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Abstract

It is not surprising that at a large number of diseases related to amyloid fibril depositions are
formed in various organs. Therefore, it is necessary to understand the transformation of native
proteins into amyloid fibrils in order to clarify which key elements of this process determine the
pathway of protein misfolding. Significant attention has been directed recently to investigating
the mechanism of the formation of cross-f structures that have the properties of liquids but can
also exist in gel-like forms, thus facilitating the retention of both RNAs and RNA-binding
proteins. Proteins that form stress granules are believed to do this rapidly, and they are expected
to contain a prion-like domain that can facilitate this process. By analyzing the known yeast
prion proteins and 29 RNA-binding proteins with prion-like domains, we demonstrate here that
the existence of repeats is one of the general characteristics of prion-like domains. The presence
of repeats should help to determine the border of prion domains as in the case of Rnql: five
found repeats shift the border of the prion domain from the 153-rd to at least the 133-th residue.
One can suggest that such repeats assist in the rapid initiation of the process of assembly and
formation of cross-f3 structures and such domains most likely should be disordered. These
repeats should contain aromatic amino acid residues for the formation of hydrogel because its
amino acid context modulates the strength of interaction. The key factors determined here can be
used to control the process of aggregation to prevent the development of pathologies and

diseases caused by prion-like domains.
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Introduction

Prions are infectious proteins that can assume various conformations, including amyloid fibrils
that can serve as a matrix and “infect” other proteins both within and between the cells and
between organisms . However, it was observed that yeast prions facilitate their adaptation to
diverse conditions of the environment °. In mammals, they can both cause diseases, sometimes
even leading to death, and perform useful functions, such as activating cell-based immunity
(protein MAVS), providing for long-term memory (protein CPEB), and forming stress-granule

assemblies in conditions unfavorable for the cell *,

For specific purposes living organisms widely utilize the property of protein molecules to
form various amyloid structures. Normally, certain organisms form amyloid fibrils to perform
various functions. One of the best studied examples of such functional amyloids is curlin, which
is used by E.coli to colonize inert surfaces and is a mediator upon binding with proteins of other
organisms. Another example is the bacterium Streptomyces coelicolor, which, due to the
formation of amyloid fibrils with chaplin proteins, forms hyphae that are used for spore

spreading °.

In the examples above, the process of amyloid nucleation that initiates the aggregate
growth depends on the ambient conditions and is controlled by a definite cascade of reactions.
The controlled formation of functional amyloid aggregates occurs in mammals as well. For
example, melanosomes are organelles that differentiate in melanocytes and are responsible for
melanin biogenesis in skin cells, and they contain fibril structures on which melanin granules are
formed. Such fibrils have much in common with amyloids: like amyloids, they are formed from

a proteolytically cleaved domain of a membrane protein, specifically Pmel17 °.

Long-term memory is also provided by the principle of fibril formation, in which the
protein CPEB (an RNA-binding protein capable of controlling the local translation of mRNAs in
dendrites) plays an essential role. This protein can stimulate mRNA polyadenylation, and its
aggregation activates translation of the “silent” mRNA accumulated in synaptic end-feet '. The
N-domain of CPEB is rich in asparagine and glutamine residues, a feature which is specific to

. . . 8
prion-like domains °.

The protein MAVS, located on the surface of mitochondria membranes, activates the
innate antiviral cell immunity in a similar manner. When aggregated, it can interact with the

cytoplasmic receptors that recognize the patterns specific to most pathogens, which triggers a
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cascade of reactions leading to the synthesis of B-interferon *'°. This protein can also aggregate

by the prion mechanism.

The examples above demonstrate that even in highly organized organisms, the formation
of amyloids located in a strictly defined place and rigidly controlled can be physiologically

beneficial for performing specific, specialized biological functions.

The aggregation of proteins can occur as a result of cell stress. To prevent unfavorable
external effects (heat shock, oxidative stress, UV irradiation, viral infections, and many other
factors) that can damage the cell, the eukaryotic cell has developed a mechanism for assembling
the nontranslatable mRNA and RNA-binding proteins that accompany their transition into
special ribonucleoprotein (RNP) complexes: stress granules (SGs) and RNA-processing

organelles (P-bodies) '

. Whereas SGs function as transient “repositories” of mRNA and
protect it from proteins, P-bodies perform the selective degradation of mRNA during stress and

during the recovery period, constantly exchanging material with the SGs '°.

SGs are highly dynamic structures and include RNA helicases, kinases, various signal
molecules, and ribosomal subunits, in addition to mRNA and RNA-binding proteins. In post-

stress conditions, SGs rapidly dissociate, and the cell resumes its functioning '"'®.

