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The conversion of proteins from their native state to misfolded oligomers is associated with, and thought to
be the cause of, a number of human diseases, including Alzheimer’s disease, Parkinson’s disease, and
systemic amyloidoses. The study of the structure, mechanism of formation, and biological activity of protein
misfolded oligomers has been challenged by the metastability, transient formation, and structural heteroge-
neity of such species. In spite of these difficulties, in the past few years, many experimental approaches have
emerged that enable the detection and the detailedmolecular study ofmisfolded oligomers. In this review,we
describe the basic and generic knowledge achieved on protein oligomers, describing the mechanisms of
oligomer formation, the methodologies used thus far for their structural determination, and the structural
elements responsible for their toxicity.

Introduction
Polypeptide chains have a high intrinsic propensity to self-

assemble into a variety of misfolded aggregates, ranging from

dimers to highly organized fibrils consisting of thousands of

protein molecules (Chiti and Dobson, 2006; Dobson, 2003;

Eichner and Radford, 2011; Jahn and Radford, 2008). Protein

aggregation can occur starting from any of the conformational

states adopted by the initially monomeric protein, including the

fully unfolded state, the folded state, and any partially folded

states, although the latter have the highest propensity to self-

assemble (Bemporad et al., 2006; Chiti and Dobson, 2006).

Protein aggregation is deleterious for any living organism as it

prevents a protein fromadopting its functional state and because

the resulting protein oligomers are inherently toxic (Chiti and

Dobson, 2006; Walsh and Selkoe, 2007). In fact, the failure of

proteins to remain soluble—occurring as a consequence of

mutation, aging, local increases of protein concentration,

medical treatment, or other circumstances—results in patholog-

ical states that are very diverse and depend on the protein under-

going aggregation and on the tissues involved (Chiti andDobson,

2006).

The end product of protein aggregation processes occurring

in pathology is generally represented by extracellular amyloid

fibrils or structurally equivalent intracellular inclusions, often

associating further to form larger assemblies that are visible

with optical microscopy. However, protein oligomers forming

early during the process of amyloid fibril formation or, alterna-

tively, released by mature fibrils, have acquired increasing

importance over the past 10–15 years. This is first due to the

fact that formation of protein oligomers is a key event of the over-

all process of amyloid fibril formation and has been long re-

garded as the rate-limiting step, responsible for the lag phase

in aggregation kinetics (Morris et al., 2009; Orte et al., 2008).

Second, oligomers are thought to be the pathogenic species

associated with the formation of amyloid in diseases (Billings

et al., 2005; Bucciantini et al., 2002; Cleary et al., 2005; Koffie

et al., 2009; Lesné et al., 2006; Winner et al., 2011). As the impor-

tance of protein oligomers was increasingly realized, many

reports have appeared with information on their mechanism of

formation and structure, with the ultimate goal of identifying

the structural determinants of their pathogenicity, the molecular

events of disease onset, and the molecular targets for thera-

peutic intervention. In this review, we describe how oligomers

form, the structure of such species, including the technological

progress recently achieved to gain insight into their molecular

structure and the structural elements responsible for their

toxicity.

Mechanism of Formation of Amyloid Oligomers
One of the most widely accepted mechanisms proposed for

the assembly of monomers into oligomers is the so-called

‘‘nucleation growth’’ mechanism (Jarrett and Lansbury, 1993;

Lomakin et al., 1996). According to this mechanism, monomers

convert into a nucleus through a thermodynamically unfavorable

process taking place in the lag phase of amyloid aggregation

kinetics (pathway A / C/D / H / G; red arrows in Figure 1).

The nucleus can be defined as the least thermodynamically

stable species in solution (i.e., the multimer of minimal size

able to initiate assembly; Morris et al., 2009). Alternatively, the

nucleus can also be defined as the aggregate size after which

the association rate exceeds the dissociation rate for the first

time (Ferrone, 1999). The nucleus could even be a monomer

that acts as a template for the rapid growth of the amyloid aggre-

gate through the association of further monomers (H / G / I

in Figure 1) (Lomakin et al., 1996).

After the nucleation growth model was proposed, the concept

of nucleus was investigated in further detail and other more

accurate models were proposed. In the nucleated conforma-

tional conversion, native monomers initially convert into mis-

folded conformations, which initiate self-assembly through a
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template-independent mechanism, with formation of a molten

oligomer lacking persistent structure (A / C/D / F; light blue

arrows in Figure 1) (Serio et al., 2000). This aggregated species

then undergoes a structural reorganization into an amyloid-like

oligomer, which acts as a nucleus (F / G). The nucleus rapidly

triggers aggregation as other molten oligomers acquire the

amyloid conformation through a templating or induced-fit mech-

anism at the aggregate ends (Serio et al., 2000). This leads to the

formation of higher order oligomers and eventually fibrils (G/ I).

These two models differ for a number of aspects. While in the

nucleation growth mechanism, the monomer directly interacts

with the nucleus and the nucleus could be as small as a

monomer, in the nucleated conformational conversion both the

building block and the nucleus are described as oligomeric

species. Moreover, in the first model the rate-limiting step is

represented by the formation of the nucleus (C/D / H in

Figure 1), whereas in the second model oligomers form rapidly,

with the rate-limiting step being the conversion of the misfolded

oligomer into the amyloid oligomer (F/ G in Figure 1). Different

reports support either model. In many cases, the nucleation

growth mechanism seems to account for the observed aggrega-

tion kinetics (Bhattacharyya et al., 2005; Morris et al., 2008).

Furthermore, proteins populating amyloid conformations directly

at the monomer level have been described (Sandal et al., 2008),

while some authors have reported (e.g., in the case of insulin)

template-dependent conversion of monomers at the growing

fibril end (Pease et al., 2010). However, it was recently shown

that the monomers can rapidly form small globular oligomers

that are kinetically competent to slowly convert to amyloid

oligomers and later to amyloid fibrils following the nucleated

conformational conversion. This was observed for example in

ADA2h (Cerdà-Costa et al., 2007), Ab (Lee et al., 2011; Petty

and Decatur, 2005), huntingtin (Thakur et al., 2009), and IAPP

(Wei et al., 2011).

In fact, it has been observed that formation of oligomers by

a protein can occur through different pathways. In some cases,

a certain pathway can be enhanced by changes in solution

parameters such as pH and protein concentration (Bader et al.,

2006; Gosal et al., 2005) or by introducing mutations (Bitan

et al., 2003; Kumar and Udgaonkar, 2009). In other cases, aggre-

gation can proceed via competing pathways occurring concom-

itantly in the same sample (Jain and Udgaonkar, 2011; Kayed

et al., 2007; Kaylor et al., 2005). Differences in pathways imply

differences in morphology (Bader et al., 2006; Gosal et al.,

2005), dimensions (Bitan et al., 2003), and compactness (Kaylor

et al., 2005) of the resulting oligomers. It is important to note that

Figure 1. Mechanisms Leading to the Formation of Protein Oligomers
Proteins initially populate a native conformation (A) in which amyloid-prone segments (in green) are structured/buried and unable to initiate polymerization.
However, native states can convert, under certain conditions, into aggregation-prone states, a native-like (B), a partially folded (C), and an unfolded (D) monomer.
In these conformational ensembles, aggregation-prone segments become exposed to the solvent and can establish intermolecular interactions, with the resulting
formation of early aggregates, which can be native-like aggregates (E) or molten aggregates of misfolded monomers (F). The early aggregates convert later into
amyloid oligomers competent for fibril nucleation (G). The pathway that transits through the native-like state (A / B / E / G, indicated by green arrows) is
referred to as native-like aggregation. The pathway that transits through fully or partially unfoldedmonomers (A/C/D/ F/G, indicated by light blue arrows) is
the nucleated conformational conversion. There is finally another possible pathway, in which a misfolded monomer converts into an amyloid-competent
monomer (A/ C/D/ H, indicated by red arrows). This acts as a template for formation of the oligomer (G). This pathway is usually referred to as the nucleation
growth mechanism. The red asterisks denote two steps (E / G and F / G) whose removal makes oligomer formation an off-pathway process that leads to
species unable to further convert into amyloid fibrils.
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alternative pathways differ for the stage at which conformational

conversion from a nonamyloid to an amyloid conformation

occurs (Kumar and Udgaonkar, 2009). Thus, the two models

described earlier could be the limit cases of a more complicated

scenario where multiple pathways are accessible and selected

depending on the conditions.

A possible unifying view able to combine the two apparently

competing models described earlier is that the pathway preva-

lently followed depends on the structural nature of both the

amyloid-competent monomer and the oligomer (Figure 1). If

the amyloid-competent conformational ensemble hasa sufficient

degree of dynamical fluctuations and hydrophobic clusters

exposed to the solvent, then formation of molten oligomers lack-

ing persistent structure is fast, while conversion of the molten

oligomer into an amyloid oligomer takes place only later and is

accelerated by the template effect (nucleated conformational

conversion; light blue arrows in Figure 1). If the misfolded confor-

mational ensemble has not sufficient hydrophobic clusters

exposed to the solvent and/or is prone to hydrogen bonding,

then the other mechanism is likely to take place (nucleation

growth; red arrows in Figure 1). Consistently, it was recently

shown that short hydrophobic peptides give rise prevalently to

misfolded oligomers, while peptides prone to establish intermo-

lecular hydrogen bonds with their side chains rapidly form b-rich

nuclei (Bleiholder et al., 2011).

So far, we have considered that a folded protein needs to

unfold to generate a partially or fully unfolded state to become

competent for aggregation. However, it was recently shown

that normally folded proteins retain a small but significant

tendency to form amyloid without the need of reactions that

cross the major energy barrier for unfolding. In these cases,

the amyloid-competent state is best described as a monomeric

conformation that possesses an extent of secondary and tertiary

structure still comparable with that of the fully folded state yet

being endowed with aberrant features that enable self-assembly

(A/ B in Figure 1, indicated by green arrows). Formation of this

conformational ensemble, usually referred to as a native-like

state, can be induced either as a consequence of a local unfold-

ing event, as in the case of Cu,Zn-uperoxide dismutase (Banci

et al., 2005), b2-microglobulin (Eakin et al., 2006), and transthyr-

etin (Olofsson et al., 2004; Quintas et al., 2001) or due to cooper-

ative increase in thermal fluctuations, as it was shown in the case

of lysozyme (Canet et al., 2002) and Sso AcP (Pagano et al.,

2010). In either case, aggregation-prone segments that are nor-

mally buried or structured in the fully folded state become

exposed to the solvent or gain flexibility, triggering the formation

of native-like aggregates (B/E); these then convert directly into

amyloid-like oligomers and fibrils (E / G / I).

Are Oligomers On- or Off-Pathway Species?
One long debated issue is whether protein oligomers represent

on-pathway structures that must be necessarily populated along

the pathway leading to fibril formation or rather off-pathway

particles that are placed at a dead end of the reaction scheme

and act only as a reservoir of monomers, while fibril formation

proceeds directly through association of monomers to the

amyloid nucleus. In the case of the immunoglobulin light chain

LEN, it was shown that oligomers represent off-pathway

species: Fibril formation occurs only after the amyloid-

incompetent oligomer dissociates and monomers convert into

a more amyloidogenic conformation (Souillac et al., 2003; Souil-

lac et al., 2002). Other off-pathway oligomers have been reported

forb2-microglobulin (Gosal et al., 2005) andalbebetin (Gosal et al.,

2005;Morozova-Rocheet al., 2004; Souillac et al., 2002). A recent

computational study has shown that the amyloid-b peptide (Ab)

can form off-pathway oligomers; these assemblies are too curvy,

are too compact, and display an amount of b-structure not

enough for the conversion into larger amyloid oligomers (Yu and

Zheng, 2011). Despite these reports, many proteins, such as the

PI3-SH3 domain, barstar, sup35p, IAPP, and Ab itself have

been shown to form on-pathway oligomers that represent either

the building block or the nucleus for fibril formation (Bader et al.,

2006; Ehrnhoefer et al., 2008;Harper et al., 1997;Kumar andUdg-

aonkar, 2009; Serio et al., 2000; Wei et al., 2011).

Of note, by varying the solution conditions, one can modulate

the nature of the oligomers, switching from b-rich toxic on-path-

way oligomers to unstructured nontoxic off-pathway assemblies

(Ehrnhoefer et al., 2008; Ladiwala et al., 2010). Changes from off-

to on-pathway oligomers can be also obtained by mutating the

peptide sequence (Jain and Udgaonkar, 2011). Furthermore, it

was shown, using short polyglutamine-containing huntingtin

fragments, that the same sample can contain contemporane-

ously on-pathway and off-pathway oligomers, with the latter

acting as a reservoir of monomers that support fibril elongation

(Jayaraman et al., 2011). Thus, these observations may suggest

a scenario where structural features of the oligomers determine

their off-pathway or on-pathway nature. For example, highly

stable oligomers may populate a deep minimum in the energy

landscape; consequently, their conversion into an amyloid-like

conformationmay be slower than their dissociation. Consistently

with this idea, the structural rearrangement from off-pathway to

on-pathway oligomers was shown to consist in a significant

increase of disordered secondary structure, an increase in

solvent accessibility, and a decrease in intrinsic stability of the

soluble oligomeric species (Souillac et al., 2003).

Protein misfolded oligomers do not form only as on- or off-

pathway species. They can also form as species released

directly bymature fibrils. In particular, it has been recently shown

that mature fibrils are not necessarily highly stable end products

populating the deepest minima in the energy landscape (Eichner

and Radford, 2011) and that amyloid fibrils can directly release

monomers and oligomers (I / G in Figure 1). It was shown, for

example, that fibrils of the Ab peptide are destabilized by the

presence of lipid vesicles and brain lipid extracts, releasing toxic

oligomers (Martins et al., 2008). It is interesting that these ‘‘back-

ward’’ oligomers are biophysically and biochemically similar to

the ‘‘forward’’ oligomers (i.e., to the oligomers formed along

the pathway going from monomers to fibrils) (Martins et al.,

2008). Leakage of Ab oligomers from fibrils has also been

observed in vivo (Koffie et al., 2009; Lesné et al., 2006). The toxic

effect observed in a mouse model expressing the Ab peptide

was shown to be proportional to the amount of oligomers

released from amyloid plaques surrounding cells (Lesné et al.,

2006). Solubilization of transthyretin, b2-microglobulin, and

insulin fibrils by doxycycline, tetracyclins, and weakly basic

pH, respectively, also led to toxic oligomers (Cardoso and

Saraiva, 2006; Giorgetti et al., 2011; Heldt et al., 2011b). Hence,

these observations show that amyloid fibrils can be secondarily
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toxic via the release of cytotoxic oligomers and that fibrils could

speed up oligomer formation directly acting as a reservoir of

amyloid nuclei.

Experimental Approaches to Study the Oligomer
Structure
A number of biophysical and biochemical methods have been

used to obtain structural information on protein oligomers. These

include far-UV circular dichroism (CD), Fourier transform infrared

(FTIR), and hydrogen/deuterium (H/D) exchange coupled to

mass spectrometry (MS) to determine the content of b sheet

and a-helical structure; ultracentrifugation, size exclusion chro-

matography, photo-induced crosslinking of unmodified proteins

(PICUP), and dynamic light scattering to determine the oligo-

meric state (i.e., the amount of protein molecule in the oligo-

mers); ANS and acrylodan binding to determine the solvent

exposure of hydrophobic clusters; Thioflavine T (ThT) and Congo

Red (CR) binding to determine the level of structural order;

imaging techniques such as transmission electron microscopy

(TEM) and atomic force microscopy (AFM) to determine the

morphology and size; and so forth. Although such techniques

provide valuable information on the average structure and oligo-

meric state of the aggregates, they do not reveal their molecular

details at the residue level. This is a challenging problem as

protein misfolded oligomers, similarly to amyloid fibrils, cannot

be crystallized and generally have a size prohibitive for solution

nuclear magnetic resonance (NMR), thus preventing the use of

techniques commonly used in structural biology. In addition to

the complexities encountered for fibrils, oligomers are structur-

ally more heterogeneous andmetastable than fibrils, thus raising

further problems.

In the past 5 years, however, a number of approaches have

been introduced for a deep molecular characterization of the

oligomers (Table 1). H/D exchange followed by peptide fragmen-

tation and MS has proven a valuable technique, exploiting the

principle that backbone amide hydrogen atoms are protected

to H/D exchange if they are engaged in stable b sheet or a-helical

contacts. Oligomers are subjected to H/D exchange upon incu-

bation in deuterated water (D2O), fragmented with limited pro-

teolysis or top-down techniques (e.g., electron capture dis-

sociation) and then analyzed with MS (Kheterpal et al., 2006;

Kheterpal and Wetzel, 2006; Pan et al., 2011). The determination

of the extent of protection to deuterium incorporation in the frag-

ments detected in the mass spectra has revealed the extent to

which the fragments are engaged in secondary structure forma-

tion in the intact oligomers, often with a resolution down to

Table 1. Techniques Used to Study Protein Oligomers at the Molecular Level

Technique Obtained information Advantages References

H/D exchange coupled to

fragmentation methods

and MS

Involvement of different protein

segments in secondary structure

formation

Noninvasive detection of

multiple oligomers, good

resolution (if fragmentation is

obtained with top-down

techniques)

(Kheterpal et al., 2006; Kheterpal

and Wetzel, 2006; Pan et al.,

2011)

H/D exchange coupled to both

MS and NMR

Involvement of individual

residues in secondary structure

formation

Detection of multiple oligomers,

information at the residue level,

high resolution

(Carulla et al., 2009)

Solution NMR Secondary and tertiary

structures in low-molecular-

weight oligomers

High resolution, information on

both secondary and tertiary

structures at the residue level

(Pagano et al., 2010; Yu et al.,

2009)

Solid-state NMR Secondary and tertiary structure

in high-molecular-weight

oligomers

Information at the residue level (Chimon et al., 2007)

DEST solution NMR Secondary and tertiary

structures in oligomers

Information at the residue level,

applicable to low- and high-

molecular-weight oligomers

(Fawzi et al., 2011)

Labeling with fluorescent

probes

Intermolecular interactions

between labeled residues, burial

of labeled residues

Information at the residue level,

standard lab instrumentation

required

(Campioni et al., 2010; Krishnan

and Lindquist, 2005)

Scanning proline mutagenesis Regions of the sequence

involved in oligomer formation

Standard lab instrumentation

required, good resolution

(Williams et al., 2005)

Small angle X-ray scattering Simultaneous detection of size

and shape

Detection of multiple oligomers (Langkilde and Vestergaard,

2009)

Single-molecule fluorescence

(TCCD or FRET)

Compactness, stability and size

of oligomers

Direct monitoring of single

oligomer particles, detection

of multiple oligomers

(Orte et al., 2008, 2011)

Ion mobility MS Mass and shape of oligomers Direct monitoring of single

oligomer particles, detection

of multiple oligomers

(Bernstein et al., 2009; Bleiholder

et al., 2011; Pease et al., 2010)

FRET sensor Direct observation of oligomer

formation in vivo

Noninvasive, applicable in vivo (Kaminski Schierle et al., 2011)
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individual residues (Kheterpal et al., 2006; Pan et al., 2011). MS

methods coupled to top-down techniques have the advantage

of being noninvasive and photographing the solution of interest

(no purification, chemical modification, or treatment of the oligo-

mers is required), of detecting and structurally determining

a multiplicity of coexisting species rather than their average

structural properties, and of obtaining a spatial resolution

down to individual residues (Pan et al., 2011).

In another study, H/D exchange and MS methods were

coupled to NMR (Carulla et al., 2009). The PI3-SH3 protein

domain was incubated at low pH in the presence of D2O, under

conditions favoring its rapid unfolding and subsequent aggrega-

tion. After a variable time interval (Dtagg), the sample was trans-

ferred into H2O for a fixed time and the H/D exchange was

then quenched by freeze drying and dissolution in DMSO, which

is a denaturing and disaggregating solvent preventing H/D

exchange. Samples left to aggregate for variable Dtagg time

values were then analyzed with both electrospray ionization-

MS (ESI-MS) and NMR. This approach allowed the concomitant

detection of various oligomeric species during aggregation to

follow their kinetics of appearance and disappearance and to

determine their structure in terms of amide protection to H/D

exchange at the residue level.

Other H/D independent studies aimed at determining the

degree of structural flexibility and solvent exposure of side chains

in the aggregates. Twenty mutants of the HypF-N protein con-

taining a single cysteine residue at various positionswere labeled

with pyrene and allowed to aggregate under two dif-

ferent conditions; the fluorescence spectra of the resulting

samples were acquired, revealing in each case whether the

pyrene moiety was buried inside the oligomers and in contact

with another pyrenemoiety or rather flexible and solvent exposed

(Campioni et al., 2010). This study allowed the identification of the

regions of the sequence that were most structured and buried in

the interior of the protein oligomers, revealing significant differ-

ences between the two oligomer populations that could explain

differences in their cytotoxicity (discussed later).

Low-molecular-weight oligomers have also been studied with

conventional solution NMR (Pagano et al., 2010; Yu et al., 2009),

whereas large aggregates have been successfully studied with

solid state NMR using approaches normally applied to amyloid

fibrils (Chimon et al., 2007). A novel, very interesting solution

NMR technique, named dark-state exchange saturation transfer

(DEST), has been very recently presented to probe the structure

of Ab40 and Ab42 protofibrils and circumvent the problems of

limiting solution NMR to small oligomers (Fawzi et al., 2011). In

all such cases, secondary and/or tertiary information of themole-

cules forming the oligomers have been obtained for individual

residues.

Detailed molecular structure of protein oligomers was also ob-

tained for Ab40 protofibrils using scanning proline mutagenesis

(Williams et al., 2005). This approach consisted in the systematic

substitution of all peptide residues with proline and in the subse-

quent evaluation of the equilibrium between soluble and aggre-

gated peptide for all mutants having a single substitution.

Mutants that produced the largest changes in such equilibrium

relative to the wild-type peptide were meant to indicate the

involvement of the mutated residues in the protofibrillar struc-

ture. Another interesting method is small angle X-ray scattering.

