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Abstract 

Functional amyloids are present in a wide variety of organisms ranging from bacteria to 

humans. Experience-dependent aggregation of the cytoplasmic polyadenylation 

element-binding (CPEB) prion-like protein to a translationally active state has emerged 

as a plausible biochemical substrate of long-lasting memories. CPEB aggregation is 

driven by prion-like domains (PLD) that are highly divergent in sequence across 

species. Here, we describe the amyloid-like features of the neuronal Aplysia CPEB 

(ApCPEB) PLD in vitro using single-molecule and bulk biophysical methods and 

compare them with those previously reported for neuronal Drosophila CPEB, Orb2 

PLD. The existence of transient oligomers and mature filaments suggests similarities in 

the late stages of the assembly pathway for both PLDs. However, while prior to 

aggregation the Orb2 PLD monomer remains as a random coil in solution, ApCPEB 

PLD adopts a diversity of conformations comprising α-helical structures that evolve to 

coiled-coil species, suggesting structural differences at the beginning of their amyloid 

assembly pathways. Our results show how divergent PLDs of CPEB proteins from 

different species retain the ability to form a generic amyloid-like fold through different 

assembly mechanisms. 

 
Main text 

New biological traits can emerge from heritable changes in protein-based 

epigenetic elements known as prions (Alberti et al. 2009; J. C. S. Brown and Lindquist 

2009; Volkov et al. 2002; Wickner 1994; Hou et al. 2011), redefining the central dogma 

in which the heritable information is stored in nucleic acids (Chakravarty and Jarosz 

2018). A prion-like protein with a defined role in memory persistence in different 

species, from Aplysia to mammals, is the mRNA-binding cytoplasmic polyadenylation 

element-binding, CPEB, family of proteins. Discovered first in oocytes as regulators of 

mRNA translation (Hake and Richter 1994), the aggregated state of neuronal-specific 

isoforms of CPEB family members was later found to play a key role in long-term 

synaptic facilitation in Aplysia (Si et al. 2010), long-term potentiation of synaptic 

transmission in mice (Fioriti et al. 2015) and maintenance of long-term memory in both 

mice and Drosophila (Majumdar et al. 2012; Khan et al. 2015; Kruttner et al. 2012; 

2015; Keleman et al. 2007; Fioriti et al. 2015; Li et al. 2016; Hervas et al. 2016), 

through the activation of dormant mRNAs mediated by, at least in Drosophila, a self-

sustaining amyloid state (Hervas et al. 2020).   
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Sequence analysis revealed that the folded C-terminus of neuronal CPEB 

proteins, which comprises two RNA-recognition motifs (RRM) and a ZZ-type zinc 

finger domain, is highly conserved. By contrast, the N-terminus, which comprises the 

PLD responsible for the formation of SDS-resistant, functional aggregates of ApCPEB, 

Orb2 and CPEB3 in the adult brain of Aplysia, Drosophila, and vertebrates, respectively 

(Hervas et al. 2020; Majumdar et al. 2012; Stephan et al. 2015; Si, Lindquist, and 

Kandel 2003), is highly divergent across species (Figure 1A, B and S1).  

In Drosophila nervous system, Orb2 exists in different conformational states. 

While Orb2 monomers repress synaptic translation, the amyloid state enhances it 

(Hervas et al. 2020; Khan et al. 2015). Similarly, the neuronal-specific ApCPEB 

isoform can exist in at least two different conformational states: a soluble form and a β-

sheet-rich amyloid form with enhanced binding capacity to target mRNAs (Si, 

Lindquist, and Kandel 2003; Raveendra et al. 2013). In both proteins, the PLD located 

at the N-terminus plays a key role in the transition to a β-sheet-rich state, in spite of 

their low sequence identity (Figure 1B and S1C). How divergent PLD sequences drive 

the assembly of CPEB aggregates in different species to perform a common function 

remains unclear. To explore the underlying mechanisms during assembly, we have 

characterized specific structural features of ApCPEB PLD, from the monomer to the 

aggregated state, and compare them with those of Orb2A (Hervas et al. 2016). The role 

of coiled-coils (CCs) in aggregation and activity of Q/N-rich proteins in vivo has been 

reported (Fiumara et al. 2010). By using the Coils algorithm (Lupas, Van Dyke, and 

