limited proteolysis (59,

59a), and SSNMR (59b). In addition, from

X-ray fiber diffraction studies a cylindrical β-

sheet model for fibrils from a poly-Gln pep-

tide and the exon-1 peptide of huntingtin has

been proposed (60). The polyglutamine fibrils

are of particular interest because of the pos-

sibility that the additional array of hydrogen-

bonding interactions involving the side chains

results in a structure significantly different

from that of the classical amyloid fibrils. Evi-

dence that this situation can arise comes from

the absence of the 10 Å reflection in the X-ray

fiber diffraction patterns of these systems.

Similarities and Differences in
Fibrillar Structures from Various
Systems

Comparison of the information about the

structural properties of various fibrillar sys-

tems, discussed in the previous three para-

graphs, allows us to draw a number of

tentative conclusions about their similarities

and differences. Different fibrils clearly have

many properties in common, including the
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canonical cross-β structure and the frequent

presence of repetitive hydrophobic or polar

interactions along the fibrillar axis. The ubiq-

uitous presence of a cross-β structure strongly

supports the view that the physicochemical

properties of the polypeptide chain are the

major determinants of the fibrillar structure in

each case. Moreover, several of the proposed

structures, despite very different sequences of

their component polypeptides, suggest that

the core region is composed of two to four

sheets that interact closely with each other.

An interesting feature of these sheets is that

they appear to be much less twisted than ex-

pected from the analysis of the short arrays

of β-strands that form β-sheets in globular

protein structures. This feature was first pro-

posed from cryo-EM and has been supported

by Fourier transform infrared (FTIR) analy-

ses (48, 61).

Nevertheless, it is clear that there are sig-

nificant differences in detail attributable to the

influence of the side chains on the structures

adopted by the various systems. These appear

to include the lengths of the β-strands and

whether they are arranged in a parallel or an-

tiparallel arrangement within each sheet; the

lengths and conformational properties of the

loops, turns, and other regions that are not

included within the core structure; and the

number of β-sheets in the protofilament. It

is clear that the fraction of the residues of

a polypeptide chain that are incorporated in

the core structure can vary substantially (e.g.,

from all the residues of the 7-mer peptide to

only about 13% of the residues in the full-

length HET-s) and that the exact spacing be-

tween the β-sheets varies with factors such

as the steric bulk of the side chains that are

packed together in the core (50). In addition,

the presence of disulfide bonds in proteins

such as insulin may perturb the way in which

the sheets can stack together (49). In cases

such as the polyglutamine sequences, other

interactions between the side chains may gen-

erate larger perturbations of the structure to

generate such motifs as β-helices (60), which

FTIR: Fourier
transform infrared

are also seen under similar circumstances in

the structures of globular proteins.

The structure that will normally be

adopted in the fibrils will be the lowest in

free energy and/or the most kinetically acces-

sible. What is clear, therefore, is that the in-

teractions of the various side chains with each

other and with solvent are crucial in determin-

ing the variations in the fibrillar architecture

even though the main-chain interactions de-

termine the overall framework within which

these variations can occur. In other words,

the interactions and conditions (see below) in-

volving the side chains in a given sequence can

tip the balance between the alternative “vari-

ations on a common theme” arrangements of

a polypeptide “polymer” chain in its fibril-

lar structure. Such a situation contrasts with

that pertaining to the native structures of the

highly selected protein molecules, which are

able to fold to unique structures that are sig-

nificantly more stable for a given sequence

than any alternatives.

The Polymorphism of Amyloid
Fibrils

Even before the molecular structures of amy-

loid fibrils began to emerge, it was clear that

significant morphological variation can ex-

ist between different fibrils formed from the

same peptide or protein (12, 48, 49, 54).

Evidence is now accumulating that such varia-

tions in morphology is linked to heterogeneity

in molecular structure, i.e., in the structural

positioning of the polypeptide chains within

the fibrils. One example of such heterogene-

ity involves the peptide hormone glucagon,

wherein fibrils formed at different tempera-

tures (25oC or 50oC) are morphologically dis-

tinct; measurements of CD and FTIR spec-

troscopy reveal differences in the secondary

structure adopted by the constituent pep-

tide molecules (14). A particularly impor-

tant study in this regard addresses the origin

of the marked differences in the morphol-

ogy of Aβ1−40 fibrils that can be observed
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in TEM studies of samples prepared under

agitation or quiescent conditions; differences

in the SSNMR spectra recorded from the

different preparations provide clear evidence

that this polymorphism is linked to differences

in molecular structure (62).

Another example of conformational vari-

ability involves fibrils formed from the yeast

prion protein Ure2p, where two independent

studies came to somewhat different conclu-

sions about the fibril structure. Both stud-

ies find that the globular C-terminal do-

main maintains a largely native-like structure.

However, in one case, it appears that the fibrils

possess a cross-β core involving only the N-

terminal domains, each arranged in a serpen-

tine fashion and forming a series of consec-

utive strands and loops (63–65). The parallel

and in register stacking of serpentines from

different molecules then forms the cross-β

core with the C-terminal globular units deco-

rating it (64). In the other study, the C- and N-

terminal domains of the protein appear to in-

teract with each other, and these fibrils do not

have the characteristic 4.7-Å reflection typi-

cal of a cross-β structure (17, 66, 67). These

apparently conflicting reports are likely to re-

flect structural differences in the fibrils, prob-

ably caused by the slightly different conditions

used to prepare them.

Conformational polymorphism has also

been found in other yeast prion proteins and is

of particular significance because of the light

it sheds on the existence of “strains” of mam-

malian prions and on the nature of the crucial

barriers to infectivity that limit transmissibil-

ity between species (68). Efficiency of inter-

species prion transmission decreases as the

sequences of the infectious prions diverge,

probably because each prion sequence can

give rise to a limited number of misfolded

conformations, which have low cross-seeding

efficiency. However, a strain conformation of

Sup35p has recently been identified that al-

lows transmission from S. cerevisiae to the

highly divergent Candida albicans (68). Simi-

larly, mammalian PrP23−144 fibrils from differ-

ent species vary in morphology and secondary

structure, and these differences appear to be

controlled by one or two residues in a critical

region of the polypeptide sequence (69).

