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Acylphosphatase can be converted in vitro, by addition
of trifluoroethanol (TFE), into amyloid fibrils of the
type observed in a range of human diseases. The
propensity to form fibrils has been investigated for a
series of mutants of acylphosphatase by monitoring
the range of TFE concentrations that result in aggrega-
tion. We have found that the tendency to aggregate
correlates inversely with the conformational stability
of the native state of the protein in the different
mutants. In accord with this, the most strongly destabil-
ized acylphosphatase variant forms amyloid fibrils in
aqueous solution in the absence of TFE. These results
show that the aggregation process that leads to amyloid
deposition takes place from an ensemble of denatured
conformations under conditions in which non-covalent
interactions are still favoured. These results support
the hypothesis that the stability of the native state of
globular proteins is a major factor preventing the
in vivo conversion of natural proteins into amyloid
fibrils under non-pathological conditions. They also
suggest that stabilizing the native states of amyloido-
genic proteins could aid prevention of amyloidotic
diseases.
Keywords: acylphosphatase/amyloid fibrils/
conformational stability/protein engineering/protein
misfolding

Introduction

A number of debilitating human diseases are associated
with the deposition in tissue of protein aggregates known
as amyloid fibrils (Tan and Pepys, 1994; Kelly, 1996;
Dobson, 1999; Lansbury, 1999; Perutz, 1999). These
include Alzheimer’s disease, Huntington’s disease, type II
diabetes, primary and secondary systemic amyloidosis,
Parkinson’s disease and the spongiform encephalopathies.
Under these pathological conditions, proteins or peptides
that are normally soluble undergo aggregation, either in
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their intact forms or as fragments, and generate stable
insoluble fibrils that accumulate in a variety of organs
including the brain, liver and spleen. Despite the variation
encountered in the amino acid sequences and native
structures of proteins associated with these diseases, struc-
tural studies have revealed that amyloid fibrils from
different sources share a common ultrastructure (Sunde
and Blake, 1997). Electron microscopy has suggested that
all fibrils are formed from unbranched protofilaments
2–5 nm wide that associate laterally or twist together to
form fibrils of larger width (Glenner et al., 1971; Merz
et al., 1983; Bauer et al., 1995; Serpell et al., 1995;
Goldsbury et al., 1997; Conway et al., 1998; Jiminez
et al., 1999). X-ray fibre diffraction studies indicate a
characteristic structure in which the polypeptide chains
form β-strands oriented perpendicularly to the long axis
of the fibril, resulting in β-sheets propagating in the
direction of the protofilaments (reviewed by Sunde and
Blake, 1997). Although the cause and effect relationship
between fibril deposition and the onset of disease has long
been debated, evidence is mounting that amyloid plaques,
or in some cases the precursor aggregates that lead to
them, are the cause of the degenerative processes that
occur in patients that suffer from amyloid-related diseases
(Kelly, 1996; Selkoe, 1996; Lansbury, 1999; Perutz, 1999).
A fundamental understanding of the mechanisms of amyl-
oid formation is therefore central in the development of
therapeutic strategies aimed at preventing the formation
of amyloid and combating amyloidotic diseases.

An important recent development has been the discovery
that amyloid formation is not restricted to the small
number of protein sequences associated with diseases
(Dobson, 1999). In vitro experiments show that amyloid
formation is a property common to polypeptide chains
under a variety of partially denaturing conditions. Amyloid
fibrils structurally similar to those extracted from patients
or reproduced in vitro from disease-related proteins have
been characterized in vitro, under a variety of conditions,
for the SH3 domain of phosphatidylinositol 3-kinase
(Guijarro et al., 1998; Jimenez et al., 1999), a type III
domain of fibronectin (Litvinovich et al., 1998), muscle
acylphosphatase (AcP) (Chiti et al., 1999a), and peptides
isolated from the sequence of the cold shock protein B
(Gross et al., 1999). None of these proteins is linked to
any human amyloidotic disease. This has led to the
suggestion that the ability to adopt the amyloid form of
protein molecules is a general property of polypeptide
chains regardless of the amino acid sequence (Guijarro
et al., 1998; Chiti et al., 1999a; Dobson, 1999). Formation
of amyloid by natural proteins not related to disease is
promoted in vitro by partially denaturing conditions such
as low pH (Guijarro et al., 1998), high temperature
(Litvinovich et al., 1998) or in the presence of moderate
concentrations of alcohols (Chiti et al., 1999a). That
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Table I. Conformational stabilities and enzymatic activities of AcP variants

