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Amyloids have been exploited to build up amazing bioactive materials. In most cases, short synthetic peptides constitute the functional components of such materials. The controlled assembly of globular proteins into active amyloid nanofibrils is still challenging, because the formation of amyloids implies a conformational conversion towards a -sheet-rich structure, with a concomitant loss of the native fold and the inactivation of the protein.

There is, however, a remarkable exception to this rule: the yeast prions. They are singular proteins able to switch between a soluble and an amyloid state. In both states, the structure of their globular domains remains essentially intact. The transit between these two conformations is encoded in prion domains (PrDs): long and disordered sequences to which the active globular domains are appended. PrDs are much larger than typical selfassembling peptides. This seriously limits their use for nanotechnological applications. We have recently shown that these domains contain soft amyloid cores (SACs) that suffice to nucleate their self-assembly reaction. Here we genetically fused a model SAC with different globular proteins. We demonstrate that this very short sequence act as minimalist PrDs, driving the selective and slow assembly of the initially soluble fusions into amyloid fibrils in which the globular proteins keep their native structure and display high activity.

Overall, we provide here a novel, modular and straightforward strategy to build up active protein-based nanomaterials at a preparative scale.

Introduction

The formation of amyloid fibrils is associated with the onset of a range of protein misfolding diseases. 1 However, amyloid structures are also exploited for functional purposes by different organisms. 2,3 The inner intermolecular β-sheet structure of the fibrils makes these protein assemblies very stable, [START_REF] Sabaté | Protein Supersecondary Structures[END_REF] even in harsh environments. This, together with their tuneable assembly under physiological conditions, make them attractive modules to build up nanomaterials for biomedical and biotechnological applications, including catalysis, [START_REF] Caballero | [END_REF] biosensors, 6 electronics, 7 tissue engineering 8 or drug delivery. 9 Most efforts so far have been focused on the use of short synthetic peptides as the bioactive components of such materials, 10,11 while an analogous approach for inducing globular proteins to assemble into functional nanofibres has been much less explored.

The main limitation to create amyloids that display functional proteins comes from the connection between protein function and the attainment and maintenance of a defined folded state. Protein folding and aggregation are two competing reactions which depend on overlapping physicochemical properties. 12 In a large majority of cases, the aggregation of the protein into amyloid fibrils implies a conformational conversion in which it losses the native fold and gains -sheet structure, 1 becoming thus inactive in the aggregated state.

The design of fibrillar structures containing properly folded domains appears as a challenging task, since the protein of interest should fulfil contradictory properties: it should remain soluble and folded during recombinant expression and subsequent purification and storage, but, at the same time, it should be able to self-assemble into -sheet rich amyloid-like structures and, moreover, this must occur without a structural conversion of the globular domains. A way to bypass these limitations consists in the design of hybrid structures in which purified folded domains are chemically linked to preformed fibrillar structures. 13 However, this strategy is deterred by the limited available polypeptide conjugation chemistries, their cross-reactivity and the unavoidable reduction in the proportion of conformationally active molecules in the assembly.

Nevertheless, functional proteins with intrinsic self-assembling properties already exist in nature, among them, the yeast prions. Yeast prions are proteins expressed and stored in the cell in a soluble state, but they are able to self-associate into amyloid structures under certain conditions. 14 A common feature of these proteins is the presence of a prion domain (PrD). PrDs correspond to intrinsically unstructured sequences of low complexity highly enriched in asparagine (N) and/or glutamine (Q) residues 15 and are accompanied by one or more globular domains at their C-or N-terminus. 16 The PrD is both necessary and sufficient for self-assembly, whereas the globular domains account for the protein activity. 17 The nice thing here is that there are evidences that only the PrD is integrated in the core of the fibril, whereas the globular domains hang from the fibril in a folded conformation. 18 Because yeast prions are modular, one can, in principle, fuse any globular domain to a given PrD and potentially obtain a functionalized fibrillar nanomaterial. In this way, enzymes like alkaline phosphatase (AP) 19 or carbonic anhydrase (CA) 20 have been genetically fused to the PrD of the yeast prion Ure2p and methyl-parathion hydrolase (MPH) to the PrD of Sup35 prion. 21 The PrDs were shown to drive the association of the correspondent fusion proteins into amyloid fibrils, generating catalytic nanomaterials that displayed folded enzyme moieties.

The required equilibrium between solubility and aggregation propensities explains the absence of highly amyloidogenic sequences in PrDs, 22 fibrillation being thought to rely on the establishment of a large number of weak interactions distributed along the complete low complexity sequence. 23 As a consequence, PrDs are much larger than the majority of self-assembling peptides used for nanotechnological applications. 24 Traditionally, a length of at least 80 residues has been considered necessary for the conversion of PrDs into amyloids. 25 Thus, the PrD would constitute a significant fraction of any protein fusion, especially when fused with small globular domains. In addition, the large size of PrDs results in steric hindrance in the fibrillar state, reducing substrates diffusion and significantly limiting the activity of the adjacent domains, relative to their soluble counterparts. 19 Indeed, in the natural Ure2p yeast prion, the globular GST domain becomes inactive in the fibrils, despite its native-like structure. 20 We have recently shown that, in addition to a distinctive amino acidic composition, PrDs contain inner weak amyloidogenic sequence stretches that contribute to trigger the initial protein self-assembly reaction. 26 These cryptic amyloids promote conformational conversion in bona fide yeast prions, 27 but they also exist in human prion-like proteins. 28 The soft amyloid cores (SAC) embedded within PrDs can be identified computationally. 29 They differ from the classical amyloid cores of pathogenic proteins in that they are slightly longer and more polar, in such a way that the amyloid potential is less concentrated, allowing the containing PrD to remain soluble under most physiological conditions, while still keeping a certain amyloid propensity that might facilitate its assembly in certain circumstances. 30 We hypothesized here, that complete PrDs can be substituted by their SACs, in such a way that these shorter sequences would recapitulate the larger domain self-association properties in the context of modular fusion proteins. It is expected that the polar nature of SAC would prevent aggregation and misfolding of the adjacent globular domain during recombinant expression, purification and storage, while still being able to induce its selfassembly under controlled conditions. Ideally, in the resulting amyloids fibrils, the SAC would form the core of the fibril, whereas the attached globular domain would remain folded and active. As a proof of principle, we selected the canonical yeast prion Sup35, an eukaryotic translation release factor. 31 Its SAC corresponds to a 21-residues long sequence stretch that autonomously self-assembles into highly ordered amyloid fibrils, displaying a typical cross- diffraction pattern. This sequence is able to seed amyloid formation by the entire PrD, in vitro, and of the complete protein, in vivo, 32 and is indispensable for the induction, propagation and inheritance of the prion state in the mammalian cytosol. 33 We show here, how the properties of this short sequence stretch can be exploited to obtain highly functional amyloid-like nanofibers. We illustrate the wide applicability of the approach by fusing this SAC to three globular proteins displaying different structure; namely the all- FF domain, the all- green fluorescent protein and the  carbonic anhydrase enzyme.

