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Abstract

Newly synthesised proteins need to fold, often to intricate and close-packed structures, in order to function. The underlying

mechanism by which this complex process takes place both in vitro and in vivo is now becoming understood, at least in general terms,

as a result of the application of a wide range of biophysical and computational methods used in combination with the techniques of

biochemistry and protein engineering. It is increasingly apparent, however, that folding is not only crucial for generating biological

activity, but that it is also coupled to a wide range of processes within the cell, ranging from the trafficking of proteins to specific

organelles to the regulation of cell growth and differentiation. Not surprisingly, therefore, the failure of proteins to fold appropriately,

or to remain correctly folded, is associated with a large number of cellular malfunctions that give rise to disease. Misfolding, and its

consequences such as aggregation, can be investigated by extending the types of techniques used to study the normal folding process.

Application of these techniques is enabling the development of a unified description of the interconversion and regulation of the

different conformational states available to proteins in living systems. Such a description proves a generic basis for understanding the

fundamental links between protein misfolding and its associated clinical disorders, such as Alzheimer�s disease and Type II diabetes,

and for exploring novel therapeutic strategies directed at their prevention and treatment on a rational basis.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

One of the most remarkable characteristics of a living

system is the ability of even the most intricate of its
molecular components to self-assemble into their func-

tional states. Developing an understanding of the ways

in which such processes occur will reveal not just the

mechanisms of some extraordinarily complex structural

transitions, but also the manner in which biological

molecules have developed their present level of sophis-

tication through the process of evolutionary selection.

The most fundamental example of biological self-as-
sembly is protein folding, the process through which

disordered polypeptide chains convert into the tightly

packed protein structures through which they exert their

biological functions [1]. These functions include the

control and regulation of essentially every chemical

process on which our lives depend, as well as providing
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key components of virtually all the structural frame-

works within our bodies [2]. Given the multitude of their

roles, it is not surprising that proteins are the most

abundant molecules in biology other than water, and
that even the simplest organism contains about 1000

different types of proteins. The number of different

proteins within ourselves is about 100 times greater, but

this is still only a minute fraction of the total possible

number of different sequences for a polypeptide chain of

the average length (about 300 residues) of those found in

higher organisms. Indeed, as there are 20 different types

of amino acid, the number of possible sequences com-
fortably exceeds estimates of the total number of atoms

in the universe. Natural proteins are therefore, a very

select group of molecules, and their properties have a

number of very special characteristics when compared to

those of random sequences of amino acids. The ability

of given sequences to fold to unique structures, and

hence to generate a vast range of functions and an as-

tonishing degree of selectivity, is a particularly impor-
tant example of such a characteristic [3]. In this article,
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we shall examine how the application of a wide range of
physical and chemical techniques is leading to a com-

prehensive understanding of the manner in which nat-

ural proteins fold. In addition, we explore how extension

of such these approaches reveals that even such exqui-

sitely designed molecules can revert to behaviour that is

more typical of polypeptide chains that have not been so

carefully selected.
2. The protein folding problem

Since the work of Christian Anfinsen in the 1960s and

1970s, it has been clear that the essential information

that encodes the structure of proteins is contained

within the amino acid sequence [4]. The way in which

such information is encoded, however, has only recently
begun to emerge, as a result of the combined application

of a wide range of experimental and theoretical ap-

proaches. Of crucial importance, as is so often the case

when major scientific problems catch the collective

imagination, has been the development of a whole bat-

tery of new and increasingly sophisticated techniques,

and of the conceptual frameworks that are needed to

analyse and interpret the results of their application [5].
The reviews that follow this present article describe

many of the most powerful of the methods that have

been applied to study both normal and aberrant protein

folding. In this article, I shall try to provide an intro-

duction to these reviews by giving a general overview of

the field and of its importance in biology and medicine.

