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susceptible” Regions in Proteins Associated with
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Increasing evidence indicates that many peptides and proteins can be
converted in vitro into highly organised amyloid structures, provided that
the appropriate experimental conditions can be found. In this work, we
define intrinsic propensities for the aggregation of individual amino acids
and develop a method for identifying the regions of the sequence of an
unfolded peptide or protein that are most important for promoting
amyloid formation. This method is applied to the study of three
polypeptides associated with neurodegenerative diseases, Ab42,
a-synuclein and tau. In order to validate the approach, we compare the
regions of proteins that are predicted to be most important in driving
aggregation, either intrinsically or as the result of mutations, with those
determined experimentally. The knowledge of the location and the type of
the “sensitive regions” for aggregation is important both for rationalising
the effects of sequence changes on the aggregation of polypeptide chains
and for the development of targeted strategies to combat diseases
associated with amyloid formation.
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Introduction

Biological macromolecules such as proteins,
lipids and nucleic acids have the ability to assemble
into functional complexes in a highly regulated
manner within densely crowded environments.1,2

Moreover, the balance between normal and patho-
logical self-association has been carefully tuned by
molecular evolution.3,4 Failures of the regulatory
mechanisms do, however, occur and may result in
conditions such as Alzheimer’s and Creutzfeldt–
Jakob diseases, and type II diabetes. Such diseases
are associated with the deposition in tissue of
pathogenic aggregates that are composed largely of
misfolded proteins in the form of amyloid fibrils or
plaques.5–10 Recent work suggests that not only are
amyloid aggregates formed in vivo from a group of
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otherwise unrelated proteins, but they can be
induced in vitro from proteins not associated with
known deposition diseases.3,10–13 Such observations
have led to the suggestion that the ability to form
amyloid fibrils may be a common characteristic of
polypeptide chains,3,5 although individual propen-
sities vary greatly with the sequence and the
environmental conditions.
A range of diverse factors has been reported to

influence the rate of amyloid formation. Extrinsic
factors that can affect the formation of protein
aggregates in vivo include the interaction with
cellular or extracellular components such as
molecular chaperones that inhibit misfolding,14

proteases that frequently generate or process the
amyloidogenic precursors,15 and the effectiveness
of quality control mechanisms such as the ubiquitin–
proteasome system.16,17 They also include physico-
chemical properties that describe the environment
of the polypeptide chains, such as pH, temperature,
ionic strength, protein concentration, denaturant
concentration and pressure.18–25 Intrinsic factors
associated with amyloid formation include a range
of fundamental characteristics of polypeptide
d.



Table 1. Coefficients of equation (1)

Parameter a p-value

Hydrophobicity K1.99G0.31 !0.001
a K5.7G2.3 !0.001
b 5.0G1.7 !0.001
Charge K0.08G0.03 0.17
Patterns 0.39G0.02 !0.001

The coefficients a used in equation (1). These values and the
corresponding statistical errors were derived as described.45
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chains, such as charge,26–29 hydrophobicity,30–32

patterns of polar and non-polar residues,33 and
the propensities to adopt diverse secondary struc-
ture elements.27,32,34,35 In the case of globular
proteins, the propensities to form amyloid struc-
tures are generally inversely related to the stability
of their native states.24,36–42 Many of the proteins
associated with amyloid diseases are, however, at
least partially unfolded under physiological con-
ditions. In addition, it is thought that many globular
proteins unfold, at least partially, before aggre-
gating. The present study is therefore focused on
the conversion of unfolded or partially unfolded
states into amyloid aggregates.

One of the most intriguing recent observations in
studies of the kinetics of amyloid formation is that
polypeptide sequences appear to contain local
regions that are “sensitive” for aggregation.32 Single
amino acid mutations in these regions can change
the aggregation rates dramatically, while similar
changes in other regions may have relatively little
effect.32,43 In addition, it has been shown that it is
possible to describe with considerable accuracy the
in vitro amyloid aggregation propensities of poly-
peptides using algorithms that take into account the
physico-chemical properties of their sequences and
of their environment.44–48 Here, our purpose is to
apply this type of analysis to the rationalisation and
the prediction of the sensitive regions of poly-
peptide sequences in general and of proteins
associated with neurodegenerative diseases in
particular.
Results

Definition of intrinsic aggregation propensities

We define the intrinsic propensity of an unfolded
polypeptide chain to form amyloid aggregates, Pagg,
by considering just the intrinsic factors in the
formula that we have recently introduced to define
the absolute aggregation rates of unstructured
polypeptide chains:45

