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A growing number of proteins are being identified that are biologically
active though intrinsically disordered, in sharp contrast with the classic
notion that proteins require a well-defined globular structure in order to be
functional. At the same time recent work showed that aggregation and
amyloidosis are initiated in amino acid sequences that have specific
physico-chemical properties in terms of secondary structure propensities,
hydrophobicity and charge. In intrinsically disordered proteins (IDPs) such
sequences would be almost exclusively solvent-exposed and therefore
cause serious solubility problems. Further, some IDPs such as the human
prion protein, synuclein and Tau protein are related to major protein
conformational diseases. However, this scenario contrasts with the large
number of unstructured proteins identified, especially in higher eukary-
otes, and the fact that the solubility of these proteins is often particularly
good. We have used the algorithm TANGO to compare the B aggregation
tendency of a set of globular proteins derived from SCOP and a set of 296
experimentally verified, non-redundant IDPs but also with a set of IDPs
predicted by the algorithms DisEMBL and GlobPlot. Our analysis shows
that the B-aggregation propensity of all-a, all-B and mixed o/p globular
proteins as well as membrane-associated proteins is fairly similar. This
illustrates firstly that globular structures possess an appreciable amount of
structural frustration and secondly that B-aggregation is not determined by
hydrophobicity and B-sheet propensity alone. We also show that globular
proteins contain almost three times as much aggregation nucleating
regions as IDPs and that the formation of highly structured globular
proteins comes at the cost of a higher B-aggregation propensity because
both structure and aggregation obey very similar physico-chemical
constraints. Finally, we discuss the fact that although IDPs have a much
lower aggregation propensity than globular proteins, this does not
necessarily mean that they have a lower potential for amyloidosis.
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Introduction

intermediates. Recent work, however, shows that
often aggregation is a much more specific process

Protein aggregation has long been thought of as
an unspecific process caused by the formation of
non-native contacts between protein folding
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than previously expected and that, accordingly, it
can be reliably correlated to a combination of simple
physico-chemical parameters.'™ In particular,
several models for aggregation were postulated
that all involve the formation of an intermolecular
B-sheet initiated by amino acid sequences that act as
nuclei for B-aggregation.*® According to these
models, aggregation is initiated when amino acid
segments having a high hydrophobicity, a good
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B-sheet propensity and a low net charge are solvent-
exposed so that they can associate. As a result one
would then expect aggregating protein segments to
be buried in the folded state and not to be exposed
to the solvent. This is confirmed by the experi-
mental finding that in many globular proteins,
aggregation occurs during refolding or under
conditions in which denatured or partially folded
states are significantly populated, ie. at high
concentration or as a result of destabilizing con-
ditions or mutations.” Based on these findings we
recently developed the computer programme
TANGO'" to predict B-aggregating stretches in
proteins, based on a statistical mechanics algorithm
that considers the physico-chemical parameters
described above but also competition between
different structural conformations: B-turn, a-helix,
B-sheet aggregates and the folded state. The
algorithm is based on the assumption that in the
ordered B-aggregates the nucleating regions end up
fully buried, paying maximal desolvation energy as
well as entropy, while satisfying their H-bonding
potential. The energy contributions are derived
from the FOLD-X force field."" In a blind test
involving 174 peptides from over 20 proteins,
TANGO achieved an accuracy of 95% in predicting
aggregating sequences, as well as the effect of point
mutations on the aggregation tendency of pro-
teins.'” Many intrinsically disordered proteins
(IDPs) have been discovered in all kingdoms of
life, but especially in higher eukaryotes.'”'* These
are proteins or domains that, in their native state,
are either completelg disordered or contain large
disordered regions."'® More than 180 such pro-
teins are known to date, including prions, CREB,
Tau, MAPs and p53.'° These polypeptides perform
important regulatory functions and are widespread
in eukaryotic cells and tissue. Some acquire
structure upon binding to another protein or
DNA, others act as structural anchors in large
protein—protein and protein-RNA complexes, mak-
ing use of extended interaction surfaces that are
simply not available in more compact confor-
mations.'” Furthermore, many globular proteins
contain disordered segments acting as functional
modules, e.g. post-translational modification sites
and domain ligands. Importantly, many IDPs are
involved in key cellular processes and some of them
are related to major protein conformational
diseases, e.g. prions (BSE), Tau (Alzheimer’s
disease), and synuclein (Parkinson’s disease). The
uniting factor associating the above proteins to their
disease states is a high degree of aggregation or
amylogenicity. Amylogenicity is not itself a direct
result of B-aggregation but it is often found in
association with and can be strongly promoted by
B-aggregation.'” On the other hand, as mentioned
above, it is often found experimentally that
unstructured proteins are resistant to aggregation,
even under harsh treatments such as incubation at
high temperature.'® In fact, heat-exposure of cell-
extracts is an effective protocol for purification of
several recombinantly expressed unstructured

