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SUMMARY 

Despite amyloid scaffolds have been traditionally related to disease, in the last two 

decades, it has been highlighted their involvement in important biological functions. 

These findings raised the interest in the development of amyloid based nanomaterials 

in multiple areas like biomedicine, nanoelectronics, environmental sciences and 

nanotechnology. The complexity of the production and manipulation of amyloidogenic 

full-length proteins evidenced the need for alternative building-blocks that mimic their 

properties to assemble amyloid-based nanomaterials. The use of natural and artificial 

short peptides has emerged as one of the most appealing solutions, their synthesis and 

purification resulting easier, faster and cheaper compared to complete protein 

sequences. Prion and prion-like proteins present a slow aggregation rate compared to 

classical amyloids and, under certain conditions, the assembly process can be reverted, 

two properties that make them attractive for the development of nanomaterials. 

Despite this potentiality, the de novo design and synthesis of short prion-inspired 

peptides for nanotechnological purposes has been scarcely explored until recent time. 

In this thesis, we collect a series of studies regarding the design and characterization 

of synthetic prion-inspired nanomaterials. We addressed the capacity of designed 

short peptides to polymerize into amyloid assemblies and studied the molecular 

interactions behind their supramolecular organization. Furthermore, we illustrated 

some of their potential applications exploring their biocatalytic properties, their 

coupling with the biotin-streptavidin system and their decoration with divalent 

metallic cations. We also explored how the assembly of this kind of peptides can be 

controlled in a reversible manner by manipulating the environmental pH. Finally, the 

last part of this thesis focused on the study of the cytotoxic properties of the early 

soluble assemblies that populate the fibrillation reaction of functional prion-inspired 

nanostructures. 

Overall, this thesis highlights the potentiality of prion-like peptidic sequences to 

generate bionanomaterials, emphasizing their functional versatility and adaptability 

for multiple nanotechnological applications. It also proposes that biosafety studies 

should be routinely implemented during the development of amyloid-based 

nanomaterials. 
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RESUM EN CATALÀ 

Malgrat l’ensamblatge amiloide ha estat tradicionalment relacionat amb malaltia, en 

les darreres dues dècades, s’ha ressaltat la seva implicació en importants funcions 

biològiques. Aquestes troballes han incrementat l’interès per al desenvolupament de 

nanomaterials inspirats en amiloides en múltiples àrees com la biomedicina, la 

nanoelectrònica, les ciències mediambientals o la nanotecnologia. La complexitat de la 

producció i manipulació de proteïnes amiloides complertes ha manifestat la necessitat 

d’obtenir blocs alternatius que mimetitzin les seves propietats per a l’ensamblatge de 

nanomaterials basats en amiloides. L’ús de pèptids curts naturals o sintètics ha sorgit 

com una de les solucions més atractives, la síntesi dels quals resulta més fàcil, ràpida i 

barata en comparació amb les seqüències complertes. Els prions i les proteïnes prion-

like presenten velocitats d’agregació més lentes en comparació amb els amiloides 

clàssics i, en determinades condicions, el procés pot ser reversible, dues propietats que 

els fan atractius per al desenvolupament de nanomaterials. Tot i aquesta potencialitat, 

el disseny de novo i la síntesi de pèptids curts inspirats en prions per aplicacions 

nanotecnològiques no s’ha explorat fins fa poc temps.  

En aquesta tesi, es recullen una sèrie d’estudis en referència al disseny i caracterització 

de nanomaterials sintètics inspirats en prions. S’ha explorat la capacitat dels pèptids 

curts dissenyats basats en la composició dels prions de polimeritzar en agregats 

amiloides i es van estudiar les interaccions moleculars que permeten la seva 

organització supramolecular. A més, s’han il·lustrat algunes de les potencials 

aplicacions d’aquests ensamblatges, explorant les seves propietats biocatalítiques, el 

seu acoblament amb el sistema biotina-estreptavidina i la seva decoració amb cations 

metàl·lics divalents. També s’ha explorat com els ensamblatges d’aquest tipus de 

pèptids es pot controlar de manera reversible mitjançant la manipulació del pH. 

Finalment, la última part de la tesi es focalitza en l’estudi de les propietats citotòxiques 

dels ensamblatges solubles primerencs que poblen la reacció de fibril·lació de 

nanoestructures inspirades en prions funcionals. 

En general, aquesta tesi destaca la potencialitat de les seqüències prion-like per a 

generar bionanomaterials, emfatitzant en la seva versatilitat i adaptabilitat funcional 

per a múltiples aplicacions biotecnològiques. També proposa que els estudis de 
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bioseguretat haurien de ser implementats rutinàriament durant el desenvolupament 

de nanomaterials basats en amiloides.
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INTRODUCTION 
PROTEINS 

Proteins are the executors of a myriad of cellular functions, acting as indispensable 

structural and biological molecules for life. They are composed of a combination of 20 

natural amino acids with different side chains and physicochemical properties (Figure 

I.1.).  

 

Figure I.1. ∣ 20 natural amino acids. Amino acids are classified depending on the physicochemical features of 

their side chains: Hydrophobic residues are in yellow, negative residues are in pink, aromatic residues in are 

purple, positive residues are in green and polar uncharged residues are in blue. 

The unique combination of these building blocks provides to each polypeptidic chain 

with specific physicochemical features. In most cases, the acquisition of a particular 

three-dimensional structure, known as the native state, is a requirement for the 

execution of a protein biological function. The native state is reached through the 

protein folding process [1,2], in which polypeptidic chains can potentially explore an 

almost infinite number of spatial conformations. Protein aggregation is an aberrant 

process which competes protein folding. It involves the establishment of abnormal 

intermolecular and intramolecular interactions, driving the polypeptidic chain 

towards the acquisition of non-native conformations, that are often accumulated as 

protein deposits. To diminish the formation of non-native contacts, native interactions 

are highly favored during the folding reaction, limiting and reducing significatively the 

number of conformations to be explored in the vast protein folding landscape [1].  
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Although the structure-function paradigm has been assumed to be correct for a long 

time, we know now that there exist a large number of proteins lacking a well-defined 

structure in their native states. Such proteins are known as Intrinsically Disordered 

Proteins (IDPs) [3,4] and will be further presented. 

Protein self-assembly: A common process in nature 

Protein self-assembly is a common phenomenon which has been extensively explored 

by nature with a copious number of protein self-assembled structures performing 

important and irreplaceable functions at all life levels [5,6]. Protein self-assembly 

embraces from multimeric quaternary structures or crystallized assemblies to 

amorphous aggregates [5]. Viral capsids, crystalline bacterial surface layers, collagen 

fibril network, actin fibril network in eukaryotic cells, or fibrin, as well as enzymatic 

protein supramolecular complexes, are classical examples of protein assemblies 

(Figure I.2.).  

 

Figure I.2. ∣ Schematic representation of the multiple supramolecular assemblies of proteins.  

In addition to that, the protein phase separation concept has arisen in the last 10 years, 

as a process related to functional protein self-assembly. Besides, protein self-assembly 

also plays a crucial role in multiple diseases. Some examples are hemoglobin 

polymerization in sickle-cell anemia, protein condensation in cataract formation or the 

most relevant assemblies for this particular thesis, the fibrillar amyloid scaffold [5]. 

Nevertheless, the formation of amyloids has also been related to important biological 
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functions in different organisms, from bacteria to human, changing our present 

perception of this macromolecular structure [7,8]. 

The discovery and understanding of the particular protein-protein interactions (PPIs) 

governing protein self-assembling process, including from non-covalent bonds such as 

Van der Waals interactions, electrostatic interactions, metal-ligand coordination, 

receptor-ligand recognitions, to post-translational modifications (PTMs) mediated by 

covalent bonds, such as disulfide bridges, have been crucial for the engineering of a 

vast diversity of protein-based nanomaterials [6].  

Protein-inspired nanomaterials present particular and advantageous features 

appearing as potential candidates to complement or even replace non-biological 

nanomaterials like metallic or organic polymers. Proteins are biological molecules, 

thus their intrinsic biocompatibility may reduce significantly their toxicity compared 

with other types of polymers, as well they present higher degradation rates and are 

assumed to be eco-friendly materials. In addition, the 20 natural amino acid code 

provides large multifunctionality, which cannot be attained by other means [9]. 

Likewise, the wide range of post-translational modification available for polypeptidic 

chains, the possibility to be fused through protein engineering and the wide range of 

interactions stablished with other biological and non-biological molecules provides 

protein-inspired nanomaterials of great adaptability and malleability in terms of 

function and architecture, something that is not easily attained with the inorganic and 

polymeric materials currently used in the field.  

AMYLOID FIBRILS 

Amyloid fibrils are a particular type of proteinaceous supramolecular assembly which 

was initially discovered in the context of disease. Up to date, more than 40 human 

diseases, such as Alzheimer’s Disease (AD), Parkinson Disease (PD), Huntington 

Disease (HD) or diabetes type II, have been described to present accumulation of 

amyloid deposits, both as intracellular inclusions and/or in the extracellular space. 

Thereby, these diseases are classified as amyloidosis. Despite the clear association 

between amyloid deposits and disease, the proteins linked to these pathologies are not 

sequentially or structurally related [10]. This finding has led to consider that amyloid 

propensity is an inherent property in all polypeptidic chains [11], in which the main 

contributors to the amyloid formation and stability are the backbone to backbone 
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contacts [12]. According to this, in the last 15 years, an increasing number of studies 

have revealed that non-disease related proteins can also self-assemble into amyloid 

structures, some of those scaffolds being associated with important biological 

processes and acting as functional biomaterials. 

Physicochemical properties of the amyloid assembly 

Amyloid fibers are insoluble, highly ordered and densely packed protein self-

assembled structures presenting β-sheet as a major secondary structural element 

(Figure I.3.). Fibers are composed by the arrangement of 2 to 6 protofibrils. Each 

protofibril embeds a succession of polypeptidic chains organized as β-strands 

conforming a cross-β motif constituting the fibril core. The protofibril width is 

comprised between 70 and 120 Å. A particular X-ray diffraction pattern is 

characteristic from this assembly (Figure I.3.A), displaying a distance of 4.7 Å 

corresponding to intermolecular hydrogen bonding space between β-strands with a 

perpendicular orientation to the fibril axis, and a 10 to 11 Å spacing between 

protofibrils parallel to the fibril axis (Figure I.3.B) [13].  

 

Figure I.3. ∣ Schematic representation of the amyloid fibrils organization. A) Typical X-ray diffraction pattern 

obtained from the arrangement of multiple protofibrils. The diffuse reflection at 4.7 Å corresponds parallel 

to the axis separation between β-sheets and 10 Å distance corresponds to the perpendicular spacing between 

protofibrils. B) Schematic representation of the organization of the β-sheets into the fibril core. Distances 

correspond to those ones of the X-ray diffraction pattern shown in A). C, D and E) Schematic representation 

of the protofibrils organization at different scales. E) corresponds to the final amyloid fiber. Reproduced from 

[14] with permission. 

The contacts between protofibrils promote the accommodation of side chains into an 

interdigitated, dry and tight interface similar to a zipper. Therefore, protofibrils 

compactation has been denominated as steric zipper. Despite all amyloid assemblies 

share these features, recent advances in the atomistic resolution of those structures by 

techniques such as solid-state NMR, cryo-electron microscopy or X-ray micro-
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crystallography, have revealed subtle differences both in the cross-β spine and in the 

steric zipper interdigitation [15]. Specifically, X-ray micro-crystallography allowed to 

define up to ten amyloid symmetry classes [16].  

Amyloid fibrils core presents high binding affinity for certain chemical compounds 

such as Thioflavin-T (Th-T) or Congo Red (CR). These two dyes exhibit significant 

changes on their spectral properties upon binding to amyloids. In the case of Th-T, 

fluorescence emission yield at 482 nm increases in the presence of amyloid-like 

structures (Figure I.4.A) [17], whereas CR suffers a spectral red-shift in its absorbance 

maximum, from 490 nm to 510 – 540 nm (Figure I.4.B). Both are considered as 

amyloid-specific dyes and have been later used as specific probes to detect and 

characterize amyloid structures [18].  

 

Figure I.4. ∣ Experimental techniques assessed for the biophysical characterization of amyloid assemblies. 

A) Th-T binding to amyloid fibrils (blue line) versus Th-T in solution (grey line). B) CR binding to amyloid fibrils 

(blue line) versus CR in solution (grey line). C) CD spectra showing a characteristic minimum around 217 nm. 

D) FT-IR absorbance spectra showing a characteristic peak between 1620 – 1630 cm-1 corresponding to 

intermolecular β-sheet. E) TEM image illustrating the fibrillar organization of amyloid assemblies.  

As well, the characteristic β-sheet enrichment during amyloid formation can be 

monitored following the changes on secondary structure using techniques such as far-

UV region circular dichroism (CD), in which β-sheet enriched structures display a 

minimum at 217 nm (Figure I.4.C), as well as by Fourier Transformed Infrared (FT-IR) 

spectroscopy, where a sharp peak in the 1620 – 1630 cm-1 region is detected, reporting 

on intermolecular β-sheet (Figure I.4.D) [19,20]. Morphological characterization has 
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been typically assessed by means of electron microscopy (EM) or atomic-force 

microscopy (AFM), highlighting the existence of multiple and distinct fibril 

morphologies. In spite of these appearance differences, all of them display a common 

length on the micrometer range and a thickness of few nanometers (Figure I.4.E). 

Finally, the β-amyloid core can be identified by limited proteolysis, using proteinase K, 

since the high and dense-packed structure of this fibril region protects the sequence 

from protease cleavage [20]. 

Determinants of protein amyloid aggregation 

Protein amyloid aggregation propensity is mainly encoded in the primary structure. 

Inherent physicochemical properties of the polypeptidic chain including 

hydrophobicity, conformational tendency to adopt β-sheet secondary structure or 

polypeptide total net charge are contributors to the global aggregation propensity of 

any given polypeptide, with hydrophobicity usually contributing the most. Point 

mutation experiments in which apolar residues were exchanged by polar ones, 

demonstrated the relevance of hydrophobicity in leading this process since increases 

in the polar character reduced significantly the aggregation propensity of these 

sequences [21]. Additionally, polypeptide net charge plays an important role since it 

promotes electrostatic repulsion impeding the establishment of non-native 

intermolecular contacts, and consequently, reducing the aggregation propensity.  

Moreover, the influence of external factors such as pH, ionic strength, temperature or 

protein concentration has been defined as well to have a huge impact on this process 

[22]. For instance, the environmental pH is crucial since it regulates the protonation 

state of charged residues. When pH is close to polypeptide isoelectric point (pI), total 

net charge equals to 0, reducing electrostatic repulsion and favoring non-native PPIs. 

Ionic strength acts also as aggregation modulator; ions can block charges favoring the 

aggregation process and shaping the fibers final morphology. Finally, the protein 

aggregation rate is also affected by temperature, being the process accelerated with the 

increase of the temperature [23].  

It is now clear that all the primary structure does not exhibit equal amyloid propensity. 

The already experimentally validated amyloid-stretch hypothesis proposed that there 

exist certain amino acid short stretches which facilitate and drive protein amyloid self-

assembling [24,25]. These segments, known as aggregation-prone regions (APR) or hot 
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spots (HS), are composed by 5 to 15 residues enriched in hydrophobic aliphatic 

residues (Ile, Leu and Val) and also aromatic residues (Phe, Tyr and Trp) [26–28], and 

are poor in charged amino acids (Arg, Lys, Asp and Glu) and in Pro and Gly [28,29] 

(Figure I.5.).  

 

Figure I.5. ∣ Relative amino acid frequencies for different localization in the polypeptidic chain for the 

human proteome. A relative frequency of 1 means equal representation for the corresponding residue in the 

hole human proteome. Black bars correspond to APRs; grey bars correspond to flanking APRs regions or 

gatekeepers; white bars correspond to regions not included in previous ones. Adapted from [28].  

APRs are usually buried in the hydrophobic core of the native structure of globular 

proteins, participating in the establishment of essential hydrophobic contacts involved 

in the stabilization of this conformation. As well, these stretches are found in 

interaction surfaces, being strategically located to promote functional PPIs. Mutations 

in APRs or the destabilization of the native structure could drive to the arrangement of 

non-native contacts triggering the aggregation process [30,31]. Pro and Gly residues 

have been described as β-breaker residues since they possess low β-sheet propensity. 

Moreover, these residues together with charged ones, are strategically located in the 

flanking regions of APRs to counterbalance their high aggregation propensity, acting 

as gatekeepers (Figure I.5.) [27]. 

A particular scenario emerges when dealing with IDPs and amyloid propensity. This 

particular protein subset is characterized by the lack of a well-folded structure in its 

native state, with aggregation propensity encoded uniquely in the primary sequence. 

Despite IDPs present APRs with low frequency [32], multiple studies have directly 

related the presence of these regions to the assembly into amyloid-like scaffolds for 

functional purposes, as well as with disease [4]. The encoding of the amyloid 

propensity in IDPs/IDRs will be further commented. 
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Role of aromatic residues in the amyloid assembly process 

Despite pure hydrophobicity is known to be an important driving force for amyloid 

formation, aromaticity also plays an important role in the reaction [33,34] and many 

APRs comprise aromatic residues, mainly Phe and Tyr, contributing to the interaction 

network that drives and stabilizes the amyloid assembly. Evidence arising from 

different studies have proved that the presence of aromatic residues accelerates the 

assembly rate due to the establishment of π-π stacking interactions, restricting the 

orientation of amyloid fibrils [35,36]. First experimental evidence came out from 

studies performed with a short Aβ42 peptide segment containing only charged 

residues and Phe, demonstrating its capacity to form amyloid-like assemblies [37,38]. 

In addition, Pawar et al. scored the aggregation propensity of the 20 natural amino 

acids, with aromatic residues being ranked in the top 5 [39]. In addition, it has been 

recently demonstrated that mutation of certain aromatic residues in the APRs of 

functional amyloids abrogates partially or completely the amyloid formation [40]. 

Moreover, evolutionary analysis of those sequences shows that aromatic residues are 

well conserved between species ranging from fishes to mammals [40].  

Amyloid fibers mechanisms of assembly 

Amyloid fibers assembly is a concentration- and time-dependent process, also known 

as amyloidogenesis. Although different mechanisms have been proposed, the most 

accepted one corresponds to the nucleation-dependent polymerization mechanism 

(Figure I.6.A) [41]. This mechanism comprises 3 different phases. The first stage 

corresponds to the nucleation phase, during which monomers associate to form the 

nuclei for the propagation of the aggregation. This stage constitutes a 

thermodynamically unfavored process and is characterized by a lag phase with a slow 

increase of the aggregates signal. Protein concentration is critical in this step since 

higher concentration increases the probability of monomers to interact [42]. 

Nucleation phase can be shortened by addition of pre-formed nuclei or seeds, in a 

process known as seeding (Figure I.6.B). Once the monomer critical concentration is 

overcome, nucleation becomes favored and the polymerization reaction is triggered, 

leading to the elongation phase. The elongation phase is a favored thermodynamic 

process in which the number of available nuclei is sufficient to allow the rapid 

incorporation of monomers to the edges, building-up protofibrils in an exponential 
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manner which will later assemble into amyloid fibrils. When monomer concentration 

in solution decreases, the elongation phase slows down reaching the stationary phase, 

in which fibers are remodeled to acquire its mature structure. The few remaining 

monomers in solution maintain a continuous exchange equilibrium between the 

assembled and the disassembled states [43], promoting a molecule recycling inside the 

fibers. 

 

Figure I.6. ∣ Schematic representation of amyloidogenesis. A) Schematic representation of the different 

protein structures which populate consecutive steps of the amyloid assembly process. Dashed line indicates 

a slow rate step whereas continuous line indicates a rapid rate step. B) Sigmoidal kinetics (grey line) of the 

amyloid assembly corresponding to nucleation-dependent polymerization mechanism. The 3 phases which 

take place during this process are indicated with dashed black lines. Seeding of the reaction (dashed blue line) 

reduces the lag phase, shortening the time required to reach the stationary phase, accelerating the process 

(light blue line). Numbers indicate the prevalent protein structures in each step of the process, corresponding 

to the structures shown in A. 

Oligomers: the soluble intermediate species of the aggregation process 

For a long time, the deleterious effects detected in amyloidosis have been intimately 

related to the presence of amyloid deposits. The accumulation of aggregates increases 

the rigidity and promote the loss of the regular architecture and functionality of the 

affected tissues, besides the loss of critic cellular functions as a consequence of the 

sequestration of other functional proteins and molecules within those protein deposits. 

However, despite such deleterious effects, further investigation revealed no 

correlation between cytotoxicity and the presence of those big inclusions [44]. This 

evidence led to think amyloid deposits are not the main elicitors of cytotoxicity, 
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postulating them as final protective detoxification products. Different studies 

converged suggesting that the soluble intermediates act as the main cytotoxic effectors 

[45,46]. Although the definition of those species as non-monomeric soluble forms 

which remain in the soluble fraction after long-time high-speed centrifugation is 

accepted by the scientific community, there is still some controversy about the 

terminology that should be used to designate them. On the one hand, Uversky has 

defined these species as soluble oligomers [46]. On the other hand, Fändrich and other 

investigators have been critic with the use of the term “oligomer”. They have proposed 

the correct terminology to refer to these species should be non-fibrillar aggregates or 

soluble aggregates. Nevertheless, the oligomer term has already spread and accepted 

to designate these species [47]. They correspond to a heterogenous population 

presenting a wide variety of sizes, morphologies, conformations and degrees of 

hydrophobic exposure (Figure I.7.). Although they constitute a packed structure, they 

possess a lower organization level and a reduced β-sheet content, compared with 

mature fibrils, being enriched in random coil conformations [47,48]. During the 

interconversion process, important structural and physicochemical rearrangements 

occur. Thus, compactness and β-sheet content increases, whereas hydrophobic 

exposure, flexibility and cytotoxicity are reduced (Figure I.7.) [48]. The oligomers 

structural and morphological diversity has been associated with their differential 

cytotoxic potential [48].  
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Figure I.7. ∣ Schematic representation of the oligomeric structural rearrangements occurring during the 

aggregation process. In the upper part, there are shown parameters increasing during the aggregation 

process, whereas, in the bottom part, decreasing parameters are shown. Oligomers surface corresponds to 

black thin dotted line, whereas hydrophobic surface corresponds to red thicker dotted line. Green segments 

correspond to amyloidogenic regions. Green and black arrows correspond to β-sheet secondary structure. 

Adapted from [48] with permission.  

Non-disease related amyloid proteins also populate soluble oligomeric intermediate 

species, with properties resembling those described for disease-related oligomers 

[10,49]. Nature has evolved different mechanisms to counteract the toxicity of these 

species. These strategies will be further described and discussed.  

Despite the many efforts invested in the issue, it is still unclear the mechanisms 

governing oligomers mediated cytotoxicity. Considering them as a heterogeneous 

population in terms of sequences and structure, it has been proposed a general action 

mechanism in which those intermediate species can interact in an unspecific manner 

and disrupt the integrity of the lipidic bilayers. Toxic oligomeric species have been 

characterized to present certain content of β-sheet structure, whereas random coiled 

enriched oligomers do not seem to insert into membranes [50]. Oligomers promote 

cellular homeostasis unbalance and oxidative stress by the generation of radical 

oxygen species (ROS) and mitochondrial dysfunction [47,48]. All these effects can 

ultimately drive to the activation of apoptotic cell death pathways. Likewise, other 

studies evidenced the capacity of certain isolated oligomers to specifically interact with 

membrane receptors or sequester certain proteins, revealing also specific cytotoxicity-

driving mechanisms [47,51]. These discoveries evidence a highly complex scenario, in 

which both strategies are combined contributing to exacerbate cellular homeostasis 
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unbalance [47]. In spite of all these evidences, it is necessary to continue studying this 

process to clarify which are the determinants of such a complex process and how it is 

modulated, as well as generate simplistic models which facilitate its molecular 

characterization. 

FUNCTIONAL AMYLOIDS 

Amyloid assemblies have been thought to be exclusively associated with disease for a 

long time. In the last 15 years, several studies have been published revealing the 

functionality of certain amyloid assemblies in nature [52] and it is now clear that 

amyloids are naturally suitable for functional purposes in all kind of organisms, from 

bacteria to mammals (Table I.1.).  

Amyloid assemblies are employed as structural elements in bacterial biofilm 

formation. For instance, Escherichia, Salmonella and Pseudomonas bacterial genus 

present curli, an amyloid assembly generated by CsgA protein which interacts with 

polysaccharides to build up a robust and resistant-to-degradation matrix, improving 

bacterial adhesion and host colonization [53,54]. Another structural functional 

amyloid is found in the eggshell of fishes and insects. The silk moth chorion presents a 

lamellar amyloid organization assembled by chorion proteins acting as a physical 

barrier for oocytes and embryos protection from environmental dangers permitting at 

the same time gas exchange and fertilization [55]. In mammals, synthesis of melanin is 

efficiently accelerated by functional amyloid assemblies. In this way, Pmel17 

transmembrane protein is first processed by proteolytic cleavage in a post-Golgi 

compartment and later, accumulated into the acidic environment of melanosomes as 

an amyloid assembly. These scaffolds enhance melanin polymerization and facilitate 

its storage and cell transportation. The acidic pH is a requirement for amyloid 

formation , the fibrils being disassembled when pH goes up to 6.0, preventing the scape 

of toxic intermediates [56,57]. Microcin E492 is a bactericidal peptide which is 

produced by Klebsiella pneumonia. In this case, the activity of the peptide depends on 

their assembled/disassembled state, acting the amyloid assembly both as storage 

matrix and as inactivator scaffold [58]. These structures are also employed in 

mammalian cells for hormone storage. Maji and colleagues described the self-assembly 

process for pituitary hormones in the acidic secretory granules. Once granules are 

secreted, the increase in pH promotes fibers disassembly and the release of monomeric 
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active hormone [59]. Yeast prions Ure2p and Sup35 were the first described functional 

amyloids, whose amyloid states allow the transmission to the progeny of non-

Mendelian inheritance trades [60,61]. In Aplysia californica sea slug, a neuronal specific 

isoform of cytoplasmic polyadenylation element-binding protein (CPEB) behaves 

similar to yeast prions. The amyloid assembly acts as a recruiting scaffold to enhance 

mRNA translation, playing an important role in neuronal plasticity and long-term 

memory maintenance [62,63]. Programmed necrosis in mammalian cells presents an 

amyloid-related regulation mechanism involving RIP1/RIP3 proteins, acting the 

amyloid assembling as recruiting scaffold for the partners involved in the necrosis 

signaling pathway [64]. As the last example, Xvelo protein forms a transient non-

membrane compartment known as Balbiani body. This compartment is present in the 

cytoplasm of all vertebrate oocytes, display amyloid-like signature and is involved in 

the recruitment of mitochondria, endoplasmic reticulum and RNA only in the early 

stages of the oocyte maturation [65]. 

Table I.1. ∣ Proteins forming functional amyloid assemblies. Columns contain protein name, the 

corresponding organism and function of the amyloid assembly. Adapted from [7,8].  

Protein Organism Function 

Virus 

M45 Cytomegalovirus 
RIP1/3 coaggregation, inhibition of 

necroptosis process 

Bacteria 

Curli 
Escherichia coli (CsgA protein) 
Salmonella spp. (AfgA protein) 

Biofilm formation for host invasion 
and adhesion 

Chaplins Streptomyces coelicolor Modulation of water surface tension 

FapC Pseudomonas spp. Stabilization and matric formation 

HpaG 
Xanthomonas and other plant 

pathogens 
Plant pathogen virulence factor 

TasA Bacillus subtilis 
Hydrophobic biofilm formation and 

toxin 

PSMs Staphylococcus aureus Biofilm stabilization and toxin 

Microcin E492 Klebsiella pneumonia Membrane pore formatting peptide 

P1 Streptococcus mutants Adhesion and host interaction 

Mtp Mycobacterium tuberculosis Pili formation, adhesive functions 

BE-AM1 Solibacillus silvestris 
Modulation of bacterial cell-surface 

properties 

MspA 
Archaeal methanogen, Methanosaeta 

thermophila, Methanospirillum 
hungatei 

Cell wall and gases vesicles 

BAPs 
Staphylococcus, Enterococcus, 

Salmonella, Pseduomonas, 
Acinetobacter 

Intercellular adhesion and surface 
attachment 
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Unicellular eukaryotes 

MSP2 Plasmodium falciparum Erythrocyte invasion 

Fungi 

Ure2p Saccharomyces cerevisiae Regulation of nitrogen metabolism 

Sup35p Saccharomyces cerevisiae Translation termination inactivation 

Rnq1p Saccharomyces cerevisiae Enhances prion inducibility 

Swi1p Saccharomyces cerevisiae Regulation of chromatin remodelling 

Mot3 Saccharomyces cerevisiae 
Transcriptional regulator of 
cell wall remodelling genes 

Whi3 Saccharomyces cerevisiae Long-term memory 

Rim4 Saccharomyces cerevisiae Chromosome sequestration in meiosis 

HET-s Podospora anserina Regulation of heterokaryon formation 

Hydrophobins Filamentous fungi 
Coat formation, modulation of 
adhesion and surface tension 

Fungal adhesins 
Candida albicans 

Saccharomyces cerevisiae 
Cell adhesion 

Plants 

REF Hevea brasiliensis Biosynthesis of natural rubber 

Animalia (excluding mammals) 

Chorion protein Fish and insects 
Structure and protection of oocytes 

and embryos 

Spidroin 
Nephila clavipes 

Araneus diadematus 
Structural 

Silk protein 
Crataegus flava 
Mallada signata 

Structural 

CPEB 
Aplysia californica 

Drosophila melanogaster 
Memory storage 

aDrs Pachymedusa dacnicolor Host defense 

Xvelo Xenopus laevis Balbani bodies formation in oocytes 

Mammals 

Pmel17 Homo sapiens Hormone storage and release 

RIP/RIP3 Homo sapiens Regulation of necrosis 

CRES and Cst8 
Mus musculus 

Probably other mammals and fish 
Sperm maturation 

Major basic proteins Mammals Protein storage 

Fibrin peptides Mammals Platelet formation activation 

Peptidic hormones Mammals Storage and release 

 

These evidences are clear enough to demonstrate that amyloid fibrils are not only be 

associated with disease, and they might perform important and irreplaceable 

biological functions. This functionality of the amyloid scaffold together with its 

outstanding physicochemical properties has inspired the development of amyloid-

based nanomaterials for nanotechnological purposes [53,66].  
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Control mechanisms of amyloid assembly in function and disease 

An important difference between functional and disease-related amyloid formation 

must be highlighted. In disease, amyloid deposits correspond to the endpoint of a non-

native and misfolding process which is thought to act as a protective scaffold, whether, 

in the case of functional amyloids, the assembly process is intended for the acquisition 

of a functional quaternary structure. Such differences were thought to be reflected in 

the assembly mechanism, but evidences are not strong enough to define a differential 

mechanism for both processes. In fact, it has been demonstrated that oligomeric 

species from functional amyloid-prone proteins also promote cytotoxic effects [56,67]. 

Accordingly, the functional amyloid assembly must be undergoing a natural tight 

control mechanism in cells to avoid and/or minimize cytotoxic effects. Indeed, some 

proofs of regulatory and protective strategies involved in functional amyloid assembly 

have been described (Figure I.8.) [67]. 

 

Figure I.8. ∣ Schematic representation of mechanisms regulating functional amyloid assembly. Numbers 

indicate the different described mechanisms of regulation of the self-assembling process for functional 

amyloids. Adapted from [67] with permission. 

First, a fine regulation of protein levels has been demonstrated, controlling de novo 

protein synthesis as well as modulating protein degradation rates [68,69]. Further, for 

certain proteins, proteolytic activation is required to trigger amyloid assembly, being 

a key control step [70,71]. As well, functional amyloid formation may reduce the 

formation of toxic oligomeric species maintaining them under a threshold toxic 



INTRODUCTION 

16 

concentration, and additionally, exhibiting an accelerated assembly rate. Particularly, 

Pmel17 involved in melanin production displays a higher assembling rate compared 

with disease associated Aβ1-42 peptide or α-synuclein proteins [57]. Modulation can be 

also performed by the presence of other biological molecules, such as RNA or 

glycosaminoglycans (GAGs), which would activate the self-assembly only when it is 

required [72]. Moreover, the sequestration and isolation of amyloid assemblies in 

organelles with membrane avoids the exposure of intermediate species to the 

cytoplasm, minimizing in this way the possible cytotoxic effects [56,57,59]. Several of 

these proteins possess particular biophysical properties which makes them sensitive 

to environmental changes and promote a rapid disassemble [59]. Other mechanisms 

require the assistance of molecules such as chaperones [73]. The lessons learnt on 

these control mechanisms can help in the design of highly efficient assembly protocols 

for amyloid inspired nanomaterials. 

INTRINSICALLY DISORDERED PROTEINS (IDPS) 

The sequence-structure-function paradigm has been assumed for years, postulating 

each function requires of a proper folded three-dimensional protein structure. 

Nevertheless, a large number of proteins, known as Intrinsically Disordered Proteins 

(IDPs), do not fit into this paradigm, since they perform as partial or complete 

disordered structures in physiological conditions. Studies of IDPs during the last 20 

years changed this perception. The particular native conformation of IDPs corresponds 

to an unfolded state which is stable in the overcrowded cellular scenario [3,74]. The 

disorder concept attains also to proteins presenting partial disordered regions, known 

as Intrinsically Disordered Regions (IDRs). Thus, IDPs/IDRs cover a wide range of 

states, from entire disordered proteins to partially unstructured being the equilibrium 

displaced to one side or the other depending on the cellular requirements, 

environmental conditions and/or stimuli [75].  

Initial analysis of IDPs/IDRs revealed these proteins present distinctive properties 

such as low mean hydrophobicity, which is a prerequisite for the absence of regular 

structure under physiological conditions [74]. Exhaustive analysis of IDP/IDRs 

composition reported an enrichment in charged and polar residues (Asp, Glu, Met, Lys, 

Arg, Ser, Gln and Pro) which are classified as disorder promoters, and a depletion in 

apolar, aliphatic and aromatic residues (Trp, Tyr, Phe, Ile, Leu, Val, Cys, His, Thr and 
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Asn), corresponding to order-promoting amino acids. Ala and Gly are considered as 

neutral [32]. The particular composition and structure of IDPs/IDRs provide them of 

high dynamism, plasticity and flexibility, which are important features for their 

intended functions as regulatory, signaling and transcription factors [76]. Moreover, 

their sequences embed multiple interaction stretches allowing the specific recognition 

of functional partners such as other proteins or nucleic acid molecules [74]. 

Furthermore, it has been also demonstrated their functions are fine-tuned by subtle 

changes on concentration, adaptability upon binding and by PTMs like 

phosphorylation, acetylation or ubiquitination [4]. 

From prokaryotes to mammals, IDPs are present at all life levels. They represent a 

significative subset since proteins containing at least 30-residues long disordered 

regions represent 15 – 30 % of the total proteome in prokaryotic organisms, whereas, 

in the case of eukaryotic proteomes, these proteins account for a 15 – 45 %. In 

mammals, around 25 % of the total proteome is predicted to be completely disordered. 

These data point towards an evolutionary correlation between the content on 

IDPs/IDRs and the increasing requirement of regulatory functions along evolution 

[4,77]. 

Protein disordered regions have gained attention in the last decade due to the 

identification of IDP/IDRs as important players in human diseases. Mutations in such 

proteins have been associated with Parkinson Disease (α-synuclein), Alzheimer 

Disease (Aβ40 and Aβ42 peptide), amyotrophic lateral sclerosis (ALS), frontotemporal 

dementia (FTD) (TDP43 and FUS proteins) and also in cancer (p53), among others. All 

these disorders are classified as conformational diseases, in which amyloidogenesis 

plays a crucial role. As a general trend, when comparing their composition with 

previously defined APRs, these proteins are depleted in hydrophobic residues, 

suggesting that aggregation propensity in IDPs/IDRs must be encoded in a cryptic 

manner [78]. The implication of IDPs in disease has provided an explanation of why 

these proteins own a fine-tuned expression mechanism. They include dosage-

dependence genes, a reduction in the halftime life and a significant propensity to be 

degraded by the proteolytic machinery [4,76].  



INTRODUCTION 

18 

PRION AND PRION-LIKE PROTEINS 

Prions and prion-like proteins are a particular subset of protein presenting extended 

IDRs, also known as low complexity regions (LCRs) which are important for their 

biological performance. In this section, their particular properties will be presented as 

well as their implication both in biological functions and in disease.  

Properties of prion and prion-like proteins 

The prion concept was postulated by Prof. Stanley B. Prusiner who discovered prion 

protein (PrP) as a causative agent of diverse spongiform neurodegenerative diseases 

in different organisms presenting amyloid deposits [79]. A prion was defined as a 

proteinaceous infectious agent with the extraordinary capacity to co-exist in at least 

two different states: a non-folded soluble state and a self-perpetuating amyloid state. 

Thus, these disorders were named as prion diseases. The prion amyloid conformation 

can be transmitted between different individuals and even across different species 

[80,81]. Although the initial association between prions and disease, functionality was 

also attributed to prions. The first identified functional prions were Ure2p and Sup35 

proteins from Saccharomyces cerevisiae corresponding to amyloid self-propagating 

agents responsible for the transmission of non-Mendelian inheritance trades, bringing 

evolutive advantages to yeast under particular environmental conditions [60,61,73]. 

Extensive analysis of yeast proteome revealed a large number of yeast prions involved 

in different functions, demonstrating that the prion mechanism is widespread and 

highlighting their biological significance [82,83]. 

Analysis of yeast prion proteins sequences defined prion domains (PrDs) as the regions 

enclosing this particular conformational duality, being necessary and sufficient to 

promote the prion behavior. These regions correspond to long, disordered and low 

complexity sequences. Moreover, PrDs present a compositional bias: they are enriched 

in polar and uncharged amino acids (Gln, Asn, Tyr, Ser, and Gly) and depleted in 

hydrophobic residues [73,84]. Further analysis of proteomes evidenced the presence 

of similar regions in proteins from prokaryotes like bacteria, to all type of eukaryotic 

organisms, from yeast to mammals [85]. The so-called prion-like proteins account for 

almost 1 % of the total proteome in humans. As in yeast prions, long and disordered 

regions are present in these proteins, named prion-like domains (PrLD) sharing the 

PrDs compositional bias (Table I.2.). 
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Table I.2. ∣ Identification of the [N/Q/S/G]-Y-[N/Q/S/Y] repeats in human PrLDs. The motif repeats are 

highlighted in yellow and Tyr residues are highlighted in bold red. Identification of the motifs was assessed 

using PROSITE motif finder (https://prosite.expasy.org/scanprosite/) [86]. UniProt code: FUS (P35637); TDP43 

(Q13148); TAF15 (Q92804); EWSR1 (Q01844); hnRNPA1 (P09651); hnRNPB2A1 (P22626).  

 

Protein Funtion Disease PrLD Position PrLD Sequence 

FUS 

DNA/RNA-binding 

protein 

(Transcription, 

splicing, transport, 

repair) 

ALS  

Proto-

oncogene 

1-237 

MASNDYTQQATQSYGAYPTQPGQGYSQQ

SSQPYGQQSYSGYSQSTDTSGYGQSSYSSY

GQSQNTGYGTQSTPQGYGSTGGYGSSQSS

QSSYGQQSSYPGYGQQPAPSSTSGSYGSSS

QSSSYGQPQSGSYSQQPSYGGQQQSYGQQ

QSYNPPQGYGQQNQYNSSSGGGGGGGGG

GNYGQDQSSMSSGGGSGGGYGNQDQSG

GGGSGGYGQQDRGGRGRGGSGGGGGGG

GGGYNRSSG 

TDP43 

RNA-binding protein 

(Biogenesis and 

processing) 

ALS  276-404 

GGNPGGFGNQGGFGNSRGGGAGLGNNQ

GSNMGGGMNFGAFSINPAMMAAAQAAL

QSSWGMMGMLASQQNQSGPSGNNQNQ

GNMQREPNQAFGSGNNSYSGSNSGAAIG

WGSASNAGSGSGFNGGFGSS 

TAF15 

RNA and ssDNA-

binding 

(Transcription) 

Proto-

oncogene 
1-156 

MSDSGSYGQSGGEQQSYSTYGNPGSQGYG

QASQSYSGYGQTTDSSYGQNYSGYSSYGQS

QSGYSQSYGGYENQKQSSYSQQPYNNQGQ

QQNMESSGSQGGRAPSYDQPDYGQQDSY

DQQSGYDQHQGSYDEQSNYDQQHDSYSQ

NQQSYHSQRENY 

EWSR1 
Transcriptional 

repressor 

Proto-

oncogene 
1-274 

MASTDYSTYSQAAAQQGYSAYTAQPTQGY

AQTTQAYGQQSYGTYGQPTDVSYTQAQTT

ATYGQTAYATSYGQPPTGYTTPTAPQAYSQ

PVQGYGTGAYDTTTATVTTTQASYAAQSAY

GTQPAYPAYGQQPAATAPTRPQDGNKPTE

TSQPQSSTGGYNQPSLGYGQSNYSYPQVPG

SYPMQPVTAPPSYPPTSYSSTQPTSYDQSSY

SQQNTYGQPSSYGQQSSYGQQSSYGQQPP

TSYPPQTGSYSQAPSQYSQQSSSYGQQSSFR

QDHPSS 

hnRNPA1 

Prenascent mRNA, 

mRNA packaging 

and transport 

Inclusion 

body 

myopathy 

FTD 

ALS 

192-372 

SQRGRSGSGNFGGGRGGGFGGNDNFGRG

GNFSGRGGFGGSRGGGGYGGSGDGYNGF

GNDGGYGGGGPGYSGGSRGYGSGGQGYG

NQGSGYGGSGSYDSYNNGGGGGFGGGSG

SNFGGGGSYNDFGNYNNQSSNFGPMKGG

NFGGRSSGPYGGGGQYFAKPRNQGGYGGS

SSSSSYGSGRRF 

hnRNPA2B1 

Prenascent mRNA, 

mRNA packaging 

and transport 

Inclusion 

body 

myopathy 

FTD 

206-353 

NFGFGDSRGGGGNFGPGPGSNFRGGSDGY

GSGRGFGDGYNGYGGGPGGGNFGGSPGY

GGGRGGYGGGGPGYGNQGGGYGGGYDN

YGGGNYGSGNYNDFGNYNQQPSNYGPMK

SGNFGGSRNMGGPYGGGNYGPGGSGGSG

GYGGRSRY 

https://prosite.expasy.org/scanprosite/
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As members of IDPs, prion-like proteins perform binding, regulatory and signaling 

functions and are particularly enriched in RNA/DNA-binding proteins. In the last 

decade, those proteins have been shown to be connected with the formation of 

membraneless compartments in the cell. Moreover, mutations in those proteins as well 

as their spontaneous aggregation into amyloid fibers, have been associated with 

disease onset. For instance, TDP43 is related to ALS and FTD, as well as FET proteins 

(which includes FUS, EWSR1 and TAF15 proteins) are associated with cancer, or the 

hnRNPA1 and hnRNPB2A1 proteins related to different multisystemic proteinopathies 

[87]. Despite the association to disease of particular proteins, the extended 

phylogenetic distribution of these domains and the importance of their attributed 

functions suggests they may be part of an evolutionarily conserved regulatory 

mechanism involved in normal physiological functions [83].  

Differences between prion-like domains and classical amyloid stretches 

The particular features of prion-like proteins rise a challenging issue regarding their 

equilibrium between flexible and soluble and ordered and aggregated states. As 

previously described, the classical amyloid stretch hypothesis postulates that the 

formation of amyloid assemblies relies on short hydrophobic stretches, which is in 

contradiction with the PrLD nature. Moreover, PrDs and PrLDs have been defined to 

be much larger than APRs, with a minimum length of 60 residues [82,88]. So then, in 

these proteins, the establishment of a large number of weak interactions along all the 

sequence has been defined to guide amyloid formation, suggesting these regions 

encode amyloid propensity in a cryptic manner [84,89]. In a first attempt to understand 

the prion behavior determinants, randomization of the primary amino acid sequence 

of natural PrDs was performed displaying similar prion propensity than wild-type 

sequence, suggesting composition rather than primary structure encloses the prion 

behavior [90]. On the contrary, and similarly to the amyloid stretch hypothesis, other 

studies suggested the existence of stretches on PrDs and PrLDs holding higher amyloid 

propensity, becoming sufficient to promote the assembly [88]. The structural 

resolution of the 7-residue segment GNNQQNY peptide belonging to Sup35 PrD by 

Nelson et al. revealed the formation of a steric zipper by this short peptide but, in this 

case, guided by hydrogen bonding interactions involving Gln and Asn residues. As well, 

it has been pointed out the importance of the establishment of π-π contacts mediated 

by Tyr residues, acting as the glue between interdigitated pairs of protofibrils [91]. 
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Nevertheless, the contribution of the surrounding residues in the cross-β spine 

formation seems to have a clue role in the dynamism of these assembled structures. 

Further research on these regions reinforced previous results, defining these short 

sequences embedded in PrLDs as soft-amyloid cores [92–94]. 

As previously mentioned, many proteins involved in RNA and DNA binding contain 

LCDs, associated with the formation of different type of dynamic and membraneless 

granules in the overcrowded cell environment. In the paper published by Kwon et al., 

it has been demonstrated that the capacity of prion-like proteins to self-assemble into 

amyloid assemblies relies on the presence of [S/G]-Y-[S/G] triplets repeats [95]. Again, 

this research stands out the importance of aromaticity in these sequences, being 

essential for the establishment of π-π contacts. This evidence is confirmed by an assay 

in which Tyr residues were mutated to Ser, which translated in a decrease or, is some 

cases, the total loss of amyloid formation capacity of such segments [96]. A better 

description of this motif was revealed from the analysis of human prion-like proteins, 

using Prosite motif finder as being [N/Q/S/G]-Y-[N/Q/S/G] (Table 1.2.) [86,95,97,98]. 

In recently published studies, short segments of FUS, RBM14, hnRPA1 and TDP43 

containing such repeats were demonstrated to assemble into highly packed cross-β 

spines, those regions are now named as Low-complexity Aromatic-Rich Kinked 

Segments (LARKS) (Figure I.9.) [99,100]. Despite the detection of a proper β-sheet 

signature, these protofibrils present kinks due to the high content on Gly and aromatic 

residues, mainly Tyr, providing significant dynamisms to those assemblies. The kinking 

of the β-sheets allows the establishment of backbone to backbone contacts and, at the 

same time, these scaffolds are stabilized by π-π interactions and hydrogen bonding. 

Such structures display a considerable reduction on the solvation energy compared 

with a classical steric zipper, making these interfaces highly accessible to water 

molecules facilitating the weakening of interactions and driving to disassemble. Hence, 

LARKS contribute to the functionality of prion-like proteins thanks to the enrichment 

in polar residues Ser, Gln, Asn and Gly, which ensures dynamisms and flexibility, and 

Tyr, which participates in the structural stabilization by π-π interactions. LARKS can 

be seen as a “Velcro”, due to the high amount of interaction motifs repeated along the 

PrLD sequence, which can be formed and reverted [99].  
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Figure I.9. ∣ Structural comparison of 

LARKS and classical steric zipper. (A) 

Classical steric zipper from amyloid-β 

peptide segment (PDB: 3Q2X); (B) and (C) 

FUS LARKS structure (B PDBs: 6BWZ and C 

6BXV); (D) hnRNPA1 LARKS structure (PDB: 

6BXX). Left column: current backbone 

position between mated sheets. (B to D) 

Kinks formed by LARKS. Left and middle 

column: atomic structure of paired sheets 

in a perpendicular view to the fibril axis. 