Stock 1991), we found that ApCPEB PLD scored as the highest predicted hit to form 

CC domains (Figure 1C). As shown in Figure 1D, its sequence contains regions prone 

to be disordered and form amyloid spines. The next predicted hit to form CC 

corresponded to Orb2 PLD, which was previously reported, by Circular Dichroism 

(CD), to form a random coil conformation in solution (Hervas et al. 2016). The CC 

propensity of the mouse, human and hydra orthologs (mCPEB3, hCPEB3 and hyCPEB 

PLDs) was insignificant (Figure 1C).  

 Compatible with CC prediction, ApCPEB PLD showed a dominant α-helical 

spectrum by CD (Figure 2A), similar to full-length ApCPEB (Raveendra et al. 2013). 

After 72h incubation, the CD signal decreased to approximately 10% of the initial value 

(Figure 2A). Q-binding peptide 1 (QBP1), a peptide known to block the β-structure 

transition and the aggregation of poly-Q containing proteins (Nagai et al. 2007; Hervas 

et al. 2016; Ramos-Martin et al. 2014; Hervas et al. 2012), and a scrambled version of it 
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(SCR, (Tomita et al. 2009)), were used to determine the nature of the loss of signal. 

ApCPEB PLD directly interacted with QBP1 through an exothermic reaction, as 

revealed by isothermal titration calorimetry (ITC). By contrast, SCR did not show 

significant interaction, according to the net heat exchange (Figure S2), suggesting that 

the observed loss of CD signal is, at least in part, likely due to ApCPEB PLD 

aggregation over time and that QBP1 was able to lower it (Figure 2A).  

Next, we used single-molecule force spectroscopy based on atomic force 

microscopy (AFM-SMFS) using the length-clamp mode together with a protein 

engineering strategy, which was previously used to analyze conformational diversity of 

amyloid-forming proteins at the monomer level (Hervas et al. 2012; 2016; Fernandez-

Ramirez et al. 2018). Here, ApCPEB PLD is mechanically protected inside a carrier 

protein (I27 module from human cardiac titin) by cloning its code into the pFS-2 

plasmid (Figure 2B and S3A) (Oroz, Hervas, and Carrion-Vazquez 2012). Upon 

ApCPEB PLD insertion, 2D NMR spectroscopy showed that I27 moiety retains its 

native tertiary structure (Figure S3B). AFM-SMFS showed that the monomeric 

ApCPEB PLD fluctuates over a wide conformational space that includes two main 

populations: 60.0% of non-mechanically-resistant (NM; unfolding force, F, ≤20 pN) 

and 40.0% of mechanically-resistant (M; F>20 pN), spanning a wide range of stabilities 

(Figure 2C, D and Supplemental Table 1). M recordings are mainly attributed to the 

unraveling of the β-structures (Oberhauser and Carrion-Vazquez 2008), although low 

forces, still detected by AFM-SMFS, can be due to coiled coil mechanical unfolding (A. 

E. X. Brown et al. 2007; Goktas et al. 2018; Bornschlogl and Rief 2008; Schwaiger et 

al. 2002). By contrast, NM events could originate either from RC or isolated α-helix 

conformers (Oberhauser and Carrion-Vazquez 2008). Similar results were obtained 

using ubiquitin (Ubi) as carrier (Oroz, Hervas, and Carrion-Vazquez 2012), ruling out 

potential artefactual effects due to the use of a specific carrier (Figure S4A). Finally, 

QBP1 lowered the formation of M conformers, while neither SCR (Figure 2D) nor 

DMSO (used as QBP1/SRC vehicle, Figure S4B) had an effect. In any case, formation 

of preferential conformers was not observed (Figure S4C and Supplemental Table 1).  