proteins.’ It is therefore important to investigate
the relationship between intrinsic disorder and
aggregation to gain further insight into the potential
of IDPs to be implicated into protein conformational
diseases. The TANGO algorithm offers the oppor-
tunity to compare the aggregation propensities of
IDPs and globular proteins, not only by considering
average aggregation-related physico-chemical
properties, but also by directly comparing the
nature and frequency of aggregation-promoting
nucleation stretches. This analysis should therefore
allow us to test whether disorder does correlate
with aggregation, as some cases of disease associ-
ation suggest, or whether it anti-correlates with
aggregation as residue compositional biases of IDPs
suggest.

In order to deal with this issue we have used
TANGO to compare the aggregation tendency of a
non-redundant set of globular proteins derived
from the SCOP database (the ASTRALA40 set, see
Materials and Methods),'® a set of proteins that
were experimentally shown to be unstructured'®"”
as well as a set of predicted disordered protein
sequences. Data sets of experimentally verified
disordered proteins are scarce and rather error-
prone, hence we have collected and cured a set of
296 experimentally verified and published, IDP
sequences. This is to our knowledge the largest
dataset available to the community. The datasets of
predicted disordered segments or proteins were
predicted by the DisEMBL*® and GlobPlot*' algor-
ithms and divided into sequences of low (~50%)
and average sequence complexity.

Our analysis clearly shows that aggregation-
prone segments are much less frequent in IDPs
than in globular proteins, thus accounting for their
good solubility. Although more frequent in globular
proteins, B-aggregating segments are generally part
of the hydrophobic core. These observations show
that the compositional bias observed in IDPs
reduces secondary and tertiary structure as well
as aggregation because both structure and aggrega-
tion rely on similar physico-chemical properties. As
previously observed,'>'® TDPs are not completely
devoid of structure, as should be expected if some
degree of functional specificity has to be obtained,
but they perform their particular cellular functions
by achieving a low degree of order, retaining only
structural propensities that are devoid of aggrega-
tion-promoting features.

Results and Discussion

TANGO score for aggregation and accuracy of
the TANGO algorithm

The TANGO algorithm was calibrated using data
found in the scientific literature on the aggregation
of 174 peptides corresponding to sequence frag-
ments of 21 different proteins, studied by various
research groups using circular dichroism (CD) or
nuclear magnetic resonance (NMR). Of the peptides
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Table 1. Comparison of the aggregation tendency in various datasets

Aggregation-prone
regions per
1000 residues

Number of protein
sequences in dataset

Globular proteins ASTRAL 40

All-a proteins

All-B proteins

o and B proteins (a./p)

o and B proteins (o + B)

Membrane and cell-surface proteins
Multi-domain proteins

Experimentally validated intrinsically disordered proteins
IDPs, experimentally validated

IDPs, experimentally validated, low complexity
Predicted intrinsically disordered proteins

IDPs defined by Russell/Linding

IDPs defined by Russell/Linding, low complexity
IDPs predicted by Hot-loops

IDPs predicted by Hot-loops, low complexity
IDPs predicted by Coils/Loops

IDPs predicted by Coils/Loops, low complexity
IDPs predicted by Remark-465

IDPs predicted by Remark-465, low complexity

18 129
20 174
18 190
19 162
16 11
13 25
7 183
4 27
6 602
5 60
8 7925
3 59
8 16,988
4 74
6 623
4 139

See Materials and Methods for details of the dataset composition.

in our set, 70 were experimentally observed to
aggregate in the concentration range between
100 uM and 1 mM, while the others remained
soluble in this concentration range. A detailed
description of our results together with the source
of the experimental data is given by Fernandez-
Escamilla et al.'’. For each residue in a peptide
TANGO returns 1ts percentage occupancy of the
B-aggregation conformation. We consider a peptide
to possess a B-aggregation nucleation site when it
has a segment of at least five consecutive residues,
each populating the B-aggregated conformation for
more than 5%. Using this threshold level the overall
accuracy of TANGO reaches 95% compared with
our experimental set.

