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The amyloid conformation is considered a fundamental state of proteins and the propensity to populate it
a generic property of polypeptides. Multiple proteome-wide analyses addressed the presence of amy-
loidogenic regions in proteins, nurturing our understanding of their nature and biological implications.
However, these analyses focused on highly aggregation-prone and hydrophobic stretches that are only
marginally found in intrinsically disordered regions (IDRs). Here, we explore the prevalence of cryptic
amyloidogenic regions (CARs) of polar nature in IDRs. CARs are widespread in IDRs and associated with
IDPs function, with particular involvement in protein–protein interactions, but their presence is also con-
nected to a risk of malfunction. By exploring this function/malfunction dichotomy, we speculate that
ancestral CARs might have evolved into functional interacting regions playing a significant role in protein
evolution at the origins of life.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The information for folding and activity is naturally encoded in
protein primary sequences [1]. Sequences are constrained by evo-
lution to preserve proteins’ structure and function and prevent
aberrant interactions. Despite this purifying selection, polypep-
tides retain a certain potential to self-assemble into amyloid fibrils
that competes with folding and the attainment of native conforma-
tions [2–5]. Uncontrolled amyloid assembly has a detrimental
impact on cell fitness, sequestering functional proteins into inac-
tive complexes and/or generating cytotoxic species, a process con-
nected with over 37 human pathologies including Alzheimer’s and
Parkinson’s diseases [2,6].

Amyloidogenicity seems indeed to be a generic property of the
polypeptide chain, intimately associated with the ability of pro-
teins to fold and function [7]. Aggregation-prone regions often
map at the hydrophobic core of globular proteins or in buried posi-
tions engaged in the cooperative interactions that sustain the
native state [8–11]. Accordingly, recent studies propose that amy-
loidogenicity and protein stability are evolutionary coupled, since
the impact of mutations in globular and amyloid states are thermo-
dynamically correlated [12]. To a lesser extent, amyloidogenic
regions are also found in solvent-exposed regions involved in func-
tional activities such as binding or catalysis [13–16]. Thus, protein
aggregation propensity is considered to be an unavoidable side
effect associated to the emergence and evolution of globular pro-
teins [12,17].

Intrinsically disordered proteins (IDPs) and intrinsically disor-
dered regions (IDRs) have been traditionally considered signifi-
cantly depleted of aggregation-prone regions [12,18]. This stems
from the lack of a hydrophobic core and their particular composi-
tional bias that inherently confers them a high overall solubility
and protects from aggregation [19,20]. a-Synuclein, IAPP and other
IDPs whose aggregation is associated with human disease are the
exception rather than the rule.

IDRs stablish multivalent protein–protein interactions (PPI)
with structurally different partners, a central property of IDPs biol-
ogy [21]. In these events, the entropic penalty of the interaction is
balanced by a dense network of enthalpic contacts. Whereas it is
now clear that in globular proteins the determinants for functional
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binding overlap to a significant extent with the ones driving self-
assembly into amyloid conformers [4,14]; this function-amyloid
duality has not been reported for IDPs, essentially because state
of the art aggregation predictors indicated that amyloidogenic
regions are scarce in this protein subset [12,18].

Recent observations indicate that protein sequences consisting
of more hydrophilic and less aliphatic residues than pathogenic
amyloids can also assemble into fibrils [22–24]. Their low
hydrophobic character would have impeded to identify these cryp-
tic amyloidogenic regions (CARs) in previous proteome-wide anal-
ysis. Here, we implemented a computational strategy to explore
the prevalence of CARs in IDRs. Our data indicate that >50 % of IDRs
contain at least one region of mild, but significant, amyloid propen-
sity. The data suggest that these CARs are associated with the
establishment of PPI and protein complexes formation, and thus
their presence is inherent to IDPs function.

The natural abundance of human proteins containing CARs
seems to be inversely correlated to the effective concentrations of
these stretches at their IDRs, suggesting that, aside from being func-
tional, their excessive accumulation might be detrimental. Accord-
ingly, proteins holding CARs are more associated with diseases like
Parkinson’s and Alzheimer’s than those devoid of them and they
appear to play a central role in cancer related pathways. We
demonstrate that CARs display full amyloidogenic potential by
evaluating the capacity to assemble into amyloid fibrils of two short
peptides comprised within these regions in human p53 and the
retinoblastoma-associated protein. Finally, we hypothesize that
CARs might be a remanent of the amyloid origin of life [25–28].
2. Materials and methods

2.1. Data acquisition

The dataset of IDRs was obtained from the DisProt database (re-
lease 2019_09) [29]. Folded proteins were retrieved from the Astral
SCOPe (Structural Classification of Proteins — extended) 2.07
genetic domain sequence subsets, and filtered for less than 40 %
identity to each other [30]. Linear interacting peptides (LIPs) were
extracted from MobiDB that recapitulates manually curated linear
motives from other sources: ELM, DIBS, MFIB, DisProt and IDEAL
(Data retrieval performed in September 2019) [31]. Protein ID
mapping was performed using the UniProt ID mapping tool
(http://www.uniprot.org/mapping/). Experimental data on pep-
tides with amyloidogenic behavior were extracted from literature
cited in the Table 1. Cancer associations were found in the follow-
ing references [32–50].

2.2. CARs screening in DisProt

Disordered regions were obtained from the DisProt database
(release 2019_09) and were curated for completely overlapped
regions or regions already contained in longer annotations [29].
Regions shorter than 21 residues were pre-excluded from the anal-
ysis. Disordered regions were introduced as an input in the Waltz
algorithm [51] and were scanned for positive peptides using differ-
ent thresholds (73.5, 80.0 and 85.0), in accordance with the pro-
posed criteria. Duplicated positive peptides arising for partial
overlaps in disordered regions were manually curated to avoid
duplications. The same procedure was applied when the dataset
of folded proteins was analyzed.

2.3. Gene ontology annotation

Gene ontology terms were analyzed with the Functional Anno-
tation Tool of DAVID v6.8 (Database for Annotation, Visualization
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and Integrated Discovery) [52]. The complete DisProt dataset was
used as a background set to infer enrichment. The GO terms
(GO_DIRECT categories) enriched with a p-value (Modified Fishers
Exact p-value) < 0.1 were retrieved. Disease association was also
assessed with DAVID (GAD_DISEASE).