Results and discussion

Design of a self-assembling protein fusion consisting of Sup35-SAC and a small all -helical domain The 21 residues-long SAC of Sup35 PrD (Sup35-SAC) corresponds to residues 98-118 of the yeast protein (Figure 1A). We decided to exploit the prion-like characteristics of this small segment to design prion-inspired self-assembling fusion proteins, consisting of a chimera of Sup35-SAC and different globular proteins. As a proof of principle, we used the FF domain of the URN1 splicing factor. 34 FF domains are small protein-protein interaction modules of 50-70 residues, characterized by a fold that consists of three α-helices arranged as an orthogonal bundle with a 310 helix in the loop connecting the second and the third helices (Figure 1B). 35 FF domains are highly soluble and the folding landscape of several of these proteins, including the URN1-FF domain (57 residues), have been characterized in detail. 36,37 Thus, it constitutes a perfect model protein to assess: i) whether the fusion of Sup35-SAC to a globular domain impacts its solubility, conformation, thermodynamic stability and/or folding kinetics and, ii) if this short segment suffices to drive the self-assembly of a soluble globular protein into amyloid-like structures, allowing to maintain its native structure in the aggregated state.

We fused Sup35-SAC to the N-terminus of the FF domain. A flexible linker consisting of SG3SG2S was incorporated between both protein moieties (Figure 1C) and a His6 tag at the FF domain C-terminus. In this fusion, the ratio between the size of the self-assembling sequence and the globular domain is 0.4, whereas in the case of the full-length Sup35 PrD (114 residues) instead, this ratio would have increased to 2.0. Previous studies showed that proteins appended with -sheet forming peptides aggregated into insoluble inclusion bodies during expression. 38,39,40 Thus, we first assessed computationally if the addition of Sup35-SAC to the FF domain would impact its inherent solubility, compromising thus its expression, using three different aggregation propensity algorithms: AGGRESCAN 41 , FoldAmyloid 42 and PASTA 43 , all them predicting Sup35-SAC as having low aggregation propensity, compared with classical amyloid cores (Table S1A). Indeed, 57 % of the residues in Sup35-SAC are polar with only 19 % of them being strictly hydrophobic. The rest correspond to a 14 % of Tyr, sharing both characters, and another 14 % of Gly, a residue with very low aggregation propensity. Accordingly, Sup35-SAC is not expected to impact significantly the solubility of the globular protein in the fusion (Table S1A). Therefore, we proceeded to construct the fusion protein (Sup35-FF) and expressed it in E. coli. As predicted, the protein was almost completely located in the soluble cell fraction (Figure S1), from which it was purified by IMAC and gel-filtration chromatography (Figure S2A). The yield was 68 mg of purified fusion per L of culture, much higher than that reported for other fusions between amyloidogenic peptides of similar size and globular proteins, where a significant fraction of the protein remained insoluble. 44 Sup35-SAC does not affect the conformation of the FF domain in the protein fusion A first requirement to use Sup35-FF for building up functional nanofibers is that the N-terminal Sup35-SAC does not alter the conformation, stability or folding properties of the globular domain.

We compared the conformational properties of Sup35-FF and the FF domain alone (FF-wt) at pH 7. S2B). The intrinsic fluorescence spectrum of FF-wt exhibits an emission maximum at 337 nm. In Sup35-FF, it is shifted to 334.5 nm (Figure S2C), suggesting the Trp being in a slightly more protected environment.

The FF domain possesses two Trp residues at positions 27 and 56. Trp27 is buried, while Trp56 is structurally adjacent to the N-terminal α-helix and partially exposed to solvent.

Four different disorder prediction algorithms: PONDR (VSL2) 45 , GlobPlot 46 , PASTA 43 , and IUPred 47 suggest that the Sup35-SAC and the linker region will remain disordered in the context of the fusion protein (Table S1B). Therefore, it is likely that the structural fluctuations of the disordered N-terminal tail might shield, at least partially, the exposed Trp56 side chain in the FF domain, as we already observed for human SUMO domains. 48 In any case, the shift towards the blue region of the spectrum is indicative of a properly folded domain, since upon destabilization and partial unfolding, the Trp spectrum of the FF domain shifts to the red, displaying a large increase in its fluorescence emission. 36 Sup35-SAC does not affect the thermodynamic stability of the FF domain in the protein fusion Despite the native-like conformation of the FF domain in the protein fusion, the adjacent exogenous sequence might compromise the protein stability, promoting partial unfolding. To the best of our knowledge, the stability of globular domains when attached to exogenous PrDs or amyloidogenic sequences has not been yet addressed, likely because these fusions begin to aggregate soon after purification.

The equilibrium unfolding of Sup35-FF and FF-wt proteins was analysed at pH 7.4 and 25 °C. The urea denaturation curves at equilibrium were obtained recording the changes in Trp intrinsic fluorescence at 350 nm (Figure 2C) and in molar ellipticity at 222 nm (Figure 2D) at increasing denaturant concentrations. Both proteins displayed a single visible transition indicative of a cooperative unfolding process. The main thermodynamic parameters of the unfolding reaction were calculated from the equilibrium curves assuming a two-state model (R > 0.99) (Table S2). The stabilities of Sup35-FF calculated from fluorescence and CD measurements were similar with ∆𝐺 ≈ 4.03 kcal/mol and a

[Urea]50% of ≈ 5.47 M. FF-wt shows similar values, with a ∆𝐺 ≈ 4.15 kcal/mol and

[Urea]50% of ≈ 5.57 M, indicating that the N-terminal extension has a minor impact in the domain's chemical stability (Table S2). S3).

