
    

    

 

  

UNIVERSIDAD AUTÓNOMA DE MADRID 
FACULTAD DE CIENCIAS  

Departamento de Biología Molecular  

 

 

 
 

 

 

TESIS DOCTORAL 

 
TRANSMISSIBILITY, CROSS-AGGREGATION AND TOXICITY 

OF BACTERIAL  PRION-LIKE PROTEIN RepA-WH1 IN 

CULTURED MAMMALIAN CELLS 

 

 

 

 

Aída Revilla García 

Licenciada en Bioquímica 

 
 

Madrid, 2019 
 



    

    

 

  

 
 

 

 

 

La presente Tesis Doctoral titulada ‘Transmissibility, cross-aggregation and toxicity of bacterial 

prion-like protein RepA-WH1 in cultured mammalian cells’ ha sido realizada por Aída Revilla 

García, bajo la dirección del Prof. Rafael Giraldo Suárez, en el Departamento de Biología Celular y 

Molecular del Centro de Investigaciones Biológicas (CIB-CSIC). 

Aída Revilla García ha sido beneficiaria de una beca FPI (BES-2013-063561) concedida por el 

Ministerio de Ciencia, Innovación y Universidades. 

 
 
 
 

Opta al Grado de Doctor en Biociencias Moleculares: 
 

Aída Revilla García 
 

 

 

Lda. Aída Revilla García            VºBº Director de Tesis 

        Prof. Rafael Giraldo Suárez 

 

 

 

 

 

 

 

 

 



    

    

 

  

 

           

 

 

 

 

 

 

 

 

 

 

          A mis padres 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            



    

TABLE OF CONTENTS  

  

ABBREVIATIONS ........................................................................................................................ 3 

SUMMARY ..................................................................................................................................... 7 

RESUMEN ....................................................................................................................................... 9 

INTRODUCTION ........................................................................................................................ 11 

1. Molecular and structural bases of amyloid aggregation ...................................................... 13 

1.1. Amyloids: insights from molecular and structural biology ............................................. 13 

1.2. Amyloid fibril polymorphism. The nature of the amyloid state ...................................... 14 

1.3. A switch from the native to the amyloid state. The kinetics of amyloid formation ........ 15 

2. The amyloid state and its biological significance .................................................................. 17 

2.1. Prions and prionoids. Intrinsic disorder into the order .................................................... 17 

2.2. Amyloids. Agents of disease or evolutionary advantageous structures? ......................... 18 

2.2.1. Amyloid proteinopathies in Metazoa ......................................................................... 18 

2.2.2. Oligomers or mature fibrils?: The amyloid toxicity framework ................................ 21 

2.2.3. Cross-talking. Propagation of misfolding. From protein homeostasis to protein  
metastasis ............................................................................................................................. 23 

2.2.4. Functional amyloids: Two faces of the same ‘coin’ .................................................. 25 

3. RepA-WH1: a bacterial prion-like protein as a model synthetic amyloid proteinopathy. 26 

3.1. The pPS10 replication initiatior RepA ............................................................................ 26 

3.2. RepA-WH1 prion-like protein triggers a unique amyloid proteinopathy in bacteria ...... 28 

3.2.1. Unravelling complexity of human neurodegenerative diseases within a bacterial-   
inspired framework .............................................................................................................. 28 

OBJECTIVES ............................................................................................................................... 31 

MATERIALS AND METHODS .............................................................................................. 33 

A. MATERIALS .......................................................................................................................... 37 

1. Biological materials .................................................................................................................. 37 

1.1. Bacteria ............................................................................................................................ 37 

1.1.1. Bacterial cells ............................................................................................................... 37 

1.1.2. Bacterial culture media ................................................................................................. 37 

1.2. Eukaryotic ........................................................................................................................ 37 

1.2.1. Mammalian cell lines .................................................................................................... 37 

1.2.2. Mammalian cell culture media ..................................................................................... 37
 

2. Plasmids and Oligonucleotides ............................................................................................... 38 

2.1. Plasmid constructions ...................................................................................................... 38 



   

Table of contents 

 

2.2. Oligonucleotides .............................................................................................................. 38 

3. Enzymes .................................................................................................................................... 39 

3.1. Restriction endonucleases ................................................................................................ 39 

3.2. DNA polymerases ............................................................................................................ 39 

3.3. DNA ligase ...................................................................................................................... 39 

4. Molecular weight markers ...................................................................................................... 39 

5. Antibodies ................................................................................................................................. 40 

6. Others ........................................................................................................................................ 40 

B. METHODS .............................................................................................................................. 40 

1. Molecular Biology methods ..................................................................................................... 40 

1.2. Polymerase Chain Reaction (PCR) .................................................................................. 40 

1.3. Agarose Gel Electrophoresis (AGE) ............................................................................... 40 

1.4. Bacterial cultures and plasmid DNA purification ........................................................... 41 

1.5. Enzymatic digestion of plasmid DNA ............................................................................. 41 

1.6. Enzymatic ligation of DNA ............................................................................................. 41 

1.7. Generation and transformation of chemically competent E. coli .................................... 41 

1.8. DNA sequence analysis ................................................................................................... 42 

1.9. Generation of vectors for mammalian stable cell transfection ........................................ 42 

1.9.1. Generation of pcDNA3.1-WH1(∆/WT/A31V)-TagGFP2 vectors ............................ 42 

1.9.2. Generation of pTRE3G-derived vectors .................................................................... 42 

2. Cell biology methods ................................................................................................................ 43 

2.1. Mammalian cell cultures ................................................................................................. 43 

2.2. Freezing and thawing of cells .......................................................................................... 43 

2.3. Transient transfection of N2a cells .................................................................................. 43 

2.4. MTT cell proliferation assay ........................................................................................... 44 

2.5. Assembly of RepA-WH1(A31V) fibrils in vitro ............................................................. 44 

2.6. Amyloid aggregate templating by in vitro assembled RepA-WH1(A31V) fibrils .......... 44 

2.7. Generation of a Tet-ON inducible expression system ..................................................... 45 

2.7.1. Generation of stable and double-stable cells .............................................................. 45 

2.7.2. Luciferase assay ......................................................................................................... 46

2.8. Flow cytometry ................................................................................................................ 46 

2.9. Co-culture of murine and human cells ............................................................................ 46 



    

  Table of contents 

  

3. Biochemical methods ............................................................................................................... 47 

3.1. Protein extraction from mammalian cells ........................................................................ 47 

3.2. Denaturing Sodium Dodecyl-Sulphate Poly-Acrylamide Gel Electrophoresis (SDS-
PAGE) .................................................................................................................................... 47 

3.3. Western blotting .............................................................................................................. 47 

4. Microscopy ............................................................................................................................... 48 

4.1. Confocal microscopy ....................................................................................................... 48 

4.1.1. Visualization of fluorescent proteins ............................................................................ 48 

4.1.2. Nucleus staining with DAPI ......................................................................................... 48 

4.1.3. Thioflavin-S (ThS) detection of amyloids ................................................................. 48 

4.2. Transmission Electron microscopy (TEM) ..................................................................... 49 

5. Proteomic analysis ................................................................................................................... 49 

5.1. LC-MS ............................................................................................................................. 49 

5.2. MS data analysis .............................................................................................................. 49 

6. Statistical analysis .................................................................................................................... 49 

RESULTS ....................................................................................................................................... 51 

1. Addressing synthetic bacterial amyloidosis within a mammalian cell framework ........... 53 

1.1. Exploring RepA-WH1 transient expression in mammalian cells .................................... 53 

1.2. RepA-WH1 causes an amyloidosis upon transient expression in N2a cells ................... 55 

1.2.1. RepA-WH1(A31V/∆N37) form intracellular aggregates .......................................... 55 

1.2.2. Clues on RepA-WH1(A31V/∆N37) cytotoxicity ...................................................... 57 

1.2.3. Amyloid nature of cytosolic RepA-WH1(A31V) aggregates .................................... 58 

2. Exogenous RepA-WH1(A31V) amyloid fibrils cross-seed aggregation of RepA-WH1(WT) 
in the cytosol of murine cells ....................................................................................................... 61 

2.1. RepA-WH1(A31V) fibrils promote an amyloid phenotype in RepA-WH1(WT)    
expressing cells ....................................................................................................................... 64 

3. Generation of a regulated RepA-WH1 expression system in the human neuroblastoma      
SH-SY5Y cell line ......................................................................................................................... 66 

3.1. Development of a stable SH-SY5Y cell line for the expression of rtTA transactivator...67 

3.1.1. Titration with G418 for selecting stable THN-rtTA clones ....................................... 67 

3.1.2. Generation of an inducible and stable rtTA transactivator expression in the SH-
SY5Y cell line ...................................................................................................................... 68 

3.1.3. Testing THN-rtTA clones for induction .................................................................... 69 

3.2. Generation of stable cell lines for the regulated expression of RepA-WH1 ................... 71 



   

Table of contents 

 

3.2.1. Titration with hygromycin B for selecting double-stable clones ............................... 71 

3.2.2. Stable transfection of pTRE3G-based plasmids into THN-rtTA cells ...................... 72 

3.2.3. Screening and characterization of double-stable clones ............................................ 73 

4. Cell-to-cell transmission of the RepA-WH1 prionoid .......................................................... 75 

4.1. RepA-WH1(A31V) released from murine cells can spread and cross-seed 
aggregation in the cytosol of recipient human cells expressing RepA-WH1(WT) ................ 75 

5. Proteomic analysis of the response of N2a cells to RepA-WH1(A31V) fibril uptake ........ 78 

DISCUSSION ................................................................................................................................ 83 

1. The prion-like behaviour of the bacterial RepA-WH1 protein in mammalian cells ......... 85 

1.1. RepA-WH1 is able to form cytotoxic amyloid aggregates .............................................. 85 

1.2. Cytosolic templating of the bacterial prion-like protein RepA-WH1 ............................. 88 

1.3. On the possible mechanism(s) for cell-to-cell transmissibility of the RepA-WH1 
prionoid ................................................................................................................................... 92 

2. Outlining cytotoxic pathways of RepA-WH1 amyloidosis in mammalian cells ................. 94 

CONCLUSIONS .......................................................................................................................... 97 

CONCLUSIONES ...................................................................................................................... 100 

REFERENCES ........................................................................................................................... 101 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

  Table of contents 

  

TABLES  

Table 1. Plasmids used in this Thesis. .............................................................................................. 38	

Table 2. Oligonucleotides used in this Thesis .................................................................................. 39	

 

FIGURES 

Figure 1. Amyloid precursor proteins related to human .................................................................. 13	

Figure 2. Mechanisms of protein amyloidosis ................................................................................. 15	

Figure 3. Free energy funnel-shaped landscape for protein folding, misfolding and aggregation... 16	

Figure 4. Nucleation-dependent polymerization kinetic model of amyloid formation. ................... 17	

Figure 5. Human neurodegenerative disorders related to protein misfolding. ................................. 19	

Figure 6. Schematic representation of the protein homeostasis network ......................................... 21	

Figure 7. Intercellular spreading of prion PrPC protein and prion-like proteins such as α-syn, Htt 
and Aβ peptides. ............................................................................................................................... 24	

Figure 8. pPS10 plasmid replicon scheme and the RepA-WH1 protein manifold .......................... 27	

Figure 9. Expression levels of RepA-WH1(∆/WT/A31V/∆N37)-mCherry constructions upon 
transient transfection ......................................................................................................................... 54	

Figure 10. N2a cells transiently expressing RepA-WH1 derived constructions. ............................. 56	

Figure 11. Proportion of N2a cells showing nuclear condensation/fragmentation. ......................... 57	

Figure 12. N2a cell viability data measured using MTT reduction assay in response to transient 
expression of RepA-WH1 variants ................................................................................................... 58	

Figure 13. Detection of N2a cells containing amyloid aggregates by using ThS staining .............. 60	

Figure 14. In vitro pre-assembled RepA-WH1(A31V) amyloid fibrils. .......................................... 61	

Figure 15. Intracellular cross-aggregation of soluble RepA-WH1(WT) as promoted by 
exogenous amyloid seeds .................................................................................................................. 63	

Figure 16. Induction of cytosolic RepA-WH1(WT) aggregation by exogenous RepA-
WH1(A31V) seeds ............................................................................................................................ 64	

 



   

Table of contents 

 

Figure 17. Amyloid nature of cytosolic RepA-WH1(WT) aggregates induced by external 
RepA-WH1(A31V) fibrils ................................................................................................................ 65	

Figure 18. Generation of a double-stable Tet-ON expression system ............................................. 67	

Figure 19. Titration of SH-SY5Y cell sensitivity to G418 .............................................................. 68	

Figure 20. Variability in morphology of THN-rtTA clones ............................................................ 69	

Figure 21. Luciferase reporter assay for testing functional THN-rtTA clones inducibility ............ 70	

Figure 22. Titration of the sensitivity to hygromycin B of the THN-rtTA4 cell clone ................... 71	

Figure 23. Schematic representation of the experimental procedure followed to establish a Tet-
ON expression system in a human neuroblastoma cell line ............................................................. 73	

Figure 24. Screening and characterization of inducible THN-rtTA/GFP and THN-
rtTA/WH1(WT)-GFP clones ............................................................................................................ 74	

Figure 25. Inducible double-stable THN-rtTA/GFP and THN-rtTA/WH1(WT)-GFP clones ........ 74	

Figure 26. Intercellular transmission of the RepA-WH1(A31V) aggregate phenotype .................. 75	

Figure 27. Intracellular cross-aggregation of soluble RepA-WH1(WT)-TagGFP2 as promoted 
by internalized RepA-WH1(A31V) aggregates ................................................................................ 77	

Figure 28. Quantification of intercellular promotion of RepA-WH1 aggregation .......................... 77	

Figure 29. Venn diagram of the differential distribution of quantified proteins in mass 
spectrometry-based proteomic analysis ............................................................................................ 78	

Figure 30. Mapping the proteome specific of the murine N2a WH1(WT)-mCherry cells upon 
the uptake of WH1(A31V) fibrils. .................................................................................................... 80	

Figure 31. Functional clustering of the proteins related to RepA-WH1 amyloidosis in N2a cells 
upon fibril addition. .......................................................................................................................... 81	

Figure 32. Intercellular spreading and intracellular templated conversion of RepA-WH1 ............. 92	

Figure 33. Subcellular mapping and distribution of the specific proteome associated to N2a 
cells suffering amyloidosis upon the uptake of WH1(A31V) fibrils ................................................ 96	

 



 

 

ABBREVIATIONS 
 

 

 

 

 

 

 

 

 

 

 

 

 



  Abbreviations 

 3 

 

α-syn   α-synuclein  

bp   Base pair 

Da   Dalton 
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Over the last few years, amyloid proteins have become a matter of major concern in Biomedicine. 

Albeit several amyloidogenic proteins are functional (Fowler, DM et al. 2007), most are cytotoxic, 

leading to human diseases specifically referred to as amyloid proteinopathies or amyloidoses. 

These include neurodegenerative (Alzheimer´s, Parkinson´s, Huntington´s or prion diseases among 

others) and systemic (such as dialysis related amyloidosis) proteinopathies (Chiti, F et al. 2017). 

Pathogenesis of amyloidoses is directly linked to the inherent ability of some proteins to misfold 

and self-assemble into amyloid fibrils (Eisenberg, D et al. 2012). The templated assembly of an 

otherwise soluble protein into fibrillary amyloid aggregates contributes to the conformational 

propagation of neurodegeneration. Although in origin self-replicative ability was exclusively 

related to PrP prion, many other amyloid-related proteins can also be transmitted through a similar 

mechanism, thus being called prionoids or prion-like proteins (Scheckel, C et al. 2018). 

The intrincate complexity of amyloidoses has empowered searching for suitable model systems 

providing further insight into the molecular and cellular basis underlying protein amyloidogenesis. 

In our laboratory, we engineered de novo, through Synthetic Biology, a model system based on the 

WH1 domain in RepA, a replication protein encoded by the Pseudomonas savastanoi pPS10 

plasmid (Giraldo, R et al. 2004). Upon binding to plasmid-specific DNA sequences, RepA-WH1 

experiences a natural structural transformation, analogue to the mammalian prion protein PrP, by 

undergoing an increase in β-sheet conformation which leads to its assembly into amyloid fibrils 

(Giraldo, R. 2007). This enabled engineering RepA-WH1 as a synthetic amyloidogenic device to 

control protein amyloidogenesis both in vitro and in Escherichia coli (Giraldo, R et al. 2016).  

Previous work in bacteria have demonstrated that RepA-WH1, when expressed in E. coli, 

aggregates as inheritable cytotoxic particles in cytoplasm (Gasset-Rosa, F et al. 2014; Molina-

Garcia, L et al. 2014). This qualifies RepA-WH1 as the first entirely bacterial synthetic prion-like 

protein. Furthermore, transcriptomic and proteomic approaches have contributed to outline 

pathways for amyloid toxicity (Molina-Garcia, L et al. 2017). 

As a proof of concept of the bacterial RepA-WH1 prion-like protein as a feasible minimalist 

model system for human neurodegenerative amyloidoses, in this Thesis we have explored its 

amyloid cytotoxicity upon expression in cultured mammalian cells. We have also addressed the 

ability of RepA-WH1 to cross-seed intra and inter-cellular aggregation then contributing to the 

transmission of the amyloid phenotype. The results shown in this Thesis recapitulate both in 

murine and human mammalian cells a prion-like phenotype, thus contributing to unravel the 

complexity of human neurodegenerative diseases. 
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El estudio actual de las proteínas amiloides está basado principalmente en el interés que éstas 

presentan desde el punto de vista de la biomedicina. Aunque algunas de estas proteínas 

desempeñan funciones biológicas beneficiosas (Fowler, DM et al. 2007), muchas presentan 

citotoxicidad, siendo los agentes causantes de enfermedades degenerativas conocidas como 

proteinopatías amiloides o amiloidosis, con un origen neurológico (enfermedades de Alzheimer, 

Parkinson, Huntington o las producidas por priones entre otras) o sistémico (amiloidosis 

relacionada con la diálisis) (Chiti, F et al. 2017). La patología de estas enfermedades se asocia 

principalmente con la capacidad intrínseca de determinadas proteínas para plegarse de manera 

anómala y autoensamblarse formando polímeros fibrilares de naturaleza amiloide (Eisenberg, D et 

al. 2012). La capacidad de toda proteína amiloide de actuar como una unidad auto-replicativa lo 

que le confiere su transmisibilidad molecular contribuyendo a su dispersión por el sistema 

nervioso. Esta propiedad, en origen atribuida en exclusiva al prion PrP, ha hecho que los demás 

agentes causantes de amiloidosis sean denominados prionoides o “prion-like proteins” (Scheckel, C 

et al. 2018). La complejidad de los procesos que conducen al desarrollo de proteinopatías amiloides 

ha impulsado la búsqueda de sistemas modelo más simples que hagan posible su mejor 

comprensión molecular, celular y de organismo completo. En nuestro laboratorio, se ha abordado el 

reto de generar por medio de Biología Sintética un sistema modelo útil para dilucidar las bases 

moleculares de la amiloidosis intracelular de proteínas a partir del dominio WH1 de RepA, una 

proteína de replicación del plásmido pPS10 de Pseudomonas savastanoi (Giraldo, R et al. 2004). 

Los cambios estructurales que naturalmente experimenta RepA-WH1 al unirse a una secuencia de 

ADN específica, incrementando su estructura β-laminar y ensamblándose como fibras amiloides 

(Giraldo, R. 2007), son análogos a los de la proteína del prion de mamíferos PrP, lo que le cualifica 

como un dispositivo amiloidogénico modulable, tanto in vitro como en Escherichia coli (Giraldo, 

R et al. 2016). Los estudios anteriores en E. coli mostraron la capacidad de RepA-WH1 de formar 

inclusiones citoplásmicas heredables que resultan citotóxicas para las bacterias (Gasset-Rosa, F et 

al. 2014; Molina-Garcia, L et al. 2014), lo que ha permitido clasificar RepA-WH1 como un 

prionoide. Además, distintas aproximaciones transcriptómicas y proteómicas han contribuido a 

delinear posibles rutas de citotoxicidad amiloide (Molina-Garcia, L et al. 2017).  

Como prueba de concepto del prionoide bacteriano sintético RepA-WH1 como modelo minimalista 

de neurodegeneración, en la presente Tesis se ha explorado su citotoxicidad amiloide al ser 

transferido o expresado en células de mamífero en cultivo, así como su capacidad para nuclear, y 

consecuente propagar, agregados amiloides en el citoplasma de dichas células. Los resultados 

obtenidos en esta Tesis demuestran la capacidad de RepA-WH1 de desencadenar también una 

amiloidosis en células de mamífero en cultivo, tanto murinas como humanas, permitiendo estudiar 

los paralelismos y especificidades de una proteinopatía en un huésped complejo con relevancia 

biomédica. 
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1. Molecular and structural bases of amyloid aggregation

1.1. Amyloids: insights from molecular and structural biology 

Proteins are complex biomolecules with a clear relationship between structure and function 

(Greenwald, J et al. 2012). Cellular functions are governed by the coordinated interaction of 

thousands of proteins in a wide range of environmental and metabolic conditions. The correct 

protein folding and maintenance of proteome integrity ensure the critical and complex protein 

homeostasis. Disruptions to this balance can lead to homeostatic imbalance resulting in disease 

(Knowles, TP et al. 2014). 

The biological function of the majority of proteins is directly linked to their ability to fold into 

well-defined three-dimensional structures, the so-called native state. This not only depends on their 

amino-acid sequence but also on the environmental factors, folding enzymes and chaperones (Kim, 

YE et al. 2013). 

Protein misfolding or protein conformational diseases (Chiti, F et al. 2006) are associated with 

the conversion of specific proteins from their soluble functional state to a highly insoluble 

structure, a unique stable conformation called the amyloid state. They are known as amyloid 

diseases or amyloidoses. (Eisenberg, D et al. 2012). Approximately, around 50 proteins are 

currently known to self-assemble into amyloid fibrils associated with human diseases, although 

there is no similarity in the amino-acid sequence, native structure or function of these proteins 

(Figure 1). 