In all of these cases, preformed seeds can

propagate their morphology and structure as

well as overcome sequence- or condition-

based structural preferences, resulting in fib-

rils that inherit the characteristics of the tem-

plate (14, 62, 68, 69). These results show

that each protein sequence can form a spec-

trum of structurally distinct fibrillar aggre-

gates and that kinetic factors can dictate which

of these alternatives is dominant under given

circumstances. Of the many possible confor-

mations that could be present in the amyloid

core for a given protein, the specific ones that

play this role will depend simply on the ther-

modynamic and, in many cases, the kinetic

factors that are dominant under those cir-

cumstances. By contrast, natural globular pro-

teins have been selected by evolution to fold

into one specific three-dimensional structure,

and the complex free-energy landscapes as-

sociated with their sequences have a single

and well-defined minimum, under physiolog-

ical conditions, corresponding to the native

state.

MECHANISMS OF AMYLOID
FIBRIL FORMATION

The full elucidation of the aggregation pro-

cess of a protein requires the identification of

all the conformational states and oligomeric

structures adopted by the polypeptide chain

during the process and the determination of

the thermodynamics and kinetics of all the

conformational changes that link these dif-

ferent species. It also implies characterizing

each of the transitions in molecular detail and

identifying the residues or regions of the se-

quence that promote the various aggregation

steps. The identification and characterization

of oligomers preceding the formation of well-

defined fibrils is of particular interest because

of an increasing awareness that these species

are likely to play a critical role in the patho-

genesis of protein deposition diseases.
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Amyloid Formation Occurs via a
Nucleated Growth Mechanism

It is widely established that amyloid fibril for-

mation has many characteristics of a “nucle-

ated growth” mechanism. The time course

of the conversion of a peptide or protein

into its fibrillar form (measured by ThT flu-

orescence, light scattering, or other tech-

niques) typically includes a lag phase that

is followed by a rapid exponential growth

phase (70–73). The lag phase is assumed to

be the time required for “nuclei” to form.

Once a nucleus is formed, fibril growth is

thought to proceed rapidly by further associa-

tion of either monomers or oligomers with the

nucleus.

Such a nucleated growth mechanism has

been well studied both experimentally and

theoretically in many other contexts, most

notably for the process of crystallization of

both large and small molecules (74). As with

many other processes dependent on a nucle-

ation step, including crystallization, addition

of preformed fibrillar species to a sample of a

protein under aggregation conditions (“seed-

ing”) causes the lag phase to be shortened and

ultimately abolished when the rate of the ag-

gregation process is no longer limited by the

need for nucleation (70, 71). It has been shown

also that changes in experimental conditions,

or certain types of mutations, can also reduce

or eliminate the length of the lag phase, again

assumed to result from a situation wherein

nucleation is no longer rate limiting (72, 73,

75). The absence of a lag phase, therefore,

does not necessarily imply that a nucleated

growth mechanism is not operating, but it

may simply be that the time required for fib-

ril growth is sufficiently slow relative to the

nucleation process and that the latter is no

longer the slowest step in the conversion of

a soluble protein into the amyloid state. Al-

though fibrils do not appear to a significant

extent during the lag phase, it is increasingly

clear that this stage in fibril formation is an im-

portant event in which a variety of oligomers

form, including β-sheet-rich species that pro-

Oligomers: clusters
of small numbers of
protein or peptide
molecules without a
fibrillar appearance

Protofibrils:
protein aggregates of
isolated or clustered
spherical beads 2–5
nm in diameter with
β-sheet structure

vide nuclei for the formation of mature

fibrils.

The efficiency of preformed fibrils to pro-

mote further aggregation through a seeding

mechanism decreases dramatically as the se-

quences diverge (68, 76, 76a). Using a num-

ber of immunoglobulin domains sharing dif-

ferent degrees of sequence identity, it was

shown that coaggregation between different

types of domain is not detectable if the se-

quence identity is lower than ∼30% to 40%

(76). A bioinformatics analysis of consecutive

homologous domains in large multimodular

proteins shows that such domains almost ex-

clusively have sequence identities of less than

40%, suggesting that such low sequence iden-

tities could play a crucial role in safeguarding

proteins against aggregation (76).

Oligomers Preceding Amyloid Fibril
Formation: Structured Protofibrils

The past decade has seen very substantial ef-

forts directed toward identifying, isolating,

and characterizing the oligomeric species that

are present in solution prior to the appear-

ance of fibrils, both because of their likely role

in the mechanism of fibril formation and be-

cause of their implication as the toxic species

involved in neurodegenerative disorders. We

focus initially on amyloid formation by the

Aβ peptide because this has been widely stud-

ied owing to its links with Alzheimer’s dis-

ease. Aggregation of this peptide is preceded

by the formation of a series of metastable,

nonfibrillar species that can be visualized us-

ing AFM and TEM (33, 77–79). Some appear

to be spherical beads of 2–5 nm in diame-

ter. Others appear to be beaded chains with

the individual beads again having a diameter

of 2–5 nm and seeming to assemble in linear

and curly chains. Yet others appear as annu-

lar structures, apparently formed by the cir-

cularization of the beaded chains. All of these

aggregates, which have been termed protofib-

rils by the authors who first observed them

(33, 77–79), should not be confused with the
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protofilaments that are the constituent units

of mature fibrils. Protofibrils from Aβ can

bind CR and ThT (79), contain an extensive

β-sheet structure (79), and, in the form of the

smaller spherical species, are made up of ∼20

molecules (80). A first exciting attempt to de-

termine the structure of Aβ protofibrils was

published using proline-scanning mutagene-

sis (81).

Analogous spherical and chain-like

protofibrillar structures have been ob-

served for many other systems, including

α-synuclein (82), amylin (80), the im-

munoglobulin light chain (83), transthyretin

(84), polyQ-containing proteins (80), β2-

microglobulin (85), equine lysozyme (86),

the Sulfolobus solfataricus acylphosphatase

(Sso AcP) (87), and an SH3 domain (87a).

These species are generally characterized by

extensive β-structure and sufficient structural

regularity to bind ThT and CR. The exciting

finding that a specific antibody can bind to

protofibrillar species from different sources,

but not to their corresponding monomeric

or fibrillar states, suggests that such soluble

amyloid oligomers have some important

common structural elements (88).

