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Abstract: The role of the nucleic acids in prion aggregation/disaggregation is becoming more and
more evident. Here, using HET-s prion from fungi Podospora anserina (P. anserina) as a model system,
we studied the role of RNA, particularly of different domains of the ribosomal RNA (rRNA), in
its aggregation process. Our results using Rayleigh light scattering, Thioflavin T (ThT) binding,
transmission electron microscopy (TEM) and cross-seeding assay show that rRNA, in particular
the domain V of the major rRNA from the large subunit of the ribosome, substantially prevents
insoluble amyloid and amorphous aggregation of the HET-s prion in a concentration-dependent
manner. Instead, it facilitates the formation of the soluble oligomeric “seeds”, which are capable
of promoting de novo HET-s aggregation. The sites of interactions of the HET-s prion protein on
domain V rRNA were identified by primer extension analysis followed by UV-crosslinking, which
overlap with the sites previously identified for the protein-folding activity of the ribosome (PFAR).
This study clarifies a missing link between the rRNA-based PFAR and the mode of propagation of the
fungal prions.
Keywords: ribosomal RNA; prion aggregation; P. anserina prion protein HET-s; PFAR

1. Introduction
Prions are infectious proteins that can self-propagate and transmit their fibrillary amyloid
conformation to normal indigenous prion proteins [1]. Prions can cause fatal neurodegenerative
diseases that affect both humans and other animals. These diseases, called in general Transmissible
Spongiform Encephalopathy (TSE), include Bovine Spongiform Encephalopathy (BSE or mad cow
disease), Scrapie in sheep, Creutzfeldt–Jakob disease and Kuru in humans [1,2], etc. These diseases are
caused by aggregation of the prion protein PrP in the amyloid form, which is a product of the PRNP
gene in humans [3–6]. Besides mammalian prions, several prion-forming proteins were identified
in fungi as well. While the biological significance of prion-forming proteins in fungi is somewhat
unclear [7], most yeast prions are functional prions having a fibrillar structure similar to the mammalian
prions [8], although, so far, there is no evidence for cross-nucleation of the mammalian prions with
fungal prions. Thus, fungal prions have provided suitable and safe models for understanding the
folding, aggregation and propagation mechanisms of disease-forming mammalian prions.
HET-s is a prion protein that corresponds to the [Het-s] prion system in the filamentous fungi
Podospora anserina (P. anserina) [9]. It was initially identified as a part of a non-self-recognition
process [10,11] that controls vegetative incompatibility in this fungus [12]. There are two antagonistic
allelic variants of this protein: HET-s and HET-S, which are of the same length (289 amino acids) but
differ in the sequence for 13 amino acids. The HET-s is a two-domain protein with a C-terminal domain
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(residues from 218 to 289) that is known as the prion-forming domain (PFD), and an α-helical globular
N terminal domain (amino acid 1 to 227), also called the HeLo domain. The HeLo domain partially
overlaps with the PFD [13–15]. The PFD of HET-s is composed of a two-fold repetition of 21 amino
acids in an elementary triangular motif and adopts a β-solenoid structure with two layers of β-strands
per monomer. Each of the repeated motifs composes one layer of the β-solenoid structure [16–18].
When a strain of the fungus carrying the HET-s prion encounters a strain that expresses a
non-prion-forming form of the protein HET-S, the heterokaryon formed on cell fusion dies due to
protein incompatibility [11]. Although the mechanism of cell death remains unclear, it is proposed that
the incompatibility arises from the conversion of HET-S protein to β-solenoid rich prion conformation
under influence of HET-s—the prion-forming form of the protein [14]. The structure of the PFD of
HET-s has been solved by solid-state NMR [19]. Moreover, the correlation between structure and
infectivity of HET-s has also been investigated by cryo-EM [20]. Thus, HET-s constitutes a good model
system for studying prion aggregation and disaggregation.
It has been reported that ribosomes from bacterial, archaeal and eukaryotic sources can refold a
large number of denatured proteins to their active state [21]. For all proteins tried so far, ribosome
assisted folding showed a remarkably higher gain of activity compared to that achieved by spontaneous
folding. The protein-folding activity of the ribosome (in short “PFAR”) [22–26] has been assigned
to the large subunit of the ribosome, and more specifically, to the domain V of the main ribosomal
RNA (rRNA; 23S in bacteria/25S in yeast/28S in higher eukaryotes) from the large subunit of the
ribosome. Earlier reports have described PFAR as a specific target for two antiprion compounds
6-aminophenanthridine (6AP) and guanabenz acetate (GA) [27–29]. It has been shown that these
compounds bind to the domain V of 23S/25S rRNA on specific nucleotides and competitively occludes
interaction of the protein-folding substrates with domain V rRNA [28]. Since 6AP and GA reverse
[PSI+] prion phenotype in vivo, it was proposed that PFAR is involved in prion processes [24,27,30].
Recently there are more reports for the involvement of PFAR in prion propagation in yeast [31,32].
The involvement of the nucleic acids in protein aggregation and disaggregation has been
demonstrated with both DNA and RNA [33]. It has been shown using recombinant mammalian prion
protein (rPrP) as a model system that nucleic acid interactions lead to different aggregated species
of rPrP depending on the sequence and the size of the oligonucleotides [34]. Another earlier report
claimed that prion formation in the budding yeast Saccharomyces cerevisiae (S. cerevisiae) was induced
by the expression of rRNA from a plasmid-based rDNA construct [35]. Recent studies from our group
showed that RNA can modulate aggregation of the core domain of the tumor suppressor protein
p53 [36] and the rPrP [37]. Related results from other groups also showed that the Escherichia coli (E.
coli) ribosome can prevent aggregation of partially folded protein intermediates [38]. However, so
far, the role of rRNA in prion protein aggregation has remained elusive. In the present work, we
have studied the role of various RNAs, including rRNA, mRNA and tRNA, in the aggregation of
HET-s using Rayleigh light scattering and Thioflavin T (ThT) binding assays. We find that rRNA,
especially the domain V of 23S/25S/28S rRNA, from various sources prevent the formation of large
fibrillar aggregates of HET-s; this is also visualized with transmission electron microscopy (TEM). In