In addition to the question of how the information

for the unique native state is encoded in the amino acid
sequence has been a second question, namely how a

protein could find such a state in a finite time [6]. Even

conservative estimates of the time required to search

systematically the vast number of possible conforma-

tions that are in principle accessible to a polypeptide

chain exceed by many orders of magnitude experimental

measurements of the times required for typical protein

molecules to fold. One of the key advances in the folding
field has been the development of experimental and

theoretical approaches that have resulted in a solution

to this apparent paradox. In particular, a ‘‘new view’’

has developed in which folding is described as a sto-

chastic search of conformational space rather than as a

series of mandatory structural transitions [5,7,8]. The

conceptual basis of such a mechanism is shown in Fig. 1

[3], and incorporates the generally accepted assumption
that the native state of a protein is that with the lowest

free energy. Fluctuations in the conformation of a

polypeptide enable contacts to be made between even

those residues that are very different from each other in

the amino acid sequence. Because native-like interac-

tions are on average more stable than non-native ones, a

search mechanism of this type is in principle able to find
the native state [9]. For natural proteins, it appears that
such a mechanism can be highly efficient as the shape of

the landscape (that is encoded in the sequence) is such

that only a very small fraction of all possible confor-

mations needs to be sampled during the folding process.

To begin, to understand the way in which the folding

process occurs in detail, an important approach has

been to investigate the most elementary steps in the

conversion of random interactions into organised ele-
ments of structure. Despite the complexity of the folding

process, the fundamental steps associated with it can be

very fast. Major advances in investigating such steps

have resulted from the development and application of a

wide range of fast reaction methods [11,12]. Techniques

involving both the rapid mixing of solutions (e.g., by

transferring a denatured protein into a refolding buffer

or a native protein into denaturing conditions), and the
rapid perturbation of solution conditions (e.g., of tem-

perature or pressure), have been refined to enable both

folding and unfolding to be studied (Table 1). Re-

markably, some of these experiments now have the ca-

pability to probe the behaviour of individual molecules

[13]. Processes occurring on a timescale of milliseconds

can now be followed routinely, and events on a sub-

microsecond timescale are becoming accessible using
state-of-the-art equipment [12]. Using such approaches,

individual a-helices have been observed to fold in as

little as 100 ns, and b-turns to form in ca. 1 ls [14,15].

Indeed, the complete folding of some proteins such as

small helical bundles has been observed to occur in less

than 50 ls [16,17], and it appears that the ‘‘speed limit’’

for folding may be such as to allow folding of the sim-

plest proteins in less than a tenth of this time. Other
proteins, particularly involving extensive b-structure,
may, however, take many orders of magnitude longer to

fold, as we discuss below.
3. The folding of small proteins

A crucial next step in understanding the way in which
proteins fold is to explore the manner in which the se-

quence defines the energy landscape. Many studies di-

rected towards this end have focussed on proteins with

less than about 100 residues, as such proteins are able to

fold without the significant population of partially fol-

ded intermediates [18]. Of particular importance in this

regard are studies that involve the use of protein engi-

neering techniques to probe the role of individual resi-
dues in the folding process through site-directed

mutagenesis [19,20]. Such studies enable the transition

state region of the energy landscape to be probed in

detail; by measurement of the relative effects of mutation

on folding and unfolding rates, the relative contribu-

tions of specific residues to the stability of the transition

state ensemble can be defined. Studies of a range of
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Fig. 1. A schematic energy landscape for protein folding. The surface shown here is derived from a computer simulation of the folding of a highly

simplified model of a small protein [10]. Such a surface serves to ‘‘funnel’’ 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 to be able to fold to the native state. An ensemble of structures corresponding to the experimental transition state for the folding of a small

protein is indicated in the figure; this ensemble was calculated by using computer simulations constrained by experimental data from mutational

studies of acylphosphatase [22]. The yellow spheres 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, while at the

top are indicated schematically some contributors to the distribution of unfolded states that represent the starting point for folding. Also indicated on

the surface are highly simplified average trajectories for the folding of individual molecules. From [3].
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small proteins have suggested that the fundamental

mechanism of folding involves the formation of a fold-

ing nucleus, involving a relatively small number of res-

idues in the protein, about which the remainder of the

structure condenses rapidly [21]. Recently, this approach

has been extended by combining such data with com-

puter simulation techniques to generate 3D-structures of
transition state ensembles, Fig. 1 [22]. The results sug-

gest that a key feature of the transition state region of

the energy landscape is that the overall fold or topology

of the native state is already formed despite the fact that

the structures are highly disordered. Once the correct

topology has been defined in the transition state, the

native structure will almost invariably be generated

during the final stages of the folding process.
Given the emerging importance of the role of the

overall topology of the protein structure [23,24], the

question arises as to how it is encoded by the sequence.
In addition to the experimental techniques discussed

above, major advances have come from the use of

computer simulation methods to explore from first

principles the manner in which structure develops or is

lost within the polypeptide chain during the folding and

unfolding processes [25]. Such methods are particularly

important as the cooperative nature of the folding of
these small proteins severely limits the ability of even the

most sensitive of biophysical methods to provide such

information. Comparison of such simulations with the

results of protein engineering experiments indicates that

such simulations are now able to reproduce remarkably

well the major features of these measurements [26,27].

