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The number of different types of pro-
teins in the human body approaches
100 000. Proteins are engaged in pro-
moting or controlling virtually every
event on which our lives depend. In re-
cent years we have become familiar with
the intricate and elegant forms that
these molecules adopt in their func-
tional native states. Moreover, we have
begun to learn a great deal about the
manner in which these structures are at-
tained through the complex process of
protein folding, whether this takes place
in the laboratory or within the natural
environment of the living cell1–3. It is also
becoming increasingly evident that bio-
logical systems have evolved elaborate
procedures to ensure that proteins fold
correctly or, if they do not, that they are
detected and degraded before any serious
harm can ensue to the host organism4.

Protein misfolding is linked to disease
Despite these controls, a range of de-

bilitating human diseases is associated
with protein misfolding events that re-
sult in the malfunctioning of the cellular
machinery5. Cystic fibrosis is one exam-
ple where mutations in the gene encod-
ing a crucial transport protein result in
the protein folding incorrectly and
hence not being secreted in the quantity
required for proper function. Other dis-
eases, including some types of familial
emphysema, result from mutations that
result in improper trafficking of proteins
to the sites where they are needed.
Recently, however, most attention has
been focused on a group of diseases
where proteins or fragments of proteins
convert from their normally soluble forms
to insoluble fibrils or plaques, which 
accumulate in a variety of organs includ-
ing the liver, spleen and brain6–9 (Fig. 1).
The final forms of these aggregates often
have a well-defined fibrillar nature, and
are known as amyloid (see Box 1), hence
the use of the term amyloidosis to 
describe many of the clinical conditions
with which they are associated.

This group of diseases, of which
nearly 20 have been described, includes
Alzheimer’s and Parkinson’s diseases,
the spongiform encephalopathies such
as Creutzfeldt–Jakob disease, type II 

diabetes and a range of less well-known
but often equally serious conditions
such as fatal familial insomnia6. These
diseases can be sporadic, inherited or
even infectious, and are often manifest
only late in life. Each disease is associ-
ated with a particular protein and aggre-
gates of these proteins are thought to be
the direct or indirect origin of the patho-
logical conditions associated with the
disease in question. In some cases, the
quantity of material involved is enor-
mous, with several kilograms of protein
being deposited in certain manifes-
tations of systemic amyloidosis.
Remarkably, despite the range of pro-
teins involved in these diseases, includ-
ing several well-known proteins such as
lysozyme, transthyretin and the prions,
all of which have unique and character-

istic native folds, the fibrils in which
they are found in the disease states are
extremely similar in their overall 
appearance10.

Soluble proteins convert into aggregates
under denaturing conditions

Studies of the mechanism of the con-
version of the normally soluble proteins
into amyloid fibrils have benefited from
the fact that, in many cases, the struc-
tural transitions of the disease-associ-
ated molecules can be reproduced
under laboratory conditions7. In order
to achieve this, a common procedure
has been to expose the folded proteins
to mildly denaturing conditions, such as
low pH or elevated temperatures. Those
transitions that have been studied in de-
tail have generally revealed the exist-
ence of intermediates prior to the for-
mation of well-defined aggregates, and
some studies have shown a clear kinetic
lag phase before rapid development of
fibrils occurs. This latter behaviour has
analogies with the more familiar, exten-
sively studied processes of crystal growth
and polymer gelation, and is thought to 
be associated with the need to 
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Figure 1
Schematic representation of the possible mechanism of formation of amyloid fibrils by a
globular protein. After synthesis on the ribosome, the protein is assumed to fold in the 
endoplasmic reticulum (ER), aided by molecular chaperones that deter aggregation of in-
completely folded species. The correctly folded protein is secreted from the cell and func-
tions normally in its extracellular environment. Under certain conditions the protein unfolds,
at least partially, and becomes prone to aggregation. This can result in the formation of 
fibrils and other aggregates that accumulate in tissue. It is likely that small aggregates, as
well as the highly organized fibrils and plaques, can give rise to pathological conditions in
at least some cases. N, I and U refer to native, partially folded (intermediate) and unfolded
states of the protein, respectively. QC refers to the quality control mechanism that prevents
incompletely folded proteins being secreted from the endoplasmic reticulum35.
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develop ‘nuclei’ or ‘seeds’: small aggre-
gates from which larger molecular as-
semblies can grow11. Indeed, the ability
to enhance growth of fibrils by seeding is
a possible mechanism for the rapid pro-
gression of many of these diseases fol-
lowing onset, and indeed for the infectiv-
ity of the spongiform encephalopathies
associated with the prion proteins12,13.