Pagg Z ahydrI
hydr CaaI

a CabI
b CapatI

pat

CachI
ch (1)

where Ihydr represents the hydrophobicity of the
sequence,49,50 Ia is the a-helical propensity,51 Ib is
the b-sheet propensity,51 Ipat is the hydrophobic
patterning,52 and Ich is the absolute value of the net
charge of the sequence; the coefficients a, which
weight the individual factors, were determined as
described and are listed in Table 1 (see Materials
and Methods).45 Since pH influences some of these
terms, such as Ihydr, Ia and Ich, it must be specified
for equation (1), and the hydrophobicity and
secondary structure propensities are normalised
for the length of the polypeptide chain. The values
that we found for the coefficients indicate that
hydrophobicity, the presence of specific
hydrophobic patterns and the propensity to form
b-sheets favour aggregation; in contrast, the net
charge and the propensity to form a-helices reduce
the tendency to aggregate. It has been suggested
that aromatic residues may play an important role
in promoting aggregation,48,53 although other
studies have indicated that their importance may
be limited.54 The systematic collection of exper-
imental data relevant to this factor will allow its role
to be clarified.
Definition of intrinsic Z-scores for aggregation

The intrinsic Z-score for aggregation, Zagg,
enables comparisons to be made between the
aggregation propensities of different polypeptide
sequences. It is calculated as:

Zagg Z
Pagg Kmagg

sagg

(2)

where magg is the average value of Pagg over a set of
random polypeptides having the same length as the
sequence of interest, and sagg is the corresponding
standard deviation from the average (see Materials
and Methods). If ZaggO0, the sequence is more
prone to aggregation than a randomly generated
sequence at that particular pH, while it is less prone
if Zagg!0.
Intrinsic aggregation propensities of individual
amino acids

The intrinsic propensities pagg of individual
amino acids to promote the conversion of a
polypeptide chain into amyloid aggregates can be
calculated from equation (1) if one considers a
polypeptide sequence of length 1. In this case, the
term describing the patterning of polar and non-
polar residues, Ipat, does not contribute to the
resulting pagg value. The aggregation propensity
scale obtained in this way should be useful for a
qualitative estimate of the effect of mutations on the
aggregation behaviour of a given polypeptide
chain, at least when hydrophobic patterns are not
involved. The scales at three different values of pH
are shown in Table 2, where the various amino acids
are listed in decreasing order of amyloid formation
propensity at neutral pH. At this pH, tryptophan,
phenylalanine, cysteine, tyrosine, and isoleucine
have the highest amyloid propensities, while



Table 2. Amyloid aggregation propensities of the 20
naturally occurring amino acids

Residue pH 7 pH 2 pH 13

Trp 2.92 2.92 2.92
Phe 2.80 2.80 2.80
Cys 1.61 1.61 K3.44
Tyr 1.03 1.03 1.03
Ile 0.93 0.93 0.93
Val 0.49 0.49 0.49
Leu K0.25 K0.25 K0.25
Met K1.06 K1.06 K1.06
Thr K2.12 K2.12 K2.12
Ala K3.31 K3.31 K3.31
Gly K3.96 K3.96 K3.96
His K4.31 K9.36 K4.31
Ser K5.08 K5.08 K5.08
Gln K6.00 K6.00 K6.00
Asn K6.02 K6.02 K6.02
Asp K9.42 K4.38 K9.42
Lys K9.55 K9.55 K9.47
Glu K10.38 K6.73 K10.38
Arg K11.93 K11.93 K11.85
Pro K11.96 K11.96 K11.96

Amyloid aggregation propensities of individual amino acids,
pagg, at three pH values, calculated from equation (1) by
considering a polypeptide sequence of length 1.

Sensitive Regions for Protein Aggregation 381
aspartic acid, lysine, glutamic acid, and arginine
have the lowest. The high intrinsic propensities of
tryptophan, tyrosine, and phenylalanine are par-
ticularly interesting in the light of the studies by
Azriel et al. that revealed the frequent occurrence of
aromatic residues, particularly phenylalanine, in
Figure 1. Amyloid aggregation profile of Ab42 at pH 7.
maximum (blue) and minimum (green) propensity values a
drawn to identify the aggregation-promoting regions; thes
regions.
amyloidogenic peptides.55 The only aromatic
residue missing from the amyloidogenic peptides
examined is histidine;55 the scale that we have
derived assigns a much lower amyloid aggregation
propensity to histidine than to the other aromatic
residues, especially at low pH values, where its
side-chain is positively charged.
Identification of sensitive regions for
aggregation

