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Abstract

Nucleic acids can act as potent modulators of protein aggregation, and RNA has the ability to either hinder or facilitate protein assembly,
depending on the molecular context. In this study, we utilized a computational approach to characterize the physico-chemical properties of
regions involved in amyloid aggregation. In various experimental datasets, we observed that while the core is hydrophobic and highly ordered,
external regions, which are more disordered, display a distinct tendency to interact with nucleic acids. To validate our predictions, we performed
aggregation assays with alpha-synuclein (aS140), a non-nucleic acid-binding amyloidogenic protein, and a mutant truncated at the acidic C-
terminus (aS103), which is predicted to have a higher tendency to interact with RNA. For both aS140 and aS103, we observed an acceleration of
aggregation upon RNA addition, with a significantly stronger effect for aS103. Due to favorable electrostatics, we noted an enhanced nucleic acid
sequestration ability for the aggregated aS103, allowing it to entrap a larger amount of RNA compared to the aggregated wild-type counterpart.
Overall, our research suggests that RNA sequestration might be a common phenomenon linked to protein aggregation, constituting a gain-of-

function mechanism that warrants further investigation.
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Introduction

The order and structural robustness of amyloids render them
a powerful platform for attracting other cellular factors and
macromolecules (1,2). Nucleic acids are embroiled in the mod-
ulation of protein phase transition (3,4), as recent experiments
show that they can be isolated from both physiological con-
densates and pathological inclusions (5,6). RNA in particular
might affect aggregate accumulation rate and nature (7). In
support to this observation, numerous proteins found aggre-
gated in neurological disorders are RNA-binding and form
ribonucleoprotein assemblies (1), and their ability to aggre-

gate appears to be at least in part determined by the type and
amount of RNA found in their proximity (4). Yet, only a few
studies have focused on understanding the ability of proteins
to interact with nucleic acids after the transition towards amy-
loid species has taken place, or whether such transition might
confer the ability to attract nucleic acids to proteins not clas-
sified as RNA/DNA-binding (8).

Many canonical RNA-binding proteins (RBPs) exhibit a
modular structure, comprising one or more RNA-binding do-
mains (RBDs) and typically at least one prion-like domain
that can facilitate phase transitions (9). This phenomenon
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describes a process whereby soluble complexes of macro-
molecules, upon reaching their solubility threshold, transition
from a reversible, liquid-like state into an irreversible, and fre-
quently toxic, solid-like state. This transformation in proteins
is often referred to as aggregation, and it underscores the in-
tricate behavior of macromolecular systems, revealing insights
into both their functionality and potential pathology. Prion re-
gions represent the core of the amyloid fibril structure upon
aggregation (10,11) and the RBDs, usually found at least par-
tially folded in the aggregated species, are external to the core
and might retain RNA-binding ability (12). This is the case
of hnRNPDL-2, for which a cryo-EM structure of the aggre-
gate shows two RBDs in a disordered, solvent-exposed por-
tion of fibrils outside of the amyloid core (12)—the ‘fuzzy
coat’. hnRNPDL-2 fibrils have a comparable affinity towards
oligonucleotides both in the monomeric and the aggregated
form (12), confirming that canonical RBP aggregates can re-
tain their functionality even upon partial refolding into differ-
ent conformations.

For non-canonical RBPs and proteins that do not display
RNA binding activity, the functional consequences of amyloid
formation are less clear. In the case of microtubule-associated
protein tau, it has been shown that fibrils can sequester RNA
both in cell (6) and in vitro (13), implying the protein confor-
mational changes upon aggregation can promote RNA bind-
ing. This observation is further strengthened by the fact that
tau fibrils, grown in vitro and without any additional cofac-
tors, can sequester RNA (14). We note that tau is not known
as a canonical RBP, however it has been shown that RNA co-
localises with this protein (15) and promotes its aggregation
(16) into morphologically distinct fibril strains (17). A recent
cryo-EM structure has shown that RNA can also trigger the
formation of a previously undetected tau aggregate morphol-
ogy with a central core spanning residues E391 to A426 (13).
In previously solved tau fibril structures, this specific segment
has been reported to be part of the fuzzy coat, implying that
RNA can actively change the fibril morphology. Moreover,
electron density showed an unknown density that could cor-
respond to the RNA molecules being sequestered in the fibrils.

In this work, we use a computational approach to investi-
gate nucleic acid sequestration in protein aggregates by con-
sidering the physico-chemical properties of both their amy-
loid cores, hidden within the fibers and occupied in cross-$
bonds, and their exterior, available to establish novel inter-
actions and exert new functions. We validated our model on
alpha synuclein (aS), which represents a particularly suitable
case, since its aggregation is abundantly studied and the pro-
tein does not bind RNA in the monomeric state under phys-
iological conditions. a$ is an intrinsically disordered protein
involved in synaptic vesicle trafficking and machinery assem-
bly, mitochondrial homeostasis and DNA repair (18-20). It
has been identified as the primary component of Lewy bodies
(21), pathological aggregates found in certain neurodegener-
ative conditions such as Parkinson’s Disease (PD) and Mul-
tiple System Atrophy (MSA) (21-23). aS has a modular or-
ganization, with a basic N-terminus (residues 1-935), contain-
ing the amyloid central region (NAC, residues 61-95) (24),
and an acidic, intrinsically disordered C-terminus (residues
96-140), shown to negatively affect fibrillation and oligomer-
ization (25-27). The C-terminal domain can undergo several
post-translational modifications such as truncations at various
residues (28,29), which occur naturally in the cell, presumably
as incomplete protein degradation products. However, certain
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disease-related C-terminal truncations also boost the protein
fibrillation rates and result in diverse aggregate morphologies,
leading to an increase in cellular toxicity (26,30-32). In the full
length protein, long-range electrostatic interactions between
the N-terminus and C-terminus influence the partially folded
intermediary states of the protein and are highly affected by
changes in pH and ionic strength (27,33-335). These factors, as
well as the presence of various charged polymers, strongly af-
fect the aggregation rates, highlighting the role of electrostatic
charge in a$S misfolding (36-39). In the absence of the acidic
C-terminus, such in the case of disease-related truncations, it
is possible that polyanions such as RNA could have an even
more significant impact on a$S aggregation.