AcP variant Location of mutated residue in Cm (M)b ∆G(H2O) (kJ/mol)c Specific activity (IU/mg)d

native structurea

Wild-type – 4.02 � 0.20 21.3 � 1.2 4000 � 400
Y11F β-strand 1 5.32 � 0.20 23.1 � 1.4 3700 � 300
V13A β-strand 1 1.95 � 0.20 10.3 � 0.7 2500 � 200
V47A β-strand 3 2.55 � 0.20 13.5 � 0.9 500 � 50
V51A β-strand 3 2.54 � 0.20 13.4 � 0.8 3200 � 300
M61A α-helix 2 0.88 � 0.40 4.7 � 1.1 2900 � 300
L65V α-helix 2 0.21 � 0.40 –1.1 � 1.0 3300 � 300
F94L β-strand 5 0.61 � 0.40 3.2 � 1.1 2200 � 200

aThe native structure of AcP has been determined by Saudek et al. (1989) and Pastore et al. (1992).
bUrea concentration at the mid-point of denaturation.
cFree energy of unfolding in the absence of denaturant.
dAcylphosphatase activity measured using benzoylphosphate as a substrate at 25°C at pH 5.5 and reported in international units per milligram of
protein.

partially denaturing conditions are required for the in vitro
formation of amyloid can be attributed to the necessity of
destabilizing the native fold of a protein under conditions in
which non-covalent interactions involving the polypeptide
chain remain favourable (Chiti et al., 1999a). It is the
existence of such interactions that stabilize the intermol-
ecular β-sheet structure that is the basis of the highly
ordered structure of amyloid fibrils.

Here we investigate the propensity to form amyloid of
a series of variants of AcP, a protein of 98 residues, each
having a single point mutation. AcP has recently been
shown to form amyloid fibrils in the presence of moderate
concentrations of trifluoroethanol (TFE) (Chiti et al.,
1999a). The protein in its native conformation has an
‘open sandwich’ structure with two α-helices packed
against a five stranded β-sheet (Saudek et al., 1989;
Pastore et al., 1992). We show in the present study that
fibrils of the type associated with amyloid diseases can
be formed in the absence of any denaturant for variants
of this protein, provided that the destabilization caused
by the mutation is large enough to generate a significant
population of denatured conformations under such condi-
tions. In addition, the relationship between conformational
stability and the potential to generate amyloid fibrils
for this model protein has been compared with similar
correlations for disease-related proteins.

Results

Conformational stability of AcP mutants

A series of mutants of AcP, involving single amino acid
substitutions distributed throughout the sequence of the
protein, was prepared previously to study the structure of
the transition state for folding of this protein (Chiti et al.,
1999b). Seven of these mutants (listed in Table I together
with the location of the mutated residues in the sequence
of the protein) were selected for their ability to display
different conformational stabilities. The urea denaturation
curves of wild-type and mutated forms of AcP are shown
in Figure 1. Wild-type AcP folds in an apparent two-state
fashion, that is intermediates are not significantly populated
during the interconversion from the fully unfolded to
the fully folded states (van Nuland et al., 1998). Urea
denaturation of the various mutants analysed here showed
in all cases the existence of a single transition between a
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Fig. 1. Equilibrium denaturation curves for wild-type AcP and its
mutational variants obtained by normalizing the raw data to the
fraction of the protein molecules in the folded state, defined as
(yobs – yu)/(yf – yu) where yf and yu are the intrinsic fluorescence
signals of the native and denatured states, respectively, and yobs is the
observed fluorescence intensity at the urea concentration under
analysis. The AcP variants shown are Y11F (s), wild-type (d), V47A
(�), V51A (n), V13A (j), M61A (e), F94L (r) and L65V (u). The
lines through the data represent the result of the fitting procedure used
to estimate the parameters defining the conformational stability of each
AcP variant (Santoro and Bolen, 1988).

fully folded and a fully unfolded state, demonstrating that
a two-state approximation is also appropriate for these
variants. Folding of AcP occurs cooperatively also in the
presence of TFE, as a single transition has been observed
upon TFE titration probed with either CD or intrinsic
fluorescence (Chiti et al., 1999c). All mutants exhibit
significant levels of enzymatic activity (Table I) suggesting
that for these mutants the conformation in the absence of
urea is globular with the topology characteristic of the
wild-type protein. Analysis of the urea denaturation curves,
performed as described by Santoro and Bolen (1988),
allows the urea concentration at half-denaturation (i.e. the
Cm value) and the free energy of unfolding in the absence
of urea [i.e. the ∆G(H2O) value] to be determined for
each variant (Table I). This analysis shows that the mutants
studied here cover a wide range of conformational stabilit-
ies ranging from –1 to 23 kJ/mol. The Y11F mutant is
more stable than the wild-type protein. The V51A, V47A
and V13A mutants are slightly destabilized relative to the
wild-type protein, and the M61A, F94L and L65V mutants
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are so substantially destabilized that they are partially
denatured even in the absence of urea. The various mutants
were tested for their propensity to aggregate in an in vitro
model system based on TFE.

