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Abstract

This review summarises our current understanding of the underlying and universal mechanism by which newly synthesised proteins
achieve their biologically functional states. Protein molecules, however, all have a finite tendency either to misfold, or to fail to maintain
their correctly folded states, under some circumstances. This article describes some of the consequences of such behaviour, particularly
in the context of the aggregation events that are frequently associated with aberrant folding. It focuses in particular on the emerging links
between protein aggregation and the increasingly prevalent forms of debilitating disease with which it is now known to be associated.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction The interior of a cell is an extraordinarily complex en-
vironment in which proteins and other macromolecules are
Proteins are the most abundant molecules in biology otherpresent at a concentration of 300—400 mgf#j! It is now
than water. We contain perhaps 100,000 different types of known that within the cells of living organisms there are
protein and they stimulate or control virtually every chemi- large numbers of auxiliary factors that assist in the folding
cal process on which our lives depdddl Different proteins process, including folding catalysts and molecular chaper-
are distinguished by a different order of amino acids in the ones[3]. These factors serve to enable polypeptide chains
polymeric sequence of typically 300 such building blocks. to fold efficiently in the complex and crowded milieu of the
Following their biosynthesis, the majority of proteins must cell but they do not determine their native structures; the
be converted into tightly folded compact structures in order latter are fully encoded by the amino acid sequences. The
to function. As many of these structures are astonishingly in- question of how proteins find their unique native states sim-
tricate, the fact that folding is usually extremely efficientis a ply from the information contained within this code is at the
remarkable testament to the power of evolutionary biology. heart of molecular biology. As well as its intrinsic signifi-
Itis sobering to recognise that, because there are 20 differenicance, our ability to understand the process of protein fold-
naturally occurring amino acids found in proteins, the total ing will give us insight into the more general problem of the
possible number of different proteins with the average size of way that biological systems—ultimately whole organisms—
those in our bodies is much greater than the number of atomshave evolved the ability to self-assemble. The robustness and
in the universe. Natural proteins are therefore a very specialpredictability of biological self-assembly in comparison to
group of molecules indeed. Their properties are not typical related processes in non-biological systems is arguably the
of random sequences, but have been selected through evolumost remarkable feature of living systems. Understanding
tionary pressure to have specific characteristics—of which protein folding, perhaps the most fundamental example of
the ability to fold to a unique structure and hence to gener- biological self-assembly, is therefore a first step on the path
ate enormous selectivity and diversity in their functions—is to resolving one of the most important questions that can be
a particularly important one. As we shall see later, however, addressed by modern scier{ég
under some conditions even natural proteins can revert to
behaviour that is typical of polymers that have not been sub-

ject to such careful evolutionary selection. 2. The underlying mechanism of protein folding

The mechanism by which even a simple protein could,
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idence that the native state of a protein corresponds to thecontact with one other. Because the correct (native-like)
structure that is most stable under physiological conditions. interactions between different residues are on average more
Nevertheless, the total number of possible conformations stable than the incorrect (nonnative) ones, such a search
of a polypeptide chain is so large that it would take an as- mechanism is in principle able to find the lowest energy
tronomical length of time to find this particular structure by structure[9]. It is evident that this process is extremely
means of a systematic search of all conformational space.efficient for those special sequences that have been selected
Recent experimental and theoretical studies have, howeverduring evolution to fold to globular structures, and indeed
provided a resolution of this apparent paradox. It is now only a very small number of all possible conformations
evident that the folding process does not involve a seriesneeds be sampled during the search process.

of mandatory steps between specific partially folded states, This stochastic description of protein folding is often
but rather a stochastic search of the many conformationsreferred to as the “new view” of this complex proc¢%8].
accessible to a polypeptide chg#+8]. The conceptual ba- It involves the concept of an “energy landscape” for each
sis of such a mechanism is shownHig. 1. In essence, the protein, describing the free energy of the polypeptide chain
inherent fluctuations in the conformation of an incompletely as a function of its conformational properties. To enable
folded polypeptide chain enable even residues at very dif- a protein to fold efficiently, the landscape required has
ferent positions in the amino acid sequence to come into been likened to a funnel because the conformational space
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Fig. 1. Schematic energy landscape for protein folding. This surface is derived from a computer simulation of the folding of a highly simplified 27-residue
protein. The free energy (F) of the system is shown as a function of the total number of contacts between residues (C) and the number of contacts the