We use equation (1) to calculate the sum of the
individual intrinsic factors (i.e. hydrophobicity,
secondary structure propensity, hydrophobic pat-
tern and charge) for each residue in a polypeptide
sequence. This operation results in an “aggregation
propensity profile”, Z

prof
agg (see Materials and

Methods), which illustrates the fact that different
local regions in the sequence of a polypeptide chain
can have significantly different intrinsic propensi-
ties to aggregate. In addition to the profile for the
wild-type sequence, at each position we consider all
possible amino acid replacements and, by using
equation (1), we determine those replacements with
the highest and with the lowest aggregation
propensity, respectively. In this way, a minimum
and a maximum profile can be calculated (see
Materials and Methods). From these profiles it is
possible to predict the regions where mutations
have the greatest potential for increasing or
reducing the aggregation propensity. In the
The wild-type profile is plotted in red, along with the
t each position along the sequence. A line at Z

prof
agg Z1 is

e regions derived experimentally are shown as shaded



Table 3. Amyloid aggregation propensities of Ab42
mutants

Peptide Zagg DZagg Lengtha

WT 0.61 0.00 42
I41G 0.51 K0.10 42
I41A 0.53 K0.07 42
I41V 0.58 K0.03 42
I41L 0.61 0.00 42
E22Q 0.77 0.17 42
E22G 0.84 0.24 42
E22K 0.78 0.18 42
D23N 0.79 0.18 42
F19P 0.22 K0.39 42
F19T 0.48 K0.13 42
A21G 0.59 K0.02 42
A42G 0.59 K0.02 42
A42V 0.65 0.05 42
D (1–2) 0.85 0.25 40
D (1–4) 0.97 0.37 38
D (1–9) 1.53 0.93 33
D1N 0.79 0.18 42
D7N 0.79 0.18 42
All N 1.12 0.52 42
H6Q 0.57 K0.03 42
H13Q 0.57 K0.03 42
H14Q 0.57 K0.03 42
All Q 0.47 K0.13 42
All N and Q 0.99 0.38 42
15–21 1.61 1.00 7
12–24 1.09 0.48 13
31–37 2.11 1.50 7
30–42 2.52 1.91 13

Amyloid aggregation Z-score propensities of the Ab42 mutants62

as determined from equations (1) and (2) at pH 7. DZagg is the
change in the Z-score between a mutational variant and the wild-
type protein.

a Number of amino acid residues.
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following section, we discuss the application of this
type of analysis to three polypeptide chains that are
natively unfolded and for which there is a con-
siderable amount of experimental data, as their
aggregation is associated with Alzheimer’s and
Parkinson’s diseases.

Ab42

Alzheimer’s disease is a neurological disorder
characterised by the progressive deposition in the
brain of the Ab40 or the Ab42 peptide.9 Since
the location, and hence the local pH, at which the
aggregation process leading to such deposition
occurs in vivo is not known precisely, we used
equations (1) and (2) to calculate the aggregation
propensity profiles for the peptides over a pH range
from 2 to 9. Figure 1 shows the result of the
calculations at pH 7; the profiles are only weakly
dependent on values of pH in the range from 4.5 to
9. By considering all the residues with Z

prof
agg O1:0,

we identified the regions formed by residues 15–21
and 30–42 as those that have the highest local
propensities to aggregate.

These predictions are in good agreement with a
range of experimental data. Proline scanning
mutagenesis has indicated that the region of the
sequence spanning residues 15–21 is a particularly
important one in the process of amyloid forma-
tion.43 In addition, Tjernberg et al. identified several
peptides containing residues 16–20 that can readily
form fibrils, the shortest of which is 13–23.56 More
recently, Balbach et al. have shown that the seven-
residue fragment 16–22 is able to form fibrils.57 The
15–21 region has been defined as part of the
structural core of the fibrils, as determined by
solid-state NMR and by electron paramagnetic
resonance coupled to site-directed spin label-
ling;58,59 these two studies indicate that the regions
formed by residues 12–2458 or 13–2158,59 have a
well-defined b-sheet structure in the fibrils. The
region of the sequence immediately before the
C terminus and spanning residues 31–37 has also
been proposed to be important for aggregation, as
substitution of residues within this region by
proline causes a considerable decrease in aggrega-
tion rate.43 In addition, the peptide corresponding
to residues 34–42 can readily form ordered b
structures.60 Solid-state NMR and site-directed
spin labelling experiments also suggest that
residues 30–4058 or 30–3859 form a b-strand in the
fibrils. Although the involvement of the last four
residues in the cross-b structure of the fibrils is still
under debate, there is general agreement that the
31–37 region is part of the core of the fibrillar
aggregates.43,58,59