Statistical considerations

In order to exclude a bias in our results due to the
difference in number of proteins in the globular and
IDP sets or due to the average sequence length of
IDP and globular proteins, 25 control sets were
generated by randomly selecting 10,000 sequence
fragments of 20 amino acid residues from each
original set. These were analysed in exactly the
same way as the original datasets and the standard
deviation between the results of original and
control sets was calculated. The standard deviation
was below one window per 1000 residues, indicat-
ing that our results are not strongly influenced by
the composition and size of the sets. Further, to
exclude bias due to the over-representation of
certain sequences, our sequence sets for IDPs and
globular proteins were reduced in identical fashion
so that a maximum of 40% sequence similarity
remained between any pair of sequences within the
set.

The frequency of B-aggregation nucleation sites
in different structural classes of globular
proteins is very similar

In Table 1 we show the aggregation tendency for
globular proteins of different fold classes. Interest-
ingly, we do not find a significant difference in the
occurrence of B-aggregating nucleation regions
between the different fold classes (all-a, all-B, o./B
and o+ B), including membrane proteins. Thus in
globular proteins nucleating regions for f-aggrega-
tion are as likely to occur in a-helices as in B-sheets,
demonstrating a certain degree of structural frus-
tration in protein structures.”>** The fact that we
cannot distinguish membrane proteins that contain
large hydrophobic trans-membrane segments from
cytoplasmic proteins was to be expected as pB-
aggregation tendency does not only rely on hydro-
phobicity but is equally determmed by entropic, H-
bonding and electrostatic factors.'® In order to be a
B-aggregating segment a residue segment must
accumulate several physico-chemical character-
istics, such as a high hydrophobicity, a good
B-sheet propensity, complementarity of H-bonding
potential and charges and a low overall net charge.
The sequence MAMAMAMA, for instance,
although being quite hydrophobic, will have only
amoderate f-aggregation tendency (12%) because it
is entropically unfavourable, having a low B-sheet
propensity and a high o-helical tendency, while
VAVAVAVA, on the contrary, will have a very strong
aggregation propensity (99%), since it combines a
high hydrophobicity with a strong B-sheet propen-
sity. Replacing the Ala by Thr increases the
aggregation tendency in the first sequence and
only slightly decreases aggregation in the second
sequence (from 12% to 31% and from 99% to 83%,
respectively), even though Thr is a polar residue,
because it can satisfy its H-bonding potential with
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itself. Even introducing two oppositely charged
residues in the VAVAVAVA sequence at positions 4
and 6, does not decrease the aggregation too much
(76%), because of the charge complementarity.
Thus although hydrophobicity is an important
factor, it can be modulated by many other contri-
butions'’ and therefore the aggregation tendency
cannot be equated with hydrophobic sequences.

B-Aggregation nucleation segments occur with
a much higher frequency in globular proteins
than in disordered proteins

Figure 1 shows the number of B-aggregation
nucleating segments as defined above per 1000
amino acid residues. The frequency of B-aggrega-
tion nucleating segments is much higher in globular
proteins than in IDPs or in unstructured regions of
globular proteins. TANGO detects about 18 aggre-
gation nucleating regions per 1000 residues in
globular proteins, whereas this number drops to
seven in IDPs. Furthermore, 70% of IDPs do not
possess an aggregation nucleation segment, while
only 20% of the ASTRAL40 database entries fulfil
the same criterion (Figure 2). Incidentally, the
TANGO score for the experimentally verified IDPs
and for the set of IDPs predicted by DisEMBL/
GlobPlot are very similar, underlining the accuracy
of these algorithms. A combined webserver¥
provides an integrated interface for TANGO and
DisEMBL* algorithms, predicting aggregation
nucleation sites in unstructured proteins or unstruc-
tured regions of proteins. f-Aggregation nucleating
segments are typically enriched with B-branched

20 r

aggregation prone regions per 1000 residues

ASTRAL 40

experimental IDPs predicted IDPs

Figure 1. Comparison of aggregation tendency in
globular (ASTRAL40) and unstructured proteins (IDPs):
overview. For details, see Table 1.