This technique gives information about shape and dimensions of

oligomers ranging from 1 to about 100 nm (Langkilde and Vester-

gaard, 2009) and has been used in different systems such as

insulin (Vestergaard et al., 2007), a-synuclein (Giehm et al.,

2011), and the immunoglobulin light chain LEN (Souillac et al.,

2002).

Many of the approaches described here to study protein olig-

omers were inspired by previous studies successfully applied to

stable amyloid-like fibrils. The complexities arising from the

structural heterogeneity and metastability of the oligomers has

been circumvented with various strategies; for example, by

using compounds stabilizing the oligomers (Williams et al.,

2005), protocols based on the disaggregation of fibrils at high

pH (Heldt et al., 2011a), proteins forming stable oligomers (Cam-

pioni et al., 2010) or by using MS methods that allow the

concomitant detection of various species in a sample (Carulla

et al., 2009; Pan et al., 2011). The study performed on the PI3-

SH3 domain provides a nice example of an approach to effec-

tively circumvent such problems, as the oligomeric species

could be studied in spite of their transient appearance and coex-

istence with other species (Carulla et al., 2009).

The problem of structural heterogeneity is also being over-

come by a number of emerging cutting-edge methodologies

that allow the oligomers to be studied at the single molecule

level. In two-color coincident detection (TCCD), two subpopula-

tions of a protein sample are labeled with two different probes.

By inducing the coaggregation of the resulting subpopulations,

it is possible to observe the formation of individual oligomers

through the coincident detection of the two fluorescent probes

(Orte et al., 2008). Intensity of the observed two fluorescence

signals provided information about oligomer size distribution.

The same approach was extended to perform single-molecule

fluorescence resonance energy transfer (FRET) studies (i.e.,

monitoring the energy transferred from a donor probe to an

acceptor probe through measurements of the fluorescence

emitted by the latter); the observed fluorescence arises from

FRET events within individual oligomers and provided informa-

tion about the distance between the two labeled positions

(Orte et al., 2011). Finally, in ion mobility MS, the oligomers

were separated in two steps: (1) according to their mobility in

a chamber containing a carrier buffer gas that opposes their

ion motion and (2) according to their mass-to-charge ratio. This

technique gave direct information about mass, size, and shape

for individual oligomer species, detecting concomitantly the

presence of different oligomer subpopulations, and was applied

to Ab (Bernstein et al., 2009; K1oniecki et al., 2011), b2-microglo-

bulin (Smith et al., 2010), and insulin (Pease et al., 2010), as well

as to a set of synthetic peptides (Bleiholder et al., 2011).

It is interesting that a noninvasive FRET sensor has been

recently set up to monitor in vivo the formation of oligomers

and their interconversion (Kaminski Schierle et al., 2011). In

this approach, changes in fluorescence lifetime reflect changes

in the oligomer status and can be related to differences in

toxicity, providing a new tool to study noninvasively oligomer-

related toxicity in vivo.

Structure of the Oligomers
The existence of parallel pathways in protein aggregation,

and the metastability of the various species accumulating during
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the process, creates a multiplicity of oligomers, often with very

diverse characteristics. This complexity has led to the utilization

of different criteria for their classification; for example, on the

grounds of their size, b sheet content (or other purely structural

characteristics), stability to SDS solubilization or other treat-

ments, productive role in amyloid fibril formation, reactivity to

conformation-specific antibodies, and so forth. Even by focusing

on a single system such as Ab, a full description of the various

oligomers described in the literature would require a review or

book chapter per se. Therefore, in this section, we try to describe

the key structural features shared by protein oligomers from

different peptides/proteins and how such structures change as

aggregation proceeds.

When aggregation is initiated by fully or largely unfolded

monomers in the nucleated conformational conversion, the initial

oligomers exhibit a large variety of conformations, with mono-

mers still adopting a disordered structure. For example, using

PICUP and CD spectroscopy, it was found that the early aggre-

gates formed by Ab40 and Ab42 are dimers-tetramers and pen-

tamers-hexamers, respectively, with a poor level of structure;

these acquire b sheet structure later on in the process at the

level of protofibrils (Bitan et al., 2003). The appearance of early

unstructured aggregates of Ab40 with unstable b sheet structure

was also detected in other two more recent studies, performed

independently with H/D exchange (coupled to MS) and FIAsH

labeling, respectively, with larger oligomers containing stable

b sheet structure forming later (Lee et al., 2011; Qi et al., 2008).

Furthermore, with tryptophan fluorescence, it was shown that

the initial aggregates formed by a-synuclein display unfolded

monomers that expose hydrophobic residues to the solvent

(Dusa et al., 2006). Characterization of the aggregation pathway

of the pH-unfolded PI3-SH3 domain by pulse-labeling H/D

exchange coupled to MS and NMR showed that species

detected early in the aggregation process are disordered on

the basis of the low degree of amide hydrogen exchange protec-

tion (Carulla et al., 2009). Very recently, it has been shown, by

means of ion mobility MS, that a set of peptides form initially

unfolded assemblies (Bleiholder et al., 2011). Molten globule-

like self-associating oligomers have been found to be populated

prior to fibril formation also for IAPP (Wei et al., 2011).

If aggregation starts from native-like states, the early aggre-

gates formed at the beginning of the process display monomers

populating native-like states (Banci et al., 2005; Olofsson et al.,

2004; Pagano et al., 2010). In the case of the model protein

Sso AcP, aggregation is not just initiated by a native-like state;

the native-like structure persists when the protein forms the

initial aggregates (Pagano et al., 2010). In a mutant form of

superoxide dismutase type-1, native dimers interact to form

larger oligomers stabilized by transient interactions between

electrostatic loops from different dimers; these oligomers retain

monomers in a native-like conformation (Banci et al., 2005).

Transthyretin assembles into aggregates in which monomers

exhibit six b strands in a native-like conformation while two

edge strands are misfolded (Olofsson et al., 2004). Early oligo-

mers from insulin have been shown to be rich in a-helical struc-

ture (Bouchard et al., 2000; Vestergaard et al., 2007).

It therefore emerges that initial aggregates are far from the

amyloid structure. In fact, regardless of the aggregation pathway

followed by a protein, the initial aggregates display the same

conformational features observed in the aggregation-competent

monomers. The aggregates do not bind amyloid specific dyes,

nor do they exhibit a significant content of stable b sheet struc-

ture (Lee et al., 2011; Plakoutsi et al., 2005).

As aggregation proceeds, oligomers undergo a structural rear-

rangement into species stabilized by b sheet structure, able to

bind ThT and CR. In addition, oligomers undergo an increase

in dimensions, compactness, stability, and order, still retaining

a nonfibrillar morphology. It was proposed that fibril elongation

of the NM region of the prion Sup35p is initiated following forma-

tion of ordered nuclei by conformational rearrangements of less

structured, molten, oligomeric intermediates (Serio et al., 2000).

During aggregation of human muscle acylphosphatase (mAcP),

oligomers increase their dimensions and disaggregation induced

by dilution into nonamyloidogenic conditions becomes slower as

aggregation proceeds, consistently with an increase in oligomer

stability (Calamai et al., 2005). The study on the pH-unfolded PI3-

SH3 domain mentioned earlier also indicated the late appear-

ance of oligomeric intermediates with highly ordered b sheet

structure (Carulla et al., 2009). Single-molecule studies on the

same protein provided direct evidence that the stable cross-

b structure of the late aggregates emerges via internal reorgani-

zation of disordered oligomers formed during the lag phase of

the self-assembly reaction (Orte et al., 2008). FRET studies

carried out on a-synuclein oligomers showed a decrease in the

distance between Tyr39 and Trp125 from the early oligomers

to the late oligomers, suggesting an increase in compactness

(Kaylor et al., 2005). During aggregation, the NNQQNY peptide

undergoes a transition, beginning near the octamer, from a

natively unstructured assembly to a highly ordered b sheet

assembly (Bleiholder et al., 2011). Finally, as mentioned earlier,

an increase of order and b sheet structure content was also

observed for Ab40 and Ab42 oligomers by different authors and

using different methodologies (Bitan et al., 2003; Lee et al.,

2011; Qi et al., 2008; Sandberg et al., 2010).

Such a structural conversion into b sheet containing amyloid-

like aggregates was also observed for native-like aggregates

containing significant levels of a-helical structure. For example,

the native-like aggregates formed by Sso AcP convert, with

no need of disaggregation, into amyloid-like protofibrils with

a higher level of order, as deduced with ThT fluorescence,

FTIR, and far-UV CD (Plakoutsi et al., 2005). Similarly, a-helical

native-like oligomers of insulin were also shown to convert into

b sheet containing protofibrils, suggesting again a similar

process (Bouchard et al., 2000). The direct conversion from

a-helical to b sheet oligomers without the need of disaggregation

and reassociation was also observed in many molecular

dynamics simulations; for example, for a 17-residue peptide

designed to form a coiled coil trimer (Strodel et al., 2008). In

cases where native-like aggregation involves all-b proteins,

such a structural conversion from early to amyloid-like aggre-

gates has not been yet reported, maybe because of inherent

difficulties for the detection of such a transition where b sheet

structure remains the dominant secondary structure type.

Alternatively, the early oligomers may possess already the struc-

tural characteristics to act as nuclei.

In addition to the observation of a transition from unstructured

(or native-like) oligomers into amyloid oligomers with b sheet

content, the b-structure that forms in early aggregates, when
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present, tends to be variable and unstable. Ab(16–22) peptide

molecules rearrange, for example, through a realignment of

b strands, from a less regular b sheet structure into a b sheet

structure more stable in register (Petty and Decatur, 2005). While

fibrils and large spherical amyloid intermediates (diameter, 15–

35 nm) contain stable parallel b sheets, as determined with

solid-state NMR (Chimon et al., 2007), solution NMR data indi-

cate that small globulomers by Ab (38–48 kDa) have a mixed

parallel and antiparallel b sheet structure (Yu et al., 2009). In

another study, it was found that initial low-molecular-weight olig-

omers of Ab40 have a less extended and more unstable b sheet

structure, judging from H/D exchange data, than larger interme-

diate oligomers forming later (Qi et al., 2008). Consistently with

these data, the oligomeric interfaces of oligomers formed by

a set of model peptides display a variety of sheet-to-sheet pair-

ing angles (Liu et al., 2011). Such internal conversions from vari-

able to regular sheets produce oligomers more productive in

terms of fibril formation, as fibrils have a stable and a regular

b sheet structure (Carulla et al., 2009; Cerdà-Costa et al.,

2007; Orte et al., 2008). This was found directly in a paper where

oligomers exhibiting aligned strands were found to be capable of

forming thermostable, long, rigid, and twisted fibrils, whereas

oligomers without this strand alignment aggregate to form thin,

flexible, and smooth protofibrils (Petty et al., 2005).

Thus, the general picture emerging from all such studies is

that, as aggregation proceeds through a nucleated conforma-

tional conversion process, oligomers undergo a continuous rear-

rangement of structure (Figure 2). This reorganization involves an

increase in size, stability compactness, regularity of the b sheet

structure, and hydrophobic burial. It also implies a decrease in

dynamical fluctuations, exposure of hydrophobic clusters, and

oligomer surface per number of monomers. We show in a

following section that this trend is also related with a decrease

in oligomer toxicity. The conversion may occur through a multi-

plicity of oligomeric states or just as a two-state process, not

necessarily through four oligomeric states, as depicted in

Figure 2. In addition, each oligomeric state may be considered

as an ensemble of oligomers with distributions of size, structure,

and so forth.

The Oligomers Are Polymorphic in Size and Structure
The aforementioned existence of parallel competing pathways

and the presence ofmultiple species even for the same pathway,

imply that oligomers exist as a number of species with different

morphological and structural properties. This phenomenon is

usually referred to as oligomer polymorphism (Kodali and

Wetzel, 2007; Stefani, 2010). Oligomers exhibit polymorphism

in terms of their size (Mastrangelo et al., 2006), shape (Pountney

et al., 2005), compactness (Kaylor et al., 2005), stability (Calamai

et al., 2005; Souillac et al., 2003), and secondary and tertiary

structure content (Bleiholder et al., 2011; Ehrnhoefer et al.,

2008; Ladiwala et al., 2010; Lee et al., 2011; Serio et al., 2000).

The spectrum of oligomer polymorphism extends even further

if we consider that small oligomers containing both Ab and

a-synuclein molecules form in patients with mixed Alzheimer’s

disease and Parkinson’s disease and in transgenic mice coex-

pressing both proteins (Tsigelny et al., 2008).

Different types of oligomers can coexist in solution at the same

time (Goldsbury et al., 2005; Gosal et al., 2005; Jain and Udg-

aonkar, 2011; Mastrangelo et al., 2006; Relini et al., 2010) and

even in vivo (Winner et al., 2011). The predominance of some

particular species can be determined by a number of factors.

First, mutations can alter the pathway by which oligomers form

and, consequently, the morphology/structure of the oligomers.

For example, in the case of Sso AcP, a set of point mutations

leads to protein variants that aggregate following a pathway

different from that of the wild-type protein, leading to ThT-

binding b-structured oligomers and native-like aggregates,

respectively (Soldi et al., 2008). Addition of two residues at the

C terminus of the Ab peptide is sufficient to change the

Figure 2. A Schematic Representation of the Structural Rearrangements Occurring during Oligomer Formation
For simplicity, only aggregation starting from fully or largely unfolded monomers is considered (reaction F / G in Figure 1). Amyloidogenic/hydrophobic
segments are in green. The oligomer surface is drawn as a thin black and a thick red dotted line when amyloidogenic/hydrophobic segments are buried and
exposed to the solvent, respectively. While aggregation proceeds (left to right), a set of structural rearrangements takes place: The top and bottom arrows show
the parameters that increase and decrease, respectively. Binding of monomers to early oligomers is isotropic, whereas late oligomers can bind tomonomers only
at the edges. This leads to growth of thin filaments, which eventually originate amyloid fibrils.
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population of oligomers in equilibrium with the monomer, with

a distribution of monomers to tetramers typical for Ab40 shifting

to a mixture of pentamers and hexamers for Ab42 (Bitan et al.,

2003). In the presence of membrane extracts, different mutants

of Ab40 having single amino acid substitutions also formed

different distributions of polymorphic aggregates (Pifer et al.,

2011). A similar mutation dependence of oligomer formation

was also observed for a-synuclein (Ono et al., 2011).

A second determinant of oligomer polymorphism is the solu-

tion conditions under which aggregation is initiated. In the case

of HypF-N, it was shown that oligomers formed under two

different solution conditions, differing in terms of pH and cosol-

vent composition, exhibit different toxicities (Campioni et al.,

2010), and this can be attributed to differences in compactness

and solvent exposure of hydrophobic clusters (discussed later).

Two different products of lipid peroxidation have recently been

shown to be able to induce a-synuclein oligomers that differ in

terms of morphology, dimensions, compactness, and stability

(Näsström et al., 2011). Finally, the type of seeding can affect

the final fibril morphology/structure, and, consequently, it is

expected to alter the properties of the oligomers that accumulate

prior to fibril formation (Paravastu et al., 2009; Yamaguchi et al.,

2005).

Oligomer polymorphism is not just a relevant phenomenon for

a full description of the structure and mechanism of formation of

oligomers and fibrils but also has many implications in biology. It

was indeed found that expression of different mutants of Ab in

Drosophila qualitatively led to different pathologies (Iijima et al.,

2008) and that different oligomers of a-synuclein and Ab caused

toxicity in cell cultures through different mechanisms (Danzer

et al., 2007; Deshpande et al., 2006). On top of that, it is well

established that polymorphism is a central theme to explain

the propagation of prion strain infectivity (Jones and Surewicz,

2005).

Oligomers In Vitro and In Vivo
An important question is whether the large number of protein

oligomers formed in vitro and described in the literature are

relevant for amyloid fibril formation processes in vivo and their

associated diseases. Using approaches aimed at detecting olig-

omers directly in vivo, a number of studies have revealed the

presence of such species in human patients suffering from

protein deposition diseases or related animal models. This has

been observed, for example, for Ab (Lesné et al., 2006; Shankar

et al., 2008), tau (Lasagna-Reeves et al., 2012; Patterson et al.,

2011), huntingtin (Nekooki-Machida et al., 2009), and a-synu-

clein (Tsigelny et al., 2008). Such oligomers, when isolated

from the living specimen and administered to normal rats, have

been shown to cause cognitive impairment in the animals (Lesné

et al., 2006; Shankar et al., 2008). Models for oligomerization

in vivo are now also being proposed (Larson and Lesné, 2012).

In addition, conformation-specific antibodies raised against

particular types of exogenous Ab or tau oligomers and showing

no specificity for monomeric or fibrillar protein have been used

to reveal the presence of the same types of oligomers in Alz-

heimer’s disease patients, indicating the existence of such

in vitro-formed oligomers in human patients as well (Hillen

et al., 2010; Kayed et al., 2007, 2003; Lacor et al., 2004;

Lasagna-Reeves et al., 2012, 2011; Noguchi et al., 2009; Patter-

son et al., 2011). Thus, although our understanding of oligomer

formation mechanisms in vivo remains limited, the existence of

protein oligomers with structural characteristics similar to those

found and characterized in vitro suggests that we can capitalize

on our current knowledge obtained in vitro.

The Structural Determinants of Oligomer-Induced
Cytotoxicity
The progressive elucidation of oligomer structure is starting to

reveal the structural determinants of oligomer toxicity; i.e., the

structural elements that are responsible for the ability of protein

oligomers to interact with the cells and cause their dysfunction.

An important source of information is represented by the large

body of studies on the Ab peptides. Various oligomers have

been described for both the Ab40 and Ab42, which have been

attributed different names, such as Ab-derived diffusible ligands

(ADDLs), protofibrils, prefibrillar oligomers, fibrillar oligomers,

annular protofibrils, amylospheroids, globulomers, spherical

amyloid intermediates, and so forth. The toxicity of many of

such oligomeric species has been measured on cultured cells

using the MTT reduction assay, providing an opportunity to

compare their toxicities.

Figure 3A reports the MTT reduction values measured by

various authors for their studied oligomers versus the size of

the oligomers, expressed as mean molecular weight. The MTT

reduction values reported in the figures were all measured at

a peptide monomer concentration of 2.0–2.7 mM and are thus

comparable between different oligomeric species. The data refer

to both Ab40 and Ab42 as it was shown that the same type of olig-

omers formed by the two species cause similar decreases of

MTT reduction following their addition to the cells (Kayed et al.,

2003; Kayed et al., 2009). A clear trend is present in the plot,

with toxicity decreasing with the size of the oligomers until

a well-defined plateau. It is interesting that the plateau obtained

with the best fitting procedure was not found as 100% but as

83% ± 5%, which is similar to the values reported by different

authors for amyloid fibrils (molecular weight > 2,000 kDa) formed

by both Ab40 and Ab42 (Chafekar et al., 2008; Kayed et al., 2003;

Walsh et al., 1999). The analysis therefore indicates that oligomer

size is an important determinant of oligomer toxicity. In agree-

ment with this analysis, it was found that three classes of small

aromaticmolecules can inhibit Ab42 oligomer toxicity by convert-

ing the small oligomers into large aggregates, fibrils, and mono-

mers, respectively (Ladiwala et al., 2011).

Hydrophobic exposure on the aggregate surface seems to be

another important determinant of oligomer-mediated toxicity. A

pioneristic study that used reconstructed model membranes

rather than cells reported a correlation between hydrophobic

exposure in Ab40 aggregates and membrane fluidity, measured

with bis-ANS fluorescence and membrane fluorescence anisot-

ropy, respectively (Kremer et al., 2000). Later on, a correlation

between hydrophobicity of homopolymeric amino acid stretches

and cytotoxicity of their aggregates has been observed (Oma

et al., 2005). In a more recent study, two types of spherical olig-

omers formed by the HypF-N protein using different protocols

and shown to have indistinguishable size and morphology, as

detected with AFM, were found to have very different toxicities,

with one species found to be nontoxic altogether (Campioni

et al., 2010). With site-directed pyrene labeling, it was found
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that the three most hydrophobic regions of the protein sequence

are structured and buried in the nontoxic oligomers, whereas in

the toxic oligomers the same regions are more solvent exposed

and flexible (Figures 3B–3D).

Other studies have appeared very recently on the importance

of hydrophobic exposure for protein aggregate toxicity. Striking

correlations have been found for a number of peptides/proteins

between the toxicity of various forms of aggregates formed

in vitro and added extracellularly to cell cultures, measured

with propidium iodide incorporation, and their solvent exposure

determined with ANS binding (Bolognesi et al., 2010). Another

study has demonstrated that highly amyloidogenic proteins ex-

pressed intracellularly in human embryonic kidney 293T cells

have levels of toxicity, measured with the MTT test, that increase

with the exposure of hydrophobic clusters on the aggregate

surface measured with ANS binding (Olzscha et al., 2011). In

the latter study, the toxicity of the intracellularly expressed

proteins was attributed to the ability of their aggregates to

interact with a number of multifunctional cellular proteins and

alter their function (Olzscha et al., 2011), whereas in the HypF-N

study, toxicity was attributed to the ability of the extracellularly

added oligomers to interact with the cell membrane and cause

an uptake of calcium (Campioni et al., 2010; Zampagni et al.,

2011). In addition, many other mechanisms of toxicity have

been proposed. Hydrophobic exposure on oligomeric surface

thus seems an important determinant of toxicity, independent

of the mechanism by which oligomers cause cell dysfunction.