Sup35-SAC does not affect the folding and unfolding kinetics of the FF domain in the protein fusion

As far as we know, the folding properties of a globular domain when embedded in a fusion with an aggregation-prone segment have never been assessed. Here, we determined the kinetics of folding and unfolding of FF domains by stopped-flow at pH 7.4

and 25 ºC by monitoring the changes in Trp intrinsic fluorescence under a wide range of urea concentrations. For both Sup35-FF and FF-wt, the folding and unfolding fluorescence traces fit well to a single exponential function. Chevron plots appear to be linear in the entire range of denaturant concentrations studied and fit well to a two-state model, indicating the absence of detectable intermediates (Figure 2E). The rate constants for folding (kF) and unfolding (kU) and their dependence on the denaturant concentration (mF and mU) are shown in Table 1. The folding and unfolding rates of Sup35-FF are only a 24% slower and an 8% faster than that of FF-wt, respectively. According to this kinetic rates, Sup35-FF is only about 0.2 kcal/mol more stable alone than in the fusion, in good agreement with the equilibrium data.

Table 1. Folding kinetics parameters of Sup35-FF and FF-wt proteins. Overall, the data presented in this and the previous sections clearly indicate that, in the soluble state, the FF domain maintains its fold, stability and folding properties almost intact when fused to Sup35-SAC.

O H F U G 2   a (kcal mol -1 ) mU-F b (kcal mol -1 M -1 ) Cm c (M) kF (s -1 ) kU(s -1 ) RTmU (kcal mol -1 M -1 ) RTmF (kcal mol -1 M -

Sup35-SAC promotes the assembly of the Sup35-FF fusion into amyloid fibrils under mild conditions

We used the amyloid-specific dyes Thioflavin-T (Th-T) and Congo Red (CR) to asses if the Sup35-FF protein fusion self-assembles with time as amyloid-like structures under mild conditions. To this aim, Sup35-FF and FF-wt were incubated at pH 7.4 and 37 ºC for one week. Th-T is a dye which fluorescence emission maximum at 488 nm increases in the presence of amyloid-like structures. [START_REF] Iii | Methods in enzymology[END_REF] The presence of incubated Sup35-FF promoted a large increase of Th-T fluorescence emission signal, whereas FF-wt had a negligible effect (Figure 3A). In agreement with these results, CR binding was observed for Sup35-FF, resulting in a clear red-shift of CR absorption spectrum, indicative of the dye binding to an amyloid structure [START_REF] Klunk | [END_REF] , whereas FF-wt did not promote any spectral shift (Figure 3B).

The morphological analysis of the two protein solutions by negative-staining and transmission electron microscopy (TEM) confirmed the presence of characteristic long and unbranched amyloid fibrils of 16.0±1.7 nm in width for Sup35-FF (Figure 3D), whereas the FF-wt solution did not show any detectable ordered aggregate (Figure 3C).

We further analysed the assembly of Sup35-FF into amyloid fibrils by monitoring the changes in Th-T signal with time. To this aim, the reaction was set up in 96 well plates with constant agitation in the presence of Teflon beads, a condition that accelerates aggregation and allows a continuous reading of the dye signal. 51 The kinetics of amyloid fibril formation can be usually adjusted to a sigmoidal curve, reflecting the existence of a nucleation-dependent growth reaction. 52 The aggregation of Sup35-FF under native conditions follows this kinetic scheme, exhibiting a lag phase of ≈ 6 h and being completed after ≈ 17 h (Figure S3). A characteristic of most amyloid assemblies is that they are able to seed and accelerate the reaction of their soluble counterparts. Importantly, the presence of 2% Sup35-FF preformed fibrils was enough to dramatically accelerate the aggregation reaction, reducing the lag phase to ≈ 1.5 h and allowing it to complete in ≈ 7 h (Figure S3).

Overall, the data converge to indicate that Sup35-SAC is able to specifically promote the self-assembly of the Sup35-FF fusion, containing the otherwise soluble FF domain, into ordered nanofibrils. 

Secondary structure of Sup35-FF amyloid fibrils

The modular nature of yeast prions accounts for the fact that globular domains retain its original fold in the amyloid state. 53 We wondered whether Sup35-SAC might act as a mimic of the 5-fold longer Sup35 PrD, driving the self-assembly of protein fusions into amyloid structures, but allowing to maintain the native structure of the adjacent globular domain. Because the conversion of a globular protein into an amyloid implies a
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conformational conversion into a -sheet rich structure, independently of the initial 3Dconformation, we took profit of the all -helical nature of the FF domain to monitor if it remains folded in the amyloid assembly, using Attenuated Total Reflectance Fourier

Transform Infrared spectroscopy (ATR-FTIR).

We recorded the infrared spectra of Sup35-FF amyloid fibrils in the amide I region of the spectrum (1700-1600 cm -1 ) (Figure 4A). This 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 allows to assign the secondary structure elements and their relative contribution to the main signal (Table S4). The spectra of Sup35-FF displayed signals indicative of the formation of β-sheet structure, coming from the intermolecular β-sheet region at 1624 cm -1 contributing to 27.25 % of the area.

However, the largest contribution to the spectra, accounting a 59.5 % of the area, comes the band at 1649 cm -1 , compatible with the presence of native-like -helices, 54 in the Sup35-FF amyloid fibrils. This putative helical band fits well with the major band at 1650 cm -1 observed in the ATR-FTIR spectra of the soluble FF-wt domain (Figure 4A and 4B

and Table S4).

