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Proteome-wide analyses suggest that most globular proteins contain at least one amyloidogenic region, whereas these aggregation-prone segments are thought to be underrepresented in intrinsically disordered proteins (IDPs). In recent work, we reported that intrinsically disordered regions (IDRs) indeed sustain a significant amyloid load in the form of cryptic amyloidogenic regions (CARs). CARs are widespread in IDRs, but they are necessarily exposed to solvent, and thus they should be more polar and have a milder aggregation potential than conventional amyloid regions protected inside globular proteins. CARs are connected with IDPs function and, in particular, with the establishment of protein-protein interactions through their IDRs. However, their presence also appears associated with pathologies like cancer or Alzheimer’s disease. Given the relevance of CARs for both IDPs function and malfunction, we developed CARs-DB, a database containing precomputed predictions for all CARs present in the IDPs deposited in the DisProt database. This web tool allows for the fast and comprehensive exploration of previously unnoticed amyloidogenic regions embedded within IDRs sequences and might turn helpful in identifying disordered interacting regions. It contains >8,900 unique CARs identified in a total of 1711 IDRs. CARs-DB is freely available for users and can be accessed at http://carsdb.ppmclab.com. To validate CARs-DB, we demonstrate that two previously undescribed CARs selected from the database display full amyloidogenic potential. Overall, CARs-DB allows easy access to a previously unexplored amyloid sequence space.
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1 INTRODUCTION
The information required for proteins to adopt their final conformation is naturally encoded in their amino acid sequence (Dill and MacCallum, 2012). Through evolution, optimal protein structures have been selected to perform diverse biological functions while avoiding the population of non-native conformations (Kuhlman and Baker, 2000). However, globular proteins cannot escape from bearing amyloidogenic sequences that might trigger undesired aggregation reactions, which are connected with an increasing number of human degenerative diseases (Invernizzi et al., 2012; Chiti and Dobson, 2017). These aggregation-prone regions (APRs) are usually buried in the hydrophobic core of the native state (Rousseau et al., 2006), and their presence responds to the thermodynamic and evolutionary coupling between the native and the amyloid states of globular proteins (Langenberg et al., 2020). In this context, the presence of APRs in Intrinsically Disordered Proteins (IDPs) has been traditionally considered marginal. The lack of a hydrophobic core and their biased composition towards polar residues is thought to confer them inherent protection against aggregation (Uversky et al., 2000).
Many globular protein functions involve the establishment of functional protein-protein interactions (PPIs), with the regions responsible for these contacts displaying significant amyloid potential, relative to the rest of the surface (Castillo and Ventura, 2009; Pechmann et al., 2009), reflecting the overlap in the requirements to set up functional and aberrant protein interactions (Pastore and Temussi, 2012). The high dynamism of IDPs allows for the interaction with several molecular partners (Dunker et al., 2005; Wright and Dyson, 2015; Arbesu et al., 2018), but the duality between function and aggregation was assumed not to apply for them.
Different bioinformatics tools have been designed to detect amyloidogenic regions from the primary sequence (Fernandez-Escamilla et al., 2004; Conchillo-Sole et al., 2007; Garbuzynskiy et al., 2010; Maurer-Stroh et al., 2010; Sormanni et al., 2015; Santos et al., 2020). Still, in their default configurations, the algorithms behind these methods identify amyloid regions that map at sequence segments of high hydrophobicity and aggregation propensity, that in the native state are often protected from the solvent at the core or interfaces. This has precluded the identification of protein sequences consisting of more hydrophilic and less aliphatic residues but still able to assemble autonomously and efficiently into amyloid fibrils (Diaz-Caballero et al., 2018; Hughes et al., 2018; Louros et al., 2020), which we have named cryptic amyloidogenic regions (CARs).
In recent work (Santos et al., 2021), we explored the prevalence of CARs of polar nature in IDPs by adapting the thresholding system of Waltz (Maurer-Stroh et al., 2010). This well-validated algorithm employs an empirical position-specific scoring matrix derived from the analysis of a database of short amyloid-forming and non-forming sequences. Our results indicated that CARs are widespread in IDPs, with 56–84% of IDRs exhibiting at least one region displaying amyloid propensity, depending on the applied threshold. The capacity of these regions to form amyloid fibrils was empirically tested for two short peptides from the human p53 and the retinoblastoma-associated protein. The analysis demonstrated that IDPs contain abundant mild amyloidogenic regions, which are preferentially involved in establishing functional PPIs, which were previously underestimated because of their polar nature. The data indicated that the price to pay for the presence of functional CARs is a concomitant risk for protein malfunction and disease, underpinning that the duality between functional and aberrant interactions also applies for IDPs. This possibility and the underrepresentation of validated amyloidogenic regions described for IDPs, compared to those in globular proteins, led us to build up CARs-DB, a database that collects related information for all detected CARs in DisProt, the most comprehensive database of experimentally validated IDPs (Quaglia et al., 2021).