1 http://dis.embl.de; http:/ /globplot.embl.de
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Figure 2. Distribution of aggregation tendency in
datasets: number of residues that have a TANGO score
larger than 5%, per 1000 residues. Upper panel, 70% of
unfolded regions in experimentally validated IPDs do not
contain aggregation-prone regions. Lower panel, only
20% of ASTRALA40 proteins do not contain aggregation-
prone stretches.

hydrophobic residues such as valine and isoleucine
but also aromatic residues such as tryptophan and
phenylalanine, and are depleted of net charge and
proline residues. The effect of the bias in the amino
acid composition observed in IDP sequences is
therefore not only to reduce structure by lowering
tertiary structure as well as B-sheet propensity and
to a lesser extent a-helical propensities, but also to
reduce B-aggregation propensities, because both
globular structure and B-aggregation have over-
lapping physico-chemical constraints.

B-Aggregation nucleating regions in globular
proteins are buried in the hydrophobic core

As discussed above, globular domains have a
significantly higher number of aggregating regions,
on average, than IDPs. Further, only 20% of all
globular proteins in the ASTRAL40 set have no
aggregation nucleating regions, while 70% of the
IDPs are devoid of it. More than 50% of the
polypeptide backbone of globular proteins adopts
an o-helical or B-sheet conformation that packs
together forming the often extensive hydrophobic
core that maintains a well-defined tertiary struc-
ture. To achieve this the amino acid composition of
globular proteins must be rather rich in hydro-
phobic residues, preferably B-branched hydro-
phobic residues that can easily fit in extended
B-strand conformations but also in a-helices. This
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will automatically imply a higher degree of
B-aggregation, since B-aggregation is also favoured
by hydrophobic, B-branched residues. Therefore,
the question in fact is how proteins achieve globular
structures without aggregating massively. In
Figure 3 we show the solvent accessibility of all
the aggregation regions found in the ASTRAL40
database. It is quite clear that, with few exceptions,
aggregation-prone regions have a low solvent
accessibility. Therefore in globular proteins aggre-
gation nucleating regions are generally buried in
the hydrophobic core and as such kept protected
from solvent by a dense network of cooperative
interactions stabilizing the native state. Only when
the protein is unfolded, as it is when it is
synthesized on the ribozome or destablized by
mutation, change of temperature or pH, thereby
favouring the unfolded state, will it aggregate. Even
so, globular proteins have less aggregating seg-
ments than hydrophobic secondary structure
elements, indicating that there is a selection against
aggregating sequences.'”

B-Aggregation and disease in globular proteins
and IDPs

What is the role of B-aggregation in protein
conformational diseases, what is its relation with
amyloidosis and cytotoxicity, and does it play an
equal role both in globular proteins and IDPs? In
recent years it became clear that amyloidosis is a
conformational process not only associated with
specific disease-related proteins, but that it can also
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Figure 3. Histogram showing the average solvent
accessibility of aggregation-prone regions to be low. The
solvent-accessible surface area of the aggregation-prone
regions (defined as segments of five consecutive residues
with a TANGO score of more than 5% per residue) in the
ASTRAL40'® dataset was calculated with the program
DSSP>

be induced in non-disease-related proteins."**
Further, in most instances the precursor aggregates
during amyloid formation are often more toxic than
the amyloid fibres themselves. The mechanism of
toxicity of these precursors seems to be universal
and to involve precursor—cell membrane inter-
actions that trigger changes in the concentration
of intracellular free calcium followed by apop-
tosis.”>° Finally, the structure of these toxic
precursor aggregates is invariably rich in B-strands
and must be very similar indeed, as antibodies
specifically raised against AB-peptide amyloid
precursors can bind amyloid precursors of other
proteins with completely different sequences.””
Here, using TANGO, we analysed the relationship
of B-aggregation with amyloidosis and cytotoxicity
in some amylogenic IDPs and globular proteins. As
seen from Figure 4, two globular disease-related
amylogenic proteins (human lysozyme and
B-microglobulin) and two disease-related IDPs
(Alzheimer’s B-peptide and a-synuclein) also pos-
sess P-aggregation nucleation segments according
to TANGO. Further, in Figure 4 we also analysed
the relationship between B-aggregation and amy-
loidosis in two yeast prion proteins (sup35p, ure2p).
These highly amylogenic IDPs are not toxic for
yeast and it has been suggested that in those and
other similar proteins amyloidosis could play a
functional role.”® Interestingly, these proteins,
although being amyloidogenic, do not possess
B-aggregation nuclei. These observations show
that although B-aggregation can promote amyloi-
dosis, P-aggregation and amyloidosis are not
necessarily coupled, as some proteins form B-aggre-
aggregates without forming amyloid fibres, while
others are amylogenic without possessing strong
B-aggregation nucleation segments.'” The co-occur-
rence of B-aggregation and cytotoxicity in the
disease-related examples above, as well as the fact
that amyloid precursor aggregates are often more
toxic than the amyloids themselves, could suggest
that in fact disease correlates with B-aggregation
propensity and not amyloidosis per se. However,
when comparing the B-aggregation tendency,
cytotoxicity and amylogenicity of PI3-SH3 and
a-spectrin SH3 we note that PI3-SH3 does
B—aggreﬁ)ate, forms amyloid fibres and is cyto-
toxic.”>”" a-Spectrin SH3, on the other hand has a
higher aggregating tendency than PI3-SH3*' but
does not form fibres under any conditions and
neither is it cytotoxic.”> As a conclusion, these
examples show that although the conditions caus-
ing PB-aggregation, amyloidosis and cytotoxicity
partly overlap, they are not strictly dependent on
each other. The observation of a compositional bias
disfavouring aggregation therefore does not necess-
arily imply a lower propensity for amyloidosis or a
lower potential cytotoxicity in IDPs.