2.4. Analysis of the overlap between CARs and LIPs

To calculate the degree of overlapping between predicted CARs
and annotated LIPs we employed and in-house script to compare
the beginning and end positions of each of the predicted CARs with
those from the LIPs annotated in the same DisProt region and
extract the overlapping residues. We considered a positive overlap
if at least 1 residue coincided. The percentage of residues of the
CAR overlapping with the LIPs was calculated as the number of
overlapping residues in relation with the total residues of the
CAR. To assess the degree of overlapping that could be expected
by chance, we used a randomization script to generate a dataset
of 285 random DisProt regions with randomly distributed 8-
residue peptides (median of LIPs length) that mimicked LIPs. Over-
lapping was tested as previously described.

2.5. Protein abundance

Protein abundance data for the analyzed human proteins was
taken from PaxDB [53]. The obtained values were then log10 trans-
formed for the analysis. Abundance data was retrieved for 488 of
the 525 human proteins. Protein solubilities were predicted using
the CamSol method [54]. Statistical analyses were performed using
a non-parametric t-test to compare cumulative distributions
(Kolmogorov-Smirnov test).

2.6. Human network analysis

Data on protein–protein interactions of the human proteins in
the 85-threshold dataset was retrieved from STRING [55]. PPI
interaction network was constructed using Cytoscape (v 3.8.2)
and the STRING plugin was exploited for visualization. Clustering
was performed using the AutoAnnotate v1.3.3 Cytoscape app with
the clusterMaker2 MCL algorithm. Network ontology annotations
were performed with the STRING Cytoscape plugin.

2.7. Peptide preparation and aggregation

Peptides with sequences Ac-ILVSIGESFG-NH2 and Ac-EYFTLQIR-
NH2 were purchased from Synpeptide (Shanghai, China) with a
purity >95%. Peptides were N-terminal acetylated and C-terminal
amidated to neutralize terminal charges and mimic the protein
environment. Peptides were dissolved in hexafluoroisopropanol
to a concentration of 1 mg / mL, divided into aliquots (200 mL per
aliquot) and vacuum dried with a SpeedVac (Thermo Fisher Scien-
tific, Waltham, USA). Peptide aliquots were stored at �80 �C until
assayed. Right before each experiment, aliquots were reconstituted
with 20 mL hexafluoroisopropanol and further diluted in phosphate
buffer saline (PBS) at pH 7.4 to a concentration of 200 mM. Hexaflu-
oroisopropanol traces were gently evaporated under a stream of
N2. For aggregation assays, samples were incubated for 2 days at
37 �C with continuous agitation at 100 RPM in a 96 wells plate
(non-treated) (Sarstedt, Germany). Each well contained 150 lL
solutions of 200 lM peptide in PBS buffer. Plates were incubated
at 37 �C, 100 RPM in an orbital culture shaker.

2.8. Binding to amyloid dyes

The fluorescence spectra of thioflavin-T (Th-T) were recorded
using a Spark plate reader (Tecan, Switzerland). Spectra acquisition
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Table 1
List of amyloidogenic peptides predicted by Waltz in disease-associated amyloidogenic proteins (top) and experimentally validated amyloidogenic polar peptides (bottom).
Predictions were performed using the ‘‘best overall performance” default threshold (92.0) and an adapted threshold (73.5). Peptides experimentally described as structural
elements of amyloid fibrils are noted with a plus sign (+). Negative Waltz predictions are indicated with a negative sign (-). n.a: not analyzed; n.i: no information. The references
from which we extracted the data are indicated adjacent to the protein/peptide name.

Protein/Peptide Waltz best overall performance (92.0) Adapted threshold (73.5) Experimental validation

Positive peptide Sequence Waltz score Positive peptide Sequence Waltz score

Disease-linked polypeptides
Aß-42 [62] 16–21 KLVFFA 97.99 n.a. n.a n.a +

37–42 GGVVIA 92.30 n.a. n.a n.a +
a-synuclein [62] 35–40 EGVLYV 97.32 n.a. n.a n.a +
IAPP [62,63] 7–18 QVFLIVLSVALN 93.89 n.a. n.a n.a +

55–62 NFGAILSS 93.98 n.a. n.a n.a +
Beta-2-microglobulin [62] 26–30 KIQVY 92.98 n.a. n.a n.a +

78–90 KDWSFYLLYYTEF 96.58 n.a. n.a n.a +
Transthyretin [62] 111–117 AEVVFTA 94.31 n.a. n.a n.a +
TAU [64] 591–596 KVQIIN 97.99 n.a. n.a n.a +
Cystatin-C [65] 30–35 AVGEYN 92.31 n.a. n.a n.a n.i.

58–66 AGVNYFLDV 97.43 n.a. n.a n.a +
98–104 SFQIYAV 98.66 n.a. n.a n.a +

Polar amyloidogenic peptides
NY7 [22] 2–7 YNYNYN 97.32 1–7 NYNYNYN 94.79 +
QY7 [22] – – – 1–7 QYQYQYQ 87.01 +
SY7 [22] – – – 1–7 SYSYSYS 84.90 +
GY7 [22] – – – 2–7 YGYGYG 74.25 +
GYNGFG [23] – – – 1–6 GYNGFG 77.25 +
SYSGYS [23] – – – 1–6 SYSGYS 79.93 +
SYSSYGQS [23] – – – 1–8 SYSSYGQS 85.95 +
NFSIRY [24] – – – 1–6 NFSIRY 79.93 +
EVYKWT [24] – – – 1–6 EVYKWT 77.26 +
AEIEIE [24] – – – 1–6 AEIEIE 73.91 +
IQVYSR [24] – – – 1–6 IQVYSR 84.95 +
IGYNIK [24] – – – 1–6 IGYNIK 86.62 +
MFSEFD [24] – – – 1–6 MFSEFD 75.92 +
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was recorded from 470 to 600 nmwith an excitation wavelength of
440 nm, 5 nm of excitation bandwidth, 10 nm of emission band-
width and 1 nm interval. Peptides were preincubated with Th-T
at a final concentration of 40 mM for 10 min before measurement.
PBS pH 7.4 buffer with 40 lM Th-T and without peptide was used
as a control.

Congo Red (CR) binding to peptide fibrils was analyzed using a
Cary 100 UV/Vis spectrophotometer (Varian, Palo Alto, CA, USA) in
the 400–700 nm range using a 1 cm optical length quartz cuvette.
Samples (100 mL) were preincubated in 900 mL of CR at a final con-
centration of 5 mM for 10 min at room temperature. PBS pH 7.4 buf-
fer with 5 lM CR and without peptide was used as a control.

