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ABSTRACT

The modulating effect of nucleic acids on protein aggregation has recently come into the
spotlight, with RNA shown to either prevent or promote protein assembly depending on the
molecular context. Here, we computed the biophysical properties of amyloids and observed a
trend indicating that regions outside the aggregates core are highly prone to interact with
nucleic acids. In the case of alpha synuclein (aS), an intrinsically disordered protein abundantly
expressed in the brain, found in the nucleus and involved in Parkinson’s disease, our predictions
indicate that regions outside the aggregate are able to contact RNA, but the acidic C-terminal
prevents the formation of stable interactions. We performed aggregation assays with both the
wild type a-synuclein (aS140) as well as a C-terminally truncated isoform (aS103) and found
that while RNA increases the aggregation rate of aS103, it decreases that of aS140, although at
higher RNA concentrations the trend is inverted. To further elucidate the effects driving this
behavior, we built a general dynamic model that describes the aggregation process of monomers
in the presence of RNA. Our predictions indicate that RNA affects aS103 and aS140
aggregation in a non-linear manner and prioritize the interaction between RNA and aggregate as
the most relevant. To confirm this, we extracted RNA from aS103 and aS140 aggregates and
observed that they indeed acquire distinct RNA-sequestering abilities. Our research
demonstrates that binding to transcripts can drastically alter the aggregation of a protein and
represents an important gain-of-function mechanism to be further investigated.
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INTRODUCTION

In recent years, the view on protein aggregation and its correlation to pathology has evolved
from the mechanistic concepts of misfolding and seeding'” to the more biology-centered
phenomena of protein phase separation, aberrant condensation and aging of the condensates®.
The prion model of exponential growth of long, beta sheet-enriched fibrils is giving way to the
phase separation of low complexity domain-containing proteins and the importance of cellular
factors contributing to liquid-to-solid phase transition®. Among these, nucleic acids are
particularly relevant in modulating phase transitions of aggregation-prone proteins™® and have
been isolated from both physiological condensates and pathological inclusions®'°. The fact that
numerous proteins found aggregated in neurological disorders are RNA-binding and form
ribonucleoprotein assemblies brought RNA into the spotlight as one of the crucial modulators
of phase transition’. For instance, RNA has been shown to be able to both actively promote'"'?
and abrogate aggregation'’ of RNA-binding proteins.

Not much is known about the ability of proteins to interact with nucleic acids after aggregation
has taken place, or whether aggregation might confer novel nucleic acid binding ability to
proteins that are not classified as RNA/DNA-binding. With this work, we aim to investigate the
possibility of this instance to occur by developing a theoretical model that takes into account
how protein aggregate exteriors might acquire RNA binding ability upon phase transition.
Among these proteins, alpha synuclein (aS) represents a particularly suited case. aS is an
intrinsically disordered protein involved in synaptic vesicle trafficking and machinery assembly,
1416 It has been identified as the primary
component of Lewy bodies'’, pathological aggregates found in certain neurodegenerative
conditions such as Parkinson’s Disease (PD) and Multiple System Atrophy (MSA)"'""', aS has
on occasion been termed a “chameleon” protein' due to its highly flexible structural
conformation ranging from alpha helical, beta sheet to completely unfolded as a result of

mitochondrial homeostasis and DNA repair

changes in the cellular environment?. The structural flexibility also reflects in a wide variety of
multimeric and aggregated forms, from diverse oligomers to protofibrils and amyloid
fibrils?"#. The modular organization of the protein is also varied. The N-terminus (residues
1-95) contains 12 basic residues, has been shown to be acetylated and contains the amyloid
central region (NAC, residues 61-95)*. The N-terminal and NAC regions have been shown to
fold into an alpha helical structure upon binding the membrane of synaptic vesicles, acting as an
inter-vesicular tether®®?®, The C-terminus (residues 96-140) contains 15 acidic residues, is
completely disordered and has been shown to negatively affect fibrillation and
oligomerization® 2, The C-terminal domain can undergo several post-translational
modifications such as phosphorylation of Ser129% and truncation at various residues®’. These
shorter forms occur naturally in the cell, presumably as incomplete protein degradation
products. It has been shown however that PD-related mutations determine an increase in protein
abundance, compared to the wild type aS**~*2, C-terminal truncations also boost the protein
fibrillation rates and result in diverse aggregate morphologies, leading to an increase in cellular
toxicity?"3%, Long-range electrostatic interactions between the N-terminus and C-terminus of
the protein influence the partially folded intermediary states of the protein in solution and are
highly affected by changes in pH and ionic strength?®3¢-3, These factors, as well as the
presence of various charged polymers, strongly affect the aggregation rates, highlighting the
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role of electrostatic charge in aS misfolding®*=*?. In the absence of the acidic C-terminus, it is

possible that polyanions such as nucleic-acids could have an impact on aS aggregation.