Data have been reported showing that in

some cases protofibrils can be on-pathway to

fibrils (33, 71). In other cases, they appear to

be off-pathway (85, 89). It has been reported

that the transition from the protofibrillar to

the fibrillar state of the peptide 109–122 of the

Syrian hamster prion protein occurs concomi-

tantly with the alignment of β-strands within

sheets in which the strands are initially mis-

aligned (89a). Such an aligment involves de-

tachment and re-annealing of the strands, but

may also occur through an internal structural

reorganization within the sheets, depending

on conditions (89b). Regardless of the pre-

cise role played by protofibrils in the over-

all process of fibril formation, the elucidation

of their mechanism of formation and of their

structures is extremely important, not least

because these species could be the primary

toxic agents involved in neurodegenerative

disorders.

Oligomers Preceding Fibril and
Protofibril Formation: Unstructured
Aggregates

Following the isolation and characteriza-

tion of protofibrils, studies based on photo-

induced cross-linking of unmodified proteins

(PICUP) began to identify other oligomeric

species that appeared to precede their for-

mation (90, 91). Both the 40 and 42 residue

forms of Aβ have been shown to exist as

soluble oligomers in rapid equilibrium with

the corresponding monomeric forms. These

oligomers appear to be composed of 2–4 and

5–6 molecules for Aβ1−40 and Aβ1−42, respec-

tively, and CD measurements suggest that

they are relatively disorganized (91). Inter-

est in these low-molecular-weight oligomers

has been particularly intense as species of this

type have also been detected in the brains of

Alzheimer’s disease patients (92) and in the

lysates and conditioned media of cultured cells

expressing the amyloid β protein precursor

(93, 94).

The NM region of the yeast prion Sup35p

has been shown to form “structurally fluid”

oligomers rapidly, and these oligomers only

later convert to species with extensive β-

structures that are capable of nucleating fibril

formation (71). Such a conversion has been

found to be facilitated by the covalent dimer-

ization of NM molecules when residues in the

“head” region of N (residues 25–38) are cross-

linked (52). Moreover, if the fluid oligomers

are maintained under oxidizing conditions,

intermolecular disulfide bridges are found to

form more easily for variants in which cysteine

residues are introduced into the head region

of N rather than elsewhere. These results in-

dicate that the interaction of the head regions

of two N molecules nucleates the formation

of an amyloid-like structure within the aggre-

gates (52).

Similar behavior has been observed for the

aggregation of denatured yeast phosphoglyc-

erate kinase at low pH using dynamic light

scattering and far-UV CD spectroscopy (95).

β-sheet structure is increasingly stabilized as
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the aggregates grow in size. When a crit-

ical mass is reached, the oligomers asso-

ciate with each other to form short, curly

protofibrils that are similar in appearance

to those observed with Aβ and α-synuclein

(95). Moreover, unfolding of the SH3 do-

main from the bovine phosphatidylinositol

3′ kinase at pH 3.6 results in the rapid for-

mation of a broad distribution of unstruc-

tured oligomers that subsequently convert

into thin, curly, ThT-binding protofibrils

(87a). All these experimental results, along

with computer simulations carried out us-

ing simple polyalanine peptides (96), suggest

that structured protofibrillar species can form

from the reorganization or assembly of small

and relatively disorganized oligomers that are

formed rapidly after the initiation of the ag-

gregation process.

Aggregation of Globular Proteins
Can Occur via Partial Unfolding

So far we have discussed systems that are

largely unstructured prior to the aggregation

process. It is generally believed that globular

proteins need to unfold, at least partially, to

aggregate into amyloid fibrils (21, 97, 98). Ev-

idence supporting this hypothesis comes from

a large body of experimental data. It is clear,

for example, that globular proteins have an

increased propensity to aggregate under con-

ditions that promote their partial unfolding,

such as high temperature, high pressure, low

pH, or moderate concentrations of organic

solvents (85, 99–102). In addition, for some

familial forms of disease in which the pro-

teins involved in aggregation normally adopt

folded conformations (see Table 1), there is

clear evidence that a destabilization of the na-

tive structure, resulting in an increase in the

population of nonnative states, is the primary

mechanism through which natural mutations

mediate their pathogenicity (103–105).

A strong correlation between a decreased

conformational stability of the native state

and an increased propensity to aggregate into

amyloid-like structures has also been shown

in vitro for nondisease-associated proteins

(100, 106). Remarkably, aggregation of hu-

man lysozyme and HypF-N can be initiated

by a population of less than 1% of a partially

folded state that is in equilibrium with the

native conformation (104, 107). Conversely,

the binding of ligands and other species, such

as antibodies, that stabilize the native state

can decrease dramatically the propensity of

proteins to aggregate (108–111). Such ob-

servations have inspired an extensive search

of potential pharmaceutical compounds for

the treatment of the diseases associated with

transthyretin through specific binding to the

tetrameric native state of the protein (109).

Aggregation of Globular Proteins
Can Occur via Formation of
Native-Like Oligomers

Although the “conformational change hy-

pothesis” is undoubtedly the most appropriate

way to describe the formation of amyloid fib-

rils by many globular proteins, recent obser-

vations have suggested that in some cases the

major conformational change associated with

amyloid aggregation may not take place until

after the initial aggregation step. Formation

of amyloid fibrils by insulin at low pH, for

example, is preceded by an oligomerization

step in which a native-like content of α-helical

structure is almost completely retained, and

aggregates with a morphology reminiscent of

amyloid protofibrils and with a high content

of β-structure appear only later in the process

(112). In addition, within a group of variants

of the protein S6 from Thermus thermophilus,

no significant correlation was found between

the rate of fibril formation under conditions in

which a quasi-native state was populated prior

to aggregation and the unfolding rate or con-

formational stability (73). Similarly, the na-

tive state of the pathogenic variant of ataxin-

3, the protein associated with spinocerebellar

ataxia type-3, does not appear to be signif-

icantly destabilized, leading to the proposal

that the pathway for fibril formation can be

distinct from that of unfolding (113).
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Details of the manner in which aggrega-

tion under these conditions can take place has

come from studies of the aggregation of Sso

AcP. These studies have shown that unfold-

ing of the protein can be two orders of mag-

nitude slower than the formation of amyloid

protofibrils when the protein is placed under

conditions in which the native state is thermo-

dynamically more stable than the dominant

partially unfolded state (87). The first event

in the aggregation of Sso AcP under these

conditions is the formation of oligomers that

do not bind to ThT or CR and, remarkably,

not only have a native-like topology but also

retain enzymatic activity (114). These native-

like oligomers then undergo structural reor-

ganization to form amyloid protofibrils that

have extensive β-structure, bind ThT and

CR, but are not enzymatically active. The

fact that protofibril formation is also faster

than the rate of disaggregation of the initially

formed oligomers shows that dissolution of

the latter followed by renucleation cannot be

the dominant process giving rise to the struc-

tural conversion.