In the Sup35-FF fusion the two Trp residues are located in the FF domain -helices;

because the core of the amyloid fibrils is expected to be resistant to urea denaturation, or at least more resistant than the helices, following urea denaturation by intrinsic fluorescence should allow us to assess if the Trp residues remain in a native-like context in the fibrillar state. As it can be seen in Figure 4C the denaturation curve of aggregated Sup35-FF is cooperative and resembles that of soluble FF-wt, despite the calculated

[Urea]50% is slightly higher for the fibrils (5.86 ± 0.11 M) than for the soluble wild type protein (5.68± 0.04 M), both calculated from the changes in intrinsic fluorescence. These data support the globular domain remaining folded in the amyloid assembly. Next, we monitored the thermal stability of Sup35-GFP and GFP by following the changes in GFP fluorescence emission at 515 nm with the temperature (Figure 5D). We obtained cooperative, superimposable, denaturation curves with Tm = 81.0 ± 0.2 ºC and 81.9 ± 0.2 ºC for Sup35-GFP and GFP, respectively. Altogether the data indicate that, as in the case of the FF domain, Sup35-SAC does not alter the fold or the stability of GFP.

Finally, we incubated Sup35-GFP and GFP at pH 7.4 and 37 °C for one week.

Because Th-T and CR cannot be used to monitor amyloid structure when GFP is present, we directly characterized the morphology of the potential assemblies using TEM, confirming the presence of long fibrillar assemblies with a diameter of 20.1±1.1 nm for
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Sup35-GFP (Figure 6B) and the absence of any ordered aggregate for GFP (Figure 6A), indicating that Sup35-SAC drives specifically the amyloid assembly in the context of the Sup35-GFP fusion.

To assess if GFP maintains a functional conformation when embedded in the fibrils, we recorded the GFP fluorescence emission spectra of the aggregated material. It exhibited, the characteristic maximum at ~511 nm (Figure 6C) and, indeed, when this material was imaged in a fluorescence microscope using an FITC filter (excitation at 465-495 nm) the presence of large green fluorescent fibrillar structures was directly observed (Figure 6D).

A quantitative analysis of the fluorescence emission of Sup35-GFP in the soluble and fibrillar states indicated that the specific fluorescence emission of the fibrils was 2.6 times lower (Figure 6C). Whether this decrease in activity responds to a fraction of the domains being inactive in the assembly or it results instead from self-quenching, owing to the expected dense packing of the domains and close proximity of the fluorophores in the fibrils, should be further examined. 

Sup35-SAC drives the formation of catalytically active amyloid fibrils

To further confirm the idea that Sup35-SAC can be exploited to obtain modular and functional nanofibrillar assemblies, this short sequence stretch was fused to the carbonic anhydrase enzyme (Sup35-CA) (Figure S4B).

Again, Sup35-CA was purified from the soluble cell fraction (Figure S6), with a yield of 98 mg/L culture. As in the case of the FF and GFP proteins, the comparison of the To analyse the self-assembling capacities of Sup35-CA, we incubated the protein at pH 7.4 and 25 °C for one week and analysed the presence of amyloid-like material using Th-T (Figure 7A) and CR assays (Figure 7B). In the presence of incubated Sup35-CA, Th-T exhibits a high increase in fluorescence emission; likewise, the protein promotes a red shift of the CR spectra, both proves indicating an amyloid-like nature. The morphology of the Sup35-CA assemblies was analysed by TEM (Figure 7D), which allowed to observe the presence of long amyloid fibrillar structures of 23.0±1.5 nm in diameter. No aggregate was detected in a fresh Sup35-CA protein solution (Figure 7C), consistent with its inability to bind Th-T and CR (Figure 7A and 7B). for a fusion between the complete PrD of the yeast Ure2p and CA, 20 despite in that case the reduction of activity in the filaments relative to the soluble form was higher, about 10fold. Two explanations may account for these differences in activity: i) when folded, CA displays the same activity in both fibrils, but the amount of properly folded domains is higher in Sup35-CA fibrils. ii) CA is more active in Sup35-CA fibrils.

CA is a near-diffusion-limited enzyme. 56 This implies that the reaction rate depends on the speed at which substrate diffuses to the active size. Aggregation might decrease the apparent activity of CA because the fibrillar structure reduces the diffusion rate of the substrate. In this case, it is expected that the fibrils formed by smaller self-assembling domains, such as the Sup35-SAC, would impose lower restrictions to diffusion than those of the larger PrDs. The same rational would apply in case the reduction in activity is caused by steric hindrance. Indeed, an inverse relationship between the size of the fibril-forming component and the activity of the adjacent enzyme in the aggregated state was reported for a fusion of the Ure2p PrD with horseradish peroxidase (HRP). 19 The use of the 93-residues full-length PrD rendered very low HRP activity, whereas shortening it to 80 residues permitted to double the catalytic activity of the enzyme in the fibrillar form.

In any case, it seems clear from our experiments that the short soft amyloid core of Sup35 PrD can be employed to generate catalytically active fibrils.

Modelling of amyloid fibrils containing Sup35-SAC linked to a globular domain.

The distance between -strands in a typical amyloid -sheet is  4.8 Å, whereas the size of the globular domains is typically ranged between 30 and 40 Å. Therefore, when located in close vicinity to amyloid regions along the chain, globular domains might prevent the formation of ordered amyloids because of the steric repulsion. This is especially true for the parallel arrangement because of the bigger difference of the axial distances between the -strands (4.8 Å) and between the globular domains (30 Å). To confirm our conclusion that a Sup35-SAC amyloid core surrounded by globular domains can be formed without significant steric tension, we applied a molecular modelling approach to the Sup35-SAC amyloid with the parallel and in-register arrangement. Furthermore, a number of experimental data suggest that the prion domain of Sup35 and its fragments form amyloid fibrils with the parallel and in-register cross- structure. [58][59][60] The molecular modelling was performed as previously described. 57 In this work, as a model, we used a hybrid protein containing the amyloid-forming Sup35-SAC peptide and GFP linked by 8-residues linker, as in our Sup35-GFP construct. Furthermore, it is known that the amyloid protofibrils usually have a slight left-handed twist. Therefore, we constructed these amyloid fibrils with an axial twist angle of 2° per 4.8-Å step (Figure 8). For the parallel and in-register cross- amyloid core we used two structural arrangements: stacks of linear -strands and of arches. The 21-residues Sup35-SAC is long enough to form strand-arc--strand elements called '-arches' that have been found in a significant number of disease-related and functional amyloid fibrils. The possibility of a -arch arrangement for Sup35-SAC was correctly predicted by the ArchCandy algorithm. 61 Our molecular modelling confirmed that the hybrid molecules experimentally tested in this work can form parallel and in-register cross- amyloids (with Sup35-SAC either in the linear or -arch conformations) decorated by globular domains (Figure 8). The structural models were energy-minimized using steepest descent algorithm of GROMACS package version 4.6.7 