The release of the CARs-DB database allows for a fast and straightforward search of thousands of predicted CARs without the need to perform time- and cost-demanding individual analyses. Also, the statistically significant linkage between CARs and IDPs interacting segments, especially when they follow a folding-upon-binding mechanism, makes CARs-DB an orthogonal tool to study these regions. Alternatively, the CARs-DB can be of help to identify regions at risk of promoting aberrant interactions that so far have remained masked. The amyloidogenic potential of CARs in the database is experimentally validated for two new short segments belonging to IDRs in titin and RPLP2 proteins.
2 METHODS
2.1 Dataset Generation
To gather the data to generate the database, the sequences of all IDRs were downloaded in FASTA format from DisProt (2021_08 release), a manually curated database of disordered proteins (Quaglia et al., 2021). The Waltz algorithm was used to identify potential amyloidogenic segments. The “Best overall performance” of Waltz sets the detection threshold at a value of 92.0 (Maurer-Stroh et al., 2010), which performs very well on classic amyloid regions but is too high to identify CARs. We previously showed that thresholds of 85.0, 80.0 and 73.5 allowed us to identify and rank those regions according to their differential polar and ionizable residues content (Santos et al., 2021). IDRs longer than 20 amino acids were scanned with these parameters. Only CARs longer than six residues were included in the final database. Information about each detected CAR can be accessed through different links that map to its correspondent disordered region (DisProt) or the entire protein (UniProt).
2.2 Database Implementation
The server site was developed using the Django 3.0 web framework. The front-end is written in HTML/CSS. The database search engine is based on a JavaScript filter table that allows to retrieve CARs specific information upon querying by distinct identifiers. It is platform-independent and does not require previous registration.
2.3 Peptide Preparation and Aggregation
The peptides with the sequences Ac-EGVSISVYR-NH2 and Ac-GAVAVSAA-NH2 corresponding to the CARs-derived segment of titin and RPLP2 proteins respectively were purchased from Genscript Biotech (New Jersey, United States) with a purity >95%. Peptides were N-terminal and C-terminal protected as a strategy to mimic the protein environment. Peptide stock solutions were prepared by solubilizing the lyophilized peptides at a final concentration of 1 mg/ml in 100% dimethyl sulfoxide, divided into aliquots and stored at −80°C. For aggregation assays, peptides were diluted to 200 µM in phosphate saline buffer (PBS) and incubated at 37°C for 72h-7 days in a 96-well plate (SIGMA-Aldrich, Saint Louis, United States) under continuous agitation (100 rpm). The final concentration of DMSO in the assay was 4 and 1.3% (v/v) for titin and RPLP2 peptides, respectively. Additional details from the aggregation experiments are described on the MIRRAGGE spreadsheet (Martins et al., 2020) of the Supplementary material.
2.4 Binding to Amyloid Dyes
The fluorescence emission spectra of the binding of 40 µM Thioflavin-T (ThT) to the aggregated peptides were recorded using a Spark plate reader (Tecan, Männedorf, Switzerland). The samples were excited at 440 nm with an excitation bandwidth of 5 nm. The emission spectra were recorded from 460 to 600 nm with an emission bandwidth of 5 nm and a 2 nm interval.
Congo red (CR) interaction with the peptide solutions was tested using a Cary 100 UV/Vis Spectrophotometer (Varian, Palo Alto, United States). The absorbance spectra were recorded from 400 to 650 nm using a 1 cm optical length quartz cuvette at room temperature. 10 µl of peptide samples were preincubated with 90 µl of CR at a final concentration of 5 µM for 10 min at room temperature. Solutions of PBS with 5 µM CR and without peptide were used as negative controls.
2.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
The secondary structure of incubated peptides was analyzed by attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectroscopy using a Bruker Tensor FT-IR Spectrometer (Bruker, Massachusetts, United States) with a Golden Gate MKII ATR accessory. The aggregated peptide solutions were dried out under N2 (g) atmosphere. Each spectrum consisted of 32 scans and was measured at a spectral resolution of 4 cm−1 within the 1800–1,500 cm−1 range. All spectral data were acquired and normalized using the OPUS MIR Tensor 27 software and the Peak Fit 4.12 program (Systat Software Inc., San Jose, United States) was used for data deconvolution.
2.6 Transmission Electron Microscopy
For negative staining, aggregated peptide samples were sonicated at intensity two for 5 min in an ultrasonic bath (VWR ultrasonic cleaner, Leuven, Belgium), placed onto carbon-coated copper grids, and incubated for 1 min. The excess of the sample was removed using ashless filter paper. Then, the grids were washed with distilled water and incubated for 1 min with 2% (w/v) uranyl acetate and the excess of uranyl acetate was removed carefully using ashless filter paper. The micrographs of aggregated peptides were obtained using a TEM JEM-1400 (JEOL, Tokio, Japan) operating at an accelerating voltage of 120 kV. Representative images of each sample were selected.
3 RESULTS
3.1 The CARs-DB Database, A Repository of Polar Amyloidogenic Peptides
3.1.1 Web Interface