One additional and particularly interesting example of

the synergy between theory and experiment derives from
the remarkable ability of AFM techniques to unfold

proteins through the application of the physical force

[28]. In such experiments, a protein molecule is literally
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Table 1

Methods used to investigate protein folding and aggregationa

Property Technique Measurement

Chain packing Intrinsic fluorescence The orientation and environment of (predominantly) tryptophan side

chains

Ultraviolet absorbance The orientation and environment of aromatic side chains

Extrinsic (ANS) fluorescence Formation and disruption of organized hydrophobic patches and

clefts

Fluorescence quenching Isolation of tryptophan side chains from hydrophilic fluorescence

quenchers

Cysteinyl quenching Protection of cysteine side chains from hydrophilic reactants

Molecular dimensions Fluorescence anisotropy Tryptophan side chain mobility and overall molecular dimensions

Fluorescence energy transfer Scalar distance between tryptophan and a covalently attached

fluorophore (or between two attached fluorophores)

Small angle X-ray scattering/

Quasi-elastic light scattering

The average radius of gyration

NMR diffusion measurements The effective hydrodynamic radius

Secondary structure and

persistent hydrogen bonds

Far-UV circular dichroism Backbone conformation averaged over sequence and population

Fourier transfer infra-red Backbone conformation, hydrogen bond properties

Pulse labelling NMR Sequence specific formation of stable amide and tryptophan

hydrogen bonds

Pulse labelling mass

spectrometry

The formation and cooperativity of persistent hydrogen bonds in

discrete intermediates

Tertiary contacts and native

structure

Biological activity The formation of native tertiary structure at the active site

Interrupted folding The unfolding rate of discrete intermediates as a probe of their

stability

Near-UV circular dichroism Formation of stable aromatic and disulphide bond tertiary contacts

Real-time NMR Formation of specific side chain tertiary contacts

Protein engineering The energetic contributions of side chains to discrete intermediates

AFM/laser tweezers Force required to unfold protein or region of protein

Aggregate structure Congo red or thioflavin

fluorescence

Existence of regular b-sheet structure

Birefringence with Congo red Well-defined amyloid core structure

X-ray fibre diffraction Spacings of regular elements of structure e.g. b-sheets
AFM/EM Dimensions and morphology of discrete aggregates

Solid state NMR Molecular conformation and intermolecular packing

aAdapted from [11], but see also specific reference in text and the later reviews in this volume.
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pulled apart by steadily increasing the applied force on

the cantilever of the microscope. Because the ‘‘reaction

coordinate’’ for such a process is relatively well-defined,

simulations can be carried out that enable the experi-
ments to be replicated in very great detail, and hence

allows us to understand specific aspects of the forces

through which proteins are stabilised [29].

Although the way in which the fold is encoded in the

sequence is still not known in detail, approaches of the

type described above suggest that the patterns of hy-

drophobic and hydrophilic residues, rather than the

highly specific characters of the individual residues in-
volved, play an important role [30]. It is clear, for ex-

ample, that the same fold can often be generated by very

different sequences of amino acid residues, although the

distribution of residues of distinctive character is gen-

erally evident by comparison of such sequences, a result

that underlies the method of structure prediction usually

known as threading [30,31]. The distribution of residue

types along the sequence appears to allow the stabili-
sation of native-like environments in the vicinity of the

key residues in the absence of the remaining residue

contacts. Such general properties of the fold also appear

to be more important than characteristics such as the
secondary structure or stability, although the latter un-

doubtedly influences aspects of the folding behaviour, as

revealed most dramatically by the remarkable correla-

tion between the folding rates of a series of small pro-

teins and their ‘‘contact order’’ [32]. The latter is the

average separation in sequence between residues that are

in contact with each other in the native structure, and

the smaller the contact order the faster the rate of
folding. Such a correlation can be explained by the ar-