Values correspond to shape 

complementary score (Sc) and buried 

solvent-accessible area (Ab). Right column: 

atomic structure of paired sheets from a 

nearly perpendicular view to the fibril axis. 

Carbon in purple, nitrogen in yellow and 

nitrogen in red. Adapted from [99]. 

 

 

 

Phase separation 

Phase separation is a well-known process in polymers chemistry, but it has been 

associated with biomacromolecules and cellular organization in the last decade. 

Eukaryotic cells present an extremely crowded cytoplasm, where the concentration on 

macromolecular components is around 400 mg/mL, and an infinite number of 

biological functions occur simultaneously. Several studies have proposed phase 

separation as the mechanism allowing the recruitment of the molecular partners 

needed for a specific function or process in a certain locus without the need of physical 

barriers that separate the compartment from the rest of the cytoplasm [101,102].  

Phase separation in biological functions 

Despite organelles delimitate functions spatiotemporally, cells have also appealed to 

membraneless compartments to generate rapidly microenvironments both in the 

nucleus and in the cytoplasm. For instance, nucleoli, Cajal bodies, and stress granules 

are some examples of membraneless compartments involved in diverse important 

biological processes, from ribosome assembly, gene regulation, to signal transduction, 

depending on the localization of specific biological reactions within them. It has been 
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evidenced that membraneless organelles arise through a process of liquid-liquid phase 

separation (LLPS) permitting the rapidly and reversible concentration, co-localization 

and diffusion of the required components through prion-like mechanisms [103–105], 

assembled by either homomeric or heteromeric protein interactions [96,102]. 

The first evidence of phase separation related to a biological process in vivo was 

revealed by Brangwynne et al., who demonstrated P-granules where assembled by 

LLPS [101]. These type of granules present the features of a phase separation process: 

a rounded shape with surface minimum tension, deformability since they can fuse and 

split in few seconds, and dynamic molecular exchange due to a high degree of diffusion 

for their elements because of their liquid nature [104]. 

Identification of proteins involved in phase-transition through proteomic and genetic 

studies has revealed them as IDPs/IDRs proteins. The composition of IDPs/IDRs seems 

to be not randomly distributed along the sequence, as it was initially thought since 

these regions present short linear interaction motifs (SLiMs), which play key roles in 

the modulation of the phase transition phenomena [106]. Protein LLPS driving forces 

arise from the biased composition of such IDPs, including electrostatic, dipole–dipole, 

π-π, cation–π, hydrophobic, and hydrogen bonding interactions [105–107]. It must be 

highlighted again the crucial role of aromaticity in directing phase transition, especially 

for Tyr, which is overrepresented in those sequences [108]. The dynamism of those 

proteins has been recently linked to the formation of the already mentioned kinked β-

sheet by LARKS [99,100], ensuring their reversibility due to the lower solvation energy 

displayed by these stretches [99]. 

Moreover, phase separation modulation does not only rely on the composition of LCRs. 

Protein concentration and intracellular localization have been demonstrated as key 

factors in phase separation [109,110]. Further, the concentration of other molecules, 

such as RNA, have an impact on LLPS [97,111]. Finally, PTMs such as phosphorylation, 

acetylation and sumoylation has been described to be involved in this process [95,105]. 

Phase separation in disease 

Several of the LLPS related proteins have been also associated with the onset of 

neurodegenerative diseases. Liquid-to-solid aberrant phase transition may occur 

driving these granules to a solid-like state by the conversion of initially reversible 

assemblies into irreversible mature amyloid-like aggregates [112]. With aging, cellular 
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homeostatic processes reduce their efficiency, including autophagy, nuclear transport 

and mitochondrial function, becoming less effective to prevent spontaneous protein 

aggregation. Hence, the spontaneous maturation of granules through a liquid-to-solid 

aberrant phase transition could be a consequence of aging and senescence processes 

[112]. Furthermore, mutations in IDP/IDRs have been related to the early onset of 

degenerative human diseases, since those variants promote aberrant phase transition 

in vitro, reducing dynamisms of membraneless organelles by the generation of an 

overstabilized cross β-spine, and also by increasing the aggregation rates (Figure 

I.10.) [109,110,113]. Indeed, the recent structures from short stretches of TDP43 

containing disease-associated mutations revealed the overstabilization of inter-β-

sheet contacts [100]. Despite these data, it is still unclear if this phenomenon occurs as 

well in vivo and further investigation is necessary to corroborate the link between 

liquid-to-solid aberrant phase transition and disease. 

 

Figure I.10. ∣ Protein phase separation features. A) Schematic representation of the different state and 

dynamics in protein phase separation. B) FUS protein as an example of a prion-like protein which can span 

the complete range of states represented in A. Adapted from [105] with permission.  

  



INTRODUCTION 

25 

AMYLOID BASED NANOMATERIALS 

The unique properties of fibrillar amyloid assemblies suggested that they could 

become an excellent natural scaffold for their use in nanotechnology for biological, 

technological and medical applications [66,114–116]. In this section, it will be 

presented the particular properties of these assemblies and also some already 

explored applications.  

General properties of the amyloid assembly 

Amyloid assemblies have been deeply characterized and their features have been well-

described. First, from the thermodynamic point of view, these quaternary structures 

are spontaneously assembled. Albeit initial nucleation step is thermodynamically 

unfavored, the process does not require any extra energy input once this energetic 

barrier is overcome. Moreover, the final assembly corresponds to an energetic 

minimum of the folding/aggregation funnel [2], corresponding to highly stable 

structures. Secondly, amyloid-like structures present a precise hierarchical 

organization in which monomers can be added on the edges through the establishment 

of an enormous network of non-covalent interactions [41]. Thus, amyloid fibrils 

behave as highly resistant scaffolds when facing harsh conditions such as thermal or 

chemical denaturation, proteolytic cleavage or exposure to detergents. Furthermore, 

they possess particular nanomechanical properties, presenting a high elastic modulus, 

stiffness, strength and high resistance level, as well as a high aspect ratio, since their 

width accounts for just a few nanometers, but their length ranges on the micrometer 

scale. It has been experimentally demonstrated the elastic modulus of amyloid 

assemblies is comparable to silk, whether strength is comparable to steel, both in a 

similar GPa range [117,118]. These properties postulate amyloid assemblies as a 

mechanically robust biological material [119]. Mechanical properties depend from the 

length of the polypeptidic chain since larger polypeptides tend to present more 

disorder reducing fibril core packing, consequently diminishing fibers elastic moduli 

[120]. Besides, mechanical properties are also influenced by fibers length since longer 

fibrils are more brittle and present higher propensity to fragmentation. Spontaneous 

fragmentation by thermal fluctuation as well as fragmentation mediated by other 

molecules such as chaperones has been proposed as a mechanism to maintain and 

increase available edges for fibrillar amyloid growing [120–122]. 
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Another particular feature of amyloids is their polymorphism. This phenomenon 

occurs when a given polypeptide adopts two or more structurally distinct amyloid 

conformations. These polymorphs can occur either within different segments of the 

same chain form cross-β-core, known as segmental polymorphism or in the same 

segment, occurring different packing between protofibrils at the mesoscopic level, 

which is known as packing polymorphism [123]. The particular rearrangements affect 

directly the mechanic features and architecture of the resulting assemblies [116,124]. 

Related with polymorphism, arises the concept of plasticity, referred to the capacity of 

the cross-β spine to embed different sequences and modulate interactions, while 

maintaining the amyloid signature [125,126]. Remarkably, polymorphism of amyloid 

fibers is also affected by difference on buffering conditions including pH, salt, presence 

of metallic cations (e.g. Cu2+, Zn2+ or Ni2+) or organic reagents, as well as environmental 

factors such as temperature, agitation and the presence of nanobeads [10,116]. 

The possibility to modify peptides side chains is another important advantage of these 

nanomaterials. The addition of functional groups to specific side chains, in many cases, 

does not affect the polypeptide self-assembling capacity allowing to tailor the scaffold 

properties [127]. The malleability of amyloid forming polypeptides can also be 

modulated by the fusion of amyloid prone sequences with other functional domains in 

a modular way [128–130]. Finally, high order amyloid assemblies can lead to the 

formation of complex supramolecular networks including filaments, gels and biofilms, 

which could be useful for multiple purposes in nanotechnology [127]. 

Applications of amyloid-inspired nanomaterials 

The particular properties of the amyloid assembly have encouraged the development 

of artificial nanomaterials, either inspired in their original natural functions or as novel 

artificial materials, in emerging areas such as energy and electronic nanomaterials, 

biosensors or mimicking nanomatrices (Figure I.11.) [115,116]. In this section, a few 

examples of such applications are compiled to illustrate the potential use of those 

scaffolds.  

A first example of the use of amyloids as a nanomaterial consisted in the fusion between 

CsgA protein amyloid domains from Escherichia coli and foot mussel proteins for the 

generation of water resistant adhesives (Figure I.11.A) [131]. This study inspired the 

generation of an interaction motifs library aimed to modulate the stickiness of such 



INTRODUCTION 

27 

bioadhesives [132]. Different groups have explored the generation of hybrid 

nanomaterials such as graphene/amyloid nanocomposites with shape-memory [133], 

silk and amyloid fibrils mixture with highly malleable mechanical properties [134], 

metal nanowires exploiting the amyloid scaffold morphology [38], or templated 

amyloid/gold hybrid gels [135]. The building-up of scaffolds mimicking extracellular 

matrices to promote cell growth and differentiation is another important application 

of this kind of assemblies. The modular combination of amyloid-prone sequences with 

adhesion motifs confers to these structures a modulable environment, with potential 

applications in regenerative medicine [114,136,137]. A further biomedical application 

is related to immune response enhancing nanomaterials. Collier and co-workers first 

designed a subset of amyloid prone peptides fused to fluorescent reporters [138], and 

later generated fusion proteins including epitopes that act as vaccines-like scaffolds in 

multiple formats, inducing an immune response [139]. HIV viral peptides presenting 

amyloid-like properties, as well as rationally designed peptides, have been described 

to enhance transfection of nucleic acids [140,141]. Amyloid assemblies have been also 

employed as efficient insoluble-drugs and metal carriers for their delivery into target 

tissues [142,143]. As well, the development of catalytic scaffolds has been attained 

through amyloid fusion with functional enzymes [130,144]. In addition, the embedding 

of redox residues in certain scaffolds make them catalytic [145–147]. Further, the 

fusion of amyloid stretches to recognition protein modules led to generate amyloid-

based biosensors. The first amyloid-inspired biosensor was designed as an ELISA-like 

system, which presented improved sensitivity relative to conventional systems 

(Figure I.11.C) [128,129]. Later on, other types of biosensors have been developed, 

from the detection of glucose levels to biodevices intended for the environmental 

changes detection [148,149]. Another application consists in the development of 

optoelectronic nanomaterials for electronic and energetical purposes, including 

photoluminescent materials [150], conductive nanowires [151] or photovoltaic cells 

(Figure I.11.B) [152]. Amyloid-assemblies has been smartly used in environmental 

science thanks to their capacity to retain harmful substances like metals or other 

organic molecules, thus being used as bioremediation matrices [153]. Finally, Li et al. 

have demonstrated the capacity of certain amyloid peptides assemblies to capture 

carbon dioxide [141,154].  
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The above described examples correspond just to the tip of the iceberg from the vast 

number of possibilities which can be explored for the nanotechnological application of 

the amyloid self-assembly. 

 

Figure I.11. ∣ Examples of amyloid-inspired nanomaterials. A) Schematic representation of the fusion of CsgA 

protein and mussel foot proteins (Mfp) as adhesive amyloid materials. Adapted from [131] with permission. 

B) Photovoltaic hybrid nanomaterial scheme in which the active layer corresponds to a self-assembled 

amyloid scaffold containing polythiophene and TiO2. Reproduced from [152] with permission. C) Schematic 

representation of an ELISA-like system based on Sup35 prion domain (grey rectangle) fused with an antibody 

recognition protein (turquoise ovals) and with an active enzyme (green circles). Reproduced from [128] with 

permission. 

Prion-inspired nanomaterials 

Although the previously exposed advantages of the use of amyloid scaffolds in 

nanotechnology, the application of prion and prion-like sequences has been scarcely 

investigated. There exist just a few studies considering their potential as nanomaterial 

building blocks, demonstrating subtle, but important advantages compared to classical 

amyloid building blocks[9]. Those sequences display slower aggregation kinetics rates, 

allowing tighter control of the aggregation process compared with classical amyloids, 

permitting at the same time the correct folding of fused globular domains, something 

that cannot be attained with classical amyloid segments [128–130,155]. Another 
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advantage relies on the reversibility of this process under certain conditions, as well as 

the possibility to implement LLPS-based materials. Additionally, prion-inspired 

nanomaterials stability can be easily modulated though different modifications, 

including PTMs such as disulfide bridges [151] or the formation of dityrosine (DiY) 

crosslinks [156].  

The first natural prion-inspired nanomaterial was designed using the Sup35 prion 

domain, obtaining a hybrid amyloid-gold nanowire [151]. Further, Men et al. generated 

an ELISA-like biosensor with increased detection capacity relative to current 

immunodetection systems (Figure I.11.C) [128,129]. Recently, the capacity of the 

Sup35 PrD soft amyloid core to assemble fused GFP and carbonic anhydrase moieties 

into functional amyloid scaffolds has been demonstrated by Wang et al. in our 

laboratory [130]. Ure2p prion domain was also fused with enzymes, in this case, with 

alkaline phosphatase (AP) and horse-radish peroxidase (HRP) generating first 

enzymatic active fibers, and secondly catalytic active microgels [144,157]. Another 

prion-inspired nanomaterial was a redox biofilm formed by HET-s PrD fusion with 

rubredoxin (Rd), generating a nanowire with promotes in situ oxygen reduction [158]. 

A temperature-controlled prion-inspired nanomaterial was assembled fusing FUS PrD 

to different fluorescent partners (GFP and mCherry) with hydrophobic tails, 

demonstrating that increased hydrophobicity induces rapid and uncontrolled self-

assembly. The association of PrLDs with phase separation phenomena led Arosio and 

co-workers to the development of microreactors assembled by LCD-globular protein 

fusions which initially shown liquid-like properties that evolved along the time to 

mature and irreversible amyloid scaffolds. Modification of the buffering conditions of 

the initial LLPS step determines the final morphology of the amyloid-like assemblies 

[155]. 

Despite the knowledge and the application of natural prion sequences for 

nanomaterials development, no attention was paid to the design of synthetic sequences 

based on prion biased composition until recent times. Our group has been the first to 

use this feature for the design of synthetic peptides [156]. These sequences are based 

on the well-described motif [N/Q/S/G]-Y-[N/Q/S/G] present in PrLDs and we have 

rationally designed peptides consisting of a combination of NYN, QYQ, SYS and GYG 

overlapping repeats, comprising lengths of 6 and 7 residues, which display intrinsic 
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amyloid propensity and self-assemble into stable scaffolds presenting intrinsic redox 

activity.  

Tyrosine as a redox residue: potential use in amyloid self-assembly 

Tyrosine (Tyr) is an aromatic residue presenting a dual polar/apolar character due to 

the presence of a hydroxyl group hanging on the benzene ring. This residue has been 

included in the design of amyloid self-assembling peptides because of its 

multifunctionality [159]. First, at structural level, aromaticity is an important property 

for amyloid assembly, due to the establishment of π-π interactions. Moreover, Tyr can 

promote hydrogen bonding though the hydroxyl group. Thus, Tyr residues display a 

dual character, contributing both to maintain the structures generated in LLPS and 

allowing the reversibility of those scaffolds [99]. 

 

Figure I.12. ∣ Schematic representation of bioelectrocatalysts from synthetic prion-inspired peptides 

enriched in Tyr. A) Schematic structure of the assembled peptides. B) Tyr acts as electron donor/receptor to 

generate polypyrrole starting from pyrrole and Cu(II). C) The final product of the reaction, polypyrrole, 

deposited over the fibrils. Reproduced from [9] with permission. 

Another important role of Tyr is related to its capacity to form DiY crosslinks, which 

promote a significant stabilization of the amyloid scaffold. Natural biomaterials use DiY 

crosslinks to increase resistance and robustness by means of Fenton enzymatic 

reactions or by photoinduction [160]. Some examples are resilins, silks or collagen. 

Moreover, the role of DiY in amyloid depositions overstabilization in AD and PD has 

been reported, changing their mechanical properties [161,162]. This capacity has been 

also employed for the overstabilization of prion-inspired self-assembled amyloid 

structures, arising as a straightforward strategy for the modulation of the mechanical 

properties of Tyr-enriched nanomaterials [156]. 
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At the functional level, Tyr is one of the redox-active amino acids present in natural 

catalytic centers of a variety of enzymes [163]. These residues act as electron 

transporters [164]. In the last decade, diverse examples of Tyr enriched self-

assembling peptides have been shown to mimic the electrocatalytic properties of 

enzymatic active sites [145,146,156,165]. Particularly, in the work reported in the 

present thesis, synthetic short prion-inspired peptides have revealed the importance 

of the presence of to allow enzyme-like catalytic activity, and how this intrinsic peptide 

activity can be modulated by the surrounding residues (Figure I.12.) [156]. 

Last, Tyr has been demonstrated to act by its own as a metallic ion binder, interacting 

with Cu2+, Ni2+ or Zn2+ [166–168]. In this case, they are the aromatic rings that are 

involved in the establishment of cation-π interactions for the coordination of such 

metals in catalytic sites [163].  

Histidine as a catalytic and pH-sensitive residue: potential use in amyloid 

self-assembly 

The second residue of interest in this thesis is Histidine (His). This particular amino 

acid contains an imidazole ring as a functional group. Important for its function, 

histidine imidazole side chain pKa is around 6.5, so subtle changes on physiological pH 

promote protonation modifications. This residue also has the capacity to coordinate 

ionic metals such as Ni2+, Cu2+ or Zn2+, being common in enzymatic catalytic centers 

which activity depends on metal coordination. As well, the imidazole ring corresponds 

to an aromatic structure, with the capacity to form π-π stacking interactions.  

The implication of His in active sites, as well as their unique biophysical characteristics, 

made His an attractive residue for its inclusion in amyloid peptidic sequences, in order 

to add new functions and applications to amyloid inspired nanomaterials. However, so 

far, only a few studies have exploited the properties of this residue. The work by 

Korendovych and Serpell groups have demonstrated that His-containing peptides can 

self-assemble into amyloid-like fibers, allowing the coordination of Cu2+ and Zn2+ and 

displaying different catalytic activities, even performing tandem reactions [165,169–

171]. As well, the addition of His residues to the edges of previously designed amyloid 

peptides provided them with hydrolytic activity mediated by His, but only when the 

peptide assembles hierarchically into an amyloid scaffold [172].  
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Just a couple of papers have been published reporting the use of His as a pH-sensitive 

residue to generate tunable nanomaterials, specifically in the context of peptide 

amphiphiles (PA) and α-helical assembling peptides [173,174], but none of them deals 

with amyloid-prone sequences and thus the use of His-containing sequences to attain 

amyloid-based materials that respond to the environmental pH remains an unexplored 

area of research.  

Short peptides as amyloid nanomaterials building blocks 

A critical issue in the application of full-length amyloidogenic proteins to build up 

nanomaterials relies on the complexity of their production, since these molecules 

require long and complex procedures for their recombinant expression and 

purification, being in many cases insoluble in cell-factories. For this reason, a 

minimalistic and easy-to-implement strategy is required to attain alternative building 

blocks sharing properties similar to those of entire amyloidogenic proteins. Peptides 

appear as one of the most appealing solutions, since they share physicochemical 

properties with proteins, and can be synthetized in a faster and easy manner, reducing 

production costs. Nowadays, there are commercially available automated systems for 

the synthesis of short peptides (from few residues to some tens) amenable for the 

assembly of amyloid-based nanomaterials [33]. Multiple studies have defined short 

protein regions as necessary and sufficient for amyloid self-assembly. These regions 

can be very short, as first evidenced by the capacity of penta and hexapeptides from 

human islet amyloid polypeptide (hIAPP) to assemble into amyloid fibrils [175]. The 

shortest amyloid-prone peptide described up to date was identified by Gazit and co-

workers, demonstrating Phe-Phe dipeptide form amyloid nanotubes, again 

highlighting the importance of aromaticity in driving the amyloid process. Later on, 

different short sequences from APRs and PrLDs have been shown to organize as cross-

β spines at the atomic level [91,99,100,176]. Peptides offer a great diversity since they 

can be modulated in terms of sequence, length, post-translational modifications, the 

addition of active biological groups and even fusion to other modular protein domains, 

opening a large range of potential applications in nanotechnology. 
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OBJECTIVES 

The present thesis pursues the development of biocompatible nanomaterials using 

small sequences as building blocks. These sequence stretches are designed on the basis 

of the prion-like proteins and low-complexity domains composition. In the last ten 

years, the prodution of bionanomaterials exploiting amyloid-prone sequences has 

attracted significant attention. Regarding the particular application of prions and 

prion-like sequences for this aim, whereas few works have reported the use of long 

natural domains, the design of de novo sequences to build up nanostructured scaffolds 

has remained essentially unexplored. In the studies presented herein, we intended to 

develop synthetic prion-inspired nanomaterials, to model their assembly mechanism 

and to exemplify some of their possible applications. Importantly, the potential toxicity 

associated with the amyloid assembly process has been disregarded in the 

development of amyloid-based nanomaterials. Here, we address this issue by analyzing 

the cytotoxicity of the species that populate the assembly reaction of biofunctional 

prion-inspired fibrils. 

Thus, the principal objectives of this thesis are: 

• To determine the capacity of de novo designed prion-inspired short peptides to self-

assemble into highly ordered β-amyloid fibrils and characterize their 

physicochemical properties. 

• To understand the molecular nature of the interactions that stabilize those 

structures. 

• To explore different approaches to exemplify some of the possible applications of 

those scaffolds, including their coupling with the biotin-streptavidin system and 

their decoration with divalent metallic cations.  

• To develop a new strategy permitting the control of the self-assembly of amyloid 

scaffolds by manipulation of the pH. 

• To determine the connection between the physicochemical and cytotoxic properties 

of intermediate species populating the aggregation reaction of short prion-inspired 

peptides aggregation process. 
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CHAPTER 1 

MINIMALIST PRION-INSPIRED  
SELF-ASSEMBLING PEPTIDES 

Results presented in this chapter have been published in: 

Minimalist prion-inspired self-assembling peptides. M. Díaz-Caballero, S. Navarro, 

Fuentes I., Teixidor F., Ventura S. ACS Nano 2018. 

INTRODUCTION 

Prions are proteins with the amazing capacity to switch between a soluble 

conformation and a self-perpetuating amyloid state. Initially associated with 

neurodegenerative diseases [79], it is now clear that prion-like mechanisms are 

exploited by different organisms for functional purposes [83,177]. The first functional 

prions were described in yeast [73,178]. The ability of yeast prions to access an 

amyloid state is encoded in long, disordered, and low complexity sequences enriched 

in polar and uncharged amino acids such as Gln, Asn, Tyr, Ser and Gly, known as prion 

domains (PrDs) [73]. PrDs are both necessary and sufficient for the formation of 

transmissible amyloid structures [82]. Importantly, sequences displaying this 

compositional bias seem to be ubiquitous in eukaryotes, and in humans, they account 

for ~ 1% of the proteome [85]. Bacteria also exploit prion-like repeats to build up 

functional amyloids [179,180]. 

Amyloid fibrils assemble into highly ordered and extremely stable supramolecular 

structures [15]. They are useful for a wide range of applications in biotechnology, 

nanotechnology and material sciences since they allow bottom-up manufacturing of 

materials via self-assembly at room temperature in environmentally benign solvents 

[115,116,119]. It has been shown that the PrDs of Ure2 and Sup35 yeast prions, as well 

as the prion-like domain (PrLD) of the human FUS (Fused in sarcoma) protein, can be 

used to form functional fibrillar structures for different applied purposes, including the 

assembly of enzymatically active microgels, biosensors or metallic nanowires 

[129,144,151,157,181]. The main advantage of using this kind of domains as self-

assembling units is that their intrinsic properties result in slow and tunable assembly 
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kinetics, in such a way that nanofibers can be easily and hierarchically generated across 

multiple scales [181]. Moreover, the assembly of these, initially disordered, domains 

do not require harsh environments, in contrast to the highly denaturing conditions 

usually employed to produce amyloid fibrils from globular protein domains [182,183]. 

The ability of PrDs to form ordered amyloids is puzzling if one takes into account their 

polar nature; since it is well established that the assembly potential of most amyloid 

proteins is highly dependent on the presence of short sequence stretches with high 

hydrophobicity [24,184]. Actually, PrDs should fulfill two apparently contradictory 

properties: remain soluble and disordered during a large part of the protein lifetime 

and, at the same time, display a cryptic self-assembly propensity that can be triggered 

under specific conditions [92]. This duality explains the absence of highly 

amyloidogenic sequences in PrDs [84], the formation of fibrillary structures relying on 

the establishment of a large number of weak interactions distributed along with the 

complete low complexity and polar domain sequence [88,90]. The consequence is that 

PrDs and PrLDs are much larger than the majority of self-assembling peptides used for 

nanotechnological applications [116]. Traditionally, a minimal length of 80 residues 

has been suggested to be necessary for the conversion of PrDs into amyloids [82,84]. 

In this way, Ure2, Sup35 and FUS PrDs consist of 88, 131 and 213 residues, 

respectively. 

The size and low complexity of PrDs make their chemical synthesis difficult and 

expensive. Here, we explored if much shorter peptides displaying a composition 

inspired in PrDs, and thus a polar nature, would still have the ability to form ordered 

assemblies. We show that NYNYNYN, QYQYQYQ, SYSYSYS, and GYGYGYG 

heptapeptides, as well as NYNNYN, QYQQYQ, SYSSYS hexapeptides, all self-assemble 

into defined amyloid-like fibrillar structures. We also illustrate how this kind of 

assemblies can be exploited for different nanotechnological purposes. 
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RESULTS 

Design of short prion-inspired self-assembling peptides 

The PrLD of FUS, but also of other prion-like human RNA-binding proteins like TAF15, 

EWSR1, heterogeneous nuclear (hn)RNPA1 and hnRNPA2 proteins, all able to self-

assemble in vitro and in vivo, have been described to contain imperfect and in some 

cases overlapping repeats of [G/S]-Y-[G/S] [97,98,185]. The central Tyr in this triplet 

is essential for self-assembly [96]. Indeed, an analysis of these sequences with the 

Prosite motif finder (https://prosite.expasy.org/scanprosite/) indicates that the motif 

is best described as [N/Q/G/S]-Y-[N/Q/G/S] and, accordingly, it includes the five most 

enriched residues in PrDs. We decided to exploit this periodicity to design prion-

inspired short self-assembling peptides, consisting of overlapping, NYN, QYQ, SYS or 

GYG motifs.  

Natural amyloid fibrils consist of several protofilaments, each composed of β-strands 

running perpendicular to the long axis of the fibril, forming a cross-β structure. Each 

filament has typically a diameter of ~ 30 Å [13,186]. This size includes the β-strands 

and the turns connecting them. Therefore, β-strands would typically span 20 Å to 25 Å 

in the cross-β motif. β-sheets have a translation of 3.2 Å and 3.4 Å per residue in parallel 

and antiparallel disposition, respectively. Thus, approximately seven residues can be 

accommodated in this distance, and accordingly, this length was selected for our 

sequences. Indeed, the first atomic structure of a short fibril-forming segment of a 

natural amyloid protein corresponded to the polar seven-residue GNNQQNY stretch of 

the yeast prion Sup35 [91]. 

A binary-patterned SYSYSYS heptapeptide would accommodate three overlapping SYS 

motifs, whereas a YSYSYSY peptide, would contain only two. Therefore, the first 

pattern, with four polar and three Tyr residues per hypothetical β-strand was selected. 

First, we analyzed if the seven residues long NYNYNYN (NY7), QYQYQYQ (QY7), 

SYSYSYS (SY7), GYGYGYG (GY7) sequences would exhibit any intrinsic propensity to 

form amyloid assemblies using two well-validated algorithms: PASTA [187] and Tango 

[188]. Both failed to classify these sequences as amyloidogenic (Table 1.1.), likely 

because of their much lower hydropathicity when compared with classical stretches of 

the same size present in pathogenic amyloidogenic proteins like the Aβ peptide (Table 

https://prosite.expasy.org/scanprosite/
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1.1.). However, there is the possibility that, as in the case of PrDs and PrLDs, their 

composition and periodicity would endorse these sequences with a cryptic amyloid 

propensity that might still allow their self-assembly. We decided to test this possibility 

experimentally. Indeed, short amphiphilic peptides alternating polar/non-polar 

residues have been already shown to self-assemble [124,126]. 

Table 1.1. | Amino acid sequence, amyloid propensity predictions and hydropathicity of designed and 

Aβ(16-22) peptides. PASTA [187] and Tango [188] were used to predict the amyloid propensity of the 

peptides. PASTA sequences with scores < –4.0 are considered amyloidogenic. Gravy Score was calculated with 

the ProtParam tool integrated into ExPASy [189]; the more positive the score the more hydrophobic the 

sequence. 

 

Peptide Sequence PASTA TANGO Gravy score  

NY7 NYNYNYN -1.257939 5·10-16 -2.557 

QY7 QYQYQYQ -1.916377 8·10-21 -2.557 

SY7 SYSYSYS -2.090241 1·10-26 -1.014 

GY7 GYGYGYG -0.615267 2·10-17 -0.786 

Aβ(16-22) KLVFFAE -4.53937 1183 1.143 

 

Short prion-inspired peptides assemble into β-sheet rich structures 

The heptapeptides NY7, QY7, SY7 and GY7 were synthesized. N-terminal acetylation 

and C-terminal amidation were used to neutralize terminal charges and mimic the 

protein environment. The lyophilized peptides were resuspended in 1,1,1,3,3,3-

hexafluoropropanol (HFIP) at a final concentration of 10 mM, aliquoted and frozen at 

–80°C until further analysis.  

Subtle differences in solution conditions can dramatically influence the pathway of 

amyloid formation and the detailed morphology of the final fibrillar structures [190]. 

Therefore, we explored the ability of the peptides to self-assemble in two different pHs 

(6.0 and 7.0) and two different ionic strengths (without and with 150 mM NaCl). 

Buffers were named in the following manner: buffer A (100 mM potassium phosphate, 

pH 6.0), buffer B (100 mM potassium phosphate, pH 7.0), buffer C (100 mM potassium 

phosphate, pH 6.0 and 150 mM NaCl) and buffer D (100 mM potassium phosphate, pH 

7.0 and 150 mM NaCl). 

The initial screening data for all the tested conditions are shown in Figures 1.1. to 1.4., 

whereas the results obtained upon incubation of NY7, QY7, SY7 and GY7 in buffer B are 



CHAPTER 1 

39 

shown in Figure 1.6. to 1.9., respectively. Peptides NY7, QY7 and SY7 were incubated 

at 250 µM. Incubation of GY7 at 250 µM resulted in the formation of detectable peptide 

aggregates, but they did not exhibit evident amyloid signatures in any of the incubation 

conditions (Figure 1.5.). Accordingly, 500 µM final concentration was used for this 

peptide in all subsequent experiments. 

To investigate the ability of the peptides to self-assemble, we first monitored the 

evolution of synchronous light scattering signal of incubated peptides. Maximum and 

stable light scattering signals were obtained upon 7 days incubation at 25°C. Therefore, 

all subsequent biophysical parameters were measured at this time point. For the NY7, 

QY7 and SY7 peptides, a large increase in light scattering signal upon incubation was 

observed in all conditions (NY7: Figure 1.1.A and Figure 1.6.A; QY7: Figure 1.2.A. 

and Figure 1.7.A; SY7: Figure 1.3.A and Figure 1.8.A), relative to the respective 

soluble counterparts. For GY7, the increase in light scattering is also significant in all 

conditions, but lower than in the rest of peptides (Figure 1.4.A and Figure 1.9.A).  

Each designed peptide contains 3 Tyr residues, being the intrinsic fluorescence of this 

residue sensitive to its environment [191]. Hence, we recorded the Tyr fluorescence 

spectra of soluble and incubated peptides to test whether their assembly produces any 

detectable structural rearrangement. Upon incubation, the intensity for emission 

maxima of Tyr increase significantly for the NY7 peptide in all conditions (Figure 1.1.B 

and 1.6.B). This enhancement is usually attributed to the change in the local 

environment of the fluorophore from an initially hydrophilic context, where Tyr 

residues would be randomly oriented in solution and easily quenched by the solvent, 

to a more protected environment. The same effect was observed for the QY7 peptide in 

buffers B, C and D, whereas the increase in fluorescence was more moderate in buffer 

A (Figure 1.2.B and Figure 1.7.B). For the SY7 peptide, moderate increases in Tyr 

fluorescence emission where detected in buffers A and B, but not in the presence of 

150 mM NaCl (buffers C and D) (Figures 1.3.B and Figure 1.8.B). With the exception 

of buffer C, no increase in Tyr fluorescence signal was obvious for the GY7 peptide 

(Figures 1.4.B and Figure 1.9.B). 

Next, we monitored if, upon incubation, any of the peptides were able to acquire a β-

sheet-enriched structure, a common hallmark for amyloid fibril formation. To this aim, 

we used Fourier-transform infrared (FT-IR) spectroscopy and recorded the amide I 
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region of the spectrum (1700 – 1600 cm−1) (NY7 Figure 1.6.G; QY7 Figure 1.7.G; SY7 

Figure 1.8.G; GY7 Figure 1.9.G and Table 1.2.). For these assays, we selected buffer 

B, where, on the average, the increase in light scattering was higher for the conjunct of 

peptides. The amide I spectral region corresponds to the absorption of the carbonyl 

peptide bond group of the protein main chain and is sensitive to the peptide 

conformation. Deconvolution of the spectra allowed us to assign the secondary 

structure elements and their relative contribution to the main absorbance (Table 1.2.). 

The spectra of all incubated peptides display signals indicative of the formation of β-

sheet structure, coming both from the intermolecular β-sheet region at 1615 – 1636 

cm-1, and the β-turn region comprised between 1675 – 1682 cm-1, which, together, 

account for > 50% of the spectral area in all the cases. Interestingly, no anti-parallel β–

sheet band was detected (around 1690 cm−1) in any of the samples; thus, suggesting 

that the detected β–strands in the self-assembled peptides might adopt a preferentially 

parallel disposition. The other detected signals were associated with the presence of 

disordered structure and turns and contributed ~ 20 % of the signal in the case of 

peptides NY7 and SY7, and ~ 40% for peptides QY7 and GY7. 

Short prion-inspired peptides assemble into amyloid-like fibrillar structures 

To assess if the identified β-sheet-containing assemblies might correspond to amyloid-

like structures, we used the amyloid-specific dyes, Thioflavin-T (Th-T) and Congo Red 

(CR). Th-T is an amyloid-binding dye which fluorescence emission maximum at 488 

nm increases in the presence of amyloid-like structures [17]. To detect the presence of 

amyloid conformations, Th-T fluorescence emission spectra were recorded in the 

presence of the incubated samples (NY7: Figure 1.1.C and Figure 1.6.C; QY7: Figure 

1.2.C and Figure 1.7.C; SY7: Figure 1.3.C and Figure 1.8.C; GY7: Figure 1.4.C and 

Figure 1.9.C). For all peptides and in all conditions, a large increase in the intensity of 

Th-T fluorescence emission signal was observed. However, for any particular peptide 

the increase in Th-T signal depended on the incubation conditions; thus, indicating that 

the interplay between sequence and environment modulates the amount or the 

conformation of amyloid assemblies in the peptides solutions. In order to confirm the 

formation of structures able to bind Th-T by the incubated peptides, buffer B was 

selected, and fluorescence microscopy images of Th-T stained samples were acquired. 

In all cases, the presence of green-yellow fluorescent structures against a dark 
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background was evidenced (NY7 Figure 1.6.D; QY7 Figure 1.7.D; SY7 Figure 1.8.D; 

GY7 Figure 1.9.D). 

To confirm the presence of amyloid assemblies, we also used CR, as a second amyloid 

specific dye. Addition of CR to the incubated peptides resulted in a clear red-shift of its 

absorption spectra, indicative of the dye binding to an amyloid structure [192], in all 

cases (NY7 Figure 1.6.E; QY7 Figure 1.7.E; SY7 Figure 1.8.E; GY7 Figure 1.9.E) 

except for the NY7 peptide in the presence of 150 mM NaCl (buffers C and D) (Figure 

1.1.D), consistent with a low binding of this peptide to Th-T in these particular 

conditions (Figure 1.1.C). Amyloid-like assemblies display a fibrillar macromolecular 

architecture which can be visualized by negative-staining and transmission electron 

microscopy (TEM). To explore the morphological features of incubated peptides, they 

were deposited over cooper grids and negatively stained with uranyl acetate. The 

analysis of representative micrographs of peptides incubated in buffer B confirms the 

presence of fibrillar assemblies for the NY7, QY7, SY7 and GY7 variants (NY7 Figure 

1.6.F; QY7 Figure 1.7.F; SY7 Figure 1.8.F; GY7 Figure 1.9.F), all displaying long, thin 

and regular amyloid fibers. Measurements of length and thickness using high 

magnification micrographs (Figure 1.10.) indicated that they are 18 to 25 nm wide 

and with lengths ranging from 0.5 to 5 µm (Table 1.3.); therefore, having dimensions 

similar to those of canonical amyloid fibrils [193]. 
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Figure 1.1. | NY7 peptide biophysical characterization in different buffers. NY7 peptide was prepared in the 

following buffers: buffer A: 100 mM potassium phosphate, pH 6.0 (blue); buffer B: 100 mM potassium 

phosphate, pH 7.0 (red); buffer C: 100 mM potassium phosphate, pH 6.0, 150 mM NaCl (green); buffer D: 100 

mM potassium phosphate, pH 7.0, 150 mM NaCl (orange) at a final concentration of 250 µM. Peptide 

aggregation was analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) NY7 peptide synchronous 

light scattering. B) Intrinsic tyrosine fluorescence. Tinctorial properties of incubated peptide: C) Th-T and D) 

CR binding assays in the in the absence (dashed line) and in the presence (solid lines) of NY7. 
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Figure 1.2. | QY7 peptide biophysical characterization in different buffers. QY7 peptide was prepared in the 

following buffers: buffer A: 100 mM potassium phosphate, pH 6.0 (blue); buffer B: 100 mM potassium 

phosphate, pH 7.0 (red); buffer C: 100 mM potassium phosphate, pH 6.0, 150 mM NaCl (green); buffer D: 100 

mM potassium phosphate, pH 7.0, 150 mM NaCl (orange) at a final concentration of 250 µM. Peptide 

aggregation was analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) QY7 peptide synchronous 

light scattering. B) Intrinsic tyrosine fluorescence. Tinctorial properties of incubated peptide: C) Th-T and D) 

CR binding assays in the in the absence (dashed line) and in the presence (solid lines) of QY7. 
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Figure 1.3. | SY7 peptide biophysical characterization in different buffers. SY7 peptide was prepared in the 

following buffers: buffer A: 100 mM potassium phosphate, pH 6.0 (blue); buffer B: 100 mM potassium 

phosphate, pH 7.0 (red); buffer C: 100 mM potassium phosphate, pH 6.0, 150 mM NaCl (green); buffer D: 100 

mM potassium phosphate, pH 7.0, 150 mM NaCl (orange) at a final concentration of 250 µM. Peptide 

aggregation was analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) SY7 peptide synchronous 

light scattering. B) Intrinsic tyrosine fluorescence. Tinctorial properties of incubated peptide: C) Th-T and D) 

CR binding assays in the in the absence (dashed line) and in the presence (solid lines) of SY7.  
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Figure 1.4. | GY7 peptide biophysical characterization in different buffers. GY7 peptide was prepared in the 

following buffers: buffer A: 100 mM potassium phosphate, pH 6.0 (blue); buffer B: 100 mM potassium 

phosphate, pH 7.0 (red); buffer C: 100 mM potassium phosphate, pH 6.0, 150 mM NaCl (green); buffer D: 100 

mM potassium phosphate, pH 7.0, 150 mM NaCl (orange) at a final concentration of 500 µM. Peptide 

aggregation was analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) GY7 peptide synchronous 

light scattering. B) Intrinsic tyrosine fluorescence. Tinctorial properties of incubated peptide: C) Th-T and D) 

CR binding assays in the in the absence (dashed line) and in the presence (solid lines) of GY7. 
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Figure 1.5. | GY7 peptide biophysical characterization at 250 μM. GY7 peptide was prepared at 250 µM in 

buffer 100 mM potassium phosphate pH 7.0, and aggregation was analyzed at 0 (dashed line) and 7 days 

(solid line) of incubation: A) Synchronous light scattering; B) Intrinsic tyrosine fluorescence. Tinctorial 

properties of incubated peptide were assessed: C) Th-T and D) CR binding assays in the in the absence (dashed 

line) and in the presence (solid lines) of GY7. Fibril morphology of incubated peptide was assessed: E) 

Representative TEM micrographs. 
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Figure 1.6. | NY7 peptide biophysical characterization. NY7 peptide was prepared at 250 µM in buffer B and 

analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) Synchronous light scattering. B) Intrinsic 

tyrosine fluorescence. C) Th-T and E) CR binding assays in the absence (dashed line) and in the presence (solid 

line) of QY7. D) Fluorescence microscopy images of QY7 stained with Th-T. Scale bar corresponds to 20 µm. 

F) Representative TEM micrograph. G) FT-IR absorbance spectrum in the amide I region (dashed line), the 

blue colored and meshed areas indicate the intermolecular β-sheet signals contribution to the total spectrum 

area. 
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Figure 1.7. | QY7 peptide biophysical characterization. QY7 peptide was prepared at 250 µM in buffer B and 

analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) Synchronous light scattering. B) Intrinsic 

tyrosine fluorescence. C) Th-T and E) CR binding assays in the absence (dashed line) and in the presence (solid 

line) of QY7. D) Fluorescence microscopy images of QY7 stained with Th-T. Scale bar corresponds to 20 µm. 

F) Representative TEM micrograph. G) FT-IR absorbance spectrum in the amide I region (dashed line), the 

blue colored and meshed areas indicate the intermolecular β-sheet signals contribution to the total spectrum 

area. 
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Figure 1.8. | SY7 peptide biophysical characterization. SY7 peptide was prepared at 250 µM in buffer B and 

analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) Synchronous light scattering. B) Intrinsic 

tyrosine fluorescence. C) Th-T and E) CR binding assays in the absence (dashed line) and in the presence (solid 

line) of QY7. D) Fluorescence microscopy images of QY7 stained with Th-T. Scale bar corresponds to 20 µm. 

F) Representative TEM micrograph. G) FT-IR absorbance spectrum in the amide I region (dashed line), the 

blue colored and meshed areas indicate the intermolecular β-sheet signals contribution to the total spectrum 

area. 
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Figure 1.9. | GY7 peptide biophysical characterization. GY7 peptide was prepared at 500 µM in buffer B and 

analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) Synchronous light scattering. B) Intrinsic 

tyrosine fluorescence. C) Th-T and E) CR binding assays in the absence (dashed line) and in the presence (solid 

line) of QY7. D) Fluorescence microscopy images of QY7 stained with Th-T. Scale bar corresponds to 20 µm. 

F) Representative TEM micrograph. G) FT-IR absorbance spectrum in the amide I region (dashed line), the 

blue colored and meshed areas indicate the intermolecular β-sheet signals contribution to the total spectrum 

area. 
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Table 1.2. | Assignment and area of the secondary components of aggregated peptides in the amide I region 

of FTIR spectra. The β-sheet contribution is indicated in bold corresponding to FT-IR spectrums shown in 

Figures 1.6 to 1.9 respectively. 

 

Assignments NY7 QY7 SY7 GY7 

Intermolecular β-sheet 
(1615 – 1636 cm-1) 

63% 51% 66% 36% 

Disordered/Loops/Turns 
(1658 – 1662 cm-1) 

21% 38% 19% 42% 

β-sheet 
(1675 – 1682 cm-1) 

16% 11% 15% 22% 

 

 
Figure 1.10. | TEM micrographs of the aggregated NY7, QY7, SY7 and GY7 peptides at high magnification 

and the corresponding measured widths and lengths. TEM micrographs at high magnification (x80K). Scale 

bar corresponds to 500 nm. 

 

Table 1.3. | Measurement of width and length of fibers. Measurements were performed using TEM 

micrographs at high magnification (x80) with ImageJ software. 

 

Fibers measurements NY7 QY7 SY7 GY7 

Width 12 to 18 nm 12 to 18 nm 12 to 18 nm 12 to 25 nm 

Length 0.3 to 1.5 µm 2 to 5 µm 0.5 to 5 µm 1 to 4 µm 

 

Short prion-inspired peptides amyloid assemblies are non-toxic 

A main limitation for the use of amyloid fibrils for applied biomedical purposes comes 

from the fact that these assemblies might possess cytotoxic activity. In order to test 

whether the observed amyloid-like fibrils were neurotoxic, the incubated peptides 

were added to cultured neuroblastoma SH-SY5Y cells at concentrations ranging from 

5 to 50 µM. After 72 hours of incubation, cytotoxicity was assessed. None of the 

peptides exerted a toxic effect on neuronal cultures at any of the tested concentrations 

(Figure 1.11.).  
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Figure 1.11. | Cytotoxicity of the aggregated peptides. Cell viability was assessed adding incubated peptides 

at 5, 10, 25 and 50 µM final concentration to cultured SH-SY5Y cells and cytotoxicity was compared relative 

to cells treated with buffer 100 mM potassium phosphate pH 7.0. Data correspond to the average value from 

two independent experiments, and bars correspond to the standard error of the mean. For all peptides, Two-

way ANOVA statistical test was performed with a P-value > 0.05. 

Tyrosine cross-linking renders highly resistant prion-inspired amyloid 

assemblies  

Tyrosine cross-links stabilize numerous natural biopolymer systems [160], and they 

have been exploited to increase the strength of synthetic peptide-based nanostructures 

[194]. Because each of our peptides contains three Tyr, we explored whether amyloid 

fibrils could be covalently cross-linked through the formation of dityrosines (DiY) and, 

in this case, if the reaction results in more stable assemblies. For these experiments, we 

selected the NY7, QY7 and SY7 variants because their self-assembly occurs at lower 

peptide concentrations and result in the formation of microscopic fibrillar meshes, as 

imaged by TEM (Figure 1.12.). 

 

Figure 1.12. | TEM micrographs of NY7, QY7 and SY7 fibril meshes. Scale bars correspond to 1 μm. 
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First, the fibrils formed by NY7, QY7 and SY7 peptides were UV-irradiated to generate 

DiY-modified assemblies. UV-irradiation-induced Tyr cross-linking can be monitored 

by fluorescence spectroscopy. In our peptides, Tyr constitutes the only target for 

photooxidative modifications. We applied UV irradiation at 280 nm to selectively excite 

Tyr and convert it into a radical, which should lead to the formation of DiY, its major 

photooxidation product. An equal aliquot of fibrils was irradiated at 390 nm, outside of 

the Tyr excitation spectrum, as a control. Excitation of NY7 and QY7 fibrils at 280 nm 

for 25 minutes, leads to a significant decrease in the Tyr intrinsic fluorescence signal 

(305 nm), concomitant with an increase in fluorescence emission intensity at 405 – 410 

nm, indicating DiY formation (Figure 1.13.A and Figure 1.13.C). This was confirmed 

exciting the fibrils at the DiY excitation maximum (320 nm) and recording the 

fluorescence emission of DiY in the 350 – 475 nm range (Figure 1.14.A and Figure 

1.14.B). Next, we monitored the kinetics of DiY formation irradiating at 280 nm and 

recording the fluorescence emission at 410 nm. In Figure 1.14.C and Figure 1.14.D it 

is shown how, for both NY7 and QY7, DiY signal increased with UV-irradiation time, 

whereas irradiation at 390 nm did not have any effect. We used TEM to confirm that 

the UV-irradiated samples display an amyloid-like morphology (Figure 1.14.E and 

Figure 1.14.F). 