Despite the association of prions with
spongiform encephalopathies, no re-
combinant prion protein has yet been
shown to be able to induce infectivity in
animals and hence provide the ultimate
proof of the ‘protein only’ hypothesis of
the prion diseases14,15. Moreover, pro-
duction of the aggregated (scrapie) form
from the soluble (cellular) form of the
prion protein has proved to be difficult,
although some conversion to protease-
resistant material can be achieved by 
addition of extracts from infective
tissue16. Recently, however, the for-
mation of fibrillar material with the char-
acteristic morphology of amyloid from a
large recombinant fragment of the human
prion protein has been reported17. This
was achieved by exposing the soluble
form of the protein to rather extreme
conditions, including reduction of the
single disulphide bond that stabilizes the
native state. Interestingly, this conver-
sion was associated with the presence of
a soluble intermediate with a predomi-
nantly b structure, instead of the largely
helical nature of the native protein.
Amyloid fibrils have long been known to
be rich in b structure, giving rise to the
well-known a-helix-to-b-sheet transition
characterizing the conversion of cellular
to scrapie forms of the prion protein,
and indeed of the conversion to aggre-
gates of those other proteins whose 
native folds are largely helical10,18.

Amyloid is a generic structural form of
proteins

The involvement of only a handful of
proteins in amyloid diseases has com-
monly been thought to be associated
with some particular conformational
character of the protein sequences in-
volved. But recently compelling evi-
dence has accumulated that the ability
to form amyloid is not a peculiarity of
this small group of proteins. A clue came,
fortuitously, from an NMR study of the
SH3 module of PI3 kinase, which has no
connection with any known disease19. At
low pH, where the protein is at least par-
tially unfolded, the solution turned into a
viscous gel after several hours. When
this gel was examined by electron mi-
croscopy and other techniques it was
found to contain well-defined fibrils with
all the characteristics of those associ-
ated with the amyloid diseases (Fig. 2).
Formation of similar fibrils has also been
observed when a domain of fibronectin
was heated to temperatures above that
required for unfolding20 and, indeed, is
now being reported for an increasing
range of other proteins and fragments of
proteins.

A recent study set out to test the
hypothesis that amyloid could be a
common state of all proteins, by design-
ing solution conditions to see if fibrils
could be deliberately formed from a 
soluble protein not associ-
ated with any disease21. The
selected method was to add
trifluoroethanol – a solvent
known to denature proteins
but, unlike traditional de-
naturants such as urea, one
that generates partially un-
folded states where hydro-
gen bonds between peptide
groups are still stable. After
several days under the cho-
sen conditions, the protein
involved, acylphosphatase,
duly formed amyloid fibrils
with all the characteristics of
those associated with dis-
ease. Interestingly, there are
a number of observations in
the early literature of fibrous
gels being found under a 
variety of non-physiological
conditions for a range of dif-
ferent proteins22. Although
the relationship between
these fibrils and those found
in disease was not recog-
nized at the time, these find-
ings reinforce the idea that
the ability to form amyloid is

a generic property of polypeptide
chains. This ability can readily be ex-
plained by the fact that the intermolecu-
lar bonds that stabilize this material in-
volve the peptide backbone, which is
common to all proteins.

The degree of structural regularity of
the fibrils grown under carefully controlled
laboratory conditions can be greater than
that of those commonly observed in vivo.
Indeed, careful growth of the SH3 fibrils
over a period of weeks resulted in material
sufficiently well ordered to be studied in
detail by cryo-electron microscopy23.
Image reconstruction techniques devised
by Saibil and colleagues23 show clearly
that the fibrils consist of protofilaments,
containing specific segments of b sheet,
wound around each other in a helical
array. The resolution of these techniques
is not yet sufficient to reveal directly the
structure in molecular detail. X-ray fibre
diffraction studies, however, show that the
polypeptide chains adopt a ‘cross-b’ struc-
ture in which hydrogen bonds are formed
between polypeptide chains in directions
parallel to the fibre axis10. Using this infor-
mation, a model was built23 to suggest how
the polypeptide chains are assembled in
the protofilaments (Fig. 3). This arrange-
ment of the polypeptide chain, albeit no
doubt with variations on a theme for differ-
ent sequences, might represent a first
glimpse of the common structure of this 

Figure 2
Electron micrograph of fibrils formed from an SH3 
domain by incubation of a solution containing the 
protein at low pH (Ref. 19). Under these solution 
conditions the protein is partially unfolded and slowly
aggregates to form a gel that contains the fibrils.
Fibrils associated with the various amyloid diseases
have a highly similar appearance to these fibrils
formed under laboratory conditions10. The scale bar is
100 nm. Reproduced, with permission, from Ref. 19. 