Figure 1. Amyloid precursor
proteins related to human.        
Although sequence unrelated, all 
amyloid-prone proteins self-
assemble into a characteristic 
fibrillar cross-β structure. Several 
intermediate structures have been 
suggested in the fibrillogenesis 
process. Reproduced from (Young, 
LM et al. 2017). 
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Amyloid state, far from being considerated a rare phenomenon associated with a few number of 

proteins, reflects an alternative to the native state that virtually any amino acid sequence can adopt 

(Knowles, TP et al. 2014). In fact, an increasing number of disease-unrelated proteins has been 

identified to assemble in vitro, under specific conditions, into an amyloid structure (Chiti, F et al. 

2006). 

Considering protein structural conformations, the amyloid state is the most thermodynamically 

stable structure a protein can adopt. (Baldwin, AJ et al. 2011). The X-ray diffraction pattern given 

by amyloids indicates a characteristic core structure consisting of a β-sheet conformation, in which 

constituent β-strands are hydrogen-bonded. Intermolecular hydrogen interactions are indeed major 

contributors to stability and mechanical strength of amyloid fibrils. How β-strands organize within 

and between the β-sheets, or how these stack, leads to multiple structural possibilities for amyloid 

assemblies (Eichner, T et al. 2011). However, extremely high thermodynamic stability exceeding 

those of the functional folded protein states (Fitzpatrick, AW et al. 2013) is a generic property of 

the amyloid state.  

Overall, the uniqueness and relatively simple scaffolding of amyloids within the protein fold 

satisfy all requirements to consider the amyloid state as a common ancestor fold, potentially 

capable of storing information, self-replicating and supporting a plethora of biologically relevant 

activities (Greenwald, J et al. 2012). Amyloid structure can be then considered as an evolutionarily 

conserved quaternary structure, shedding light on the biological purposes of these proteinaceous 

materials in nature.  

The broad species distribution of amyloids, from bacteria to fungi, yeast and mammals, is a 

compelling evidence that nature has been able to harness the potential interplay between functional 

and pathological amyloids through the action of evolutionary processes (Fowler, DM et al. 2007). 

1.2. Amyloid fibril polymorphism. The nature of the amyloid state 

A particular remarkable feature of amyloid structures is their polymorphism. The hierarchical self-

assembly of structural β-sheet elements, ranging from monomers, oligomers to fully-formed fibrils, 

can explain the multiple possible conformational states at the molecular level (Fitzpatrick, AW et 

al. 2013). Focusing on the amyloid final conformational state, amyloid fibrils can vary in the 

number and the arrangement of a structurally conserved β-strand core, depending on the conditions 

in which fibrillogenesis takes places (Jimenez, JL et al. 2002; Close, W et al. 2018).  

Detailed structural models for fibrils have shown that fibril polymorphs can differ in specific 

aspects of protein conformation and interresidue interactions, as well as overall structural symetry, 

due to the orientation and stacking of β-sheets (Lu, JX et al. 2013).  

Many studies highlight the biological relevance of the amyloid state heterogeneity related to its 

tropism and its significantly different toxicity. Thus, how polymorphic amyloid structures form has 
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large implications not only on the role of polymorphs in amyloidoses, but also for their 

biotechnical applications (Petkova, AT et al. 2005). 

1.3. A switch from the native to the amyloid state. The kinetics of amyloid formation  

The molecular biology paradigm by which the functional native state of a protein was related to a 

compact globular conformation is out of date. Nowadays, there is evidence on that every protein 

structure potentially has a function, and amyloid state is no exception (Hane, F. 2013). 

Essentially all proteins, from globular to intrinsically disordered, are able to assemble into an 

amyloid structure under certain conditions. Molecular self-assembly phenomena requires a 

conformational change towards an aggregation-prone conformation in which hydrophobic regions 

normally protected in α-helices or buried in the protein core become exposed to the solvent (Hartl, 

FU et al. 2011). Unfolding can be achieved in vitro either by extreme variations in physical-

chemical conditions or even by allosteric binding of a ligand molecule in a specific pocket of the 

protein (Figure 2) (Giraldo, R. 2010).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Mechanisms of protein amyloidosis. Amyloid assembly may occur spontaneously from a 
natively folded protein (N, dashed arrow). However, it is common that under some physicochemical 
conditions (left) such as high temperature (T), hydrostatic pressure (P), concentration of a denaturant agent 
(D) or acid pH, amyloid-prone streches (yellow) undergo a structural switch to cross-β (yellow arrows, 
bottom). Ligand allosteric binding (right, in red) may also alter protein structure to a metastable intermediate 
conformation (N*) able to self-assemble. Reproduced from (Giraldo, R. 2010).  

Nevertheless, although under controlled conditions, many proteins can adopt the amyloid state, 

the complexity of biological environment limits the utility of the in vitro approaches to address 

amyloidogenesis. Mutations or post-translational modifications, including proteolysis, often enable 

a protein to undergo fibrillogenesis in vivo (Giraldo, R. 2010). 

On pathway to the native state, polypeptide chains behave as dynamic entities that may 

transiently populate non-native forms with a high propensity to aggregate (Figure 3) (Eichner, T et 

al. 2011). 
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Figure 3. Free energy funnel-shaped landscape for protein folding, misfolding and aggregation. A 
multitude of conformational states are available to a polypeptide chain in its way towards their native state. 
In this context, native protein folding and amyloid formation are competing pathways to polypeptide chains. 
However, although amorphous aggregates, toxic oligomers or ordered amyloid fibrils (green) may arise from 
intermediates populated during de novo folding, or after destabilization of partially folded states, this process 
is normally prevented by molecular chaperones. Reproduced from (Hartl, FU et al. 2011). 

The amyloid fibril structure represents, among the multitude conformational states, the 

minimum global energy to any protein (Kisilevsky, R et al. 2016). So, what prevents a protein from 

amyloid fibrillogenesis?. Considering the energy landscape, it is just kinetic barriers and not 

thermodynamic processes what hamper any protein from forming amyloid species (Hane, F. 2013). 

This reveals how important is kinetic in protein aggregation process.  

Kinetic based studies suggest a nucleation-dependent polymerisation model for amyloid 

fibrillogenesis (Figure 4). This model clearly differentiates two fases: an initial nucleation lag 

phase, thermodynamically unfavourable, followed by a rapid exponential elongation phase until 

saturation (Crespo, R et al. 2016).  

The lag phase can be shortened when pre-formed oligomeric seeds are added, acting as 

templates for the aggregate formation. Therefore, this studies demonstrate that oligomers are the 

inherently infectious and self-perpetuating amyloid structures (Soto, C et al. 2006). Additionally, it 

has been shown, that the fragmentation of amyloid fibrils into smaller seeds, by either mechanical 

fragmentation in vitro or molecular chaperones in vivo, such as the disaggregase Hsp104, generates 

pre-formed nuclei that accelerate the kinetics of the nucleation phase (Krammer, C et al. 2009). 
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Figure 4. Nucleation-dependent polymerization kinetic model of amyloid formation. Native protein 
monomers are in dynamic equilibrium with their partially folded or unfolded states. Fibrillogenesis initiates 
by monomer self-assembly into an oligomeric nuclei (nucleation phase/lag phase). This nuclei can rapidly 
grow by further recruitment of monomers to form higher-order oligomers and eventually fibril assembly 
(elongation/growth phases) until saturation (stationary phase). Fibrils, which are dynamic, can further 
associate each other to form amyloid plaques and intracellular inclusions characteristic of amyloidoses. 
Reproduced from (Iadanza, MG et al. 2018).  

2. The amyloid state and its biological significance 

2.1. Prions and prionoids. Intrinsic disorder into the order 

Amyloids form the structural basis for a group of proteins known as prions, a term coined by 

Stanley B. Prusiner when he identified an unconventional proteinaceous infectious particle, 

extremely resistant to procedures that inactivate nucleic acids, responsible for the transmissible 

spongiform encephalopathies in mammals (Prusiner, SB. 1982). Prions are auto-replicative 

particles able to template, by intermolecular contacts, the amyloid aggregation of soluble 

homotypic proteins (Liu, S et al. 2016). Interestingly this inherent self-propagate ability, is not only 

transmitted vertically to the progeny but also horizontally to another cell or organism.  

Although commonly the ‘prion’ concept is applied to any neurodegenerative disease in which 

protein aggregation and transmission occur, the ability to misfold and self-propagate is not 

exclusive to PrP prion protein (Scheckel, C et al. 2018). Many other disease-related proteins such 

as Aβ peptide, Tau, α-synuclein, huntingtin, SOD1, can also aggregate into enriched β-sheet 

ordered aggregates with a self-replicative ability, although lacking infectious transmissibility to 

heterologous hosts. Thus, unlike prion PrP protein, they are known as ‘prionoids’ or prion-like 

proteins (Aguzzi, A et al. 2016; Scheckel, C et al. 2018).  
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Interestingly, both prions and prionoids are able to propagate in the absence of the genetic 

information encoded by nucleic acids, resulting to the formulation of the ‘protein-only’ or prion 

hypothesis (Prusiner, SB. 1982). However, nucleic acids and other poly-anions have been 

suggested as efficient scaffolds and/or as allosteric effectors in prion propagation (Giraldo, R. 

2007; Supattapone, S. 2014). 

2.2. Amyloids. Agents of disease or evolutionary advantageous structures? 

2.2.1. Amyloid proteinopathies in Metazoa 

Usually, aggregation-prone proteins are non pathogical, playing specific functional roles in 

organisms. Nonetheless, an increasing number of human diseases have now been related to 

amyloid aggregates of a specific protein. Either intracellular or extracellularly accumulated, 

amyloid aggregates may lead to diverse alterations arising principally from the sequestration of 

functional soluble protein or the gain of a protein toxic function. (Scheckel, C et al. 2018).  

Although commonly restricted to neurodegenerative diseases, in which protein deposits affect 

the central nervous system, amyloid formation is also related to a variety of non-neuropathic 

localized diseases in which aggregation occurs in tissues different from the brain. These include not 

only single organ amyloid deposits giving rise to type II diabetes mellitus, dialysis related 

amyloidosis and familial amyloid neuropathy, but also systemic amyloidoses in which amyloid 

deposits can be located in multiple organs (Chiti, F et al. 2006; Chiti, F et al. 2017). Although 

unusual, some proteins undergo aggregation both in the brain and other tissues. It is the case of 

ABri peptide associated with familial British dementia or Transthyretin (Chiti, F et al. 2017). 

Interestingly, recent results demonstrate that amyloidogenesis also occurs in cancer. It has been 

shown that the tumor suppressor protein p53 can become sequestered in amyloid aggregates which 

reduce its tumor-suppression activity in cancer cells (Chuang, E et al. 2018). 

Although more than 30 types of unrelated proteins can cause amyloidoses, only a few are 

responsible for the majority of clinically relevant amyloid diseases (Figure 5).  
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Figure 5. Human neurodegenerative disorders related to protein misfolding. Most commonly known 
amyloid-prone proteins such as PrP, α-synuclein, Huntingtin, FUS, Ataxin or APP affecting different parts of 
the nervous system are represented. The wide variety of neuropathological and clinical symptoms, even 
being the same protein, indicates the complexity of misfolding disorders. Reproduced from (Scheckel, C et 
al. 2018). 

α-synuclein is a small, soluble presynaptic neuronal protein which belongs to the family of 

natively unfolded, or intrinsically unstructured proteins. The primary structure of α-synuclein is 

characterized by a N-terminal domain which contains several degenerated repeats of a peptide that 

mediates, via α-helical interactions, membrane-protein integration; a central region composed of 

highly hydrophobic amino acid, implicated in monomer association into amyloid fibrils; and a C-

terminal domain suggested to confer chaperone activity to α-synuclein (Irvine, GB et al. 2008).  

The biological functions of α-synuclein in the normal brain remain elusive. It has been 

suggested that it can interact with membranes in pre-synaptic vesicles to inhibit neurotransmiter 

release (Murphy, DD et al. 2000; Irvine, GB et al. 2008). A role in the regulation of dopamine 

biosynthesis has been also suggested (Perez, RG et al. 2002). However, extensive studies 

demonstrate that α-synuclein plays a central role in the pathogenesis of Parkinson´s disease. α-

synuclein is the major component of the typical intracellular parkinsonism-associated aggregates in 

neurons, the so-called Lewi bodies. Mutations in α-synuclein gene, genomic duplications and 

triplications, or even post-translational modifications, have been shown to raise α-synuclein 

aggregation (Goedert, M et al. 2013). 
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Experimental evidence supports the intercellular transfer of α-synuclein and its seeding 

aggregation capacity, similar to prion particles, leading to synaptic disfunctions and nerve cell 

death (Goedert, M et al. 2013).  

Another relevant neurodegenerative disorder is Alzheimer´s disease, the most common cause of 

dementia. It is characterized by both the extracellular accumulation of Aβ (amyloid β) peptide in 

amyloid plaques and the intraneuronal aggregation of abnormally hyperphosphorylated tau protein 

in neurofibrillary tangles (Treusch, S et al. 2009).  

Either mutations in the amyloid precursor protein (APP) gene and in β and γ secretases involve 

in the proteolysis of APP or the abnormal cleavage of APP, promote the overproduction of 

constitutively secreted pro-aggregating Aβ peptide leading to amyloid accumulation and 

neurotoxicity (Maloney, JA et al. 2014). Aβ peptide deposition triggers a cascade of molecular 

events leading to an anomalous tau phosphorylation and thus to the impairment of microtubule 

assembly (Maccioni, RB et al. 2001).  

The abnormal intraneuronal accumulation of PrP into amyloid deposits is the cause of the 

transmisible spongiform encephalopathies (TSE) or prion diseases. Three groups of TSE have been 

identified in humans, including sporadic Creutzfeldt-Jakob disease (CJD) and Fatal familial 

insomnia (FFI), familial/genetic Gerstmann-Straussler-Scheinker disease (GSS) and 

infectious/iatrogenic Kuru among others. Also in animals there are cases of TSE diseases such as 

bovine spongiform encephalopathy (BSE), chronic wasting disease (CWD) of captive mule deer 

and elk and scrapie in sheep (Chesebro, B. 2003).  

Regardless of the TSE type, the key molecular event is the conformal conversion of the soluble 

host-encoded α-helical prion protein (PrPC) into the insoluble, β-sheet-rich disease-related isoform 

(PrPSc). The conformal change of PrPC into infectious PrPSc can be generated either by spontaneous 

conversion, mutations in PrP gene (PRNP) or by an exogenous infection with prions. (Stohr, J et al. 

2008). The constitutively expressed cellular form of mammalian PrP, (PrPC) is a monomeric 

glycosylated outer membrane-bound protein, rich in α-helical secondary structure, coded by PRNP 

gene. Although ubiquitous in mammalian cells, PrPC is highly expressed at the central nervous 

system. Despite the normal cellular functions of PrPC remain elusive, recent reported evidence 

suggests pleiotropic functions of PrP in vivo, i.e. regulating synaptic transmission and plasticity 

(Wulf, MA et al. 2017), copper internalization and homeostasis (Cobb, NJ et al. 2009), cell 

adhesion, intercellular signalling or even neurogenesis (Legname, G. 2017).  

Last but not least, the systemic amyloidoses comprise an increasing number of amyloid 

proteinopathies. Immunoglobulin light chain (AL) amyloidosis is the most common and severe, in 

which the amyloidogenic protein is an Ig light chain (or a fragment of it) produced by a clonal 

population of bone marrow (Gertz, MA. 2018). The abnormal folding is the result of either a 
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proteolytic event or an amino acid sequence that renders a light chain thermodynamically unstable 

and prone to self-aggregation (Sanchorawala, V. 2006). 

2.2.2. Oligomers or mature fibrils?: The amyloid toxicity framework 

To maintain proteostasis integrity, a coordinated activity in protein synthesis, folding, 

disaggregation or degradation is essential. Dysregulation of the translational machinery, molecular 

chaperones and co-chaperones, autophagy/lysosomes or the ubiquitin/proteasome system are the 

main causes of cytotoxicity in amyloidoses (Mannini, B et al. 2017) (Figure 6). Proteotoxicity can 

be considered both a cause and consequence of protein homeostasis imbalance, ending in cellular 

machinery collapse and cell death (Balchin, D et al. 2016). 

 
Figure 6. Schematic representation of the protein homeostasis network. Upon synthesis at ribosomes, 
proteins are subjected to a tight regulation. An extensive number of cellular components such as chaperones, 
ubiquitin-proteasome system (UPS) or lysosome/autophagy system are responsible for control proteome 
integrity and prevent the formation of toxic species. Dysregulated protein homeostasis is directly linked to 
diseases states. Reproduced from (Hipp, MS et al. 2014). 

Etiology of amyloid proteinopathies is the aim of much recent research. Although sequence 

disparate, toxic amyloid species of non-related proteins, are structurally similar, suggesting an 

analogous general mechanism of cytoxicity (Verma, M et al. 2015). Although large fibrillar 

deposits have been considered the primary cause of amyloid toxicity, recent studies evidence 

prefibrillar oligomers as the causative pathogenic agents. This has been showed in well 

documented neuropathic diseases such as Alzheimer, Parkinson or TSEs. In fact, an oligomer of 
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around 20 molecules has been identified as the major infective form of the mammalian PrP protein 

(Chiti, F et al. 2006). Considering these findings, a strong evidence for a divergence between the 

fibrillar end stage and neurotoxicity is becoming popular.  

Oligomeric species have been related to multifactorial toxicity, giving to the imbalanced of 

essential biological process: from disruption of membrane integrity, ion balance, axonal transport 

to sequestration of essential cellular components (Chiti, F et al. 2006; Hofmann, JP et al. 2013).   

Compared to mature fibrils, small oligomers are highly unstable disordered structures that 

expose hydrophobic surfaces, easly interacting with a wide set of cellular targets such as 

membranes, small metabolites, other macromolecules, etc. (Olzscha, H et al. 2011). Moreover, 

their smaller size compared to mature fibrils provides an easier inter- and intracellular difussion.  

Thereby, the fragmentation of proteinaceous fibrillar aggregates into smaller seeds might be 

essential for the propagation of aggregation-prone proteins. Although currently unknown in 

mammalian cells, fibrillar fragmentation of the Sup35 prion has been attributed to the chaperone 

Hsp104 in yeast (Hofmann, JP et al. 2013).  

The dynamic nature of oligomers hampers the efforts to elucidate the molecular mechanisms 

and cellular targets underlying their toxicity, and ultimately cell death (Salahuddin, P et al. 2016). 

However, irrespective of their intra- or extracellular nature, the high affinitiy of hydrophobic 

oligomer surface to lipid species, suggests the cell membrane as a potential primary cellular target 

towards amyloid cytotoxicity.  

Recent studies give evidence for Aβ oligomers interaction with plasma membrane, although the 

particular via is not yet elucidated. It is suggested a non-specific receptor-mediated Aβ oligomer 

neurotoxicity (such as NGF and NMDA receptors) disturbing several major signalling pathways 

(Snyder, EM et al. 2005; Yamamoto, N et al. 2007). Other data report the Aβ oligomers insertion 

in the plasma membrane and the subsequent formation of pores or channels which increase the 

bilayer permeability and disrupt ion homeostasis (Kayed, R et al. 2013). Aside from Aβ oligomers, 

plasma membrane permeabilization was also observed for exogenous added α-synuclein oligomers, 

polyglutamine peptides and PrP prion oligomers (Ugalde, CL et al. 2016).  

Overall, compelling data from biochemical and neuropathological studies support oligomeric 

species as the key primary pathogenic drivers in amyloidoses. However, this does not exclude 

mature fibrils from toxic pathways. As previously said, there is evidence that fibril fragmentation 

on length results in oligomeric seeds derivates. Then, fibrils are far from being simple bystanders 

of amyloid toxicity, playing an important role in disease pathogenesis (Xue, WF et al. 2010; 

Aguzzi, A et al. 2016). Additionally, an interesting role has been suggested for fibrils, by serving 

as structures that ‘recruit’ toxic oligomers preventing them become cytotoxic (Hane, F. 2013). 
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2.2.3. Cross-talking. Propagation of milfolding. From protein homeostasis to protein 

metastasis  

Once initiated, amyloid disease progression is associated with the so-called ‘propagation of 

misfolding’, which implicates spreading of amyloid state beyond cell autonomous protein 

aggregate formation (Krammer, C et al. 2009).  

Although all neurodegenerative diseases begin with dysfunction in a discrete brain region, 

multiple studies demonstrate that larger areas of the brain are finally involved (Frost, B & 

Diamond, MI. 2009). Observation of the brains of Alzheimer patients reveals a reverse causality 

between distance from affected areas and vulnerability to degeneration. This suggests a 

pathological spreading of oligomers along paths of neuronal proximity and connectivity. 

Emerging evidence suggests an early cell-to-cell toxic protein spreading for the conformal 

propagation in neurodegeneration (Kara, E et al. 2018). The ability to be transferred from cell-to-

cell has been extensively reported for prion particles. An analogous propagation mechanism has 

been suggested for prion-like oligomers between neighbouring cells (Brundin, P et al. 2010).  

Relevant for this Thesis, it has been observed that exogenous oligomeric species can also initiate 

and enhance seeding of cytosolic homotypic proteins when added to mammalian cultured cells 

(Krammer, C et al. 2009).  

Overall, prion-like spreading of pathogenic oligomeric seeds, from uptake to transport and 

release, triggers a toxic cascade that leads to the progression of neurodegenerative disease. 

However, the precise mechanism by which amyloid state is transmissible in vivo between 

neighboring cells still is poorly understood.  

Endocytosis, passive uptake or membrane receptor interaction of extracellular aggregates -either 

secreted by exocytosis or liberated upon death of neighbouring affected cells- have been 

hypothesized as potential mechanisms for intercellular spreading of protein aggregates (Brundin, P 

et al. 2010). Increasingly evidence supports extracellular vesicles such as exosomes, as ‘key 

players’ in the intercellular dissemination strategy (Liu, S et al. 2017) (Figure 7).  