Based on our calculations, we posit that proteins capable
of forming amyloids, such as aS, may acquire the ability to se-
quester RNA as they aggregate. We put forth that RNA bind-
ing is not an inherent ability of aS but rather an acquired trait
of its aggregates, and we believe that this distinction plays a
pivotal role in explaining the observed trend in the modula-
tion of aggregation rates. More broadly, our findings suggest
that the process of misfolding during aggregation can alter the
RNA-binding capability of a given protein. This phenomenon
could potentially enable a protein that ordinarily does not
bind to RNA to acquire the ability to do so in its aggregated
form, expanding our understanding of protein-RNA interac-
tions and their role in cellular biology.

Materials and methods

Aggregation propensity and analysis of the inner
and outer regions of amyloids

Previous work indicates that residues with high aggregation
propensities are buried within the amyloid fibrils, while those
with low aggregation propensity are exposed to the solvent
(40). In Figure 1, we present the comparison of predicted and
experimentally validated inner and outer regions of the amy-
loid structures of calcitonin (41,42), amylin (43), glucagon
(44), AB42 (45,46), alpha synuclein (47-49), hnRNPDL-2
(12) and tau (13). The optimal threshold for distinguishing
the inner and outer regions of amyloids was identified using
the Zyggregator score of 0.8. This value corresponds to the
Youden index within the Receiver Operating Characteristic
(ROC) analysis and corresponds to a True Positive Rate (TPR)
of 0.75 and a False Positive Rate (FPR) of 0.25. Notably, the
TPR and FPR values demonstrate stability within the Zyg-
gregator range of 0.76—0.84. The balance between sensitivity
and specificity is further reflected in the overall Area Under
the ROC Curve (AUC), which is quantified at 0.84. For ev-
ery individual residue in the sequences analyzed (Figure 2A-C
and Supplementary Table S1), we computed the Zyggregator
scores (40) using the 0.8 score threshold to distinguish be-
tween inner and outer regions of amyloids. Zyggregator en-
ables the prediction of aggregation propensity by calculating
hydrophobicity and secondary structure properties (40).

RNA/DNA binding domains and aggregation

Annotations of RNA/DNA binding domains available
from UniProt were exploited to characterize their physico-
chemical properties in relation to the aggregation propensity
(Supplementary Tables S2 and S3, Figure 2G). Specifically,
the fraction of RNA/DNA domains belonging to the pre-
dicted outer region of the amyloids was computed. The same
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analysis was carried out for prion domains predicted using
PLAAC (50), as in a previous work (9) (Figure 2).

Mutagenesis

An in silico random mutation analysis was performed to de-
fine the role of each residue of the aS sequence in the overall
aggregation propensity of the protein (Figure 3B). Random
positions in the sequence were selected and replaced, one by
one, with amino acids from an uniform distribution. The Zyg-
gregator algorithm (40) was used to compute the aggregation
propensity of the protein before and after the mutation (40).
10 000 random mutations were calculated and, for each one,
the differences with the wild type in terms of Zyggregator
score, expressed as a percentage, were calculated.

Physico-chemical properties of the outer amyloid
regions

Calculations of hydrophobicity (51), disorder (52) and
RNA-binding ability (53) were carried out through the
cleverMachine approach that predicts physico-chemical prop-
erties of protein sequences (54) (Figure 1-3). Data reported in
the Supporting Information (Supplementary Figure S1 and S2)
show that the selected scale used for nucleic acids binding and
hydrophobicity is not strictly important, as the behavior of the
histograms of the chemical physical property does not change
when different scales are applied.

catRAPID predictions of protein-RNA interactions

In the catRAPID algorithm, the interaction propensity be-
tween a protein-RNA pair is computed using secondary struc-
ture properties, van der Waals forces and hydrogen bond-
ing potentials (55). The algorithm is able to discriminate be-
tween interacting and non-interacting pairs with an area un-
der the curve (AUC) on a receiver operating characteristic
(ROC) curve of 0.78, and with false discovery rate (FDR) sig-
nificantly below 0.25 when the Z-score values are >2 (56). In
this work, the N-terminus of aS (residues 1-25) is predicted to
attract RNA, while the C-terminal region (residues 104-140)
shows much poorer propensity. For the calculations presented
in this work (57), the whole human transcriptome was used
and the overall interaction propensity (>0.4, corresponding to
low binding affinity) for different aS regions was computed.
TDP43, TRA2A and SRSF3 are used as positive controls. Full
length aS103 and aS140 are not predicted to interact with
RNA as monomers (Figure 3E).