Many RNA-binding proteins required for the formation of SGs contain prion-like
domains that, because of the protein-protein interaction, develop dynamic cross-f structures
capable of the rapid aggregation and dissociation that are so important for the correct functioning
of SGs *. In addition, the aggregated forms of prion-like domains in mammals become resistant
to the action of proteases '’

When an RNA-binding protein has a propensity for various conformational transitions,
including the formation of amyloid fibrils, these prion-like domains enable folding and cause the
protein to transform from an unfolded three-dimensional structure into intermediate states 2* 2.
As a rule, such proteins are in a dynamic equilibrium between the two forms: unfolded soluble
monomers and molten oligomers. The latter can be involved in multiple conformational states
(Figure 1).

In keeping with one scenario, they can assemble into structured amyloidogenic oligomers
that are then transformed into pathological aggregates of a non-amyloid type or into amyloid
fibrils. The amyloid fibrils can, in turn, play the role of a “matrix” for incorrect folding, as do
prions. According to another scenario, protein molecules can form amorphous aggregates

consisting of both soluble monomers and molten oligomers, arranged as dynamic cross-§

structures that have the properties of liquids but can develop into gel-like forms 2 The two
3
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transition states (liquid — hydrogel) are vital for the formation of various nonmembrane
structures, including transport RNA granules, Cajal bodies, gemini of Cajal bodies, SGs, etc.
2627 X-ray diffraction and EM studies have revealed that the hydrogel is composed of uniformly
polymerized amyloid-like fibers. Unlike pathogenic fibers, these polymers are dynamic and
accommodate heterotypic polymerization **. X-ray diffraction patterns give strong evidence for
the presence of amyloid-like polymers as the structural basis of the hydrogel architecture **.
Numerous studies have demonstrated that prion-like domains are capable of helping to localize

2829 and mammalian SGs “. It is likely that under the

RNA-binding proteins to P-bodies in yeast
action of definite factors, these nonmembrane structures can transform into pathological protein
aggregates and substitute the amorphous structure by an amyloid one . It is likely that this
mechanism is used by some SGs to become precursors of pathological protein inclusions under

(neuro) degenerative proteinopathies.

When the stress conditions end, SGs dissociate rapidly, and the “released” mRNA
recommences functioning. But, if the residence time of such proteins in SGs increases, or if their
concentration in SGs increases, the dissociation of SGs may be impeded by the effects of the
stable protein-protein interactions of the prion-like domains. This may lead to the appearance of
an “aggregation initiation center” that gives rise to pathological protein aggregation *°. This
process can be described as a type of “stabilization” of SGs with subsequent evolution in a
pathological manner. The data available make it possible to propose the existence of a fine
balance between the physiological and pathological aggregation of proteins because both types
of aggregation are controlled by prion-like domains. At present, an important task is to establish
the factors that tip this balance and trigger a cascade of uncontrolled aggregation of RNA-

binding proteins.

In this paper, we analyze RNA-binding proteins with prion-like domains to elucidate their
characteristics. It is demonstrated that the prion-like domains in these proteins are intrinsically
disordered regions and have several repeats (or tandem repeats). Based on the known properties
of prion-like domains, such as the formation of stress granules (as an example of the reversible
aggregation of proteins), one can hypothesize that a large number of repeats is necessary to

accelerate the process of reversible cross-f structure/amyloid formation.

Results and Discussion

Repeats in the disordered domains of known yeast prion proteins
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Let us consider the amino acid sequences of the known yeast prion proteins. It should be
noted that PrP and Sup35 have seven and six imperfect repeats in their N-terminal domains
(PHGGGWGQ and PQGGYQQYN, respectively; see Table 1). One can suggest that the
aggregation process should occur faster for a larger number of repeats. In reality, it has been
shown for Sup35 that two additional repeats of R2 lead to a decreased lag time for the NM
portion, whereas the deletion of the R2-R5 repeats results in an increased lag time *'. As has
been suggested, the repeats should facilitate the correct alignment of the intermolecular contacts
between molecules. Moreover, faster aggregation kinetics occurs for a longer polyQ *2. The
efficiency of fibril formation at seeding aggregation can strongly decrease upon an increase in
dissimilarity in the primary structure **>. For immunoglobulin domains with a different primary
structure, it was demonstrated that coaggregation of various types of domains does not occur
when the identity of the protein primary structure is less than 30-40% *°. It was observed that the
protofibril-to-mature-fibril transition of a peptide (109-122) from a Syrian hamster prion protein
proceeds through the alignment of originally unaligned B-regions to form a potential fibril *°.
This alignment includes the isolation of B-regions and their subsequent inclusion into the
potential fibril; however, internal rearrangement of P-regions is also possible and has been

. .. 37
observed under certain conditions ~'.