correspond to those of the most stable structure, denoted the native stat@ @ simulation shows that the surface serves to “funnel” the multitude of
denatured conformations to the unique native state. H8m
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accessible to the polypeptide chain is reduced as the na-structure. As all the protein molecules have to pass through
tive state is approachdg@]. In essence the high degree of the transition state region of the energy landscape prior to
disorder of the polypeptide chain is reduced as folding pro- achieving their folded state, this mechanism therefore acts
gresses, as the more favourable enthalpy associated with staalso as a “quality control” process by which misfolding can
ble native-like interactions can offset the decreasing entropy generally be avoidef0].
as the structure becomes more ordered. The exact manner in That chain topology plays a particularly critical role in
which the correct overall fold can be achieved through such folding is supported by an increasing number of experimen-
a process is emerging primarily from studies of a group of tal and theoretical studig49]. Perhaps the most dramatic
small proteins—most having less than 100 residues—thatexample of this point is the observation of a remarkable cor-
fold to their native states without populating significantly relation between the folding rates of small proteins and the
any intermediate statgd1]. The most important experi-  “contact order” of their structureR1]. The contact order
mental strategy has been to use site-directed mutagenesis tdescribes the average separation in the sequence between
probe the roles of individual residues in the folding process residues that are in contact with each other in the native
[12,13]. The results of a wide range of studies suggest thatstructure. Such a correlation appears to be largely indepen-
the fundamental mechanism of folding can be described asdent of other details of the protein folds, such as their size
“nucleation—condensation” in which a folding nucleus of a and secondary structure content (i.e. the helices and sheets
small number of key residues forms, about which the re- that are seen in almost all native protein structyitg¢s The
mainder of the structure can then condefis14]. existence of a correlation between the behaviour of a wide
Further insight into how such a mechanism can in princi- range of proteins with very different architectures supports
ple generate a unique fold has emerged from experimentalthe concept of a common fundamental mechanism of fold-
studies of the process of protein folding. Typically, a protein ing [8]. Moreover, the correlation itself can be qualitatively
is placed in a solution of a chemical denaturant, such as ureayationalised by the argument that the search process will be
so that it unfolds. By returning the protein to conditions un- more time consuming if the residues that form the nucleus
der which the native state is again stable (this can sometimesare more distant from each other in the sequence. Similar
be achieved simply by diluting the solution) it is often pos- conclusions are emerging from computer simulations of the
sible to monitor the complex process of the recovery of the energy landscapes of proteins based on rather simple de-
native structure over time by using biophysical techniques scriptions of the sequence-dependent properties of polypep-
(e.g. circular dichroism or NMR spectroscopy) coupled with tide chaing[22]. The success of such studies suggests that
stopped or quenched flow methodolodi#s]. Of equal im- many of the underlying principles through which the se-
portance in understanding the way that folding occurs have quence of a protein encodes its structure could soon emerge.
been theoretical approaches, particularly based on computeiNot only will such progress reveal in more depth how pro-
simulations of the events occurring during folding (or more teins are able to fold, but should advance significantly our
often unfolding, as this process is easier to simulate but canpresently rather limited ability to predict protein folds di-
be related to the complementary folding reacti¢ig,17]. rectly from their sequences.
The ultimate objective of such studies is to define the com-  Experiments show that the in vitro folding of proteins
plete energy landscape for the folding reaction, and to un- with more than about 100 residues involves a larger number
derstand in detail how this is defined by the sequence. It hasof species than the fully unfolded and the fully folded states
proved to be particularly fruitful in this regard to combine found to be populated in the simplest systd8)43]. On the
the results of experimental measurements with the conclu-“new view” of folding, however, the underlying mechanism
sions from theoretical simulatiorj$6,17]. Recently, exper-  has not changed in any fundamental manner. In the case
imental data have been incorporated directly in computer of small proteins one can consider that the collapse of the
simulations of folding, and this approach has allowed struc- polypeptide chain to a stable compact structure can occur
tural ensembles representing the transition states of fold-only if at least the large majority of the interactions involving
ing reactions to be defined in considerable dgf]. Such the key residues have been formed. Once this has happened
studies suggest that a crucial aspect of the transition stateshe conversion to the fully folded state is fast. For larger
of at least some proteins is that they have the same overallproteins, however, a variety of factors, including the higher
topology as the native fold. It appears that this topology can proportion of hydrophobic residues, provides a greater driv-
result from the acquisition of a native-like environment for ing force for chain collapse, and the latter can occur prior to
the very small number of key residues that constitute the the stage at which folding can progress rapidly to the fully
core of the folding nucleus of natural proteins; in essence, native statg8]. Experiments show that the folding interme-
these interactions force the chain to adopt a rudimentary diates that result from such a scenario sometimes correspond
native-like architecturgl8,19]. Once this topology has been to species in which segments of the protein have become
achieved, the native structure is almost invariably generatedhighly native-like, whilst others have yet to achieve a folded
when the remainder of the protein coalesces around this nu-state, as indicated iRig. 2 [8]. In other cases the protein
cleus. Conversely, if these key interactions are not formed, may have formed a significant proportion of non-native in-
the protein cannot usually fold directly to a stable globular teractions, and hence becomes trapped at least transiently in
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Fig. 2. Schematic energy landscape for the folding of lysozyme. This protein has 129 residues and its structure consists of two domainsaddnoted

B. The free energy (F) is shown as a function of the number of native contagtarf@ Q) in each domain. The yellow trajectory represents a “fast

track” in which the two domains fold concurrently and populate an intermediate (labelled alpha/beta) only briefly. The red trajectory represents a “slow

track” in which the chain becomes trapped in a long-lived intermediate state with persistent structure only in the alpha domain. Further folding from

this intermediate involves either a transition over a higher barrier, or partial unfolding to enable the remainder of the folding to take place along a fast
track. The structures of the various species were generated by constraining molecular dynamics simulations with experimental data characterising eac
species, derived from NMR experiments. Fr¢@h.

a misfolded stat§23]. One of the very attractive features of aged that the search for the native architecture involves the
the new view of folding is that it brings together many of the diffusional motion of pre-formed helicdg5].