Conclusions

We have developed different functional nanofibrils exploiting our previous discovery that the self-assembling properties of PrDs can be mimicked by their much shorter SACs. In particular, we have demonstrated that the conjugation of globular proteins to Sup35-SAC induces a controlled self-assembly into amyloid-like supramolecular structures. In contrast to other fusions between -sheet forming peptides and globular domains, our proteins could be obtained at high yield in a soluble state, without any need for refolding procedures. This is likely because Sup35-SAC remains largely disordered when soluble, despite its ability to adopt a -sheet conformation in the fibrillar state.

Moreover, in Sup35-SAC fusions the adjacent globular proteins display conformational, stability and folding properties almost indistinguishable of those of the original proteins.

Importantly, the globular domains within our fusion proteins seem to maintain their structure preserved in the fibrillar state. Indeed, the diameter of the individual fibrils correlates well with that of the conjugated globular domain: 16, 20 and 23 nm for the FF domain (8 kDa), GFP (27 kDa) and CA (30 kDa) fibrils, respectively. This trend suggests that the packing of FF and CA domains in the fibrils might be similar to the one observed in the Sup35-GFP fibrils derived models. Therefore, Sup35-SAC appears as a module that can be readily used to immobilize bioactive proteins of different sizes and structures. The results agree well with the previous molecular modelling study that allowed to establish a more general relationship between the size of the globular domains and the length of the linkers in the parallel and in-register cross- fibrils 57 .

The modular genetic fusion approach described here can be applied to decorate fibrils with different functionalities, including active enzymes. Altogether, in addition to validate the prion-like proteins of short SACs, the present work illustrates a straightforward strategy to obtain novel bionanomaterials displaying immobilized functional proteins of biological or chemical interest.

resuspended into 20 mL PBS pH 7.4 containing 20 mM imidazole, 1 mg/mL lysozyme and 1 mM PMSF. The solution was incubated on ice, followed by sonication for 20 min. The supernatant was collected by centrifugation at 15000 rpm for 30 min at 4 °C and, purified in an His-tag column, according to the manufacturer's protocol, followed by a gel filtration onto a HiLoad TM Superdex TM 75 prepgrade column (GE Healthcare,USA). The purified proteins were frozen with liquid nitrogen and stored at -80 °C. The purity of the sample was confirmed by SDS-PAGE. The concentration of the proteins: Sup35-FF, Sup35-GFP and Sup35-CA was determined by UV absorption using a ε value of 18450 L•mol -1 •cm -1 , 24995 L•mol -1 •cm -1 and 54890 L•mol -1 •cm -1 , respectively. The protein was found mainly in the soluble cell fraction, independently if the expression was done at 37 °C or at 20 °C; however, this last temperature was used for all preparative protein productions since the soluble/insoluble ratio was slightly higher.

Prediction of Aggregation and Disorder. The protein sequence of FF domain, Sup35-FF, Sup35-SAC, and Sup35-linker were used to predict aggregation and disorder. The aggregation propensity was predicted by three different methods: Aggrescan 41 , FoldAmyloid 42 and PASTA 2.0 43 . The disordered regions were predicted using four different algorithms: PONDR (VSL2) 45 , GlobPlot 46 , PASTA 2.0 43 and IUPred 47 . The parameters used for the predictions were the following: Aggrescan and PONDR (VSL2)

were run with default parameters. For FoldAmyloid, the scale option was "expected number of contacts 8Å" the "averaging frame" was 5 and threshold was 21.4. For PASTA 2.0, the "custom" mode was used and the "top pairing energies" was 20, the "energy threshold" was -5 (1.0 Pasta Energy Unit corresponding to 1.192 Kcal/mol), and the TPR (sensitivity) and FPR (1-specificity) were 40.5% and 4.7%, respectively. For GlobPlot, the mode of propensities was "Russell/Linding (recommended P=RC-SS)", for disorder prediction, minimum peak width was 5 and maximum join distance was 4; the globular domain hunting was performed using domain prediction "SMART/Pfam" parameter with minimum peak width 74 and maximum join distance 15, and the plot was smoothed using 1st and 2nd derivative Savitzky-Golay with frame 10. For IUPred, the "short disorder of prediction type" was used and the output type was "generate plot" with window size 500.

Conformational Characterization. Proteins were dissolved at a final concentration of 20 μM for Sup35-FF, Sup35-GFP and Sup35-CA in PBS pH 7.4 buffer, then samples were filtered through a 0.22 μm Millipore filter and immediately analysed. Far-UV CD spectra were recorded from 260 nm to 200 nm at 1 nm bandwidth, response time of 1 second, and a scan speed of 100 nm/min in a Jasco-710 spectropolarimeter (Jasco Corporation, Japan), thermostated at 25 °C. Ten accumulations were averaged for each spectrum. Trp intrinsic fluorescence and GFP intrinsic fluorescence spectra were measured at 25 °C on a Jasco FP-8200 Spectrofluorometer (Jasco Corporation, Japan). Three averaged spectra were accumulated using an excitation wavelength of 280 nm and 485 nm and recording emission from 300 to 400 nm and 500 to 600 nm for Trp and GFP emission fluorescence, respectively, with slit widths of 5 nm. Three averaged absorbance spectra of Sup35-GFP 
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where kF and kU are the rate constants for folding and unfolding, respectively, and the mF and mU values correspond to the slopes of the respective folding and unfolding regions.