gument that a stochastic search process will be more

efficient if the residues that form the nucleus are closer

together in the sequence. The existence of this correla-

tion also supports the concept that there could be rela-

tively simple principles underlying the folding of

proteins [33]. Further understanding of such principles

will undoubtedly reveal in more detail just how the
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sequence is able to encode the fold, and should increase
significantly our ability both to predict the structures of

proteins from their sequences and to design new se-

quences that encode novel folds [33,34].
4. The folding of larger proteins

For proteins that consist of more than about 100 res-
idues, the folding process generally involves the popula-

tion of one ormore partially folded intermediates prior to

the formation of the completely folded native state. There

has been considerable debate over the significance of such

species, whether they serve to help the protein find its

correct fold efficiently or whether they are unavoidable

traps that slow down folding [35,36]. Regardless of their

specific role in the folding process, their existence pro-
vides a valuable source of information about the devel-

opment of different aspects of the overall fold. Progress in

this direction has resulted primarily from the use of the

wide range of biophysical techniques that have been de-

veloped to probe fast events occurring during folding. An

important characteristic of such techniques is that dif-

ferent methods are able to probe the development of

different aspects of the native structures, as summarised
in Table 1 [11]. Thus, far-UV CD spectroscopy monitors

the formation of secondary structure while near-UV CD

detects primarily the presence of tertiary interactions

involving aromatic residues. Of particular significance is

the application of NMR spectroscopy, as this technique

has the potential to provide residue-specific information

about the structure present at different stages of a folding

reaction [37]. The ways in which such information can be
extracted is now a very active area of research, and

promises to revolutionise our knowledge of the folding

process. It is already well established as a means to probe

the persistence of individual elements of secondary

structure through hydrogen exchange, an approach that

is particularly valuable when combined with the com-

plementary technique of mass spectrometry [38]. More

recently, it has proved possible to probe other charac-
teristics of the fold, including the behaviour of the side

chains and the relative stabilities of different regions of

globular structure. The potential for translating such

data into 3D-structures is also being explored, using re-

strained simulation techniques analogous to those used

to define the structures of the transition states of small

proteins described above [39,40].

Using such techniques, it is becoming possible to
begin to aspire to defining, at least in outline, experi-

mental energy landscapes for the folding of these larger

proteins [40]. Such studies have been assisted strongly by

the fact that partially folded states of larger proteins can

often be stabilised under equilibrium conditions, en-

abling time-consuming techniques such as NMR to be

applied in greater detail than is possible in experiments
carried out during the folding reaction itself. Simula-
tions of the species involved are particularly valuable to

establish the origins of the residual structure present at

different stages of folding. The results of the various

types of studies of the intermediates associated with

larger proteins suggest that such proteins are likely to

fold in modules, such that structure develops largely

independently in different segments or domains of the

structure [40–42]. It appears likely that interactions as-
sociated with key residues generate the native-like fold

within such regions, and then interactions of other key

residues ensure that these independent regions of

structure assemble to generate the correct overall fold.

Such a scenario is particularly attractive as it suggests, in

accord with the principles underlying the new view of

folding, that there is a common underlying mechanism

for the folding of all proteins [5,15]. In addition, it
suggests that highly complex structures are assembled in

manageable pieces, and can readily be applied to other

macromolecules such as nucleic acids, and even to the

assembly of large complexes such as the ribosome.
5. Protein folding in the cell

Given that such progress is being made in under-

standing how proteins fold in vitro, one might ask,

perhaps somewhat anxiously, how relevant such studies

are to the events that occur in living systems. The answer

that is emerging from a wide range of studies is that the

underlying mechanism of folding is undoubtedly the

same in vivo as in vitro—it would indeed have been re-

markable if proteins had evolved so as to fold both in
the laboratory and in the cell, but by different mecha-

nisms. The cellular environment in which proteins fold

following synthesis on ribosomes is of course extremely

complex compared to that associated with most exper-

iments conducted in vitro. For example, it is so densely

packed with all the molecular components that are

needed for its survival and replication that the macro-

molecular concentration can exceed 350mg/ml [43].
While the molecules within a cell have evolved, re-

markably, to be able to function correctly and often

independently within such an environment, this degree

of molecular crowding means that incompletely or im-

properly folded molecules will undoubtedly aggregate

with each other or associate improperly with other cel-

lular components. To avoid such problems, a series of

auxiliary proteins have evolved to assist proteins to fold
efficiently and without such complications [44,45]. These