aS has also been shown to undergo liquid-liquid phase separation and liquid-to-solid phase
transition both in vitro* and in vivo*™. It has been identified to be part of functional molecular
condensates of the synaptic vesicle protein machinery®, processing bodies*® and assemblies
with protein tau*’. Tau and aS have long been linked as “partners in pathology”, with several
studies showing the cross-seeding of aggregation** ", Tau has also been shown to form
RNA-dependent condensates'? that are able to recruit aS within*’. Yet, proteomic analyses of
pathological inclusions found in the brain of PD and MSA patients revealed little
cross-seeding®', implying that RNA-dependent coacervate condensation with aS as the client
protein should not be the prevalent mechanism of inclusion formation.

Here, we use a computational approach to investigate whether RNA molecules play a role in
protein aggregation. Based on our calculations, we hypothesize and experimentally demonstrate
that RNAs modulates aS self-assembly by affecting the aggregation rates in a non-linear way.
The analysis of regions prone to interact with RNA indicate that C-terminus deprivation can
promote aS aggregates sequestration of transcripts. We propose that RNA binding is an acquired
ability of aS aggregates and that this is the crucial contribution recapitulating the experimental
trend in aggregation rate modulation. Our results confirm that RNA molecules differentially
influence the aggregation rates of the full length aS (aS140) and of a truncated version deprived
of the C-terminal region (aS103), and this is reflected on the different amount of RNA that can
be recovered from their aggregates. More in general, our work indicates that aggregation and
misfolding can vary the RNA-binding ability of any given protein.
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MATERIALS AND METHODS

Protein production

The cDNA for the aS140 was inserted in a pET21a vector under the control of the T7 promoter.
The aS103 ¢cDNA was produced by deletion of the appropriate sequence from the full length
construct with specific PCR primers (aS103for: 5'-TAAGCGGCCGCACTCGAGCAC-3' and
aS103rev: 5'-ATTCTTGCCCAACTGGTCCTTTTTGACAAAGC-3").

Competent E.coli BL21 [DE3] cells were transformed with both constructs. 2 L of fresh LB
broth supplemented with 50 ug/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 hours. Cells
were harvested by centrifugation at 4500 g at 4 °C for 30 min, afterwards the pellet was
resuspended 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 18000 g at 4 °C for 30 min, afterwards
streptomycin sulfate was added to the supernatant up to a concentration of 10 mg/mL. The
solution was centrifuged at 18000 g at 4 °C for 30 min and the pellet containing precipitated
nucleic acids 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 18000 g at 4
°C for 30 min. The pellet was resuspended in 20 mM Tris-HCl pH 7.4 with 400 mM KCI and
dialysed against 20 mM Tris-HCI pH 7.4 overnight at 4 °C.

The protein was purified using heparin affinity chromatography on a HiTrap™ Heparin column
to remove the remaining nucleic acids. The protein was eluted with the 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 protein was pooled and checked for concentration with BCA assay and
purity with spectropolarimetry and SDS PAGE, afterwards it was stored aliquoted at - 80 °C.

Protein aggregation assays

A frozen protein aliquote of aS140 or aS103 was quickly thawed and filtered with a 0.2 um
syringe filter immediately 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 MgCl2). For aggregation 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 reproducibility. 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 15 min for 24 hours, with each read represented as
an average of 10 scans.

All protein 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.
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Soluble nucleic acid quantification and extraction

After aggregation, the individual replicates were transferred from the 96-well plate to
Eppendorf tubes and centrifuged at 4 °C, 18.000 g for 30 min. The soluble fraction was
transferred to another tube, soluble RNA was quantified using Qubit RNA BR and DNA with
Qubit DNA BR kit (Thermo Fisher Scientific, USA).