In Alzheimer’ disease, intracellulary generated Aβ peptides have been shown to be released to 

the extracellular space associated with exosomes, similar to other pathologic proteins including 

prions, α-synuclein, Tau or TDP-43 (Liu, S et al. 2016). Thereby, exosomes may be considered as 

the ‘Trojan horses’ of neurodegeneration, serving as delivery vehicles for horizontal transmission 

of amyloid aggregates (Ghidoni, R et al. 2008). Even a direct contact exchange of oligomers 

between neighbouring cells may also happen via tunnelling nanotubes (Aguzzi, A et al. 2016).  
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Figure 7. Intercellular spreading of prion PrPC protein (A) and prion-like proteins such as α-syn (B), 
Htt (C) and Aβ peptides (D). Donor (upper) and receptor (lower) cells, separated by the extracellular space, 
are schematically represented. Both prions and prionoids aggregates depart from origin donor cells 
encapsulated in exoxomes, which are liberated to intercellular space. The exosome membrane association 
releases the amyloid aggregates in receptor cells. Then, a cycle from uptake to transmission and release is 
completed. Also clathrin-medianted endocytosis or receptor-mediated uptake have been suggested for 
amyloid transmission between neighbouring cells. Reproduced from (Aguzzi, A et al. 2016). 

Moreover, it has been observed that yeast prions are naturally transmitted to daughter cells by 

cytoduction during cell division, contributing to the heritably propagated prion phenotype 

(Wickner, RB et al. 2006; Krammer, C et al. 2009).  

Overall, it is possible that soluble toxic oligomers use more than one pathway for intercellular 

dissemination. Further insight into the mechanism for cell-to-cell spreading is required. Cell-to-cell 

propagation of amyloid aggregates in heterologous hosts has been successfully reported for the NM 

domain of yeast Sup35 prion when expressed in both bacteria and mammalian cells (Krammer, C 

et al. 2009; Garrity, SJ et al. 2010; Hofmann, JP et al. 2013), providing insight into the mechanism 

for transmitting the prion phenotype to bystander cells (Liu, S et al. 2016).  

However, the transmission of a bacterial prion, or a prion-like protein, to mammalian cells has 

not been reported yet. This would demonstrate the universality of the molecular basis for prion 

transmission in the Tree of Life. 
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2.2.4. Functional amyloids: Two faces of the same ‘coin’ 

Amyloid state, far from being a rare phenomenon related to disease, reflects a well-defined 

structural form of the protein alternative to the native state. Try to elucidate why, at physiological 

conditions, some proteins are folded but others unfolded is essential (Garbuzynskiy, SO et al. 

2004). Recent evidence suggests that some organisms have evolved to benefit from the ability of 

many polypeptides to aggregate into amyloids. A new outlook on amyloid-prone proteins is opened 

(Otzen, D. 2010).  

Initially identified in several lower organism, including bacteria, fungi and insects, amyloids 

might represent an appreciable advantage for their unique mechanical and biological properties 

(Fowler, DM et al. 2007). Intrinsical flexibility of amyloid-forming proteins in comparison with 

globular proteins, enables them to interact with their specific targets more efficiently 

(Garbuzynskiy, SO et al. 2004). Moreover, it has been shown that the ability to undergo a disorder-

to-order transition represents a strategy for regulation of several cellular processes, including 

transcription, translation and cell cycle control (Uversky, VN et al. 2000). 

Interestingly, new studies reveal the potential of amyloids for transmiting epigenetic 

information across generations, allowing the acquisition of new biological traits when organism 

face to fluctuating environments. The amyloid state and its resulting phenotype is heritable in an 

epigenetic, non-Mendelian manner, alternative to DNA  (Fowler, DM et al. 2007); (Halfmann, R et 

al. 2010). 

Bacteria such as Escherichia coli and Salmonella spp. employ an extracelular fibril amyloid 

assembly known as curli, to generate a proteinaceous matrix that facilitate biofilm formation, 

adhesion to surfaces and colony formation. In E. coli, at least six proteins are implicated in curli 

formation (Barnhart, MM et al. 2006; Fowler, DM et al. 2007). Streptomyces coelicolor releases a 

family of hydrophobic amyloidogenic proteins known as chaplins implicated in the formation of an 

aerial hyphae covering important in spore production (Epstein, EA et al. 2008). 

Many potentially functional amyloid-based proteins have been identified in Fungi. It is the case 

of Sup35p in the yeast Sacharomyces cerevisiae and HETs in Podospora anserine.  The translation 

terminator factor Sup35 ensures efficient protein synthesis termination at stop codons. The 

aggregated form of the Sup35 protein ([PSI+] phenotype), leads to an impaired translation 

termination at nonsense codons. Consequently a stop-codon read-through generates C-terminal 

extended proteins resulting in phenotypic diversity under a rapid environmental change (Chan, 

PHW et al. 2017). In Podospora anserina, the amyloid HET-s prion, regulates heterokaryon 

incompatibility between genetically similar fungi (Pham, CL et al. 2014).   

The recent discoveries of widespread prions and prion-like proteins across the tree of life has 

led to a paradigm-shift on the puzzling amyloid state biology. Functional mammal amyloid Pmel17 

is related to the scaffolding and sequestration of toxic intermediates during melanin synthesis in 
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melanosomes (Fowler, DM et al. 2007). Moreover, it has been shown that some protein hormones 

in secretory granules of the endocrine system store as functional amyloids (Maji, SK et al. 2009). 

Finally, the neuronal isoform of the Aplysia californica cytoplasmic polyadenylation element 

binding protein (CPEB) also has functional prion-like properties related to maintenance of long-

term synaptic facilitation (Si, K et al. 2003). 

3. RepA-WH1: a bacterial prion-like protein as a model synthetic amyloid 

proteinopathy  

More than a decade ago, our laboratory changelled how a family of proteins became activated as 

DNA replication initiators in Gram-negative bacteria, with a final step of inactivation through 

aggregation (Giraldo, R et al. 1998).  

Notably, the replication protein of the Pseudomonas syringae plasmid pPS10, called RepA, has 

provided much insight into the structural basis for the conformational activation of plasmid 

replication (Giraldo, R et al. 2004). RepA initiates DNA replication by undergoing a complex 

structural transformation, coupled to dimer dissociation, upon binding to plasmid-specific DNA 

sequences, a fundamental process that was defined by our group (DÍaz-López, T et al. 2006). 

Unravelling the RepA structural switch suggested its conversion into a synthetic amyloidogenic 

device, providing insight on the molecular basis of intracellular protein amyloidosis.    

3.1. The pPS10 replication initiatior RepA 

The pPS10 minimal replicon (Figure 8A) comprises the origin of plasmid replication (oriV) and 

the gene (repA) coding for the specific initiator protein RepA, that binds to oriV establishing a 

nucleoprotein pre-initiation assembly (Giraldo, R et al. 2003; DÍaz-López, T et al. 2006). The cis-

acting replicator oriV contains four directly-repeated sequences (iterons, 22 bp each), flanked by 

both the binding site for the bacterial chromosomal initiator DnaA (dnaA box) and the two G+C 

and A+T rich regions (Giraldo, R et al. 2004). The repA operator region is composed of two 

invertedly repeated sequences of 8 bp (operators) next to the -35 box of the repA-promoter. 

RepA is a 26.7 kDa protein structurally composes of two winged-helix (WH) domains with 

defined functions; a N-terminal dimerization domain (WH1) and a C-terminal DNA-binding 

domain (WH2) (DÍaz-López, T et al. 2006). RepA protein, mainly dimeric in solution, acts as an 

auto-transcriptional repressor by WH2 domain binding to the operator sequences (Garcia de 

Viedma, D et al. 1995) whereas the N-terminal WH1 domain acts as the dimerization surface 

(Giraldo, R et al. 1998). 

However, in order to become efficient replication initiators, RepA dimers (dRepA) must 

undergo a conformational switch to monomerization (mRepA). Single iteron binding by itself, 
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triggers dissociation of RepA dimers into their monomers, which is coupled to conformational 

changes affecting both the N-terminal dimerization domain (WH1) and the compactation between 

WH1 and WH2 (Diaz-Lopez, T et al. 2006). The allosteric activation of RepA proteins by binding 

to iteron DNA repeats, promotes in N-terminal WH1 domain (1-132 residues of RepA) a structural 

transformation that refolds two α-helical stretches as β-strands and loops, resulting in dRepA 

instability (Figure 8B) (Giraldo, R et al. 2003). Its eventual dissociation into its constituent 

monomers enables binding of both WH1 and WH2 domains to iteron sequence.  

Similar to most known amyloid-prone proteins, structural RepA switch to monomers results in a 

higher solvent exposure of some hydrophobic residues and then in an increased tendency to 

aggregation. The WH1 domain in mRepA controls plasmid replication through the assembly of 

amyloid oligomers, preventing over-replication (Gasset-Rosa, F, Diaz-Lopez, T, et al. 2008; 

Molina-Garcia, L et al. 2016).  

 

Figure 8. (A) pPS10 plasmid replicon scheme. Stable dimers of RepA (dRepA) undergo a structural 
transformation upon transient, low affinity binfing to dsDNA, thus resulting in metastable, aggregation-prone 
monomers (mRepA). Modified from (Giraldo, R et al. 2004). (B) The RepA-WH1 protein manifold. A 
possible pathway for RepA-WH1 amyloidogenesis is outlined. Stable, soluble dimers of the RepA-WH1 
domain (dWH1) undergo a conformational transformation (mWH1) upon transient binding to DNA 
(dsDNA). Such transformation favours the assembly of the amyloidogenic peptide L26VLCAVSLI34 (red) 
into a crossed β-sheet, thus forming the scaffold of amyloid fibrils. Modified from (Giraldo, R et al. 2011).  
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3.2. RepA-WH1 prion-like protein triggers a unique amyloid proteinopathy in 

bacteria  

Emerging disease-unrelated model systems for in vitro and in vivo studies have placed Synthetic 

Biology as an important approach to amyloidoses. Accordingly, the complex structural 

transformation in the WH1 domain of RepA (RepA-WH1), analogue to PrP in amyloidogenesis, 

enabled engineering RepA-WH1 as a synthetic amyloidogenic device to control protein 

amyloidogenesis both in vitro and in vivo. 

A sequence stretch in the α-2 helix of WH1 domain, between residues 26 and 34 

(LVLCAASLI), shows a tendency toward β-aggregation. An increase to aggregation is observed 

when a single point mutation (substituting Ala-31 to Val in WH1) is incorporated. Surprisingly, 

this amyloidogenic enhancing mutation A31V has a functional role for RepA protein in pPS10 

replication (Fernández-Tresguerres, ME et al. 1995; Maestro, B et al. 2003; Giraldo, R. 2007; 

Gasset-Rosa, F, Diaz-Lopez, T, et al. 2008; Gasset-Rosa, F, Mate, MJ, et al. 2008).  

To explore whether the amyloid motif in WH1(A31V) could have a role in domain fibrillation, 

a peptide comprising the hyperamiloigenic sequence (L26VLCAASLI34) was synthesized. This 

demonstrated its tendency to self-assemble in vitro into amyloid fibrils (Giraldo, R. 2007).  

It is of note that although nucleic acids are not constituents of the final aggregated particles 

(Diaz-Lopez, T et al. 2006), they have been found to enhance RepA-WH1 assembly, as reported 

for the mammalian PrP conversion into amyloids (Gasset-Rosa, F, Mate, MJ, et al. 2008). 

3.2.1. Unravelling complexity of human neurodegenerative diseases within a bacterial-

inspired framework 

Bacteria have not been intensively explored as models for the study of amyloidosis, because the 

expression of proteins involved in human neurodegenerative diseases (Aβ peptides, α-synuclein, 

Tau, PrP, Htt), by aggregating as inclusion bodies, is not acutely toxic for bacteria. We thus 

decided to explore the development of an entirely bacterial synthetic minimal model system for 

amyloidosis based on RepA-WH1 protein. To challenge our understanding of the molecular basis 

of RepA-WH1 amyloidosis, our laboratory successfully engineered amyloid assemblies in E. coli, 

using this bacteria as a chassis (Fernández-Tresguerres, ME et al. 2010). 

Upon expression in E. coli, the hyper-amyloidogenic mutant variant of RepA-WH1, 

WH1(A31V), aggregates as amyloid particles of various sizes distributed across the bacterial 

cytosol (Fernández-Tresguerres, ME et al. 2010), that are transmissible vertically (with cell 

division, from mother to daughter cells) and experience a phase transition between fluidized and 

compact aggregates (having low and acute toxicities, respectively) (Gasset-Rosa, F et al. 2014). 

Co-expression of distinct alleles of RepA-WH1 in E. coli showed the dominance of the 
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WH1(A31V) variant that templated its conformation on the wild-type WH1(WT) parental protein 

(Molina-Garcia, L et al. 2014).  

Systems and functional analyses (Molina-Garcia, L et al. 2017), together with in vitro 

reconstruction in cytomimetic lipid vesicles (Fernández, C et al. 2016; Fernández, C et al. 2018), 

revealed that RepA-WH1(A31V) oligomers target the internal bacterial membrane, triggering a 

lethal cascade which not only hampers proton motive force and thus ATP synthesis and transport 

through membranes but also enhances oxidative stress. In parallel, protein factors mounting the 

defence against stress and envelope damage, co-aggregate with RepA-WH1(A31V) amyloids, 

likely becoming inactivated (Molina-Garcia, L et al. 2017).  

Altogether, bacteria viability is severely compromised by RepA-WH1 amyloidosis, in a way 

resembling some of the central mitochondrial routes found in human amyloidoses (Haelterman, NA 

et al. 2014). However, to become a fully reliable cellular model of amyloid disease, RepA-WH1 

protein lacks the possibility to address in E. coli the issues of cell-to-cell transmissibility and the 

subsequent amyloid cross-nucleation, since this Gram-negative bacterium does not uptake large 

protein aggregates, due to the insurmountable obstacle of its double membrane (plus 

peptidoglycan) barrier.  

Thereby, in order to establish on a firm basis RepA-WH1 protein as a feasible model for 

amyloid diseases, and to ascertain whether the toxic route outlined in E. coli (membrane targeting 

→ H2O2 generation → Fe-enhanced genotoxic stress) can be extrapolated to the much more 

complex mammalian cell system, it is essential to validate RepA-WH1 in such a heterologous host. 
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Considering the huge impact of amyloid-based proteinopathies and that its complex nature is far 

from being elucidated, the overall aim of this Thesis was to test in mammalian cells if the bacterial 

RepA-WH1 prionoid was a feasible minimalist system to model intracellular protein amyloidoses. 

In particular, the concrete objetives were: 

 

1. Characterize the aggregation potential of the synthetic bacterial RepA-WH1 prionoid 

when expressed within a mammalian cell framework. 
 

2. To address the transmission and cross-aggregation (seeding) of the RepA-WH1    

amyloids:  

 2.1. Uptake by cultured cells of RepA-WH1 fibrils assembled in vitro: testing of their 

 aggregation potential at the cytosol.  

2.2. Intercellular spread of RepA-WH1 amyloidosis: Cell-to-cell transmissibility and 

 cross-aggregation. 

3. Outlining common pathways of amyloid cytotoxicity between bacteria and cultured cells 

throught Systems Biology.  
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A. MATERIALS  

1. Biological materials 

1.1. Bacteria 

1.1.1. Bacterial cells 

Chemically competent Fusion blue Escherichia coli cells (Sambrook, J et al. 1974) were used 

as the host strain for molecular cloning and expression of recombinant mCherry and TagGFP2-

fused proteins. This E. coli K-12 strain is recombination deficient (recA-), helping to ensure insert 

stability, and endonuclease deficient (endA-) greatly improving the quality and yields of purified 

DNA. 

1.1.2. Bacterial culture media  

Luria-Bertani (LB) was the nutrient-rich liquid media to culture E. coli: 10 g/l bactotryptone 

(BD), 5 g/l yeast extract (Conda) and 5 g/l NaCl (Merck), pH 7.4. Solid LB was used for agar 

growth bacteria plates by supplementing liquid LB with 2% bacteriological agar (Conda). 

Ampicillin (Roche) was added to the LB media at 100 µg/ml for selection of desired plasmid-

transformed bacteria. 

1.2. Eukaryotic 

1.2.1. Mammalian cell lines 

Murine neuroblastoma N2a cell line (also termed Neuro-2A), used for all transient transfections 

in this Thesis, was purchased from DSMZ (Germany). Human neuroblastoma SH-SY5Y cell line 

used for Tet-ON inducible expression system was provided by the cell culture service at CIB-CSIC 

(Spain). Human cervical carcinoma HeLa cell line was kindly provided by Prof. Dr. Ina Vorberg 

(DZNE, Germany). 

1.2.2. Mammalian cell culture media 

The murine neuroblastoma cell line N2a and the human neuroblastoma cell line SH-SY5Y were 

cultured in Dulbecco's modified Eagle medium:Nutrient mixture F-12 (DMEM-F12) purchased 

from Gibco. For all experiments, DMEM-F12 medium was supplemented with 10% heat 

inactivated tetracycline-free fetal bovine serum (FBS) (Capricorn), 200 mM glutamine (Gibco) and 

1% penicillin/streptomycin solution (Gibco). Such DMEM-F12 supplemented medium will be 

referred as complete DMEM-F12 medium throughout this Thesis. 
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  For the selection and maintenance of double-stable Tet-ON clones derived from SH-SY5Y cell 

line (THN-rtTA/GFP and THN-rtTA/WH1(WT)-GFP), both 0.5 mg/ml geneticin from Thermo 

Fisher Scientific (for simplification hereafter G418) and 0.4 mg/ml hygromycin B (Clontech) were 

added to complete DMEM-F12 medium. When required, Tet-ON expression of pTRE3G-

controlled genes was induced by adding 0.5 µg/ml doxycycline (Sigma). 

2. Plasmids and Oligonucleotides 

2.1. Plasmid constructions 

All plasmids used in this Thesis are listed in Table 1.  

Table 1. Plasmids used in this Thesis. pcDNA3.1-WH1(∆/WT/A31V/∆N37)-mCherry referrs to 
pcDNA3.1-mCherry, pcDNA3.1-WH1(WT)-mCherry, pcDNA3.1-WH1(A31V)-mCherry and pcDNA3.1-
WH1(∆N37)-mCherry plasmids respectively. This is extensive to pTRE3G-WH1(∆/WT/A31V)-TagGFP2 
plasmids. 

2.2. Oligonucleotides 

All custom oligonucleotides used for PCR cloning and sequencing are summarized in Table 2. 

They were synthesized in the Protein Chemistry Service at CIB-CSIC. 

 

Name Relevant 
characteristics Utility Reference 

pcDNA3.1-
WH1(∆/WT/A31V/∆N37)-

mCherry 

PCMV, SV40 poly A, 
pUC ori, Ampr 

WH1(∆/WT/A31V/∆N37)-
mCherry 

gene expression. 
M. Moreno 

pTagGFP2-N PCMV, SV40 poly A TagGFP2 gene amplification Evrogen 

pcDNA3.1-TagGFP2 PCMV, SV40 poly A, 
MCS, Ampr 

Cloning vector. Generation of 
WT/A31V/∆N37 fusions to the 

TagGFP2 N-terminus 
This study 

pCMV-Tet3G PCMV, SV40 poly A, 
NeoR, rtTA gene 

Tet-ON system regulatory 
plasmid 

(rtTA protein expression) 
Clontech 

pTRE3G PTRE3G, SV40 polyA, 
MCS, AmpR 

Cloning vector Tet-ON system 
response plasmid 

Clontech 

pTRE3G-Luc PTRE3G, SV40 polyA, 
luciferase gene 

Screening for inducible stable 
pCMV-Tet3G clones 

Clontech 

Linear hygromycin 
marker 

dsDNA fragment.   
Hygromicinr, 

SV40 poly A 

Selection for inducible 
double stable clones 

Clontech 

pTRE3G-
WH1(∆/WT/A31V)-

TagGFP2 

PTRE3G,  
SV40 polyA 

WH1(∆/WT/A31V/∆N37)-
TagGFP2 inducible gene 

expression 
     This study 
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Name Oligonucleotide sequence (5´- 3´) PCR product 

pTagGFP2 BspEI for ATA AGA ATT CCG GAA TGA GCG GGG GCG AGG AG  

TagGFP2 gene 
pTagGFP2 EcoRI rev CGG GGA ATT CCA TAT GTT ACC TGT ACA GCT C 

pTRE3G-BglII for GAA GAT CTA TGG GCG CAG CCA TCA TCA TCA 
WH1(∆/WT/A31V/∆N37)

-TagGFP2 fusions pTagGFP2 NdeI rev CCG GAA TTC CAT ATG TTA CCT GTA CAG CTC 

pTeT for GCG TAT CAC GAG GCC CTT TCG T pTRE3G promotor 
amplification 

Poly-A rev GCG TTG GCC GAT TCA TTA ATG CAG CTC TA polyA amplification 

Table 2. Oligonucleotides used in this Thesis. Underlined bases are restriction endonuclease cleavage sites. 
For and rev refers to forward and reverse primers, respectively. 

3. Enzymes 

3.1. Restriction endonucleases 

All restriction enzymes used in this study and their appropriate buffers were from New England 

Biolabs (NEB). Digestion mixes where made-up according to the manufacturer´s instructions and 

incubated 3 h or overnight (O/N) at 37ºC, as indicated by NEB. 

3.2. DNA polymerases  

For high-fidelity DNA amplifications by PCR, Pfu DNA Polymerase from Promega was used. 

For routine colony PCR reactions, Taq DNA polymerase from Biotools was used. Both of them 

were used with their appropriate buffer according to the instructions of the manufacturers.  

3.3. DNA ligase 

Cloning the DNA of interest within the compatible digested vector backbone was done with the 

T4 DNA ligase from Promega. 

4. Molecular weight markers 

DNA ladder (0.2-10 kbp) from REAL-BM was used as a reference marker for DNA fragment 

sizes in agarose gels. BlueStar prestained protein standard (10-180 kDa) from Genetics was used as 

molecular weight marker in Western blot experiments. 
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5. Antibodies  

For Western blotting, the following primary antibodies were used: polyclonal anti-mCherry 

(1:5000; Abcam), monoclonal anti-GFP (1:1000; Abcam), polyclonal anti-actin (1:1000; Abcam), 

monoclonal anti-β-tubulin (1:1000; Sigma) and monoclonal anti-vinculin (1:1000; Sigma) 

antibodies. Secondary polyclonal anti-rabbit IgG HRP-conjugated and anti-mouse IgG HRP-

conjugated were from Sigma (1:5000 and 1:10000 respectively).  

6. Others 

RIPA lysis buffer (Merck Millipore) was supplemented with PhosStop phosphatase and 

cOmplete protease inhibitors (Roche) according to the instructions provided by their 

manufacturers. MTT stock solution and dimethyl sulfoxide (DMSO) were from Sigma. All flasks, 

dishes and multi-well plates used for cell culture were from Falcon. 