We have also used equations (1) and (2) to
compute changes in aggregation rate, k, as a
consequence of mutation. This approach is of
great significance, as many familial amyloid
diseases result from mutations within the sequence
of the peptide or protein whose aggregation is
associated with these medical conditions. At each
position of Ab42, we calculated the average value of
log (kmut/kwt) for all 20 different types of amino
acids (see Materials and Methods). This type of
analysis shows that the regions formed by residues
17–21 and 30–42 have aggregation propensities
that cannot be increased significantly by mutation.
By contrast, residues 22–23 and 26–29 are the only
residues within the 17–42 region of the sequence
whose aggregation propensity can be increased
significantly by replacement with other residues, as
shown in Figure 1. These predictions are in good
agreement with the results of a recent study by
Wurth et al.,61 in which several mutations were
found in the region 29–42 of Ab42 that can reduce
the aggregation propensity significantly. In accord
with the experimental findings, we predict that all
the single-point variants found byWurth et al. (A2S,
L17E, L17Q, F19S, I31N, I32S, I32V, L34P and V32E)
have a decreased aggregation propensity (data not
shown).61

In addition, we examined a series of engineered
mutations of Ab40 and Ab42 that have been studied
in vitro by Bitan et al.62 In that study, the aggregation
propensities of mutants of Ab42 at position 41 were
ranked as I41G!I41A!I41V!I41LwWT; an
identical order is predicted by our analysis
(Table 3). Additionally, the large oligomers that
are known to be formed by the wild-type peptide



Table 4.Amyloid aggregation propensities of a-synuclein

Sequence Zagg Lengtha

Wild-type K1.68 140
A30P K1.75 140
A53T K1.67 140
E46K K1.53 140
NAC (61–95) 1.42 35
69–79 1.81 11
66–74 1.89 9
34–101 (fibril core) 0.29 68
71–82 1.46 12
36–101 0.51 66
NACP112 K0.46 112

Amyloid aggregation Z-score propensities of a-synuclein and
several of its mutants and fragments, determined from equations
(1) and (2) at pH 7.

a Number of amino acid residues.
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were not observed in the case of the A42G mutant,
while the A42V mutant showed behaviour similar
to that of the wild-type peptide.62 The hypothesis
that hydrophobic tendencies drive association of
initial aggregates into higher oligomers,63 is sup-
ported by our analysis, which shows a higher Zagg

value for the A42V mutant (0.65) relative to the
wild-type sequence (0.61) (Table 3). Bitan et al.
explored the effects of charge neutralisation on the
aggregation propensities of Ab42 by Asp to Asn
and by His to Gln mutations.62 We predict the
variant in which all three Asp residues of Ab42
were mutated (All N) to have a lower aggregation
propensity than the variant in which the three Asp
and the three His residues were mutated (All NC
Q), which in turn is predicted to have a lower
aggregation propensity than the wild-type peptide
(Table 3). Single Asp to Asn variants (D1N and
D7N) are predicted to have a higher aggregation
propensity than the All N variant. For the variant in
which all the three His residues were mutated (All
Q), no significant change in aggregation rate with
respect to the wild-type was observed.62 In this
case, we predict a slightly lower aggregation
propensity for the His to Gln mutants, because
His residues are predominantly uncharged at
physiological pH (Table 3).

The aggregation behaviour of the major patho-
genic mutants of Ab40 or Ab42 that are associated
with early-onset Alzheimer’s disease or hereditary
cerebral haemorrhage with amyloidosis, A21G
(Flemish), E22G (Arctic), E22Q (Dutch), E22K
(Italian), and D23N (Iowa) have been studied
widely in vitro.62,64–66 The Dutch, Arctic, and Iowa
mutants all show much higher aggregation rates
than Ab40,62,64–66 a result that is predicted by our
analysis. The Italian mutant was predicted to
increase the aggregation propensity, in agreement
with the slight increase in the aggregation rate
observed experimentally65 and a higher tendency to
oligomerise.62 The rate of aggregation of the
Flemish mutant has been reported in different
studies to be decreased slightly or to be similar to
that of the wild-type peptide;66 in addition, the
propensity to form oligomers is similar and
decreased only slightly when the Flemish mutation
is present in Ab40 and Ab42, respectively.62 Our
analysis is completely consistent with these obser-
vations (Table 3). In addition, the non-pathogenic
F19P and F19T mutants have reduced aggregation
properties,62,67,68 in agreement with our predictions
(Table 3). Finally, the predicted aggregation pro-
pensity for N-terminally truncated peptides, found
to occur naturally in amyloid plaques, increases
with the extent of truncation, again in accordance
with experimental data.62