contrast, “oligomeric seeds“ of HET-s are formed, which facilitate aggregation of fresh HET-s samples,
as demonstrated with cross-seeding assays. Furthermore, using UV-crosslinking followed by primer
extension assay we have identified HET-s interaction sites on the domain V of 23S rRNA and studied
the effect of mutagenesis on the specific nucleotides. Our study demonstrates that rRNA-based PFAR
can play an important role in modulating aggregation and propagation of the prions.
2. Results
2.1. rRNA Inhibits Aggregation of HET-s Prion as Monitored by Rayleigh Light Scattering
HET-s protein purified in urea denatured state was subjected to aggregation by incubation in
50 mM pH 7.5 Tris-HCl buffer overnight (8–12 h) at 37 ◦ C and the extent of aggregation was followed by
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measuring Rayleigh light scattering at 402 nm. While freshly diluted HET-s showed only background
level, a significant increase in light scattering was seen after overnight incubation of HET-s, indicating
large aggregate formation in the HET-s sample. In order to study whether RNA and in particular
rRNA influences HET-s aggregation, overnight incubation of HET-s was conducted in the presence
of different RNA samples at a fixed concentration. These included bulk tRNAs isolated from E. coli
MRE600, in vitro transcribed mRNAs from two unrelated proteins—(i) E. coli dihydrofolate reductase
(DHFR) and (ii) human carbonic anhydrase I (HCA), and different domains of E. coli 23S rRNAs. Since
full-length 23S rRNA produces high background scattering, individual domains of E. coli 23S rRNA
were transcribed and subjected to this assay.
As shown in Figure 1A,B, addition of mRNAs or tRNAs did not show any significant change in
light scattering suggesting that they do not influence HET-s aggregation. In contrast, a moderate to
significant decrease in light scattering was seen with different domains of rRNAs. Domain V of 23S
rRNA showed the highest reduction in light scattering, which suggests that this highly conserved
rRNA domain strongly inhibits HET-s aggregation. Domains IV and II of 23S rRNA were also quite
effective in reducing HET-s aggregation. It is worth mentioning that the domain V of 23S rRNA hosts
peptidyl transferase center as well as the active sites for PFAR and the domains IV and II are closely
associated with it.
Next, in vitro transcribed domain V rRNAs from large ribosomal subunit from various prokaryotic
(E. coli, Bacillus subtilis (B. subtilis)) and eukaryotic (yeast S. cerevisiae, human, human mitochondria)
sources were tested in HET-s aggregation assay. As shown in Figure 1C,D, all domain V rRNAs
showed a comparable level of reduction in light scattering. This result suggests that in addition to
peptidyl transfer and PFAR, prevention of protein aggregation is likely another conserved function
of the domain V of 23S/25S/28S rRNA, irrespective of prokaryotic or eukaryotic origin. Further,
upon titration of domain V rRNA (E. coli) gradual reduction of light scattering was observed in
a concentration-dependent manner (Figure 1E,F). However, unlike PFAR, where a 1:1 molar ratio
of the sample protein and domain V of rRNA is required for the highest extent of protein-folding,
substoichiometric or relatively lesser concentration of domain V rRNA than the protein HET-s was
sufficient for largest reduction of its aggregation. Our results indicate that rRNA especially the domain
V of 23S rRNA can prevent the formation of large aggregates of the HET-s prion.
2.2. ThT Binding Demonstrates That rRNA Prevents Fibrillar Aggregation of HET-s
ThT binding assay is frequently used for the quantitative determination of amyloid fibril formation
as its fluorescence increases specifically by binding to mature β-sheet enriched amyloid fibrils [39,40].
We have probed HET-s aggregation with ThT fluorescence under conditions identical to light scattering
measurements. ThT was added just before fluorescence measurement, which excluded any effect of
ThT on HET-s aggregation process.
As shown in Figure 2, ThT fluorescence increased significantly upon HET-s aggregation. This
observation suggests that most likely HET-s aggregates to fibrillar amyloids, which is in good agreement
with earlier reports [41]. Further, we analyzed the effect of the 23S rRNA domains (Domains II, IV, V of
23S rRNA from E. coli) in the ThT binding assay since these RNAs caused a significant reduction in
light scattering by HET-s aggregates (Figure 2, inset). The bulk tRNAs isolated from E. coli, which did
not have a pronounced effect in the light scattering assay was used as a control. Larger RNAs could
not be used in this assay due to high background fluorescence of ThT with just RNAs. As expected, the
bulk tRNAs did not reduce ThT fluorescence. However, all 23S rRNA domains lead to a decrease in
ThT fluorescence (Figure 2, inset). Again, the highest reduction was seen with domain V of 23S rRNA.
Moreover, the degree of reduction in ThT fluorescence with different 23S rRNA domains (Figure 2,
inset) followed the same trend as seen in the light scattering assay (Figure 1E,F). This result confirms
that rRNAs, especially the domain V of 23S rRNA, prevent amyloid aggregation of the HET-s prion.
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Figure 1. The effect of RNAs in HET-s aggregation as followed by Rayleigh light scattering at 402 nm.
HET-s protein stored in a denatured condition in 8 M urea was diluted in 50 mM Tris-HCl pH 7.5 to a
final concentration of 5 µM and incubated without or with different RNA samples (~1 µM) overnight
at 37 ◦ C for aggregation. Then, light scattering was measured with a HITACHI F-7000 fluorescence
spectrophotometer. While the left panels show emission peak intensities at 402 nm (excitation 400 nm;
average of three to five independent experiments, error bars represent standard deviation), the right
panels show representative spectra using the same color codes as in the corresponding left panels.
Light scattering from HET-s (A,B) without or with different RNA samples, (C,D) with domain V of
rRNA from various sources and (E,F) with different concentrations of domain V rRNA from E. coli.
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Figure 2. The effect of different RNAs on HET-s aggregation monitored by ThT binding. HET-s
aggregation was induced as mentioned in the Materials and Methods section and tested for ThT binding.
The curve shows resulting ThT fluorescence (Emission 483 nm, excitation at 450 nm) with time. The
inset represents the saturating values of ThT fluorescence (at 483 nM) without (gray bar) or with various
RNAs as indicated. The data presented here are average of three independent measurements and the
error bars represent standard deviation.

