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ABSTRACT

Protein misfolding and aggregation into highly ordered fibrillar structures have been traditionally
associated with pathological processes. Nevertheless, nature has taken advantage of the particular
properties of amyloids for functional purposes, like in the protection of organisms against
environmental changing conditions. Over the last decades, these fibrillar structures have inspired
the design of new nanomaterials with intriguing applications in biomedicine and nanotechnology
such as tissue engineering, drug delivery, adhesive materials, biodegradable nanocomposites,
nanowires or biosensors. Prion and prion-like proteins, which are considered a subclass of
amyloids, are becoming ideal candidates for the design of new and tunable nanomaterials. In
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this review, we discuss the particular properties of this kind of proteins, and the current advances

on the design of new materials based on prion sequences.

Introduction

Protein-based nanofibers are emerging nanomaterials
with are finding an increasing number applications
[1,2]. Amyloid proteins have the ability to organize
into highly ordered fibrillar structures, thus emerging
as interesting building blocks to generate new classes of
supramolecular structures. These fibrillar assemblies are
characterized by a cross-p structure in which p-strands
are aligned perpendicularly to the fibril axis and are
stabilized by a dense network of hydrogen bonds [3].
The abundant non-covalent interactions between poly-
peptide chains result in remarkably stable fibrils, with
high elastic moduli, comparable to that of collagen,
keratin and silk. Moreover, amyloid fibrils stand out by
their high aspect ratio, being on the micrometer scale for
length, but on the nanometer scale for diameter [4]. The
self-templating properties of fibrils provide them the
ability to self-propagate upon fragmentation, with the
successive growing of the resulting fragments; a phe-
nomenon known as seeding, which spontaneously gen-
erate new nanostructures, without any energy
requirement [5]. Additionally, they display high resis-
tance to proteolytic digestion, heat or chemical dena-
turation and insolubility in non-ionic detergents.
Although the aggregation of amyloid proteins has been
traditionally associated with pathology [6], in recent years
the presence of functional amyloids implicated in relevant
biological processes have also been evidenced. It is not yet

well completely understood which are the molecular
mechanisms which differentiate toxic amyloids from ben-
eficial functional amyloids. However, because there are
increasing evidences pointing towards small soluble oligo-
meric species as the species responsible of cellular toxicity
[7,8], it is suggested that a specific assembly machinery
prevents from the accumulation of toxic oligomeric inter-
mediates during the buildup of functional amyloids.

The rigidity, strength and the high level of resistance to
degradation make amyloid fibrils ideal structural materials
and, not surprisingly, these functionalities are exploited by
some organisms. Notably, biofilms secreted by some bac-
teria include significant amounts of amyloid fibrils.
Biofilms play a functional role in the defense of microor-
ganisms against chemical and mechanical attacks. For
instance, the biofilm from Escherichia coli contains an
amyloid fibrillar component named curli, derived from
the assembly of the protein CsgA. In this particular case
the assembly process is known to be tightly controlled by
specific cofactors [9]. Likewise, amyloid fibrils have also
been found in biofilms secreted by other bacteria like
Salmonella and Pseudomonas [10,11]. In this last case, the
amyloid fibrils contribute to increase by 20-fold the stiffness
of the biofilm, the amyloid component being the major
contributor to the mechanical robustness of the biofilm.
Moreover, insects like silk-moths also exploit the properties
of amyloids in the eggshells, where they provide mechanical
and chemical protection against environmental hazards,
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while displaying a porous structure that allows gases
exchange [12]. Functional amyloids are not restricted to
lower eukaryotic organisms; for instance, the polymeriza-
tion of the protein pmell7 into fibrils provides a scaffold for
the maturation of melanin in humans [13] and amyloid
formation by the CPEB protein family facilitates memory
consolidation in Aplysia [14], Drosophila [15] and
mouse [16].