Protein production

The cDNA for aS140 was inserted in a pET21a vector un-
der the control of a T7 promoter. aS103 ¢cDNA was pro-
duced by PCR-led deletion of the appropriate sequence from
the full length construct with specific primers (a5103 forward
primer: 5’-TAAGCGGCCGCACTCGAGCAC-3' and aS103
reverse primer: 5'-ATTCTTGCCCAACTGGTCCTTTTTGA
CAAAGC-3'). Competent Escherichia coli BL21 [DE3] cells
were transformed with both constructs. 2 1 of fresh LB broth
supplemented with 50 pug/ml ampicillin were inoculated with
overnight cultures with a 100:1 ratio. Cultures were grown at
37°C up to an optical density of ca. 0.7 at 600 nm. Protein
expression was induced with 0.5 mM IPTG and the cultures
were shaken for 4 h. Cells were harvested by centrifugation
at 4500 g at 4°C for 30 min, afterwards the pellet was resus-

pended on ice in 20 mM potassium phosphate buffer pH 7.2
and frozen immediately. For protein purification the cells were
thawed in ice-cold water and lysed by boiling at 95°C for 30
min. The boiled suspension was centrifuged at 18 000 g at
4°C for 30 min, then streptomycin sulfate was added to the
supernatant up to a concentration of 10 mg/ml. The solution
was centrifuged at 18 000 g at 4°C for 30 min and the pellet
containing precipitated impurities was discarded. The protein
was slowly precipitated by addition of crystalline ammonium
sulfate up to 360 mg/ml and the suspension was centrifuged
again at 18 000 g at 4°C for 30 min. The pellet was resus-
pended in 20 mM Tris—-HCI pH 7.4 with 400 mM KCl and
dialysed against 20 mM Tris—-HCI pH 7.4 overnight at 4°C.
aS140 was purified using ion exchange chromatography us-
ing a HiTrap™ Q FastFlow column, while aS103 was purified
via heparin affinity chromatography on a HiTrap™ Heparin
column. Proteins were eluted with heparin elution buffer (20
mM potassium phosphate pH 7.2, 800 M NaCl) and loaded
onto a HiLoad™ 16/600 Superdex™ 75 gel filtration column
equilibrated in 20 mM potassium phosphate pH 7.2, 100 mM
KCI. The eluted proteins were pooled, their concentration was
determined with BCA assay and their purity assessed via spec-
tropolarimetry and SDS PAGE, before being stored aliquoted
at -80°C.

Protein aggregation assays

A frozen protein aliquote of aS140 or aS103 was quickly
thawed and filtered with a 0.22 um syringe filter immedi-
ately before each assay. Total yeast RNA (totRNA, Roche) was
resuspended in aggregation assay buffer (20 mM potassium
phosphate pH 7.2, 100 mM KCl, 5 mM MgCl,). For aggre-
gation assays in the presence of DNA, total DNA from herring
sperm (Sigma Merck) was resuspended in sterile, nuclease-
free water for the stock solution. Protein, totRNA and DNA
were diluted to the final concentration in the aggregation assay
buffer with a 1000-time diluted Proteostat™ detection dye.
For the BSA control, ultra-pure, DNA- and RNA-free BSA
was used (Sigma Merck) and diluted to the final concentration
in the sample buffer as described above for aS. The samples
were distributed in 6 replicates on a 96-well black plate with
transparent bottom and a single borosilicate glass bead was
added to each well to ensure sample homogeneity and repro-
ducibility. The excitation wavelength was set to 505 nm and
the emission to 590 nm. Plates were incubated at 37°C with
constant double-orbital shaking at 200 rpm. Reads were taken
every 10 min for aS140 and every 5 min for aS103 for 24 h,
with each read represented as an average of 10 scans. All pro-
tein samples were aggregated in parallel to total RNA alone
at the same starting concentrations and conditions for RNA
degradation control and the values reported have already been
accounted for degradation (Figure 4A-C; Supplementary Fig-
ures S3-S5).

Aggregation data analysis

Data from the aggregation assays, obtained with Proteostat™
fluorescence dye, were fitted into a sigmoid curve using the
Hill function (1) (Figure 4A-C):

h

b (x) = N

(1)

where A, b and K are the fitting parameters.
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To compute the aggregation rate, the slope of the fitted
curves before plateau was determined. With the previously set
parameters and a Taylor expansion of /» (x) around K, the
slope of the aggregation « curve was calculated as (2):

b (x)

a=h(x =K) =h (K) +
ox

x= K

b
- A 2
o 7K (2)
The ‘delay time’ was defined as the intersection of the fitting
line with slope « centered in x = Kandy = %. The delay
time t was defined resolving the linear system (3):

y(x) = ax + g

K K, A A—ak
J— — —_ = — —> =
Y\ 2 “3 T9= 5374 2
+A—0{K 0 aK — A
T = — T =
* 2 2
(h-1)
=K 3
: . G)

Nucleic acid quantification and extraction from
protein aggregates

After aggregation, individual replicates were transferred from
the 96-well plate to 1,5 mL Eppendorf tubes and centrifuged
at 4°C, 18 000 g for 30 min. The soluble fraction was trans-
ferred to another tube, RNA found in solution was quanti-
fied using Qubit RNA BR, and DNA with Qubit DNA BR kit
(Thermo Fisher Scientific, USA) (Figure 4D-F; Supplementary
Figure S6). For RNA extraction, the insoluble pellet was re-
suspended in 25 ul of digestion buffer (2 M urea, 100 pg/ml
proteinase K, 3 mM DTT) and incubated at room tempera-
ture for 15 min. 125 pl of 6 M guanidine hydrochloride was
added to a final concentration of 5 M and the sample was incu-
bated at room temperature for further 30 min. 1 ml of Trizol™
was added and RNA was extracted using standard protocol
by the manufacturer using the RNA Clean & Concentrator-35
kit (Zymo Research, USA). Eluted RNA was quantified using
Qubit RNA BR dyes (Thermo Fisher Scientific, USA). DNA
was extracted from the insoluble protein pellet with the QI-
Aamp DNA Mini Kit (Qiagen, Germany) according to the
manufacturer protocol for DNA extraction from blood. The
final elution was performed in 50 ul of buffer AE. Extracted
nucleic acids were again quantified using the Qubit fluorescent
dyes.