2.9. Transmission electron microscopy

For transmission electron microscopy analysis (TEM) aggre-
gated peptides were diluted to 100 mM Milli-Q water, sonicated
for 5 min at minimum intensity in an ultrasonic bath (VWR ultra-
sonic cleaner) and placed onto carbon-coated copper grids to
adsorb for 1 min. The excess of sample was carefully absorbed
using ashless filter paper. Then, the grids were washed with dis-
tilled water and negative stained with 2 % (w/v) uranyl acetate
for 1 min. The excess of uranyl acetate was absorbed using ashless
filter paper. A TEM JEM-1400 (JEOL, Peabody, USA) microscope was
used operating at an accelerating voltage of 120 kV. Representative
images of each grid were selected.

2.10. Far circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectra of the different peptide
solutions were recorded on a Jasco J-815CD spectrometer (Halifax,
Canada) at 25 �C. CD signal was measured from 260 nm to 200 nm
at 0.2 nm intervals, 2 nm bandwidth, 2 s of response time and a
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scan speed of 200 nm/min on a 0.1 cm quartz cell. 10 accumula-
tions were recorded and averaged for each measurement.
2.11. Attenuated Total Reflectance Fourier transform infrared
spectroscopy

Attenuated Total Reflectance Fourier Transform Infrared (ATR-
FTIR) spectroscopy experiments were performed using a Bruker
Tensor 27 FTIR spectrometer (Bruker Optics Inc) with a Golden
Gate MKII ATR accessory. Samples were dried out under a N2
stream and measured at spectral resolution of 2 cm�1 within the
1800–1500 cm�1 range. Each spectrum consisted of 16 indepen-
dent scans. All spectral data were acquired and normalized using
the OPUS MIR Tensor 27 software. Data were deconvoluted using
the Peak Fit 4.12 program (Systat Software Inc., San Jose, CA, USA).
3. Results

3.1. Defining conditions to screen for polar amyloidogenic sequences

The dissection of the sequential features driving amyloid forma-
tion in disease-associated proteins (i.e., Ab42, a-synuclein, TAU,
IAPP, Transthyretin, b2-microglobulin) led to the conventional def-
inition of amyloidogenic regions as highly hydrophobic and b-
sheet prone sequence stretches, ideally devoid of net charge, able
to nucleate the assembly of amyloid fibrils [2,56]. However, evi-
dence gathered in the last years indicates that amyloid propensity
is not necessarily restricted to these conventional low-solubility/
aggregation-prone stretches. Thus, physicochemically divergent
regions of a more soluble nature have been reported to retain the
capacity to self-assemble into amyloid fibrils, expanding the amy-
loid sequence space [22–24].
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In globular proteins, destabilizing mutations that facilitate the
exposure of hydrophobic aggregation-prone regions previously
protected in the tertiary/quaternary structure cause amyloidosis
[10,57]. Therefore, sequences of this kind cannot be frequent in
IDPs, where they would be constitutively exposed to solvent. Thus,
it is not surprising that current computational approaches, bench-
marked against pathological amyloids [58,59], do not detect these
regions in IDPs in general and, in particular, at IDRs involved in
physiological binding, which are often polar. This has led to pro-
pose that the association between function and amyloidogenicity
observed in globular proteins does not apply to IDPs. However, it
could be simply that classical algorithms are not sensitive enough
to the presence of weaker amyloidogenic regions of a less
hydrophobic nature.

To explore this hypothesis, we used Waltz, a well-validated
algorithm that employs an empirical position-specific scoring
matrix derived from the analysis of a database of short amyloid-
forming and non-forming sequences [51]. Waltz predictions arise
from the experimentally determined propensity of a protein
sequence to adopt an amyloid fold, being less biased by the physic-
ochemical nature of amino acids than other aggregation prediction
algorithms, like CamSol, Aggrescan, or Tango [54,60,61], and thus
theoretically capable of working on a broader spectrum of amyloid
sequences. Waltz’s ‘‘Best overall performance” threshold (thresh-
old = 92.0) is set up to identify conventional amyloids and, as
shown in Table 1, when used to scan the sequences of disease-
associated amyloidogenic proteins, it identifies one or several high
scoring sequence-stretches within them. However, when this
threshold is used to analyze a dataset of polar peptides experimen-
tally shown to form amyloids, Waltz predicts them as non-amyloid
sequences in the large majority of cases (Table 1). Making the
threshold less stringent may allow identifying these less potent
amyloids, and a 73.5 value is sufficient to detect them all. With
the idea of covering the amyloid propensities ranging between
the minimum required for polar amyloid identification (73.5) and
the one established for conventional amyloids (92.0), we gradually
increased the Waltz threshold from 73.5 to 85.0 in subsequent
analysis.

3.2. Prevalence of cryptic amyloidogenic regions within IDPs

DisProt is a manually curated database that assembles data
from the literature with experimental evidence on proteins’ disor-
dered states [29,66]. DisProt contains over 3000 annotated regions
of 1411 different proteins that have been experimentally validated
(release 2019_09). Among these proteins, 1135 have regions with
more than 20 residues, which were considered of sufficient length
to be included in the analysis, as per the standard in the field [67].

To systematically screen these disordered regions, we applied
the Waltz algorithm using 73.5, 80.0, and 85.0 thresholds. Posi-
tively detected regions consisting of at least seven residues are fur-
ther referred to as Cryptic Amyloid Regions or CARs. The results of
each analysis are summarized in Table 2, and CARs containing pro-
teins are listed in Supplementary Data 1. We considered positive
proteins/regions those containing at least one CAR. We predicted
1492 to 3472 CARs depending on the applied threshold, which
resulted in 56 to 84 % of the analyzed proteins containing at least
one CAR in their IDRs (Table 2). Similar trends were observed when
we focused on human proteins with 55 to 80 % of positive hits
(Table 2).

