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We present a method for predicting the regions of the sequences of peptides
and proteins that are most important in promoting their aggregation and
amyloid formation. The method extends previous approaches by allowing
such predictions to be carried out for conditions under which the molecules
concerned can be folded or contain a significant degree of persistent structure.
In order to achieve this result, the method uses only knowledge of the sequence
of amino acids to estimate simultaneously both the propensity for folding and
aggregation and the way in which these two types of propensity compete. We
illustrate the approach by its application to a set of peptides and proteins both
associated and not associated with disease. Our results show not only that the
regions of a protein with a high intrinsic aggregation propensity can be
identified in a robust manner but also that the structural context of such regions
in the monomeric form is crucial for determining their actual role in the
aggregation process.
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Introduction

It is becoming increasingly clear that specific regions
of the amino acid sequences of polypeptide chains,
sometimes known as “aggregation-prone” regions,"
play a major role in determining their tendency to
aggregate and, ultimately, to form organized structures
such as amyloid fibrils."™ Strong support for this view
has been provided by analyzing the effects of muta-
tions on the aggregation propensities of specific
peptides and proteins,* and through the determination
of high-resolution structural models illustrating that
specific segments of polypeptide chains constitute the
highly ordered cores of the fibrils.” " The existence of
aggregation-prone regions has suggested the way in
which rational mutagenesis can reduce the problem of
aggregation in biotechnology and in the development
of new drugs.'"'* In addition, it has suggested
therapeutic strategies that specifically target these re-
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Abbreviations used: AR, amyloid p3; IAPP, islet amyloid
polypeptide; hIAPP, human IAPP; EPR, electron
paramagnetic resonance; TTR, transthyretin; hPrP, human
prion protein; hPrPS, cellular isoform of the prion protein;
hPrP5, p-sheet-rich aggregated form of the prion protein.

gions in order to reduce their tendency to promote the
formation of ordered intermolecular assemblies.'*

The main physicochemical factors that promote the
aggregation of unfolded polypeptide chains have
recently been characterized;'®!” based on these
findings, several algorithms have been proposed to
predict “aggregation propensity profiles” that enable
the identification of regions with a high intrinsic pro-
pensity for aggregation."*'®** We have previously
shown the strength of this approach in predicting the
aggregation-prone regions of polypeptide chains that
are largely unstructured under physiological condi-
tions, including the amyloid p (AR) peptide associated
with Alzheimer’s disease and a-synuclein, a natively
unfolded protein whose aggregation has been linked
to Parkinson’s disease.'

In this article, we generalize this approach to predict
the regions that promote the aggregation of structured
globular proteins or proteins that contain both
structured and unstructured domains. In such an
enterprise, it is essential to consider the possibility that
regions with a high intrinsic propensity for ag-
gregation may be buried inside stable and often
highly cooperative structural elements and, therefore,
may be unable in such states to form the specific
intermolecular interactions that lead to aggregation.
Shielded in this way, they may become unable to play
a major role in the aggregation process, although,

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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following mutations that destabilize the native
structure, they might acquire this ability. In order to
be able to take into consideration the tendency of a
given region of a protein sequence to adopt a folded
conformation, we exploit the possibility of predicting
the local stability of the various reglons of a protein
from knowledge of its sequence.”” In essence, given
the amino acid sequence of a protein, we show here
how it is possible to combine the predictions of the
intrinsic aggregation propensity profiles with those
for folding into stable structures to determine new
aggregation propensity profiles of structured or
partially structured proteins that account for the
influence of the structural context. We illustrate this
approach through its application to the prediction of
aggregation profiles for a range of peptides and
proteins whose aggregation propensities have been
characterized experimentally in particular detail.

Results

Experimentally, aggregation-prone regions have
been identified by a range of different techniques,
including mutatronal analysis of the kinetics of the
aggregation process*” or of the stability of the amyloid
fibrils, 26?7 structural analysis of the cores of amyloid
fibrils," fluorescence techniques,” and the study of the
aggregation of peptide fragments extracted from wild-
type proteins.?®?” These probes report on different
aspects of the dynamics of the aggregation process
and of the thermodynamics of the amyloid state. Since
the predictions that we perform are based on the
analysis of mutatlonal effects on the kinetics of
aggregahon "7 we are interested both in assessing
the quality of the predictions of the regions that are
most important in promoting the aggregation process,
and in exploring the relationship between such aspect
and the other factors that may affect the formation
and stability of globular forms and amyloid fibrils.