Results

Our work stems from the consideration that the structural
core of amyloid fibrils can be effectively predicted by com-
putational approaches prioritizing their hydrophobic core.
This characteristic hints at the existence of a property gra-
dient within the fibril structure, wherein the regions periph-
eral to the amyloid core predominantly exhibit heightened hy-
drophilicity. We theorize that the solvent-exposed hydrophilic
amino acids can be endowed with favorable electrostatic at-
tributes, enabling a higher propensity for nucleic acid bind-
ing. This biochemical interaction can have profound impli-
cations for intracellular aggregate formation. Indeed, nucleic
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acids may modulate the assembly kinetics of proteins, thereby
affecting aggregate formation.

To validate our hypothesis, we used our computational
analysis to design experiments on an amyloid forming protein,
alpha-synuclein. We studied its aggregation in the presence of
RNA and explored alterations for a pathologically relevant
mutant.

Calculations recapitulate experimental results on
the ability of tau fibrils to attract RNA

We started by assessing the robustness of our calculations of
aggregation propensities on the known case of tau. A cryo-EM
structure of tau fibrils (PDB 7SP1), grown in the presence of
total RNA, shows an electron density in a pocket on the exter-
nal region of the aggregate where an RNA molecule was later
additionally docked into (13). The 36-amino acid region of the
C-terminal disordered domain (residues 391-426) is identified
in the cryo-EM study as the fibril core (13) and another work
indicates that the third microtubule-binding repeat (residues
306-335) (58,59) contributes to tau aggregation. Using the
Zyggregator algorithm (Materials and Methods), which pre-
dicts aggregation-prone elements in protein sequences (40),
we are able to successfully identify these two regions as the
ones with highest aggregation propensity (peaks at residues
320 and 409, Figure 1A). This analysis indicates that Zyggre-
gator is able to identify the inner regions of the tau aggregate
in detail.

At the experimental level, the binding of docked RNA is sta-
bilized through hydrogen bonds between the phosphate back-
bone, the 2-OH group of the ribose, and additional contacts
between the RNA bases and the aggregate core (13). More in
detail, the cryo-EM structure of aggregated tau reveals that
residues R406 and H407 on the tau fibril surface directly in-
teract with sequestered RNA and that residues E391-5396,
V398, $400, D402, S404, D421, P423, 1425, A426 are ex-
posed to the solvent (Figure 1B). An examination of residues
391-426 reveals that the calculated physico-chemical proper-
ties are consistent with cryo-EM results. This confirms that
the experimentally identified surface regions exhibit a higher
propensity for RNA-binding. Additionally, these regions are
predicted to possess less hydrophobicity and more disorder,
as detailed in Figure 1B and the Materials and Methods
section.

We broadened our analysis to encompass the entirety of
the tau sequence, thereby incorporating regions that lie out-
side of the core aggregate at residues 391-426 (Figure 1C).
Upon examining the regions associated with low Zyggregator
scores, it is notable that peaks within residues 175-220 and
230-260, which correspond to the proline-rich region and first
microtubule-binding repeat, have been highlighted in previ-
ous research for their direct involvement in interactions with
nucleic acids (60). This finding suggests a high likelihood of
their localization within the external regions of the amyloid
structure (Figure 1C). We observe that these regions, char-
acterized by inherent disorder, may evade detection through
traditional experimental techniques such as cryo-EM. Conse-
quently, their potential contribution to the sequestration of
RNA during aggregation cannot be dismissed. This possibil-
ity has also been acknowledged by the authors of the cryo-EM
study (13).

This initial result indicates that regions outside the core of
tau amyloid fibrils have the potential to interact with RNA
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Figure 1. Analysis of tau aggregation and prediction of physico-chemical properties. (A) Aggregation propensity profile for tau, with orange dots
representing the predicted internal part of the fibril, and green and pink bars indicating regions experimentally identified as part of the fibril core. B)
Comparison of hydrophobicity, RNA-binding, and disorder propensities for residues 391-426, with features of experimentally identified internal (In) and
external (Out) regions marked in black and red, respectively (mean and standard deviation shown for these regions). (C) Analysis of hydrophobicity,
RNA-binding propensity, and disorder across the entire tau sequence, using the Zyggregator method to distinguish between internal and external
regions (with a threshold of 0.8; error bars are calculated by varying the Zyggregator threshold within the 0.76-0.84 range). (D) Performance evaluation
of the Zyggregator method in differentiating between the internal and external regions of experimentally identified protein aggregates, with an optimal
threshold of 0.8, as indicated by the Youden index of the Receiver Operating Characteristic (ROC) curve. With regard to panel C, we note that in the
range 0.76-0.84 the Zyggregator scores are associated with a True Positive Rate (TPR) of 0.75 and a False Positive Rate (FPR) of 0.25.

and we are able to identify them in great detail using our com-
putational approaches. This finding also suggests that other
aggregating proteins might behave as tau.