species include folding catalysts that enhance slow steps

in protein folding, such as the formation of disulphide

bonds and the isomerisation of peptide bonds involving

proline residues, and ‘‘molecular chaperones’’ that act to

avoid the consequences of protein misfolding and ag-

gregation.
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The key difference between protein folding in vitro
and in vivo is in fact that biology has evolved mecha-

nisms to control and regulate the entire process within

living systems. In doing so, however, it is clear that bi-

ology has exploited many states of proteins other than

the native one [46]. For example, unfolded and partially

folded states are known to be important in events such

as translocation across membranes, the trafficking of

proteins to particular locations within the cell, and in
targetting for destruction those proteins that have

served their function and are no longer needed. In ad-

dition, some proteins are either partly or completely

‘‘natively unfolded,’’ that is they do not adopt unique

globular structures even under physiological conditions,

at least in the absence of specific partners such as co-

factors, other proteins or nucleic acids [47]. One can

consider that biology has done to the folding process,
using species such as molecular chaperones and folding

catalyst, what it has done to chemical processes by

means of enzymes and the regulation of gene expression,

i.e., to generate specificity and control within the bio-

logical environment. In addition, it is clear from studies

using a wide variety of biochemical techniques that liv-

ing systems have not relied solely on such species to

regulate protein folding. They have also developed re-
markably sophisticated mechanisms of quality control

to check, whether proteins are correctly folded, and to

target for destruction any molecules that do not come

up to scratch. The best-understood quality control

mechanisms are in the endoplasmic reticulum, the major

folding compartment of eukaryotic cells [48], and the

best-characterised degradation mechanisms are part of

the ‘‘unfolded protein response’’ that involves ubiquiti-
nation of proteins destined for disposal, followed by

their destruction in the cytosol by the proteosome [49].
6. Protein misfolding and disease

Because of the key role played by protein folding and

unfolding within the cell, it is inevitable that mistakes in
folding will give rise to the malfunctioning of biological

processes and hence to disease. A large number of dis-

eases are already associated with misfolding and more

are being added each year [50,51]. In some disorders,

such as cystic fibrosis, the ability of a protein to fold

correctly is reduced by familial mutations (in this case,

in the gene encoding a membrane protein involved in

chloride ion transport) resulting in a reduction in the
level, or in some cases the complete absence of a key

functional species. In other cases, such as the amyloid

diseases, failure to fold or to remain correctly folded

results in the aggregation and deposition of proteins in

one or more types of tissue [52,53]. Here, pathological

symptoms can result from the sheer quantity of protein

aggregates (sometimes kilograms) found in organs such
as the liver or spleen, in systemic diseases associated, for
example, with mutations in the lysozyme gene. Alter-

natively, symptoms can result from a ‘‘gain of toxic

function’’ associated with the aggregates; this latter sit-

uation is thought to be the primary origin of several

neurodegenerative disorders, notably Alzheimer�s and

Parkinson�s diseases [54,55]. In the amyloid diseases, the

deposits contain intractable aggregates, often fibrillar in

nature, which have a highly characteristic structure
based on the stacking of regular arrays of b-strands into
b-sheets, as we discuss below. Each disease, and some 20

are now identified, is associated primarily with one

protein or fragment of a protein that forms the core

structure of the fibrillar deposits [56].

It was once assumed that the formation of this type

of pathological aggregate resulted from the existence of

aberrant sequence motifs in a protein sequence that
explicitly coded for the amyloid core structure. More

recently, however, it has been found that many proteins

without any connection with disease, including common

proteins such as myoglobin and homopolymers such as

polythreonine, can give rise to fibrillar structures with

all the characteristics of those found associated with the

clinical amyloidoses [57–59]. These findings have led to

the suggestion that the ability to form amyloid fibrils is
a generic property of polypeptide chains [60]. The ex-

istence of such a property can be rationalised on the

grounds that the stability of the amyloid core structure

results primarily from the hydrogen bonds that link the

b-strands together involve the amide and carbonyl

groups of the polypeptide main chain. As the main

chain is common to all polypeptides (except for those

containing the amino acid proline that does not possess
an amide hydrogen atom and therefore, cannot hydro-

gen bond to carbonyl groups), the generic ability of

peptides and proteins to form such a structure can

readily be rationalised [60,61]. In essence, in amyloid

fibrils the main chain dominates the structure and the

side chains are incorporated in the most favourable

manner consistent with this requirement. By contrast, in

the evolved globular structures the close-packing of the
side chains determines the fold, and the main chain is

incorporated in the most favourable manner. The latter

generally involves the formation of regions of helices

and sheets as these secondary structure elements enable

hydrogen bonds to form and stabilise the structure [2].

