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In order for any biological system to function effectively, it is
essential to avoid the inherent tendency of proteins to aggregate
and form potentially harmful deposits'™. In each of the various
pathological conditions associated with protein deposition, such
as Alzheimer’s and Parkinson’s diseases, a specific peptide or
protein that is normally soluble is deposited as insoluble aggre-
gates generally referred to as amyloid>’. It is clear that the
aggregation process is generally initiated from partially or
completely unfolded forms of the peptides and proteins associ-
ated with each disease. Here we show that the intrinsic effects of
specific mutations on the rates of aggregation of unfolded
polypeptide chains can be correlated to a remarkable extent
with changes in simple physicochemical properties such as
hydrophobicity, secondary structure propensity and charge.
This approach allows the pathogenic effects of mutations associ-
ated with known familial forms of protein deposition diseases to
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be rationalized, and more generally enables prediction of the
effects of mutations on the aggregation propensity of any poly-
peptide chain.

The ability to form highly organized aggregates such as the fibrils
and plaques associated with the amyloid diseases has been suggested
to be a generic property of polypeptide chains, and not simply a
feature of the small numbers of proteins so far associated with
recognized pathological conditions’. Nevertheless, the propensity of
a given polypeptide chain to aggregate under specific conditions
varies dramatically with its composition and sequence. The pro-
posed generic nature’ and well established common structural
characteristics of aggregates formed from proteins without detect-
able sequence or structural similarity® have encouraged us to
investigate whether the effects of amino acid substitutions on the
propensity of proteins to aggregate can be described by relatively
simple principles that are of general validity. When a protein that is
normally folded starts to aggregate, it does so from at least partially
unfolded states that are present during or immediately following
biosynthesis, or as the result of cellular stress or proteolytic
degradation™’.

Destabilization of the native state that results in an increased
population of partially folded molecules is well established as an
important factor in the pathogenic effects of mutations, when the
diseases are associated with the deposition of proteins that are
globular in their normal functional states®. Nevertheless, this factor
is not sufficient to explain the pathogenic effects of all mutations
associated with such proteins”®, in part because the mutations
also affect the properties of their aggregation-prone unfolded
or partially unfolded states. Clarifying such additional factors
that modulate aggregation from non-native states is of funda-
mental importance for a complete understanding of the relation-
ship between mutation and aggregation behaviour for these
systems. More importantly, however, the peptides and proteins

© 2003 Nature Publishing Group
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Figure 1 Dependence of the aggregation rate on different physicochemical parameters.
Change of the aggregation rate of AcP resulting from mutation plotted against a, the
predicted change of hydrophobicity, b, propensity to convert from an «c-helical to a
-sheet conformation, and €, charge. All aggregation rate measurements were carried
out under conditions in which all the protein variants are substantially unstructured. The
mutations reported in a and b, described previously®, involve residues 16-31 and 87-98
and do not involve change of charge. The mutations reported in ¢, also described
previously'®, were designed to minimize change of hydrophobicity and secondary
structure propensities. Values of AHydr., (AAG coio. + AAG g-co1) and ACharge were
calculated for each mutation as described in Table 1 legend.
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that aggregate in the most prevalent and important neurodegen-
erative protein deposition disorders, such as Alzheimer’s and
Parkinson’s diseases, as well as some of the non-neuropathic
amyloidoses, have been found to adopt predominantly unstruc-
tured conformations in their normal biological state (ref. 3 and
references therein). For all these systems, aggregation does not need
to be preceded by the unfolding of a globular structure, but involves
direct self-assembly of the peptide or protein involved from an
ensemble of unstructured conformations.