Far-UV CD spectra deconvolution of freshly purified ApCPEB PLD revealed 

that a great proportion of conformations are structured (Figure 3A), in contrast to its 

ortholog Orb2A PLD, which remains as a random coil (Hervas et al. 2016). In addition, 

primary structural changes associated with protein assembly can be monitored by far-

UV CD. The gradual loss of signal due to protein aggregation is accompanied by an 
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increase in the 220/208 ellipticity ratio (Figure 3B), which has been associated to the 

presence of CCs (Lilliu et al. 2018). Concentration-normalized spectra at 72 h do not 

overlap, suggesting that the observed differences are due to structural rearrangements 

over time (Figure 3C). This observation is consistent with an aggregation mechanism 

whose early steps would involve a transition from isolated α-helix to CC (Fiumara et al. 

2010; M. Chen, Zheng, and Wolynes 2016). Accompanying the CCs formation during 

the first 72 h, oligomeric SDS-sensitive species, recognized by the A11 conformational 

antibody, also were formed (Kayed et al. 2003), which evolved rapidly to SDS-resistant 

OC-reactive species (Kayed et al. 2007) (Figure 3D). OC-reactive species showed 

amyloid-like features, such as Congo Red binding (Figure 3E) and the formation of 

annular assemblies associated to unbranched filaments of different lengths and 

approximately 7-25 nm wide (Figure 3F). QBP1, as shown previously by CD (Figure 

2A), reduced ApCPEB PLD aggregation (Figure 3D).  

Formation of A11-reactive species that rapidly evolved to a mature filament 

state with amyloid-like features was also found in Orb2A PLD (Hervas et al. 2016). 

Small-molecule inhibitors Amphotericin B (AmB) and (-)-epigallocatechin gallate 

(EGCG) interfered with ApCPEB assembly (Figure S5), as shown for other amyloids 

(Krishnan et al. 2012; Hervas et al. 2016). Thus, ApCPEB PLD was trapped in an A11-

reactive conformation by AmB and in an OC-reactive conformation by EGCG (Figure 

S5). Oligomers trapped in an A11-reactive state exposed more hydrophobic residues to 

the solvent (Figure 3G), and induced cell death upon microinjection into COS-7 cells, 

contrary to OC-reactive species or untreated ApCPEB PLD (Figure 3H). Oligomers 

trapped in the A11-reactive state incubated with A11 antibody (complex:A11, 100:1) 

neutralized its toxic phenotype (Figure 3H), suggesting that exposure of hydrophobic 

residues in aggregates is associated with cell toxicity (Campioni et al. 2010; S. W. Chen 

et al. 2015; Liu et al. 2012).  

These results indicate that the amyloid assembly of Drosophila and Aplysia 

CPEB PLD orthologs converges at the oligomeric state. The presence of similar short-

lived A11-reactive oligomers that evolve rapidly to OC- and CR-reactive amyloid 

filaments supports the idea that toxic A11 reactive oligomers may be intrinsically 

ephemeral in functional amyloids (Krishnan et al. 2012; Hervas et al. 2016). However, 

we found key differences at the start of each assembly pathway, likely related to their 

divergent PLD sequences. Both CPEB PLDs display a broad conformational 

polymorphism at the monomer level measured by AFM-SMFS, reinforcing the notion 
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that monomers of amyloid-forming proteins rapidly fluctuate between a wide 

conformational space (Mukhopadhyay et al. 2007; Ferreon et al. 2010). However, 

contrary to Orb2A PLD (Hervas et al. 2016), ApCPEB PLD is structured in solution 

and, in vitro, early aggregation is likely mediated by the formation of CCs, in agreement 

with previous observations for other Q/N-rich proteins (Fiumara et al. 2010). In this 

model, CCs correspond to an alternate stable oligomeric intermediate that would allow 

aggregation to be regulated (Raveendra et al. 2013; M. Chen, Zheng, and Wolynes 

2016). Once formed, CCs may represent intermediate assembly structures mediating the 

conformational transition of neighboring random coil segments, or facilitating their own 

conversion, into β-sheet multimers. (Fiumara et al. 2010; M. Chen, Zheng, and Wolynes 

2016) (Figure S6). 