Differences do exist in the details of amyloid structures

formed by different sequences, such as the fraction of

the polypeptide chain incorporated into the core struc-
ture, the lengths of the b-strands, and the way that

different protofilaments are assembled into the complete

fibril. Such relatively minor variations in structure are

likely to depend on the sequence and the way specific

side chains interact with each other, rather than on

any fundamental difference in the underlying core

structure [62].
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7. The formation and characterisation of amyloid struc-
tures

A crucial aspect of the investigation of the conver-

sion of normally soluble proteins into amyloid deposits

is to define the structures of the aggregates and the

manner in which they are formed. Amyloid deposits all

show characteristic optical behaviour, such as green

birefringence, on binding certain dye molecules such as
Congo red, an observation that is attributed to the

existence of regularly spaced arrays of b-sheets [63].

Despite, their regularity the aggregates do not form 3D

crystals and their structural investigation has involved

the application of a wide range of biophysical tech-

niques, each of which can provide information of dif-

ferent aspects of their structures, Table 1. The existence

of a high degree of b-structure is clearly evident
through studies using CD and FT-IR spectroscopy

[64]. EM analysis shows that the fibrillar structures

typical of many of the aggregates have a similar ap-

pearance, being long (often microns in length) and

unbranched [56]. The fibrils are commonly about 10 nm

in diameter, and often show evidence that they consist

of between 2 and 6 protofibrils that are twisted around

each other. X-ray fibre diffraction techniques indicate
that the organised core has a ‘‘cross-b’’ structure in

which sheets are assembled from b-strands that run

perpendicular to the fibrillar axis [56]. Regardless of

their differences in amino acid sequences, and of their

structures in their biologically active states, different

peptides and proteins form amyloid fibrils that are

remarkably similar in these essential features.

Despite the fact that no structure of an amyloid fibril
has been determined at atomic resolution, increasingly

detailed models based on data from techniques such as

X-ray fibre diffraction [56], cryo-electron microscopy

[65,66], and solid-state NMR spectroscopy [67,68] are

emerging. These structures support the conclusion that

the fibrils are likely to be stabilised primarily by inter-

actions involving the common polypeptide main chain.

Biophysical studies have also provided insight into the
manner in which the fibrils are formed from their soluble

precursors, and again the general conclusions from

studies of very different systems appear to be remark-

ably similar [54,69,70]. The first phase in amyloid for-

mation seems to involve the formation of soluble

oligomeric species whose structures are likely to be ra-

ther disordered. The first species visible by electron or

atomic force microscopy generally resemble small bead-
like structures, sometimes linked together and often

described as amorphous or micellar structures. These

early prefibrillar species then transform into species with

more distinctive morphologies, often called protofila-

ments or protofibrils. These structures are commonly

short, thin, and often curly, fibrillar species that are

thought to assemble into mature fibrils, perhaps some-
times by simple lateral association accompanied by a
degree of structural reorganisation. By this stage in the

assembly process, the structures are highly organised

and are often relatively inert and highly resistant to

proteases [71]. By contrast, the early aggregates appear

to expose to the solution a variety of regions of the

polypeptide chain that are normally buried in a globular

state. In some cases, however, these early species adopt

quite distinctive structures, including well-defined an-
nular species, whose role in determining their interac-

tions with cell membranes could be particularly

significant [54,72].