For RNA extraction, the insoluble part was resuspended in 25 pL of digestion buffer (2 M urea,
100 pg/mL proteinase K, 3 mM DTT) and incubated at room temperature for 15 min. 125 pL of
6 M guanidine hydrochloride was added to a final concentration of 5 M and the sample was
incubated at room temperature for further 30 min. 1 mL of Trizol™ was added and RNA was
extracted using standard protocol by the manufacturer.

DNA was extracted from the insoluble part with the QIAamp DNA Mini Kit (Qiagen,
Germany) according to the manufacturer protocol for DNA extraction from blood. The final
elution was performed in 50 pL of buffer AE.

Extracted nucleic acids were again quantified using the Qubit fluorescent dyes.

Aggregation data analysis
Data from the aggregation assays, obtained with PROTEOSTAT™ fluorescence dye, were fitted
into a sigmoid curve using the Hill function (1):

mh
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where A, h and K are the fitting parameters.
To compute the aggregation rate, we determined the slope of the fitted curves before plateau.
With the previously set parameters and a Taylor expansion of M) around K , we calculated
the slope of the aggregation o curve as (2) :

a=h(z=K)=h(K)+ MH:}{
dz
h
a=Agp

2

We define the “delay time” as the intersection of the fitting line with slope « centered in

=K and Y= A/2 The delay time 7 is defined resolving the linear system (3):

y(@) =az+gq
A—aK
y(K/2)=aK/2+q=A/2—>q=Ta
A—aK aK — A
arT+ ——F—=0—=27= —F——
2 2c
(h—1)
— g
! h

3)


https://www.codecogs.com/eqnedit.php?latex=h(x)#0
https://www.codecogs.com/eqnedit.php?latex=K#0
https://www.codecogs.com/eqnedit.php?latex=%5Calpha#0
https://www.codecogs.com/eqnedit.php?latex=%5Calpha#0
https://www.codecogs.com/eqnedit.php?latex=x%20%3D%20K%20%20#0
https://www.codecogs.com/eqnedit.php?latex=y%20%3D%20A%2F2#0
https://www.codecogs.com/eqnedit.php?latex=%5Ctau#0
https://doi.org/10.1101/2022.09.20.508776
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.20.508776; this version posted September 20, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Analysis of the inner and outer part of aggregates

Using the Zyggregator algorithm it is possible to compute the amyloid propensity of proteins™.
For each residue in a given sequence, the method predicts the individual contribution to
aggregation®. Our previous work indicates that the residues with high aggregation propensities
are buried in the fibril, while those with low aggregation propensity are exposed to the solvent®.
Thus, Zyggregator can be exploited to identify the inner and outer part of the fibrils.

Indeed, given an aggregation profile of a protein, a threshold t can be set so that the residues

with a Zyggregator score higher than t are considered the inner part of the amyloid and the
ones that are lower the outer part. Using this approach, the recognition of the inside and outside

of the amyloid is quite precise with the threshold t = 1.3 as in the original research work of
Tartaglia et al®.

Using this procedure we assessed the physical properties of the residues of the inner and the
outer part of amyloids. Running this analysis in an amyloid dataset recently collected® we
analyzed the distribution of the surface hydrophobicity, net charge and nucleic acid binding
propensity of different parts of the sequence. We computed the chemical physical properties of
the sequence considering Roseman’s hydrophobicity®, nucleic acid binding propensity>* and
net charge of protein sequences. These properties have been selected using the
CleverMachine™.

Random Mutation analysis

In order to define the role of each residue of aS sequence in the aggregation propensity of the
protein, we performed an in silico random mutation analysis. We selected random positions in
the sequence and replaced them, one by one, with random amino acids from an uniform
distribution. We used the Zyggregator algorithm? to compute the aggregation propensity of the
protein before and after the mutation since, for each residue in a given sequence, the method
predicts the individual contribution to aggregation®. We simulated 10000 random mutations and
calculated for each one the difference with the wild type in terms of Zyggregator score,
expressed as a percentage.

catRAPID predictions of protein-RNA interactions

In catRAPID, the interaction propensity between a protein-RNA pair is computed using
secondary structure properties as well as van der Waals and hydrogen bonding potentials®®. The
algorithm is able to separate interacting vs. non-interacting pairs with an area under the curve
(AUC) receiver operating characteristic (ROC) curve of 0.78 (with false discovery rate (FDR)
significantly below 0.25 when the Z-score values are >2)*’. In this work, the N-terminal of aS
(MDVFMKGLSKAKEGVVAAAEKTKQG) is predicted to interact with RNA, while the
C-terminal (MPVDPDNEAYEMPSEEGYQDYEPEA) shows poor binding ability. In our
calculations®®, we used the yeast transcriptome and computed the overall interaction propensity
(>0.4) of the different aS regions. TDP43 is used as a positive control. aS103 and aS140 are not
predicted to interact.
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RESULTS