The stunning properties of functional amyloids have
inspired the use of this kind of assemblies to build up
new nanomaterials. Their biocompatibility is intended
to complement, or replace, metallic and organic poly-
mers which frequently turn out to be more toxic, or less
eco-friendly. In addition, the twenty amino acid code
provide protein and peptide-based assemblies with a
multifunctionality that cannot be attained by any
other means. Literature reports many examples of amy-
loids applied in biomedicine, being used as vehicles for
drug delivery [17], as cell culture scaffolds able to
sustain cell growth and differentiation [18], and to
produce biomimetic tissues, such as a biomimetic
bone [19] among others. Furthermore, there are other
novel biotechnological applications emerging such as
underwater adhesive materials [20]; biodegradable
nanocomposites with shape memory, tunable fluores-
cence, conductivity or sensing properties [21,22], nano-
wires [23,24], biosensors [25,26] and light-emitting
diodes [27,28].

Prion and prion-like proteins are considered as a
subset of amyloid proteins with the distinctive ability
to self-template and transmit between cells. Originally,
prions were discovered as the pathogenic transmissible
proteinaceous agents [29] responsible for several
mammalian neurodegenerative diseases such as
Bovine spongiform encephalopathy and scrapie, as
well as Creutzfeldt Jakob disease, Kuru and Fatal
familiar insomnia in humans [30]. Nevertheless, as in
the case of amyloids, nature has taken advantage of
the prion self-propagating features for functional pur-
poses. Some of the best characterized functional prions
are the yeast Sup35, Ure2, Swil and Mot3 proteins,
which act as epigenetic elements in the adaptation to
environmental fluctuations [31-35]. Functional prion
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proteins are, however, not restricted to yeast, and they
have been also described to act in bacteria [36,37] or
in plants [38].

In contrast to the extensive effort devoted to the
design of new amyloid-based nanomaterials, examples
of prion-based nanomaterials are still scarce. Here we
review the use of prion proteins as nanostructures and
how their special properties make them unique build-
ing blocks for certain nanotechnological applications.

General properties of prion proteins

Functional prion proteins fulfill the extraordinary
ability to interconvert between a soluble state and
an aggregated f-amyloid state under certain stimulus
or conditions, keeping their globular domains folded
and still functional [39]. This ability usually relies on
a disordered and low-complexity region known as the
Prion Domain (PrD). PrDs are well studied in yeast,
were they are characterized by a biased composition
enriched in Asn, Gln, Tyr, Ser and Gly, which are
essentially polar residues, being depleted in hydro-
phobic amino acids [40] (Figure 1). This is somehow
surprising, because it is well-established that classical
amyloid proteins present at least one region enriched
in hydrophobic residues with a high intrinsic aggre-
gation propensity which has been defined as the
amyloid core [41], and it is the formation of hydro-
phobic contacts between amyloid cores that usually
triggers the amyloid state transition. This kind of
sequences are absent in prion proteins, probably
because their high amyloid potency would shift the
equilibrium soluble and aggregated forms towards the
aggregated state, even in the absence of triggering
environmental signals. Instead, the amyloid nucleat-
ing sequences of PrDs are dominated by N/Q/S/Y/G
residues [42-44] and, thus they are necessarily weaker
than those of pathogenic amyloids. Upon an initial,
relatively weak, intermolecular interaction, it is the
accumulation of numerous weak contacts along the
usually long PrD that is considered critical to sustain
the aggregated state [45-48].

YGNQ

Figure 1. Representation of the natural amino acid frequency in prion sequences. The size of the letter represents the

frequency of each particular amino acid.
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The amyloid core of the yeast prion Sup35 protein
(GNNQQNY) has been deeply characterized, and the
interactions mediating the formation of the amyloid
assembly elucidated by x-ray diffraction crystallography
[49]. The structure revealed which are the relevant
residue contacts in the assembly of the Sup35 cross-p
spine, highlighting the importance of hydrogen bond-
ing, van der Waals interactions and m-m stacking
between intermolecular Tyr residues [50]. Additional
data on the properties of PrDs nucleating sequences
come from the study of human prion-like proteins, as
the case of the fused in sarcoma protein (FUS). FUS is
considered a prion-like protein because of its similarity
in composition to that of classical yeast prions and its
prion-like behavior, although no infective capacity has
been described for its assembly. Two recent studies
reported the atomic interactions of the two [S/G]-Y-
[S/G] tandem repeats from FUS LC domain in the
aggregated state. Both structures highlight the impor-
tant role of Tyr m-m stacking in PrDs aggregation,
supported by the evidence that substitution of Tyr by
Ala completely abolished the assembly [51,52].