Taking together, our findings show that the PLD of neuronal CPEB proteins 

from different species, in spite of their highly divergent sequence, has evolved to retain 

the ability to form an amyloid-like fold through different assembly mechanisms. It has 

been reported that PLDs from different proteins are functionally interchangeable 

(Hervas et al. 2016; Si, Lindquist, and Kandel 2003), suggesting that attaining the 

amyloid-like fold may be sufficient to preserve the protein function. Moreover, their 

differential amyloidogenesis at the early stages may also indicate the presence of 

different regulation systems, an issue that should be addressed in the future. Those 

future studies should answer the question of whether this structural diversity at the early 

stages of CPEB assembly has a biological role or if, on the contrary, it is just an 

epiphenomenon due to the lack of structural evolutionary constraints of their 

unstructured regions, which could have resulted in biologically equivalent sequences. 
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Materials and Methods  

Cloning 

All constructs containing the N/Q-rich region of the neuronal-specific Aplysia CPEB 

(residues 1-160) were cloned by PCR using a full-length clone (Addgene) as the 

template. The oligonucleotides used are listed in the Supplemental Table 2. All 

sequences were first cloned into the pCR2.1 (Invitrogen) or pT7Blue (Novagen) 

vectors, verified, and subcloned, using the Escherichia coli strains DH5α (Invitrogen) 

and XL1-Blue (Stratagene), into i) the pFS-2 vector, using the AgeI-SmaI restriction 

sites of the multicloning site (MCS) region in the I27 or Ubi carrier module (Oroz, 

Hervas, and Carrion-Vazquez 2012) for AFM-SMFS analysis; or ii) into the pET28a 

vector (Novagen), using the NheI and XhoI restriction sites, to construct ApCPEB PLD 

and ApCPEB PLD-fusion proteins for all the remaining experiments, as in (Oroz, 

Hervas, and Carrion-Vazquez 2012). Finally, all sequences cloned in expression vectors 

were verified by sequencing both DNA strands. 

Protein Expression  

All isolated, carrier-guest monomers and pFS-2 fusion proteins were expressed 

in the E. coli C41(DE3) or BL21(DE3) strains (Invitrogen). Bacterial cultures were 

grown at 37˚C until they reached an OD595 of 0.4-1, and then expression was induced by 

addition of 1 mM IPTG for 4 h. Then, they were lysed using lysozyme and sonication 

pulses. The recombinant proteins were purified by Ni2+-affinity chromatography using 

Histrap HP FPLC columns (GE Healthcare) and a size-exclusion chromatography using 

a HiLoad 16/60 200 PG column (GE Healthcare) on an FPLC apparatus (ÄKTA 

Purifier, GE Healthcare). Protein concentration was determined by absorbance at 280 

nm using the molar extinction coefficient of each protein. 
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Computational analysis 

Sequences were obtained from Uniprot and GenBank and analyzed in PFAM 

(Finn et al. 2016) and InterPro (Mitchell et al. 2015) to study the presence of conserved 

domains. Sequences were aligned using Clustal Omega with default parameters and 

represented using boxshade. The pairwise identity as calculated by Clustal was 

represented as identity matrices. The N-terminal region was selected as the region from 

the N-terminus to the first RRM motif; RRM1 and RRM2 sequences were those 

identified by Interpro, while ZZ were identified by PFAM.  

We used the ZipperDB database to identify sequence segments with tendency to 

form the steric zipper spines of amyloid filaments (Goldschmidt et al. 2010) 

(https://services.mbi.ucla.edu/zipperdb/). Order/disorder prediction was made using a 

consensus artificial neural network prediction method, Predictor Of Naturally 

Disordered Regions PONDR-FIT (Molecular Kinetics). This metapredictor was 

developed by combining the outputs of several individual disorder predictors (PONDR-

VLXT, PONDR-VSL2, PONDR-VL3, FoldIndex, IUPred, and TopIDP) (Xue et al. 

2010). 

 

NMR 

2D 1H NOESY NMR spectra were measured using samples at 1 mM in 10 mM 

KH2PO4, pH 4.7 with 10% D2O and at 25˚C, using a Bruker AV 800 spectrometer 

(Bruker BioSpin) equipped with a 1H, 13C, 15N cryoprobe and Z-gradients. The 

temperature was calibrated using an ethanol sample and the signal of the trimethyl 

moiety of sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was used as an internal 

reference of the chemical shift. Selective pre-saturation or a WATERGATE module 

(Piotto, Saudek, and Sklenar 1992) were used to reduce the signal of the water present 

in the sample. The spectra were analyzed using TopSpin 2.0 (Bruker BioSpin). The 

assigned signals in the I27 spectra were based on previously reported data (Improta, 

Politou, and Pastore 1996). 