The CARs-DB is available at http://carsdb.ppmclab.com/. The server allows navigation through the different sections of the site. The main page welcomes the user and briefly describes the database’s general functions and content (Figure 1). In the ‘About’ section, a complete description of the research’s background and the documentation relative to the database is provided. If further help is needed, the source publications can be accessed under the ‘Reference’ section. We also included a ‘Statistics’ page to illustrate the abundance and distribution of CARs in the database and the nature of the amino acids that compose them.
3.1.2 Database Content
The ‘Database’ section of the server gives access to a list of amyloidogenic regions detected at the three designated Waltz thresholds (85.0, 80.0, and 73.5), as described in the methods section. This allows for the generation of a comprehensive collection of diverse sequence stretches grouped according to their relative intrinsic amyloid propensity. Each CAR is individually associated with a unique DisProt ID and UniProt ID in this collection.
The database can be accessed independently for each threshold, collecting relevant information for every CAR (Figure 2), including links to complete descriptions of the disordered region, the protein itself, and the source organism. The starting and ending positions of each CAR-containing IDR are indicated, relative to the entire protein sequence. CARs are defined by the first and last position of the identified peptide, their length, and amino acid sequence. Finally, the overall Waltz score for each prediction is shown in the rightmost column. Users can search the database by DisProt ID, UniProt accession number, protein name, source organism, or peptide sequence.
[image: Figure 1]FIGURE 1 | Screenshot of the homepage of the CARs-DB database. Different sections can be accessed to explore the features and content of the database through the navigation bar on the top of the site.
[image: Figure 2]FIGURE 2 | Screenshot of the ‘Database’ page. The different thresholds can be explored using the ‘85’, ‘80’ and ‘73.5’ buttons found next to the search bar. Each CAR is a new entry with its associated DisProt ID, UniProt code and protein name, source organism, disorder position and the results for the amyloidogenic prediction (CAR position, length, sequence and score).
To guide users through the content and organization of the database, a complete picture of the data within the CARs-DB can be found under the ‘Statistics’ section of the server. It includes graphical representations of the physicochemical properties of CARs and the database’s general content. The CARs-DB database contains a total of 2,962, 4,347, and 6,681 entries for the 85.0, 80.0, and 73.5 thresholds, respectively (Figure 3). Remarkably, a maximum of 686 regions with a Waltz score over 92.0, which is considered the threshold for bona fide conventional amyloids, were detected. This explains why when using the default parameters trained to identify these sequences, IDRs seem devoid of APRs. The statistics show that this insensitivity to CARs can be explained in terms of composition, as most of them present a polar nature with the presence of ionizable residues that are often depleted in conventional amyloidogenic regions. Overall, the analysis suggests that the amyloid sequence space might be significantly larger than what we traditionally considered and sequences with mild amyloid potential might be ubiquitous in IDRs.
[image: Figure 3]FIGURE 3 | Total number of entries in the CARs-DB database for all DisProt regions. In grey, conventional amyloidogenic peptides are shown with a Waltz score over 92. The proportion of CARs dramatically increases as the threshold is more permissive (in orange), obtaining a collection of more than 8,900 unique CARs of polar nature.
The distribution of CARs by organism and threshold is reported at the ‘Statistics’ section of the database and in Supplementary Table S1, which details most of the relevant model organisms. Homo sapiens is the species with more associated entries, followed by Saccharomyces cerevisiae. Other relevant groups include viruses and prokaryotes other than Escherichia coli, with close to 10 and 8% representation in each case. The rest of the species fall under 6% representation.
3.1.3 Data Availability
The content of the database is available under the ‘Download’ section of the server. The users can download the complete information in the desired file format to work locally. Three different file formats (CSV, TSV, and JSON) are provided for each threshold. Aside from all CAR-specific features, DisProt details for each IDR are also collected. These include the experimental evidence code (ECO), the IDP ontology term (IDPO), PubMed ID (PMID), and the position of the disordered region (start, end, and length).
3.2 Disease-Associated Regions Can Be Found With the CARs-DB
We believe that the CARs-DB can help identify regions at risk of promoting aberrant interactions that may eventually lead to pathology, since the presence of CARs has been associated with neurodegenerative diseases and cancer (Santos et al., 2021).