Fluoromount-G aqueous medium (SouthernBiotech) was used for mounting slides previous to 

confocal microscopy. For transmission electron microscopy 2% uranyl acetate was used to fix and 

provide contrast to the specimens.  

B. METHODS 

1. Molecular Biology methods 

1.2. Polymerase Chain Reaction (PCR)   

For Pfu polymerase reactions, the following PCR conditions were set: a denaturation step at 

94ºC for 5 min, 30 amplification cycles (94ºC for 1 min, 58ºC for 1 min and 72ºC for 2 min) and a 

final extension step at 72ºC for 10 min. PCR products were subjected to agarose gel electrophoresis 

(Section 1.3) and purified (Section 1.4). 

For Taq DNA polymerase reactions, the following PCR conditions were used: a denaturation 

step at 94ºC for 5 min, 25 amplification cycles (94ºC for 1 min, 58ºC for 1 min and 72ºC for 2 min) 

and the final extension step at 72ºC for 10 min.  

In both cases, an Eppendorf Mastercycler pro thermocycler was used. 

1.3. Agarose Gel Electrophoresis (AGE) 

0.8% agarose gels in TAE buffer (40 mM Tris-HCl pH 7.6, 20 mM acetic acid, 1 mM EDTA) 

were used to electrophoretically analyze DNA from either enzyme digested/undigested plasmid 

DNA or PCR amplifications. Loading buffer 5x (20% glycerol, 0.01% bromophenol and xylene 

cyanol) was added to the DNA samples.  
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Electrophoresis was run in TAE buffer at 100 V for 30-60 min, depending on the expected 

DNA sizes. GelRED (1:10000, Biotium) was added to the agarose gel to enable UV-light 

visualization of DNA using a GelDoc automated gel image system (Bio-Rad). 

1.4. Bacterial cultures and plasmid DNA purification  

Specific DNA fragments were purified from agarose gels using the Agarose GelExtract mini kit 

(5 Prime) and from colony PCR using the High pure plasmid isolation kit (Roche), according to the 

instructions of the manufacturers.  

Large-scale purification of high quality plasmid DNA for cell transfection was done following 

the Plasmid Maxi kit (QIAGEN) protocol. 200 ml of cultured bacteria overnight (O/N) (at 37ºC, 

shaking) were processed. All plasmids were eluted in sterile Milli-Q H2O. DNA plasmid 

concentration was quantified by light absortion at 260 nm using a NanoDrop 2000 

Spectrophotometer (Thermo Fisher Scientific). Plasmid DNA was long-term stored at -20ºC.  

1.5. Enzymatic digestion of plasmid DNA 

For preparative single and double digestions, 50 ng of plasmid DNA was digested. The 

appropriate enzyme buffer was chosen according to the restriction enzyme used for each individual 

experiment. Digestion mix was made up according to NEB manufacturer´s instructions and 

incubated for 3 h or O/N at 37ºC as required. 

1.6. Enzymatic ligation of DNA 

The appropriate cloning vector DNA and insert DNA were ligated at a molar ratio of 1:3 

respectively with a combined amount of approximately 100 ng. Ligation reaction using T4 DNA 

ligase was prepared according to the manufacturer´s instructions (Promega) and incubated for 1 h 

at RT. Vector DNA, insert DNA, T4 DNA ligase and appropriate buffer were mixed and incubated 

for 1 h at RT or O/N at 16°C. 

1.7. Generation and transformation of chemically competent E. coli 

Fusion blue E. coli competent bacteria, used for all cloning processes, were prepared according 

to CaCl2 method (Sambrook, J et al. 1974). Chemically competent bacteria were then transformated 

by heat-shock (Sambrook, J et al. 1974) with 3 µl of DNA ligation mixture. After transformation, 

bacteria were resuspended in 150 µl LB medium and plated onto LB agar plates supplemented with 

100 µg/ml ampicillin. The plates were incubated O/N at 37ºC. Eventually, screening of colonies for 
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the presence of the desired insert was based on colony PCR (Section 1.2) using the Taq DNA 

polymerase.  

1.8. DNA sequence analysis 

Sequencing of DNA samples was conducted at the Secugen Sanger DNA sequencing service 

(CIB-CSIC, Madrid). Universal or custom designed primers (Table 1) were used. Sequence results 

were analyzed using the Serial Cloner 2.6.1 Software. 

1.9. Generation of vectors for mammalian stable cell transfection 

1.9.1. Generation of pcDNA3.1-WH1(∆/WT/A31V)-TagGFP2 vectors 

TagGFP2 cassette (786 bp), coding for an improved variant of the GFP protein, was amplified 

from the pTagGFP2-N vector (4.7 kbp, Evrogen) by PCR using Pfu DNA polymerase (Section 

1.2). The forward pTagGFP2 BspE1 and reverse pTagGFP2 EcoRI primers were used (Table 2). 

TagGFP2 amplicon was purified from a 0.8% agarose gel (Section 1.3) and BspEI/EcoRI digested. 

BspEI/EcoRI fragment was subcloned into the pcDNA3.1-mCherry vector (Table 1), previously 

digested with the same enzymes to eliminate mCherry.  

Both the BspEI/EcoRI TagGFP2 amplicon and the prepared BspEI/EcoRI pcDNA3.1-

mCherry(∆) vector were ligated using T4 DNA ligase (Section 1.6). The resulting pcDNA3.1-

TagGFP2 plasmid (6.2 kbp) was used for further in-frame cloning of the WH1(WT) and 

WH1(A31V) cassettes, respectively. WH1(WT) and WH1(A31V) cassettes were obtained by KpnI 

and BspEI restriction digestion of pcDNA3.1-WH1(WT/A31V)-mCherry constructions (6.1 kbp 

and 6.5 kbp, respectively) provided by a member of our group (Table 1). Ligation using T4 DNA 

ligase (Section 1.6) resulted in pcDNA3.1-WH1(WT/A31V)-TagGFP2 vectors (6.6 kbp), used as 

templates for the construction of the pTRE3G vector series (see below). 

1.9.2. Generation of pTRE3G-derived vectors 

pcDNA3.1-TagGFP2 and pcDNA3.1-WH1(WT/A31V)-TagGFP2 vectors described above, 

were used as templates to PCR amplification of the 786 bp TagGFP2 and 1.2 kbp 

WH1(WH1/A31V)-TagGFP2 cassettes, respectively (Section 1.2). Forward pTRE3G-BglII and 

reverse pTagGFP2 NdeI primers were used (Table 2). BglII/NdeI TagGFP2 and WH1(WT)-

TagGFP2 amplicons were purified from agarose gel and cloned into pTRE3G expression vector 

(Clontech) at the BglII/NdeI restriction sites (Section 1.6). The resulting pTRE3G-TagGFP2 and 

pTRE3G-WH1(WT/A31V)-TagGFP2 plasmids were further checked by BglII/NdeI and BspEI 

restriction enzyme digestions (Section 1.5) and visualized in agarose gel. DNA sequencing 

analysis was carried out using forward pTet and reverse Poly-A primers (Table 2). 
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All expression pTRE3G plasmids were then transformed in Fusion blue E. coli bacteria 

(Section 1.7). Long-term bacterial storage was performed in cryo-vials in LB plus 50% glycerol at 

-80ºC.  

2. Cell biology methods 

2.1. Mammalian cell cultures 

All cells cultures were maintained at 37ºC in a humidified 5% CO2 incubator (Napco). For 

subculturing, cells were grown to near confluence (~80-90% density) and they were detached using 

0.05% trypsin-EDTA (Gibco). Tripsinization was stopped by addition of complete DMEM-F12 

medium and the cells were pelleted by centrifugation (Eppendorf 5810 R) for 5 min at 1000 rpm, 

room temperature (RT). 

N2a cells and double-stable Tet-ON clones were subcultured two/three times per week in 75 

cm2 flasks at a dilution of 1:10 or 1:5 in complete DMEM-F12 medium, respectively (Materials, 

Section 1.2.2).  

2.2. Freezing and thawing of cells  

For cryo-conservation, cells from a 75 cm2 flask were allowed to reach ~90% confluence, 

trypsin-detached as described above and pelleted at 1000 rpm, RT for 5 min. Cell pellets were 

resuspended in 1 ml of pre-cooled freezing solution (10% DMSO (Calbiochem), 90% FBS) and 

transferred into a cryo-tube (Nalgene). Cryogenic vials were placed directly at -80ºC, O/N and kept 

in liquid nitrogen for long-term cell storage. 

For recovery, cells frozen in liquid nitrogen were thawed, resuspended in fresh complete 

DMEM-F12 medium and centrifuged at 1000 rpm, RT for 5 min. Cells were resuspended in the 

culture medium and plated on a 75 cm2 culture flask. The cells were further cultured as described in 

Section 2.1.  

2.3. Transient transfection of N2a cells 

N2a cells were transiently transfected at 70% confluence in a 6-well culture plate using 10 µl 

Lipofectamine 2000 reagent (Invitrogen) by adding 3 µg per well of the respective pcDNA3.1-

WH1(∆/WT/A31V/∆N37)-mCherry plasmid (Table 1), coding for repA-WH1(∆/WT/A31V/∆N37) 

genes fused to mCherry, a monomeric variant of the red fluorescent protein, mRFP. Transfection 

complexes were prepared according to the Invitrogen protocol in serum-free DMEM-F12 medium.  
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RepA-WH1(∆/WT/A31V/∆N37)-mCherry protein expressions were tested by Western blotting 

(Section 3.3) and confocal microscopy (Section 4.1) following the emission of the red fluorescent 

protein (mCherry). 

2.4. MTT cell proliferation assay  

N2a cells transfected with pcDNA3.1-WH1(∆/WT/A31V/∆N37)-mCherry as described above 

were seeded 24 h after transfection at a density of 6x104 cells/well in a 96-well culture plate to 

assess cell proliferation assay. The next day, the MTT solution was added to each well at a final 

concentration of 0.5 mg/ml in PBS. After 4 hours of incubation at 37ºC, the MTT solution was 

removed and replaced with 200 µl of DMSO. Absorbance was measured at 570 nm in a Varioskan 

Flash plate reader (Thermo Fisher Scientific). Absorbance values were normalized to the DMSO 

obtained values. 

2.5. Assembly of RepA-WH1(A31V) fibrils in vitro  

RepA-WH1(A31V) Alexa 488-labelled fibrils (hereafter referred as WH1(A31V) fibrils for 

simplification) were prepared as described in Fernández, C et al. 2016. The following 

concentrations were used: 25 µM of RepA-WH1(A31V), 0.5 µM of labelled protein RepA-

WH1(A31V)-Cys132-Alexa 488, 0.1 M Na2SO4, 4 mM MgSO4, 40 mM HEPES pH 8, 7% PEG-

4000 and 1 µl of seeds in a final reaction volume of 100 µl. Fibrils were formed in 500 µl 

Eppendorf tubes at 4°C for 20 days from seeds purified from intracellular RepA-WH1(A31V)-

mCherry E. coli inclusions as described in Fernández-Tresguerres, ME et al. 2010.  

For cellular uptake experiment, WH1(A31V) fibrils were centrifuged at 13000 rpm for 30 min. 

Once supernatant was removed, fibrils were washed with buffer (50 mM Na2SO4, 40 mM HEPES 

pH 8) and centrifuged again to be finally resupended in PBS. To promote fibril internalization by 

cells, fibrils were fragmented by sonication during 5 min in a water bath (Ultrasonic cleaner 

USC100T, 60W) and subsequently broken up by pipetting for 2 min.  

2.6. Amyloid aggregate templating by in vitro assembled RepA-WH1(A31V) fibrils  

To determine the uptake of in vitro pre-assembled WH1(A31V) fibrils (see above) in recipient 

cells, 5x105 N2a cells were seeded in a 35 mm culture plate and transiently transfected with the 

pcDNA3.1-WH1(WT)-mCherry encoding for the soluble variant of RepA-WH1 (WH1(WT)-

mCherry) or with the pcDNA3.1-mCherry for mCherry expression as a control (Section 2.3). Just 

after transfection, N2a cells were exposed to 1 µM of WH1(A31V) fibrils in the complete DMEM-

F12 medium. The next day, cells were extensively rinsed in PBS and cultured in fresh growth 
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medium. Aggregation was subsequently monitored by means of confocal microscopy sections, 24, 

48 and 72 h after exposure to the fibrils (Section 4.1.1).  

2.7. Generation of a Tet-ON inducible expression system 

2.7.1. Generation of stable and double-stable cells 

To generate a doxycycline-inducible stable expression of TagGFP2 and repA-WH1(WT/A31V)-

TagGFP2 genes, a Tet-ON expression system was purchased from Clontech. It was comprised of 

two different expression plasmids, the commercial pCMV-Tet3G (regulatory plasmid) coding for a 

rtTA transactivator protein and the respective pTRE3G-WH1(∆/WT/A31V)-TagGFP2 response 

plasmid constructs (Table 1). Both regulatory and response plasmids were subsequently 

transfected and tested to establish a good conditional expression system.  

In a first step, to generate stable rtTA transactivator expressing cells, 5x105 SH-SY5Y cells were 

seeded in a 35 mm culture dish and transfected with 1 µg of pCMV-Tet3G according to the 

Lipofectamine LTX protocol (Invitrogen). A concentration of 0.5 mg/ml G418 was used for 

selecting stable rtTA transactivator transfectants (THN-rtTA) for ~2 weeks. G418 resistant THN-

rtTA colonies were then isolated by using glass cloning cylinders (Sigma) and maintained in 

complete DMEM-F12 medium supplemented with 0.5 mg/ml G418. These colonies were tested for 

optimal doxycycline inducibility (i.e., high induction and a nearly null basal expression) by using a 

luciferase assay (Section 2.7.2). An optimal inducible THN-rtTA clone was then used as the host 

for the stable transfection of the respective pTRE3G-based response plasmid.  

For the establishment of double-stable transfectants, a linear hygromicin marker (Clontech) was 

cotransfected with either pTRE3G-WH1(WT/A31V)-TagGFP2 or pTRE3G-TagGFP2 plasmid 

(Table 1) at a ratio of 1:10, respectively according to Lipofectamine LTX transfection reagent 

protocol. The resulting double-stable transfectants, expressing both rtTA transactivator and 

WH1(WT/A31V)-TagGFP2 or TagGFP2 control (for simplification hereafter THN-

rtTA/(WT/A31V)-GFP and THN-rtTA/GFP respectively), were selected by screening for G418 

(0.5 mg/ml) and hygromycin B (0.4 mg/ml) for ~2 weeks. Resistant clones were tested for tight 

inducible expression of either TagGFP2 or WH1(WT/A31V)-TagGFP2 48 h after in the presence 

or absence of doxycycline (0.5 µg/ml), by flow cytometry (Section 2.8), Western blotting (Section 

3.3) and confocal microscopy (Section 4.1.1).   

It is noteworthy that prior to using G418 and hygromycin B for the selection of stable and 

double-stable colonies, a titration to determine the appropriate antibiotic concentration was 

performed with the particular host cells (untransfected SH-SY5Y cells for G418 and THN-rtTA 

clone for hygromycin B). The selected doses (0.5 mg/ml for G418 and 0.4 mg/ml hygromycin B) 

were the minimal ones killing 90% of the cells in 3-5 days. Also doxycycline was dose range 
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tested, establishing 0.5 µg/ml as the appropriate concentration for a vigorous induction of gene 

expression. 

2.7.2. Luciferase assay 

Luciferase reporter assay was performed according to the Luciferase assay system kit protocol 

(Promega). Specifically, G418 resistant THN-rtTA clones were seeded in a 6-well culture plate at a 

density of 5x105 cells/well. One day after seeding, cells were transiently transfected with 5 µg of 

pTRE3G-Luc Control Vector (Clontech) using Lipofectamine LTX (Invitrogen), following the 

protocol of the manufacturer.  

Luciferase reporter expression was induced by adding 0.5 µg/ml doxycycline for 48 h to 

complete DMEM-F12 medium. In parallel, to test clones for basal luciferase expression, no 

doxycycline was added to cells. Thereafter, cells were harvested in RIPA lysis buffer and 

bioluminescence was monitored at 562 nm using a TD-20/20 Turner Designs luminometer.  

2.8. Flow cytometry  

Flow cytometry analysis to monitor fluorescent protein expression in the stable clones for rtTA 

transactivator and the chimeras, either in the presence or absence of 0.5 µg/ml doxycycline was 

assessed at 48 h after induction. For this purpose, cells were detached by trypsinization from a 35 

mm culture dish (Section 2.1) and centrifuged 5 min at 1000 rpm, 4ºC. Then, pellet was 

resuspended in 2 ml of pre-cooled PBS buffer. GFP (Excitation/Ex 488 nm; Emission/Em 525 nm) 

signal was measured in a Coulter Epics XL (Beckman-Coulter) flow cytometer, analysing 10000 

cells per sample. Subsequent data analysis was performed using the Flowlogic v7.2.1 software.  

2.9. Co-culture of murine and human cells 

To determine the cell-to-cell aggregate transmission, either WH1(WT)-mCherry or aggregate 

bearing WH1(A31V)-mCherry transient N2a donor cells were co-cultured 24 h after transfection 

(Section 2.3) with naïve stable THN-rtTA/WH1(WT)-GFP recipient cells (ratio 2:1, donor:receptor 

cells) on poly-L-lysine (Sigma) coated coverslips (Thermo Fisher Scientific). Complete DMEM-

F12 medium supplemented with 0.5 µg/ml doxycycline was used for inducible stable expression in 

co-culture. Every 24 h up to 1 week of co-culture, cells were fixed with a 4% paraformaldehyde 

solution (Section 4.1.1) and nuclei stained with DAPI (Section 4.1.2) before they were mounted 

with Fluoromount-G medium on microscopic slides (Linealab). Confocal images were taken 

(Section 4.1) searching for intercellular template of RepA-WH1(WT) aggregation in recipient 

cells.  
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3. Biochemical methods 

3.1. Protein extraction from mammalian cells 

Cells were detached from cell culture dishes using a cell scraper and collected for centrifugation 

at 2000 rpm for 5 min at 4ºC. Cell pellets were resuspended in 100 µl RIPA lysis buffer 

supplemented with protease and phosphatase inhibitors and incubated 30 min on ice. Cell lysates 

were then centrifuged at 14000 rpm for 5 min at 4ºC. Pellets and supernants were kept frozen at -

80ºC until running SDS-PAGE electrophoresis (Section 3.2) or proteomic analysis (Section 5).  

Analysis of protein concentration was determined by Coomassie blue staining after SDS-PAGE 

electrophoresis (Section 3.2).  

3.2. Denaturing Sodium Dodecyl-Sulphate Poly-Acrylamide Gel Electrophoresis 

(SDS-PAGE) 

For analysis of total protein concentration, equal volumes of supernatant cell lysates were 

denatured with Laemmli buffer (5x) under reducing conditions for 5 min at 95ºC and loaded onto 

10% polyacrylamide gels. All samples were electrophoresed at 100 V for 1:30 h. Coomassie blue 

staining (0.2% Coomassie G-250 (Serva), 7.5% acetic acid and 50% methanol) was routinely used 

as a standard procedure to normalize total protein concentration according to the band´s intensity 

previously to the Western blot analysis. 

Standardized supernatant cell lysates were denatured with Laemmli buffer (5x) under reducing 

conditions for 5 min at 95ºC, loaded onto 10% polyacrylamide gels and subjected to SDS-PAGE 

electrophoresis at 100 V for 1:30 h. A BlueStar prestained protein standard was also loaded. 

3.3. Western blotting 

After SDS-PAGE (see above), proteins were transferred to a Sequi-Blot PVDF membrane (Bio-

Rad) using a Trans-Blot semi-dry transfer cell (Bio-Rad) by applying a constant voltage (10 V) for 

2 h. After protein transfer from polyacrylamide gel, blotted membranes were blocked with 5% milk 

powder (Nestlé) in Tris-buffered saline buffer (pH 7.0) containing 0.01% Tween-20 (TBS-T) O/N 

at 4ºC. Next day, the blots were incubated with the corresponding dilution of the primary antibody 

(Materials, Section 5), specific for detection of the protein of interest for 2 h at RT. After being 

washed three times for 10 min with TBS-T, the membranes were incubated with the appropriate 

secondary antibody for 1 h at RT (Materials, Section 5). The blots were washed again three times 

using TBS-T for 10 min and then chemiluminiscence protein detection was performed with the 

ECL 2 Western Blotting Substrate (Thermo Scientific Scientific) according to the 
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recommendations of the manufacturer. Several exposure times were acquired with a ChemiDoc 

Imager (Bio-Rad).  

For further analysis, primary and secondary antibodies were stripped from the PVDF 

membranes in a solution containing 8 M guanidine hydrochloride for 1 min at RT. Then, 

membranes were washed three times in TBS-T and blocked again with 5% milk powder.  

4. Microscopy 

4.1. Confocal microscopy 

A laser scanning confocal microscope (LEICA TCS SP5, Leica) equipped with a 63x oil 

immersion objective was used for imaging. Image analysis was performed using the NIH-software 

ImageJ.  

4.1.1. Visualization of fluorescent proteins 

For confocal microscopy visualization, cells were fixed with a 4% paraformaldehyde solution 

(Sigma) for 15 min, rinsed three times in PBS and nuclei stained (see below) when required. 

Coverslips were mounted with Fluoromount-G medium on microscopic slides (Linealab) for 

confocal image acquisition (see above). mCherry was excited at 561 nm with a yellow-green laser 

and TagGFP2 and Alexa 488 were excited at 488 nm with a blue laser. 

4.1.2. Nucleus staining with DAPI 

For cell nucleus visualization, fixed cells were stained with 1 µg/ml DAPI solution (Merck 

Millipore) in PBS for 10 min and rinsed three times with PBS before proceeding to confocal 

imaging. Laser excitation (l= 405 nm) was used for DAPI detection. 

4.1.3. Thioflavin-S (ThS) detection of amyloids  

For amyloid characterization of intracellular aggregates, transient transfected N2a 

WH1(∆/WT/A31V/∆N37)-mCherry cells (Section 2.3) were grown on coverslips coated with poly-

L-lysine. 48 h after transfection, cells were fixed with 4% paraformaldehyde (Sigma) in PBS for 20 

min and rinsed three times in PBS. Then, cells were permeabilized with pre-cooled 50% methanol 

(Emsure) in Milli-Q H2O for 5 min, incubated with 0.05% thioflavin-S (Sigma) in 12.5% ethanol 

for 30 min and rinsed three times in 50% ethanol in destilled H2O. Cells were then hydrated for 5 

min in PBS and mounted with Fluoromount-G for confocal microscopy imaging (Section 4.1). 