In the light of the importance of aggregation from at least
relatively unstructured states of polypeptide chains, the starting
point of our approach has been a detailed mutational study of the
aggregation process of a small globular protein under conditions in
which the native states of all the studied mutational variants are
unstable and at most only marginally populated. Human muscle
acylphosphatase (AcP) is highly amenable to such studies, as its
aggregation behaviour is well defined and extremely reproduci-

ble”'’. In particular, the rate of aggregation of AcP from an ensemble
of denatured conformations can readily be followed by using a
variety of spectroscopic probes, and has now been measured for
over 50 mutational variants of this protein®'. By using conditions
under which the protein is denatured, changes in aggregation rates
can be attributed directly to the intrinsic effects of the amino acid
substitutions on the process of self-assembly, without the compli-
cations of additional contributions arising from the destabilization
of the native state. Many of the mutations examined, particularly
those involving residues in two key regions, 16-31 and 87-98, were
found to perturb the aggregation rate of AcP very significantly™'’. In
order to analyse the results, we have characterized all the amino acid
substitutions in terms of their effects on three parameters that we
anticipated to be important in influencing aggregation rates. These
are the change in the hydrophobicity of the polypeptide chain
resulting from mutation (AHydr.), in the propensity to convert
from o-helical to B-sheet structure (AAG oo, + AAGg_co;1) and in

Table 1 Changes resulting from single-point mutations of unstructured peptides or natively unfolded proteins

Mutation AHydr. (kcal mol™')* AAGg oo (kJmol ")t AAG o (kI ol ) ACharge§ Calculated I (v /v )l Observed In (v mu/v i) 1 ref. #
Amylin
N22A 2.30 -0.95 -3.36 0 0.60 0.70 + 0.60 13
F23A -1.88 —4.64 -3.90 0 —2.88 —2.65 + 0.50 13
G24A 0.39 1.77 —2.84 0 0.04 —0.05 + 0.30 13
126A —1.43 -5.05 -0.32 0 -1.97 —2.40 = 0.50 13
L27A —1.43 -2.05 0.36 0 —1.24 —0.95 + 0.50 13
S20G 1.24 —4.09 0.00 0 -0.03 1.00 = 0.40 14
Prion peptides
H111A 3.26 -1.36 -3.21 -1 1.65 0.60 £ 0.70 15
H111K 0.10 0.41 -1.72 0 -0.20 -0.25 £ 0.10 15
A117V5 0.91 4.63 2.37 0 1.96 1.50 = 0.70 15
V210l 0.52 0.41 -0.97 0 0.22 0.85 £ 0.10 16
«a-Synuclein
AB3TH -1.39 5.59 2.83 0 0.79 1.20 = 0.40 17
A76E -3.30 1.64 0.00 1 -2.25 —2.70 £ 0.70 12
A76R —4.34 1.64 0.64 -1 -1.80 —0.90 + 0.40 12
Amyloid 3-peptide**
A21Gr -0.39 -1.77 3.27 0 0.05 —0.07 £ 0.30 18
E22Kyx 0.14 0.14 —-1.72 -2 0.76 0.90 + 0.40 19
E22Q1x 1.61 0.14 0.00 -1 1.54 2.90 £ 0.80 18,19
E22G+x 2.91 —-3.41 4.30 -1 2.51 2.05 = 0.30 20
D23Ns¢ 1.90 4.36 -1.72 -1 2.22 3.95 + 0.80 18
F19T -3.27 0.95 -1.76 0 -2.23 —2.50 £ 0.20 21
Tau
R5L¢ 5.77 0.40 -1.00 -1 4.02 3.05 + 1.50 22
G272V 1.30 6.41 -1.71 0 1.75 1.05 = 0.50 23,24
R406W++ 6.08 1.50 0.00 -1 4.64 1.25 = 0.80 23-25
Y310W 0.66 -1.77 0.00 0 0.07 0.05 + 0.05 26
Leucine-rich repeat
D24N 1.90 4.36 —3.43 -1 1.88 2.10 + 1.00 27
D24Q 2.51 5.18 -3.10 -1 2.49 1.25 +£0.70 27
Model peptide
DeE 0.90 5.04 -2.27 0 1.12 0.40 + 0.30 28
D6N 1.90 4.36 0.00 1 1.57 0.50 = 0.30 28

*Calculated using AHydr. = Hydr.,,+ — Hydr.., where AHydr. is the change of hydrophobicity resulting from mutation, and Hydr.,,: and Hydr. .+ are the hydrophobicity values of the wild-type and mutant
residues, respectively (the values of hydrophobicity for all 20 amino acids are listed in the table provided in Supplementary Information 1).