Internal and external regions of amyloids have
different biophysical properties

In an effort to explore the prevailing trend that regions capa-
ble of binding RNA are located on the exterior of amyloids,
we sourced a dataset of amyloids from a previous publica-
tion (61). We then analyzed their physico-chemical properties
employing the Zyggregator algorithm (Supplementary Table
S1). This allowed us to pinpoint the regions constituting the
amyloid core, as outlined in the Materials and Methods sec-
tion. We focused on proteins that partially exhibit an unfolded
state in their monomeric form. We especially prioritized pro-
teins that not only can be found in their amyloid form, but
that have been also empirically determined and stringently
validated. Our focus has been on the following proteins: calci-
tonin (41,42), amylin (43), glucagon (44), AB42 (45,46),alpha
synuclein (47-49), hnRNPDL-2 (12) and tau (13). The model
achieves an Area Under the Curve (AUC) of 0.84 on the Re-
ceiver Operating Curve (ROC), thereby effectively identifying
the amyloid core of the aggregates. The optimal Zyggregator
threshold is noted to be 0.8, as indicated by the Youden In-
dex of the ROC curve, which corresponds to a True Positive
Rate (TPR) of 0.75 and a False Positive Rate (FPR) of 0.25
(Figure 1D).

As expected, our calculations show that the inner region of
an amyloid is more hydrophobic than the outer one (Figure
2A). There is a significant shift of the RNA-binding propensity
and structural disorder in favor of the external region (Figure
2B and 2C) while the electrostatic charge distribution does not

differ substantially (Supplementary Figure S1A and B). No-
tably, the trend is observed with different physico-chemical
propensity predictors (Supplementary Figure S2). Given the
overall negative charge of the phosphate backbone of RNA
and no significant difference in the aggregate charge distribu-
tion, we find strong RNA-binding propensity exclusively for
positively charged protein regions.

To better visualize this trend we chose the structure of
the amyloid formed by Podospora anserina protein HET-
s (PDB 2RNM) as an example (Figure 2D-F). The struc-
ture was determined using solid-state NMR and included the
flexible outer region of the amyloid. Using different color
scales, the distribution trends are clearly visible, especially
in the hydrophobic amyloid core (Figure D). The RNA-
binding propensity is considerably higher for the unstruc-
tured external portion of the fibers, similarly to the structural
disorder (Figure 2D-F, Supplementary Figure S2B). Overall,
the analysis of the HET-s amyloid structure shows excellent
agreement with the predicted results from the computational
analysis.

Within the set of amyloids (Figure 2A-C), we analyzed pro-
teins that have RNA and DNA binding domains annotated in
Uniprot (Supplementary Tables S2 and S3). Consistent with
our calculations of RNA-binding abilities, the nucleic acid-
binding domains are predicted to be displayed on the sur-
face of the aggregate (Figure 2G). This is well exemplified by
hnRNPDL-2, a protein in which residues 224-280 were found
by cryoEM to constitute the core of the fibril (PDB 7ZIR),
while two RNA-binding domains are external (12). The aggre-
gation propensity predicted by Zyggregator captures the inner
part of the aggregate very well, and the RNA-binding domains
are indeed predicted to be more exposed (Figure 2H). Fur-
ther investigating this phenomenon at the human proteome
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(Kolmogorov-Smirnov test).

level, we carried out predictions of prion and RNA-binding
domains, respectively using PLAAC (50) and catRAPID signa-
ture (62). Proportionally to the overall aggregation propensity
computed with Zyggregator, we estimated that prion domains
are in the core of the fibril while RNA-binding domains tend
to be on the outer regions (Figure 21-K, Supplementary Ta-
ble S4). The literature is in agreement with our analysis of
hnRNPDL-2 (12).

Physico-chemical properties of alpha synuclein
aggregates

We next analyzed the aggregation propensity of alpha synu-
clein (aS or aS140), a protein with a well-characterized amy-
loid core (40). We computed the aggregation propensity of
the wild type sequence (Figure 3A) and performed a muta-
tional analysis with 10 000 random single point variations
(63). As supported by data reported in the literature (64), the
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non-negligible interaction propensities).

central region of the protein emerges as a key determinant
in protein aggregation, exhibiting a prominent Zyggregator
peak that aligns with the NAC region (residues 61-95; Figure
3A). Furthermore, the work by Doherty and colleagues (24)
sheds light on additional smaller regions, specifically residues
36—42 and 45-57, which coincide with minor Zyggregator
peaks and play a crucial role in modulating aS aggregation
(Figure 3A).

Mutations in the NAC region display a strong impact
on aS140 aggregation (Figure 3B) and the outer regions of
aS140 aggregates are predicted to be disordered, to display
low overall hydrophobicity, and to be able to interact with
RNA molecules (Figure 3C). Amino acids 67-82 appear to
be particularly sensitive to change and dramatically affect the
propensity of aS to aggregate, in agreement with previous ex-
perimental work (65). Random single mutations in the C-
terminus have instead negligible effects. Yet, 14 out of the
24 negatively charged residues in aS140 (18 Glu and 6 Asp)
are found in this region, indicating that the truncated form
of aS140 -namely aS103-, lacking all amino acids in positions
104-140, could behave differently compared to the wild type

protein in terms of aggregation propensity as well as RNA-
binding ability.

Computing the scores of the physico-chemical properties
for both aS140 and aS103 reveals a strong difference between
the two protein variants (Figure 3D). The removal of the 12
negatively charged residues in the C-terminal portion results
in a net charge increment. Accordingly, the external regions
of aS103 and aS140 show a lower degree of hydrophobic-
ity compared to the average of the dataset and an increase in
RNA-binding propensity (Figure 3D) due to the abundance
of charged and polar residues outside the NAC region. We
note that removing the C-terminus slightly affects the pre-
dicted structural disorder, which is consistent with the overall
unfolded nature of the whole aS (Figure 3D).