2.3. HET-s Aggregates Show Different Morphology with or without RNAs as Seen by TEM
We have analyzed the aggregation morphology of HET-s proteins by TEM. As expected, after
overnight aggregation reaction, the free HET-s protein forms typical amyloid fibrils (Figure 3A).
Interestingly, when the aggregation reaction was done in the presence of domain V of 23S rRNA we
have noticed, not only, a change in the fibril morphology, but also, a vast decrease in the amount of
HET-s aggregation (Figure 3B). Our results showed that HET-s alone forms long amyloid fibrils as well
as clustered aggregates from which the long fibrils emerge. In contrast, in the presence of domain V
of 23S rRNA (E. coli), the fibrillar structures disappeared; instead, scattered smaller aggregates with
spherical and branched structures were observed. Interestingly, RNAs could be seen as black dots
among the HET-s aggregates as they bind better to uranyl ions supplied in the reaction as acetate
salt. When other RNAs (e.g., DHFR mRNA, HCA mRNA) were tested with HET-s, various aggregate
morphologies could be seen, which were different from the HET-s alone, but not free from fibrillar
structures (Figure 3C,D). They caused accumulation of several intermediate aggregate structures, but
the reduction of aggregation was not to the same extent as with domain V of 23S rRNA. This result
visibly confirms that domain V rRNA effectively reduces and alters HET-s aggregation morphology.
2.4. Cross-Seeding Assay Demonstrates That Domain V of 23S rRNA Aids in Formation of The HET-s
“Oligomeric Seeds“
To determine how domain V rRNA affects the HET-s fibril formation, aggregation kinetics of
HET-s was followed by Rayleigh light scattering (Em. 402 nm, Ex. 400 nm) for HET-s alone or with
domain V of 23S rRNA (E. coli; Figure 4). HET-s alone started aggregation immediately after dilution
of the denaturant and light scattering increased with time suggesting gradual aggregation of the
protein. When domain V rRNA was added with HET-s, both the rate and the amplitude of light
scattering decreased dramatically (Figure 4), suggesting that significantly smaller amounts of large
HET-s aggregates populated in the presence of the domain V rRNA. This result is in full agreement
with end-point measurements presented in Figure 1A,B. However, to test whether the domain V rRNA
aids in the formation of the oligomeric amyloid “seeds“, as also seen for murine rPrP [37], we designed
a cross-seeding assay. For that, we first set HET-s aggregation reactions without and with domain V of
23S rRNA by incubating overnight at 37 ◦ C. Then, the supernatant was collected after centrifuging
down the large HET-s aggregates. A small volume of the cleared supernatant (10 µL) was added into a
fresh HET-s aggregation reaction (500 µL) and then HET-s aggregation was followed with time using
Rayleigh light scattering as described above. In both cases, we observed a pronounced and faster
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increase in light scattering as would be expected from seeded aggregation reactions (Figure 4). The
addition of supernatant from the HET-s with domain V of 23S rRNA reaction showed the fastest and
highest increase in light scattering suggesting that it contained “seeds” for HET-s aggregation. Thus,
it could be concluded that domain V rRNA blocks the formation of large aggregates of HET-s, but
facilitates the accumulation of small soluble aggregates. These can work as “seeds” to induce large
aggregation in fresh HET-s solution.

Figure 3. TEM images of HET-s without (A) or with (B–D) different RNAs. HET-s protein stored in
urea was diluted to 5 µM and incubated in 50 mM Tris-HCl pH 7.5 at 37 ◦ C for a day without or with
1 µM in vitro transcribed domain V of E. coli 23S rRNA (B), DHFR mRNA (C) and HCA mRNA (D).
Then, TEM images were produced using a Hitachi H-7100 transmission electron microscope (Hitachi,
Tokyo, Japan).

Figure 4. Aggregation kinetics of HET-s with “seeds” from matured HET-s aggregation reactions,
conducted with or without domain V of 23S rRNA The aggregation kinetics is followed by Rayleigh
light scattering at 402 nm (excitation 400 nm), without (blue trace) or with domain V of 23S rRNA
(1 µM; pink trace) and with “seeds” from previous HET-s aggregation reactions, conducted without
or with domain V of 23S rRNA. See Materials and methods for details. The traces in the figure are
representative out of three independent replicates.
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2.5. The Interaction Map of HET-s on Domain V rRNA
Domain V of 23S rRNA was found to be an effective suppressor of fibrillary aggregation of HET-s.
Here, we have mapped the interaction sites of HET-s with domain V rRNA using UV cross-linking
followed by primer extension (by reverse transcription) assay. As shown in Figure 5, UV cross-linking
of HET-s immediately after dilution of the denaturant produced reverse transcription “road-blocks”
on almost the same nucleotides on domain V rRNA as other control protein substrates, namely
HCA, DHFR and bovine carbonic anhydrase (BCA).. The main interaction sites were U2474–A2476,
U2492–G2494, G2553–C2556, A2560–A2564 and U2585–G2588. Interestingly, the same sites were
reported earlier for PFAR [28]. Thus, this observation suggests that PFAR might be involved in the
prevention of HET-s aggregation. To test that we used a mutant variant of domain V rRNA and tested
in HET-s aggregation assay.