We found an average of 2.2 to 3.3 CARs per disordered region,
with most of the regions displaying between 1 and 4 CARs (Table 2,
Fig. 1A). By analyzing the length of positive IDRs, we observed that
the most significant differences between thresholds occur in the
shortest disordered regions in the dataset (21 to 50 residues)
(Fig. 1B). Since a seven residue CAR would correspond to 14 to
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33 % of these shorter stretches, we conjecture that weak amyloido-
genic regions would be preferentially allowed there, those already
detected with the 73.5 threshold, whereas longer disordered
sequences could buffer more potent CARs. We noticed a significant
correlation between the number of CARs and the length of the
IDRs, suggesting that these amyloidogenic regions are, on average,
homogeneously distributed across the sequence (Fig. 1C). This cor-
relation is strongly dependent on the regions’ amyloid potential, as
we appreciated a clear difference between the 73.5 and the other
threshold datasets. We found an average of 3.1, 2.4, and 2.0 CARs
each 100 residues, which for the 80- and 85-threshold datasets
corresponds to roughly 1 CAR per 50 residues, coincident with
the drop of those CARs in < 50 residues long regions (Table 2 and
Fig. 1D). Of note, in globular proteins, the prevalence of
aggregation-prone regions (APRs) is near this value, with an aver-
age of 1 APR every 50 residues [12,18].

We then compared the prevalence of amyloidogenic regions at
the three proposed Waltz thresholds in a database of folded pro-
teins (Astral SCOPe 2.07 [30]), consisting of 14,323 different
sequences based on PDB SEQRES records and with less than 40 %
of identity. We found that 99.83, 97.81, and 95.32 % of the analyzed
proteins (for the 73.5, 80.0, and 85.0 thresholds, respectively) con-
tain at least one positive region. These results fit with the already
described evolutionary association between amyloidogenicity and
globular protein stability [12] and suggest that an intrinsic amy-
loidogenic potential is present in virtually every folded protein.
Thus, the amyloidogenic load that a given protein sequence can
accommodate seems to depend on the structural context strongly.
This reinforces the need for dedicated and distinct amyloid predic-
tion schemes when dealing with folded proteins and IDPs.

Taken together, the results indicate that IDPs possess a signifi-
cant amyloidogenic load embedded within their polar sequences.
This trait is observed for a significant fraction of the analyzed dis-
ordered regions, suggesting it has a ubiquitous nature. We note
that these regions’ prevalence depends on their amyloidogenic
potential and the length of their hosting IDRs, which suggests a
certain evolutive pressure to avoid uncontrolled spanning of CARs
in disordered, and thus exposed, protein segments.

3.3. Amino acid composition of cryptic amyloidogenic regions

We studied the compositional traits of CARs. First, we asked
whether these regions could accommodate charged residues. It
turned out that 88.5, 84.0 and 81.3 % of the CARs contain at least
one charged residue (Asp, Arg, Glu or Lys), with 74.5, 71.5 and
69.4 % of them expected to be charged at physiological pH (for
the 73.5, 80.0, and 85.0 thresholds, respectively) (Table 3). The
eminently charged character of CARs is not completely surprising
since most IDPs are polyampholytes, with sequences that include
both positively and negatively charged residues [68], but it
strongly contrasts with that of the amyloidogenic regions of glob-
ular proteins, which being buried in the native fold, tend to be
devoid of charges. Interestingly, acidic CARs are >2-fold more
abundant than cationic ones, independently of the considered
threshold (Table 3). This prevalence of negatively over positively
charged residues might respond to a strategy to modulate the amy-
loidogenic potential of these sequences, since acidic amino acids
seem to be intrinsically less amyloid-prone than cationic ones,
owing both to their shorter sidechain lengths and the specific char-
acteristics of the charge-carrying carboxyl moiety [69].

Next, we compared the composition of the identified CARs with
that of DisProt disordered regions (Table 4). Hydrophilic amino
acids (polar + ionizable) account for roughly 50 % of the residues
in both CARs and IDRs, with polar and ionizable residues, being
slightly over and underrepresented in CARs, respectively. This is
expected, since despite the eminent charged nature of CARs, an



Table 2
Identification and prevalence of CARs in DisProt. The database was screened with Waltz, considering three thresholds, and positive proteins/regions were defined as those
containing at least one CAR. The percentage of positive proteins for each threshold was calculated relative to the total number of proteins and human proteins with IDRs longer
than 20 residues.

Threshold Proteins Proteins with
regions > 20
residues

Number
of CARs

Positive
regions

Positive
proteins

Negative proteins
(regions > 20
residues)

Average
length

CARs
per
region

CARs
per
protein

CARs each
100
residues

Positive
proteins
(%)

73.5 Total 1411 1135 3472 1075 952 183 115 3.11 3.64 3.1 83.88
Human 525 422 1278 388 339 83 119 3.29 3.77 3.09 80.33

80.0 Total 1411 1135 2188 836 763 372 134.66 2.61 2.86 2.45 67.22
Human 525 422 776 303 275 147 139.1 2.57 2.82 2.36 65.16

85.0 Total 1411 1135 1492 683 633 502 147.7 2.18 2.35 2.025 55.77
Human 525 422 553 253 231 191 150.88 2.18 2.39 1.99 54.74
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Fig. 1. CARs prevalence and distribution in disordered regions. Disprot was screened with Waltz, considering three thresholds, and positive/regions were defined as those
containing at least one CAR. Histograms illustrate the number of positive peptides per disordered region (A) and the length of disordered regions (B). (C) Correlation between
the number of CARs and the length of the hosting disordered region. (D) The histogram shows the CARs’ density each 100 residues at the different thresholds. Color legend in
panel A.

Table 3
Analysis of the net charge of predicted CARs for each of the three analyzed thresholds. The percentage of CARs with anionic, cationic or neutral character are shown. CARs with a
net charge of 0 were divided in two classes depending on whether they have charged residues or not. Histidines were not considered as charged at physiological pH.

Threshold Negatively charged CARs (%) Positively charged CARs (%) CARs with compensated charges (%) CARs without charged residues (%)

73.5 53.02 21.43 14.06 11.49
80.0 51.96 19.52 12.52 16.00
85.0 52.07 17.29 11.93 18.70
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excess of charge would necessarily prevent the assembly. Aliphatic
and especially aromatic residues are enriched in CARs relative to
IDRs, whereas Gly + Pro are significantly underrepresented in CARs.
This bias is consistent with the amyloid-promoting character of
aromatic residues [70] and the b-breaker properties of Gly and
Pro [8,71].
4196
The composition of CARs differs from that of the protein seg-
ments identified in the ‘‘amylome” by Eisenberg and co-workers
using the 3D profile method [72], which were enriched in Val, Ile
and Ala and depleted in Asp, Glu and Arg. This result is expected
since for their analysis they used complete genomes, including
globular and disordered proteins, and they reported that the



Table 4
Compositional biases observed in the CARs with the three thresholds. The compositional bias of the screened disordered regions is also included.