Even though it appears that the ability to convert

into amyloid fibrils is in principle universal for poly-

peptides (except for polyproline-based sequences), the

propensities to convert into this structure from a dis-

ordered state vary very substantially. Some sequences
are, for example, inherently more soluble than others,

and some have a greater tendency than others to form

b-structure. Recent studies, particularly based on pro-

tein engineering techniques similar to those used to

study protein folding, suggest that the propensities to

form amyloid structures can be rationalised to a re-

markably high degree by a consideration of the physi-

cochemical properties of a polypeptide chain—such as
charge, hydrophobicity, and secondary structure pro-

pensity—along with a consideration of the distribution

of hydrophobic and polar residues [73–76]. The latter

influences the tendency to form structures such as

b-sheets in which the interactions between side chains

on adjacent b-strands influence their stability [77]. In-

deed, the fact that patterns of residue types that favour

the formation of amyloid-like structures are less com-
mon in natural proteins than expected provides evi-

dence that evolutionary selection has avoided sequences

that tend to promote their formation [78]. Such selec-

tion, along with the ability of many sequences to fold

under physiological conditions to globular structures

and hence to bury the aggregation prone main chain

along with hydrophobic residues within the close-

packed structure, has undoubtedly been a major factor
in enabling biology to avoid the conversion of its

functional polypeptide chains into intractable fibrils

under normal circumstances [55,79]. Despite such safe-

guards, there is an inherent tendency for proteins to

revert into the generic, or ‘‘primordial,’’ amyloid

structure if the normal homeostasis of an organism is

disrupted. Indeed, it is possible to bring together ideas

as to the fundamental origin of the various amyloid
disorders from this underlying principle.
8. A unified view of folding and aggregation

The ideas encapsulated in this article can be sum-

marised in the schematic representation shown in Fig. 2
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Fig. 2. A unified view of some of the types of structure that can be formed by polypeptide chains. An unstructured chain, for example, newly

synthesized on a ribosome, may fold to a native structure, perhaps via one or more partially folded intermediates. It can, however, experience other

fates such as degradation or aggregation. An amyloid fibril is just one form of aggregate, but it is unique in having a highly organized ‘‘misfolded’’

structure. Other assemblies, including functional multi-protein complexes and natural protein fibres, contain natively folded molecules, as do the

protein crystals produced in vitro for X-ray diffraction studies of their structures. The populations and interconversions of the various states are

determined by their relative thermodynamic and kinetic stabilities under any given conditions. In living systems, however, transitions between the

different states are highly regulated by control of the environment, and by the presence of molecular chaperones, proteolytic enzymes, and other

factors. Failure of such regulatory mechanisms is likely to be a major factor in the onset of misfolding diseases. From [3].
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[3]. We conclude that a variety of distinct states are in

principle accessible to a protein following its synthesis.

The extension of the techniques of molecular biology,

biophysics, and computation used to study folding to

investigate misfolding and aggregation is enabling the
development of a unified and comprehensive view of the

behaviour of proteins in living systems. The particular

state that is adopted under specific conditions by a given

protein depends on the relative thermodynamic stabili-

ties of the various accessible conformations and on the

kinetics of their interconversion. Amyloid fibrils are just

one of the types of aggregate that can be formed by a

protein, although this species is of particular interest
because it appears to have unique kinetic stability be-

cause of its highly organised hydrogen-bonded struc-

ture. It is therefore likely that, once it forms, it can

persist for long periods of time, allowing a progressive

build-up of proteinaceous deposits in tissue. The pres-

ence of such aggregates can also enhance the rate of
conversion of the normally soluble form of the same

protein into fibrils through a seeding mechanism [80]. It

is therefore not surprising that living systems have

normally avoided the deliberate formation of such ma-

terial even as a structural scaffold for which at first sight
it appears to be ideally suited. Nevertheless, there is

increasing evidence that the unique properties of amy-

loid structures have been exploited for specialised (and

carefully controlled) purposes by a wide range of or-

ganisms including bacteria, fungi, and even mammals

[81–83].

It was noted above that there is evidence that evo-

lutionary selection has tended to avoid sequences that
strongly favour amyloid formation. But it is clear that

the conformational states of biological systems are also

highly regulated through the action of molecular chap-

erones and degradation mechanisms. Such regulation is

analogous to that exerted on chemical reactions by en-

zymes [1]. The ideas encapsulated in Fig. 2, therefore,
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act as a framework for understanding the fundamental
events that underlie misfolding diseases. For example,

many amyloid diseases are familial (e.g., lysozyme am-

yloidosis) as the mutations can increase the population

of unfolded or partially unfolded species (usually by

destabilising the native state or increasing the propen-

sities of such species to aggregate) [84,85]. Other amy-

loid disorders (e.g., Alzheimer�s disease) are associated

with the accumulation of deposits whose major com-
ponents are fragments of proteins produced by proteo-