Nanomaterials based on prions

Compared to classical amyloids, prion and prion-like
proteins possess exclusive properties, like a generally
slow and tunable aggregation kinetics [1]. This charac-
teristic is considered optimal for the design of materials
where the aggregation rate becomes a relevant factor to
control during the assembly. The aggregation of classi-
cal amyloids is much faster, less controllable, and, in
the case of globular proteins, harsh conditions are
usually required to induce aggregation. Notably, many
functional prion proteins are considered to be dynamic
and reversible amyloids, due to their ability to break
down the previously described weak interactions, in
response to different environmental factors such as
temperature, ionic strength or dilution [53].

The potential advantages of prion assemblages have
been barely capitalized. However, a number of recent stu-
dies already begin to reveal their large potentiality in nano-
technology. The PrD domains of Sup35, Ure2, HET-s and
FUS have been used as building blocks to obtain nanowires
[54], bifunctional nanomaterials for antigenic detection
[55,56], for enzyme immobilization [57,58], as redox bio-
films [59] or in the generation of dynamic hydrogels [60].
Next, we review in more detail the different strategies
exploited to obtain these remarkable functionalities.

Scheibel and collaborators reported the first applica-
tion based on a yeast prion protein [54]. They used the
protein Sup35, a translation terminator factor with the
ability to switch from the soluble state to the aggregated

form in response to certain environmental stresses
[31,32]. Sup35 has two adjacent regions considered as
responsible for its ability to switch between the soluble
and the aggregated states: the N terminal and middle
region (regions NM) [61]. The authors used NM
assembled fibrils as self-templating molecules in the
production of gold nanowires that could be used for
the construction of nanodevices. First, they were able to
produce fibers of different lengths with good insulator
properties by modifying the assembly conditions.
Additionally, by introducing a K184C mutation they
produce gold-containing prion-based nanowires, with
a width ranging 80-200 nm, high conductivity and low
resistance (R = 86 Q) [54]. In this pioneering work, the
versatility of prion-sequence inspired nanomaterials
was already demonstrated, since fibers of different
lengths could be obtained, just by playing with the
aggregation conditions.

In a second application, the same Sup35 PrD was used
in the obtention of bifunctional protein nanowires able
to increase the sensitivity of ELISA immunoassays [55].
Sup35 PrD was fused to two different proteins: protein
G, with the ability to bind specifically to the Fc part of
antibodies, and methyl-parathion hydrolase (MPH), an
enzyme which transforms its initial substrate into a
yellow-colored product. These hybrid fibers, decorated
with both protein G and MPH, were employed, in an
ELISA-like strategy, for the detection of the F1 protein
from Yersinia pestis, which was previously immobilized
in a microplate and incubated with its specific IgG anti-
body. The bifunctional fibrils were used in substitution
of the classical enzyme conjugated secondary antibody.
As a result, a remarkable increase in sensitivity, near
100-fold, was achieved, compared to the traditional
HRP-secondary antibody detection method. An addi-
tional improvement of this strategy was developed by
the same researchers through the fusion of Sup35 PrD
with the biotin acceptor peptide (BAP), which is auto-
biotinylated in the presence of biotin holoenzyme
synthetase (BirA) [56]. This modification allowed
increasing up to 2000 to 4000-fold the sensitivity of the
assay in comparison to conventional ELISA. This
approach takes profit of the aggregation under mild
conditions of Sup35 PrD, without impairing the folding
of the fused globular proteins, and exemplifies the
potentiality of bifunctional hybrid fibers.