earlier conceptual models of folding. These models can now  The topic of this review is one in which nomenclature can
often be seen as special cases of a unified general mechacause a great deal of confusion. The term “protein folding”
nism of folding that describes the behaviour of all protein is universally accepted to refer to the process that results
moleculeg24]. For example, some protein sequences have in the acquisition of the native structure from a completely
a very high propensity to form a given type of secondary or partially unfolded state. | use the term “misfolding” to
structure (e.g. helices) with the result that these elements ofdescribe processes that result in a protein acquiring a suffi-
the protein fold develop early in the folding process, and cient number of persistent non-native interactions to affect
may be observed as essentially fully formed even before theits overall architecture and/or its properties in a biologically
overall architecture is defined by non-local interactions. The significant manner. Thus a monomeric intermediate popu-
folding of such proteins is often very well described by the lated during the normal folding process of a protein will
“diffusion—collision” model of folding, in which it is envis-  not usually be described as misfolded, even though it may
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have some non-native contacts between its residues. If aknown to undergo the major part of their folding in the cy-
monomeric protein were to find its way into a compact sta- toplasm after release from the ribosome, whilst yet others
ble structure with a non-native topology, however, such a fold in specific compartments such as the endoplasmic retic-
species would be described as misfolded, as its architecturaulum (ER) following translocation through membrafi@4].
(and almost invariably its biological) would be demonstra- Many details of the folding process will therefore depend
bly distinct from that of the native state. The aggregation on the environment in which folding takes place, although
process that leads to a peptide or protein to form an amy-the fundamental principles of how the process occurs are
loid fibril will universally be described on this definition as unlikely to be changed in any significant manner. But as in-
“misfolding”, as the interactions that determine the structure completely folded chains expose regions of the polypeptide
and properties of such fibrils are distinct from those that de- molecule that are buried in the native state, such species are
termine the structure and properties of the biologically ac- prone to inappropriate contacts with other molecules within
tive forms of the molecules concerned. the cell. There is evidence that in some cases non-native in-
Both experimental and theoretical studies suggest thatteractions form transiently to bury highly aggregation-prone

larger proteins generally fold in modules, i.e. that folding regions such as exposed hydrophobic surf§28s35]. But
takes place largely independently in different segments orto cope with this problem more generally, living systems
domains of the proteifi8,26]. In such cases, key interac- have evolved a range of elaborate strategies to prevent inter-
tions are likely to define the fold within local regions or actions with other molecules prior to the completion of the
domains, and other specific interactions ensure that theseolding procesg3,34,36].
initially folded regions subsequently interact appropriately  Of particular importance is the large number of molecular
to form the correct overall structure. The fully native struc- chaperones that are present in all types of cells and cellular
ture is only acquired, however, when all the native-like in- compartments (see article by Barral et al. in this issue). De-
teractions are formed both within and between the domains; spite their similar general role in enabling efficient folding
this happens in a final cooperative folding step when all the and assembly, their specific functions can differ substan-
side-chains become locked in their unique close-packed ar-tially and it is evident that many types of chaperone work
rangement and water is excluded from the protein {2r¢ in tandem with one othgB4]. Some molecular chaperones
Such a mechanism is appealing because it begins to explairhave been found to interact with nascent chains as they
how highly complex structures may be assembled in man- emerge from the ribosome, and bind rather non-specifically
ageable pieces. Moreover, such a principle can readily beto protect aggregation-prone regions rich in hydrophobic
extended to describe the assembly of complexes containing aesidues. Others are involved in guiding later stages of
variety of different proteins, and in some cases other macro-the folding process, particularly for complex proteins in-
molecules, notably nucleic acids. Thus, even large molecularcluding oligomeric species and multimolecular assemblies.
machines such as the ribosome or the proteasome can be aghe best characterised molecular chaperone is the bacterial
sembled efficiently and with high fidelity. The detailed man- “chaperonin”, GroEL, and many of the details of the mech-
ner in which such species are able to achieve their functionalanism through which this molecule functions are now well
states is a fascinating extension of the studies of the funda-understood[34,37]. Of particular significance for GroEL
mental process of protein folding, as are other facets of theis the fact that it contains a cavity in which incompletely
larger subject of self-assembly, such as the folding of pro- folded polypeptide chains can be sequestered and protected
teins within membranef8] and of other macromolecules from the outside world38]. In addition to molecular chap-
such as RNA29]. erones, there are several classes of folding catalyst that act

to accelerate steps in the folding process that can otherwise

be extremely slow. The most important are peptidylprolyl
3. Protein folding and misfolding in the cell isomerases, that increase the rateigftrans isomerisation

of peptide bonds involving proline residues, and protein

Proteins are synthesised in cells on organelles known asdisulphide isomerases that enhance the rate of formation and