Internal and external regions of amyloids have different biophysical properties

The recently published cryo-EM structure of tau fibrils, grown in the presence of total RNA,
shows RNA trapped in a pocket on the surface of the fibril®. The critical interactions have been
shown to be cation-n interactions between an arginine residue and the RNA bases, as well as
hydrophobic interactions. Here we decided to assess the overall propensity of aggregates to bind
RNA with the following three parameters: hydrophobicity, RNA-binding propensity and overall

charge.

Using a dataset available from a recent publication® (Supplementary Table 1) we defined the
interior and exterior of amyloid fibrils using the Zyggregator algorithm as described in
Materials and Methods. In essence, the Zyggregator algorithm allows the accurate distinction
between inner and outer portions of an aggregate, which can be exploited to define regions to
analyze. In Fig. 1, we report the computed overall hydrophobicity™ and RNA-binding
propensity® for all amyloids present in the dataset. Electrostatic charge distribution is reported
in Supplementary Fig. 1A,B.

Previous works indicate that amino acids with high aggregation propensities are buried in the
fibril, while those with low aggregation propensity are exposed to the solvent>®. As expected,
our calculations show that the internal part of an amyloid is more hydrophobic than the external
one (Fig. 1A). There is a significant shift for the RNA-binding propensity towards the external
part (Fig. 1B) while the electrostatic charge distribution does not seem to differ substantially
(Supplementary Fig. 1A,B). Given the overall negative charge of the phosphate backbone of
RNA and no significant difference in the aggregate charge distribution, it is likely the
RNA-binding propensity of the aggregates in the absence of any canonical RNA-binding motifs
is not solely electrostatically driven. To better visualize this trend we chose the structure of the
amyloid formed by Podospora anserina protein HET-s (PDB 2RMN) as an example (Fig.
1C,D). The structure was determined using solid-state NMR and included the flexible external
part of the amyloid. Using different color scales, the distribution trends are clearly visible,
especially in the hydrophobic amyloid core (Fig. 1C). The RNA-binding propensity is
considerably higher in the unstructured external portion, while the charge is non differentially
distributed (Fig. 1D, Supplementary Fig. 1A,B). Overall, the analysis of the HET-s amyloid
structure shows excellent agreement with the predicted results from the computational analysis.

Random mutation analysis of alpha synuclein identifies the NAC region as critical for
aggregation propensity

We used the Zyggregator approach to identify the aS amino acid clusters critical for its
aggregation and their associated properties. For this, we computed both the overall score of the
wild type sequence (Fig. 2A) and performed a mutational analysis with 10 000 random single
mutations (Fig. 2C)°'. The two approaches show consistent results. In accordance with the data
shown in the literature®, the N-terminal region of the protein is crucial for protein aggregation,
with a peak coinciding with the NAC region (residues 61-95) and individual peaks
corresponding to the three-repeat region, as shown by Doherty and colleagues* (Fig. 2A).
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Mutations in the NAC region display a stronger impact on aS aggregation. In particular, amino
acids 67-82 appear to be particularly sensitive to change and dramatically affect the propensity
of aS to aggregate, in agreement with previous experimental work®. 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) occur in this region, indicating that the truncated form,
lacking all amino acids in positions 103-140 (aS103), could behave significantly differently
compared to the wild type protein in terms of aggregation propensity as well as the properties of
their aggregated species. This truncated form is in fact found in the brain of patients with
Alzheimer’s disease. Produced by cleavage with asparagine protease, aS103 has a significantly
higher aggregation rate and results in a worse prognosis for the patients®.

Computing the scores of the three parameters for both wild-type aS140 and aS103 shows
exactly this stark difference (Fig. 2B). The removal of the 14 negatively charged residues in the
C-terminal portion results in a net charge increment, as well as higher RNA-binding propensity
(Fig. 2B). The external regions of aS103 and aS140 show a lower degree of hydrophobicity
compared to the average of the dataset (Fig. 2B), likely due to an abundance of charged and
polar residues outside the NAC region.