Prediction of the aggregation propensities of
unstructured polypeptides

We first present predictions of the aggregation
propensity profiles of five unstructured human pep-
tides of less than 50 residues and of one natively
unfolded protein that are involved in protein deposi-
tion diseases: AP1_4o, calcitonin, glucagon, the second
WW domain of CA150, islet amyloid polypeptide
(IAPP), and a-synuclein (Fig. 1). In addition to the
intrinsic aggregation propensity profile Z#8, which is
calculated with a procedure similar to the one that we
have already described’ (see Methods), we present a
second type of profile Z{#8, which takes into account
the propensities of the different regions of a polypep-
tide chain to form stable folded structures (see
Methods).

AB 1-42

The AP peptide is the main constituent of the
extracellular deposits characteristic of Alzheimer’s

disease.” This peptide is found in the human brain
predominantly in two forms of: 40 and 42 amino acids
in length (AP1_49 and ApPq_4p, respectively). The in-
trinsic aggregation profile Z7#® of Ap;_4; (red line in
Fig. la) reveals two regions of high aggregation
propensity (those above the Z7#¥=1 threshold): the
central region (residues 18-22) and the C-terminal
region (residues 32-42). Both these regions play an
important structural role in the current models of the
structures of the AR;_40>*° and AR peptides in
their amyloid forms. The recalculated aggregation
propensity profile Z3%8 (black line in Fig. 1a), which
takes into account the tendency of the monomeric
form of AR_4; to adopt a persistent conformation in
solution, does not reveal remarkable changes relative
to Z788, in agreement with the well-established notion
that the peptide is largely unstructured in solution
with no persistently formed folded structure.

Calcitonin

Human calcitonin is a 32-residue polypeptide hor-
mone involved in calcium regulation and bone dy-
namics that has been shown to be present as amyloid
fibrils in patients with medullary carcinoma of the
thyroid.*! In addition, fibrils can also form in samples
prepared in vitro and designed for therapeutic use,
and represent a Consrderable limitation on its admin-
istration to patrents By calculating the aggregation
profile Z$88, we predict a high aggregation potential
for the 12-residue N-terminal region and for residues
18-19 and 27-28 (Fig. 1b). Although some information
on the role of the 15-19 and C-terminal regions in the
aggregation of calcitonin has been published, 0323942
an exhaustive experimental study aimed at identi-
fying the regions of the sequence that promote
aggregation of the full-length hormone has not been
yet reported, making it difficult to compare our
profiles with experimental data. We did not predict
an intrinsic tendency for the monomeric form of this
short peptide to form a persistent structure, which i is
consistent with available experimental evidence.*’
The intrinsic aggregation propensity profile Zi®® is
therefore close to the Z$88 profile.

Glucagon

Glucagon is a 29-residue hormone that participates
in carbohydrate metabolism. Since it promotes the
release of glucose from the liver to the blood, this
polypeptide hormone has been used in the treatment
of hypoglycemia.** Glucagon has been shown read-
ily to form amyloid fibrils under acidic conditions.*
The regions encompassing residues 6-10 and 23-27
appear to be important for fibril formation, while the
central region (residues 13-18 and 22) plays a major
role in determmmg the morphology of the fibrils
themselves.” In agreement with these experrmental
findings, we predict the N-terminal region (in par-
ticular, residues 4-8) and the C-terminal region (in
particular, residues 24-27) to be highly aggregation-
prone (Fig. 1c). As in the cases of APRj4 and
calcitonin, glucagon is not highly structured in its
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Fig. 1. Aggregation propensity

profiles of six unstructured human
polypeptide chains involved in pro-
tein deposition diseases. Red lines
indicate the intrinsic aggregation

propensity profiles Z7&5. Black

lines indicate the aggregation pro-
pensities calculated by taking into
account the structural protection
provided by the folded form of the

protein 7288 (a) APRq_s: the green

and blue horizontal bars indicate
regions of the sequence found to
form the core of the fibrils as deter-

mined with solid-state NMR mea-

surement™ and 51te-d1rected spin
labeling coupled with EPR,* res-
pectively. (b) Calcitonin: the green

horizontal bar indicates the region
of residues 15-19 found to form the

Aggregation Propensity Profile

core of the fibrils.*** (c) Glucagon:
the green horizontal bars indicate
the regions of the sequence found to

promote aggregation of this peptide

using a protein engineering ap-
proach 33 (d) The second WW do-
main of human CA150: the green
horizontal bars indicate the seg-
ments that form the cross-p-core in
a structure recently proposed from