Laser excitation (l= 405 nm) was used for ThS detection. 
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4.2. Transmission Electron microscopy (TEM) 

Glow-discharged copper grids (400 mesh) from Electron Microscopy Science (CF400-CU) 

were placed on 10 µl drops of each sample displayed on a Parafilm sheet. After 2 min, grids were 

washed twice in 10 µl drops of milli-Q water before being left for 2 min in 2% uranyl acetate. 

Excess solution was removed with filter paper and left to dry. Grids were examined in a JEOL 

JEM-1230 transmission electron microscope operating at 100 kV. 

5. Proteomic analysis  

5.1. LC-MS  

The protein identification by liquid chromatography-tandem mass spectrometry (nLC-MS/MS) 

was carried out in the Proteomics and Genomics Facility at CIB-CSIC. All peptide separations 

were carried out on an Easy-nLC 1000 nano system (Thermo Fisher Scientific). For each analysis, 

4 µl of cell lysate (Section 3.1) was loaded into a precolumn Acclaim PepMap 100 (Thermo Fisher 

Scientific) and eluted in a RSLC PepMap C18, 15 cm long, 50 µm inner diameter and 2 µm 

particle size (Thermo Fisher Scientific).  

MS analysis was performed using a Q Exactive mass spectrometer (Thermo Fisher Scientific). 

The full scan method employed a m/z 400–1500 mass selection and Orbitrap resolution of 70,000 

(at m/z 200). Fragmentation was performed with a normalized collision energy of 27 eV and 

MS/MS scans were acquired with a starting mass of m/z 100. 

5.2. MS data analysis 

MS data were analyzed with Proteome Discoverer (version 1.4.1.14) (Thermo Fisher Scientific) 

using standardized workflows. Mass spectra *.raw files were searched against the Mus musculus 

SwissProt 2016 database (16838 sequences protein entries) using Mascot search engine (version 

2.6, Matrix Science). Precursor and fragment mass tolerance were set to 10 ppm and 0.02 Da, 

respectively, allowing 2 missed cleavages. Identified peptides were filtered using Percolator 

algorithm (Kall, L et al. 2007) with a q-value threshold of 0.01. 

6. Statistical analysis 

All set of experiments were processed at the same time for each replica of the assay to achieve 

reproducibility and were carried out in triplicate.  

GraphPath PRISM (v.6) software was used to estimate the media and standard deviation of data 

points, and for the analysis of their statistical significance, either through the Student´s t-test or 
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one-way ANOVA, depending on the number of factors (reduced or large, respectively) expected to 

influence the observed variable(s). 
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1. Addressing synthetic bacterial amyloidosis within a mammalian cell 

framework 

1.1. Exploring RepA-WH1 transient expression in mammalian cells 

In our laboratory, previous findings on the synthetic amyloid proteinopathy elicited in bacteria by 

the RepA-WH1 prionoid indicated that it has features in common with a wide spectrum of human 

neurodegenerative amyloidoses. To evaluate such bacterial prion-like as a synthetic minimalist 

model system for amyloid proteinopathies, it is mandatory to express RepA-WH1 in cultured 

mammalian cells and then try to dissect the pathways of disease in such a host.  

For this purpose, murine N2a and human SH-SY5Y neuroblastoma cell lines, commonly used 

for studies on amyloidoses, were tested as model expression systems for the expression of RepA-

WH1. A non-neuronal cell line, HeLa, was also probed for the expression of the prion-like protein.  

RepA-WH1 derived constructions used for transient transfections were fusion chimeras to the 

monomeric fluorescent protein mCherry as a reporter for protein detection. These fusions were the 

same that had been previously validated regarding their toxicity in the bacterial host Escherichia 

coli (Molina-Garcia, L et al. 2014; Molina-Garcia, L et al. 2017) and are hereafter referred in this 

Thesis as WH1(WT/A31V/∆N37)-mCherry for simplification. 

To first explore the expression of wild-type (WT) RepA-WH1 and the two mutants forming in 

bacteria either the hyper-amyloidogenic (A31V) or inclusion bodies aggregates (∆N37, a deletion 

mutant lacking the amyloidogenic peptide stretch), the three cell lines were transiently transfected 

with the pcDNA3.1-WH1(WT/A31V/∆N37)-mCherry expression plasmids (Figure 9A). The 

soluble fractions of cell lysates were then analyzed by Western blotting 24, 48 and 72 h after 

transient transfection. To dismiss that the mCherry fusion disturbed RepA-WH1 expression, the 

three cell lines were also transfected with the pcDNA3.1-mCherry plasmid encoding mCherry 

protein as a control in all the experiments.  

Western blot analysis showed a variable expression efficiency between the three cell models 

tested for WH1(WT/A31V/∆N37)-mCherry transfections. The highest expression levels for all 

transfected constructions were observed in N2a cells respective to SH-SY5Y and HeLa cell lines at 

any time tested. As an example, the expression pattern 48 h after transient transfections is shown 

for all WH1(WT/A31V/∆N37)-mCherry constructions and mCherry control in the three tested cell 

lines (Figure 9B).  

Differences in the expression levels were also detected in each cell line correlated with the 

percentage of cells expressing mCherry control or WH1(WT/A31V/∆N37)-mCherry constructions. 

As shown in Figures 9B and 9C, the highest expression levels were always detected for mCherry 

control compared to WH1(WT)-mCherry, WH1(A31V)-mCherry and WH1(∆N37)-mCherry 

expressions. Surprisingly, such differences in the expression levels increased over time: while 
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mCherry control was similarly expressed, a gradual decrease in expression was observed for 

WH1(WT)-mCherry, WH1(A31V)-mCherry and WH1(∆N37)-mCherry respectively at 24, 48 and 

72 h after transfection (Figure 9C). This was especially significant for the WH1(A31V) mutant, 

which might indicate its potential cytotoxic expression over time. Previous studies in E. coli have 

already demonstrated that WH1(A31V) mutant forms cytotoxic amyloid aggregates causing in 

bacteria an amyloid proteinopathy with a severe reduction in cell proliferation (Fernández-

Tresguerres, ME et al. 2010; Gasset-Rosa, F et al. 2014; Molina-Garcia, L et al. 2017) . It is 

noteworthy that no detectable expression signal was observed for the WH1(∆N37) variant in the 

soluble fraction 48 h after transfection. Previous work in bacteria has shown that this mutant forms 

inclusion bodies (Gasset-Rosa, F et al. 2014) so we determined the presence of WH1(∆N37) in the 

insoluble fraction of N2a cells 48 h after transfection. A signal related to WH1(∆N37) was clearly 

detectable in the insoluble fraction by Western blot analysis, thereby confirming that this mutant 

forms compact and highly insoluble aggregates (Figure 9C).  

 

 

Figure 9. Expression levels of RepA-WH1(∆/WT/A31V/∆N37)-mCherry constructions upon transient 
transfection. (A) Schematic representation of plasmid constructs used to transiently express either RepA-
WH1 fusions or mCherry control in the N2a, SH-SY5Y and HeLa cell lines. (B) Comparing expression 
levels of both RepA-WH1 derived constructions (~55 kDa) and mCherry control (35 kDa) in soluble lysates 
of N2a, HeLa and SH-SY5Y cell lines 48 h after transfection. All transfected mCherry-fused constructions 
were detected using an anti-mCherry antibody. Actin (42 kDa) as a loading control was visualized with an 
anti-actin antibody. (C) N2a cell line expressing either RepA-WH1 derived constructions (~55 kDa) or 
mCherry (35 kDa) as a control over time. To each sample, soluble fraction was analyzed 24, 48 and 72 h 
after transient transfection (left). The insoluble fraction of WH1(∆N37) mutant (pellet) was also analyzed 48 
h after transfection into N2a cells (right).  

Overall, based on cell type-dependent differential expression data obtained by Western blotting, 

the N2a cell line was selected as an appropriate cell model for further outlining RepA-WH1 prion-

like toxicity upon expression in mammalian cells. 
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1.2. RepA-WH1 causes an amyloidosis upon transient expression in N2a cells  

Considering the decreasing expression pattern observed for each WH1(WT/A31V/∆N37)-mCherry 

construction over time, we defined the intermediate time (48 h) after transfection as an appropriate 

time-point to further study the amyloidosis caused by RepA-WH1.  

To evaluate the possible neurotoxicity of the prion-like RepA-WH1 in mammalian cells, we 

transiently transfected the N2a cell line with either WH1(WT)-mCherry or the two 

WH1(A31V/∆N37)-mCherry mutants. Similarly, mCherry was also transiently transfected as an 

expression control. 48 h after transfections, N2a transfected cells were phenotypically observed by 

confocal microscopy. 

1.2.1. RepA-WH1(A31V/∆N37) form intracellular aggregates 

As observed in Figure 10, WH1(WT)-mCherry and the mCherry control remained phenotypically 

soluble when overexpressed in the cytosol of the N2a cells, which demonstrated that neither wild-

type WH1(WT)-mCherry nor the mCherry control had a spontaneous tendency to aggregate. On 

the contrary, for the WH1(A31V)-mCherry mutant, small red punctate aggregates were clearly 

detected in the cytosol, which demonstrated its natural propensity to aggregation with non-

organelle specific localization. Finally, significantly larger intracellular accumulations, distinct to 

those for WH1(A31V)-mCherry mutant in terms of morphology, were observed when 

WH1(∆N37)-mCherry, the deletion mutant lacking the amyloidogenic peptide stretch in RepA-

WH1, was expressed. Phenotypically, the formation of these large accumulations was consistent 

with the location of WH1(∆N37)-mCherry in the insoluble fraction (Figure 9C, pellet).  

Remarkably, the inspection of nuclei morphology by confocal microscopy revealed a notable 

increase of fragmented or condensed nuclei, a sign for cell death, upon 48 h of expression of the 

WH1(A31V)-mCherry mutant (Figure 10).  
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Figure 10. N2a cells transiently expressing RepA-WH1 derived constructions. Representative confocal 
maximum-intensity projection images of N2a cells expressing RepA-WH1(WT/A31V/∆N37)-mCherry 
constructs, or mCherry as a control, 48 h after being transiently transfected (red). White arrows mark 
intracellular WH1(A31V)-mCherry aggregates whereas WH1(∆N37)-mCherry inclusions are indicated with 
an asterisk. Nuclei were visualized using DAPI (blue). Yellow arrow marks an apoptotic nucleus. Scale bar 
10 µm.  
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1.2.2. Clues on RepA-WH1(A31V/∆N37) cytotoxicity  

Because ongoing cell death was morphologically observed by confocal microscopy upon 

WH1(A31V)-mCherry expression over time, we quantitatively analyzed nuclear 

condensation/fragmentation in cells expressing the WH1(WT/A31V/∆N37)-mCherry 

constructions, or the mCherry control at 24, 48 and 72 h after transient transfection (Figure 11). 

 

Figure 11. Proportion of N2a cells showing nuclear condensation/fragmentation. Quantitative analysis 
of condensed/fragmented nuclei in N2a transfected cells that expressed for 24, 48 and 72 h either the 
mCherry control or the WH1(WT/A31V/∆N37)-mCherry constructions. The total number of transfected cells 
for each construction is displayed below the x-axis. Data represent three independent transfection 
experiments. Bars are mean values ± SD (n = 3). For statistical analysis, one-way ANOVA test was 
performed (*, p < 0.1; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns: not significant). A p-value of         
≤ 0.05 was considered statistically significant. 

Confocal image analysis of nuclei 24, 48 and 72 h after transfection revealed that the 

WH1(A31V)-mCherry expressing cells showed a greater nuclear fragmentation/condensation 

compared with either the mCherry control or WH1(WT/∆N37)-mCherry expressing cells at any 

time point tested, with no notable variations appreciated. Conversely, a substantial decrease in 

WH1(A31V)-mCherry expressing cells was detected at 48 h and, specially, 72 h after transfection, 

while similar proportions of either mCherry control or WH1(WT/∆N37)-mCherry transfected N2a 

cells were observed over time. Such reverse correlation between fragmented/condensed nuclei and 

cell count supported the gradual cytotoxicity of WH1(A31V) point mutant upon expression, as 

inferred above.  

In order to evaluate the cytotoxic effect of the WH1(A31V)-mCherry overexpression in N2a 

cells, cellular viability was estimated by assessing gross cell metabolism (NAD(P)H-dependent 

oxidoreductases activity through MTT reduction) 24, 48 and 72 h after transfection (Figure 12). 



Results 

 

 
58 

 
Figure 12. N2a cell viability measured using MTT reduction assay in response to transient expression 
of RepA-WH1 variants. Cell viability was quantitatively determined 24, 48 and 72 h after transient 
transfections by measuring MTT reduction (light absorption at 570 nm). Data displayed in bar graph are 
depicted as the mean of three independent transfections (n = 3). For statistical analysis, one-way ANOVA 
test was performed (**, p < 0.01; ***, p < 0.001, ****, p < 0.0001). A p-value of ≤ 0.05 was considered 
statistically significant. The inferred toxicity of the proteins expressed is as follows: WH1(A31V) > 
WH1(∆N37) > WH1(WT) > mCherry. 

Data related to MTT reduction assay revealed a decrease in cellular viability upon either 

WH1(A31V)-mCherry or WH1(∆N37)-mCherry expression in a time-dependent manner, being 

significantly higher in the case of WH1(A31V)-mCherry compared to the mCherry control. 

Inducing WH1(A31V)-mCherry cytotoxicity was especially remarkable already at 48 h of 

overexpression, observing a decrease of cell viability by about 60%. These values were highly 

exceeded at 72 h, with a reduction in viability approaching 90% in WH1(A31V)-mCherry 

expressing cells. No substantial variations on cell viability were detected for mCherry and 

WH1(WT)-mCherry expressing N2a cells over time. 

Overall, we found that both the red puncta made of WH1(A31V)-mCherry aggregates and the 

large accumulations formed upon WH1(∆N37)-mCherry overexpression were detrimental for cell 

viability, showing a more severe cytotoxicity the former than the latter after 48 h of overexpression 

in N2a cell line.   

1.2.3. Amyloid nature of cytosolic RepA-WH1(A31V) aggregates 

Once observed the cytosolic WH1(A31V)-mCherry aggregation upon time (Figure 10) and its 

acute cytotoxicity in N2a bearing cells (Figures 11 and 12), we were interested in characterizing 

the cytosolic aggregates formed by the overexpression of the WH1(A31V)-mCherry mutant.  
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To this aim, 48 h after WH1(WT/A31V/∆N37)-mCherry and mCherry transfections, amyloid-

specific staining with thioflavin-S (ThS) was performed and cells were visualized by means of 

confocal microscopy. Image analysis revealed that N2a cells expressing the cytotoxic 

WH1(A31V)-mCherry puncta were strongly ThS-positive, an indication of the amyloid nature of 

these intracellular formed aggregates. In contrast, diffuse ThS binding was observed for cells 

expressing the mCherry control and WH1(WT)-mCherry protein (both soluble), and for the 

WH1(∆N37)-mCherry (as reported for the amorphous inclusion bodies assembled by this protein in 

E. coli; (Gasset-Rosa, F et al. 2014)) (Figure 13). 
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Figure 13. Detection of N2a cells containing amyloid aggregates by using ThS staining. Shown are 
representative confocal maximum-intensity projection images of N2a cells transiently expressing for 48 h the 
RepA-WH1(WT/A31V/∆N37)-mCherry constructions or mCherry as control (red), stained with ThS (blue) 
for amyloid aggregate detection. Arrows mark intracellular WH1(A31V)-mCherry aggregates whereas ThS-
positive puncta are indicated with an asterisk. Right panels correspond to mCherry and ThS merged 
fluorescent images. Scale bar: 10 µm. 
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2. Exogenous RepA-WH1(A31V) amyloid fibrils cross-seed aggregation of 

RepA-WH1(WT) in the cytosol of murine cells 

One of the most remarkable characteristics of amyloids is their inherent self-propagation ability, 

being able to template the amyloid aggregation of soluble homotypic proteins. Thereby, validation 

of RepA-WH1 prionoid as a general model for amyloid proteinopathies required to test its ability to 

cross-seed aggregation within mammalian cells. 

In a first approach, we were interested in determining whether exogenous WH1(A31V) amyloid 

seeds (Figure 14) could trigger the cytosolic assembly of the normally soluble WH1(WT) protein.  

 

 

Figure 14. In vitro pre-assembled RepA-WH1(A31V) amyloid fibrils. (A) Negatively-stained electron 
microscopy images of RepA-WH1(A31V) fibrils labelled with Alexa 488 fluorophore both before (un-
fragmented, left) and after (fragmented, right) being disrupted by sonication. Scale bar, 500 nm. (B) 
Representative confocal maximum-intensity projection image of fragmented WH1(A31V) Alexa 488-
labelled fibrils after sonication (green). Scale bar 50 µm.  

To this aim, neuroblastoma N2a cells, transiently overexpressing soluble WH1(WT)-mCherry 

in the cytosol were exposed to in vitro pre-assembled WHI(A31V) Alexa 488-labelled fibrils (for 

simplification hereafter WH1(A31V) fibrils), previously fragmented by sonication. To determine 

the specific ability of WH1(A31V) fibrils to template aggregation of soluble homotypic 

WH1(WT)-mCherry protein, control N2a cells expressing mCherry were similarly incubated with 

fibrils and tested for aggregation. The possible aggregation of the endogenous soluble WH1(WT)-

mCherry was followed by confocal microscopy 24, 48 and 72 h after WH1(A31V) fibril addition 

(Figures 15A and 15B).  
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Figure 15. Intracellular cross-aggregation of soluble RepA-WH1(WT) as promoted by exogenous 
amyloid seeds. (A) Schematic representation of plasmid constructs used to transiently express either wild-
type (WT) RepA-WH1 fused to mCherry, or mCherry control, in the N2a cell line. (B) Experimental setup to 
study induction of endogenous WH1(WT)-mCherry aggregation upon the uptake of exogenous WH1(A31V) 
fibrils. N2a cells were transiently transfected with WH1(WT)-mCherry or mCherry control (1) and 
immediately incubated with 1 µM (expressed as monomer concentration) WH1(A31V)-Alexa 488 fibrils (2) 
for 24, 48 and 72 h. Uptake and seeding of intracellular aggregates were followed by confocal microscopy. 
(C) Exogenous WH1(A31V)-Alexa 488 fibrils (green) were taken up by N2a cells expressing (red) soluble 
mCherry (top) or WH1(WT)-mCherry (bottom). Two of the generated intracellular WH1(A31V)-mCherry 
amyloid aggregates are indicated by arrows. Representative confocal maximum-intensity projection images 
48 h after fibril addition are shown. Right panels correspond to the mCherry and Alexa 488 merged 
fluorescent images. Scale bar: 10 µm. 

Confocal microscopy image analysis suggested that the in vitro Alexa 488-labelled and then 

assembled WH1(A31V) fibrils were efficiently internalized by both mCherry and WH1(WT)-

mCherry expressing N2a cells, being translocated to the cytosol during the first 24 h of incubation, 

where they initiated cross-seeding aggregation of the transiently expressed, soluble homotypic 

WH1(WT)-mCherry. Interestingly, large WH1(WT)-mCherry expressing cells were visualized 

bearing small cytosolic red dot aggregates, characteristic for amyloid WH1(A31V)-mCherry 

aggregates (Gasset-Rosa, F et al. 2014) 48 h after fibril addition (Figure 15C). Although spread 

throughout the entire cytoplasm, no specific intracellular localization could be directly attributed to 

the aggregates. However, it was observed that green fluorescent Alexa 488-fibril signal surrounded 

the induced small red dot aggregates. Interestingly, 48 h after WH1(A31V) fibril incubation, the 

number of intracellular aggregate bearing cells declined notably upon prolonging the incubation 

time. This overtly indicated the toxic properties of the cross-seeded WH1(WT)-mCherry 

aggregates, whose intracellular accumulation was detrimental to the cells bearing them, as 

previously demonstrated for the spontaneous aggregates of the WH1(A31V) mutant (Figures 11 

and 12).  

On the contrary, despite the green WH1(A31V) fibrils were observed within the cytosol, thus 

indicating the uptake of fibrils, no significant red puncta aggregation was detected for the cells 

expressing the mCherry reporter at any time (Figure 15C). 

To rule out that the observed results were a consequence of the spontaneous aggregation of 

WH1(WT)-mCherry, N2a cells either transiently expressing soluble mCherry or WH1(WT)-

mCherry were similarly cultivated in the absence of WH1(A31V) fibrils (Figure 10). As expected, 

no aggregation was observed neither in mCherry nor in WH1(WT)-mCherry expressing cells. 

Overall, these observations supported the specificity of pre-assembled in vitro WH1(A31V) 

amyloid fibrils to template homotypic cytosolic protein aggregation.  

To quantitatively determine the templating efficiency of pre-assembled WH1(A31V) fibrils at 

48 h, a confocal microscopy analysis was performed (Figure 16). Obtained data showed that 

approximately 70% of the WH1(WT)-mCherry expressing cells displayed aggregates, which 

significantly differed from the less than 20% of aggregate bearing cells counted for the mCherry 
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control. Spontaneous long-term aggregation of WH1(WT)-mCherry accounts for around 35%. 

Hardly 15% of mCherry expressing cells exhibited red dot aggregates in the absence of incubation 

with WH1(A31V) fibrils, which could also be attributed to a low tendency to spontaneously self- 

aggregation of the soluble mCherry.  

  

Figure 16. Induction of cytosolic RepA-WH1(WT) aggregation by exogenous RepA-WH1(A31V) seeds. 
Percentage of mCherry or WH1(WT)-mCherry expressing N2a cells bearing aggregates 48 h after incubation 
with WH1(A31V) fibrils. Data displayed as a bar graph are the mean of three independent experiments (n = 
3). At least 200 cells per condition were analyzed. For statistical analysis, Student’s t-test was performed 
(*** p < 0.001, **** p < 0.0001). A p-value of ≤ 0.05 was considered as statistically significant. 