ribosomes from the information contained within the cellular reorganisation of disulphide bonds within protejs34].
DNA. In vivo, protein folding can in principle begin whilst Given the enormous complexity of the folding process,
a nascent chain is still attached to the ribosome, and there ist would be remarkable if misfolding were never to occur.
evidence that some proteins do fold at least partially in such Clear evidence for the importance of molecular chaperones
a co-translational manng¢80]. Recently, a combination of  in preventing misfolding and its consequences comes from
electron microscopy and X-ray crystallography has revealed the fact that the levels of many of these species are very
detailed structures of these complex “molecular machines” substantially increased during cellular stress. Indeed, many
[31], no mean feat given that they contain more than 50 chaperones were first recognised in such circumstances, and
different proteins and three large RNA molecules. One can their nomenclature as Hsps (heat shock proteins) reflects
be optimistic, therefore, that at least some information will this fact[39]. It appears that some molecular chaperones are
soon be available about those folding events that are cou-able to rescue misfolded proteins to enable them to have a
pled to the process of translatif3?,33]. Other proteins are  second chance to fold correctly, and there are examples of
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molecular chaperones that are able to solubilise some formsthe precursor to the degradation of protgih]. Moreover,

of aggregates under at least some circumstaps Such it is increasingly apparent that some events in the cell, such
active intervention requires energy, and not surprisingly ATP as translocation across membranes, can require proteins to
is required for many of the molecular chaperones to function be in unfolded or partially folded states. Processes as appar-
correctly [34]. Despite the fact that many molecular chap- ently diverse as trafficking, secretion, the immune response
erones occur at high levels only in stressed systems, it isand the regulation of the cell cycle, are in fact now recog-
clear that they have a critical role to play in all organisms nised to be directly dependent on folding and unfolditsj.

even when present at lower levels under normal physiolog- It is not surprising therefore that failure to fold correctly, or
ical conditions. to remain correctly folded, will give rise to the malfunction-

In eukaryotic systems, many of the proteins that are syn- ing of living systems and therefore to disease. Indeed, it is
thesised in a cell are destined for secretion to an extracel-becoming increasingly evident that a wide range of human
lular environment. These proteins are translocated into thediseases is associated with aberrations in the folding pro-
ER where folding takes place prior to secretion through the cess (Table 1)46,47]. Some of these diseases (e.g. cystic
Golgi apparatus. The ER contains a wide range of molec- fibrosis) result from the simple fact that if proteins do not
ular chaperones and folding catalysts to promote efficient fold correctly they will not be able to exercise their proper
folding, and in addition the proteins involved must satisfy a functions. In other cases, misfolded proteins escape all the
stringent “quality control” mechanism in the ER (see article protective mechanisms discussed above and form intractable
by Weilh in this issue anf41]). The quality control mecha-  aggregates within cells or in the extracellular space. An in-
nism involves a complex series of glycosylation and degly- creasing number of pathologies, including Alzheimer’s and
cosylation processes and prevents misfolded proteins fromParkinson’s diseases, the spongiform encephalopathies and
being secreted from the cell. In addition, unfolded and mis- late-onset diabetes, are known to be directly associated with
folded proteins are recognised and targeted for degradationthe deposition of such aggregates in tisglé-50]. Diseases
through the ubiquitin—proteasome pathwdag]. The details of this type are amongst the most debilitating, socially dis-
of how these remarkable regulatory systems operate represuptive and costly diseases in the modern world, and they
sent astonishing examples of the stringent mechanisms thatre becoming increasingly prevalent as our societies age and
biology has established to ensure that misfolding, and its become more dependent on new agricultural, dietary and
consequences, are minimised. The importance of the qualitymedical practice§b1].
control process is underlined by the fact that recent experi-
ments indicate that up to half of all polypeptide chains fail
to satisfy the quality control mechanism in the ER, and for 4. Protein aggregation and amyloid formation
some proteins the success rate is even Idd@}. Like the
“heat shock response” in the cytoplasm, the “unfolded pro- One of the most characteristic features of many of the
tein response” in the ER is also upregulated during stressaggregation diseases is that they give rise to the deposi-
and, as we shall see below, is strongly linked to the avoid- tion of proteins in the form of amyloid fibrils and plaques
ance of misfolding diseases. [46-50]. Such deposits can form in the brain, in vital organs

Folding and unfolding are the ultimate ways of generat- such as the liver and spleen, or in skeletal tissue, depending
ing and abolishing cellular activities, and unfolding is also on the disease involved. In the case of neurodegenerative

Table 1

Representative protein folding diseases (frt])