Threshold Polar (NQTS) % Ionizable (DEHKR) % Aliphatic (ILMV) % Aromatic (FYW) % b-breakers (GP) % Rest (AC) %

73.5 27.79 23.01 22.41 8.67 8.68 9.45
80.0 27.56 20.91 23.98 11.27 7.46 8.82
85.0 26.86 19.59 24.95 13.04 6.63 8.93
Disordered regions 23.23 30.79 16.73 5.39 15.08 8.78
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identified amyloidogenic regions were 3-times less frequent in dis-
ordered regions.

3.4. Cryptic amyloidogenic regions are involved in the establishment of
protein–protein interactions.

Amyloidogenicity is assumed to be associated with a detrimen-
tal effect on protein homeostasis. Accordingly, it has been shown
that evolution tends to purge out amyloid stretches from globular
protein sequences, unless they are required for their structure, sta-
bility, or biological function [3,12,14,73–75]. Therefore, it seems
reasonable to speculate that CARs are allowed within IDRs because
they are associated with IDPs function.

To explore the biological relevance of CARs, we first assessed
whether CARs-containing proteins were associated with defined
biological functions. The high proportion of CARs-positive proteins
in DisProt (56 – 84 %) makes it difficult to dissociate potential CAR-
mediated roles from those generally associated with IDRs. Despite
that, human CARs-containing proteins show moderate enrich-
ments in specific gene ontology categories (p-value < 0.1), com-
pared with the DisProt background (Fig. 2). Enrichments
gradually increase as Waltz detection thresholds rise. Our results
suggest that this subset of proteins is involved in the establishment
of intermolecular interactions, as shown by their enrichment in
molecular binding functions (e.g., protein binding, enzyme binding,
calmodulin binding), and they participate in biological processes
where the formation of complexes is important (i.e., cell adhesion
and transcription initiation and regulation). The cellular compart-
ment ontology also reflects their implication in protein complex
formation. Of note, negative proteins for the 85-threshold, which
correspond to 44 % of the analyzed proteins, were only enriched
in growth factor activity (Molecular Function) and positive regula-
tion of tumor necrosis factor production (Biological Process) and
not in any of the above mentioned for CAR-positive proteins (not
shown). This indicates segregation of protein functions according
to the amyloidogenic load of the analyzed IDRs.

The IDPs capacity to establish PPIs is encoded in their primary
sequence in the form of modular interaction units, referred to as
short linear motifs or linear interacting peptides (LIPs) [76–78].
Given the enrichment of CAR-positive IDPs in binding functions,
we speculated that a certain number of CARs might be associated
with regions involved in functional PPI, similarly to what has been
described for globular proteins [13,14]. To test our hypothesis, we
retrieved a database of manually curated LIPS from MobiDB [78]
(see Methods section for details), which mapped to 354 unique
DisProt regions, of which 285 were at least 21 residues long. 368,
243, and 175 (73.5, 80, and 85 thresholds) of the CARs predicted
in the previous section overlapped with these LIPs, with an average
of � 90 % of the residues in the overlapping CAR being also part of
the LIP (Table 5). Thence, 71.57, 49.47, and 33.05 % of the analyzed
LIPs were found to overlap with CARs.

To explore whether this overlap may be an artifact of the high
prevalence of CARs in IDR, we assessed the degree of overlap
expected by random chance. To that aim, we generated a testing
dataset with 285 arbitrary DisProt regions in which we randomly
defined 8-residue peptides (the median length of LIPs) and
assessed their coincidence with CARs. We found that 57.89,
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35.79, and 24.21 % (for the 73.5, 80.0, and 85.0 thresholds, respec-
tively) of these randomly defined peptides overlapped with CARs
but only 46.07, 48.98, and 47.3 % of the CARs residues were con-
tained within the LIP. Taken together, these results suggest a sig-
nificant association at the residue level between LIPs and CARs
that cannot be attributed to a spurious overlap. Indeed, according
to our analysis, independently of the selected threshold, the prob-
ability of any CAR residue to map into a LIP is�2.4-fold higher than
the one expected by chance.

Overall, these analyses point towards a functional origin of
CARs, associated with the facilitation of PPI.

3.5. Protein abundance is connected with IDPs amyloid load in a
solubility independent manner

In contrast to protein folding, aggregation and amyloid forma-
tion is a second- or higher-order reaction and sensitive to protein
concentration [79,80]. This implies that highly abundant proteins
with a particular aggregation propensity are more prone to aggre-
gate than low abundant proteins with the same aggregation poten-
tial. Indeed, multiple in silico analyses revealed an anti-correlation
between gene-expression or protein abundance and aggregation
[81–84]. This observation led to the ‘‘living on the edge” hypothesis
that suggests that protein abundance is tightly regulated to an
optimal level, sufficient for proteins to develop their biological
function but low enough to maintain their solubility [84]. Proteins
exceeding their critical concentration are considered supersatu-
rated and constitute a metastable subproteome, often associated
with diseases [85–88].

By analyzing the abundance of human proteins in the datasets
of positive and negative proteins for the three Waltz thresholds
analyzed (73.5, 80.0, 85.0), we found that CAR-positive proteins
tend to be less abundant than negative ones, a trend that correlates
with their amyloidogenic potential (Fig. 3A). This is clear when
comparing the cumulative frequencies of protein abundance
between the positive and negative protein sets with the 85-
threshold (Fig. 3B) (p-value = 0.0172, Kolmogorov-Smirnov test).
This connection responds to the proteins’ amyloid load and not
to their global solubility/aggregation propensity since no signifi-
cant trends could be detected when the same analysis was per-
formed employing CamSol [54] (Fig. 3C and Supplementary
Fig. 1) (p-value = 0.9828, Kolmogorov-Smirnov test). These results
indicate that the amyloidogenicity of IDRs constrains to some
extent the IDPs abundance, which ultimately implies a deleterious
side-effect of CARs, whose presence and potency need to be bal-
anced to favor their functional contribution.

3.6. Higher IDRs amyloid loads are associated with disease pathways

Structural disorder is especially abundant in proteins associated
with human disease. This feature is not restricted to amyloid-
related pathologies, since the majority of proteins associated with
cancer and cardiovascular diseases contain long IDRs [89,90]. It is
also well known that amyloidogenic regions might establish aber-
rant interactions that lead to loss of protein functions and/or the
formation of toxic assemblies [6,7]. Driven by the widespread pres-
ence of CARs in IDRs and their potential deleterious nature, we



Fig. 2. CAR-positive proteins GO enrichment analysis. GO enrichment was performed and segregated into its three ontologies: cellular component (CC), biological process
(BP) and molecular function (MF). Orange, green and blue bars correspond to the 73.5, 80 and 85-threshold datasets respectively (same color legend as in Fig. 1). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 5
Overlap between predicted CARs and experimentally validated LIPs.