a-Synuclein

a-Synuclein is an intrinsically unstructured pro-
tein of 140 residues that is an important component
of Lewy bodies, which are intracellular assemblies
of aggregates associated with Parkinson’s disease
and other neurodegenerative disorders known as
synucleinopathies.69 We used equations (1) and (2)
to calculate the intrinsic propensity of a-synuclein
to aggregate (Table 4). Interestingly, this propensity
is significantly lower than that expected for a
random polypeptide of the same length. Fragments
of a-synuclein are, however, known to be highly
amyloidogenic when dissected from the remainder
of the sequence, for example 61–95 NAC,70 66–74,71

69–7972 and 71–8273 (Table 4). We predict that all
these fragments will indeed have a higher intrinsic
propensity to aggregate than a peptide of similar
size with a random sequence. Our prediction for the
full-length protein is consistent with the expectation
that natively unfolded proteins will have evolved to
avoid aggregation in vivo under normal conditions.
Indeed, the amino acid propensity scale for aggre-
gation (Table 2) correlates negatively with the scale
that describes the propensity of individual amino
acids to appear in unstructured regions.74 By
contrast, the intrinsic aggregation propensities of
proteins that are folded in their biologically relevant
forms can be much higher, as the regions of high
aggregation potential are very likely to be buried in
their native states.
The aggregation propensity profile calculated for

a-synuclein at pH 7 (Figure 2(a)) reveals that the
regions of the sequence with the highest local
propensities for aggregation in the wild-type
protein are 38–40, 50–54, 65–75 and 87–92. All
these regions are in a large fragment of the protein
(residues 34–101) that has been shown by site-
directed spin-labelling to form the structural core of
the fibril.75 We predict that this fragment will have
a higher propensity to aggregate than a random
sequence of similar length (ZaggZ0.29), and a much
higher propensity than the intact protein (ZaggZ
K1.68, Table 4). Further, two independent studies
have indicated that a stretch of the sequence in the
central region of the sequence encompassing
residues 69–7972 (or 71–82)73 is a key region for
promoting aggregation. This part of the sequence is
located within the proposed fibril core and corre-
sponds to part of the most prominent peak in our



  

 

Figure 2. (a) Amyloid aggregation profile of a-synuclein at pH 7. A line at Z
prof
agg Z1 is drawn to identify the sensitive

regions. The large region of the protein thought to be structured in the fibrils is shown by pale grey.75 The highly
amyloidogenic NAC region70 is shown by dark grey and the 69–79 region, found to be a particularly amyloidogenic
segment within the NAC region,72 is shown by hashed lines. (b) Plot of the log (kmut/kwt) profile (see Materials and
Methods) at pH 7 for the 20 possible amino acid types at each position of the sequence of a-synuclein.
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aggregation propensity profile (Figure 2(a)). One
might imagine that the 69–79 (or 71–82) region,
perhaps in conjunction with other short segments of
the sequence, would initiate the process of aggrega-
tion that subsequently extends to include much of
the rest of the protein molecule.
The log (kmut/kwt) profiles (see Materials and
Methods) for the 20 possible amino acid types at
each position in the sequence were calculated for
a-synuclein (Figure 2(b)). A striking feature is the
presence of peaks associated with Lys and Arg
residues that are almost evenly spaced throughout



Figure 3. (a) Aggregation propensity profile of tau at pH 7. (b) Aggregation propensity profile of the PHF43 fragment
at pH 7. The wild-type profile is plotted in red, along with the maximum (blue) and minimum (green) possible
propensity values for each residue. In (a) the microtubule-binding region and the four microtubule-binding repeats are
indicated by hashed areas and the sensitive regions that we identified are indicated as shaded areas. In (b) the
aggregation promoting region derived experimentally is shown as shaded regions and a line at Z

prof
agg Z1 is drawn to

identify the aggregation-promoting regions.
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the sequence. We suggest that they play the role of
“sequence breakers”32,76–78 to reduce the overall
aggregation propensity of the protein by inhibiting
self-association of regions of the sequence that
contain such charged residues. In support of this
suggestion, the NAC region is the only part of the
sequence where such sequence breakers are absent.
Sequence breakers may be important in disrupting
hydrophobic regions of the sequence; for example,
the substitution of a residue that disrupts a
hydrophobic pattern will decrease significantly
the aggregation propensity of a polypeptide
sequence.
Two familial variants of a-synuclein, A30P79 and