We next used the catRAPID approach (55,57) to esti-
mate the ability of aS140 and aS103 to interact with RNA
(Materials and Methods). While the C-terminus and NAC
show low interaction propensity, the N-terminal domain is
predicted to be exposed to the solvent in the aggregate and
available to interact with RNA (Figure 3E). Based on this ob-
servation, we hypothesize that aS might be able to sequester
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Figure 4. In vitro aggregation assays of aS140 and aS103 in the presence of RNA. A-C ) Data points corresponding to each protein are plotted against
their own respective y-axis (@S103 to the left and aS140 to the right axis). A) Calculated aggregation rates from aggregation data (Supplementary Fig. 3,
Supplementary Fig. 4B) of time resolved Proteostat™ fluorescence. Data shown are calculated from parameters derived from the fitted curve to 6
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protein-only samples (see Materials and Methods). The presence of RNA significantly increases the rate of aggregation for both aS103 (Fisher t-test, p <
0.001) and aS140 (Fisher t-test, p < 0.001), with the aS140 rate reaching a plateau with concentrations higher than 250 ng/uL. B) aS103 has a
significantly shorter aggregation lag time than aS140. The addition of RNA further decreases the lag phase of both proteins (aS103, p < 0.001 and
aS140, p < 0.01, Fisher t-test), however increasing concentrations do not seem to drastically affect aS103 further, while the opposite is true for aS140.
C) Increasing concentration of RNA also elevates the plateau of fluorescence for both proteins, especially significantly for aS103 (p < 0.001 compared to
p 0.01 for aS140, Fisher t-test). D and E) Quantification of nucleic acids from aS aggregation assays indicates different behavior for aS140 and aS103.
Comparing RNA in solution with the fraction extracted from aggregates of aS103 and aS140, we found that RNA is preferentially sequestered by aS103
aggregates. F) The average amount of RNA extracted from aS103 and aS140 aggregates at different initial starting concentrations show again that aS103
aggregates have a higher propensity of sequestering soluble RNA upon aggregation (Student t-test, * p < 0.05, ** < p 0.01).

RNA upon aggregation. As we will show in the following sec-
tions, this effect could shape the dynamic of the aggregation
propensity, tuning the concentration of the RNA in solution.

RNA affects the aggregation of alpha synuclein
isoforms in different ways

To study experimentally the effect that RNA might have on
the aggregation kinetics of aS140 and aS103, we performed
aggregation assays in the presence of a fluorescent aggregate
intercalator. Both aS103 and aS140 were incubated with in-
creasing concentrations of total RNA, from 0 to 500 ng/ul, for
24 h (Figure 4A, Supplementary Figure S3A-B, Supplementary
Figure S4). Since the experiments were performed in the pres-
ence of a reporter dye, visualization of the aggregates at the
end of the experiments with a fluorescence microscope con-
firmed the presence of protein aggregates in all samples and
in every tested condition (Supplementary Figure S5A).

As previously reported in literature, aS103 aggregates sig-
nificantly faster than aS140, irrespective of the concentration
of RNA present in solution (Figure 4A and 4B, Supplementary
Figures S3 and S4) (66). In the presence of RNA, the elonga-
tion phase of aS103 is significantly faster than that of aS140
(Figure 4A) and is accompanied by a consistently shorter lag
phase (Figure 4B). Our data analysis shows that the estimated

aggregation rate of aS103 is approximately two-fold higher in
the absence of RNA and up to 10-fold higher in the presence
of 500 ng/ul RNA. Importantly, increasing concentrations of
RNA lead to varied effects on the aggregation rate of both pro-
teins. For aS140, the aggregation rate in the presence of 250
ng/ul RNA increases, up to ca. 5-fold. With higher RNA con-
centrations, the rate seems to reach a plateau and does not in-
crease further (Figure 4A). By contrast, incremental additions
of RNA increase the aggregation rate of aS103 over ten-fold,
reaching a maximum at 500 ng/ul RNA, with no evidence
of reaching a plateau (Figure 4A, Supplementary Figure S4).
RNA affects the lag time in the opposite way, with increasing
concentrations effectively decreasing the lag time of a5S103 un-
til reaching a stable plateau at 1.6 h. The lag time of aS140
however only starts drastically decreasing at RNA concentra-
tions higher than 250 ng/ul (Figure 4B). The actual maximum
value of fluorescence at the end of the exponential phase does
not differ much between aS103 and aS140 (Figure 4C). RNA
incrementally increases the level of maximum fluorescence up
to 250 ng/ul, when the value stabilizes. These results suggest
not only that RNA has a profound effect on a$ aggregation,
but that it also affects aS140 and aS103 in different ways as
hinted by our computational analysis.

Having observed the effect RNA has on the aggregation ki-
netics of aS, we then set to test the original hypothesis that
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aS can sequester the RNA upon aggregation. First we veri-
fied that the monomeric forms of both proteins do not inter-
act with RNA (Supplementary Figure S5B). We then quanti-
fied the RNA found in both soluble and insoluble fractions at
the of the aggregation assays, as described in Materials and
Methods. The concentration was measured individually for
each well and normalized according to the initial RNA con-
centration in the same well, in order to account for individual
rates of RNA degradation. Also, in order to avoid any interfer-
ence by remaining non-aggregated protein and smaller aggre-
gates, we measured the RNA concentration of using an RNA-
specific fluorescent dye. Importantly, to bypass any potential
differences between the volumes of the soluble and insoluble
fractions, concentrations were recalculated as RNA mass and
the data are here presented as the percentage of total RNA
mass after aggregation in different fractions (Figure 4D and
4E). These percentages were individually adjusted to 100%
to again take into account the different rates of RNA degra-
dation during experiment. The results clearly indicate that
both aS140 and aS103 are able to sequester RNA through
aggregation. Furthermore, there is a clear difference between
the amount of RNA sequestered by individual protein con-
structs. As predicted by the computational analysis, aS103
aggregates can sequester RNA to a much higher degree than
aS140 (Figure 4F). The difference is less noticeable at lower
initial RNA concentrations, but becomes more pronounced
at higher concentrations. As the starting concentration of the
protein is always 50 uM, it is safe to assume the difference is
due to the higher sequestration capacity of aS103 aggregates.
This is further supported by the fact that less than 10% of the
starting amount of RNA is found soluble at the concentration
of 50 ng/ul (Figure 4D). This sequestration capacity seems to
be saturated at 250 ng/ul for aS103 while it keeps increasing
for aS140 (Figure 4F).