Disease Protein Site of folding
Hypercholesterolaemia Low-density lipoprotein receptor ER
Cystic fibrosis Cystic fibrosistrans-membrane regulator ER
Phenylketonuria Phenylalanine hydroxylase Cytosol
Huntington’s disease Huntingtin Cytosol
Marfan syndrome Fibrillin ER
Osteogenesis imperfecta Procollagen ER
Sickle cell anaemia Haemoglobin Cytosol
al-Antitrypsin deficiency al-Antitrypsin ER
Tay-Sachs disease B-Hexosaminidase ER
Scurvy Collagen ER
Alzheimer’s disease Amyloid B-peptide/tau ER
Parkinson’s disease a-Synuclein Cytosol
Scrapie/Creutzfeldt—Jakob disease Prion protein ER
Familial amyloidoses Transthyretin/lysozyme ER
Retinitis pigmentosa Rhodopsin ER
Cataracts Crystallins Cytosol
Cancer p53 Cytosol
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disorders, the quantity of such aggregates can be almost un- For many years it was generally assumed that the abil-
dectectable in some cases, whilst in systemic diseases kilo4ty to form amyloid fibrils with the characteristics described
grams of protein can be found in such deposits (see articlesabove was limited to a relatively small number of proteins,
by Hirschfield and Goedert in this issue). Each amyloid dis- largely those seen in disease states, and that these proteins
ease involves the aggregation of a specific protein althoughpossess specific sequence motifs encoding the amyloid core
a range of other components, including other proteins structure. Recent studies have suggested, however, that the
and carbohydrates, is also incorporated into the depositsability of polypeptide chains to form such structures is com-
when they form in vivo. The characteristics of the soluble mon, and indeed can be considered a generic feature of
forms of the 20 or so proteins involved in the well-defined polypeptide chaings4,55]. The most direct evidence for the
amyloidoses are varied—they range from intact globular latter statement is that fibrils can be formed by many differ-
proteins to largely unstructured peptide molecules—but the ent proteins that are not associated with disease, including
aggregated forms have many common characterigiizls such well-known proteins as myoglobjB6], and also by
Amyloid deposits all show specific optical properties (such homopolymers such as polythreonine or polylygBig. Re-

as birefringence) on binding certain dye molecules, notably markably, fibrils of similar appearance to those containing
Congo red; these properties have been used in diagnosis fofarge proteins can be formed by peptides with just a hand-
over a century. The fibrillar structures that are characteristic ful of residues[58]. One can consider that amyloid fibrils

of many of the aggregates have very similar morpholo- are highly organised structures (effectively one-dimensional
gies (long, unbranched and often twisted structures a fewcrystals) adopted by an unfolded polypeptide chain when
nm in diameter) and a characteristic “cross-beta” X-ray it behaves as a typical polymer; similar types of structure
fibre diffraction pattern[52]. The latter reveals that the can be formed by many types of synthetic polymer. The
organised core structure is composedpegheets having  essential features of such structures are determined by the
strands running perpendicular to the fibril axis, as indicated physicochemical properties of the polymer chain. As with
in Fig. 3 [53]. Fibrils having the essential characteristics other highly organised materials (including crystals) whose
of ex vivo deposits can be reproduced in vitro from the structures are based on repetitive long-range interactions, the
component proteins under appropriate conditions, show- most stable structures are those consisting of a single type of
ing that they can self-assemble without the need for other peptide or protein where such interactions can be optimised
components. [59].

Fig. 3. A molecular model of an amyloid fibril. This model is derived from cryo-EM analysis of fibrils grown from an SH3 d@3&inThe fibril

consists of four “protofilaments” that twist around one another to form a hollow tube with a diameter of approximately 6 nm. The model illustrates one
way in which regions of the polypeptide chain involved@rsheet formation could be assembled within the fibrils. F{68], kindly provided by Helen

Saibil, Birkbeck College, London.
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Studies of both disease-associated fibrils and of those
formed from other proteins has enabled many of the features
of these structures to be defing®,53,60-63], although no
complete structure has yet been determined in atomic detail.
It is clear that the core structure of the fibrils is stabilised
primarily by interactions, particularly hydrogen bonds, in-
volving the polypeptide main chain. As the main chain is
common to all polypeptides, this observation explains why
fibrils formed from polypeptides of very different amino
acid sequence are similar in appearance. The side chains p
are likely to be incorporated in whatever manner is most '14"'_‘3"'_'2"‘_'1"' 0 1 3
favourable for a given sequence within the amyloid struc- Observed
tures; they affect the details of the fibrillar assembly but not
their general structurgs4]. In addition, the proportion of Fig. 4. Rationalisation. of the effects of mutatiops on the aggreggtion rates
a polypeptide chain that is incorporated in the core struc- °f PePtides and proteins. The observed experimental aggregation rates of

. . a variety of short peptides or natively unfolded proteins, including amylin,
ture can vary SUbStan“a”y; IN some cases only a handful of amyloid B-peptide, tau and--synuclein (sedable 1for a summary of the
residues may be involved in the core structure, with the re- diseases with which these are associated) are shown plotted against rates
mainder of the chain associated in some other manner withcalculated from an algorithm derived from extensive mutational studies
the fibrillar assembly. This generic type of structure con- ©f the protein acylphosphatase. The numbers are the natural logarithims

trasts strongly with the globular structures of most natural of the changes in aggregation rate. Such a correlation argues strongly for
a common mechanism for amyloid formation and provides a platform