Position

solid-state NMR measurements.**
(e) IAPP: the green bars show the
regions that have been character-

ized as p-strands in the amyloid fibrils by using solid-state NMR spectroscopy;’” the blue line indicates the position of the
disulfide bridge between residues 2 and 7. (f) a-Synuclein: the blue, gray, and red horizontal bars indicate the reglon of the
sequence that appears to be structured in the f1br11s from site-directed spin labeling coupled with EPR,* hydrogen /

deuterium exchange,” and limited proteoly51s

The regions adopting a p-strand conformation within such region, as

revealed by solid-state NMR measurements, are mdlcated by green horizontal bars; due to experimental uncertainties, the

boundaries of such strands are only approximates.’

monomeric form; consistent with the results of the
intrinsic aggregation propensity, the Zi8 profile is
close to the Z7®® profile (Fig. 1c).

CA150.WwW2

The second WW domain of human CA150, a pro-
tein that is codeposited with huntingtin in Hunting-
ton’s disease, is a 40-residue protein that has been
shown to form amylo1d fibrils in vitro under phy-
siological conditions.*® The structure of this WW
domain in the amyloid protofilament was recently
characterized by solid-state NMR spectroscopy,®*
indicating that residues 2-14 and 16-29 constitute
the core of the fibrils. These experimental results are in
agreement with those calculated here (Fig. 1d). Again,
no significant changes in the aggregation propensity
profile were observed when considering the propen-
sity to fold (Fig. 1d).

IAPP

Assemblies of the 37-residue human IAPP (hIAPP)
represent the major component of the pancreatlc
amyloid deposits associated with type IT diabetes.*®
Solid-state NMR studies of the structures of the

amyloid fibrils formed by hIAPP have revealed that
the regions of residues 8-17 and 28-37°° (green bars
in Fig. 1e) form p-strands in the amyloid state. The
regions that form the structural core of the hIAPP
amyloid fibril, however, need not be 1dent1cal with
those that promote amyloid formation,” and there is
evidence that peptides corresponding to the regions
of residues 2025, 24-29, 22-27,7* and 22-28 with
the F23Y mutation*” are important in modulating the
aggregation process. We predicted only a marginal
intrinsic tendency for the monomeric form of this
short peptide to form a persistent structure; there-
fore, the intrinsic aggregation propensity profile Z758
is rather close to the Z$8# profile. Both profiles do not
exhibit regions of negative aggregation propensities,
indicating that hIAPP’s overall tendency to aggre-
gate is quite high. Our results also suggest that the
disulfide bond between residues 2 and 7 has the
likely effect of limiting the high aggregation pro-
pensity of the N-terminal region of hIAPP.

a-Synuclein

Human a-synuclein is known to self-assemble into
intracellular inclusions in dopaminergic neurons of
patients suffering from Parkinson’s disease. Using an
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array of experimental techniques, including solid-
state NMR, limited proteolysis, hydrogen/deuter-
ium exchange, and site-directed spin labeling/elec-
tron paramagnetic resonance (EPR), it was found
that the central region (approximately residues 30—
95) of this normally natively unfolded protein forms
the core of the fibrils.”?**°" All the four peaks
identified in both aggregation propensity profiles
7288 and Z7#8 are located within this central region of
the sequence (Fig. 1f). Moreover, the four peaks ap-
pear to correspond to the regions found to form the
B-core of the fibrils using solid-state NMR
measurements.”

Prediction of the aggregation profiles of globular
proteins

The approach presented here is specifically de-
signed to include the prediction of those regions of
the amino acid sequence of a globular protein that
promote its ordered aggregation starting from a
structured state. In such cases, it is normally ne-
cessary to destabilize the structure to enhance the
accessibility of the polypeptide main chain and
hydrophobic side chains in order for the aggregation
process to occur. In this section, we discuss four
human proteins that have been shown to aggregate
under such conditions.

Lysozyme

Human lysozyme has been found to form amyloid
fibrils in vivo in patients suffering from hereditary
amyloidosis carrying nonconservative point muta-
tions in the lysozyme gene.””” The aggregation
propensity profile of wild-type human lysozyme
Z;#8, calculated by taking into account the structural

lysozyme

protection in the native state, as predicted from the
sequence, does not exhibit any region above the
7388 =1 threshold (Fig. 2a, black line). This result is
consistent with the observations that lysozyme must
be destabilized in vitro in order for it to aggregate and
that amyloid disease is only found as a result of
destabilizing familiar mutations.” By calculating the
intrinsic aggregation propensity profile Z{%® for
wild-type human lysozyme, we identified six aggre-
gation-prone regions (residues 24-32, 37-46, 53-67,
75-81, 92-93, and 124-127; i.e., those with a Z7%8
score of >1) (Fig. 2a). These predictions are of parti-
cular interest in the light of recent experimental
observations that the regions of the sequence that
include residues 26-123 and 32-108 (Fig. 2a, green
bars) are highly resistant to proteolysis once conver-
ted into the amyloid state.5?