The impact of UV-irradiation on fibril Tyr cross-linking was also evident for SY7, but 

weaker than for NY7 and QY7 (Figure 1.15.). Therefore, for this peptide, we used 

chemical induced DiY formation. As shown in Figures 1.13.E and Figure 1.14.G 

incubation of SY7 fibrils with Cu2+ and H2O2 for 24 hours induce DiY formation, 

whereas incubation in buffer alone, buffer supplemented only with Cu2+ or only with 

H2O2 has a minor effect. We confirmed that Cu2+ + H2O2 treatment allows to maintain a 

fibrillar morphology by TEM (Figure 1.14.H). 
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Figure 1.13. | NY7, QY7 and SY7 fibrils dityrosine cross-link and denaturation. NY7, QY7 and SY7 fibrils were 

assembled at 250 µM. NY7 and QY7 fibrils were cross-linked using UV-light. Measurements were performed 

before (black line), and after (red line) irradiation at 280 nm, a control was irradiated at 390 nm (blue line). A 

and C) Fibrils spectra upon excitation at 274 nm. Insets show the dityrosine emission region (375 – 450 nm). 

E) SY7 peptide fibrils were chemically cross-linked. Measurements were performed with without treatment 

(black line), upon incubation with Cu2+ and H2O2 (red line), upon incubation with Cu2+ only (dashed blue line) 

and upon incubation with H2O2 only (solid blue line). E) Fibrils spectra upon excitation at 274 nm. Insets show 

the dityrosine emission region (375 – 450 nm). B, D, and F) Chemical denaturation was performed with 2 M 

GITC in the case of NY7 D) and SY7 F) and with 3 M GITC for QY7 E) and followed by monitoring the Th-T 

signal. 
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Figure 1.14. | NY7, QY7 and SY7 fibrils dityrosine cross-link and denaturation. NY7, QY7 and SY7 fibrils were 

assembled at 250 µM. NY7 and QY7 fibrils were cross-linked using UV-light. Measurements were performed 

before (black line), and after (red line) irradiation at 280 nm, a control was irradiated at 390 nm (blue line). A 

and B) Fibrils spectra upon excitation at 320 nm. C and D) Dityrosine formation kinetics of C) NY7 and D) QY7 

fibrils irradiating at 280 nm (red line) or at 390 nm. E and F) Representative TEM micrographs of NY7 E) and 

QY7 F) cross-linked fibrils. SY7 fibrils were chemically cross-linked. Measurements were performed with 

without treatment (black line), upon incubation with Cu2+ and H2O2 (red line), upon incubation with Cu2+ only 

(dashed blue line) and upon incubation with H2O2 only (solid blue line). G) Fibrils spectrum upon excitation at 

320 nm. H) Representative TEM micrograph of SY7 cross-linked fibrils. 
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Next, we assessed if the introduced covalent linkages resulted in a stronger assemble. 

To this aim, we evaluated the fibril’s stability against chemical denaturation. It turned 

out that non-treated fibrils were already significantly resistant to urea and 

guanidinium hydrochloride (GuHCl) (Figure 1.16.); thus, we used the stronger 

denaturing agent guanidinium isothiocyanate (GITC) for the experiments. For the three 

peptide variants, the amyloid structure is lost slower and to a lower extent upon 

incubation in GITC for DiY-cross-linked fibrils than for non-treated samples, as 

evidenced by recording the changes in Th-T fluorescence signal with time (Figure 

1.13.B, D and F). This confirms that the introduced cross-links significantly stabilize 

the amyloid structure. 

 

Figure 1.15. | SY7 dityrosine formation using UV light. SY7 peptide fibrils assembled at 250 µM. 

Measurements were performed before (dashed line), and after (solid black line) irradiation at 280 nm, a 

control was irradiated at 390 nm (blue line). A) Fibrils spectrum upon excitation at 274 nm. Insets show the 

dityrosine emission region (375 – 450 nm). B) Fibrils spectra upon excitation at 320 nm. C) SY7 dityrosine 

formation kinetics irradiating at 280 nm (solid line) or at 390 nm (dashed line). D) Representative TEM 

micrograph of SY7 cross-linked fibrils. 
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Figure 1.16. | Chemical 

denaturation of NY7 fibrils. 

Disaggregation kinetics were 

performed with 3 M urea 

(black line), 4 M guanidinium 

hydrochloride (GuHCl) (blue 

line), and 2 M guanidinium 

isothiocyanate (GITC) (red 

line) and monitored following 

Th-T fluorescence. 

 

 

Metallization of prion-inspired amyloid assemblies  

The unique capability of Tyr to facilitate bioreduction, without the need of a chemical 

reducing agent or additives, has been exploited for the mineralization of peptide 

assemblies [195]. Tyr has been shown to reduce silver ions to elemental silver at 

physiological pH through proton-coupled electron transfer [196]. We assayed if the Tyr 

residues in NY7, QY7 and SY7 peptides allowed the decoration of fibrils with silver 

nanoparticles (AgNP), since this kind of biomineralization might find application in 

molecular electronics. Fibrils were mixed with 3 mM aqueous silver nitrate and 

incubated for 24 hours. A silver nitrate solution without fibrils and a fibril solution 

without silver nitrate were incubated in the same conditions. Only in the presence of 

fibrils and silver nitrate the solution turned yellow, indicating that silver ions were 

reduced to AgNP, exhibiting the characteristic plasmon absorption band at 500 nm 

(Figure 1.17.A). Centrifugation of the solutions evidenced that AgNP were attached to 

the fibrillar material, since the pellet exhibited the characteristic yellow color (Figure 

1.17.B). To confirm this extent, fibrils were mixed with 1 mM aqueous silver nitrate for 

24 hours, centrifuged, resuspended in 100 mM phosphate, pH 7.0 and imaged without 

any further staining by TEM. The presence of individual electrodense AgNP located 

preferentially on the surface of the three peptide fibrils was observed (Figure 1.17.C). 

Moreover, electron diffraction of the same samples rendered, in the three cases, a 

diffraction pattern (Figure 1.17.D) that could be univocally assigned to metallic silver 

(Table 1.4.). Overall, the data indicate that, once reduced by Tyr residues, the silver 

metal remains bound to the fibrils, likely thanks to the intrinsic affinity of the metal for 

Tyr [197], resulting in the formation of an AgNP decorated fibrillar surface. 



CHAPTER 1 

58 

 

Figure 1.17. | Formation of silver nanoparticles on NY7, QY7 and SY7 fibrils. A) Absorbance spectra of 

peptide fibrils assembled at 250 µM and decorated with silver nanoparticles (AgNP) in buffer B. B) From left 

to right: pellets obtained upon incubation of an AgNO3 solution without fibrils, fibrils without AgNO3, and 

fibrils with AgNO3 for 24 hours. The yellow color corresponds to AgNP. C) TEM micrographs of fibrils 

decorated with AgNP. Scale bar corresponds to 200 nm. D) Electronic diffraction pattern from fibrils shown 

in panel C. Scale bar corresponds to 5 nm-1. 

 

Table 1.4. | Interplanar distances obtained from electronic diffraction experiments with AgNO3. 

Comparison between the interplanar distances of metallic silver and peptide fibrils incubated in the presence 

of 1 mM AgNO3 for 24 hours. 

 

ELECTRON DIFRACTION 
PATTERN 

Ag 
NY7 1 mM 

AgNO3 
QY7 1 mM 

AgNO3 
SY7 1 mM 

AgNO3 

Distances (Å) 

2.367 2.450 2.429 2.419 

2.050 2.113 - 2.130 

1.450 1.466 1.489 1.490 

1.230 1.148 1.236 1.219 

0.941 0.974 0.918 0.856 

 

  



CHAPTER 1 

59 

Prion-inspired amyloid assemblies act as bioelectrocatalytic scaffolds 

One potential application of Tyr-containing peptide assemblies is their use as a redox-

active scaffold to develop an enzyme mimetic catalyst [145]. 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. In particular, we explored 

whether NY7, QY7 and SY7 fibrils might act as bioelectrocatalysts of pyrrole 

polymerization. 

Polypyrrole (PPy) can be synthesized electrochemically by applying a potential greater 

than 0.8 V vs Ag/AgCl or chemically by using an oxidant agent. Although 

electropolymerization can be initiated at ≈ 0.7 V vs Ag/AgCl, the rate at this potential 

is too slow to attain macroscopic polypyrrole deposition [198]. Our results showed that 

at 0.7 V vs Ag/AgCl a negligible amount of polypyrrole was produced using the 

monomer L-Tyrosine (15 μA at 1000 seconds) (Figure 1.18.A). In contrast, when this 

voltage was applied to NY7, QY7 and SY7 fibrils, a black macroscopic PPy was deposited 

continuously (350 μA) (Figure 1.18.A). The intrinsic fluorescence of Tyr residues was 

exploited to demonstrate that fibrils and polypyrrole deposits co-localize (Figure 

1.18.B). The chronoamperometry curves show how, depending on the fibril variant, 

the maximum of pyrrole electropolymerization takes place at different times, in 

particular at 450, 750 and 950 seconds for NY7, QY7 and SY7, respectively, indicating 

that in all three cases the peptide performs as an electrocatalyst, but also suggesting 

that the electrocatalytic activity is different for each peptide (Figure 1.18.A). The 

different times of electrodeposition might be related to the different nature of the non-

Tyr residues, opening an avenue to shape the bioelectrocatalytic properties of Tyr-

containing peptide assemblies by tuning their sequences.  

We explored whether our prion-inspired amyloid fibrils would allow Cu(II) ions to 

oxidize pyrrole and thus promote PPy formation through tyrosyl mediated electron 

transfer, without applying any additional potential. The electrocatalytic activity of NY7, 

QY7, SY7 fibrils was assayed by dissolving them in a 4 mM CuCl2 solution. Solutions 

containing monomeric Tyr and CuCl2 or CuCl2 only were used as controls. The solutions 

were exposed to pyrrole vapor (Figure 1.19.A). In agreement with the electrochemical 

studies, after incubation for 24 hours, only the peptide containing tubes exhibited a 



CHAPTER 1 

60 

black material, corresponding to PPy that precipitated together with amyloid fibrils 

(Figure 1.18.C). The deposition of PPy on top of fibrils allowed them to be observed 

by TEM without any additional staining (Figure 1.19.B). 

 

Figure 1.18. | NY7, QY7 and SY7 fibrils act as bioelectrocatalysts. A) Chronoamperometry curve of the 

electropolymerization of pyrrole into polypyrrole (PPy) using NY7 (red), QY7 (green), SY7 (blue) peptides and 

L-Tyr monomer (black). Potential applied at 0.7 V vs Ag/AgCl in 0.1 M NaCl containing 50 mM of pyrrole and 

250 μM of peptide fibrils. B) Optical microscope images of PPy-peptides with and without fluorescence. From 

left to right PPy-NY7, PPy-QY7 and PPy-SY7. Scale bar corresponds to 30 µm. C) Image taken 24 hours after 

the chemical polymerization with distillate pyrrole vapor. Solutions contained CuCl2 and the indicated peptide 

or L-Tyr or CuCl2 only (-). The solutions were centrifuged for 5 minutes at 6000 x g.  
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Figure 1.19. | NY7, QY7 and SY7 fibers perform as a bioelectrocatalyst. A) Set up for chemical polymerization 

of pyrrole using 4 mM CuCl2 solution with 250 μM NY7 (the first starting from the left), QY7 (second), SY7 

(third), L-Tyr (forth) and only CuCl2 (right) with distilled pyrrole vapor. The image corresponds to time 0 hours. 

B) TEM micrographs obtained after PPy formation (24 hours) without any additional staining. From left to 

right: PPy-NY7, PPy-QY7 and PPy-SY7. 

Overall, the data indicate that the chemical environment of Tyr in prion-inspired 

amyloid fibrils allow them to act as biocatalytic scaffolds. 

Prion-inspired hexapeptides ensemble into amyloid fibrils 

Despite overlapping [Q/N/G/S]-Y-[Q/N/G/S] motifs do exist in natural PrDs and 

PrLDs, they account for < 15 % of the repeats, the [Q/N/G/S]-Y-[Q/N/G/S] triplets 

being more often separated by spacers, or adjacent to each other, without the presence 

of a central Tyr, likely because a binary pattern of Tyr, as the one designed in our 

peptides, might lead to uncontrolled self-assembly in vivo. 

Luo and co-workers have just shown that two hexapeptides correspondent to the PrLD 

of FUS protein, SYSSYG and SYSGYS form amyloid fibrils when assembled at 4°C [199]. 

We tested whether NYNNYN (NY6), QYQQYQ (QY6) and SYSSYS (SY6) hexapeptides 

would also spontaneously assemble into amyloid-like structures in the same solution 

conditions and at the same temperature than the binary patterned heptapeptides. Not 

only these peptides are smaller, but also, they are more polar than the correspondent 
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heptapeptides. Still, when dissolved at 500 µM in buffer B and at 25°C for 7 days, all 

them formed assemblies that bound to Th-T (Figure 1.20.C, Figure 1.21.C and Figure 

1.22.C) and CR (Figure 1.20.E, Figure 1.21.E and Figure 1.22.E), displaying a 

characteristic amyloid morphology when imaged by TEM (Figure 1.20.F, Figure 

1.21.F and Figure 1.22.F). It is worth to indicate here, that our peptides assembled at 

50 times less concentration (~ 0.4 mg/ml) than the one used by Luo and co-workers in 

their study (20 mg/ml) [199]. The data indicate that the central Tyr is dispensable to 

attain an amyloid assembly, however; these fibrils were less resistant in front of 

chemical denaturation that the ones formed by NY7, QY7 and SY7 (Figure 1.23.). 
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Figure 1.20. | NY6 peptide biophysical characterization. NY6 peptide was prepared at 500 µM in buffer 100 

mM phosphate pH 7.0 at 25°C and analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) 

Synchronous light scattering. B) Intrinsic tyrosine fluorescence. C) Th-T and E) CR binding assays in the 

absence (dashed line) and in the presence (solid line) of NY6. D) Fluorescence microscopy images of NY6 

stained with Th-T. Scale bar corresponds to 20 µm. F) Representative TEM micrograph. Scale bar corresponds 

to 1 µm. 
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Figure 1.21. | QY6 peptide biophysical characterization. QY6 peptide was prepared at 500 µM in buffer 100 

mM phosphate pH 7.0 at 25°C and analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) 

Synchronous light scattering. B) Intrinsic tyrosine fluorescence. C) Th-T and E) CR binding assays in the 

absence (dashed line) and in the presence (solid line) of QY6. D) Fluorescence microscopy images of QY6 

stained with Th-T. Scale bar corresponds to 20 µm. F) Representative TEM micrograph. Scale bar corresponds 

to 1 µm. 
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Figure 1.22. | SY6 peptide biophysical characterization. SY6 peptide was prepared at 500 µM in buffer 100 

mM phosphate pH 7.0 at 25°C and analyzed at 0 (dashed line) and 7 days (solid line) of incubation: A) 

Synchronous light scattering. B) Intrinsic tyrosine fluorescence. C) Th-T and E) CR binding assays in the 

absence (dashed line) and in the presence (solid line) of SY6. D) Fluorescence microscopy images of SY6 

stained with Th-T. Scale bar corresponds to 20 µm. F Representative TEM micrograph. Scale bar corresponds 

to 1 µm. 
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Figure 1.23. | Chemical denaturation of hexapeptides and heptapeptides. Fibril disaggregation kinetics 

where analyzed in buffer B in the presence of 2 M GITC, except for QY7 and QY6 fibrils, which were analyzed 

in the presence of 3 M GITC. The final concentration of the fibrils in the assay was 125 µM. The change of Th-

T signal along the time was monitored. 
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DISCUSSION 

Many of the amyloid fibrils used for biotechnological purposes are derived from 

naturally occurring proteins or peptides known to self-assemble under specific 

conditions. There is a rising interest in the use of the disordered and low complexity 

domains characteristic of prion-like proteins to build up multifunctional 

supramolecular fibrous networks taking profit of their slow assembly kinetics in mild 

conditions [129,144,151,157,181]. Both the ability to self-assemble and to do it slowly 

depend on the biased composition of PrDs and PrLDs [92]. In this work we show that 

short polar peptides displaying a strict binary pattern of the five more overrepresented 

amino acids in these domains polymerize into amyloid-like fibrillar structures, as 

evidenced by FT-IR, Th-T and CR binding and TEM imaging at different pHs and ionic 

strengths at low concentrations (< 0.3 mg/ml for NY7, QY7 and SY7 and < 0.4 mg/ml 

for GY7). 

The peptides recapitulate the [Q/N/S/G]-Y-[Q/N/S/G] motif that is being recurrently 

found in the PrLDs of human RNA binding proteins [95,97]. In vitro, at concentrations 

comparable to those found in cells, PrLDs undergo liquid-liquid phase separation 

[96,109,200]. Over time, or at higher concentrations they can transition into a 

reversible solid-phase hydrogel [95,111,201]. Such hydrogels are composed of protein 

fibrils displaying an amyloid-like cross-β pattern [96,110]. These fibrils are more labile 

than those formed by pathogenic proteins since they lack strongly amyloidogenic 

hydrophobic sequences. These results confirm that indeed classical amyloid stretches 

are not necessary for amyloid assembly in PrDs since short [Q/N/S/G]-Y-[Q/N/S/G] 

segments contain a cryptic but significant amyloid propensity that suffices to drive 

fibril formation, at least in vitro.  

What is common to all the heptapeptides in the present study is the presence of three 

Tyr residues. It is likely that, as reported for other short peptides, Tyr side chains would 

contribute to both inter-sheet and intra-sheet stabilization [202]. Indeed, aromatic π-

π interactions play a significant role in the molecular recognition and self-assembly 

processes of different amyloid proteins [35], and they have been successfully exploited 

to build up minimal self-assembling blocks [38]. Together with Tyr, it is expected that 

Gln, Asn and Ser would contribute to the adhesive force through hydrogen bonding 

[91]. Indeed, the recent high-resolution structure of the 168-QYNNQNNFV-176 
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fragment of the mammalian prion protein in its amyloid state indicates that, apart from 

establishing intermolecular contacts, neighboring polar ladders might be additionally 

linked by hydrogen bonds within strands, with adjacent aromatic residues embracing 

and shielding them, stabilizing thus the overall amyloid structure [203]. In contrast to 

the rest of the residues, Gly cannot establish hydrogen bonds; still, GY7 assemblies 

display all the characteristics of amyloids. A possible explanation is that, similar to 

what occurs in natural fibrillary proteins [204,205], the small size of this residue allows 

a close approach of the backbones, maximizing van der Waals interactions between 

adjacent sheets, especially if they are not in a fully extended conformation, as FT-IR 

data suggest.  

It is clear that the interactions formed by prion-inspired peptides would be weaker 

than those in the cores of pathogenic fibrils, which assembly is rapidly nucleated by 

multiple intramolecular and intermolecular hydrophobic contacts [206,207]. In fact, 

the recent resolution of the structures of two tandem [S/G]-Y-[S/G] motifs of the 

human prion-like protein FUS in their fibrillar forms indicates that the inner 

architecture of these assemblies differs from the extended β-strand typical of amyloids, 

resulting in weaker fibrillar structures [199]. This might be also the case for the NY6, 

QY6 and SY6 peptides in our study, all consisting of a tandem [N/Q/S]-Y-[N/Q/S] motif. 

Indeed, although they all assemble into ordered amyloid like structures, these 

assemblies are weaker than the ones formed by the correspondent heptapeptides. 

Overall, we describe small, non-toxic, building blocks to assemble nanofibrillar 

structures in mild conditions, exploiting prion-inspired intermolecular interactions. 

We show that as their much larger PrDs and PrLDs counterparts 

[129,144,151,157,181], these peptides can be used for different applied purposes. In 

particular, mimicking the unique roles played by Tyr groups in enzymes, photoactive 

proteins and protein crosslinking we demonstrate that NY7, QY7 and SY7 peptides can 

be exploited to attain highly stable materials through DiY formation, to build up fibrils 

decorated with nanometallic particles and be used as scaffolds to catalyze 

chemical/electrochemical reactions. Thus, prion-inspired amyloid assemblies appear 

as promising structures for a number of nanotechnological applications. 
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MATERIALS AND METHODS 

Peptides prediction 

Aggregation propensity of designed peptides was analyzed with two different 

algorithms: PASTA [187] and TANGO [188]. For all of them, default parameters were 

used. The Gravy Score, from ProtParam tool in ExPASy [189], was calculated as 

indicative of hydropathicity level of designed peptides. 

Peptides preparation 

Synthetic peptides NY7 (Ac-NYNYNYN-NH2), QY7 (Ac-QYQYQYQ-NH2), SY7 (Ac-

SYSYSYS-NH2), GY7 (Ac-GYGYGYG-NH2), NY6 (Ac-NYNNYN-NH2), QY6 (Ac-QYQQYQ-

NH2), and SY6 (Ac-SYSSYS-NH2) were purchased from CASLO ApS (Scion Denmark 

Technical University). Lyophilized peptides were dissolved in 1,1,1,3,3,3-hexafluoro-

2-propanol to obtain a 10 mM stock solution, aliquoted and frozen at –80°C. 

Preparation of NY7, QY7, SY7 and GY7 fibrils 

Peptides were diluted from 10 mM stock to a final concentration of 250 µM in 4 

different buffers: 100 mM potassium phosphate, pH 6.0 (buffer A), 100 mM potassium 

phosphate, pH 7.0 (buffer B), 100 mM potassium phosphate, 150 mM NaCl, pH 6.0, 

(buffer C), and 100 mM potassium phosphate, 150 mM NaCl, pH 7.0, (buffer D). GY7 

peptide was also diluted to a final concentration of 500 µM in the previously mentioned 

buffers. For the aggregation reactions, peptides were incubated in quiescent conditions 

for 7 days at room temperature. 

Preparation of NY6, QY6, SY6 fibrils 

Peptides were diluted from 10 mM stock a final concentration of 500 µM in 100 mM 

potassium phosphate pH 7.0 (buffer B). For the aggregation reactions, peptides were 

incubated in quiescent conditions for 7 days at 25°C. 

Amyloid dyes binding 

Thioflavin T (Th-T) and Congo Red (CR) dyes were used to determine amyloid fibers 

formation. For Th-T binding assay, incubated peptides were diluted 1:10 in buffer B 

and Th-T was added to a final concentration of 25 µM. Th-T emission fluorescence was 

detected on a Jasco FP-8200 fluorescence spectrophotometer (Jasco Corporation, 

Japan) in the range 460 – 600 nm, using an excitation wavelength of 445 nm and with 
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an excitation and emission bandwidth of 5 nm. For CR binding assay, incubated 

peptides were diluted 1:10 in buffer B and CR was added to a final concentration of 10 

µM. Optical absorption spectra were recorded from 375 to 700 nm in a Specord200 

Plus spectrophotometer (Analytik Jena, Germany). Spectra of protein alone were 

acquired to subtract protein scattering. 

Light scattering 

Light scattering was measured in a Jasco FP-8200 fluorescence spectrophotometer 

(Jasco Corporation, Japan), exciting at 330 nm, and recording in the range 320 – 340 

nm using an excitation and emission bandwidth of 5 nm. 

Tyrosine intrinsic fluorescence 

Tyrosine fluorescence spectra were acquired on a Jasco FP-8200 fluorescence 

spectrophotometer (Jasco Corporation, Japan) in the range 280 – 400 nm, exciting at 

268 nm wavelength and using an excitation and emission bandwidth of 5 nm. 

Transmission Electron Microscopy 

For Transmission Electron Microscopy (TEM) samples preparation, 10 µL of the aged 

fibril solution was deposited onto a carbon-coated copper grid for 10 minutes, and the 

excess liquid was removed with filter paper. Uranyl acetate (2 % w/v) solution was 

added for negative staining. Grids were exhaustively scanned using a JEM 1400 

transmission electron microscope (JEOL ltd, Japan) operating at 80 kV and images were 

acquired with a CCD GATAN ES1000W Erlangshen camera (Gatan Inc, United States). 

Epifluorescence microscopy 

Incubated peptides for 7 days were mixed 1:1 with 40 µM Th-T in buffer B, and 10 µL 

of the solution was put over a glass slide and covered with a coverslip. Images were 

obtained on a Nikon Eclipse 90i optic epifluorescence microscope (Nikon, Japan), 

equipped with a Plan Apo 60x/1.4 objective, using the FITC filter. Images were 

acquired with a Nikon DXM1200F camera (Nikon, Japan). 

Fourier transform Infrared spectroscopy 

Assembled fibers were centrifuged at maximum speed 12000 x g for 30 minutes and 

resuspended in water. Samples were placed on the ATR crystal and dried out. The 

experiments were carried out in a Bruker Tensor 27 FTIR (Bruker Optics, United 

States) supplied with a Specac® Golden Gate MKII ATR accessory. Each spectrum 
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consists of 32 acquisitions measured at a resolution of 1 cm-1. Data were acquired and 

normalized using the OPUS MIR Tensor 27 software (Bruker Optics, United States). IR 

spectra were fitted employing a nonlinear peak-fitting equation using PeakFit package 

v4.12 (Systat Soſtware, San Jose, CA). The area for each Gaussian curve was calculated 

in the amide I region from 1700 to 1600 cm-1 using second derivative deconvolution 

method in PeakFit package v4.12 (Systat Soſtware, San Jose, CA). 

Cell viability assay 

Human SH-SY5Y cells were plated into 96-well plates at a density of 4000 cells/well 

(100 μL/well) in F-12 medium supplemented with 10 % FBS and maintained at 37°C 

and 5 % CO2 atmosphere. Cells were incubated in the presence of 5, 10, 25 and 50 µM 

NY7, QY7, SY7 and GY7 fibers for 72 hours in triplicates. For controls, the same volume 

of 100 mM phosphate pH 7.0 buffer was added. Treated cells were incubated with 10 

μL PrestoBlue® Cell Viability Reagent (Invitrogen) for 30 minutes. Cell viability was 

determined recording fluorescence at 615 nm, with an excitation wavelength of 531 

nm in a Victor3 fluorescent plate reader (Perkin Elmer). 

Silver nanoparticles conjugation to peptide fibrils 

NY7, QY7 and SY7 were assembled as described, were centrifuged at 12000 x g for 30 

minutes. Pelleted fibrils were resuspended in the same volume of 1 or 3 mM AgNO3 in 

water and incubated for 24 hours at 25°C with agitation (60 rpm), protected from the 

light. Samples were centrifuged again in the same conditions and finally resuspended 

in 100 mM potassium phosphate buffer pH 7.0. 

Dityrosine cross-link by UV irradiation 

NY7, QY7 and SY7 peptide fibrils, and centrifuged at 12000 x g for 30 minutes. Pelleted 

fibrils were resuspended in 100 mM phosphate buffer pH 7.0. Spectra and DiY cross-

link kinetics were acquired at 25°C under agitation (600 rpm). Tyrosine spectra were 

recorded exciting at 274 nm and recording in the 285 – 500 nm range using a 

bandwidth of 5 nm on a Jasco FP-8200 fluorescence spectrophotometer (Jasco 

Corporation, Japan). DiY cross-link was induced exposing the sample to an excitation 

wavelength of 280 nm with a bandwidth of 20 nm. DiY formation was followed by 

monitoring fluorescence at 410 nm with a bandwidth of 5 nm. UV irradiation was 

stopped when a fluorescence intensity plateau was reached to avoid excessive 
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photobleaching. DiY formation kinetics were fitted to a one-step reaction using 

GraphPad Prism 5 (GraphPad Software, USA). 

Dityrosine cross-link by Cu2+-catalyzed oxidation 

SY7 peptide fibrils were obtained as described and centrifuged at 12000 x g for 30 

minutes. Pelleted fibrils were resuspended in 100 mM potassium phosphate buffer pH 

7.0, and 50 µM Cu2+ was added to the reaction. To start the oxidation reaction 1.25 mM 

H2O2 was added, and the sample was incubated at 37°C with agitation (400 rpm) for 

24 hours. To stop the reaction, 1.25 mM EDTA was added. Control reactions were 

performed by incubating peptide alone with 50 mM Cu2+, and with 1.25 mM H2O2 in the 

same conditions. DiY was assessed measuring tyrosine fluorescent spectra in a Jasco 

FP-8200 fluorescence spectrophotometer (Jasco Corporation, Japan) with an 

excitation for tyrosine of 274 nm and recording spectra in the 285 – 500 nm range, and 

with an excitation for DiY of 320 nm, and recording spectra in the 350-500 nm range, 

with an excitation and emission bandwidth of 5 nm. 

Denaturation of cross-linked and non-cross-linked self-assembled peptide 

fibrils with denaturant agents 

NY7, QY7 and SY7 fibrils were obtained as described previously in 1 mL final volume, 

and crosslinked using the previously described methods, including non-crosslinked 

controls. 500 µL of each reaction were mixed with 25 µM Th-T and 4 M guanidinium 

thiocyanate (GITC) for NY7 and SY7, and 6 M GITC for QY7 in a quartz cuvette (1 mL 

final volume) and incubated for 2000 seconds at 25°C under agitation (600 rpm) in the 

fluorescence spectrophotometer. Th-T fluorescence was recorded with a datapitch of 

1 second using an excitation wavelength of 445 nm and recording at 485 nm with an 

excitation and emission bandwidth of 5 nm. Denaturing curves were fitted to a one-

step reaction using GraphPad Prism 5 (GraphPad Software, USA).  

Chemical denaturation of hexapeptides and heptapeptides fibrils with GITC 

500 µL of 200 µM NY6, NY7, QY6, QY7, SY6 and SY7 fibrils were mixed with 25 µM Th-

T and 4 M or 6 M guanidinium thiocyanate (GITC) in a quartz cuvette (1 mL final 

volume) and incubated for 2000 seconds at 25°C under agitation (600 rpm). Th-T 

fluorescence was recorded with a datapitch of 1 second using an excitation wavelength 

of 445 nm and recording at 485 nm with an excitation and emission bandwidth of 5 
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nm. Denaturing curves were fitted to a one-step reaction using GraphPad Prism 5 

(GraphPad Software, USA).  

Electropolymerization of pyrrole with peptides 

Pyrrole and L-Tyrosine were purchased from Sigma-Aldrich. Sodium chloride was 

obtained from Panreac. Copper (II) chloride was purchased from Acros Organics. The 

electropolymerization of pyrrole has been done by chronoamperometry in NaCl 0.1 M 

using a self-made three electrode cell, with a platinum wire as a counter electrode, a 

silver wire as a reference electrode and an indium tin oxide (ITO) electrode as a 

working electrode. The potential applied to do the electropolymerization was 0.7 V vs 

Ag/AgCl. The concentration of pyrrole in the solution was 50 mM and the concentration 

of the different peptides was 250 μM. The total volume used was 1 mL. The sunken area 

of the ITO electrode was 0.7 x 0.8 cm. 

Chemical polymerization of pyrrole with peptides 

The chemical polymerization of pyrrole was done mixing the different peptides (NY7, 

QY7 and SY7) with a 4 mM CuCl2 solution and then exposed to distillated pyrrole vapor. 

As a reference, a solution of plain CuCl2 and with L-Tyr was exposed to distillated 

pyrrole vapor. 
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CHAPTER 2 

MOLECULAR DYNAMICS OF SHORT 

PRION-INSPIRED PEPTIDES 
INTRODUCTION 

Over the last decades, computational chemistry and, in particular, molecular dynamics 

have been emerging as powerful tools to determine the temporal evolution of 

biological and chemical systems, spanning timescales ranging from femtoseconds to 

milliseconds. In this way, the implementation of computational approaches in 

biological sciences has allowed following biological processes which are 

experimentally hard to decipher. These tools have become a valuable additional source 

of information complementary to experimental data. In this chapter, we will analyze 

the computational simulations obtained for the amyloid scaffolds assembled by our 

synthetic short prion-inspired peptides. It must be mentioned this chapter does not 

pretend to focus and discuss about the calculations and computational methodologies 

attained to obtain the models. Therefore, the basic concepts on computational 

simulations introduced here just intend to be sufficient to allow a general 

understanding of the present work to non-specialists.  

The present work pursues to decipher the most probable architectures and 

organization of the amyloid self-assembled fibers formed by designed short prion-

inspired peptides. Initially, it was hypothesized that Tyr enriched peptides will 

assemble through π-π stacking interactions networks. Due to the binary pattern of the 

peptides, they present a clear polarization, since in one face polar side chains are found 

whereas in the other Tyr phenol rings are located. Following this initial hypothesis, it 

was initially thought that Tyr residues will be orientated into the β-sheets interface, 

being the polar residues facing the solvent. However, provided that in Chapter 1, prion-

inspired Tyr enriched self-assembled peptides have been demonstrated to act as 

biolectrocatalyst due to the presence of Tyr [156], the initial idea that Tyr side chains 

are buried in the interface might be incorrect. With the aim to obtain atomistic insights 

of the three-dimensional self-assembled structures as well as to obtain insight about 
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the orientation of Tyr side chains, molecular mechanics (MM) computational 

simulations have been performed to obtain the preferential amyloid structures 

assembled by NY7, SY7 and GY7 peptides. It was assumed that QY7 will behave in a 

similar way than NY7 since their side chain only varies in one carbon atom and 

differences on the assembly can be assumed to be minimal.  

RESULTS 

Molecular mechanics simulations of the NY7 supramolecular assembly 

Amyloid assembly is characterized by presenting a typical structure corresponding to 

a cross-β motif, in which at least 2 β-sheets face in a higher organized supramolecular 

structure. Using previously described computational methods, molecular mechanics 

(MM) simulations of the supramolecular assembly were run, considering the 

dimerization of 20 strands fibril (40 strands overall). From the simulations, four 

parallel (P) and five antiparallel (AP) architectures were obtained, depending on the 

relative orientation of the fibrils (up – up, up – down or up = down) and β-sheet 

orientation (face to face, face to back or face = back) [176] (Table 2.1.).  

The relative stability of the different models has been computed using the described 

methodology in Computational Methods section. In this way, the evolution of the 

energy has been calculated during the last 30 nanoseconds of the simulation from a 

total of 300 frames (Figure 2.1.) and relative energies have been calculated respect to 

the most stable model, which corresponds to PFF2UD model (Table 2.1.). In this case, 

the models which were not stable along the simulation time have been not included in 

the reported results.  
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Figure 2.1. | Energy evolution of the different NY7 models. Energy calculations correspond to the last 30 

nanoseconds of a total simulation of 60 nanoseconds, calculated from 300 frames. 

 

Table 2.1. | NY7 amyloid fibers obtained models from molecular mechanics simulations. In the table, it is 

shown the name of the model, the corresponding organization, the schematic organization and the structure 

of the model and the relative energy of the models calculated relative to the most stable model and expressed 

in kcal·mol-1·strand-1 (corresponding to a total of 40 strands). Highlighted in blue, there are indicated the two 

more stable models, corresponding to PFF2UD and PFF2UU. The nomenclature used in the classification 

corresponds to [176]. 

Model Organization Scheme / Structure 
Relative Energy ± SD  
(kcal·mol-1·strand-1) 

PFF2UD 
Parallel 

Face to face 
Up – down 

 

0 ± 1.225 

PFF2UU 
Parallel 

Face to-face 
Up – up 

 

0.525 ± 0.325 
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PFF1UU 
Parallel 

Face to face 
Up – up  

 

8.175 ± 0.7 

APFF1UED 
Antiparallel 
Face to face 
Up = down 

 

9.225 ± 0.55 

APFF2UED 
Antiparallel 
Face to face 
Up = down 

 

9.375 ± 0.45 

APFEB1UU 
Antiparallel 
Face = back 

Up – up 

 

10.5 ± 0.65 

APFEB1UD 
Antiparallel 
Face = back 
Up – down 

 

11.075 ± 0.5 

PFF1UD 
Parallel 

Face to face 
Up – down 

 

11.7 ± 0.725 

APFBUED 
Antiparallel 
Face to back 
Up = down 

 

12.625 ± 0.575 
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The results of the simulations correspond to models in which FF1 (face to face) 

presents Tyr in the interface, FF2 presents Asn in the interface and all FB (face to back) 

and FEB (face = back) present both Asn and Tyr on the interface.  

The two most stable structures correspond to PFF2UD and PFF2UU, presenting a clear 

difference in energy compared with the rest of the models (differences are > 8 kcal·mol-

1·strand-1). Thus, the analysis of the results reveals a clear preferential organization of 

NY7 fibers to parallel rather than antiparallel. Additionally, both models display a face 

to face organization, in which Asn is in the interface whereas Tyr side chains are found 

facing the solvent. A possible explanation for this organization could be related to the 

higher stability provided by Asn residues in the interface compared with Tyr.  

In the case of PFF2UD, the model suffers a significant energy decrease of 30 kcal·mol-1 

(0.75 kcal·mol-1·strand-1) due to the formation of a twist after 60 nanoseconds of 

simulation (Figure 2.2.). In the case of PFF2UU, this twist is not formed but it does not 

mean that straight conformation is the most stable for this model, it might imply that 

at this time the small barrier required to acquire the twisted conformation was not 

overcome. Given the fact that amyloid structures could acquire many different 

conformations along the time, we cannot determine which of the two models 

corresponds to the most stable one with the obtained calculations. However, these 

simulations confirm that NY7 preferentially will assemble in a parallel β-sheet 

architecture in which Asn residues preferentially will occupy the interface, providing 

higher stability to the fiber and Tyr residues will face the solvent.  

 

Figure 2.2. | Representation of the most stable models for NY7 supramolecular assembly. Right 

representation corresponds to PFF2UU (not twisted) and left corresponds to PFF2UD (twisted). Both models 

present Asn (pink) residues on the interface whereas Tyr (blue) residues are facing the solvent. Backbone is 

colored in grey. 
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Molecular mechanics simulations of the SY7 supramolecular assembly 

Simulations of SY7 fibril models were performed in analogy to previous obtained NY7 

models, using again 40 strands overall, divided in 2 protofibrils, each one composed by 

20 strands. In the case of SY7 fibrils, ten different models were revealed to be stable by 

the MM simulations, five corresponding to parallel architecture and five to antiparallel 

(Table 2.2.).  

The relative stability for the different models has also been computed, following energy 

evolution for the last 30 nanoseconds of the simulations for a total of 300 frames 

(Figure 2.3.). Then, relative energy differences have been calculated taking as a 

reference the most stable model, corresponding in this case to PFF2UU (Table 2.2.).  

 

Figure 2.3. | Energy evolution of the different SY7 models. Energy calculations correspond to the last 30 

nanoseconds of a total simulation of 60 nanoseconds, calculated from 300 frames. 
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Table 2.2. | SY7 amyloid fibers obtained models from molecular mechanics simulations In the table, it is 

shown the name of the model, the corresponding organization, the schematic organization and the structure 

of the model and the relative energy of the models calculated relative to the most stable model and expressed 

in kcal·mol-1·strand-1 (corresponding to a total of 40 strands). Highlighted in blue, there are indicated the 

three more stable models, corresponding to PFF2UU, PFF2UD and APFF2UED. The nomenclature used in the 

classification corresponds to [176]. 

Model Organization Scheme / Structure 
Relative Energy ± SD 
(kcal·mol-1·strand-1) 

PFF2UU 
Parallel 

Face to face 
Up – up 

 

0 ± 0.375 

PFF2UD 
Parallel 

Face to face 
Up – down 

 

0.5 ± 0.35 

APFF2UED 
Antiparallel 
Face to face 
Up = down 

 

0.65 ± 0.375 

PFBUD 
Parallel 

Face to back 
Up – down  

 

9.075 ± 0.75 

APFBUED 
Antiparallel 
Face to back 
Up = down 

 

11.825 ± 0.525 

PFB1UU 
Parallel 

Face to back 
Up – up  

 

11.85 ± 0.4 
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APFEBUU 
Antiparallel 
Face = back 

Up – up 

 

12.2 ± 0.4 

APFEBUD 
Antiparallel 
Face = back 
Up – down 

 

12.925 ± 0.45 

PFF1UU 
Parallel 

Face to face 
Up – up 

 

14.375 ± 0.725 

APFF1UED 
Antiparallel 
Face to face 
Up = down 

 

16.225 ± 0.475 

 

As in the case of NY7, the resulting models of the simulations show that FF1 (face to 

face) models present Tyr in the interface, FF2 structures present Ser in the interface 

and all FB (face to back) and FEB (face = back) models present both Ser and Tyr on the 

interface.  

For SY7 models, the most stable structures correspond to two parallel models (PFF2UU 

and PFF2UD) and one antiparallel model, corresponding to APFF2UD, being PFF2UU 

the most stable. In agreement with the previous NY7 results, the three models 

presenting higher stability show a similar preferential orientation of the residues, in 

which Ser residues face the interface of the two β-sheets, bringing higher stability to 

the amyloid assembly, whereas Tyr faces the outside, being in contact with the solvent 

(Figure 2.4.). On the contrary to NY7 models and due to the capacity of amyloid 

structures to acquire different conformations along the time, we cannot determine 

which of those three models present higher stability, since differences between them 

are not big enough (< 0.7 kcal·mol-1·strand-1). In this particular case, we also cannot 
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determine if SY7 peptides will acquire preferentially parallel or antiparallel 

architecture, which is not the case for NY7. However, and similar to the previous 

simulations, Tyr preferentially will be found on the surface of the amyloid fibrils, 

whereas Ser (corresponding to the polar residue in this particular case) will be 

preferentially found in the inter-β-sheet interface. 

 

Figure 2.4. | Representation of the most stable models for SY7 supramolecular assembly. The right model 

representation corresponds to PFF2UD, the middle model corresponds to PFF2UU and the left model 

corresponds to APFF2UED. Both models present Ser residues (orange) on the interface whereas Tyr residues 

(blue) are facing the solvent. Backbone is colored in grey. 

Molecular mechanics simulations of the GY7 supramolecular assembly 

Following the same procedure, GY7 supramolecular assemblies were simulated using 

the same methodology described above. Particularly, from these simulations, there 

were obtained nine stable models for GY7 supramolecular assembly, five 

corresponding to parallel architecture and four to antiparallel architecture (Table 

2.3.). PFF1UD model displayed as non-stable during the MM simulations, thus it has 

been not included in the final results report. As for the previous two peptides, the 

relative stability of the models was followed in the last 30 nanoseconds of the 

simulation, obtaining the energies for each model from 300 frames (Figure 2.5.). 

Taking as a reference the most stable model, corresponding to APFF2UED for GY7, 

relative energies were calculated (Table 2.3.). 
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Figure 2.5. | Energy evolution of the different GY7 models. Energy calculations correspond to the last 30 

nanoseconds of a total simulation of 60 nanoseconds, calculated from 300 frames. 

 

Table 2.3. | GY7 amyloid fibers obtained models from molecular mechanics simulations. In the table, it is 

shown the name of the model, the corresponding organization, the schematic organization and the structure 

of the model and the relative energy of the models calculated relative to the most stable model and expressed 

in kcal·mol-1·strand-1 (corresponding to a total of 40 strands). Highlighted in blue, there are indicated the two 

more stable models, corresponding APFF2UED and PFF2UD. The nomenclature used in the classification 

corresponds to [176]. 

Model Organization Scheme / Structure 
Relative Energy ± SD  
(kcal·mol-1·strand-1) 

APFF2UED 
Antiparallel 
Face to face 
Up = down 

 

0 ± 0.375 

PFF2UD 
Parallel 

Face to back 
Up – down 

 

4.925 ± 0.275 

APFEBUU 
Antiparallel 
Face = back 

Up – up 

 

6.3 ± 0.35 



CHAPTER 2 

85 

APFEBUD 
Antiparallel 
Face = back 
Up – down 

 

7.425 ± 0.425 

PFF2UU 
Parallel 

Face to face 
Up – up 

 

8.075 ± 0.45 

PFBUU 
Parallel 

Face to back 
Up – up 

 

11.15 ± 0.275 

APFBUED 
Antiparallel 
Face to back 
Up = down 

 

11.55 ± 0.375 

PFBUD 
Parallel 

Face to face 
Up – down 

 

14.375 ± 0.375 

PFF1UU 
Parallel 

Face to face 
Up – up 

 

21.1 ± 0.425 

 

Similarly to the previous reported results, in the GY7 models, FF1 (face to face) present 

Tyr in the interface, FF2 presents Gly in the interface and all FB (face to back) and FEB 

(face equal to back) present both Gly and Tyr on the interface.  

The GY7 most stable model presents an antiparallel architecture, corresponding to 

APFF2UED model. In this case, parallel architectures render less stable models, being 

PFF2UD the most stable parallel model, but still 4.925 kcal·mol-1·strand-1 less stable 

than APFF2UED. Thus, in this case, we can assume that the preferential organization of 

the GY7 amyloid fibrils is antiparallel. On the other hand, in agreement with previous 
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models, the orientation of the side chains for the 2 most stable models corresponds to 

Gly on the β-sheets interface and Tyr facing the solvent (Figure 2.6.).  

 

Figure 2.6. | Representation of the most stable models for GY7 supramolecular assembly. Right model 

representation corresponds to APFF2UED and left model corresponds to PFF2UD. Both models present Gly 

residues (green) on the interface whereas Tyr residues (blue) are facing the solvent. Backbone is colored in 

grey.  

NY7, SY7 and GY7 peptides supramolecular assembly most stable models 

present Tyr residues facing the solvent 

The comparison of the three prion-inspired peptidic sequences demonstrates that 

multiple architectonical organization can emerge from a single sequence, with similar 

energy values. As far as the only common residue in the three sequences is Tyr, 

preference on the organization presents a clear dependence on the identity of polar 

side chain which will promote the formation of the stabilizing intermolecular non-

covalent contacts. NY7 presents a clear propensity to assemble into parallel 

architecture, whereas GY7 preferentially acquires antiparallel architecture. For SY7, 

this preference is not so clear since relative energy differences between the 2 parallel 

and the antiparallel most stable models are not significant (Figure 2.7.). 

Additionally, it can be assumed that independently of the architecture organization in 

P or AP fibers, all three prion-inspired short peptides show a clear preference to 

present their corresponding polar residues orientated to the β-sheet interface, and Tyr 

being oriented to the solvent (Figure 2.7.). These results are in agreement with 

recently experimental work published by Eisenberg group, in which they demonstrate 

soft amyloid cores interactions are driven mainly by an extensive hydrogen bonds 

networks in the inner core of the fibrils. These hydrogen bond contacts are stablished 

by polar groups, which includes Ser side chain and the Gly backbone as well as Tyr 
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[99,100]. In our case, the models which present a mixture of polar and Tyr residues in 

the interface do not correspond to the most stable ones for any of the three analyzed 

peptides. In this way, it can be assumed that the higher stability of the obtained models 

owes to the establishment of a strong hydrogen bond interaction network mediated by 

the polar side chains of Asn and Ser or the main chain NH and carbonyl groups in the 

case of Gly. As well, Tyr presents a hydroxyl group adjacent to the aromatic ring, which 

can be easily solvated by the surrounding waters from the buffer.  