Figure 5. Primer extension or “road-block” analysis of domain V of 23S rRNA after UV cross-linking of
HET-s and other protein while refolding. HET-s and three other protein controls were subjected to
UV cross-linking with domain V of 23S rRNA E. coli immediately after dilution from the denaturant
as mentioned in the Materials and Methods. Then, primer extension was performed using reverse
transcriptase and the products were run on a sequencing gel—without any protein (Lane 1), with
HCA (Lane 2), DHFR (Lane 3), BCA (Lane 4) and HET-s (Lane 5). The first four lanes in the left show
sequencing ladders as indicated on top. The road-block sites are labeled with nucleotide numbers
corresponding to E. coli 23S rRNA. Part of this gel was originally published in the Journal of Biological
Chemistry [28]. © the American Society for Biochemistry and Molecular Biology.

2.6. Effect of Mutations in Domain V rRNA in HET-s Aggregation
HET-s protein produced a strong block in the residues UAG2586-88 (E. coli numbering) on domain
V rRNA. These residues are highly conserved and mutation in these bases showed defects in PFAR. We
tested the effect of UAG2586-88CCA mutant domain V rRNA on HET-s aggregation by light scattering
and ThT binding assays. In both assays, UAG2586-88CCA domain V rRNA showed less efficiency in
reducing HET-s aggregation compared to the wild-type domain V rRNA (Figure 6B,C), suggesting
that interaction with these bases of domain V rRNA might have an impact on reduction of HET-s
aggregation. However, it should be mentioned that PFAR was completely lost with this mutant domain
V rRNA, while in case of HET-s aggregation it only caused partial reduction. Further, we tested this
mutant domain V rRNA in UV cross-linking followed by primer extension assay. No binding was seen
on the altered bases while other interaction sites remained unchanged (Figure 6A). This result suggests
that HET-s interacts with domain V rRNA in a sequence-dependent manner. However, whether this
interaction is directly causative for the reduction of HET-s aggregation or not remains to be answered.
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Figure 6. The effect of UAG2586–88CCA mutation in domain V rRNA on HET-s aggregation and
interaction map. (A) The primer extension map of sections of domain V of 23S rRNA (E. coli) without
any protein (Lane 1) or with HET-s UV cross-linked to wild-type (Lane 2), or mutant domain V rRNA
with mutations UU2561–62AA (Lane 3) and UAG2586-88CCA (Lane 4). Only the road-block site
U2585-G2588 is shown in the box; (B,C) HET-s aggregation with UAG2586-88CCA mutant variant of
domain V rRNA checked by light scattering (B) and ThT binding (C) using the setting described in
materials and methods. Figures are representative of three independent triplicates.

3. Discussion
How newly synthesized polypeptide chains are folded in the living cells is one of the major
questions in biological science. Several molecular chaperones were shown to be part of the process,
which suggests that the cells have evolved multiple processes to ensure protein folding under various
circumstances. Ribosomes from all three kingdoms of life were shown to have activity in refolding
denatured proteins to their active state [21]. This PFAR commonly called PFAR was assigned to
the large subunit of the ribosome, and more precisely to the domain V of the largest rRNA, which
belongs to the large ribosomal subunit and holds the peptidyl transferase center [42]. A recent study
demonstrated that ribosomes can also disaggregate various folding intermediates [38]. However,
whether PFAR and protein disaggregation are related to two sides of the same coin remains elusive.
The interaction of the prion proteins with RNAs, resulting in modulation of their folding and
aggregation pathways is an established fact [37,43,44]. As mentioned in the introduction, earlier results
with the antiprion compounds 6AP and GA indicated a close involvement between PFAR and prion
processes. These compounds were primarily identified by red/white screening in yeast [PSI+] system
and further confirmed in the mammalian prion system [45,46]. The red/white colony screening method
is based on the principle that in [PSI+] cells, most of the Sup35 protein, a subunit (also called eRF3) of
the eukaryotic release factor, is sequestered into protein aggregates and thus unavailable to function
in translation termination. As a result, [PSI+] causes an increased tendency to read through the stop
codons. The ade1-14 allele contains an opal stop codon in the open reading frame of ADE1. When
Sup35p is in its aggregated, prion conformation ([PSI+] cells), ribosomes read through this opal codon,
which allows cells to grow on adenine-deficient medium (SD-Ade) and produce regular white colonies.
However, when Sup35p is in its normal soluble form ([PSI-] cells), translation of the ade1-14 allele
terminates at the opal codon preventing cells from growing on SD-Ade and leading to red colonies due
to the formation of a metabolic byproduct. The treatment of [PSI+] cells with 6AP and GA results in
the formation of red [PSI-] daughter colonies, suggesting that the prion phenotype was reversed. This
would mean that either, in those 6AP/GA-treated cells, Sup35p could not aggregate to the inactive large
amyloid form or alternatively, that prion propagation to daughter cells by means of small aggregates
or “seeds“ formation was blocked. Since 6AP and GA bind specifically to rRNA and the binding
is sensitive to mutations on domain V rRNA [28,46], PFAR was already implied in prion processes
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in vivo. However, the question remained whether PFAR is involved in “seeds” formation and thus in
prion propagation, or alternatively—in large prion fibril formation.
In coherence with earlier reports [31,32], our results with HET-s prion protein as a model system,
shed light on the involvement of the ribosome in the prion propagation processes. We find that rRNA,
especially domain V of 23S/25S/28S rRNA, can prevent spontaneous aggregation of the HET-s prions
into large, amyloid fibrils. Instead, it can facilitate the accumulation of the small oligomeric aggregates,
which like prion “seeds”, can induce de novo fibrillar aggregation of HET-s. Our primer extension
data presented in Figure 5 demonstrate that HET-s interacts with domain V of 23S rRNA using the
nucleotides, which were identified for PFAR in relation to other nonprionogenic proteins [29,30,47].
Moreover, mutation of those nucleotides abolishes or diminishes the interaction (Figure 6A), also
similar to what was seen earlier for other proteins [28]. This leads to the conclusion that HET-s
interaction with rRNA is associated with PFAR. Thus, combining our observations together with earlier
reports we propose that most likely, PFAR prevents misfolding of HET-s proteins and thereby blocks
the formation of large, fibrillar and amorphous aggregates (Figure 2). However, PFAR does not inhibit
HET-s aggregation completely leading to the formation of the oligomeric HET-s “seeds”. Our analyses
are presented in a simple model in Figure 7. Our in vitro biochemical results can be extrapolated to
explain the in vivo results of 6AP and GA action in [PSI+] yeast cells. In full agreement with the results
and analyses presented by Voisset et al., we propose that PFAR is involved in the propagation of the
[PSI+] prions by oligomeric “seeds” formation [32]. 6AP and GA primarily inhibit PFAR by binding to
the domain V of 25S rRNA [28]. As a consequence, “seeds” formation diminishes and hence, prion
propagation stops. Combining evidence from our current results and earlier works, we conclude that
the rRNA-based PFAR governs yeast prion propagation by mediating a subtle balance between fibrillar
(insoluble) and (soluble) oligomeric aggregates. The universality of this mechanism remains to be
tested in other prion systems. However, given the highly conserved sequence, structure and functions
of the domain V of the major rRNA of the large ribosomal subunit from all kingdoms of life, it will
not be surprising if such a universal mechanism exists. This will, undoubtedly, be of fundamental
scientific and therapeutic interest in the field of prion and neurodegenerative diseases.