+Calculated using AAG g oo = 13.64 (P§* — PF™“") where AAG o is the change of free energy change for the transition random coil — B-sheet resulting from mutation, P§* and P§

MUt are the B-sheet

propensities of the wild-type and mutant residue, respectively (the values of -sheet propensity for all 20 amino acids are listed in the table provided in Supplementary Information 1), and 13.64 is the
conversion constant from the normalized scale to units of kJ mol ™.

fCalculated using AAG coiio = RTIN(PYY/PT™Y), where AAG i1 is the predicted change of free energy change for the transition a-helix — random coil resulting from mutation, P2 and P are the
predicted a-helical propensities (helix percentages) of the wild-type and mutated sequences at the site of mutation, respectively (calculated using the AGADIR algorithm at www.embl-
heidelberg.de/Services/serrano/agadir/agadir-start.html); R=0.008314 kJmol "K',

§Calculated using ACharge = |Chargenul — |Charge,,|, where ACharge is the change of charge resulting from the mutation, and |Charge, ] and |Charge,,| are the absolute values of charge for the
mutated and wild-type sequences, respectively. The operator of ‘absolute value’ is introduced so that a negative value of ACharge results from the equation when the mutation causes the entire protein or
peptide to approach neutrality, regardless of the initial sign of charge of the wild-type protein. A positive value of ACharge is obtained when the mutation causes the entire protein sequence to deviate further
from neutrality.

|| Predicted change of aggregation rate resulting from mutation, calculated using equation (1) (see text for details).

9 Observed change of aggregation rate resulting from mutation (obtained from published experimental data as referenced in the last column of the table). Salt concentrations were within physiological values
in the various experiments reported in the table.

#References from which the values of observed IN(v mu/vwt) are taken.

¢ Natural mutations associated with familial diseases.

**Previously published mutations involving substitutions to proline could not be included in this analysis because of the difficulty in calculating the 8-sheet propensities of proline residues from experimental
data®®. Other mutations were also not considered because only qualitative measurements of the effect of such mutations on the aggregation rate were reported. Good agreement is, however, found
between our predictions and the qualitative data determined experimentally.
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the overall charge (ACharge). These changes can be quantified using
published values of these parameters for all the amino acid residues
(reported in Supplementary Information) and the functions given
in Table 1 legend.

The change of aggregation rate of AcP upon mutation (In(» ./
vwi); see Methods for details) was found to correlate significantly
with each of these parameters (Fig. 1a—c). In each of the three plots,
however, the data points are considerably scattered around the lines
representing the best fits to linear functions. This scatter can readily
be attributed to the fact that only a single parameter is considered in
each case, to the limitations in the presently available data for
predicting accurately changes in the hydrophobicity and secondary
structure propensities, and to the varying relative importances of
the different sites of mutation in the aggregation process. Despite
the scatter present in each plot, however, all three correlations
are statistically significant, allowing the mean dependencies of
In(¥ mu/vwi) on these three parameters to be calculated. These
mean values are represented by the slopes of the lines of best fit
resulting from the analysis.

On the assumption that the three factors identified as influencing
aggregation are independent of each other and additive, we used a
combined function to predict the effect of a mutation on aggrega-
tion rate:

In(¥mut/Pwt) = AAHydr. + B(AAGpil.q + AAGg-coil)

+ CACharge (1)

Our best present estimates of the A, B and C factors are the slopes
of the three plots reported in Fig. 1 (that is, the dependencies of
In(¥ mu/?wie) on the three parameters). These are 0.633, 0.198 and
—0.491, for A, B and C, respectively.