Fibril Formation. Sup35-FF, Sup35-GFP and Sup35-CA proteins were prepared at 50 μM, 1.5 mM and 1.0 mM in PBS pH 7.4, and filtered through a 0.22 μm filter. The Sup35-FF and Sup35-GFP samples were incubated at 37 °C, and Sup35-CA at 25 °C, with agitation at 300 rpm for one week. FF-wt and GFP were incubated at the same concentrations and conditions as controls.

Amyloid dyes binding

Thioflavin T (Th-T) and Congo red (CR) was used to determine the formation of amyloid fibrils. For the binding assay, incubated proteins were diluted to a final concentration of 20 μM in PBS pH7.4, in the presence of 25 μM Th-T. Emission fluorescence was recorded in the 460-600 nm range, using an excitation wavelength of 445 nm and emission bandwidth of 5 nm on a Jasco FP-8200 Spectrofluorometer (Jasco Corporation, Japan). For the CR binding assay, incubated proteins were prepared at final concentration of 20 μM and, CR was mixed to a final concentration of 20 μM. Optical absorption spectra were recorded in the range from 375 to 700 nm in a Specord 200 Plus spectrophotometer (Analytik Jena, Germany). Spectra of protein alone and buffer were acquired to subtract protein scattering.

Transmission Electron Microscopy (TEM). For TEM samples preparation, 10μL of the incubated proteins were deposited on a carbon-coated copper grid for 10 min and the excess liquid was removed with filter paper, followed by a negative stain with 10 μL of 2 %(w/v) uranyl acetate for 1min. 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., USA). The width of fibrils was analysed by Image J (National Health Institute), averaging the measures of 10 individual fibrils for each fusion protein.

Fourier Transform Infrared Spectroscopy (FTIR).

FF-wt was dissolved at 180 μM in PBS, pH 7.4, and filtered through a 0.22 μm filter. 30 µL of the prepared Sup35-FF fibrils at 50 µM were centrifuged at 12000g for 30 min and resuspended in 10 µL of water. Samples were placed on the ATR crystal and dried out under N2 flow. The experiments were carried out in a Bruker Tensor 27 FTIR (Bruker Optics, USA) supplied with a Specac Golden Gate MKII ATR accessory. Each spectrum consists of 32 acquisitions measured at a resolution of 1 cm -1 using the three-term Blackman-Harris Window apodization function. Data were acquired and normalized, using the OPUS MIR Tensor 27 software (Bruker Optics, USA), with the Min/Max normalization method, which scales spectrum intensities to the effect that the minimum absorbance unit will be 0 and the maximum 2. The analysis of the IR spectra was performed with the PeaKFit program (SeaSolve Software Inc.). Obtained data, in the amide I region Fluorescence Microscopy. 50 μL aggregated Sup35-GFP was centrifuged at 12000g for 30 min. Supernatant was removed and fibrils were resuspended in PBS pH 7.4. 5 μL of the resuspended fibres were mixed with 5 μL mounting medium solution and dropped on a clean glass slide (Deltalab, 26×76 mm) and covered by a cover slide (Deltalab, 22×22mm).

Fluorescence imaging of nanofibers was carried out on an Eclipse 90i epifluorescence optical microscopy equipped with a Nikon DXM1200F (Nikon,Japan) camera and ACT-1 software. Images were acquired with an excitation filter of 465-495 nm and detecting fluorescence emission in a range of 515-555 nm.

Catalytic activity of Sup35-CA fibrils. Catalytic activity of Carbonic Anhydrase (CA) was assayed by using a modified Wilbur-Anderson method. 55 Specifically, 2 mL of 50 mM Tris-HCl,100 mM NaCl, pH 8.1 buffer were mixed with 200 μL 0.05% BTB (Bromothymol blue) on ice. 10 μL of 20 μM protein samples were added and the reaction was initiated by addition of 1.0 mL of ice-cold CO2 saturated water. To determine the catalytic activity, the time required for the pH to drop from 8.1 to 6.3 was recorded. BTB was used as a pH indicator. The activity of the tested sample was calculated using the equation: WAU= (t0-t)/t where t is the time required for the pH change when the test sample is present and t0 is the time required for the pH change when the buffer is substituted for the test sample. CA wt was used as positive control, to evaluate the effect of Sup35 fusion on the CA activity. Sup35-SAC fibrils and lysozyme were used as negative controls to show the specificity of CA activity in the fibrils.

Molecular modelling of fibril with a pseudo-helical packing of GFPs. The left-handed twisted fibrils were built with 2° angle twist per axial 4.8 Å translation between the monomers. The twisting operator was imposed around a Z-axis located at the center of mass of the main-chain atoms from the two -strands of the Sup35 fragment. To build models of hybrid protein we used the crystal structure of GFP protein (pdb entry 1GFL). 64 To position the GFP structures around the amyloid core and evaluate their packing, we built a model of two successive hexameric layers of the subunits. 57 The first GFP subunit was manually docked on one side of the fibril stack while keeping the axis of the GFP barrel perpendicular to the Z-axis. The five other subunits were positioned by applying the successive rotation of ~51° around an axis that intersects the X-Y plane at the C atom of the last Sup35 residue of the first monomer and their successive translations of 4.8 Å along the Z-axis. This geometry was chosen so that it provides the most optimal close packing of the GFP molecules within the hexamer (Figure 8). To evaluate the packing of GFP domains between the hexameric units, an adjacent hexameric layer was generated by a 28.8 Å translation along the Z-axis. The 28.8 Å distance agrees well with the corresponding distance between the GFPs from Aequorea victoria in the crystal packing (pdb entry 1GFL). 64 CHIMERA 65 program was used for the symmetrical positioning of GFPs and molecular modelling procedures. The linkers connecting Sup35 peptides to GFPs were generated using MODLOOP. 66 The quality and consistency of the generated models were checked with the PROCHECK program. 67 

Figure 1 .

 1 Figure 1. Schematic representation of Sup35-FF fusion protein. (A) Domain organization of Sup35 protein: soft amyloid core (SAC) (red) within the PrD (green) and the respective elongation factor functional domains (purple) in Sup35 are shown. (B) Cartoon of Sup35 soft amyloid core fused to FF domain shown as ribbon representation (PDB: 2JUC). (C) Sequence of the Sup35-FF fusion protein. Sup35 soft amyloid core, spacer linker, FF domain and His6 tag are shown in red, blue, green and black, respectively.