Another proposed determinant of oligomer toxicity is the

shape of the aggregates. In particular, it has been proposed

that monomers may associate to form pore-like oligomers that

bind membranes or, alternatively, that monomers directly self-

assemble into pores at the membrane interface (Giehm et al.,

2011; Lashuel et al., 2002a, 2002b; Last et al., 2011). The

proposed consequence of pore formation is that normally

Figure 3. Structural Determinants of Oligomer-Induced Toxicity
(A) Toxicity versus size of Ab40 and Ab42 aggregates. Toxicity is measured by determining MTT reduction by cultured cells following their exposure to oligomers
added to the extracellular medium. Aggregate toxicity was expressed as percentage of MTT reduction relative to untreated cells, where 0% and 100% values are
two extremes of full cell death and full viability, respectively. Values and error bars are from the original papers: prefibrillar oligomers (Kayed et al., 2003), ADDLs
(Lambert et al., 2001), annular protofibrils (Kayed et al., 2009), and amylospheroids (Hoshi et al., 2003). All data were obtained at a peptide concentration in the
range of 2.0-2.7 mM. Aggregate size was expressed as meanmolecular weight of the reported distributions in the original papers, and error bars refer to the width
of the distributions, not SD or SEM: prefibrillar oligomers (Kayed et al., 2007), ADDLs (Gong et al., 2002), annular protofibrils (Kayed et al., 2009), and amylos-
pheroids (Hoshi et al., 2003). Only data for which both molecular weight and MTT reduction values at ca. 2.0–2.7 mM Ab are reported. Data for both Ab40 (filled
circles) and Ab42 (empty circles) are presented, as the same type of oligomers or fibrils formed by the two species cause similar decreases of MTT reduction
(Kayed et al., 2003; Kayed et al., 2009). All data points were fitted to a hyperbolic function of the form y = a * x/(b + x). MTT reduction induced by Ab fibrils (filled and
empty squares for Ab40 and Ab42, respectively) are not taken into account in the fitting procedure and are shown for comparison (Kayed et al., 2003). It is implicit
that their molecular weight is often >2000 kDa.
(B–D) Structural differences between toxic and nontoxic aggregates of HypF-N. (B) Excimer ratio of pyrene (related to the degree of structure formation) versus
number of labeled residue for toxic (red lines) and nontoxic (blue lines) oligomers of HypF-N. (C) II/IIII ratio of pyrene (a correlate of the degree of solvent exposure)
versus number of labeled residue for toxic (red lines) and nontoxic (blue lines) oligomers. (D) Hydropathy profile of HypF-N sequence. The three panels show that
in nontoxic aggregates, unlike the toxic aggregates, the three hydrophobic regions of the sequence are structured and buried inside the oligomers.
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intracellular or extracellular components can freely circulate

between the two environments, leading to cellular dysfunction.

Ion-channel oligomers have been observed by TEM for a number

of systems, including Ab, IAPP, a-synuclein, ABri, and ADan (La-

shuel et al., 2002a; Last et al., 2011; Quintas et al., 2001). It

should be emphasized, however, that alternative mechanisms

of oligomer-mediated toxicity have been proposed for all

systems found so far to form annular oligomers. For a-synuclein,

for example, it has recently been proposed that spherical oligo-

mers growing at the membrane edge captures lipids from the

membrane, eventually resulting in membrane disruption (Rey-

nolds et al., 2011). Furthermore, the correlation between size

and toxicity (Figure 3A) includes annular protofibrils (Kayed

et al., 2009), and these oligomers do not significantly deviate

from the observed trend. It is therefore evident that a role for

this specific morphology—and, more generally, for oligomer

shape—in oligomer-mediated toxicity remains elusive.

Although the results reviewed here indicate that protein olig-

omer toxicity is determined by a well-defined set of parameters

such as size and hydrophobic exposure of the oligomers, it is

important to emphasize that toxicity does not reside in one or

limited number of oligomeric forms of a given protein. Different

oligomers from the same protein have been shown to affect

cell viability to some degree. Moreover, the observation that pro-

tein oligomers formed by different proteins share similar levels of

toxicity is itself a strong suggestion that toxicity is a shared prop-

erty of protein misfolded oligomers rather than a characteristic of

a specific structural pattern.

Conclusions
Although the increasing awareness of the existence of a myriad

of different metastable oligomers seemed to make their charac-

terization an impossible task, in the past few years considerable

efforts expended by different researchers has led to the emer-

gence of innovative methodologies that are starting to unveil

the multiple structures of protein misfolded oligomers and the

structural features underlying their toxicity. Oligomer particles

can now be detected at the single molecule level and can be

observed not only in the test tube but even in vivo. The general

emerging picture is that oligomers cannot be described as

a finite number of protein structures, each of them identified

by a defined set of parameters. Oligomers are best described

as a number of conformational ensembles, each containing

an indefinite number of different assemblies that vary, almost

without solution of continuity, in secondary and tertiary struc-

ture, compactness, shape, size, number of monomers, and so

forth. All these parameters contribute to a complex energy

landscape and determine, directly or indirectly, the toxicity

of the oligomers through relationships that are slowly being

revealed.

Of course, much remains to be determined. Key points that

need to be addressed in future research include (1) developing

new and more accurate methodologies for oligomer structure

determination; (2) identifying additional molecular determinants

of oligomer toxicity and themechanisms of action of the resulting

aggregates so that new molecular targets for therapeutic inter-

vention can be identified; (3) understanding the reasons why,

where, and when functional proteins convert into such aggre-

gates, again with the aim of interfering therapeutically with their

formation; and (4) developing new methodologies to detect

reliably and routinely toxic oligomers in vivo in a noninvasive

way and before disease onset.

It is hoped that such studies will make it possible to fully

describe the ‘‘protein aggregation side’’ of the protein

(mis-)folding landscape, to link our in vitro knowledge with

systems in vivo and to reach a complete understanding of the

relationships between structure and toxicity of protein misfolded

oligomers.
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When Conjugated Polymers Meet Amyloid
Fibrils
Cliff I. Stains and Indraneel Ghosh*
Department of Chemistry, University of Arizona, 1306 E. University Boulevard, Tucson, Arizona 85721

A lzheimer’s disease (AD) is charac-
terized by the extracellular deposits
of the 39–42 amino acid amyloid-�

(A�) peptides along with neurofibrillary
tangles that stain with Congo red in the
brains of patients. The A� peptides arise
from cleavage of the extracellular portion of
the transmembrane amyloid-precursor pro-
tein (APP) by �- and �-secretases (1–3). The
toxicity of the processed A� peptide and its
aggregates (Figure 1, panel a) may result
from a combination of apoptosis, disrupted
Ca2� homeostasis, toxic radicals, and
complement formation. Over the past de-
cade, Selkoe, Lansbury, Teplow, Kelly, Dob-
son, Prusiner, and many others have helped
establish a nucleation-dependent para-
digm for fibril formation that appears to be
general for most proteins tested (Figure 1,
panel a). Numerous experiments have also
demonstrated that the rate of fibrillization
and the morphology of the final fibrillar state
of “amyloidogenic” proteins are strongly in-
fluenced by environmental factors (pH, salt,
temperature, agitation, etc.), by chemicals
(proteins, lipids, cholesterol, metals, etc.),
and by the nature of the seeding agent (4).
Recent evidence strongly suggests that
soluble oligomeric intermediates rather
than the final fibrils are responsible for neu-
rological toxicity (5–7), though equilibrium
between these different states is certainly
possible (Figure 1, panel a) (6, 8). Perhaps
most important, a stronger correlation exists
between soluble A� (monomer and oli-
gomers of A�) in the brain and early cogni-
tive dysfunction than between the A� de-

posits stained by Congo red and the clinical
severity of AD (9–12). Even with this grow-
ing knowledge, the origin and progression of
AD remain a complex and formidable chal-
lenge because no genetic markers, diagnos-
tic agents, or drugs directly address the
progress of AD. A recent review by Kodali
and Wetzel discusses the numerous struc-
tural polymorphisms possible for A� (13).
Clearly, it would be an important break-
through to provide new chemically tuned re-
agents that are selective for different classes
of oligomers and fibers and to correlate
them to disease outcome. Thus, Nilsson et
al.’s (14) recent identification of a class of
thiophene-based polymers that distinguish
between different classes of fibrils is very
significant.

Current Clinical Status of AD. The diagno-
sis of AD-associated dementia is currently
based on clinical diagnosis rather than
chemical or biological tests. Pathological
findings have until recently been postmor-
tem through the selective staining of senile
plaques, primarily �-sheet fibrillar aggre-
gates. Postmortem diagnosis unfortunately
provides little relief for those afflicted with
AD and perhaps surprisingly does not pro-
vide a measure of the severity of the dis-
ease; similarly stained plaques have also
been observed in normal aging. Current
medications for AD, primarily cholinester-
ase inhibitors (15) or N-methyl D-aspartate
antagonists (16), treat some of the symp-
toms of the disease. However, new avenues
are being actively explored that include
secretase inhibitors as well as direct A�
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ABSTRACT In the early 1900s, Alois Alzheimer
diagnosed one of his patients with a devastating
neurological impairment, and this form of demen-
tia became known as Alzheimer’s disease (AD).
Much research over the past century has clearly
established that numerous human diseases, rang-
ing from AD and Parkinson’s disease to dialysis-
related amyloidosis, are best characterized by the
abnormal aggregation of specific proteins. How-
ever, in the case of AD, the true toxic molecular
species is still debated. Thus, the recent develop-
ment of new diagnostic agents capable of distin-
guishing between different morphologies of ag-
gregated proteins is of much interest.
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targeting therapeutics (17). Therapeutics go
hand-in-hand with diagnostics, and recent
advances in SPECT probes (18, 19) for in
vivo brain imaging are based on analogues
of the classic Congo red and thioflavin T
(ThT) dyes. However, this method will likely
suffer from intrinsic problems because of its
inability to distinguish between plaques
from healthy and diseased patients. Thus,
new chemical reagents that may be truly
useful in the early diagnosis of AD can per-
haps distinguish between normal and
disease-associated fibrils or by directly im-
aging the soluble “toxic” oligomers. Any ad-
vance in these areas has the potential to sig-
nificantly impact how AD is diagnosed and
treated. Moreover, such reagents would be
of immense benefit in testing new therapeu-
tic modalities both in vivo and in vitro if
they can be shown to correlate specific A�

species with the clinical symptoms of AD.
Congo red was the first small molecule

shown to bind to amyloid in tissue sections
and exhibited a yellow-green birefringence
under cross polarizers (20, 21). Several de-
cades later, ThT and ThS were also shown to
characteristically stain amyloid deposits
(22, 23). These dyes have remained the
classic reagents for determining �-sheet-

mediated fibrillization, although they bind
different sites (24). In the case of Congo red,
beautiful polarized light microscopy studies
have shown that Congo red is oriented
along the long axes of fibrils in A� plaques
and can be utilized to recognize plaques
from different protein aggregates (25). De-
spite the knowledge gained from many ex-
periments with these dyes, a facile method
for distinguishing between A� aggregates
has yet to emerge.

Polymers and Fibrils. This brings us to
the current work from Nilsson et al., which
describes a new class of conjugated poly-
thiophene (PT)-based dyes that resolve dif-
ferences between fibril conformations
(Figure 1, panel b). This study is exciting be-
cause it connects the conducting polymer
field (26) popularized by Heeger, MacDiar-
mid, and Shirakawa with protein-misfolding
diseases. PTs are polymers of conjugated
sulfur heterocycles and possess novel elec-
trical and optical properties resulting from
electron delocalization along the polymer
backbone. The synthesis of PTs was first re-
ported in the late 1980s (27); these poly-
mers have since been exploited in various
sensor applications (28, 29). Of interest is
that Swager and coworkers synthesized 2,5-

diphenylthiophene derivatives that bind A�

with high affinity and have demonstrated
that they can be used to image amyloid de-
posits in the brain of a transgenic mouse
model of AD by multiphoton spectroscopy
(30). More recently, Kung and coworkers
have also synthesized numerous thiophene
derivatives to target A� with high affinities,
which they hope to develop as novel
positron emission tomography tracers in pa-
tients with AD (31). Although these studies
are promising, neither reported on the use
of thiophene derivatives for the selective
recognition of different types of amyloid
fibers.

Nilsson and coworkers now provide a
new reagent for the direct fluorescence im-
aging of amyloid fibrils, which can parse
them into either “straight” or “twisted” spe-
cies (14). Several classes of thiophene de-
rivatives were investigated, and the most
useful analogue, poly[(5,5==)tertiophene
-(2S,3R)-2-amino-3-(2-{3==-[2-((1R,2S)-2-
amino-2-carboxy-1-methyl-ethoxy)-ethyl]-
[2,2=;5=,2==]terthiophen-3-yl}-ethoxy)-butyric
acid] (tPTT), contains chiral amino acid “side
chains” (Figure 1, panel b) that likely aid in
both solubility and its amyloid recognition
properties. They clearly observe in in vitro
experiments that tPTT stains fibrils obtained
from unstirred A� solutions orange (639–
661 nm), whereas it stains fibrils obtained
from agitated A� solutions green (543–564
nm). It is likely that the polymer chains of
tPTT are aligned along the fibrillar axis as
documented for a related polymer, PT ace-
tic acid (32). Thus, the orange luminescence
likely arises from a linear arrangement of
the dye in straight fibers, whereas the green
luminescence arises from binding twisted fi-
bers that disrupt conjugation and dye align-
ment. Even more interesting were the results
when these dyes were used to investigate
brain sections of transgenic mouse (tg-
APPswe) models of AD. The fluorescence mi-
croscopy images showed two distinct
classes of amyloid plaque, one the authors
dub a compact-core plaque that primarily
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Figure 1. Model of fibrillogenesis and illustration of tPTT dye activity. a) A possible model for the
A� fibrillogenesis, where two final fibrillar forms are shown. The straight fibrillar isoform is
stained orange by tPTT, and the twisted isoform is stained green. The classic dyes Congo red
and ThT do not distinguish between these isoforms unless they are under polarized light. b) The
thiophene-based conjugated polymer, tPTT, selectively stains morphologically different plaques
in brain sections of transgenic mice (tg-APPswe). In one class, the plaques are stained com-
pletely orange, whereas in another, they have diffuse green centers and orange exteriors.
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stained orange, whereas a more frequently
found plaque form stained orange at the
edges and green at the center (Figure 1,
panel b). These data agree with those from
Jin and others (25, 33), who have also
shown that A� plaques contain a diffuse
center and fibrillar exterior. However, this is
the first example where two different
classes of amyloid plaque in an AD mouse
model have been directly identified, and it
opens many new doors into investigating AD
pathophysiology. Numerous questions arise
from this work, some of which will certainly
be addressed in the near future. For ex-
ample, are the two plaque isoforms ob-
served in vitro interconvertible, or are they
kinetically trapped (Figure 1, panel b)? Can
seeding experiments with one fibrillar iso-
form result in the selective enrichment of
that particular species? Are different classes
of fibrillar species also observed for other
amyloidogenic proteins if those proteins are
stained with tPTT? Does tPTT differentially
stain the alternative nontoxic amyloid iso-
forms reported by Kiessling, Murphy, and
coworkers(34, 35)? Can the two types of in
vivo and ex vivo plaques be isolated and
tested for their toxicity against neuronal
cells? And finally and perhaps most impor-
tant, can this approach be utilized to dem-
onstrate a correlation between the type of
plaque and the severity of AD?

Future work in this area will certainly in-
volve combinatorial optimization studies
on the thiophene core, which may provide
more effective binders for different classes
of fibrils. It may even be possible to develop
reagents that selectively stain soluble oligo-
meric species that have been shown to be
sequestered by antibodies (36) and small
proteins (37). It would also be of interest to
establish the maximum effective conjuga-
tion length necessary for selective lumines-
cence for tPTT-like molecules. Smaller,
appropriately functionalized, but still selec-
tively luminescent thiophenes may cross the
blood–brain barrier and be utilized in power-
ful multiphoton imaging modalities for in

vivo imaging that can guide AD treatment.
Clearly, much can be gained in the chemis-
try and biology of amyloid imaging by going
afield and borrowing from the rich chemistry
and physics available in the conducting
polymer arena.
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One of the defining characteristics of a living sys-
tem is the ability of even the most intricate of its
component molecular structures to self-assem-
ble with precision and fidelity. Uncovering the
mechanisms through which such processes take

place is one of the grand challenges of modern science1. The
folding of proteins into their compact three-dimensional
structures is the most fundamental and universal example of
biological self-assembly; understanding this complex
process will therefore provide a unique insight into the way
in which evolutionary selection has influenced the proper-
ties of a molecular system for functional advantage. The wide
variety of highly specific structures that result from protein
folding and that bring key functional groups into close prox-
imity has enabled living systems to develop astonishing
diversity and selectivity in their underlying chemical
processes. In addition to generating biological activity, how-
ever, we now know that folding is coupled to many other bio-
logical processes, including the trafficking of molecules to
specific cellular locations and the regulation of cellular
growth and differentiation2. In addition, only correctly 
folded proteins have long-term stability in crowded biologi-
cal environments and are able to interact selectively with
their natural partners. It is therefore not surprising that the
failure of proteins to fold correctly, or to remain correctly
folded, is the origin of a wide variety of pathological condi-
tions. In this article we explore the underlying mechanism of
protein folding and of the nature and consequences of 
misfolding and its links with disease.

The fundamental mechanism of protein folding
The concept of an energy landscape
The mechanism by which a polypeptide chain folds to a spe-
cific three-dimensional protein structure has until recently
been shrouded in mystery. Native states of proteins almost
always correspond to the structures that are most thermody-
namically stable under physiological conditions3. Neverthe-
less, the total number of possible conformations of any
polypeptide chain is so large that a systematic search for this
particular structure would take an astronomical length of
time. However, it is now clear that the folding process does
not involve a series of mandatory steps between specific part-
ly folded states, but rather a stochastic search of the many
conformations accessible to a polypeptide chain3–5. The
inherent fluctuations in the conformation of an unfolded or
incompletely folded polypeptide chain enable even residues
that are highly separated in the amino-acid sequence to come
into contact with one other. Because, on average, native-like
interactions between residues are more stable than non-
native ones, they are more persistent and the polypeptide
chain is able to find its lowest-energy structure by a process of

trial and error. Moreover, if the energy surface or ‘landscape’
has the right shape (see Fig. 1) only a small number of all pos-
sible conformations needs to be sampled by any given pro-
tein molecule during its transition from a random coil to a
native structure3–6. Because the landscape is encoded by the
amino-acid sequence, natural selection has enabled proteins
to evolve so that they are able to fold rapidly and efficiently.

Such a description, based more on the ideas of statistical
mechanics and polymer physics than on those of classic
chemical dynamics, is often referred to as the ‘new view’ of
protein folding7. As well as providing a firm conceptual basis
for folding, it has shown that many of the earlier phenome-
nological descriptions of the folding process are important
limiting cases of a general mechanism. These ideas are stim-
ulating the investigation of the most elementary steps in the
folding process by both experimental and theoretical proce-
dures. For example, biophysical measurements and comput-
er simulations have revealed that many of the local elements
of protein structures can be generated very rapidly; for exam-
ple, individual a-helices are able to form in less than 100 ns,
and b-turns in as little as 1 ms (refs 8, 9). Indeed, the folding in
vitro of some of the simplest proteins, such as small helical
bundles, is completed in less than 50 ms (refs 10, 11). Intrigu-
ingly, some other small proteins, particularly those based on
b-sheet structures, can take many orders of magnitude
longer to fold, as we see below, but such rate changes can be
understood to a significant extent in terms of the character-
istics of the native structures12.

A key question is how does the correct fold emerge from
such fundamental steps; that is, how is the energy landscape
unique to a specific protein defined by its amino-acid
sequence. The structural transitions taking place during
folding in vitro can be investigated in detail by a variety of
techniques, ranging from optical methods to NMR spec-
troscopy3, some of which can now even be used to follow the
behaviour of single molecules13. The latter capability is of
particular significance in the context of probing the stochas-
tic nature of the folding process (see Fig. 1). Studies of a
series of small proteins, typically with 60–100 residues, have
been crucial for investigating the most basic steps in folding
because these proteins convert from their unfolded states to
their native states without the complication of highly popu-
lated intermediates. For these systems, monitoring the
effects of specific mutations on the kinetics of folding and
unfolding has proved to be a seminal technique, because of
its ability to probe the role of individual residues in the fold-
ing process14. Particular insight has come from the use of this
approach to analyse the transition states for folding, namely
the critical regions of energy surfaces through which all
molecules must pass to reach the native fold (see Fig. 1). The
results of many studies of these species suggest that the 
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fundamental mechanism of protein folding involves the interaction
of a relatively small number of residues to form a folding nucleus,
about which the remainder of the structure rapidly condenses15.

More details of how such a mechanism is able to generate a
unique fold have emerged from a range of theoretical studies, par-
ticularly involving computer simulation techniques16. Of particu-
lar significance are investigations that compare the simulation
results with experimental observations6,17. One approach incorpo-
rates experimental measurements directly into the simulations as
restraints limiting the regions of conformational space that are
explored in each simulation; this strategy has enabled rather
detailed structures to be generated for transition states18 (see Fig. 1).
The results suggest that, despite a high degree of disorder, these
structures have the same overall topology as the native fold. In
essence, interactions involving the key residues force the chain to
adopt a rudimentary native-like architecture. Although it is not yet
clear exactly how the sequence encodes such characteristics, the
essential elements of the fold are likely to be determined primarily
by the pattern of hydrophobic and polar residues that favours pref-
erential interactions of specific residues as the structure becomes
increasingly compact. Once the correct topology has been
achieved, the native structure will then almost invariably be gener-
ated during the final stages of folding18. Conversely, if these key
interactions are not formed, the protein cannot fold to a stable
globular structure; this mechanism therefore acts also as a ‘quality-
control’ process by which misfolding can generally be avoided.

The determinants of protein folds
Secondary structure, the helices and sheets that are found in nearly
every native protein structure, is stabilized primarily by hydrogen

bonding between the amide and carbonyl groups of the main chain.
The formation of such structure is an important element in the over-
all folding process, although it might not have as fundamental a role
as the establishment of the overall chain topology19. Perhaps the most
dramatic evidence for such a conclusion is the observation of a
remarkable correlation between the experimental folding rates of a
wide range of small proteins and the complexity of their folds, mea-
sured by the contact order12. The latter is the average separation in the
sequence between residues that are in contact with each other in the
native structure. The existence of such a correlation can be rational-
ized by the argument that a stochastic search process will be more
time consuming if the residues that form the nucleus are further away
from each other in the sequence. This evidence strongly supports the
conclusion that there are relatively simple underlying principles by
which the sequence of a protein encodes its structure20. Not only will
the establishment of such principles reveal in more depth how pro-
teins are able to fold, but it should advance significantly our ability to
predict protein folds directly from their sequences and to design
sequences that encode novel folds.