To verify whether the different distribution of RNA among
the soluble and insoluble fractions is in fact due to its seques-
tration by protein aggregates, we repeated the experiments
in the same conditions with bovine serum albumin, a non-
aggregating, non-RNA-binding protein. The quantification of
RNA at the end of the assay showed comparable values to
the control values of total RNA without any protein added
(Supplementary Figure S6A). The wells in both cases were in-
spected by fluorescence microscopy and no aggregates were
detected (Supplementary Figure SSA).

We repeated the aggregation of aS103 and aS140 in the
presence of total cell DNA extract, to determine whether what
we observed is an RNA-specific effect. In order to take into
account the different rates of degradation of DNA and RNA
(Supplementary Figure S6B), we again measured the individ-
ual well concentrations both before and after aggregation as-
say with a DNA-specific fluorescent dye. aS103 still shows the
ability to sequester DNA at lower initial DNA concentrations,
however higher concentrations apparently limit the binding
ability (Supplementary Figure S6C). aS140 barely sequesters
any DNA in the aggregates, with less than 10% of the ini-
tial DNA extracted from the insoluble part (Supplementary
Figure S6D).

These results show that both aS140 and aS103 have the
ability to sequester nucleic acids upon aggregation. The grade
of incorporation is protein sequence-dependent and confirms
the computational analysis predicting aS103 aggregates as
the higher-propensity binders. The results further emphasize
that protein aggregation is a dynamic process, and that aggre-
gated species not only display different biophysical features

but could also acquire new functional properties distinct from
the ones attributed to the monomers.

Discussion

Aggregates are able to sequester molecules, including other
proteins (1) and several metabolites (67). In this study, we
explored the possibility that aggregated protein structures,
such as amyloids, might also serve as traps for nucleic acids.
Our hypothesis was formulated considering that aggregation-
prone regions of proteins are mostly hydrophobic and buried
in the core of fibrils (40), while external regions, prevalently
hydrophilic and often structurally disordered, can interact
with nucleic acids, if their electrostatics is favorable (68). Sev-
eral lines of evidence, both computational and experimental,
confirmed our original idea. First, regions outside the core of
amyloids are predicted to interact with RNA and annotated
RNA-binding domains have a strong propensity to be solvent-
exposed in amyloids. Most importantly, the recently reported
cryoEM structures of tau and hnRNPDL-2 show that RNA
is indeed found on the surface of the aggregates (13) and the
RNA-binding domains are outside the amyloid core (12).

Intriguingly, a number of artificial nucleic acid molecules,
RNA and DNA aptamers, have been designed to impact pro-
tein aggregation (4,69). For instance, an aptamer called T-
SO517, developed by lkebukuro et al. against oligomeric
«S140, bound not only to the designated target but also to
AB40 oligomers (70). This finding confirms our hypothesis
that aggregates can bind to nucleic acids, although it suggests
that the binding is not specific. Thus, it appears plausible that
the non-specific sequestration of RNA within a cellular envi-
ronment might add to the toxicity of amyloid aggregates. This
idea aligns with a previously posited hypothesis, suggesting
that toxic effects could occur with proteins that co-aggregate
together (1).

Here, we hypothesized that the formation of the amyloid
core in a$ fibrils, specifically involving the most hydrophobic
residues (namely, the NAC region), leaves charged amino acids
(such as the N-terminal and C-terminal) accessible for interac-
tions with other molecules. This concept is supported by var-
ious experimental methodologies, including site-directed spin
labeling coupled with EPR, hydrogen/deuterium exchange,
and limited proteolysis (34,47-49). These methods indicate
that the central portion of the protein is engaged in forming
the core of the aggregates, leaving the remaining protein re-
gions exposed to the solvent. We posited that the elimination
of the negative charges corresponding to amino acids 104-
140, which are not part of the core aggregate, would signif-
icantly augment the RNA-binding propensity of the regions
outside the NAC. Consequently, we examined the hypothesis
concerning the RNA-binding gain-of-function upon aggrega-
tion. The decision to remove the aS C-terminus was made in
light of the unfavorable electrostatics of this disordered re-
gion concerning RNA molecules. In previous studies it has
been shown that favorable electrostatics can promote RNA-
binding by enabling the protein to adopt multiple conforma-
tions and engage with various partners (71,72). This struc-
tural disorder in RNA-binding proteins allows them to inter-
act with RNA in a more flexible and promiscuous manner
(73). In certain cases, disordered proteins may even undergo
a disorder-to-order conformational transition upon interact-
ing with RNA. Such complex behavior can be observed in
mesh-like condensates such as stress granules, where RNAs
are capable of entrapping proteins (73,74). These interactions
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within stress granules can provoke conformational alterations
in RNA-binding proteins, culminating in the formation of
large assemblies (75,76).

Our experimental results confirm the observation of ac-
quired RNA sequestration ability and identify it as a way of
modulating aS aggregation process by directly affecting the
aggregation rates. RNA sequestration is protein-sequence de-
pendent: aS103 shows a higher sequestration propensity com-
pared to wild type aS140, likely due to the increased electro-
static attraction. RNA also modifies the aggregation rate of
both aS variants.