This observation would suggest that the truncated isoform aS103 has a higher ability of
sequestering RNA molecules. As we will show in the following sections, this effect could
non-trivially shape the dynamic of the aggregation propensity, tuning the concentration of the
RNA in solution.

Modeling the effect of RNA on aS aggregation kinetics

To better characterize and systematically assess the effect of RNA on protein aggregation, we
developed a general dynamic model that describes the aggregation process of monomers in the
presence of RNA. It has been shown that RNA can both induce® or reduce®* protein
aggregation in a context-dependent manner. We postulated that the key difference between the
aS140 and aS103 is the electrostatic contribution of the RNA in the formation of the aggregate
(Fig. 2A). While not specifically binding the monomers, the presence of RNA in solution
during the aggregation process could modulate the protein behavior through weak, transient
electrostatic interactions. It has been shown that weak, long-range interactions between the N-
and C-terminal domains of aS have a key role in its aggregation propensity*®. In the case of
aS140, the presence of RNA in solution slows down the aggregation by buffering the solvent
exposure of the N-terminus and stabilizing the intra- and intermolecular interactions of aS140.
In the case of aS103, however, the protective C-terminus is missing and we propose that the
transient interaction of the N-terminus with the RNA further exposes the NAC region. We
therefore assume that RNA would exert opposite effects on aS140 and on aS103: slow down the
aggregation rate of the former while speeding up the rate of the latter.
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Our model to describe RNA-dependent aggregation of aS140 is reported in (4):
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The model adapted for aS103 is described in (5):

dp p ( r )
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(5)
where:
p is the monomer in solution;

e A4 represents the aggregates;
e rrepresentes RNA in solution;
e rp are the RNA-protein interactions;
® Arare the RNA-aggregate interactions;

The model contains five essential parameters describing the contribution of each force in the
equations, a, vy, B, 0, &:

® (« is the rate of protein aggregate formation;
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e [} represents the rate associated with the addition of a monomer to the already formed
aggregate in presence of RNA;
g is the RNA-aggregate binding rate;
d is the RNA-monomer binding rate;
v is the RNA-RNA binding rate.

In this phenomenological description of the system, we considered that monomeric proteins
interact with each other promoting aggregation. We also assumed that, once the aggregation
starts, it can no longer be stopped. No specific binding between any particular class of RNAs
with proteins or aggregates was taken into account. Since we assume RNA to have an overall,
non-specific electrostatic effect on the system, our system does not take copy numbers
explicitly into account. Indeed, low copy numbers could result in a noise effect that can render
the mean field system described in the equations not suitable for a correct description.

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 first confirmed that neither variant binds to RNA in their monomeric forms
(Supplementary Fig. 2A). We then performed aggregation assays in the presence of a
fluorescent aggregate intercalator. Both aS103 and aS140 were incubated with increasing
concentrations of total RNA, from 0 to 500 ng/uL, for 24 h (Fig. 3; Supplementary Fig. 2B).

As per literature, aS103 aggregates significantly faster than aS140, irrespective of the
concentration of RNA, in agreement with our predictions (see Modeling the effect of RNA on
aS aggregation Kinetics)®. Our data analysis shows that the estimated aggregation rate of
aS103 is approximately 10-fold higher in the absence of RNA and up to 25-fold higher in the
presence of 250 ng/ul. total RNA extract. Importantly, RNA does not seem to affect the
aggregation rate in a linear manner and its effect on the aggregation rate varies as the
concentration of RNA increases. For aS140, the aggregation rate in the presence of RNA
initially decreases by ca. 30 % up to a concentration of 100 ng/pL and then starts increasing by
a maximum of 1.5-fold at 500 ng/uL. The opposite is true for aS103, for which the addition of
up to 250 ng/ul. RNA increases the aggregation rate by approximately 2.5-folds. 500 ng/pL
RNA decreases the rate to reach a level similar to the one defined for 100 ng/uL. Since the
experiments were performed in the presence of a reporter dye, visualization of the aggregates at
the end of the experiments with a fluorescence microscope confirmed the presence of protein
aggregates in all samples and in every tested condition (Supplementary Fig. 2B).

Interpretation of the experimental data through the theoretical model reveals
aggregate-RNA interaction as the key driving force for aggregation

Next we fitted our theoretical model to the experimental aggregation rates to determine the
contribution of protein and RNA components. Five key parameters were fitted: o, B, vy, d and &.
They represent the different contributions of the biochemical effects in action. The model does
indeed manage to recapitulate the trend inversion and shows excellent correlation (>0.95
Pearson’s correlation) with the experimental data (Fig. 4 A,B).