Aggregation potential of the AcP mutants

It has recently been shown that wild-type AcP forms
amyloid fibrils when incubated at a protein concentration
of 0.375 mg/ml in the presence of 18–35% (vol/vol) TFE
(Chiti et al., 1999a). Under these conditions amyloid
formation is preceded by the formation of small protein
aggregates within 2–3 h that develop very slowly to form,
after a period of several days, amyloid protofilaments that
associate further to form higher order structures (Chiti
et al., 1999a). In order to investigate the propensity of the
AcP mutants to aggregate, a number of samples containing
different concentrations of TFE were prepared for each
mutant at the same protein concentration. These were
tested after an incubation period of 5 h for the presence
of aggregated protein using far-UV circular dichroism
spectroscopy (CD) and fluorescence in the presence of
thioflavine T. After this time period, the aggregates are
granular but their formation correlates well with the
development of well defined amyloid fibrils at longer
times (Chiti et al., 1999a). Moreover, these early aggreg-
ates possess an extensive β-sheet conformation and have
the ability to bind specific dyes that are indicative of the
presence of amyloid, suggesting that they possess even at
this stage at least some elements of the ultrastructure
characteristic of the fully developed fibrils (Chiti et al.,
1999a). This procedure therefore enables the relatively
rapid analysis of a large number of samples for the
presence of aggregates when these are sufficiently small
in size to detect using spectroscopic techniques.

Figure 2A shows CD spectra acquired after 5 h for the
wild-type protein at four representative TFE concentra-
tions. The spectra of samples incubated at concentrations
of TFE up to 19% (vol/vol) were virtually identical to
each other and to that previously reported for the native
protein in the absence of TFE (Chiti et al., 1998a, 1999c).
At concentrations of TFE ranging from 19 to 35% (vol/
vol) the CD spectra after this time period are typical of a
largely β-sheet conformation as revealed by the single
negative band at 215–220 nm. At concentrations of TFE
higher than 35% (vol/vol) the CD spectrum exhibits two
negative peaks at ~208 and 222 nm, indicating that the
protein has a largely α-helical conformation under these
conditions. Only the samples incubated at TFE concentra-
tions between 19 and 35% (vol/vol) produce the character-
istic increase of thioflavine T fluorescence that is typical
of ordered protein aggregates (Figure 2B). This therefore
confirms that only within this range of TFE concentrations
does the wild-type protein exist in a well-defined aggreg-
ated conformation after incubation for 5 h.

This analysis was repeated for each mutant of AcP
and the ranges of TFE concentrations at which protein
aggregates were observed in each case are shown in
Figure 3. The boundaries of these intervals were defined
by the TFE concentrations at which the protein produces
~50% of the maximum observed increase in CD ellipticity
at 215–220 nm and in thioflavine T fluorescence. As can
be seen from Figure 3, the intervals determined using
these two approaches are highly consistent, indicating that
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Fig. 2. (A) Far-UV CD spectra of wild-type AcP at various TFE
concentrations. Representative spectra are shown for the native protein
(obtained at TFE concentrations �19% vol/vol), aggregated protein
(TFE concentrations of 19–35% vol/vol) and non-native protein in a
monomeric conformation (TFE concentrations �35% vol/vol). In the
latter case the high content of α-helical structure revealed by the CD
spectrum is not that of a fully structured native conformation, but
arises from the ability of TFE to generate this type of secondary
structure in the denatured state. All spectra were acquired following
5 h of incubation at 25°C in 50 mM acetate buffer pH 5.5 at the TFE
concentrations indicated. (B) 485 nm fluorescence (excitation 440 nm)
of thioflavine T in the presence of wild-type AcP incubated for 5 h
under the conditions described for (A). The changes in fluorescence
with TFE concentration show that protein aggregates are present under
these conditions at TFE concentrations of ~19–35% (vol/vol).

the conformational change observed by CD is attributable
to formation of intermolecular β-sheet structures that are
typical of amyloid fibrils or their precursors. This analysis
shows that while the upper limit of the range of TFE
concentrations at which the aggregates are present in the
various mutants after 5 h is similar, within experimental
error, to that for the wild-type protein, the lowest TFE
concentration that is required for formation of protein
aggregates is clearly different.