In the case of Ure2p, a mechanism of the

type observed for Sso AcP appears to give rise

to a situation wherein a native-like confor-

mation is even retained in the fibrils them-

selves under some conditions (17, 66, 67). The

significant propensity of native or native-like

structures to aggregate is not surprising if we

consider that there is a multitude of conform-

ers even in the native ensemble of a globular

protein (115). Some of these conformers will

be only transiently populated but could be sig-

nificant for aggregation just as they are for the

hydrogen exchange of their main-chain amide

groups.

Finally in this section, despite their appar-

ent differences, there are in fact substantial

similarities between the fundamental mecha-

nism of aggregation described here for folded

proteins and that of natively unfolded sys-

tems, such as Aβ and Sup35p NM. In both

cases, the polypeptide molecules assemble

first into species that can have characteris-

tics far from those of the final aggregates but

similar to those of the precursor structures,

whether natively unfolded or natively folded.

The initial aggregates then transform into

species that are not yet fibrillar in their mor-

phologies but have other properties charac-

teristic of amyloid-like structures, notably β-

sheet structure and binding to CR and ThT.

Clearly, fully or partially unfolded states of

globular proteins are generally more suscep-

tible to aggregation than the native states.

Nevertheless, in some situations, particularly

those close to physiological, the much higher

populations of the latter can result in their

playing an important role in initiating an ag-

gregation process that could be significant

on the very slow timescales of the amyloid

disorders.

A Multitude of Conformational
States Is Accessible to Polypeptide
Chains

The differing features of the aggregation pro-

cesses, described in the previous paragraphs,

reveal that polypeptide chains can adopt a

multitude of conformational states and inter-

convert between them on a wide range of

timescales. The network of equilibria, which

link some of the most important of such

states both inside and outside the cell, is

schematically illustrated in Figure 2. Follow-

ing biosynthesis on a ribosome, a polypeptide

chain is initially unfolded. It can then pop-

ulate a wide distribution of conformations,

each of which contains little persistent struc-

ture, as in the case of natively unfolded pro-

teins, or fold to a unique compact structure,

often through one or more partly folded in-

termediates. In such a conformational state,

the protein can remain as a monomer or asso-

ciate to form oligomers or higher aggregates,

some of which are functional with character-

istics far from those of amyloid structures,

such as in actin, myosin, and microtubules.

Sooner or later, the vast majority of proteins

will be degraded, usually under very carefully
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Figure 2

A schematic representation of some of the many conformational states that can be adopted by
polypeptide chains and of the means by which they can be interconverted. The transition from
β-structured aggregates to amyloid fibrils can occur by addition of either monomers or protofibrils
(depending on protein) to preformed β-aggregates. All of these different conformational states and their
interconversions are carefully regulated in the biological environment, much as enzymes regulate all the
chemistry in cells, by using machinery such as molecular chaperones, degradatory systems, and quality
control processes. Many of the various states of proteins are utilized functionally by biology, including
unfolded proteins and amyloid fibrils, but conformational diseases will occur when such regulatory
systems fail, just as metabolic diseases occur when the regulation of chemical processes becomes impaired.
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controlled conditions and as a part of normal

biochemical processes, with their amino acids

often being recycled.

This description of normal functional be-

havior, honed by millions of years of evolu-

tion, is, however, only part of the story. Fully

or partially unfolded ensembles on the path-

ways to their functional states (or generated

as the result of stress, chemical modification,

or genetic mutation) are particularly vulnera-

ble to aggregation (Figure 2). Peptides and

proteins that are natively unfolded, as well

as fragments of proteins generated by pro-

teolysis and unable to fold in the absence of

the remainder of the polypeptide chain, can

also aggregate under some circumstances, for

example, if their concentrations become ele-

vated. Some of the initial amorphous aggre-

gates simply dissociate again, but others may

reorganize to form oligomers with the germ of

an amyloid structure, including the spherical,

chain-like, and annular amyloid protofibrils

observed for many systems. In order to gen-

erate long-range order in such structures, a

critical number of molecules must be present

such that the favorably enthaplic terms asso-

ciated with their regular stacking can most ef-

fectively offset the accompanying loss of con-

figurational entropy.

The structured polypeptide aggregates can

then sometimes grow into mature fibrils by

further self-association or through the repet-

itive addition of monomers. Proteins that

adopt a folded structure under physiological

conditions can also aggregate under some cir-

cumstances. This latter type of protein can

either unfold, fully or partially, and aggre-

gate through the mechanism described above

or they can oligomerize prior to such a sub-

stantial conformational change. In the latter

process, a structural reorganization to give

amyloid-like assemblies occurs later and may

in some cases be promoted by the existence

of intermolecular contacts within native-like

aggregates.

Every state of a polypeptide molecule, ex-

cept the unique native state of globular pro-

teins wherein the side chains pack together in

a unique manner, is a broad ensemble of of-

ten diverse conformations. It is not surprising,

therefore, that even the fibrillar end products

of aggregation processes are characterized by

morphological and structural diversity, repre-

senting variations on a common theme. Un-

der most conditions in living systems, misfold-

ing and aggregation of proteins are intrinsic

side effects of the conformational transitions

essential to the functioning of the organism.

Formation of aggregates is normally inhib-

ited by molecular chaperones and degrada-

tion processes as well as being disfavored by

the amino acid sequences that are carefully

selected by evolution to inhibit aggregation.

But under some circumstances, as we discuss

below, these aggregation processes can escape

from the host of natural defenses and then give

rise to pathogenic behavior.