 

Figure 2.7. | Summary of the most stable models obtained from the simulations for NY7, SY7 and GY7 

peptides. Tyr residues are colored in blue, Asn residues are colored in pink, Ser residues are colored in orange 

and Gly residues are colored in green. C-terminus acetylation is colored in pale pink and N-terminus amidation 

is colored in turquoise. Backbone is colored in grey. All stable structures display Tyr facing the solvent and 

the corresponding polar residue buried in the inter-β-sheet interface.  

Concluding with the analysis of the results, the models thus give support to the idea 

that arose from the experimental work shown and discussed in Chapter 1 indicating 

that Tyr residues must necessarily face the solvent and be accessible to display their 

bioelectrocatalyst activity.  

  



CHAPTER 2 

88 

DISCUSSION 

The molecular dynamics simulations obtained in the present study contributed to 

understand the preferential organization of the prion-inspired heptapeptides in the β-

amyloid architecture. Although in Chapter 1 it was suggested that the main 

organization of prion-inspired fibrils might correspond to parallel architecture, 

obtained simulations revealed that both the parallel and antiparallel arrangements can 

be explored by the three heptapeptides. It is likely that this differential architecture 

organization could be related to the amyloid polymorphism phenomena [123], in 

which the incubation conditions and parameters significantly impact on the final 

conformation [22]. 

Provided that those peptides presented a bi-patterned composition, the primary 

sequence strictly determines that in a β-sheet those peptides exhibit one polar and one 

aromatic face. On the bases of this restrictive orientation, it was initially thought that 

Tyr might occupy the inner intraface between paired protofibrils, building-up a π-π 

stacked ladder that connected and stabilized facing β-sheets. Contrary to this initial 

expectation, the experimental results shown in Chapter 1 [156] already indicated the 

requirement of a certain degree of freedom for Tyr residues to generate overstabilizing 

crosslinks and to contribute to the scaffold activity as bioelectrocatalyst, being this only 

possible if those residues are at least partially exposed to the solvent. The most stable 

models obtained for NY7, SY7 and GY7 peptides amyloid assemblies supported the 

assumptions coming from experimental data, revealing that the three Tyr residues in 

each single peptide face the solvent, independently of the fine amyloid architecture. 

Moreover, the NY7 and SY7 models remarked that the amyloid cross-β motif formation 

relies on hydrogen bonding and Van der Waals interactions between polar residues in 

the inter-sheet intraface [91]. Additionally, the shorter distances between paired 

peptides exhibited by the GY7 model pointed to backbone-to-backbone contacts as the 

main responsible interactions for this particular sequence stabilization. For all the 

models, the Tyr aromatic ladder is likely contributing to the overall stabilization of the 

amyloid assembly, both through extensive π-π contacts of the phenyl rings in each 

exposed side of the β-sheets and by hydrogen bonding between residues and with 

water through the hydroxyl group. The results reported herein are in agreement with 

the recently published studies from Eisenberg and co-workers illustrating the capacity 
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of natural prion and prion-like short sequences to generate amyloids without the 

requirement for the hydrophobic contacts typically found in classical pathogenic 

amyloids [99,100,176,203,208].  

Overall, the molecular simulations provide additional evidence for the important role 

played by hydrogen bonds and Van der Waals interactions as driving forces of the 

assembly of natural and synthetic soft-amyloid cores, whereas the surface exposed π-

π stacking ladder contributes to the stabilization of the amyloid scaffold [99,100]. The 

orientation of Tyr to the solvent and their assembly into a π-π ladder clarify why those 

scaffolds exhibit redox activity [145,209], and opens and avenue for the exploitation of 

this particular feature for nanotechnological applications.  

COMPUTATIONAL METHODS 

MM simulations 

Molecular mechanics (MM) allows the computational simulation of complex systems 

evolution in which intra and intermolecular interactions are simulated on the basis of 

Newtonian mechanics, ignoring the electron correlation and only considering the 

atomic position [210]. MM is based on a predefined force-field, a collection of inter- and 

intramolecular potential terms, which is parametrized on empirical and calculated 

data. These terms include bond angles and lengths, among several other parameters. 

Depending on the complexity of the system and the force-field obtained equation, the 

time required for calculations may vary considerably. The results obtained from MM 

simulations corresponds to a model in which the energy of the system has been 

optimized into a minimum.  

MM simulations for dimeric models 

The MM simulations were performed with the AMBER16 package [211], using the 

ff14SB force field and the TIP3P water model [212]. An octahedral box with a buffer of 

12 Å between the solute and the borders has been employed to avoid interaction 

between replicas. Equilibration and production molecular dynamics runs were set as 

follows:  

• Initial minimization 2000 points; 1000 with steepest descent method, then 

conjugated gradient;  
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• 200 picoseconds of NVT dynamics rising the temperature from 0 to 100 K in the 

first half; there is a 2.0 (kcal/mol) · Å2 constraint on backbone atoms; 

• 1 nanosecond NPT dynamics rising the temperature from 100 to 150 K in the first 

quarter of the simulation and keeping it fixed to 150 in the rest; 1.0 (kcal/mol) · 

Å2 constraint on backbone atoms; 

• 1 nanosecond NPT dynamics at 150 K with no restraints; 

• 1 nanosecond NPT dynamics rising the temperature from 150 to 200 K in the first 

quarter of the simulation and keeping it fixed to 200 in the rest; 1.0 (kcal/mol) · 

Å2 constraint on backbone atoms; 

• 1 nanosecond NPT dynamics at 200 K with no restraints; 

• 1 nanosecond NPT dynamics rising the temperature from 200 to 250 K in the first 

quarter of the simulation and keeping it fixed to 250 in the rest; 1.0 (kcal/mol) · 

Å2 constraint on backbone atoms; 

• 1 nanosecond NPT dynamics at 250 K with no restraints; 

• 1 nanosecond NPT dynamics rising the temperature from 250 to 300 K in the first 

quarter of the simulation and keeping it fixed to 150 in the rest; 1.0 (kcal/mol) · 

Å2 constraint on backbone atoms; 

• 1 nanosecond NPT dynamics at 300 K with no restraints. 

Energetics was computed on the last 30 nanoseconds of production. Calculation of the 

relative energy of different fibers structures was performed extracting a series of 300 

snapshots from the last 30 nanoseconds of the production trajectory, stripping explicit 

waters and running a 500 step geometry relaxation on the frames using the 

Generalized Born implicit solvent model [213,214]. The energy of the frames was 

averaged and is presented with its standard deviation. 
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CHAPTER 3 

FUNCTIONALIZATION OF PRION-
INSPIRED SCAFFOLDS USING THE 

BIOTIN-STREPTAVIDIN SYSTEM 
INTRODUCTION 

One of the main goals in nanotechnology is the development of functionally versatile 

nanomaterials that can be adapted for a wide range of applications and requirements. 

For this purpose, high affinity and specific non-covalent interactions have been 

employed to functionalize nanomaterials [215–217].  

Compared with other covalent and non-covalent interactions, the biotin-streptavidin 

system provides significant advantages, being extensively employed in biosciences, 

biomedicine and nanotechnology areas for purposes such as immunodetection, 

imaging, synthetic chemistry and biology, chemical biology and therapeutics 

[129,215,216,218]. The biotin-streptavidin interaction corresponds to one of the 

highest binding affinities reported in nature (Kd ≈ 10-14 – 10-16 M), being extremely 

stable and hard to disturb by changes on environmental conditions, including heating, 

the presence of denaturant agents or detergents, or extensive washing steps [219]. 

Additionally, it displays higher specificity compared to other non-covalent 

interactions. In this system, the first component is biotin, also known as vitamin H, a 

small 245 Da molecule acting as a co-factor in many different enzymatic reactions, and 

the second corresponds to streptavidin, a protein homotetramer with approximately 

60 kDa from Streptomyces avidinii, presenting four specific binding sites for biotin.  

Multiple biotin-conjugated protein derivatives have been obtained since the small size 

of this molecule does not influence either to the structure and/or the biological activity 

of the adjacent protein. Moreover, it is possible to biotinylate almost any protein of 

interest by means of commercial kits in a fast and easy manner. Relative to 

streptavidin, despite its high molecular weight, engineered variants presenting 



CHAPTER 3 

92 

optimized affinity for biotin have been shown to interact with this cofactor without 

significant disturbance of the structure and function of the conjugated partners [215]. 

Nowadays, there is a large number of commercially available streptavidin and biotin 

conjugates, including enzymes, antibodies or other inorganic molecules such as gold 

nanoparticles or quantum dots [220]. Besides, both streptavidin and biotin can be 

immobilized on matrices for the retention of the desired biotin/streptavidin 

conjugated partners, and the interaction is employed on standard purification 

procedures [221].  

The combination of amyloid scaffolds with the biotin-streptavidin system has several 

advantages. The isolation of amyloid nanostructures is easily attained by 

centrifugation, obtaining highly resistant assemblies in front of harsh conditions, 

which in the case of prion-inspired peptides are inert for cultured human cells [156]. 

Moreover, the conjugation of biotin to amyloid scaffolds provides them of great 

adaptability and malleability in terms of functionalization, acting as multivalent 

matrices able to embrace different functions and/or reporter molecules [222,223]. A 

couple of examples are described next. The first one is an improved ELISA-like 

detection system developed by Men and co-workers [129]. They obtained two different 

fusion proteins, the first consisting of Sup35 prion protein and BAP (Biotin Acceptor 

Peptide) and the second constituted by Sup35 prion protein and protein G, and 

assembled them into hybrid amyloid fibers. These hybrid scaffolds display high 

specificity for the heavy chain of IgG as well as for any streptavidin conjugate allowing 

to amplify the recognition of IgG and the reporter signal, through the streptavidin 

conjugate, simultaneously. This system exhibited a dramatic increase in sensitivity, 

corresponding to 2000 to 4000-fold increase of the signal, compared with current 

immunodetection methods [129]. A second example consisted in the formation of 

biotinylated-whey protein nanofibers, which were fixed on a gold surface by means of 

thiolation and incubated in the presence of a glucose oxidase-streptavidin conjugate 

for the generation of a glucose nanosensor [148]. 

Given the versatility of the biotin-streptavidin system and the properties of our 

amyloid scaffolds, in the present study, we propose a smart strategy to functionalize 

our synthetic prion-inspired nanomaterials by conjugation of biotin to those short 

sequences. 
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In order to fuse the biotin at the N-terminus of those peptides, a linker consisting in the 

APAA sequence was added. Since poly-Ala peptides can form helices spontaneously 

[224], the dual α-helix and β-sheet disruptor Pro residue was added in the second 

position [225], pursuing that the linker will remain disordered and would not interfere 

with the capacity of the heptapeptide core to assemble into a β-sheet structure. 

Likewise, to avoid the interference of charges, the C-terminal edge was blocked by 

amidation.  

The final designed sequences corresponded to Biotin-APAANYNYNYN-NH2 (Biotin-

NY7), Biotin-APAAQYQYQYQ-NH2 (Biotin-QY7) and Biotin-APAASYSYSYS-NH2 (Biotin-

SY7). We discarded the use of the GY7 peptide due to the much higher concentration 

required for its self-assembly, which in addition is exceedingly slow. 

RESULTS 

Biotin-NY7/QY7/SY7 peptides self-assemble into amyloid fibers 

Initial experiments were addressed to determine if the biotinylation of peptides and 

the addition of the linker sequence could affect the amyloid self-assembling capacity 

described for those sequences in Chapter 1 [156]. After a preliminary screening to 

identify the best conditions for self-assembly, peptides were incubated in a 1:5 biotin-

peptide:non-biotinylated peptide ratio. The mixture of the non-biotinylated peptide 

with biotinylated one was a requirement to avoid possible steric impairment upon 

biotin recognition by an incoming streptavidin molecule. Reactions were prepared at a 

final peptide concentration of 250 μM in 100 mM potassium phosphate buffer at pH 7.0 

and incubated for 7 days at 25°C in quiescent conditions.  

The ability of the biotin-fused peptides to self-assemble was first monitored by 

measuring synchronous light scattering signal after incubation (Figure 3.1.A). Results 

revealed a significative increase in the light scattering signal for the 3 assayed peptides, 

thus reporting on the presence of aggregates in the solution.  

Tyr is an aromatic residue, being its intrinsic fluorescence slightly sensitive to the 

environmental conditions [191]. Since those peptides present a high content on Tyr, 

representing 33 % of the total sequence, Tyr intrinsic fluorescence spectra were 

acquired, to determine the packing degree of these aggregates. Results displayed 
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values for Tyr emission similar to that reported for the assemblies of non-biotinylated 

peptides in the three cases (Figure 3.1.B). 

 

Figure 3.1. | Biophysical characterization of biotin-NY7/QY7/SY7 amyloid scaffolds. Biotinylated NY7 (blue), 

QY7 (red) and SY7 (green) peptides were prepared 250 µM to a 1:5 (Biotin-XY7:XY7 peptide) ratio in buffer 

100 mM phosphate pH 7, and aggregation was analyzed after 7 days of incubation: A) Synchronous light 

scattering; B) Intrinsic tyrosine fluorescence. Tinctorial properties of incubated peptides were assessed: C) 

Th-T and D) CR binding assays in the absence (dashed line) and in the presence (solid lines) of biotin-

containing peptides.  

Afterwards, the capacity of biotinylated peptides to form amyloid-like assemblies was 

assessed using amyloid binding dyes Thioflavin-T (Th-T) and Congo Red (CR). In the 

case of Th-T binding assay, all biotin-containing peptides presented a significative 

increase on Th-T fluorescence when the dye was incubated in the presence of fibers 

compared with soluble Th-T (Figure 3.1.C). Equivalently, incubation of the samples 

with CR promoted a red shift on its spectra, especially for biotin-NY7 and biotin-QY7 

peptides, suggestive of the presence of amyloid-like structures in the assemblies 

(Figure 3.1.D).  

Finally, the morphology of the assemblies was assessed by means of transmission 

electron microscopy (TEM). Incubated samples were deposited onto carbon-coated 

copper grids and negatively stained using uranyl acetate solution. Grids were 

scrutinized and the micrographs revealed long, thin and regular fibers for the 3 
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biotinylated heptapeptides (Figure 3.2.), reminiscent of the morphologies of the non-

biotinylated peptides [156].  

Overall, the biophysical characterization of the biotinylated fibrillar assemblies 

confirmed that the conjunction of biotin and linker at the N-terminus of prion-inspired 

short self-assembling peptides did not affect significantly their capacity to self-

assemble into fibrillar structures.  

Functionalization of heptapeptides scaffolds with gold nanoparticles 

To assess the capacity of biotinylated assemblies to bind streptavidin-conjugates, our 

first approach consisted of the incubation of prion-inspired scaffolds in the presence of 

streptavidin conjugated to gold nanoparticles (NPs) [222].  

The binding of streptavidin-gold NPs was assessed by means of TEM. The obtained 

micrographs showed a clear colocalization of small black dots corresponding to gold 

NPs distributed along the surface of the fibers (Figure 3.2.). Accordingly, negative 

controls of non-biotinylated fibers incubated with streptavidin-gold NPs did not show 

such colocalization, meaning that biotin was essential for the attachment of 

streptavidin-gold NPs conjugates to the fibrils. Although some random located black 

dots were detected, likely the presence of the streptavidin-golf NPs can be attributed 

to their gravitational deposition on the grid, as it is shown in the control micrograph in 

the absence of fibrils in Figure 3.2. From these results, it is concluded that the binding 

of streptavidin-gold NPs is specific for the biotin-self-assembled fibers.  
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Figure 3.2. | TEM micrographs of biotin-NY7/QY7/SY7 amyloid scaffolds incubated with streptavidin-gold 

NPs conjugate. Biotinylated NY7 (blue), QY7 (red) and SY7 (green) peptides were prepared 250 µM to a 1:5 

(biotinylated peptide:non-biotinylated peptide) ratio, corresponding to top-row images. Dashed lined images 

in the middle row correspond to non-biotinylated scaffolds controls. Streptavidin-gold NPs conjugate (black 

spots) control correspond to bottom image. Streptavidin-gold NPs conjugate was incubated in a final ratio 

1:20 from the stock and samples were deposited onto carbon coated copper grids. Scale bars correspond to 

500 nm. 
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Functionalization of heptapeptides scaffolds with enzymatic activities 

Once demonstrated the capacity of the biotinylated scaffolds to bind streptavidin-gold 

NPs conjugates, we did a step forward to assess if they could be functionalized instead 

with enzymatic activities. Thanks to protein engineering advances, almost any protein 

can potentially be fused to streptavidin keeping the native and active conformation 

[220]. Thus, our approach focused on the functionalization of our self-assembled 

amyloid fibrils with commercially available streptavidin conjugates.  

We first assessed the functionalization of the assemblies with individual enzymes, 

employing a streptavidin-horse radish peroxidase (HRP) conjugate as well as alkaline 

phosphatase (AP) fused with streptavidin. Afterwards, to highlight the functional 

multivalence of those prion-inspired scaffolds, we employed simultaneously two 

enzymes, peroxidase and glucose oxidase (GOx), using the streptavidin-HRP and the 

streptavidin-GOx conjugates, in order to generate a coupled enzymatic reaction.  

A. Functionalization of heptapeptides scaffolds with peroxidase activity 

First, we aimed to decorate the biotinylated prion-inspired assemblies with the 

streptavidin-HRP conjugate. HRP enzyme has been extensively employed in multiple 

detection techniques and commercial kits like those for Western Blotting or ELISA 

detection assays. This enzyme catalyzes a reaction in which the substrate (which is 

often luminol or an equivalent molecule) and H2O2 are transformed into H2O and 3-

aminophtalate (3-APA or similar) emitting chemiluminescence (Figure 3.3.A). In 

order to detect if streptavidin-HRP conjugate could specifically bind biotinylated fibers 

and not to fibers without biotin, we performed a dot blot assay. As expected, only fibers 

containing biotin-peptides displayed a chemiluminescence signal after the incubation 

with the substrate (Figure 3.3.B). Conversely, fibers without biotin did not show any 

significant chemiluminescent signal. Positive control corresponding to soluble non-

assembled biotin-peptides at 60 μM displayed subtle signal, but not as intense as in the 

case of biotinylated-fibers likely due to the disassembled state of this sample.  

These results indicate that the binding of streptavidin-HRP conjugate requires the 

presence of biotin in those scaffolds and additionally, that the amplification of the 

chemiluminescent signal responds to the self-assembly into amyloid-like fibrils of the 

biotinylated peptides. 
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Figure 3.3. | Biotin-NY7/QY7/SY7 amyloid scaffolds detection with the streptavidin-HRP conjugate. A) 

Schematic representation of the reaction catalyzed by HRP within the scaffold. B) Dot blot of the biotin-NY7, 

QY7 and SY7 scaffolds. Controls correspond to soluble biotin-containing peptides and to scaffolds without 

biotin. Different volumes of scaffolds containing solutions were loaded on the membrane: 1 and 5 μL.  
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B. Functionalization of heptapeptides scaffolds with alkaline phosphatase activity 

Further on, we addressed the functionalization of prion-inspired amyloid scaffolds 

with the streptavidin-AP conjugate. The main physiological role of AP enzyme 

corresponds to dephosphorylation; despite there exist a huge range of enzymes with 

multiple structures and substrate specificities exerting this activity in all organisms, AP 

is the preferred protein form for biochemistry, biotechnology and molecular biology 

applications. One of the main uses of AP is as an activity reporter in immunoassays. The 

analysis of AP activity has been classically assessed using p-nitrophenyl phosphate 

(pNPP) substrate, which is hydrolyzed into phosphoric acid and p-nitrophenol (pNP). 

This pNP product presents a yellow coloration at alkali pH (around pH 8.0) with a 

maximum absorbance peak at 405 nm (Figure 3.4.A).  

The enzyme kinetics obtained after the incubation of the biotin-scaffolds with 

streptavidin-AP revealed again the affinity of those scaffolds for streptavidin 

conjugates. Specifically, the biotin-QY7 assembly displayed the highest activity, 

suggesting that it retains a higher amount of the streptavidin-AP conjugate on its 

surface. The biotin-NY7 scaffold was the second most active, with biotin-SY7 being the 

less active. This suggests that fine details in the structure of the fibrils might modulate 

the chemical accessibility of biotins and thus their ability to interact with streptavidin-

conjugates. 

In any case, the three biotinylated scaffolds behaved as excellent matrices with the 

capacity to bind different streptavidin conjugates. These results encouraged to test the 

potential application of those scaffolds for more complex reactions, for instance, their 

functionalization with coupled enzymes or the production of customizable biosensors.  
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Figure 3.4. | Biotin-NY7/QY7/SY7 amyloid scaffolds functionalized with the streptavidin-AP conjugate. A) 

Schematic representation of the reaction catalyzed by AP within scaffolds. B) Kinetics of the biotin-containing 

NY7 (blue), QY7 (red) and SY7 (green) scaffolds bound to streptavidin-AP. Controls correspond to soluble 

streptavidin-AP (black) and to buffer alone (grey). Results correspond to the mean of 3 independent 

experiments with standard deviation.  

C. Functionalization of heptapeptides scaffolds with coupled peroxidase and glucose 

oxidase activities 

One of the main limitations in detection systems is sensitivity, associated with the lack 

of enough detectable product for any given reaction. The coupling of a secondary 

reaction catalyzing the conversion of the primary product into a detectable molecule 

and thus amplifying the signal is as a common strategy to overcome this issue. 
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However, the development of coupled reactions systems on top of nanometric surfaces 

is still challenging, since often it is required the attachment and immobilization of the 

molecules in a solid matrix by means of covalent interactions, compromising the 

enzymes conformations and activities.  

Up to date, the matrices and scaffolds employed for enzyme immobilization are 

inorganic and demand for additional modifications and long-time incubations 

[226,227]. Interestingly enough, the use of the biocompatible amyloid biotin-

conjugated scaffolds might significatively reduce the time required for the attachment 

of the conjugates, and at the same time, allow to modulate the quantity of enzyme 

retained in the surfaces depending on the available biotin molecules within the matrix. 

Despite these potential advantages, studies using this system for the immobilization of 

coupled reactions have not been reported yet.  

Our approach consisted of the immobilization of two different enzymes, namely 

glucose oxidase (GOx) and horseradish peroxidase (HRP) within the prion-inspired 

scaffolds by means of the biotin-streptavidin interaction [228]. In this system, the first 

reaction is done by GOx, catalyzing the oxidation of glucose into D-gluconolactone and 

H2O2. Then, HRP employs H2O2 to oxidize ABTS into ABTS+ generating a green colored 

product (Figure 3.5.A). Therefore, since no H2O2 is added to the reaction, the HRP 

activity is only detected when glucose is present and the sugar is oxidized by GOx, 

generating H2O2 as byproduct. 

Enzyme kinetics revealed that incubated amyloid scaffolds were able to bind both 

streptavidin-GOx and streptavidin-HRP conjugates since we detected a time dependent 

increase in absorbance due to the production of ABTS+ (Figure 3.5.B). A control 

performed with soluble streptavidin-GOx and streptavidin-HRP at the same 

concentrations at which they were originally added to fibrils provides the upper limit 

of detectable catalytic activity. Biotin-NY7 and biotin-QY7 scaffolds exhibit similar 

activity, corresponding to a 65.8 % and 68.0 % of the total activity displayed by the 

positive control, whereas SY7 seems to be a slightly less active scaffold, with 55,5 % 

activity compared with the control. Despite these differences, we can conclude that the 

three biotinylated scaffolds allow the immobilization of two different streptavidin-

enzyme conjugates to functionalize those scaffolds with enzymes displaying coupled 

reactions.  
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Figure 3.5. | Biotin-NY7/QY7/SY7 self-assembled amyloid scaffolds functionalized with streptavidin-GOx 

and streptavidin-HRP conjugates. A) Schematic representation of the coupled reactions catalyzed by GOx 

and HRP within scaffolds. B) Kinetics of the biotin-containing NY7 (blue), QY7 (red) and SY7 (green) scaffolds 

bound to streptavidin-GOx and streptavidin-HRP. Positive control corresponds to soluble streptavidin-GOx 

and streptavidin-HRP (1:1). Results correspond to the mean of 3 independent experiments with standard 

deviation.  

DISCUSSION 

The biotin-streptavidin interaction has been shown to be one of the strongest non-

covalent interactions mediated by a protein, becoming a very flexible system for a 

myriad of applications in biotechnology and nanotechnology [216,229]. The extensive 

exploitation of this interaction has leaded to the generation of a variety of streptavidin 

variants and conjugates with improved physicochemical properties and interaction 

affinities for biotin [221]. The assays based on this interaction are fast and simple and 

provide an amplification of the reporter signal that cannot be attained with other 

detection strategies. The biotin tag can be added to polypeptides in a quick and efficient 

manner, not compromising their biological activity. Additionally, it is possible to attach 
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this moiety to inorganic and solid phases used in purification procedures for the 

retention of the target molecules. 

In the present study, it has been demonstrated that the combination of the biotin-

streptavidin interaction system with our prion-inspired scaffolds, offers significant 

advantages for their application in nanotechnology: i) their hierarchical organization 

allow to precisely control the amount of biotin embedded within them; ii) these prion-

inspired scaffolds behave as highly stable matrices and can be used under harsh 

conditions, a property which can be enhanced by promoting the formation of Tyr 

crosslinks [156]; iii) the purchase of labelling kits or dedicated procedures are not 

required, since the biotinylated-peptides can be commercially obtained [33], avoiding 

the need to functionalize these matrices once they are assembled; iv) these scaffolds 

are expected to exhibit significantly increased sensitivities, compared to current 

commercial immunodetection kits, acting as amplification matrices [129]; v) the 

biosafety of these scaffolds has been validated [156], which is a requisite for the 

development of nanomedical devices.  

The binding of streptavidin-gold NPs conjugates to our biotinylated prion-inspired 

scaffolds suggest their potential use in the detection of molecules by plasmon 

resonance techniques [229]. These scaffolds have been successfully decorated with 

commercial streptavidin-enzyme conjugates, including HRP, AP or GOx, which has 

allowed their functionalization with peroxidase and esterase activities or to exert 

oxidation-peroxidation coupled reactions. The immobilization of engineered enzymes 

might allow to recruit and hold any desired target in a preferential spatial orientation 

for their subsequent detection.  

Our results evidence that biotinylated prion-inspired scaffolds could bind and retain 

single or combined streptavidin conjugates, becoming thus multifunctional matrices. 

This functional versatility might allow them to be used in a wide variety of applications, 

in addition to the ones explored in this work (Figure 3.6.). For instance, they can be 

employed for imaging purposes; owing to the great variety of commercially available 

fluorescent proteins/molecules and quantum dots conjugated to streptavidin. In 

addition, they have the potential to be evolved into portable nanodevices intended for 

diagnostic, by the binding of streptavidin conjugated to antibodies, or as biosensors by 

the attachment of any conjugated enzyme coupled that amplify the desired signal.  
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In summary, the results obtained in the present chapter exemplify how the biotin-

streptavidin system can be employed for the functionalization of amyloid-based 

scaffolds. The setup displays modularity and adaptability to different required 

functions and activities, and accordingly, it might turn useful for diverse applications 

in nanotechnology. 

 

Figure 3.6. | Schematic representation of biotin-functionalized heptapeptides scaffolds. In the scheme, 

there are shown some examples of functionalization using the biotin-streptavidin system. This strategy allows 

the functionalization of these scaffolds with a huge range of possibilities including from different enzymes 

(HRP, GOx or PA), fluorescent proteins (GFP), quantum dots, antibodies or gold NPs, among many others. 

MATERIALS AND METHODS 

Peptides preparation 

Synthetic heptapeptides NY7 (Ac-NYNYNYN-NH2), biotin-NY7 (Biotin-

APAANYNYNYN-NH2), QY7 (Ac-QYQYQYQ-NH2), biotin-QY7 (Biotin-APAAQYQYQYQ-

NH2), SY7 (Ac-SYSYSYS-NH2) and SY7-biotin (Biotin-APAASYSYSYS-NH2) were 

purchased from CASLO ApS (Scion Denmark Technical University). Lyophilized 

peptides were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to obtain a 10 mM 

stock solution for NY7, QY7 and SY7 peptides and 1 mM stock solution for biotin-

NY7/QY7/SY7 peptides, aliquoted and frozen at –80°C.  

Peptide reactions were prepared in a 1:5 (biotinylated peptide:non-biotinylated 

peptide) molar ratio to a final concentration of 250 µM in 100 mM potassium 

phosphate, pH 7.0. Self-assembling reactions were incubated at room temperature for 

7 days in quiescent conditions. 
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Amyloid binding dyes 

Thioflavin-T (Th-T) and Congo Red (CR) specific amyloid binding dyes were used to 

determine amyloid scaffolds formation. For Th-T measurements, incubated peptides 

were diluted 1:10 in 100 mM potassium phosphate, pH 7.0 and Th-T was added to a 

final concentration of 25 µM. Th-T emission fluorescence was detected on a Jasco FP-

8200 fluorescence spectrophotometer (Jasco Corporation, Japan) in the range 460 – 

600 nm, using an excitation wavelength of 445 nm and with excitation and emission 

bandwidth of 5 nm. For CR binding assay, incubated peptides were diluted 1:10 in 100 

mM potassium phosphate, pH 7.0 and CR was added to a final concentration of 20 µM. 

Optical absorption spectra were recorded from 375 to 700 nm in a Specord200 Plus 

spectrophotometer (Analytik Jena, Germany). Spectra of amyloid scaffolds alone were 

acquired to subtract protein scattering. 

Light scattering 

Light scattering was measured in a Jasco FP-8200 fluorescence spectrophotometer 

(Jasco Corporation, Japan), exciting at 330 nm, and recording in the range 320 – 340 

nm using an excitation and emission bandwidth of 5 nm.  

Tyrosine intrinsic fluorescence 

Tyrosine fluorescence spectra were acquired on a Jasco FP-8200 fluorescence 

spectrophotometer (Jasco Corporation, Japan) in the range 280 – 400 nm, exciting at 

268 nm wavelength and using an excitation and emission bandwidth of 5 nm.  

Streptavidin-Gold nanoparticles (gold NPs) binding to biotin-scaffolds 

100 µL of NY7, QY7 and SY7 biotin-containing scaffolds were centrifuged at 12000 x g 

for 30 minutes. The pellet was resuspended in 50 µL of MilliQ H2O. Streptavidin-gold 

NPs conjugate solution (Sigma) was diluted 1:10 (v/v) in MilliQ H2O and equilibrated 

at room temperature for 20 minutes. After equilibration, 50 µL of biotin-containing 

scaffolds and 50 µL of diluted streptavidin-gold NPs solution were mixed to a final 

dilution 1:20 of streptavidin-gold NPs, and the reactions were incubated overnight at 

room temperature with soft agitation. Samples were deposited onto carbon-coated 

copper grids for 10 minutes and soft-stained with 0.5 % uranyl-acetate solution for 30 

seconds for its analysis by transmission electron microscopy (TEM).  
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Transmission electron microscopy (TEM) 

Grids were exhaustively scanned using a JEM 1400 transmission electron microscope 

(JEOL ltd, Japan) operating at 80 kV and images were acquired with a CCD GATAN 

ES1000W Erlangshen camera (Gatan Inc, United States). 

Dot blotting streptavidin-horseradish peroxidase (HRP) coupling to biotin-

scaffolds 

Biotin NY7, QY7 and SY7 containing scaffolds were centrifuged at 12000 x g for 30 

minutes. The pellet was resuspended in the same volume of 100 mM potassium 

phosphate, pH 7.0. Isolated biotin-containing scaffolds were deposited onto a PVDF 

membrane (Immobilon®-P Transfer Membranes, Millipore Corporation, United 

States) in different amounts (1 and 5 µL) and drops were let dry at room temperature. 

Non-biotinylated NY7, QY7 and SY7 scaffolds were used as a negative control in the 

same amounts as biotin-containing fibrils and biotin-NY7, QY7 and SY7 soluble 

peptides at 60 µM were used as positive controls adding 5 µL. After samples deposition, 

the membrane was blocked with Blocking Solution (5% Milk in 1x Tween – Tris 

Buffered Saline (TTBS 1x) buffer) for 1 hour at room temperature. After blocking, 

incubation with streptavidin-HRP (Abcam, United Kingdom) diluted 1:5000 in 5% Milk 

TTBS 1x solution overnight at 4°C. The membrane was washed 3 times with TTBS 1x 

buffer for 10 minutes each time. Development of the membrane was performed with 

Immobilon® Forte Western HRP substrate (Millipore Corporation, United States) in a 

VersaDoc Imaging device (Bio-Rad, United States). 

Streptavidin-alkaline phosphatase (AP) binding to biotin-scaffolds 

After 7 days incubation of aggregation reactions, absorbance at 320 nm of NY7, QY7 

and SY7 biotin-containing aggregation reactions was measured. Samples were then 

centrifuged at 12000 x g for 30 minutes to isolate scaffolds and pellet was resuspended 

in the same volume of 100 mM potassium phosphate pH 7.0. Absorbance at 320 nm 

was measured and the percentage of recovered scaffolds was calculated in order to 

estimate the amount of biotin incorporated in the fibrils. Streptavidin-AP solution 1 

mg/mL (Invitrogen, United States) was added to the biotin-containing scaffolds at 

1:120 ratio (biotin:AP-strep) and incubated overnight at room temperature with soft-

agitation. Samples were then centrifuged at 12000 x g for 30 minutes, and pellets were 

resuspended in 4 times the initial volume of 100 mM potassium phosphate pH 7.0. 
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Alkaline phosphatase (AP) activity assay 

Kinetics of AP activity were performed using 1-step PNPP (p-nitrophenyl phosphate) 

solution (Thermo Fisher, United States), which is transformed to p-nitrophenol which 

presents yellow colour and an absorbance maximum at 405 nm. This assay was 

performed in a 96-well plate with the corresponding streptavidin-AP enzyme controls. 

10 µL of sample and 90 µL of PNPP solution were mixed. The reaction was stopped 

adding 50 µL of 2 M NaOH at corresponding time points. Selected time points were 0, 

2, 5, 10, 15, 20, 25, 30, 40, 50 and 60 minutes. Enzyme control was performed with the 

same amount of streptavidin-AP added to the biotin-containing scaffolds solution 

(1:120 dilution) and diluted 4 times just before the addition into the well. Absorbance 

was measured at 405 nm in a Victor3 (PelkinElmer, United States) plate reader. 

Experiments were performed in triplicates and results correspond to the mean of 2 

independent experiments.  

Streptavidin-glucose oxidase (GOx) and streptavidin-horseradish peroxidase 

(HRP) binding to biotin-scaffolds 

After 7 days incubation of aggregation reactions, absorbance at 320 nm of NY7, QY7 

and SY7 biotin-containing aggregation reactions was measured. Samples were then 

centrifuged at 12000 x g for 30 minutes to isolate scaffolds and pellet was resuspended 

in the same volume of 100 mM potassium phosphate pH 7.0. Absorbance at 320 nm 

was measured and the percentage of recovered fibrils was calculated in order to 

estimate the amount of biotin incorporated in the scaffolds. Streptavidin-GOx solution 

1 mg/mL (Stereospecific Detection Technologies GmbH, Germany) and streptavidin-

HRP solution 1 mg/mL (Abcam, United Kingdom) was added to the biotin-containing 

scaffolds in a 1:1 ratio (GOx:HRP) at a final streptavidin-enzyme 50 nM. Samples were 

incubated overnight at room temperature with soft agitation. Samples were then 

centrifuged at 12000 x g for 30 minutes, and pellets were resuspended in 8 times the 

initial volume of 100 mM potassium phosphate pH 7.0. 

Glucose oxidase (GOx) and horseradish peroxidase (HRP) coupled reaction 

activity assay 

Kinetics of GOx-HRP coupled activity reaction were performed using 2 mM final 

concentration of ABTS reagent (Sigma Aldrich, Germany), which is transformed to 

ABTS+ which presents green-blue coloration. The absorbance of the product was 
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measured at 405 nm, and ABTS+ concentration was calculated using ε405nm = 3.65·104 

M-1·cm-1. This assay was performed in a 96-well plate with the corresponding strep 

enzyme controls. 10 µL of sample and 90 µL of PNPP solution were mixed. Enzyme 

control was performed with the same amount of streptavidin-GOx and streptavidin-

HRP added to the biotin-containing scaffold solution (50 nM of each conjugate) and 

diluted 8 times just before the addition into the well. Absorbance was measured at 405 

nm in a Victor3 (PelkinElmer, United States) plate reader. Experiments were 

performed in triplicates and results correspond to the mean of 3 independent 

experiments.  
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CHAPTER 4 

FUNCTIONAL METALLIZED PRION-
INSPIRED NANOMATERIALS 

INTRODUCTION 

Enzymes are the protein engines that perform most of the biological reactions in cells, 

often corresponding to long polypeptides of at least 100 residues which fold into 

defined native structures. However, it has been hypothesized that earliest enzymes in 

Earth might have been constituted by short peptides that self-assembled into folded-

like structures [230,231]. The amyloid fold has been proposed to be a potential 

precursor of the hierarchical organization of modern enzymes by virtue of its high 

stability and malleability, supported by the fact that the cross-β spine common to all 

amyloid fibrils can embed compositionally diverse short peptides with different 

functionalities [176]. 

Roughly one-third of enzymes are metalloenzymes which exploit the coordination of 

metal ions to catalyze some of the most complex chemical reactions in nature [232]. 

Particularly, carbonic anhydrases (CAs) are one of the fastest characterized 

metalloenzymes participating in multiple physiological functions like pH homeostasis, 

calcification, bone reabsorption and photosynthesis, being ubiquitous in many 

organisms. Additionally, CAs display unique catalytic properties, since they are 

involved in the transport of CO2 in erythrocytes and also exhibit esterase activity, being 

of high interest in biotechnology [233,234]. The X-ray crystallographic structure of CAs 

has revealed that its active site requires the coordination of Zn(II) mediated by a 

histidine triad.  

Based on the ancestral enzymes hypothesis, short amyloid-prone sequences have been 

designed to build up enzyme mimics scaffolds, most of them presenting a strict 

dependence on the coordination of metallic divalent cations such as Zn2+ or Cu2+, 

providing them with esterase activity similar to that of metalloproteins [165,169–

171,235].  
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Recently, we have reported a set of heptapeptides based on prion biased composition 

constituted by the binary pattern [Q/N/G/S]-Y-[Q/N/G/S], which self-assemble into 

highly stable amyloid-like fibrils with redox capacity due to the high content on Tyr 

[156]. Results shown in Chapters 1 and 2 suggested that Tyr residues face the solvent, 

being accessible for the interaction with other molecules [156]. Although Tyr is found 

in metalloenzymes as a coordination moiety [236], no strategy has focused on the 

inclusion of Tyr into amyloid-prone sequences up to date. Analogously to the active 

sites of certain metalloproteins [237], the embedded Tyr residues might coordinate 

metal ions and might confer catalytic activity to those scaffolds. The main limitation in 

the coordination of metal ions by Tyr is the high pKa value of the side chain, around 9.2, 

so the deprotonation of the hydroxylic group cannot occur under physiological 

conditions. Nonetheless, the proper location of Tyr in a certain structure and 

environment can substantially reduce its pKa, promoting the deprotonation of the side 

chain, as occurs in the case of certain metalloproteins [163]. Moreover, it has been 

described that the formation of Tyr complexes with metal ions such as Cu2+, Co2+, Ni2+ 

and Zn2+ reduces considerably its pKa [238]. The structure of monomeric L-Tyr in 

coordination with Cu2+ was published a long time ago [239], and further theoretical 

calculations and experimental results confirmed the capacity of monomeric Tyr to 

coordinate Cu2+ [239–241] as well as to perform as an enantioselective catalysts [242]. 

Despite all these evidences, the role of Tyr in catalysis mediated by metallic co-factors 

has been completely neglected in the design of enzymatic amyloid scaffolds.  

The binding of metallic cations to amyloids opens new perspectives for their 

application as nanomaterials. A couple of studies highlighted the application of the 

amyloid scaffold as scavengers of metal ions [153,243] and, indeed, amyloid fibrils 

obtained from natural proteins have been tested as metallic ion retention matrices for 

cleaning contaminated water and soil. These studies have suggested that maybe, the 

capacity to bind metallic ions could be extensive to all amyloid-prone sequences [243]. 

Another possible application relies on the development of artificial water-splitting 

wireless devices for energy production [244,245], currently requiring expensive and 

low-abundance inorganic materials. Some studies demonstrated that peptides 

enriched in Tyr could act as bioelectrocatalysts, presenting redox activity [145,209]. 

Moreover, it has been already reported a study using amyloid-hybrid supports to build 

up photovoltaic nanodevices [152]. Finally, it has been exploited the possibility to bind 
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negatively charged DNA to short peptides assembled in different geometries mediated 

by the presence of metal cations for the generation of biochips or nanocarriers 

[246,247]. 

Here, we compile the results regarding the decoration of our prion-inspired scaffolds 

with diverse divalent metallic cations. The binding of those metallic entities provided 

those scaffolds with different functionalities. We determined their behavior as esterase 

mimics and further, we demonstrate the capacity to fix and hydrate CO2. Additionally, 

we propose other possible applications for those metallized amyloid scaffolds for the 

generation of redox active nanodevices or to build up nucleic acid nanocarriers.  

RESULTS 

Prion-inspired fibrils retain Cu2+, Ni2+, Co2+ and Zn2+ divalent cations 

Prion-inspired heptapeptides NY7, QY7, SY7 and GY7 were self-assembled for 7 days 

at 25°C under quiescent conditions, as previously described [156]. First of all, the Z-

potential was measured to determine the net charge on the surface of the fibrils (Table 

4.1.). Despite our prion-inspired heptapeptides are composed by non-charged 

residues, all of them presented negative Z-potential values ranging from -3 to -10 mV 

which indicated that the surface of the fibrils was negatively charged under 

physiological conditions, being thus potentially able to bind positively charged 

moieties.  

Table 4.1. | Z-potential of NY7, QY7, SY7 and GY7 self-assembling heptapeptide fibers. Values derived from 

the measures of three independent reactions and the standard deviation was calculated. 

 NY7 QY7 SY7 GY7 

Z-potential (mV) -10.13 ± 0.93 -3.92 ± 0.16 -2.96 ± 0.74 -10.13 ± 0.79 

 

We aimed to elucidate whether NY7, QY7, SY7 and GY7 fibers could retain Cu2+, Ni2+, 

Co2+ and Zn2+ divalent cations. Fibrils were pelleted by centrifugation, resuspended in 

the presence of different concentrations of CuCl2, NiSO4, CoCl2 and ZnCl2, and incubated 

overnight at 25°C under soft agitation. Fibers were centrifuged again and the 

supernatant and pellet separated for further analysis. The retention capacity was 

determined using the different techniques, as described below. 



CHAPTER 4 

112 

The analyzed divalent cations solutions present particular colorations: The Cu2+ 

solution is blue, Ni2+ solution is turquoise and Co2+ solution is red. Therefore, the 

retention of each particular divalent cation by the fibers should result in their 

coloration. After the centrifugation step, the differential color of the obtained pellets 

was visible to the naked eye (Figure 4.1.) allowing to confirm the presence of the 

divalent cations on top of prion-inspired heptapeptides amyloid fibers. In the case of 

Zn2+, the detection was not possible by simple visual inspection since the solution is 

transparent. 

 

Figure 4.1. | Pelleted fibers containing divalent cations Co2+, Cu2+ and Ni2+. Pictures corresponding to control 

pelleted NY7, QY7, SY7 and GY7 fibers incubated only with buffer (white pellet) and incubated with Co2+ (red), 

Cu2+ (blue), Ni2+ (yellow), respectively.  

Retention capacity of the prion-inspired fibrils for divalent cations was 

measured by absorbance spectroscopy 

First, the molar extinction coefficient (ε) for Cu2+, Ni2+, Co2+ was experimentally 

determined by measuring the absorbance of increasing concentrations of divalent 

cations. The spectrophotometric detection of Zn2+ is limited since its absorbance 
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spectrum maximum is under 200 nm, conditioning its detection by UV-Vis absorbance 

spectroscopy. For this reason, it was required to use a specific measurable molecule for 

Zn2+ detection, Zincon dye. This molecule binds Zn2+ with high affinity presenting an 

absorbance maximum at 628 nm. The ε corresponds to the slope of the lineal 

regression equation (Figure 4.2.).  

 

Figure 4.2. | Experimental determination of molar extinction coefficient for divalent cations Cu2+, Ni2+, Cu2+ 

and Zn2+-Zincon complex. The experimental molar extinction coefficient for each element was obtained from 

the slope of the calibration curves. Calibration curves of divalent cations A) Cu2+ (λCu2+ = 235 nm), B) Ni2+ (λNi2+ 

= 393 nm), C) Co2+ (λCo2+ = 512 nm) and D) Zn2+ in the presence of Zincon sodium salt (Zincon-Zn2+) (λZincon-Zn2+ 

= 620 nm), respectively. The slope of each equation corresponds to extinction molar coefficient (ε).  

Then, the absorbance of supernatants of the incubated fibers was measured and the 

concentration of divalent cations was calculated using the Lambert-Beer equation. 

Finally, retention percentages were calculated comparing the obtained absorbance 

values from the supernatant to initial measurements corresponding to the divalent 

cations solution (Figure 4.3.). Heptapeptides NY7, QY7, SY7 and GY7 fibers behaved as 

divalent metal ions binding scaffolds for the different analyzed divalent cations (Cu2+, 

Co2+, Ni2+ and Zn2+), in a concentration dependent manner with a constant peptide 

concentration. As expected, the increase in divalent cation concentration in solution 

reduced the fraction of retained cation. In the cases of Ni2+ and Co2+, there exist 

limitations for their detection, since both divalent cations exhibit molar extinction 
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coefficients lower than that of Cu2+ (εNi2+ 393 nm = 48 mM-1·cm-1, εCo2+ 512 nm = 60 mM-1·cm-

1 versus εCu2+ 235 nm = 189 mM-1·cm-1). Accordingly, the concentration range used to 

determine the divalent cation retention capacity of the fibers was adjusted depending 

on the spectrophotometric properties of each particular divalent cation. The final 

tested concentrations were the following: for Cu2+ 5, 10, 50, 100 and 200 mM (Figure 

4.3.A); for Ni2+, 50, 100 and 200 mM (Figure 4.3.B) and for Co2+, 20, 50, 100 and 200 

mM (Figure 4.3.C).  

As mentioned, the Zincon dye was used for calculation of the Zn retention capacity, 

obtaining a value of εZincon-Zn2+ 628 nm = 228 mM-1·cm-1. For Zn2+, 5, 10, 20 and 50 mM 

were tested. Equivalently to the other divalent cations, the four heptapeptides fibers 

displayed a concentration-dependent retention capacity for Zn2+ (Figure 4.3.D), with 

apparently lower retention capacity compared with that of the previously tested 

cations.  

 

Figure 4.3. | Heptapeptides fibrils retention capacity for Cu2+, Ni2+, Cu2+ and Zn2+. Retention percentage was 

obtained from the absorbance of NY7 (blue), QY7 (red), SY7 (green) and GY7 (purple) supernatant reactions 

in the presence of each divalent cation, using as a reference a solution of each divalent cation without fibers. 