Conclusions

TANGO is an algorithm to predict B-aggregation
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Figure 4. TANGO output per residue for the following proteins. A, sup35; B, ure2; C, Alzheimer B-peptide; D, human

lysozyme; E, a-synuclein; and F, B-microglobulin.

nucleating regions in proteins. Here, we used
TANGO to compare the -aggregation propensities
of globular proteins and intrinsically unstructured
proteins. In globular proteins we found similar

amounts of B-aggregating nucleation regions in
all-a, all-B and mixed o/B proteins. This demon-
strates that globular proteins do display a certain
degree of structural frustration and can at the same
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time display propensities for both o and B confor-
mations under destabilizing conditions even when
the native state is o-helical. Further, membrane-
associated proteins do not possess a higher
frequency of B-aggregation nucleating segments
within their sequences than cytoplasmic proteins.
The reason for this lies in the fact that f-aggregation
is not only determined by hydrophobicity but also
by entropic factors, hydrogen bonding and electro-
statics. Next we observe that the frequency of
aggregation nucleating segments is almost three
times lower in IDPs than in globular proteins,
dropping from 18 segments per 1000 residues on
average for globular proteins to seven segments per
1000 residues for IDPs. Further, 70% of the IDPs are
devoid of aggregation nucleating segments, while
only 20% of globular proteins are devoid of it.
However, the vast majority of aggregation nuclei in
globular proteins are buried inside the hydrophobic
core and protected from aggregation by the coop-
erative interactions stabilizing the native state. The
higher intrinsic aggregation propensity of globular
proteins is directly related to the physico-chemical
requirements to form globular structures. Because
those requirements overlap with the conditions
favouring aggregation, formation of globular
structures goes at the cost of a higher aggregation
propensity. Finally, we show that although
B-aggregation propensity, amyloidosis and cyto-
toxicity are often related to each other, this does not
necessarily mean that the lower aggregation pro-
pensity in IDPs implies a lower potential for
amyloidosis (as illustrated by yeast prion proteins)
or cytotoxicity (B-Alzheimer peptide).

Materials and Methods

Datasets

Here we have used datasets that cover globular and
IDPs. Both predicted and experimentally verified datasets
are described and for each dataset we have split the data
into a low and a normal-complexity set.

Experimentally verified IDPs

Databases of intrinsically disordered proteins are error-
prone and rather scarce. We have built a cured and
expanded database of 296 experimentally verified pro-
teins. This dataset was annotated from the literature'®"’
and from the Dunker laboratory datat. The 40% non-
redundant subset consists of 183 non-homologous
sequences. Redundancy reduction was done by the CD-
HI algorithm.*® All disordered segments were mapped
into the SWISS-PROT>* database to get full-length chains.
This ensures a more precise disorder/order residue count
within the set. This dataset is available:.

T http:/ /divac.ist.temple.edu/disprot
1 http://dis.embl.de/datasets/idp40.fas.gz

Predicted IDPs

No commonly agreed definition of protein disorder
exists. DisEMBL*’ and GlobPlot*' provide four different
definitions of disorder.