Figure 4 shows that there is a remarkable correlation
between the minimum concentration of TFE that causes
protein aggregation after 5 h and the free energy of
unfolding. Values of 0.933 and 0.0006 are calculated for
the linear correlation coefficient (r value) and the p value,
respectively. This implies that the probability of obtaining
an r value equal to or higher than that observed would be
only 0.06% if the two plotted parameters were not correl-
ated. The statistical analysis shows that the correlation
remains significant when the observed values of TFE
concentration and ∆G(H2O) are varied within their
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Fig. 3. Ranges of TFE concentration at which protein aggregates are
present for each AcP variant after incubation at 25°C in 50 mM
acetate buffer pH 5.5 and at protein concentrations of 0.375 mg/ml.
Solid and hatched bars indicate results from far-UV CD spectroscopy
and thioflavine T fluorescence, respectively. Experimental errors for
both the lower and upper TFE concentrations at which aggregates
occur are ~1.5% (vol/vol).

Fig. 4. Correlation between the minimal TFE concentration required
for producing aggregates after 5 h (taken as a measure of the
amyloidogenic potential) and the ∆G(H2O) of unfolding (taken as an
index of the conformational stability of the native protein). The high
linear correlation coefficient (r value) of 0.933 and low p value of
0.0006 indicate that the correlation is highly significant. The best fitted
equation has the form %TFE � (9 � 1) � (0.46 � 0.08) [∆G(H2O)].
The values of TFE concentration on the y axis are an average of those
determined with the thioflavine T and the CD data. The experimental
errors are those indicated in the legend of Figure 3 for TFE
concentration and in Table I for ∆G(H2O) values.

experimental errors. The fact that lower concentrations of
TFE are required for the aggregation of destabilized AcP
variants implies that less stable mutants form amyloid
fibrils more readily than do the more stable ones.

It is likely that high concentrations are not as effective
as moderate concentrations of TFE in stimulating amyloid
formation because the increasing content of α-helical
structure within the denatured state at high TFE concentra-
tions reduces the probability of the nucleation or growth
of aggregates having largely β-sheet structure. It is also
probable that high concentrations of TFE reduce the
hydrophobic effect that is likely to be a significant factor
in promoting the association of denatured molecules (Chiti
et al., 1999a). As stated above, the upper limit of the
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Fig. 5. Change with time of the range of TFE concentrations within
which aggregates are observed for the wild-type (A) and F94L
variant (B) proteins. Solid and hatched bars indicate results from far-
UV CD spectroscopy and thioflavine T fluorescence, respectively.
Experimental conditions are as described in Figure 3. Experimental
errors for both the lower and upper TFE concentrations at which
aggregates occur are ~1.5% (vol/vol).

range of TFE concentrations favouring aggregation is
closely similar for the different mutants, i.e. it is independ-
ent of the conformational stability of the protein. This
result can be rationalized since the protein is denatured
under these conditions and the non-disruptive amino acid
substitutions such as those investigated here are not
expected to change substantially the overall solubility or
helical propensity of the denatured state.

Figure 5 shows that the range of TFE concentrations at
which aggregates are observed for AcP and its variance
becomes larger with time. This indicates that the aggrega-
tion process occurs at TFE concentrations above and
below those indicated in Figure 3, although at a slower
rate. For wild-type AcP, for instance, TFE concentrations
ranging from 19 to 35% (vol/vol) result in large quantities
of aggregated protein after 5 h. At TFE concentrations of
12 and 41% the aggregation process is slower and only
after ~7 days can significant quantities of aggregates be
detected. A similar situation holds for the F94L mutant
of AcP that was examined as a representative case of a
highly destabilized AcP variant (Figure 5B). Although
small amounts of TFE facilitate rapid aggregation for
this mutant, a very large quantity of aggregated protein
develops after 17 days even in its absence.

Rate of aggregation

To assess whether the different propensities to aggregate
for the various mutants of AcP arise from a specific effect
of the mutated residues on the aggregation process, in
addition to the effect on the stability of the native state,
we studied the rate of aggregation in the presence of 25%
TFE. At this TFE concentration AcP unfolds rapidly, on
a time scale of seconds, and the aggregation process
occurs subsequently and more slowly from monomeric
conformations with extensive α-helical content (Chiti
et al., 1999a). Starting from a denatured state of the
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Fig. 6. Change of the mean residue ellipticity at 208 nm within the
first 6 h of the aggregation process for AcP variants. The process
shown in the figure is preceded by the conversion of the native protein
into a denatured monomeric conformation with extensive α-helical
structure (Chiti et al., 1999a). This occurs within the time required for
manual mixing (~10 s) and is not shown in the figure. The
experiments were performed for all AcP variants at 25°C in 50 mM
acetate buffer pH 5.5 and at protein and TFE concentrations of
0.375 mg/ml and 25% vol/vol, respectively.

protein, these kinetic experiments allow the process of
aggregation to be studied independently of the contribution
of conformational stability to the overall process.