Figure 7. Schematic illustration of the HET-s aggregation pathway and the role of domain V of 23S
rRNA. Monomeric HET-s spontaneously undergoes a conformational change to form prefibrillar
oligomers, which eventually aggregate to large insoluble amyloid fibrils. However, when it interacts
with domain V of 23S rRNA (or other active rRNA components) PFAR prevents misfolding of HET-s
and thereby blocks the formation of large, fibrillar (and amorphous) aggregates. Instead, an alternative
pathway comes into action and HET-s folds to form soluble “oligomeric seeds” capable of promoting
de novo prion propagation.
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4. Materials and Methods
4.1. Chemicals and Buffers for Experiments
The analytical grade chemicals were purchased from Sigma-Aldrich (Saint Louis, MO, USA) and
Merck (Kenilworth, NJ, USA). Talon Resin (CLONTECH) was purchased from TaKaRa Bio Europe AB
(Göteborg, Sweden). The reagents for in vitro transcription, primer extension assay and extraction
of RNAs were purchased from Macherey-Nagel (Dueren, Germany) and ThermoFisher Scientific
(Uppsala, Sweden).
4.2. HET-s Protein Expression and Purification
The pET21 clone of full-length HET-s with C-terminal histidine-tag was kindly provided by Sven
J. Saupe (University of Bordeaux, Bordeaux, Aquitaine, France). The plasmid was transformed into E.
coli BL21(DE3) pLysS cells. Bacteria were grown to 0.5 OD in 2× YT medium and then induced by the
addition of 1 mM isopropyl-β-d-thiogalactoside. Four hours after induction, the cells were harvested
by centrifugation and either stored at −80 ◦ C or proceeded with purification. Cells were lysed in lysis
buffer (100 mM potassium phosphate buffer, pH 8.0). The lysate was centrifuged for 20 min at 20,000×
g. The pellet was washed in lysis buffer and resuspended in denaturing buffer (8 M guanidinium-HCl
(Gdn-HCl) in lysis buffer). The lysate was incubated with Talon Resin (CLONTECH) for 1 h at 20 ◦ C,
and the resin was washed with washing buffer (8 M urea in lysis buffer). The HET-s protein was eluted
from the resin in the denatured state with elution buffer (200 mM imidazole in washing buffer) and
stored at 4 ◦ C.
4.3. In Vitro Transcription and Extraction of Various RNAs
Plasmids containing DNA sequences for domain V of large rRNA from different species (Human,
Human mitochondria, bacteria B. subtilis, yeast S. cerevisiae) and PCR products containing sequences
of 23S rDNA from E. coli, mRNAs of HCA (783 nucleotides (nt)), DHFR (498 nt) and were used as
DNA templates for transcription. The in vitro transcriptions were done using T7 RNA polymerase
according to [30] and the RNAs were purified from free nucleotides by using RNA purification kit
(Macherey-Nagel). Bulk tRNAs were isolated from E. coli MRE600 by phenol-chloroform treatment [48].
The quality of the RNAs was checked by running into denaturing urea polyacrylamide gel. The length
of the 23S rRNA domains were as domain V (595 nt), domain IV (360 nt) and domain II (725 nt).
4.4. Light Scattering Assay
Rayleigh light scattering is often used to monitor protein aggregation since the intensity of the
scattered light increases with the increase in the size and density of the particles. For studying HET-s
aggregation, 8 M urea denatured HET-s was diluted 50 times in 50 mM Tris-HCl buffer (pH 7.5) to a
final concentration of 5 µM and incubated without or with different RNA samples overnight at 37 ◦ C.
Then, Rayleigh light scattering from the samples was measured at 402 nm (excitation 400 nm, excitation
and emission slit 2.5 nm) with a HITACHI F-7000 steady-state fluorescence spectrophotometer (Tokyo,
Japan) at 25 ◦ C. For kinetics of HET-s aggregation light scattering at 402 nm was followed with time
with the same setup as described above, alone or with various RNAs/“seeds“ from previous HET-s
aggregation reactions. All measurements were performed at least in triplicates and the data represent
the average of three to five independent experiments.
4.5. ThT Binding Assay
The HET-s samples with/without RNAs were treated in the same way as in the light scattering
assay. ThT (obtained from Sigma) solutions were prepared in double-distilled water and filtered
through a 0.22 µm syringe filter. To the overnight incubated HET-s samples ThT was added in
the ThT:HET-s ratio 20:1 incubated 3 min at 25 ◦ C, and then ThT fluorescence (between 465 and
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565 nm, excitation and emission slit width 5 nm) was recorded using a fluorescence spectrophotometer
(HITACHI, F-7000) with excitation at 450 nm. All measurements were done in triplicates and the data
represent the average of all three experiments after background subtraction.
4.6. Primer Extension Assay for Detecting HET-s Binding Sites on Domain V rRNA
30 µM HET-s protein stored in urea was diluted 100 times in refolding buffer containing domain
V variants of 23S rRNA from E. coli (300 nM), and UV cross-linking was performed immediately
in a Bio-Rad GS Gene Linker TM instrument (Hercules, CA, USA), with 254 nm UV irradiation
(600 mJ) [49]. For comparison, three unrelated proteins—BCA, HCA and DHFR, were denatured
with 6 M Gdn-HCl and subjected to UV cross-linking immediately after dilution of the denaturant.
The samples were kept on ice during irradiation to prevent heat damage to the RNA. The irradiated
samples were precipitated by salt/ethanol and washed with 70% ethanol for primer extension. Primer
50 -ACCCCGGATCCGCGCCCACGGCAGATAGG-30 was labeled with [γ-32P] dATP at 37 ◦ C using
T4 polynucleotide kinase for 1 h by the 50 -end-labeling method [50]. The primer extension was done
using the same procedure as described in [28].
4.7. TEM
HET-s protein stored in urea was diluted to 5 µM and incubated in 50 mM Tris-HCl pH 7.5 at
37
for a day without or with 1 µM in vitro transcribed different RNAs. For morphological analysis
of aggregates formed in vitro, samples were diluted 1:4 in 50 mM pH 7.5 Tris-HCl. A solution of each
sample (10 µL) was applied to a carbon-coated copper grid and negatively contrasted with 2.5% uranyl
acetate in 50% ethanol. Samples were studied at 75 kV in a Hitachi H-7100 transmission electron
microscope (Tokyo, Japan), and images were obtained with Gatan 832 Orius SC1000 (Gatan Inc.,
Pleasanton, CA, USA).
◦C