Amyloid formation has been experimentally validated for short peptides or motifs belonging to different IDPs linked to disease. That is the case of α-synuclein, an IDP whose deposition in dopaminergic neurons is intimately ligated to the onset of Parkinson’s disease (Luk et al., 2012). A stretch of 12 amino acids in the NAC domain of α-synuclein is essential for filament assembly (Giasson et al., 2001). We sought this short region (71-VTGVTAVAQKTV-82) in our CARs-DB and found it under the 73.5 threshold with a Waltz score of 78.51. Another interesting example is the microtubule-associated protein tau, an IDP that is found as intracellular solid aggregates in Alzheimer’s disease. A short hexapeptide in the C-terminal end of the protein (304-VQIVYK-312) is essential and sufficient for tau fibrillation (von Bergen et al., 2000; Meng et al., 2012). A CAR containing this peptide is present in the database with a Waltz score of 89.37. Aberrant aggregation can also disturb liquid-liquid phase separation (de Oliveira et al., 2019). In amyotrophic lateral sclerosis (ALS), the amyloidogenic core region of TDP-43 (residues 318–343) initiates its aggregation and facilitates its cytoplasmatic inclusion (Jiang et al., 2013). This region is positive at the 73.5 threshold and could not be detected with the default Waltz cutoff.
The amyloidogenic capacity of CARs in cancer-related proteins has also been demonstrated for peptides in p53 (326-EYFTLQIR-333) and retinoblastoma-associated protein (831-ILVSIGESFG-840) (Santos et al., 2021), both present in CARs-DB under the 85 and 80 thresholds, respectively.
Overall, these examples illustrate how amyloidogenic regions in pathogenic proteins may escape detection with conventional algorithms and the need to redefine the properties of amyloidogenic sequences since they can exhibit a marked polar character when they are embedded in a disordered context, as the regions listed in CARs-DB.
3.3 Orthogonal Identification of IDRs Involved in PPIs With CARs-DB
The dynamic nature of IDPs makes them highly exposed to the solvent and sensitive to the environment (Uversky, 2009). From an evolutionary point of view, the prevalence of exposed CARs in IDPs makes sense only if they contribute to the protein function since they necessarily endorse IDRs with a moderate but significant propensity to misassemble and malfunction (Santos et al., 2021).
The IDPs’ ability to establish interactions depends largely on the presence of modular interaction units in their sequences. These interaction-favoring regions are known as short linear motifs or linear interacting peptides (LIPs) (Davey et al., 2012; Pancsa and Fuxreiter, 2012; Piovesan et al., 2021). We demonstrated previously that the probability of any CAR residue to map into a LIP is > 2-fold higher than the one expected by chance (Santos et al., 2021), which suggested a role of CARs in facilitating IDPs’ PPIs. This is especially true when the interaction is mediated by a folding-upon-binding mechanism because the acquisition of structure in the bound state requires physicochemical properties that make the sequence more sensitive to aggregation in the unbound conformation (Langenberg et al., 2020).
The above observations suggest that CARs-DB might be used, in combination with dedicated applications, like ANCHOR (Dosztanyi et al., 2009), to detect LIPs susceptible to go on disorder-to-order transitions upon binding. To illustrate this potential, we describe four examples of CARs involved in disorder-to-order transition. These include short sequences from the receptor-binding domain (RBD) of the SARS-CoV-2 spike protein (482- GVEGFNCYFPLQSYGFQPTNGV-503, Waltz score = 80.1), the human microtubule-associated protein tau (350-VQSKIGSLDNITH-362, Waltz score = 82.0), the SUMO-interacting motif (SIM) PIAS2 (466-KVDVIDLTIESSSDEE-481, Waltz score = 87.1) and the p27Kip1 (p27) protein (70-LEGKYEWQEVEK-81, Waltz score = 75.4).
The RBD of the SARS-CoV-2 spike protein interacts with the angiotensin-converting enzyme-2 (ACE2) receptor found in human cells and is key to establishing cell host-virus interactions (Sternberg and Naujokat, 2020). Five antiparallel β-sheets form the core of this domain. From this core, it protrudes the receptor-binding motif (RBM), a region that is a flexible and disordered loop in the unbound state, and becomes ordered in the ACE2-bound SARS-CoV-2 Spike structure (Lan et al., 2020), while containing most of the interacting residues with the receptor. Interestingly, a 22-aa long CAR is found in the RBM overlapping with the RBD β6 strand in the bound state, indicative of an active role in binding (Figure 4A).
[image: Figure 4]FIGURE 4 | Identification of LIPs mediating PPIs selected from the CARs-DB. (A) The RBD of the SARS-CoV-2 spike protein (in cyan) in complex with its ACE2 receptor (in green) (PDB: 6LZG). In the interface, a 22-aa long CAR (in red) is found as a LIP that facilitates the recognition and entrance of the virus into the cell. (B) A segment of the tau-F isoform (in cyan) associated with tubulin-alpha-1B chain (in green) (PDB: 7PQP). A short CAR of 13 residues (in red) with an alpha-helix mediates functional interactions in the structural ensemble. (C) SIM-PIAS2 in complex with SUMO-1 (in green) (PDB: 2ASQ). A CAR of 16 residues with a local beta-sheet (in red) forms a SUMO-interaction motif that overlaps at functional interaction sites. (D) The p27 protein (in cyan) in complex with cyclin-dependent kinase 2 (in green) and cyclin A (in orange) (PDB: 1JSU). A polar CAR of 12 residues (in red) is found within an IDR that folds upon binding.
Tau is intrinsically disordered in solution and locally folds upon binding to microtubules (Kadavath et al., 2015). Specific intermolecular interactions stabilize the tau-microtubule complex (Brotzakis et al., 2021). Importantly, a Tau CAR of 12 residues is found to fold into an α-helical CAR within a strongly interacting Tau region that establishes contact with two α-helices of α-tubulin (Figure 4B). When the tau protein is detached from these structures, it becomes more sensitive to aggregation and may lead to the formation of neurofibrillary tangles, a trademark of the development of Alzheimer’s disease (Hardy and Selkoe, 2002).