CD 

Far-UV CD spectra of ApCPEB PLD samples, at a concentration of 2 μM in 10 mM 

KH2PO4 pH 4.7, were recorded using a JASCO-J810 spectropolarimeter (JASCO Inc.) 

equipped with a Peltier temperature control unit and using quartz cuvettes of 1 mm cell-
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path length. When required, after correction by subtraction of the buffer contribution, 

the spectra were converted into molar ellipticity ([Θ]), using the average molecular 

masses per residue with Spectra Manager software (Jasco Inc.). The secondary structure 

content was quantified by CD spectra deconvolution using the CDNN analysis program 

(Bohm, Muhr, and Jaenicke 1992). Once the first protein spectrum (hour 0) was 

recorded, the protein was incubated at 37.0˚C without stirring (with 0.02% NaN3), and 

additional spectra were collected over the following hours. For comparative purposes, 

and to minimize the impact of signal loss, the spectra registered as a function of time 

were normalized by dividing full trace intensities by its own value acquired at 220 nm, 

where is the lower recorded value in the second minimum of the spectra. The 

concentration of QBP1 and SCR (10 μM with a final DMSO concentration below 

0.01%, to avoid DMSO interference with the ellipticity (Θ) measurements) was 1:5 in 

molar excess. QBP1-M8 (Ac-WKWWPGIF-NH2) and SCR (Ac-WPIWKGWF-NH2) 

peptides with the N- and C-termini acetylated and amidated, respectively, were 

synthesized at the Proteomic Facility of the CBMSO/CSIC-UAM using solid-state 

Fmoc chemistry with N-terminal acetylation and C-terminal amidation.  

ITC 

ITC experiments to examine the interaction of ApCPEB PLD with the minimal active 

core of the QBP1 (Ac-WKWWPGIF-NH2) and SCR (Ac-WPIWKGWF-NH2) peptides 

were carried out in a VP-ITC microcalorimeter at 25°C. The proteins were equilibrated 

in PBS pH 7.4 by size exclusion chromatography, and the equilibration buffer was used 

to prepare the peptide solutions. Protein/peptide binding was tested by successive 

injections of the protein (10 to 25 μl each) into the reaction cell loaded with peptide at a 

high final (peptide)/(protein) molar ratio. The apparent heat of reaction for each 

injection was obtained by integration of the peak area. The heat developed with the 

protein or peptide dilutions was determined in separate runs, loading either the sample 

cell or the injection syringe with buffer in the conditions used for the binding 

experiments. The complexity of the system and the lack of precise information on the 

distribution of the ApCPEB PLD conformations before and after complex formation 

precluded the quantitative analysis of the titration curves. The protein (ApCPEB PLD, 

550 μM) and ligand (QBP1 and SCR, 75 μM and 51 μM, respectively) concentrations in 

the loading solutions were measured spectrophotometrically using their respective 

extinction coefficients. 
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CR binding assay 

Congo Red binding assays were performed in 10 μM ApCPEB PLD samples that were 

dialyzed in PBS, pH 7.0. Both SCR and QBP1 peptides were used at a concentration of 

50 μM. Before the analysis, samples were aged for 10 days at 37.0˚C without stirring in 

the presence of 0.02% NaN3. After the incubation time, the protein solutions were 

mixed with a 30 μM Congo Red solution (in 5 mM sodium phosphate buffer+300 mM 

NaCl, pH 7.5) and incubated at room temperature for 30 min. Congo Red binding was 

calculated by measuring bathochromic and hyperchromic shifts in the samples, using a 

UV-visible spectrophotometer (Nanodrop, Thermo Scientific), and applying the 

following equation Congo Red (μmol/l) = A540/25,295 – A480/46,306 (Wurth, Guimard, 

and Hecht 2002). Congo Red bound to amyloid aggregates exhibited typical apple-

green birefringence, as monitored under polarized light Leica DMI6000B inverted 

optical microscope (Leica Microsystems). 