Another yeast prion used as nanoscaffold was Ure2p.
This protein is involved in nitrogen metabolism regula-
tion in Saccharomyces cerevisiae [62]. The PrD of
Ure2p, corresponding to the N terminus (residues 1
to 93) [63], has been used to generate stable nanostruc-
tures intended of the immobilization of active retrieva-
ble enzymes: alkaline phosphatase (AP) and horse



radish peroxidase (HRP). The enzymes were completely
functional in the assembled amyloid-like assembly and
their activity before and after the polymerization exhib-
ited indistinguishable kinetic parameters [57]. In a sub-
sequent work, the authors were able to produce
enzymatically active microgels, with a porous architec-
ture, that allowed the diffusion of substrates and pro-
ducts using enzymatic flow-chemistry [58]. In this case,
they pre-selected the final shape of the gel by encapsu-
lating Ure2-AP solutions into small droplets (around
20 pm diameter) by microfluidic techniques; in such a
way that, when the prion domain driven polymeriza-
tion took place into the droplet, the final shape of the
microgel was spherical. Thus, they attained the desired
gel shape while maintaining intact the enzymatic activ-
ity. Again, this was only possible due to both the slow
aggregation kinetics of Ure2 and its ability to polymer-
ize under mild conditions. This strategy can be
extended to control the size and shape of a variety of
functionalized microgels.

Altamura and collaborators generated a protein only
redox assembly, inspired in bacterial biofilms and based
on the use of the HET-s prion protein from Podospora
anserine and rubredoxin (Rd) [59]. Rubredoxins are a
class of low-molecular-weight iron-containing proteins
that perform one-electron transfer processes. They
demonstrated that the artificial biofilm can act as a
bionanowire, with different thick and electrochemical
properties. The Rd-HET-s nanowire can transport elec-
trons allowing on site oxygen reduction.

Fused in sarcoma (FUS) low-complexity (LC)
domain is the only human prion-like protein which
has been used so far to obtain a fibrillar self-assembled
nanomaterial. FUS is an RNA-binding protein with an
important role in RNA transcription, processing and
transport, which contains a 200 residues-long region at
its N terminus, known as low complexity (LC) domain,
responsible for the transition towards hydrogel and
amyloid states [64]. The amino acid composition of
this LC domain resembles that of yeast PrDs. In this
approach, the slow assembly kinetics of the LC domain
and the weak nature of the intermolecular contacts
were exploited to obtain reversible self-assembled
nanoscaffolds [60]. To this aim, the FUS LC domain
was fused to either eGFP, mCherry, mMAPLE3 and
PAtagRFP. Two of the globular proteins, FUS LC-
EGFP and FUS LC-mCherry did not significantly
impact the solubility of the LC domain alone and
slowly assembled into functional fluorescence fibers.
In contrast, the fusions of FUS LC with the hydropho-
bic tags, mMAPLE3 and PAtagRFP, aggregated faster,
yielded significantly fewer fibers and precipitated at
high concentration, stressing again the importance of
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a kinetic control of the assembly. Notably, FUS LC-
eGFP and FUS LC-mCherry proteins assembled in
hydrogels which could be depolymerized by increasing
the temperature. Once more, hybrid hydrogels could be
obtained just by combining different fusion of FUS LC
proteins. The fact that varied functional domains or
moieties can be easily assembled into the same nanos-
tructure opens the door for a wide range of applica-
tions, like space confined multicatalytic reactions.

Extensive work has been devoted to understand the
compositional ~determinants of prion domains
[46,47,65] and the relevant interactions driving their
amyloid formation [50-52]. Nevertheless, the de novo
design of prion-inspired self-assembling peptides for
nanotechnology applications remained essentially
unexplored. To fill this gap we rationally designed
four minimalist polar binary patterned peptides bioin-
spired on prion sequences and exploited them for the
obtention of biomaterials with unique properties [66].
The design combined the five most enriched residues in
PrDs, Asn, Gln, Ser, Gly and Tyr in a binary pattern,
with only seven residues in length, resulting in four
heptapeptides: NYNYNYN, QYQYQYQ, SYSYSYS
and GYGYGYG. The central Tyr residue was intended
to establish the characteristic m-n interactions, where
the rest of residues provided the polar context and the
rest of weak interactions. Thus, this minimal sequences
mimic in different aspects the much larger PrDs used in
the works described above. Effectively, the peptides
showed the ability to slowly self-assemble into highly
ordered amyloid fibrils under physiological conditions,
none of them displaying cellular toxicity. It is worth to
remark here that the high density of Tyr residues in
these peptides allowed us to exploit the Di-Tyr covalent
cross-link, which play an important role in overstabili-
zation of protein scaffolds in nature [67] and also in
pathologies such as Alzheimer [68] or Parkinson [69].
The controlled formation of intermolecular Di-Tyr
cross-links, after the self-assembly reaction, resulted in
fibrillar structures that were exceptionally stable in
front of chemical denaturation. We also took advantage
of the bioreductive properties of Tyr residues to induce
the decoration of the fibrillar material with silver nano-
particles, resulting in bio-metallic nanowires with
potential applications in electronics.