THE INFLUENCE OF
SEQUENCE ON AMYLOID
FORMATION

We have stressed that amyloid formation re-

sults primarily from the properties of the

polypeptide chain that are common to all pep-

tides and proteins. We have seen, however,

that the sequence influences the relative sta-

bilities of all the conformational states acces-

sible to a given molecule, most notably the

native state, and will thereby contribute to

the susceptibility of a given polypeptide chain

to convert into amyloid fibrils. Moreover, it

is clear that polypeptide chains with differ-

ent sequences can form amyloid fibrils at very

different rates, even when these processes oc-

cur from fully or partially unfolded states. We

start the exploration of this topic with a de-

scription of the determinants of the aggrega-

tion of those unfolded polypeptide chains that

can broadly be described as unstructured, i.e.,

having no significant elements of persistent

or cooperative structure. By considering these

systems, we can examine how the properties

of the sequence influence its intrinsic aggre-

gation behavior rather than affect the stability

of a given protein fold.
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Hydrophobicity, Charge, and
Secondary Structure Propensities
Strongly Influence Amyloid
Formation

One important determinant of the aggrega-

tion of an unfolded polypeptide chain is the

hydrophobicity of the side chains. Amino acid

substitutions within regions of the sequence

that play a crucial role (e.g., if they are in the

region that nucleates aggregation) in the be-

havior of the whole sequence can reduce (or

increase) the aggregation propensity of a se-

quence when they decrease (or increase) the

hydrophobicity at the site of mutation (116–

118). Moreover, there is evidence that pro-

tein sequences have evolved to avoid clusters

of hydrophobic residues; for example, groups

of three or more consecutive hydrophobic

residues are less frequent in natural protein

sequences than would be expected in the ab-

sence of evolutionary selection (119).

Another property likely to be a key factor

in protein aggregation is charge, as a high net

charge either globally or locally may hinder

self-association (120, 121). For example, the

effects of single amino acid substitutions were

investigated on the propensity of AcP dena-

tured in trifluoroethanol to aggregate (120).

Although mutations decreasing the positive

net charge of the protein resulted in an ac-

celerated formation of β-sheet containing ag-

gregates able to bind CR and ThT, muta-

tions increasing the net charge resulted in

the opposite effect. Further indications of the

importance of charge in protein aggregation

come from observations that aggregation of

polypeptide chains can be facilitated by inter-

actions with macromolecules, which exhibit a

high compensatory charge (50, 122–125).

Comparison of large data sets of natively

unfolded and natively folded proteins has

shown that the former have a lower con-

tent of hydrophobic residues and a higher net

charge than the latter (126). These proper-

ties undoubtedly contribute to maintaining

the aggregation propensity of natively un-

folded proteins sufficiently low to avoid the

formation of aggregates under normal phys-

iological conditions despite the fact that all,

or at least the very large majority, of the

side chains are accessible for intermolecular

interactions.

In addition to charge and hydrophobicity, a

low propensity to form α-helical structure and

a high propensity to form β-sheet structure

are also likely to be important factors encour-

aging amyloid formation (45, 50, 101, 117,

127, 128). Patterns of alternating hydrophilic

and hydrophobic residues have been shown

to be less frequent in natural proteins than

expected on a random basis, suggesting that

evolutionary selection has reduced the prob-

ability of such sequence patterns that favor

β-sheet formation (127). Furthermore, it has

been suggested that the high conservation of

proline residues in a fibronectin type III super-

family and of glycine residues in AcPs can be

rationalized on the grounds that such residues

have a low propensity to form β-structure and

hence inhibit aggregation (129, 130).

The Amino Acid Sequence Affects
Fibril Structure and Aggregation
Rate

The demonstration that the various physico-

chemical factors described in the previous

paragraph are important determinants of the

formation of amyloid structure by unfolded

polypeptide chains has proved to be of great

value in understanding the mechanism of ag-

gregation at a molecular level. For example,

changes in the rate of aggregation of un-

folded AcP following a series of mutations

were used to generate a phenomenological

equation, based on physicochemical princi-

ples, that is able to rationalize these rates in a

robust manner (131). This expression was, re-

markably, found to rationalize just as well sim-

ilar data for a whole series of other unstruc-

tured peptides and proteins (Figure 3a). This

finding also provides compelling evidence for

the close similarity of the principles under-

lying the aggregation behavior of different

polypeptide molecules.
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Figure 3

(a) Predicted versus experimental changes of aggregation rate following mutation. The mutations are in a
variety of different unstructured polypeptide chains, such as Aβ, α-synuclein, amylin, and tau.
Reproduced with permission (131). (b) Aggregation propensity profile (red line) for Aβ. The gray areas
indicate regions of the sequence found experimentally to form and stabilize the amyloid cross-β core
structure. A horizontal line at a propensity of 1 is drawn to highlight the aggregation-promoting regions
that have values above this line. (c) Aggregation propensity profile (red line) for α-synuclein. The large
region of the protein thought to be structured in the fibrils (pale gray) (56) is shown and includes all the
peaks in the profile. The highly amyloidogenic NAC region (light blue) (178) and the 69–79 region (dark
blue), found to be a particularly amyloidogenic segment within the NAC region (179) and containing the
most prominent peak in the profile, are shown. The figures shown in panels b and c are reprinted with
permission from Elsevier (134). (d ) Predicted versus experimental aggregation rates (k) for a number of
unstructured systems. The data points refer to Aβ1−40 (�), ABri (�), denatured transthyretin (�), amylin
(◦), AChE (�), unfolded PrP (σ), unfolded human AcP (λ), and unfolded E. coli HypF-N (–). The straight
line has a slope of 1 and indicates the ideal correlation between theory and experiment. Reprinted with
permission from Elsevier (136).

A related approach, which considers ad-

ditional factors such as the changes in the

number of aromatic side chains, exposed sur-

face area, and dipole moment upon muta-

tion, has also been shown to predict the ef-

fect of mutations on the aggregation rates of a

wide variety of polypeptide chains (132). The

success of these rather straightforward

354 Chiti · Dobson

a b 
8 

- 4 ~ 6 
i 'iii > ...... C 4 
;; 11) 

E 2 C. 
~ e 2 
..!: C. 

"C C 0 
11) 0 0 .. -.;::: 

-2 I'll I'll 
:i r = 0.85 C) 

() 
-2 ~ -4 iii p < 0.0001 C) 

(.) C) 

slope = 0.94 c( -6 

-2 0 2 4 5 10 15 20 25 30 35 40 
Experimental ln(vmu/vwt) Position 

C d 
4 0 

~ 
"iii 2 -1 
C ~ 11) 

0 -2 C. C) 0 ... 
-2 .s2 -3 C. 