Threshold DisProt regions > 20
residues with LIPs

Total CARs that
overlap with LIPs

Percentage of CAR residues
overlapping with LIP (%)

Regions with LIPs and
overlapping CARs

Proteins with LIPs and
overlapping CARs

LIPs that overlap
with CARs (%)

73.5 285 409 89.14 204 192 71.57
80.0 285 243 92.64 141 139 49.47
85.0 285 175 91.86 117 115 33.05
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explored if some of the human pathologies associated with protein
disorder might be somehow connected to the presence of these
amyloid segments.

We first analyzed the disease enrichment of the positive data-
sets in comparison with the DisProt background. We found five
enriched categories for the 85-threshold dataset (Fig. 3D), whereas
only Parkinson’s disease was enriched in the 80-threshold dataset.
The enrichments in Alzheimer’s and Parkinson’s disease-related
proteins are in agreement with the amyloid nature of CARs and
include their primary aggregating proteins (APP and a-
synuclein). Other proteins implicated in biochemical pathways
associated with these conditions were also found to contain CARs
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and contribute to this enrichment, such as p53, c-Fos, TDP-43, Cal-
pastatin or POU2F1 [91–96].

We also found enrichment in three cancer-associated protein
subsets, with the highest association found in breast cancer
(Fig. 3D). Previous computational analysis showed that around
79 % of cancer-associated proteins contain IDRs of 30 residues or
longer [97]. This association was attributed to the fact that IDRs
are often involved in gene regulation, cell-cycle regulation, and
molecular recognition, acting as central hubs in signaling networks
[89,90]. These functions entail binding to multiple targets and par-
ticipation in PPI networks which, according to our analysis, would
imply the presence of CARs, thus justifying the observed



Fig. 3. The presence of CARs constrains protein abundance and is linked with disease pathways in humans. (A) Box-plots depict the abundance of the datasets of CARs
positive (+, green) and negative (-, red) proteins for the different thresholds. (B) Cumulative frequency analysis comparing the abundance of positive (+, green) and negative (-,
red) proteins for the 85.0 threshold. The inset shows the equivalent box-plot with the statistical p-value (Kolmogorov-Smirnov test). (C) Box-plots comparing the solubility of
the different datasets calculated with CamSol. The legend is equivalent to panel (A). (D) Ontology enrichment in disease associated pathways (GAD_disease) of the positive
proteins for the 85.0-threshold. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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enrichments. Recent reports exploring the role of protein aggrega-
tion in tumor formation suggest that it may be an underestimated
mechanism of loss of tumor-suppressing activity and oncogenic
gain-of-function [98–102].

To get further insight into cancer pathways associated with
CAR-positive proteins, we inspected the interaction network of
the 85-threshold positive dataset. After a clustering analysis, we
identified a central hub comprising 76 proteins densely connected
with the surrounding clusters (Supplementary Fig. 2, proteins
listed in Supplementary Data 2), which was significantly enriched
in cancer-associated ontologies when compared with the complete
85-threshold positive dataset (p-values < 0.001 Supplementary
Fig. 3). This hub included several well-known cancer-associated
proteins such as apc, erbB-2, c-fos, c-myc, Rb, p53 (Fig. 4 and
Table 6). An analysis of this subnetwork revealed that several of
these proteins had ontology annotations associated with those
found enriched in the previous section; protein binding, gene
expression, transcription factor binding (in yellow, green, and blue
in Fig. 4). We note that 29 of these proteins were directly associ-
ated with cancer pathways (in red in Fig. 4).

Overall, we speculate that CAR-positive proteins hold an amy-
loidogenic load that makes them intrinsically sensitive to malfunc-
tion. Deleterious interactions would be efficiently prevented and
reversed in healthy conditions; however, under stress, aging, or
disease, the protein quality control machinery functionality is
reduced, and aberrant contacts might occur and accumulate. In this
scenario, proteins containing CARs would constitute an IDP meta-
stable subproteome susceptible to establish inactivating non-
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functional interactions. To date, this phenomenon has been pri-
marily linked with protein solubility and aggregation propensities;
yet our data suggest a veiled contribution of cryptic amyloido-
genicity to it. Of note, our analysis indicates that the previously
reported cancer association of IDRs is especially significant in
CAR-positive proteins with higher Waltz scores, including a cluster
of highly interconnected proteins with some of the most paradig-
matic cancer-related proteins.

Our results suggest a three-way connection between the estab-
lishment of PPI, the presence of CARs, and the susceptibility to dis-
ease in IDPs. The data suggest that CARs are functional regions in
IDRs, which, if unregulated, constitute vulnerable spots in the
human proteome that might lead to pathology.
3.7. Cryptic amyloidogenic regions hold the potential to assemble into
amyloid fibrils

To provide experimental evidence for the above computational
data, we decided to characterize experimentally two different
CARs. Because of their connection with PPI, we decided to focus
on CAR-derived peptides present in experimentally validated LIPs
and for which there was direct structural evidence for the interac-
tion (i.e. bounded state present in the PDB). This would allow us to
obtain further information on the role of CARs on the interaction
and its implication in events of folding-upon-binding.

Due to their relevance in human disorders, specifically in can-
cer, we selected a first peptide involved in complex formation in



Fig. 4. Protein-protein interaction network of the cancer-enriched central hub of the 85-threshold positive dataset. Color code is associated with the ontology annotation of
each protein: red (cancer pathways), yellow (protein binding), green (gene expression), blue (transcription factor binding). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 6
List of some well-known cancer associated proteins found in the cancer-enriched central hub of the 85-threshold positive dataset.