Table 5.Amyloid aggregation propensities of tau mutants

Peptide Zagg DZagg

WT K2.23 0.00
R5L K2.15 0.08
R5H K2.16 0.06
K257T K2.17 0.05
L266V K2.22 0.00
G272V K2.22 0.01
N279K K2.27 K0.05
N296H K2.22 0.01
P301L K2.22 0.00
P301S K2.21 0.02
S305N K2.23 0.00
S320F K1.98 0.24
V337M K2.23 0.00
E342V K1.80 0.42
K369I K1.93 0.29
G389R K2.29 K0.07
R406W K2.15 0.08
DK280 K2.16 0.06
DN296 K2.22 0.01

Amyloid aggregation Z-score propensities of tau mutants90,95 as
determined from equations (1) and (2) at pH 7. DZagg is the
change in the Z-score between a mutant and the wild-type
protein.
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A53T,80 have been found to be associated with the
early onset of Parkinson’s disease. These substi-
tutions are not, however, predicted to perturb the
aggregation rates significantly, as the substituted
residues generate intrinsic aggregation propensities
similar to that of the wild-type protein (Table 4).
These predictions can be compared with in vitro
experimental studies that show that A30P has an
aggregation rate similar to that of the wild-type
protein, while A53T forms oligomers and fibrils
slightly more rapidly.81 These findings suggest that
the pathogenic effects of these two mutations could
arise from factors other than changes in intrinsic
aggregation properties. Indeed, the pathogenicity
of the A30P and A53T mutants has been suggested
to be due to the disruption of the transport of
a-synuclein, with the rate of transport being much
slower than that of the wild-type protein.82 The
slower transport would lead to the creation of
high local concentrations of protein that will
undoubtedly promote a faster protofibril formation.
This conclusion suggests that the ability to predict
aggregation propensities using an approach such as
that discussed here could be of great value in
identifying factors that can reduce or enhance
aggregation of a protein by mechanisms other
than those that perturb its intrinsic rate of aggrega-
tion. E46K is the latest mutation in a-synuclein
that has been linked to Parkinson’s disease.83

Biophysical characterisation of this mutant showed
an increased aggregation propensity relative to
wild-type a-synuclein.84 In agreement with the
experimental observations, our calculations predict
an enhanced aggregation propensity for the mutant
compared to that of the wild-type protein.

Alternative spliced forms of a-synuclein mRNA
have been described.85 Although their role in
Parkinson’s disease is not clear, recent evidence
has suggested that differences in the expression
levels of a-synuclein variants could have an impact
in some pathologies associated with the presence of
Lewy bodies.86 Our predictions suggest that the
alternatively spliced form a-synuclein NACP112
should have a very considerably increased aggrega-
tion propensity. These results are in agreement with
recent structural studies that suggested that the
C terminus region of the full-length a-synuclein,
which is known to inhibit its aggregation,87,88 has
the tendency to interact with the NAC region, thus
partially shielding it from forming intermolecular
aggregates.89

tau

The protein tau, a microtubule-associated poly-
peptide representing an important component of
the neuronal cytoskeleton, is natively unfolded in
its full-length form.90,91 Tau has been identified as a
major component of the intracellular neurofibrillary
tangles associated with Alzheimer’s disease,92 and
has thus attracted considerable attention.90,91 Tau-
mediated cytotoxicity may arise from overexpres-
sion,93 hyperphosphorylation94 or proteolysis.94

The aggregation propensity profile for the longest
isoform of tau (tau-F, 441 amino acid residues),
calculated using equations (1) and (2), is shown in
Figure 3(a). The plot shows that three local regions
of the sequence are predicted to be highly prone
to aggregation; these are 280–287, 335–340 and
374–381. These regions are in the microtubule-
binding region, as indicated in Figure 3(a). These
regions are located in the segment of tau (residues
257–389) wheremost point mutants linked to FTDP-
17 are found.