11) 
C .. 
0 -4 I'll -4 -.;::: :i 
I'll () 
C) -6 iii -5 
~ (.) 
C) -8 -6 C) 
c( 

-10 
10 30 50 70 90 110 130 -6 -5 -4 -3 -2 -1 0 

Position Experimental log (k) 

Petitioner Merck, Ex. 1139, p. 354 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00017



relationships between the rates of aggregation

of unfolded polypeptide chains and simple

physicochemical factors is strong support for

the idea that such aggregation reflects the sit-

uation wherein a polypeptide chain behaves as

a simple “polymer.” Such behavior contrasts

with the process of folding a globular protein

for which the rates of folding are closely cou-

pled to the specific structures of the highly

evolved native states associated with individ-

ual sequences.

As described above, only a fraction of the

residues of even the most highly amyloido-

genic proteins are found in the core structure

of the fibrils. In addition, conservative muta-

tions have an effect on amyloid formation only

when they are located in specific regions of the

sequence (45, 117). Our increasing knowledge

of such effects is beginning to lead to an un-

derstanding of the factors that cause specific

segments of the sequence, rather than others,

to form the characteristic cross-β structure.

By extension of the analysis that led to the

recognition of the links between aggregation

propensities and the physicochemical charac-

teristics of the constituent amino acid residues

of a polypeptide chain, new algorithms have

been developed to identify the regions of the

sequence that are likely to promote aggrega-

tion within an unstructured polypeptide chain

(133, 134). The outcome of both these ap-

proaches is a plot of aggregation propensity

as a function of residue number, similar to the

hydropathy profiles introduced to predict the

regions of sequences that span the lipid bi-

layer in membrane proteins (135). The success

of this type of approach is illustrated partic-

ularly well by the very good agreement be-

tween the regions of the sequence predicted

to promote the aggregation of the Aβ peptide

and α-synuclein and the regions found exper-

imentally to form and stabilize the fibril core

and/or to play a primary role in fibril forma-

tion (Figure 3b,c) (134).

In a similar type of approach, multiple re-

gression analysis has generated an equation

that includes in the aggregation predictions

the effects of extrinsic factors, such as the con-

centration of protein as well as the pH and

ionic strength of the solution in which it is

located, in addition to the intrinsic factors as-

sociated with the amino acid sequence (136).

This equation reproduces the experimentally

determined aggregation rates, which span five

orders of magnitude, from the unstructured

states of a set of nonhomologous protein se-

quences (Figure 3d ). In an exciting develop-

ment, two reports have appeared recently that

point to the validity of these concepts for in

vivo situations, at least in bacteria (137, 138).

The expenditure of effort and ingenuity in

devising new methods to make quantitative

analyses of such aggregation behavior in liv-

ing organisms is therefore likely to bring rich

rewards.

Unfolded Regions Play Critical Roles
in Promoting the Aggregation of
Partially Folded States

Although the key regions of the sequence that

promote fibril formation by an unfolded pep-

tide or protein can now be broadly identi-

fied using relatively simple physicochemical

parameters, the aggregation of polypeptides

that contain significant levels of persistent

secondary structure and long-range interac-

tions will be influenced by additional factors.

For example, the yeast prion proteins Sup35p,

Ure2p, and HET-s all have unstructured and

globular domains in their soluble states. In

each of these three cases, the region forming

the cross-β core and responsible for the prion

properties has been found to be the domain

that is unstructured in the soluble form of the

protein (63, 139–141).

Further insights into this issue have again

come from studies of proteins other than

those found to form functional or pathogenic

amyloid structures in vivo. An approach us-

ing limited proteolysis has shown that in the

partially unfolded state adopted by AcP in the

presence of moderate concentrations of triflu-

oroethanol, the regions of the sequence found

to promote amyloid aggregation are flexible

and/or solvent exposed in addition to having
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an intrinsically high propensity to aggregate

(142). Other regions that are not involved

in aggregation despite having high propen-

sities to aggregate were found to be at least

partially buried in residual structure, whereas

other solvent-exposed regions not involved in

the aggregation process possess a low propen-

sity to form amyloid fibrils. Similarly, the ease

with which apomyoglobin converts to fib-

rils under different solution conditions cor-

relates with the degree of denaturation, sug-

gesting that fibrils assemble by association of

unfolded polypeptide segments rather than by

the docking of preformed structured elements

(143).

Even α-synuclein, the protein associated

with Parkinson’s disease and assumed to have

no significant structural preferences, has re-

cently been shown to possess some significant

long-range interactions between the nega-

tively charged C-terminal region and the cen-

tral amyloidogenic NAC region (144, 145).

Structural perturbations that destabilize the

interactions between these two portions of

the protein molecule appear to increase the

exposure of the amyloidogenic NAC region.

Such perturbations include the presence of

positively charged ions able to interact with

the C terminus, a decrease in pH that re-

duces the net charge of the C-terminal region,

and deletion of the C terminus; all result in a

more rapid aggregation reaction (125, 146).

Although it is clear that partial neutraliza-

tion of the negative charge of α-synuclein will

stimulate aggregation on a purely electrostatic

argument, pairs of variants with a similar net

charge but opposite signs (for example +3 and

–3) aggregate more rapidly when the NAC

region is unprotected (146).

Variations in Fibrillar Structure Can
Be Reconciled by Common
Determinants of the Aggregation
Process

Our ability to rationalize, and particularly to

predict, important features of the process of

amyloid assembly emphasizes in a dramatic

manner that common traits are dominant in

the aggregation behavior of different peptides

and proteins. Although the structural analysis

of fibrils at the level of specific residues (de-

scribed above) highlights differences in the

details of the manner in which individual

molecules are incorporated into the fibrils, the

fact remains that the generic cross-β structure

and the frequent presence of stabilizing rows

of hydrophobic interactions that run along

the fibril axis (apart from important excep-

tions such as the fibrillar species associated

with polyQ traits where additional side-chain

hydrogen-bonding interactions are undoubt-

edly important) indicate the presence of com-

mon features in the aggregation of polypep-

tide chains. This commonality explains our

ability to predict, often with a high degree of

success, the regions involved in the formation

of the amyloid core and the effect of mutations

in this process.