A) Cu2+ incubated samples measured at 235 nm. CuCl2 incubation was performed from 5 to 200 mM. B) Ni2+ 

incubated samples measured at 393 nm. NiSO4 incubation was performed from 50 to 200 mM. C) Co2+ 

incubated samples measured at 512 nm. CoCl2 incubation was performed from 20 to 200 mM. D) Zn2+ 

incubated samples, detected with Zincon sodium salt and measured at 620 nm. ZnCl2 incubation was 

performed from 5 to 50 mM.  
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This assay demonstrated that NY7, QY7, SY7 and GY7 fibrils behaved as retention 

matrices for Cu2+, Ni2+, Co2+ and Zn2+ divalent cations. Notwithstanding, 

spectrophotometric measurements provided only qualitative information about the 

retention capacity of the fibrils. Thereby, additional quantitative assays were required 

for a precise assessment of the fibrils retention capacity.  

Characterization of the prion-inspired fibrils bound to metallic cations using 

electron microscopy techniques 

After determining that self-assembled prion inspired fibers bound Cu2+, Ni2+, Co2+ and 

Zn2+ divalent metallic cations, we wanted to assess whether the binding would alter 

the final morphology of the self-assembled fibers. Thus, samples were analyzed by 

diverse electron microscopy (EM) techniques. First, NY7, QY7, SY7 and GY7 fibers were 

visualized previously to the incubation with divalent cation. Fibers were deposited 

onto carbon-coated copper grids without any additional metallic staining. Grids were 

scanned by TEM and micrographs were acquired (Figure 4.4.A), showing the initial 

morphology [156] as long, thin, unbranched and regular fibers, resembling the already 

described size with a length around some micrometers and a width of 8 to 20 nm. 

Moreover, Th-T binding assay was performed to confirm the amyloid signature of the 

fibrils. The four heptapeptides promoted a significant increase of Th-T fluorescence 

signal in the presence of fibers compared with Th-T dye alone (Figure 4.4.B).  

 

Figure 4.4. | Characterization of NY7, QY7, SY7 and GY7 fibrils without divalent cation. A) Images 

corresponding to transmission electron microscopy (TEM) micrographs from fibers without any negative 

staining. Scale bar corresponds to 1 µm. B) Graphs corresponding to Th-T binding in the presence of fibers 

(continuous line) compared with Th-T without fibers (dashed line).  
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Once confirmed the self-assembling of the heptapeptides into amyloid-like structures, 

isolated fibers were incubated in the presence of divalent cations and treated as 

previously described. NY7, QY7, SY7 and GY7 fibers incubated with Cu2 were deposited 

over carbon-coated gold grids instead of copper grids to avoid the interference of 

copper from the grid with Cu2+ from the sample, whereas NY7, QY7, SY7 and GY7 fibers 

incubated with Ni2+, Co2+ and Zn2+ were deposited over carbon-coated copper grids. 

Negative staining of the samples was not required since the presence of divalent 

cations attached to the fibers provided enough contrast to visualize them. Similarly to 

previous results, micrographs revealed the presence of long, thin and regular fibers 

with a similar size (Figure 4.4.) as it was previously described, meaning that the 

morphology of the assembled fibers did not change significatively upon incubation 

with divalent cations.  

Morphological differences detected on the samples could be attributed to the divalent 

cation accumulation over the fibrils (Figure 4.5.). For instance, in the case of Cu2+and 

Ni2+, electrodense dots were detected; whereas Co2+ and Zn2+ accumulations appeared 

as squared and rectangular plates deposited over the fibers, respectively. 
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Figure 4.5. | TEM micrographs of the heptapeptides fibrils incubated with Cu2+, Ni2+, Co2+ and Zn2+. 

Representative transmission electron micrographs of the deposited fibers onto TEM grids. NY7, QY7, SY7 and 

GY7 self-assembled fibers were incubated overnight at 25°C in the presence of 200 mM CuCl2, NiSO4, CoCl2 

and ZnCl2 respectively under soft agitation. All samples were deposited onto carbon coated copper grids 

except Cu2+ sample, which was deposited onto carbon coated gold grids. Scale bars correspond to 1 μm. 

To further confirm the attachment of each divalent cation onto the deposited fibers, 

electronic diffraction (ED) and energy dispersive X-ray diffraction (EDX) spectroscopy 

microscopy techniques were used.  

First, the electronic diffraction (ED) pattern was obtained. Samples were analyzed 

using the same support as for TEM imaging, obtaining the ED patterns micrographs 

(Figure 4.6.) allowing to measure the distances of the different diffraction patterns 

(Tables 4.2. to 4.5.). Results were then compared to the reference crystalline 

diffraction pattern for each element available on the CaRIne Crystallography Software 



CHAPTER 4 

118 

(France) database. Results indicated that the diffraction pattern of all incubated 

samples resembles that of the corresponding reference pattern, confirming the 

attachment of Cu2+, Ni2+, Co2+ and Zn2+ to our heptapeptides self-assembles scaffolds.  

 

Figure 4.6. | Electronic diffraction pattern micrographs from heptapeptides fibrils incubated with Cu2+, Ni2+, 

Co2+ and Zn2+. Scale bars correspond to 5 nm-1.  
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Table 4.2. | Electronic diffraction distances from Cu2+ incubated samples. Distances from Cu2+ electronic 

diffraction pattern for each sample were obtained from electronic diffraction micrographs shown in Figure 

4.6. obtained by TEM, using ImageJ Software (NIH, USA). a Reference electron diffraction pattern distances 

from Cu2+ are highlighted in bold blue and were obtained from the database of CaRIne Crystallography 

Software (France). 

 Cu2+ a NY7 QY7 SY7 GY7 

Distances (Å) 

2.087 2.398 2.091 1.937 2.043 

1.807 1.555 1.444 1.526 1.500 

1.278 1.297 1.202 1.217 1.196 

1.090 - 1.048 1.014 - 

0.808 0.863 0.795 0.818 0.831 

 

Table 4.3. | Electronic diffraction distances from Ni2+ incubated samples. Distances from Ni2+ electronic 

diffraction pattern for each sample were obtained from electronic diffraction micrographs shown in Figure 

4.6. obtained by TEM, using ImageJ Software (NIH, USA). a Reference electron diffraction pattern distances 

from Ni2+ are highlighted in bold blue and were obtained from the database of CaRIne Crystallography 

Software (France). 

 Ni2+ a NY7 QY7 SY7 GY7 

Distances (Å) 

3.524 3.484 - 2.905 - 

2.492 - - 2.546 - 

2.035 2.105 1.908 2.092 2.108 

1.762 - - 1.712 1.871 

1.576 - - 1.616 1.683 

1.246 1.198 1.505 1.397 1.225 

1.062 1.052 1.085 1.063 1.058 

0.808 0.811 0.820 0.861 0.839 

0.788 0.746 0.722 - 0.712 
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Table 4.4. | Electronic diffraction distances from Co2+ incubated samples. Distances from Co2+ electronic 

diffraction pattern for each sample were obtained from electronic diffraction micrographs shown in Figure 

4.6. obtained by TEM, using ImageJ Software (NIH, USA). a Reference electron diffraction pattern distances 

from Co2+ are highlighted in bold blue and were obtained from the database of CaRIne Crystallography 

Software (France). 

 Co2+ a NY7 QY7 SY7 GY7 

Distances (Å) 

2.035 - 2.042 2.034 - 

1.916 1.958 1.948 1.961 1.856 

1.485 1.467 1.517 1.469 - 

1.254 1.295 1.285 1.287 1.248 

1.067 1.175 1.057 1.059 1.053 

1.049 1.063 - - 0.912 

0.848 0.853 0.852 - 0.892 

0.804 0.773 - 0.804 - 

0.790 0.701 0.738 0.653 0.666 

 

Table 4.5. | Electronic diffraction distances from Zn2+ incubated samples. Distances from Zn2+ electronic 

diffraction pattern for each sample were obtained from electronic diffraction micrographs shown in Figure 

4.6., obtained by TEM using ImageJ Software (NIH, USA). a Reference electron diffraction pattern distances 

from Zn2+ are highlighted in bold blue and were obtained from the database of CaRIne Crystallography 

Software (France). 

 Zn2+ a NY7 QY7 SY7 GY7 

Distances (Å) 

2.035 2.080 2.043 2.058 2.198 

1.916 1.954 - 1.957 1.731 

1.485 1.501 1.482 1.444 1.450 

1.254 1.259 1.258 1.229 1.323 

1.067 1.070 1.068 1.074 1.100 

1.049 1.044 1.038 1.044 - 

0.848 0.853 0.846 0.938 0.887 

0.804 0.816 0.803 - - 

0.79 0.762 0.776 - 0.798 

 

Besides, energy dispersive X-ray diffraction (EDX) spectroscopy was also employed to 

corroborate the attachment of divalent cations to our assemblies. EDX technique is 

based on the interaction of an X-ray source with the sample, providing information 
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about its composition. The interaction of the X-ray beam with the sample excites the 

electrons from the superficial atomic layers. The return of those electrons to the basal 

state promotes the release of an electromagnetic energy emission with discrete energy 

values. Thus, each element exhibits a unique electromagnetic emission spectrum 

associated with its particular atomic structure. EDX spectra revealed an enrichment in 

the corresponding incubated divalent cation element (Cu2+ Figure 4.7.; Ni2+ Figure 

4.8.; Co2+ Figure 4.9.; Zn2+ Figure 4.10.) for the 4 incubated heptapeptides fibers.  

 

Figure 4.7. | Electronic dispersive X-ray spectroscopy spectra from heptapeptides fibers incubated with 

Cu2+. EDX spectra from A) NY7 (blue), B) QY7 (red), C) SY7 (green) and D) GY7 (purple) samples incubated with 

Cu2+.  
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Figure 4.8. | Electronic dispersive X-ray spectroscopy spectra from heptapeptides fibers incubated with 

Ni2+. EDX spectra from A) NY7 (blue), B) QY7 (red), C) SY7 (green) and D) GY7 (purple) samples incubated with 

Ni2+.  

 

 

Figure 4.9. | Electronic dispersive X-ray spectroscopy spectra from heptapeptides fibers incubated with 

Co2+. EDX spectra from A) NY7 (blue), B) QY7 (red), C) SY7 (green) and D) GY7 (purple) samples incubated with 

Co2+.  
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Figure 4.10. | Electronic dispersive X-ray spectroscopy spectra from heptapeptides fibers incubated with 

Co2+. EDX spectra from A) NY7 (blue), B) QY7 (red), C) SY7 (green) and D) GY7 (purple) samples incubated with 

Zn2+.  

Overall, the obtained results confirmed the presence of Cu2+, Ni2+, Co2+ and Zn2+ 

attached to NY7, QY7 SY7 and GY7 heptapeptides fibers.  

Retention capacity of prion-inspired fibrils for divalent cations 

The precise quantification of the divalent cation retention was not possible using 

spectrophotometric or electron microscopy techniques. For this reason, we used 

inductive coupled plasma optic emission spectroscopy (ICP-OES), an analytical 

technique which allows to quantify precisely the retention capacity of our prion-

inspired fibers.  

The quantification of the peptide concentration in the self-assembled insoluble 

amyloid fraction was first required (Table 4.6.). These data were further employed for 

the calculation of the prion-inspired assemblies divalent cation retention capacity.  

Table 4.6. | Quantification of the soluble and insoluble fractions of self-assembled heptapeptides reactions.  

Peptides Fraction NY7 QY7 SY7 GY7 

Quantification (μM) 
Soluble 60 100 100 300 

Insoluble (fibers) 190 150 150 200 
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NY7, QY7, SY7 and GY7 self-assembling fibers were first isolated by centrifugation as 

described and then, incubated overnight in the presence of 200 mM Cu2+, Ni2+, Co2+ and 

Zn2+ respectively, at 25°C under soft agitation, including controls without any added 

divalent cation. The quantification of divalent cations present in each sample was made 

by ICP-OES (Table 4.7.), by considering the concentration of peptide present in the 

self-assembled fraction and the total volume of the reactions (Table 4.6.), we 

calculated the retention capacity in μmol cation/μmol peptide (Table 4.8.).  

Table 4.7. | Divalent cations quantification by Inductively Coupled Plasma Atomic Optical Emission 

Spectrometry (ICP-OES). ICP-OES was assessed to calculate the quantify of divalent cations Cu2+, Ni2+, Co2+ 

and Zn2+ retained by the self-assembled amyloid scaffolds, in 500 µL final volume. In bold blue, there are 

highlighted the significative values for divalent cations. The values correspond to the mean of duplicates from 

2 independent experiments (± standard deviation). 

Cation Peptide 
µg cation 

Cu2+ Ni2+ Co2+ Zn2+ 

Cu2+ 

NY7 206 ± 50.912 < 0.16 < 0.16 < 0.16 

QY7 330 ± 59.397 < 0.16 < 0.16 < 0.16 

SY7 329 ± 29.698 < 0.16 < 0.16 < 0.16 

GY7 424 ± 16.971 < 0.16 < 0.16 < 0.16 

Ni2+ 

NY7 < 0.16 96 ± 1.414 < 0.16 < 0.16 

QY7 < 0.16 175.5 ± 6.364 < 0.16 < 0.16 

SY7 < 0.16 238 ± 56.569 < 0.16 < 0.16 

GY7 < 0.16 100 ± 72.125 < 0.16 < 0.16 

Co2+ 

NY7 < 0.16 0.42 231 ± 28.284 < 0.16 

QY7 < 0.16 0.55 325.5 ± 6.364 < 0.16 

SY7 < 0.16 0.585 356.5 ± 34.648 < 0.16 

GY7 0.22 0.39 250 ± 16.971 < 0.16 

Zn2+ 

NY7 < 0.16 < 0.16 < 0.16 195 ± 25.456 

QY7 < 0.16 < 0.16 < 0.16 298.5 ± 47.376 

SY7 < 0.16 < 0.16 < 0.16 271.5 ± 77.075 

GY7 < 0.16 < 0.16 < 0.16 216.5 ± 58.690 

Control 

NY7 < 0.16 < 0.16 < 0.16 < 0.16 

QY7 < 0.16 < 0.16 < 0.16 < 0.16 

SY7 < 0.16 < 0.16 < 0.16 < 0.16 

GY7 < 0.16 < 0.16 < 0.16 < 0.16 
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Table 4.8. | NY7, QY7, SY7 and GY7 fibers divalent cation retention capacity. Divalent cations Cu2+, Ni2+, Co2+ 

and Zn2+ retention capacity was calculated in μmol cation / μmol peptide. Obtained values correspond to the 

mean of duplicates from 2 independent experiments (± standard deviation) 

 Cation NY7 QY7 SY7 GY7 

Retention 
capacity 

(μmol 
cation/μmol 

peptide) 

Cu2+ 34.12 ± 8.43 69.24 ± 12.46 103.54 ± 9.35 66.72 ± 2.67 

Ni2+ 15.46 ± 0.23 35.79 ± 1.30 72.81 ± 17.30 15.30 ± 11.03 

Co2+ 86.81 ± 10.63 154.94 ± 3.03 254.55 ± 24.74 89.25 ± 6.06 

Zn2+ 34.97 ± 4.57 67.81 ± 10.76 92.52 ± 26.27 36.89 ± 10.00 

 

Peptides can be ordered by their retention capacity for the different cations as follows: 

Cu2+ retention: SY7 > QY7 > GY7 > NY7; Ni2+ retention: SY7 > QY7 > NY7 > GY7; Co2+ 

retention: SY7 > QY7 > GY7 > NY7; Zn2+ retention SY7 > QY7 > GY7 > NY7. For all the 

tested cations, SY7 fibrils displayed a higher retention capacity, followed by QY7. In the 

case of NY7 and GY7, both have similar retention capacity. Overall, the obtained results 

indicated that all peptides display a high retention capacity since each μm of peptide 

retains at least 15 μmol of the corresponding divalent cation. The obtained values for 

divalent cations uptake resemble those described for other amyloid assemblies in 

previous studies [153,248], despite the data correspond to different metal cations. In 

this way, our results reinforce the view that amyloid scaffolds exhibit a great binding 

affinity for ionic metals, with a potential to act as ionic heavy metal traps 

[243,248,249]. 

Esterase activity of prion-inspired fibers in the presence of Cu2+ and Zn2+ 

Esterase activity is a characteristic of the hydrolytic enzymes family, with a wide range 

of structures, substrate specificities and biological functions, including ester, amide or 

lipidic hydrolysis. Hydrolytic enzymes are typically assayed using the standardized 

chromogenic substrate p-nitrophenyl acetate (pNPA) to monitor the appearance of the 

yellow-colored product p-nitrophenol (pNP). 

In the last decade, several studies have focused on the design of self-assembling 

amyloid peptides presenting enzyme-like activities [165,169,250], requiring the 

coordination of ionic metals which act as co-factors. In our case, it has been previously 

demonstrated that prion-inspired heptapeptides fibers act as divalent cations 

retention scaffolds, among them Cu2+ and Zn2+, which are typically involved in 
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enzymatic reactions [169,171]. Although both His and Tyr are residues embedded in 

natural metalloproteins catalytic centers, only His has been employed up to date for 

the design of artificial catalytic scaffolds [169–172,235,251]. Despite not as abundant 

as His, Tyr has been also described to participate in the coordination of ionic metal on 

natural active sites [163]. In this manner, we tested if our peptides display as a 

hydrolytic enzyme-like scaffold when bound to divalent cations Cu2+ and Zn2+ and thus 

assayed if we could generate an artificial Tyr-enriched catalytic scaffold for the first 

time. 

Kinetic analysis revealed that prion-inspired heptapeptides behaved as hydrolytic-like 

enzymes in the presence of Cu2+ and Zn2+ divalent cations (Figure 4.11.). It is worth 

noting that the heptapeptides assemblies did not exhibit significant esterase activity in 

the absence of metallic cations, which suggests that our self-assembled peptides act as 

enzyme-like catalysts with a strict dependence on the presence of Cu2+ and Zn2+.  

 

Figure 4.11. | Heptapeptides esterase activity kinetics in the absence (-) and in the presence (+) of Cu2+ and 

Zn2+. Transformation of pNPA into pNP was measured along the time measuring increasing of absorbance at 

405 nm. 
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Using as starting point information found in the literature [165,169], we performed 

preliminary assays to establish peptide and substrate concentrations and the time 

required for a detailed kinetic study. A peptide concentration of 100 μM was employed, 

and substrate concentrations in the 0 to 1 mM range used, measuring the absorbance 

increase for 10 minutes to obtain the initial rate of the reaction for each particular 

condition.  

The kinetics for both Cu2+ and Zn2+ could be fitted to the Michaelis-Menten equation 

(Figure 4.12.), since the initial rate of the reaction exhibits a clear dependence on the 

substrate concentration. This indicates that our scaffolds behave as enzyme-mimetics 

and not merely as chemical catalysts. Kinetic parameters were calculated from the 

correspondent equations (Table 4.9.). 

Figure 4.12. | Kinetic curve fitting to the Michaelis-Menten equation for heptapeptides esterase in the 

presence of Cu2+ and Zn2+. Esterase activity was detected by measuring the increasing on absorbance at 405 

nm along the time corresponding to the appearance of pNP yellow colored product in 25 mM HEPES pH 8.0 

with 1 mM CuCl2 and 25 mM Tris-HCl pH 8.0 with 1 mM ZnCl2 respectively. Obtained data were fitted to 

Michaelis-Menten equation with GraphPad PRISM 5.0 software for Cu2+ (left graph) and Zn2+ (right graph). 

Data correspond to the mean of three independent experiments (± standard deviation). 
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Table 4.9. | Kinetic parameters of the esterase activity in the presence of Cu2+ and Zn2+. Resulted data were 

fitted to Michaelis-Menten equation with GraphPad PRISM 5.0 software and kinetic parameters were 

obtained shown in the table. Data correspond to the mean of three independent experiments (± standard 

deviation). 

Cation Peptide KM (mM) Kcat x 10-2 (s-1) Kcat/KM (M-1·s-1) 

Cu2+ 

NY7 3.93 ± 1.21 0.54 ± 0.10 1.37 ± 0.80 

QY7 1.81 ± 0.37 0.44 ± 0.04 2.45 ± 1.15 

SY7 2.65 ± 0.30 0.54 ± 0.03 2.02 ± 1.07 

GY7 1.10 ± 0.22 0.41 ± 0.03 3.72 ± 1.41 

Zn2+ 

NY7 3.04 ± 0.87 0.51 ± 0.09 1.67 ± 1.08 

QY7 1.45 ± 0.22 0.57 ± 0.04 3.94 ± 1.97 

SY7 1.19 ± 0.24 0.53 ± 0.05 4.41 ± 2.07 

GY7 1.11 ± 0.25 0.56 ± 0.06 5.00 ± 2.30 

 

The 4 heptapeptides in the presence of Cu2+ presented a KM ranging on 1 – 3.5 mM and 

kcat around 0.005 s-1. Nevertheless, there existed subtle differences in the catalytic 

efficiency between the peptides. The GY7 corresponds to the most efficient enzyme-

like scaffold with a kcat/KM = 3.72 ± 1.41 M-1·s-1, being 2.5-fold more efficient than NY7.  

Similarly to Cu2+-containing scaffolds, Zn2+-containing heptapeptides fibers displayed 

KM in the mM range, between 1 and 3 mM, and kcat around 0.005 s-1. The most efficient 

esterase activity was exhibited by GY7, presenting a kcat/KM = 5.00 ± 2.30 M-1·s-1, being 

3-timefold more efficient than NY7 scaffold.  

The comparison of Cu2+ and Zn2+ incubated fibers esterase activity revealed that all 

peptides exhibit higher catalytic efficiency in the presence of Zn2+ rather than Cu2+, 

except for the NY7 peptide, which activity was similarly low with both cations.  

In comparison with natural enzymes, amyloid scaffolds displayed 1000-timefold lower 

efficiencies, which is however not unexpected [252]. It must be noted that natural 

enzymes have been specifically optimized for this function during evolution. The 

kinetic parameters of the de novo designed self-assembling peptides depend on their 

composition, length and incubation conditions. A general comparison of the obtained 

results for our prion-inspired heptapeptides with the values for other peptides 

presenting similar length revealed that the catalytic efficiency is slightly lower 

(between 2 and 10-timefold) [165,169,253]. This fact is likely attributable to the 
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differences in composition, since previous peptides were designed including His as 

coordinating residues in their sequences, where our peptides exploit for the first time 

the Tyr metal coordinating activity. 

Different studies exploring the esterase activity of self-assembled peptides revealed 

the strong influence of the primary sequence on the enzymatic kinetic features 

[169,254]. Our results reinforced this evidence since the observed differences on 

catalytic respond to the different polar side chains from each sequence, since Tyr 

content and disposition is common to all them.  

Summarizing, our prion-inspired self-assembling heptapeptides enriched in Tyr 

behaved as enzyme-like scaffolds presenting esterase activity in the presence of Zn2+ 

and Cu2+.  

Carbonic anhydrase activity of prion-inspired fibers in the presence of Cu2+ 

and Zn2+ 

Carbonic anhydrases (CAs) are the most ubiquitous enzymes since they are involved 

in multiple physiological functions such as pH homeostasis, calcification, bone 

resorption and photosynthesis. Moreover, they display a central role in the transport 

of carbon dioxide, by catalyzing the reversible hydration of CO2 into bicarbonate 

(HCO3+) and a proton (H+). This activity is dependent on the coordination of Zn2+ in the 

catalytic center. These particular catalytic properties have attracted interest for the 

biotechnological application of CAs [255], despite its use presents some disadvantages, 

such as low stability and high production costs, in addition, those enzymes are difficult 

to regenerate and present low reusability. Accordingly, the search of alternative 

artificial CA mimics has concentrated considerable efforts [165,169,171,172,256,257]. 

Recently, they have been described metalo-diphenylalanine scaffolds presenting 

carbonic anhydrase (CA) activity [250], in which Zn2+ is coordinated by the carboxylic 

group of Phe residues, which provides these scaffolds with enzyme-like activity. We 

wanted to explore if our self-assembled scaffolds also present the capacity to hydrate 

CO2 in the presence of Zn2+ and Cu2+.  

CA activity of the self-assembled heptapeptides was followed using phenol red pH 

indicator which presents red coloration at alkali pH and changes to yellow at acid pH. 

Absorbance spectra in the 350 – 650 nm range were acquired before and 2 minutes 

after the addition of carbonated H2O (Figure 4.13.A and Figure 4.14.A). The initial 
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spectra exhibited a strong and sharp peak at 560 nm, with a lower peak detected at 430 

nm, characteristic of an alkali medium with a pH around 8.0. Spectra acquired 2 

minutes after the addition of carbonated water revealed a significant decreasing in the 

560 nm peak and at the same time, the 430 nm peak significantly increased, indicative 

of a drop in the pH due to the generation of protons and the corresponding acidification 

of the medium for all heptapeptides and wild-type CA protein, used as a positive 

control.  

Further on, the catalytic reactions were followed by measuring the decrease in 

absorbance at 560 nm along time for 2 minutes (Figure 4.13.B and 4.14.B) and 

evaluated by calculating the decrease in absorbance values (Table 4.10.). Control 

samples in the absence of heptapeptides fibers displayed a discrete decrease in 

absorbance, which is associated with the addition of carbonated water. As expected, 

wild type CA protein displayed the biggest reduction in absorbance. Nevertheless, all 

Cu2+ incubated self-assembled peptides displayed very significant CA activity (Figure 

4.13.B and Table 4.10.). In addition, CA mimicking activity was also detected for Zn2+ 

incubated self-assembled peptides (Figure 4.14.B and Table 4.10.).  
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Figure 4.13. | Carbonic anhydrase activity of the self-assembled heptapeptides in the presence of Cu2+. 

Carbonic anhydrase activity was detected by measuring absorbance along the time of the phenol red pH 

indicator in the presence of NY7 (blue), QY7 (red), SY7 (green) and GY7 (purple) as well as negative control 

with just buffer (grey) and positive control with CA WT at 50 nM (black). A) Initial (continuous line) and final 

(continuous line) spectra acquired between 350 and 650 nm for the CA reactions for NY7, QY7, SY7 and GY7 

heptapeptides fibers. The image shows the phenol red coloration of the samples corresponding to the initial 

(red) and final (yellow) samples. B) Time-dependent absorbance at 560 nm of phenol red treated with CO2-

treated deionized water. The results correspond to the mean of three independent experiments. 
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Figure 4.14. | Carbonic anhydrase activity of the self-assembled heptapeptides in the presence of Zn2+. 

Carbonic anhydrase activity was detected by measuring absorbance along the time of the phenol red pH 

indicator in the presence of NY7 (blue), QY7 (red), SY7 (green) and GY7 (purple) as well as negative control 

with just buffer (grey) and positive control with CA WT at 5 nM (black). A) Initial (continuous line) and final 

(continuous line) spectra acquired between 350 and 650 nm for the CA reactions for NY7, QY7, SY7 and GY7 

heptapeptides fibers. The image shows the phenol red coloration of the samples corresponding to the initial 

(red) and final (yellow) samples. B) Time-dependent absorbance at 560 nm of phenol red treated with CO2-

treated deionized water. The results correspond to the mean of three independent experiments. 
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Table 4.10. | Carbonic anhydrase activity of the self-assembled heptapeptides in the presence of Cu2+ and 

Zn2+. Kinetics were followed by the decrease on the absorbance at 560 nm from phenol red pH indicator. 

Values correspond to the calculation obtained using the initial and final absorbance values at 560 nm. 

Peptide 
ΔAbs 560 nm 

Cu2+ Zn2+ 

Buffer -0.154 -0.225 

Buffer + Cation -0.353 -0.056 

Carbonic Anhydrase (CA) -1.047 -0.811 

NY7 -1.1894 -0.822 

QY7 -0.909 -0.887 

SY7 -0.687 -0.747 

GY7 -0.667 -1.024 

 

As expected, the activity of the artificial scaffolds is lower than that found in the 

literature for natural enzymes [252] which have evolved under natural selection to 

optimize this function. In any case, these results prove that, prion-inspired Tyr-

enriched scaffolds with hydrolytic catalytic activity have been obtained for the first 

time, being able to fix and hydrate CO2. 

Binding of plasmidic DNA to Cu2+ incubated NY7, QY7, SY7 and GY7 fibers 

Some peptide-based nanomaterials presenting charged surfaces have been 

demonstrated to bind other charged biomolecules through electrostatic interactions. 

Thereby, they have been employed for diverse purposes, from DNA retention to DNA 

internalization in mammalian cell lines [246,247]. Due to the fact that our self-

assembling peptides bind Cu2+, thus incorporating positive charges at their surfaces, 

we wondered if those structures could bind plasmidic DNA to define an alternative 

application for those peptidic scaffolds. 

First, we determined the surface charge of those Cu2+ containing amyloid scaffolds by 

measuring their Z-potential. As expected, the 4 heptapeptides fibers incubated with 

Cu2+ exhibited a positive surface charge (Table 4.11.), modifying significatively the 

initial negative charge of the fibrils.  
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Table 4.11. | Comparison of the Z-potential values of NY7, QY7, SY7 and GY7 self-assembling heptapeptides 

fibers in the absence and in the presence of Cu2+. Three independent reactions were measured, and the 

standard deviation was calculated. 

 NY7 QY7 SY7 GY7 

Z-potential (mV) 
without Cu2+ 

-10.13 ± 0.93 -3.92 ± 0.16 -2.96 ± 0.74 -10.13 ± 0.79 

Z-potential (mV) in the 
presence of Cu2+ 17.20 ± 6.53 14.1 ± 4.05 4.93 ± 4.13 9.98 ± 3.05 

 

Then, DNA binding was assessed by determining the DNA concentration remaining in 

solution after the incubation with Cu2+-decorated scaffolds, using absorbance 

spectrometric measurement. Increasing concentrations of plasmidic DNA were used to 

compare the retention capacity of the 4 Cu2+ incubated heptapeptides fibers. The 

results indicated that prion-inspired self-assembling heptapeptides incubated with 

Cu2+ displayed high affinity for plasmidic DNA (Figure 4.16.). Thus, prion-inspired 

heptapeptides in the presence of Cu2+ might serve as a potential platform for the 

development of DNA retention matrices, which can be used in many different ways in 

the bionanomaterials area. 

Figure 4.15. | Cu2+-heptapeptides 

fibrils DNA retention 

quantification. The supernatant of 

incubated samples with Cu2+ was 

measured, and DNA retention was 

calculated in percentage (%). DNA 

stock was measured previous the 

addition to the fibers and used as a 

reference for the calculations. The 

results correspond to the mean of 

three independent experiments. 

Error bars correspond to the 

standard deviation. Statistical 

analysis was performed using a Two-

ANOVA statistical test followed by a 

Bonferroni test comparing sample 

with and without Cu2+ control (*** 

P-value < 0.001, ** P-value < 0.01, * 

P-value < 0.05). 
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Characterization of the electrochemical activity of prion-inspired fibers  

In nature, leaves convert sunlight into chemical energy thanks to water-split via the 

photosynthetic process, producing molecular oxygen and hydrogen. Synthetic 

materials aimed to behave as leaves by capturing solar photons to generate water-

splitting using inorganic catalysts have been developed [244,258]. Notwithstanding, 

these water-splitting catalyst devices are made of scarce and very expensive inorganic 

materials, such as platinum requiring of extreme pH conditions to perform as catalysts, 

being highly corrosive and difficult to handle. In the present part of our study, we aimed 

to develop a new method based on our peptides to replace those inorganic materials, 

since they have been previously demonstrated to act as a redox active scaffold. In order 

to use the fibrils in this approach, it was first required the attachment of the assembly 

to a solid support. Taking advantage of the already demonstrated capacity to bind 

divalent cations, we employed oxidized copper sheets as this support. The oxidation of 

the copper sheet was required, since metallic copper does not present any permanent 

charge and does not allow the attachment of the fibrils to the surface. Oxidation of 

copper sheets was performed by exposing them to a Bunsen flame for a few seconds 

and cooling them down to room temperature. 

Visualization of fibers deposition onto the copper sheet surface was analyzed by means 

of scanning electron microscopy (SEM) (Figure 4.16.). Images revealed that fibers 

remained attached to the oxidized surface after rinsing two times the sheets with 

water. Moreover, in the images, it was observed that the fibers get deposited into a 

homogeneous layer. These results supported the capacity of self-assembled 

heptapeptides fibers to bind oxidized copper sheets.  
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Figure 4.16. | SEM micrographs of surface oxidized copper slides with attached heptapeptides fibers. 

Control image (copper slide without fibrils) scale bar corresponds to 20 μm, NY7, QY7 and GY7 scale bar 

corresponds to 2 μm and SY7 scale bar corresponds to 4 μm. 

Next, we assessed if these deposited fibers behave as electrochemical active scaffolds. 

First trials were performed using cyclic voltammetry (CV) technique, but the obtained 

signals were too low, probably due to the low concentration of the fibers used in the 

assays. Therefore, square wave voltammetry (SWV) technique was used instead due to 

its higher sensitivity at a lower concentration of the analytes. After exposing 

heptapeptides fibers to cycles of reduction and oxidation, the resulting plots revealed 

that all heptapeptides fibers presented electrochemical activity (Figure 4.17.) acting 

both as oxidative and reductive scaffolds. The signals detected at positive potentials 

correspond to the redox activity of the metallic copper on the sheet.  
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Figure 4.17. | Heptapeptides fibers square wave voltammetry (SWV). Oxidation (continuous line) and 

reductive (dashed line) electrochemical response profile in SWV corresponding to the region of 

heptapeptides A) NY7 (blue), B) QY7 (red), C) SY7 (green) and D) GY7 (purple) deposited onto surface oxidized 

copper slides. The inlet graphs correspond to the complete SWV profile.  

To discern the slightly differences detected between the heptapeptides potentials, the 

electrochemical potential values were fitted in the -0.1 to -0.5 V region for the oxidative 

cycle (Figure 4.18.) and in the -0.2 to -0.6 V region for the reductive cycle (Figure 

4.19.). In the case of the oxidative fitting, a common peak at -0.102 V is identified for 

the 4 heptapeptides, despite it displayed different intensity values for each of the fibrils 

(Figure 4.18.). This peak corresponded to the signal displayed by the oxidative 

potentials from the copper support, common in all samples (Figure 4.18.). In the 

reductive fitting, there were not common peaks detected and heptapeptides presented 

subtle differences in excitation potentials, likely attributable to the differences in 

peptides composition and Tyr environment (Table 4.11. and Table 4.12.). 

Notwithstanding, and despite these subtle differences, the four heptapeptides revealed 

to be bioactive redox scaffolds when attached to oxidized copper sheets.  
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Figure 4.18. | SWV fitting of the oxidative potentials for NY7, QY7, SY7 and GY7 heptapeptides fibers. A) 

NY7 (blue), B) QY7 (red), C) SY7 (green) and D) GY7 (purple) oxidative fittings. Dashed grey lines correspond 

to each contributive peak to the total spectra (colored continuous line). Dashed black lines correspond to the 

contribution in this region from the copper from the slide. Data were fitted using PeakFit v4.12 software.  

 

Table 4.11. | Oxidation potentials maximum potential values from the fitting of the SWV results. In the 

table, the maximum potential values are shown corresponding to the peaks from Figure 4.18. 

Oxidation Maximum potential peaks (V) 

NY7 -0.313 -0.245 -0.102  

QY7 -0.287 -0.234 -0.102  

SY7 -0.350 -0.287 -0.235 -0.102 

GY7 -0.488 -0.348 -0.295 -0.102 
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Figure 4.19. | SWV fitting of the reductive potentials for NY7, QY7, SY7 and GY7 heptapeptides fibers. A) 

NY7 (blue), B) QY7 (red), C) SY7 (green) and D) GY7 (purple) oxidative fittings. Dashed grey lines correspond 

to each contributive peak to the total spectra (colored continuous line). Data were fitted using PeakFit v4.12 

software 

 

Table 4.12. | Reduction potentials maximum potential values from the fitting of the SWV results. In the 

table, the maximum potential values are shown corresponding to the peaks from Figure 4.19. 

Reduction Maximum potential peaks (V) 

NY7 -0.599 -0.373 -0.313  

QY7 -0.375 -0.312   

SY7 -0.524 -0.467 -0.406 -0.342 

GY7 -0.520 -0.466 -0.388 -0.318 

 

DISCUSSION 

In the present work, we address the binding capacity of prion-inspired binary 

patterned scaffolds to Cu2+, Co2+, Ni2+ and Zn2+. The molecular simulations obtained in 

Chapter 2 indicated that Tyr residues are orientated to the solvent when embedded in 

the amyloid fibrils. The binding capacity shown by GY7 scaffold suggested that metal 

ion binding might be exclusively mediated by Tyr, since the phenolic ring is the unique 
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available coordination moiety in this sequence. However, additional structural and 

molecular dynamics studies are necessary to clarify how Tyr-mediated coordination 

occurs in those scaffolds. The retention capacity of our prion-inspired scaffolds 

resembled the values already reported for other natural amyloids to heavy metallic 

ions [153,243,249]. Those amyloids performed better than the currently employed 

inorganic materials, when dealing with heterogenous metallic cations mixtures, which 

are found in contaminated water and soil [153]. These evidences suggest that the 

amyloid scaffold can be a real alternative to the polymers currently employed in 

bioremediation. 

Our Tyr-enriched prion-inspired peptides were demonstrated to self-assemble into 

highly stable amyloid scaffolds [156] and to present the capacity to coordinate Cu2+ and 

Zn2+, conferring them with esterase activity. It is worth to mention that those 

metallized prion-inspired scaffolds do not behave as simple chemical catalysts, since 

they displayed kinetic parameters similar to that of enzymes. Additionally, metallized 

prion-inspired scaffolds were demonstrated to display the ability to fix CO2, as 

previously reported for the Phe-Zn2+ supramolecular structure, both kind of 

assemblies mimicking the CA activity [250]. The prion-inspired scaffolds have two 

main advantages compared to previous assemblies; prion-inspired peptides self-

assemble into highly stable amyloid under mild conditions and without the 

requirement of any additional co-factor and they coordinate Zn2+ and Cu2+ throughout 

the aromatic Tyr ladder which faces the solvent. It is likely that this aromatic ladder 

can generate a coordination sphere equivalent to that of the His triad in active sites of 

CA [233]. On the contrary, Phe-Zn2+ supramolecular assemblies are generated at high 

pH, elevated temperature and require Zn2+ ions to self-assemble. Moreover, the 

coordination of the divalent cation is mediated by the Phe carboxylic group. These 

differences lead to think that our system reproduce better the conditions found 

naturally in CAs active centers. It would be of high relevance to perform molecular 

simulations of this interaction to acquire additional insights on the binding mode. The 

present study concludes that a proper organization of Tyr residues into a defined 

amyloid scaffold is necessary and sufficient for the retention of ionic metals. What is 

most important is that we have generated by the first time an enzymatic mimic amyloid 

scaffold based on Tyr, endowing prion-inspired structures with unprecedented 

catalytic functionalities. 
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Alternative applications of metallized prion-inspired scaffolds have been also assessed 

in the present study. On the one hand, it has been confirmed the capacity of our Cu2+-

containing prion-inspired scaffolds to bind DNA, but the study still preliminary. It 

might be necessary to perform additional experiments to determine if those 

protein/nucleic acid hybrid materials could be potentially used as DNA nanocarriers 

or as biochips, among many other possibilities. Further on, the prion-inspired scaffolds 

were immobilized onto oxidized copper sheets acting as redox active scaffolds in those 

hybrid platforms. Natural amyloids have been employed to build up hybrid 

photovoltaic devices in combination with metallic components and a proper electrode 

[152] or to build up chimeric nanowires [158]. Our data lead to think that it might be 

possible to adapt the herein developed hybrid nanomaterials for the generation of a 

minireactor aimed for energy production, which might potentially substitute the 

inorganic expensive and scarce materials employed currently [245]. 

MATERIALS AND METHODS: 

Peptides preparation:  

Synthetic heptapeptides NY7 (Ac-NYNYNYN-NH2), QY7 (Ac-QYQYQYQ-NH2), SY7 (Ac-

SYSYSYS-NH2) and GY7 (Ac-GYGYGYG-NH2) were purchased from CASLO ApS (Scion 

Denmark Technical University). Lyophilized peptides were dissolved in 1,1,1,3,3,3-

hexafluoro-2-propanol to obtain a 10 mM stock solution, aliquoted and frozen at -80°C.  

Peptides aggregation reactions: 

NY7, QY7 and SY7 peptides were diluted from 10 mM stock to a final concentration of 

250 µM and GY7 peptide was diluted to a final concentration of 500 µM in 100 mM 

potassium phosphate, pH 7.0. Aggregation reactions were incubated in quiescent 

conditions for 7 days at 25°C. 

Transmission Electron Microscopy (TEM):  

For the preparation of TEM samples, 10 µL of NY7, QY7, SY7 and GY7 fibers incubated 

with Ni2+, Co2+ and Zn2+ were deposited onto carbon-coated copper grids and NY7, QY7, 

SY7 and GY7 fibrils incubated with Cu2+ were deposited onto carbon-coated gold grids 

for 10 minutes. Liquid excess was removed with filter paper and no negative staining 

was performed on samples. As controls, NY7, QY7, SY7 and GY7 fibrils without 

incubation with divalent cation were deposited onto carbon-coated copper grids for 10 
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minutes, and negative staining was performed with 2 % w/v uranyl acetate solution 

for 1 minute. Grids were scanned using a JEM 1400 transmission electron microscope 

(JEOL Ltd, Japan) operating at 80 kV and micrographs were acquired with a CCD 

GATAN ES1000W Erlangshen camera (Gatan Inc, United States). 

Th-T binding 

Th-T dye binding to non-metallized NY7, QY7, SY7 and GY7 fibers was analyzed to 

confirm the formation of amyloid structures. Self-assembled peptides were diluted 

1:10 in 100 mM potassium phosphate, pH 7.0 with 25 µM Th-T. The Th-T fluorescence 

signal was measured on a Jasco FP-8200 fluorescence spectrophotometer (Jasco 

Corporation, Japan) in the 460 – 600 nm range, using an excitation wavelength of 445 

nm and with an excitation and emission bandwidths of 5 nm. 

Z-potential measurements 

Heptapeptides fibers were prepared as previously described in 1 mL final volume, 

centrifuged at 12000 x g and resuspended again in the same buffer. Z-potential 

measurements were performed in a Zetasizer Nano ZS Malvern (Malvern Instruments, 

United Kingdom) in triplicates and the standard deviation was calculated.  

Divalent cations binding to self-assembled heptapeptides fibers 

NY7, QY7, SY7 and GY7 self-assembled fibers were centrifuged at 12000 x g for 30 

minutes and resuspended in MilliQ water in half initial volume. Divalent cations Cu2+, 

Ni2+, Co2+ and Zn2+ stock solutions were prepared at 500 mM using CuCl2, NiSO4, CoCl2 

and ZnCl2 salts respectively (Sigma Aldrich, United States). Centrifuged NY7, QY7, SY7 

and GY7 fibers were incubated in the presence of increasing amounts of each divalent 

cation: Cu2+ was incubated at 5, 10, 50, 100 and 200 mM; Ni2+ was incubated at 50, 100 

and 200 mM; Co2+ was incubated at 20, 50, 100 and 200 mM; Zn2+ was incubated at 5, 

10, 20 and 50 mM. All the reactions were incubated ON at room temperature with soft 

agitation. Samples were centrifuged at 12000 x g for 30 minutes and pellet and 

supernatant were separated and preserved for further analysis.  

Quantification of NY7, QY7, SY7 and GY7 peptides 

Heptapeptides fibers from day 7 were quantified from the soluble fraction after 

centrifugation of the total reaction. Then the supernatant was diluted 1:10 and 

incubated with 2.5 M Guanidinium Thiocyanate (GITC) in 100 mM PO4 buffer for a 
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minimum of 12 hours under soft agitation to reach the equilibrium. Calibration curves 

using a known concentration of QY7, NY7, SY7 and GY7 peptides ranging from 0 to 50 

µM were incubated in the same conditions. Tyrosine intrinsic fluorescence was 

acquired on a Jasco FP-8200 fluorescence spectrophotometer (Jasco Corporation, 

Japan) in the range 280-400 nm, exciting at 268 nm wavelength, and using an excitation 

and emission bandwidth of 5 nm at 25°C. Fluorescence emission at 303 nm, which 

corresponds to tyrosine emission maximum was used to quantify soluble fraction, 

using the equation from the corresponding calibration curve. 

Spectrophotometric quantification of divalent cations 

Metalized NY7, QY7, SY7 and GY7 fibers were obtained as previously described, and 

their supernatants were preserved for their spectrophotometric analysis. Calibration 

curves for Cu2+, Ni2+ and Co2+ were obtained measuring absorbance at 235 nm for Cu2+ 

incubated samples, at 393 nm for Ni2+ incubated samples and at 512 nm for Co2+ 

incubated samples, using increasing concentrations of each divalent cation; (0 to 200 

mM for Cu2+, 0 to 500 mM for Ni2+, 0 to 200 mM for Co2+). Molar extinction coefficients 

(ε) were obtained experimentally measuring the absorbance of stock divalent cation 

solution at different concentration and calculated from the slope of the obtained 

equations: Cu2+ ε235nm = 189 M-1·cm-1; Ni2+ ε393nm = 4.8 M-1·cm-1; Co2+ ε512nm = 6.0 M-

1·cm-1. For the Zn2+ spectrophotometric quantification, Zincon dye was used since Zn2+ 

absorbance maximum is under 200 nm. Zincon dye detects Zn2+ in solution, showing a 

colour change from red-to-blue with an absorbance maximum at 620 nm in the 

presence of Zn. Zincon monosodium salt (Sigma Aldrich, United States) stock solution 

was prepared at 2 mM in 20 mM NaOH. Calibration curve for Zn2+ was obtained 

incubating increasing Zn2+ concentrations (0 to 80 µM) with 100 µM Zincon and 

measuring absorbance at 620 nm. The molar extinction coefficient for Zn-Zincon 

complex was experimentally calculated from the slope of the obtained equation: Zn-

Zincon ε620nm = 22800 M-1·cm-1. All the measurements were performed in a Specord200 

Plus spectrophotometer (Analytik Jena, Germany). Data was analyzed calculating the 

retention percentage for each peptide and cation, tacking as a reference each 

concentration point used to incubate the fibers, obtaining the final percentage of the 

cation retained by fibers.  
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Electronic diffraction (ED) 

Grids prepared for TEM visualization were also used for electronic diffraction in a JEM-

2011 transmission electron microscope (JEOL Ltd, Japan) operating at 200 kV. 

Characteristic distances of diffraction patterns of Cu2+, Ni2+, Co2+ and Zn2+ were 

measured from the obtained micrographs using Image J software (NIH, USA). 

Energy Dispersive X-ray (EDX) spectroscopy 

Grids prepared for TEM visualization were used for EDX spectroscopy analysis. EDX 

spectra for each sample were acquired in a JEM-2011 transmission electron 

microscope (JEOL Ltd, Japan) operating at 200 kV, equipped with an EDS X-max 

Detector (Oxford Instruments, United Kingdom). Spectra were analyzed using INCA 

Software (ETAS group, Germany) and represented with GraphPad Prism 5 (GraphPad 

Software, United States). 

Inductively coupled plasma atomic optic emission spectrometry (ICP-OES) 

NY7, QY7, SY7 and GY7 assembled fibrils were incubated in the presence of 200 mM of 

each divalent cation in 500 µL final volume as previously described, corresponding to 

an excess concentration for divalent cations. 500 µL of non-incubated samples with 

divalent cations were used as controls. Incubated samples were centrifuged at 12000 

x g for 30 minutes and pellets were stored for their further analysis. Pelleted fibers 

were resuspended in an HNO3 65% solution (Merck Suprapur®, Germany) and heated 

in a DINKO D-65 heating block to promote peptides digestion. Digestion products were 

injected in an Inductively coupled plasma optic emission Optima 4300DV mass 

spectrometer (PerkinElmer, United States) to quantify divalent cations content.  