A recent review by Gamblin et al. lists 17
pathogenic missense point mutants in tau,90 and
an additional one is described by Goedert et al.95

The intrinsic propensities of wild-type and mutant
forms of tau have been calculated using equations
(1) and (2), and are reported in Table 5. Twelve of
these mutants are predicted to have a Zagg score
higher than that of wild-type tau, indicating that the
mutations have increased the intrinsic rate of
aggregation. Two of the 18 mutations, N279K and
G389R, are predicted to have a lower score, but they
are both known to cause changes to factors other
than those affecting the aggregation rate. In par-
ticular, N279K enhances the splicing of exon 10,95

and thereby increases the expression of the isoforms
containing four repeats in the microtubule-binding
domain. These isoforms have a decreased ability to
bind microtubules, leading to a higher local
concentration of free tau, a factor that is expected
to increase the aggregation rate by itself.95 The
G389R substitution also decreases the ability of tau
to bind to microtubules,90 suggesting that similar
factors give rise to its pathogenicity. The other four
mutants, S305N, L266V, P301L and V337M, are
predicted to have approximately the same aggrega-
tion propensities as the wild-type protein. Of these,
S305N has an effect similar to N279K, and V337M is



Figure 4. Type SK regions are segments of the
polypeptide chain that are predicted to have a high
propensity to aggregate but that can become of low
propensity upon mutation. We illustrate this behaviour
by showing, for Ab42 and a-synuclein, for each position
along the sequence, the maximum predicted decrease of
the aggregation propensity upon mutation (y-axis)
against the propensity for aggregation of the wild-type
sequence (x-axis). Residues in the upper right quadrant
have a high aggregation propensity but can change to
being of low propensity upon mutation. (a) Ab42;
residues in the regions 15–21 (triangles) and 30–42
(squares) cluster in the upper right quadrant, showing
that they form a type SK region. (b) a-Synuclein; residues
in the NAC fragment also form a type SK region
(triangles), and also cluster in the upper right quadrant.
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the only FTDP-17 mutant that reduces the b-sheet
propensity;90 the origins of pathogenicity are not
known for the remaining three mutations. Never-
theless, these results suggest that the pathogenicity
of at least 12 of the 18 familial mutations could arise,
at least in part, from an increase in their rates of
aggregation relative to the wild-type protein.
A recent report has suggested that the minimal

interaction motif of tau that gives rise to
aggregation is a 43 residue segment (PHF43, or
N265-E338DR2) corresponding to the third micro-
tubule-binding repeat sequence along with a
number of adjacent residues.96 In addition, a spot
membrane-binding assay was used to suggest that a
six residue segment within PHF43 (PHF6, or
306VQIVYK311) is the specific region of this peptide
that promotes aggregation.96 Calculation of the
aggregation propensity profile of PHF43 indicates
that the highest peak in the profile, identified by
using a threshold Z

prof
agg Z1, does indeed correspond

to the PHF6 segment (Figure 3(b)).
Discussion and Conclusions

Here, we describe a method for calculating the
intrinsic amyloid aggregation propensities of poly-
peptide sequences, and we have used this approach
to calculate the aggregation propensity profiles for
three natively unfolded polypeptide chains asso-
ciated with neurodegenerative diseases, Ab42,
a-synuclein and tau. These profiles have allowed
the regions of these sequences that influence their
aggregation behaviour to be identified and com-
pared to the results of experimental studies.
We can rationalise the results by identifying two

types of “sensitive” regions. We define the first type
as aggregation-prone, or P regions. These are local
regions within a sequence that are predicted to have
a high intrinsic aggregation propensity and hence
are likely to promote the aggregation of the entire
sequence. In addition, they are likely to be part of
the b-sheet core in the resulting amyloid protofibrils
and fibrils. It is important to identify such regions,
as they may represent very favourable targets for
therapeutic strategies based on their shielding, for
example through competitive binding.97,98 We
define the second type of sensitive regions as
aggregation-susceptible, or S regions in which
large changes in the propensities for aggregation
are predicted to be possible as a result of mutations.
These regions can be identified from the analysis of
the minimum and the maximum propensity pro-
files, such as those shown in Figures 1 and 3(b).
More specifically, we can expect two types of S
regions, depending on their response to single
amino acid mutations: regions of low propensity
that can become of high propensity (type SC) and
regions of high propensity that can become of
low propensity (type SK). Regions of type SC
are likely to be important in familial forms of
misfolding diseases, as mutations localised in these
regions can increase the propensity for aggregation
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substantially. Residues 22–23 in Ab42 and 100–106
in a-synuclein are prominent examples of type SC
regions. Regions of type SK are suitable targets for
future strategies for countering aggregation based
on gene therapy or stem-cell implantation,34 as
mutations in these regions are expected to be
potentially highly favourable for reducing the
aggregation propensity.99 Residues 30–42 of Ab42,
the NAC region of a-synuclein and the 306–311
region of tau are prominent examples of regions of
type SK (Figure 4).