4.8. Cross-Seeding Assay
First, 8 M urea denatured HET-s was diluted 50 times in 50 mM Tris-HCl buffer (pH 7.5) to a
final concentration of 5 µM and incubated without or with domain V of 23S rRNA (1 µM) overnight
at 37 ◦ C to induce aggregation. The overnight samples were centrifuged at 14,000 rpm for 30 min at
room temperature and the supernatant was separated from the aggregated pellet. 10 µL of the cleared
supernatant from each reaction was added as “seeds” to the fresh dilutions of 8 M urea denatured
HET-s (500 µL). The aggregation kinetics was followed by monitoring Rayleigh light scattering at
402 nm (excitation 400 nm, excitation and emission slit 2.5 nm) with a HITACHI F-7000 steady-state
fluorescence spectrophotometer as described under “Light Scattering Assay”, we added as controls, we
also followed the kinetics of HET-s aggregation with and without domain V of 23S rRNA (1 µM). The
fluorescence data are plotted against time to follow the time course of HET-s aggregation with/without
“seeds“. All experiments were done in triplicates.
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Thioflavin T
Nucleotides
Ribosomal RNA

References
1.
2.
3.
4.
5.

6.

7.
8.
9.
10.
11.

12.
13.

14.

15.

Prusiner, S.B. Prions. Proc. Natl. Acad. Sci. USA 1998, 95, 13363–13383. [CrossRef] [PubMed]
Aguzzi, A.; Baumann, F.; Bremer, J. The prion’s elusive reason for being. Annu. Rev. Neurosci. 2008, 31,
439–477. [CrossRef] [PubMed]
Kretzschmar, H.A.; Stowring, L.E.; Westaway, D.; Stubblebine, W.H.; Prusiner, S.B.; Dearmond, S.J. Molecular
cloning of a human prion protein cDNA. DNA 1986, 5, 315–324. [CrossRef] [PubMed]
Liao, Y.C.; Lebo, R.V.; Clawson, G.A.; Smuckler, E.A. Human prion protein cDNA: Molecular cloning,
chromosomal mapping, and biological implications. Science 1986, 233, 364–367. [CrossRef] [PubMed]
Robakis, N.K.; Devine-Gage, E.A.; Jenkins, E.C.; Kascsak, R.J.; Brown, W.T.; Krawczun, M.S.; Silverman, W.P.
Localization of a human gene homologous to the PrP gene on the p arm of chromosome 20 and detection of
PrP-related antigens in normal human brain. Biochem. Biophys. Res. Commun. 1986, 140, 758–765. [CrossRef]
Sparkes, R.S.; Simon, M.; Cohn, V.H.; Fournier, R.E.; Lem, J.; Klisak, I.; Heinzmann, C.; Blatt, C.; Lucero, M.;
Mohandas, T.; et al. Assignment of the human and mouse prion protein genes to homologous chromosomes.
Proc. Natl. Acad. Sci. USA 1986, 83, 7358–7362. [CrossRef]
Tuite, M.F.; Serio, T.R. The prion hypothesis: From biological anomaly to basic regulatory mechanism. Nat.
Rev. Mol. Cell Biol. 2010, 11, 823–833. [CrossRef] [PubMed]
Kushnirov, V.V.; Ter-Avanesyan, M.D. Structure and replication of yeast prions. Cell 1998, 94, 13–16.
[CrossRef]
Saupe, S.J. The [Het-s] prion of Podospora anserina and its role in heterokaryon incompatibility. Semin. Cell
Dev. Biol. 2011, 22, 460–468. [CrossRef]
Wickner, R.B. A new prion controls fungal cell fusion incompatibility. Proc. Natl. Acad. Sci. USA 1997, 94,
10012–10014. [CrossRef]
Coustou, V.; Deleu, C.; Saupe, S.; Begueret, J. The protein product of the het-s heterokaryon incompatibility
gene of the fungus Podospora anserina behaves as a prion analog. Proc. Natl. Acad. Sci. USA 1997, 94,
9773–9778. [CrossRef] [PubMed]
Saupe, S.J. A Short History of Small s A Prion of the Fungus Podospora anserina. Prion 2007, 1, 110–115.
[CrossRef]
Balguerie, A.; Dos Reis, S.; Ritter, C.; Chaignepain, S.; Coulary-Salin, B.; Forge, V.; Bathany, K.; Lascu, I.;
Schmitter, J.M.; Riek, R.; et al. Domain organization and structure-function relationship of the HET-s prion
protein of Podospora anserina. EMBO J. 2003, 22, 2071–2081. [CrossRef] [PubMed]
Greenwald, J.; Buhtz, C.; Ritter, C.; Kwiatkowski, W.; Choe, S.; Maddelein, M.L.; Ness, F.; Cescau, S.;
Soragni, A.; Leitz, D.; et al. The Mechanism of Prion Inhibition by HET-S. Mol. Cell 2010, 38, 889–899.
[CrossRef] [PubMed]
Wasmer, C.; Schutz, A.; Loquet, A.; Buhtz, C.; Greenwald, J.; Riek, R.; Bockmann, A.; Meier, B.H. The
molecular organization of the fungal prion HET-s in its amyloid form. J. Mol. Biol. 2009, 394, 119–127.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 6340

16.
17.