The DisEMBL disorder definitions are known as
Coils/Loops, Remark-465 (missing X-ray data) and Hot-
loops. GlobPlots primary disorder definition is known as
Russell/Linding disorder.”**' We have predicted IDPs
according to each of these four definitions. In all cases a
minimum disorder length of 50 consecutive residues was
used to identify putative IDPs. All the predictions were
done in a 40% similarity reduced human proteome set.
The proteome was based on the EBI§ proteome cross-
checked with the mouse predictions to reduce erroneous
gene predictions.

Globular proteins

To represent globular proteins we used the Astral 1.63
40% subset of SCOP'®* (where 40% indicates the upper
limit of sequence identity between members in the
dataset).

Low-complexity

All sequences were subsequently classified according
to low-complexity as determined by CAST.** Only the
segments predicted to be disordered by DisEMBL or
GlobPlot were analysed with CAST. If at least one
disordered segment contained >50% low-complexity
residues the sequence was categorised as a low-
complexity IDP.

The TANGO model

The model used by the TANGO algorithm is designed
to predict B-aggregation in peptides and denatured
proteins and consists of a phase-space encompassing
the random coil and possible structural states: B-turn,
a-helix, B-sheet aggregation and the folded state in the
case of globular proteins. Every segment of a peptide can
populate each of these states (except the folded state that
encompasses the whole sequence) according to a
Boltzmann distribution, i.e. the frequency of population
of each structural state for a given segment will be relative
to its energy. Therefore, to predict B-aggregating segments
of a peptide TANGO simply calculates the partition
function of the phase-space. Here, we give an overview of
the main features of TANGO, a detailed description of the
algorithm will be given elsewhere (A. M. Escamilla-
Fernandez, FR,, ]J.S. & L.S., unpublished results).

«a-Helical propensities

The parameters used in the latest version of AGADIR
(AGADIR-15*"%), have been used to determine the
helical propensity of the amino acid sequences. The
only modification has been the implementation of a two-
window approximation (A. M. Escamilla-Fernandez, FR.,
J.S. & L.S., unpublished results).

B-Turn propensities

B-Turn propensity is calculated by considering three
energy contributions: (1) an amino acid-specific cost in

§ http:/ /www.ebi.ac.uk/proteome/


http://www.ebi.ac.uk/proteome/
http://www.ebi.ac.uk/proteome/
http://www.ebi.ac.uk/proteome/

352

Intrinsically Disordered Proteins

conformational entropy for fixing that residue in a B-turn
compatible conformation; (2) interactions of each amino
acid with the turn structure in a position-dependent
manner; and (3) a single H-bond between the main chains
of residues i and i + 3 of the turn. We have only considered
four types of turns for which we could obtain significant
statistical data, types I, I/, Il and II".

B-Sheet aggregation

To estimate the aggregation tendency of a particular
amino acid sequence, we have taken the following
assumptions: (1) in an ordered B-sheet aggregate the
main secondary structure is the B-strand. (2) The regions
involved in the aggregation process are fully buried, thus
paying full solvation costs and gains, full entropy and
optimized H-bond potential (i.e. the number of H-bonds
made in the aggregate is related to the number of donor
groups that are compensated by acceptors; an excess of
donors or acceptors remains unsatisfied). (3). Comple-
mentary charges in the selected window establish
favourable electrostatic interactions and overall net
charge of the peptide inside and outside the window
disfavours aggregation.

The effect of physico-chemical conditions on aggregation

The effect of pH, temperature and ionic strength on
electrostatic interactions was taken into account as
described in AGADIR2-15.%7%8 Similarly, the dependence
of entropy, H-bonds and hydrophobic interactions on
temperature and ionic strength are taken into consider-
ation as described in AGADIR2-1s.%7%8

Assumptions

We have opted for a two-window sampling approxi-
mation, which assumes that the probability of finding
more than two ordered segments in the same polypeptide
chain is too low to be considered (the simple one window
will deviate too much from reality for peptides with >50
residues). Further, we assume there is no energetic
coupling between the two windows. Finally, we do not
consider aggregation intermediates. This means that we
consider aggregates as a single molecular species or
structural state in competition with the folded protein, the
B-turn and a-helical conformations. One simplification in
this approximation is that we do not consider B-hairpins
as aggregating motifs. The main reason for this short-
coming is the absence of a satisfactory algorithm to
predict B-hairpin stability.
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