Box 1. Amyloid

The term ‘amyloid’ was originally used to
describe proteinaceous aggregates asso-
ciated with diseases of the type discussed
in this article because some of their proper-
ties resembled those of starch (amylose).
The traditional test for amyloid in tissue in-
volves the observation of a red shift in the
light absorption of the dye Congo red and of
a characteristic green birefringence under
polarized light. Both these effects are at-
tributable to the interaction of the dye mol-
ecule with the regularly spaced protein
chains. The detection of the characteristic
‘cross-b’ structure in X-ray diffraction and
typical morphology in the EM micrographs
are now generally considered to be requi-
sites for protein aggregates to be properly
described as amyloid. 
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alternative, highly organized form of
protein molecules.

Living systems avoid forming amyloid
If amyloid fibril formation is a generic

property of polypeptide chains, why is
its occurrence in biology restricted to a
very small number of proteins? What
prevents the rest of our proteins form-
ing this material in our bodies? And why
are aggregates normally seen only when
the usual amino-acid sequence of the
disease-related proteins is altered by
mutation, or following infection, or in
old age? These questions are particu-
larly pertinent because, once formed,
amyloid fibrils are essentially indestruc-
tible under physiological conditions,
probably because of the large number of
hydrogen bonds that must be disrupted
to rescue the polypeptide chain from
the aggregated state. Undoubtedly,
some amino-acid sequences are more
prone to aggregation than others and
some proteins are present in vivo at
very much higher concentrations than
others. But the fundamental answers to
these questions must be that biology
has found a way to avoid the formation
of this unwanted material under normal
physiological conditions. Many factors
must be involved in this protective
mechanism, but the selection of se-
quences during evolution that can fold
efficiently to a globular form in which
the polypeptide chain and the hydro-
phobic residues are hidden in the in-
terior is likely to be particularly impor-
tant21. Thus, except when the protein is
exposed to denaturing conditions, the
peptide backbone is not accessible to
form the interchain hydrogen bonds
associated with amyloid fibrils (Fig. 3).

One particularly interesting charac-
teristic of proteins is that, under normal
conditions, their native states are only
marginally stable relative to denatured
states. How, then, can the population of
unfolded or partially folded protein
species in a biological environment be
sufficiently small to avoid aggregation?
The answer is likely to be connected
with the cooperativity of the protein-
folding process24. The ‘two-state’ nature
of protein denaturation that is com-
monly observed means that the popu-
lations of partially folded intermediate
states are small and, indeed, that all 
segments of the polypeptide chain are
firmly locked into the close-packed
structure. Cooperativity of this type has
long been associated with the existence
of well-defined native proteins capable
of carrying out their diverse functions,

including resisting degra-
dation by proteolysis. It now
appears that, cooperativity
may be equally crucial for
the avoidance of aggre-
gation24. Another very im-
portant requisite is that the
cellular environment is such
that denaturation of proteins
does not normally occur
under conditions where un-
folded chains tend to aggre-
gate. In particular, pH and
temperature are generally
carefully controlled, and
molecular chaperones and
degradation mechanisms are
present to cope with the ma-
jority of aggregation-prone
species.

The generic nature of
amyloid formation therefore
suggests that the existence
of the diseases associated
with this material results, at
least in part, from the break-
down of the normal control
and regulation mechanisms
within a living organism. In
support of this conclusion,
conditions such as the low
pH environments in endo-
somes associated with pro-
tein translocation or in lyso-
somes associated with
protein degradation, have
been implicated in these dis-
eases8. Indeed, it has even
been suggested that the
prion proteins might experience envi-
ronments in endosomes capable of re-
duction of the disulphide bond found to
enhance the conversion to the fibrillar
state17. Moreover, at least the majority of
the mutations associated with the famil-
ial amyloid-related diseases are de-
stabilizing, and many give rise to inter-
mediates7 that are an indication of the
loss of the cooperativity associated with
the wild-type protein. Aggregates in
Alzheimer’s disease are associated with
peptide fragments of a precursor protein
that result from the processing or partial
degradation of this protein within the 
cellular environment13. Such peptides do
not have a stable globular fold to protect
them against aggregation.