For proteins with more than about 100 residues, experiments
generally reveal that one (or more) intermediate is significantly pop-
ulated during the folding process. There has, however, been consider-
able discussion about the significance of such species: whether they
assist the protein to find its correct structure or whether they are traps
that inhibit the folding process21–23. Regardless of the outcome of this
debate, the structural properties of intermediates provide important
evidence about the folding of these larger proteins. In particular, they
suggest that these proteins generally fold in modules, in other words,
folding can take place largely independently in different segments or
domains of the protein6,14. In such cases, interactions involving key
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Figure 1 A schematic energy landscape
for protein folding. The surface is derived
from a computer simulation of the folding
of a highly simplified model of a small
protein. The surface ‘funnels’ the
multitude of denatured conformations to
the unique native structure. The critical
region on a simple surface such as this
one is the saddle point corresponding to
the transition state, the barrier that all
molecules must cross if they are to fold to
the native state. Superimposed on this
schematic surface are ensembles of
structures corresponding to different
stages of the folding process. The
transition state ensemble was calculated
by using computer simulations
constrained by experimental data from
mutational studies of acylphosphatase18.
The yellow spheres in this ensemble
represent the three ‘key residues’ in the
structure; when these residues have
formed their native-like contacts the
overall topology of the native fold is
established. The structure of the native
state is shown at the bottom of the
surface; at the top are indicated
schematically some contributors to the
distribution of unfolded species that
represent the starting point for folding.
Also indicated on the surface are highly
simplified trajectories for the folding of
individual molecules. Adapted from 
ref. 6. 
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residues are likely to establish the native-like fold within local regions
or domains and also to ensure that the latter then interact appropri-
ately to form the correct overall structure23,24. The fully native struc-
ture is only acquired when all the native-like interactions have been
formed both within and between the domains; this happens in a final
cooperative folding step when all the side chains become locked in
their unique close-packed arrangement and water is excluded from
the protein core25. This modular mechanism is appealing because it
suggests that highly complex structures might be assembled in man-
ageable pieces. Moreover, such a principle can readily be extended to
describe the assembly of other macromolecules, particularly nucleic
acids, and even large ‘molecular machines’ such as the ribosome.

Protein folding and misfolding in the cell
In a cell, proteins are synthesized on ribosomes from the genetic
information encoded in the cellular DNA. Folding in vivo is in some
cases co-translational; that is, it is initiated before the completion of
protein synthesis, whereas the nascent chain is still attached to the
ribosome26. Other proteins, however, undergo the major part of their
folding in the cytoplasm after release from the ribosome, whereas yet
others fold in specific compartments, such as mitochondria or the
endoplasmic reticulum (ER), after trafficking and translocation
through membranes27,28. Many details of the folding process depend
on the particular environment in which folding takes place, although
the fundamental principles of folding, discussed above, are undoubt-
edly universal. But because incompletely folded proteins must
inevitably expose to the solvent at least some regions of structure that
are buried in the native state, they are prone to inappropriate interac-
tion with other molecules within the crowded environment of a cell29.
Living systems have therefore evolved a range of strategies to prevent
such behaviour27–29.

Of particular importance in this context are the many molecular
chaperones that are present in all types of cells and cellular compart-
ments. Some chaperones interact with nascent chains as they emerge
from the ribosome, whereas others are involved in guiding later
stages of the folding process27,28. Molecular chaperones often work in
tandem to ensure that the various stages in the folding of such systems
are all completed efficiently. Many of the details of the functions of
molecular chaperones have been determined from studies of their
effects on folding in vitro. The best characterized of the chaperones
studied in this manner is the bacterial complex involving GroEL, a
member of the family of ‘chaperonins’, and its ‘co-chaperone’ GroES.
Many aspects of the sophisticated mechanism through which this
coupled system functions are now well understood27,28. Of particular
interest is that GroEL, and other members of this class of molecular
chaperone, contains a cavity in which incompletely folded polypep-
tide chains can enter and undergo the final steps in the formation of
their native structures while sequestered and protected from the 
outside world.

Molecular chaperones do not themselves increase the rate of indi-
vidual steps in protein folding; rather, they increase the efficiency of
the overall process by reducing the probability of competing reac-
tions, particularly aggregation. However, there are several classes of
folding catalyst that accelerate potentially slow steps in the folding
process. The most important are peptidylprolyl isomerases, which
increase the rate of cis–trans isomerization of peptide bonds involving
proline residues, and protein disulphide isomerases, which enhance
the rate of formation and reorganization of disulphide bonds30.
Despite these factors, given the enormous complexity and the stochas-
tic nature of the folding process, it would be remarkable if misfolding
never occurred. Clear evidence that molecular chaperones are needed
to prevent misfolding and its consequences comes from the fact that
the concentrations of many of these species are substantially increased
during cellular stress; indeed, the designation of many as heat shock
proteins (Hsps) reflects this fact. It is also clear that some molecular
chaperones are able not only to protect proteins as they fold but also to
rescue misfolded and even aggregated proteins and enable them to
have a second chance to fold correctly27,28. Active intervention in the
folding process requires energy, and ATP is required for most of the
molecular chaperones to function with full efficiency.

In eukaryotic systems, many of the proteins that are synthesized in
a cell are destined for secretion to the extracellular environment.
These proteins are translocated into the ER, where folding takes place
before secretion through the Golgi apparatus. The ER contains a wide
range of molecular chaperones and folding catalysts, and in addition
the proteins that fold here must satisfy a ‘quality-control’ check
before being exported (Fig. 2)31,32. Such a process is particularly
important because there seem to be few molecular chaperones out-
side the cell, although one (clusterin), at least, has recently been dis-
covered33. This quality-control mechanism involves a remarkable
series of glycosylation and deglycosylation reactions that enables cor-
rectly folded proteins to be distinguished from misfolded ones31. The
importance of these regulatory systems is underlined by recent
experiments that suggest that a large fraction of all polypeptide
chains synthesized in a cell fail to pass this test and are targeted for
degradation34. Like the ‘heat shock response’ in the cytoplasm, the
‘unfolded protein response’ in the ER is also stimulated (upregulated)
during stress and, as we shall see below, is strongly linked to the avoid-
ance of misfolding diseases35.

Folding and unfolding are the ultimate ways of generating and
abolishing specific types of cellular activity. In addition, processes as
apparently diverse as translocation across membranes, trafficking,
secretion, the immune response and regulation of the cell cycle are
directly dependent on folding and unfolding events2. Failure to fold
correctly, or to remain correctly folded, will therefore give rise to the
malfunctioning of living systems and hence to disease36–38. Some of
these diseases (such as cystic fibrosis36 and some types of cancer39)
result from proteins folding incorrectly and not being able to exercise
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Figure 2 Regulation of protein folding in the ER. Many newly synthesized proteins
are translocated into the ER, where they fold into their three-dimensional structures
with the help of a series of molecular chaperones and folding catalysts (not shown).
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their proper function; many such disorders are familial because the
probability of misfolding is often greater in mutational variants. In
other cases, proteins with a high propensity to misfold escape all the
protective mechanisms and form intractable aggregates within cells
or (more commonly) in extracellular space. An increasing number of
disorders, including Alzheimer’s and Parkinson’s diseases, the
spongiform encephalopathies and type II diabetes, are directly asso-
ciated with the deposition of such aggregates in tissues, including the
brain, heart and spleen37,38,40,41. In the next section we look at the for-
mation of these species.

Protein aggregation and amyloid formation
Each amyloid disease involves predominantly the aggregation of a
specific protein, although a range of other components including
additional proteins and carbohydrates are incorporated into the
deposits when they form in vivo. In neurodegenerative diseases, the
quantities of aggregates involved can sometimes be so small as to be
almost undetectable, whereas in some systemic diseases literally kilo-
grams of protein can be found in one or more organs40. The charac-
teristics of the soluble forms of the 20 or so proteins involved in the
well-defined amyloidoses are very varied — they range from intact
globular proteins to largely unstructured peptide molecules — but
the aggregated forms have many characteristics in common42. Amy-
loid deposits all show specific optical behaviour (such as birefrin-
gence) on binding certain dye molecules such as Congo red. The fib-
rillar structures typical of many of the aggregates have very similar
morphologies (long, unbranched and often twisted structures a few
nanometres in diameter) and a characteristic ‘cross-b’ X-ray fibre
diffraction pattern. The latter reveals that the organized core struc-
ture is composed of b-sheets whose strands run perpendicular to the
fibril axis42. The ability of polypeptide chains to form amyloid struc-
tures is not restricted to the relatively small number of proteins asso-
ciated with recognized clinical disorders, and it now seems to be a
generic feature of polypeptide chains37,43. The most compelling evi-
dence for the latter statement is that fibrils can be formed in vitro by
many other peptides and proteins, including such well-known 
molecules as myoglobin, and also by homopolymers such as poly-
threonine or polylysine37,44.

Although no structure of an amyloid fibril has yet been deter-
mined in atomic detail, increasingly convincing models based on
data from techniques such as X-ray fibre diffraction42, cryoelectron
microscopy45 and solid-state NMR46 are emerging. The core struc-
ture of the fibrils seems to be stabilized primarily by interactions, par-
ticularly hydrogen bonds, involving the polypeptide main chain.
Because the main chain is common to all polypeptides, this observa-
tion explains why fibrils formed from polypeptides of very different
sequence seem to be so similar42,43. In some cases only a handful of the
residues of a given protein might be involved in this structure, with
the remainder of the chain being associated in some other manner
with the fibrillar assembly; in other cases almost the whole polypep-
tide chain seems to be involved. The generic amyloid structure con-
trasts strongly with the highly individualistic globular structures of
most natural proteins. In these latter structures the interactions asso-
ciated with the very specific packing of the side chains seem to over-
ride the main-chain preferences43,44.

Even though the ability to form amyloid fibrils seems to be generic,
the propensity to do so under given circumstances can vary markedly
between different sequences. The relative aggregation rates for a wide
range of peptides and proteins correlates with the physicochemical
features of the molecules such as charge, secondary-structure
propensities and hydrophobicity47. In a globular protein the
polypeptide main chain and the hydrophobic side chains are largely
buried within the folded structure. Only when they are exposed, for
example when the protein is partly unfolded (for example, at low pH)
or fragmented (for example, by proteolysis), will conversion into
amyloid fibrils be possible. Experiments in vitro indicate that their
formation is then generally characterized by a lag phase, followed by a
period of rapid growth48,49. Such behaviour is typical of nucleated
processes such as crystallization; the lag phase can be eliminated by
the addition of preformed aggregates to fresh solutions, a process
known as seeding. An interesting recent suggestion is that seeding by
chemically modified forms of proteins, resulting for example from
deamidation or oxidative stress, might in some cases be an important
factor in triggering the aggregation process and the onset of disease50.

There are striking similarities in the aggregation behaviour of dif-
ferent peptides and proteins (Fig. 3)48,49. The first phase in amyloid
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a b Figure 3 A schematic representation of
the general mechanism of aggregation to
form amyloid fibrils. Unfolded or partially
unfolded proteins associate with each
other to form small, soluble aggregates
that undergo further assembly into
protofibrils or protofilaments (a) and then
mature fibrils (b, top electron microscope
images from ref. 44). The fibrils often
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such as the Lewy bodies associated with
Parkinson’s disease (c, electron
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of approximately 10 nm (d, electron
microscope image from ref. 53). Adapted
from a figure provided by H. A. Lashuel
and P. T. Lansbury Jr. 
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formation seems to involve the formation of soluble oligomers as a
result of relatively nonspecific interactions, although, in some cases,
specific structural transitions, such as domain swapping, might be
important51. The earliest species visible by electron or atomic-force
microscopy generally resemble small bead-like structures, some-
times linked together, and often described as amorphous aggregates
or as micelles. These early ‘prefibrillar aggregates’ then transform
into species with more distinctive morphologies, often called
‘protofilaments’ or ‘protofibrils’. These structures are commonly
short, thin, sometimes curly, fibrillar species that are thought to
assemble into mature fibrils, perhaps by lateral association accompa-
nied by some degree of structural reorganization. The aggregates that
form first are likely to be relatively disorganized structures that
expose to the outside world a variety of segments of the protein that
are normally buried in the globular state52. In some cases, however,
these early aggregates appear to adopt quite distinctive structures,
including well-defined annular species53 (see Fig. 3).

Molecular evolution and the control of protein misfolding
The state of a protein that is adopted under specific conditions
depends on the relative thermodynamic stabilities of the various
accessible conformations and on the kinetics of their interconversion
(Fig. 4)37,54. Amyloid fibrils are just one of the types of aggregate that
can be formed by proteins, although a significant feature of this par-
ticular species is that its highly organized hydrogen-bonded struc-
ture is likely to give it unique kinetic stability. Thus, once formed,
such aggregates can persist for long periods, allowing a progressive
build-up of deposits in tissue, and indeed enabling seeding of the
subsequent conversion of additional quantities of the same protein
into amyloid fibrils. It is therefore not surprising that biological sys-

tems have almost universally avoided the deliberate formation of
such material. Nevertheless, there is increasing evidence that the
unique properties of amyloid structures have been exploited by some
species, including bacteria, fungi and even mammals, for specific
(and carefully regulated) purposes55–57.

There is evidence that evolutionary selection has tended to avoid
amino-acid sequences, such as alternating polar and hydrophobic
residues, that favour a b-sheet structure of the type seen in amyloid
fibrils58. Moreover, recent studies suggest that the aggregation
process that results in amyloid fibrils is nucleated in a similar manner
to that of folding, but that the residues involved might well be located
in different regions of the sequence from those that nucleate fold-
ing59. Such ‘kinetic partitioning’ means that mutations that occur
during evolution could be selected for their ability to enhance folding
at the expense of aggregation. However, it is apparent that biological
systems have become robust not just by careful manipulation of the
sequences of proteins but also by controlling, by means of molecular
chaperones and degradation mechanisms, the particular state adopt-
ed by a given polypeptide chain at a given time and under given con-
ditions. This process can be thought of as being analogous to the way
in which biology regulates and controls the various chemical trans-
formations that take place in the cell by means of enzymes. And just as
the aberrant behaviour of enzymes can cause metabolic disease, the
aberrant behaviour of the chaperone and other machinery regulating
polypeptide conformations can contribute to misfolding and 
aggregation diseases35,60.

The ideas encapsulated in Fig. 4 therefore serve as a framework for
understanding the fundamental events that underlie misfolding dis-
eases. For example, many of the mutations associated with the famil-
ial forms of deposition diseases increase the population of partially
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unfolded states, and hence the propensity to aggregate, by decreasing
the stability or cooperativity of the native state37,41,61,62. Other familial
diseases are associated with the accumulation of amyloid deposits
whose primary components are fragments of native proteins; such
fragments can be produced by aberrant processing or incomplete
proteolysis, and are unable to fold into aggregation-resistant states.
Other pathogenic mutations enhance the propensities of such
species to aggregate, for example by increasing their hydrophobicity
or decreasing their charge47. And, in the prion disorders such as Kuru
or Creutzfeldt–Jakob disease, it seems that ingestion of pre-aggregat-
ed states of an identical protein, for example by voluntary or involun-
tary cannibalism or through the use of contaminated pharmaceuti-
cals or surgical instruments, can markedly increase the inherent rate
of aggregation through seeding and hence can generate a mechanism
for transmission48,63.

In some aggregation diseases, the large quantities of insoluble pro-
tein involved can physically disrupt specific organs and thereby cause
pathological behaviour40. But for neurodegenerative disorders, such
as Alzheimer’s disease, the primary symptoms almost certainly result
from a ‘toxic gain of function’ associated with aggregation64. The early
prefibrillar aggregates of proteins associated with such diseases are
highly damaging to cells; by contrast, the mature fibrils are usually rel-
atively benign48,65. Moreover, experiments have recently suggested
that similar aggregates of proteins that are not connected with any
known diseases could be equally cytotoxic52. The generic nature of
such aggregates and their effects on cells has recently been supported
by the remarkable finding that antibodies can cross-react with early
aggregates of different peptides and proteins, and moreover inhibit
their toxicity66. It is possible that there are specific mechanisms for this
toxicity, for example as a result of annular species (Fig. 3) that resem-
ble the toxins produced by bacteria that form pores in membranes and
disrupt the ion balance in cells53. However, it is likely that the relatively
disorganized prefibrillar aggregates are also harmful to cells, probably
through a less specific mechanism, for example as a result of the expo-
sure of non-native hydrophobic surfaces stimulating aberrant inter-
actions with cell membranes or other cellular components67.

Future directions
In normal circumstances the molecular chaperones and other
‘housekeeping’ mechanisms are remarkably efficient in ensuring that
such potentially toxic species as prefibrillar aggregates are neutral-
ized before they can do any damage28,68. This neutralization could
result simply from the efficient targeting of misfolded proteins for
degradation, but it seems that molecular chaperones are also able to
alter the partitioning between harmful and harmless forms of aggre-
gates (Fig. 4)69. If the efficiency of these protective mechanisms is
impaired, however, the probability of pathogenic behaviour 
increases35,68. Such a process would explain why most of the amyloid
diseases are associated with old age, when there is likely to be an
increased tendency for proteins to become misfolded or damaged,
coupled with a decreased efficiency of the molecular chaperone and
unfolded proteins responses70. It is ironic that through our success in
increasing the life expectancy of the populations of the developed
world, we are now seeing the limitations of our proteins and of the
regulatory mechanisms that control their behaviour71. It is therefore
essential that we use our developing understanding of misfolding
and aggregation to find effective strategies for combating these
increasingly common and highly debilitating diseases54. Fortunately,
there is now real evidence to suggest that modern science will rise suc-
cessfully to this tremendous challenge. nn
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The misfolding of proteins is now recognized to be the origin of a large number of medical
disorders. One particularly important group of such disorders is associated with the aggre-
gation of misfolded proteins into amyloid structures, and includes conditions ranging from
Alzheimer’s and Parkinson’s diseases to type II diabetes. Such conditions already affect over
500million people in theworld, a number that is rising rapidly, and at present these disorders
cannot be effectively treated or prevented. This review provides an overview of this field of
science and discusses recent progress in understanding the nature and properties of the
amyloid state, the kinetics and mechanism governing its formation, the origins of its links
with disease, and the manner in which its formation may be inhibited or suppressed. This
latter topic is of particular importance, both to enhance our knowledge of themaintenance of
protein homeostasis in living organisms and also to address the development of therapeutic
strategies through which to combat the loss of homeostasis and the associated onset and
progression of disease.

Natural proteins are a highly select group of
molecules, and their properties have a

number of very special characteristics when
compared with random sequences of amino ac-
ids, including an ability to fold into unique and
often highly intricate structures that can remain
functional within the complex milieu of living
systems (Dobson 2003; Robinson et al. 2007).
Such characteristics have enabled biological sys-
tems to develop a vast range of functions and
with an astonishing degree of specificity. Be-
cause proteins are involved in virtually every
chemical process taking place within the cellular
environment; however, the failure of these mol-
ecules to fold correctly or to remain within their

functional states can give rise to serious cellular
malfunctions (Dobson 2003; Eisenberg and
Jucker 2012; Knowles et al. 2014; Chiti and
Dobson 2017). Protein misfolding was until
relatively recently considered to be a rather eso-
teric topic except in the context of problems
associated with protein production for biotech-
nological purposes, and of its links with a small
number of rather uncommon diseases. This sit-
uation has, however, now changed dramatically
as misfolding diseases are rapidly becoming the
most prevalent and disruptive in terms of health
and medical care in the modern world (Chiti
and Dobson 2017; World Alzheimer Report
2018).
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Of particular importance are those disorders
in which misfolding results in the conversion
throughaggregationofnormallysolubleproteins
into intractable and highly stable amyloid struc-
tures (Table 1; Eisenberg and Jucker 2012; Dob-
son 2013; Knowles et al. 2014; Chiti andDobson
2017). The increase in the significance of this
group of diseases results primarily because
many of these conditions are strongly associated
with aging—notably Alzheimer’s disease—and
with lifestyle and dietary changes—notably
type II diabetes—and because they are currently
incurable and largely untreatable. In addition,
however, it is now recognized that the study of
the process of amyloid formation has profound
significance for understanding normal as well as
aberrant biological phenomena, and indeed for
the generation of important new biomaterials
with novel and interesting properties (Knowles
and Buehler 2011; Shimanovich et al. 2015; Wei
et al. 2017). In this review, we will discuss our
increasingknowledgeof the amyloid state of pro-
teins, with particular emphasis on the kinetics of
its formation, in terms of the mechanisms by
which aggregation occurs and can be controlled,
and of the significance of such knowledge in the
fields of biological and medical sciences.

THE AMYLOID STATE OF PROTEINS

The amyloid state of a protein typically has the
form of threadlike fibrils a few nanometers in
diameter and frequently microns in length
(Fig. 1; Sunde et al. 1997; Jiménez et al. 2002;
Nelson et al. 2005; Eisenberg and Jucker 2012).
Regardless of the amino acid sequence, or indeed
of the structure of the protein in its native state,
such fibrils are rich in β-sheet patterns and are
closely packed and highly ordered. Although
amyloid structures were originally observed in
the context of disease, experiments with a wide
range of peptides and proteins in laboratory en-
vironments have led to the realization that the
ability to form such aggregated states is not a rare
phenomenon associated with a small number of
disease-related proteins; instead, the amyloid
state appears as an alternativewell-defined struc-
tural form that canbe adoptedbymany, if not all,
polypeptide sequences under appropriate condi-

tions, including those of proteins whose native
states are globular or intrinsically disordered,
and that are cytosolic or membrane bound
(Dobson 2003).

Unlike the native states of proteins, however,
amyloid fibrils possess a core region having
a common or “generic” cross-β architecture
(Sunde et al. 1997; Dobson 2003; Eisenberg
and Jucker 2012) that is dictated by the proper-
ties of the polypeptide backbone, rather than en-
coded by its sequence, although their propensity
to form, and their detailed structures and prop-
erties, varies significantly with the amino acid
composition and sequence (Fändrich and Dob-
son 2002; Pawar et al. 2005). Moreover, it is in-
creasingly clear that the amyloid state, particu-
larly for small proteins or proteolytic fragments
of larger proteins, with <150 residues, can be
thermodynamically more stable than the func-
tional native states even under normal physio-
logical conditions (Gazit 2002; Baldwin et al.
2011). The familiar functional forms of proteins,
therefore, do not always represent the global mi-
nima on the free energy surfaces defined by their
specific polypeptide sequences, but rather can be
metastable states that are separated from the am-
yloid form by high kinetic barriers.