This function was then used to calculate the changes of the
aggregation rate resulting from mutations in a range of other
peptides and proteins, particularly those associated with neuro-
degenerative protein deposition diseases. In order to test this
approach, we considered mutations that complied with the follow-
ing criteria: (1) the experimental value of In( /7 ) is directly
available or can be determined from data reported in the literature,
and (2) the effect of the mutation is reported under conditions in
which the polypeptide chain is unstructured. The mutations con-
sidered in this analysis, together with the corresponding experi-
mental and calculated values of In(v /¥ ) are listed in Table 1.
These mutations include both physiologically relevant ones associ-
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Figure 2 Calculated versus observed changes in aggregation rate upon mutation. a, Data
relating to mutations of short peptides or natively unfolded proteins, including amylin,
amyloid B-peptide, tau and o-synuclein. The 27 mutations shown in the plot and their
calculated and experimental In(v /v w) values are those listed in Table 1. b, Data for
the mutations of AcP that are within the two regions of the sequence that have been found
to be particularly important for aggregation (encompassing residues 16—31 and 87-98)°.
All measurements of aggregation rates were carried out under conditions in which all the
protein variants are substantially unstructured. In both the analyses (a and b) the
calculated In(v mu/v wi) Values were obtained using equation (1).
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ated with familial forms of protein deposition diseases (identified in
Table 1 with the symbol v¢) and other substitutions that have been
investigated to address the importance of particular residues in the
aggregation of specific systems. As many peptides or proteins that
undergo aggregation in protein deposition diseases are substantially
unstructured under physiological conditions, most of the exper-
imental data we could find, and are considered here, were obtained
under conditions close to physiological. The various peptide and
protein systems reported in Table 1 were studied at different
concentrations, but by taking the ratio of v, to v, the data are
normalized in such a manner as to allow for this effect and indeed
for the variability in solution conditions.

Figure 2a shows the resulting plot of calculated versus experi-
mental values of In(» /7 ) for the 27 mutations that we ident-
ified that satisfied these criteria. The correlation (r = 0.85,
P < 0.0001) is highly significant, and the value of the slope (0.94)
is close to 1.0, indicating that there is remarkably good agreement
between the calculated and experimental effects of mutations on the
aggregation rates. The observed changes of aggregation rate result-
ing from mutation span a range of nearly 1,000, from 15 times
slower to over 50 times faster than the corresponding wild-type
polypeptide chains (Fig. 2a and Table 1). Figure 2b shows the
calculated versus experimental values of In(v ,,/v..) for all the
mutations of AcP within the two key regions of the sequence 16-31
and 87-98. The observed correlation is again highly significant
(r=10.756 and P < 0.0001) and the slope is close to 1.0. It is
remarkable that the correlation obtained from mutations of pro-
teins or peptides other than AcP (Fig. 2a) is as significant as that
obtained with data from the AcP mutations (Fig. 2b), that is, with
data used for the derivation of equation (1).

Examples where close agreement is found between theoretical
and experimental values include mutations associated with heredi-
tary spongiform encephalopathies, early-onset Parkinson’s disease,
early-onset Alzheimer’s disease and hereditary cerebral haemor-
rhage with amyloidosis (Table 1). The effects of mutations that
inhibit aggregation, and hence do not cause disease, are also
predicted as effectively as those that favour it. Examples include
the F19T mutation of the amyloid $-peptide, the A76E mutation of
a-synuclein and the L27A mutation of amylin (Table 1). For some
mutations, such as the R406W mutation of tau and the V2101
mutation of a prion peptide, the agreement is quantitatively less
good. However, even in these cases our combined function is
generally able to predict qualitatively whether the mutations have
an accelerating, decelerating, or only a small effect on the corre-
sponding polypeptides (Table 1).

Interestingly, application of equation (1) reveals that many
mutations are predicted not to increase but to reduce very signifi-
cantly the rates of aggregation of the peptides and proteins that we
investigated. It therefore appears that the sequences of natural
proteins have not been fully optimized during evolution to resist
aggregation, but simply to be sufficiently resistant to aggregation to
remain soluble during the normal reproductive life spans''. This
finding gives rise to the intriguing possibility that there could be a
range of mutations within the human population that reduce as well
as increase the susceptibility to conditions such as Alzheimer’s
disease. It will be extremely interesting to test such a prediction,
for example by studies of elderly people not afflicted with such
illness.