Given the equation system is degenerate, we imposed constraints using in silico predictions and
backed them up with experimental evidence. Zyggregator was used to estimate protein
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aggregation rate o (Zyggregator scores are 0.46 for aS140 and 0.62 for aS103, which is in
agreement with experiments reported in Figure 3; Materials and Methods) and carfRAPID
was employed to estimate the parameter & for monomeric protein-RNA binding rate (we predict
that aS103 and aS140 do not interact with transcripts, which is in agreement with experiments
reported in Supplementary Fig. 2A). Also the prediction of RNA-aggregate binding rate § was
estimated with cafRAPID *** using the external portion of the aggregate as input sequence (the
outer part of the fibril, comprising the N- and C-terminus, has an overall RNA-interaction
propensity of 0.12, while the N-terminus alone has RNA-interaction propensity of 0.22,
Supplementary Figure 4A).

For the RNA-RNA interaction () parameter, we did not observe any RNA-only condensation
in the conditions used for the aggregation assays (Supplementary Fig. 2B) and therefore
postulated the interactions to be constant in the system and not contributing to the sequestration
of available RNA. This is consistent with the observation that RNA-RNA interaction scores
reported are significantly high for phase-separating transcripts such as human NEAT and
ribosomal RNAs (0.30+/-0.05)”, while total yeast RNA is associated with low values
(0.19+/-0.03)%", which suggest that experiments with greater concentrations are needed for RNA
condensation.

Finally, the RNA effect term 3 aims to describe the addition of a monomer to the aggregate in
presence of RNA. This is a phenomenological term that mimics the effect of an increasing
electrostatic effect on the intra- and intermolecular interactions that promote aggregations'®=7-%,

We imposed no costrains on this term.

Overall, thee weight of the parameters (Figure 4 C,D) is in good agreement with our
theoretical estimates. Critically, it shows RNA-aggregate interactions to be the key contributors
in recapitulating the trend observed in the experimental data (Supplementary Fig. 4C,D).

aS aggregated species preferentially sequester RNA in a sequence-dependent manner

The results of the computational analysis clearly indicate that RNA-aggregate interactions are
the key drivers of the trend inversion observed in the kinetic curves. To validate our predictions,
we seeked to validate it experimentally by quantifying the RNA present both in solution and in
the aggregated fraction after aggregation (Fig. 5). The results confirm that both aS140 and
aS103 are able to sequester RNA through aggregation.

There is a notable difference between the amount of RNA left in solution after aggregation of
the two protein constructs. The amount quantified for aS140 remains higher than for aS103 in
all conditions , which is in agreement with the computational predictions. The difference is
especially noticeable at lower RNA concentrations, with less than 5% of RNA remaining
soluble for aS103 at the concentration of 50 ng/uL compared to almost 60% for aS140 (Fig.
5A,B). Irrespective of the initial RNA concentration, there is no large variability in the
percentage of RNA recovered in solution, when incubated with aggregating aS140 and the
value reaches the maximum of 80% with 500 ng/pL initial RNA (see also Supplementary Fig.
5A,B). To verify whether the different distribution of RNA among the soluble and insoluble
fractions is specific to protein aggregation, we repeated the experiments in the same conditions
with bovine serum albumin, a non-aggregating, non-RNA-binding protein, and total RNA alone
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to account for RNA degradation by itself. The quantification of RNA in both conditions showed
comparable values while no protein aggregation was observed (Supplementary Fig. 5C).

To determine whether what we observed is an RNA-specific effect, we repeated the aggregation
of aS103 and aS140 in the presence of total cell DNA extract. Since DNA and RNA degrade at
different rates, we adjusted the normalization to account for it (Supplementary Fig. SD). aS103
still shows the ability to sequester DNA at lower initial DNA concentrations, however higher
concentrations apparently limits the binding ability (Supplementary Fig. 6). aS140 on the other
hand barely sequesters any DNA in the aggregates, with less than 10% quantified from the
insoluble part (Supplementary Fig. 6).