These observations show that biological sys-
tems have evolved to enable their functional
proteins to remain in solution, or sequestered
in membranes, often for prolonged lengths of
time under physiological conditions, rather
than aggregating and ultimately converting into
the amyloid state, except in the relatively small
number of cases in which this latter form of pro-
tein structure is used functionally, for purposes
ranging from structural templates to mecha-
nisms of storage (Fowler et al. 2007; Maji et al.
2009). Some of the kinetic barriers thatmaintain
proteins in solution in their native states are en-
coded in their sequences, notably through fold-
ing intohighly cooperative structureswithaggre-
gation-prone regions buried in their internal
regions (Broome and Hecht 2000; Dobson
2003) and the avoidance of patterns of residues
that would favor the amyloid state, for example
by stabilizing β-sheet structures (Broome and
Hecht 2000; Tartaglia et al. 2008). There is evi-
dence as well that the large size of many protein
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Table 1. Selection of human diseases associated with protein misfolding and the formation of extracellular
amyloid deposits or intracellular inclusions with amyloid-like characteristics

Disease
Aggregating protein

or peptide
Length of protein or

peptidea
Structure of protein

or peptideb

Neurodegenerative diseases
Alzheimer’s diseasec Amyloid-β peptide

Tau protein
37–48f

352–441
Intrinsically disordered
Intrinsically disordered

Spongiform
encephalopathiesc,e

Prion protein or fragments 230 Intrinsically disordered
and α-helical

Parkinson’s diseasec α-Synuclein 140 Intrinsically disordered
Amyotrophic lateral

sclerosisc
Superoxide dismutase 1 154 β-sheet and Ig-like

Huntington’s diseased Fragments of huntingtin 1 103–187g Largely intrinsically
disordered

Familial amyloid
polyneuropathyd

Mutants of transthyretin 127 β-Sheet

Nonneuropathic systemic amyloidoses
AL amyloidosisc Immunoglobulin light chains

or fragments thereof
100f β-Sheet Ig-like

AA amyloidosisc Fragments of serum amyloid
A protein

45–104f α-Helical and unknown
fold

Senile systemic amyloidosisc Wild-type transthyretin 127 β-Sheet
Hemodialysis-related

amyloidosisc
β2-Microglobulin 99 β-Sheet and Ig-like

Lysozyme amyloidosisd Mutants of lysozyme 130 α-Helical and β-sheet

Nonneuropathic localized amyloidoses
Apo A-I amyloidosisd Fragments of apolipoprotein

A-I
69–100f Intrinsically disordered

Type II diabetesc Amylin (IAPP) 37 Intrinsically disordered
Medullary carcinoma of the

thyroidc
Calcitonin 32 Intrinsically disordered

Injection-localized
amyloidosisc

Insulin 21 + 30h α-Helical

From Dobson 2013; adapted, with permission. A more comprehensive list is given in Chiti and Dobson 2017.
Ig, Immunoglobulin; AL, amyloid light chain; AA, serum amyloid A protein; Apo A-I, apolipoprotein A-I; IAPP, islet

amyloid polypeptide.
aData do not refer to the number of amino acid residues of the precursor proteins, but to the lengths of the processed

polypeptide chains that are present in the aggregates that are deposited in the disease states.
bThis column reports the structural class and general native fold; both refer to the processed peptides or proteins that deposit

into aggregates before aggregation and not to the precursor proteins.
cPredominantly sporadic, although in some of these diseases hereditary forms associated with specific mutations are well

documented.
dPredominantly hereditary, although in some of these diseases sporadic cases are well documented.
e5% of cases are infectious (iatrogenic).
fFragments of various lengths are generated and reported in ex vivo fibrils.
gLengths refer to the normal sequences with nonpathogenic traits of polyglutamine (poly[Q]).
hHuman insulin consists of two chains (A and B with 21 and 30 residues, respectively) covalently bonded by disulfide

bridges.
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molecules is likely to disfavor their assembly into
polymeric amyloid structures relative to folded
native states (Baldwin et al. 2011).

More generally, proteins and indeed other
biomolecules have coevolved with their biologi-
cal environments, and factors ranging from lo-
calization in cellular compartments to the regu-
lation of synthesis and degradation, and the
existence of molecular chaperones, act to limit
the probability of the formation and accumula-
tion of misfolded and aggregated peptides and
proteins (Morimoto 2008;Hartl et al. 2011; Ven-
druscolo et al. 2011). Indeed, proteins can adopt
a multiplicity of states following their synthesis
(Fig. 2) and such mechanisms ensure in a prop-
erly functional organism that the right state of a
given protein is present at the right time and in
the right place, much as enzymes control the
nature, location, and populations of small mol-

ecules, for example in the regulation of metabol-
ic processes (Knowles et al. 2014). It is increas-
ingly clear, however, that as proteins begin to
aggregate such protective mechanisms can be-
come inadequate and ultimately result in awide-
spread loss of protein homeostasis (Balch et al.
2008; Morimoto 2008; Hartl et al. 2011; Ven-
druscolo et al. 2011; Labbadia and Morimoto
2015).

THE KINETICS AND MECHANISM OF
AMYLOID FORMATION

In the lightof the importanceof the rates atwhich
specific proteins aggregate to form the amyloid
state, a key step in understanding its occurrence
in given environments is to define the mecha-
nisms by which it is generated. Amyloid fibrils
are typically composed of a number of protofila-
ments that twist around each other, the core of
each adopting a cross-β structure in which β-
strands are oriented perpendicularly to the fibril
axis to create hydrogen-bonded β-sheets run-
ning along its length; such structural features
make the structures extremely stable, both ther-
modynamically and kinetically, and also resis-
tant to degradation by proteolytic enzymes or
other mechanisms (Knowles et al. 2007, 2014).

Methodological developments in X-ray
crystallography (Wei et al. 2017), solid-state nu-
clear magnetic resonance (NMR) spectroscopy
(Petkova et al. 2002; Colvin et al. 2015), and
cryogenic electron microscopy (cryo-EM) tech-
niques (Sunde et al. 1997; Sachse et al. 2008;
Fitzpatrick et al. 2017), have resulted in a steady
increase in our detailed knowledge of themolec-
ular structures of amyloidfibrils, including those
of fibrillar deposits extracted from diseased hu-
man brain tissue (Fitzpatrick et al. 2017). The
structures formed from different proteins, and
under different conditions, differ both in the
manner in which the various side chains are
incorporated into the overall architecture of
the fibrillar state and in the way specific regions
of the polypeptide chain are brought together to
form the cross-β cores that are characteristic of
the amyloid state. Such differences, in particular
in the case of prions, have been related to the
various “strains” of disease, and it is likely that

Figure 1. Model of one of the polymorphs of the
amyloid fibrils formed from insulin as defined from
cryogenic electron microscopy (cryo-EM) analysis.
This particular fibril contains four protofilaments
that twist around each other to form the mature fibril.
Each of the protofilaments has a pair of nearly flat β-
sheets, with the component strands oriented perpen-
dicularly to the main fibril axis. (From Jiménez et al.
2002; reprinted, with permission, from the National
Academy of Sciences © 2002.)
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other amyloid structures also have structures
characteristic of specific manifestations of dis-
ease within individual patients (Safar et al.
1998; Petkova et al. 2005).

A wide variety of studies has shown that the
process of conversion from a soluble, typically
monomeric, state of a protein into the polymeric
fibrillar state involves a series of well-defined
molecular steps and a variety of intermediate
species. Moreover, it is increasingly clear that
these elementary steps operate together to give
rise to a complex phenomenology and a range
of associative, dissociative, and rearrangement
events taking place during the course of the pro-

cess that culminates in the formation of mature
fibrils (Michaels et al. 2018). Our understanding
of the nature of these intermediate species and
the kinetics and mechanisms of their formation
and interconversion has increased dramatically
in recent years as a result of careful experimental
studies coupled to the application of mathemat-
ical methods of analysis (Knowles et al. 2009;
Cohen et al. 2013; Meisl et al. 2016; Michaels
et al. 2018). These advances have allowed the
framework of microscopic rate laws and chem-
ical kinetics to be used quantitatively in the area
of protein aggregation studies and to relate mac-
roscopic measurements of aggregation behavior

Molecular chaperones

Posttranslational
modifications

Proliferation through
secondary pathways

Amyloid fibrils Oligomers

Native state
Functional
complex

Intermediate
state

Off-pathway
aggregates

Unfolded
state

Synthesis

Degradation

Ribosome

Figure 2. The different states of a protein and the process of their interconversion. Schematic description of a
selection of the possible states that can be formed by proteins under different circumstances. The populations and
their rates of interconversion are determined by their different thermodynamic stabilities and free energy barriers
associated with the various transitions as well as by the rates of synthesis and degradation, the propensity to
interact with molecular chaperones, and to undergo posttranslational and other chemical modifications such as
proteolytic cleavage. (From Knowles et al. 2014; reprinted, with permission, from Springer Nature © 2014.)
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to the fundamental molecular level processes
and their rates. In particular, these methods
have revealed that the macroscopic observations
of the time dependence of fibril formation,
measured, for example, by the intensity of the
fluorescence of the amyloid-specific dye thiofla-
vin T, are the result of a network of distinct
microscopic steps, including primary and sec-
ondary nucleation and other processes such as
fragmentation and elongation of thefilamentous
structures (Fig. 3; Knowles et al. 2009; Cohen
et al. 2013; Meisl et al. 2016; Michaels et al.
2018).

These different microscopic processes de-
pend in characteristic ways on variables such
as concentration and the presence of specific
quantities of preformed fibrils (seeding), and
systematic variations in these conditions can en-
able the network of contributing microscopic
processes to be analyzed to define their rate con-
stants and relative significance (Knowles et al.
2009; Cohen et al. 2013; Meisl et al. 2016; Mi-
chaels et al. 2018). One of the most interesting
results from such kinetic analysis has been the
finding of the importance of secondary nucle-
ation in themechanism of the aggregation of the
40 and 42 residue Aβ-peptides that are linked to
Alzheimer’s disease (Cohen et al. 2013; Meisl
et al. 2016; Törnquist et al. 2018). Secondary
nucleation is a process generating new fibrils

from monomeric precursor proteins that is cat-
alyzed on the surfaces of aggregated species, a
process that generates positive feedback as the
number of fibrils in turn increases the available
catalytic surface and hence results in their rapid
proliferation (Cohen et al. 2013; Michaels et al.
2018; Törnquist et al. 2018). Other biological
surfaces in addition to those of amyloid fibrils
can also catalyze the nucleation step in amyloid
formation. Indeed, studies of other systems,
show that differences exist in the relative impor-
tance of specific steps; in the case of α-synuclein,
whose aggregation is linked to Parkinson’s dis-
ease, primary nucleation has been found to be a
key process that is enhanced very significantly
by the surfaces of the lipid bilayers that are the
major components of cell membranes (Gal-
vagnion et al. 2015). In other systems, notably
both yeast and mammalian prions, fibril multi-
plication through fragmentation processes ap-
pears to be of particular significance in the pro-
liferation of aggregates (Aguzzi and Calella
2009; Knowles et al. 2009).

Further information about the nature and
properties of the species formed during the ag-
gregation process has come from the concerted
application of a series of experimental tech-
niques, including themeasurement of their sizes
and structural characteristics by single-molecule
optical methods (Cremades et al. 2012), and

Nucleation mechanisms

Primary pathways

Fibril

nc

n2

kn k– k2 k+ koff

Monomers

Primary
nucleation

Fragmentation Surface-catalyzed
secondary nucleation

Elongation Dissociation

Secondary pathways

Growth mechanisms

Figure 3. The microscopic steps that can contribute to the macroscopic conversion of soluble proteins into
amyloid fibrils. The mechanisms of these microscopic steps can be divided into nucleation (i.e., fibril-forming)
and growth processes. Events producing new fibrils are further classified as primaryor secondary processes on the
basis of their dependence (secondary) or lack of dependence (primary) on the population of aggregates. Here, kn,
k-, k+, and koff represent rate constants, and nc and n2 represent the reaction orders of primary and secondary
(surface-catalyzed) nucleation. (From Michaels et al. 2018; reprinted, with permission, from Annual Reviews ©
2018.)
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their diffusion properties by microfluidics
(Knowles et al. 2011). The latter properties are
of particular interest not just in understanding
the fundamental mechanism of aggregation but
also the ability of the component species to pro-
liferate spatially and to promote further aggre-
gation (Herling et al. 2018). Although suchmea-
surements have primarily been made under
laboratory conditions, it is possible to relate
them to the events occurring in living systems
(Luheshi et al. 2008; Kundel et al. 2018), and
some biophysical techniques, for example those
involving fluorescence measurements, can be
used to study the aggregation process directly
within living systems and hence to compare
the events occurring in different environments
(Kaminski et al. 2011).

THE BIOLOGICAL CONSEQUENCES
OF AMYLOID FORMATION

The presence of amyloid deposits in a range of
diseases has been known for many years and the
link between this phenomenon and the various
pathologies has been the subject of much debate
(Caughey and Lansbury 2003; Haass and Selkoe
2007; Jack et al. 2018). For systemic amyloidosis,
the accumulation of large quantities of fibrillar
deposits in vital organs is likely to result in their
inability to function normally. In the case of
neurodegenerative diseases, however, the amy-
loid burden can be quite low, and does not al-
ways relate to the severity of the symptoms (Lue
et al. 1999). There is now a great deal of evidence
that the most highly pathogenic species associ-
ated with amyloid formation are not the fibrillar
deposits themselves but the prefibrillar oligo-
meric species that are populated during the ag-
gregation process (Lue et al. 1999; Bucciantini
et al. 2002; Kayed et al. 2003; Tomic et al. 2009;
Benilova et al. 2012). Indeed, cellular toxicity has
been observed to arise from oligomeric species
formed by the aggregation of proteins uncon-
nected to any pathological condition as well as
those known to be associated with specific mis-
folding diseases (Bucciantini et al. 2002; Chiti
and Dobson 2017).

The fundamental origin of such toxicity is
attributable to the fact that these oligomers are

inherently misfolded and, therefore, are likely to
interact inappropriately with many of the func-
tional components of the highly complex and
crowded environments with which the latter
have coevolved; the high surface-to-volume ra-
tios of these species relative to larger aggregates,
and their greater ability to spread by diffusion or
other means, are also likely to be important fac-
tors in promoting high levels of cellular damage
(Stefani and Dobson 2003; Guo and Lee 2014;
Herling et al. 2018). The evidence from mecha-
nistic studies that a range of species is present in
a dynamic network throughout the process of
protein aggregation strongly suggests that there
is no unique “toxic agent” but that many mis-
folded species have the potential to generate at
least some degree of toxicity. Indeed, it is clear
that oligomeric intermediates can differ very sig-
nificantly in their properties and their ability to
induce given types of cellular dysfunction (Cam-
pioni et al. 2010; Cremades et al. 2012).

Althoughmuch remains to be learned about
their nature and properties, it seems probable
that the oligomers formed initially during the
aggregationprocess of cytosolic proteins, at least,
are relativelydisorderedspecieswhosecharacter-
istics are likely to be strongly influenced by the
sequestration from the aqueous environment of
hydrophobic residues. In some cases, at least, it
then appears that one or more conformational
changes occurs to generate less disordered spe-
cies with a significant content of β-sheet structure
and a more highly hydrophobic surface that has
greater potential to interact with cellular compo-
nents such asmembranes (Campioni et al. 2010;
Cremades et al. 2012; Fusco et al. 2017). As such
species increase in size, and ultimately formma-
ture fibrils and plaques, many such hydrophobic
regions are likely to become buried, reducing
their potential to generate pathological effects;
in addition, the increasing content of highly or-
dered structure progressively reduces their sus-
ceptibility to proteolysis and other degradation
mechanisms, resulting in their increasing ability
to accumulate in organs and tissue.

The ability of oligomeric species to disrupt
cellular membranes is increasingly evident from
experiments with lipid bilayers, where aggre-
gates known to be cytotoxic have been shown
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to be able to insert into the bilayers (Fig. 4) and
allow the ingress of Ca2+ ions, events that are
then coupled to increases in reactive oxidative
species (ROS) and ultimately cell death (Emak
and Davies 2002; Stefani and Dobson 2003;
Fusco et al. 2017). There is also evidence that
the differences in the toxicity of oligomeric
species can be related to specific structural
characteristics; studies of stabilized oligomers
of α-synuclein have, for example, revealed the
importance of the exposure of the amino-termi-
nal region of the protein in such species for in-
sertion into lipid bilayers (Fusco et al. 2017). It is
also clear, however, that interactions of aggre-
gates with specific receptors are also associated
with the induction of cellular damage, and there
is increasing recognition of the role of the in-
flammatory response in neurodegenerative dis-
eases (Amor et al. 2010; Benilova et al. 2012).

The observation that many proteins can be
thermodynamically unstable with respect to ag-
gregation even under physiological conditions
has been discussed above. Additional studies
have provided yet further insight into this issue,
as they have revealed that proteins appear gen-
erally to be present at concentrations that are at,
or are close to, their solubility limits within the
crowded cellular environments with which they
have coevolved (Tartaglia et al. 2007). Such a
situation reflects the balance between the need
for proteins to remain soluble to perform their

normal functions and the fact that random mu-
tations tend to reduce protein solubility; the
result is that even small changes, induced for
example bymutations, posttranslational modifi-
cations or changes of concentration, can gener-
ate an increased risk of aggregation.Moreover, it
has also emerged that some proteins are “super-
saturated,” in that they are present at levels in
which they are highly metastable. It is particu-
larly interesting that many of these proteins are
found in pathways that are associated with neu-
rodegenerative conditions, making them partic-
ularly vulnerable to aberrant behavior (Ciryam
et al. 2015).

AMYLOID FORMATION IN THE CONTEXT
OF PROTEIN HOMEOSTASIS

We now know that the inherent risks of protein
aggregation, and of their likely deleterious con-
sequences, are countered by the existence of an
array of mechanisms with the ability of main-
taining protein homeostasis (Fig. 1). In the con-
text of amyloid formation, as well as the overall
regulation of protein concentrations, molecular
chaperones play key roles in targeting misfolded
and aggregation-prone species either to induce
correct refolding or to target them for degrada-
tion. Indeed, pathogenic behavior occurs when
the quantities of misfolded and aggregation-
prone species reach levels in which the range of

Type A* Type B*

Figure 4. The interaction of different types of stabilized oligomers of α-synuclein with a lipid bilayer. Schematic
representations of the binding of type A� (largely disordered) (left) and type B� (having both ordered [red] and
disordered [gray] regions) (right) oligomers to a lipid bilayer. The amino-terminal regions of the type B�

oligomers fold into amphipathic α-helices (blue) upon interaction with the bilayer, and the ordered regions,
which are rich in β-sheet structure insert into the bilayer and disrupt its integrity. (From Fusco et al. 2017;
reprinted, with permission, from the American Association for the Advancement of Science © 2017.)
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regulatory mechanisms is unable to maintain
protein solubility and homeostasis (Morimoto
2008; Douglas and Dillin 2010; Labbadia and
Morimoto 2015). In the light of the key role
that oligomeric aggregates appear to play in neu-
rodegenerative conditions, much effort has been
expended in exploring the way that the presence
of such species is minimized, particularly under
conditionsof agingwhen thechallenges inmain-
taining homeostasis increase (Morimoto 2008;
Douglas and Dillin 2010; Labbadia and Mori-
moto 2015). Under such conditions, the initia-
tion of the aggregation of even one particularly
vulnerable protein may lead to a range of down-
stream processes involving many other proteins
that then contribute substantially to the onset of
disease.

Molecular chaperones have been shown in
multiple studies to inhibit protein aggregation in
vitro, and a wide range of biophysical studies
have directly shown the interaction of molecular
chaperones with oligomeric species. As an ex-
ample, single-molecule fluorescence techniques
have revealed the interaction of clusterin with
the ensemble of oligomers observed during the
aggregation of the Aβ-peptide (Narayan et al.
2011). Molecular chaperones have also been
shown to reduce the toxicity associated with ag-
gregation reactions both in cellular systems and
in model organisms (Morimoto 2008; Hartl
et al. 2011). In addition to their effects on the
aggregation reactions themselves, in studies with
stabilized and purified oligomeric species, the
reduction of toxicity has been attributable to a
variety of effects associated with the interactions
of molecular chaperones with such species, in-
cluding the inhibition of the binding of oligo-
mers to cell membranes and the promotion of
the further aggregation of the oligomers into
larger and less damaging species (Mannini
et al. 2012; Fusco et al. 2017).

Of particular interest are recent conclusions
that have arisen from the extension of the meth-
ods of kinetic analysis discussed above in the
context of the microscopic steps in the overall
aggregation reaction. These studies have re-
vealed that molecular chaperones have the abil-
ity to inhibit with remarkable efficacy very spe-
cific steps in the mechanisms that result in

amyloid formation. One important example of
this behavior has been the demonstration that
the chaperone Brichos can inhibit extremely se-
lectively the secondary nucleation processes as-
sociated with the aggregation of the Aβ-peptide
(Fig. 5; Cohen et al. 2015). This inhibition has
been shown to be associated with the binding of
the molecular chaperone to the surfaces of the
fibrils, thereby suppressing their ability to cata-
lyze secondary nucleation processes. Such sup-
pression is predicted from the kinetic analysis to
reduce very significantly the population of olig-
omers, and indeed experiments confirm that the
aggregation of the Aβ-peptide generates a much
lower level of toxicity in the presence of Brichos
(Cohen et al. 2015).

Additional studies reveal that other molec-
ular chaperones are able to inhibit different
steps in the aggregation process of the Aβ-pep-
tides, and indeed of other proteins (Arosio et
al. 2016). These observations suggest that the
abundance of different molecular chaperones
present within living organisms, and that are
up-regulated in response to cellular stress, act
in concert to inhibit the multitude of different
aggregation pathways within the dynamic net-
works of intermediate species that are associat-
ed with the conversion of soluble proteins into
amyloid fibrils.