prOteins[SS]' Inthese globular structures the interactions as- both to predict the effects of natural mutations and to design polypeptides
sociated with the highly specific packing of the side chains with altered aggregation properties. Frgs].
can sometimes override the main chain preferefis®s57].
The strands and helices so familiar in the structures of na-
tive proteing[1] are then the most stable structures that the observation is that the residues that nucleate the folding
main chain can adopt in the folds that are primarily defined of a globular protein appear to be distinct from those that
by the side chain interactions. If the solution environment nucleate its aggregation into amyloid fibrii§7]. Such a
(pH, temperature etc.) in which the molecules are found is, characteristic, that may reflect the different nature of the par-
however, such that these side chain interactions are insuf-tially folded species that initiate the two types of assembly
ficiently stable, the structures can unfold and may then, at processes, offers the opportunity for evolutionary pressure
least under some circumstances, reassemble in the form oto select sequences that favour folding over aggregation.
amyloid fibrils. One of the crucial aspects of the formation of amyloid
Although the ability to form amyloid fibrils appears fibrils is the mechanism by which they are assembled from
generic, the propensity to do so can vary dramatically be- the precursor species. In globular proteins the polypeptide
tween different sequencd65]. At the most fundamental main chain is largely buried within the folded structure, and
level, some types of amino acid are much more soluble it is necessary for it to be exposed prior to the formation
than others, such that the concentration that is required toof fibrillar species. Thus, conditions that favour formation
be reached before aggregation occurs will be much greaterof amyloid fibrils are ones in which proteins involved are
for some polypeptides than for others. In addition the ag- at least partially unfolded, for example, low gB8]. Be-
gregation process, like crystallisation, needs to be nucleatedcause of the importance of the globular fold in preventing
and the rate at which this process takes place can be highlyaggregation, the fragmentation of proteins, through prote-
dependent on many different factors. It is clear that even olysis or other means, is a ready mechanism to stimulate
single changes of amino acid in protein sequences canamyloid formation. Indeed many amyloid disorders, includ-
change the rates at which the unfolded polypeptide chainsing Alzheimer’s disease, involve aggregation of fragments
aggregate by an order of magnitude or more. It has provedof larger precursor proteins that are unable to fold in the ab-
possible to correlate the changes in aggregation rates caussence of the remainder of the protein structure. Experiments
by such mutations with changes in simple properties that in vitro indicate that the formation of fibrils, by appropri-
result from such substitutions, such as charge, secondaryately destabilised or fragmented proteins, is then generally
structure propensities and hydrophobididg]. As this cor- characterised by a lag phase, followed by a period of rapid
relation has been found to hold for a wide range of different growth [69]. Such behaviour is typical of nucleated pro-
sequences (Fig. 4), it strongly endorses the concept of thecesses such as crystallisation; as with crystallisation, the lag
generic nature of amyloid formation. In accord with such phase can be eliminated by addition of pre-formed fibrils to
ideas, those proteins that are completely or partially un- fresh solutions, a process known as seed@®j. Although
folded under normal conditions in the cell have sequencesthe details of the events taken place during fibril growth are
that are predicted to have very low propensities to aggregatenot yet elucidated in any detail, it is becoming possible to
[65]. An interesting and potentially important additional simulate the overall kinetic profiles using relatively simple

Caculated
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models that incorporate well-established principles of nu- 5. A generic description of protein self-assembly
cleated processgg0].

One of the key findings of such studies is that there Inthe discussion of the various conformational states that
are many common features in the behaviour of those sys-can be adopted by proteins under different conditions, we
tems that have so far been examiified,69,71,72]. The first  have emphasised the similarities as well as the differences
phase of the aggregation process involves the formation ofin the behaviour of different proteins. This approach can be
oligomeric species as a result of relatively non-specific in- summarised in a schematic representation of at least some
teractions, although in some cases specific structural tran-of the different states that a given polypeptide chain can in
sitions, such as domain swappifiB], may be involved if principle adopt, illustrated ifrig. 5 [16,36,77]. From such
such processes increase the rate of aggregation. The earliest description, the state of a given protein that is populated
species visible by electron or atomic force microscopy often under specific conditions will depend on the relative ther-
resemble small bead-like structures, sometimes describednodynamic stabilities of the different states (in the case of
as amorphous aggregates or as micelles. These early “preeligomers and aggregates the concentration will be a critical
fibrillar aggregates” then appear to transform into species parameter) and on the kinetics of the various interconversion
with more distinctive morphologies, sometimes described as processes. In this diagram, amyloid fibrils are included as
“protofibrils” or “protofilaments”[61,72,74]. These struc-  just one of the types of aggregate that can be formed by pro-
tures are commonly short, thin, sometimes curly, fibrillar teins, although it has particular significance in that its highly
species that are thought to assemble into mature fibrils, per-organised hydrogen-bonded structure gives it unique kinetic
haps by lateral association, accompanied by some degree ostability. This type of diagram emphasises that biological
structural reorganisatiofY5]. The extent to which dissolu-  systems have become robust by controlling and regulating
tion and reassembly of monomeric species is involved at thethe various states accessible to a given polypeptide chain at
different stages of assembly is not clear, but it could well given times and under given conditions, just as they regu-
be important in the slow growth conditions under which the late and control the various chemical transformations that
most highly structured fibrils are formed. The earliest ag- take place in the cell36]. The latter is achieved primarily
gregates are likely to be relatively disorganised structuresthrough enzymes, and the former by means of the molecular
that expose to the outside world a variety of segments of chaperones and degradatory mechanisms mentioned above.
the protein that are normally buried in the globular state. In And just as the aberrant behaviour of enzymes can cause
other cases these early aggregates appear to be quite distinenetabolic disease, the aberrant behaviour of the chaperone
tive structures, including well-defined “doughnut” shaped and other machinery regulating polypeptide conformations