  4 and 25 ºC by monitoring the far-UV CD spectra and Trp intrinsic fluorescence. The far-UV CD spectra of the two proteins at different concentrations closely resemble and are dominated by α-helical signals (Figure

Figure 2 .

 2 Figure 2. Stability and folding properties of Sup35-FF and FF-wt proteins. Thermal stabilities were analysed by (A) Trp intrinsic fluorescence emission at 350 nm and, (B) far-UV CD signal at 222 nm. Chemical equilibrium curves with urea were followed at 25 ºC by (C) Trp intrinsic fluorescence at 350 nm and, (D) far-UV CD at 222 nm. (E) The kinetics of folding and unfolding were measured by Trp intrinsic fluorescence at 25 ºC performing stopped-flow experiments. The rate constants were calculated under conditions of apparent two-state folding.

Figure 3 .

 3 Figure 3. Characterization of Sup35-FF fibrils. Sup35-FF and FF-wt solutions were incubated for one week and analysed by measuring (A) Th-T fluorescence emission and (B) Congo red absorbance. FF-wt and Sup35-FF are shown in red and black, respectively. PBS without protein was included as a control (dashed line). Representative TEM micrographs of incubated proteins upon negative staining: (C) FF-wt and, (D) Sup35-FF. The scale bar represents 5 μm and 1 μm, respectively.

Figure 4 .

 4 Figure 4. Conformational properties of Sup35-FF fusion protein fibrils. Sup35-FF proteins solutions were incubated for one week. The absorbance spectra of (A) Soluble FFwt and (B) Sup35-FF fibrils in the amide I region (solid line) and the components bands (dashed lines) are shown. (C) The chemical equilibrium curve with urea for aggregated Sup35-FF was followed at 25 ºC by Trp intrinsic fluorescence at 350 nm. Soluble FF-wt was measured in the same conditions as a control.

Figure 5 .

 5 Figure 5. Conformational properties and thermal stabilities of Sup35-GFP. Emission (A) excitation (B) and far-UV CD (C) spectra. (D) Thermal unfolding curves followed by monitoring GFP fluorescence at 515 nm from 25 ºC to 90 ºC with a heating rate of 1 ºC/min. Sup35-GFP and GFP are shown in black and red, respectively.

Figure 6 .

 6 Figure 6. Morphology and functionality of Sup35-GFP fibrils. Sup35-GFP and GFP solutions were incubated for one week. (A) and (B) show representative TEM micrographs of GFP and Sup35-GFP, respectively. Scale bar represents 1 m and 500 nm. (C) Emission fluorescence spectra of Sup35-GFP fibrils at 5 μM and photograph of precipitated fibrils. The fluorescence emission of soluble Sup35-GFP at 2 μM is shown for comparison. (D) Fluorescence microscopy image of Sup35-GFP fibrils. Scale bar represents 5 μm.

  Sup35-CA with those of wild type CA (CA-wt) indicated that the fusion of the 21-residues peptide does not alter significantly the adjacent globular structure (FigureS7Aand S7B), neither its stability, since CA-wt and Sup35-CA exhibit similar cooperative denaturation curves with [Urea]50% of 4.24 ± 0.03 M and 4.40 ± 0.04 M, respectively, as monitored by intrinsic fluorescence (FigureS7C).

Figure 7 .

 7 Figure 7. Tinctorial properties, morphology and activity of Sup35-CA fibrils. Sup35-CA was incubated for one week. (A) Th-T and (B) CR binding assays in the absence (black) or presence (red) of incubated Sup35-CA protein. Soluble Sup35-CA was used as a control (blue). Panels (C) and (D) show representative TEM micrographs of soluble and incubated Sup35-CA protein, respectively. Scale bar represents 500 nm. (E) CO2 hydration activity of Sup35-CA fibrils. Buffer alone (black), Sup35-SAC fibrils (red) and lysozyme (blue)were used as negative controls while CA-wt (dark blue) was used as positive control. pH measurements showed that carbonic anhydrase moieties embedded in the Sup35-CA fibrils (green) or in the soluble fusion (pink) were active.

Figure 8 .

 8 Figure 8. Structural models of amyloid fibrils formed by Sup35-GFP (A) Fibrils formed by stacking of linear -strands of Sup35-SAC. Axial projection of the repetitive element (top).Lateral projection of the 90-mer fibril that corresponds to a half helix turn (180°). The fibril was generated by the 28.8 Å translation of the hexameric element along the fibril axis (bottom). B. Fibrils formed by stacking of -arches of Sup35-SAC. Axial projection (top) and lateral projections (bottom). Images were generated by using PyMol software.62 