Gene
name

Uniprot
ID

Protein name Pathology References (PMID)

APC P25054 Adenomatous polyposis
coli protein

Familial adenomatous polyposis 1, Desmoid disease, Medulloblastoma,
Gastric cancer, Hepatocellular carcinoma

1651563, 8940264, 10666372,
1338691, 16897741

ERBB2 P04626 Receptor tyrosine-protein
kinase erbB-2

Breast, Lung, Ovarian, Gastric and Esophageal cancers 2992089, 15457249, 17471238

FOS P01100 Proto-oncogene c-Fos Epithelial ovarian carcinoma, Head and neck squamous cell carcinoma,
Osteosarcomas, Hepatocellular carcinomas

18854825, 27965308, 19760594

MYC P01106 Myc proto-oncogene
protein

Burkitt lymphoma, Multiple myeloma, Generic in multiple cancers 6961453, 10618400, 20164920

RB1 P06400 Retinoblastoma-associated
protein (Rb)

Childhood cancer retinoblastoma, Generic in multiple cancers 2594029, 12204530

TP53 P04637 Cellular tumor antigen p53 TP53 is frequently mutated or inactivated in about 50% of cancers. 21779514, 17311302, 24212651
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the retinoblastoma-associated protein (Rb) and a second peptide
localized in the oligomerization domain of p53.

Rb binding to E2F transcription factors represses G1-S transi-
tions, ensuring that cell proliferation strictly depends on growth-
factor signals [103]. Deregulation of this pathway is a molecular
hallmark in several cancer cases. The C-terminal domain of Rb is
unstructured in solution and folds upon binding, forming a struc-
tured complex with the E2F1-DP1 heterodimer (Fig. 5A) [103]. A
core region of Rb (RbC) comprising residues 829 to 864 is sufficient
to mediate this interaction and indispensable for growth suppres-
sion. RbC is unstructured in solution but folds upon binding into a
Fig. 5. Experimental validation of a CAR identified in the RbC region (831-ILVSIGESFG-84
heterodimer (PDB: 2AZE). Rb polypeptide chain is in dark green and the analyzed peptid
before and after a 2 days incubation at 37 �C with continuous agitation at 100 RPM. (C) Flu
line) of the incubated peptide sample. (D) CR absorbance spectrum in the absence (dashe
the amide I region of the incubated sample. Red line corresponds to the acquired sp
contribution to the total area upon Gaussian deconvolution. (F) Representative electron m
to color in this figure legend, the reader is referred to the web version of this article.)
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strand-loop-helix structure on top of the intermolecular b-
sandwich formed by the E2F1-DP1 heterodimer (Fig. 5A).

We predicted a long CAR between residues 831 and 856 (score
84.0) with a shorter core comprising residues 831-ILVSIGESFG-
840, that lies just below the default 92 Waltz threshold (score
91.6), and overlaps with the b-strand and loop regions of RbC that
interacts with the E2F1-DP1 heterodimer and forms the fifth
b-strand of the intermolecular b-sandwich upon binding (in red
in Fig. 5A). This b-strand is involved in the formation of an inter-
molecular antiparallel b-sheet when interacting with E2F1. We
analyzed whether a peptide corresponding to this sequence
0) of Rb. (A) The RbC region of Rb folds upon binding when is bound to the E2F1-DP1
e is highlighted in red. (B) CD spectra in the far-UV region of 200 mM of the peptide
orescence emission spectra of Th-T in the absence (dashed line) and presence (solid
d line) and in the presence (solid line) of the incubated peptide. (E) FTIR spectrum in
ectra, blue area indicates the band corresponding to the inter-molecular b-sheet
icroscopy micrograph of the Rb peptide fibrils. (For interpretation of the references
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(Ac-ILVSIGESFG-NH2) was able to self-assemble amyloid fibrils.
We incubated the peptide at 200 lM, 37 �C, and 100 RPM for
48 h. We observed a disorder to order transition by CD in which
the initial intrinsically disordered peptide acquires a characteristic
b-sheet signature (Fig. 5B). The incubated peptide was positive for
binding to Th-T and CR, suggesting that it self-assembles into
amyloid-like structures (Fig. 5C and D). We used FTIR spectroscopy,
recording in the amide I region of the spectrum (1700–1600 cm�1),
to analyze the assemblies’ secondary structure content. The incu-
bated peptide spectrum was dominated by a signal at 1630 cm�1

(62 % of the area) attributed to the formation of amyloid-like inter-
molecular b-sheets (Fig. 5E). The morphological analysis of the
sample by transmission electron microscopy (TEM) confirmed
the assemblies’ fibrillar nature, forming straight and unbranched
nanorods that eventually associate laterally (Fig. 5F).

To date, there is no direct experimental evidence for the aggre-
gation of full-length Rb. Nevertheless, Rb’s aberrant localization
has been reported in Parkinson’s disease, including localization to
Lewy bodies with a punctate pattern characteristic of aggregation
processes [104].

p53 acts as a key regulator of several signaling and cell-fate-
decision pathways, being a hub in PPI networks [105–107]. p53
plays a central role in tumor suppression via apoptosis and is
mutated in about 50 % of human cancers [50]. p53 can be dissected
into three regions: the N-terminal transactivation domain, the DNA
binding domain, and the C-terminal domain, in charge of p53 reg-
ulation and tetramerization. Both the N- and C-terminal domains
are intrinsically disordered and together mediate the 71 % of the
p53 interactions [108]. p53 tetramerization is fundamental for
site-specific DNA binding and transcription activation [109].
Tetramerization is driven by a short-disordered region comprising
residues 320 to 355 that folds upon binding in a tetramer,
described as a dimer of dimers (Fig. 6A) [110]. This region is nega-
tive for Waltz’s using the default 92-threshold but is predicted to
contain a CAR of variable length in the 323–334 segment depend-
ing on the used threshold. We selected for experimental character-
ization a short peptide in this region (326-EYFTLQIR-333) with a
score of 80.6 that overlaps with the b-strand (327–332) formed
upon binding in the p53 tetramer (in red in Fig. 6A). This b-
strand is fundamental for dimerization, forming an inter-subunit
antiparallel b-sheet.

To assess the peptide’s assembling properties (Ac-EYFTLQIR-
NH2), we prepared and incubated the p53 peptide in the condi-
tions described for Rb. The CD analysis reveals that before incuba-
tion, the peptide already samples two populations, with two
minimums at 200 and 216 nm associated with disorder and b-
sheet, respectively (Fig. 6B). This b-sheet contribution may result
from peptide dimerization, as it occurs in the tetrameric structure
(Fig. 6A). In the incubated peptide, we observed a negative band at
� 225 nm. The red-shift of the b-sheet band has been observed pre-
viously [111] and seems to be associated to the fibrils’ particular
architecture. The incubated peptide was positive for Th-T and CR
amyloid dyes suggesting that it aggregates into amyloid-like
assemblies (Fig. 6C and D). Deconvolution of the FTIR spectra
revealed a strong band at 1630 cm�1 (58 % of the area), indicating
the presence of intermolecular b-sheet structures in the incubated
peptide (Fig. 5E). TEM micrographs confirmed that the p53 peptide
self-assembles into fibrillar supramolecular structures (Fig. 5F).
These fibrillar aggregates are straight and unbranched with a ten-
dency to establish lateral associations.