Dot Blot analysis 

To test if ApCPEB PLD (isolated and fused in the I27 carrier) forms A11 and OC-

reactive species, ApCPEB PLD aliquots at a concentration of 10 μM in PBS at pH 7.0 

were used. For EGCG and AmB immune-dot blot analysis, ApCPEB PLD in 

monomeric state was prepared by denaturing it in 6M GndCl (considered as the starting 

time of the reaction) and then diluting it in 5 mM potassium phosphate + 150 mM NaCl, 

pH 7.4 to a final protein concentration of 2.5-5 μM. DMSO (AmB vehicle) or 4:1 molar 

excess of AmB and EGCG was added. In all the cases, 2 μl of sample were spotted onto 

a nitrocellulose membrane. After blocking the membrane for 1h at room temperature 

with 10% non-fat milk in TBS containing 0.01% Tween-20, the membrane was 

incubated at room temperature for 1 h with the polyclonal specific anti-oligomer A11 

antibody (Life Technologies) or the fibril-specific monoclonal antibody OC (Millipore), 

diluted to 1:1,000 in 3% BSA TBS-T. The membranes were washed for 5 min three 

times with TBS-T before incubating at room temperature for 1 h with the secondary 

antibody (anti-rabbit HRP conjugated anti-rabbit IgG [GE Healthcare] diluted 1:5,000 

in 3% BSA/ TBS-T). After washing the membranes three times in TBS-T buffer, the 

blots were developed with ECL Plus chemiluminescence kit from Amersham-

Pharmacia (GE Healthcare).  
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TEM imaging 

10 μM ApCPEB PLD protein were dialyzed in PBS, pH 7.0 for all TEM measurements. 

10 μl of sample were adsorbed onto carbon-coated 300-mesh copper grids (Ted Pella) 

and negatively stained for 30 s, using 1-2% uranyl acetate. Immediately before use, the 

carbon-coated grids were glow-discharged to enhance their hydrophilicity using an 

Emitech K100X apparatus (Quorum Technologies). Images were taken on a JEOL 

1200EX II (Jeol Limited) electron microscope equipped with a CCD Megaview III 

camera (Olympus Soft Imaging) at an acceleration voltage of 80 kV.  

AFM-SMFS  

Double-blind SMFS experiments were performed using 2 μM of the pFS-2+ApCPEB 

PLD polyprotein in 10 mM Tris-HCl, pH 7.5 at room temperature. Proteins were kept at 

4°C between sessions and NTA-Ni2+ functionalized coverslips were used as a substrate 

to attach the pFS-2 polyprotein through the His-tag present at their N-terminus (Oroz, 

Hervas, and Carrion-Vazquez 2012). The details of the stringent criteria used for 

selecting bona fide ApCPEB PLD single-molecule recordings can be found in (Hervas 

et al. 2012). For experiments performed in the presence of peptides, we incubated the 

protein sample with QBP1 (20 μM in DMSO) and SCR (20 μM in DMSO), and the 

mixed samples were incubated overnight at 4˚C before performing the measurements. 

The custom-made single-molecule AFM used and its operation mode were described 

previously (Valbuena et al. 2009). Before each experiment, the cantilever tip was 

cleaned for 5 min using a UV lamp (UV/Ozone ProCleanerTM Plus, Bioforce 

Nanosciences Inc.). The spring constant of each individual Si3N4 cantilever (MLCT-

AUNM, Veeco Metrology Group; and Biolever, Olympus) was calculated using the 

equipartition theorem (Florin et al. 1995). Experiments were performed at a constant 

pulling speed of 0.4 nm/ms in the length-clamp mode (Carrión-Vázquez et al. 2007). 

The data were analyzed using Igor Pro 6 (Wavemetrics) and the WLC model of polymer 

elasticity (Bustamante et al. 2004):  
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where F is the stretching force, p is the persistence length, x is the end-to-end length, 

and Lc is the contour length of the stretched protein. Lc and p are the adjustable 

parameters. 

Experiments with AmB and EGCG 

For the experiments performed in the presence of small molecules, the protein samples 

with AmB (8 μM in DMSO) and EGCG (20 μM in 10 mM Tris-HCl, pH 7.5) were 

incubated overnight at 4˚C before performing the measurements. 