Overall, therefore, we have shown that it is
possible to use arguments based on physico-
chemical principles to identify the regions of the
sequence of an unstructured peptide or natively
unfolded protein that are most important for
promoting aggregation. The current approach is
designed to be directly relevant for unstructured
polypeptide chains, such as those associated with
neurological disorders, including Alzheimer’s and
Parkinson’s diseases, and non-neuropathic dis-
orders, such as type II diabetes. An additional
term representing the stability of the native state
can in principle be included to extend the approach
to proteins that aggregate from a predominantly
globular state, as is the case, for example, in the
systemic amyloidoses associated with lysozyme
and transthyretin.10 Moreover, and more generally,
it should be possible to include in the predictive
algorithm other factors that will emerge as impor-
tant determinants of aggregation propensity of any
given system.

Knowledge of the sensitive regions for amyloid
aggregation, and the ability to predict their
response to various types of perturbations, inclu-
ding amino acid replacements and changes in pH,
are of particular significance for identifying poten-
tial disease-associated mutations and for the
development of rational approaches to engineering
sequences with altered aggregation propensities.
Such knowledge will be crucial in many approaches
to combat protein deposition diseases, in par-
ticular those involving the identification of small
molecules98 or antibodies97,100 that are designed to
inhibit the formation of pathogenic aggregates.
Materials and Methods
Fitting of the coefficients using known aggregation
rates

The intrinsic factors included in the algorithm
developed45 were used in this work to calculate Pagg,
the intrinsic aggregation propensity of a sequence. The
weights of the various intrinsic factors were determined
simultaneously by using regression techniques using
an extended database of 203 sequences that included
the 83 sequences used by DuBay et al.45 We used
normalised b-sheet and a-helix propensity scales,51 with
the following modifications: for b-sheet propensity
calculations, we set ProZ0.1, to account for the known
ability of this residue to disrupt b-sheets; for a-helix
propensity calculations, we set GlyZ2 and ProZ1.5, to
avoid zero values in the logarithm.

Amino acid aggregation propensities

We calculated the propensity for aggregation, pagg, for
individual amino acids (Table 2) by applying equation (1)
to a sequence comprising just one amino acid residue; in
this case the term Ipat is always equal to zero.

Determination of the aggregation propensities of
random peptides

Using the SWISS-PROT scale of the relative occurrence
of different amino acids in polypeptide sequences, the
intrinsic aggregation propensity of a random polypeptide
of a given length was determined by averaging Pagg over
100,000 randomly generated sequences of that length.

Determination of the aggregation propensity profiles

We used equation (1) to calculate the pagg values of
individual amino acids at each position of a polypeptide
sequence in order to define the propensities of local
regions of polypeptide chains. In this case, we set IpatZ1
for all residues within a five residue sequence pattern
of alternating hydrophobic and hydrophilic residues.
To facilitate the comparison of different sequences, we
plotted Z

prof
agg Z ðpaggKmaggÞ=sagg, where magg is the average

Pagg value of a random polypeptide chain of the same
length and sagg is the corresponding standard deviation.
The resulting Z

prof
agg profile was then smoothed by

averaging over a sliding window of seven residues.

Determination of the maximum and minimum
aggregation propensity profiles

The regions of the sequence for which the amyloid
aggregation rates of a polypeptide chain are particularly
liable to change as a result of single amino acid mutations
were identified as follows. At each position in the
sequence, the Z

prof
agg values were calculated for each of

the 19 possible changes of the type of amino acid relative
to the wild-type sequence. Each of these 19 possibilities
corresponds to a single-residue mutation of the wild-type
sequence. The maximum and the minimum aggregation
profiles were then constructed by considering the highest
and the lowest values of the aggregation propensities for
the 19 mutations at each position. These two profiles can
thus be compared with the profile for the wild-type
sequence to identify the range of aggregation rates
resulting from substitutions at each position in the
sequence.

Determination of the log (kmut/kwt) profiles

At each position in a polypeptide sequence, we
considered the wild-type residue and the 19 possible
single-residue mutants and calculated the differences in
the logarithm of the aggregation rates between the
mutants and the wild-type sequences by using the
formula:

logðkmut=kwtÞZPaggðmutÞKPaggðwtÞ

Peaks in the log (kmut/kwt) profiles indicate regions of
the sequence where mutations have a high probability of
increasing the rate of aggregation.
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