In order to clarify the relationship between the
tendency to remain folded or the tendency to ag-
gregate, we compared the structural protection and
the aggregation propensity at a residue-specific
level. The aggregation propensity was measured by
the Z{%% score, and the structural protection was
measured by the InP; score™ (see Methods), provid-
ing a prediction of the local stability of the region
comprising a particular residue (Fig. 3a). The cal-
culation of the InP; score either from the sequence or
from the native structure results in very similar Z7&&
profiles (blue and green lines, respectively, in Fig.
2a). In the plot of InP; versus Zi®®, regions of high
aggregation propensity and low structural stability
in the folded state, which are most likely to play an
important role in the first stages of the aggregation
process, are found on the right lower quadrant of the
plot. We predict residues 25 and 78-80 (labeled in
bold in Fig. 3a) to have the highest aggregation pro-
pensity and the lowest structural protection.

Fig. 2. Predicted aggregation
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lines; see Methods). The intrinsic ag-
gregation propensity profiles Z788
are reported as red lines. Secondary
structure elements are shown as blue
bars (B-strands) and red bars (a-
helices). (a) Lysozyme: the horizon-
tal bars represent the regions of resi-
dues 26-123 and 32-108, which are
known to be resistant to proteolysis
in the amyloid state.”® (b) Myoglo-
bin: the horizontal green bar identi-
fies a highly aggregation-prone

peptide fragment: residues 100-114.>* (c) TTR: the regions corresponding to two peptide fragments, residues 10-19°° and
residues 105-115,° capable of forming amyloid fibrils are shown as green bars. Insulin, A chain (d) and B chain (e): disulfide

bonds are shown by blue lines.
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Interestingly, residues 1le56, Phe57, Trp64, and
Asp67 (labeled in italics in Fig. 3a), which are
mutated into Thr, Ile, Arg, and His, respectively, in
the four known single-residue famlhal variants
associated with lysozyme amyloidosis,” tend to
exhibit a combination of high aggregation propen-
sity and low structural stability. It will be interesting
to test experimentally the amyloidogenic potential of
other residues—in particular Lys25, His78, Lys79,
and Ser80—that we identified as having similar
characteristics.

Myoglobin

Human myoglobin is a protein non related to
disease that has been found in vitro to form aggregates
sharing all the properties of amyloid fibrils.>® The
aggregation propensity profile Zi®8, calculated by
considering the structural protection in the native
state, does not exhibit any region above the Z8&=1
threshold, in agreement with the fact that myoglobin

have high aggregation propensity
and low structural protection.

should be substantlally destabilized in order to
aNggregate ® As in the case of lysozyme, very similar
2788 profiles are obtained from the calculation of the
InP; score from the sequence and from the native
structure (blue and green lines, respectively, in Fig. 2b).
It is likely that this situation is common for globular
proteins, whose native states have evolved to resist
aggregation. As with lysozyme, we identified four
regions with a high intrinsic aggregation propensity;
that is, those above the Z%%=1 threshold for the red
line in Fig. 2b (residues 9-12, 31-33, 65-70, and 108-
114), one of which partially overlaps with a peptide
fragment (residues 100—114) found in vitro to be highly
prone to aggregation.”* These results suggest that
peptide fragments extracted from a full-length protein
may exhibit a behavior in their aggregation process
different from that of the corresponding regions in the
intact polypeptide chain. One of the goals of the
current study is to investigate this possibility in terms
of the competition between folding and aggregation
for specific polypeptide chains.
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Similarly to the lysozyme analysis, we compared
the aggregation propensity Z#® and the structural
protection In P; at the individual residue level. We
predict residues Asp5, Gly6 (helices 4-19), Ala23
(helices 21-35), Gly125, Alal26, and Asp127
(helices 125-149) to have particularly high aggrega-
tion propensity and low structural protection. The
finding that the regions of the sequence of myo-
globin that are most amyloidogenic are not those
with a low structural protection in the native state
provides another example of how native states
of proteins have evolved to be resistant against
aggregation.