Even protein families that are characterized by their high solubility might eventually self-assemble into β-sheet enriched aggregates (Sabate et al., 2012). It is the case of the ubiquitin-like SUMO proteins, which expose an aggregation-prone β-sheet needed for their binding to target proteins through their SUMO Interacting Motifs (SIMs). SIMs are disordered when unbound and form an intermolecular β-sheet with SUMO in the bound state. In the case of the PIAS2 SUMO substrate, its SIM fairly coincides with a 16 residues CAR (Figure 4C).
A canonical example of disorder-to-order transitions is p27, an IDP that folds upon binding to its Cdk/cyclin partners (Sivakolundu et al., 2005). The interaction regions encompass a 12 residues CAR that in the complex folds to form a short intermolecular β-sheet with the Cdk2 domain (Figure 4D).
Overall, in the four cases, the disordered nature of CARs turns into a partially folded structure upon binding to form the protein complex. This illustrates how CARs-DB may help to uncover LIPs displaying structural transitions upon PPIs which would have remained unnoticed with most conventional aggregation prediction approaches.
3.4 Experimental Validation of Novel CARs Forming Amyloid Fibrils
Providing additional experimental evidence on the amyloid potential of CARs would allow validation of the concept and justify the development of the CARs-DB. With this aim, here we tested the amyloidogenicity of two identified CARs involving the segment 10429-EGVSISVYR-10437 (Waltz score = 85.9) of titin protein (Q8WZ42) and the stretch 69-GAVAVSAA-76 (Waltz score = 75.3) region of S60 acidic ribosomal protein P2 (RPLP2) (P05387). None of the two proteins have been previously demonstrated to contain amyloid-forming regions.
Titin, the largest known polypeptide, constitutes the elastic filament of the sarcomere, playing a pivotal role in passive muscle force. The modular organization of titin comprises four main regions: the N-terminal domain, the I-band and A-band, and the C-terminal domain (Eldemire et al., 2021). Titin’s elastic capacity is mainly attributed to the I-band, and more specifically to the PEVK segment, an intrinsically disordered region where ∼75% of the amino acids are either proline (P), glutamate (E), valine (V), or lysine (K) (Nagy et al., 2005; Sudarshi Premawardhana et al., 2020). Nevertheless, the molecular interactions that contribute to PEVK’s elastic nature remain poorly understood. We predicted a 9-residue CAR comprising residues 10,429 to 10,437, belonging to the 9,880 to 12,031 disordered sequence that maps at the PEVK region.
As a second candidate, we selected RPLP2, an acidic phosphoprotein that is part of the ribosomal stalk and acts during translation elongation (Campos et al., 2020). The C-terminal domain of RPLP2 is intrinsically disordered and highly conserved as it is determinant in the recruitment of the factor eEF2 (Mishra et al., 2014; Campos et al., 2020), which is essential in the translocation step during translation elongation. We selected an 8-residue CAR corresponding to residues 69–76 mapping at the IDR comprising residues 63–115 of the C-terminal domain.
We assessed the in vitro self-assembly properties of the two selected CARs. The peptides were prepared at 200 µM in PBS and incubated at 37°C and 100 rpm for 72 h or 7 days. First, aggregation into amyloid-like structures from its initial soluble state was evaluated using the amyloid-specific dyes Thioflavin-T (Th-T) and Congo Red (CR). Both peptides promoted a high increase in the Th-T fluorescence emission that evolves significantly with time, reaching a maximum after 7 days (Figure 5A). Accordingly, subsequent experiments were all performed at 7 days of incubation time. As expected, the incubated peptides also displayed increased CR absorbance and the characteristic amyloid redshift of the spectra maximum compared to the free dye (Figure 5B). These results suggest that these peptides have the potential to aggregate into amyloid-like structures. Next, to inspect the secondary structure content of the assemblies, we used FT-IR spectroscopy and recorded the amide I region of the spectra (1,700–1,600 cm−1), corresponding to the absorption of the carbonyl bond group of the protein backbone. The deconvolution of the spectra allowed us to identify the main peaks in the 1,620–1,630 cm−1 region, accounting for approximately 50% of the total area in both peptides, indicating that they have acquired a predominant intermolecular β-sheet structure (Figure 5C). Finally, we performed morphological analysis using transmission electron microscopy to confirm peptides’ internal fibrillar structure. In agreement with the previous results, both solutions contained canonical amyloid fibrils that are twisted in the titin peptide, whereas in the PRLP2 peptide, they are straight and tend to associate laterally (Figure 5D).
[image: Figure 5]FIGURE 5 | Experimental characterization of the selected CARs-DB derived peptides, the 10429-EGVSISVYR-10437 segment of titin protein (left panels) and 69-GAVAVSAA-76 of RPLP2 (right panels). (A) Thioflavin-T fluorescence emission spectra at 0 h, 72 h and 7 days of 200 µM of the peptides incubated at 37°C with continuous agitation at 100 rpm. (B) CR absorbance spectra of the incubated samples at 0 h and 7 days. CR absorbance spectrum in the absence of peptide is included as a control (dashed line). (C) Determination of the secondary structure of incubated peptides by ATR FT-IR. The red line corresponds to the absorbance spectra and the purple area indicates the inter-molecular β-sheet contribution to the total area upon Gaussian deconvolution. (D) Representative TEM micrographs of the peptide fibrils.