New insights into evolutionary biology?
The conventional view of protein

structures is that they have emerged
under the pressure of the development
of greater efficiency and new functional-
ities. Properties such as the cooperativ-

ity of their structures ensure that a sin-
gle, well-defined structure exists in solu-
tion to allow efficient binding to other
molecules and effective functional be-
haviour, for example, catalysis of very
specific chemical reactions. It is inter-
esting to speculate that avoidance of 
aggregation, particularly to highly insol-
uble amyloid fibrils, might be an equally
important driving force in the evolution-
ary design of natural proteins. This is
particularly significant in the context of
the extraordinarily crowded nature of
the cellular environment25. Interestingly,
several proteins have been found to fold
at rates close to the limits imposed by
the physical principles that apply to all
molecules26. This fits in with our precon-
ceived notions that biology strives for
maximum efficiency, in the same way
that at least some enzymes appear to
have reached perfection in terms of
their catalytic efficiency27. The ability of
proteins to fold rapidly is not only an 
effective way of generating biological 
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Figure 3
Molecular model of an amyloid fibril derived from cryo-
EM analysis of fibrils grown from an SH3 domain. The
fibril consists of four ‘protofilaments’ that twist around
one another to form a hollow tube with a diameter of
approximately 60 Å (Ref. 23). The model shown here
represents one way in which regions of the polypep-
tide chain involved in b-sheet structure could be-
assembled within the fibrils.
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activity quickly, but it could, in at least
some cases, confer an evolutionary 
advantage by minimizing the competing
intermolecular processes of aggre-
gation. It is interesting in this regard
that the globular region of the prion pro-
tein has been found to fold rapidly in the
absence of pathogenic mutations28.

It appears, therefore, that biology has
generally succeeded, through the 
coupled evolution of protein sequences
and the environments in which they fold
and function, in avoiding the formation
of amyloid fibrils by the molecules that
carry out the myriad functions of a liv-
ing cell. But has the amyloid form of pro-
tein molecules evolved to be of any
functional benefit in living systems? In
general this seems unlikely, because of
the intractable nature of the fibrils and
the difficulty in controlling their growth
once it is initiated. It is probable, how-
ever, that the major pathogenic species
in at least some diseases are not the 
fibrils themselves but smaller aggre-
gates that are precursors to their for-
mation. If this is the case, the formation
of fibrils could in fact be a means of 
sequestering such species in a form in
which they are less harmful8. However,
recent findings suggest that the conver-
sion of soluble proteins to fibrillar struc-
tures could be involved in biological
processes of a rather different type 
from those associated with mammalian
diseases.

Studies of Saccharomyces cerevisiae
have resulted in the discovery of pro-
teins that have infective properties re-
lated to those of the mammalian 
prions29,30. These ‘yeast prions’ have
been found to convert in vitro into or-
dered aggregates with all the character-
istics of amyloid fibrils, and to display
classic seeding behaviour31,32. A particu-
larly remarkable finding of this work,
however, is that the ability to convert
into the amyloid form can be passed
from a parent to its offspring through
the process of cell division. The yeast
prions have therefore been described as
non-chromosomal genetic material as
they are the basis for inherited traits
within the organism. This concept is
revolutionary enough but recently, pro-
teins with similar characteristics have
been found in filamentous fungi. In this
case, however, there is evidence that
these prions might be involved in the
mediation of the normal cellular func-
tions in these organisms and not simply
linked to disease29,30. If this is correct, 
it is one of the more extraordinary 
examples of a generally emerging con-

cept that the control of folding events is
intimately linked with the control of 
biological activity.

The discovery of mammalian prions
has led to the hypothesis that infection
can occur without the need for bacteria
or viruses. The properties of the yeast
and fungal prions now suggest that
transfer of genetic information is poss-
ible without nucleic acids. This neatly
turns the tables on RNA research, where
the discovery of ribozymes took the ex-
clusivity of biological catalysis away
from proteins33. It might also give food
for thought about how the transfer of in-
formation could have taken place in
early life forms, in much the same way as
the properties of ribozymes stimulated
ideas about the control of chemical reac-
tions in primitive organisms34. A better
understanding of amyloid fibrils and the
way they form should result in improved
knowledge of the pathological condi-
tions that lead to many of the diseases
that are emerging in the aging popu-
lation of the modern world, and of 
opportunities for their prevention and
treatment. And it might stimulate new
ideas about the nature of the sequences
that are emerging from the various
genome projects, and perhaps lead to a
deeper understanding of the fundamen-
tal driving forces behind biological 
evolution.
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