As previously reported, the key to modulating aS aggrega-
tion propensity lies in the long-range intra- and intermolecular
interactions between the N-terminal and C-terminal domains
of the protein, which shield the NAC region and prevent its
self-assembly (34,35). RNA likely enters in contact with the
N-terminal, thus interfering with these interactions. The trun-
cated aS103 lacks the C-terminal domain and a priori cannot
engage in the shielding effect of the NAC region. It is plau-
sible that, through transient interactions via the N-terminal
domain, RNA acts as a bridge between protein molecules,
bringing the NAC regions into closer contacts. As C-terminal
truncations of aS are commonly found in brain samples from
patients and aS103 is prevalent in the medial temporal lobe
in Lewy body dementia, we speculate that RNA might play a
role in the onset of the disease (28).

Very recently, the combined solid-state NMR-cryoEM ap-
proach to study the fibrils of aS by Zhang and colleagues has
confirmed our observations regarding the outer disorder of
a$ fibrils (77). The structure (PDB 7YK2) also highlighted the
previously unreported additional interaction between the core
of the fibril and the G14-G2S5 region in the N-terminal part.
This suggests that additional ordering of the structure might
be present in the N-terminus upon aggregation. It is impor-
tant to note, however, that the fibrils in the study were grown
in the absence of RNA, which could potentially prevent these
additional intramolecular interactions to occur upon misfold-
ing by shielding the N-terminus. An additional case hinting
at the potential of RNA to modify the structure of aS aggre-
gates comes from the work of Schweighauser and colleagues
(78). Their cryo-EM study of three different strains of fibrils
found in the post-mortem brain of multiple system atrophy
patients show a unique fibril fold with an unassigned electron
density in the central cavity of the amyloid core. This den-
sity is enclosed in a pocket between the interface of two fibrils
and formed by positively charged residues K43, K45 and H50
from both filaments. While there is no direct evidence that the
electron density corresponds to trapped RNA, and the fold is
unique amongst the aS amyloid architectures found in Amy-
loid Atlas (79) to contain such a central cavity, the possibility
remains that RNA could be the culprit in inducing the forma-
tion of such an architecture.

We note that, for our experiments, we used near-to-
physiological RNA concentrations. Indeed, we considered a
mammalian cell has a cell volume between 1000 and 10 000
pum? [i.e. 1076=10=3 ul (80)] and an RNA amount of 10 - 30
pg [i.e. 0.01-0.03 ng (81)], which indicates that 500 ng/ul of
RNA are in the expected normal range (i.e. 0.01 ng in 1073
ul, which is 1000 ng/ul). Monomeric, physiological aS was
found associated with nucleic acids (20,82), nucleosomes (83)
and processing bodies (84). However, no proof of direct and
functional RNA binding by aggregated aS has ever been dis-
covered. While Siegert et al. have shown RNA has little effect
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and can actually abrogate aS liquid-liquid phase separation
(85), the molecular aspects of the effect of RNA on a$ liquid-
to-solid phase transition have not yet been characterized. It
should be mentioned that Cohlberg et al. have previously re-
ported that negatively charged molecules such as heparin dis-
play a stronger effect on a$ aggregation compared to 1 pug/ul
RNA (38). Nevertheless, it must be noted that the authors used
thioflavin T to quantify aS aggregation. This dye can interact
also with RNA (86), interfering with the correct characteri-
zation of the kinetics of protein aggregation. For this reason,
we selected a different aggregation reporter, Proteostat™, that
does not bind to RNA (87), obtaining significantly different
results.

An intriguing and significant aspect of our study is the po-
tential pathological implications of RNA sequestration within
the context of synucleinopathies. Recent research has high-
lighted the formation of nuclear alpha-synuclein inclusions via
interneuronal transmission, with intranuclear aggregates po-
tentially playing a role in driving the pathogenesis of synu-
cleinopathies (88). An independent investigation has pro-
posed that alpha-synuclein could facilitate the release of nu-
clear factors that further enhance its own aggregation (89).
Yet, it has been observed that constitutive nuclear accumu-
lation of endogenous alpha-synuclein in mice leads to mo-
tor impairment and cortical dysfunction, even in the absence
of significant protein aggregation (90). Collectively, these
findings highlight the potential of alpha-synuclein to aggre-
gate within the nucleus and suggest that this phenomenon
could substantially contribute to the progression of synucle-
inopathies. This understanding sheds light on the intricate in-
terplay between RNA sequestration, nuclear aggregation of
alpha-synuclein, and the development of these debilitating
disorders.

At a fundamental biological level, our investigation presents
an important revelation: the aggregation process, coupled
with the concomitant misfolding, can induce distinct biophys-
ical and functional attributes that markedly differ from those
exhibited by the monomeric, soluble protein counterparts.
This phenomenon holds significant implications beyond the
scope of our study, extending its relevance to a broader ar-
ray of proteins. In particular, our findings spotlight the case
of aS, a protein traditionally deemed non-RNA-binding. In-
triguingly, aS can, under specific protein sequence conditions,
acquire the ability to sequester RNA. This discovery adds a
new layer of significance to the intricate interplay between
structural dynamics and functional shifts across diverse pro-
tein states. This observation resonates beyond aS$, hinting at
a broader paradigm: the dynamic transformations that aggre-
gation can impose on a protein’s intrinsic behavior and inter-
actions. Such insights might illuminate new avenues of explo-
ration across various proteins, where aggregation-associated
changes could manifest in unanticipated and consequential
ways. By revealing these dynamic shifts, our study contributes
to a more comprehensive comprehension of protein behav-
ior, emphasizing the intricate interplay between aggregation,
misfolding, and functional diversity across the biological
landscape.
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