More generally, increasing evidence indicates
that certain cell and tissue types are more vulner-
able than others to the effects of protein misfold-
ing because of specific differences in the wide
range of components of the protein homeostasis
system responsible for the regulation of protein
aggregation, including in particular trafficking
and degradation pathways. Such cells and tissues
are characterized by different transcriptional and
proteomic signatures associated with themainte-
nance of aggregation-prone proteins, which are
typically present for functional requirements,
such as synaptic transmission and oxidative
phosphorylation (Ciryam et al. 2016, 2017; Freer
et al. 2016; Kundra et al. 2017; Fu et al. 2019).
Further studies in this direction will increase our
system-level understanding of misfolding disor-
ders, andmay provide new targets for therapeutic
interventions as well as biomarkers for develop-
ing innovative diagnostic approaches.
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STRATEGIES FOR THERAPEUTIC
INTERVENTION

Therapeutic strategies for long-established dis-
eases, such as bacterial and viral infections, can-
cer, and heart conditions, involve such processes
as the prevention of infection by external agents
and the selective targeting of specific biochem-
ical pathways associated with disease. These
strategies, which have been developed over de-
cades or even centuries of study, have proved to
be increasingly effective in reducing the inci-

dence of disease and also in limiting their effects
on the individuals concerned. It is largely the
advances in the prevention and treatment of
these conditions that have resulted in the dra-
matic increase in human life span in recent
years, and hence to the increasing prevalence
of age-related amyloid disorders, particularly
neurodegenerative conditions such as Alz-
heimer’s disease. Such conditions, however, re-
quire different therapeutic approaches as they
result fundamentally from the failure of control
and regulatory processes that normally prevent
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Figure 5. Kinetics of the 42 residue Aβ-peptide (Aβ42) aggregation in the presence of the molecular chaperone
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our essential functional protein molecules con-
verting into aberrant species with the potential
to disrupt the normal processes on which living
systems depend.

This rapid increase in the incidence of am-
yloid-related diseases has been such that until
recently little detailed research had been per-
formed to explore their molecular origins and
means of progression. Early drug discovery ef-
forts, at least partly for this reason, have led to
very disappointing clinical trials, in particular
those targeted at neurodegenerative conditions
(Cummings et al. 2014, 2018). The progress in
understanding the fundamental principles un-
derlying misfolding and aggregation that has
been made in recent years, however, now pro-
vides new opportunities to engage in rational
therapeutic strategies (Fig. 6; Dobson 2004;
Balch et al. 2008; Ong and Kelly 2011). In the
following section of this review, this topic will be
discussed in the context of the underlying mo-
lecular events associated with the aggregation
process that have been discussed above, and of

means of enhancing the ability of the natural
protective mechanisms within living systems.

A major objective of any approach to the
maintenance of humanhealth is to try to prevent
the onset of disease or to make its effects less
deleterious. In the context of misfolding disor-
ders, the initiation of the aggregation process
can be followed by the rapid proliferation of
aggregated proteins, making its suppression a
particularly attractive therapeutic target. A pio-
neering demonstration of this approach is that
designed for the treatment of amyloid-related
conditions based on the aggregation of trans-
thyretin (Johnson et al. 2005; Ong and Kelly
2011). This protein, whose function is to trans-
port the thyroid hormone thyroxin, is tetrameric
in its native state, but certain mutations result in
its destabilization intomonomers that are highly
aggregation prone and give rise to both systemic
and neurological conditions (Table 1). The na-
tive state of the protein can, however, be stabi-
lized by binding to a substrate analog, hence
reducing the risk of aggregation (Johnson et al.

Ribosome

A

B

D

F

C

E

Native protein

Amyloid fibril

Proteasome

Figure 6. Schematic diagram indicating some of the processes following protein synthesis that can potentially be
perturbed for therapeutic purposes to combat amyloid disorders. The various possible strategies include (A)
stabilizing the native state; (B) inhibiting enzymes that process proteins into peptides with a higher propensity to
aggregate; (C) inhibiting protein synthesis; (D) stimulating clearance of misfolded proteins, for example, by
boosting proteasomal degradation; (E) perturbing the assembly of fibrils; and (F ) suppressing the formation of
toxic oligomeric fibril precursors. (Image based on data in Ciryam et al. 2017.)
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2005). This strategy has been used very effective-
ly to develop a drug, tafamidis, which is current-
ly in clinical use to treat familial amyloid poly-
neuropathy (Said et al. 2012).

Stabilizing the native state, however, is prob-
lematic for the proteins whose aggregation is
associated with most neurological conditions,
including Alzheimer’s and Parkinson’s diseases,
which are natively disordered and therefore lack
specific tight binding sites for other molecules
(Dyson andWright 2005; Heller et al. 2018). An
alternative strategy to suppress aggregation is
therefore to inhibit one or more of the micro-
scopic steps involved in the process of amyloid
formation, thereby reducing the risk in particu-
lar of the accumulation of toxic oligomeric in-
termediates, in an analogous way to that ob-
served to result from the presence of molecular
chaperones. Recent studies of the Aβ-peptides
and α-synuclein have resulted in the identifica-
tion of a range of small molecules that are highly
effective in vitro in reducing the rates of primary
or secondary nucleation, or indeed both; such
molecules have also been found to be effective in
reducing very substantially the generation of
amyloid deposits in vivo using Caenorhabditis
elegans as a model system (Fig. 7; Habchi et al.
2016; Perni et al. 2017). With the development
of high-throughput screening methods, it has
been shown that the efficacy of such inhibitors
can be increased very significantly by methods
analogous to those used in conventional drug
discovery techniques, except that they use the
measurement of kinetic parameters rather than
binding affinities (Chia et al. 2018).

Some of the molecules that are emerging
from such studies are natural products of drugs
already approved for other conditions, making
repurposing a very real possibility. In addition to
small molecules, antibodies are being widely ex-
plored in the context of potential therapeutic
strategies to combat neurodegenerative condi-
tions (Schenck 2002; Sevigny et al. 2016), and
recent work has revealed their ability to inhibit
individual steps in the aggregation of specific
proteins. A series of single-domain antibodies
has been designed by computational methods
to bind to short stretches along the sequence
of the Aβ-peptide; these molecules have been

found to inhibit the microscopic steps in the
aggregation process in distinctive ways, affecting
primary and secondary nucleation to different
extents (Fig. 8; Aprile et al. 2017). Taken togeth-
er, these results suggest that it should be possible
to reduce the level of toxic oligomeric species, by
means of small molecules ormacromolecules, to
levels that enable the protective cellular mecha-
nisms to maintain protein homeostasis for lon-
ger periods of time and hence postpone into
older ages the onset of disease.

LOOKING TO THE FUTURE

Our knowledge of the fundamental nature and
significance of the amyloid states of proteins has
developed very rapidly in recent years, enabling
us to understand at a molecular level many as-
pects of their structures and properties, the
mechanisms by which they can be formed
from the functional states of proteins, and the
manner in which such mechanisms are con-
trolled and regulated in healthy living systems.
As a result, it is becoming possible to gain new
insights into the way that the properties of func-
tional proteins have coevolved with their envi-
ronments to enable protein homeostasis to be
maintained under normal physiological condi-
tions, but to be vulnerable to impairment under
others, for example, as a consequence of muta-
tions or of aging. Such insights also suggest op-
portunities to intervene therapeutically to re-
duce the risk of the initiation of aggregation,
an approach that should be preventative against
the onset of disease, or to reduce the generation
of toxic oligomeric species during the course of
aggregation, a process that should represent a
potential means of treatment. In both situations,
a key objective is to enhance by such means the
natural protective mechanisms within cells and
tissues to enable protein homeostasis to be
maintained, particularly into older age.

Although a great deal has now been estab-
lished about the physical nature of the amyloid
phenomenon and its relationship to biology and
medicine, there remains much to be done. Thus,
for example, we need to determine in greater de-
tail the structural characteristics of the oligomer-
ic states that are an inherent feature of theprocess
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of protein aggregation, to define more fully the
dynamic network of events involved in their in-
terconversion, and to understand in greater
depth the nature and consequences of their in-
teractions with living systems. We need also to
knowmore about themechanisms by which ho-
meostasis is preserved, and themanner in which
it becomes impaired during the process of aging.
In the context of human health, particularly for
neurodegenerative conditions, we need en-
hanced diagnostic methods and improved bio-
markers through which to monitor the effects of
potential drugsmore quantitatively, and at earli-
er stages of disease, than is currently possible.
The increasing recognition of the impact of these
conditions, and the greater interactions that are
nowdeveloping in this areabetween thephysical,
biological, and medical sciences, suggest that we
should be optimistic about rapid progress in this
vital field of human health and welfare.

Finally, it is hard to overestimate the need
for enhanced levels of research to generate rapid
progress. A large fraction of the human race is
now suffering from highly debilitating and in-
curable amyloid-related conditions that already
place huge burdens on the financial resources
and health care systems of the world (World
Alzheimer Report 2018). The increase in lon-
gevity achieved in recent decades has already
resulted in neurodegenerative conditions be-
coming the leading cause of death inmany parts
of the world, and suggests that the numbers of
people afflicted by such disorders alone will
more than double in the next 25 years, the ma-
jority of whom will be in low and middle-in-
come countries (World Alzheimer Report
2018). The study of the nature of protein mis-
folding and aggregation, and its contribution to
loss of protein homeostasis in aging, promises to
be the crucial step in the development of the
means to address one of the greatest challenges
facing humanity in the modern age.
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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.
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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

334 Chiti · Dobson

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
6.

75
:3

33
-3

66
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ita
 D

eg
li 

St
ud

i d
i M

ila
no

 B
ic

oc
ca

 o
n 

03
/2

9/
22

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



ANRV277-BI75-14 ARI 8 May 2006 20:57

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
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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
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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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Abstract
Background: Intrinsically disordered proteins (IDPs) and intrinsically disordered regions (IDRs)
lack stable tertiary and/or secondary structure yet fulfills key biological functions. The recent
recognition of IDPs and IDRs is leading to an entire field aimed at their systematic structural
characterization and at determination of their mechanisms of action. Bioinformatics studies showed
that IDPs and IDRs are highly abundant in different proteomes and carry out mostly regulatory
functions related to molecular recognition and signal transduction. These activities complement the
functions of structured proteins. IDPs and IDRs were shown to participate in both one-to-many
and many-to-one signaling. Alternative splicing and posttranslational modifications are frequently
used to tune the IDP functionality. Several individual IDPs were shown to be associated with human
diseases, such as cancer, cardiovascular disease, amyloidoses, diabetes, neurodegenerative diseases,
and others. This raises questions regarding the involvement of IDPs and IDRs in various diseases.

Results: IDPs and IDRs were shown to be highly abundant in proteins associated with various
human maladies. As the number of IDPs related to various diseases was found to be very large, the
concepts of the disease-related unfoldome and unfoldomics were introduced. Novel bioinformatics
tools were proposed to populate and characterize the disease-associated unfoldome. Structural
characterization of the members of the disease-related unfoldome requires specialized
experimental approaches. IDPs possess a number of unique structural and functional features that
determine their broad involvement into the pathogenesis of various diseases.

Conclusion: Proteins associated with various human diseases are enriched in intrinsic disorder.
These disease-associated IDPs and IDRs are real, abundant, diversified, vital, and dynamic. These
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proteins and regions comprise the disease-related unfoldome, which covers a significant part of the
human proteome. Profound association between intrinsic disorder and various human diseases is
determined by a set of unique structural and functional characteristics of IDPs and IDRs.
Unfoldomics of human diseases utilizes unrivaled bioinformatics and experimental techniques,
paves the road for better understanding of human diseases, their pathogenesis and molecular
mechanisms, and helps develop new strategies for the analysis of disease-related proteins.

Background
Introducing intrinsically disordered proteins
Proteins are the major components of the living cell. They
play crucial roles in the maintenance of life. Protein dys-
functions may cause development of various pathological
conditions For more than 75 years it has been believed
that the specific functionality of a given protein is prede-
termined by its unique 3-D structure [1,2]. For these struc-
tured proteins, the sequence  structure  function
paradigm has become paramount. According to this view,
a protein's function depends on its prior folding into a
unique three-dimensional structure. In such cases, the
amino acid sequence determines the protein's unique 3-D
structure.

Evidence is rapidly accumulating that many protein
regions and even entire proteins lack stable tertiary and/or
secondary structure in solution yet possess crucial biolog-
ical functions [3-25]. These naturally flexible proteins and
regions are known by different names, including intrinsi-
cally disordered [8], natively denatured [26], natively
unfolded [27], intrinsically unstructured [4], natively dis-
ordered [21], and inherently disordered [25,28,29]. In
this article, the terms "intrinsically disordered proteins"
and "intrinsically disordered regions" (IDPs and IDRs,
respectively) are used to describe such proteins and
regions generally and "natively denatured" or "intrinsi-
cally unstructured" are used for collapsed and extended
random coils that lack significant amounts of stable sec-
ondary structure (see below).

IDPs and IDRs can contain collapsed-disorder, semi-col-
lapsed disorder, or extended-disorder under physiological
conditions in vitro [6,12,19]. Collapsed-disorder consists
mainly of molten globules, which are formed by hydro-
phobic collapse, which have stable but dynamic second-
ary structure, and which have flexible and dynamic side
chains [14,30-38]. Semi-collapsed structures arise because
water is a poor solvent for the peptide backbone and
include, for example, polyglutamine regions [28], other
polar sequences [29], and pre-molten globules [14,39-
41]. Pre-molten globules may contain regions with tran-
sient secondary structure or small amounts of localized,
fairly stable secondary structure. Extended-disorder arises
from chains having repulsion arising from a net charge,
and these proteins and regions resemble the more classi-

cal idealized random coil. Because of the lack of a hydro-
phobic core and the presence of only the marginal levels
of residual secondary structure, native coils and native
pre-molten globules are grouped together in a class of
natively unfolded or intrinsically unstructured proteins
[11,12].

In contrast to the long history regarding structured pro-
teins, the study of the IDP phenomenon is emerging only
very recently (Figure 1). This transition is occurring mostly
due to the efforts of four research groups, which almost
simultaneously and completely independently came to
the important conclusion that naturally flexible proteins,
instead of being just rare exceptions, represent a new and
very broad class of proteins [1,2,4,11]. This important
conclusion was reached from different starting points
using very different experimental approaches, including:
bioinformatics (Dr. A.K. Dunker's group), NMR spectros-
copy (Dr. P.E. Wright's group), multiparametric protein
folding/misfolding studies (Dr. V.N. Uversky's group),
and protein structural characterization (Dr. P. Tompa's
group). The bioinformatics approach has played an espe-
cially crucial role in shaping this field, bringing coherence
and recognition to proteins that were previously viewed
individually as outliers from the main stream [42]. After
publication of key studies and reviews describing this new
concept, the literature on IDPs and IDRs is virtually
exploding (see Figure 1).

Figure 2 represents the modern understanding of the fate
of a polypeptide chain inside a cell and schematically
shows the three types of intrinsic disorder mentioned
above, native coil, native pre-molten globule, and native
molten globule. According to this hypothesis, newly syn-
thesized proteins can either fold to gain a unique structure
necessary for the catalytic and transport activities, can stay
substantially non-folded, or can misfold under some cir-
cumstances to form amyloid-like fibrils. Importantly,
both folded and non-folded polypeptide chains have spe-
cific biological functions. The three endpoints are further
interlinked and some changes in the environment, inter-
action with specific binding partners, or mutations may
bring subsequent structural rearrangements. As a result,
an intrinsically disordered polypeptide can partially or
completely fold or misfold and form amyloid-like fibrils,
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whereas ordered protein can likewise misfold and assem-
ble into a pathogenic fibrillar form (see Figure 2) [14].

Just as the amino acid sequence of an ordered protein con-
tains the information for a highly specific folding, the
amino acid sequence of an IDP codes for lack of structure
or disorder. The validity of this hypothesis is supported by
the development of various disorder predictors [29-32] all
based on well-defined biases in the IDP sequences and
amino acid compositions [3,6,7,42-45]. For example,
natively unfolded proteins were shown to be specifically
localized within a unique region of charge-hydropathy
phase space characterized by a combination of low overall
hydropathy and high net charge [6]. More specifically, in
comparison with structured proteins, IDPs and IDRs are
generally depleted in the structure-promoting residues
(including cysteine, tryptophan, tyrosine, isoleucine, phe-
nylalanine, valine, leucine, histidine, threonine, and
asparagine) and noticeably enriched in the disorder-pro-
moting residues (aspartic acid, methionine, lysine,
arginine, serine, glutamine, proline, and glutamic acid)
[5,29,33,34].

IDPs and IDRs are highly abundant in nature. This follows
from the results of disorder prediction for many whole
proteomes. The fraction of proteins with substantial
amounts of disorder is found to be proportional to the
complexity of the organisms. IDPs/IDRs are more abun-
dant in eukaryotes than in archaea and prokaryotes. Fur-

thermore, multicellular eukaryotes were shown to have
much more predicted disorder than unicellular eukaryo-
tes [5,46,47]. In general, for mammals, ~75% of their sig-
naling proteins are predicted to contain long IDRs (> 30
residues), about half of their total proteins are predicted
to contain such long IDRs, and ~25% of their proteins are
predicted to be fully disordered [25].

IDPs and IDRs carry out pivotal biological functions, par-
ticipating in recognition and in various signaling and reg-
ulatory pathways, via specific protein-protein, protein-
nucleic acid and protein-ligand interactions [22,48-50].
Sites of various post-translational modifications (PTMs)
and sites of proteolytic attack are frequently associated
with regions of intrinsic disorder [50]. The capability of
non-folding proteins and regions to interact with collec-
tions of partners is utilized in organizing complex pro-
tein-protein interaction networks. In fact, hub proteins
have been shown to have multiple interactions, either
being intrinsically disordered and serving as an anchor, or
acting as a stable globular anchor that interacts with
intrinsically disordered regions of its targets [21,51-56].

Summarizing, whole proteins or protein regions are
intrinsically disordered if they fail to fold into 3-D struc-
tures, remaining as floppy ensembles with specific biolog-
ical functions. In our view, IDPs include molten globules,

The modern understanding of the fate of a polypeptide chain inside a cellFigure 2
The modern understanding of the fate of a polypep-
tide chain inside a cell. Three types of IDPs, native coil, 
native pre-molten globule, and native molten globule are 
schematically shown together with the structure of an 
ordered protein and an amyloid fibril. Here, newly synthe-
sized polypeptide chain can either undergo specific folding to 
gain a unique structure necessary for the catalytic and trans-
port activities, or stay substantially non-folded or misfold and 
form amyloid-like fibrils. Both folded and non-folded proteins 
have specific biological functions.

Increase in the number of publications dealing with the IDPsFigure 1
Increase in the number of publications dealing with 
the IDPs. Circles 1–6 correspond to some key IDP-related 
publications in the pre-bioinformatics era. They are: 1) Land-
steiner, 1936 [110]; 2) Pauling, 1940 [111]; 3) Karush, 1950 
[112]; 4) McMeekin, 1962 [113]; 5) Jirgenesons, 1966 [114]; 
6) Doolittle, 1973 [115]. Circles 1'-4' correspond to key 
research bioinformatics articles and reviews that created and 
shaped the IDP field: 1') Romero et al., 1998 [3]; 2') Wright & 
Dyson, 1999 [4]; 3') Uversky et al., 2000 [6]; 4') Tompa, 2002 
[13].
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pre-molten globules, random coils and transiently struc-
tured forms. IDPs are highly abundant and carry out
numerous vital functions. IDPs and IDRs can be predicted
by a variety of algorithms. Experimentally, they can be
identified using various biophysical techniques, including
NMR (especially 1H-15N NOEs), X-ray crystallography
(especially missing density regions), circular dichroism,
protease sensitivity, and many others [57].

IDPs in human diseases: illustrative case studies
Proteins are involved in the maintenance of all stages of
the life cycle. The fact that protein dysfunction can cause
development of various pathological conditions was
known for a very long time. Currently, a broad range of
human diseases is linked to the failure of a specific pep-
tide or protein to adopt its functional conformational
state; i.e., to protein misfolding, loss of normal function,
gain of toxic function, and/or protein aggregation.
Although each of such diseases originates from the mis-
function of a particular protein, they all are grouped
together as protein-conformation or protein-misfolding
diseases to emphasize the common molecular mecha-
nisms of their origin. Triggers for misfolding vary for dif-
ferent proteins. Some disease-related proteins have an
intrinsic propensity to form pathologic conformation(s).
For other proteins, interactions or impaired interactions
with chaperones, intracellular or extracellular matrixes,
other proteins, small molecules and other endogenous
factors can induce conformational changes and increase
propensity to misfold. Often, misfolding and misfunction
originate from point mutation(s) or result from an expo-
sure to internal or external toxins, impaired posttransla-
tional modifications (phosphorylation, advanced
glycation, deamidation, racemization, etc.), an increased
probability of degradation, impaired trafficking, lost
binding partners or oxidative damage. All these factors
can act independently, additively or synergistically.

Protein-conformation diseases can affect a single organ or
be spread through multiple tissues. For example, numer-
ous amyloidoses and various neurodegenerative disorders
originate from the conversion of specific proteins from
their soluble functional states into stable, highly ordered
amyloid fibrils, and from the deposition of these aggre-
gates in the variety of organs and tissues. Although protein
aggregation is the most visible and the best studied conse-
quence of protein misfolding, pathogenesis of many
human diseases might depend on more subtle structural
changes that lead to misfunction. Many of the proteins
associated with the various conformational diseases are
involved in recognition, regulation and cell signaling and
a great number of these proteins are IDPs. This review is
an attempt to develop an overall understanding of the
roles of IDPs in various human diseases. We will start with
a couple of illustrative examples where well-characterized

IDPs were shown to be associated with the pathogenesis
of specific diseases. We will consider here -synuclein,
p53 and HPV proteins. Additional illustrative examples
can be found in our recent review [58]. The abundance of
intrinsic disorder in various disease-associated proteins
will be revealed using specific bioinformatics and compu-
tational tools. Then, we will attempt to answer the ques-
tion why IDPs are so frequently associated with human
diseases. The overall goal of this review is to introduce a
concept of the disease-related unfoldome and to describe
a set of bioinformatics approaches that serve as specific
unfoldomics tools.