Unlike the extreme dependence of the

evolved native fold on protein sequence, it is

unlikely that a single arrangement of a given

chain in the amyloid core structure provides

unique stability relative to all other arrange-

ments. As noted above, this conclusion also

means that the specific regions of a sequence

found in such structures can vary with solution

conditions, that there can be subtle differences

in the manner in which a given polypeptide se-

quence is arranged in a cross-β core structure

even under essentially identical conditions,

and that the details of the resulting struc-

tures may be determined by kinetic rather

than thermodynamic factors. This lack of a

single unique structure, coupled with the ex-

tremely high degree of repetitive order within

individual fibrils, may be the origin of the

strain phenomena observed in both yeast and

mammalian prions. Another important facet

of this topic is that chemical modifications,

for example those induced by physiologically

formed metabolites (147, 148), or interactions

with small molecules or metal ions (149) may

play a much more important role in the aggre-

gation process than might be imagined, e.g.,

by perturbing the thermodynamics of kinetics
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sufficiently to alter the details of the resulting

amyloid structure.

THE PATHOGENESIS OF
PROTEIN DEPOSITION
DISEASES

The presence of highly organized and sta-

ble fibrillar deposits in the organs of pa-

tients suffering from protein deposition dis-

eases led initially to the reasonable postulate

that this material is the causative agent of the

various disorders. This view was later rein-

forced by a number of observations; for ex-

ample, amyloid fibrils formed from the Aβ

peptide were found to be toxic to cultured

neuronal cells (150, 151) and to cause both

membrane depolarization and alterations in

the frequency of their action potentials (152).

Moreover, Aβ fibrils were shown to cause

neuronal loss and microglial activation when

injected into the cerebral cortex of aged rhesus

monkeys (153). However, more recent find-

ings have raised the possibility that precursors

to amyloid fibrils, such as low-molecular-

weight oligomers and/or structured protofib-

rils, are the real pathogenic species, at least in

neuropathic diseases. Here we describe some

of the most compelling evidence supporting

this view, starting again from the well docu-

mented Aβ case.

The Search Is on for the Causative
Agents of Protein Aggregation
Diseases

The severity of cognitive impairment in

Alzheimer’s disease correlates with the lev-

els of low-molecular-weight species of Aβ,

including small oligomers, rather than with

the amyloid burden (154–156). In addition,

transgenic mice show deficits in cognitive im-

pairment, cell function, and synaptic plas-

ticity well before the accumulation of sig-

nificant quantities of amyloid plaques (157,

158). Similarly, phenotypic changes reminis-

cent of Alzheimer’s disease precede amyloid

plaque formation, or occur in their absence, in

transgenic Drosophila expressing Aβ1−42 and

Aβ1−40 (159, 160).

Further evidence comes from the finding

that a single injection of a monoclonal anti-

Aβ antibody does not reduce amyloid deposits

in the brains of transgenic mice expressing

Aβ1−42, but it does reverse the associated

memory loss, perhaps as a result of en-

hanced peripheral clearance and/or sequestra-

tion of soluble forms of the Aβ peptide (161).

Genetic evidence also supports the theory

that the precursor aggregates, as opposed to

mature fibrils, are the pathogenic species:

The aggressive “Arctic” (E693G) mutation of

the amyloid β precursor protein, associated

with a heritable early-onset manifestation of

Alzheimer’s disease, has been found in vitro to

enhance protofibril, but not fibril, formation

(162).

A similar scenario concerning the toxic-

ity of early aggregates also holds for Parkin-

son’s disease, a neurodegenerative condition

associated with the formation of intracellu-

lar fibrillar deposits, notably Lewy bodies,

in the dopaminergic neurons of the substan-

tia nigra. In this disease, those dopaminergic

neurons that survive, whether or not they con-

tain Lewy bodies, show no quantifiable dif-

ferences in viability (163, 164). Furthermore,

mutations associated with juvenile Parkinson’s

disease or early-onset forms of Parkinsonism

give rise to early neuronal degeneration in the

absence of the accumulation of Lewy bodies

(165). Overexpression of α-synuclein in trans-

genic flies or rats does not result in neuronal

loss concomitant with the formation of de-

tectable intracellular deposits (166, 167). By

contrast, transgenic mice with nonfibrillar de-

posits of α-synuclein in various regions of the

brain are characterized by substantial motor

deficiencies and losses of dopaminergic neu-

rons (168).

It is increasingly evident that prefibrillar

aggregates from peptides and proteins other

than Aβ and α-synuclein can either be toxic

to cells or perturb their function. Early, non-

fibrillar aggregates of transthyretin have been

found toxic to neuronal cells under conditions
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in which the native tetramer and the ma-

ture fibrils are not (169). Consistent with

this finding, symptoms of familial amyloid

polyneuropathy appear when transthyretin is

deposited in an aggregated but nonfibrillar

form that does not stain with CR (169). Reix-

ach and coworkers (170) have found that

such toxicity originates from low-molecular-

weight oligomers of transthyretin of up to

∼100 kDa in size.

The likelihood that such behavior is much

more general is suggested by the finding

that prefibrillar forms of the nondisease-

related HypF-N from E. coli, the SH3 do-

main from bovine phosphatidylinositol 3′ ki-

nase, lysozyme from horse, and apomyoglobin

from sperm whale are also highly toxic to cul-

tured fibroblasts and neurons, whereas the

monomeric native states and the amyloid-

like fibrils (all formed in vitro) displayed very

little, if any, toxicity (171, 171a, 171b). In-

terestingly in this context, the most highly

infective form of the mammalian prion pro-

tein has been identified as an oligomer of

about 20 molecules, indicating that such small

aggregates are the most effective initiators

of transmissible spongiform encephalopathies

(172).

The Toxicity of Prefibrillar
Aggregates Results from their
Misfolded Nature

The reason why prefibrillar aggregates are

toxic to cells, and hence appear to be the

most likely culprits for the origins of at least

some of the protein deposition diseases, is now

at the front line of research in this field. A

wide variety of biochemical, cytological, and

physiological perturbations has been identi-

fied following the exposure of neurons to such

species, both in vivo and in vitro. A detailed

description of all of the reported effects is be-

yond the scope of the present review, and in-

deed, it is still too early to draw definitive con-

clusions about the similarities or differences of

the effects of particular types of aggregates in

different diseases.