Figure 6 shows the change of the 208 nm mean residue
ellipticity after mixing the various proteins in their native
states with TFE to yield solutions of 25% (vol/vol) TFE.
A rapid increase of the 208 nm CD signal resulting from
the denaturation step occurs within the dead time of the
manual mixing experiment and is not shown. This is
followed by a slow decrease of the CD signal at this
wavelength as a consequence of the ongoing aggregation.
Seven kinetic traces obtained with the wild-type protein
under identical conditions are largely superimposable,
indicating that the results obtained from experiments of
this type are fairly reproducible. It is evident that no
significant relationship exists between the rate of aggrega-
tion and the amyloid-forming ability, monitored as
described previously, within the set of AcP variants studied
here. Indeed, mutants with very different propensities to
aggregate appear to do so with very similar rates.

The AcP variants have also been analysed following
the change of thioflavin T fluorescence as the aggregates
accumulate over time (data not shown). The kinetic traces
obtained with this probe are also largely superimposable.
No differences have been observed, in particular, between
the Y11F and F94L mutants on the one hand and the
wild-type protein and other AcP variants on the other
hand. These results indicate that the small differences in
the aggregation rate observed with CD spectroscopy for
these two groups of AcP variants (Figure 6) are within
experimental error and support further the idea that the
substantive differences in the propensity for forming
aggregates between these AcP variants have to be attrib-
uted to factors other than those associated with the intrinsic
rate of aggregation from denatured conformations. We do
not exclude, however, that specific mutations might exist
in the AcP sequence that are able to alter the aggregation
rate substantially. Indeed, it is reasonable to assume that
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there is a relatively small number of residues that play a
critical role in the aggregation process of AcP.

Morphology of the protein aggregates by electron

microscopy

It has been shown previously that aggregates formed from
wild-type AcP in the presence of 25% (vol/vol) TFE are
mixtures of amyloid fibrils and amorphous aggregates
(Chiti et al., 1999a). Formation of ordered amyloid-like
aggregates occurs preferentially at low protein concentra-
tions; this can be attributed to the fact that at high
concentrations of protein the aggregation process is too
rapid to allow the development of highly ordered structures
(Chiti et al., 1999a). The well defined fibrils formed in
the TFE solutions appear to be largely isolated protofila-
ments or large bundles of protofilaments (Chiti et al.,
1999a). The fact that the least stable mutants of AcP can
aggregate in the absence of TFE provides an opportunity
to examine the morphology of the AcP aggregates in
aqueous solutions. Samples of the F94L mutant were
therefore analysed using electron microscopy after incuba-
tion at room temperature for a period of 17 days.

The aggregates obtained at protein concentrations
�0.1 mg/ml appear predominantly amorphous in the elec-
tron micrographs. The preparations obtained with protein
concentrations �0.1 mg/ml, however, can be seen to
contain aggregates of a fibrillar nature (Figure 7A–D) in
addition to amorphous aggregates (Figure 7E). Figure 7A
and B shows fibrils with diameters of ~13 nm formed
from samples of F94L mutant incubated at 0.05 mg/ml in
the absence of TFE. Although the ultrastructure of these
fibrils is not very clear from these micrographs, some
stretches of the fibrils can be seen to be composed of two
or more protofilaments of smaller diameter, that associate
laterally or twist together. Figure 7C shows a different
morphology in which a bunch of protofilaments associates
in a parallel manner to form rope-like structures with a
diameter of ~30–60 nm. High magnification images of
this rope-like structure reveal that the protofilaments are
straight and unbranched and possess widths of 2.5–
4.0 nm (Figure 7D). The size and morphology of the
protofilaments and fibrils observed here are typical of the
amyloid fibrils extracted from patients suffering from
amyloidotic diseases or reproduced in vitro with amyloid-
related proteins (Shirahama and Cohen, 1967; Shirahama
et al., 1973; Merz et al., 1983; Bauer et al., 1995; Serpell
et al., 1995; Harper et al., 1997; Conway et al., 1998).
Clusters of protofilaments of the type shown in Figure 7C
and D can be generated in vitro with amyloid-related
proteins such as calcitonin (Sletten et al., 1976).