The prion-like domain of the protein URE2 is the N-terminal domain, which includes
amino acids 1-94 and is rich in asparagine and glutamine residues 38 (see Figure 2 and Table 1).
The C-terminal catalytic domain (95-354 a.a.) is responsible for catabolic repression 3 The
transition to the prion state of the N-terminal domain inactivates protein URE2. The C-terminal
domain has regions that affect the capacity of the N-terminal domain to become a prion domain
40

The prion domain of Rnqlp (153-405) contains many glutamine residues and includes
five repeats not reported previously in the literature and in the Uniprot database, such as R1
(ASGLAALASQF), R2 (FTALASLASSF), R3 (FGALASMASSF), R4 (FSSLASMAQSY), and
R5 (FSALASMASSY) (see Figure 2 and Table 1). It should be noted that these repeats have
been found by eyes, because the program T-REKS does not find them. These hydrophobic
repeats are flanked by other repeats enriched by such amino acid as Q/N/G. It should be noted
that the borders for prion domains are not precisely defined by functional criteria *'. Based on the
found repeats the border should be corresponding to at least the 133-rd but not to the 153-th
residue as considered before. Thereby, the presence of repeats helps to determine the border of

prion domains.
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Four imperfect repeats in the prion-domain of RNQI are noted by Vitrenko et al.*?

including F**LAS*A*S, which agrees with R2-R5 repeats in 6 out of the 9 specified positions
F**LASMASSFy (we allowed one mismatching out of five, in the case of two we used a
subscript to denote the amino acid). The authors investigated how repeats can influence the
aggregation and prion propagation. It has been found that the three hydrophobic repeats retained
in Rnq-A4:GFP are sufficient to position and polymerize the protein on wild-type Rnql
aggregates, but to maintain the prion state in the absence of wild-type Rnql all four (in our case
five) repeats (Rnql-A6) are required. The authors speculate that “some of the repeats, when
exposed on the surface of [PIN+] aggregates could specifically bind to, and stabilize,
prionogenic Sup35 oligomers” in addition to the other possible function of repeats that are
targets for chaperones shown to interact with Rnql ****. Moreover, the authors hypothesized that
“the number, high hydrophobicity index and spacing of these motifs might be crucial for
aggregation and prion propagation™. An important result of this paper is that there are some
other features of the amino acid composition contributing to the higher prionogenicity of longer

Rnql fragments in addition to the Q/N content.

Search for repeats in RNA-binding proteins with prion-like domains

Based on the examples above, it can be hypothesized that prion-like domains should contain
repeats of simple motifs for the faster formation of a dynamic cross-p structure. To verify this
assertion, we considered the database published in *° that consists of 29 RNA-binding proteins

with prion-like domains.

First, we predicted disordered regions using the IsUnstruct program, which operates as well as
the PONDR-FIT meta-server, for 29 RNA-binding proteins of the human proteome, which
included the predicted prion-like domains *’. The comparison in this work was between the
RNA-binding protein FUS (further FUS) and the DAZ1 protein (see Figure 3). All 29 proteins

considered here have disordered regions (see Supplementary Materials and Table 2).

Regarding the prediction of prion-like domains, the first, second, and third best among
the 29 candidates of RNA-binding proteins with a prion-like domain are FUS, TAF15 (TATA-
binding protein-associated factor 2N), and EWS (RNA-binding protein EWS) **. For these three
proteins, our program predicts the existence of disordered domains, usually at the N- or C-
terminus of the polypeptide chain, which correspond to the prion-like domain (see Figure 4,
Table 2, and Supplementary Materials).

The prion-like domains of FUS, TAF15, and EWS are critical for the aggregation of

. . . . . 49 . . .
proteins associated with human neurodegenerative diseases ~ . Proteins of this family are

6
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involved not only in neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) 0
Huntington’s disease, spinocerebral ataxy, and dentatorubral pallidoluysian atrophy ', but also
in the formation of human mixsoid liposarcoma 24

The N-terminus of the FUS protein is enriched with amino acid residues such as
Gln/Gly/Ser/Tyr (see Figure 4). Gapped multiple-sequence alignment was performed to
represent a profile of the selected motifs for FUS *° (QPGQGYS-QQSS, see Supplementary

Materials and Table 2). The C-terminus of the FUS protein includes four imperfect repeats, such

as DDRRGGRGGY.

Although RGG repeated motifs have been considered for the TAF15 protein, more
thorough consideration reveals a more attractive repeat at the C-terminus (407-575): 21-23
approximate tandem repeats of DR[S,G]JGGYGG. The N-terminus (1-208) is enriched with
amino acid residues such as GIn/Gly/Ser/Tyr (see Table 2 and Supplementary Materials) and
repeats such as SYGQSGGEQQ.

The prion-like domain of the EWS protein includes 31 approximate tandem repeats (8-
285), such as SYSQAPS at the N-terminus and six imperfect DRGRGGPGG repeats at the C-
terminus (see Figure 4, Table 2, and Supplementary Materials).