Esterase activity 

NY7, QY7, SY7 and GY7 assembled fibrils were prepared as described and isolated by 

centrifugation at 12000 x g for 30 minutes. Esterase activity was tested in the presence 

of Cu2+ and Zn2+, requiring different buffering conditions, 25 mM HEPES pH 8.0 for Cu2+ 

and 25 mM Tris HCl pH 8.0 for Zn2+. Samples were incubated in the presence of 1 mM 

CuCl2 and 1 mM ZnCl2 overnight at 25°C in its respective buffers. Peptide concentration 

used in all assays corresponds to 100 μM.  

The reaction was performed in 96-well plate and measured every 10 minutes until a 

plateau is reached in a Victor3 Plate reader (Perkin Elmer, USA) acquiring absorbance 
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at 405 nm. P-nitrophenyl acetate (pNPA) and p-nitrophenol (pNP) (Sigma Aldrich, 

Germany) stock solutions were freshly prepared at 0.1 M in acetonitrile and diluted to 

desired final concentrations. Extinction molar coefficients for pNP in each buffering 

condition were experimentally obtained from the slope of calibration curves, which 

were performed in three independent replicas and measured in duplicate. Obtained 

values are the next: for Cu2+ experiments ε405nm = 11670 M-1·cm-1 and for Zn2+ 

experiments ε405nm = 13409 M-1·cm-1.  

Preliminary kinetics measurements were performed in the presence of 450 μM pNPA 

and 100 μM of fibrils previously incubated with the corresponding divalent metallic 

cation (Cu2+ or Zn2+). Corresponding buffer signal was subtracted from all the samples. 

50 μM Tyr was measured as a control. Data were analyzed using GraphPad Prism 

Software (United States) and fitted into a hyperbolic equation. 

Kinetic parameters calculations were further obtained for both conditions at a final 

peptide concentration of 100 μM. For Cu2+ incubated peptides, substrate (pNPA) 

concentration used ranges from 0.2 to 5 mM and for Zn2+ substrate (pNPA) 

concentration ranges from 0.2 to 2.5 mM. Reported results correspond to the average 

of at least three independent measurements. Kinetic parameters were obtained by 

fitting the data to the Michaelis-Menten equation [ V0 = kcat·[E]0·[S]0 / (KM + [S]0) ] using 

GraphPad PRISM 5.0 software.  

Carbonic anhydrase (CA) activity assay 

NY7, QY7, SY7 and GY7 assembled fibrils were prepared as described and isolated by 

centrifugation at 12000 x g for 30 minutes. Carbonic anhydrase was tested in the 

presence of Cu2+ and Zn2+, requiring different buffering conditions, 25 mM HEPES pH 

8.0 for Cu2+ and 25 mM Tris HCl pH 8.0 for Zn2+. Samples were incubated in the 

presence of 1 mM CuCl2 and 1 mM ZnCl2 overnight at 25°C in its respective buffers 

under soft agitation. Peptide concentration used in all assays corresponds to 100 μM. 

Phenol red pH indicator was used to follow up the pH modification on the reaction at a 

final concentration of 100 μM in the corresponding buffers 

Carbon dioxide (CO2) saturated water was freshly prepared by bubbling CO2 gas flow 

into 100 mL MilliQ water in a round bottom crystal flask with a flow rate at 5 psi under 

ice-cold conditions for 1 hour. 150 μL of 100 μM phenol red in the corresponding 

buffers were used to perform the experiments in the presence and in the absence of 
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self-assembled peptides. 50 μL of CO2-saturated water was added to the samples. 

Reactions were performed in a Specord200 Plus spectrophotometer (Analytik Jena, 

Germany) measuring the change in the absorbance at 560 nm. Additionally, initial and 

final spectra were acquired in the 350 – 650 nm range. WT carbonic anhydrase enzyme 

at 50 nM was used as a positive control. The results correspond to the mean of three 

independent experiments.  

Z-potential measurements 

Heptapeptides fibers were prepared and incubated with divalent cations as previously 

described in 1 mL final volume, centrifuged at 12000 x g and resuspended again in the 

same buffer. Z-potential measurements were performed in a Zetasizer Nano ZS 

Malvern (Malvern Instruments, United Kingdom) in triplicates and the standard 

deviation was calculated.  

Plasmidic DNA binding to Cu2+ incubated heptapeptides fibers 

NY7, QY7, SY7 and GY7 fibers were prepared as described above. Isolated fibers were 

incubated overnight at 25°C with and without 200 mM CuCl2. CuCl2 excess was 

removed by centrifugation at 12000 x g for 30 minutes and samples were washed twice 

with MilliQ H2O. Fibers were diluted to a final concentration of 100 μM. The pTriEx-6 

plasmid was used to test DNA binding to Cu2+ fiber incubated samples. 10, 25 and 50 

ng/μL DNA final concentration were tested. DNA – Cu2+ samples were incubated for 2 

hours at room temperature under soft agitation and then were centrifuged at 12000 x 

g for 30 minutes. The supernatant was recovered for DNA concentration measurement. 

Obtained results were obtained measuring the DNA concentration in a NanoDrop® 

ND-1000 (Thermo Fisher Scientific, United States) in duplicates corresponding to three 

different experiments. Data was analyzed comparing samples with and without Cu2+ 

using a Two-way ANOVA statistical test followed by a Bonferroni test using GraphPad 

Prism 5.0 software. Data was also analyzed comparing DNA concentration using a Two-

way ANOVA statistical test followed by a Bonferroni test, showing a P-value < 0.001 

(***).  

Deposition onto surface oxidized copper sheet 

Metallic copper sheets of 1 mm thickness were oxidized under a Bunsen to generate 

copper oxide on the metallic copper sheet surface and cooled down at room 

temperature. Hexapeptides fibers were isolated as described before and resuspended 
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in MilliQ H2O. Drops were deposited over superficial oxidized copper and let dry 

overnight. Then, copper sheets with deposited fibers were rinsed 2 times with MilliQ 

H2O and air-dried to remove residual water. 

Scanning electron microscopy (SEM) 

To determine the adhesion of fibrils to superficial oxidized Cu sheets, scanning electron 

microscopy (SEM) was assessed. Cu sheets were attached to aluminum SEM stubs and 

carbon conductive adhesive tabs. Images were acquired in a Zeiss Merlin SEM (Carl 

Zeiss, Germany) operating at 2 kV and detecting secondary high-resolution electrons. 

Scale bar corresponds to 20 μm for control micrograph, to 1 μm for NY7, QY7 and GY7 

micrographs and to 2 μm for SY7. 

Square wave voltammetry (SWV) 

Square ware voltammetry measurements were performed in an electrochemical cell, 

using as media 0.1 M Na2SO4 solution, Ag/AgCl (3 M KCl) as a reference electrode (RE) 

and a platinum rod as a counter electrode (CE). The working electrode (WE) is an 

indium-tin oxide (ITO) electrode. An Autolab PGSTAT204 potentiometer was used for 

these experiments. The electrochemical cycles were performed with 1 mL of 250 µM 

peptide solution drop casted into an ITO electrode used as WE between –0.75 V and 

0.75 V, both in oxidative and reductive direction. 
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CHAPTER 5 

PH AS A TRIGGER OF SELF-
ASSEMBLING AND REVERSIBLE 

SWITCHING OF CATALYTIC AMYLOID 

SCAFFOLDS 
INTRODUCTION 

Self-assembling biomolecules intended to create nanoscale-ordered scaffolds are 

attracting increasing attention in the nanotechnology area [116]. The success in the 

design of functional peptide-based self-assembled nanostructures relies on the ability 

of controlling the geometries of the resulting superstructures, but there are other 

important factors to be considered. In this regard, the control of the amyloid self-

assembly process is essential, but challenging [259]. Different external factors have 

been explored to control the assembly of functional amyloids, such as ionic strength, 

pH, temperature, or photoactivation [260–262], with the idea of generating stimuli-

responsive nanomaterials [116]. However, in most cases this modulation required the 

use of extreme conditions, far from the physiological ones, limiting significantly their 

applicability. Therefore, the exploration of alternative control approaches that might 

work under physiological conditions is of high interest. 

The pH sensitivity inherent to polypeptidic chains is an strategy evolved by Nature to 

control the self-assembly of functional amyloids such as those involved in the melanin 

production process [263] or the secretion of pituitary hormones [264]. In both cases, 

the amyloid self-assembly only occurs under the acidic conditions found in the 

respective granules. The release of monomers from these assemblies is governed by 

electrostatic repulsions generated upon protonation of ionizable residues when the 

secreted aggregates get in contact with the extracellular neutral pH. Mimicking this 

strategy, several groups have focused on the rational design of peptides consisting in 

the combination of apolar and charged amino acids to develop tunable and reversible 
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amyloid nanomaterials [172,261,262,265,266]. Notwithstanding, again these 

approaches involve the use of extreme pHs to promote the assembly and disassembly 

of those scaffolds.  

The capacity of synthetic prion-inspired short peptides to assemble into amyloid fibrils 

under physiological conditions has been already demonstrated in Chapter 1 [156]. 

These short sequences are based on the prion biased composition, containing Tyr as 

the only aromatic residue promoting π-π interactions, in combination with polar 

uncharged residues (Asn, Gln, Ser and Gly), which build up an internal hydrogen bond 

network [96,99]. The use of natural prion-like domains to build up nanomaterials has 

been explored due to the fact that they display slower aggregation rates compared to 

classical amyloids [144,151,155]. However, fine tune mechanisms to control and 

switch the self-assembly of this kind of sequences are still missing.  

To attempt to control the self-assembly of amyloid scaffolds as a function of pH, we 

decided to exchange the polar residues from our prion-inspired sequences by His, 

using an HYH overlapping motif. Accordingly, we obtained a set of short peptides 

composed only by His and Tyr residues (hereinafter denominated as HY-peptides) with 

7, 8 and 9 residues in length: HY7 (Ac-HYHYHYH-NH2), HY8 (Ac-YHYHYHYH-NH2) and 

HY9 (Ac-HYHYHYHYH-NH2). The pKa of the imidazole ring of His is close to 6.5, being 

the only residue which protonation state can be modified at close to physiological pH. 

The pKa of the Tyr side chain is much higher than that of His (around 9.2), therefore 

working in a pH range close to the physiological one ensures that any observed effect 

on the properties of the assembly responds to the His protonation state. Some studies 

exploiting these physicochemical properties have been published [173,267], 

describing scaffolds assembled at alkali pH and disassembled in an acidic environment 

[173,267]. However, the peptides in these works were designed to self-assemble into 

helical, micellar or nanofibrils, but not into amyloid-like scaffolds.  

It has been suggested that ancestral enzymes might correspond to amyloid structures 

[15,230]. Several studies exploring this hypothesis have demonstrated that the proper 

embedment of His into amyloid scaffolds endow them with esterase catalytic activity 

without the requirement of any extra co-factor [257,268]. Likewise, sequences 

enriched in Tyr with amyloid propensity have been reported to generate self-

assembling redox active scaffolds [145,146,156]. Taking these evidences into account, 
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we addressed the possibility that our HY-enriched sequences might also behave as 

catalytic and redox active scaffolds, which supramolecular architecture could be 

regulated by the pH. 

RESULTS 

HY-patterned peptides self-assemble into β-sheet enriched structures only 

at high pH 

Initial experiments to determine the influence of pH on the HY-peptides self-

assembling capacity were performed incubating 250 μM of each peptide in 100 mM 

Tris HCl, 50 mM Citrate pH 4.0, or in 100 mM Tris HCl pH 8.0 for 4 days at 25°C in 

quiescent conditions. The self-assembly was first monitored by means of synchronous 

light scattering. HY-peptides incubated at pH 8.0 presented a significant increase in the 

light scattering signal compared to those incubated at pH 4.0, indicating that significant 

self-assembly only occurs upon incubation under alkaline conditions (Figures 5.1.A).  

 

Figure 5.1. | Size characterization of the HY7, HY8 and HY9 aggregates. HY7 (red), HY8 (blue) and HY9 (green) 

peptides were incubated at 250 µM in 100 mM Tris HCl pH 8.0 buffer (continuous line) and in 100 mM Tris 

HCl 50 mM Citrate pH 4.0 buffer (dashed line). A) Synchronous light scattering to monitor the aggregates 

assembly. B) Analysis of the HY7, HY8 and HY9 aggregates size at pH 8.0 by DLS. Measurements displayed a 

single peak for each of the HY peptides. 1 corresponds to HY7 peptide with a size of 1030.98 ± 453.82 nm, 2 

corresponds to HY9 peptide with a size of 2097.89 ± 940.22 and 3 corresponds to HY8 peptide with a size of 

3161.4 ± 1004.25 nm. Obtained values correspond to the mean of ten measurements and the standard 

deviation was calculated. 
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The size of the self-assembled structures at pH 8.0 was assessed by dynamic light 

scattering (DLS), confirming the presence of large aggregates in this condition. The 

analysis of samples incubated at pH 4.0 was not possible since the size of the species 

was under the detection range of the DLS instrument. HY-peptides incubated at pH 8.0 

displayed a size of 1030.98 ± 453.82 nm (HY7), 3161.4 ± 1004.25 nm (HY8) and 

2097.89 ± 940.22 nm (HY9) (Figure 5.1.B). Despite these subtle differences, the size 

of the analyzed samples agreed well with sizes reported for other amyloids [269,270].  

We determined the conformation of HY-peptides incubated at pH 8.0 and pH 4.0, by 

far-UV circular dichroism (CD) (Figure 5.2.A). For the three HY-peptides, it was 

detected a minimum at 200 nm at pH 4.0 which is usually assigned to random coil 

conformations, indicating HY-peptides remained disordered in this condition. The CD 

spectra of peptides at pH 8.0 shifted dramatically, presenting a minimum at 217 nm 

associated with β-sheet enriched structures. Therefore, the increase of pH from 4.0 to 

8.0 promoted a notorious conformational arrangement on HY-peptides from random 

coil to β-sheet secondary structure. In the case of HY7, the shift was not as evident as 

for HY8 and HY9 peptides since the peak at 217 nm was less pronounced, but still 

detectable.  

The content on β-sheet secondary structure of peptides at pH 8.0 was corroborated by 

Fourier-Transform Infrared (FT-IR) spectroscopy (Figure 5.2.B and Table 5.1.). The 

obtained FT-IR spectra revealed a main peak corresponding to intermolecular β-sheet, 

comprised between 1615 and 1632 cm-1, accounting for more than 70 % of the total 

spectrum for all HY-peptides. It is worth to mention that for HY8 and HY9 peptides the 

β-sheet component corresponds to more than 80 %. We could not detect antiparallel 

β-sheet signal, corresponding to a maximum at 1690 cm-1, for any of the three HY-

peptides, which suggest that HY-peptides assembled mainly in a parallel fashion. Other 

signals detected for HY7 and HY8 peptides corresponded to disordered regions, 

accounting only for 11.9 % and 6.3 % respectively, which were not detected for HY9 

assemblies. Summarizing, the analysis of FT-IR and CD spectra confirmed the 

enrichment on β-sheet secondary structure for the HY-peptides incubated at pH 8.0. 
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Figure 5.2. ∣ Conformational characterization of HY-peptides incubated at pH 4.0 and pH 8.0. C) Far UV 

Circular dichroism spectra of HY7 (red), HY8 (blue) and HY9 (green) peptides incubated at 250 µM in 100 mM 

Tris HCl pH 8.0 buffer (continuous line) and in 100 mM Tris HCl 50 mM Citrate pH 4.0 buffer (dashed line). D) 

FT-IR absorbance spectrum in the amide I region of HY7 (red), HY8 (blue) and HY9 (green) peptides incubated 

at pH 8.0. Dashed black lines correspond to individual peaks contributing to the spectrum and continuous line 

corresponds to the sum of all peaks.  

 

Table 5.1. ∣ FTIR secondary structure assignment. Percentage assignment of the secondary structure 

components of assembled HY7, HY8 and HY9 peptides in the amide I region of FTIR spectra. The β-sheet 

contribution is indicated in bold. 

ASSIGNMENTS HY7 HY8 HY9 

Intermolecular β-sheet (1615 – 1636 cm-1) 74.9% 86.5% 83.2% 

Disordered/Loops/Turns (1658 – 1662 cm-1) 11.9% 6.3% - 

β-sheet  (1675 – 1682 cm-1) 13.2% 7.2% 16.8% 

 

Next, we assessed if such β-sheet enriched assemblies exhibited an amyloid-like 

signature using the specific amyloid dyes Th-T and CR. Th-T was added to HY7, HY8 

and HY9 peptides incubated at pH 4.0 and pH 8.0 for 4 days respectively. The three HY-

peptides exhibited an increase on Th-T fluorescence signal only for samples incubated 

at pH 8.0, whereas samples incubated at pH 4.0 resembled Th-T buffer (Figure 5.3.A). 

The particular CR red shift was detected only for HY-peptides incubated at pH 8.0, but 

not for the samples incubated at pH 4.0 displaying similar spectra to CR buffer (Figure 

5.3.B).  

The fibrillar morphology of amyloid like-assemblies can be visualized by transmission 

electron microscopy (TEM). The scanning of the grids revealed that HY-peptides 
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displayed small amorphous assemblies at pH 4.0, whereas long, thin and regular 

fibrillar structures were visualized for samples incubated at pH 8.0 (Figure 5.3.C), a 

distinctive morphology of amyloid-like fibrils. The length and thickness of the imaged 

HY-enriched fibrils at pH 8.0 were calculated (Table 5.2.) displaying lengths of 3.5 ± 

1.6 µm, 1.2 ± 0.65 µm and 0.9 ± 0.35 µm for HY7, HY8 and HY9 respectively, and widths 

corresponding to 12 nm ± 3 nm, 9.4 ± 2.15 nm and 6 ± 1.05 nm, which correspond to 

canonical sizes of amyloid structures [193]. 
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Figure 5.3. ∣ Amyloid characterization of HY-peptides incubated at pH 4.0 and pH 8.0. Amyloid tinctorial 

properties of HY7 (red), HY8 (blue) and HY9 (green) incubated peptides were assessed: A) Th-T and B) CR 

binding assays were performed in absence (grey line) and in presence of HY7 peptides incubated at pH 4.0 

(dashed line) and at pH 8.0 (continuous line). C) Morphology of samples was assessed by transmission 

electron microscopy (TEM) Representative micrographs of HY-peptides samples incubated at pH 4.0 (dashed 

line, upper row), at pH 8.0 (continuous line) at medium (middle row) and high magnification (bottom row). 

Scale bar corresponds to 1 µM and 200 nm respectively. 
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Table 5.2. ∣ Width and length of HY7, HY8 and HY9 peptide fibers obtained at pH 8.0. Measurements were 

performed using micrographs at high magnification (x10K) using ImageJ software (NIH, United States) 

calculating also the standard deviation of the measurement. 

Fibers measurements HY7 HY8 HY9 

Width (nm) 12 ± 3.0 9.4 ± 2.15 6 ± 1.05 

Length (μm) 3.5 ± 1.6 1.2 ± 0.65 0.9 ± 0.35 

 

All in all, the data indicate that HY-patterned peptides build up amyloid scaffolds in a 

pH determined manner. These results suggest that the self-assembly likely occurs 

when pH is above the pKa of His side chain, as a consequence of the loss of the proton 

in the imidazole group.  

Amyloid self-assembly of HY-peptides is controlled by pH 

To confirm if it was possible to control amyloid formation just by modulating the 

solution pH, a titration assay was performed to determine the aggregation pH for each 

HY peptide. HY-peptides were incubated at different pHs in Tris-Citrate buffer, ranging 

from pH 4.0 to pH 8.5 (Figure 5.4.). The amyloid self-assembling capacity in the 

different tested pH conditions was monitored using Th-T. Given the fact that the edges 

of each peptide were protected by amidation and acetylation respectively, and the pH 

working range did not affect the protonation state of Tyr, it was assumed that the 

behavior of the peptides can be directly related to the pKa of the His residues embedded 

in those sequences. The three HY-peptides exhibited a transition pH which is close to 

L-His pKa (which is around 6.5) (Table 5.3) indicating that His deprotonation impacts 

their self-assembling capacity. Nonetheless, there exist subtle differences between the 

peptides, being HY7 and HY9 transitions slightly higher than HY8. This difference 

might respond to the N-terminus residue since HY7 and HY9 peptides present a His 

while HY8 contains a Tyr. 
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Figure 5.4. ∣ HY7, HY8 and HY9 peptide self-assembly titration depending on pH. HY7 peptide (red line) was 

prepared at 200 µM final concentration and HY8 (blue line) and HY9 (green line) peptides were prepared at 

100 µM final concentration in 100 mM Tris HCl 50 mM Citrate buffer adjusted at different pH range (4.0 to 

8.5 each 0.5 pH units) and self-assembly was analyzed after 12 hours incubation at room temperature in 

quiescent conditions. Th-T maximum emission at 492 nm was recorded and fluorescence intensity 

normalized. Fitting of the curve was performed using GraphPad Prism 5.0 software and fitted to a sigmoidal 

curve.  

 

Table 5.3. | pH transition values obtained from aggregation titter curves for HY7, HY8 and HY9 peptides. In 

the table are shown pKa values obtained from the fitting and the adjust, showing a significant R2 > 0.95 for all 

3 cases corresponding to sigmoidal curves shown in Figure 5.4. 

 

 HY7 HY8 HY9 

pH 6.923 6.568 6.884 

R
2
 0.9627 0.9911 0.9924 

 

Reversible switching of HY-amyloid assemblies controlled by pH 

The main objective of the present chapter consists in the development of a reversible 

amyloid self-assembling system, permitting the regulation of the supramolecular state. 

To assess if this was feasible, the HY-peptides were initially incubated in Tris-Citrate 

buffer pH 8.0 for 4 days. Then the pH was modified to 4.0 and incubated for 4 days. 

Finally, in order to determine the reversibility of the process, samples were incubated 

back again at pH 8.0 for 4 days.  

The assembly/disassembly process was monitored by synchronous light scattering, 

far-UV CD, Th-T and CR binding, (Figure 5.5.) and the morphology of the assemblies 

was imaged by TEM (Figure 5.6.). The monitoring of synchronous light scattering, Th-

T and CR binding converged to indicate that the amyloid assemblies obtained at pH 8.0 
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were disassembled at pH 4.0 and that upon reversion to pH 8.0 the amyloid properties 

were at least partially recovered (Figure 5.5.). The CD spectra obtained for the three 

HY-peptides revealed that the minimum signal detected at 217 nm corresponding to β-

sheet present in samples incubated at pH 8.0, disappeared at pH 4.0 and was recovered 

when pH turned basic (Figure 5.5.D). 

 

Figure 5.5. ∣ HY7, HY8 and HY9 peptides assembling and disassembling characterization. HY7 (red), HY8 

(blue) and HY9 (green) peptides were prepared at 250 µM in 100 mM Tris HCl, 50 mM Citrate pH 8.0 buffer. 

An initial self-assembling incubation step was performed at pH 8.0 (continuous colored line), followed up by 

a disassembling step at pH 4 (continuous black line), and again, a re-assembling incubation step was induced 

at pH 8.0 (dashed colored line). Aggregation state of the samples was analyzed: A) Synchronous light 

scattering. Tinctorial properties of the samples were assessed: B) Th-T and C) CR binding assays were 

performed in the absence (grey line) and in the presence (colored and black lines) of peptide sample. 

Conformational features of samples were assessed by D) Circular dichroism (CD) spectra.  
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The morphological analysis by TEM (Figure 5.6.) displayed fibrillar assemblies at pH 

8.0 resembling the typical morphology of amyloid-like structures, while at pH 4.0, the 

three HY-peptides exhibited only small and dispersed amorphous aggregates. The 

reversion to pH 8.0 allowed the re-organization into fibrillar assemblies, despite they 

were less regular than the original ones.  

 

Figure 6.6. ∣ HY7, HY8 and HY9 peptides TEM micrographs from assembly/disassembly pH dependence 

characterization. Transmission electron microscopy (TEM) micrographs obtained from incubated samples in 

each of the tested conditions. Continuous colored lines correspond to pH 8.0 initial micrographs, dashed black 

lines correspond to pH 4.0 reverse images and dashed colored lines correspond to pH 8.0 reverse 

micrographs. Scale bars correspond to 1 µm. 

Overall, these experiments confirmed that the HY-peptides amyloid-assembly 

mechanism is triggered and reversibly switched by pH.  
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HY-peptides fibrils are non-toxic 

The use of amyloid assemblies for biomedical purposes is limited since the soluble 

oligomeric intermediate species might display cytotoxic effects, a phenomenon that is 

common to all aggregation processes [48]. To address if the HY-patterned self-

assembled peptides at pH 8.0 display cytotoxicity, we isolated the soluble and insoluble 

(fibrillar) fractions. In the case of pH 4.0 incubated samples, only soluble fraction was 

used since no aggregate was detected. Samples were tested in SH-S5Y5 neuroblastoma 

cells, in a range from 10 to 50 μM (Figure 5.7.). For the three HY-peptides, fibrillar 

assemblies did not display any cytotoxic effect, whereas soluble fractions promoted a 

significant reduction in cell viability at 25 µM. These results correlated perfectly with 

previously published studies, where it has been suggested that the cytotoxic effects 

occurring during the aggregation processes are ascribable to the soluble intermediate 

species found in the early stages [47,48]. Additionally, HY-peptides incubated at pH 4.0 

were tested in the same concentration range and showed significant toxicity, indicating 

that the presence of soluble assemblies of these peptides is inherently cytotoxic. 



CHAPTER 5 

161 

 

Figure 5.7. ∣ Cell viability assay in the presence of HY7, HY8 and HY9 peptide. Cell viability assay was 

performed adding 10, 25 and 50 µM of the soluble and insoluble fractions of A) HY7, B) HY8 and C) HY9 

peptides incubated at pH 8.0 and total fraction incubated at pH 4.0 from the same peptides. HY7, HY8 and 

HY9 peptides were previously incubated for 4 days at 250 µM at room temperature in quiescent conditions 

in the corresponding buffers. Data correspond to the average of two independent experiments performed in 

triplicates, and bars correspond to the standard deviation of the mean. Two-way ANOVA statistical test was 

performed comparing all samples with control. Samples with *** indicate a P-value < 0.001, ** indicate a P-

value < 0.01 and * indicate a P-value of < 0.05.  
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Esterase activity of the HY-peptides scaffolds 

Enzymes presenting hydrolytic activity have been used for diverse functions, such as 

amide, ester and lipidic hydrolysis. In previous studies, it has been reported the use of 

amyloid self-assembling peptides modified by exchanging polar and positive charged 

residues by His to generate catalytic fibrillar assemblies [257,268]. We sought to 

determine if our designed HY-enriched peptides exhibited esterase activity.  

To this aim, HY self-assembled fibers were incubated in the presence of pNPA, and its 

hydrolysis to generate pNP was monitored by measuring the increase in absorbance at 

405 nm along the time (Figure 5.8.). 

 

Figure 5.8. ∣ HY7, HY8 and HY9 fibers esterase activity. Esterase activity assay with HY7 (red line), HY8 (blue 

line) and HY9 (green line) fibers was performed in 20 mM Tris HCl pH 8.0 at a final concentration of 100 µM. 

P-nitrophenyl acetate (pNPA) was added at 450 µM. Absorbance was measured at 405 nm every 10 minutes. 

Controls were performed with pNPA with just buffer and with 50 µM Tyr (grey line). In the table are listed 

the kinetic parameters calculated from the fitting of the obtained data to an exponential curve.  

Interestingly enough, kinetic assays revealed that HY-peptides display esterase activity 

without the requirement of any additional co-factor. Monomeric L-Tyr was employed 

as a control, displaying residual activity similar to that of the buffer. These results 

pointed out that, L-Tyr had no capacity to perform as a catalyst by its own.  

Next, the catalytic parameters of the esterase activity were assessed. Increasing 

concentrations of the substrate were used with constant peptide concentration 

(Figure 5.9.). 
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Figure 5.9. | HY7, HY8 and HY9 esterase activity functional characterization. Esterase activity was detected 

by measuring the absorbance of the yellow colored pNP product at 405 nm in 25 mM Tris HCl pH 8.0. Obtained 

data were fitted to Michaelis-Menten equation with GraphPad PRISM 5.0 software. Results corresponds to 

the mean of three independent experiments and the bars correspond to the standard deviation. 

The different peptide assemblies did not present significant differences in their kinetic 

parameters, displaying KM values around 1.5 – 1.8 mM, and a kcat around 0.007 s-1 

(Table 5.4.). The dependence on the substrate concentration shown by these scaffolds 

indicates that they do not act simply as chemical catalysts, but instead they behave as 

true enzymes. 

Table 5.4. | Kinetic parameters of esterase activity of HY7, HY8 and HY9 amyloid fibrils. Kinetic parameters 

were calculated from the values fitted to the Michaelis-Menten equation shown in Figure 5.9. 

Peptide  KM (mM) kcat (s-1) x 10-2 kcat/KM (M-1 s-1) 

HY7 1.56 ± 0.37 0.73 ± 0.11 4.70 ± 2.94 

HY8 1.63 ± 0.27 0.71 ± 0.07 4.35 ± 2.76 

HY9 1.81 ± 0.28 0.85 ± 0.09 4.70 ± 3.09 

 

Redox activity of the HY-patterned amyloid fibrils 

In biological systems such as the photosystem II, Tyr acts as redox active residue 

thanks to location in a particular chemical environment that reduces significantly the 

activation potentials for the generation of tyrosyl radicals [271]. In the last ten years, 

different studies have focused on the creation of redox-active scaffolds by the 

incorporation of Tyr residues into peptidic building blocks [145,209]. In solution, Tyr 

can generate tyrosyl radicals, but those are rapidly protonated by the solvent. We 
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explored the capacity of HY-peptides to act as bioelectrocatalyst by testing the 

oxidative polymerization of pyrrole as a model reaction [198].  

The polymerization of pyrrole into polypyrrole (PPy) can be initiated by 

electropolymerization upon the application of a potential or by chemical 

polymerization, in the presence of an oxidant. HY7, HY8 and HY9 fibers were tested as 

bioelectrocatalyst by means of both strategies (Figure 5.10.). First, the 

electropolymerization of pyrrole in the presence of assembled peptides and 

monomeric Tyr was monitored. In the presence of HY7, HY8 and HY9 fibers the pyrrole 

polymerized rapidly in the range of seconds just after the application of the same 

potential, reaching an intensity around 850 μA in the case of HY8 and HY9 and 400 μA 

in the case of HY7, indicating a continuous deposition of PPy along time (Figure 

5.10.A). The longer time required by HY7 scaffolds for the polymerization of pyrrole 

might be attributable to the lower amount of Tyr, relative to HY8 and HY9 scaffolds. In 

the case of monomeric Tyr, the application of a potential of 0.8 V vs Ag/AgCl promoted 

a negligible amount of polypyrrole (10 μA after 500 seconds).  

Complementarily, pyrrole chemically induced polymerization was evaluated. In this 

case, Cu2+ ions were added to the assembled HY-fibers. The fibril solutions were then 

exposed to pyrrole vapor (Figure 5.10.B). Controls of soluble Tyr and Cu2+, generated 

negligible amount of PPy. The quantification of the generated PPy for each peptide 

showed a higher capacity to chemically generate PPy for HY8, followed by HY9 and HY7 

(Figure 5.10.C). Overall, the results allow to conclude that HY7, HY8 and HY9 peptides 

act as bioelectrocatalysts when they are assembled into amyloid-like structures. 
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Figure 5.10. ∣ HY7, HY8 and HY9 fibrils act as bioelectrocatalyst. A) Chronoamperometry (CA) curves of the 

electropolymerization of polypyrrole (PPy) using HY7 (red line), HY8 (blue line), HY9 (green line) fibers and 

monomeric L-tyrosine (grey line). Potential applied at 0.8 V vs Ag/AgCl in 0.1 M NaCl containing 50 mM pyrrole 

and 250 μM peptide fibrils. B) Image of the centrifuged tubes corresponding to the chemical polymerization 

after 16 hours exposition to distilled pyrrole vapor. C) Graphs corresponding to the UV-Vis absorbance spectra 

of the obtained solutions. Spectra were acquired from 300 to 800 nm to qualitatively determine which 

peptide performs the higher activity. Control tubes contain CuCl2 or L-Tyr respectively.  

DISCUSSION 

Many efforts have been dedicated to the design and generation of stable scaffolds using 

amyloid-prone peptides as building blocks. However, it is still challenging the control 

of the amyloid self-assembly process for manufacturing purposes. 

In the present work, we have designed a set of short peptides by the combination of 

His and Tyr residues in a binary pattern. First, it has been demonstrated that this 

simple and repetitive pattern is sufficient for the polymerization of the respective 

peptides into amyloids. As described for natural amyloids, the self-assembly of those 

scaffolds depends on con the solution pH and the transition between assembled and 

disassembled species occurs at close to physiological pH. Importantly, their particular 

composition endows with reversibility those amyloids scaffolds. 
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Additionally, HY-scaffolds have been revealed as safe biomaterials, bypassing one of 

the main constrains for the use of amyloids as nanomaterials for biomedical purposes.  

The singular composition of those scaffolds confers them with functional properties. 

Accordingly, HY-scaffolds displayed esterase activity. The prevalence of those two 

amino acids in enzymes active sites already suggesting that their high density in the 

assemblies might generate certain enzymatic activity. Contrary to other peptides 

designed specifically to behave as catalytic scaffolds, HY-peptides do not require co-

factors to behave to exert this activity. Besides, the kinetic parameters derived from 

these experiments confirmed that these amyloids behave as enzyme mimetics, and not 

merely as chemical catalysts. Their amyloid and enzymatic properties suggest that they 

can be used for the generation of macromolecular matrices endowed with esterase 

activity [172,260], whose catalytic activity and structure can be regulated by means of 

the pH. 

In addition, it has been demonstrated that HY-peptides self-assemblies perform as 

biocatalysts scaffolds with the capacity to promote the chemical and 

electropolymerization of pyrrole, most likely thanks to their Tyr-enrichment and the 

particular environment of these aromatic residues in the amyloid scaffold. This 

property opens the opportunity to employ them as enzyme-mimetics resembling the 

tyrosyl mediated redox catalytic mechanism displayed by enzymes like galactose 

oxidase [272] as well as allowing to think in the future application of those scaffolds to 

build up electrocatalytic nanodevices. 

MATERIALS AND METHODS 

Peptides preparation 

Synthetic peptides HY7 (Ac-HYHYHYH-NH2), HY8 (Ac-YHYHYHYH-NH2) and HY9 (Ac-

HYHYHYHYH-NH2) were purchased from RoyoBiotech (Shanghai, China). Lyophilized 

peptides were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to obtain a 10 mM 

stock solution, aliquoted and frozen at –80°C until its use. 

Peptides aggregation titration 

HY7 and HY8 peptides were diluted from 10 mM stock to 200 µM and HY9 peptide was 

diluted from 10 mM stock to 100 µM in 100 mM Tris, 50 mM Citrate buffer at different 

pH (4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5). Independent triplicates were 
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prepared. Samples were incubated at room temperature and quiescent conditions for 

12 hours and then analyzed by fluorescence spectrophotometry diluting to 25 µM final 

concentration and adding Th-T amyloid binding dye at 25 µM in MilliQ H2O. Th-T 

emission fluorescence was detected on a Jasco FP-8200 fluorescence 

spectrophotometer (Jasco Corporation, Japan) in the range 460 – 600 nm, using an 

excitation wavelength of 445 nm and with excitation and emission bandwidth of 5 nm. 

The signal at 492 nm was used to obtain titration curves. Data were normalized and 

curves were fitted using a non-linear fitting to a sigmoidal equation in GraphPad Prism 

5.0 (USA), obtaining the pKa values for each peptide.  

Peptides assembly reactions 

HY7, HY8 and HY9 peptides were diluted from 10 mM stock to 250 µM final 

concentration in 100 mM Tris HCl pH 8.0 buffer, and reactions were incubated 4 days 

at room temperature in quiescent conditions. As well, HY7, HY8 and HY9 peptides were 

diluted from 10 mM stock to a 250 μM final concentration in 100 mM Tris HCl 50 mM 

Citrate pH 4.0 and were incubated for 4 days at room temperature in quiescent 

conditions.  

Peptide assembly-disassembly reaction 

HY7, HY8 and HY9 peptides were diluted from 10 mM stock to a final concentration of 

250 µM in 100 mM Tris, 50 mM Citrate pH 8.0 and incubated for 4 days at room 

temperature in quiescent conditions for peptide aggregation. After the initial 

aggregation reaction incubation, pH was modified to 4.0 with the addition of small 

amount (approximately 5 µL) of concentrated 37 % HCl solution (Sigma Aldrich, 

Germany) and samples were incubated for 4 days at room temperature and quiescent 

conditions for disaggregation. To promote reassembly, a small amount of 5 M NaOH 

solution (approximately 5 µL) was added to the reactions to increase the pH to 8.0. 

Samples were then incubated for 4 days at room temperature and quiescent conditions 

for the reassembling of the peptides into amyloid fibrils.  

Amyloid dyes binding Thioflavin-T and Congo Red 

Thioflavin T (Th-T) and Congo Red (CR) dyes were used to determine amyloid fibers 

formation. For Th-T binding assay, incubated peptides were diluted to a final 

concentration of 25 µM in MilliQ H2O and Th-T was added to a final concentration of 25 

µM. Th-T emission fluorescence was detected on a Jasco FP-8200 fluorescence 
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spectrophotometer (Jasco Corporation, Japan) in the range 460-600 nm, using an 

excitation wavelength of 445 nm and with excitation and emission bandwidth of 5 nm. 

For CR binding assay, incubated peptides were diluted 1:10 in MilliQ H2O and CR was 

added to a final concentration of 10 µM. Optical absorption spectra were recorded from 

375 to 700 nm in a Specord200 Plus spectrophotometer (Analytik Jena, Germany). 

Spectra of protein alone were acquired to subtract protein scattering. 

Light scattering 

Light scattering was measured in a Jasco FP-8200 fluorescence spectrophotometer 

(Jasco Corporation, Japan), exciting at 330 nm, and recording in the range 320 – 340 

nm using an excitation and emission bandwidth of 5 nm.  

Tyrosine intrinsic fluorescence 

Tyrosine fluorescence spectra were acquired on a Jasco FP-8200 fluorescence 

spectrophotometer (Jasco Corporation, Japan) in the range 280-400 nm, exciting at 268 

nm, and using an excitation and emission bandwidth of 5 nm.  

Circular dichroism 

Circular dichroism (CD) spectra were acquired in a Jasco J-715 Spectropolarimeter 

(Jasco, Japan). HY7, HY8 and HY9 peptides were diluted from the incubated reaction to 

50 µM in MilliQ H2O to a final concentration of 50 µM. Measurements for CD spectra 

where performed in the far-UV range (260 – 200 nm) in a 1 mm path-length polarized 

quartz cuvette, with standard sensitivity, 1 nm bandwidth, 1 seconds response, 0.5 nm 

data pitch and 100 nm/minute speed. Spectra were recorded at 25°C. Final spectrum 

is the result from ten spectrums average and subtraction of buffer spectra.  

Fourier Transform Infrared spectroscopy 

Secondary structure conformation was assessed by means of Fourier transform 

infrared (FTIR) spectroscopy. HY7, HY8 and HY9 fibers were centrifuged at maximum 

speed 12000 x g for 30 minutes and resuspended in MilliQ H2O. Samples were placed 

on the ATR crystal and dried out with nitrogen flow. The experiments were carried out 

in a Bruker Tensor 27 FTIR (Bruker Optics, United States) supplied with a Specac® 

Golden Gate MKII ATR accessory. Each spectrum consists of 32 acquisitions measured 

at a resolution of 1 cm-1. Data were acquired and normalized using the OPUS MIR 

Tensor 27 software (Bruker Optics, United States). FT-IR spectra were fitted employing 
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a nonlinear peak-fitting equation using PeakFit package v4.12 (Systat Software, United 

States). The area for each Gaussian curve was calculated in the amide I region from 

1700 to 1600 cm-1 using second derivative deconvolution method in PeakFit package 

v4.12 (Systat Software, United States). 

Transmission Electron Microscopy  

HY7, HY8 and HY9 incubated samples were deposited over carbon-coated copper grids 

for 10 minutes. Sample excess was dried with a filter paper and negative staining was 

applied over the samples incubating 5 µL of 2 % (w/v) uranyl acetate for 1 minute and 

excess was dried out again with filter paper. Grids were exhaustively scanned using a 

JEM 1400 transmission electron microscope (JEOL ltd, Japan) operating at 80 kV and 

images were acquired with a CCD GATAN ES1000W Erlangshen camera (Gatan Inc, 

United States). 

Determination of fibrils length and width 

Obtained TEM micrographs were analyzed to determine the different size parameters 

of HY7, HY8 and HY9 peptides fibrils. Measurements were performed with ImageJ 

software (NIH, USA), using the corresponding scale. The obtained values correspond 

to the mean of at least 20 different measurements from three different micrographs. 

Error correspond to the standard deviation (SD) of the mean.  

Dynamic Light Scattering 

Peptides reactions were prepared as described above and diluted 1:2 in the same 

buffer for its measurement. DLS measurements were performed at 25°C in a Malvern 

Zetasizer Nano S90 (Malvern, Worcestershire, UK). Each sample was measured ten 

times, each time measured in 10 runs; average distributions are presented, and the 

standard deviation was calculated.  

Cell viability assay 

Human SH-SY5Y cells were plated into 96-well plates at a density of 4000 cells/well 

(100 μL/well) in F-12 medium supplemented with 10 % FBS and maintained at 37°C 

and 5 % CO2 atmosphere. HY7, HY8 and HY9 peptides were prepared at 250 µM in 100 

mM Tris HCl pH 8.0 and in 100 mM Tris-Citrate pH 4.0 sterile buffers and incubated 

during 4 days at room temperature in quiescent conditions. After incubation, pH 8.0 

samples were centrifuged at 12000 x g for 30 minutes and soluble and insoluble 
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fraction were separated. Pelleted fibrils were resuspended in the same volume of the 

previous buffer. Cells were incubated in the presence of 10, 25 and 50 μM of soluble 

and insoluble fraction for pH 8.0 samples and total fraction for pH 4.0 samples for 72 

hours in triplicates. For controls, the same volume of 100 mM Tris HCl pH 8.0 buffer 

and 100 mM Tris-Citrate pH 4.0 buffer was added respectively in control wells. 

Treated cells were incubated with 10 μL PrestoBlue® Cell Viability Reagent 

(Invitrogen, United States) for 30 minutes. Cell viability was determined by recording 

fluorescence at 615 nm, using an excitation wavelength of 531 nm in a Victor3 

fluorescent plate reader (Perkin Elmer, United States). 

Esterase activity assay 

HY7, HY8 and HY9 peptides were prepared at 250 µM in 100 mM Tris HCl pH 8.0 buffer 

and incubated for 4 days at room temperature in quiescent conditions. Samples were 

centrifuged at 12000 x g for 30 minutes and the supernatant was removed. Pelleted 

fibers were resuspended in 20 mM Tris HCl pH 8.0 in the corresponding volume to 

obtain a final peptide concentration of 400 µM. Esterase activity assay was performed 

in a 96-well plate with 100 µM peptide final concentration in the presence of 450 µM 

of p-nitrophenyl acetate (pNPA) (Sigma Aldrich, United States) and the corresponding 

controls with only buffer, and 50 µM tyrosine in the presence of pNPA. The reaction 

catalyzes the break of an ester bond of pNPA, obtaining p-nitrophenol (pNP) and acid 

acetic. pNP present yellow color at pH 8.0 with an absorbance maximum at 405 nm. 

The molar extinction coefficient was experimentally obtained from the calibration 

curve generated from a standard 4-nitrophenol (pNP) solution (Sigma Aldrich, United 

States), corresponding to 13014 M-1 cm-1. Plates were measured immediately after 

their preparation in a Victor3 plate reader (Perkin Elmer, United States) every 10 

minutes until a plateau is reached.  

Data were analyzed using GraphPad Prism 5.0 software. Buffer signal was subtracted 

from all samples. Fitting of the curves was performed using an exponential equation, 

obtaining different parameters (K1 corresponding to Vinitial, plateau, half time (T1/2) and 

the adjust (R2)). Data corresponds to the mean of three independent (± standard 

deviation). 
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Chemical polymerization of pyrrole 

HY7, HY8, HY9 peptides were resuspended in 4 mM CuCl2. 300 µL of freshly distilled 

pyrrole was added into a 20 mL vial and peptide-containing tubes were carefully 

introduced in the corresponding vials, thus avoiding contact between both liquids to 

expose them to distilled pyrrole vapor. Reactions were incubated for 16 hours at room 

temperature in quiescent conditions. As a reference, a solution of plain 4 mM CuCl2 and 

a solution with 50 μM Tyr resuspended in 4 mM CuCl2 were exposed to distilled pyrrole 

vapor. The incubated solutions were centrifuged for 30 minutes at 6000 x g. Pictures 

were acquired at 0 and 16 hours incubation. The resulting polymer was then 

resuspended, and the UV-vis spectra were recorded to qualitatively quantify the 

amount of obtained polypyrrole (PPy). Pyrrole and Tyr were purchased from Sigma-

Aldrich, Germany. CuCl2 was purchased from Acros Organics, USA.  

Electropolymerization of pyrrole 

Pyrrole and Tyr were purchased from Sigma-Aldrich. Na2SO4 was obtained from 

Panreac, USA. CuCl2 was purchased from Acros Organics, USA. The 

electropolymerization of pyrrole into polypyrrole (PPy) was performed by 

chronoamperometry in 0.1 M Na2SO4 using a lab-made three electrode cell, with a 

platinum wire as a counter electrode, a silver wire as a reference electrode, and an 

indium tin oxide (ITO) electrode as a working electrode. A potential of 0.8 V vs Ag/AgCl 

was applied to trigger the polymerization. The concentration of pyrrole in the solution 

was 50 mM. The total volume used was 1 mL. The sunken area of the ITO electrode was 

0.7 cm × 0.8 cm. 
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CHAPTER 6 

SOLUBLE ASSEMBLIES IN THE 

FIBRILLATION PATHWAY OF PRION-
INSPIRED FUNCTIONAL CATALYTIC 

AMYLOIDS ARE HIGHLY CYTOTOXIC 
INTRODUCTION 

The conversion of soluble polypeptides into amyloid deposits in tissues and organs is 

associated with an array of devastating human diseases [10,273]. There are more than 

30 different peptides and proteins known to misfold into pathogenic amyloids, 

including amyloid-β (Aβ) in Alzheimer’s disease, α-synuclein in Parkinson’s disease, 

superoxide dismutase 1 in amyotrophic lateral sclerosis or amylin in type II diabetes 

[274–276]. These proteins are unrelated in terms of native structure or sequence, but 

in their aggregated states they all adopt a common cross-β fold [20]. Because of the 

intimate connection between this particular fold and human pathology, it was 

surprising to discover that amyloids are indeed exploited for physiological functions 

by different organisms, from bacteria to humans [8,52]. In humans, functional amyloids 

have been shown to participate in processes like pigmentation, the storage of peptide 

hormones or in antimicrobial response [57,59,277].  

Amyloid assembly reactions have the inherent potential to produce toxic species, 

irrespective if the precursor is a polypeptide that forms amyloids in human disease or 

a protein that does not form amyloids naturally [49,278]. The question that arises is: 

How can cells produce functional amyloids without being exposed to the intrinsic 

toxicity of these reactions? Different studies indicate that this is not because functional 

amyloids are intrinsically non-cytotoxic [67], but instead because nature has evolved 

dedicated mechanisms to prevent amyloid-associated toxicity. These mechanisms 

include regulation of the levels of amyloidogenic species by controlled proteolysis, 



CHAPTER 6 

174 

minimizing the population of toxic prefibrillar species or sequestering fibril assembly 

inside membranous compartments, among others [57,279,280]. 