These results suggest that while both aS140 and aS103 have the ability to sequester nucleic
acids upon aggregation, RNA is preferentially incorporated in their aggregated species. The
grade of incorporation is 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 aggregated species not only display different
biophysical features but could also acquire new functional properties distinct from the ones
attributed to the monomers.
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CONCLUSIONS

In a previous study we predicted that amyloids are a class of protein format with strong
propensity to interact with RNA®. Our hypothesis was supported by experimental evidence on
amyloidogenic proteins such as TAR DNA-binding protein 43 and fragile X mental retardation
protein”, whose aggregation in presence of RNA we studied in subsequent works'*®. aS was
also amongst the amyloids identified in our screening and one for which our previous
calculations suggested an RNA-mediated interaction network controlling protein abundance®.
While our calculations revealed a hypothetical functional circuit, which would modulate aS
production and aggregation, we did not compute how RNA interactions would affect

aggregation.

In this work, we reasoned that aggregation requires the hydrophobic residues that form the core
of aS fibrils (i.e., belonging to the NAC region), and leaves the charged amino acids (i.e.,
N-terminal and C-terminal) available for interactions with other molecules such as RNA (Fig.
6). This is corroborated by a number of experiments such as site-directed spin labeling coupled
with EPR, hydrogen/deuterium exchange, and limited proteolysis®’’""”, indicating that the
central part of the protein is engaged in forming the core of the aggregates while the rest is
exposed to the solvent. Importantly, in our calculations we found that removal of the negative
charge of the amino acids 103-140, which are not included in the core of the aggregate upon
misfolding, sharply increases the RNA-binding propensity of the aggregated species. Thus, we
proceed to test the hypothesis of RNA-binding gain-of-function upon aggregation.

Our experimental results confirm the hypothesis of the acquired RNA sequestration ability and
identify it as a way of modulating aS aggregation process by directly affecting the aggregation
rates. Sequestration is protein-sequence dependent: aS103 shows a higher sequestration
propensity compared to wild type aS140, likely due to the increased electrostatic attraction.
RNA also modifies the aggregation rate of both aS variants (Fig. 6). As previously reported, the
key to modulating aS aggregation propensity lies in the long-range intra and intermolecular
interactions between the N-terminal and C-terminal part of the protein, which shield the NAC
region and prevent its misfolding and intermolecular self-assembly*’**, RNA likely enters in
contact with the N-terminal, thus interfering with these interactions. In the case of aS140, the
aggregation rate in the presence of lower RNA concentrations decreases (Fig. 6). This is likely
due to a competition mechanism with the C-terminus, which at these concentrations favors
RNA-protein interactions, lowering the overall aggregation propensity. This also reflects in the
increased amount of RNA sequestered within or on the protein aggregates at lower
concentrations. aS103, however, lacks the C-terminal domain and a priori cannot engage in the
shielding effect of the NAC region. It is likely that, through transient interactions via the
N-terminal domain, RNA acts as a molecular bridge between protein molecules, bringing the
NAC regions into closer contacts. This would increase the aggregation rate at lower
concentrations. However, at higher RNA concentrations the elevated RNA-protein ratio would
act as a partial electrostatic shield and lower the aggregation rate. It is not yet clear how the
RNA sequestration itself contributes to this process. Molecules bound to the surface of the
aggregates could inhibit both the elongation and the secondary nucleation rate of aggregate
growth, even if the primary nucleation phase is sped up. It has been shown that tau fibrils grown
in the presence of RNA exhibit higher structural rigidity and disintegrate upon RNase
addition”. RNA could thus also impede fragmentation and secondary nucleation, however
further studies are necessary to better characterize the process.
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In our experiments RNA concentrations were near-to-physiological. Indeed, a mammalian cell
has a cell volume between 1,000 and 10,000 pm?* (i.e., 10°uL -10° uL ™) and an RNA amount
of 10 - 30 pg (i.e.,, 0.01 - 0.03 ng ™), which indicates that 500 ng/uL of RNA are in the
expected normal range (i.e., 0.01 ng in 10~ pL, which is 1000 ng/uL). In fact, we expect the
local nucleic acid concentration to be higher in the nucleus, suggesting that the effects measured
should be even stronger. Also, aS was shown to localize in the nucleus of the cells™®”’,
associated with nucleic acids'®’®, nucleosomes” and processing bodies*, but no proof of direct
and functional RNA binding effects on aggregation have been so far carried out. While Siegert
and colleagues have shown RNA has little effect and can actually abrogate aS phase
separation’’, the molecular aspects of the effect of RNA on aS aggregation was not
characterized. It should be mentioned that Cohlberg and colleagues have previously shown that
negatively charged molecules such as heparin have a significant effect than RNA of 1000 ng/uL
on aS aggregation*'. Yet, Cohlberg and colleagues used thioflavin T which, by interacting with
RNA®, creates interference in the aggregation assay while we used another dye,
PROTEOSTAT™, that binds to RNA only weakly', thus obtaining significantly different
results.