-Synuclein, Parkinson's Diseases and other 
synucleinpathies

-Synuclein is one of the most intensively studied IDPs
[59-61]. This is because of its association with a group of
neurodegenerative disorders, synucleinopathies, charac-
terized by the fibrillar -synuclein aggregates in the cyto-
plasm of selective populations of neurons and glia [62-
65] and by a chronic and progressive decline in motor,
cognitive, behavioral, and autonomic functions, with the
disease phenotype depending on the distribution of the
lesions. Some of the most common synucleinopathies are
Parkinson's disease (PD), dementia with Lewy bodies
(DLB), Alzheimer's disease (AD), Down's syndrome, mul-
tiple system atrophy (MSA), and neurodegeneration with
brain iron accumulation type 1 (NBIA1). A more com-
plete list of synucleinopathies is shown in Additional file
1.

Depending on the type of pathology, -synuclein inclu-
sions are present in neurons (both dopaminergic and
non-dopaminargic), where they can be deposited in peri-
karya or in axonal processes of neurons, and in glia. At
least five morphologically different -synuclein-contain-
ing inclusions have been described: Lewy bodies, Lewy
neurites (dystrophic neurites), glial cytoplasmic inclu-
sions, neuronal cytoplasmic inclusions and axonal sphe-
roids [60,61].

The protein that links various synucleinopathies is -
synuclein, which is a typical IDP with low level of ordered
structure under the physiological conditions in vitro [59].
According to the detailed conformational studies, the
structure of -synuclein is extremely sensitive to the envi-
ronment, and this protein is known to adopt a variety of
structurally unrelated conformations. The list includes a
natively unfolded (mostly disordered) state, an amy-
loidogenic partially folded conformation, and different -
helical or -structural species folded to a different degree,
both monomeric and oligomeric [59]. It might also form
aggregates with different morphology, oligomers (spheri-
cal or annular), amorphous aggregates, and amyloid-like
fibrils [59]. Finally, similar to other fibrillating proteins
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[66], -synuclein was shown to assemble into the annular
aggregates able to form ion-conducting, transmembrane
channels [67-69]. As -synuclein has a high intrinsic pro-
pensity to aggregate, it represents a unique model for the
structural and mechanistic analysis of amyloidogenic
IDPs.

To describe the structural malleability of -synuclein, the
concept of a protein-chameleon was proposed, according
to which the structure of -synuclein depends on its envi-
ronment and the choice between various conformations
is determined by the peculiarities of the protein's sur-
roundings [59]. This conformational plasticity is deter-
mined by a specific folding-energy landscape of an IDP,
which in contrast to that of an ordered protein, is charac-
terized by numerous local energy minima, leading to a
highly frustrated system without any stable well-folded
conformation [58]. Such an energy landscape can explain
the conformational plasticity of an IDP and show how
such a protein can specifically interact with many ligands
of different nature and respond differently to various envi-
ronmental challenges. The interaction with a particular
binding partner (or other changes in the environment)
affects the IDP folding landscape making some energy
minima deeper and some energy barriers higher, therefore
determining the ability of such a protein to fold in a tem-
plate-dependent manner [58].

p53 and cancer
The p53 protein is a transcription factor located at the
center of a large signaling network. It regulates expression
of over 150 genes, including p21, GADD45, MDM2,
IGFBP3, and BAX [70]. Some of the genes induced or
inhibited by p53 are involved in such cellular processes as
cell cycle progression, apoptosis induction, DNA repair,
response to cellular stress, among other functions [71].
When p53 function is lost, either directly through muta-
tion or indirectly through several other mechanisms, the
cell often undergoes cancerous transformation [72]. For
this reason, a loss of p53 function is considered as a major
factor in cancer development [72].

To carry out its numerous signal transduction functions,
p53 interacts physically with a large number of other pro-
teins. Many of these interactors are transcription factors,
and many more are activators or inhibitors of p53 trans-
activation activities. The p53-Mdm2 interaction is of spe-
cial interest due to its direct relation to the oncogenesis.
The Mdm2 protein inactivates p53 by binding to its tran-
scription activation domain [73]. This interaction pre-
vents p53 from activating its target genes in three ways
[74]: (i) It directly blocks p53 from binding to various
transcription factors; (ii) Mdm2 acts as a ubiquitin ligase,
targeting p53 for destruction; (iii) Mdm2 contains a
nuclear export signal, so the p53-Mdm2 complex tends to

be exported from the nucleus, thereby preventing p53
from activating genes.

Several interactions have been mapped to the N-terminal
domain (i.e., the transactivation domain), the C-terminal
domain (i.e., the regulatory domain), and the DNA bind-
ing domain (DBD) of p53 [58,71]. These domains have
also been characterized in terms of their intrinsic disorder-
order state, where the DNA binding domain is intrinsi-
cally structured and the terminal domains are intrinsically
disordered [51,58,75,76]. Additionally, many sites of var-
ious posttranslational modifications have been identified
in p53. Overall, ~70% of the interactions are mediated by
IDRs in p53 [51]. A bias toward intrinsic disorder is even
more pronounced in the sites of posttranslational modifi-
cations, with 86%, 90%, and 100% of observed acetyla-
tion, phosphorylation, and protein conjugation sites,
respectively, found in IDRs [51,58]. Clearly, p53 exten-
sively uses disordered regions to mediate and modulate
interactions with other proteins. This is illustrated by Fig-
ure 3, which represents a set of complexes of various p53
fragments or domains with numerous binding partners.

Intrinsic disorder, HPV proteins and cervical cancer
There are more than 100 different types of human papil-
lomaviruses (HPVs), which are the causative agents of
benign papillomas/warts, and cofactors in the develop-
ment of carcinomas of the genital tract, head and neck and
epidermis. With respect to their association with cancer,
HPVs are grouped into two classes, known as low- (e.g.,
HPV-6 and HPV-11) and high-risk (e.g., HPV-16 and
HPV-18) types. The entire proteome of HPV includes two
structural proteins, L1 and L2, and six nonstructural pro-
teins: E1, E2, E4, E5, E6 and E7. The last two, E6 and E7,
are known to function as oncoproteins in the high-risk
HPVs. The correlation between the amount of ID and the
ability of human papillomaviruses to cause the carcinoma
development has been recently evaluated [77]. To this
end, a detailed bioinformatics analysis of proteomes of
high-risk and low-risk HPVs with the major focus on E6
and E7 oncoproteins was performed. The results of this
analysis were consistent with the conclusion that high-risk
HPVs were characterized by the increased amount of
intrinsic disorder in transforming proteins E6 and E7 [77].

IDPs in human diseases: from individual cases to 
general picture
Although the illustrative examples given above demon-
strate the involvement of IDPs and IDRs in various dis-
eases, and despite several more cases that are scattered in
literature, all of these examples together are not sufficient
to determine the extent of IDP involvement in the patho-
genesis of human diseases. Simply put, how generally do
IDPs and IDRs play important roles in human disease? To
answer this big question, appropriate analytical tools are
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needed. In a fashion similar to the history of the develop-
ment of the IDP concept itself, bioinformatics is being
used to determine the extent and generality of the involve-
ment of IDPs and IDRs in human disease.

Unfoldomics of human diseases: tools to establish and 
analyze disease-related unfoldome
Unfoldome and unfoldomics
Since IDPs are highly abundant in various diseases (see
below), the "disorder in disorders" or D2 concept was

introduced to summarize work in this area [58]. As the
number of IDPs related to various diseases is very large, it
makes sense to develop the disease-related unfoldome
and unfoldomics concepts.

The use of the suffix '-ome' has a long history while '-
omics' is much more recent. The Oxford English Diction-
ary (OED) attributes 'genome' to Hans Winkler from his
1920 work [78]. While the OED suggests that 'genome'
arose as a portmanteau of 'gene' and 'chromosome', this

Disorder profile and functionality of p53Figure 3
Disorder profile and functionality of p53. Intrinsic disorder was predicted by the PONDR® VLXT. Segments with scores 
above 0.5 correspond to disordered regions, while those below 0.5 correspond to ordered regions/binding sites. p53 is at the 
center of a large signaling network, regulating expression of genes involved in a variety of cellular processes and interacting 
with a large number of other proteins. The interaction sites are signaled by downward spikes in the plot of the predicted dis-
order. The structures of the complexes containing various p53 binding regions are displayed around the predicted disorder 
pattern. In complexes, the structures of p53 segments bound to their partners are shown in different colors. These color 
codes are also used for bars in the PONDR® VLXT plot to indicate the positions of the regions of known structure in the con-
text of the intrinsic disorder predictions. The Protein Data Bank IDs and partner names for the structures (from upper left, 
clockwise) are as follows: (1tsr DNA), (1gzh 53BP1), (1q2d gcn5), (3sak p53 (tet dom)), (1xqh set9), (1h26 cyclinA), (1ma3 sir-
tuin), (1jsp CBP bromo domain), (1dt7 s100bb), (2h1l sv40 Large T antigen), (1ycs 53BP2), (2gs0 PH), (1ycr MDM2), and (2b3g 
rpa70).
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does not seem to be supported by the literature. Instead,
Lederberg and McCray suggest that, as a botanist, Winkler
must have been familiar with terms such as biome (a bio-
logical community), rhizome (a root system), and phyl-
lome (the leaves covering a tree) among others, all of
which were in use well before 1920 and all of which sig-
nify the collectivity of the units involved [79]. Thus, 'ome'
implies the complete set of the objects in question, with
genome signifying the set of genes of an organism. By
changing the 'e' in '-ome' to '-ics', the new word is created
that indicates the scientific study of the '-ome' in question.
For genome, the change to 'genomics' did not occur until
1987 when a journal by this name was founded by Victor
McKusick and Frank Ruddle [79].

Many additional conversions from -ome to -omics have
subsequently occurred and a large number of "-omes"
have been accepted in biology, including but not limited
to the following: genome, proteome, interactome, metab-
olome, transcriptome, diseasome, toxicogenome, nutrige-
nome, cytome, oncoproteome, epitome, and glycome,
etc. For a more complete list, the reader is directed to
http://omics.org. Interestingly, some of the -ome words at
this website cannot be found in PubMed searches,
whereas similar words can be found. For example,
'foldome' and 'foldomics' are both listed on this website,
but a search of these words in PubMed yields no hits for
either word, while the similar word, 'foldeomics,' yields
one hit, which leads to a database containing information
about protein folding. The suffixes -ome and -omics imply
a new layer of knowledge, especially when a scientist is
dealing with the data produced by the large-scale studies,
including the high throughput experiments and the com-
putational/bioinformatics analyses of the large datasets.

The unfoldome and unfoldomics concepts are built on
the ideas given above. Unfoldomics is the field that
focuses on the unfoldome. The unfoldome is the set of
IDPs, which are also known as natively unfolded proteins,
hence the unfoldome. We are also using unfoldome to
cover segments or regions of proteins that remain
unfolded in the functional state. Unfoldomics considers
not only the identities of the set of proteins and protein
regions in the unfoldome of a given organism, but also
their functions, structures, interactions, evolution, etc.
Because IDPs and IDRs are highly abundant in nature
(~50% eukaryotic proteins are either entirely disordered
or contain long disordered regions), have amazing struc-
tural variability and possess a very wide variety of func-
tions, we thought it appropriate to name this realm of
proteins the unfoldome, with unfoldomics reflecting the
totality of the phenomena associated with IDPs and IDRs.

Computational tools for the unfoldome analysis
Obviously, when the scale of analysis increases from one
protein to many, new analytical tools are required. The set
of computational tools utilized in the bioinformatics
studies on disease-related unfoldomes is briefly intro-
duced below. This set includes compositional profiling,
disorder prediction, evaluation of the number of potential
binding sites, analysis of alternative splicing, and determi-
nation of posttranslational modifications.

Compositional profiling
A specific feature of a probable IDR is its amino-acid com-
positional bias characterized by a low content of so-called
order-promoting residues such as Cys, Trp, Phe, Tyr, Val,
Leu, and Ile, and a high content of so-called disorder-pro-
moting residues, Glu, Lys, Arg, Asp, Gln, Ser, Pro, and Thr
[7,45,80,81]. This bias can be visualized by plotting the
fractional difference in composition between a given set
of proteins and a set of ordered proteins [7,81]. These frac-
tional differences in composition between the studied set
and a set of ordered proteins are calculated for each amino
acid residue as (Cx-Corder)/Corder, where Cx is the content of
a given amino acid in the set of interest, and Corder is the
corresponding content in a set of ordered proteins. The
analysis can be performed using a web Composition Pro-
filer tool http://www.cprofiler.org/.

Disorder predictions
Predictions of the intrinsic disorder propensity can be per-
formed using a set of per-residue Predictors Of Natural
disordered regions (PONDR®) algorithms, PONDR®

VLXT, VL3 and VSL1/2 or a set of binary predictors that
predict disorder on the level of whole proteins, charge-
hydrophathy plot (CH-plot) and cumulative distribution
function (CDF) analysis. Many research groups have
developed a number of different predictors of disorder in
addition to the examples listed above. Links to many of
these predictors can be found at http://www.disprot.org.

PONDR® VLXT combines three neural networks, one for
internal sequences and one for each terminus of the
sequence. The internal predictor was trained on disor-
dered sequences from only 15 proteins whose disorder
was characterized by either X-ray or NMR studies [80]. The
terminal predictors were trained on short regions of X-ray
characterized disorder from the N- and C-terminus [82].
The merger was accomplished by performing overlapping
predictions, followed by averaging the outputs. The VLXT
training set included disordered segments of 40 or more
amino acid residues as characterized by X-ray and NMR
for the predictor of the internal regions, and segments of
five or more amino acid residues for the predictors of the
two terminal regions. VLXT most likely underestimates
the occurrence of long disordered regions in proteins.
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However, this algorithm is very important for finding
potential binding sites (see below).

PONDR® VL3 combines the predictions of 30 neural net-
works for the entire protein sequence and was trained
using disordered regions from more than 150 proteins
characterized by the methods mentioned above plus cir-
cular dichroism, limited proteolysis and other physical
approaches [83]. This is one of the most accurate predic-
tors of long disordered regions.

PONDR® VSL1/2 is a recently developed Various Short-
Long, version 1/2 (PONDR® VSL1/2) algorithm, which is
an ensemble of logistic regression models that predict per-
residue order-disorder [84,85]. Two models predict either
long or short disordered regions – greater or less than 30
residues – based on features similar to those used by
VLXT. The algorithm calculates a weighted average of
these predictions, where the weights are determined by a
meta-predictor that approximates the likelihood of a long
disordered region within its 61-residue window. Predictor
inputs include PSI-BLAST [86] profiles and PHD [87], and
PSI-PRED secondary structure predictions [88].

CDF analysis
Originally, cumulative distribution function (CDF) anal-
ysis summarized the per-residue disorder predictions by
plotting PONDR® VLXT scores [80,82,89] against their
cumulative frequency, which allows ordered and disor-
dered proteins to be distinguished based on the distribu-
tion of prediction scores [47]. At any given point on the
CDF curve, the ordinate gives the proportion of residues
with a PONDR® score less than or equal to the abscissa.
The optimal boundary that provided the most accurate
order-disorder classification was shown to represent seven
points located in the 12th through 18th bin [47]. Thus, for
CDF analysis, order-disorder classification is based on
whether a CDF curve is above or below a majority of
boundary points. Recently, CDF analysis was extended to
include several other per-residue predictors of intrinsic
disorder [90].

CH-plot analysis
Ordered and intrinsically unstructured proteins occupy
non-overlapping regions in the charge-hydropathy plots
(CH-plots), with natively unfolded proteins being specif-
ically localized within a particular region of charge-
hydropathy phase space, satisfying the following relation-
ship [6,47]:

where �H� and �R� are the mean hydropathy and the mean
net charge of the given protein, respectively, whereas �H�b

is the "boundary" mean hydropathy value, below which a
polypeptide chain with a given �R� will be most probably
unfolded. The mean hydropathy, �H�, is defined as the
sum of the normalized hydropathy of all residues divided
by the number of residues in the polypeptide. The mean
net charge �R� is defined as the net charge at pH 7.0,
divided by the total number of residues [6,47].

-MoRF predicitions
The order/disorder tendencies of IDPs as revealed by
PONDR® VLXT could be used to find disordered region(s)
involved in interaction with specific binding partners. In
fact, often IDPs have a peculiar and well-recognizable pat-
tern, where short region of predicted order is surrounded
by extended regions predicted disorder. This specific pat-
tern was used to develop a unique bioinformatics tool
dedicated to the identification of potential protein-pro-
tein interaction sites in IDPs, namely the identifier of -
helix forming Molecular Recognition Features, -MoRF,
which is focused on short binding regions within long
regions of disorder that are likely to form helical structure
upon binding [19,91]. The predictor utilizes a stacked
architecture, where PONDR® VLXT is used to identify short
predictions of order within long predictions of disorder
and then a second level predictor determines whether the
order prediction is likely to be a binding site based on
attributes of both the predicted ordered region and the
predicted surrounding disordered region. An -MoRF pre-
diction indicates the presence of a relatively short (20 res-
idues), loosely structured helical region within a largely
disordered sequence [19,91]. Such regions gain function-
ality upon a disorder-to-order transition induced by bind-
ing to partner.

Alternative splicing analysis
Alternative splicing (AS) is a process responsible for the
production of multiple, mature mRNAs from a single pre-
cursor pre-mRNA by the inclusion and omission of differ-
ent segments [92]. Therefore, the AS regions are defined as
exons or parts of exons that are expressed in some, but not
in all protein sequences transcribed from a given gene. AS
is prevalent in multicellular eukaryotes [93], and it is esti-
mated that 40 – 60% of human genes yield multiple pro-
teins via this process [94]. These observations suggest that
AS provides an important mechanism for enhancing the
diversity of the proteome in multicellular eukaryotes [95].
As AS impacts many protein functions such as ligand
binding, enzymatic activity, and protein-protein interac-
tions, not surprisingly, abnormal AS has been associated
with various human diseases, including myotonic dystro-
phy [96], axoospermia [97], Alzheimer's disease [98], can-
cer [99,100] and many others.

In the disease-related unfoldome, the sequence align-
ments of genes with multiple isoforms provide informa-
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tion on the AS regions. Similarly as for a whole protein,
disorder content for an AS region is estimated as the frac-
tion of its residues that are predicted to be disordered.

PTM analysis
Posttranslational modifications (PTMs) are widely
employed by cells to modulate the functionalities of
many of their proteins. Some proteins require different
types of posttranslational modifications for their func-
tion. PTMs are classified according to the mechanisms
that are involved: addition of functional groups (e.g.,
acylation, alkylation, phosphorylation, glucosylation,
etc.); attachement of other proteins and peptides (e.g.,
ubiquitination, SUMOylation, etc.); changing of the
chemical nature of amino acids (deamidation, deimida-
tion, oxidation, etc.); and dissection of the backbone by
proteolytic cleavage. Additionally, according to the con-
formational state of the potential PTM site, PTMs can be
grouped into two major classes. The first class involves
modifications that are associated primarily with struc-
tured proteins and regions, whereas the second class com-
bines modifications that are associated primarily with
IDPs and IDRs [50]. The first class of PTMs is crucial for
providing moieties for catalytic functions, for modifying
enzyme activities or for stabilizing protein structure. This
includes formylation, protein splicing, oxidation and cov-
alent attachment of quinones and organic radicals [50].
The abundance of IDRs among the primary targets for the
second class PTMs is likely determined by the need of the
modifying enzymes to bind to their corresponding sub-
strates via high specificity/low affinity interactions; such
characteristics are typical of signaling interactions and typ-
ically involve disorder-to-order transitions of at least one
of the partners [50]. Among the second class of PTMs are
phosphorylation, acetylation, acylation, adenylylation,
ADP ribosylation, amidation, carboxylation, formylation,
glycosylation, methylation, sulfation, prenylation, ubiq-
uitination, and Ubl-conjugation (i.e., covalent attach-
ment of ubiquitin-like proteins, including SUMO, ISG15,
Nedd8, and Atg8) [50].

As amino acid compositions, sequence complexity,
hydrophobicity, charge and other sequence attributes of
regions adjacent to phosphorylation sites were found to
be very similar to those of IDPs and IDRs, a specific web-
based tool for the prediction of protein phosphorylation
sites, DISPHOS (DISorder-enhanced PHOSphorylation
predictor, http://www.ist.temple.edu/DISPHOS) was
elaborated [101]. Recent studies further support the view
that phosphorylation occurs much more often in IDPs
and IDRs as compared to structured proteins and regions
[102,103]. A predictive tool similar to DISPHOS is also
available for protein methylation [104]. These tools can
be utilized to evaluate the abundance of PTMs in the dis-
ease-related unfoldome.

Establishing and analyzing the disease-related unfoldomes
Three approaches were elaborated to estimate the abun-
dance of IDPs in various pathological conditions. The first
approach is based on the assembly of specific datasets of
proteins associated with a given disease and the computa-
tional analysis of these datasets using a number of disor-
der predictors [9,58,77,105]. In essence, this is an analysis
of individual proteins extended to a set of independent
proteins. A second approach utilized network of genetic
diseases where the related proteins are interlinked within
one disease and between different diseases [106]. A third
approach is based on the evaluation of the association
between a particular protein function (including the dis-
ease-specific functional keywords) with the level of intrin-
sic disorder in a set of proteins known to carry out this
function [48-50]. These three approaches are briefly
described below, whereas the results of their application
are presented in the subsequent section.