The observation that the cross-β fold is naturally employed for functional purposes, 

along with the outstanding material properties of amyloids [119], has prompted the 

production of functional amyloid-based assemblies for diverse biomaterials and 

nanotechnological applications, including tissue engineering, catalysis, biosensors, 

nanoelectronics or in drug delivery [128,152,169,281]. In these studies, natural or 

synthetic amyloidogenic sequences are left to aggregate spontaneously in vitro. In 

contrast to natural functional amyloids, the assembly of these artificial functional 

amyloids lacks any mechanism of control; therefore, it is possible that their fibrillation 

reaction would also produce toxic species, which might compromise their use for any 

intended in vivo application. Surprisingly, most nanotechnology studies disregard the 

characterization of the cytotoxic properties of self-assembling peptides, regardless if 

they correspond to full-length or fragments of natural proteins or to de novo designed 

sequences.  

In a recent study, we designed four different heptapeptides bearing non-natural 

sequences that consist of only two different alternated amino acids, selected among the 

most enriched residues in prion-like proteins: QYQYQYQ (QY7), NYNYNYN (NY7), 

SYSYSYS (SY7) and GYGYGYG (GY7). These polar peptides self-assembled slowly into 

highly ordered amyloid fibrils under physiological conditions. Interestingly enough, 

the assembled biomaterial worked as an enzyme mimetic scaffold, catalyzing 

efficiently the polymerization of individual soluble pyrrole molecules into a solid 

macromolecular polypyrrole material [156]. 

The fibrils formed by QY7, NY7, SY7 and GY7 were devoid of any detectable toxicity for 

human cells [156]. Instead, we show here that their early soluble prefibrillar 

assemblies are extremely cytotoxic, promoting intracellular oxidative stress, 

disrupting the cellular membrane integrity and ultimately promoting death, when 

added to human cells. Thus, despite the simplicity and small size of these peptides, their 

early aggregates faithfully recapitulate the toxic properties of the prefibrillar species 

of longer and more complex disease-linked polypeptides [48,282].  

On the one hand, our results prompt to the characterization of the toxic properties of 

amyloid assemblies intended for nanotechnological applications. On the other hand, 
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these simplistic, cheap and easy to synthesize peptides might turn into privileged 

models to characterize the molecular determinants of amyloid cytotoxicity.  

RESULTS 

Characterization of short prion-inspired peptides soluble assemblies 

QY7, NY7, SY7 and GY7 heptapeptides were synthesized and stock solutions were made 

as described [156]. Reactions were prepared resuspending peptides in 100 mM PO4 

buffer at pH 7.0 at a final concentration of 250 µM for QY7, NY7 and SY7 peptides and 

at 500 µM for GY7 peptide. Samples were taken each 24 hours for 4 days and ultra-

centrifuged as described in Material and Methods, to separate soluble and insoluble 

fractions. Synchronous light scattering was used to monitor the presence of aggregates 

in the soluble fraction along time (Figure 6.1.A). The scattering spectra did not show 

significant differences between different timepoints, and for all four heptapeptides, the 

signal was much lower than that of the correspondent fibril containing solution upon 

7 days of incubation. This indicates that, as expected, the soluble fractions do not 

contain large aggregated particles. We explored if the soluble species in these samples 

display any amyloid-like structure. This property was assessed by monitoring their 

binding to Thioflavin-T (Th-T) (Figure 6.1.B). Comparison between the soluble 

fractions at different timepoints and mature fibrils indicate that the soluble species do 

not promote a significant increase in the Th-T fluorescence maximum for any of the 

assayed peptides.  
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Figure 6.1. | QY7, NY7, SY7 and GY7 peptides assemblies biophysical characterization. QY7, NY7 and SY7 

peptides were prepared at 250 µM in 100 mM PO4 buffer at pH 7.0, whereas GY7 peptide was prepared at 

500 µM. Reactions were ultracentrifuged to isolate soluble species. Samples were analyzed at 1 (turquoise), 

2 (light blue), 3 (sky blue) and 4 (medium blue) days of incubation. Mature fibers were obtained after 

incubation for 7 days (dark blue) and isolated by ultracentrifugation. Aggregation was monitored by A) 

synchronous light scattering and amyloid properties by B) Th-T binding. The fluorescence of the Th-T dye 

alone is indicated with a grey line. 

The morphology of the heptapeptides soluble species was assessed by transmission 

electron microscopy (TEM), depositing samples onto carbon coated copper grids and 

using negative uranyl acetate staining (Figure 6.2. and Figure 6.3.). As previously 

described [156], 7 days incubated QY7, NY7, SY7 and GY7 samples contain amyloid-

like fibers and are essentially devoid of amorphous aggregates (Figure 6.2. and Figure 
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6.3.). Despite the lack of significant scattering signal in the soluble fractions, 

micrographs from day 1 and 2 already evidenced the presence of small, unordered, 

aggregated structures that tend to cluster together for QY7, NY7, SY7 and GY7 peptides. 

At day 3, QY7, NY7 and SY7 soluble fractions contain mainly amorphous structures but 

also a small amount of protofibrils, significantly smaller than the mature fibers (Figure 

6.2. and Figure 6.3.). At day 4, the presence of soluble small protofibrils increases for 

QY7, NY7 and SY7 peptides. In the particular case of GY7, at day 3 no small protofibrils 

were observed and only a few could be detected at day 4 (Figure 6.2. and Figure 6.3.), 

consistent with its lower aggregation kinetics [156]. These results suggest that the 

early soluble, small and amorphous Th-T negative aggregates, rearrange along time 

into the more ordered soluble protofibrillar structures and later into the insoluble 

fibers. 

 

Figure 6.2. | QY7, NY7, SY7 and GY7 peptides assemblies morphological characterization by TEM. The 

morphology of soluble species at different time points and mature fibers (corresponding to Day 7) was imaged 

by TEM. Scale bars correspond to 1 µm.  
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Figure 6.3. | High magnification TEM micrographs at different incubation times. Images correspond to TEM 

micrographs of QY7, NY7, SY7 and GY7 soluble assemblies from day 1 to day 4. Scale bar corresponds to 200 

nm.  

Short prion-inspired peptides soluble assemblies are cytotoxic 

Oligomeric and intermediate species in the fibrillation pathway of disease-linked 

amyloid proteins are thought to be the most toxic species, instead of the mature fibrils 

[44,48]. To assess if the soluble assemblies of our prion-inspired peptides are cytotoxic, 

the soluble fraction was collected at different timepoints (from day 1 to day 4), 

quantified as described in Materials and Methods, and added to neuroblastoma SH-

SYS5 cells at different concentrations, ranging from 1 to 20 µM (Figure 6.4.). Cells were 

incubated for 72 hours and the toxicity was assessed by measuring the cells metabolic 

activity using the PrestoBlue® fluorescent reagent. Controls contained 100 mM PO4 

buffer at pH 7.0. The cytotoxicity of 7 days old mature fibrils was also analyzed in the 
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same concentrations. The metabolic activity assay revealed that soluble aggregates 

from all peptides promote cytotoxic effects in a concentration dependent manner, 

whereas, in contrast, QY7, NY7, SY7 and GY7 fibers do not exhibit any toxicity. QY7, 

NY7 and SY7 soluble aggregates are clearly cytotoxic at 10 and 20 µM (Figure 6.4.A-

C). For GY7 (Figure 6.4.D), cytotoxicity is only significant at a concentration of 20 µM. 

As a trend, when added at 20 µM, the soluble aggregates of QY7, NY7 and SY7 are more 

toxic at days 1 and 2 than at day 4, when protofibrils are already present in the soluble 

fraction. This time-dependence on the toxicity is not observed for GY7, likely because 

its self-assembly is slower [156] and, accordingly, protofibrillar structures are scarce 

even at day 4. This behavior resembles the one reported for the Alzheimer-linked Aβ42 

peptide, in which the structural conversion of initial oligomeric species to protofibrils 

and, later on, to β-sheet-enriched amyloid fibers correlates with a progressive 

reduction in cytotoxicity [283]. The same relationship has been described for the 

Parkinson-associated α-synuclein protein [284]. 

 

Figure 6.4. | Cytotoxicity of peptides soluble assemblies. Cell viability was assessed after adding isolated A) 

QY7, B) NY7, C) SY7 and D) GY7 soluble assemblies corresponding to days 1 (turquoise), 2 (light blue), 3 (sky 

blue), 4 (medium blue) and mature fibers (dark blue) at 1, 5, 10 and 20 µM final concentration to cultured 

SH-SY5Y cells. Fluorescence levels were compared with that of control cells (grey) treated with 100 mM PO4 

buffer at pH 7.0. Data correspond to the average value from two independent experiments, and bars 

correspond to the SD of the mean. For all peptides, Two-way ANOVA statistical test was performed relative 

to control (*** P-value < 0.001, ** P-value < 0.01, * P-value < 0.05). 
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Biophysical characterization of QY7 soluble assemblies 

Because QY7, NY7 and SY7 peptides promote similar cytotoxicity at identical 

timepoints, we decided to select QY7 as a model peptide for further studies. We 

analyzed the properties of samples incubated for 1 day, since they are already cytotoxic 

and, in principle, should be devoid of protofibrillar structures, allowing us to describe 

the observed effects to the early small soluble aggregates.  

QY7 soluble fraction was deposited onto carbon coated copper grids and imaged by 

TEM at high magnification. The analysis confirmed that the solution contains 

amorphous aggregates, with some ball-like assemblies, but is devoid of any regular 

protofibril (Figure 6.5.A). Bis-ANS (4,4'-dianilino-1,1'-binaphthyl-5,5'-disulphonic 

acid) was used to evaluate the aggregates hydrophobicity, since this molecule is 

sensitive to polarity and viscosity and binds to exposed hydrophobic patches, resulting 

in an increase and blue shift of its fluorescence emission maximum. When compared 

with freshly prepared samples (day 0) (Figure 6.5.B), Bis-ANS fluorescence increased 

and blue-shifted significantly at day 1, indicating the presence of hydrophobic clusters 

on the surface of these early aggregates. This is remarkable since the prion-inspired 

peptides have essentially a polar nature and its hydrophobicity is much lower than that 

of amyloidogenic sequence stretches of similar size in disease-associated proteins 

(Table 6.1.).  

Table 6.1. | Hydrophobicity index for heptapeptides compared with Aβ4216-22 and hIAPP22-27 peptides. The 

Kyte and Doolittle scale [285] has been employed to calculate the hydrophobicity index using ProtScale 

(https://web.expasy.org/protscale/). The final value corresponds to the mean of the obtained scores for each 

analyzed window.  

 

Peptide Sequence Hydropathicity index (mean) 

NY7 NYNYNYN -2.473 

QY7 QYQYQYQ -2.473 

SY7 SYSYSYS -1.033 

GY7 GYGYGYG -0.820 

Aβ(16-22) KLVFFAE 2.214 

hIAPP(22-27) NFGAIL 1.592 

 

We used Fourier Transformed Infrared (FTIR) spectroscopy to determine the 

secondary structure content of QY7 soluble assemblies and compared it with the one 

https://web.expasy.org/protscale/
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of QY7 mature fibrils (Figure 6.5.C). The FTIR spectra were recorded in the amide I 

region, corresponding to the absorption of the main chain carbonyl group and sensitive 

to protein conformation. Deconvolution of the absorbance spectra allowed to 

approximate the relative contribution of the different secondary structure elements 

(Figure 6.5., Table 6.2.). QY7 soluble aggregates FTIR spectrum is dominated by the 

contribution of random/α-helix elements, which together with turns account for 67 % 

of the area, with β-sheet signal contributing a 33 %. In contrast, QY7 fibers exhibit a 

sharp β-sheet peak, contributing to 50 % of the absorbance area. This differential 

structural content correlates well with the relative binding to Th-T exhibited by the 

two species. A low, but significant, content in β-sheet [286,287] and the binding to Bis-

ANS [71,288] are features shared by the early toxic oligomeric assemblies of a number 

of disease-linked amyloid proteins and peptides [47,48]. 

 

Figure 6.5. | Day 1 QY7 soluble assemblies biophysical characterization. QY7 peptide was incubated at 250 

µM in 100 mM PO4 buffer at pH 7.0 for 1 day and ultracentrifuged to isolate soluble species. The morphology 

of QY7 assemblies was assessed by A) high magnification TEM, scale bar corresponds to 200 nm. QY7 soluble 

assemblies hydrophobicity was monitored by B) Bis-ANS binding, Bis-ANS dye (grey line), QY7 soluble 

assemblies at day 0 (black dashed line) and QY7 soluble assemblies at day 1 (black continuous line) are shown. 

In (C) QY7 mature fibers (left) and day 1 soluble assemblies (right) secondary structure content was analyzed 

by FTIR in the amide I region of the spectra. Solid and dashed lines indicate the absorbance spectra and their 

deconvolution into conformational components, respectively.  
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Table 6.2. | FITR secondary structure elements assignments. The percentage of contribution to the total 

area of the spectra absorbance is indicated for the different types of secondary structure elements, as 

estimated from the deconvolution of the spectra shown in Figure 6.5.C. 

% Content Fibers Day 1 

β-sheet 

(1613-1637 cm
-1

) 

(1675-1695 cm
-1

) 

50.15 32.66 

Random/α-helix 

(1637-1662 cm
-1

) 
39.04 44.57 

Turns 

(1662-1675 cm
-1

) 
10.81 22.77 

 

QY7 day 1 soluble assemblies promote cell death 

To assess if the observed reduction on metabolic activity promoted by QY7 early 

assemblies correlates with an effect on cell viability, we monitored this parameter 

using propidium iodide (PI) dye (Figure 6.6.), a DNA dye which is not permeable to 

intact membranes and allows to differentiate death cells from viable ones. HeLa cells 

were incubated with QY7 oligomers at 10 µM for 4 and 12 hours respectively, and then 

PI staining was performed. In Figure 6.6.A, are shown representative confocal 

microscopy images from control (not treated cells), 4 and 12 hours treated cells. After 

4 hours of treatment, dead or dying cells already account for 60 % of the population 

(Figure 6.6.B), relative to control cells. After 12 hours of treatment, the reduction of 

cell viability remains similar (~ 60 %). However, there are differences in the nuclear 

morphology between incubation times (Figure 6.6.A). At 4 hours, nuclei appear 

slightly contracted but they are still rounded and maintain their integrity, with some 

intranuclear clusters corresponding to chromatin condensation. In contrast, after 12 

hours, the nuclei have completely lost their shape and in many cases their integrity. 

Moreover, at this timepoint, we detected less attached cells, compared with 4 hours 

and control; thus, it seems that cells have partially lost their adherence capacity, which 

is a typical indicator of apoptotic death [289]. These effects have been also 

demonstrated to occur upon administration of Aβ42 oligomers [71]. These results 

indicate that QY7 early assemblies not only impact the cellular metabolic activity, but 

they are indeed cell death elicitors. 
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Figure 6.6. | Cell mortality of cells incubated with QY7 soluble assemblies. A) Representative images 

obtained by confocal microscopy. Cell mortality was assessed in HeLa cell line adding isolated QY7 soluble 

assemblies from day 1 at 10 µM final concentration and incubating for 4 and 12 hours respectively. Propidium 

iodine (PI) was added to detect cell mortality. Nuclei were stained with DAPI to distinguish cells. Scale bars 

correspond to 50 µm for all images. B) Percentage of cell mortality at different timepoints. One-way ANOVA 

statistical test was performed followed by Bonferroni's multiple comparison test relative to non-treated cells 

(P-value < 0.0001, n=5) and a total of 100-140 cells were analyzed per condition. Data represent the mean ± 

SD of two independent experiments.  
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QY7 day 1 soluble assemblies compromise membrane integrity 

Previous works demonstrated the capacity of different oligomeric species to bind 

directly to cell membrane causing its disruption [284,288,290]. To determine if QY7 

early aggregates behave in a similar way, we measured the Ca2+ influx from the 

extracellular medium to the cytoplasm as well as intracellular trapped calcein release.  

Ca2+ influx was measured loading HeLa cells with the Fluo-4 molecular probe. Fluo-4 

probe increases its fluorescence emission yield when it binds to Ca2+ ions. Fluorescence 

intensity was recorded immediately before the addition of 10 µM of QY7 soluble 

aggregates to the medium and fluorescence increase was recorded for 30 seconds. 

Figure 6.7.A shows representative confocal microscopy images at 0.5 (basal 

fluorescence) and 12 seconds after addition. A significant increase in cellular 

fluorescence after peptide addition is evident. The differences where quantified and 

indicate a 3-fold increase in fluorescence upon treatment (Figure 6.7.A and Figure 

6.7.B). A similar result was obtained by measuring the release of intracellular calcein 

in HeLa cells after adding to the extracellular medium 10 µM QY7 early aggregates 

(Figure 6.7.C and 6.7.D). HeLa cells were treated for 5, 30 and 60 minutes, resulting 

in a significant and time-dependent intracellular calcein fluorescence reduction, 

indicating that the release of calcein depends on the presence of QY7 early assemblies. 

These two assays converge to indicate the capacity of QY7 soluble aggregates to 

compromise cell membrane integrity. 
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Figure 6.7. | QY7 soluble assemblies effects on the cell membrane. Effect on Ca2+ influx: A) Representative 

images obtained by confocal microscopy of HeLa cells loaded with Fluo-4 (green) fluorescent probe 

(Invitrogen, Thermo Fisher Scientific, USA) which increases its fluorescence in the presence of Ca2+. QY7 

soluble assemblies were added at 10 µM final concentration. Scale bar corresponds to 50 µm. B) Fluorescence 

intensity changes were measured and expressed as times-fold relative to the basal fluorescence from the 

Fluo-4 probe, using Leica LAS AM software (Leica Microsystems, Germany). The data were statistically 

analyzed by unpaired t-test (P-value < 0.0001, n=3), and a total of 5-10 cells. Data represent the mean ± SD 

of three independent experiments. Effect on calcein release: C) Representative confocal microscopy images 

obtained from HeLa cells loaded with calcein-AM (green) fluorescent probe (Invitrogen, Thermo Fisher 

Scientific, USA). Cells were initially loaded with calcein-AM and then treated with 10 µM soluble assemblies 

for 5, 30 and 60 minutes. Scale bar corresponds to 50 µm. D) Fluorescence intensity was calculated using 

Leica LAS AF software (Leica Microsystems, Germany)). The data were statistically analyzed by One-way 

ANOVA statistical test (P-value < 0.0001), 100-120 cells were analyzed per condition. Data represent the mean 

± SD of two independent experiments. 

The specific mechanisms by which oligomeric species exert their cytotoxic effects still 

remain unclear. It has been described that different oligomeric species from proteins 

such as α-synuclein [50,284], Aβ42 [71,291], N-terminal domain of HypF protein 

(HypF-N) [288,292] and prion protein (PrP) [293] can interact directly with 

membranes and promote its disruption. Evidence for oligomer interaction with specific 

membrane receptors at the neuronal synapses have been also reported [47,51] and it 
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is likely that both kinds of interactions coexist [47]. The interaction with membranes 

seems to be a generic mechanism for oligomeric toxicity, which should necessarily rely 

on the common conformational properties of oligomers since it is exerted by proteins 

with dissimilar sequences and amino acid composition [49,288,291]. In agreement 

with this hypothesis, we show here that this membrane disrupting activity is also 

caused by minimalist short and polar peptides containing only two different amino 

acids in a binary-patterned sequence.  

It has been suggested that oligomers displaying detectable ordered β-sheet secondary 

structure not only interact with the membrane, but they also insert into the lipid 

bilayer, generating pores and causing the loss of membrane homeostasis, whereas, 

instead random coiled oligomers just get attached to membrane surface [50,291]. QY7 

early assemblies have exposed hydrophobic patches and, despite they are mostly 

unstructured, still they contain a > 30 % β-sheet secondary structure, suggesting that 

the strong membrane disruption activity of this peptide might respond to a binding 

plus insertion mechanism.  

QY7 day 1 soluble assemblies promote oxidative stress 

Oxidative stress is known to play an important role in the pathogenesis of 

neurodegenerative diseases and this deleterious activity seems to be elicited mainly by 

early assemblies [284,294,295]. To further characterize the biological effects 

promoted by QY7 soluble aggregates, the CellRox® Green dye was used to determine 

if they promote DNA oxidation through an increase of radical oxidative species (ROS) 

production (Figure 6.8.). QY7 soluble aggregates were added at 10 µM to HeLa cells 

medium and incubated for 30 minutes. They induced a significant increase in nuclear 

DNA oxidation, compared with control cells. Accumulation of oxidative damage on DNA 

can cause double strand breaks, base modifications, DNA/DNA or DNA/protein 

crosslinks, impairing DNA reparation. Additionally, the accumulation of ROS in the cell 

can also induce mitochondrial disfunction as well as compromise the membrane 

integrity [296]. All these effects can ultimately contribute to the previously observed 

QY7 induced cell death.  
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Figure 6.8. | QY7 soluble species increases nuclear ROS. Representative confocal microscopy images from 

HeLa cells stained with CellRox® Green dye. Cells were treated with 10 µM QY7 soluble assemblies from day 

1 for 30 minutes, and then both control and incubated cells were stained for 15 minutes with the dye. Scale 

bar corresponds to 50 µm. 

QY7 day 1 soluble assemblies induce changes in cell morphology 

The impact of QY7 on HeLa cells surface morphology was assessed by means of 

scanning electron microscopy (SEM) (Figure 6.9.). Cells were incubated with 10 µM of 

soluble aggregates for 2 or 6 hours. Cells incubated without peptide or treated with 10 

µM QY7 mature fibrils for 6 hours, were used as morphology controls. After treatment, 

cells were fixed, and metal covered as it is described in Materials and Methods. Both 

non-treated and fibril-treated cells display a typical polygonal and flat shape, 

presenting microvilli and lamellipodia extensions on the cell surface, as well as cell-to-

cell plasma membrane connections. After 2 hours incubation with soluble aggregates, 

cells exhibit slightly less connectivity and flatness, suggesting some detachment from 

the cover glass. After 6 hours incubation, functional cell morphology has been almost 

completely lost, showing highly contracted cells with few microvilli and lamellipodia 

extensions. Moreover, the number of cells attached to the cover glass was significantly 

decreased, consistent with the idea that cells have lost their adhesion capacity, with 

some cells showing protuberances that are indicative of apoptotic cell death processes 

[289]. These results confirm the high toxicity of soluble minimalist prion-inspired 

assemblies for human cells.  
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Figure 6.9. | QY7 soluble assemblies effect on HeLa cell morphology. HeLa cells were treated with QY7 

soluble assemblies from day 1 for 2 and 6 hours respectively, and controls were performed with 100 mM PO4 

buffer at pH 7.0 and QY7 mature fibers. Scale bars correspond to 10 µm for the left column and to 2 µm for 

the right column.  

QY7-FITC soluble assemblies are not internalized by cultured cells 

QY7 peptide was tagged with FITC fluorescent probe at N-terminal, and fluorescent 

oligomers were obtained as is described in Materials and Methods section. QY7-FITC 

oligomers were first characterized at days 1, 2 and 3 to discard interferences of FITC 

probe in the assembly process. We measured Bis-ANS binding, secondary structure 

content by FTIR and morphology by TEM, the data indicating that QY7-FITC soluble 

aggregates resemble those of the unlabeled peptide (Figure 6.10. and Table 1.3.). 
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Figure 6.10. | Day 1 QY7-FITC soluble assemblies biophysical characterization. QY7-FITC labelled peptides 

were incubated in 100 mM PO4 pH 7.0 buffer at 250 µM at 5:1 ratio (QY7:QY7-FITC molar:molar) for 1 day. 

Hydrophobicity was assessed by (A) Bis-ANS binding in the absence (grey line) and in the presence (black line) 

of QY7 soluble aggregates. The amyloid signature was assessed by (B) Th-T binding in the absence (grey line) 

and in the presence (black line) of QY7 soluble aggregates. The blue line corresponds to 7 days mature fibers. 

QY7 soluble assemblies secondary structure characterization was analyzed by (C) FTIR in the amide I region 

of the spectra. Solid and dashed lines indicate the absorbance spectra and their deconvolution into 

conformational components, respectively. The morphology of the soluble aggregates was analyzed by (D) 

TEM. Scale bar corresponds to 200 nm.  

 

Table 1.3. | FITR secondary structure elements assignments. The percentage of contribution to the total 

area of the spectra absorbance is indicated for the different types of secondary structure elements, as 

estimated from the deconvolution of the spectra shown in Figure 6.10. 

% Content Day 1 

β-sheet  

(1613-1637 cm-1) 

(1675-1695 cm-1) 

24.01 

Random/α-helix 

(1637-1662 cm-1) 
44.11 

Turns 

(1662-1675 cm-1) 
31.88 

 

1-day incubated QY7-FITC soluble assemblies were added to cultured HeLa cells at a 

final concentration of 10 µM and incubated for 12 hours. HeLa cells were then stained 

with DAPI dye (blue), which stains DNA in the nucleus, CellMask® Deep Red (red) dye 



CHAPTER 6 

190 

which stains specifically cell membrane, and soluble assemblies were tagged with FITC 

(green).  

No internalization of QY7-FITC soluble aggregates was observed, and they remain 

essentially in the medium, eventually approaching cell membranes (Figure 6.11.). This 

result again suggests that the high toxicity of QY7 soluble assemblies owes to their 

interaction with the cell surface and does not result from their internalization into the 

cell cytosol and the establishment of unspecific interactions with other intracellular 

components through their hydrophobic surface, as it is suggested to occur in other 

cases [49,50]. 

 

Figure 6.11. | QY7 soluble assemblies do not internalize into HeLa cells. Representative confocal microscopy 

images from HeLa cells incubated with 10 μM QY7-FITC soluble assemblies. Soluble assemblies were obtained 

incubating QY7 and QY7-FITC peptides at 250 µM in 100 mM PO4 buffer at pH 7.0 in a 5:1 molar ratio for 1 

day and soluble assemblies were isolated by ultracentrifugation. QY7 labelled soluble aggregates were added 

to cultured HeLa cells and incubated for 4 hours. Membranes were stained using CellMaskTM Deep Red (red) 

(Invitrogen, Thermo Fisher Scientific, USA) dye and nucleus were stained with DAPI (blue) (Invitrogen, Thermo 

Fisher Scientific, USA). In the FITC channel (green), QY7 soluble assemblies are indicated with white arrows. 

Scale bars correspond to 50 µm. 

DISCUSSION 

The assembly of proteins into stable amyloid fibrils allows creating supramolecular 

structures and functionalities which no isolated protein can attain, a property that is 

naturally exploited by organisms, including humans, for diverse biological purposes. 

The lessons learnt on the molecular determinants of amyloid formation can now be 

used to produce novel functional amyloids for different nanotechnological 

applications. However, we should not forget that, in the absence of naturally evolved 

control mechanisms, the process of amyloid formation usually implies the population 

of transient toxic species, specially at early stages of the process. We show here that 

even when the building blocks of functional amyloid biomaterials are short, polar and 
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compositionally simple, the early soluble aggregates are extremely cytotoxic, resulting 

in human cells death. The conformational properties and the mechanism of action of 

these non-natural aggregates resemble that of the toxic early aggregates formed in the 

fibrillation pathway of disease-associated proteins [50,291] and they compromise the 

cellular membrane integrity, dysregulate calcium homeostasis, provoke oxidative 

stress and ultimately activate apoptotic pathways, causing cell death. With this 

evidence in hand, it is surprising to notice that in a large majority of studies in which 

novel amyloid-based materials are developed, the characterization of the necessary 

interconversion of species along the fibrillation pathway and the associated toxicity is 

disregarded. Our study indicates that this kind of analysis should be mandatory, 

especially when the intention is to use the functional or functionalized amyloid-based 

material for human or animal applications.  

The seminal role of amyloids in several degenerative disorders has motivated the 

identification of protein aggregates that are highly toxic relative to those that are either 

less toxic or non-toxic [297,298]. Our peptides are compositionally simple, cheap and 

easy to synthesize, forming highly structured fibrils devoid of toxicity and highly toxic 

soluble aggregates. Both species can be easily isolated, without detectable cross-

contamination. Therefore, they constitute an amenable, simple, but biologically 

relevant, model system to address how the sequential, physicochemical and 

conformational properties of prefibrillar aggregates encode their toxic properties and, 

likely, to find generic modulators of this pathogenic activity. 

MATERIALS AND METHODS 

Preparation of QY7, NY7, SY7 and GY7 assemblies 

QY7, NY7, SY7 and GY7 peptides were purchased from CASLO ApS (Scion Denmark 

Technical University) as lyophilized powder. Peptide stocks were prepared as 

described in [156]. QY7, NY7 and SY7 peptides were resuspended at a final 

concentration of 250 µM and GY7 peptide was resuspended at 500 µM in 100 PO4 

buffer at pH 7.0 and incubated at room temperature in quiescent conditions. Samples 

were ultracentrifuged at 25000 x g for 45 minutes for the isolation of soluble 

assemblies at days 1, 2, 3 and 4 of incubation and were immediately frozen in liquid N2 

and stored at -80°C until their use. 
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Preparation of QY7-FITC assemblies 

QY7-FITC peptide was purchased from CASLO ApS (Scion Denmark Technical 

University) as lyophilized powder. Peptide stocks were prepared as described in [156]. 

Aggregation reactions were prepared at a final concentration of 250 µM with a molar 

ratio QY7:QY7-FITC 5 to 1 in 100 mM PO4 buffer at pH 7.0 and incubated at room 

temperature in quiescent conditions protected from the light. Samples were 

ultracentrifuged at 25000 x g for 40 minutes for the isolation of soluble assemblies at 

days 1, 2 and 3 respectively, and were immediately frozen in liquid N2 and stored at -

80°C until their use. 

Quantification of QY7, NY7, SY7 and GY7 assemblies 

Soluble fractions from days 1 to 4, were diluted 1:10 and incubated in the presence of 

2.5 M Guanidinium Thiocyanate (GITC) in 100 mM PO4 buffer for at least 12 hours 

under soft agitation. Calibration curves were obtained using a known concentration of 

QY7, NY7, SY7 and GY7 peptides ranging from 0 to 50 µM and incubated in the same 

previous conditions. Tyrosine intrinsic fluorescence was acquired on a Jasco FP-8200 

fluorospectrometer (Jasco Corporation, Japan) in the 280-400 nm range, exciting at 

268 nm, and using excitation and emission bandwidths of 5 nm at 25°C. Fluorescence 

emission at 303 nm, which corresponds to tyrosine emission maximum, was used to 

quantify the soluble fraction, interpolating the obtained values into the correspondent 

calibration curve. Concentrations have been calculated from the mean of two 

independent experiments.  

Preparation of QY7, NY7, SY7 and GY7 fibers 

QY7, NY7, SY7 and GY7 peptide stocks were prepared as described in [156]. Samples 

were incubated for 7 days at 250 µL in 100 PO4 buffer at pH 7.0 and fibers were isolated 

by ultracentrifugation at 25000 x g for 45 minutes and resuspended in the same 

volume of 100 mM PO4 buffer at pH 7.0. Assembled fibrils were immediately frozen in 

liquid N2 and stored at -80°C until their use. 

Synchronous light scattering 

Synchronous light scattering was measured in a Jasco FP-8200 fluorospectrometer 

(Jasco Corporation, Japan), exciting at 330 nm, recording the emission in the 320-340 
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nm range and using excitation and emission bandwidths of 5 nm at 25°C. Final 

spectrum is the result of three scan accumulations.  

Thioflavin T (Th-T) assay 

Th-T dye was used to determine the presence of amyloid structure. Soluble assemblies 

were diluted 1:10 in 100 mM PO4 buffer at pH 7.0 and Th-T was added to a final 

concentration of 25 µM. Th-T emission fluorescence was detected on a Jasco FP-8200 

fluorospectrometer (Jasco Corporation, Japan) in the 460-600 nm range, using an 

excitation wavelength of 445 nm and excitation and emission bandwidths of 5 nm at 

25°C. Final spectrum is the result of three scan accumulations.  

Tyrosine intrinsic fluorescence 

Tyrosine fluorescence spectra were acquired on a Jasco FP-8200 fluorospectrometer 

(Jasco Corporation, Japan) in the 280-400 nm range, using an excitation wavelength of 

268 nm and excitation and emission bandwidths of 5 nm at 25°C. Final spectrum is the 

result of three scan accumulations.  

Bis-ANS assay. Bis-ANS (4,4’-bis [1-anilinonaphthalene 8-sulfonate]) dye was used to 

determine the hydrophobicity of isolated QY7 soluble assemblies. Soluble assemblies 

were diluted 1:10 in 100 mM PO4 buffer at pH 7.0 and Bis-ANS was added to a final 

concentration of 10 µM. Bis-ANS emission fluorescence was acquired on a Jasco FP-

8200 fluorospectrometer (Jasco Corporation, Japan) with excitation and emission 

bandwidths of 5 nm, using an excitation wavelength of 370 nm and recording the 

emission spectra in the 450-600 nm range at 25°C. Final spectrum is the result of three 

scan accumulations. 

Transmission Electron Microscopy (TEM) 

For TEM imaging, 10 µL of each sample were deposited onto a carbon-coated copper 

grid for 10 minutes. After deposition, sample excess was removed with filter paper. 5 

µL of 2 % (w/v) uranyl acetate solution were added for negative stain for 1 minute, and 

liquid excess was removed with filter paper. Grids were exhaustively scanned in a JEM 

1400 transmission electron microscope (JEOL ltd, Japan) operating at 80 kV and 

images were acquired with an Orius SC200 2 CCD camera (Gatan Inc, United States).  
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Cell cultures 

HeLa ATCC cells were seeded on µ-Slide 8 well at a density of 80000 cells/well (300 

µL/well) in DMEM medium supplemented with 10% FBS and maintained at 37°C and 

5 % CO2 atmosphere. 

For toxicity assay, human SH-SY5Y cells were seeded into 96-well plates at a density of 

4,000 cells/well (100 μL/well) in F-12 medium supplemented with 10 % FBS and 

maintained at 37°C and 5 % CO2 atmosphere. 

Toxicity assay 

Human SH-SY5Y cells were plated into 96-well plates as described above and 1, 5, 10 

and 20 µM QY7, NY7, SY7 and GY7 soluble assemblies were respectively added from 

different timepoints and incubated for 72 hours in triplicates. For controls, the same 

volume of 100 mM PO4 buffer at pH 7.0 was added. Treated cells were incubated with 

10 μL PrestoBlue® Cell Viability Reagent (Invitrogen, Thermo Fisher Scientific, USA) 

for 30 minutes. Cell viability was determined by recording fluorescence at 615 nm, with 

an excitation wavelength of 595 nm in a Victor3 fluorescent plate reader (Perkin Elmer, 

USA). Data correspond to the mean of three independent experiments ± standard 

deviation. Statistical analysis of the results was performed using the Two-way ANOVA 

test followed by Bonferroni’s Multiple Comparison test. 

Fourier Transform Infrared (FTIR) Spectroscopy 

Samples were ultracentrifuged at 25000 x g for 45 minutes and the supernatant was 

recovered. Samples were placed on the ATR crystal and dried out. Experiments were 

performed in a Bruker Tensor 27 FTIR (Bruker Optics, United States). IR spectra were 

fitted employing a nonlinear peak-fitting equation and the area for each Gaussian curve 

was calculated in the amide I region from 1700 to 1600 cm-1 using second derivative 

deconvolution method in PeakFit package v4.12 (Systat Software, San Jose, CA). 

Cell mortality assay 

HeLa cells were incubated for 4 and 12 hours respectively in the presence of 10 µM 

(monomer equivalents) QY7 soluble assemblies from day 1. Control cells were treated 

with the same volume of 100 mM PO4 buffer at pH 7.0. Nuclei were stained with DAPI 

(4',6-diamidino-2-fenilindol) (Invitrogen, Thermo Fisher Scientific, USA) at a final 

dilution 1:1000 for 15 minutes to distinguish total number of cells and with propidium 
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iodide (PI) (Sigma Aldrich, Germany) at final concentration of 1 µg/mL for 15 minutes 

to discriminate death cells. The assays were performed by scanning confocal 

microscopy in a Leica TCS SP5 (Leica Biosystems, Germany) using excitation lasers at 

405 nm for DAPI and 514 nm for PI. Cell mortality was calculated from the ratio 

between the number of PI stained cells and DAPI stained cells and expressed as a 

percentage ± standard deviation. Data was statistically analyzed performing the One-

way ANOVA test followed by Bonferroni’s Multiple Comparison test.  

Intracellular Ca2+ influx assay 

HeLa cells were loaded with 4 µM Fluo-4 probe (Invitrogen, Thermo Fisher Scientific, 

USA) incubating for 60 minutes at 37°C. QY7 soluble assemblies from day 1 were added 

at a final concentration of 10 µM and the assay was immediately recorded to detect 

fluorescence increasing in a Leica TCS SP5 (Leica Biosystems, Germany) confocal 

microscope equipped with a resonant scanner. Fluorescence intensity increasing was 

analyzed using Leica LAS AF software (Leica Biosystems, Germany) and represented 

as time-fold fluorescence increasing taking as basal rate the initial fluorescence 

intensity at 0.5 seconds. Data correspond to the mean ± standard deviation of 8-10 cells 

from three independent experiments and statistically analyzed performing a t-test.  

Intracellular calcein assay 

HeLa cells were loaded with 4 µM calcein-AM (Sigma Aldrich, Germany) and incubated 

for 20 minutes at 37°C. QY7 soluble assemblies were added at 10 µM final 

concentration and incubated for 5, 30 and 60 minutes. Control cells were treated just 

with the same volume of 100 mM PO4 buffer at pH 7.0. Cells were then scanned using a 

Leica TCS SP5 (Leica Biosystems, Germany) confocal microscope, using a 488 nm 

excitation laser. Fluorescence intensity was analyzed using Leica LAS AF software 

(Leica Biosystems, Germany). Data correspond to the mean ± standard deviation of two 

independent experiments, and 100-125 cells were analyzed. One-way ANOVA 

statistical test followed by Bonferroni’s Multiple Comparison test was performed. 

Oxidative stress assay 

HeLa cells were treated with 10 µM QY7 soluble assemblies from day 1 for 30 minutes, 

and control cells were treated with the same amount of 100 mM PO4 buffer at pH 7.0. 

CellRox® Green (Invitrogen, Thermo Fisher Scientific) was added to a final dilution 

1:1000 from the stock and incubated 15 minutes at 37°C. Cells were scanned using a 
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Leica TCS SP5 (Leica Biosystems, Germany) confocal microscope, using a 488 nm 

excitation laser. Fluorescence intensity was analyzed using Leica LAS AF software 

(Leica Biosystems, Germany). 

Scanning Electron Microscopy (SEM) 

HeLa cells were seeded on a glass coverslip at a density of 70 % confluence and 

incubated for 2 and 6 hours with 10 µM of QY7 soluble assemblies, and for 6 hours with 

QY7 mature fibers. Control was performed incubating cells for 6 hours with the same 

volume of 100 mM PO4 buffer at pH 7.0. Cells were then rinsed with PBS and fixed with 

2% (v/v) paraformaldehyde and 2.5 % (v/v) glutaraldehyde (EM grade, Sigma Aldrich, 

Germany) in 100 mM PO4 buffer at pH 7.4 for 2 hours and rinsed 4 times with 100 mM 

PO4 buffer at pH 7.4. Cells were then treated with 1% (w/v) osmium tetroxide for 2 

hours and then rinsed again 4 times with 100 mM PO4 buffer at pH 7.4. All the 

procedure was performed at 4°C. Samples were then dehydrated with graded ethanol 

series and metallized with gold-palladium for 2 minutes and finally subjected to critical 

point drying to CO2. Samples where then mounted over metallic stubs and scanned in 

a Zeiss MERLIN SEM (Zeiss, Germany) operating at 5 kV at different magnification.  

QY7-FITC soluble assemblies internalization assay 

HeLa cells were treated with 10 μM QY7-FITC labeled soluble assemblies for 2, 4 and 6 

hours. Controls were performed without the addition of soluble assemblies. 

Membranes were stained with CellMask Deep Red ® (Invitrogen, Thermo Fisher 

Scientific) at a final dilution 1:1000 for 15 minutes. Nuclei were stained with DAPI 

(4',6-diamidino-2-fenilindol) (Invitrogen, Thermo Fisher Scientific, USA) at a final 

dilution 1:1000 for 15 minutes. QY7-FITC soluble assemblies were tracked using an 

excitation laser at 488 nm. Cells were scanned using a Leica TCS SP5 (Leica Biosystems, 

Germany) confocal microscope, using a 488 nm excitation laser for FITC, CellMask 

Deep Red® was excited using 561 nm laser, and DAPI was detected using 405 nm laser.  
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CONCLUSIONS 
CHAPTER 1: MINIMALIST PRION-INSPIRED SELF-ASSEMBLING PEPTIDES 

• Short prion-inspired binary patterned [N/Q/S/G]-Y-[N/Q/S/G] heptapeptides 

and hexapeptides self-assemble under physiological conditions and at low 

concentration into amyloid-like fibrillar structures. 

• The computational analysis of prion-inspired heptapeptides by amyloid 

prediction algorithms indicated that these peptides do not exhibit significant 

amyloid propensity.  

• Those sequences must encode amyloid propensity in a cryptic manner 

differentially from classical amyloids. It is likely that the self-assembly process of 

prion-inspired sequences must be guided by hydrogen bonding, van deer Waals 

interactions and π-π stacking conforming a network of weak interactions. 

• The central Tyr present in the heptapeptides sequences is dispensable for the 

acquisition of hierarchical amyloid structure. Nevertheless, the hexapeptides 

fibrillar structures displayed lower stability, highlighting the role of this residue 

in the stabilization of the fibrils. 

• The heptapeptides fibrils did not elicit cytotoxic in the SY-SH5Y cell line, being 

thus biosafe scaffolds.  

• The exposure to UV irradiation and/or the addition of Cu(II) resulted in the 

overstabilization of the fibrils trough the formation of DiY crosslinks. This 

strategy can be used for the modulation of the mechanical properties and stability 

of these artificial amyloid-based bionanomaterials. 

• Prion-inspired fibrils were able to oxidize ionic silver into metallic silver, 

generating silver nanoparticles attached to the fibrils and also were able to 

catalyze the polymerization of pyrrole into polypyrrole. The presence of Tyr 

residues common in all the heptapeptides sequences endorses those scaffolds 

with biocatalytic activity. 
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• Tyr residues should face the solvent, and not the fibrils inner interface, since they 

must be accessible to perform the described activities. Accordingly, the polar 

residues must be facing the fibrils interface.  

CHAPTER 2: MOLECULAR DYNAMICS OF SHORT PRION-INSPIRED PEPTIDES: 

• The most stable models for the three simulated peptides indicated a defined 

orientation for the different residues, with the polar residues facing the interface 

of the fibrils and Tyr residues oriented towards the solvent. 

• The simulations did not allow to determine the preferential arrangement of those 

peptides into a parallel or antiparallel orientation, revealing the possibility to 

populate both conformations, probably depending on the environment.  

• The NY7 and SY7 most stable models indicated that the self-assembly of the 

peptides is mainly sustained by the establishment of a network of hydrogen 

bonds and Van deer Waals interactions involving the interface polar side chains 

and the backbone.  

• The most stable models for GY7 revealed shorter distances between paired 

peptides than those of the previous simulated assemblies. This fact could be 

explained because of the absence of Gly side chain, which would allow to establish 

short-range interactions between paired backbones.  

• Tyr generates a π-π stacking ladder which contributes to the overall stabilization 

of the fibrils, being this ladder orientated to the solvent and solvated by the 

hydroxyl bending on the Tyr side chain.  

• The orientation of Tyr towards the solvent explains the behavior of those 

scaffolds as bioelectrocatalysts, suggesting that this Tyr decorated might be 

useful for other nanotechnological purposes. 

CHAPTER 3: FUNCTIONALIZATION OF PRION-INSPIRED SHORT-SELF ASSEMBLING 

PEPTIDES USING THE BIOTIN-STREPTAVIDIN SYSTEM 

• The conjugation of biotin and the addition of the APAA linker to the N-terminus 

of NY7, QY7 and SY7 prion inspired peptides do not affect to the self-assembling 

capacity of those peptides into amyloid-like fibers. 
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• The biotin-containing prion-inspired fibers display a high binding affinity for 

multiple streptavidin conjugates. These results confirm the versatility of this 

strategy, allowing to attach inorganic-streptavidin conjugates, different 

enzymatic activities and even functionalize them with coupled enzymatic 

reactions. 

• The study suggests that the combination of an amyloid-based scaffold with the 

biotin-streptavidin system is as a useful strategy to functionalize any desired 

fibril in a modular manner. 

CHAPTER 4: PRION-INSPIRED SHORT SELF-ASSEMBLING PEPTIDES RETAIN 

DIVALENT METALLIC IONS 

• The prion-inspired scaffolds act as retention matrices for Cu2+, Co2+, Ni2+ and Zn2+ 

divalent cations.  

• The characterization of the retention capacity of the GY7 peptide allowed to 

establish that the Tyr residues facing the solvent were likely the responsible for 

the divalent cations binding to those scaffolds, as it was already suggested by the 

molecular simulations described in Chapter 2. 

• The binding of those divalent metallic cations does not affect significantly the 

morphology of the amyloid fibrillar structures.  

• The coordination of Cu2+ and Zn2+ to the Tyr-enriched prion-inspired scaffolds 

provides them with catalytic activity, behaving as esterase-like enzymes. 

Additionally, prion-inspired scaffolds containing Cu2+ and Zn2+ exhibited 

carbonic anhydrase activity, being able to catalyze the hydration of CO2 into 

HCO3+. We describe for the first time an artificial Tyr-enriched amyloid scaffold 

able to capture and immobilize CO2. 

• The binding of Cu(II) to prion-inspired scaffolds provided them with the capacity 

to retain plasmidic DNA due to the acquisition of positive net charge at the 

surface.  

• Prion-inspired fibrils were shown to bind to oxidized copper sheets and behave 

as redox active scaffolds in this context. The reported redox activity suggests that 
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these hybrid sheets might be employed as substitutes of the expensive and scarce 

inorganic materials employed nowadays for this purpose.  

• The intrinsic features of those scaffolds together with the properties acquired 

upon divalent metallic ions binding suggest that prion-inspired self-assembling 

nanomaterials might find important nanotechnological applications.  

CHAPTER 5: PH-TUNABLE SELF-ASSEMBLING HY-PEPTIDES 

• HY-peptides self-assemble into amyloid-like scaffolds only when incubated at 

alkali pH, remaining disordered under acidic conditions. 

• The reversibility of the HY-peptides assembly was demonstrated upon 

manipulation of the pH. It is likely that the changes in pH, from alkali to acidic 

conditions, promote His protonation, generating electrostatic repulsions which 

results in the disassemble of the amyloid scaffold. The reversion of the pH from 

acidic to alkali, permits the re-assembly as a consequence of the deprotonation of 

the imidazole side chain. 

• The HY-peptides formed esterase-like active scaffolds, as prion-inspired 

scaffolds, but remarkably, without the requirement of any co-factor. The intrinsic 

activity of those scaffolds might be attributed to the binary pattern of His and Tyr, 

two residues displaying fundamental roles in natural catalytic sites.  

• The HY-peptides fibrils act as active bioelectrocatalysts as evidenced by their 

ability to promote the polymerization of pyrrole into polypyrrole.  