18.

19.
20.
21.

22.
23.
24.
25.
26.
27.

28.

29.
30.

31.

32.

33.
34.

35.
36.

13 of 14

Ritter, C.; Maddelein, M.L.; Siemer, A.B.; Luhrs, T.; Ernst, M.; Meier, B.H.; Saupe, S.J.; Riek, R. Correlation of
structural elements and infectivity of the HET-s prion. Nature 2005, 435, 844–848. [CrossRef] [PubMed]
Sen, A.; Baxa, U.; Simon, M.N.; Wall, J.S.; Sabate, R.; Saupe, S.J.; Steven, A.C. Mass analysis by scanning
transmission electron microscopy and electron diffraction validate predictions of stacked beta-solenoid
model of HET-s prion fibrils. J. Biol. Chem. 2007, 282, 5545–5550. [CrossRef] [PubMed]
Wasmer, C.; Lange, A.; Van Melckebeke, H.; Siemer, A.B.; Riek, R.; Meier, B.H. Amyloid fibrils of the HET-s
(218–289) prion form a beta solenoid with a triangular hydrophobic core. Science 2008, 319, 1523–1526.
[CrossRef] [PubMed]
Siemer, A.B.; Ritter, C.; Ernst, M.; Riek, R.; Meier, B.H. High-resolution solid-state NMR spectroscopy of the
prion protein HET-s in its amyloid conformation. Angew. Chem. Int. Ed. 2005, 44, 2441–2444. [CrossRef]
Mizuno, N.; Baxa, U.; Steven, A.C. Structural dependence of HET-s amyloid fibril infectivity assessed by
cryoelectron microscopy. Proc. Natl. Acad. Sci. USA 2011, 108, 3252–3257. [CrossRef]
Das, B.; Chattopadhyay, S.; Bera, A.K.; Dasgupta, C. In vitro protein folding by ribosomes from Escherichia
coli, wheat germ and rat liver: The role of the 50S particle and its 23S rRNA. Eur. J. Biochem. 1996, 235,
613–621. [CrossRef] [PubMed]
Kudlicki, W.; Coffman, A.; Kramer, G.; Hardesty, B. Ribosomes and ribosomal RNA as chaperones for folding
of proteins. Fold. Des. 1997, 2, 101–108. [CrossRef]
Das, D.; Das, A.; Samanta, D.; Ghosh, J.; Dasgupta, S.; Bhattacharya, A.; Basu, A.; Sanyal, S.; Das Gupta, C.
Role of the ribosome in protein folding. Biotechnol. J. 2008, 3, 999–1009. [CrossRef] [PubMed]
Voisset, C.; Saupe, S.J.; Blondel, M. The various facets of the protein-folding activity of the ribosome.
Biotechnol. J. 2011, 6, 668–673. [CrossRef]
Banerjee, D.; Sanyal, S. Protein folding activity of the ribosome (PFAR)—A target for antiprion compounds.
Viruses 2014, 6, 3907–3924. [CrossRef]
Sanyal, S.C.; Pal, S.; Chowdhury, S.; DasGupta, C. 23S rRNA assisted folding of cytoplasmic malate
dehydrogenase is distinctly different from its self-folding. Nucleic Acids Res 2002, 30, 2390–2397. [CrossRef]
Tribouillard-Tanvier, D.; Dos Reis, S.; Gug, F.; Voisset, C.; Beringue, V.; Sabate, R.; Kikovska, E.; Talarek, N.;
Bach, S.; Huang, C.; et al. Protein folding activity of ribosomal RNA is a selective target of two unrelated
antiprion drugs. PLoS ONE 2008, 3, e2174. [CrossRef]
Pang, Y.H.; Kurella, S.; Voisset, C.; Samanta, D.; Banerjee, D.; Schabe, A.; Das Gupta, C.; Galons, H.;
Blondel, M.; Sanyal, S. The antiprion compound 6-aminophenanthridine inhibits the protein folding activity
of the ribosome by direct competition. J. Biol. Chem. 2013, 288, 19081–19089. [CrossRef]
Reis, S.D.; Pang, Y.; Vishnu, N.; Voisset, C.; Galons, H.; Blondel, M.; Sanyal, S. Mode of action of the antiprion
drugs 6AP and GA on ribosome assisted protein folding. Biochimie 2011, 93, 1047–1054. [CrossRef]
Nguyen, P.H.; Hammoud, H.; Halliez, S.; Pang, Y.; Evrard, J.; Schmitt, M.; Oumata, N.; Bourguignon, J.J.;
Sanyal, S.; Beringue, V.; et al. Structure-activity relationship study around guanabenz identifies two
derivatives retaining antiprion activity but having lost alpha2-adrenergic receptor agonistic activity. ACS
Chem. Neurosci. 2014, 5, 1075–1082. [CrossRef]
Blondel, M.; Soubigou, F.; Evrard, J.; Nguyen, P.H.; Hasin, N.; Chedin, S.; Gillet, R.; Contesse, M.A.;
Friocourt, G.; Stahl, G.; et al. Protein Folding Activity of the Ribosome is involved in Yeast Prion Propagation.
Sci. Rep. 2016, 6, 32117. [CrossRef]
Voisset, C.; Blondel, M.; Jones, G.W.; Friocourt, G.; Stahl, G.; Chedin, S.; Beringue, V.; Gillet, R. The double
life of the ribosome: When its protein folding activity supports prion propagation. Prion 2017, 11, 89–97.
[CrossRef] [PubMed]
Cordeiro, Y.; Vieira, T.; Kovachev, P.S.; Sanyal, S.; Silva, J.L. Modulation of p53 and prion protein aggregation
by RNA. Biochim. Biophys. Acta Proteins Proteom. 2019, 1867, 933–940. [CrossRef] [PubMed]
Macedo, B.; Millen, T.A.; Braga, C.A.; Gomes, M.P.; Ferreira, P.S.; Kraineva, J.; Winter, R.; Silva, J.L.;
Cordeiro, Y. Nonspecific prion protein-nucleic acid interactions lead to different aggregates and cytotoxic
species. Biochemistry 2012, 51, 5402–5413. [CrossRef] [PubMed]
Dai, H.; Tsay, S.H.; Lund, P.M.; Cox, B.S. Transformation of psi- Saccharomyces cerevisiae to psi+ with DNA
co-purified with 3 micron circles. Curr. Genet. 1986, 11, 79–82. [CrossRef] [PubMed]
Kovachev, P.S.; Banerjee, D.; Rangel, L.P.; Eriksson, J.; Pedrote, M.M.; Martins-Dinis, M.; Edwards, K.;
Cordeiro, Y.; Silva, J.L.; Sanyal, S. Distinct modulatory role of RNA in the aggregation of the tumor suppressor
protein p53 core domain. J. Biol. Chem. 2017, 292, 9345–9357. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 6340