In addition to prion-like domains rich in asparagine, glutamine, and tyrosine residues,
many RNA-binding proteins have regions with large amounts of glycine. It has been suggested
that these regions facilitate the formation of RNP-complexes and are involved in the splicing of
pre-mRNA, as well as having an effect on the posttranslational modifications of proteins 36738
Because having a large amount of glycine helps maintain the protein in an unfolded state, the
neighboring amino acid residues determine part of its function. For example, the FUS structure
has domains rich in glycine and arginine (RGG) that are responsible for the protein-protein and
protein-RNA interactions. These processes are controlled by arginine methylation *°. It has also
been observed that the FUS structure contains a region rich in glycine and serine. The function of
this region has not been determined yet, but it is proposed that phosphorylation of its serine

residues affects the mutual interaction of the prion-like domains *'*,

Additionally, other RNA-binding proteins with long homorepeats of glycines involved in
neurodegenerative diseases have been observed: for example, the proteins HNRNPAO
(heterogeneous nuclear ribonucleoprotein AO) and HNRNPAL (heterogeneous nuclear
ribonucleoprotein Al, see Ne5 in Table 2). Aggregation of these proteins is highly toxic. Thus,
pathogenic aggregation is predicted for the protein HNRNPA3 (heterogeneous nuclear
ribonucleoprotein A3), which also has long glycine homorepeats (GNFGGRG) at the C-terminus

7
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but has not been tested yet for toxicity (see Supplementary Materials, Ne6 in Table 2). It should
be mentioned that these glycine-rich peptides belong to prion-like domains and that hydrogel

formation was observed for the prion-like domain of HNRNPA2 2

RNA-binding domains exist that have a clearly pronounced structural organization, as
predicted by the IsUnstruct’’ and PONDR-FIT® programs (see Figure 3). Several examples are
the proteins that are involved in the spermatogenesis of DAZ-1,-2,-3 and are capable of forming
toxic aggregates 0 These proteins are characterized by the recurrence of a large motif (RRM
domain) and a smaller motif (AYPHSPGQVITGCQLLVYNYQ — DAZ-like repeats that are
essential and mediate the interaction with DAZAP1 and DAZAP2), but these two types of motifs
occur a different number of times in each of the proteins. Although the capacity of the protein
DAZ-4 to form toxic aggregates has not yet been demonstrated experimentally, the presence of
the same motifs suggests the extremely toxic aggregation of this protein because the large
domain recurs two times and the smaller one nine times (see Supplementary Materials). It is
known that proteins from the DAZ family can retain mRNA in stress granules in sperm cells and

thus protect them from the degradation of transcripts during stress actions °'.

A careful consideration of the repeats in the prion-like domain of RNA-binding proteins
shows that they include aromatic amino acid residues (see Table 2). This was stated when
analyzing yeast prion proteins. In the case of the three FET proteins, the repeats found by us at
the N- and C-termini also contain aromatic residues. Studies were performed in which it was
shown that namely phenylalanine is critical for the formation of hydrogel in the case of protein
Nsplp. Like many other nuclear pore proteins, Nsplp contains multiple phenylalanine-glycine
(FG) repeats. In this protein mutation of all phenylalanine residues to serine blocked the
hydrogel formation, yet mutation of the same residues to tyrosine did not. The authors suggested
that phenylalanine is the most important amino acid for the formation of hydrogel . However
later it became clear that all the properties of hydrogel cannot be explained by only
phenylalanine 63 Solid-state NMR spectroscopy allowed finding an additional type of intragel
interaction. They are intermolecular hydrogen-bond interactions within B-sheets between polar

amino acid residues.

The N-terminal domain of FUS contains 27 different versions of GYG, GYS, SYG and
SYS tripeptides (which can be designated as [G/S]Y[G/S] repeats). Four mutants with different
numbers of tyrosine residues substituted for serine were prepared to demonstrate that namely
tyrosine residues are responsible for the formation of hydrogel. The number of substitutions was

5,9, 15 and all 27. Neither of the mutants could form hydrogel, but with a different strength
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these mutants could bind to hydrogel. Mutants with 5 and 9 substituted residues could yet bind to

hydrogel, but the other mutants could not **.

Thus, one can hypothesize that the presence of repeats/tandem repeats or homorepeats in

prion-like IDRs should result in an acceleration of the formation of a dynamic cross-f structure.

Materials and Methods

A database consisting of 29 RNA-binding proteins containing prion-like domains was

considered® (see Supplementary Materials,

http://bioinfo.protres.ru/papers/Supplementary Table.pdf). The prediction of prion-like domains

was made using the algorithm developed by Alberti et al., ® based on the choice of protein
regions of 60 amino acid residues that are similar in their amino acid composition to the prion
domains of yeast proteins, such as Sup35, URE2, and Rnqlp ®. Usually, these regions are rich in

hydrophilic amino acid residues, such as glutamine, asparagine, and tyrosine.
Search for disordered residues

Disordered residues were predicted using the IsUnstruct program, which is based on the Ising

model *

. The parameters of the program were determined and optimized on the basis of protein-
structure statistics. The tests demonstrated that the program yields reliable predictions. The
program is available at http://bioinfo.protres.ru/IsUnstruct*’. The PONDR-FIT method was used
to check the reliability of the predictions; a meta-server yields a consensus prediction for ten

programs .
Search for tandem repeats

The program T-reks > and the UniProt database were used to search for tandem repeats.