Most importantly, our experiments revealed that the RNA effect on aS aggregation is
concentration-dependent and does not affect the aggregation rate of aS in a linear manner. An
intriguing aspect is the pathological implication of RNA sequestration in synucleinopathies. Our
results show that the C-terminally truncated aS variants found in disease might have a higher
RNA-binding propensity compared to the wild type protein. 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, which is afflicted early in disease™.

Overall our study shows that aggregation and the misfolding associated with it can lead to
varying biophysical and functional properties of aggregated species. Our theoretical model can
successfully replicate experimental data and reveal the critical contributions to the process of
protein aggregation in the presence of RNA. aS, a non-RNA-binding protein, can acquire the
ability to sequester RNA in a sequence-dependent manner, thus bringing further emphasis on
the fluent structural and functional transitions between different protein states.
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Figures

Figure 1. Distribution score of the amyloid dataset® (available in Supplementary table 1). (A)
Distribution of hydrophobicity score from ** computed using Zyggregator method for internal (black) and
external (red) portions of the amyloids. (B) Distribution of RNA-binding propensity®>®' for the amyloid
dataset. Upon aggregation, the propensity of nucleic acid binding for the external part is higher than for
the internal part. C,D) Structure of the HET-s (218-289) prion protein, determined by solid-state NMR
(PDB 2RNM)®, depicted by different color scales for (C) hydrophobicity and (D) RNA-binding
propensity.

Figure 2. Analysis of aS aggregation propensity and aggregate physicochemical properties. (A). The
analysis of wild type aS140 with Zyggregator shows the region comprising residues 1-100, roughly
corresponding to the N-terminus of the protein (residues 1-95), as the driver of protein aggregation. The
C-terminal region between residues 101 and 140 shows a significant reduction of aggregation propensity.
The red line indicates experimentally determined regions of alpha synuclein fibril* (B) The region
comprising residues 1-105 is the most susceptible to single random mutations in terms of effect on the
aggregation propensity, while mutations in the C-terminal region are not predicted to alter it. (C)
Physicochemical properties of aS140 and aS103 aggregate. The removal of the negatively charged
C-terminal part results in a net positive electrostatic charge for aS103. The overall hydrophobicity is very
similar to the dataset in the amyloid core, however is much lower in external regions.

Figure 3. In vitro aggregation assays of both aS constructs. (A) Experimental data of time resolved
PROTEOSTAT™ fluorescence in the absence and presence of total RNA. Data shown are the fitted curve
to 6 experimental replicates, with reads every 15 min (see Materials and Methods). As per literature®,
aS103 shows significantly faster aggregation kinetics compared to aS140, reaching the fluorescence
plateau already after 4 h of incubation compared to aS140. The presence of RNA decreases the
aggregation lag time of aS103 and increases the one of aS140 (Supplementary figure 3). (B) Calculated
aggregation rates (o) of fitted experimental data plotted against starting RNA concentration. There is a
clear inversion of trend, showing the non-linear effect of RNA on aggregation kinetics.

Figure 4. Theoretical model to predict RNA-aggregate interaction. (A,B) Correlation plots between the
experimental aggregation rates (o) and the theoretical fitted values predicted by our computational model.
There is excellent correlation between both values, showing the model manages to recapitulate the
aggregation process well. The weights calculated from these fits show aggregate-RNA as the critical
parameter for trend inversion, both for aS140 (C) and aS103 (D).

Figure 5. Quantification of nucleic acids from aS aggregation assays indicates different behavior for
aS140 and aS103. Comparing RNA in solution and the fraction extracted from aggregates of (A) aS103
and (B) aS140, we found that RNA is preferentially sequestered by aS103 aggregates.

Figure 6. Proposed mechanism of aS nucleic acid/RNA sequestration. RNA differentially modulates
aS140 and aS103 aggregation rates and this is reflected on the different amount of RNA that the two
proteins can entrap in their aggregates. While N- and C-terms can interact in aS140, in aS103 the N-term
is free to interact with RNA species.
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