species seen in a number of systdit, 76]. can contribute to misfolding and aggregation diseg8k
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The details of the regulatory, chaperone and quality con- side the cell, by decreasing the stability or cooperativity of
trol mechanisms, the nature of specific diseases and the varthe native stat§84—86]. Cooperativity is in fact a crucial
ious possible approaches to prevention and therapy, will befactor in enabling proteins to remain soluble, as it ensures
discussed in detail in later articles in this volume. But the that even for a protein that is marginally stable, the equi-
type of diagram shown ifrig. 5serves as a framework for librium population of unfolded molecules, or of unfolded
understanding the fundamental molecular events that under+egions of the polypeptide chain, is minimal. Other familial
lie all of these topics, and indeed the principles that can diseases are associated with the accumulation of fragments
be used to intervene for therapeutic purpogs. As we of native proteins, often produced by aberrant processing or
have discussed above, it is partially or completely unfolded incomplete degradation; such species are unable to fold into
polypeptides that are highly aggregation-prone. Such speciesaggregation-resistant states. Other pathogenic mutations act
are inherent in the folding process, and a variety of molecular by enhancing the propensities of such species to aggregate,
chaperones is present in abundance in the cellular compartfor example by increasing their hydrophobicity or decreasing
ments wherever such processes occur. At the present timetheir chargg66]. In the case of the transmissible spongiform
only one extracellular species (clusterin) has been reportedencephalopathies, itis likely that ingestion of pre-aggregated
to act in a similar manndi79]. It is therefore essential that states of an identical protein (e.g. by cannibalistic means
proteins are correctly folded prior to their secretion from the or by contamination of surgical instruments) increases dra-
cell; hence the need for a highly effective system of quality matically the inherent rate of aggregation, and hence under-
control in the ER. In this context it is interesting that the lies the mechanism of transmissi@®,87,88]. Such seeding
majority of the diseases associated with amyloid formation events are also likely to be the reason why some deposition
involve deposits that are extracellular in nat{#8]. As bi- conditions such as Alzheimer's disease progress so rapidly
ology is a dynamic process, there is a continuous need toonce the initial symptoms are evidg60,89].
degrade as well as synthesise proteins, and the degradatory
mechanisms target misfolded as well as redundant proteins.

Itis during such processes, which require unfolding and pro- 6. Evolution and the origins of misfolding diseases

teolysis of polypeptide chains, that aggregation may be par-

ticularly likely. Degradation pathways, such as those of the  Despite this outline knowledge, the manner by which pro-

ubiquitin—proteasome system, are therefore highly regulatedtein aggregation results in pathological behaviour is not yet
in order to avoid such evenf80,81]. understood in detail. In the case of systemic disease, the

In recent years our understanding of the detailed mech-sheer mass of insoluble protein may physically disrupt the
anism of all the processes associated with the com- functioning of specific organ9]. In other cases it may be
plete lifespans of proteins—from their synthesis to their that the loss of functional protein results in the failure of
degradation—has advanced dramatically through progresssome crucial cellular proce$46]. But for neurodegenera-
in both cellular and structural biology. High-resolution tive disorders, such as Alzheimer's disease, it appears that
structures of ribosomes, proteasomes, molecular chaperthe primary symptoms results from the destruction of cells
ones and other complexes are revealing the details of howsuch as neurons by a “toxic gain-of-function” that results
these molecular machines operate and are regulated. Strucfrom the aggregation procegs0,72]. It has recently become
tural techniques are also providing an increasing amountapparent that the early pre-fibrillar aggregates of proteins as-
of information about the various states of the proteins with sociated with neurological diseases can be highly damaging
which they are associated. This task is particularly chal- to cells; by contrast the mature fibrils are relatively benign
lenging as the majority of these species (such as unfolded[72,90]. It has become clear, however, that the toxic nature
and partially folded states and the less organised types ofof protein aggregates is not restricted to species formed from
aggregates) are ensembles of more or less highly disorderedhe peptides and proteins associated with pathological con-
structures, and in addition may have only a transient exis- ditions. Experiments have recently indicated that prefibrillar
tence. Nevertheless, it is beginning to become possible toaggregates of several proteins that are not connected with
identify the specific species that regulate the different types any known diseases are as cytotoxic as those off%43.
of transition in different organisms, cell types and cellular The concept of a generic nature of such aggregates, and their
compartments, and to understand at least in general termsffects on cells, has recently been reinforced through exper-
the molecular basis of their functiofi34]. iments with antibodies that cross-react with early aggregates

In order to understand misfolding and aggregation dis- of different peptides and proteins—and inhibit their toxic-
eases we need to know not just how such systems functionity [92]. It is possible that there are specific mechanisms for
efficiently, but also why they fail to do so under some cir- such toxicity, for example through the “doughnut” shaped
cumstancef81-83]. The effects of many pathogenic muta- aggregates that resemble the toxins produces by bacteria that
tions can be particularly well understood from the schematic form pores in membranes and disrupt the ion balance in cells
representation given ifig. 5. Many of the mutations as- [76]. It is also possible that disorganised early aggregates
sociated with the familial deposition diseases increase theare toxic through a less specific mechanism; for example,
population of partially unfolded states, either within or out- the exposure of non-native hydrophobic surfaces may stim-
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ulate aberrant interactions with membranes or other cellularcomes more prevalent, perhaps as a result of the increas-
component$83,93]. ing accumulation of misfolded and damaged proteins, lead-