• The incorporation of His into amyloid scaffolds endorsed them with pH-

sensitivity, allowing the reversible assembly/disassembly of this catalytically 

active structures depending on the solution pH.  

CHAPTER 6: SOLUBLE ASSEMBLIES IN THE FIBRILLATION PATHWAY OF PRION-

INSPIRED FUNCTIONAL CATALYTIC AMYLOIDS ARE HIGHLY CYTOTOXIC 

• The characterization of the assembly reaction revealed a clear tendency to 

progress from disordered and amorphous soluble aggregates to protofibrillar 

assemblies and, later on, to mature amyloid fibrils.  
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• The evolution into a highly ordered fibrillar structure correlates with the 

decrease of the toxic effects promoted by the assemblies.  

• The mechanism of action of these artificial soluble aggregates resembles that of 

the toxic early aggregates in the fibrillation pathways of disease-associated 

proteins, including disruption of cellular membranes integrity, dysregulation of 

calcium homeostasis, induction of oxidative stress and, ultimately, the activation 

of apoptotic pathways, causing cell death.  

• Our study points out that the analysis of the properties of intermediate soluble 

species should be mandatory for those functional or functionalized 

nanomaterials intended for human or animal applications. 

• The soluble assemblies constitute an amenable, simple, but biologically relevant 

system to address how the sequential, physicochemical and conformational 

properties of prefibrillar aggregates encode their toxic properties and, likely, to 

find generic modulators of this pathogenic activity. 
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ABSTRACT: Nature provides copious examples of self-
assembling supramolecular nanofibers. Among them,
amyloid structures have found amazing applications as
advanced materials in fields such as biomedicine and
nanotechnology. Prions are a singular subset of proteins
able to switch between a soluble conformation and an
amyloid state. The ability to transit between these two
conformations is encoded in the so-called prion domains
(PrDs), which are long and disordered regions of low
complexity, enriched in polar and uncharged amino acids
such as Gln, Asn, Tyr, Ser, and Gly. The polar nature of
PrDs results in slow amyloid formation, which allows
kinetic control of fiber assembly. This approach has been exploited for fabrication of multifunctional materials because in
contrast to most amyloids, PrDs lack hydrophobic stretches that can nucleate their aggregation, their assembly depends on
the establishment of a large number of weak interactions along the complete domain. The length and low complexity of
PrDs make their chemical synthesis for applied purposed hardly affordable. Here, we designed four minimalist polar binary
patterned peptides inspired in PrDs, which include the [Q/N/G/S]-Y-[Q/N/G/S] motif frequently observed in these
domains: NYNYNYN, QYQYQYQ, SYSYSYS, and GYGYGYG. Despite their small size, they all recapitulate the properties
of full-length PrDs, self-assembling into nontoxic amyloids under physiological conditions. Thus, they constitute small
building blocks for the construction of tailored prion-inspired nanostructures. We exploited Tyr residues in these peptides
to generate highly stable dityrosine cross-linked assemblies for the immobilization of metal nanoparticles in the fibrils
surface and to develop an electrocatalytic amyloid scaffold. Moreover, we show that the shorter and more polar NYNNYN,
QYQQYQ, and SYSSYS hexapeptides also self-assemble into amyloid-like structures, consistent with the presence of these
tandem motifs in human prion-like proteins.

KEYWORDS: self-assembly, amyloid fibrils, prion domain, short peptides, low complexity sequences, nanomaterials.

Prions are proteins with the amazing capacity to switch
between a soluble conformation and a self-perpetuating
amyloid state. Initially associated with neurodegener-

ative diseases,1 it is now clear that prion-like mechanisms are
exploited by different organisms for functional purposes.2,3 The
first functional prions were described in yeast.4,5 The ability of
yeast prions to access an amyloid state is encoded in long,
disordered, and low complexity sequences enriched in polar
and uncharged amino acids such as Gln, Asn, Tyr, Ser, and Gly,
known as prion domains (PrDs).5 PrDs are both necessary and
sufficient for the formation of transmissible amyloid structures.6

Importantly, sequences displaying this compositional bias seem
to be ubiquitous in eukaryotes,3 and in humans, they account
for ∼1% of the proteome.7 Bacteria also exploit prion-like
repeats to build up functional amyloids.8,9

Amyloid fibrils assemble into highly ordered and extremely
stable supramolecular structures.10 They are useful for a wide
range of applications in biotechnology, nanotechnology, and
material sciences, since they allow bottom-up manufacturing of
materials via self-assembly at room temperature in environ-
mentally benign solvents.11−13 It has been shown that the PrDs
of Ure2 and Sup35 yeast prions, as well as the prion-like
domain (PrLD) of the human FUS (Fused in sarcoma) protein,
can be used to form functional fibrillar structures for different
applied purposes, including the assembly of enzymatically active
microgels, biosensors, or metallic nanowires.14−18 The main
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advantage of using this kind of domains as self-assembling units
is that their intrinsic properties result in slow and tunable
assembly kinetics, in such a way that nanofibers can be easily
and hierarchically generated across multiple scales.15 Moreover,
the assembly of these, initially disordered domains does not
require harsh environments, in contrast to the highly
denaturing conditions usually employed to produce amyloid
fibrils from globular protein domains.19,20

The ability of PrDs to form ordered amyloids is puzzling if
one takes into account their polar nature, since it is well-
established that the assembly potential of most amyloid
proteins is highly dependent on the presence of short sequence
stretches with high hydrophobicity.21,22 Actually, PrDs should
fulfill two apparently contradictory properties: remain soluble
and disordered during a large part of the protein lifetime and, at
the same time, display a cryptic self-assembly propensity that
can be triggered under specific conditions.23 This duality
explains the absence of highly amyloidogenic sequences in
PrDs,24 the formation of fibrillary structures relying on the
establishment of a large number of weak interactions
distributed along the complete low complexity and polar
domain sequence.25,26 The consequence is that PrDs and
PrLDs are much larger than the majority of self-assembling
peptides used for nanotechnological applications.11 Tradition-
ally, a minimal length of 80 residues has been suggested to be
necessary for the conversion of PrDs into amyloids.6,24 In this
way, Ure2, Sup35, and FUS PrDs consist of 88, 131, and 213
residues, respectively.
The size and low complexity of PrDs make their chemical

synthesis difficult and expensive. Here, we explored if much
shorter peptides displaying a composition inspired by PrDs,
and thus a polar nature, would still have the ability to form
ordered assemblies. We show that NYNYNYN, QYQYQYQ,
SYSYSYS, and GYGYGYG heptapeptides, as well as NYNNYN,
QYQQYQ, and SYSSYS hexapeptides, all self-assemble into
defined amyloid-like fibrillar structures. We also illustrate how
this kind of assembly can be exploited for different nano-
technological purposes.

RESULTS AND DISCUSSION
Design of Short Prion-Inspired Self-Assembling

Peptides. The PrLD of FUS, but also of other prion-like
human RNA-binding proteins like TAF15, EWSR1, and
heterogeneous nuclear (hn)RNPA1 and hnRNPA2 proteins,
all able to self-assemble in vitro and in vivo, have been described
to contain imperfect and in some cases overlapping repeats of
[G/S]-Y-[G/S].27−29 The central Tyr in this triplet is essential
for self-assembly.30 Indeed, an analysis of these sequences with
the Prosite motif finder (https://prosite.expasy.org/
scanprosite/) indicates that the motif is best described as
[Q/N/G/S]-Y-[Q/N/G/S], and accordingly, it includes the
five most enriched residues in PrDs. We decided to exploit this
periodicity to design prion-inspired short self-assembling
peptides, consisting of overlapping, NYN, QYQ, SYS, or
GYG motifs.
Natural amyloid fibrils consist of several protofilaments, each

composed of β-strands running perpendicular to the long axis
of the fibril, forming a cross-β structure. Each filament has
typically a diameter of ∼30 Å.31,32 This size includes the β-
strands and the turns connecting them. Therefore, β-strands
would typically span 20−25 Å in the cross-β motif. β-Sheets
have a translation of 3.2 and 3.4 Å per residue in parallel and
antiparallel disposition, respectively. Thus, approximately seven

residues can be accommodated in this distance, and
accordingly, this length was selected for our sequences. Indeed,
the first atomic structure of a short fibril-forming segment of a
natural amyloid protein corresponded to the polar seven-
residue GNNQQNY stretch of the yeast prion Sup35.33

A binary-patterned SYSYSYS heptapeptide would accom-
modate three overlapping SYS motifs, whereas a YSYSYSY
peptide would contain only two. Therefore, the first pattern
with four polar and three Tyr residues per hypothetical β-strand
was selected. First, we analyzed if the seven-residue-long
sequences NYNYNYN (NY7), QYQYQYQ (QY7), SYSYSYS
(SY7), and GYGYGYG (GY7) would exhibit any intrinsic
propensity to form amyloid assemblies using two well-validated
algorithms: PASTA34 and Tango.35 Both failed to classify these
sequences as amyloidogenic (Table 1), likely because of their

much lower hydropathicity, when compared with that of
classical stretches of the same size present in pathogenic
amyloidogenic proteins like the Aβ peptide (Table 1).
However, there is the possibility that, as in the case of PrDs
and PrLDs their composition and periodicity would endorse
these sequences with a cryptic amyloid propensity that might
still allow their self-assembly. We decided to test this possibility
experimentally. Indeed, short amphiphilic peptides alternating
polar/nonpolar residues have been already shown to self-
assemble.36,37

Short Prion-Inspired Peptides Assemble into β-Sheet-
Rich Structures. Heptapeptides NY7, QY7, SY7, and GY7
were synthesized. N-Terminal acetylation and C-Terminal
amidation were used to neutralize terminal charges and mimic
the protein environment. The lyophilized peptides were
resuspended in 1,1,1,3,3,3-hexafluoropropanol at a final
concentration of 10 mM, divided into aliquots, and frozen at
−80 °C until further analysis.
Subtle differences in solution conditions can dramatically

influence the pathway of amyloid formation and the detailed
morphology of the final fibrillar structures.39 Therefore, we
explored the ability of the peptides to self-assemble in two
different pHs (6.0 and 7.0) and two different ionic strengths
(without and with 150 mM NaCl). Buffers were named in the
following manner: buffer A (100 mM KH2PO4, pH 6.0), buffer
B (100 mM KH2PO4, pH 7.0), buffer C (100 mM KH2PO4, pH
6.0 and 150 mM NaCl), and buffer D (100 mM KH2PO4, pH
7.0 and 150 mM NaCl).
The results obtained upon incubation of NY7, QY7, SY7, and

GY7 in buffer B are shown in Figures 1−4, respectively,

Table 1. Amino Acid Sequence, Amyloid Propensity
Predictions, and Hydropathicity of Designed and Aβ(16−
22) Peptidesa

peptide sequence PASTA TANGO
Gravy
score

NY7 NYNYNYN −1.257939 5 × 10−16 −2.557
QY7 QYQYQYQ −1.916377 8 × 10−21 −2.557
SY7 SYSYSYS −2.090241 1 × 10−26 −1.014
GY7 GYGYGYG −0.615267 2 × 10−17 −0.786
Aβ(16−22) KLVFFAE −4.53937 1183 1.143

aPASTA34 and TANGO35 were used to predict the amyloid
propensity of the peptides. PASTA sequences with scores less than
−4.0 are considered amyloidogenic. Gravy score was calculated with
the ProtParam tool integrated in ExPASy;38 the more positive the
score, the more hydrophobic the sequence.
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whereas the data for the rest of conditions are shown in Figures

S1−S4. Peptides NY7, QY7, and SY7 were incubated at 250

μM. Incubation of GY7 at 250 μM resulted in the formation of

detectable peptide aggregates, but they did not exhibit evident

amyloid signatures under any of the incubation conditions

(Figure S5 illustrates the data obtained in buffer B), and

accordingly, a final concentration of 500 μM was used for this
peptide in all subsequent experiments.
To investigate the ability of the peptides to self-assemble, we

first monitored the evolution of synchronous light scattering
signal of incubated peptides. Maximum and stable light
scattering signals were obtained upon 7 days incubation at 25
°C. Therefore, all subsequent biophysical parameters were

Figure 1. NY7 peptide biophysical characterization. NY7 peptide was prepared at 250 μM in buffer B and analyzed at 0 (dashed line) and 7
days (solid line) of incubation: (A) Synchronous light scattering. (B) Intrinsic tyrosine fluorescence. (C) Th-T and (E) CR binding assays in
the absence (dashed line) and in the presence (solid line) of NY7. (D) Fluorescence microscopy images of NY7 stained with Th-T. Scale bar
corresponds to 20 μm. (F) Representative TEM micrograph. (G) FT-IR absorbance spectrum in the amide I region (dashed line); the blue
colored and meshed areas indicate the intermolecular β-sheet signals contribution to the total spectrum area.
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measured at this time point. For the NY7, QY7, and SY7
peptides, a large increase in light scattering signal upon
incubation was observed under all conditions (Figures 1A−3A
and S1A−S3A), relative to the respective soluble counterparts.
For GY7, the increase in light scattering is also significant under
all conditions but lower than the rest of peptides (Figures 4A
and S4A).

Each designed peptide contains three Tyr residues, with the
intrinsic fluorescence of this residue being sensitive to its
environment.40 Hence, we recorded the Tyr fluorescence
spectra of soluble and incubated peptides to test whether their
assembly produces any detectable structural rearrangement.
Upon incubation, the intensity for emission maxima of Tyr
increases significantly for the NY7 peptide under all conditions
(Figures 1B and S1B). This enhancement is usually attributed

Figure 2. QY7 peptide biophysical characterization. QY7 peptide was prepared at 250 μM in buffer B and analyzed at 0 (dashed line) and 7
days (solid line) of incubation: (A) Synchronous light scattering. (B) Intrinsic tyrosine fluorescence. (C) Th-T and (E) CR binding assays in
the absence (dashed line) and in the presence (solid line) of QY7. (D) Fluorescence microscopy images of QY7 stained with Th-T. Scale bar
corresponds to 20 μm. (F) Representative TEM micrograph. (G) FT-IR absorbance spectrum in the amide I region (dashed line); the blue
colored and meshed areas indicate the intermolecular β-sheet signals contribution to the total spectrum area.
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to the change in the local environment of the fluorophore from
an initially hydrophilic context, where Tyr residues would be
randomly oriented in solution and easily quenched by the
solvent, to a more protected environment. The same effect was
observed for the QY7 peptide in buffers B−D, whereas the
increase in fluorescence was more moderate in buffer A
(Figures 2B and S2B). For the SY7 peptide, moderate increases
in Tyr fluorescence emission where detected in buffers A and B

but not in the presence of 150 mM NaCl (buffers C and D)
(Figures 3B and S3B). With the exception of buffer C, no
increase in Tyr fluorescence signal was obvious for the GY7
peptide (Figures 4B and S4B).
Next, we monitored if upon incubation any of the peptides

was able to acquire a β-sheet-enriched structure, a common
hallmark for amyloid fibril formation. To this aim we used
Fourier-transform infrared (FT-IR) spectroscopy and recorded

Figure 3. SY7 peptide biophysical characterization. SY7 peptide was prepared at 250 μM in buffer B and analyzed at 0 (dashed line) and 7 days
(solid line) of incubation: (A) Synchronous light scattering. (B) Intrinsic tyrosine fluorescence. (C) Th-T and (E) CR binding assays in the
absence (dashed line) and in the presence (solid line) of SY7. (D) Fluorescence microscopy images of SY7 stained with Th-T. Scale bar
corresponds to 20 μm. (F) Representative TEM micrograph. (G) FT-IR absorbance spectrum in the amide I region (dashed line); the blue
colored and meshed areas indicate the intermolecular β-sheet signals contribution to the total spectrum area.
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the amide I region of the spectrum (1700−1600 cm−1)
(Figures 1G−4G and Table S1). For these assays we selected
buffer B, where on the average the increase in light scattering
was higher for the conjunct of peptides. The amide I spectral
region corresponds to the absorption of the carbonyl peptide
bond group of the protein main chain and is sensitive to the
peptide conformation. Deconvolution of the spectra allowed us
to assign the secondary structure elements and their relative

contribution to the main absorbance (Table S1). The spectra of
all incubated peptides display signals indicative of the formation
of β-sheet structure, coming both from the intermolecular β-
sheet region at 1615−1636 cm−1 and the β-turn region
comprised between 1675 and 1682 cm−1, which together
account for >50% of the spectral area in all the cases.
Interestingly, no antiparallel β-sheet band was detected (∼1690
cm−1) in any of the samples, thus suggesting that the detected

Figure 4. GY7 peptide biophysical characterization. GY7 peptide was prepared at 500 μM in buffer B and analyzed at 0 (dashed line) and 7
days (solid line) of incubation: (A) Synchronous light scattering. (B) Intrinsic tyrosine fluorescence. (C) Th-T and (E) CR binding assays in
the absence (dashed line) and in the presence (solid line) of GY7. (D) Fluorescence microscopy images of GY7 stained with Th-T. Scale bar
corresponds to 20 μm. (F) Representative TEM micrograph. (G) FT-IR absorbance spectrum in the amide I region (dashed line); the blue
colored area indicates the intermolecular β-sheet signal contribution to the total spectrum area.
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β-strands in the self-assembled peptides might adopt a
preferentially parallel disposition. The other detected signals
were associated with the presence of disordered structure and
turns and contributed ∼20% of the signal in the case of
peptides NY7 and SY7 and ∼40% for peptides QY7 and GY7.
Short Prion-Inspired Peptides Assemble into Amy-

loid-like Fibrillar Structures. To assess if the identified β-
sheet-containing assemblies might correspond to amyloid-like
structures, we used amyloid-specific dyes Thioflavin-T (Th-T)
and Congo Red (CR). Th-T is an amyloid-binding dye which
fluorescence emission maximum at 488 nm increases in the
presence of amyloid-like structures.41 To detect the presence of
amyloid conformations, Th-T fluorescence emission spectra
were recorded in the presence of the incubated samples
(Figures 1C−4C and S1C−S4C). For all peptides and under all

conditions, a large increase in the intensity of Th-T
fluorescence emission signal was observed. However, for any
particular peptide the increase in Th-T signal depended on the
incubation conditions, thus indicating that the interplay
between sequence and environment modulates the amount or
the conformation of amyloid assemblies in the peptides
solutions. In order to confirm the formation of structures
able to bind Th-T by the incubated peptides, buffer B was
selected, and fluorescence microscopy images of Th-T stained
samples were acquired. In all cases, the presence of green-
yellow fluorescent structures against a dark background was
evidenced (Figures 1D−4D).
To confirm the presence of amyloid assemblies, we also used

CR, as second amyloid-specific dye. Addition of CR to the
incubated peptides resulted in a clear red-shift of its absorption

Figure 5. NY7, QY7, and SY7 fibrils dityrosine cross-link and denaturation. NY7, QY7, and SY7 fibrils were assembled at 250 μM. NY7 and
QY7 fibrils were cross-linked using UV-light. Measurements were performed before (black line) and after (red line) irradiation at 280 nm; a
control was irradiated at 390 nm (blue line). (A and B) Fibrils spectra upon excitation at 274 nm. Insets show the dityrosine emission region
(375−450 nm). SY7 peptide fibrils were chemically cross-linked. Measurements were performed with without treatment (black line), upon
incubation with Cu2+ and H2O2 (red line), upon incubation with Cu2+ only (dashed blue line) and upon incubation with H2O2 only (solid blue
line). (C) Fibrils spectra upon excitation at 274 nm. Insets show the dityrosine emission region (375−450 nm). (D−F) Chemical
denaturation was performed with 2 M GITC in the case of NY7 (D) and SY7 (F) and with 3 M GITC for QY7 (E), followed by monitoring the
Th-T signal.
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spectra, indicative of the dye binding to an amyloid structure42

in all cases except for the NY7 peptide in the presence of 150
mM NaCl (buffers C and D) (Figures 1E−4E and S1E−S4E),
consistent with a low binding of this peptide to Th-T under
these particular conditions.
Amyloid-like assemblies display a fibrillar macromolecular

architecture which can be visualized by negative-staining and
transmission electron microscopy (TEM). To explore the
morphological features of incubated peptides, they were
deposited over cooper grids and negatively stained with uranyl
acetate. The analysis of representative micrographs of peptides
incubated in buffer B confirms the presence of fibrillar
assemblies for the NY7, QY7, SY7, and GY7 variants (Figures
1F−4F), all displaying long, thin, and regular amyloid fibers.
Measurements of length and thickness using high-magnification
micrographs (Figure S6) indicated that they are 18−25 nm
wide and with lengths ranging from 0.5 to 5 μm (Table S2),
thus having dimensions similar to those of canonical amyloid
fibrils.43

Short Prion-Inspired Peptides Amyloid Assemblies
Are Nontoxic. A main limitation for the use of amyloid fibrils
for applied biomedical purposes comes from the fact that these
assemblies might possess cytotoxic activity. In order to test
whether the observed amyloid-like fibrils were neurotoxic, the
incubated peptides were added to cultured neuroblastoma SH-
SY5Y cells at concentrations ranging from 5 to 50 μM. After 72

h of incubation, cytotoxicity was assessed. None of the peptides
exerted a toxic effect on neuronal cultures at any of the tested
concentrations (Figure S7).

Tyrosine Cross-Linking Renders Highly Resistant
Prion-Inspired Amyloid Assemblies. Tyrosine cross-links
stabilize numerous natural biopolymer systems,44 and they have
been exploited to increase the strength of synthetic peptide-
based nanostructures.45 Because each of our peptides contains
three Tyr, we explored whether amyloid fibrils could be
covalently cross-linked through the formation of dityrosines
(DiY) and, in this case, if the reaction results in more stable
assemblies. For these experiments, we selected the NY7, QY7,
and SY7 variants because their self-assembly occurs at lower
peptide concentrations and results in the formation of
microscopic fibrillar meshes, as imaged by TEM (Figure S8).
First, the fibrils formed by NY7, QY7, and SY7 peptides were

UV-irradiated to generate DiY-modified assemblies. UV-
irradiation-induced Tyr cross-linking can be monitored by
fluorescence spectroscopy. In our peptides, Tyr constitutes the
only target for photooxidative modifications. We applied UV
irradiation at 280 nm to selectively excite Tyr and convert it
into a radical, which should lead to the formation of DiY, its
major photooxidation product. An equal aliquot of fibrils was
irradiated at 390 nm, outside of the Tyr excitation spectrum, as
a control. As shown in Figure 5A,B, excitation of NY7 and QY7
fibrils at 280 nm for 25 min leads to a significant decrease in the

Figure 6. Formation of silver nanoparticles on NY7, QY7, and SY7 fibrils. Absorbance spectra of peptide fibrils assembled at 250 μM and
decorated with silver nanoparticles (AgNP) in buffer B. (B) From left to right: pellets obtained upon incubation of an AgNO3 solution
without fibrils, fibrils without AgNO3, and fibrils with AgNO3 for 24 h. The yellow color corresponds to AgNP. (C) TEM micrographs of
fibrils decorated with AgNP. (D) Electronic diffraction pattern from fibrils shown in panel (C).
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Tyr intrinsic fluorescence signal (305 nm), concomitant with
an increase in fluorescence emission intensity at 405−410 nm,
indicating DiY formation. This was confirmed exciting the
fibrils at the DiY excitation maximum (320 nm) and recording
the fluorescence emission of DiY in the 350−475 nm range
(Figure S9A,B). Next, we monitored the kinetics of DiY
formation irradiating at 280 nm and recording the fluorescence
emission at 410 nm. In Figure S9C,D it is shown how for both
NY7 and QY7 the DiY signal increased with UV-irradiation
time, whereas irradiation at 390 nm did not have any effect. We
used TEM to confirm that the UV-irradiated samples display an
amyloid-like morphology (Figure S9E,F).
The impact of UV-irradiation on fibril Tyr cross-linking was

also evident for SY7 but weaker than for NY7 and QY7 (Figure
S10). Therefore, for this peptide we used chemical induced DiY
formation. As shown in Figures 5C and S9G, incubation of SY7
fibrils with Cu2+ and H2O2 for 24 h induces DiY formation,

whereas incubation in buffer alone, buffer supplemented only
with Cu2+, or only with H2O2 has a minor effect. We confirmed
by TEM that Cu2+ + H2O2 treatment allows maintenance of a
fibrillar morphology (Figure S9H).
Next, we assessed if the introduced covalent linkages resulted

in a stronger assembly. To this aim, we evaluated the fibril’s
stability against chemical denaturation. It turned out that
nontreated fibrils were already significantly resistant to urea and
guanidinium hydrochloride (GuHCl) (Figure S11); thus, we
used the stronger denaturing agent guanidinium isothiocyanate
(GITC) for the experiments. For the three peptide variants, the
amyloid structure is lost more slowly and to a lower extent
upon incubation in GITC for DiY-cross-linked fibrils than for
nontreated samples, as evidenced by recording the changes in
Th-T fluorescence signal with time (Figure 5D−F). This
confirms that the introduced cross-links significantly stabilize
the amyloid structure.

Figure 7. NY7, QY7, and SY7 fibrils act as bioelectrocatalysts. (A) Chronoamperometry curve of the electropolymerization of pyrrole into
polypyrrole (PPy) using peptides NY7 (red), QY7 (green), SY7 (blue), and L-tyrosine monomer (black). Potential applied at 0.7 V vs Ag/
AgCl in 0.1 M NaCl containing 50 mM pyrrole and 250 μM peptide fibrils. (B) Optical microscope images of PPy-peptides with and without
fluorescence. From left to right, PPy-NY7, PPy-QY7, and PPy-SY7. Scale bar corresponds to 30 μm. (C) Image taken 24 h after the chemical
polymerization with distillate pyrrole vapor. Solutions contained CuCl2 and the indicated peptide or L-Tyr or CuCl2 only (−). The solutions
were centrifuged for 5 min at 6000g.
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Metallization of Prion-Inspired Amyloid Assemblies.
The capability of Tyr to facilitate bioreduction without the need
of a chemical reducing agent or additives has been exploited for
the mineralization of peptide assemblies.46 Tyr has been shown
to reduce silver ions to elemental silver at physiological pH
through proton-coupled electron transfer.47 We assayed if the
Tyr residues in NY7, QY7, and SY7 peptides allowed the
decoration of fibrils with silver nanoparticles (AgNP), since this
kind of biomineralization might find application in molecular
electronics. Fibrils were mixed with 3 mM aqueous silver nitrate
and incubated for 24 h. A silver nitrate solution without fibrils
and a fibril solution without silver nitrate were incubated under
the same conditions. Only in the presence of fibrils and silver
nitrate did the solution turn yellow, indicating that silver ions
were reduced to AgNP, exhibiting the characteristic plasmon
absorption band at ∼500 nm (Figure 6A). Centrifugation of the
solutions evidenced that AgNP were attached to the fibrillar
material, since the pellet exhibited the characteristic yellow
color (Figure 6B). To confirm this extent, fibrils were mixed
with 1 mM aqueous silver nitrate for 24 h, centrifuged,
resuspended in 100 mM phosphate at pH 7.0, and imaged
without any further staining by TEM. The presence of
individual electrodense AgNP located preferentially on the
surface of the three peptide fibrils was observed (Figure 6C).
Moreover, electron diffraction of the same samples rendered, in
the three cases, a diffraction pattern (Figure 6D) that could be
univocally assigned to metallic silver (Table S3). Overall, the
data indicate that once reduced by Tyr residues the silver metal
remains bound to the fibrils likely thanks to the intrinsic affinity
of the metal for Tyr48 resulting in the formation of an AgNP
decorated fibrillar surface.
Prion-Inspired Amyloid Assemblies Act As Bioelec-

trocatalytic Scaffolds. One potential application of Tyr-
containing peptide assemblies is their use as a redox-active
scaffold to develop an enzyme mimetic catalyst.49 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. In
particular, we explored whether NY7, QY7, and SY7 fibrils
might act as bioelectrocatalysts of pyrrole polymerization.
Polypyrrole (PPy) can be synthesized electrochemically by

applying a potential greater than 0.8 V vs Ag/AgCl or
chemically by using an oxidant agent. Although electro-
polymerization can be initiated at ∼0.7 V vs Ag/AgCl, the
rate at this potential is too slow to attain macroscopic
polypyrrole deposition.50 Our results showed that at 0.7 V vs
Ag/AgCl a negligible amount of polypyrrole was produced
using the monomer L-Tyrosine (15 μA at 1000 s) (Figure 7A).
In contrast, when this voltage was applied to NY7, QY7, and
SY7 fibrils, a black macroscopic PPy was deposited
continuously (350 μA) (Figure 7A). The intrinsic fluorescence
of Tyr residues was exploited to demonstrate that fibrils and
polypyrrole deposits colocalize (Figure 7B). The chronoamper-
ometry curves show how depending on the fibril variant the
maximum of pyrrole electropolymerization takes place at
different times, in particular at 450, 750, and 950 s for NY7,
QY7, and SY7, respectively, not only indicating that in all three
cases the peptide performs as an electrocatalyst but also
suggesting that the electrocatalytic activity is different for each
peptide (Figure 7A). The different times of electrodeposition
might be related to the different nature of the non-Tyr residues,

opening an avenue to shape the bioelectrocatalytic properties of
Tyr-containing peptide assemblies by tuning their sequences.
We explored whether our prion-inspired amyloid fibrils

would allow Cu(II) ions to oxidize pyrrole and thus promote
PPy formation through tyrosil mediated electron transfer,
without applying any additional potential. The electrocatalytic
activity of NY7, QY7 and SY7 fibrils was assayed by dissolving
them in a 4 mM CuCl2 solution. Solutions containing
monomeric Tyr and CuCl2 or CuCl2 only were used as
controls. The solutions were exposed to pyrrole vapor (Figure
S12A). In agreement with the electrochemical studies, after
incubation for 24 h, only the peptide containing tubes exhibited
a black material, corresponding to PPy that precipitated
together with amyloid fibrils (Figure 7C). The deposition of
PPy on top of fibrils allowed them to be observed by TEM
without any additional staining (Figure S12B). Overall, the data
indicate that the chemical environment of Tyr in prion-inspired
amyloid fibrils allow them to act as biocatalytic scaffolds.

Prion-Inspired Hexapeptides Assemble into Amyloid
Fibrils. Despite overlapping [Q/N/G/S]-Y-[Q/N/G/S] mo-
tifs existing in natural PrDs and PrLDs, accounting for <15% of
the repeats, the [Q/N/G/S]-Y-[Q/N/G/S] triplets are more
often separated by spacers or adjacent to each other, without
the presence of a central Tyr, likely because a binary pattern of
Tyr like the one designed in our peptides might lead to
uncontrolled self-assembly in vivo.
Luo and co-workers have just shown that two hexapetides

correspondent to the PrLD of FUS protein, SYSSYG and
SYSGYS, form amyloid fibrils when assembled at 4 °C.51 We
tested whether NYNNYN (NY6), QYQQYQ (QY6), and
SYSSYS (SY6) hexapeptides would also spontaneously
assemble into amyloid-like structures under the same solution
conditions and at same temperature than the binary patterned
heptapeptides. These peptides are not only smaller but also
more polar than the correspondent heptapeptides. Still, as
shown in Figures S13−S15, when dissolved at 500 μM in buffer
B and at 25 °C for 7 days, all them formed assemblies that
bound to Th-T and CR, displaying a characteristic amyloid
morphology when imaged by TEM. It is worth noting here that
our peptides assembled at a concentration (∼0.4 mg/mL) 50
times lower than the one used by Luo and co-workers in their
study (20 mg/mL).51 The data indicates that the central Tyr is
dispensable to attain an amyloid assembly; however, these
fibrils were less resistant in front of chemical denaturation that
the ones formed by NY7, QY7, and SY7 (Figure S16).

CONCLUSIONS

Many of the amyloid fibrils used for biotechnological purposes
are derived from naturally occurring proteins or peptides
known to self-assemble under specific conditions. There is a
rising interest in the use of the disordered and low complexity
domains characteristic of prion-like proteins to build up
multifunctional supramolecular fibrous networks taking profit
of their slow assembly kinetics under mild conditions.14−18

Both the ability to self-assemble and to do it slowly depend on
the biased composition of PrDs and PrLDs.23 We show here
that short polar peptides displaying a strict binary pattern of the
five more overrepresented amino acids in these domains
polymerize into amyloid-like fibrillar structures, as evidenced by
FT-IR, Th-T and CR binding, and TEM imaging at different
pHs and ionic strengths at low concentrations (<0.3 mg/mL
for NY7, QY7, and SY7; <0.4 mg/mL for GY7).
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The peptides recapitulate the [Q/N/G/S]-Y-[Q/N/G/S]
motif that is recurrently found in the PrLDs of human RNA
binding proteins.27,28 In vitro, at concentrations comparable to
those found in cells, PrLDs undergo liquid−liquid phase
separation.30,52,53 Over time, or at higher concentrations they
can transition into a reversible solid-phase hydrogel.30,54,55 Such
hydrogels are composed of protein fibrils displaying and
amyloid-like cross-β pattern.30,56 These fibrils are more labile
than those formed by pathogenic proteins, since they lack
strongly amyloidogenic hydrophobic sequences. We confirm
here that indeed classical amyloid stretches are not necessary
for amyloid assembly in PrDs since short [Q/N/G/S]-Y-[Q/
N/G/S] segments contain a cryptic but significant amyloid
propensity that suffices to drive fibril formation, at least in vitro.
What is common to all the heptapeptides in the present

study is the presence of three Tyr residues. It is likely that as
reported for other short peptides Tyr side chains would
contribute to both inter- and intrasheet stabilization.57 Indeed,
aromatic π−π interactions play a significant role in the
molecular recognition and self-assembly processes of different
amyloid proteins,58 and they have been successfully exploited to
build up minimal self-assembling blocks.59 Together with Tyr,
it is expected that Gln, Asn, and Ser would contribute to the
adhesive force through hydrogen bonding.33 Indeed, the recent
high-resolution structure of the 168-QYNNQNNFV-176
fragment of the mammalian prion protein in its amyloid state
indicates that apart from establishing intermolecular contacts
neighboring polar ladders might be additionally linked by
hydrogen bonds within strands with adjacent aromatic residues
embracing and shielding them thus stabilizing the overall
amyloid structure.60 In contrast to the rest of residues, Gly
cannot establish hydrogen bonds, yet GY7 assemblies display
all the characteristics of an amyloid. A possible explanation is
that similar to what occurs in natural fibrillary proteins61,62 the
small size of this residue allows a close approach of the
backbones maximizing van der Waals interactions between
adjacent sheets especially if they are not in a fully extended
conformation as FT-IR data suggest.
It is clear that the interactions formed by prion-inspired

peptides would be weaker than those in the cores of pathogenic
fibrils, the assembly of which is rapidly nucleated by multiple
intramolecular and intermolecular hydrophobic contacts.63,64 In
fact, the recent resolution of the structures of two tandem [S/
G]-Y-[S/G] motifs of the human prion-like protein FUS in
their fibrillar forms indicates that the inner architecture of these
assemblies differs from the extended β-strand typical of
amyloids, resulting in weaker fibrillar structures.51 This might
be also the case for the NY6, QY6, and SY6 peptides in our
study, all consisting of a tandem [Q/N/S]-Y-[Q/N/S] motif.
Indeed, although they all assemble into ordered amyloid-like
structures, these assemblies are weaker than the ones formed by
the correspondent heptapeptides.
Overall, we describe here small, nontoxic building blocks to

assemble nanofibrillar structures under mild conditions,
exploiting prion-inspired intermolecular interactions. We
show that as in their much larger PrDs and PrLDs
counterparts14−18 these peptides can be used for different
applied purposes. In particular, mimicking the roles played by
Tyr groups in enzymes, photoactive proteins, and protein cross-
linking, we demonstrate that NY7, QY7, and SY7 peptides can
be exploited to attain highly stable materials through DiY
formation, to build up fibrils decorated with nanometallic
particles, and to be used as scaffolds to catalyze chemical/

electrochemical reactions. Thus, prion-inspired amyloid
assemblies appear as promising structures for a number of
nanotechnological applications.

MATERIALS AND METHODS
Peptides Prediction. Aggregation propensity of designed peptides

was analyzed with two different algorithms: PASTA34 and TANGO.35

For all of them, default parameters were used. The Gravy Score, from
ProtParam tool in ExPASy,38 was calculated as indicative of
hydropathicity level of designed peptides.

Peptides Preparation. Synthetic peptides NY7 (Ac-NYNYNYN-
NH2), QY7 (Ac-QYQYQYQ-NH2), SY7 (Ac-SYSYSYS-NH2), GY7
(Ac-GYGYGYG-NH2), NY6 (Ac-NYNNYN-NH2), QY6 (Ac-QYQ-
QYQ-NH2), and SY6 (Ac-SYSSYS-NH2) were purchased from
CASLO ApS (Scion Denmark Technical University). Lyophilized
peptides were dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol to obtain
a 10 mM stock solution, divided into aliquots, and frozen at −80 °C.

Preparation of NY7, QY7, SY7, and GY7 Fibrils. Peptides were
diluted from 10 mM stock to a final concentration of 250 μM in 4
different buffers: 100 mM potassium phosphate, pH 6.0 (buffer A);
100 mM potassium phosphate, pH 7.0 (buffer B); 100 mM potassium
phosphate, 150 mM NaCl, pH 6.0 (buffer C); and 100 mM potassium
phosphate, 150 mM NaCl, pH 7.0 (buffer D). GY7 peptide was also
diluted to a final concentration of 500 μM in the previously mentioned
buffers. For the aggregation reactions, peptides were incubated under
quiescent conditions for 7 days at room temperature.

Preparation of NY6, QY6, and SY6 Fibrils. Peptides were
diluted from 10 mM stock to a final concentration of 500 μM in buffer
B (100 mM potassium phosphate at pH 7.0). For the aggregation
reactions, peptides were incubated under quiescent conditions for 7
days at 25 °C.

Amyloid Dyes Binding. Thioflavin T (Th-T) and Congo Red
(CR) dyes were used to determine amyloid fibers formation. For Th-T
binding assay, incubated peptides were diluted 1:10 in buffer B, and
Th-T was added to a final concentration of 25 μM. Th-T emission
fluorescence was detected on a Jasco FP-8200 fluorescence
spectrophotometer (Jasco Corporation, Japan) in the range 460−
600 nm, using an excitation wavelength of 445 nm and with an
excitation and emission bandwidth of 5 nm. For CR binding assay,
incubated peptides were diluted 1:10 in buffer B, and CR was added to
a final concentration of 10 μM. Optical absorption spectra were
recorded from 375 to 700 nm in a Specord200 Plus spectropho-
tometer (Analytik Jena, Germany). Spectra of protein alone were
acquired to subtract protein scattering.

Light Scattering. Light scattering was measured in a Jasco FP-
8200 fluorescence spectrophotometer (Jasco Corporation, Japan),
exciting at 330 nm, and recording in the range 320−340 nm using an
excitation and emission bandwidth of 5 nm.

Tyrosine Intrinsic Fluorescence. Tyrosine fluorescence spectra
was acquired on a Jasco FP-8200 fluorescence spectrophotometer
(Jasco Corporation, Japan) in the range 280−400 nm, exciting at 268
nm wavelength, and using an excitation and emission bandwidth of 5
nm.

Transmission Electron Microscopy (TEM). For TEM samples
preparation, 10 μL of the aged fibril solution was deposited onto a
carbon-coated copper grid for 10 min, and the excess liquid was
removed with filter paper. Uranyl acetate (2% w/v) solution was
added for negative staining. Grids were exhaustively scanned using a
JEM 1400 transmission electron microscope (JEOL ltd, Japan)
operating at 80 kV, and images were acquired with a CCD GATAN
ES1000W Erlangshen camera (Gatan Inc., United States).

Epifluorescence Microscopy. Peptides incubated for 7 days were
mixed 1:1 with 40 μM Th-T in buffer B, and 10 μL of the solution was
put over a glass slide and covered with a coverslip. Images were
obtained on a Nikon Eclipse 90i optic epifluorescence microscope
(Nikon, Japan), equipped with a Plan Apo 60×/1.4 objective, using
the FITC filter. Images were acquired with a Nikon DXM1200F
camera (Nikon, Japan).
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Fourier Transform Infrared Spectroscopy. Assembled fibers
were centrifuged at maximum speed 12 000g for 30 min and
resuspended in water. Samples were placed on the ATR crystal and
dried out. The experiments were carried out in a Bruker Tensor 27
FTIR (Bruker Optics, United States) supplied with a Specac Golden
Gate MKII ATR accessory. Each spectrum consists of 32 acquisitions
measured at a resolution of 1 cm−1. Data were acquired and
normalized using the OPUS MIR Tensor 27 software (Bruker Optics,
United States). IR spectra were fitted employing a nonlinear peak-
fitting equation using PeakFit package v4.12 (Systat Software, San
Jose, CA). The area for each Gaussian curve was calculated in the
amide I region from 1700 to 1600 cm−1 using second derivative
deconvolution method in PeakFit package v4.12 (Systat Software, San
Jose, CA).
Cell Viability Assay. Human SH-SY5Y cells were plated into 96-

well plates at a density of 4000 cells/well (100 μL/well) in F-12
medium supplemented with 10% FBS and maintained at 37 °C and
5% CO2 atmosphere. Cells were incubated in the presence of 5, 10, 25,
and 50 μM NY7, QY7, SY7, and GY7 fibers for 72 h in triplicates. For
controls, the same volume of buffer (100 mM phosphate, pH 7.0) was
added. Treated cells were incubated with 10 μL of PrestoBlue Cell
Viability Reagent (Invitrogen) for 30 min. Cell viability was
determined recording fluorescence at 615 nm, with an excitation
wavelength of 531 nm in a Victor3 fluorescent plate reader
(PerkinElmer).
Silver Nanoparticles Conjugation to Peptide Fibrils. NY7,

QY7, and SY7 were assembled as described, were centrifuged at
12 000g for 30 min. Pelleted fibrils were resuspended in the same
volume of 1 or 3 mM AgNO3 in water and incubated for 24 h at 25 °C
with agitation (60 rpm), protected from the light. Samples were
centrifuged again under the same conditions, and finally resuspended
in buffer (100 mM phosphate, pH 7.0).
Dityrosine Cross-Linking by UV Irradiation. NY7, QY7, and

SY7 peptide fibrils were centrifuged at 12 000g for 30 min. Pelleted
fibrils were resuspended in buffer (100 mM phosphate, pH 7.0).
Spectra and DiY cross-link kinetics were acquired at 25 °C under
agitation (600 rpm). Tyrosine spectra were recorded exciting at 274
nm and recording in the 285−500 nm range using a bandwidth of 5
nm on a Jasco FP-8200 fluorescence spectrophotometer (Jasco
Corporation, Japan). DiY cross-linking was induced by exposing the
sample to an excitation wavelength of 280 nm with a bandwidth of 20
nm. DiY formation was followed by monitoring fluorescence at 410
nm with a bandwidth of 5 nm. UV irradiation was stopped when a
fluorescence intensity plateau was reached to avoid excessive
photobleaching. DiY formation kinetics were fitted to a one-step
reaction using GraphPad Prism 5 (GraphPad Software, USA).
Dityrosine Cross-Linking by Cu2+-Catalyzed Oxidation. SY7

peptide fibrils were obtained as described and centrifuged at 12 000g
for 30 min. Pelleted fibrils were resuspended in buffer (100 mM
phosphate, pH 7.0), and 50 μM Cu2+ were added to the reaction. To
start the oxidation reaction, 1.25 mM H2O2 was added, and sample
was incubated at 37 °C with agitation (400 rpm) for 24 h. To stop the
reaction, 1.25 mM EDTA was added. Control reactions were
performed by incubating peptide alone with 50 mM Cu2+ and with
1.25 mM H2O2 under the same conditions. DiY was assessed
measuring tyrosine fluorescent spectra in a Jasco FP-8200 fluorescence
spectrophotometer (Jasco Corporation, Japan) with an excitation for
tyrosine of 274 nm and recording spectra in the 285−500 nm range,
with an excitation for DiY of 320 nm, and recording spectra in the
350−500 nm range, with an excitation and emission bandwidth of 5
nm.
Denaturation of Cross-Linked and Non-Cross-Linked Self-

Assembled Peptide Fibrils with Denaturant Agents. NY7, QY7,
and SY7 fibrils were obtained as described previously in a 1 mL final
volume and cross-linked using the previously described methods
including non-cross-linked controls. Then, 500 μL of each reaction
was mixed with 25 μM Th-T and 4 M guanidinium thiocyanate
(GITC) for NY7 and SY7; 6 M GITC for QY7 in a quartz cuvette (1
mL final volume) and incubated for 2000 s at 25 °C under agitation
(600 rpm) in the fluorescence spectrophotometer. Th-T fluorescence

was recorded with a data pitch of 1 s using an excitation wavelength of
445 nm, recording at 485 nm with an excitation and emission
bandwidth of 5 nm. Denaturing curves were fitted to a one-step
reaction using GraphPad Prism 5 (GraphPad Software, USA).

Chemical Denaturation of Hexapeptides and Heptapeptides
Fibrils with GITC. First, 500 μL of 200 μM NY6, NY7, QY6, QY7,
SY6, and SY7 fibrils were mixed with 25 μM Th-T and 4 or 6 M
guanidinium thiocyanate (GITC) in a quartz cuvette (1 mL final
volume) and incubated for 2000 s at 25 °C under agitation (600 rpm).
Th-T fluorescence was recorded with a data pitch of 1 s using an
excitation wavelength of 445 nm and recorded at 485 nm with an
excitation and emission bandwidth of 5 nm. Denaturing curves were
fitted to a one-step reaction using GraphPad Prism 5 (GraphPad
Software, USA).

Electropolymerization of Pyrrole with Peptides. Pyrrole and
L-tyrosine were purchased from Sigma-Aldrich. Sodium chloride was
obtained from Panreac. Copper(II) chloride was purchased from
Acros Organics. The electropolymerization of pyrrole has been done
by chronoamperometry in NaCl 0.1 M using a lab-made three-
electrode cell, with a platinum wire as counter electrode, a silver wire
as a reference electrode, and an indium tin oxide (ITO) electrode as a
working electrode. The potential applied to do the electropolymeriza-
tion was 0.7 V vs Ag/AgCl. The concentration of pyrrole in the
solution was 50 mM and the concentration of the different peptides
was 250 μM. The total volume used was 1 mL. The sunken area of
ITO electrode was 0.7 × 0.8 cm2.

Chemical Polymerization of Pyrrole with Peptides. The
chemical polymerization of pyrrole was done by mixing the different
peptides (NY7, QY7, and SY7) with a 4 mM copper(II) chloride
solution and then exposing it to distilled pyrrole vapor. As a reference,
a solution of plain CuCl2 with L-tyrosine was exposed to distilled
pyrrole vapor.
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Prion-based nanomaterials and their emerging applications
Marta Díaz-Caballero , Maria Rosario Fernández , Susanna Navarro , and Salvador Ventura

Institut de Biotecnologia i de Biomedicina and Departament de Bioquímica i Biologia Molecular, Universitat Autonoma de Barcelona,
Bellaterra (Barcelona), Spain

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
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.
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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-β structure in which β-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 providemechanical
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 pmel17 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, Swi1 and Mot3 proteins,
which act as epigenetic elements in the adaptation to
environmental fluctuations [31–35]. Functional prion

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 β-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].

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-β
spine, highlighting the importance of hydrogen bond-
ing, van der Waals interactions and π-π 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 π-π 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 Ω) [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
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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 μm 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

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 π-π 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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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.

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 (II) (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 (II) is reduced to copper
(I) 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.
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