Transthyretin (TTR)

Amyloid fibrils formed by human TTR are asso-
ciated with a series of diseases, including familial
amyloid polyneuropathy, familial amyloid cardio-
pathy, central nervous system selective amyloidosis,
and senile systemic amyloidosis.””®” TTR is a 127-
residue protein that adopts a homotetrametic struc-
ture® in which pairs of TTR monomers, individually
resembling a sandwich of two four-stranded -
sheets, come together into a dimer consisting of two
eight-stranded intermolecular 3-sheets, which can
be labeled as DAGHH'G’A’'D’ and CBEFF'E’'B'C/,
respectively.®” The full TTR tetramer is stabilized by
weaker interactions between the two dimers, with
contacts occurring through back-to-back hydropho-
bic interactions of the AB and GH loops.*” With the
use of hydrogen/deuterium exchange detected by
NMR spectroscopy, evidence indicating that only
two (C, residues 41-49; D, residues 53-55) of the
eight native p-strands are exposed to the solvent in
the fibrillar structure has been recently presented.®'
We calculated both the intrinsic aggregation pro-
pensity profile Z788 and the aggregation propensity
profile with structural corrections Z788 (Fig. 2c). Al-
though the Z7®#® profile exhibits several regions of
high intrinsic aggregation propensity (i.e., above the
7388 =1 threshold; see Methods), when the structural
corrections are considered, a much lower tendency
to aggregate is predicted—consistent with the ob-
servation that TTR must be destabilized in order to
aggregate,” " as we have also noted above for lyso-
zyme and myoglobin.

Insulin

Insulin is a small helical hormone consisting of two
polypeptide chains, the A chain (21 residues) and the
B chain (30 residues), linked together by two disul-
fide bridges (A7-B7 and A20-B19), with another di-
sulfide bridge within the A chain (A6-A11).°? Insulin
has been shown to form fibrils under a variety of
conditions, including high temperatures and low
pH, and in the presence of organic solvents.®® It has
also been shown that both the A chain and the B
chain are able to form amyloid fibrils when con-
sidered individually.®® It has also been demonstrated
that insulin isomers with alternative disulfide pair-
ings retain their ability to form amyloid fibrils.”> A

systematic study of the aggregation propensities of
6-residue fragments of insulin has revealed that two
overlapping peptides from the B chain (residues 11—
17 and 12-18) and one peptide from the A chain
(residues 13-18) are capable of forming cross-p-
structures.”* We calculated both the intrinsic aggre-
gation propensity profile Z7#® and the aggregation
propensity profile with structural corrections Z;#8.
Consistently with experimental results,®* these pro-
files indicate that the overall aggregation propensity
of the B chain is higher than that of the A chain. Asin
the case of hIAPP, the presence of disulfide bonds
within regions of high intrinsic aggregation propen-
sity appears to prevent them from readily assem-
bling into amyloid deposits.

Prediction of the aggregation-prone regions of
prion proteins

Human prion protein (hPrP)

A range of human and animal neurodegenerative
diseases—the transmissible spongiform encephalo-
pathies—are associated with the misfolding and
aggregation of mammalian prion proteins.®> The
hPrP is involved in sporadic, inherited, or infectious
forms of Creutzfeldt-Jakob disease, Gerstmann—
Straussler—Sheinker disease, and fatal familial in-
somnia. The key event in the pathogenesis of these
human diseases is the conversion of the normal «-
helix-rich and protease-sensitive cellular isoform of
the prion protein (hPrP®) into a B-sheet-rich aggre-
gated form of the prion protein (hPrP) that pos-
sesses distinct physicochemical properties such as
protease resistance, insolubility, and potential toxi-
city.®® Furthermore, hPrP* itself appears to mediate
the transmission of transmissible spongiform ence-
phalopathies by promoting the conversion of hPrP“
into its modified and pathogenic aggregated state.

While the mechanism of conversion of hPrP© into
hPrP* is not known in detail, specific regions of the
hPrP sequence appear to be particularly important
in modulating interaction with hPrP* and in promo-
ting the process of amyloid formation.”**” In Fig. 4a,
we show the intrinsic aggregation propensity profile
Z7#8 for the sequence of hPrP(23-231). We then took
into account the effects of the intrinsic propensities of
the various residues to be structured, and hence pro-
tected, from aggregation resulting in the Z{'® profile
(see Methods). The similarity in the Z{%% and Z;#®
profiles for residues 23-125 is in agreement with the
experimental observation that this region is not
structured.®

When considering both intrinsic sequence-based
propensities and specific structural factors, the
region spanning residues 120-126 corresponds to
the highest peak in the entire sequence and is the
only one to have Z{$8>1, suggesting that this region
is the most aggregation-prone region in the hPrP“
form. This prediction correlates well with experi-
mental data on the in vitro aggregation behavior of
hPrP fragments. Peptides hPrPio¢_114, hPrPio6-126,
hPrPi13_126, and hPrP1,7_147 of recombinant hPrP all
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human prion