Such findings raise the question as to how cellular systemsing to chaperone overlog@®5]. But as we age it is likely
are able to tolerate the intrinsic tendency of incompletely that the activity of our chaperone response and degradatory
folded proteins to aggregate. The answer is almost certainlymechanisms declines, and that this decline results in the
that under normal circumstances the molecular chaperonesncreasing probability that the protective mechanisms are
and other “housekeeping” mechanism are remarkably effi- overwhelmed. Similarly, the rapidity with which we have
cient in ensuring that such potentially toxic species are neu-introduced practices that are not experienced previously in
tralised[34,83]. Molecular chaperones of various types are history—including new agricultural practices (B$&]), a
able to shield hydrophobic regions, to unfold some forms changing diet (associated with the prevalence of Type Il dia-
of aggregates, or to alter the partitioning between differ- beteg96]) and new medical procedures (iatrogenic diseases
ent forms of aggregates. The latter mechanism, for exam-such as CJOJ87], and amyloid deposition in hemodialy-
ple, could convert the precursors of amyloid fibrils into less sis during which the concentration Bf2 microglobulin in
intractable species, allowing them to be refolded or dis- serum increasef@7])—means that we have not had time
posed of by the cellular degradation systems. Indeed, evi-to evolve effective protective mechanisifisl]. This phe-
dence has been obtained that such a situation occurs wittnomenon can be compared to the lack of ability of our bod-
polyglutamine sequences associated with disorders such ages to deal with heavy metals such as mercury and cadmium,
Huntington’s diseas¢94]. In this case the precursors of whose levels in the biosphere have recently increased dra-
amyloid fibrils appear to be diverted into amorphous species matically as a result of modern mining and industrial pro-
by the action of molecular chaperones. If such protective cedures; all the abundant elements in the earth with soluble
processes fail, it may be possible for potentially harmful compounds are essential to life but most of the rare elements
species to be sequestered in relatively harmless forms, suctor those with insoluble compounds are top@8]. This lack
as inclusion bodies in bacteria or aggresomes in eukaryoticof adaptation can be viewed in the same way as the ef-
systems. Indeed, it has even been suggested that the formafects of introducing exotic species into previously isolated
tion of mature amyloid fibrils, whose toxicity appears to be regions of the world—such as rabbits in Australia—where
much lower than that of their precursors as we have dis- the consequences of the lack of effective evolved regulatory
cussed above, may itself represent a protective mechanismmechanisms can be seen on the organismal rather than the
in some casef50,72]. molecular scale.

Most of the aggregation diseases are, however, not as-
sociated with either genetic mutations or infectious agents
but with sporadic events and particularly old age. The ideas 7. Concluding remarks
summarised in this review offer a qualitative explanation of
why this is the case. We have seen that all proteins have an Proteins have evolved to fold efficiently and to remain
inherent tendency to aggregate unless they are maintainedtorrectly folded and soluble, despite their inherent tendency
in a highly regulated environment. Selective pressure duringto aggregate, as a result of the natural selection of se-
evolution has resulted in protein molecules that are able to quences and the co-evolution of the environments in which
resist aggregation during our normal lifespan—enabling us they function. But evolution can achieve no more than is
to develop, pass on genes and to give appropriate protectiomecessary for successful competition with other individu-
to our offspring—but evolutionary pressure can do no better als or life-forms, and once we step outside the boundaries
than is needed to achieve such an 1. There is norea-  within which we have developed—for example by curbing
son to suppose that random mutations will in general reduceinfectious diseases or introducing new medical procedures
further the propensity to aggregate; indeed it will generally or radically changing our lifestyles—we begin to see the
increase it—just as random mutations generally reduce thelimitations of our present levels of molecular evolution. As
stability of native proteins. We can see, therefore, that our we are now in effective control of our own evolution, and
recent ability to prolong life is leading to the proliferation of increasingly that of other life-forms on earth, it is up to us
these diseases. It is intriguing, however, to speculate, how-to find means to respond to these limitations. Indeed, a host
ever, that favourable mutations in aggregation-prone proteinsof exciting approaches is being developed, representing in-
might be the reason that some individuals in the population tervention at many of the steps in aggregation represented in
do not readily succumb, even in extreme old age, to diseased=ig. 5, and many show considerable promi86,99-103].
such as Alzheimer'§66]. Fortunately, therefore, we can be optimistic that the better

The link with ageing is likely to involve more than just understanding of protein misfolding and aggregation that is
a greater probability of aggregation taking place as we get developing from recent research of the type discussed in this
older. It is likely to be linked more fundamentally to the article, will enable us to rise to this tremendous challenge
failure of the “housekeeping” mechanisms in our bodies [36]. As we develop further our knowledge of the mecha-
[51,78,95]. This failure may be, in part, a result of the need nism of protein folding, and of the way that it is enhanced
for greater protective capacity in old age as aggregation be-and regulated within the cellular environment, we shall be
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able to answer with increasing conviction the more general
guestion of how evolution has enabled even the most com-
plex biological systems to self-assemble with astonishing fi-
delity. Such knowledge will represent a very significant step
towards understanding at a molecular level one of the most
fascinating and fundamental characteristics of life itself.
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