Samples of the wild-type protein, prepared as controls
and incubated in the absence of TFE for 17 days in a
manner similar to those of the F94L mutant, also showed
the presence of a small number of amyloid fibrils
(Figure 7F). However, fibrillar aggregates are apparent
only in micrographs from samples containing the protein
at concentrations �0.35 mg/ml. These samples retain
~95% of the enzymatic activity of freshly prepared samples
and their CD spectra are virtually identical to that of the
native protein. These observations suggest that the fibrillar
material revealed by electron microscopy represents the
conversion into amyloid fibrils of a small amount of
denatured protein present in the sample.
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Fig. 7. Electron micrographs showing the polymorphism of AcP aggregates formed at 25°C in 50 mM acetate buffer pH 5.5 at a protein
concentration of 0.05 mg/ml and in the absence of TFE. (A and B) Aggregates formed from the highly destabilized F94L mutant of AcP showing
fibrils ~13 nm in width. (C and D) Group of protofilaments of the F94L mutant of AcP, ~2.5–4.0 nm in width and associating laterally to form a
30–60 nm wide rope-like fibril. (E) Amorphous aggregates formed from the F94L mutant of AcP and present together with aggregates of fibrillar
structure. (F) Aggregates formed from wild-type AcP at the relatively high concentration of 0.375 mg/ml (see text).

Discussion

Relationship between conformational stability and

amyloidogenesis

The results presented here show that destabilization of the
native conformation of AcP renders it more prone to
amyloid formation. The ability of a highly destabilized
mutant of AcP to assembly into amyloid fibrils in the
absence of any denaturant, the necessity to use moderate
concentrations of alcohol to generate amyloid fibrils from
stable forms of AcP, and the significant correlation between
the conformational stability of native AcP and the tendency
to form aggregates, all indicate that amyloid fibrils origin-
ate from denatured conformations of the protein under
conditions in which the formation of non-covalent inter-
actions is still favourable.

A simplified model that can be drawn to describe the
relationship between conformational stability and amyloid
formation for AcP is shown in Figure 8. The native
conformation of AcP has little tendency to aggregate
because interactions within the protein fold render the
majority of hydrophobic side-chains, and the main-chain
amide and carbonyl groups capable of forming strong
hydrogen bonds, inaccessible to intermolecular inter-
actions. The denatured state, by contrast, exposes such
regions of the polypeptide chain providing an opportunity
for intermolecular interactions to take place. The addition
of moderate concentrations of TFE to highly stable variants
of AcP, or the introduction of destabilizing mutations in
the absence of denaturant, reduces the stability of the
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native fold without preventing the establishment of inter-
molecular contacts. In this respect, the effects exerted by
a chemical denaturant such as TFE and by destabilizing
mutations are similar. It is important to note, however,
that the denatured monomeric species indicated in Figure 8
as a precursor of aggregated species is not necessarily a
well defined conformation with β-sheet structure. Indeed,
in the presence of TFE the denatured state of AcP
from which the aggregates develop is an ensemble of
conformations with a high helical content. A transient
population with β-sheet structure will exist even in a
denatured state where the ensemble is, on average, highly
helical (Smith et al., 1996). Such a transient population
of conformations in the denatured state ensemble can be
sufficient to allow aggregation to take place (Fink, 1998).

Comparison with disease-related proteins

The influence of destabilizing mutations on the propensity
to form amyloid fibrils has been investigated for several
proteins associated with amyloidotic diseases. Clear rela-
tionships have been established between conformational
stability, the tendency to form amyloid in vitro, and the
age of onset of disease in patients, for a group of
transthyretin variants associated with cases of familial
amyloidotic polyneuropathy I (McCutchen et al., 1995).
Mutations within the variable domain of the immuno-
globulin light-chain, which are rare in healthy individuals
but have been found to be responsible for the pathogenesis
of light-chain amyloidosis, are also found to destabilize
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Fig. 8. A simplified model that describes the conformations and
equilibria involved in AcP amyloid formation in vitro. The native state
is less prone to aggregation because intramolecular interactions within
the protein fold render the majority of hydrophobic side-chains and the
backbone amide and carbonyl groups unavailable for intermolecular
interactions. In the ensemble of denatured conformations such regions
of the polypeptide chain are exposed to the solvent enabling
aggregation to take place. The highly ordered amyloid fibrils form
following elongation and development of the initially formed
aggregates. According to this model the addition of moderate
concentrations of TFE or the introduction of destabilizing mutations
shifts the equilibrium between the native state and the denatured
ensemble towards the latter, thus favouring aggregation and amyloid
formation.

the native fold of the domain and to render it more prone
to amyloid formation than the wild-type domain in in vitro
model systems (Hurle et al., 1994). A correlation similar
to that observed here for AcP between the free energy of
unfolding and the tendency to form amyloid was also
found with this protein for a number of naturally occurring
amyloidogenic mutants (Hurle et al., 1994). Finally, the
lysozyme variants isolated from the amyloid deposits of
patients afflicted with hereditary non-neuropathic systemic
amyloidosis have also been found to be unstable compared
with wild-type lysozyme (Funahashi et al., 1996; Booth
et al., 1997). In this case fibril formation occurs from
an ensemble of denatured conformations whose average
properties are reminiscent of the molten globule state
(Booth et al., 1997). By contrast, in the case of transthyre-
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tin, fibril formation occurs under conditions in which a
conformation with a substantial content of native-like
structure, rather than an ensemble of conformations with
a largely unstructured fold, is populated (Lai et al., 1996).