Simple dataset analysis
The simplest analysis of the abundance of intrinsic disor-
der in a given disease is based on the two-stage protocol,
where a set of related proteins is first assembled by search-
ing various databases and then the collected group of pro-
teins is analyzed for intrinsic disorder. The depth of this
analysis is based on the breadth of the search for the dis-
ease-related proteins and on the number of different com-
putational tools utilized to find disordered proteins/
regions. For example, a dataset of human cancer-associ-
ated proteins (HCAP) extracted from SWISS-PROT http://
www.expasy.ch/sprot using keywords Anti-oncogene;
Oncogene; Proto-oncogene; tumor in the description field
and "human" in the organism field contained 231 pro-
teins [9]. Whereas 487 proteins associated with cardiovas-
cular disease (CVD) were found in SWISS-PROT using an
exhaustive list of CVD-related keywords: Aneurysm;
Angina Pectoris; Angioneurotic Edema; Aortic Valve Sten-
osis; Arrhythmia; Arrhythmogenic; Arteriosclerosis; Arte-
riovenous Malformations; Atrial Fibrillation; Behcet
Syndrome; Bradycardia; Cardiac Tamponade; Cardiomeg-
aly; Cardiomyopathy; Cardiovascular Disease; Carotid
Stenosis; Cerebral Hemorrhage; Churg-Strauss Syndrome;
Ebstein's Anomaly; Eisenmenger Complex; Embolism;
Cholesterol; Endocarditis; Fibromuscular Dysplasia;
Heart Block; Heart Defects; Heart Disease; Heart Failure;
Heart Valve Diseases; Hematoma; Hippel Lindau Disease;
Hyperemia; Hypertension; Hypertrophy; Hypoplastic Left
Heart Syndrome; Hypotension; Intermittent Claudica-
tion; Klippel-Trenaunay-Weber Syndrome; Lateral Medul-
lary Syndrome; Long QT Syndrome; Microvascular
AnginaOR Mitral Valve Prolapse; Moyamoya Disease;
Mucocutaneous Lymph Node Syndrome; Myocardial Inf-
arction; Myocardial Ischemia; Myocarditis; Pericarditis;
Peripheral Vascular Diseases; Phlebitis; Polyarteritis
Nodosa; Pulmonary Atresia; Raynaud Disease; Sneddon
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Syndrome; Superior Vena Cava Syndrome; Tachycardia;
Takayasu's Arteritis; Telangiectasia; Telangiectasis; Tem-
poral Arteritis; Tetralogy of Fallot; Thromboangiitis Oblit-
erans; Thrombosis; Tricuspid Atresia; Varicose Veins;
Vascular Disease; Vasculitis; Vasospasm; Ventricular
Fibrillation; Williams Syndrome; Wolff-Parkinson-White
Syndrome; Heart disease; Stroke; Thromb; Cardio-vascu-
lar disease; Blood coagulation; Heart muscle; Cardiovas-
cular disease; Plasma; Vascular disease in the description
field and "human" in the organism field [105]. The intrin-
sic disorder analysis in the assembled datasets of disease-
related proteins includes various computational tools
described in a previous section.

Functional keyword analysis
A computational tool for the evaluation of a correlation
between the functional annotations in the SWISSPROT
database and the predicted intrinsic disorder was elabo-
rated [48-50]. First, functional keywords associated with
20 or more proteins in SWISSPROT were determined and
corresponding protein datasets were assembled. Then, for
each keyword-associated set, a length-matching set of ran-
dom proteins was drawn from the SWISSPROT. Order-
disorder predictions were carried out for the keyword-
associated sets and for the random sets. If a function
described by a given keyword were carried out by a long
region of disordered protein, one would expect the key-
word-associated set to have a greater amount of predicted
disorder compared to the random set. The keyword-asso-
ciated set would have less prediction of disorder com-
pared to the random set if the keyword-associated
function were carried out by structured protein. Given the
two sets of predictions for the pairs of sets, it is possible to
calculate the p-values, where a p-value > 0.95 suggests a
disorder-associated function, a p-value < 0.05 suggests an
order-associated function, and intermediate p-values are
ambiguous [48-50].

Genetic diseasenNetwork analysis
To estimate whether human genetic diseases and the cor-
responding disease genes are related to each other at a
higher level of cellular and organism organization, a
bipartite graph was utilized in a dual way: to represent a
network of genetic diseases, the "human disease net-
work", HDN, where two diseases are directly linked if
there is a gene that is directly related to both of them, and
a network of disease genes, the "disease gene network",
DGN, where two genes are directly linked if there is a dis-
ease to which they are both directly related [107]. This
framework, called the human diseasome, systematically
linked the human disease phenome (which includes all
the human genetic diseases) with the human disease
genome (which contains all the disease-related genes).
This diseasome opened a new avenue for the analysis and
understanding of human genetic diseases, moving from

single gene-single disease viewpoint to a framework-
based approach [107].

Using this approach various diseases were classified into
20 types, some diseases were unclassified, and several dis-
eases were annotated as belonging to multiple classes.
Similarly, genes were clustered into classes via their asso-
ciations with specific diseases [107]. The analysis of these
networks revealed that of 1,284 genetic diseases, 867 had
at least one link to other diseases, and 516 diseases
formed a giant component, suggesting that the genetic ori-
gins of most diseases, to some extent, were shared with
other diseases. Similalrly, in the DGN, 1,377 of 1,777 dis-
ease genes were shown to be connected to other disease
genes, and 903 genes belonged to a giant cluster [107].
The vast majority of genes associated with genetic diseases
was non-essential and showed no tendency to encode hub
proteins. In fact, many of the disease-related genes were
shown to be localized in the functional periphery of the
network [107]. The large-scale analysis of the abundance
of intrinsic disorder in transcripts of the various disease-
related genes was performed using a set of computational
tools described in a previous section [106]. The results of
this analysis suggest that IDPs are broadly involved in
human diseases (see below).

IDPs in cancer, CVD, neurodegenerative diseases and 
diabetes
For the first time, the dataset analysis approach was used
in 2002 [9], when significant fractions of cancer-associ-
ated and cell-signaling proteins were found to contain
predicted IDRs of 30 residues or longer (see Figure 4). This
was in a sharp contrast to a set of structured (ordered) pro-
teins with well-defined 3-D structures, which was shown
to contain only 13% of the proteins with predicted IDRs

 30 residues. Following a similar analytical model, a
dataset of 487 proteins related to cardiovascular disease
(CVD) was collected and analyzed [105]. On average,
CVD-related proteins were found to be highly disordered.
They were depleted in major order-promoting residues
(Trp, Phe, Tyr, Ile, and Val) and enriched in some disor-
der-promoting residues (Arg, Gln, Ser, Pro, and Glu).
High level of intrinsic disorder and a substantial number
of potential interaction sites were also found using a set of
computational tools. The percentage of proteins with 30
or more consecutive disordered residues was ~60% for
CVD-associated proteins (see Figure 4). Many proteins
were predicted to be wholly disordered, with 101 proteins
from the CVD dataset predicted to have a total of almost
200 specific disorder-based binding motifs (thus about 2
binding sites per protein). These binding sites are called -
helical molecular recognition features, -MoRFs, and
have been well studied from protein complexes taken
from PDB [105]. All of this clearly suggested that IDPs
might play key roles in CVD.



BMC Genomics 2009, 10(Suppl 1):S7 http://www.biomedcentral.com/1471-2164/10/S1/S7

Page 11 of 17
(page number not for citation purposes)

In addition to being abundant in cancer- and CVD-related
proteins, intrinsic disorder was commonly found in such
maladies as neurodegenerative diseases and diabetes. Fig-
ure 4 represents this as the percentages of proteins with 
30 consecutive residues predicted to be disordered in
datasets of proteins associated with all four diseases. This
figure shows that intrinsic disorder is highly prevalent in
proteins associated with all of the studied diseases, being
comparable with that of signaling proteins and signifi-
cantly exceeding the levels of intrinsic disorder in eukary-
otic and in non-homologous, structured proteins [58].

Functional anthology of intrinsic disorder and human 
diseases
The application of the functional keyword analysis tool
revealed that out of 710 SWISSPROT keywords each being
assigned to at least 20 proteins, 310 had p-values < 0.05,
suggesting order-associated functions, 238 had p-values >
0.95, suggesting disorder-associated functions, and the
remainder, 162, gave intermediate p-values, yielding
ambiguity in the likely function-structure associations
[48-50].

When the functional keywords were partitioned into
eleven functional categories (Biological processes, cellular
components, developmental stage, etc.) order-associated
keywords were found for seven of the categories, but dis-

order-associated keywords were found for all eleven cate-
gories [48]. Figure 5 represents the results of this analysis
and show that many diseases were strongly correlated
with proteins predicted to be disordered. Contrary to this,
we did not find disease-associated proteins to be strongly
correlated with absence of disorder [50]. Among disease-
related Swiss-Prot keywords strongly associated with
intrinsic disorder were oncoproteins, malaria, trypano-
somiasis, human immunodeficiency virus (HIV) and
acquired immunodeficiency syndrome (AIDS), deafness,
obesity, cardiovascular disease, diabetes mellitus, albi-
nism, and prion [50]. In agreement with this bioinformat-
ics analysis, we were able to find at least one illustrative,
experimentally validated example of functional disorder
or order for the vast majority of functional keywords
related to diseases [50].

Intrinsic disorder in proteins from the genetic disease 
network
The dual Human Disease Network/Disease Gene Network
(HDN/DGN) consists of two types of nodes that represent
human genes (1,777) and diseases (1,284), and links that
connect diseases with related genes [107]. A set of disease
genes from DGN with human genes with known protein
sequences was used to collect protein sequences for all
human genes from NCBI Gene database [106]. All model
proteins obtained solely with automated genome annota-
tion processing were excluded from the consideration.
After this exclusion, the diseasome included 1,751 human
disease related genes. The transcripts of the genetic dis-

Functional anthology of IDPsFigure 5
Functional anthology of IDPs. More than 200,000 pro-
teins and 710 SWISSPROT functional keywords each associ-
ated with at least 20 different proteins were analyzed [48-
50]. Based on the bioinformatics analysis, 238 keywords 
were associated with the predicted intrinsic disorder. These 
keywords covered various functions and included almost all 
disease-related keywords. This is in a strict contrast to 302 
keywords which were associated with the predicted order. 
Functionally, the vast majority of these keywords were vari-
ous "ases". They contained almost no disease-related key-
words.
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Abundance of intrinsic disorder in disease-associated pro-teinsFigure 4
Abundance of intrinsic disorder in disease-associated 
proteins. Percentages of disease associated proteins with  
30 to  100 consecutive residues predicted to be disordered. 
The error bars represent 95% confidence intervals and were 
calculated using 1,000 bootstrap re-sampling. Corresponding 
data for signaling and ordered proteins are shown for the 
comparison. Analyzed sets of disease-related proteins 
included 1786, 487, 689, and 285 proteins for cancer, CVD, 
neurodegenerative disease and diabetes, respectively.
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ease-associated genes were compared with proteins
encoded by 16,358 other human genes with known pro-
tein sequences [106].

The abundance of intrinsic disorder in these diseasome
network proteins was evaluated by means of several pre-
diction algorithms, including PONDR® VSL2, CDF-analy-
sis, CH-plot [106]. The functional repertoires of these
proteins were analyzed based on prior studies relating dis-
order to function [48-50]. These analyses uncovered an
unfoldome associated with human genetic diseases and
revealed several interesting peculiarities [106]:

(i) Intrinsic disorder is common in proteins associated
with many human genetic diseases;

(ii) Different disease classes vary significantly in the
IDP contents of their associated proteins;

(iii) Molecular recognition features, which are rela-
tively short loosely structured protein regions within
mostly disordered sequences and which gain structure
upon binding to partners, are common in the diseas-
ome, and their abundance correlates with the intrinsic
disorder level;

(iv) Some disease classes have a significantly higher
fraction of genes affected by alternative splicing, and
the alternatively spliced regions in the corresponding
proteins are predicted to be highly disordered and in
some disease classes contain a significantly higher
number of MoRFs;

(v) Correlations were found among the various disea-
some graph-related properties and intrinsic disorder.
In agreement with earlier studies, hub proteins were
shown to be more disordered.

Why the unfoldome and why IDPs?
All the data presented above provide evidence that IDPs
are very common in various diseases and therefore com-
prise a disease-related unfoldome. The introduction of the
unfoldome and unfoldomics concepts pave the way for a
better understanding of the molecular aspects of human
diseases, including a better understanding of their patho-
genesis and molecular mechanisms. This concept is also
important for the development of the appropriate strate-
gies dedicated to the targeted analysis of the disease-
related proteins. As many of these proteins are either com-
pletely disordered or contain long disordered regions, it
would be a clear mistake to analyze them using only the
experimental tools developed for the characterization of
structured proteins. The appropriate conformational anal-
yses should utilize the fact that IDPs and IDRs possess a
range of structural properties that are quite different from

those of ordered proteins [6,7,11,12,14,21]. The tech-
niques used for such analysis were described in a recent
review [57]. Some of these techniques are briefly consid-
ered below.

(i) Although X-ray crystallography is traditionally used
to characterize structure of ordered proteins, it repeat-
edly defines missing electron density in many protein
structures, which may correspond to disordered
region(s). The increased flexibility of atoms in the IDR
leads to the non-coherent X-ray scattering, making
them unobserved or at least smearing out their elec-
tron densities. Missing regions of structure can be
structured but wobbly domains rather than disordered
regions, and so further studies on X-ray identified
IDRs using other methods is very important.

(ii) A solution-based counterpart of X-ray crystallogra-
phy is heteronuclear multidimensional NMR. This is
an extremely powerful technique for protein 3D-struc-
ture determination in solution and for the characteri-
zation of protein dynamics. Recent advances in this
technology have allowed the complete assignment of
resonances for several unfolded and partially folded
proteins, as well as for the several IDPs and IDRs.

(iii) Circular dichroism (CD) is another powerful
technique for the evaluation of the overall tertiary
structure of a protein. CD spectra in the near UV
region (250–350 nm) reflect the asymmetry of the
environment of aromatic amino acid residues and,
consequently, are characteristic of protein tertiary
structure. IDPs may be detected by their display of
simplified near-UV CD spectra.

(iv) Decreased content of ordered secondary structure
in IDPs may be detected by several spectroscopic tech-
niques including far-UV CD, optical rotary dispersion
(ORD), Fourier transform infrared spectroscopy
(FTIR), Raman optical activity and deep UV Raman
spectroscopy.

(v) Hydrodynamic parameters obtained from tech-
niques such as gel-filtration, viscometry, small angle
X-ray or neutron scattering (SAXS or SANS, respec-
tively), sedimentation, dynamic and static light scat-
tering may help in determining the degree of a
polypeptide chain compaction.

(vi) Another very important structural parameter is the
degree of globularity, which reflects the presence or
absence of a tightly packed core in a protein molecule.
This information may be extracted from the analysis of
SAXS data in form of a Kratky plot, the shape of which
is sensitive to the conformational state of the scatter-
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ing protein molecules. The Kratky plot of a globular
molecule (ordered or molten globular) has a charac-
teristic maximum, which is absent from the Kratky
plot of a coil-like or pre-molten globule-like IDP.

(vii) Different fluorescence characteristics provide a
wealth of knowledge on the intramolecular mobility
and compactness of a protein. This includes FRET,
shape and position of the intrinsic fluorescence spec-
trum, fluorescence anisotropy and lifetime, accessibil-
ity of the chromophore groups to external quenchers,
and steady state and time-resolved parameters of the
fluorescent dyes.

(viii) Increased proteolytic degradation in vitro of IDPs
and IDRs indirectly confirms their increased flexibil-
ity.

(ix) Protein disorder may also be evaluated by immu-
nochemical methods or via the interaction with
molecular chaperones.

(x) Finally, IDPs may be detected by their response to
the environmental changes or via the analysis of pro-
tein conformational stability.

(xi) Aberrant mobility during the SDS-PAGE gel elec-
trophoresis may be suggestive of intrinsic disorder
since disordered proteins usually migrate slower than
their calculated molecular weight.

As discussed above, IDPs and IDRs can be characterized
by a variety of biophysical and biochemical methods. As
a result, a very large number of disease-associated proteins
have been experimentally shown to be IDPs or to contain
IDRs as indicate by the illustrative examples at the begin-
ning of this article. This leads naturally to the following
question: from a biological perspective, why have such
proteins been so heavily linked to human diseases? To
answer this question, some specific features of IDPs that
potentially make them key players in the development of
pathological conditions need to be considered. Many of
these features are linked to the function of IDPs in signal-
ing, regulation and control. The list of these features
includes [24]:

(i) Decoupled specificity and strength of binding lead-
ing to high-specificity-low-affinity interactions;

(ii) Increased speed of interaction due to greater cap-
ture radius and the ability to spatially search interac-
tion space;

(iii) Flexible encounter complexes (less stringent spa-
tial orientation requirements);

(iv) Controlled regulation via high sensitivity to prote-
olytic degradation when in the free state;

(v) Increased interaction (surface) area per residue;

(vi) A one-to-many binding mode and binding pro-
miscuity by which a single IDP/IDR binds to multiple
structurally diverse partners. This is accomplished by
plasticity, by which a given IDR folds into distinctive
conformations to accommodate the diverse binding
sites of its different partners

(vii) A many-to-one binding mode, by which many
different IDPs/IDRs bind to one site on a single
ordered partner. Again this is accomplished by plastic-
ity, by which different IDRs fold into similar confor-
mations that all fit into a single binding site on one
partner.

(viii) Induced folding where an IDR folds as it binds
to a specific partner;

(ix) Low steric restrictions allowing the elongation or
contraction of a given binding area;

(x) Ease of regulation or reorganization of signaling
networks by posttranslational modification;

(xi) Ease of regulation or reorganization of signaling
networks by alternative splicing;

(xii) Overlapping of binding sites due to use of
extended linear conformations for association;

(xiii) High evolutionary rates leading to rapid adapta-
bility and easy modification of signaling networks;

(xiv) Flexibility that allows masking (or not) of inter-
action sites or that allows multiple interactions
between bound partners.

Induced folding, binding promiscuity, and binding plasticity
Protein-protein and protein-nucleic acid interactions are
central to many processes in molecular biology. They
often involve coupled folding and binding of at least one
of the partners [4,6-8,10,13,17,22,108,109]. Among the
list of structural features that make IDPs especially useful
for their signaling and regulation functions include
induced folding, binding promiscuity, and binding plas-
ticity. The p53 protein molecule represents an especially
dramatic example for which intrinsic disorder is heavily
utilized for function via induced folding, binding promis-
cuity (i.e., the ability of a given IDP to bind interact with
several binding partners), and binding plasticity (which is
determined as the ability of a given IDR to gain different
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folds to accommodate diverse binding sites of different
partners). As it has been already mentioned, p53 regulates
expression of over 150 genes and binds to over 100 pro-
teins [51,70,71]. These many interactions represent an
illustrative example of the one-to-many biding mode
[51]. The 3-D structures of several complexes between the
various p53 regions and unique binding partners have
been determined (see Figure 3). The interactions with 10
of these partners are mediated by region experimentally
characterized as IDRs. Figure 3 shows that PONDR® VLXT
is able to detect the majority of these binding regions as
short predictions of order within a longer prediction of
disorder. These structures are complexes between p53
and: cyclin A, sirtuin, CBP, S100 , set9, tGcn5, Rpa70,
Mdm2, Tfb1, and itself. The remaining 4 interactions are
mediated by the structured DBD, between p53 and: DNA,
53BP1, sv40 Large T antigen, and 53BP2 [51].

Of special interest is the C-terminal regulatory domain,
which is involved in the formation of multiple complexes.
Figure 3 shows that a single IDR of p53 derived from the
C-terminal regulatory domain (residues 374–388) was
observed to form all three major secondary structure types
in the bound state: a helix when associating with S100 ,
a sheet with sirtuin, an irregular structure with CBP, and
an irregular structure with a completely different trajec-
tory with cyclin A2. The set of residues involved in these
interactions exhibit a very high extent of overlap along the
sequence [51]. Based on the fact that the secondary struc-
tures adopted by this IDR in different complexes were very
distinct, it seemed reasonable to expect that p53 utilizes
different residues for the interactions with these four dif-
ferent binding partners. This hypothesis is supported via
the quantification of the buried surface area for each resi-
due in each interaction by calculating their ASA [51]. In
fact, the ASA-based binding profiles for the single IDR of
p53 bound to four different partners were completely dif-
ferent, indicating that the same residues were used to dif-
ferent extents in the four interfaces, suggesting that the
same IDR sequence is "read" by the different partners in
entirely different ways [51].

This intriguing p53 example demonstrates the roles of
IDRs in determining multiple specificities associated with
the one-to-many binding mode, where remarkable con-
formational changes enable very distinct surfaces to be
formed for binding to different partners. The mentioned
interactions of the C-terminal regulatory domain of p53
with various binding partners are used for the activation
or inhibition of its primary role as a transcription regula-
tor. Therefore, it is possible that the disordered binding
regions may play a passive regulatory role by providing a
specific binding site, where IDRs serve as the identifica-
tion sites of the protein to be regulated [13,51].

Because p53 is so heavily studied, we have learned about
the use of IDPs and IDRs for its functions, especially as
providing sites for protein-protein interactions, before we
have gained such knowledge for other signaling proteins.
However, sites of protein-protein interactions that are
located within IDPs and IDRs and that are very similar to
those observed for p53 are predicted to be extremely com-
mon in the proteins of mammalian proteomes [91]. Thus,
what we have presented above for p53 likely provides a
blueprint for the use of IDPs and IDRs for a very large
number of proteins in the cell.

Overall, there are intriguing interconnections among
intrinsic disorder, cell signaling and human diseases, sug-
gesting that protein conformational diseases may result
not only from protein misfolding, but also from misiden-
tification and missignaling.

Concluding remarks
Intrinsic disorder is highly abundant among proteins
associated with various human diseases. This conclusion
is based on the detailed analysis of several well-character-
ized disease-related IDPs and on the results of the exten-
sive bioinformatics studies. As the number of disease-
related IDPs is very large and as many of these proteins are
interlinked, the concepts of the disease-related unfoldome
and unfoldomics were introduced. Here, the disease-
related unfoldome is attributed to a significant part of
human proteome, which includes malady-associated
IDPs, their functions, structures, interactions, evolution,
etc. We believe that the unfoldomics concept helps lead to
better understanding of various human diseases, their
pathogenesis and molecular mechanisms. This concept
might also help in the development of specialized strate-
gies for the targeted analysis of functional and structural
properties of disease-related proteins. The high degree of
association between intrinsic disorder and many proteins
implicated in various maladies is due to structural and
functional peculiarities of IDPs and IDRs, which are typi-
cally involved in cellular regulation, recognition and sig-
nal transduction. One of the promising future
developments in the field of the disease-related
unfoldome and unfoldomics is the evaluation of IDP/IDR
abundance in the framework of disease ontology. How-
ever, since the corresponding resources are not ready yet,
such an analysis might be difficult at the current point.
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