Together, the above-described experimental data provide compelling evidence for the amyloidogenicity of these CARs-DB derived peptides.
4 DISCUSSION
It is becoming increasingly clear that the physicochemical properties of regions underlying fibril assembly may vary considerably, ranging from the highly hydrophobic, β-sheet prone sequences that form the core of thermodynamically stable globular proteins to stretches of more polar and disordered nature present in IDPs (Sabate et al., 2012; Yoon et al., 2014; Marinelli et al., 2018; Louros et al., 2020; Santos et al., 2021). Currently, the large majority of reported amyloidogenic sequences belong to the first group, whereas representants of the second class are still scarce. The CARs-DB database we present here represents an effort to correct this unbalance, providing a repertoire of sequences bearing an amyloid potential compatible with their exposure to solvent in flexible IDRs, as demonstrated here experimentally for CARs belonging to the IDRs of two unrelated proteins, titin, and PRLP2.
The CARs-DB database consists of a precalculated dataset of more than 8,900 unique CARs from all experimentally characterized IDRs described in the DisProt database (Quaglia et al., 2021). This sequence source should allow researchers to rapidly identify non-classical amyloid-forming sequences within IDPs that would otherwise remain obscured by the intrinsic bias towards non-polar sequences of amyloid-detecting algorithms when used with their default detection thresholds. Besides, the database can be exploited as a complementary tool to study the potential structural transitions experimented by regions involved in IDPs PPIs, as shown here for CARs belonging to the IDRs of the SARS-CoV-2 spike protein, Tau, SIM-PIAS2 and p27 human proteins, or to spot critical regions that might lead to aberrant interactions associated to pathology.
In the context of the so-called amyloid origin of life (Greenwald and Riek, 2012; Greenwald et al., 2016; Maury, 2018), we have recently proposed that an early step in the evolution of proteins would have been the conversion of CARs-like sequences placed within short IDRs into interacting regions that allow for the formation of homotypic and heterotypic contacts (Santos et al., 2021). This mechanism could be at the origin of the first oligomeric complexes and coacervates, a substrate on top of which globular proteins might have appeared and evolved. CARs-DB provides access to a previously uncharted amyloid sequence space to validate or refute this intriguing but exciting hypothesis experimentally.
DATA AVAILABILITY STATEMENT
The datasets generated for this study can be found under the ‘Download’ section of the database at http://carsdb.ppmclab.com/download. Available data is described in section 3.1.3 of this article.
AUTHOR CONTRIBUTIONS
CP-G, OB, and JS generated the dataset and performed the analyses. CP-G and OB implemented the database. ZM-A and RV conducted the experimental validation. JS and SV conceptualized the project. CP-G, OB, JS, ZM-A, IP, and SV wrote the manuscript. SM-R and SV acquired funding and reviewed the final version of the manuscript. All authors have read and agreed to the published version of the manuscript.
FUNDING
This work was funded by European Union’s Horizon 2020 research and innovation programme under GA 952334 (PhasAGE). SV was supported by the Spanish Ministry of Science and Innovation (PID 2019-105017RB-I00), by ICREA and ICREA Academia 2020. CP-G was supported by the Secretariat of Universities and Research of the Catalan Government and the European Social Fund (2021 FI_B 00087). JS was supported by the Spanish Ministry of Science and Innovation via a doctoral Grant (FPU17/01157).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank Francisco Figueiredo for technical help.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmolb.2022.882160/full#supplementary-material
REFERENCES
 Arbesu, M., Iruela, G., Fuentes, H., Teixeira, J. M. C., and Pons, M. (2018). Intramolecular Fuzzy Interactions Involving Intrinsically Disordered Domains. Front. Mol. Biosci. 5, 39. doi:10.3389/fmolb.2018.00039
 Brotzakis, Z. F., Lindstedt, P. R., Taylor, R. J., Rinauro, D. J., Gallagher, N. C. T., Bernardes, G. J. L., et al. (2021). A Structural Ensemble of a Tau-Microtubule Complex Reveals Regulatory Tau Phosphorylation and Acetylation Mechanisms. ACS Cent. Sci. 7, 1986–1995. doi:10.1021/acscentsci.1c00585
 Campos, R. K., Wijeratne, H. R. S., Shah, P., Garcia-Blanco, M. A., and Bradrick, S. S. (2020). Ribosomal Stalk Proteins RPLP1 and RPLP2 Promote Biogenesis of Flaviviral and Cellular Multi-Pass Transmembrane Proteins. Nucleic Acids Res. 48, 9872–9885. doi:10.1093/nar/gkaa717
 Castillo, V., and Ventura, S. (2009). Amyloidogenic Regions and Interaction Surfaces Overlap in Globular Proteins Related to Conformational Diseases. Plos Comput. Biol. 5, e1000476. doi:10.1371/journal.pcbi.1000476
 Chiti, F., and Dobson, C. M. (2017). Protein Misfolding, Amyloid Formation, and Human Disease: A Summary of Progress over the Last Decade. Annu. Rev. Biochem. 86, 27–68. doi:10.1146/annurev-biochem-061516-045115
 Conchillo-Sole, O., De Groot, N. S., Avilés, F. X., Vendrell, J., Daura, X., and Ventura, S. (2007). AGGRESCAN: A Server for the Prediction and Evaluation of "Hot Spots" of Aggregation in Polypeptides. BMC Bioinform. 8, 65. doi:10.1186/1471-2105-8-65
 Davey, N. E., Van Roey, K., Weatheritt, R. J., Toedt, G., Uyar, B., Altenberg, B., et al. (2012). Attributes of Short Linear Motifs. Mol. Biosyst. 8, 268–281. doi:10.1039/c1mb05231d
 de Oliveira, G. A. P., Cordeiro, Y., Silva, J. L., and Vieira, T. C. R. G. (2019). Liquid-liquid Phase Transitions and Amyloid Aggregation in Proteins Related to Cancer and Neurodegenerative Diseases. Adv. Protein Chem. Struct. Biol. 118, 289–331. doi:10.1016/bs.apcsb.2019.08.002