Remarkably, the complete tetramerization domain of p53 has
already been reported to aggregate into amyloid fibrils [112], a
property that is enhanced by some cancer-associated mutations
[113]. p53 amyloid fibrils have been detected in Alzheimer’s and
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cancer patients [114–116], and induction of intracellular p53 amy-
loids results in cellular transformation and tumor induction in
mice [99].
4. Discussion

The development of predictive tools with the capacity to ana-
lyze large protein datasets has been of paramount importance to
build up our knowledge on the prevalence and implications of
amyloidogenic sequences at the proteome level [59]. However,
most computational analyses have focused on screening amyloido-
genic regions that are too strong to be permitted in solvent-
exposed regions and tend to be buried in the core of globular pro-
teins [8,9,12]. Milder amyloidogenic regions -here named CARs-
intrinsically exposed to solvent in IDRs went unnoticed in these
analyses, essentially due to their polar nature. Thus, our current
understanding of amyloid biology is biased since it results from
evaluating only a fraction of the amyloid sequence space. This
study finds that a large proportion of IDRs bear amyloidogenic
regions cryptically encoded in their primary sequences.

We have shown that CARs are linked with function and are con-
sistently found in regions involved in PPI, suggesting that they are
the subject of a positive selection in association with defined bio-
logical functions. Conversely, the data support a negative pressure
constraining the abundance of CAR-containing proteins and con-
trolling CARs prevalence in IDRs. This observation suggests a dele-
terious contribution of these regions to physiology that might
explain the association of IDRs bearing CARs with cancer, Alzhei-
mer’s, and Parkinson’s diseases. Thus, it appears that the evolution
of IDRs functions, especially those involving PPIs, entails the con-
comitant appearance and fixation of amyloidogenic regions that,
as a side effect, put them at risk of non-functional interactions,
aggregation, and malfunction. Thus, CARs can either facilitate the
switch of disordered conformations towards the formation of func-
tional complexes or mis-functional assemblies, depending on the
cellular context. The present study expands the ‘‘living on the
edge” hypothesis to the area of IDPs. It highlights how the cryptic
amyloid propensity of disordered regions should be considered
when evaluating the interplay between amyloidogenicity, func-
tion, and protein evolution.

Driven by these observations, we characterized in vitro two of
the identified CARs and confirmed their amyloid nature. Notably,
both segments play a significant role in establishing protein–pro-
tein interactions, central to the respective proteins’ biological func-
tion. The Rb CAR mediates a heterotypic interaction with the E2F1-
DP1 complex on which depends Rb activity (Fig. 5A). Of note, E2F1
and DP1 are disordered when isolated, and E2F1 also contains a
predicted CAR (278-SSENFQISLKS-288) in the same intermolecular
b-sandwich where RbC binds (Supplementary Fig. 4). The charac-
terized p53 amyloid peptide is a fundamental element for homod-
imerization, which folds upon binding into a b-strand and forming
an antiparallel double-stranded sheet with the other monomer
(Fig. 6A). Mutations that map at this region significantly impact
the tetramer stability, compromising p53 function and being asso-
ciated with different cancers [110]. In the two studied cases, the
oligomerization of a disordered region displaying a cryptic amyloid
nature is critical for the functional structured complexes’ constitu-
tion. In our view, they constitute two illustrative examples
explaining why CARs are likely to be persistent in IDRs, the ulti-
mate reason being that PPI and amyloidogenicity sequence codes
overlap significantly. They also exemplify how CARs expand the
range of protein sequences compatible with an amyloid fold to
those with low intrinsic structural propensities.



Fig. 6. Experimental validation of a CAR identified in the tetramerization domain (326-EYFTLQIR-333) of p53. (A) Upon oligomerization the p53 tetramerization domain folds
in a strand-loop-helix conformation (PDB: 3SAK). The analyzed peptide is highlighted in red. (B) CD spectra in the far-UV region of 200 mM of the peptide before and after a
2 days incubation at 37 �C with continuous agitation at 100 RPM. (C) Fluorescence emission spectra of Th-T in the absence (dashed line) and presence (solid line) of the
incubated peptide sample. (D) CR absorbance spectrum in the absence (dashed line) and in the presence (solid line) of the incubated peptide. (E) FTIR spectrum in the amide I
region of the incubated sample. Red line corresponds to the acquired spectra, blue area indicates the band corresponding to the inter-molecular b-sheet contribution to the
total area upon Gaussian deconvolution. (F) Representative electron microscopy micrograph of the p53 peptide fibrils. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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According to the amyloid-driven origin of life hypothesis, short
amyloid peptides are candidates to be the first functional protein
folds in the prebiotic era and the first molecules able to self-
replicate, transmit information and catalyze reactions [26–28].
Based on this hypothesis, it has been proposed that globular pro-
teins may have gradually emerged from these early amyloidogenic
peptides, thus justifying the thermodynamic coupling of amyloid
and globular structures as a relict of this evolution [12]. Neverthe-
less, this structural leap is still poorly understood. In light of our
results, we propose that a first evolutive step in the prebiotic
amyloid-world would be the conversion of short unstructured
amyloidogenic peptides into interacting regions that allow for
the establishment of functional homotypic and heterotypic inter-
4203
actions. These contacts would have been instrumental for forming
the first globular complexes, establishing cooperative networks,
and early coacervation. In a way, the early globular assemblies
could be a kind of functional amyloid oligomers. The cryptic amy-
loidogenicity identified in this study might well be a reminiscence
of such an evolutionary pathway.
5. Conclusions

By expanding previous sequence amyloid propensity large-scale
analysis to the realm of disordered proteins, we provide a novel
perspective on the role of polypeptides’ intrinsic amyloidogenicity
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in protein function, malfunction, and evolution that complements
and reinforces the conceptual framework established for globular
proteins. Overall, it appears that the propensities of amyloidogenic
regions in present proteins depend on both their structural and
functional contexts, their ubiquitous presence responding to the
ancestral need of proteins for intra- and intermolecular interac-
tions to exert their biological functions.
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