Overall, quantitative data based on confocal image analysis demonstrated the ex vivo 

transmission of the aggregates of the prion-like protein RepA-WH1. Selective size-dependent 

uptake of WH1(A31V) fibrils was able to template an aggregated state in N2a cells expressing 

WH1(WT)-mCherry.  

2.1. RepA-WH1(A31V) fibrils promote an amyloid phenotype in RepA-WH1(WT) 

expressing cells 

In order to qualitatively assess the amyloid nature of the intracellular aggregates generated in 

vivo upon internalization of the WH1(A31V) fibrils, the amyloid-selective fluorescent staining with 

thioflavin-S (ThS) was performed (Figure 17). Confocal microscopy images obtained after 48 h of 

fibril addition to the cultures revealed the penetration of ThS through the cell membrane and its 

selective binding to the formed aggregates in WH1(WT)-mCherry expressing cells. On the 
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contrary, no significant ThS localization was observed in non-aggregated mCherry samples, in 

which diffuse fluorescence was observed across the entire cytoplasm. In these soluble mCherry 

expressing cells, essentially background fluorescence ThS signal was detected. This suggested that 

in the absence of amyloid aggregates, samples failed to high affinity to ThS staining, similarly to 

that observed for spontaneous WH1(WT)-mCherry aggregation (Figure 13).   

 

 
Figure 17. Amyloid nature of cytosolic RepA-WH1(WT) aggregates induced by external RepA-
WH1(A31V) fibrils. N2a cells transiently expressing soluble mCherry or WH1(WT)-mCherry (red, 
mCherry panel) efficiently uptook WH1(A31V) fibrils (green, Alexa 488 panel), which induced cross-seed 
aggregation of the homotypic wild-type (WT) RepA-WH1 variant (arrows). ThS-positive puncta are 
indicated with an asterisk. Right panels correspond to mCherry, Alexa 488 and ThS merged fluorescent 
images. Representative confocal maximum-intensity projection images are shown. Scale bar: 10 µm. 

Therefore, ThS staining provides evidence for the amyloid nature of the WH1(WT)-mCherry 

aggregates templated by the WH1(A31V) fibrils in the cytoplasm of murine N2a cells. 

As a summary, while the uncontrolled overexpression of RepA-WH1(A31V)-mCherry in the 

N2a cell line provided an interesting look into its role in a prion-like amyloidosis, its maximal 

expression levels obtained from the strong constitutive CMV promoter in the pcDNA3.1-derived 

constructions were particularly detrimental for N2a cell viability, leading over time to cell death as 

a result of its amyloid cytoplasmic aggregation as demonstrated in this Thesis. 

Thereby, for further exploration on RepA-WH1 prion-like amyloidosis it became mandatory to 

generate a controlled expression system enabling both a temporal and quantitative tight regulation 

of gene expression. In this sense, N2a cell line, particularly efficient for expression of RepA-WH1 

derived constructions fused to mCherry, may be far from being the appropriate model.  

However, the moderate gene expression pattern for all RepA-WH1 derived constructions 

observed in SH-SY5Y cells (Figure 9B) suggested this human neuroblastoma cell line, extensively 

used in studies related to neurotoxicity and human neurodegenerative diseases, as an optimal 
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alternative to achieve a controlled gene expression of RepA-WH1 variants for further studies on 

RepA-WH1 prion-like amyloidosis. 

3. Generation of a regulated RepA-WH1 expression system in the human 

neuroblastoma SH-SY5Y cell line 

Stochasticity and heterogeneity inherent to transient expression, coupled to the acute cytotoxicity 

of cytoplasmic WH1(A31V)-mCherry overexpression, indicated the necessity of a quantitatively 

and temporally regulatable expression system for further studies on the transmission of RepA-WH1 

amyloidosis in mammalian cells.  

To overcome these limitations, we focused our interest in engineering a tetracycline conditional 

expression model in the human neuroblastoma SH-SY5Y cell line to tightly control the 

transcriptional activation of RepA-WH1 in an inducible fashion. Such Tet-ON expression system 

required the consecutive genome integration of two vectors into the cell line, namely the pCMV-

Tet3G regulatory plasmid, coding for a doxycycline-regulated transcriptional activator (rtTA 

transactivator protein), and the respective pTRE3G-WH1(∆/WT/A31V)-TagGFP2 response 

plasmids (see Materials and Methods, Table 1) for the expression under the control of the rtTA 

transactivator protein of either repA-WH1(WT), the hyper-amyloidogenic repA-WH1(A31V) mutant 

or a control TagGFP2 (Figure 18). The monomeric fluorescent protein TagGFP2 was used as a 

reporter for protein detection, with the aim of further distinguishing between distinct mCherry (red) 

and TagGFP2 (green) labelled variants of RepA-WH1 upon their cytosolic co-expression. These 

constructions are hereafter referred as WH1(WT/A31V)-TagGFP2 and TagGFP2 for 

simplification.                                                                                                                                            

Thereby, generating an inducible double-stable SH-SY5Y cell line based on Tet-ON system 

which contained integrated copies of the regulatory and response plasmids for tight on control of 

RepA-WH1 expression was a laborious two-step process. First of all, it was necessary to establish a 

parental SH-SY5Y clone stably expressing the regulatory rtTA transactivator, subsequently used 

for the random genomic integration of WH1(∆/WT/A31V)-TagGFP2 or TagGFP2 genes, whose 

stable expression was dependent on rtTA transactivator activity and doxycycline induction. This 

experimental plan required extensive optimization and selection processes. 
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Figure 18. Generation of a double-stable Tet-ON expression system. (A) Scheme of Tet-ON gene 
regulation. The strong cytomegalovirus promoter (PCMV) in the pCMV-Tet3G regulatory plasmid controls 
constitutive rtTA transactivator expression, whose activity is regulated by an inducer tetracycline analogue, 
doxycycline (Dox). In presence of Dox (+), functional rtTA transactivator binds to the tetracycline-response 
element in the PTRE3G promoter (at the response plasmid) activating WH1(WT/A31V)-TagGFP2 or TagGFP2 
gene transcription. (B) pTRE3G-based response plasmids linearized by BspEI digestion and visualized in a 
0.8% agarose gel. 

3.1. Development of a stable SH-SY5Y cell line for the expression of rtTA 

transactivator 

3.1.1. Titration with G418 for selecting stable THN-rtTA clones 

Prior to establish stable rtTA transactivator expression cells, for simplification hereafter THN-rtTA 

cells, the host SH-SY5Y cell line was examined for geneticin (hereafter referred as G418 for 

simplification) sensitivity by a killing response assay (0-1 mg/ml G418). SH-SY5Y cells were daily 

explored by bright fluorescence microscopy, giving us a qualitative idea of the optimal dose of 

G418, i.e., that causing 90% cell death in 5 days. Interestingly, for SH-SY5Y cells a direct 

correlation between the antibiotic concentration and progressive cell death was observed in the 

interval between 0-1 mg/ml of G418 (Figure 19). 
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Figure 19. Titration of SH-SY5Y cell sensitivity to G418. Increasing concentrations of G418 (0-1 mg/ml) 
were added to adhered SH-SY5Y cultured cells. In situ evaluation of viable cells was daily assessed up to 5 
days after G418 addition. Representative bright field microscopy images of non-fixed SH-SY5Y cells after 5 
days incubation with 0.2, 0.4, 0.6, 0.8 and 1 mg/ml G418 selective medium are shown. SH-SY5Y cells were 
similarly cultured in absence of G418 as a viable cell control (SH-SY5Y control). Although also tested, 
intermediate 0.1, 0.3, 0.5, 0.7 and 0.9 mg/ml G418 concentrations are not shown for simplification. Images 
were taken at a magnification of 10x.  

As shown in Figure 19, a response to selective pressure was observed for G418 concentrations 

over 0.4 mg/ml, visualizing alterations to the spread cellular morphology characteristic of SH-

SY5Y and, specially, a loss of refringent and attached cells. A complete loss of cell integrity was 

rapidly observed for concentrations of G418 over 0.6 mg/ml. 

Thereby, this qualitative antibiotic dose pilot test was instrumental to experimentally determine 

0.5 mg/ml G418 as an operational dose for further selection of stable transfectants of the pCMV-

Tet3G regulatory plasmid, conferring neomycin resistance to transfected SH-SY5Y cells. 

3.1.2. Generation of an inducible and stable rtTA transactivator expression in the SH-SY5Y 

cell line  

Once the host SH-SY5Y cell line was screened for G418 sensitivity, the following goal was to 

achieve constitutive expression of the inducible rtTA transactivator protein in SH-SY5Y cell line 

(hereafter referred as THN-rtTA cell line). To this aim, SH-SY5Y cells were stably transfected 

with the pCMV-Tet3G regulatory plasmid and then selected for two weeks with 0.5 mg/ml G418 

selective medium. As previously indicated (see above), antibiotic selective pressure led to the 

death of non-transfected SH-SY5Y cells, then allowing for efficient selection of THN-rtTA cells. 

G418-resistant individual colonies began to appear after ~2 weeks of antibiotic selection (Figure 

20A). Fifteen potential individual THN-rtTA colonies (#1-15) were isolated and clonally expanded 
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over time (i.e., Figure 20B). Interestingly, a significant variability in morphology and proliferation 

rates was observed for each THN-rtTA clone.  

 

 
Figure 20. Variability in morphology of THN-rtTA clones. (A) Bright field microscopy images of several 
THN-rtTA clones having integrated the pCMV-Tet3G regulatory plasmid for the stable expression of the 
rtTA transactivator. All images were taken at a magnification of 10x. (B) Bright field microscopy image of a 
THN-rtTA4 colony after 2 weeks of G418 selection.  

3.1.3. Testing THN-rtTA clones for induction 

Eight out of fifteen THN-rtTA isolated clones were examined for a suitable functional rtTA 

transactivator response to doxycycline induction. To this aim, each clone was transiently 

transfected with a pTRE3G-Luc vector (see Materials and Methods, Table 1) expressing reporter 

luciferase upon rtTA transactivator activity. Functional clone inducibility assay was performed 48 

h after doxycycline addition (Figure 21A). A range of doxycycline doses (0, 0.1, 0.5 and 1 µg/ml) 

was tested in individual THN-rtTA clones (#1-8) determining the optimal concentration required 

for induction of the rtTA transactivator.  

Luminescence measurements showed a wide variability in luciferase activity among the eight 

THN-rtTA clones, in terms of differences in background and doxycycline induction levels (Figure 

21B). While the THN-rtTA6 and the THN-rtTA7 clones showed the highest induction levels in 

response to any doxycycline concentration, a substantial basal luciferase activity was detected in 

the absence of doxycycline induction. Similarly, the THN-rtTA8 clone was quite leaky in terms of 

basal luciferase activity, in spite of its lower response to any doxycycline concentration. 

On the contrary, although no leakage was detected in the remaining clones tested, they differed 

noticeably in their responsiveness to the inducer (doxycycline). Moderate response rates to 
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doxycycline induction, combined with minimal basal luciferase levels in its absence, were evident 

for clones THN-rtTA1 and THN-rtTA4. Finally, the tightly linear expression response that the 

THN-rtTA4 clone displayed was considered the most appropriate for conditional RepA-WH1 

expression. In this clone, a concentration of 0.5 µg/ml of doxycycline was observed to be enough 

for a robust expression, so for all the subsequent experiments this was the inducer dose selected.  

 
 

 

 
Figure 21. Luciferase reporter assay for testing functional THN-rtTA clones inducibility. (A) Scheme 
of the luciferase reporter assay. Inducibility of THN-rtTA clones was determined by transient transfection 
with pTRE3G-Luc vector. Transfected cells were treated with doxycycline (+ Dox) to induce expression of 
luciferase. 48 h after doxycycline induction, clones were tested for luciferase activity by luminescence. (B) 
Doxycycline dose-response curves for THN-rtTA clones #1-8 as an indirect readout of doxycycline 
inducibility (rtTA transactivator functionality). Luciferase activity was tested for each clone after 48 h in 
presence (0.1, 0.5 and 1 µg/ml) or absence (0 µg/ml) of doxycycline. Data represent three independent 
transfection experiments. Bars are mean values ± SD (n = 3). 

Overall, the data comparing the reporter luciferase activity of the eight clones tested pointed to 

THN-rtTA4 as a promising genetic background for pTRE3G-based expression of RepA-WH1 in a 

doxycycline inducible fashion. 

B 
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3.2. Generation of stable cell lines for the regulated expression of RepA-WH1  

The selected THN-rtTA4 clone (see above) was used as the host for the random stable integration 

of the genes of interest, WH1(WT)-TagGFP2 and WH1(A31V)-TagGFP2, and TagGFP2 as control.  

3.2.1. Titration with hygromycin B for selecting double-stable clones 

Similarly to the G418 dosage test, a titration with hygromycin B was performed to determine the 

optimal antibiotic dose for further selection of the response plasmid transfectants, i.e. THN-rtTA4 

cells that co-integrated both the pTRE3G-based response plasmid and the linear hygromycin 

selection marker. Hygromycin B selection pressure was maintained for up to 5 days and the 

phenotypes observed by bright field microscopy (Figure 22).  

 
Figure 22. Titration of the sensitivity to hygromycin B of the THN-rtTA4 cell clone. Representative 
bright field in situ microscopy images of THN-rtTA4 clone cells after 5 days of selection pressure with 0.2, 
0.4, 0.6, 0.8 and 1 mg/ml hygromycin B (although intermediate 0.1, 0.3, 0.5, 0.7 and 0.9 mg/ml hygromycin 
concentrations were also tested, these are not shown for simplification). THN-rtTA4 cells were similarly 
cultured in absence of hygromycin B as a negative control for selection (THN-rtTA4 control). Images were 
taken at a magnification of 20x.    

Visual inspection under the microscope of the cultures gave us an idea that concentrations of 

hygromycin B over 0.6 mg/ml were detrimental for cell viability, being the majority of THN-rtTA4 

cells completely detached in less than 24 h after addition of the antibiotic. On the contrary, less 

than 0.2 mg/ml of hygromycin B was apparently not sufficient for killing the cells, remaining most 

of the cells attached and refringent. A progressive increase in the number of cells dead was 

observed at 0.4 mg/ml of hygromycin B, resulting in massive cell death (around 90%) 5 days after 

hygromycin B addition. Thereby, 0.4 mg/ml of hygromycin B was chosen as an appropriate 

selective concentration to kill the non-transfected THN-rtTA4 cells. Hereafter, cells of the clone 

THN-rtTA4 are named as THN-rtTA for simplification. 
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3.2.2. Stable transfection of pTRE3G-based plasmids into THN-rtTA cells 

Once THN-rtTA clone sensitivity to hygromycin B was determined (see above), a second round of 

stable transfection was performed. THN-rtTA cells were transfected with either pTRE3G-

WH1(WT)-TagGFP2, pTRE3G-WH1(A31V)-TagGFP2 or pTRE3G-TagGFP2 response plasmids 

(Figure 23). Due to the lack in the mammalian pTRE3G-based response plasmids of a gene 

resistance for selection of the transfectants in mammalian cells, a linear hygromycin selection 

marker was co-transfected at a ratio of 1:10 relative to the pTRE3G-based constructions. Co-

transfection ratio was empirically determined in THN-rtTA cells considering that greater the 

proportion of pTRE3G-based plasmid compared to linear hygromycin selection marker, the higher 

the probability of reaching hygromycin B-resistant clones that randomly co-integrate both the 

linear hygromycin selection marker and the respective pTRE3G-based plasmid. 
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Figure 23. Schematic representation of the experimental procedure followed to establish a Tet-ON 
expression system in a human neuroblastoma cell line. SH-SY5Y cells were transfected with the pCMV-
Tet3G regulatory plasmid generating a cell clone (THN-rtTA clone) stably expressing the rtTA transactivator 
protein. This cell clone served as the host for the respective pTRE3G-WH1(∆/WT/A31V)-TagGFP2 
response plasmid, which was co-transfected with a linear hygromycin selection marker (Hygr). Double-stable 
clones expressing both rtTA transactivator and WH1(WT/A31V)-TagGFP2 or TagGFP2 in response to 
doxycycline addition (+Dox) were screened. 

3.2.3. Screening and characterization of double-stable clones  

Double-stable transfectants for both the rtTA transactivator and WH1(∆/WT/A31V)-TagGFP2, 

hereafter THN-rtTA/GFP, THN-rtTA/WH1(WT)-GFP and THN-rtTA/WH1(A31V)-GFP clones, 

were selected with 0.5 mg/ml G418 and 0.4 mg/ml hygromycin B. Resistant colonies began to 

appear after ~2 weeks, being finally isolated 12 THN-rtTA/WH1(WT)-GFP and 18 THN-

rtTA/GFP clones. Clones were screened for an ideal tight expression in the presence (0.5 µg/ml) 

and absence of doxycycline by Western blotting, flow cytometry and confocal microscopy at 48 h 

after induction. Although most screened clones showed a robust induction, expression levels varied 

from one clone to other. Even gene expression in non-inducing conditions was observed for several 

THN-rtTA/WH1(WT)-GFP and THN-rtTA/GFP clones. Finally, one THN-rtTA/WH1(WT)-GFP 

clone and one THN-rtTA/GFP clone displayed a tight inducible regulation according to flow 

cytometry (Figure 24A) and Western blotting (Figure 24B). 

An increase in the fluorescence signal in the FL1 channel was observed for both THN-

rtTA/GFP and THN-rtTA/WH1(WT)-GFP clones upon doxycycline induction, which was 

consistent with Western blot results that showed an undetectable expression signal in absence of 

doxycycline, but moderate expression levels upon doxycycline induction.   
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Figure 24. Screening and characterization of inducible THN-rtTA/GFP and THN-rtTA/WH1(WT)-
GFP clones. (A) Flow cytometry analysis to monitor the expression of THN-rtTA/GFP and THN-
rtTA/WH1(WT)-GFP clones in presence (green histogram) or absence (grey histogram) of 0.5 µg/ml 
doxycycline at 48 h post-induction. FL1 channel was selected for TagGFP2 fluorescence (FL1-LOG). (B) 
Expression levels of TagGFP2 and WH1(WT)-TagGFP2 48 h after presence (+) or absence (-) of 0.5 µg/ml 
doxycycline in culture medium. β-tubulin and vinculin were used as loading controls and visualized 
respectively with anti-β-tubulin and anti-vinculin antibodies. Vinculin was used instead of β-tubulin to avoid 
the overlapping in MWs between the latter and WH1(WT)-TagGFP2. 

Indeed, confocal microscopy imaging allowed us to analyze in detail the expression pattern of 

chosen clones. As observed in Figure 25, both THN-rtTA/WH1(WT)-GFP and THN-rtTA/GFP 

double-stable clones showed a soluble and homogeneous expression throughout the entire cytosol.  

 
Figure 25. Inducible double-stable THN-rtTA/GFP and THN-rtTA/WH1(WT)-GFP clones. Confocal 
microscopy analysis of THN-rtTA/GFP and THN-rtTA/WH1(WH1)-GFP single clones stably expressing 
rtTA transactivator protein and TagGFP2 or WH1(WT)-TagGFP2 respectively (green) 48 h after 
doxycycline addition. Nuclei were visualized using DAPI (blue). Right panels correspond to TagGFP2 and 
DAPI merged fluorescent images. Representative confocal maximum-intensity projection images are shown. 
Scale bar: 10 µm. 

It is noteworthy that no stable clone appeared over time expressing the hyper-amyloidogenic 

(A31V) variant of RepA-WH1 precluding its use in subsequent experiments. 



Results 

 

 

75 

4. Cell-to-cell transmission of the RepA-WH1 prionoid 

4.1. RepA-WH1(A31V) released from murine cells can spread and cross-seed 

aggregation in the cytosol of recipient human cells expressing RepA-WH1(WT) 

Once demonstrated the ability of the internalized, pre-assembled WH1(A31V) fibrils to cross-seed 

amyloidogenesis on the soluble WH1(WT)-mCherry variant of this prion-like protein in vivo, we 

explored the horizontal spreading of RepA-WH1 prionoid between cells. To this aim, aggregate-

bearing murine N2a donor cells suffering amyloidosis (Figure 10) were long-term co-cultured with 

bystander THN-rtTA/WH1(WT)-GFP naïve receptor cells, stably expressing soluble WH1(WT)-

TagGFP2 upon doxycycline addition (Figure 26). To discard non-specific cell-to-cell aggregate 

induction, both naïve N2a WH1(WT)-mCherry donor cells and THN-rtTA/WH1(WT)-GFP 

receptor cells were similarly co-cultured. 

 

Figure 26. Intercellular transmission of the RepA-WH1(A31V) aggregate phenotype. N2a cells 
harbouring intracellular WH1(A31V) aggregates (donor, red) were co-cultured with THN-rtTA/WH1(WT)-
GFP cells (receptor, green) stably expressing WH1(WT)-TagGFP2 up to 1 week. Endogenous WH1(WT)-
TagGFP2 aggregation in bystander (receptor) cells was followed by confocal microscopy. 

Aggregate templating in recipient cells was routinely addressed by confocal microscopy cell 

imaging every 24 h up to 1 week of co-culture, searching for green fluorescent intracellular 

aggregates surrounding a smaller red dot core (Figure 27A). Noticeably, an increase in 

intracellular small green aggregates was detected over time in THN-rtTA/WH1(WT)-GFP receptor 

cells when co-cultured with amyloidogenic WH1(A31V)-mCherry aggregate-bearing N2a cells, 

visualizing the highest aggregate-to-template rate after 5 days (Figure 27B), decreasing from then 

on. Thus, 5 days co-cultures were selected for further quantitative image analysis.  

As observed in Figure 27B, spontaneously assembled WH1(A31V)-mCherry aggregates must 

be released from the donor cells and thus spread, gaining entry into the recipient cells, where they 

likely seed the intracellularly assembly of soluble homotypic WH1(WT)-TagGFP2 throughout the 

entire cytosol. On the contrary, no substantial aggregation of soluble WH1(WT)-TagGFP2 was 
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observed upon co-cultivation of N2a donor cells transiently expressing the soluble variant 

WH1(WT)-mCherry with their counterparts THN-rtTA/WH1(WT)-GFP cells expressing 

WH1(WT)-TagGFP2.  