 Diaz-Caballero, M., Navarro, S., Fuentes, I., Teixidor, F., and Ventura, S. (2018). Minimalist Prion-Inspired Polar Self-Assembling Peptides. ACS Nano 12, 5394–5407. doi:10.1021/acsnano.8b00417
 Dill, K. A., and MacCallum, J. L. (2012). The Protein-Folding Problem, 50 Years on. Science 338, 1042–1046. doi:10.1126/science.1219021
 Dosztanyi, Z., Meszaros, B., and Simon, I. (2009). ANCHOR: Web Server for Predicting Protein Binding Regions in Disordered Proteins. Bioinformatics 25, 2745–2746. doi:10.1093/bioinformatics/btp518
 Dunker, A. K., Cortese, M. S., Romero, P., Iakoucheva, L. M., and Uversky, V. N. (2005). Flexible Nets. The Roles of Intrinsic Disorder in Protein Interaction Networks. FEBS J. 272, 5129–5148. doi:10.1111/j.1742-4658.2005.04948.x
 Eldemire, R., Tharp, C. A., Taylor, M. R. G., Sbaizero, O., and Mestroni, L. (2021). The Sarcomeric Spring Protein Titin: Biophysical Properties, Molecular Mechanisms, and Genetic Mutations Associated with Heart Failure and Cardiomyopathy. Curr. Cardiol. Rep. 23, 121. doi:10.1007/s11886-021-01550-y
 Fernandez-Escamilla, A.-M., Rousseau, F., Schymkowitz, J., and Serrano, L. (2004). Prediction of Sequence-dependent and Mutational Effects on the Aggregation of Peptides and Proteins. Nat. Biotechnol. 22, 1302–1306. doi:10.1038/nbt1012
 Garbuzynskiy, S. O., Lobanov, M. Y., and Galzitskaya, O. V. (2010). FoldAmyloid: a Method of Prediction of Amyloidogenic Regions from Protein Sequence. Bioinformatics 26, 326–332. doi:10.1093/bioinformatics/btp691
 Giasson, B. I., Murray, I. V. J., Trojanowski, J. Q., and Lee, V. M.-Y. (2001). A Hydrophobic Stretch of 12 Amino Acid Residues in the Middle of α-Synuclein is Essential for Filament Assembly. J. Biol. Chem. 276, 2380–2386. doi:10.1074/jbc.m008919200
 Greenwald, J., and Riek, R. (2012). On the Possible Amyloid Origin of Protein Folds. J. Mol. Biol. 421, 417–426. doi:10.1016/j.jmb.2012.04.015
 Greenwald, J., Friedmann, M. P., and Riek, R. (2016). Amyloid Aggregates Arise from Amino Acid Condensations under Prebiotic Conditions. Angew. Chem. Int. Ed. 55, 11609–11613. doi:10.1002/anie.201605321
 Hardy, J., and Selkoe, D. J. (2002). The Amyloid Hypothesis of Alzheimer's Disease: Progress and Problems on the Road to Therapeutics. Science 297, 353–356. doi:10.1126/science.1072994
 Hughes, M. P., Sawaya, M. R., Boyer, D. R., Goldschmidt, L., Rodriguez, J. A., Cascio, D., et al. (2018). Atomic Structures of Low-Complexity Protein Segments Reveal Kinked β Sheets that Assemble Networks. Science 359, 698–701. doi:10.1126/science.aan6398
 Invernizzi, G., Papaleo, E., Sabate, R., and Ventura, S. (2012). Protein Aggregation: Mechanisms and Functional Consequences. Int. J. Biochem. Cel Biol. 44, 1541–1554. doi:10.1016/j.biocel.2012.05.023
 Jiang, L.-L., Che, M.-X., Zhao, J., Zhou, C.-J., Xie, M.-Y., Li, H.-Y., et al. (2013). Structural Transformation of the Amyloidogenic Core Region of TDP-43 Protein Initiates its Aggregation and Cytoplasmic Inclusion. J. Biol. Chem. 288, 19614–19624. doi:10.1074/jbc.m113.463828
 Kadavath, H., Jaremko, M., Jaremko, Ł., Biernat, J., Mandelkow, E., and Zweckstetter, M. (2015). Folding of the Tau Protein on Microtubules. Angew. Chem. Int. Ed. 54, 10347–10351. doi:10.1002/anie.201501714
 Kuhlman, B., and Baker, D. (2000). Native Protein Sequences Are Close to Optimal for Their Structures. Proc. Natl. Acad. Sci. U.S.A. 97, 10383–10388. doi:10.1073/pnas.97.19.10383
 Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., et al. (2020). Structure of the SARS-CoV-2 Spike Receptor-Binding Domain Bound to the ACE2 Receptor. Nature 581, 215–220. doi:10.1038/s41586-020-2180-5
 Langenberg, T., Gallardo, R., Van Der Kant, R., Louros, N., Michiels, E., Duran-Romaña, R., et al. (2020). Thermodynamic and Evolutionary Coupling between the Native and Amyloid State of Globular Proteins. Cel Rep. 31, 107512. doi:10.1016/j.celrep.2020.03.076
 Louros, N., Orlando, G., De Vleeschouwer, M., Rousseau, F., and Schymkowitz, J. (2020). Structure-based Machine-Guided Mapping of Amyloid Sequence Space Reveals Uncharted Sequence Clusters with Higher Solubilities. Nat. Commun. 11, 3314. doi:10.1038/s41467-020-17207-3
 Luk, K. C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J. Q., et al. (2012). Pathological α-Synuclein Transmission Initiates Parkinson-like Neurodegeneration in Nontransgenic Mice. Science 338, 949–953. doi:10.1126/science.1227157
 Marinelli, P., Navarro, S., Baño-Polo, M., Morel, B., Graña-Montes, R., Sabe, A., et al. (2018). Global Protein Stabilization Does Not Suffice to Prevent Amyloid Fibril Formation. ACS Chem. Biol. 13, 2094–2105. doi:10.1021/acschembio.8b00607
 Martins, P. M., Navarro, S., Silva, A., Pinto, M. F., Sárkány, Z., Figueiredo, F., et al. (2020). MIRRAGGE-Minimum Information Required for Reproducible AGGregation Experiments. Front. Mol. Neurosci. 13, 582488. doi:10.3389/fnmol.2020.582488
 Maurer-Stroh, S., Debulpaep, M., Kuemmerer, N., de la Paz, M. L., Martins, I. C., Reumers, J., et al. (2010). Exploring the Sequence Determinants of Amyloid Structure Using Position-specific Scoring Matrices. Nat. Methods 7, 237–242. doi:10.1038/nmeth.1432
 Maury, C. P. J. (2018). Amyloid and the Origin of Life: Self-Replicating Catalytic Amyloids as Prebiotic Informational and Protometabolic Entities. Cell. Mol. Life Sci. 75, 1499–1507. doi:10.1007/s00018-018-2797-9
 Meng, S.-R., Zhu, Y.-Z., Guo, T., Liu, X.-L., Chen, J., and Liang, Y. (2012). Fibril-forming Motifs Are Essential and Sufficient for the Fibrillization of Human Tau. PLoS One 7, e38903. doi:10.1371/journal.pone.0038903