lytic cleavage or aberrant processing; such fragments are

unable to fold into cooperative aggregation-resistant

structures. Pathogenic mutations generating familial

forms of such diseases can result from the increased

tendency for such species to form or, when formed, to

aggregate [85]. Other diseases (e.g., the transmissible

spongiform encephalopathies) are likely to result at least
in part from the increase in the rate of aggregation

through seeding generated by ingestion of pre-formed

aggregates, for example, through cannibalistic practices

or contaminated surgical instruments or pharmaceuti-

cals [80,86]. But perhaps, the most significant forms of

amyloid diseases are those generally termed sporadic,

many of which are associated with old age. It appears

likely that the greatly increased prevalence of these
diseases in the modern era results from the fact that

more of us live longer as a result of improved hygiene

and medical procedures. Evolutionary pressure has done

a tremendous job in preventing such events during the

time required to pass on our genes and to provide initial

protection to our offspring, but there is little or no

pressure to enhance the ability of our proteins or their

‘‘housekeeping’’ systems to operate in old age [3,61]. In
such circumstances, it seems likely that we are simply

seeing in the prevalence of amyloid disease the results of

the inherent tendency of proteins to revert to their

‘‘primordial’’ structure when not prevented from so

doing.
9. Looking to the future

The fundamental origin of amyloid disorders ap-

pears, therefore, to arise from the increased tendency of

proteins to aggregate under circumstances such as old

age. It is therefore, apparent that an increased under-

standing of protein folding and misfolding is crucial for

the rational development of therapeutic strategies di-

rected against these diseases. Already, a range of ap-
proaches is being developed with such ideas in mind, for

example, to stabilise native states of amyloidogenic

proteins, to lower the levels of aggregation prone spe-

cies, and to inhibit selectively the aggregation process

that results in the formation of the amyloid structure

[87,88]. Of particular importance in such enterprises

is an understanding of the specific links between the
aggregation process and pathological behaviour. As we
have mentioned above, in some amyloid disorders, such

as systemic lysozyme amyloidosis, very large quantities

of protein can be deposited in vital organs such as the

kidney, liver, and spleen. Such deposits are likely to

cause rupture or other malfunctions simply from the

presence of such quantities of proteinaceous aggregate.

In other amyloid disorders, notably the neurodegener-

ative diseases, it appears that the primary symptoms are
the result of toxicity associated with the aggregates.

Recent evidence suggests that the species formed during

the early stages of amyloid formation, the precursors of

the mature fibrils (see above), are the most dangerous

species, generating cellular damage or cell death [54,55].

Such toxicity could arise simply from the accessibility of

hydrophobic patches that might interact inappropri-

ately with cellular species such as membranes, or it
could arise from the specific properties of the annular

species discussed to disrupt the ion balance across

membranes [79].

Recent experiments suggest that the toxicity of these

early aggregates is not limited to those proteins associ-

ated with clinical manifestations of disease, but could

also be a property of such species formed from proteins

that are not associated with specific known diseases.
[89]. In support of this idea, antibodies raised against the

early aggregates of one type of protein can cross-react

with similar species from other proteins, suggesting that

their characteristic properties are generically similar [90].

It is becoming clear, therefore, that the cellular house-

keeping mechanisms (such as molecular chaperones and

targetted degradation mechanisms) are essential for the

ability of all cellular systems to function effectively, to
neutralise the toxic effects of any protein aggregates that

chance to form during the normal functioning of the cell

[79,89]. Such ideas, still in their infancy, are particularly

exciting not just because they provide an opportunity to

understand the underlying molecular mechanism of the

whole family of amyloid diseases, but also, because they

raise the possibility that there are generic solutions for a

generic form of disease. Perhaps, for example, it is even
possible that the natural housekeeping mechanisms can

be enhanced in a way that protects against all these

disorders. If so, one of the principal goals of the early

alchemists, to produce an elixir of life, might, at least in

a small way, be realisable in the forseeable future! More

prosaically, an enhanced understanding of protein

folding, and the prevention of misfolding, will un-

doubtedly bring great intellectual satisfaction and novel
insight into the nature and evolution of biological

molecules, and also generate new ideas for the biotech-

nology and pharmaceutical industries, and for medical

science. The key to the development of such an under-

standing is undoubtedly the further development and

application of the type of methodologies described in

this volume.
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