It is noteworthy that virtually no red fluorescent WH1(A31V)-mCherry donor aggregates were 

detected at the intercellular space. Furthermore, no specific intracellular localization, in terms of 

specificity towards any cell organelle/compartment, was related to WH1(A31V)-mCherry donor 

aggregates in naïve THN-rtTA/WH1(WT)-GFP receptor cells. 
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Figure 27. Intracellular cross-aggregation of soluble RepA-WH1(WT)-TagGFP2 as promoted by 
internalized RepA-WH1(A31V) aggregates. (A) Experimental setup to study horizontal propagation of the 
aggregate phenotype to bystander naïve cells. 24 h after being transfected with pcDNA3.1-WH1(WT/A31V)-
mCherry plasmid, donor N2a cells transiently expressing soluble WH1(WT)-mCherry or amyloidogenic 
WH1(A31V)-mCherry were co-cultured up to 7 days with THN-rtTA/WH1(WT)-GFP receptor cells stably 
expressing WH1(WT)-TagGFP2 upon doxycycline induction. Intercellular transmission and templating of 
aggregates were followed by confocal microscopy over time. (B) Co-culture of donor control WH1(WT)-
mCherry (top, WH1(D)) or aggregate bearing WH1(A31V)-mCherry N2a cells (bottom, A31V(D)) with 
bystander THN-rtTA/WH1(WT)-GFP naïve receptor cells (WT(R)), stably expressing soluble WH1(WT)-
TagGFP2 upon doxycycline addition. Intracellular WH1(WT)-TagGFP2 aggregates (TagGFP2 panel, green) 
are indicated by arrows. The transmitted templating amyloidogenic WH1(A31V)-mCherry aggregates 
(mCherry panel, red) are encircled in white. Nuclei were visualized using DAPI (blue). Confocal maximum-
intensity projection images 5 days after co-cultivation are shown. Right panels correspond to the TagGFP2, 
DAPI and mCherry merged fluorescent images. Scale bar: 10 µm. 

Finally, the cross-seeded aggregated fraction was quantitatively assessed in THN-

rtTA/WH1(WT)-GFP receptor cells after long-term co-cultivation for 5 days with either naïve 

control WH1(WT)-mCherry N2a cells or hyper-amyloidogenic WH1(A31V)-mCherry N2a donor 

cells (Figure 28). 

 
Figure 28. Quantification of intercellular promotion of RepA-WH1 aggregation. Percentage of THN-
rtTA/WH1(WT)-GFP receptor cells (WT(R)) bearing intracellular aggregates after 5 days co-culture with 
transiently transfected WH1(WT)-mCherry or WH1(A31V)-mCherry N2a donor cells. Data displayed as a 
bar graph are the mean of three independent experiments (n = 3). At least 200 cells per condition were 
analyzed. For statistical analysis, Student’s t-test was performed (*** p < 0.001). A p-value of ≤ 0.05 was 
considered as statistically significant.  

In conclusion, these results showed significant differences in the intercellular ‘infectivity’ of 

naïve WH1(WT)-mCherry and hyper-amyloidogenic WH1(A31V)-mCherry cells. Cells suffering 

the RepA-WH1(A31V) prion-like amyloidosis were highly proficient in horizontal propagation of 

the aggregate phenotype to naïve cells, which was consistent with the results obtained for the in 

vitro pre-assembled RepA-WH1(A31V) fibrils (Figure 16). Taking together, these parallel 
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observations suggest that the bacterial RepA-WH1 protein indeed recapitulates in mammalian cells 

a prion-like phenotype. 

5. Proteomic analysis of the response of N2a cells to RepA-WH1(A31V) fibril 

uptake 

In order to explore the composition of proteins involved in the cellular response to RepA-WH1 

amyloidosis caused by in vitro pre-assembled amyloid RepA-WH1(A31V) fibrils, and 

consequently determine the molecular pathway(s) underlying RepA-WH1 amyloid cytotoxicity, a 

comprehensive ‘omic’ approach was used.  

By using liquid chromatography-tandem mass spectrometry (nLC-MS/MS), we quantitatively 

characterized, in total cell lysates, the fibril-associated proteome from both WH1(WT)-mCherry 

N2a cells suffering amyloidosis and non-aggregated mCherry N2a cells, to compare them with 

untreated N2a cell proteome as a control. Differential proteomic datasets comparison disclosed an 

overlapped panel of 1762 proteins present in all the three analyzed samples, which constitute the 

proteomic profile of the murine N2a cell line. By contrast, a total of 151 co-expressed murine 

proteins were exclusively identified in WH1(WT)-mCherry fibril-transfected N2a cells, thus 

providing a molecular signature of RepA-WH1 amyloidosis-related proteins (Figure 29).  

 

 

Figure 29. Venn diagram of the differential distribution of quantified proteins in mass spectrometry-
based proteomic analysis. Overlap between proteins found in untransfected N2a control cells (a) and those 
identified in N2a cells transiently expressing either mCherry (b) and WH1(WT)-mCherry (c) upon amyloid 
fibril uptake (WH1(A31V) fibrils). 
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Analysis of fibril-induced RepA-WH1(WT)-mCherry amyloid interactome based on functional 

gene ontology (GO) annotation (Figure 30), revealed mitochondria, endoplasmic reticulum and 

nucleus as the preferentially over-represented cellular compartments. Functionally diverse, we 

mainly identified proteins involved in the response to cellular stress, such as Fxn that regulates 

mitochondrial iron transport and respiration, analogous to Fnr identified in E. coli RepA-WH1 

amyloidosis (Molina-Garcia, L et al. 2017); and Cisd2 protein, a regulator of autophagy, or Ier3ip1, 

involved in the regulation of apoptosis. Also protein quality control proteins such as Ubxn4 and 

Erlec1 involved in endoplasmic reticulum-associated protein degradation (ERAD), Tor1b, Dnajc3 

and Sacs co-chaperones and Psmb10 protein, a proteasome subunit were placed in this amyloid-

interactome subset. Moreover, a number of proteins involved in cellular metabolism such as 

Ndufa2,3,7, Ndufb1 and Mtnd3 subunits of the NADH:Ubiquinone Oxidoreductase, Cox15 

cytochrome c oxidase and Uqcr10, a component of the ubiquinol-cytochrome c reductase complex 

were found represented. We also identified numerous proteins involve in nuclear envelope 

breakdown and chromatin condensation such as Akap8l or even in cellular signalling and vesicular 

transport processes.  

Network analysis of the 151 proteins involved in the response of the N2a cells expressing 

WH1(WT)-mCherry to the proteinopathy caused by the uptake of WH1(A31V) amyloid fibrils, 

allowed their assignment to diverse functional clusters (Figure 31). There was a remarkable 

functional association network related to cellular respiration (i.e., NAD(P)H oxidoreductases) and 

to the response to cellular stress (i.e., Fxn and Cisd2 proteins), which might suggest a 

mitochondrial pathway of RepA-WH1 amyloidosis. Functional assays should be performed in 

order to validate this ‘omic’ approach.  

Overall, our survey through the proteome of cells affected by the amyloid cytotoxicity exerted 

by RepA-WH1 outlines core pathways of amyloid toxicity that link possible mitochondrial 

dysfunction with bacterial amyloidosis (Molina-Garcia, L et al. 2017). 
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Figure 30. Mapping the specific proteome of the murine N2a WH1(WT)-mCherry cells upon the 
uptake of WH1(A31V) fibrils. Mass spectrometry identification of the proteins exclusively co-expressed in 
murine N2a cells transiently transfected with WH1(WT)-mCherry upon exogenous addition of WH1(A31V) 
fibrils. Proteins are grouped by using UniProt database according to their cellular localization and colour-
coded following their function.  

 

 

 

 

 

 

 



Results 

 

 

81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fi
gu

re
 

31
. 

Fu
nc

tio
na

l 
cl

us
te

ri
ng

 
of

 
th

e 
pr

ot
ei

ns
 r

el
at

ed
 t

o 
R

ep
A

-W
H

1 
am

yl
oi

do
si

s 
in

 
N

2a
 

ce
lls

 
up

on
 

fib
ri

l 
ad

di
tio

n.
 

Th
e 

pr
ot

eo
m

e 
of

 
W

H
1(

W
T)

-m
C

he
rr

y 
N

2a
 

ce
lls

 
su

ff
er

in
g 

fib
ril

-c
au

se
d 

am
yl

oi
do

si
s 

w
as

 
fu

nc
tio

na
lly

 c
la

ss
ifi

ed
 b

y 
us

in
g 

ST
R

IN
G

 1
1.

0 
ve

rs
io

n 
(S

zk
la

rc
zy

k,
 

D
 

et
 

al
. 

20
19

). 
A

ll 
av

ai
la

bl
e 

pr
ed

ic
tio

n 
so

ur
ce

s 
w

er
e 

us
ed

. 
A

 
st

rin
ge

nt
 c

on
fid

en
ce

 0
.9

 i
nt

er
va

l 
an

d 
a 

M
C

L-
m

ea
ns

 c
lu

st
er

in
g 

pr
oc

ed
ur

e 
w

er
e 

ap
pl

ie
d.

 T
he

 
nu

m
be

r 
of

 in
te

ra
ct

or
s 

di
sp

la
ye

d 
w

as
 li

m
ite

d 
to

 
5.

 D
is

co
nn

ec
te

d 
no

de
s 

in
 t

he
 n

et
w

or
k 

w
er

e 
re

m
ov

ed
 f

ro
m

 p
lo

t. 
A

 p
ro

m
in

en
t 

fu
nc

tio
na

l 
in

te
ra

ct
io

n 
ne

tw
or

k 
is

 h
ig

hl
ig

ht
ed

 w
ith

 d
as

he
d 

bo
un

da
rie

s.
 

 



 

 

  DISCUSSION 
 



Discussion 

 

 
85 

Although there is a consensus on that neurodegeneration is linked to cytotoxic protein amyloid 

aggregation, as clearly inferred from studies with animal (e.g. mouse, Drosophila, C. elegans) and 

cell culture model systems, their intricate complexity at the molecular and cellular levels is still far 

from effective clinical therapies.  

Many of the animal models of amyloidosis now available are barely characterized at the 

molecular level, which results in the impossibility of outlining a clear scenario on the 

mechanism(s) leading to amyloid cytotoxicity. During the last few years, our group has extensively 

characterized the RepA-WH1 prionoid both in vitro and in Escherichia coli (Giraldo, R et al. 2016) 

as a pioneering bacterial prion-like model system. However, its double membrane plus the 

intervening peptidoglycan wall make E. coli inefficient in amyloid secretion/uptake. Since the 

amyloids expressed in bacteria lack microbiological (i.e., horizontal) transmissibility, bacteria fail 

to address one of the most remarkable characteristics of amyloids, the spreading phenomenon. 

Then, to establish RepA-WH1 as a feasible minimalist model system for untangling 

intracellular amyloidosis, in this Thesis a bottom-up Synthetic Biology design of the RepA-WH1 

amyloid proteinopathy have been undertaken in mammalian cells. 

1. The prion-like behaviour of the bacterial RepA-WH1 protein in mammalian 

cells   

1.1. RepA-WH1 is able to form cytotoxic amyloid aggregates  

In a first approach, exploration of RepA-WH1 prion-like amyloidosis upon transient expression of 

the different variants of RepA-WH1 from the strong constitutive CMV promoter, demonstrates that 

different mutations result in variants of the protein with distinct amyloidogenicity when 

overexpressed in cultured murine cells, in coherence with previous results from our group in 

bacteria (Gasset-Rosa, F et al. 2014). RepA-WH1 amyloidogenicity is modulated by a point 

mutation (A31V) in the WH1 domain of RepA, driving this variant to spontaneously aggregate at 

the cytosol. This results in the generation of WH1(A31V) protein particles, particularly active in 

inducing a severe toxic phenotype in cultured cells over time. Such aggregates, which appear as 

fluorescent punctate with a heterogeneous distribution in the cytosol, are morphologically similar 

to the intracellular WH1(A31V) aggregates previously described for RepA-WH1 amyloidosis in 

E.coli (Gasset-Rosa, F et al. 2014; Molina-Garcia, L et al. 2014). It is remarkable that also the 

WH1(∆N37) variant appears aggregated in the cytoplasm, although the dense and large inclusions 

clearly differ from the soluble WH1(A31V) aggregates (Gasset-Rosa, F et al. 2014; Molina-Garcia, 

L et al. 2014). Particularly, WH1(ΔN37), might be amorphous protein aggregates.  
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Surprisingly, RepA-WH1 toxicity does not directly correlate with a loss in protein solubility, 

particular for the WH1(ΔN37) variant. On the contrary, cell viability is severely compromised 

when WH1(A31V) variant is overexpressed, suggesting that small soluble WH1(A31V) aggregates 

(i.e., with sizes beyond the diffraction limit of visible light) are particularly detrimental for cells 

over time, contributing to the cytotoxicity of RepA-WH1 prion-like phenotype in murine cells. 

This finding is compatible with studies in which small oligomeric aggregates were shown to target 

model membranes in vitro (Fernández, C et al. 2016).  

Overt toxicity of WH1(A31V) variant is evident by an increase in the fraction of 

condensed/fragmented nuclei and the decrease in cell viability, as shown in the MTT reduction 

assay. This suggests that spontaneous conformational conversion of RepA-WH1 and its subsequent 

self-assembly results in a toxic ‘gain-of-function’ phenotype that eventually leads to cell death. 

Regarding thioflavin-S (ThS), a fluorophore specific for the amyloid cross-β structure, provides 

evidence that both types of aggregates, which are not only distinct in morphology and cytotoxicity 

but also in number and cytosolic distribution, exhibit a different aggregate nature. While 

WH1(A31V) aggregates are positive for ThS staining, indicative of their β-sheet amyloid character, 

the amorphous deposits formed upon WH1(∆N37) overexpression do not specifically exhibit ThS 

affinity, underlying that these insoluble aggregates are not amyloid. WH1(∆N37) aggregates 

remind to the inclusion bodies that it also forms in E. coli (Gasset-Rosa, F et al. 2014; Molina-

Garcia, L et al. 2014) or even to some amorphous TDP-43 aggregates in Amyotrophic lateral 

sclerosis (Baloh, RH. 2011). This might explain the mild cytotoxicity of the WH1(∆N37) variant, 

which lacks the amyloidogenic sequence stretch in WH1 L26VLCAASLI34, when compared with 

the hyper-amyloidogenic WH1(A31V) variant and underlines the intrinsic role of this point 

mutation in driving RepA-WH1 amyloid assembly (Giraldo, R. 2007). 

Altogether, these results confirm in cultured murine cells previous findings in bacteria (Gasset-

Rosa, F et al. 2014; Molina-Garcia, L et al. 2014) on the capacity of the RepA-WH1 prionoid to 

fold into different conformations, and promote a heterogeneous aggregate phenotype upon 

overexpression of distinct variants of the same protein, which compromise their cytotoxicity 

according to the following trend: WH1(A31V) > WH1(∆N37) > WH1(WT).  

Interestingly, the cytosolic distribution of WH1(A31V) aggregates observed by confocal 

microscopy, might suggest that RepA-WH1(A31V) amyloidogenesis takes places in the cytosol, 

where RNA could act as a likely partner encountered by the nascent polypeptide emerged from 

ribosome, enhancing its aggregation propensity. Nucleic acids, in particular small plasmid-encoded 

DNA sequences, are known to promote RepA-WH1 amyloidogenesis both in vitro (Giraldo, R. 

2007; Gasset-Rosa, F, Mate, MJ, et al. 2008) and in vivo (Moreno-Del Alamo, M et al. 2015). 

Nucleic acids, both DNA and especially RNA, and other poly-anions have also been suggested as 

efficient scaffolds and/or as allosteric effectors of PrP, Aβ peptides, Tau, α-synuclein or TDP-43 in 
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amyloidosis (Silva, JL et al. 2016). Supporting this idea, preliminary experiments from our 

laboratory in which the RepA-WH1 prionoid was committed to enter into the nucleus of cultured 

neuroblastoma cells resulted in a particularly severe cytotoxic response, coursing even faster than 

the cytosolic one, probably causing a checkpoint arrest of the cell cycle (M. Moreno, J. Jiménez, 

J.F. Giménez and R. Giraldo, personal communication). 

Considering the acute cytotoxicity of cytoplasmic WH1(A31V) expression, further studies on 

the transmission of RepA-WH1 amyloidosis in mammalian cells required a quantitative and 

temporally regulatable expression system. Although our interest in engineering a tetracycline 

conditional expression model in the human neuroblastoma SH-SY5Y cell line was successful for 

soluble wild-type RepA-WH1-TagGFP2 and the control TagGFP2, especially significant was the 

absence of any clone stably expressing the hyper-amyloidogenic WH1(A31V)-TagGFP2 variant. 

Considering no clonal genomic variations in origin, since the same parental neuroblastoma SH-

SY5Y cells with the rtTA transactivator (THN-rtTA clone) were used for the conditional 

expression system, the random genomic integration via recombination of WH1(WT/A31V)-

TagGFP2 or TagGFP2 in which our Tet-ON expression system was based, may be a plausible 

explanation for the clonal variability observed either in doxycycline responsiveness for induction 

or in basal expression. Random integrations could occur in sites of the genome not allowing for a 

tight regulation.  

According to the toxicity that the WH1(A31V) mutant exhibited when transiently 

overexpressed in the N2a cell line, no stable clone for this hyper-amyloidogenic RepA-

WH1(A31V) variant was obtained, thus precluding its use in subsequent experiments. This could 

reflect that, regardless having selected a tightly regulated rtTA transactivator clone for further 

double-stable cell line establishment, a leaky rtTA transactivator activity in the absence of 

doxycycline induction might be detrimental for the WH1(A31V) expressing cells due to the acute 

toxicity of the oligomers of this hyper-amyloidogenic variant. But the observed clonal variations go 

beyond the molecular level, since phenotypic (morphological) and growth rate differences were 

also noticed.  

Consequently, although we initially planned the use of a tight controlled and stable expression 

system as donor of RepA-WH1 aggregates in further studies aiming to address cell-to-cell 

transmission of the amyloidogenic prion-like phenotype, we repositioned the THN-

rtTA/WH1(WT)-GFP cells as suitable receptors in such studies, while the transiently expressing 

WH1(A31V)-mCherry N2a cells, which eventually die releasing their aggregates to the cell 

culture, were used as donors of aggregates. 
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1.2. Cytosolic templating of the bacterial prion-like protein RepA-WH1 

In recent years, pioneering discoveries in vivo have demonstrated that Tau aggregates can 

propagate the misfolded state specifically to intracellular soluble Tau in cell cultures, suggesting a 

natural propagation of Tau pathology (Kaufman, SK et al. 2013). Likewise, grafting of healthy 

fetal tissue into the brains of Parkinson´s patients (Li, JY et al. 2008) or the inoculation with human 

α-synuclein fibrils in mice transgenic for human α-synuclein provided evidence for a prion-like 

pathogenic cascade based on templated conformational change (Luk, KC et al. 2012).  

The observed Tau and α-synuclein aggregates spreading in connected brain areas would then 

prove the regional degeneration pathology and disease progression in neurodegenerative disorders 

related to amyloids. This suggested prion-like proteins as entities capable to seed aggregation of 

homotypic native proteins, actively transmitting the amyloid state similarly to the proposed model 

for mammalian PrP. Thereby, amyloidoses could be considered as truly ‘infectious’ diseases at the 

molecular level, redefining the molecular mechanism(s) of prion pathologies (Aguzzi, A et al. 

2009). Then, there is no doubt on the relevance of trying to elucidate the spreading and seeding 

capacity of prion-like particles. 

Valuable new insights into the cell biology of prion-like proteins have been provided from 

synthetic non-pathogenic amyloidogenic proteins, which do not cause a loss-of-function phenotype 

in mammalian cell cultures. Particularly, the yeast prion domain of Sacharomyces cerevisiae 

Sup35p/[PSI+] has been extensively studied. Its N-terminal prion domain (Sup35p-NM) has 

demonstrated its ability to self-assembly into amyloid fibrils in vitro, which can be readily 

internalized by mammalian cultured cells initiating the aggregation of cytosolic homotypic soluble 

protein (Krammer, C et al. 2009). An analogous heterologous approach has demonstrated that 

Sup35p-NM can adopt a self-propagating conformation, forming infectious prion-like aggregates in 

E. coli, albeit this requires the co-expression of the ancillary prion-like protein co-factor 

Rnq1p/[PIN+] (Garrity, SJ et al. 2010). Both reports faithfully demonstrate that cytosolic protein 

aggregates can spread both vertically and horizontally, providing interesting heterologous models 

for studies on the transmission of prion-like proteins. 

Besides these pioneering works on heterologous expression systems and a great diversity of 

emergent model systems, the biological studies performed in this Thesis gain further insight into 

the prion-like capacities of cytosolic protein aggregates. The conversion of a bacterial 

amyloidogenic protein (RepA-WH1) into prion-like particles, transmissible to and between cells, 

suggests a self-perpetuating propagation in mammalian cells, similarly to that observed for some 

disease-related amyloid proteins such as Tau (Frost, B, Jacks, RL, et al. 2009) and α-synuclein 

(Guo, JL et al. 2013). It is striking that RepA-WH1 aggregate transmission was already reported by 

our group in E. coli, being able to vertically propagate to the progeny during bacterial division as at 
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least two inheritable amyloid strains with different cytotoxicities, whose interconversion was 

modulated by the Hsp70 chaperone DnaK (Gasset-Rosa, F et al. 2014). 

Prion-like template-assisted seeding has been successfully recapitulated in this Thesis for 

RepA-WH1 in cultured cells by both direct addition of in vitro assembled RepA-WH1(A31V) 

fibrils and in vivo cross-talking of naïve receptor cells with donor cells suffering amyloidosis.  

Regarding amyloid fibrils as seeding units for RepA-WH1(WT) aggregation, it is 

noteworthy that the variable efficiency observed for the intracellular uptake of the Alexa 488-

labelled WH1(A31V) fibrils seems related to their final size after the sonication process used in 

their preparation, either for the recipient mCherry or WH1(WT)-mCherry transient expressing 

cells, although the exact end-size is unknown. A higher effective uptake was observed for smaller 

WH1(A31V) fibril entities rather than for the larger fibrillar material, whose oversized dimensions 

might considerably hamper their internalization. Then, substantial amounts of fibrillar material 

remained outside these cells, apparently attached to the plasma membrane, even after extending 

fibril incubation to 5 days. These observations underline a differential propensity to gain entry to 

the cytosol depending on the fibrils end-stage size and might be a plausible explanation for their 

distinct effectiveness in the promotion of WH1(WT)-mCherry aggregation. This is reminiscent of 

the Aβ peptides and other aggregation-prone proteins, such as Tau and α-synuclein, whose soluble 

oligomeric species are preferentially internalized by cells over large inclusions or fibrils. The latter 

are more likely to form pathologically inert clusters, although cytotoxicity cannot be related to a 

single type of amyloid species (Spires-Jones, TL et al. 2011; Winner, B et al. 2011).  