Conclusion

The elucidation of the molecular mechanisms of prion diseases and neurodegenerative
diseases, and specifically the identification of the regions in the protein sequences responsible
for their development, is one of the most important problems in the area of life sciences. Indeed,
the ability to control reversible protein aggregation could enable biomarker discovery and

targeted drug development. In this work, RNA-binding proteins with prion-like domains were
9
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analyzed by bioinformatics tools to understand the possible role of the repeats in the aggregation
process. After considering RNA-binding proteins with prion-like domains, one can hypothesize
that (tandem) repeats assist in the rapid initiation of the process of the assembly and formation of
cross-f structures for prion-like domains. The presence of repeats should help to determine the
border of prion-like domains and should be taken into account in the programs for searching
prion-like domains. Moreover, aromatic amino acids are critical for the formation of hydrogels

modulating the strength of interaction.
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Legends to Figures

Figure 1. Schematic representation of prions and prion-like domains that can lead to various

conformational states and scenarios. Modified from'.

Figure 2. Predictions of the residue status (ordered or disordered) for proteins with prion-like
activity using the IsUnstruct program®’: A)Sup35; B) URE2; and C) Rnqlp. The continuous line
at 0.5 of the Y-axis is the threshold line for residues to be disordered. Prion-like domains are

indicated by the light-green color.

Figure 3. Comparison of predictions using the two different programs (black circles correspond

to IsUnstruct and white circles to PONDR-FIT) for the A) FUS and B) DAZ]1 proteins.

Figure 4. Predictions of the residue status (ordered or disordered) with the IsUnstruct program *’
for the FET family: A) RNA-binding protein FUS; B) TATA-binding protein-associated factor
2N; and C) RNA-binding protein EWS. The continuous line at 0.5 of the Y-axis is the threshold
line for residues to be disordered. Prion-like domains are indicated by the light-green color.
SYGQ corresponds to a region rich in serine, tyrosine, glycine, and glutamine. RRM represents
an RNA recognition motif. RGG corresponds to a region rich in arginine and glycine. Zn

represents a zinc finger motif.
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Figure 1. Schematic representation of prions and prion-like domains that can lead to various

conformational states and scenarios. Modified from"”.
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Figure 2. Predictions of the residue status (ordered or disordered) for proteins with prion-like
activity using the IsUnstruct program®’: A)Sup35; B) URE2; and C) Rnqlp. The continuous line
at 0.5 of the Y-axis is the threshold line for residues to be disordered. Prion-like domains are

indicated by the light-green color.
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Figure 4. Predictions of the residue status (ordered or disordered) with the IsUnstruct program *’
for the FET family: A) RNA-binding protein FUS; B) TATA-binding protein-associated factor
2N; and C) RNA-binding protein EWS. The continuous line at 0.5 of the Y-axis is the threshold
line for residues to be disordered. Prion-like domains are indicated by the light-green color.
SYGQ corresponds to a region rich in serine, tyrosine, glycine, and glutamine. RRM represents
an RNA recognition motif. RGG corresponds to a region rich in arginine and glycine. Zn

represents a zinc finger motif.
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Table 1. Repeats in the yeast and human prion proteins
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1

>tr|HO9BH49|HIBH49 YEASX Sup35 OS=Saccharomyces
cerevisiae GN=SUP35 PE=4 SV=1

MSDSNQGNNQONYQQY SONGNOQOGNNRY QGYQAYNAQAQPAGGY YONYPEYSEYQ
BEEYEO¥N P DAGY 000 YNBOGEYOOYN POGG YOQQF NPOGERENYRNF NYNNNLQG
YOAGFQPQSQGMSLNDFQKQQKQAAPKPKKTLKLVSSSGIKLANATKKVDTKPAES
DKKEEEKSAETKEPTKEPTKVEEPVKKEEKPVQTEEKKEEKSELPKVEDLKISEST
HNTNNANVTSADALIKEQEEEVDDEVVNDMFGGKDHVSLIFMGHVDAGKSTMGGNL
LYLTGSVDKRT IEKYEREAKDAGRQGWY LSWVMDTNKEERNDGKT IEVGKAYFETE
KRRYTILDAPGHKMYVSEMIGGASQADVGVLVISARKGEYETGFERGGQTREHALL
AKTQGVNKMAVVVNKMDDPTVNWSKERY DQCVSNVSNFLRAIGYNIKTDVVEMPVS
GYSGANLKDHVDPKECPWYTGPTLLEYLDTMTHVDRHINAPFMLPIAAKMKDLGTI
VEGKIESGHIKKGQSTLLMPNKTAVEIQNIYNETENEVDMAMCGEQVKLRIKGVEE
EDISPGFVLTSPKNPIKSVTKFVAQIAIVELKSIIAAGFSCVMHVHTAIEEVHIVK
LLHKLEKGTNRKSKKPPAFAKKGMKVIAVLETEAPVCVETYQDYPQLGRFTLRDOG
TTIAIGKIVKIAE