One potential application of a Tyr containing fibril is to
act as a redox-active scaffold for developing an enzyme
mimetic catalyst [70]. Monomeric tyrosyl radicals are easily
quenched in aqueous solution. However, the chemical
environment in prion-inspired amyloid assemblies might
endorse their Tyr radicals with reduction potentials high
enough to catalyze chemical reactions. We assessed the
electrocatalytic  ability of our four self-assembled
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Figure 2. Schematic representation of the catalytic ability of synthetic prion-inspired peptides. A) Self-assembled peptides
are centrifuged to recover just the fibrillar material after incubation. B) Copper (Il) (in green) and distilled pyrrole vapor (yellow
hexagons tagged as Py) are added to the fibrils and incubated for 24 hours. During this incubation, copper (ll) is reduced to copper
() subtracting electrons to Tyr residues, which at the same time receive electrons from Py. This reaction generates Py* radicals,
triggering Py deprotonation and C) inducing its polymerization into polypyrrole (PPy, grey hexagon). PPy becomes a grey insoluble

precipitate which deposits specifically over the fibrils.

nanostructures by exposing them to copper (II) as an
oxidizing agent, in the presence of distilled pyrrole vapor.
The fibrils catalyzed efficiently the polymerization of indi-
vidual pyrrol moieties into a macromolecular polypyrrole
(PPy) material (Figure 2) [66]. Importantly, not all the
peptides exhibited the same electrocatalytic activity, which
indicated that this property was sequence dependent and,
accordingly, that it can be potentially tuned to develop
synthetic prion-inspired nanodevices with different cataly-
tic properties.

Why prion-based instead of other protein-
based nanomaterials?

In this review we illustrated with a number of examples
why the use of either natural or artificially designed
prion-sequences for the obtention of new nanomater-
ials is becoming increasingly attractive. In the first
place, prion proteins are essentially polar and soluble
in many instances, but at the same time, they have the
ability to convert into to the fibrillar state under spe-
cific conditions. In second place, the aggregated state is
reversible under certain conditions, offering the possi-
bility to design tunable materials that can be polymer-
ized or depolymerized on demand. This feature can be
exploited, for instance, in the obtention of nanomater-
ials which functionality can be controlled by switching
the temperature, the ionic strength or the pH of the
solution, Nevertheless, if a more stable fibrillar struc-
ture is required, this reversibility can be easily tuned off
introducing post-assembly covalent interactions, either
by including Cys residues in the sequence, which allows
disulfide bridge formation [70] or by artificially

inducing post-translational modifications such as Di-
Tyr cross-links [66]. It is also important to highlight
that, in contrast to the harsh conditions usually
employed to induce the partial unfolding of classical
amyloid proteins, the transition from the soluble to the
fibrillar state in natural, but also in designed prionic
sequences occurs under mild conditions. This property,
together with the modularity of functional prion pro-
tein provides a unique context for the creation of
materials in which these domains are fused to other
proteins with multiple and specific functionalities. Last,
but not least, the slower aggregation kinetics of prion
sequences, when compared with classical amyloids,
allows to sustain the correct fold of globular domains
upon aggregation, to control the formation of nanofi-
brillar structures, ranging from single fibers and fiber
networks to bulky hydrogels, and the possibility to
model their final shape.

An important hallmark of prion domains is their
high content of Tyr residues, that provide their assem-
blies with an intrinsic catalytic activity which can be
modulated by changes in its chemical environment.
This is exactly what happens in the catalytic sites of
many enzymes, which suggests that prion-based assem-
blies might find applications in the development of
novel enzymatic activities.

As a general conclusion, we are convinced that prion
sequence-based biocompatible nanomaterials constitute
worth to explore alternatives to classical amyloid-based
ones. However, before we can translate these nanos-
tructures into tangible technological applications we
have to ensure that they can be fabricated in a large-
scale, while maintaining their amazing properties.
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