  were recorded from 450 to 600 nm on a SPECORD 200 plus spectrophotometer (Analytik Jena, Germany), with scan speed of 20 nm/s. As controls, 20 μM FF-wt, GFP and CA-wt in PBS buffer, pH 7.4, were measured in all the assays under the same conditions. The fluorescence emission spectra of Sup35-GFP fibrils was recorded as described for the soluble fusion at 5 μM final concentration. The amount of protein in the fibrillar solution was titrated after denaturation by SDS-PAGE against a concentration standard of soluble Sup35-GFP.Thermal and chemical denaturation. FF-wt and Sup35-FF were dissolved at 20 μM in PBS, pH 7.4. Trp intrinsic fluorescence was monitored in a Jasco FP-8200 Spectrofluorometer from 25 °C to 90 °C, with an excitation wavelength of 280 nm and recording emission at 340 nm, with an interval of 0.5 °C and a heating rate of 0.5 °C/min.Ellipticity was recorded at 222 nm each 1 °C with a heating rate 0.5 °C/min from 25 °C to 90 °C, using a Jasco-710 spectropolarimeter. In the case of Sup35-GFP and GFP, soluble proteins were prepared at 10 μM in PBS, pH 7.4. GFP intrinsic fluorescence was recorded from 25 °C to 90 °C, with excitation wavelength of 485 nm and emission recorded at 515 nm each 0.5 °C with a heating rate of 0.5 °C/min. For chemical denaturation, samples were prepared at 10 μM in PBS, pH 7.4 in the presence of different concentrations of denaturing agent (0-9 M of urea), and the reaction was left to equilibrate for 20 h at room temperature. Each sample was prepared in duplicate.Trp intrinsic fluorescence spectra and far-UV CD spectra were collected at 280/360 nm (excitation/emission) and 222 nm, respectively. One-week aggregated Sup35-FF was analysed in the same manner at 5 μM final concentration. For Sup35-CA and CA-wt the shift in the center of mass (CM) of the Trp emission spectrum was calculated and plotted against the urea concentration.The results were fitted to a two-state transition curve where the signals of the folded and unfolded states are dependent on the temperature/denaturant concentration using the nonlinear least squares algorithm provided by Origin 8.5 (OriginLab Corporation).Folding Kinetics. Kinetics of unfolding and refolding were analysed by recording intrinsic Trp fluorescence changes upon transition at 25 °C in a Bio-Logic SFM-3 stopped-flow instrument (Bio-Logic Science Instruments), employing an excitation wavelength at 280 nm and a 320 nm cut-off filter. For unfolding reactions, the protein solution was prepared in PBS pH 7.4, at 10 μM and appropriate volumes of the same buffer containing concentrated urea were added to initiate the reaction. For the refolding reaction, selected volumes of denaturant free buffer were added to the initial protein solution at 10 μM in 9M urea. All fluorescence traces were fitted to an exponential function, and kinetic parameters were calculated considering a two-state folding model, using Origin 8.5 program (OriginLab Corporation). Kinetic and free energy values were determined using the following equations:

  1 ) 

	Sup35-FF 4.32±0.13	0.79±0.08	5.50±0.56	2835±260	1.93±0.25	0.057±0.009	0.728±0.083
	FF-wt	4.53±0.16	0.78±0.04	5.74±0.40	3714±733	1.78±0.12	0.063±0.004	0.719±0.043

a Gibbs energy of unfolding at [Urea] = 0. b m value, dependence of free energy of unfolding with denaturing agent.

c 

The urea concentration required to unfold 50% of the protein molecules.

Acknowledgements

We thank Drs. Anita Carija and Ricardo Sant'Anna for experimental help. This work was funded by the Spanish Ministry of Economy and Competitiveness BIO2016-78310-R to S.V and by ICREA, ICREA-Academia 2015 to S.V. Weiqiang Wang acknowledges financial support from the China Scholarship Council (CSC): NO. 201606500007.

Sup35-SAC drives the formation of GFP fluorescent amyloid fibrils

The above described data indicates that the short Sup35-SAC allows the expression and purification of soluble fusions in which the adjacent C-terminal globular domain remains properly folded as well as the self-assembly of the protein into nanofibers that retain detectable native structure. On this basis, we explored whether we can obtain fluorescent amyloid fibrils by fusing Sup35-SAC to GFP (Sup35-GFP) (Figure S4A). Sup35-GFP was purified from the soluble cellular fraction (Figure S5) with a yield of 85 mg/L culture. We characterized the conformational features of the GFP moiety in the fusion by monitoring GFP absorption and fluorescence emission spectra (Figure 5A 2), 283-291). In the final structures (Figure 8), the GFP domains do not have steric clashes. The conclusion of the molecular modelling can be extended to the antiparallel cross- amyloids of the hybrid molecules because these fibrils would have even more space to accommodate the globular domains.

The diameter of the modelled parallel and in-register fibrils are 17.7 nm and 17 nm for the linear and -arch conformations, respectively; in very good agreement with the 20 nm we measured for Sup35-GFP amyloid fibrils.

Materials and methods

Reagents and enzymes. Reagents and enzymes were purchased from Sigma-Aldrich (UK), unless otherwise stated. Carbon grid (400 square mesh copper) were purchased from Micro to Nano (Netherlands) and the uranyl acetate solution were provided by the microscopy service (Universitat Autònoma de Barcelona). Sup35-SAC 21-residues peptides were purchased from CASLO ApS (Scion Denmark Technical University).

Expression and Purification of Proteins. The FF domain, corresponding to residues 212-266 of yeast URN1, was cloned into a pET-28(a) plasmid (Addgene, USA), that previously contained the soft amyloid core Sup35 sequence, resulting in a plasmid encoding for a chimeric protein (Sup35-linker-FF domain) with an His6 tag. The cDNAs of Sup35-GFP (folding reporter green fluorescent protein 63 ) and Sup35-CA (Carbonic anhydrase) cloned in the plasmid pET28(a) with a His6 tag were acquired from GenScript (USA). E.coli BL21 (DE3) competent cells were transformed with the correspondent plasmids. Then, transformed cells were grown in 10 mL LB medium containing 50 μg/mL kanamycin, overnight at 37 °C, and transferred into 1 L fresh LB media containing 50 μg/mL kanamycin. After reaching an OD600 of 0.6, the culture was induced with 0.4 mM IPTG and grown either at 20 °C for 16 h or at 37 °C for 4h. At both temperatures, the proteins were found mainly in the soluble cell fraction; however, 20 °C was selected for all preparative productions, since the soluble/insoluble ratio was slightly higher. Cells were collected by centrifugation at 5000 rpm for 15 min at 4 °C. The collected pellet was (1700 to 1600 cm -1 ), were first pre-smoothed using non-parametric smoother Loess ((locally weighted smoothing) procedure at 5% level, and the lineal baseline was subtracted. IR spectra were fitted employing the residuals method for finding hidden peaks, which consists on finding the difference in y-value between a data point and the sum of component peaks evaluated at the data point's x-value. From the second derivative plot for each sample absorbance spectrum, peaks and local minima were identified and the number and positions of them manually placed to deconvolute the absorbance spectra. Afterwards, automated peak fitting was done using the "AutoFit Peaks I Residuals" option with the "vary widths" condition for the autoscan procedure, until reaching iteration 7 and a r 2 >0.997. The resulting area, amplitude and center values of the fitted bands were exported as a table and plotted. 
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