Prababiity to be disordered

>tr|Q7LLZ5|Q7LLZ5 YEASX Ure2p OS=Saccharomyces
cerevisiae GN=URE2 PE=3 SvV=1

N GOV SN SNARROVN T CSRNSNIN TDOSNENEEHS TGV NN NNNNSSENNN
N.NNN-NGSQNNDNENNI KNTLEQHRQOQQAFSDMSHVEYSRITKFFQEQPLE
GYTLFSHRSAPNGFKVAIVLSELGFHYNTIFLDFNLGEHRAPEFVSVNPNARVPAL
IDHGMDNLSIWESGAILLHLVNKYYKETGNPLLWSDDLADQSQINAWLEFFQTSGHA
PMIGQALHFRYFHSQKIASAVERYTDEVRRVYGVVEMALAERREALVMELDTENAA
AYSAGTTPMSQSRFFDYPVWLVGDKLTIADLAFVPWNNVVDRIGINIKIEFPEVYK
WTKHMMRRPAVIKALRGE

Drobaniltyta bt dordored

>tr|K4I0B6|K4I0B6_YEASX Rnglp OS=Saccharomyces
cerevisiae GN=RNQl PE=4 SV=1

MDTDKLISEAESHFSQGNHAEAVAKLTSAAQSNPNDEQMSTIESLIQKTAGYVMDN
RSGGSDASQDRAAGGGSSFMNTLMADSKGSSQTQLGKLALLATVMTHSSNKGSSNR
GFDVGTVMSMLSGSGGGSQSMCHEEHRRNERSEHE -« S GNN s 0806 080:088:088G
0GQGS FIABASTASSE!NSNNNNQQGONOS S GG S S FEANMSMASSEH SNNNONSN
SGOER N0 Y ONGNON S 0GYNNOO v EENGENO000GOS GG HESHNSMADSNT.GG
GOTOSNOOOYNOOGONNQOQY QOFEONYOROBOG00000GHS S S i ANASNASEN |
GNNSNSNSSYGGOOOANEYGRPOON SODOSNENEREOUECNONSNGOHESENESGN
FSQONNNGNONRY

EQ Tt 5 o 355
Residue number

>sp|P04156 | PRIO_HUMAN Major prion protein OS=Homo
sapiens GN=PRNP PE=1 SV=1

MANLGCWMLVLFVATWSDLGLCKKRPKPGGWNTGGSRYBEOGSPEENRYBPOGGGG
WGOPHEEEWEE PHGGGWGQPHEEENEE P HGGGWGQEEETHSOWNK P SK PKTNMKHM
AGAAAAGAVVGGLGGYMLGSAMSRPI IHFGSDYEDRYYRENMHRY PNQVYYRPMDE
YSNQNNFVHDCVNITIKQHTVTTTTKGENFTETDVKMMERVVEQMC ITQYERESQA
YYQRGSSMVLFSSPPVILLISFLIFLIVG

Probability

Ed] o0 150
Residue number
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Table 2. Human RNA-binding proteins with prion-like domains involved in neurodegenerative
diseases

1 >sp|P35637|FUS_HUMAN RNA-binding protein FUS OS=Homo

sapiens GN=FUS PE=1 SV=1, N-terminal,1-237,ALS, FTLD S TR R f\ﬂ/’
]

ordered

MASNDYTQQATQSYGAYPTQPGQGYSQQS SOPYEO0SYSGYSOSTDTSGYEOSEYS

B¥GoSONTGYGTEETPOEYESTEE YGSSQSSQs SHE00SSYBE Y GOoPAPS STEES

[—

¥E8880 555 YGoPQEESYE00B S Y GGoo0B¥EO00S YNPPOGY GOONQYNSSSGGG \J

GGGGGGGNYGQDOSSMSSGGGSGGGYGNQDQSGGGGSGGYGQODRGGRGRGGSGGG W

GGGGGGGYNRSSGGYEPRGRGGGRGGRGGMGGSDRGGFNKFGGPRDQGSRHDSEQD
NSDNNTIFVQGLGENVTIESVADYFKQIGIIKTNKKTGQPMINLYTDRETGKLKGE
ATVSFDDPPSAKAAIDWFDGKEFSGNPIKVSFATRRADFNRGGGNGRGGRGRGGPM
GRGGYGGGGSGGGGRGGFPSGGGGGGGQQRAGDWKCPNPTCENMNE SWRNECNQCK