37.

38.

39.
40.
41.

42.
43.
44.
45.

46.

47.

48.
49.

50.

14 of 14

Kovachev, P.S.; Gomes, M.P.B.; Cordeiro, Y.; Ferreira, N.C.; Valadao, L.P.F.; Ascari, L.M.; Rangel, L.P.; Silva, J.L.;
Sanyal, S. RNA modulates aggregation of the recombinant mammalian prion protein by direct interaction.
Sci. Rep. 2019, 9, 12406. [CrossRef] [PubMed]
Pathak, B.K.; Mondal, S.; Ghosh, A.N.; Barat, C. The ribosome can prevent aggregation of partially folded
protein intermediates: Studies using the Escherichia coli ribosome. PLoS ONE 2014, 9, e96425. [CrossRef]
[PubMed]
LeVine, H., 3rd. Quantification of beta-sheet amyloid fibril structures with thioflavin T. Methods Enzymol.
1999, 309, 274–284. [PubMed]
Krebs, M.R.; Bromley, E.H.; Donald, A.M. The binding of thioflavin-T to amyloid fibrils: Localisation and
implications. J. Struct. Biol. 2005, 149, 30–37. [CrossRef] [PubMed]
Dos Reis, S.; Coulary-Salin, B.; Forge, V.; Lascu, I.; Begueret, J.; Saupe, S.J. The HET-s prion protein of the
filamentous fungus Podospora anserina aggregates in vitro into amyloid-like fibrils. J. Biol. Chem. 2002, 277,
5703–5706. [CrossRef] [PubMed]
Hury, J.; Nagaswamy, U.; Larios-Sanz, M.; Fox, G.E. Ribosome origins: The relative age of 23S rRNA Domains.
Orig. Life Evol. Biosphere 2006, 36, 421–429. [CrossRef] [PubMed]
Bera, A.; Biring, S. A quantitative characterization of interaction between prion protein with nucleic acids.
Biochem. Biophys. Rep. 2018, 14, 114–124. [CrossRef] [PubMed]
Gomes, M.P.; Vieira, T.C.; Cordeiro, Y.; Silva, J.L. The role of RNA in mammalian prion protein conversion.
Wiley Interdiscip. Rev. RNA 2012, 3, 415–428. [CrossRef]
Bach, S.; Talarek, N.; Andrieu, T.; Vierfond, J.M.; Mettey, Y.; Galons, H.; Dormont, D.; Meijer, L.; Cullin, C.;
Blondel, M. Isolation of drugs active against mammalian prions using a yeast-based screening assay. Nat.
Biotechnol. 2003, 21, 1075–1081. [CrossRef]
Tribouillard-Tanvier, D.; Beringue, V.; Desban, N.; Gug, F.; Bach, S.; Voisset, C.; Galons, H.; Laude, H.;
Vilette, D.; Blondel, M. Antihypertensive Drug Guanabenz Is Active In Vivo against both Yeast and
Mammalian Prions. PLoS ONE 2008, 3, e1981. [CrossRef]
Oumata, N.; Nguyen, P.H.; Beringue, V.; Soubigou, F.; Pang, Y.; Desban, N.; Massacrier, C.; Morel, Y.;
Paturel, C.; Contesse, M.A.; et al. The toll-like receptor agonist imiquimod is active against prions. PLoS
ONE 2013, 8, e72112. [CrossRef]
Kelmers, A.; Hancher, C.; Phares, E.; Novelli, G. [1] Large-scale fermentation of Escherichia coli and recovery
of transfer ribonucleic acids. Methods Enzymol. 1971, 20, 3–9.
Samanta, D.; Mukhopadhyay, D.; Chowdhury, S.; Ghosh, J.; Pal, S.; Basu, A.; Bhattacharya, A.; Das, A.;
Das, D.; Das Gupta, C. Protein folding by domain v of Escherichia coli 23S rRNA: Specificity of RNA-protein
interactions. J. Bacteriol. 2008, 190, 3344–3352. [CrossRef]
Lewis, M.E.; Sherman, T.G.; Burke, S.; Akil, H.; Davis, L.G.; Arentzen, R.; Watson, S.J. Detection of
proopiomelanocortin mRNA by in situ hybridization with an oligonucleotide probe. Proc. Natl. Acad. Sci.
USA 1986, 83, 5419–5423. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