(a)

Fig. 4. Aggregation propensity
profiles of two prion proteins. Red
lines indicate the intrinsic aggrega-
tion propensity profiles Z788. Black
lines indicate the aggregation pro-
pensity profiles Z788, calculated by
taking into account the structural
protection provided by the globular
structure of the folded form of the

=0 protein. (a) hPrP(23-231). The sec-

Aggregation Propensity Profile
8
8
8

ondary structure elements present
in hPrP¢ are indicated as blue bars
(B-strands) and red bars (a-helices).
The position of the disulfide bond
C179-C214 is indicated by a blue
line. An experimentally determined
aggregation-prone fragment (resi-
dues 118-128) is indicated by a
green bar, and it is shown to overlap

0 50 100 150 200
Position

250 substantially with the major region

predicted by our method to have a

significant aggregation propensity (Zi8>1). The region corresponding to the structural core of the amyloid fibril as
determined by hydrogen/deuterium exchange (residues 169-213)°" is indicated by a black bar and corresponds to the
region of high intrinsic aggregation propensity (Z?88>1) formed by residues 175-193. (b) HET-s.” The regions
corresponding to the four R-strands identified by solid-state NMR are indicated as blue horizontal bars. The green bar
indicates the C-terminal fragment whose amyloid structure has been characterized in the latter study.’

have high propensities to form amyloid fibrils.***”

hPrP;g6-126 has a particularly high intrinsic ability to
polymerize into straight and unbranched fibrils and
induces apoptosis in primary rat hippocampal cul-
tures,”® and hPrP;15 106 is also able to aggregate rea-
dily.67 hPrP;o6-114 and hPrP;7_147 have a lower ten-
dency to aggregate than hPrPyps 126, although the
former converts into fibrils that are morphologically
similar to those formed by hPrPigs 126, while the
latter forms twisted fibrillary structures.”” A recent
report has identified two other peptide fragments,
hPrPi19-126 and hPrPyp;_127, that can readily form
amyloid-like fibrils and can be cytotoxic to astro-
cytes.”’ These fragments include, at least in part, the
region 118-128 of the sequence (Fig. 4a). Further
support for our predictions comes from studies of
another mammalian prion protein. A deletion mutant
of recombinant mouse PrP (moPrPC A114-121) does
not readily aggregate and indeed is able to inhibit the
conversion of endogenous wild-type PrPC into PrPSc
in scrapie-infected mouse neuroblastoma cells.”’
Since the sequences of moPrP and hPrP are very
similar (90% sequence identity, and 100% sequence
identity in the 114121 region), this result emphasizes
the importance of the deleted segment for the aggre-
gation of mammalian prion proteins.

We also calculated a significant propensity for ag-
gregation in the vicinity of the copper-binding region
comprising the four tandem repeats of the octapep-
tide sequence PHGGGWGQ), in agreement with the
observation that this region may play an important
role in the oligomerization process of this protein.”

A central result of the present work concerns the
aggregation propensity of the region 175-193,
which includes a-helix II in the hPrP< form. The
aggregation propensity profile Z75% predicted by
considering only the intrinsic physicochemical
factors (Fig. 4a) identifies this region as the most

amyloidogenic one. However, using the CamP
method (see Methods), we also predicted, in
agreement with experimental data,®” that this
region is highly structured in the hPrP¢ form.
Therefore, when the aggregation propensity profile
Z7%% is considered, the region of residues 175-193
becomes less aggregation-prone in the hPrP< form
than the region of residues 118-128. In addition, the
presence of the disulfide bond C179-C214 appears
to play an important role in stabilizing the region
175-193 in the hPrPS form by inhibiting the
formation of intermolecular interactions from this
state.”> However, recent hydrogen/deuterium
exchange experiments® have indicated that the
region corresponding to the structural core of the
amyloid fibril corresponds to residues 169-213%
(black bar in Fig. 4a)—a result that is in close
agreement with our predictions using the intrinsic
aggregation propensity profile Z7#8. Therefore, the
comparison of the Z®® and Z{¥® profiles suggests
that the region of residues 175-193 is involved in
the conformational conversion from the hPrP“ form
into the hPrP* form.

The comparison of the aggregation propensity
(Z7#8 score) and the structural stability (InP; score) at
the individual residue level is shown in Fig. 5. We
observe that the region of residues 121-125 has si-
multaneously the highest aggregation propensity
and the lowest structural protection, thus extending
the discussion presented above about the high
potential for aggregation of the region of residues
120-126.