The observation that in all these cases the mutations
have very little effect on the structure of the native
conformation indicates that the enhanced in vitro and
in vivo propensity to form amyloid of the protein variants
is attributable to the destabilizing effect of the amino acid
substitutions rather than to specific roles of the mutated
residues in the aggregation process. The results described
in this paper for a protein that is not linked to any of the
known amyloidotic diseases, and involving the study not
of known amyloidogenic mutants but of variants with
mutations distributed through the sequence, provide strong
support to the theory that conformational stability and
propensity to form amyloid are highly correlated. In
addition, they support the idea that the nature of the
process by which a soluble protein converts into fibrillar
aggregates, that has so far been investigated primarily
with the small number of amino acid sequences associated
with amyloid deposition in vivo, is likely to be common
to natural proteins.

These arguments clearly do not apply to diseases where
the amyloidogenic species is a peptide or protein that is
unstructured under physiological conditions. In such cases
alterations in the sequence of the polypeptide chain have
effects on the propensity to aggregate for different reasons.
Amyloidogenic mutations of α-synuclein, for instance, a
protein linked to Parkinson’s disease, do not change the
conformational properties of the soluble protein signific-
antly, which is highly unstructured under physiological
conditions, but result in an increased rate of fibril growth
(Conway et al., 1998). Similarly, variants of the activation
domain of procarboxypeptidase A2, engineered in order
to have a higher α-helical propensity, have been found to
aggregate at a rate substantially lower than that of the
wild-type protein under conditions where these variants
are denatured (V.Villegas, J.Zurdo, V.V.Filimonov,
F.X.Aviles, C.M.Dobson and L.Serrano, unpublished data).
These observations suggest that in addition to altering the
conformational stability of the native state, mutations can
in some cases significantly influence the process of amyloid
formation by changing the rate of aggregation of molecules
in the denatured state. It is interesting in this regard that
pathological mutations in the prion protein include a
number that do not significantly destabilize the native fold
(Swietnicki et al., 1998; Liemann and Glockshuber, 1999).

Implications for understanding and combating

amyloidogenesis in vivo

A protein with a destabilized globular structure, the F94L
mutant of AcP, has been converted into amyloid fibrils in
the absence of denaturant and under conditions of pH that
were previously found to be optimal for the stability and
enzymatic activity of the wild-type protein (Chiti et al.,
1998b). The amyloid fibrils formed under these conditions
are similar to those formed by the wild-type protein under
denaturing conditions and indeed to those formed by
proteins associated with human amyloidotic diseases. This
indicates that the effects of highly destabilizing mutations
on conformational stability produce similar effects in vitro
to destabilizing non-physiological conditions such as
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extremes of pH, high temperature or addition of alcohols.
This provides clear evidence that destabilization of the
native fold is a key feature of the ability to form amyloid,
rather than the need to generate a specific alternative
folded conformation.

One source of inspiration for the search for strategies
aimed at combating amyloidosis in vivo is Nature itself.
A protein such as the F94L mutant of AcP has a free
energy of unfolding in water of ~3.2 kJ/mol. Seventy per
cent of the protein molecules are therefore in their native
state under physiological conditions and the enzyme
possesses considerable catalytic activity. A protein of
this type would therefore probably be adequate for the
implementation of the cellular functions associated with
AcP. Nevertheless, a protein of such low stability would
have a high tendency to aggregate as a consequence of
the significant population of the protein in at least a
partially unfolded state, although a more complex situation
must exist in vivo due to the presence of chaperones that
can bind specifically to such denatured conformations.
This is likely to be a significant factor in the evolution
of natural proteins whose conformational stabilities are
generally higher than 10–15 kJ/mol. The mutations associ-
ated with hereditary amyloidosis are therefore likely to be
predominantly linked with destabilization of the native
state, at least in those cases where amyloid formation
occurs from proteins that normally adopt a globular
conformation. By inference, therefore, it is the stability
and cooperativity of native proteins under physiological
conditions that enable the avoidance of amyloid formation
by natural proteins.