Nile Red binding assay 

Samples of ApCPEB PLD (5 μM in PBS, pH 7.0) in the presence or in absence of 4:1 

molar excess of AmB and EGCG were removed at 100 min of incubation at 37˚C. A 

three-fold excess of Nile Red was added and the fluorescence spectrum was recorded 

using a Jobin Yvon Horiba FluoroMax 4 instrument (Horiba Jobin Yvon) and a 3 mm 

square quartz cuvette at 25.0 ˚C. Spectra were recorded in an emission wavelength 

range of 550-750 nm, with a 120 nm/min scan speed. Spectra of AmB and EGCG alone 

were also recorded and subtracted from the spectrum of the ApCPEB PLD complex. 

The excitation and emission wavelengths were calibrated using a fine Xe emission line 

and the Raman water peak, respectively. 

Single-cell protein microinjection 

The COS-7 cell line was grown and maintained in supplemented DMEM with 10% 

(v/v) FBS. The day before performing the microinjection, cells were plated on a 35-mm 

dish at a density of 1x105 cells/dish. The day of, and just before the single-cell 

microinjection experiment, the ApCPEB PLD protein, at 2.5 μM in PBS 7.4, was 

incubated in the presence or absence of four-fold molar excess of AmB and EGCG for 

100 min at 37.0˚C to allow complex formation. ApCPEB PLD:AmB:A11 ternary 

complex was formed by incubation for 3h at room temperature of the previously formed 

ApCPEB PLD:AmB with the A11 antibody (100:1, binary complex:A11). The samples 

were double-blinded microinjected into the cytoplasm of single COS-7 cells (n=100-

200 cells per sample) along with fluorescein-labeled dextran (molecular weight 10000, 

Life Technologies) using a micromanipulator (Narishige). The experiments were carried 

out in a double-blind manner and were repeated three times for each sample. 

Fluorescence micrographs were acquired using a CCD camera: model C4742-95-12ER 
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(Hamamatsu Photonics). Ubi-MCS and VAMP2Cyt were microinjected as negative 

controls. Cell viability was monitored by counting the number of fluorescein-positive 

cells 3 h after microinjection under an IX70 fluorescence microscope (Olympus), and 

this value was assigned as 100% cell viability. During the three following days, we 

counted the number of fluorescein-positive cells every 24 h to calculate the cell survival 

rate. Data are represented as mean ± s.e.m. Two-way ANOVA and Bonferroni post-test 

and One-way ANOVA and Tukey post-test were used as statistical methods for time-

course survival curves and survival rates, respectively, after 24 h. Statistical analyses 

were performed using GraphPad Prism 5 (GraphPad Software).  
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Figure 1. Computational sequence analysis of neuronal CPEB orthologs. A) The 

selected CPEB proteins have a defined role in memory in different species. CPEB4 

from Hydra magnipapillata, a fresh-water member of the cnidarian, was selected as the 

most primitive animal to have neurons. The two RRMs (orange) and ZZ domain (green) 

are located in the highly conserved C-termini. The divergent N-termini of all analyzed 

CPEB proteins, where the PLD is located, show small amyloid-prone (black boxes) and 

disordered (red boxes) segments. B) Pairwise sequence identity of the N-terminal region 

represented as a matrix, from the first residue to the first residue of RRM1. ApCPEB 

PLD and Orb2A PLD share 28% sequence identity. C) CC probability (from 0 to 1, per 

residue) obtained using Coils algorithm for N-terminal regions of neuronal CPEB 

isoforms. A 28-residue window was used for the analysis. ApCPEB PLD is the only 

domain with segments whose CC formation propensity is over 0.8 (highlighted in red), 

followed by Drosophila Orb2A PLD and Orb2B PLD with a propensity near 0.5. D) 

Prediction of disorder propensity using PONDR-FIT, and amyloid-spine formation 

using ZipperDB, along the 160 residues of the ApCPEB PLD sequence. Dark line shows 

the predicted disorder score per residue. Values above or below 0.5 predict disordered 

or ordered, respectively. Each colored bar indicates the hexapeptide starting position for 

amyloid-spine prediction. Segments with lower energy than the threshold at -23 

kcal/mol are indicated in red as prone-amyloid segments.  
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Figure 2. Structural characterization of ApCPEB PLD monomer A) The far-UV 