APKPDGPGGGPGGSHMGGNYGDDRRGGRGGY DRGGYRGRGGPIREGERGGREGEDRG

GFGPGKMDSRGEHRQDRRERPY

2 >tr|Q86X94|086X%94 HUMAN TAF1l5 RNA polymerase II, TATA

box binding protein (TBP)-associated factor, 68kDa “ff"'““v*\ﬁ M i
i

OS=Homo sapiens GN=TAFl5 PE=2 SV=2,

sty be deseterss

N-terminal,1-152, ALS, FTLD

MSDSGSYGQSGGEQQSVSHNENPESOGYGOASQSHSEYEORTDS S YGONYSGY SEH T T— ————————

EGSESEYSE s v GG YENOKQ SE¥E00PYNNOGOOONME S SGSQGGRAPS YDQPDYGQ

QDSYDOOSGYDQHQGSYDEQSNYDQOHDS YSQONQQOS YHSQRENY SHHTQDDRRDVSS
RYGEDNRGYGGSQGGGRGRGGYDKDGRGPMTGS SGGDRGGFKNFGGHRDYGPRTDA
DSESDNSDNNTIFVQGLGEGVSTDQVGEFFKQIGI IKTNKKTGKPMINLYTDKDTG
KPKGEATVSFDDPPSAKAATDWFDGKEFHGN I IKVSFATRRPEFMRGGGSGGGRRG
RGGYRGRGGFQGRGGDPKSGDWVCPNPSCGNMNFARRNSCNQCNEPRPEDSRPSGG
PEREREYGEEERGYRCGRGGRGGDREGYGEDRSGGGCYGCPRESEEEYSGDRSGGGYGG
PRSGEEYEEPRGGGYGCPREEEYEEDRGGGYGCPREEYEEDRGGGYGCPREGYGED
RGGYGGPREGYEEDRGGYGCPREREEYGEDRGGGSGYGGPREGEYGEDRSGGGY GG

PREEEYEEDRGGY GGKMGGRNDYRNDQRNRPY

3 >sp|Q01844 |EWS HUMAN RNA-binding protein EWS OS=Homo

Ewing sarcoma (ES)

MASTDY SENSORRRO0GY SAY TAQPTOGVAGEEQA Y GOOS Y GENEOPTBVS Y TOAQ
TTATYGOTAVATS Y GOP P TEYFNBTAROA Y SQPVOGYETCAYDT TIATITTONS Y
ARQSAYETOPAYEA YGOOPAATAPTRPQDGNKPTETSQPOS STGEYNOPSHGYGOS

NYSYBOVBGESY PMQPVTAPPEYBPESYSSTOPTSYDOSS Y SQONEYEOPSS YGOOS

i
=
=
T

sapiens GN=EWSR1 PE=1 SV=1, N-terminal,1-280, ALS, FTLD, f”‘w f\wf'—

B¥6008 s YcooPPTEYPROTES Y SQAPSONS00SSS YGQOS SFRODAPS SMGIGE L e o

-SGPGENRSMSGPDNRGRGRGGFDRGGMSRGGRGGGRGGMGSAGERGGFNKP
GGPMDEGPDLDLGPPVDPDEDSDNSAIYVQGLNDSVTLDDLADFFKQCGVVKMNKR
TGQPMIHIYLDKETGKPKGDATVSYEDPPTAKAAVEWFDGKDFQGSKLKVSLARKK
PPMNSMRGGLPPREGRGMPPPLRGGPGGPGGPGGPMGRMGGRGGDRGGFPPRGPRG
SRGNPSGGGNVQHRAGDWQCPNPGCGNQNFAWRTECNQCKAPKPEGFLPPPFPPPG

GDRERGEEGERGGRGGLMDREGEGEN R GGRGGPREGERGEREMDRGGFGGGRRG

GPGGPPGPLMEQMGGRRGGRGGPGKMDKGEHRQERRDRPY

4 >sp|P22626|ROA2_HUMAN Heterogeneous nuclear

ribonucleoproteins A2/Bl OS=Homo sapiens GN=HNRNPA2B1

PE=1 SV=2, C- terminal,235-327, IBMPFD

MEKTLETVPLERKKREKEQFRKLEFIGGLSFETTEESLRNYYEQWGKLTDCVVMRDP

ASKRSRGFGFVTFSSMAEVDAAMAARPHSIDGRVVEPKRAVAREESGKPGAHVTVK

KLEFVGGIKEDTEEHHLRDYFEEYGKIDTIEIITDRQSGKKRGFGEFVTFDDHDPVDK

IVLQKYHT INGHNAEVRKALSRQEMQEVQSSRSGRGGNFGFGDSRGGGGNE‘-
¥

probablty o be disordered

GSPGY GGGGPG
GPMKSGNF, GGGNY B T e e
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5 >sp|P09651 |ROA1_HUMAN Heterogeneous nuclear
ribonucleoprotein Al OS=Homo sapiens GN=HNRNPAl PE=1
SVv=5, C-terminal, 186-372,IBMPFD, ALS
MSKSESPKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDCVVMRDPNTKRSRG
FGFVTYATVEEVDAAMNARPHKVDGRVVEPKRAVSREDSQRPGAHLTVKKIFVGGI
KEDTEEHHLRDYFEQYGKIEVIEIMTDRGSGKKRGFAFVTFDDHDSVDKIVIQKYH
TVNGHNCEVRKALSKQEMASASSSQRGRSGSGNE]