 Mishra, P., Rajagopal, S., Sharma, S., and Hosur, R. V. (2014). The C-Terminal Domain of Eukaryotic Acidic Ribosomal P2 Proteins Is Intrinsically Disordered with Conserved Structural Propensities. Protein Pept. Lett. 22, 212–218. doi:10.2174/0929866521666141121160523
 Nagy, A., Grama, L., Huber, T., Bianco, P., Trombitás, K., Granzier, H. L., et al. (2005). Hierarchical Extensibility in the PEVK Domain of Skeletal-Muscle Titin. Biophys. J. 89, 329–336. doi:10.1529/biophysj.104.057737
 Pancsa, R., and Fuxreiter, M. (2012). Interactions via Intrinsically Disordered Regions: what Kind of Motifs?IUBMB Life 64, 513–520. doi:10.1002/iub.1034
 Pastore, A., and Temussi, P. A. (2012). The Two Faces of Janus: Functional Interactions and Protein Aggregation. Curr. Opin. Struct. Biol. 22, 30–37. doi:10.1016/j.sbi.2011.11.007
 Pechmann, S., Levy, E. D., Tartaglia, G. G., and Vendruscolo, M. (2009). Physicochemical Principles that Regulate the Competition between Functional and Dysfunctional Association of Proteins. Proc. Natl. Acad. Sci. U.S.A. 106, 10159–10164. doi:10.1073/pnas.0812414106
 Piovesan, D., Necci, M., Escobedo, N., Monzon, A. M., Hatos, A., Mičetić, I., et al. (2021). MobiDB: Intrinsically Disordered Proteins in 2021. Nucleic Acids Res. 49, D361–D367. doi:10.1093/nar/gkaa1058
 Quaglia, F., Meszaros, B., Salladini, E., Hatos, A., Pancsa, R., Chemes, L. B., et al. (2021). DisProt in 2022: Improved Quality and Accessibility of Protein Intrinsic Disorder Annotation. Nucleic Acids Res. 50, D480. doi:10.1093/nar/gkab1082
 Rousseau, F., Serrano, L., and Schymkowitz, J. W. H. (2006). How Evolutionary Pressure against Protein Aggregation Shaped Chaperone Specificity. J. Mol. Biol. 355, 1037–1047. doi:10.1016/j.jmb.2005.11.035
 Sabate, R., Espargaro, A., Graña-Montes, R., Reverter, D., and Ventura, S. (2012). Native Structure Protects SUMO Proteins from Aggregation into Amyloid Fibrils. Biomacromolecules 13, 1916–1926. doi:10.1021/bm3004385
 Santos, J., Iglesias, V., and Ventura, S. (2020). Computational Prediction and Redesign of Aberrant Protein Oligomerization. Prog. Mol. Biol. Transl Sci. 169, 43–83. doi:10.1016/bs.pmbts.2019.11.002
 Santos, J., Pallarès, I., Iglesias, V., and Ventura, S. (2021). Cryptic Amyloidogenic Regions in Intrinsically Disordered Proteins: Function and Disease Association. Comput. Struct. Biotechnol. J. 19, 4192–4206. doi:10.1016/j.csbj.2021.07.019
 Sivakolundu, S. G., Bashford, D., and Kriwacki, R. W. (2005). Disordered p27Kip1 Exhibits Intrinsic Structure Resembling the Cdk2/cyclin A-Bound Conformation. J. Mol. Biol. 353, 1118–1128. doi:10.1016/j.jmb.2005.08.074
 Sormanni, P., Aprile, F. A., and Vendruscolo, M. (2015). The CamSol Method of Rational Design of Protein Mutants with Enhanced Solubility. J. Mol. Biol. 427, 478–490. doi:10.1016/j.jmb.2014.09.026
 Sternberg, A., and Naujokat, C. (2020). Structural Features of Coronavirus SARS-CoV-2 Spike Protein: Targets for Vaccination. Life Sci. 257, 118056. doi:10.1016/j.lfs.2020.118056
 Sudarshi Premawardhana, D. M., Zhang, F., Xu, J., and Gage, M. J. (2020). The Poly-E Motif in Titin's PEVK Region Undergoes pH Dependent Conformational Changes. Biochem. Biophys. Rep. 24, 100859. doi:10.1016/j.bbrep.2020.100859
 Uversky, V. N., Gillespie, J. R., and Fink, A. L. (2000). Why Are ?natively Unfolded? Proteins Unstructured under Physiologic Conditions?Proteins 41, 415–427. doi:10.1002/1097-0134(20001115)41:3<415::aid-prot130>3.0.co;2-7
 Uversky, V. N. (2009). Intrinsically Disordered Proteins and Their Environment: Effects of strong Denaturants, Temperature, pH, Counter Ions, Membranes, Binding Partners, Osmolytes, and Macromolecular Crowding. Protein J. 28, 305–325. doi:10.1007/s10930-009-9201-4
 von Bergen, M., Friedhoff, P., Biernat, J., Heberle, J., Mandelkow, E.-M., and Mandelkow, E. (2000). Assembly of Tau Protein into Alzheimer Paired Helical Filaments Depends on a Local Sequence Motif ((306)VQIVYK(311)) Forming Beta Structure. Proc. Natl. Acad. Sci. U.S.A. 97, 5129–5134. doi:10.1073/pnas.97.10.5129
 Wright, P. E., and Dyson, H. J. (2015). Intrinsically Disordered Proteins in Cellular Signalling and Regulation. Nat. Rev. Mol. Cel Biol. 16, 18–29. doi:10.1038/nrm3920
 Yoon, G., Lee, M., Kim, J. I., Na, S., and Eom, K. (2014). Role of Sequence and Structural Polymorphism on the Mechanical Properties of Amyloid Fibrils. PLoS One 9, e88502. doi:10.1371/journal.pone.0088502
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Pintado-Grima, Bárcenas, Manglano-Artuñedo, Vilaça, Macedo-Ribeiro, Pallarès, Santos and Ventura. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-09-882160-g005.gif





OPS/images/fmolb-09-882160-g003.gif





OPS/images/fmolb-09-882160-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		CARs-DB: A Database of Cryptic Amyloidogenic Regions in Intrinsically Disordered Proteins		1 Introduction

		2 Methods		2.1 Dataset Generation

		2.2 Database Implementation

		2.3 Peptide Preparation and Aggregation

		2.4 Binding to Amyloid Dyes

		2.5 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

		2.6 Transmission Electron Microscopy





		3 Results		3.1 The CARs-DB Database, A Repository of Polar Amyloidogenic Peptides

		3.2 Disease-Associated Regions Can Be Found With the CARs-DB

		3.3 Orthogonal Identification of IDRs Involved in PPIs With CARs-DB

		3.4 Experimental Validation of Novel CARs Forming Amyloid Fibrils





		4 Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
’ frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-882160-g001.gif
Welcome to the Cryptic Amyloidogenic Regions database!
ittt st i o s

CARS 5\% DB






OPS/images/fmolb-09-882160-g002.gif
wam

R

e g s









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