CD spectra shows two minima at ∼222 nm and 208 nm and a maximum below 200 nm, 

which are characteristic of α-helix-rich conformations. In the presence of QBP1, but not 

SCR peptide, the loss of signal intensity over time is reduced. B) Schematic cartoon of 

pFS-2 vector using I27 as a carrier (gray) and hosting ApCPEB PLD (yellow). Single-

molecule (SM) markers are represented in black. The polyprotein encoded by pFS-2 

also contains a random coil region (a fragment of titin N2B, grey line) that acts as a 

spacer to overcome the noisy proximal region of the force-extension recordings. C) 

Representative force-extensions recordings. Traces in yellow correspond to NM events. 

M events, in red, show different mechanical stability (Fu) and increased contour length 

(ΔLc) values. ”b”+”c” values complete the length of the fully stretched ApCPEB PLD. 

D) ΔLc and Fu histograms for polyproteins carrying ApCPEB PLD reveal a rich 

conformational polymorphism in terms of ΔLc (top panel) and F (bottom panel), ranging 

from NM events (yellow bars) to M events (red bars, n=145). In the presence of a 1:10 

molar excess of QBP1, the mechanical conformational polymorphism is lowered, while 

SCR has no apparent effect (QBP1 n= 186, SCR n= 144). 
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Figure 3. Dissection of ApCPEB PLD amyloid-like assembly pathway.  A) Average 

secondary structure content of soluble ApCPEB PLD conformers derived by far-UV CD 

spectrum deconvolution. The fractions of α-helix and RC conformers that likely 

originate the NM events, as well as those of containing β-structures (likely M events) 

are estimated. B) Raw far-UV CD spectra of ApCPEB PLD over time (left). At zero 

time, the spectrum shows minima at 220 and 208 nm and a maximum at around 195 nm, 

characteristic of α-helical structure. A loss of signal with time is accompanying an 

increase in the 220/208 ratio, which is associated to CC formation. C) The change of 

shape with time can be better appreciated when the relative intensities of the spectra, 

with relation to the respective value at 220 nm, are compared to compensate the loss of 

signal. Normalized spectra do not overlap, particularly at 72h, suggesting the occurrence 

of structural changes over time. D) SDS-sensitive A11-reactive oligomeric species 

appeared from ∼15 to 75h and evolved to SDS-resistant OC-reactive aggregates, 

presumably amyloid-like, beyond that time point. E) The concentration (μM) of Congo 

red bound to ApCPEB PLD amyloid-like species was lowered in the presence of QBP1. 

Data is represented as mean ± SEM: ***p<0.001 (One-way ANOVA and Tukey post-

test). F) Representative electron micrographs of oligomers and amyloid-like filaments 

are shown in a general view and magnified images. Scale bar: 50 nm. G) Nile red 

fluorescence emission spectra of ApCPEB PLD, ApCPEB PLD:AmB and ApCPEB 

PLD:EGCG complexes. While treatment with AmB increases the Nile red fluorescence 

values, EGCG causes the opposite effect. H) ApCPEB PLD microinjection in the COS-

7 cell line. Left panel: fluorescence micrographs of COS-7 cells 24h after the 

microinjection of indicated samples along with fluorescein-labelled dextran. ApCPEB 

PLD:AmB microinjection decreased the number of live cells after 24h. Scale bars: 100 

μm. Right panel: survival curves of COS-7 microinjected cells. None of the samples, 

but the ApCPEB PLD species trapped with AmB, cause toxicity. The toxic phenotype 

was rescued by the addition of A11 antibody. Data are represented as the mean ± SEM: 

***p<0.00 (red asterisks) ApCPEB PLD:AmB versus remaining samples; Two-way 

ANOVA and Bonferroni post-test. Ubi-MCS and the cytoplasmic region of VAMP2 are 

used as controls of folded and disordered proteins, respectively. The number of cells 

microinjected per sample was n = 100-200. 
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