The correlation found in Fig. 2a between the theoretical and
experimental effects of mutations on aggregation rates is particu-
larly striking if one considers the heterogeneous groups of peptide
and protein systems used in the analysis. Moreover, it is clear that
the aggregation rate of a polypeptide chain is more sensitive to
mutations occurring within some, often relatively restricted, regions
of the sequence””. The explanation of this latter point is most
probably that data reported in the literature are very likely to be
those within such regions, as they involve either disease-related
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mutations or substitutions aimed at identifying such residues in
specific experimental studies. Clearly it is important when predict-
ing the effects of mutations either to ensure that they are within such
regions or to accept that the predictions could be somewhat higher
than the real values.

With these caveats, however, the finding that the effects of
mutations on the aggregation rates of these different proteins are
closely similar strongly suggests that they result from perturbations
to fundamental physicochemical properties of the polymer chains
rather than from alterations of specific interactions involving the
side chains within the resulting aggregates. This strongly supports
the conclusion that there are common principles in the fundamen-
tal determinants of aggregation of polypeptide chains despite
evident differences in detail>*°. Moreover, most of the disease-
associated mutations analysed here clearly increase the rate of
aggregation (Table 1). This observation indicates that these
mutations are likely to be pathogenic primarily as a result of an
accelerated rate of aggregation originating from the perturbation of
the fundamental parameters that we are now able to identify and
describe in a quantitative manner.

The approach described here enables us to begin to identify the
factors that affect the intrinsic propensities of polypeptide chains to
aggregate. As additional data become available it will undoubtedly
be possible to refine further this approach, and also to consider
additional parameters that influence the aggregation propensities of
peptides and proteins. Even at the present level of sophistication,
however, we have shown that a simple function has the ability to
rationalize and to predict to a remarkable degree the effects of
mutations on the aggregation rates of a wide range of peptides and
proteins. As well as giving important insights into the origins of
protein misfolding diseases, its use should help substantially in
efforts to modify rationally the aggregational properties of proteins
or peptides that at present can seriously limit their utilization in
research programmes, for medical applications or for biotechno-
logical purposes. O

Methods

The rates of aggregation of the various AcP variants were measured in 25%
trifluoroethanol from the time courses of thioflavine T fluorescence, as previously
described’. The change of aggregation rate as a result of a mutation is expressed in all cases
as the natural logarithm of the ratio of the aggregation rate constants of the mutant and
wild-type protein (In(v u/v.y0))-

The experimental values of In(v ,, /7) for mutations of proteins other than AcP were
obtained from published data (see last column of Table 1 for references of each mutation).
Only data reporting the effect of single-point mutations on the aggregation of proteins and
peptides under conditions in which they are unstructured were considered. Data were
considered regardless of the experimental techniques used by the different authors to
probe aggregation, provided that a quantitative analysis was carried out. When time or
rate constants were not explicitly reported, the plots describing the kinetic profiles of
aggregation were scanned and computer-analysed to obtain rate constant values. When lag
and growth phases were evident in the kinetic profiles of aggregation only the growth
phase was considered. When data at fixed periods of time were reported (for example by
means of bar graphs), the experimental In(v ¢ /7 ,) value was obtained from the ratio of
the aggregation parameters obtained from the mutated and wild-type protein/peptide,
before equilibrium was reached.

Mutations involving proline residues were not analysed because of the difficulty in
obtaining quantitative estimates of the change of 3-sheet propensity as a result of these
mutations (see Table 1). Nor were mutations considered when substantial discrepancies in
the In(» iyt /¥ i) value were reported by different authors (when significant but not
substantial discrepancies were present, we considered In(v ¢ /v+) values resulting from
averages of the available data). The reader is referred to Supplementary Information for a
detailed description of how the experimental values of In(v ¢ /7 ) were calculated for all
mutations.
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