isordered

2

Prbabilty ta be d

5 D 35 00

6 >sp|P51991 |ROA3 HUMAN Heterogeneous nuclear
ribonucleoprotein A3 OS=Homo sapiens GN=HNRNPA3 PE=1 (\/Nﬂ v
SV=2, C-terminal,207-378,C9or£f72 ALS/FTLD
MEVKPPPGRPQPDSGRRRRRRGEEGHDPKEPEQLRKLFIGGLSFETTDDSLREHFE
KWGTLTDCVVMRDPQTKRSRGFGFVTYSCVEEVDAAMCARPHKVDGRVVEPKRAVS
REDSVKPGAHLTVKKIFVGGIKEDTEEYNLRDYFEKYGKIET IEVMEDRQSGKKRG i !'
FAFVTFDDHDTVDKIVVQKYHTINGHNCEVKKALSKQEMOSAGSQRGRGGGSGNEM Ul ’\;\, tnd
GRGGNEGEEGENFGRGGNEGEREE Y GGGGGGSRGSHEEEDEE Y NGEGEDEEN Y GGG S
PGYSSREEYGGGGPGYENOGEE Y GGGGGEDEYNEGGNEGEEN Y GGGCNYNDEGN Y S
GOOOSNYGBMKGES FGGRS SGSPYBEGYGSGGGSGCYGSRRE

[—
g
i
=
B L
5
f,.

7 >sp|Q13148 | TADBP_HUMAN TAR DNA-binding protein 43
OS=Homo sapiens GN=TARDBP PE=1 SV=1, C-terminal, 277-
414, ALS, FTLD
MSEYIRVTEDENDEPIEIPSEDDGTVLLSTVTAQFPGACGLRYRNPVSQCMRGVRL
VEGILHAPDAGWGNLVYVVNYPKDNKRKMDETDASSAVKVKRAVQKTSDLIVLGLP
WKTTEQDLKEYFSTFGEVLMVQVKKDLKTGHSKGFGFVRFTEYETQVKVMSQRHMI
DGRWCDCKLPNSKQSQDEPLRSRKVFVGRCTEDMTEDELREFFSQYGDVMDVEIPK
PFRAFAFVTFADDQIAQSLCGEDLIIKGISVHISNAEPKHNSNRQLERSGRFGGNP
GGEGNOGEF GNSRGGGAGLGNNQGSNMGGGMNFGAFSTNPAMMAAAQAALQSSWGM T s
MGMLASQQNQSGPSGNNONQGNMORE PNOA FESGNNS Y8 GSNS GAA I GHESASNAG
SGSGFNGEEGSSMDEKSSGWGM

probabilty to be disardered

8 >sp|P31483|TIA1l HUMAN Nucleolysin TIA-1 isoform p40
OS=Homo sapiens GN=TIAl PE=1 SV=3
C-terminal,292-386,Welander distal myopathy
MEDEMPKTLYVGNLSRDVTEALILQLFSQIGPCKNCKMIMDTAGNDPYCFVEFHEH
RHAAAATLAAMNGRKIMGKEVKVNWATTPSSQKKDTSSSTVVSTQRSQDHFHVEVGD
LSPEITTEDIKAAFAPFGRISDARVVKDMATGKSKGYGFVSFFNKWDAENAIQQMG
GOWLGGRQIRTNWATRKPPAPKSTYESNTKQLSYDEVVNQSSPSNCTVYCGGVTSG
LTEQLMRQTFSPFGQIMEIRVFPDKGYSFVRENSHESAAHAIVSVNGTTIEGHVVK £ i &
CYWGKETLDMINPVIOONOECEBOBYGOWGOWY GNAGOECOYMPNGNOVPAYGMYG

0ANOOEENOTOSSABHVGPNYGVQPPOGONGSMLPNQPSGYRVAGYETQ

Probabilty to be cisordered

B ED B 0o

0
Residue number

ALS - amyotrophic lateral sclerosis, FTLD - Frontotemporal lobar degeneration, ES - Ewing sarcoma, IBMPFD -
Inclusion body myopathy with early-onset Paget disease with or without frontotemporal dementia, C9orf72 -
chromosome 9 open reading frame 72
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