HET-s

HET-s of the yeast Podospora anserina is a prion
protein that is involved in heterokaryon incompat-
ibility and is not associated with disease.”* HET-s
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has been shown to form amyloid fibrils,”® whose
structures have been characterized through solid-
state NMR, in conjunction with site-directed fluor-
escence labeling and hydrogen exchange protocol.”
In the resulting structural model of the fibrils from
the C-terminal fragment of HET-s (residues 218-
289), each molecule contributes four B-strands, with
strands 1 and 3 (residues 226-234 and 262-270)
forming a parallel B-sheet and with strands 2 and 4
(residues 237-245 and 273-282) forming another
parallel p-sheet located about 10 A away.” These (-
strands are connected by two short loops between
B1and B2, and between 33 and B4, respectively, and
by an unstructured 15-residue segment between 32
and R3.

Calculation of the intrinsic aggregation propensity
profile Z7®8 reveals a high aggregation propensity in
the regions of residues 5-22 and 245-289 (Fig. 4b).
The monomeric form of HET-s appears to be struc-
tured in the region of residues 1-227 and rather un-
structured in the region of residues 228-289.” Con-
sistent with these results, we determined a much
lower propensity for aggregation in the N-terminal
region through the Z®® profile (Fig. 4b), which
results in part from the very high structural
protection predicted for this region by the CamP
method (see Methods). The region encompassing
residues 228-289 is therefore predicted to be the
principal aggregation-prone region, being the only
one with Z7#8. This fragment, in contrast with the
fragment 1-227, retains the ability to form fibrils in
vitro, catalyzes efficiently the aggregation of full-
length HET-s, and is able to induce prion propaga-
tion in vivo.”® In addition, limited proteolysis
experiments indicate that the region of residues
218-289 is in the fibril core.”® Three of the four B-
strands identified experimentally (residues 226-234,
237-244, 262-271, and 273-282) as those forming the
core of the cross-B-structure correspond to the three
major peaks (residues 242-245, 260-267, angi 278—
289) in the aggregation propensity profile Zi#® of
HET-s (Fig. 4b). We therefore suggest that while p1

propensity and low structural protec-
tion, are labeled in bold.

appears to form the p-core in the amyloid fibril, it is
not likely to be directly involved in the process of
aggregation. A structural disturbance has actually
been found in the fibrils at the level of p1,’
suggesting that this region may have a lower
propensity, relative to the other strands, to drive
amyloid fibril formation.

Conclusions

We have described in this article a method for
predicting the regions of the sequences of proteins
that are most important in promoting their aggrega-
tion from their structured, partially structured, or
unstructured state. Our analysis has revealed that
the regions that promote aggregation, even from
globular states, can be identified based on the know-
ledge of the amino acid sequence. We have also
found that the regions of high intrinsic aggregation
propensity tend to be highly protected from
aggregation in the native states of globular proteins,
indicating the existence of evolutionary strategies to
resist aggregation in these states. In order to
promote the aggregation process, these regions
should be destabilized so that they become available
to form intermolecular interactions.

The methodology that we have presented is ge-
neral and is based on the idea that the sequence of a
protein determines its behavior in the case of both
folding’”” and misfolding.'””® The possibility of
predicting the aggregation-promoting regions for
natively unfolded polypeptide chains, for globular
proteins, and for systems that contain both folded
and unfolded domains—as provided by methods
such as the one that we have presented here—
should be of significant value in developing rational
approaches to the avoidance of aggregation in
biotechnology and to the treatment of protein
deposition diseases, as it identifies the major factors
determining aggregation and the regions in which
these factors are prevalent.
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Methods

Intrinsic propensity profiles for aggregation of
polypeptide sequences

In the approach described in this article, the intrinsic
aggregation propensities of individual amino acids are
defined as:!

agg h S hyd C

pi?" = anp; + 0sp; + Qhyap;” + Ocp; (1)
where p' and p§ are the propensities for a-helix and p-
sheet formation, respectively, of the amino acid at position
i; and pi¥® and p§ are the hydrophobicity and charge,
respectively. These propensities are then combined in a
linear manner with coefficients « determined as described
below. The p;88 values are combined to provide a profile
Pi88, which describes the intrinsic propensity for aggrega-
tion as a function of the complete amino acid sequence.
At each position i along the sequence, we define the profile
P78 as an average over a window of seven residues:

13 k
P?gg - ? Z pzafjg + 0LpatI}Dat + (ngl;g (2)
=3

where IP" is the term that takes into account the presence
of specific patterns of alternating hydrophobic and hy-
drophilic residues, strongly promoting aggregation,”?
and I8 is the term that takes into account the gatekeeping
effect of individual charges c;*”®" modulating the effects
of the hydrophobic-hydrophilic patterns as follows:

10
I;gk = Z Ci+j (3)

j=-10

In this work, in the sums involved in sliding windows, we
considered shorter windows at the N- and C-termini. The
parameters o were fitted in accordance with a procedure
similar to the one described by Dubay ef al."” In order to
compare the intrinsic propensity profiles, we normalize P{®
by considering the average p*8® and the standard deviation
088 of P;%8 at each position i for random sequences:

g8 a
7388 _ L
i 0288

4)

where the average n*®® and the standard deviation o”® are
calculated over random sequences as:

agg 1 Siul 7788 S
g _(N—6)Ns; il (5¢)
agg 1 Siwl agg agg) 2
o = m; Z; (Z®8(Sk) — nes8) (5)

In these formulas, we considered Ns as the random se-
quences of length N, and we verified that n?68 and o8 are
nearly constant for values of N ranging from 50 to 1000.
Random sequences were generated by using the amino acid
frequencies of the SWISS-PROT database.®?> The plot of Z:88
versus the residue number (from residue 1 to residue N)
represents the intrinsic aggregation propensity profile, as
reported.’

Prediction of folding propensities from the sequence

We used the CamP method,”” by which the flexibility
and the solvent accessibility of proteins are predicted with

high accuracy. The CamP method provides a position-de-
pendent score, denoted as InP;* which predicts the local
stability of the structure in the region of residue i. This
method enables predictions from the knowledge of amino
acid sequences of the buried regions with >80% accuracy
and of the protection factors for hydrogen exchange with
an average accuracy of 60%.>

Prediction of aggregation propensity profiles for
partially structured polypeptide chains

A region of a polypeptide sequence should meet two
conditions in order to promote aggregation: (1) it
should have a high intrinsic aggregation propensity
(Z788> Z3EE hora), and (2) it should be sufficiently unstruc-
tured or unstable to have a significant propensity to form
intermolecular interactions. In order to describe the latter,
we use the CamP method, which provides a prediction of
the protection factors from hydrogen exchange InP; by
using the knowledge of the amino acid sequence of a
protein.”® Values Z%8>0 are modified by modulating
them with InP;:

7388 = 77%8(1 — gInP;) (6)

where £=1/15 was chosen to have a modulation factor
in the range between 0 and 1. The plot of Z{88 versus
residue number (from residue 1 to residue N) represents
the aggregation propensity profile calculated to account
for the structural protection. We note that, in the cal-
culation of Z7%%, we considered Z8qn01q =0, while in the
plots of the aggregation propensity profiles, we con-
sidered Z{f&hola=1.

The protection factors can be predicted from the struc-
ture of a protein when the latter is known.® In this case, we
apply Eq. (6) by using the values InP; calculated according
to the equation:

InP; = B.Ne + BrNn (7)

where N. and N, are, respectively, the number of
interatomic contacts made by the amide nitrogen and the
number of hydrogen bonds made by the amide hydrogen
of residue i, and p.=0.35 and p,=2 are two parameters
chosen by a fitting procedure to optimize the agreement
between predicted and experimental protection factors for
a database of eight proteins.®” In the calculations presented
in this work, we have used the following Protein Data Bank
files: 1sjb (Iysozyme), 2mm1 (myoglobin), 1tz8 (TTR), and
1wht (insulin).

We finally point out that when the protection factors are
known experimentally, they can be used directly in Eq. (6).
We also note that the structural protection provided by the
presence of disulfide bonds is not currently taken directly
into account through Eq. (6).

Absolute propensities for aggregation of structured
polypeptide sequences

Only residues with high 7288 values (Z388gno1q=0) are
considered as contributing to the aggregation propensity
7788, resulting in the formula:

N
72889 (Z288)
Fagg _ =1
B(Z%)

o8

I
—_

1
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where the function 9(Z288) is 1 for 9(Z388)>0, and 0 for
V(Z788)<0. We use a similar expression for computing
the absolute aggregation propensity without structural
corrections:

N
Z Z?gg’ﬁ(Z?gg)
zeE=H_ 9)
> 0(Z7%)
i=1

Software availability

The Zyggregator method for predicting the aggregation
propensities of peptides and proteins and the CamP
method for predicting the flexibility and solvent accessi-
bility of protein structures are available at the Vendruscolo
group web sitet.
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