A number of approaches are being examined for the
prevention of amyloid diseases (Wetzel, 1997; Baures
et al., 1999; Perutz, 1999). These include strategies
designed to inhibit formation of fibril nuclei, to inhibit
fibril growth or to stimulate fibril degradation. Of particular
interest, however, are those strategies directed at stabilizing
the native state of the protein involved, as these have the
potential to inhibit the formation of the precursor of
aggregated species and hence to avoid the onset of disease.
One system where this approach is particularly promising
involves familial amyloid polyneuropathy I and senile
systemic amyloidosis, through stabilization of the native
tetrameric state of transthyretin by binding of analogues
of the thyroid hormone (Miroy et al., 1996; Baures et al.,
1999). Interestingly, similar strategies have also been
proposed in the fight against diseases other than those
involving deposition of amyloid. It has been suggested,
for instance, that stabilization of p53, the protein regarded
as the ‘guardian of genome’, can be an effective strategy
against cancer (Bullock et al., 1997). The results presented
here with a model protein provide support for approaches
of this type and suggest that they could have widespread
applicability in the prevention of amyloid formation and
indeed of the aggregation or degradation of proteins more
generally.

Materials and methods

Mutant production and purification
Site-directed mutagenesis experiments and purification of mutants of
AcP were performed according to the procedures previously described
(Taddei et al., 1996). DNA sequencing and electrospray mass spectro-
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metry were used to ensure the presence of the desired mutation. Protein
concentration was measured by UV absorption using an ε280 value of
1.42 ml·mg/cm. All proteins used in this study have cysteine at position
21 replaced by a serine residue in order to avoid complexities arising
from a free cysteine residue (van Nuland et al., 1998). The C21S
mutation does not alter significantly the stability or the folding properties
of AcP (Modesti et al., 1996). For simplicity, the protein carrying only
the C21S mutation is referred to as wild-type AcP and the mutants
presented in this study, all carrying the C21S substitution beside the
mutation of interest, are referred to as single point mutants.

Equilibrium denaturation experiments
Equilibrium urea denaturation curves for wild-type AcP and its mutants
were obtained by measuring the intrinsic fluorescence of 25–30 equilib-
rated samples containing various concentrations of urea in 50 mM
acetate buffer pH 5.5 at 28°C. A Perkin Elmer LS 50 B spectrofluorimeter
with excitation and emission wavelengths of 280 and 335 nm, respect-
ively, was used for these measurements. The data were analysed
according to the method of Santoro and Bolen (1988) to yield the free
energy of unfolding in the absence of denaturant [∆G(H2O)], the
dependence of ∆G on urea concentration (m value) and the urea
concentration of half denaturation (Cm). For the mutants that were found
to be partially denatured in the absence of urea (M61A, L65V and F94L)
the fluorescence properties of the native protein and their dependence
on urea concentration were assumed to be identical to those of the wild-
type protein and were constrained in the fitting procedure.

Circular dichroism
Far-UV CD spectra were acquired at 25°C using a Jasco J-720 spectropol-
arimeter and cuvettes of 1 mm path length. For wild-type AcP and each
mutant, 20–25 samples of protein at a concentration of 0.375 mg/ml
(34 µM) were incubated at different TFE concentrations ranging from
0 to 45% (vol/vol) in acetate buffer pH 5.5 at 25°C. The far-UV CD
spectrum of each sample was acquired after 5 h of incubation. For the
wild-type protein and the F94L mutant the CD analysis was repeated
after longer periods of incubation (2, 7 and 17 days). All mother solutions
containing the protein mutants were centrifuged and their protein
concentrations measured immediately before preparation of the samples.
CD was also used to follow the time-course of the aggregation process
at the early stages for all mutants. In this case the CD signal at 208 nm
was followed after mixing the native protein with a TFE/acetate buffer
mixture to yield a solution of 0.375 mg/ml protein in 25% (vol/vol)
TFE, 50 mM acetate buffer pH 5.5 at 25°C.

Thioflavine T dye binding
Aliquots of the samples prepared as described in the previous paragraph
for the CD measurements were also used to test for thioflavine T binding
(LeVine III, 1995). A 133 µl sample was mixed with 867 µl of 25 µM
thioflavine T in 25 mM phosphate buffer pH 6.0. The fluorescence was
measured immediately after mixing using excitation and emission
wavelengths of 440 and 485 nm, respectively.

Electron microscopy
Electron micrographs were acquired using a JEM 1010 transmission
electron microscope at 80 kV excitation voltage. Samples of wild-type
or F94L mutated AcP were incubated for 3 weeks at room temperature
in 50 mM acetate buffer pH 5.5 at protein concentrations ranging from
0.05 to 5 mg/ml. A 3 µl sample of protein solution was placed on a
formvar and carbon-coated grid. The sample was then negatively stained
with 30 µl of 1% uranyl acetate and observed at a magnification of
12–30 000�.
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