Despite differences in the specific mech-

anisms of pathogenic behavior giving rise to

distinct diseases, it is clear that the conver-

sion of a protein from its soluble state into

oligomeric forms will invariably generate a

wide distribution of nonnative species, the

populations of which will vary with sequence,

time, and conditions. It seems likely that all

of these inherently “misfolded” species will

be toxic to some degree because they will

inevitably expose on their surfaces an array

of groups that are normally buried in glob-

ular proteins or dispersed in highly unfolded

peptides or proteins. Small aggregates have

a higher proportion of residues on their sur-

faces than larger aggregates, including mature

amyloid fibrils, and therefore are likely in gen-

eral to have a higher relative toxicity. In the

crowded and highly organized environment

of a living organism, the nonnative character

of misfolded oligomers is particularly likely

to trigger aberrant events resulting from their

inappropriate interactions with cellular com-

ponents, such as membranes, small metabo-

lites, proteins, or other macromolecules. Such

events will, in some situations, lead to the

malfunctioning of crucial aspects of the cellu-

lar machinery, whether it is axonal transport,

oxidative stress, ion balance, sequestration of

essential proteins, or a combination of dis-

parate factors, ultimately leading to apoptosis

or other forms of cell death.

Although the natural defenses against mis-

folded proteins will act to sequester and

neutralize such species, and/or inhibit their

formation, it is inevitable that these mech-

anisms will sometimes be overwhelmed (98,

173). Such situations include mutations that

dramatically increase aggregation rates, as in

familial diseases; ingestion of preformed ag-

gregates that are able to seed more exten-

sive aggregation, as in prion diseases; or the

age-related decline of chaperone and ubiq-

uitin/proteasome responses, as in sporadic

forms of diseases. Oligomer-mediated cyto-

toxicity is a key issue in neuropathic protein

deposition diseases, although the question

arises as to whether a similar mechanism is
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central in the pathogenesis of nonneuropathic

diseases. Systemic amyloidoses are often as-

sociated with accumulation of large quanti-

ties (even kilograms in some cases) of amy-

loid deposits in the affected tissues and organs

(174). Undoubtedly, the impairment and dis-

ruption of tissue architecture, caused by these

deposits in vital organs, are major features of

these diseases and could well be the most im-

portant factors in the pathogenesis of at least

some of these nonneuropathic degenerative

conditions (174). Patients can have mechani-

cal problems in carrying out even routine ev-

eryday tasks. Examples include difficulties in

swallowing when amyloid accumulation oc-

curs in the tongue and in moving because of

extreme pain when amyloid accumulation oc-

curs in joints. However, suggestions that early

oligomeric species could have a more impor-

tant role than fibril accumulation in the patho-

genesis of nonneuropathic amyloidoses have

been put forward (169, 174a). The elucidation

of the mechanism of tissue damage by amyloid

fibril proteins is undoubtedly an important is-

sue in therapeutic approaches, although the

optimum strategy must be to prevent aggrega-

tion or even production of the amyloidogenic

protein before it can generate any potential

damaging deposits.

PERSPECTIVES

Despite the complexity of the protein aggre-

gation process, the findings described above

show that dramatic progress in its elucidation

has been made in recent years. This progress

relates particularly to our understanding of

the nature and significance of amyloid forma-

tion and to how this process relates to the nor-

mal and aberrant behavior of living organisms.

Increasingly sophisticated techniques are now

being applied to elucidate the “amyloid phe-

nomenon” in ever greater detail. Of special

significance is the manner in which a wide va-

riety of ideas from across the breadth of the

biological, physical, and medical sciences is

being brought together to probe important

unifying principles. Much, of course, still re-

mains to be discovered, but we are person-

ally optimistic that the investigation of an in-

creasing number of proteins both in vitro and

in vivo will shed new light on the relation-

ships between protein folding and misfolding

as well as on the manner in which the multi-

tude of different states accessible to proteins

are regulated and interact with each other

and with other cellular components. In ad-

dition, even our present understanding of the

mechanism of amyloid formation is leading to

more reliable methods of early diagnosis and

to more rational therapeutic strategies that are

either in clinical trials or approaching such

trials (175, 176). Thus, despite the rapidity

with which diseases of the type discussed here

are increasingly afflicting the human popula-

tions of the modern world, there are grounds

for optimism that present progress in under-

standing their nature and origins will lead,

in the not too distant future, to the begin-

nings of widely applicable and effective means

to combat their spread and their debilitating

consequences.

SUMMARY POINTS

1. A variety of human diseases is now thought to be associated with the formation of

highly organized and generally intractable thread-like aggregates termed amyloid or

amyloid-like fibrils.

2. Living organisms can take advantage of the inherent ability of proteins to form such

structures to generate novel and diverse biological functions.

3. Dramatic advances have recently been made toward the elucidation of the structures

of amyloid fibrils at a molecular level.
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4. Amyloid fibril formation is preceded by formation of a wide range of aggregates such

as unstructured oligomers and structured protofibrils.

5. We are now able to rationalize some of the issues regarding the molecular mechanism

of amyloid formation, e.g., identify the regions of the sequence that form and stabilize

the fibril core and/or play a primary role in fibril formation.

6. At least in some cases, prefibrillar aggregates, rather than the mature fibrils into which

they convert, are the likely origins of pathological behavior. Despite obvious differ-

ences in detail, the pathogenic nature of these species lies in the exposure of groups

that are normally buried in a folded protein or dispersed in an unfolded ensemble.

FUTURE ISSUES TO BE RESOLVED

1. Although considerable progress has been made in the elucidation of amyloid fibril

properties at a molecular level, very little is yet known about the structure of the

amyloid protofibrils and unstructured aggregates that precede their formation and

are likely to play a key role in the pathogenesis of protein deposition diseases.

2. Present research has been remarkably successful in providing a framework for un-

derstanding the fundamental nature of protein aggregation. The challenge now is to

explore in more detail the links between these largely structural principles and the

cellular and animal environments in which aggregation takes place.

3. The precise origin of the pathogenic nature of the amyloid deposits and their pre-

cursors remains elusive in each pathological condition associated with formation of

these species.

4. The rational design of successful therapeutic strategies requires further characteriza-

tion of the processes of amyloid formation occuring in vivo and of the interaction of

the resulting aggregates with the various components of living organisms.
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