Accordingly, the physical dimensions of the amyloid fibrils have been recently implicated as a 

key factor in amyloidosis, giving rise to different rates of induction of self-perpetuating protein 

conformers. It has been hypothesized that post-assembly fibril fragmentation increases the surface 

area of ends available for priming amyloidogenesis and also the fibril-membrane interactions, 

enhancing the cytotoxic potential without changes to fibril structure. In vitro experiments have 

demonstrated that shorter fibrils disrupt liposome membranes more efficiently than their longer 

counterparts (Xue, WF et al. 2010). Although a thrombin-like protease activity has been 

demonstrated to fragment Tau in vivo as a prelude to aggregation (Khlistunova, I et al. 2006), the 

cellular factors that contribute to aggregate fragmentation in mammalian cells are still elusive.  

Interestingly, the observation that the RepA-WH1 amyloid fibrils, assembled in vitro using as 

‘seeds’ amyloid RepA-WH1 aggregates generated in E. coli, are able to act as ‘building blocks’ for 

the prion-like template misfolding of the soluble RepA-WH1 variant in N2a cells, strongly 

suggests that the intracellular aggregates of the latter have a similar, if not equal, 3D amyloid 

structure to that characterized for the aggregate forming RepA-WH1 fibrils (Torreira, E et al. 

2015). Then, an intriguing ‘amyloidogenic seeding cascade’ for RepA-WH1 from intracellular 

bacterial aggregates through in vitro fibrillogenesis to ongoing proteinopathy in neuroblastoma 
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cells could be outlined. This is in line to findings on Aβ amyloid-extracts from brain tissue of 

individuals suffering Alzheimer´s disease, which can template fibril growth in vitro, being such 

fibrils structurally identical to that found in vivo (Lu, JX et al. 2013).  

Beyond amyloid fibrils cross-seeded aggregation of RepA-WH1(WT), we have demonstrated 

the inherent ability of RepA-WH1 to propagate cell-to-cell from spontaneously assembled 

WH1(A31V) aggregates, which must be released from donor cells and thus spread, gaining entry 

into the recipient cells, where they likely seed the intracellular assembly of soluble homotypic 

WH1(WT)-TagGFP2 at the cytosol. It is noteworthy that only a few of the red fluorescent 

WH1(A31V)-mCherry donated aggregates, all of them similar in size, were detected both at the 

intercellular and intracellular spaces. This might be due to the limit in the resolution of the optical 

microscopy used, or even to washing-out micro-aggregates during sample processing. Interestingly, 

and probably related to that, less than 10 % of the naïve THN-rtTA/WH1(WT)-GFP receptor cells 

displayed small red fluorescent WH1(A31V) aggregates generated by the donors. Then, the 

possibility that amyloid-aggregate entities were naturally fragmented, presumably at the cytosol, 

into seeds with sizes beyond the resolution limits of conventional optical microscopy indeed cannot 

be dismissed. This is compatible with the idea that small amyloid assemblies are most effective in 

seeding activity. 

Compelling evidence argue that just a few of the intracellular WH1(A31V)-mCherry amyloid 

aggregates are enough to trigger cross-aggregation of the soluble cytoplasmic protein, leading to an 

amyloid phenotype into bystander THN-rtTA/WH1(WT)-GFP recipient cells.  

These results suggest an autonomous propagation of the prion-like phenotype dependent on the 

molecular properties of RepA-WH1, which is consistent with the previous results obtained for the 

in vitro assembled RepA-WH1(A31V) fibrils (Giraldo, R. 2007; Gasset-Rosa, F et al. 2014). 

Interestingly, the fact that donor cells die as a consequence of cytotoxic WH1(A31V) amyloid 

aggregation with the subsequent release of the aggregates to the culture medium, indicates that 

prion-like spreading of cytosolic aggregates does not require cell division as a prerequisite for 

transmission (Hofmann, JP et al. 2013).  

The WH1(A31V) mutant showed not only a cytosolic amyloid nature, causing an acute 

cytotoxicity in overexpressing N2a cells, but also the inherent ability to seed amyloidogenesis on 

the soluble homotypic variant RepA-WH1(WT), as reported for any other unrelated amyloidogenic 

protein (Ren, PH et al. 2009). Thereby, this suggests that once WH1(A31V) amyloid seeds are 

forged, either in vitro or in vivo, amyloid conformation is preserved to template amyloidosis on 

further soluble molecules of the protein, although a persistent infection has not been proved.  

The molecular basis underlying the conversion of the soluble RepA-WH1 protein to become 

prion-like in mammalian cells have not been elucidated yet. Interestingly, our results suggest that 

de novo generation of the RepA-WH1 prion-like phenotype in naïve bystander cells is a molecular 
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recognition process with a somehow relaxed specificity, i.e. it depends on having amino acid 

sequences highly similar between the proteins transmitted and those found at the recipient cell. 

This view is reinforced from the absence of efficient template aggregation neither in the N2a cells 

transiently expressing mCherry control, nor in the stable THN-rtTA/GFP control cells in which the 

RepA-WH1 prionoid is not capable to replicate its phenotype. The intermolecular conversion of 

RepA-WH1 into a misfolded amyloid aggregate state is promoted by the exposure of a single 

amino acid residue (substitution of Ala31 à Val) and depends on a direct contact with the 

aggregation prone wild-type RepA-WH1, reminiscent of other prion-like proteins such Tau, α-

synuclein or SOD1 (Grad, LI et al. 2015). This places the synthetic, non-natural RepA-WH1 prion-

like system as an excellent bio-safe model to test intracellular amyloid cross-seeding, since there is 

no protein in the human proteome with a significant degree of amino acid sequence similarity to 

RepA-WH1. This offers unique opportunities for intervening safely on protein amyloidosis without 

interfering with any cellular function. 

It is noteworthy that the participation of cellular co-factors in RepA-WH1 assembly, as 

previously found in bacteria (Gasset-Rosa, F et al. 2014) is not excluded in mammalian cells. Thus, 

in the observed cytosolic amyloid templating, RNA, phospholipids, cytoskeleton or other cellular 

structures may act as allosteric effectors or efficient scaffolds for amyloidogenic protein-protein 

interactions in vivo (Derkatch, IL et al. 2007). Increasing evidence postulates that a permanent 

interaction between proteins is not required for cross-seeding, which could be a reason why donor 

WH1(A31V)-mCherry aggregates not always colocalize with de novo formed foci in receptor cells. 
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1.3.  On the possible mechanism(s) for cell-to-cell transmissibility of the RepA-WH1 

prionoid 

Replication of the prion-like RepA-WH1 takes place at the cytosol. But, how cytosolic 

amyloidogenic WH1(A31V) seeds disseminate cell-to-cell? (Figure 32). 

 

 

Figure 32. Intercellular spreading and intracellular templated conversion of RepA-WH1. Cytosolic 
conversion of native soluble WH1(WT) to a misfolded conformer can be propagated by a variety of 
intercellular routes. When neuroblastoma cells lysate as a consequence of cytotoxic RepA-WH1(A31V) 
expression, intracellular amyloid aggregates (red hexagons) could be directly released to the extracellular 
space (1a, blue) and subsequently gain entry into neighbouring cells via endocytosis (2, blue). Alternatively, 
cells suffering RepA-WH1 amyloidosis could use an exosome-mediated release pathway (1b, orange) to 
propagate the amyloid phenotype to naïve bystander cells, which internalize exosomes (2, orange). 
Regardless the pathway that the RepA-WH1 prionoid uses for intercellular dissemination, once the misfolded 
template is cytosolically internalized by recipient cells, it could promote subsequent cycles of template 
directed misfolding (3) on soluble homotypic WH1(WT) (green square). Disaggregases, such as molecular 
chaperones, could resolubilize protein aggregates and target some of them to proteolytic degradation.  
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Currently if prion-like proteins are transmitted directly remains unknown, either coated with 

associated proteins or even encapsulated into vesicles (Kabani, M et al. 2016). Then, defining 

precise mechanism(s) for intercellular prion-like communication is still elusive, being the most 

intriguing characteristic of amyloid proteinopathies. Several studies point to a direct intercellular 

contact as the most effective transmission process for cytosolic prion-like dissemination, which 

would involve seeding at the cell-cell interfaces via filopodial bridges or nanotube-like structures 

(Hofmann, JP et al. 2013). However, recent reports suggest small membrane-bounded vesicles, 

called exosomes, as being implicated in both vertical and horizontal propagation of prion-like 

particles (Kabani, M et al. 2015;2016; Liu, S et al. 2017). The fact that these extracellular vesicles 

are produced by most organisms, from Bacteria to Archaea and Eukaryotes, as vehicles for the 

transfer of nucleic acids, signalling molecules, toxins or other pathogenic factors (Kabani, M et al. 

2016), is a compelling evidence in favour of their potential implication in mediating prion-like 

spreading in amyloidoses. 

Disease-related proteins such as α-synuclein in Parkinson, Tau and Aβ peptides in Alzheimer, 

SOD1 and TDP-43 in Amyotrophic lateral sclerosis, or even prions, have been proposed to 

package into exosomes being actively transmitted between cells for subsequent templating of 

protein misfolding. Interestingly, it has been demonstrated that the exosomal fraction isolated from 

culture medium derived from cells expressing Sup35-NM prion-like aggregates successfully 

induces a prion-like phenotype in recipient cells (Liu, S et al. 2016). However, how exosome-

associated release/uptake takes place remains unclear. Clathrin, caveolin/lipid raft-dependent 

endocytosis, ligand-receptor mechanisms in donor cells or even unspecific entry routes have been 

hypothesized (Aguzzi, A et al. 2016). It is reasonable that a similar paradigm exists for shuttling 

the amyloidogenic WH1(A31V) aggregates. The fact that RepA-WH1 shares no significant 

sequence similarity with any mammalian protein argues that transmission of prion-like aggregates 

presumably is not a selective process dependent upon a cell surface ligand-specific receptor 

recognition signal. A more general cell-to-cell communication route should be then implicated in 

the heritance of the prion-like phenotype. 

Although it is unclear how the amyloidogenic WH1(A31V) variant propagates its 

conformational state between cells, the results obtained in this Thesis might suggest at least two 

plausible mechanisms. Taken into account the acute toxicity elicited in N2a cells by the RepA-

WH1 prionoid, particularly detrimental for cell viability in a short time interval (note a decrease of 

cell viability by about 90% at 72 h), is highly likely that cytosolic WH1(A31V) aggregates are 

passively released to the extracellular medium upon cell death, gaining entry non-specifically into 

neighbouring cells via endocytosis. Similarly, extracellular SOD1 aggregates, released when neural 

cells are dying, are taken up by cells via a macropinocytosis-dependent mechanism (Grad, LI et al. 

2015). Alternatively, cytosolic WH1(A31V) aggregates could be packaged into multivesicular 
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bodies (MVBs) as a potential clearance mechanism to reduce intracellular amyloid proteotoxicity. 

However, dysfunction of the degradation cellular machinery (e.g. proteasome or autophagy-

lysosome pathways), consequence of endless amyloidogenesis, may release exosomes containing 

WH1(A31V) aggregates to the extracellular space, then propagating the pathogenic phenotype to 

bystander naïve cells by active trafficking (Xu, J et al. 2018).  

It cannot be dismissed that the RepA-WH1 prionoid might exploit more than one pathway for 

intercellular prion-like dissemination (Figure 32). Targeting amyloidosis at the extracellular space 

by therapeutic molecules could be then an interesting approach to prevent pathological disease 

progression. 

2. Outlining cytotoxic pathways of RepA-WH1 amyloidosis in mammalian cells 

Outlining core pathways of amyloid toxicity is a matter of major concern for studies on 

amyloidogenicity, which ultimately would provide insight into prophylactic and therapeutical 

approaches. It is of note that a detailed global map of the pathogenic route(s) implicated in human 

amyloidoses is far from being elucidated. To date different pathways, often interwoven, have been 

described as involved in amyloid neurotoxicity, including a key role of amyloid assemblies directly 

targeting cellular structures, or indirectly in signalling neurotoxic pathways. Actually, compelling 

studies implicate targeting the plasma membrane and/or the endomembrane compartments as an 

early event towards amyloid cytotoxicity and cell death for most proteinopathies (Butterfield, SM 

et al. 2010), which is consistent considering the relevance of endocytic processes to deliver 

aggregates either intra- or intercellularly. Furthermore, membrane surfaces themselves have been 

proposed as catalytic sites for amyloidogenic misfolding (Bucciantini, M et al. 2014). 

Amyloidogenic protein-cell membranes interactions have been the focus of extensive research. 

Ongoing studies using model lipid vesicles have substantially contributed to demonstrate that the 

ability of amyloid oligomeric species to disrupt artificial membrane integrity, rather than an 

exception, is a general process in amyloid toxicity. Either the formation of pores, membrane 

thinning or lipid extraction have been proposed as alternative, albeit not mutually exclusive, 

mechanisms for membrane damage by oligomeric amyloids, leading to the disruption of ion 

homeostasis and cell membrane depolarization (Butterfield, SM et al. 2010).  

In vitro studies using lipid vesicles with an overall acidic phospholipid composition, which 

resembles the bacterial cell inner membrane and mitochondria, have demonstrated the insertion of 

the RepA-WH1 prionoid into the lipid bilayer, assembling as transmembrane channel pores 

(Fernández, C et al. 2016). These are similar to the pores observed for α-synuclein and Aβ 

peptides, which lead to leakage of the vesicle contents (Lashuel, HA et al. 2002). Similarly, 

combined functional, transcriptomic and proteomic analyses have shown that RepA-WH1 
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cytotoxicity in bacteria implies inner membrane targeting as the most likely primary mechanism for 

the amyloid cytotoxicity. Then, compelling evidence suggests membrane-wrapped organelles as 

potential targets of WH1(A31V) amyloid oligomers in the mammalian cells.  

Interestingly, the aggregation of RepA-WH1(A31V) at the surface of vesicles containing a high 

content of phosphatidylglycerol (PG) and cardiolipin (CL), a phospholipid specific to the inner 

bacterial membrane and to mitochondria in Eukaryotes, points this cellular organelle to have a 

central role in RepA-WH1 amyloidosis. Enhanced amyloidogenesis depending on cardiolipin has 

also been reported for Tau in Alzheimer’s and α-synuclein in Parkinson’s diseases (Camilleri, A et 

al. 2013). 

A mitochondrial route of oxidative stress has been recurrently found associated with a wide 

spectrum of human neurodegenerative amyloidoses. Leakage of mitochondrial inner membrane by 

Aβ, Tau and α-synuclein have been reported to induce the generation of reactive oxygen species 

(ROS) by the mitochondrial respiratory Complex I and a reduction in ATP generation, 

consequence of an impaired respiration (Lin, MT et al. 2006). Similarly, RepA-WH1 prionoid in 

bacteria leads to the impairment of the electron transport chain triggering an acute oxidative stress 

due to the increased generation of ROS and compromises proton-motive force leading to a 

reduction in the efficiency of ATP synthesis (Molina-Garcia, L et al. 2017). 

The proteomic analysis carried out in this Thesis on cells undergoing RepA-WH1 amyloidosis 

indicates that the amyloid interactome has significant similarities with the complex cytotoxicity 

pathways suggested for a wide spectrum of human neurodegenerative amyloidoses, in particular 

the mitochondrial route of oxidative stress in Parkinson disease (Haelterman, NA et al. 2014), and 

those reported for the RepA-WH1 prionoid in bacteria (Molina-Garcia, L et al. 2017). Our 

proteomic studies reveal that up to 151 proteins are potentially involved in the cellular response of 

recipient mouse cells to the amyloidosis induced by the uptake of RepA-WH1(A31V) fibrils, most 

of them contributing to major cellular processes such as mitochondrial energetic metabolism, 

response to stress, protein quality control and intracellular traffic (Figure 33). Perturbation of 

mitochondria and bioenergetics might be the key trigger for cell damage leading to RepA-WH1 

amyloidosis in mammalian cells. Further experiments addressing such cellular processes should be 

performed to correlate this ‘omic’ results with those already obtained for the prionoid in bacteria, 

and those on bona fide mammalian amyloid proteinopathies.  

It is of note that a canonical apoptosis death pathway induced by p53 was unsuccessfully 

explored using antibodies commercially available against some of the relevant factors of either the 

intrinsic or the extrinsic apoptotic routes, such as caspases-3 and 9, inhibitory Bcl-2 or pro-

apoptotic Bax/Bak. Therefore, an alternative (or concurrent) non-apoptotic death cell pathway 

might be possible.  

Overall, the findings reported in this Thesis empower the RepA-WH1 prionoid as a unique, 
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fully bacterial and minimalist model system for unveiling the core routes for a ‘generic’ 

intracellular amyloid proteinopathy, recapitulating essential pathways of amyloid cytotoxicity. 

Interestingly, our bacterial prionoid system also provides clues on a central role of mitochondria in 

human protein misfolding diseases. 

 

 

Figure 33. Subcellular mapping and distribution of the specific proteome associated to N2a cells 
suffering amyloidosis upon the uptake of WH1(A31V) fibrils. Proteins are organelle-grouped according to 
a functional colour-code. For each organelle, the number of proteins identified is indicated is brackets and 
their fractional contribution to the total organelle proteome is represented as pie charts. Protein subcellular 
localization and function was assigned using the UniProt database. 
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The main conclusions derived from the experimental work performed during this Thesis are: 

A) Resulting from the exploration of the transient expression of the RepA-WH1 prionoid in 

murine N2a cells:  

• The expression of different variants of RepA-WH1, particularly WH1(A31V) and WH1(ΔN37), 

gives rise to differential cellular toxicities, as previously observed for Escherichia coli: 

WH1(A31V) > WH1(∆N37) > WH1(WT). 

• The hyper-amyloidogenic RepA-WH1(A31V) variant shows a spontaneous tendency to 

aggregate when overexpressed in the cytosol of N2a cells. 

• Constitutive overexpression of RepA-WH1(A31V) is remarkably detrimental for N2a cell 

viability.  

• The spontaneously formed RepA-WH1(A31V) aggregates, not having an organelle-specific 

localization in N2a cells, have an amyloid-like nature.  

B) Related to the work on the transmissibility of the RepA-WH1 aggregates: 

The RepA-WH1(A31V) variant is able to inherently seed an amyloid-like phenotype in 

mammalian cells. 

• In vitro assembled RepA-WH1(A31V) fibrils are efficiently internalized by cultured mouse 

neuroblastoma N2a cells, cross-seeding cytosolic aggregation of the normally soluble RepA-

WH1(WT) variant. The effectiveness of such templating inversely correlates with the size of the 

fibrillar particles. 

• N2a cells overexpressing the hyper-amyloidogenic RepA-WH1(A31V) variant horizontally 

transmit the amyloid-like phenotype to bystander stable human neuroblastoma SH-SY5Y cells 

that express the soluble RepA-WH1(WT) variant under a tight control. 

C) Sketched by the proteomic dissection of RepA-WH1 amyloidosis in mammalian cells: 

• In the mitochondria, RepA-WH1 seems to target routes similar to those previously outlined for 

this prionoid in bacteria, besides other proteins genuinely involved in human 

neurodegeneration.  

Overall, based on these conclusions, the bacterial prion-like protein RepA-WH1 recapitulates 

within a mammalian cell framework a ‘generic’ amyloidosis that combined with previous studies in 

E. coli, empower RepA-WH1 as a minimalist model system for intracellular protein amyloidoses. 
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El trabajo experimental descrito en esta Tesis doctoral ha dado lugar a las siguientes conclusiones:  

A) Como resultado de la exploración de la expresión transitoria del prionoide RepA-WH1 en 

células murinas N2a: 

• La expresión de distintas variantes de RepA-WH1, en particular WH1(A31V) y WH1(ΔN37), 

da lugar a diferentes toxicidades celulares, como previamente había sido demostrado en 

estudios en E. coli: WH1(A31V) > WH1(∆N37) > WH1(WT). 

• La variante hiper-amiloidogénica RepA-WH1(A31V) muestra una tendencia espontánea a la 

agregación cuando es sobreexpresada citosólicamente en células N2a.  

• La sobreexpresión constitutiva de RepA-WH1(A31V) es particularmente nociva para la 

viabilidad de las células N2a.  

• Los agregados formados espontáneamente por la variante RepA-WH1(A31V), sin una 

localización celular definida en células N2a, tienen naturaleza amiloide.  

B) En relación a la transmisibilidad de los agregados de RepA-WH1: 

La variante RepA-WH1(A31V) es capaz de moldear, por sí misma, un fenotipo amiloide en células 

de mamífero.  

• Partículas fibrilares pre-ensambladas in vitro son eficientemente internalizadas por células de 

neuroblastoma de ratón N2a en cultivo, promoviendo la agregación cruzada de la variante 

RepA-WH1(WT), normalmente soluble, en el citosol. La efectividad del proceso está 

inversamente correlacionada con el tamaño de las partículas fibrilares.  

• Células N2a que sobreexpresan la variante hiper-amiloidogénica, son capaces de transmistir 

horizontalmente el fenotipo amiloide a células de neuroblastoma humano que expresan la 

variante soluble RepA-WH1(WT) de manera regulada.  

C) Derivada del análisis proteómico de la amiloidosis desencadenada por RepA-WH1 en 

células de mamífero:  

• RepA-WH1 parece tener como diana las mitocondrias, donde desencadena rutas comunes a las 

observadas para el prionoide en bacterias además de otras proteínas genuinamente implicadas 

en amiloidosis humanas. 

Sobre la base de las conclusiones anteriormente mencionadas, el prionoide bacteriano RepA-WH1 

recapitula en células de mamífero una amiloidosis “genérica”, lo que junto a los estudios previos en 

E. coli, prueban su utilidad como un sistema modelo minimalista para abordar las bases 

moleculares de la amiloidosis intracelular de proteínas. 
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